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INTRODUCTION

Meningiomas and schwannomas are common primary intracranial and spinal tumors.
They occur either as single sporadic tumors or as multiple tumors in association with the
autosomal dominant genetic disorder neurofibromatosis 2 (NF2). NF2 predisposes the patient
at an early age to multiple schwannomas (bilateral vestibular), meningiomas, and spinal
ependymomas. NF2 is caused by a mutation in the NF2 tumor suppressor gene, which is also
involved in the tumorigenesis of sporadic meningiomas and schwannomas. The diagnosis of
NF2 is not always clear since there is a heterogeneous and poorly defined group of patients who
do not have bilateral vestibular schwannomas (BVSs) but present with other features suggestive
of NF2, namely (1) multiple meningiomas or schwannomas, and/or (2) meningioma(s) or
schwannomas(s) in their relatives. These patients are rather uncommon but they are problematic
in terms of prognosis, therapy, follow-up, and genetic counseling.

In sporadic patients, schwannomas and meningiomas usually appear as single, slowly
growing tumors in the fourth to sixth decades of life, mostly curable by radical surgery, and
multiple schwannomas and meningiomas are rare. In NF2, schwannomas and meningiomas
are multiple, occur earlier in life and have a more aggressive clinical course than those in
sporadic cases. Histological comparisons of surgically removed sporadic and NF2-associated
vestibular schwannomas have shown that the latter are more often lobular and tend to
infiltrate the adjacent facial nerve. Consequently, preservation of the continuity and function of
the facial and cochlear nerves during surgery is more difficult in NF2 tumors.

This thesis focuses on the comparison of sporadic and NF2-associated schwannomas
and meningiomas. The proliferation potential and histological features are compared, and
possible differences in genetic aberrations between NF2 and sporadic schwannomas are
searched. A population-based estimate is made of the proportion of meningiomatosis and

schwannomatosis among patients with single tumors, and of their relation to NF2.



1 REVIEW OF THE LITERATURE

1.1 Hereditary Cancer Syndromes

1.1.1 Overview and Significance

The vast majority of mutations in cancer are somatic and are found only in the cancer

cells. About 1% of all cancers are related to a hereditary cancer syndrome in which the

affected individual carries the particular germline mutation in every cell of his/her body49.

More than 20 hereditary cancer syndromes have been defined and attributed to specific

germline mutations in various, mostly dominantly inherited, cancer genes#9. The major
hereditary cancer syndromes with manifestations in the nervous system are listed in Table 1.
Each syndrome is distinct, with its own unique spectrum of nervous system neoplasms,
systemic neoplasms, and non-neoplastic lesions. Although hereditary cancer syndromes are
rare, their study has provided important insights into more common forms of cancer. Somatic
mutations in sporadic cancers frequently affect inherited cancer genes, and studies of such

genes have yielded novel information about cell signaling pathways.

1.1.2 Tumor Suppressor Genes

Cancer appears to result from the accumulation of multiple genetic alterations99:179.
It is now generally accepted that the progression of a tumor to full malignancy often requires
both the activation of dominantly acting oncogenes and the inactivation of tumor suppressor

genes. Most of the genes responsible for hereditary cancer syndromes are tumor suppressor

genes. Tumor suppressor genes inhibit cell proliferation and growth99,103,121 The |oss or
inactivation of these genes results in tumor formation or progression. Recently, tumor
suppressor genes have been subdivided into gatekeepers and caretakers, the former being
genes that regulate tumor growth directly by inhibiting cell proliferation or promoting cell

death, whereas the latter are genes whose inactivation causes genetic instability which in turn

leads to mutations that promote tumor growth85.
The existence of genes that suppress the neoplastic phenotype was first suggested by

Harris et al., who showed that fusion of tumor cells with normal cells results in outgrowth of
nontumorigenic hybrid cells62. In 1971 Knudson presented his now classic two-hit hypothesis

which explained the features of hereditary cancer syndromes90:91, His model was based on



epidemiological analyses of the age of onset of multifocal (familial) versus single (sporadic)
cases of retinoblastoma. For familial retinoblastoma, the model implies that the patient
inherits the first hit (mutation), and only one somatic hit during the patient's life is required for
tumor formation. For sporadic retinoblastoma, two somatic mutational events are needed,

which explains the later age of onset in these patients. Genetic analysis of blood and tumor
DNA pairs, loss of heterozygosity (LOH) analyses?:27, and the isolation of the retinoblastoma

gened6 eventually confirmed Knudson's theory. Despite the genetic "recessiveness” of tumor
suppressor genes, the high likelihood of a second hit in at least one susceptible cell causes the
apparent dominant inheritance pattern of familial cancer syndromes, the appearance of cancer
at an earlier age than usual, and the frequent multiplicity of tumors associated with these
syndromes111l. Although particular mutant alleles of inherited cancer genes are associated
with the age of onset, severity, and types of cancer in mutation carriers, it has become clear
that other modifier genes and dietary, environmental, and lifestyle factors substantially modify
the expression of cancer in mutation carriers49,99.

The products of tumor suppressor genes are involved in a variety of cellular functions.
These proteins appear to function as transmembrane receptors (PTCH), cytoplasmic

regulatory or structural proteins (NF1, PTEN, APC, NF2) or transcription factors or regulators

of transcription (p53 and VHL)49 (Table 1).
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Table 1

Familial Cancer Syndromes with Major Manifestations in the Nervous System (from Kleihues et al

Inheritance in Man, http://www.ncbi.nlm.nih.gov/Omim/).

. 199787 and OMIM = Online Mendelian

Syndrome Gene Chromosomal Protein Function  Nervous System Other Lesions
MIM No.? Location Tumors
Neurofibromatosis 1  NF1 17q11 GTPase-activating Neurofibroma, MPNST, Café-au-lait spots, axillary freckling, iris
162200 protein optic nerve glioma, hamartoma, osseous lesions,

astrocytoma pheochromocytoma, leukemia
Neurofibromatosis 2 NF2 22912 Cytoskeletal- BVSs, meningioma, Posterior lens opacities, retinal hamartoma
101000 membrane linkage ependymoma, peripheral

schwannoma
von Hippel-Lindau VHL 3p25 Elongation factor Hemangioblastoma Retinal hemangioblastoma, renal cell
193300 carcinoma, pheochromocytoma, visceral cysts
Tuberous sclerosis TSC1 9934 Not known Subependymal giant cell Facial angiofibroma, periungual fibroma,
191100 TSC2 16p13 GTPase-activating astrocytoma, cortical tubers cardiac rhabdomyoma,
191092 protein lymphangioleiomyomatosis, renal

angiomyolipoma
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Li-Fraumeni p53 17p13 Transcription factor ~ Astrocytomas, PNET Breast carcinoma, bone and soft tissue
151623 sarcomas, adrenocortical carcinoma, leukemia
Cowden PTEN 10923 Cytoplasmic Dysplastic gangliocytoma ~ Multiple facial trichilemmomas,
158350 regulatory protein of the cerebellum hamartomatous polyps of the colon, thyroid
(Lhermitte-Duclos) neoplasms, breast cancer
Turcot APC 5¢21 Signal transduction Medulloblastoma Colorectal polyps
276300
hMLH1 3p21 DNA mismatch Glioblastoma Café-au-lait spots, colorectal polyps
hPSM2 7p22 repair
DNA mismatch
repair
Nevoid Basal Cell PTCH 9931 Transmembrane Medulloblastoma Multiple basal cell carcinomas, jaw cysts,
Syndrome (Gorlin) receptor skeletal malformations

109400

40MIM reference number

12



1.2 Neurofibromatosis 2

1.2.1 Historical Aspects

The term neurofibromatosis actually encompasses two distinct genetic diseases.
Neurofibromatosis 2 (NF2), previously known as central neurofibromatosis, is a rare
(1/40,000 live births) autosomal dominant disorder predisposing the carrier to multiple
schwannomas, meningiomas, and spinal ependymomas, with BVSs as its classic diagnostic
hallmark®7:110. For comparison, neurofibromatosis 1 (NF1), previously known as peripheral
or von Recklinghausen's neurofibromatosis, is a common (1/4,000 live births), autosomal
dominant disorder characterized by multiple neurofibromas in peripheral nerves, café-au-lait
spots, optic nerve gliomas and other astrocytomas, iris hamartomas, and osseous lesions33,57.

Probably the first case report of NF2 was published by Wishart in 182243. This patient
had multiple intracranial tumors with no reported cutaneous features. In 1882, the German

neuropathologist Friedrich von Recklinghausen (1833-1910) described five patients with a

nodular skin lesion and no intracranial tumors190. In subsequent studies, these two entities
(NF1 and NF2) were combined and referred to as von Recklinghausen's disease. In reporting a

large family with NF2 in 1930, Gardner and Frazier suggested that bilateral acoustic neuromas

represent a separate central form of von Recklinghausen's neurofibromatosis®3. In 1987, the
National Institutes of Health (NIH) Consensus Statement on Neurofibromatosis introduced the
basis for the present diagnostic criteria of neurofibromatosis, clearly separating NF1 and NF2
and recommending the use of the term neurofibromatosis 1 rather than peripheral or von

Recklinghausen's neurofibromatosis and the term neurofibromatosis 2 rather than central or
bilateral acoustic neurofibromatosis133. Also in 1987, mapping of the gene for NF1 to

chromosome 172172 and that for NF2 to chromosome 22155,170 confirmed the clinical

impression of two distinct diseases. The NF1 gene, encoding neurofibromin, on the long arm
of chromosome 17 (17q12) was cloned in 1991119, The NF2 gene, encoding merlin or

schwannomin, on chromosome 22 (22q12) was cloned in 1993154,189,

1.2.2 Clinical Aspects

The present diagnostic criteria for NF2 are as follow43,57,133;
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1. BVSs, or

2. a first-degree relative with NF2, and either (a) unilateral vestibular schwannoma or
(b) any two of the following: meningioma, glioma, schwannoma, or juvenile posterior
subcapsular lenticular opacities/juvenile cortical cataract, or

3. two of the following: (a) unilateral vestibular schwannoma, (b) multiple
meningiomas, (c) either schwannoma, glioma, or juvenile posterior subcapsular

lenticular opacities/juvenile cortical cataract.

Mean age at the onset of symptoms has been estimated to be around 22 years and at

diagnosis 28 years#3,135. Mean survival after diagnosis has been estimated at 15 years#3. The
most common presenting symptom is hearing loss or tinnitus, but younger patients are more

likely to present with symptoms from other central nervous system (CNS) tumors or from

changes affecting the skin or eyes135. NF2 is clinically heterogenous, ranging from the mild
Gardner type (late onset; slowly-growing vestibular schwannomas; few other tumors) to the

aggressive Wishart type (early onset; multiple rapidly-growing tumors causing early
death)#3:135, The natural history of NF2 is relatively consistent within families, whereas there is
marked interfamilial variation#3. In about half the patients, there is no family history, the disease

being caused by a new spontaneous mutation43:135. The expression of NF2 seems to be more

severe when the mutation is inherited from an affected mother, and families with genetic

anticipation have been noted42.81,
BVSs are the classic diagnostic hallmark of NF2, affecting over 90% of patients. In
addition, asymptomatic and in most cases multiple spinal tumors (schwannomas,

meningiomas, and ependymomas) occur in about 90% of patients and should, therefore, also
be regarded as a hallmark of the disease38,40,123 schwannomas and meningiomas are the

most frequent spinal tumors in NF260,125  Meningioma is the second most common

intracranial tumor in NF2, seen in 50-60% of cases and in multiple form in about 40% of
cases3:123,135, | ower cranial nerve (X and XII) schwannomas other than BVSs occur in

about 17% of patients123. Approximately 80% of gliomas in NF2 patients are intramedullary

spinal or cauda equina tumors, with further 10% of gliomas occurring in the medulla
oblongata38,122. Ependymomas account for approximately 65-75% of all histologically

diagnosed gliomas in NF2, and for almost all spinal gliomas92,122,
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The prevalence of skin tumors in NF2 is high and varies with disease severity, and

schwannomas predominate in sampled tumors124. Approximately 60% of NF2 patients have

skin tumors, which usually appear as flat dysplastic tumors or subcutaneous spherical nodular
tumors of the peripheral nerves, on the limbs and trunk124,135, skin pigmentation (café-au-

lait spots) occurs in about 30% of patients with NF2124,135,
Ocular abnormalities occur frequently in patients with NF2. The most common ocular

abnormalities are posterior subcapsular or capsular, cortical, or mixed lens opacities,
encountered in about 60% of patients123,148 Retinal hamartomas and epiretinal membranes
occur in 9-22% of patients with NF2123,135,147,

The diagnosis of NF2 is based on clinical findings®/. Predictive diagnosis by linkage
analysis using markers flanking the NF2 gene is possible in the vast majority of families with
two or more living affected individuals. Once a mutation has been identified in an affected
individual, a 100% specific test is then available for that family. However, mutation detection
is time-consuming and expensive and may not reveal the causative mutation. Standard

techniques detect only 60-70% of causative mutations even in classically affected
individuals#7,136,158_ This may be due to the fact that somatic mosaicism of the NF2 gene

seems to be a relatively common phenomenon in NF247.89. Mosaicism refers to the presence

of mutation in a subpopulation of cells: mixed cell populations with and without mutation in

the same individuall0. A mutation may not be found in a case of NF2 if the patient is mosaic
for the mutation in such fashion that the leukocytes are unaffected. It has been estimated that

up to 15% of NF2 cases might have mosaicism preventing detection of the mutation in
blood47. Somatic mosaicism may account for the low detection rate off mutations in sporadic

NF2 cases and may explain the incomplete phenotypes in some of these patients4/.89.
Verification of mosaicism may be possible by analyzing several tumors from the same

individual (an identical NF2 gene mutation in two or more tumors would be virtually
conclusive)47.

There seems to be some correlation between the type of NF2 mutation and clinical

severity of NF246,136,158_ patients with severe clinical disease tend to possess mutations that
produce a truncated protein (frameshift or nonsense mutations), whereas patients with milder
disease tend to have missense mutations or DNA alterations that are not spotted by

conventional mutation detection strategies. Exceptions to these general correlations have been

15



reported. It has been suggested that the pronounced clinical heterogeneity reflects the

heterogeneity of the genetic mechanism underlying the development of NF221. Mosaicism

may partly explain the clinical heterogeneity of NF2. In previous clinical series the patients

were poorly MRI imaged and no good follow-up studies are available43:135, which also

explains the clinical heterogeneity of NF2.

1.2.3 Variants

There is a heterogeneous and poorly defined group of patients without BVSs but with
other features suggestive of NF2, namely (1) multiple meningiomas (meningiomatosis) or
schwannomas (schwannomatosis), and/or (2) meningioma(s) or schwannomas(s) in their
relatives. These cases, referred to as variants of NF2, are evidently rare but present problems for
prognosis, therapy, follow-up, and genetic counseling. Multiple tumors and familial cases may
be (1) coincidental but they may also represent (2) segmental NF2, i.e., a mosaically distributed
defect of the NF2 gene or, in theory, (3) a syndrome caused by another gene defect.

Schwannomatosis is a recently described distinct clinical entity, the genetic

background of which is still mainly unsolved. The clinical picture and course of

schwannomatosis has been well described recentlyl7S, but its occurrence and familiality in a
population is still unknown. The patient with schwannomatosis typically has multiple spinal,

peripheral nerve, or subcutaneous schwannomas, without BVSs, and the disease is segmental

or localized to a certain body part in approximately one-third of patients115,175,

Schwannomatosis is rarely familial, with familial cases often showing incomplete
penetrance’3, which is in distinct contrast to NF2. Most patients with schwannomatosis are

middle aged at presentation1 7, clearly older than NF2 cases. Genetically, schwannomatosis
may include patients with: (1) a clinically very mild NF2; (2) segmental NF2; (3) or those

with a putative modifier gene defect on chromosome 22¢, making the NF2 gene susceptible to

mutations without germ-line inactivation#3:73. Jacoby et. al.”3 has proposed the following
diagnostic criteria for schwannomatosis; these criteria have been used in the present study
(IV):

Definite schwannomatosis
1. two or more histopathologically diagnosed schwannomas plus

2. lack of radiographic evidence of vestibular schwannoma, at age >18 years.

16



Presumptive or probable schwannomatosis

1. two or more histopathologically diagnosed schwannomas, without symptoms of
eighth nerve dysfunction, at age >30 years, or

2. Two or more histopathologically verified schwannomas in an anatomically limited
distribution (single limb or segment of the spine), without symptoms of eighth nerve
dysfunction, at any age.

Meningiomatosis is frequently associated with NF2 but can also occur sporadically in

individuals without any other NF2 features or family history. The proportion of patients with
multiple meningiomas has been 1-5% in surgical series23:34, and 8-16% in autopsy 149,201
and neuroradiological series112,131  There are several case reports on familial

meningiomatosis without NF2 (reviewed by Atkinson et al.4), but most of these studies were
done before the National Institutes of Health Consensus Statement on Neurofibromatosis and
will have included patients who would now be considered to have NF2. The prevalence of

familial meningiomatosis with no signs of NF2 in a population is unknown but the condition

is assumed to be very rare126. A family with multiple meningiomas has been reported that did

not show linkage to chromosome 22q, suggesting that NF2 and meningiomatosis may be

genetically distinct entities149.
The clinical picture of meningiomatosis, its relation to NF2, and the occurrence of
familial meningiomatosis in population are still equivocally presented in medical literature

and need clarification.

1.2.4 Epidemiology

Only one epidemiological study on NF2 has been published previously44. Evans et al.
found diagnostic prevalence of 0.47/100,000 and a birth incidence of 1/40,562 in a population
of 4,016,100 in the North West Region in England44.

1.2.5 Surgical Treatment

Surgical treatment of patients with NF2 is complex and probably should be limited to
special centers with experienced neurosurgeons. Preservation of hearing and the recovery of a

severed or sutured facial nerve after removal of vestibular schwannoma have been worse in

17



NF2 than in patient with sporadic unilateral tumors13,14,20,165 This may be due to the

greater invasiveness and specific histological features of NF2 schwannomas compared with

unilateral tumors61,79,105,178 These characteristics and the bilateral nature of the disease
process, the decision to recommend surgery to a patient at a specific time is difficult. Samii et.
al. stated that surgery should be recommended to achieve two goals: (1) to decompress the

brain stem in case of life-threatening bilateral compression, and (2) to prolong the period of

functioning cranial nerves165. An early operation may save the patient's hearing from further
deterioration but, on the other hand, the operation may cause immediate loss of hearing. The
alternative is to wait until the affected ear is deaf. The decision is easier in known NF2
families, as the rate of progression is often similar in family members. Rapid tumor growth
and brain stem compression make surgery imperative. Small vestibular schwannomas can

often be resected completely, with a fair chance of preservation of both hearing and facial
nerve function37.165. Larger tumors are probably best managed by partial removal with

decompression performed when brain stem compression develops®7:165,199  stereotactic
radiotherapy might be an alternative for surgery in selected NF2 patients with small sized
vestibular schwannomas when progressive hearing loss or growth is documented185. Other
accessible cranial, spinal, and peripheral tumors should be removed when causing symptoms
or found in particularly risky locations, e.g., foramen magnum, especially if growth has been

recorded.

1.2.6 NF2 Tumor Suppressor Gene and Merlin (Schwannomin)
In 1986 and 1987, loss of heterozygosity and cytological studies in NF2 and sporadic
meningiomas and schwannomas have suggested the presence of a tumor suppressor gene on

chromosome 22170,171 This hypothesis was confirmed when molecular genetic analysis of a

large NF2 pedigree demonstrated linkage of NF2 to chromosome 22q12155. Additional

linkage studies narrowed down the location of the NF2 gene, and in 1993, the gene was

cloned by two independent groups194.189. Subsequent studies confirmed NF2 germline
mutations in individuals affected with NF2, and numerous somatic mutations were detected in
both NF2 and sporadic schwannomas and meningiomas, confirming the hypothesis of the NF2
gene functioning as a tumor suppressorl2,16,17,31,72,74,75,97,114,128,129,159,162,195
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NF2 gene defects also have been detected in non-NF2 tumors: mesotheliomas, and
occasionally in melanomas, colon carcinomas, and breast carcinomas2.

The wild-type NF2 gene spans 110 kb and comprises 17 exons®2:96. The NF2 gene
product, merlin (for moesin-ezrin-radixin-like protein; also known as schwannomin), is a 595-

amino acid protein belonging to the protein 4.1 superfamily which includes moesin, ezrin,

radixin, erythrocyte protein 4.1, talin, and several tyrosine phosphatases191. The members of

the 4.1. superfamily have a common structure consisting of a large amino-terminal domain, a

central alpha-helical segment, and a charged carboxy-terminal domain118,191 Ezrin, radixin,
and moesin (the ERM family), with which merlin shares the most amino acid identity, are

cytoskeleton-associated proteins that act as structural links between the cytoskeleton and the
plasma membraned°:191, At least two major alternatively spliced merlin variants are

expressed in vivo22. Isoform 1, encoded by exons 1-15 and 17, has intramolecular interactions
similar to those of ERM proteins; isoform 2, encoded by exons 1-16, probably exists only in

an unfolded state. Merlin is expressed mainly in the nervous system, including Schwann cells,

neurons, astrocytes, and cells of the lens67.181 Merlin, like ERM proteins, is localized

underneath the cell membrane in regions of cellular extensions and partially co-localized with

CD44 and F-actin161,191, Merlin interacts with ERM proteins®4 and with betall-spectrin169,

but most of its binding partners are still unknown. Transfection of the NF2 gene can reverse
the Ras-induced malignant phenotype and restore contact inhibition188 and inhibits the
growth of NIH 3T3 cells113. The growth-inhibiting activity of merlin seems to depend on the

formation of intramolecular complexes176. The similarities between merlin and the other

ERM proteins suggest that the growth-regulating effects of merlin may be due to alterations in

cytoskeletal function98. Thus it would be a unique type of tumor suppressor. Nevertheless, the

exact tumor suppressor mechanism of the NF2 gene/NF2 protein remains to be settled.

1.3 Meningiomas
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1.3.1 Overview and Epidemiology

Meningiomas are usually benign and slowly growing tumors attached to the dura, but
compression of the brain in a closed space makes them potentially lethal. Complete removal is
the treatment of choice, because meningiomas are usually well demarcated from the adjacent

brain. Most meningiomas cause no symptoms and go unnoticed if not found incidentally on

neuroradiological examination or autopsyl49.201  Most patients with a single sporadic
meningioma do not have any genetic predisposition to meningiomas but multiplicity and
young age at presentation suggests NF2.

Meningiomas are estimated to constitute between 20% and 30% of all primary
intracranial tumors, and previous population-based studies mainly in the computed

tomography (CT) or magnetic resonance imaging (MRI) era indicate an overall annual

incidence of 2.0-3.0/100,000 population30,64,66,142,144,166,192  Meningiomas affect

women more often than men in a ratio of approximately 2:1, the difference being greatest in
the older age groups106. However, there is no female predominance among young patients®
nor in the rare anaplastic meningiomasl37. Meningiomas are rare in childhood and
adolescenceld, and the incidence peaks after the age of 7564. Meningiomas occur in about
50% of NF2 patients123. The tumors are often multiple, occur early in life and there is a
predominance of women even in NF2-associated cases#2. Approximately 10 % of all

meningiomas are spinal, and women are markedly overrepresented among these patients143.

Meningioma is the most common primary intraspinal tumor, constituting of about 50% of
these tumors65,143, The annual incidence of spinal meningiomas has been estimated at 0.1-

0.2/100,00065,143,

1.3.2 Neuropathology

Meningiomas are composed of neoplastic meningothelial (arachnoidal) cells.
Approximately 90% of meningiomas are histologically benign, corresponding to grade |

according to the Word Health Organization (WHO) classification of nervous system
tumors86. Atypical (grade I) meningiomas account for 5-15% of all meningiomas, whereas

anaplastic (grade I11) forms are rare, accounting for 1-3% of all meningiomas’8,107,138,

However, the criteria used to define atypical and anaplastic meningiomas remain

controversial137. Meningiomas vary considerably in histological architecture. The present
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classification follows the WHO system of 199386. Of the various subtypes, meningothelial,

fibrous, and transitional meningiomas are by far the most common107. In a recent histological

study of 110 grade | meningiomas, 53% were meningothelial, 28% transitional, 8% fibrous,

and 11% of other subtypes92. Most subtypes share benign clinical behavior, although some

rare subtypes, such as papillary and clear cell meningiomas, are more likely to recur and
follow a more aggressive clinical course107,138 |t has been suggested that most NF2

meningiomas are of the fibrous typel09,157 put detailed studies have not been carried out
because few centers can collect sizable series.

Most meningiomas stain for epithelial membrane antigen (EMA) and
vimentin157,200, immunohistochemical studies of S-100 protein have yielded very variable

results, but S-100 positivity is usually not prominent157. Diagnostic ultrastructural features of
meningiomas include copious intermediate (vimentin) filaments, complex interdigitating cell

processes (particularly in meningothelial variants), and desmosomal intercellular

junctions107.
MIB-1/Ki-67 labeling, which has nowadays in practice superseded other proliferation
markers (PCNA, DNA flow cytometry, BrdU labeling, and AgNOR analysis), has been used

in many studies to assess the proliferation potential of meningiomas (Table
2)1,68,82,83,92,117,130,132,134,139,177 \|B-1 labeling indices (LIs) have shown a highly

significant increase from benign to atypical to anaplastic meningiomas1,83,92,117 \M|B-1 Lls

may, however, may vary considerably among anaplastic meningiomas (mean 12%, range, 0.1
to 32.5%, N = 29)1. High proliferation activity may also be focal within tumors, particularly

in regions of high cellularity. High MIB-1 LI (= 4.2%) is strongly associated with shortened

recurrence-free survival in patients treated by gross total resection of their meningiomas139.

Multivariate regression analysis also showed MIB-1 LI to be an important independent

prognostic factor for recurrence of meningiomas88. MIB-1 LI appears useful in evaluating

meningiomas with borderline atypia. Proliferation potential of NF2 and sporadic meningiomas
have not been compared previouslyl39, but the more aggressive clinical course of NF2

meningiomas compared to sporadic cases has been noted32.
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Table 2
Previous MIB-1 Studies in Meningiomas.

MIB-1-LI? (number of tumors) in Different Histological Grades
Previous Study Gl Gl G
Karamitopoulou et al. 1994 2.47 £ 1.83 (50) - -
Kolles et al. 1995 0.73 + 1.04 (110) 2.08 +1.95 (42) 10.98 + 10.13 (8)
Nakasu et al. 1995 1.06 £ 0.63 (107) 2.75 £ 1.43 (10) 10.9+6.43 (3)
Maier et al. 1997 3.8 +3.1(15) 7.2+5.8(29) 14.7 + 9.8 (35)
Perry et al. 1998 1.5 +2.0 (425)° - -
Abramovich et al. 1999 1.0,0-5.5° (37) 5.5, 0.1-32.5 (29) 12.0, 0.3-32.5 (24)
Hsu et al. 1999 0.75+0.21 (24) 3.2+ 0.57 (24) 6.04 £ 1.48 (9)
*Mean + SD

b425 meningiomas with 81% grade I, 15% grade Il (atypical), and 4% malignant (brain-invasive)
‘Mean, Range
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1.3.3 Genetics

NF2 gene defects are detected in up to 60% of meningiomas31,:97,159,195 The
defects are found almost exclusively in meningiomas with LOH on 22q, indicating that the
NF2 gene acts like a classic tumor suppressor gene in meningiomas. Mutation and/or loss of

NF2 are found in meningiomas of all malignancy grades, suggesting that inactivation of this

gene represents an early genetic event in the pathogenesis of meningiomas199.195, n atypical
and malignant meningiomas, other genes than NF2 seem to be associated with malignant

progression, as suggested by frequent losses on chromosomes 1p, 6q, 9q, 10q, 14q, 17p and
18q84.94,193 Chromosomal gains, most commonly on 20q, 12q, 15q, 1q, 9q and 17q, have

been noted in high-grade meningiomas193. LOH on 1p seems to be the second most common

genetic alteration in meningiomas and is also significantly associated with recurrence-free

survival3:186,193 Of the above chromosomal loci, only the NF2 gene on chromosome 22 has
been implicated as a specific tumor suppressor; the responsible genes on the other frequently
involved chromosomes remain to be identified. The frequency of NF2 mutations differs
among the three most frequent meningioma variants. Fibrous and transitional meningiomas

possess NF2 mutations in 70-80% of cases, whereas only 25% of meningothelial

meningiomas have detectable NF2 mutations199,196. Thus, the latter variant may follow a
genetic pathway independent of the inactivation of NF2 gene.

Sporadic benign meningiomas without LOH on 22q, have shown deletions on 1p and
3p, suggesting that these regions may primarily contribute to meningioma tumorigenesis in a
subset of cases24. Other genes on chromosome 22, for example the R adaptin (BAM22)140

and MN1 genes98, are also postulated to be involved in the genesis of some meningiomas.

Amplification of protooncogenes CDK4 and/or MDM2 is a rare event in meningiomas193.

1.3.4 Clinical Aspects

Microsurgical resection or removal of symptomatic meningiomas that are accessible
has been the mainstay of the primary treatment of meningiomas. Recurrence is a problem even

in benign (grade 1) meningiomas: as many as 19% recur within 20 years after seemingly

complete removal’’. The major clinical factor in predicting recurrence is the extent of
resection, which is influenced by the site of occurrence, attachment to intracranial structures,

and the age of the patient. In a recent series from the Mayo Clinic, young age, male sex, less



than gross total resection, and involvement of the anterior visual pathway were important

variables associated with shortened progression-free survival after primary resection of

meningiomal80. Although several histological features are associated with recurrence,
histological anaplasia seems to be the most useful predictor of recurrence. The recurrence rate
is 7-20% in benign meningiomas, 29-38% in atypical meningiomas, and 50-78% in anaplastic

meningiomas /8,107,116,

1.4 Schwannomas

1.4.1 Overview and Epidemiology

Schwannoma (previously known as neuroma or neurilemmoma) is a benign, usually
encapsulated tumor composed of neoplastic Schwann cells. Most schwannomas originate
from the vestibular part of the eighth cranial nerve in the cerebello-pontine angle and
approximately one third from the spinal nerve roots196. Peripheral schwannomas mostly
occur in the head and neck regions and extensor aspects of the extremities203 and make up
10-15% of all schwannomas17/3,

Schwannomas account for an estimated 8-10% of all intracranial tumors in adults, and

their overall annual incidence has been at 0.28-1.27/100,00092,93,142,144,146,192 ¢ s
difficult to estimate the incidence of spinal schwannomas from previous literature since there
are only few studies available, and schwannomas and neurofibromas are usually grouped

together as nerve sheath tumors. Nerve sheath tumors account for 11-25% of all primary

spinal tumors in adults65,143. As schwannomas are estimated to account for about 85% of all

spinal nerve sheath tumors, the annual incidence of spinal schwannomas is approximately 0.1-

0.3/100,000°1,65,143,173 The incidence of peripheral nerve and subcutaneous schwannomas

in a population is unknown. Schwannomas occur approximately equally in both sexes at any

ages, but the peak incidence is in the fourth to sixth decades of life30,52,156,203

1.4.2 Neuropathology

Schwannomas (WHO grade ) are composed of interlacing bundles of bipolar spindle-
shaped Schwann cells with elongated nuclei. The growth pattern consists of Antoni A areas,

represented by closely packed tumor cells, and Antoni B areas, where tumor cells are loosely
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arranged. Sometimes the cells are arranged in a palisade fashion with their nuclei aligned,
occasionally forming rounded Verocay bodies. Mitoses are sparse. Vasculature is typically
thick-walled and hyalinized, and dilated blood vessels surrounded by or invested with
hemorrhage are commonly observed.

Schwannoma cells show strong and diffuse expression of the calcium-binding protein
S-100, a feature which has been widely used to identify Schwann cells both in situ and in
culture194,203 Schwannomas often express Leu-7 and are variably stained by antibodies

against glial fibrillary acid protein (GFAP)156. The most prominent electron microscopic
feature of Schwann cells is a well-developed basal lamina#1.

Cellular schwannoma (WHO grade 1) is a hypercellular variant of schwannoma
composed predominantly of Antoni A tissue and devoid of Verocay bodies202. The most
common location of cellular schwannoma is the paravertebral region of the retroperitoneum,
pelvis, and mediastinum198. Cellularity and mitotic activity are higher than in classic
schwannomas202, Cellular schwannoma does not differ from classic schwannoma in clinical

picture, but its fascicular growth of cells, occasional nuclear hyperchromasia and atypia, and

often readily apparent mitotic activity may mislead to diagnosis of malignant peripheral nerve

sheath tumor (MPNST)25,174,198  Therefore, correct histological diagnosis is of utmost
importance.

MPNST (WHO grade II-IV, previously known as malignant schwannoma,
neurofibrosarcoma, or neurosarcoma) is a rare malignant tumor arising from peripheral
nervous tissue203. Almost two-thirds originate from neurofibromas, often of the plexiform
type, in the setting of NF1168. Roughly 10% develop at the site of prior irradiation36.
MPNSTSs have varied histology. The majority show a fibrosarcoma-like fasciculated growth of
tightly packed, hyperchromatic spindle cells with abundant cytoplasm203. Generally,
MPNSTSs are highly aggressive tumors with poor prognosis. Overall 5 -and 10-year survival
rates are 34% and 23%36.

Few studies have assessed the proliferation potential of sporadic schwannomas by
means of MIB-1 or Ki-67 labeling19,28,101,108,177 |n two previous studies, MIB-1 or Ki-

67 staining was used to evaluate the growth potential of sporadic vestibular

schwannomas.28,101, Charabi et al. determined the proliferation potential of 21 sporadic

vestibular schwannomas, and found that tumors with high MIB-1 values had a shorter duration
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of preoperative symptoms28. Lesser et al. obtained Ki-67-Lls of 0.36 to 3.15 (mean 1.45) in

eight apparently sporadic vestibular schwannomas101. The tumor with the highest Ki-67-LlI
(3.15) invaded the facial nerve and its diameter had increased by 3 mm in three months. The
proliferation rates of sporadic and NF2 schwannomas has not been compared previously.

NF2 schwannomas differ from sporadic schwannomas in many ways. NF2
schwannomas present at an earlier age and are often multiple. NF2 schwannomas may show a

lobular, "grape-like" growth pattern on both gross and microscopic examination while such

patterns are extremely uncommon in sporadic schwannomas178. Verocay bodies and foci of

high cellularity are also more commonly observed in NF2 schwannomas than in sporadic

cases178. Sobel et al. suggested that NF2 tumors feature higher Schwann cell proliferation,

whereas ongoing thrombosis, hemorrhage, and angiogenesis are intrinsic to sporadic vestibular
schwannomal78. Vestibular schwannomas in NF2 patients often contain embedded eighth

nerve fibers, whereas embedded axons are less common in sporadic schwannomas61.79,

Consequently, preservation of the continuity and function of the facial and cochlear nerves

during surgery has been more difficult in NF213,14,20,165 |n NF2, multiple schwannomatous

tumourlets may develop along individual peripheral nerves, particularly on spinal roots, whereas

such lesions have not been described in sporadic patients182. These observations indicate

distinct biological differences between sporadic and NF2 schwannomas.

1.4.3 Genetics
Chromosome 22 monosomy in schwannomas was observed by Mark already in
1972120 In subsequent cytogenetic studies, chromosome 22 monosomy was detected as a

consistent chromosomal change in approximately 50% of schwannomas’:29.184  These
karyotyping analyses have reported random genetic aberrations other than those involving

chromosome 22, for example on chromosomes 10, 12, 14, 15, 17, 18 and 19 (losses) and on

chromosomes 5, 7 and 20 (gains)/:184. Seizinger et al. found LOH on 22q in 44%

schwannomas but not on the other chromosomal regions (chromosomes 1, 4, 10, 11, 12, 13,
14, 17, 18, 19, and 21) studied170. LOH in the regions of known tumor suppressor genes

(VHL, APC, p53, and NF1) on 3p, 5q, 17p and 17q was not detected in schwannomas1/0.
After the cloning of the NF2 gene in 1993, subsequent studies detected NF2 gene mutations in

numerous schwannomas12:72,74,75,97,128,190 confirming the prediction that this tumor
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suppressor is integral to schwannoma formation. To date, inactivating NF2 mutations have

been detected in up to 60% of both sporadic and NF2 schwannomas’4. However,
approximately 40% of schwannomas have no detectable NF2 gene mutation, suggesting

possible superimposed secondary or alternative genetic abnormalities in these schwannomas.

Losses on 1p100 and gains on 11q167 have been detected in a few schwannomas but no single
consistent genetic alteration associated with schwannomas, other than a loss on 22q has been

found to date, and such changes have not been systematically searched previously.
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2 AIMS OF THE STUDY

This study was designed to answer the following questions:

I Do NF2 schwannomas have a higher proliferation potential than do sporadic

schwannomas?

1 Are there histological differences between NF2 and sporadic meningiomas, and do
NF2 meningiomas have a higher proliferation potential than do sporadic

meningiomas?
" Do schwannomas have additional genetic aberrations besides the partial loss of
chromosome 22? Are there differences in genetic aberrations between NF2 and

sporadic schwannomas?

v What is the proportion of NF2, meningiomatosis and schwannomatosis among

sporadic cases in a population?
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3 PATIENTS, TUMORS, AND METHODS

3.1 Patients and Tumors for Proliferation and Comparative Genomic Hybridization

Analyses (I-111)

3.1.1 Neurofibromatosis 2 Patients and Tumors

From 1975 to 1992, a total of 26 vestibular schwannomas were removed from 19 NF2
patients at the Department of Neurosurgery, Helsinki University Central Hospital (HUCH),
Helsinki. These patients also had three spinal and 10 subcutaneous schwannomas, and these
tumors were included in the study. In addition, six vestibular schwannomas from three NF2
patients operated on during the same time period at the Department of Neurosurgery, Oulu
University Central Hospital, Oulu, were included. Of the original 45 schwannomas, 38 (26
vestibular, two spinal, and 10 subcutaneous) from 22 NF2 patients were available for
histological re-examination and proliferation analysis. Twelve of these 38 schwannomas were
randomly selected for the comparative genomic hybridization (CGH) analysis.

From 1975 to 1994, a total of 10 operated meningiomas were removed from 21 NF2
patients at the Department of Neurosurgery, HUCH. To increase the total number of NF2
meningiomas and ensure a valid comparison between NF2 and sporadic meningiomas, a
collaborative study was conducted with the Department of Neurosurgery, Krankenhaus
Nordstadt, Hannover, Germany. Twenty-one NF2 patients had 33 meningiomas removed in a
consecutive series of 116 NF2 patients operated on in 1982-1996 at the Krankenhaus
Nordstadt, Hannover, Germany. Of the combined 43 meningiomas, 35 (32 intracranial and
three spinal) from 23 NF2 patients were available for histological re-examination.

All 42 patients fulfilled the established criteria of NF257. Twelve of the Finnish NF2
patients (from four different families) and six German patients (from six different families) had a
familial form of NF2. Ten of the Finnish and 15 of the German patients suffered from a severe

NF2 (Wishart type) with multiple intracranial and spinal schwannomas and/or meningiomas.

3.1.2 Sporadic Patients and Tumors

Twenty-seven unilateral tumors were randomly selected from a consecutive series of 332
sporadic vestibular schwannomas operated on between 1979 and 1992 at the Department of
Neurosurgery, HUCH. In addition, 34 age-matched sporadic controls, including 11 from the

above group of 27 unilateral tumors, were selected for 17 NF2 patients, because the age
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difference between the sporadic and NF2 patients might be a reflected in the proliferation
activity of vestibular schwannomas. Age-matching was not possible for the two youngest NF2
patient. In addition, 20 randomly selected benign spinal schwannomas, all six available spinal

cellular schwannomas, and four MPNSTSs in a consecutive series of 144 spinal nerve root tumors

operated on in Helsinki between 1974 and 1992173 were studied. One patient with spinal
MPNST had NF2, as BVSs were observed at autopsy. The other sporadic schwannoma patients
did not have any other clinical signs of NF2 or family history of NF2-related tumors. Three
sporadic schwannomas (two cellular and one MPNST) were excluded because of small and/or
necrotic tissue samples. Twelve of the 27 sporadic vestibular schwannomas and one spinal
cellular schwannoma were randomly selected for CGH analysis.

Thirty intracranial sporadic meningiomas were obtained from a population-based
consecutive series of 992 non-NF2 patients operated on for a primary intracranial or spinal
meningioma (hemangiopericytomas excluded) at the Department of Neurosurgery, HUCH, in
1981-1996. These 30 meningiomas from 30 patients were sex-matched with the 23 NF2
patients and age-matched (age at operation) with the 35 NF2 meningiomas. No signs of NF2
in these 30 patients had appeared until June, 1996 (mean follow-up time 3.4 years, range from
two months to 14 years), and none were found in the re-examination of the preoperative and
follow-up CT or MRI scans. Maximum tumor diameter and the maximum diameter
perpendicular to this were measured from preoperative CT or MRI scans, available from 28

NF2 meningiomas and 28 sporadic meningiomas.

3.2 Immunohistochemistry and Proliferation Analysis (I, 1)

All NF2 and sporadic schwannomas were re-evaluated by a neuropathologist (H.
Haapasalo). Histological typing, grading (I-111), and comparison of the sporadic and NF2
meningioma samples stained with hematoxylin and eosin was performed by a

neuropathologist (M. Haltia) applying the criteria of the 1993 WHO classification of brain

tumors86. The following morphological parameters were visually estimated and graded from
0 to 3: increased cellularity, nuclear pleomorphism, mitotic figures and focal necroses.

The original tissue samples had been fixed in phosphate-buffered formaldehyde and
embedded in paraffin. New representative sections (4 to 5 um in thickness) were dewaxed in

xylene and rehydrated in graded series of ethanol to water. Ki-67 nuclear antigen retrieval was

performed in citrate buffer (pH 6.0) by the microwave oven processing technique26. The

sections were treated twice for 7 min at 850 W in a microwave oven, after which the sections
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were allowed to cool in buffer for 30 min. For Ki-67 antigen immunostaining, mouse
monoclonal antibody (mAb) MIB-1 (IgG1, Immunotech S.A., Marseille, France) was used at a
1:40 dilution. The sections were incubated at +4°C overnight, and the primary antibody was
detected using the streptavidin-biotin technique (Zymed Laboratories Inc., CA). Counterstaining
was carried out with 0.4% ethyl green in acetate buffer for 15 min.

Proliferating cell nuclear antigen (PCNA) retrieval was done by incubating the sections
in 1:3 diluted TUF (Target Unmasking Fluid, Sanbio, Uden, The Netherlands) 90°C for 10 min
and thereafter allowing the sections to cool in the unmasking fluid for 15 min. After washing in
0.1 M phosphate-buffered (pH 7.3) saline (PBS), the sections were incubated with a 1:200
dilution of mAb 19A2 (IgM, Coulter Immunology, Hialeah, FL) at +4°C overnight. The bound
antibodies were revealed by the streptavidin-biotin immunoperoxidase technique using
diaminobenzidine (0.5 mg/ml) as chromogen. The sections were counterstained with 0.2% ethyl
green in 0.1 M buffered acetate for 30 min. Proliferative normal tissues (gut, skin) were used as
positive controls.

Lls were calculated using a computer-assisted image analysis system (CAS-200°
Software, Becton Dickinson, CA). This microscope-based system is equipped with two cameras
that digitize the image of immunopositive (brown) and immunonegative areas (green) in nuclei
for computer analysis. The staining results were scored as percentages of MIB-1-
immonupositive and PCNA-immunopositive tumor cell nuclei (MIB-1-LI and PCNA-LI).
Twenty microscopic fields (x400) with the highest numbers of immunopositive nuclei were
selected for the analysis. Endothelial cells, necrotic and hemorrhagic areas, and section borders

were omitted.

3.3 Comparative Genomic Hybridization (111)

Hematoxylin and eosin-stained diagnostic sections (5 um) from paraffin-embedded,
formalin-fixed schwannoma samples were used for selecting the histologically most
representative tumor areas from which genomic DNA was extracted using the QIAmp Tissue
Kit (Qiagen GmbH, Hilden, Germany).

CGH was performed as described by Sallinen et al.164. Normal reference DNAs were
labeled by nick translation with Texas Red-dUTP (DuPont, Boston, MA) and tumor DNAS
with fluorescein isothiocyanate (FITC)-dUTP (DuPont). 600 ng of both tumor DNA and
normal reference DNA, as well as 10 pg of unlabeled human Cot-1 DNA (Life Technologies,

Gaithersburg, MD) were hybridized onto normal metaphase chromosomes (Vysis Inc.,
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Downers Grove, IL). The hybridization was performed in a moist chamber at 37°C for 48
hours. For each batch of hybridization, two control experiments were performed. These
consisted of hybridizations of normal male DNA against normal female DNA and of DNA
from the previously characterized breast cancer cell line, MCF-7, against normal female DNA.
The hybridization results were visualized using an epifluorescence microscope (Olympus
BX50, Tokyo, Japan) equipped with a cooled charge coupled device camera (Cohu 4910,
Cohu Inc., San Diego, CA) and analyzed using the Quips CGH analysis program (Resource of
Molecular Cytogenetics, Lawrence Berkeley National Laboratory, Berkeley, CA) based on the
Sciliamge program (TNO, Delft, The Netherlands). Chromosomal regions for which the mean
green-to-red ratio fell below the value of 0.80 - 1 SD (standard deviation of the ratio) were
considered lost, whereas mean ratios exceeding the value of 1.2 + 1 SD were considered to
indicate gains. P arms of acrocentric chromosomes, heterochromatic regions, chromosomal

telomeres and chromosomes Y were excluded from the analysis.

3.4 Loss of Heterozygosity and Fluorescence in Situ Hybridization Analyses (I111)

In selective schwannoma cases, the CGH findings were further analyzed by LOH and
fluorescence in situ hybridization (FISH) techniques using standard methods. LOH was done
using the polymorphic microsatellite DNA markers (Pharmacia, Uppsala, Sweden) mapping
to 13q14-31: D13S144, D13S146, D13S318, D13S152, D13S800, D13S156, D13S269,
D13S162, D13S789, D13S1306, D13S160, D13S125 (The Genome DataBase and Klockars et

al. 199688) and with an NF2 intragenic marker to 22q12: CA318. The tumor DNA was
extracted from paraffin embedded microdissected tissue samples with standard methods using

phenol/chloroform purification and ethanol precipitation. Amplification of the microsatellite

loci was performed by "touchdown” PCR33 using fluorochrome (Cy5) labeled primers. The
PCR products were separated by gel electrophoresis (ALFexpress, Pharmacia) and analyzed
by the AllelLinks software (Pharmacia). LOH was scored when major reduction or total loss
of one allele was observed in the tumor DNA compared to the normal tissue sample.
Interphase nuclei were extracted from paraffin blocks for FISH experiments according
to published methods’0. Three PAC probes, one (35j3) specific for human chromosome
13022 and two specific for human chromosome 19p13 (27A14, 235B21) were screened from
PAC library (Dr. P. de Jong, Roswell Memorial Institute, Buffalo, NY). Probes were labeled
with biotin 11-dUTP (Sigma Chemicals Co, St. Louis, MO) or digoxigenin 11-dUTP

(Boehringer Mannheim GmbH, Germany) by nick translation according to standard protocols.
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FISH analysis was carried out in 50% formamide, 10% dextran sulfate in 2xSSC, and the

signals were detected by conventional methods as described earlierl04,.141 The slides were
counterstained with DAPI (4'-6'-diamino-2-phenylindole; 5 pg/ml, Sigma) in antifading
reagent (Vectachield, Vector Laboratories, Inc., Burlingame, CA). A multicolor image

analysis was used for acquisition, display and quantification of hybridization signals of

interphase nuclei63.

3.5 Population-Based Analysis of Sporadic and Neurofibromatosis 2-Associated

Meningiomas and Schwannomas (1V)

3.5.1 Source Population, Patients, and Tumors (1V)

The source population comprised the catchment area of HUCH, consisting of 100
municipalities around the City of Helsinki in southern Finland. The mean population of the
catchment area was 1,557,200 (743,600 men and 813,600 women) during the 11 years of
study from January 1, 1985 to December 31, 1995. The catchment area was served by the
Department of Neurosurgery (HUCH) as the unit with population responsibility.

The patient material consisted of all patients diagnosed with primary histologically
verified intracranial, spinal, or peripheral schwannoma(s) or meningioma(s), who resided in
the HUCH catchment area at time of diagnosis. Patients were identified from the following
sources: (1) operation list and files of the Department of Neurosurgery, HUCH, (2) discharge
and outpatient files of the HUCH, (3) files of the Department of Pathology, University of
Helsinki, and (4) files of the Finnish Cancer Registry (FCR). All available clinical data,
including patients' medical records and radiography (CT and MRI scans) and autopsy data,
were reviewed to record the occurrence of multiple schwannomas and meningiomas or other

features suggestive of NF2. Meningiomas and schwannomas had been classified

histologically, according to the WHO Classification of 1979206 or 199386 by a consulting
neuropathologist, and the histological diagnoses were not re-evaluated.

A total of 1,318 patients with primary meningioma or schwannoma had been
diagnosed in the HUCH catchment are in 1985-1995. The total number of patients analyzed
was 1,278, as 40 patients (3.0%) were excluded for absence of case records (N = 11) or
histological verification (N = 29). The latter cases had been diagnosed either by CT (N = 24)

or MRI (N = 5) scan. The histological diagnoses were based on tissue samples obtained at
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surgery (N = 1,178) or autopsy (N = 100). All the 100 autopsied cases (69 women and 31
men; median age of 77 years; range 21 to 93 years) had intracranial meningioma, including six
patients with multiple meningiomas. Of these 100 cases, the meningiomas of 86 patients were
first detected at autopsy while the meningiomas of 14 patients were already known (CT or

MRI scan) but had not been operated on.

3.5.2 Population Register Center and Finnish Cancer Registry (1V)

The Population Register Center (PRC), founded in 1969, is a government agency
maintaining vital records on all Finnish citizens and on foreigners residing permanently in
Finland. In 1973, the family relation records were transferred to PRC from parish registries.
Information about parents, which is needed to identify siblings, appears in the PRC database
only if the person has resided with his/her parents in 1973 or thereafter. The information about
family relations other than a person's own children is, therefore, incomplete for persons older
than 45 years.

The Finnish Cancer Registry (FCR) was founded in 1952 and covers the whole
population of Finland. Physicians, hospitals, and pathologists are obliged to report all new
cancer cases (benign and malignant intracranial and spinal tumors included) to FCR, which
also receives information from all death certificates that mention cancer. Registration has been

reliable and virtually complete: over 99% of the 63,722 solid tumors diagnosed in Finland

between 1985 and 1988 were recorded at FCR187. All diagnostic code entries are checked by
a physician. There is no obligation to report benign cutaneous or peripheral nerve tumors to
FCR.

A total of 4,530 relatives of the 1,278 patients of the present study were found in the
PRC database, and FCR files were searched to find all neoplasms diagnosed in these 4,530

relatives.

3.5.3 Pedigree Analysis (1V)

Detailed pedigrees containing all first- and second-degree relatives were constructed
for the following four groups of 79 patients on the basis of parish records: 17 NF2 patients, 40
patients with two or more schwannomas or meningiomas, five patients with relative(s) with
histologically verified schwannoma(s) or meningioma(s), and 17 patients under 25 years of

age at the time of diagnosis.
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3.6 Statistical Methods (I1-1V)

Median, or mean, and range were used to describe distributions, and Mann-Whitney or
chi-squared-tests to compare groups. StatView IV (Abacus Concepts, Berkeley, CA) or
SYSTATO (SYSTAT Inc., CA) software was used to compare labeling indices between
different meningioma and schwannoma groups by the Mann-Whitney test, to correlate
labeling indices with patients' age and tumor diameter by the Pearson correlation coefficient
and linear regression analysis, and to compare morphological parameters and gender
distribution between NF2 and sporadic meningiomas by the chi-squared-test.

An annual age-adjusted incidence rates (per 100,000 persons) were calculated by the

direct method153 using the World Standard Population as a standard. In the direct method, the
number in the standard population in each age group is multiplied by the incidence in each
group of the observed population in order to obtain the number of cases that would occur in
the standard population. Then, the expected numbers thus obtained are added together and
divided by the total number in the standard population to give the incidence rate standardized

for age.
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4 RESULTS AND DISCUSSION

4.1 Proliferation Potential of Sporadic and Neurofibromatosis 2-Associated

Schwannomas and Meningiomas and Histological Features in NF2-Associated
Meningiomas (I,11)

MIB-1 (Table 3) and PCNA LlIs were significantly higher in vestibular schwannomas in
NF2 patients than in sporadic cases (MIB-1-LI: 1.72 vs. 0.95, p <0.01; PCNA-LI: 1.40 vs. 0.81,
p <0.01). No correlation was found between patient's age or sex and MIB-1-LI within the NF2
group, nor within the sporadic group. Vestibular schwannomas from NF2 patients also had
significantly higher MIB-LlIs than those from age-matched controls (1.72 vs. 1.05, p <0.01).
When the two youngest NF2 patients, for whom age-matching was not possible, were excluded
from the analysis, the difference in MIB-1 LlIs was still statistically significant (1.67 vs. 1.05, p

<0.01). The MIB-1-LlIs of 108 benign schwannomas were significantly lower than those of four

cellular schwannomas (p = 0.02) or two MPNSTSs (p <0.01) (Table 3).

Table 3
MIB-1 LIs of Schwannomas from NF2 Patients and from Sporadic Cases.
Cases Mean Age (range)® MIB1-LI

Sex F/IM (mean + SD)
VS in NF2 33 (7-57) 1.72 +0.93°
(N =26) 10/9
Sporadic VS 52 (23-67) 0.95+0.57
(N=27) 18/9
Age-Matched Sporadic VS 38 (16-58) 1.05+0.59
(N=234) 17/17
Benign Spinal Schwannomas | 47 (25-75) 193+1.28
(N =20) 8/12
Cellular Spinal Schwannomas | 42 (28-51) 2.23,2.27,2.77,8.73°
(N=4) 2/2
MPNST 18 and 24 8.80, 34.78°
(N=2) 1/1

*Mean age and range in years

®n <0.01 compared with sporadic and age-matched sporadic VS

°All MIB-1 LlIs are shown
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MIB-1-LlIs (Table 4) were significantly higher in the 35 meningiomas from 23 NF2
patients than in the 30 sporadic meningiomas from the 30 age- and sex-matched non-NF2
cases (mean MIB-1-LI: 2.50 vs. 1.75, p = 0.01). MIB-1-LI did not correlate with patient’s age
at operation or sex. The 29 symptomatic NF2 meningiomas had higher indices than did the six
incidental NF2 meningiomas (mean MIB-1-LI: 2.84 vs. 1.40, p = 0.02). As expected, the eight
atypical meningiomas showed higher MIB-1-LIs than did the 57 benign ones (mean MIB-1-
LI: 3.51 vs. 2.02) but the difference was not statistically significant (p = 0.06).

Table 4
Comparison of MIB-1-LlIs in NF2 Meningiomas and Sporadic Meningiomas®.
WHO Grade NF2 Matched Sporadic” Other Sporadic®
(35 tumors) (30 tumors) (330 tumors)
All 250+ 1.44 1.75 +1.21° 1.66 £1.83
| Benign 2.26 + 1.27 1.74 £1.28 1.15+0.99
Il Atypical 2.04,2.43,352, 1.25,1.44,2.97° 2.21+1.85
6.84,7.61°
Il Anaplastic | - - 10.95+£9.12

All values represent mean Lls + SD

®Patients were matched by age and gender to NF2 patients with meningiomas

°Data on other sporadic meningiomas were collected from Karamitopoulou et al. 1994,
Kolles et al. 1995%, and Nakasu et al. 1995"%

% = 0.01 compared with all NF2 meningiomas

*All MIB-1-LIs are shown

- = not applicable

Meningothelial, fibrous, and transitional subtypes occurred equally among the NF2
meningiomas and the sporadic control meningiomas (Table 5). When graded according to
histological anaplasia, the 35 NF2 meningiomas consisted of 30 benign (WHO grade I) and
five atypical (WHO grade I1) tumors, and the 30 sporadic meningiomas consisted of 27 benign
and three atypical tumors. NF2 meningiomas exhibited more mitotic figures (sum of grading

points: 24 vs. 7, p <0.01) and nuclear pleomorphism (32 vs. 14, p <0.01) than did sporadic
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Table 5
Comparison of Patient Age and Gender and Histological Types in NF2-associated and
Sporadic Meningiomas.

Patient Characteristics NF2 Matched Sporadic®  Other Sporadic®
and Tumor WHO Grade
N of Patients 23 30 330
Female/Male-Ratio 1.6 (14/9) 1.5 (18/12) 2.2¢
Mean Age (range)* 29 (16-54) 31 (15-53) 58 +13°
N of Meningiomas 35 30 330
Grade | (benign) 30 (86%) 27 (90%) 267 (81%)'
Fibrous 9 (30%) 9 (33%) 8%
Meningothelial 5 (17%) 5 (19%) 53%
Transitional 16 (53%) 13 (48%) 28%
Other - - 11%
Grade I (atypical) 5 (14%) 3 (10%) 52 (16%)
Grade Il (anaplastic) - - 11 (3%)

*Patients were matched by age and gender to NF2 patients with meningiomas.

®Data on other sporadic meningiomas were collected from Karamitopoulou et al. 1994%,
Kolles et al. 1995%, and Nakasu et al. 1995"%

°Age at time of tumor removal

YFemale/male ratio from Kolles et al. 1995%, and Nakasu et al. 199
®Mean age + standard deviation from Nakasu et al. 1995
"Distribution of subtypes of benign meningiomas from Kolles et al. 1995

5132

meningiomas. No other specific histological features distinguishing NF2 meningiomas from

the sporadic tumors were observed.

4.1.1 Difference in Proliferation Potential (I, I1)

Although the NF2 gene is integral to the pathogenesis of both NF2 and sporadic
schwannomas and meningiomas, a clear difference in proliferation activity was found between
NF2 and sporadic tumors. Age does not explain the higher MIB-1 Lls in NF2 tumors, as the
significantly higher proliferation potential was maintained on the age-matched analysis. In

addition, there was no correlation between patient's age and MIB-1-LI within either group. The
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higher proliferation of NF2 tumors may partly explain why they manifest at a younger age than
do sporadic tumors.

There are at least three explanations for the higher proliferation of NF2 tumors. Firstly,
the surrounding tissue may be different in NF2. Based on the functions of homologous proteins,
the NF2 gene product merlin (schwannomin) has been postulated to act as a linker between
cytoskeletal and cell membrane structures. A defective NF2 gene may reduce the activity of
merlin (schwannomin) at the interface between the plasma membrane and the cytoskeleton and

cause dysfunction in adhesion molecules which are essential to normal Schwann cell

development and regeneration39,90,102, This dysfunction could cause loss of cell-cell contact
growth inhibition and result in more aggressive tumor growth patterns in NF2 patients, whose
adjacent tissues express only one functional NF2 gene. Secondly, the difference in proliferation
could reflect variation in NF2 gene mutations in sporadic and NF2 tumors. In schwannomas,
mutational analysis of several series indicates that LOH on chromosome 22, causing inactivation

of the entire NF2 gene, is much more common in sporadic (68/165, 41%) than in NF2 (4/24,

17%) vestibular schwannomas11,12,72,75,97,162 | OH could lead to a less aggressive
phenotype with slowly-growing schwannomas compared with mutations producing a truncated

NF2 gene product. This is supported by the finding that large deletions encompassing the whole
NF2 gene have been found to be associated with mild NF2 phenotypesl?:205 whereas

mutations that produce a truncated protein have often been found in severely affected cases198,

Furthermore, one study suggested that the frequency, type, and distribution of NF2 gene
mutations differ between sporadic and NF2 schwannomasl97, but this finding was not

confirmed in a subsequent study’4. No correlations were found between the type of NF2 gene

mutation and either the PCNA labeling index or the clinical growth rate in a series of 94

sporadic vestibular schwannomas’1, suggesting that NF2 gene inactivation is not the only
determinant of tumor behavior in schwannomas. However, no comparison between NF2

schwannomas and sporadic tumors was made and PCNA labeling index has been found to be a

more variable proliferation marker than M1B-1127,163_ Thirdly, other genes could be altered in
sporadic schwannomas and meningiomas, although consistent aberrations in other
chromosomes than 22 were not detected in schwannomas in the present study (111). NF2 gene
defects are detected in up to 60% of meningiomas, suggesting that another tumor suppressor
gene or genes in chromosome 22g may play a role in the pathogenesis of sporadic

meningiomas. One such candidate is BAM22 on chromosome 22, a member of the R-adaptin
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gene family37,140 which may be inactivated in some sporadic meningiomas and might be
associated with a slow proliferation rate. In addition, sporadic meningiomas without LOH on

22q, have shown deletions on 1p and 3p, indicating that these regions may contribute to

meningioma tumorigenesis in a subset of cases24. Moreover, a recent study found that some
sporadic schwannomas harbor a genetic alteration near the NF2 locus without detectable

mutations in the NF2 gene itself, suggesting that chromosome 22 has a potential modifier

gene that might be involved in the development of some schwannomas22.

The higher proliferation rate of NF2 schwannomas compared with sporadic cases was

reported independently by Aguiar et al.2 and ourselves (I). The results of Aguiar et al. 2 are

essentially in line with the present study. Recently, the high proliferation rate of NF2

schwannomas has been shown in Schwann cell cultures1®2. Interestingly, there are differences
in electrophysiological parameters between NF2 and sporadic schwannoma cells. NF2 cells

were found to have a significantly higher membrane potential and larger non-inactivating K*
outward current, compared with sporadic schwannoma cells80. Normally, the proliferation of

Schwann cells is suppressed by inhibition of voltage-dependent K+ currents80. Furthermore,
the expression of plasminogen activator inhibitor 1 (PAI-1) is reduced in NF2 schwannomas
compared with sporadic tumors, suggesting increased total proteolytic activity in NF2
schwannomas, which may be related to the more invasive and aggressive behavior of these
tumors (Sirén et. al., unpublished data). These observations further support the view, that

there are distinct biological differences between sporadic and NF2 schwannomas.

4.1.2 Histological Findings in NF2-Associated Meningiomas (11)

One aim of the present study was to identify histological features specific to NF2
meningiomas, as such have been found in schwannomas. However, the study failed to find
specific histological features distinguishing NF2 meningiomas from the sporadic tumors,
albeit signs of anaplasia were more frequent in NF2 meningiomas, in line with the MIB-1
findings. As in schwannomas, NF2 meningiomas had a significantly higher proliferation
potential compared with sporadic matched controls. Among NF2 meningiomas, the fibrous

variant was clearly overrepresented (30%) and the meningothelial one was uncommon (17%),

compared with previously published data on sporadic meningiomas (Table 5)92. Surprisingly,

fibrous meningiomas comprised 33% of our young age-matched control group, although the

pure fibrous subtype seems to be rare in unselected sporadic meningiomas/6.151; this
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difference in meningioma subtypes may reflect age-related differences rather than NF2-related

differences.

4.3 Genetic Aberrations in Sporadic and Neurofibromatosis 2-Associated Schwannomas
(1)

CGH analysis detected genomic abnormalities in 15 of 25 schwannomas (60%). A
total of 26 genetic aberrations were detected, losses (19/26) being more common than gains
(7/26). The most common alteration was loss on 22q, which was found in 8/25 (32%) of
schwannomas (Table 6). Three cases suggested loss of 13g. Gain of 17 or 19 was detected in
two schwannomas.

The loss on 22q was somewhat more common in NF2 tumors than in sporadic
schwannomas: 5/12 (42%) vs. 3/13 (23%). A total of 14 genetic aberrations were detected in
the 12 NF2-associated schwannomas (1.2 aberrations per schwannoma), whereas there were
17 aberrations in the 13 sporadic schwannomas (1.3 aberrations per schwannoma). No
correlation between MIB-1 indices of schwannomas and the number of genetic aberrations was
revealed (r = 0.02, Pearson correlation coefficient).

The genomic abnormalities of chromosome 22 (-22q, 8/25 schwannomas), chromosome
13 (-13q, 3/25), and chromosome 19 (+19, 2/25), suggested by the CGH analysis, were further
evaluated by independent methods. The losses on 22q were confirmed by LOH in two
schwannomas. In contrast, the three losses on 13q could not be confirmed by LOH using 12
microsatellite markers spanning the region 13q14-31 (data not shown). Further, the gains on
chromosome 19 were not confirmed by FISH analysis (data not shown). Thus, loss of 22q was

concluded to be the only consistent chromosomal aberration in schwannomas.
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Table 6
Characteristics of 8 NF2 and 13 Sporadic Patients with 25 Schwannomas Analyzed by Comparative Genomic Hybridization (CGH).

Case Age®/Sex  NF2 Location Number of Chromosomal MIB-1 Course of the Disease
Number® Families® Chromosomal Aberrations Indices
Aberrations
(Losses/Gains)
1 NF2 18/M Non- Vestibular 2 (2/0) -4q, -6021-922 1.05 Severe: BVSs, meningiomatosis, cervical
Familial ependymoma, multiple peripheral
schwannomas
2 NF2 17/F Non- Vestibular 0 (0/0) None 1.73 Severe: BVSs, multiple spinal and peripheral
Familial schwannomas

3 NF2 39/F A Vestibular 1 (1/0) -22qcen-q12 1.10 Severe: BVSs, meningiomatosis
4 NF2 14/F A A Vestibular sin 0 (0/0) None 1.96 Severe: BVSs, meningiomatosis, multiple

B Vestibular dx 1 (1/0) -22qcen-q12 2.18 spinal and peripheral schwannomas

C Subcutaneous 1 (1/0) None NA

D Subcutaneous 1 (1/0) None NA

E Subcutaneous 0 (0/0) None NA
5 NF2 37/M B Vestibular 1 (1/0) -22q12-qter 2.98 Mild: BVSs
6 NF2 44/F C Vestibular 0 (0) No 3.22 Mild: BVSs
7 NF2 47/M C Vestibular 2 (/1) +19, -22qcen-q12 1.76 Mild: BVSs
8 NF2 57/F D Vestibular 5 (3/2) +1p36-p32, -13g21-q31, 0.96 Mild: BVSs, meningiomatosis

+17q, -22, -Xg21-qter
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9 Sporadic

10 Sporadic
11 Sporadic
12 Sporadic
13 Sporadic
14 Sporadic
15 Sporadic
16 Sporadic
17 Sporadic
18 Sporadic
19 Sporadic
20 Sporadic

21 Sporadic

51/M

23/F

46/F

50/F

62/F

60/F

60/F

42/M

57/F

50/F

51/F

46/M

65/F

Spinal (cellular

schwannoma)
Vestibular
Vestibular
Vestibular
Vestibular
Vestibular
Vestibular
Vestibular
Vestibular
Vestibular
Vestibular
Vestibular

Vestibular

3 (12)

1(0/1)
1(1/0)
1(1/0)
2 (2/0)
0 (0/0)
3(1/2)
2 (1/1)
0 (0/0)
1(1/0)
1(1/0)
3 (3/0)

0 (0/0)

-13q22, +17, +X

None
-Xpll-qgter

-21g21

-16q, -22912-qter

None

-20q12-cen, +X

-22q
None
-22q

+19

-13¢g21-931, -X

None

2.77

0.63

0.79

0.52

0.80

0.75

131

0.64

2.42

1.27

1.69

0.88

®NF2 or sporadic patient

®Age at the time of the surgery

‘Familial (A, B, C, D = NF2 families) or non-familial NF2 patient
YMIB-1 indices from a previously published series (1)
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Loss of the chromosome 22 harboring the NF2 gene has been the only consistent
genomic alteration found in schwannomas to date. However, previous studies have mainly
concentrated on chromosome 22, and no genome wide screenings have been done in
schwannomas. In addition, previous cytogenetic and LOH studies have their limitations in
identifying regions of the genome. Solid tumor cytogenetics requires growing of tumor cells in
vitro, which in theory may introduce changes not present in vivo. LOH studies are also not
ideal in that they only detect deletions, and usually only a few loci per chromosome are tested.
CGH offers advantages over these methods since it does not involve in vitro culture of tumor
tissue and allows rapid detection and localization of gains and losses across the entire genome.

CGH also has limitations: it does not detect balanced structural rearrangements, and it has

limited sensitivity, particularly in detecting small deletions (<5-10 Mb)#8. CGH analysis may,
therefore, have missed some small 22q deletions in the present series. The limited sensitivity
of CGH may also partly explain why no differences in genetic alterations were detected
between sporadic and NF2 schwannomas.

One CGH study has been published on gastric schwannomas which resemble ordinary
schwannomas histologically, but are extremely rarel67. One of the three schwannomas
studied showed gain on 11q167. The pathogenesis of gastric schwannomas may differ from

that of vestibular ones since these three gastric schwannomas showed no losses on 22¢167,
and gastric schwannomas have not been reported in NF2 patients.

Meningioma is the second most common tumor in NF2 patients, seen in about 50% of
cases123. The same genetic defect, i.e., inactivation of the NF2 gene, is postulated to be the

major event in the development of both schwannomas and meningiomas199. In a recent CGH
study, atypical (grade Il) and anaplastic (grade I11) meningiomas showed frequent allelic losses

on chromosome arms 1p, 6q, 9p, 10q, and 14q, suggesting that progression-associated genes

may lie at these loci193. In the present schwannoma series, no losses on chromosomes 1, 9,
10, and 14 were detected, and only one NF2 schwannoma showed loss on 6qg. Thus, apart
from the NF2 gene defect, chromosomal alterations appear to be different in schwannomas
and meningiomas.

To date, inactivating NF2 mutations have been detected in up to 60% of

schwannomas’4, suggesting superimposed secondary or alternative genetic abnormalities in
schwannomas lacking NF2 gene defects. Based on the present CGH analysis, chromosome 22

seems to be the only genomic region consistently involved in the pathogenesis of
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schwannomas. The NF2 gene may, in fact, be inactivated in all schwannomas since current
mutation detection methods are not 100% sensitive’4 and promoter and large intronic regions
of the NF2 gene have not been screened183. In addition, the universal loss of merlin

immunoreactivity in schwannomas has been well documented67,69,162,181 | oss of merlin

expression has also been demonstrated in schwannomas lacking genetic evidence of biallelic

NF2 gene inactivation183. Interestingly, Bruder et al. reported recently a small group of

sporadic schwannomas with interstitial deletions on 22q outside the NF2 locus and with no

detectable mutations in the NF2 gene22. This finding points to a possible role of an additional
(modifier) gene on 22q, which, in cooperation with the NF2 tumor suppressor, may cause

schwannomas.

4.4 Population-Based Analysis of Sporadic and Neurofibromatosis 2-Associated

Meningiomas and Schwannomas (1V)

Approximately 1% (N = 7/823) of the meningioma patients had multiple meningiomas
in association with NF2, and 4% (N = 29/823) had meningiomatosis without NF2 (Table 7).
Approximately 3% (N = 12/455) of the schwannoma patients had multiple schwannomas in
association with NF2, and 2% (N = 11/455) had schwannomatosis without NF2.

Computer-based search in the PRC database revealed 4,218 relatives for the 1,221
patients with a single schwannoma or meningioma without clinical NF2. Manual construction
of pedigrees for the 40 patients with multiple meningiomas or schwannomas but no NF2
resulted in 730 relatives for the 40 index cases in the search for familial meningiomatosis and
schwannomatosis.

Table 8 summarizes the clinical characteristics of the patients with a single
meningioma (N = 788) or schwannoma (N = 433). Linkage from PRC to FCR identified one
meningioma patient (1/788) with a relative with a meningioma (1/2,322) but the overall
pedigree (N = 18) and cranial MRI of the index patient excluded classic NF2. This pairing
was regarded as coincidental.

Four schwannoma patients (4/433) had a relative (4/1,896) with a meningioma (N = 3)
or schwannoma (N = 1). MRI excluded classic NF2 in two of them, whereas in the other two
no adequate cranial and spinal imaging had been performed. Pedigree analysis of these four
patients did not reveal any other affected relatives among 120 screened. Therefore these

pairings were also regarded as coincidental.
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Meningiomatosis patients (N = 29) included six old patients (median age 85 years,
range 77-91 years) who were diagnosed incidentally at autopsy (Table 9). After exclusion of
these six cases, the median ages of the patients with single (N = 788) and multiple
meningiomas (N = 23) were similar (58 vs. 61 years). Likewise, the female/male-ratio (2.9 vs.
3.6, p >0.05) and the proportion of grade II-11l meningiomas (8% vs. 9%, p >0.05) did not
differ significantly. None of the meningiomatosis patients had history of schwannoma,
ependymoma, glioma, or any other NF2-associated lesion. Linkage to FCR was performed for
491 relatives, and no meningiomatosis families were found. The annual age-adjusted (World
Standard Population) incidence of meningiomatosis was 1.2/1,000,000.

Eleven patients were identified who fulfilled the criteria of definite or probable
schwannomatosis (Table 9). The patients with single (N = 434) and multiple schwannomas (N
= 11) did not differ significantly in median age (48 years vs. 45 years, p >0.05) nor in
female/male-ratio (1.4 vs. 0.8, p >0.05). Linkage to FCR was performed for 244 relatives, and
two potential schwannomatosis families were found. The annual age-adjusted (World
Standard Population) incidence of schwannomatosis was 0.55/1,000,000 (1/1,808,300) in the
study area.

The basic series of 1,278 patients included 10 novel NF2 cases (including four familial
cases from three different families) diagnosed between 1985 and 1995 and seven NF2 cases
already diagnosed before the study period. These 17 NF2 patients were younger (median age
36 years) than the sporadic patients with single or multiple schwannomas (p <0.01; p = 0.04)
or meningiomas (p <0.01; p <0.01). There were eight familial NF2 cases (five female, three
male) from five different families. Four women had a severe form of NF2 with multiple
intracranial and spinal schwannomas and meningiomas. All the NF2 patients fulfilled the
defined NF2 criteria.

The annual age-adjusted (World Standard Population) incidence of the new diagnoses
of NF2 was 0.50/1,000,000 (1/2,004,000). The proportion of NF2 cases among newborn was
estimated as previously published#4. The median birth year of the 10 NF2 cases diagnosed
from 1985 to 1995 was 1955 (range 1933-1976). On the basis of the annual birth rates in
southern Finland from 1950 to 1960 (874,103 live births), the occurrence of NF2 would be
1/87,410 live births.
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Table 7

Familial Ties Among 1,278 Patients with Histologically Verified Meningioma(s) or Schwannoma(s).

Patients with Patients with Patients with
Single Tumor Multiple Tumors NF2
N = 1221 (96%) N =40 (3%) N =17 (1%)
Sporadic Coincidental®*  Sporadic Familial Sporadic” Familial
N =1216 N=5 N =38 N=2 N=9 N=8
Patients with Meningiomas, N = 823 787 (96%) 1 29 (4%) 0 7 (1%) 0
Patients with Schwannomas, N = 455 429 (95%) 4 (1%) 9 (2%) 2 4 (1%) 8 (2%)

Four patients with a relative with single meningioma (N = 4) or schwannoma (N = 1) without any other NF2 features
*Two sporadic NF2 patients had both meningiomas and schwannomas removed during the study period
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Table 8
Clinical Characteristics of 1,221 Patients with a Single Sporadic Meningioma or Schwannoma and Corresponding Annual Incidence Rates per
100,000 Population.

Patients with a Meningioma Patients with a Schwannoma
Site All Intracranial Spinal All Intracranial Spinal Peripheral®
N 788 715 (91%) 74 (9%) 433 252 (58%) 69 (16%) 112 (26%)
Age” (range) 58 (17-99) 57 64 48 (16-86) 50 46 46

Incidence (F/M) 3.4 (4.7/2.0) 3.1 (4.2/1.9) 0.3 (0.5/0.1) 2.1(2.2/1.9) 1.2 (1.3/1.0) 0.3 (0.3/0.4) 0.6 (0.6/0.5)

F/M Ratio 2.9 (588/200) 2.8 (525/190) 5.7 (63/11) 1.4 (251/182) 1.5 (153/99) 0.8 (30/39) 1.6 (69/43)
Grade® of

Tumor 723 (92%) 652 (92%) 72 (97%) 428 (99%) 249 (99%) 68 (99%) 111 (99%)
| 61 (8%) 59 (8%) 2 (3%) 4 (1%) 3 (1%) 1 (1%) 0

I 4 (1%) 4 (1%) 0 1 0 0 1 (1%)

®Includes peripheral nerve, nerve plexus and subcutaneous schwannomas
®Median age (years) at the time of the histological verification

“Histological grade according to the WHO classification (Zuilch 1979206 and Kleihues et al. 199386)
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Table 9
Clinical Characteristics of 40 Patients with Meningiomatosis or Schwannomatosis and
Corresponding Annual Incidence Rates per 100,000 Population.

Variable Meningiomatosis Patients®  Schwannomatosis Patients
N 29 (23) 11
Sex (F/M) 23/6 (18/5) 5/6
F/M Ratio 3.8(3.6) 0.83
Incidence (F/M) 0.17/0.06 (0.15/0.05) 0.06/0.06
Age” (years) 66 (61) 45
Range (years) 45-91 (45-82) 20-63
Distribution of Tumors

Intracranial 29 1

Spinal 2° 5

Peripheral 0 5
N of Removed Tumors

50 26

Grade®

I 48 26

I 1 0

" 1 0

“Symptomatic meningiomatosis patients are presented in parentheses (six autopsied cases excluded)
®Median age (years) at time of the first surgery
“Two patients had both intracranial and spinal meningiomas

dGrade according to the WHO classification (Ziilch 1979206 and Kleihues et al. 199386)

A diagnosis of NF2 has profound implications both for the patient and his/her
relatives. Usually the distinction is readily made between sporadic unilateral vestibular
schwannoma and familial NF2 with BVSs and other NF2 signs. There are still a number of
patients who do not fulfill the diagnostic criteria of NF2 but in whom the possibility of NF2
seems real. These include patients who develop a single meningioma or schwannoma and
have a family history of isolated schwannomas or meningiomas. Patients with
schwannomatosis or meningiomatosis are possible NF2 cases, particularly if they have a

family history of NF2-related tumors. One aim of this study was to evaluate the proportions of
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these patient groups and their relations to NF2 in a defined population. In the absence of
classic NF2, meningiomas were multiple (meningiomatosis) in 4% of meningioma patients
and schwannomas were multiple (schwannomatosis) in 2% of schwannoma patients. The
patients with meningiomatosis or schwannomatosis resembled those with single tumors in
terms of average age at diagnosis, female/male-ratio, and proportion of malignant forms. The
results indicate that familial meningiomatosis, if it truly exists, is very rare (0 of 823 patients
with meningioma) and familial schwannomatosis uncommon (2 of 455 patients with
schwannoma) in the study population. The present data also suggest that meningiomas and
schwannomas may coincide in the relatives of patients with apparently sporadic single

meningioma (1 of 788) or schwannoma (4 of 433).

4.4.1 Methodological Considerations (1V)

The present series encompasses virtually all intracranial and spinal meningiomas and
schwannomas diagnosed and histologically verified in southern Finland from 1985 to 1995,
because all benign intracranial and spinal tumors must be reported to the FCR. Several
overlapping search strategies were used to collect the data, the sources including FCR,
hospital discharge records, neurosurgical operation lists and reports, neuroradiology reports,
and pathology and autopsy reports. Unfortunately, there is no obligation to report benign
peripheral or subcutaneous tumors to FCR, and therefore the incidence of peripheral and
subcutaneous schwannomas is merely a hospital-based estimate. Some schwannomatosis
patients with a disease localized to the subcutaneous tissue may have been missed. The PRC
database was used to identify relatives for the index patients, and their data were linked with
FCR files. First-degree relatives were easily obtained for patients under 45 years of age, but
due to the structure of PRC database (see Chapter 3.5.2) few relatives were found for older
patients. However, detailed pedigrees with all first- and second-degree relatives were
constructed using parish records for patients with NF2, meningiomatosis, or schwannomatosis

and for patients with a relative with a meningioma or schwannoma.

4.4.2 Schwannomatosis (1V)
Schwannomatosis is a recently introduced clinical entity. Most schwannomatosis
patients are middle aged at presentation115,175 and in the present series they were older than

NF2 patients whose mean age at diagnosis is 28 years#3. No previous population-based data

exist of the incidence of schwannomatosis. As a unique finding, the annual incidence of
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schwannomatosis was estimated to be 0.55/1,000,000 (1/1,808,300). Two schwannomatosis

families were found among the 455 schwannoma patients studied. The present study supports

previous reports#2,73 in that there are cases of familial schwannomatosis in population. Their

genetic background, important in terms of schwannoma biology, remains to be settled.

4.4.3 Coincidental Cases (1V)

Patients who develop a single meningioma or schwannoma and have a family history
of isolated schwannomas or meningiomas are possible NF2 cases. In the present series, five
such individuals were found, each one having a first-degree relative with meningioma or

schwannoma. Meningiomas are not uncommon since they are encountered in 1.4% of
autopsies149, mostly as incidental findings. A single meningioma or schwannoma may

sometimes appear to be familial but is likely to be coincidental. Wu et al.204 showed that
when a patient with a single vestibular schwannoma and family history of a single NF2 related
tumor is thoroughly investigated, usually no additional NF2 features nor NF2 germline

mutations are detected.

4.4.4 Occurrence of NF2 (1V)

The true occurrence of NF2 in a population is difficult to assess for several reasons.
NF2 is a rare condition and therefore calculations of the occurrence are based on small

numbers of patients. The diagnostic window of NF2 is rather narrow between clinical
presentation (mean age at diagnosis 28 years)43:135 and death (mean age at death 39

years)43.135_ Approximately half the NF2 cases are familial, and in families with a mild form

of the disease several asymptomatic NF2 patients may become known along with the

proband160. Because NF2 is an inborn condition, the number of NF2 cases per newborn is a
more appropriate measure than annual incidence, which reflects the number of new diagnoses

per population over time. Only one epidemiological study on NF2 has been published
previously44. From 1980 to 1989, 17 NF2 patients were diagnosed in the northwest region in
England in a population of 4,016,100, and Evans et al.#4 assessed the birth occurrence to be

1/40,562 which is clearly higher than the 1/87,410 in the present series. Evans et al.44 visited
NF2 patients personally, and asymptomatic relatives were screened using cranial CT or MRI

scans, whereas the present series was based on the existing medical records and files. More
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accurate estimates are only obtainable by a uniform NF2 screening program in a large

population.
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5 CONCLUSIONS

1. NF2 schwannomas had a significantly higher proliferation potential, as assessed by MIB-1

labeling, than did sporadic age-matched tumors.

2. NF2 meningiomas showed more mitotic figures and nuclear pleomorphism than did
sporadic meningiomas but no other specific histological features distinguishing NF2
meningiomas from the sporadic tumors were observed. Meningothelial, fibrous, and
transitional subtypes occurred equally among NF2 meningiomas and sporadic meningiomas.
Proliferation potential was significantly higher in meningiomas from NF2 patients than in
sporadic meningiomas from age- and sex-matched non-NF2 patients. The higher proliferation
potential of NF2 schwannomas and meningiomas compared with sporadic tumors reflects
differences in the molecular biology between these two groups and may contribute to the

earlier onset, multiplicity, and more aggressive behavior of NF2-associated tumors.

3. The most common genetic alteration detected by CGH in both NF2-associated and sporadic
schwannomas was loss on 22q, found in about one-third of the schwannomas. No consistent
changes were detected in other chromosomal regions. The overall number of genetic
aberrations was similar in NF2-associated and sporadic schwannomas, and only minor
differences in aberrations were detected. These results suggest that the chromosome 22 region
with the NF2 gene is the only chromosomal region consistently involved in the pathogenesis

of schwannomas.

4. In the absence of classic NF2, meningiomas were multiple (meningiomatosis) in 4% of
meningioma patients, and schwannomas were multiple (schwannomatosis) in 2% of
schwannoma patients. The patients with meningiomatosis and schwannomatosis resembled
those with single tumors in terms of average age at diagnosis, female/male-ratio, and
proportion of malignant forms. Familial meningiomatosis, if it truly exists, is very rare (none
per 823 meningioma patients), and familial schwannomatosis is uncommon (two per 455
schwannoma patients) in southern Finland. The birth occurrence of NF2 in southern Finland
was 1/87,410.
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6 SUMMARY

Schwannomas and meningiomas are usually benign tumors, in most cases curable by
seemingly complete removal. They occur either as single sporadic tumors in otherwise healthy
individuals in the fourth to sixth decades of life or as multiple tumors at an early age as part of
the autosomal dominant genetic disorder neurofibromatosis 2 (NF2). The hallmark feature of
NF2 is bilateral vestibular schwannomas. Previous clinical and histological series have
suggested biological differences between NF2-associated and sporadic schwannomas and
meningiomas. Multiplicity, a lobular growth pattern, and invasiveness are typical features of
NF2 schwannomas. Consequently, preservation of the continuity and function of the facial and
cochlear nerves during surgery has been more difficult in NF2. Previously histological features
have not been compared systematically between NF2 and sporadic meningiomas but the more
aggressive clinical course of NF2 meningiomas compared with sporadic cases has been noted.
Multiplicity partly explains why many NF2 patients have a shortened life-span but it hardly
accounts for the clinical experience that NF2 schwannomas and meningiomas are more
aggressive.

The diagnosis of NF2 is not always clear since there is a heterogeneous and poorly
defined group of patients who do not have BVSs but present with other features suggestive of
NF2, namely (1) multiple meningiomas or schwannomas and/or (2) meningioma(s) or
schwannomas(s) in their relatives. These cases are thought to be rather uncommon but they
present problems for prognosis, therapy, follow-up, and genetic counseling.

The present study was undertaken to compare NF2-associated and sporadic
schwannomas and meningiomas in detail. The proliferation potential of NF2-associated and
sporadic schwannomas and meningiomas were compared using MIB-1 labeling. Novel genetic
alterations were searched in schwannomas, and genetic alterations in NF2-associate and
sporadic schwannomas were compared using comparative genomic hybridization (CGH). An
extensive population-based study was conducted to assess the proportions of meningiomatosis
and schwannomatosis among patients with single tumors, and their relation to NF2.

NF2-associated schwannomas and meningiomas had a significantly higher
proliferation potential, as assessed by MIB-1 labeling, compared with sporadic age-matched
tumors. The higher proliferation potential of NF2 schwannomas and meningiomas compared
with sporadic tumors may reflect differences in the molecular biology may be contribute to the

earlier onset, multiplicity, and more aggressive behavior of NF2-associated tumors.
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The most common genetic alteration detected by CGH in both NF2-associated and
sporadic schwannomas was loss on 22q, detected in about one-third of schwannomas. No
consistent changes were detected in other chromosomal regions. This result lends support to
the hypothesis that loss of the chromosome 22 harboring the NF2 gene is the only consistent
genetic alteration in schwannomas.

In the absence of classic NF2, meningiomas were multiple (meningiomatosis) in 4%
meningioma patients, and schwannomas were multiple (schwannomatosis) in 2% of
schwannoma patients. The patients with meningiomatosis and schwannomatosis resembled
those with single tumors in terms of average age at diagnosis, female/male-ratio, and
proportion of malignant forms. Familial meningiomatosis, if it truly exists, is very rare (none
per 823 meningioma patients), and familial schwannomatosis is uncommon (two per 455
schwannoma patients). The occurrence of NF2 at birth in southern Finland was 1 per 87,410

live births.

55



7 ACKNOWLEDGMENTS

This study was carried out at the Department of Neurosurgery, Helsinki University
Hospital, and the Department of Pathology, Haartman Institute, University of Helsinki, during
the period 1995-1999.

I wish to express my gratitude to:

Professor Juha Hernesniemi, Head of the Department of Neurosurgery, for providing the

requisite facilities and teaching me a great deal about neurosurgery;

Professor Eero Saksela, Head of the Department of Pathology, for allowing me to pursue my

studies at his department and for his interest in my work;

Docent Juha Jaaskeldinen for excellent guidance; | greatly appreciate his patience and

willingness to help and cannot but admire his incessant flow of scientific ideas;

Docent Olli Carpén for excellent supervision; | have come to admire his extensive scientific

knowledge and his ability to see the gist of things;

Markku Sainio for his keen interest and continuous support; his exuberant personality never

failed to raise my spirits during the years of this study;

Professor Antti Vaheri, supervisor of the ERM family at the Haartman Institute, and the other
family members, especially Tuula Helander, Pdaivi Majander-Nordenswan, Olli-Matti
Mykkénen, Fang Zhao, Leena Heiska, and Mikaela Gronholm for their help and interest in my

studies;

Professor Matti Haltia for re-examining the meningioma slides and reviewing the manuscript

at short notice;

Docent Risto Sankila and Docent Eero Pukkala of the Finnish Cancer Registry for performing

the linkage of the patient data from the PRC database;

56



Goran Blomstedt, Mika Niemeld, Matti Seppél&, and the other senior physicians and residents

at the Department of Neurosurgery, for smooth collaboration and support during this study;

Docent Hannu Haapasalo, Pauli Sallinen, and Satu-Leena Sallinen for productive

collaboration;

Docent Maija Wessman and Nina Horelli-Kuitunen for the LOH and FISH analyses and their

valuable comments on the manuscript;

Aira Lindeman for her invaluable help in analyzing pedigrees and copying reference articles;

Tuula Halmesvaara for helping me with immunohistochemistry;

Professor Hannu Kalimo and Docent Esa Heikkinen for their expert review of the manuscript

and their helpful suggestions;

Esko Meriluoto, ELS, for assistance with the English language of the manuscript;

Erkki and Sara Hannula for their positive attitude and interest in my work;

Pasi, Raine, Janne (ECD), and Mika for our pleasant moments together off work;

My parents and sisters for their unfailing support and encouragement;

Onni for just hanging around; and

Johanna for her love, patience, and encouragement during the years of my study.

Helsinki, November 1999

57



8 REFERENCES

10.

11.

Abramovich CM, Prayson RA. MIB-1 labeling indices in benign, aggressive, and
malignant meningiomas: a study of 90 tumors. Hum Pathol 29:1420-1427, 1998.
Aguiar PH, Tatagiba M, Samii M, Dankoweit-Timpe E, Ostertag H. The comparison
between the growth fraction of bilateral vestibular schwannomas in neurofibromatosis
2 (NF2) and unilateral vestibular schwannomas using the monoclonal antibody MIB 1.
Acta Neurochirurgica 134:40-45, 1995.

Aoki S, Barkovich JA, Nishimura K, Kjos BO, Machida T, Cogen P, Edwards M,
Norman D. Neurofibromatosis type 1 and 2: cranial MR findings. Radiology 172:527-
534, 1989.

Atkinson LL, Schmidek HH. Genetic Aspects of Meningiomas. In: Schmidek HH,
editor. Meningiomas and Their Surgical Management. W.B. Saunders Company:
Philadelphia, 1991, 42-47.

Barker D, Wright E, Ngueyn K, Cannon L, Fain P, Goldgar D, Bishop DT, Carey J,
Baty B, Kivlin J. Gene for von Recklinghausen neurofibromatosis is in the
pericentromeric region of chromosome 17. Science 236:1100-1102, 1987.
Baumgartner JE, Sorenson JM. Meningioma in the pediatric population. J Neuro
Oncol 29:223-228, 1996.

Bello MJ, de Campos JM, Kusak ME, Vaquero J, Sarasa JL, Pestana A, Rey JA.
Clonal chromosome aberrations in neurinomas. Genes Chromosomes Cancer 6:206-
211, 1993.

Bello MJ, de Campos JM, Kusak ME, Vaquero J, Sarasa JL, Pestana A, Rey JA.
Allelic loss at 1p is associated with tumor progression of meningiomas. Genes
Chromosomes Cancer 9:296-298, 1994.

Benedict WF, Murphree AL, Banerjee A, Spina CA, Sparkes MC, Sparkes RS. Patient
with 13 chromosome deletion: Evidence that retinoblastoma gene is a recessive cancer
gene. Science 219:973-975, 1983.

Bernards A, Gusella JF. The importance of genetic mosaicism in human disease. N
Eng J Med 331:1447-1449, 1994.

Bianchi AB, T. H, Ramesh V, Gao J, Klein-Szanto AJ, Morin F, Menon AG, Trofatter

JA, Gusella JF, Seitzinger BR. Mutations in transcript isoforms of the

58



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

neurofibromatosis 2 gene in multiple human tumor types. Nat Genet 1994:185-192,
1994.

Bijlsma EK, Merel P, Bosch DA, Westerveld A, Delattre O, Thomas G, Hulsebos TJ.
Analysis of mutations in the SCH gene in schwannomas. Genes Chromosomes Cancer
11:7-14, 1994.

Black FO, Brackmann DE, Hitselberger WE, Purdy J. Preservation of auditory and
vestibular function after surgical removal of bilateral vestibular schwannomas in a
patient with Neurofibromatosis Type 2. Am J Otol 16:431-443, 1995.

Blomstedt GC, Jaaskeléinen JE, Pyykko I, Ishizaki H, Troupp H, Palva T. Recovery of
the sutured facial nerve after removal of acoustic neuroma in patients with
neurofibromatosis-2. Neurosurgery 35:364-368, 1994.

Bondy M, Ligon BL. Epidemiology and etiology of intracranial meningiomas: A
review. J Neuro Oncol 29:197-205, 1996.

Bourn D, Carter SA, Evans DG, Goodship J, Coakham H, Strachan T. A mutation in
the neurofibromatosis type 2 tumor-suppressor gene, giving rise to widely different
clinical phenotypes in two unrelated individuals. Am J Hum Genet 55:69-73, 1994.
Bourn D, Carter SA, Mason S, Gareth D, Evans R, Strachan T. Germline mutations in
the neurofibromatosis type 2 tumour suppressor gene. Hum Mol Genet 3:813-816,
1994.

Bourn D, Strachan T. Highly polymorphic dinucleotide repeat at the NF2 gene. Hum
Genet 95:712, 1995.

Brem S, Tsanaclis AM, Gately S, Gross JL, Herbin WF. Immunolocalization of basic
fibroblast growth factor to the microvasculature of human brain tumors. Cancer
70:2673-2680, 1992.

Briggs RJ, Brackmann DE, Baser ME, Hitselberger WE. Comprehensive management
of bilateral acoustic neuromas. Current perspectives. Arch Otolaryngol Head Neck
Surg 120:1307-1314, 1994.

Bruder CEG, Ichimura K, Blennow E, Ikeuchi T, Yamaguchi T, Yuasa Y, Collins VP,
Dumanski JP. Severe phenotype of neurofibromatosis type 2 in a patient with a 7.4-
MB constitutional deletion on chromosome 22: Possible localization of a
neurofibromatosis type 2 modifier gene? Genes Chromosomes Cancer 25:184-190,
1999.

59



22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Bruder CEG, Ichimura K, Tingby O, Hirakawa K, Komatsuzaki A, Tamura A, Yuasa
Y, Collins VP, Dumanski JP. A group of schwannomas with interstitial deletions on
22q located outside the NF2 locus shows no detectable mutations in the NF2 gene.
Human Genet 104:418-424, 1999.

Butti G, Assietti R, Casalone R, Paoletti P. Multiple meningiomas: a clinical, surgical,
and cytogenetic analysis. Surg Neurol 31:255-260, 1989.

Carlson KM, Bruder CEG, Nordenskjold M, Dumanski JP. 1p and 3p deletions in
meningiomas without detectable aberrations of chromsome 22 identified by
comparative genomic hybridization. Genes Chromosomes Cancer 20:419-424, 1997.
Casadei GP, Scheithauer BW, Hirose T, Manfrini M, Wood MB. Cellular
schwannomas. A clinocopathologic, DNA flow cytometric, and proliferation marker
study of 70 patients. Cancer 75:1109-1119, 1995.

Cattoretti G, Becker MHG, Key G, Ducrow M, Schluter C, Galle J, Gerdes J.
Monoclonal antibodies against recombinant parts of the Ki-67 antigen (MIB-1 and
MIB-3) detect proliferating cells in microwave-processed formalin-fixed paraffin
sections. J Pathol 168:357-363, 1992.

Cavanee WK, Dryja TP, Phillips RA, Benedict WF, Godbout R, Gallie BL, Murphree
AL, Strong LC. Expression of recessive alleles by chromosomal mechanism in
retinoblastoma. Nature 305:779-784, 1983.

Charabi S, Tsanaclis AM, Gately S, Gross JL, Herbin WF. Growth rate of acoustic
neuroma expressed by Ki-67 nuclear antigen versus symptom duration. Ann Otol
Rhinol Laryngol 102:805-809, 1993.

Couturier J, Delattre O, Kujas M, Philippon J, Peter M, Rouleau G, Aurias A, Thomas
G. Assessment of chromosome 22 anomalies in neurinomas by combined karyotype
and RFLP analyses. Cancer Genet Cytogenet 45:55-62, 1990.

Davis FG, Malinski N, Haenszel W, Chang J, Flannery J, Gershman S, Dibble R,
Bigner DD. Primary brain tumor incidence rates in four United States regions, 1985-
1989: a pilot study. Neuroepidemiology 15:103-112, 1996.

De Vitis LR, Tedde A, Vitelli F, Ammannati F, Mennonna P, Bigozzi U, Montali E,
Papi L. Screening for mutations in the neurofibromatosis type 2 (NF2) gene in
sporadic meningiomas. Hum Genet 97:632-637, 1996.

Deen HG, Scheithauer BW, Ebersold MJ. Clinical and pathological study of
meningiomas of the first decades of life. J Neurosurg 54:317-322, 1982.

60



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

von Deimling A, Krone W. Neurofibromatosis type 1. In: Kleihues P, Cavanee WK,
editors. Pathology and Genetics of Tumours of the Nervous System. International
Agency for Research on Cancer: Lyon, 1997, 172-174.

Domenicucci M, Santoro A, D'Osvaldo DH, Delfini R, Cantore GP, Guidetti B.
Multiple intracranial meningiomas. J Neurosurg 70:41-44, 1989.

Don RH, Cox PT, Wainwright BJ, Baker K, Mattick JS. "Touchdown" PCR to
circumvent spurious priming during gene amplification. Nucleic Acids Res 19:4008,
1991.

Ducatman BS, Scheithauer BW, Piepgras DG, Reiman HM, lIstrup DM. Malignant
peripheral nerve sheath tumors. A clinicopathologic study of 120 cases. Cancer
57:2006-2021, 1986.

Dumanski JP. The human chromosome 22-located genes and malignancies of the
central nervous system. Neuropathol Appl Neurobiol 22:412-417, 1996.

Egelhoff JC, Bates DJ, Ross JS, Rothner AD, Cohen BH. Spinal MR findings in
neurofibromatosis types 1 and 2. Am J Neuroradiol 13:1071-1077, 1992.

Einheber S, Milner TA, Giancotti F, Salzer JL. Axonal regulation of Schwann cell
integrin expression suggest a role for a6R’4 in myelination. J Cell Biol 123:1223-1236,
1993.

Elster AD. Occult spinal tumors in neurofibromatosis: implications for screening. Am
J Roentgenol 165:956-957, 1995.

Erlandson RA, Woodruff JM. Peripheral nerve sheath tumors: an electron microscopy
study of 43 cases. Cancer 49:273-287, 1982.

Evans DG, Blair V, Strachan T, Lye RH, Ramsden RT. Variation of expression of the
gene for type 2 neurofibromatosis: absence of a gender effect on vestibular
schwannomas, but confirmation of a preponderance of meningiomas in females. J
Laryngol Otol 109:830-835, 1995.

Evans DG, Huson SM, Donnai D, Neary W, Blair V, Newton V, Harris R. A clinical
study of type 2 neurofibromatosis. Q J Med 84:603-618, 1992.

Evans DG, Huson SM, Donnai D, Neary W, Blair V, Teare D, Newton V, Strachan T,
Ramsden R, Harris R. A genetic study of type 2 neurofibromatosis in the United
Kingdom. I. Prevalence, mutation rate, fitness, and confirmation of maternal
transmission effect on severity. J Med Genet 29:841-846, 1992.

61



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Evans DG, Mason S, Huson SM, Ponder M, Harding AE, Strachan T. Spinal and
cutaneous schwannomatosis is a variant form of type 2 neurofibromatosis: a clinical
and molecular study. J Neurol Neurosurg Psychiatry 62:361-366, 1997.

Evans DG, Trueman L, Wallace A, Collins S, Strachan T. Genotype/phenotype
correlations in type 2 neurofibromatosis (NF2): evidence for more severe disease
associated with truncating mutations. J Med Genet 35:450-455, 1998.

Evans DG, Wallace AJ, Wu CL, Trueman L, Ramsden RT, Strachan T. Somatic
mosaicism: a common cause of classic disease in tumor-prone syndromes? Lessons
from type 2 neurofibromatosis. Am J Hum Genet 63:727-736, 1998.

Farahnaz F, Karhu R, Kénonen J, Kallioniemi A, Kallioniemi OP. Genomic screening
by comparative genomic hybridization. Trends Genet 13:405-409, 1997.

Fearon ER. Human cancer syndromes: clues to the origin and nature of cancer. Science
278:1043-1050, 1997.

Fetri ML, Scherer SS, Nemni R, Kamholtz J, Vogelbacker H, Scott MO, Canal N,
Quaranta V, Wrabetz L. 34 integrin expression in myelinating Schwann cells is
polarized, devopmentally regulated and axonally dependent. Development 120:1287-
1301, 1994.

Fogelholm R, Uutela T, Murros K. Epidemiology of central nervous system
neoplasms. Acta Neurol Scand 69:129-136, 1984.

Frohlich AM, Sutherland GR. Epidemiology and clinical features of vestibular
schwannoma in Manitoba, Canada. Can J Neurol Sci 20:126-130, 1993.

Gardner WJ, Frazier CH. Bilateral acoustic neufofibromatosis: a clinical study and
field survey of a family of five generations with bilateral deafness in thirty-eight
members. Arch Neurol Psychiatr 23:266-302, 1930.

Gronholm M, Sainio M, Zhao F, Heiska L, Vaheri A, Carpén O. Homotypic and
heterotypic interaction of the neurofibromatosis 2 tumor suppressor protein merlin and
the ERM protein ezrin. J Cell Science 112:895-904, 1999.

Gusella JF, Ramesh V, MacCollin M, Jacoby LB. Merlin: the neurofibromatosis 2
tumor suppressor. Biochim Biophys Acta 1423:29-36, 1999.

Gutmann DH. Molecular insights into neurofibromatosis 2. Neurobiol Dis 3:247-261,
1997.

62



S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Gutmann DH, Aylsworth A, Carey JC, Korf B, Marks J, Pyeritz RE, Rubenstein A,
Viskochil D. The diagnostic evaluation and multidisciplinary management of
neurofibromatosis 1 and neurofibromatosis 2. JAMA 278:51-57, 1997.

Gutmann DH, Sherman L, Seftor L, Haipek C, Hoang Lu K, Hendrix M. Increased
expression of the NF2 tumor suppressor gene product, merlin, impairs cell motility,
adhesion and spreading. Hum Mol Genet 8:267-275, 1999.

Haber D, Harlow E. Tumor-suppressor genes: evolving definitions in the genomic age.
Nat Genet 16:320-322, 1997.

Halliday AL, Sobel RA, Martuza RL. Benign spinal nerve sheath tumors: their
occurrence sporadically and in neurofibromatosis types 1 and 2. J Neurosurg 74:248-
253, 1991.

Hamada Y, Iwaki T, Fukui M, Tateishi J. A comparative study of embedded nerve
tissue in six NF2-associated schwannomas and 17 nonassociated NF2 schwannomas.
Surg Neurol 48:395-400, 1997.

Harris H, Miller OJ, Klein G, Worst P, Tachibana T. Suppression of malignancy by
cell fusion. Nature 223:363-368, 1969.

Heiskanen M, Kallioniemi OP, Palotie A. Fiber-FISH: Experiences and a refined
protocol. Genet Anal Biol Eng 12:179-184, 1996.

Helseth A. The incidence of primary central nervous system neoplasms before and
after computerized tomography availability. J Neurosurg 83:999-1003, 1995.

Helseth A, Mgrk SJ. Primary intraspinal neoplasms in Norway, 1955 to 1986. J
Neurosurg 71:842-845, 1989.

Helseth A, Mgark SJ, Johansen A, Tretli S. Neoplasms of the central nervous system in
Norway. IV. A population-based epidemiological study of meningiomas. APMIS
97:646-654, 1989.

Hitotsumatsu T, lwaki T, Kitamoto T, Mizoguchi M, Suzuki SO, Hamada Y, Fukui M,
Tateishi J. Expression of neurofibromatosis 2 protein in human brain tumors: an
immunohistochemical study. Acta Neuropathol 93:225-232, 1997.

Hsu DW, Efird JT, Hedley-Whyte ET. MIB-1 (Ki-67) index and transforming growth
factor-alpha (TGF alpha) immunoreactivity are significant prognostic predictors for
meningiomas. Neuropathol Appl Neurobiol 24:441-452, 1998.

63



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Huynh DP, Mautner V, Baser ME, Stavrou D, Pulst SM. Immunohistochemical
detection of schwannomin and neurofibromin in vestibular schwannomas,
ependymomas and meningiomas. J Neuropathol Exp Neurol 56:382-390, 1997.
Hyytinen E, Visakorpi T, Kallioniemi A, Kallioniemi OP, Isola J. Improved technique
for analysis of formalin-fixed, paraffin-embedded tumors by fluorescence in situ
hybridization. Cytometry 16:93-99, 1994,

Irving RM, Harada T, Moffat DA, Hardy DG, Whittaker JL, Xuereb JH, Maher ER.
Somatic neurofibromatosis type 2 gene mutations and growth characteristics in
vestibular schwannoma. Am J Otol 18:754-760, 1997.

Irving RM, Moffat DA, Hardy DG, Barton DE, Xuereb JH, Maher ER. Somatic NF2
gene mutations in familial and non-familial vestibular schwannoma. Hum Mol Genet
3:347-350, 1994.

Jacoby LB, Jones D, Davis K, Kronn D, Short MP, Gusella J, MacCollin M.
Molecular analysis of the NF2 tumor-suppressor gene in schwannomatosis. Am J Hum
Genet 61:1293-1302, 1997.

Jacoby LB, MacCollin M, Barone R, Ramesh V, Gusella JF. Frequency and
distribution of NF2 mutations in schwannomas. Genes Chromosomes Cancer 17:45-
55, 1996.

Jacoby LB, MacCollin M, Louis DN, Mohney T, Rubio MP, Pulaski K, Trofatter JA,
Kley N, Seizinger B, Ramesh V. Exon scanning for mutation of the NF2 gene in
schwannomas. Hum Mol Genet 3:413-419, 1994.

Jellinger K, Slowik F. Histological subtypes and prognostic problems in meningiomas.
J Neurol 208:279-298, 1975.

Jaaskeldinen J. Seemingly complete removal of histologically benign intracranial
meningioma: late recurrence rate and factors predicting recurrence in 657 patients. A
multivariate analysis. Surg Neurol 26:461-469, 1986.

Jaaskeléinen J, Haltia M, Servo M. Atypical and anaplastic meningiomas: radiology,
surgery, radiotherapy, and outcome. Surg Neurol 25:233-242, 1985.

Jaaskeldinen J, Paetau A, Pyykko I, Blomstedt G, Palva T, Troupp H. Interface
between the facial nerve and large acoustic neurinomas. Immunohistochemical study

of the cleavage plane in NF2 and non-NF2 cases. J Neurosurg 80:541-547, 1994.

64



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Kamleiter M, Hanemann CO, Kluwe L, Rosenbaum C, Wosch S, Mautner VF, Muller
HW, Grafe P. Voltage-dependent membrane currents of cultured human
neurofibromatosis type 2 Schwann cells. Glia 24:313-322, 1998.

Kanter WR, Roswell E, Fabricant R, Allen JC, Koerber T. Central neurofibromatosis
with bilateral acoustic neuroma: Genetic, clinical and biochemical distinctions from
peripheral neurofibromatosis. Neurology 30:851-859, 1980.

Karamitopoulou E, Perentes E, Diamantis I, Maraziotis T. Ki-67 immunoreactivity in
human central nervous system tumors: a study with MIB 1 monoclonal antibody on
archival material. Acta Neuropathol 87:47-54, 1994,

Karamitopoulou E, Perentes E, Tolnay M, Probst A. Prognostic significance of MIB-1,
p53, and bcl-2 immunoreactivity in meningiomas. Hum Pathol 29:140-145, 1998.
Khan J, Parsa NZ, Harada T, Meltzer PS, Carter NP. Detection of gains and losses in
18 meningiomas by comparative genomic hybridization. Cancer Genet Cytogenet
103:95-100, 1998.

Kinzler KW, Vogelstein B. Gatekeepers and caretakers. Nature 386:761-763, 1997.
Kleihues P, Burger PC, Scheithauer BW. Histological Typing of the Tumours of the
Central Nervous System. 2nd ed. Springer-Verlag, Berlin, 1993.

Kleihues P, Cavanee WK. Pathology and Genetics of Tumours of the Nervous System.
International Agency Research on Cancer, Lyon, 1997.

Klockars T, Savukoski M, Isosomppi J, Laan M, Jarveld 1, Petrukhin K, Palotie A,
Peltonen L. Efficient construction of a physical map by Fiber-FISH of the CLN5
region: Refined assignment and long-range contig covering the critical region on
13g22. Genomics 35:71-78, 1996.

Kluwe L, Mautner VF. Mosaicism in sporadic neurofibromatosis 2 patients. Hum Mol
Genet 7:2051-2055, 1998.

Knudson AG. Mutation and cancer: statistical study of retinoblastoma. Proc Natl Acad
Sci USA 68:820-823, 1971.

Knudson AG. Antioncogenes and human cancer. Proc Natl Acad Sci USA 90:10914-
10921, 1993.

Kolles H, Niedermayer I, Schmitt CH, Henn W, Feld R, Steudel WI, Zang KD, Feiden
W. Triple approach for diagnosis and grading of meningiomas: histology,
morphometry of Ki-67/feulgen stainings, and cytogenetics. Acta Neurochir 137:174-
181, 1995.

65



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Kuratsu J-1, Ushio Y. Epidemiological study of primary intracranial tumors: a regional
survey in Kumamoto Prefecture in the southern part of Japan. J Neurosurg 84:946-
950, 1996.

Lamszus K, Kluwe L, Matschke J, Meissner H, Laas A, Westphal M. Allelic Losses at
1p, 99, 10g, 14q, and 22g in the progression of agressive meningiomas and
undifferentiated meningeal sarcomas. Cancer Genet Cytogenet 110:103-110, 1999.

Lee M, Rezai AR, Freed D, Epstein FJ. Intramedullary spinal cord tumors in
neurofibromatosis. Neurosurgery 38:32-37, 1996.

Lee WH, Bookstein R, Hong F, Young LJ, Shew JY, Lee EYHP. Human retiblastoma
susceptibility gene: cloning, identification and sequence. Science 235:1394-1399,
1987.

Lekanne Deprez RH, Bianchi AB, Groen NA, Seizinger BR, Hagemeijer A, van
Drunen E, Bootsma D, Koper JW, Avezaat CJ, Kley N. Frequent NF2 gene transcript
mutations in sporadic meningiomas and vestibular schwannomas. Am J Hum Genet
54:1022-1029, 1994.

Lekanne Deprez RH, Riegman PHJ, Groen NA, Warringa UL, van Biezen NA, Molijn
A, Bootsma D, de Jong P, Menon A, Kley NK, Seizinger BR, Zwarthoff EC. Cloning
and characterization MN1, a gene from chromosome 22g11, which is disrupted by a
balanced translocation in a meningioma. Oncogene 10:1521-1528, 1995.

Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in human cancers. Nature
396:643-649, 1998.

Leone PE, Bello MJ, Mendiola M, Kusak ME, Decampos JM, Vaquero J, Sarasa JL,
Pestana A, Rey JA. Allelic status of 1p, 14q and 22q and NF2 gene mutations in
sporadic schwannomas. Int J Mol Med 1:889-892, 1998.

Lesser THJ, Janzer RC, Kleihues P, Fisch U. Clinical growth rate of acoustic
schwannomas, correlation with the growth fraction as defined by the monoclonal
antibody Ki-67. Skull Base Surg 1:11-15, 1991.

Letourneau PC, Roche FK, Shattuck TA, Lemmon V, Takeichi M. Interaction of
Schwann cells involve the calcium-dependent adhesion molecule, N-cadherin. J
Neurobiol 22:707-720, 1991.

Levine AJ. The tumor suppressor genes. Ann Rev Biochem 62:623-651, 1993.

66



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Lichter P, Cremer T, Chang Tang CJ, Watkins P, Manuelis L, Ward DC. Rapid
detection of human chromosome 21 aberration by in situ hybridization. Proc Natl
Acad Sci 85:9664-9668, 1988.

Linthicum FH, Brackman DE. Bilateral acoustic tumors. A diagnostic and surgical
challenge. Arch Otolaryngol 106:729-734, 1980.

Longstreth  WT, Dennis LK, McGuire VM, Drangsholt MT, Koepsell TD.
Epidemiology of intracranial meningioma. Cancer 72:639-648, 1993.

Louis DN, Budka H, von Deimling A. Meningiomas. In: Kleihues P, Cavenee WK,
editors. Pathology and Genetics of Tumours of the Nervous System. International
Agency for Research on Cancer: Lyon, 1997, 134-141.

Louis DN, Edgerton S, Thor AD, Hedley-Whyte ET. Proliferating cell nuclear antigen
and Ki-67 immunochemistry in brain tumors: a comparative study. Acta Neuropathol
81:675-679, 1991.

Louis DN, Ramesh V, Gusella JF. Neuropathology and molecular genetics of
neurofibromatosis 2 and related tumors. Brain Pathology 5:163-172, 1995.

Louis DN, Wiestler OD. Neurofibromatosis Type 2. In: Kleihues P, Cavanee WK,
editors. Pathology and Genetics of Tumours of the Nervous System. International
Agency for Research on Cancer: Lyon, 1997, 175-178.

Louis DN, von Deimling A. Hereditary tumor syndromes of the nervous system:
overview and rare syndromes. Brain Pathol 5:145-151, 1995.

Lusins JO, Nakagawa H. Multiple meningiomas evaluated by computer tomography.
Neurosurgery 9:137-144, 1981.

Lutchman M, Rouleau GA. The neurofibromatosis type 2 gene product schwannomin
suppresses growth of NIH 3T3 cells. Cancer Res 55:2270-2274, 1995.

MacCollin M, Ramesh V, Jacoby LB, Louis DN, Rubio MP, Pulaski K, Trofatter JA,
Short MP, Bove C, Eldridge R. Mutational analysis of patients with neurofibromatosis
2. Am J Hum Genet 55:314-320, 1994.

MacCollin M, Woodfin W, Kronn D, Short MP. Schwannomatosis: a clinical and
pathological study. Neurology 46:1072-1079, 1996.

Maier H, Ofner D, Hittmair A, Kitz K, Budka H. Classic, atypical, anaplastic
meningioma: three histopathological subtypes of clinical relevance. J Neurosurg
77:616-623, 1992.

67



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Maier H, Wanschitz J, Sedivy R, Rossler K, Ofner D, Budka H. Proliferation and
DNA fragmentation in meningioma subtypes. Neuropathol Appl Neurobiol 23:496-
506, 1997.

Mangeat P, Roy C, Martin M. ERM proteins in cell adhesion and membrane
dynamics. Trends Cell Biol 9:187-192, 1999.

Marchuk DA, Saulino AM, Tavakkol R, Swaroop M, Wallace MR, Andersen LB,
Mitchell AL, Gutmann DH, Boguski M, Collins FS. cDNA cloning of the type 1
neurofibromatosis gene: complete sequence of the NF1 gene product. Genomics
11:931-940, 1991.

Mark J. The chromosomal findings in seven human neurinomas and one
neurosarcoma. Acta Path Microbiol Scan Section A 80:61-70, 1972.

Marshall CJ. Tumor suppressor genes. Cell 64:313-326, 1991.

Mautner VF. Spinal tumors in patients with neurofibromatosis type 2: MR imaging
study of frequency, multiplicity and variety. Am J Roentgenol 166:1231, 1996.
Mautner VF, Lindenau M, Baser ME, Hazim W, Tatagiba M, Haase W, Samii M,
Wais R, Pulst SM. The neuroimaging and clinical spectrum of neurofibromatosis 2.
Neurosurgery 38:880-885, 1996.

Mautner VF, Lindenau M, Baser ME, Kluwe L, Gottschalk J. Skin abnormalities in
neurofibromatosis 2. Arch Dermatol 133:1539-1543, 1997.

Mautner VF, Tatagiba M, Lindenau M, Funsterer C, Pulst SM, Baser ME, Kluwe L,
Zanella FE. Spinal tumors in patients with neurofibromatosis type 2: MR imaging
study of frequency, multiplicity, and variety. Am J Roentgenol 165:951-955, 1995.
Maxwell M, Shih S, Galanopoulos T, Hedley-Whyte T, Cosgrove GR. Familial
meningioma: analysis of expression of neurofibromatosis 2 protein Merlin. J
Neurosurg 1998:562-569, 1998.

McKeever PE, Ross DA, Strawderman MS, Brunberg JA, Greenberg HS, Junck L. A
comparison of the predictive power for survival in gliomas provided by MIB-1,
bromodeoxyuridine and proliferating cell nuclear antigen with histopathologic and
clinical parameters. J Neuropathol Exp Neurol 56:798-805, 1997.

Merel P, Hoang-Xuan K, Sanson M, Moreau-Aubry A, Bijlsma EK, Lazaro C, Moisan
JP, Resche F, Nishisho I, Estivill X, Delattre JY, Poisson M, Theillet C, Hulsebos T,
Delattre O, Thomas G. Predominant occurrence of somatic mutations of the NF2 gene

in meningiomas and schwannomas. Genes Chromosomes Cancer 13:211-216, 1995.

68



129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

Merel P, Khe HX, Sanson M, Bijlsma E, Rouleau G, Laurent-Puig P, Pulst S, Baser
M, Lenoir G, Sterkers JM. Screening for germ-line mutations in the NF2 gene. Genes
Chromosomomes Cancer 12:117-127, 1995.

Nagashima G, Aoyagi M, Wakimoto H, Tamaki M, Ohno K, Hirakawa K.
Immunohistochemical detection of progesterone receptors and the correlation with Ki-
67 labeling indices in paraffin-embedded sections of meningiomas. Neurosurgery
37:478-483, 1995.

Nahser HC, Grote W, Lohr E, Gerhard L. Multiple meningiomas. Clinical and
computed tomographic observation. Neuroradiology 21:259-263, 1981.

Nakasu S, Nakajima M, Matsumura K, Nakasu Y, Handa J. Meningioma: proliferating
potential and clinicoradiological features. Neurosurgery 37:1049-1055, 1995.
Neurofibromatosis Conference Statement. National Institutes of Health Consensus
Development Conference. Arch Neurol 45:575-578, 1988.

Ohta M, Iwaki T, Kitamoto T, Takeshita I, Tateishi J, Fukui M. MIB1 staining index
and scoring of histological features in meningiomas. Indicators for the prediction of
biologic potential and postoperative management. Cancer 74:3176-3189, 1994.

Parry DM, Eldridge R, Kaiser-Kupfer MI, Bouzas EA, Pikus A, Patronas N.
Neurofibromatosis 2 (NF2): clinical characteristics of 63 affected individuals and
clinical evidence for heterogeneity. Am J Med Genet 52:450-461, 1994,

Parry DM, MacCollin MM, Kaiser-Kupfer MI, Pulaski K, Nicholson HS, Bolesta M,
Eldridge R, Gusella JF. Germ-line mutations in the neurofibromatosis 2 gene:
correlations with disease severity and retinal abnormalities. Am J Hum Genet 59:529-
539, 1996.

Perry A, Scheithauer BW, Stafford SL, Lohse CM, Wollan PC. "Malignancy" in
meningiomas: a clinicopathologic study of 116 patients, with grading implications.
Cancer 85:2046-2056, 1999.

Perry A, Stafford SL, Scheithauer BW, Suman VJ, Lohse CM. Meningioma grading:
an analysis of histological parameters. Am J Surg Pathol 21:1455-1465, 1997.

Perry A, Stafford SL, Scheithauer BW, Suman VJ, Lohse CM. The prognostic
significance of MIB-1, p53, and DNA flow cytometry in completely resected primary
meningiomas. Cancer 82:2262-2269, 1998.

Peyrard M, Fransson I, Xie YG, Han FY, Ruttledge MH, Swahn S, Collins JE,

Dunham I, Collins VP, Dumanski JP. Characterization of a new member of the human

69



141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

beta-adaptin gene family from chromosome 22q12, a candidate meningioma gene.
Hum Mol Genet 3:1393-1399, 1994.

Pinkel D, Straume T, Gray J. Cytogenetic analysis using quantitative, high sensitivity,
fluorescence hybridization. Proc Natl Acad Sci 83:2934-2938, 1986.

Preston-Martin S. Descriptive epidemiology of primary tumors of the brain, cranial
nerves and cranial meninges in Los Angeles County. Neuroepidemiology 8:283-295,
1989.

Preston-Martin S. Descriptive epidemiology of primary tumors of the spinal cord and
spinal meninges in Los Angeles County, 1972-1985. Neuroepidemiology 9:106-111,
1990.

Preston-Martin S, Staples M, Farrugia H, Giles G. Primary tumors of the brain, cranial
nerves and cranial meninges in Victoria, Australia, 1982-1990: patterns of incidence
and survival. Neuroepidemiology 12:270-279, 1993.

Pulst SM, Rouleau GA, Marineau C, Fain P, Sieb JP. Familial meningioma is not
allelic to neurofibromatosis 2. Neurology 43:2096-2098, 1993.

Radhakrishnan K, Mokri B, Parisi JE, O"Fallon WM, Sunku J, Kurland LT. The trends
in incidence of primary brain tumors in the population of Rochester, Minnesota. Ann
Neurol 37:67-73, 1995.

Ragge NK, Baser ME, Klein J, Nechiporuk A, Sainz J, Pulst SM, Riccardi VM.
Ocular abnormalities in neurofibromatosis 2. Am J Ophthalmol 120:634-641, 1995.
Ragge NK, Baser ME, Riccardi VM, Falk RE. The ocular presentation of
neurofibromatosis 2. Eye 11:12-18, 1997.

Rausing A, Ybo W, Stenflo J. Intracranial meningiomas: a population study of ten
years. Acta Neurol Scand 46:102-110, 1970.

von Recklinghausen FD. Uber die multiplen Fibroma der Haut und ihre Beziehung zu
den multiplen Neuromen. Verlag von August Hirschwald: Berlin, 1882.

Rohringer M, Sutherland GR, Louw DF, Sima AA. Incidence and clinicopathological
features of meningioma. J Neurosurg 71:665-672, 1989.

Rosenbaum C, Kluwe L, Mautner VF, Friedrich RE, Muller HW, Hanemann CO.
Isolation and characterization of Schwann cells from Neurofibromatosis type 2
patients. Neurobiol Dis 5:55-64, 1998.

Rothman KJ. Modern epidemiology. Little, Brown and Company: Boston, 1986.

70



154.

155.

156.

157.

158.

159.

160.

161.

162.

Rouleau GA, Merel P, Lutchman M, Sanson M, Zucman J, Marineau C, Hoang-Xuan
K, Demczuk S, Desmaze C, Plougastel B, Pulst SM, Lenoir G, Bijlsma E, Fashold R,
Dumaski J, de Jong P, Parry D, Eldridge R, Aurias A, Delattre O, Thomas G.
Alternation in new gene encoding a putative membrane-organizing protein causes
neurofibromatosis type 2. Nature 363:515-521, 1993.

Rouleau GA, Wertelecki W, Haines JL, Hobbs WJ, Trofatter JA, Seizinger BR,
Martuza RL, Superneau DW, Conneally PM, Gusella JF. Genetic linkage of bilateral
acoustic neurofibromatosis to a DNA marker on chromosome 22. Nature 329:246-248,
1987.

Russell DS, Rubinstein LJ. Tumours of the cranial, spinal and peripheral nerves
sheaths. In: Pathology of Tumours of the Nervous System. 5th ed. Edward Arnold:
London, 1989, 533-5809.

Russell DS, Rubinstein LJ. Tumours of the meninges and related tissues. In: Pathology
of Tumours of the Nervous System. 5th ed. Edward Arnold: London, 1989, 449-532.
Ruttledge MH, Andermann AA, Phelan CM, Claudio JO, Han FY, Chretien N,
Rangaratnam S, MacCollin M, Short P, Parry D, Michels V, Riccardi VM, Weksberg
R, Kitamura K, Bradburn JM, Hall BD, Propping P, Rouleau GA. Type of mutation in
the neurofibromatosis type 2 gene (NF2) frequently determines severity of disease. Am
J Hum Genet 59:331-342, 1996.

Ruttledge MH, Sarrazin J, Rangaratnan S, Phelan CM, Twist E, Merel P, Delattre O,
Thomas G, Nordenskjold M, Collins VVP. Evidence of complete inactivation of the
NF2 gene in the majority of sporadic meningiomas. Nature Genet 6:180-184, 1994.
Sainio M, Strachan T, Blomstedt G, Salonen O, Setdla K, Palotie A, Palo J, Pyykko I,
Peltonen L, Jaaskeldinen J. Presymptomatic DNA and MRI diagnosis of
neurofibromatosis 2 with mild clinical course in an extended pedigree. Neurology
45:1314-1322, 1995.

Sainio M, Zhao F, Heiska L, Turunen O, den Bakker M, Zwarthoff E, Lutchman M,
Rouleau GA, Jaaskeldinen J, Vaheri A, Carpén O. Neurofibromatosis 2 tumor
suppressor protein colocalizes with ezrin and CD44 and associates with actin-
containing cytoskeleton. J Cell Sci 110:2249-2260, 1997.

Sainz J, Huynh DP, Figueroa K, Ragge NK, Baser ME, Pulst SM. Mutations of the
neurofibromatosis type 2 gene and lack of the gene product in vestibular
schwannomas. Hum Mol Genet 3:885-891, 1994.

71



163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

Sallinen P, Haapasalo HK, Visakorpi T, Helen PT, Rantala IS, Isola JJ, Helin HJ.
Prognostication of astrocytoma patient survival by Ki-67 (MIB-1), PCNA, and S-
phase fraction using archival paraffin-embedded samples. J Pathol 174:275-282, 1994.
Sallinen S-L, Sallinen P, Haapasalo H, Kondnen J, Karhu R, Helen P, Isola J.
Accumulation of genetic changes is associated with poor prognosis in grade Il
astrocytomas. Am J Pathol 151:1799-1180, 1997.

Samii M, Matthies C, Tatagiba M. Management of vestibular schwannomas (acoustic
neuromas): auditory and facial nerve function after resection of 120 vestibular
schwannomas in patients with neurofibromatosis 2. Neurosurgery 40:696-705, 1997.
Sankila R, Kallio M, Jaaskeléinen J, Hakulinen T. Long-term survival of 1986 patients
with intracranial meningioma diagnosed from 1953 to 1984 in Finland: Comparison of
the observed and expected survival rates in a population-based series. Cancer 70:1568-
1576, 1992.

Sarlomo-Rikala M, El-Rifai W, Lahtinen T, Andersson LC, Miettinen M, Knuutila S.
Different patterns of DNA copy number changes in gastrointestinal stromal tumors,
leiomyomas, and schwannomas. Hum Pathol 29:476-481, 1998.

Scheithauer BW, Woodruff JM, Erlandson RA. Tumors of the Peripheral Nervous
System. Armed Forces Institute of Pathology, Washington, D.C., 1999.

Scoles DR, Huynh DP, Morcos PA, Coulsell ER, Robinsson NGG, Tamanoi F, Pulst
SM. Neurofibromatosis 2 tumour suppressor schwannomin interacts with Rll-spectrin.
Nat Genet 18:354-359, 1998.

Seizinger BR, Martuza RL, Gusella JF. Loss of genes on chromosome 22 in
tumorigenesis of human acoustic neuroma. Nature 322:644-647, 1987.

Seizinger BR, Rouleau G, Ozelius LJ, Lane AH, St George-Hyslop P, Huson S,
Gusella JF, Martuza RL. Common pathogenetic mechanism for three tumor types in
bilateral acoustic neurofibromatosis. Science 236:317-319, 1987.

Seizinger BR, Rouleau GA, Ozelius LG, Lane AH, Faryniarz AG, Chao MV, Huson S,
Korf BR, Parry DM, Pericak-Vance MA. Genetic linkage of von Recklinghausen
neurofibromatosis to the nerve growth factor receptor. Cell 49:589-594, 1987.

Seppdld M. Long-term outcome of surgery for spinal nerve sheath neoplasms.
Dissertation. University of Helsinki, 1998.

Seppald MT, Haltia MJ. Spinal malignant nerve-sheath tumor or cellular

schwannoma? A striking difference in prognosis. J Neurosurg 79:528-532, 1993.

72



175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

Seppélda MT, Sainio MA, Haltia MJ, Kinnunen JJ, Setéld KH, Jaaskeldinen JE.
Multiple schwannomas: schwannomatosis or neurofibromatosis type 2? J Neurosurg
89:36-41, 1998.

Sherman L, Xu HM, Geist RT, Saporito-lIrwin S, Howells N, Ponta H, Herrlich P,
Gutmann DH. Interdomain binding mediates tumor growth suppression by the NF2
gene product. Oncogene 15:2505-2509, 1997.

Shibuya M, Ito S, Miwa T, Davis RL, Wilson CB, Hoshino T. Proliferative potential
of brain tumors, analyses with Ki-67 and anti-DNA polymerase alpha monoclonal
antibodies, bromodeoxyuridine labeling, and nucleolar organizer region counts.
Cancer 71:199-206, 1993.

Sobel RA, Wang Y. Vestibular (acoustic) schwannomas: histologic features in
neurofibromatosis 2 and in unilateral cases. J Neuropathol Exp Neurol 52:106-113,
1993.

Solomon E, Borrow J, Goddard AD. Chromosome aberrations and cancer. Science
254:1153-1160, 1991.

Stafford SL, Perry A, Suman VJ, Meyer FB, Scheithauer BW, Lohse CM, Shaw EG.
Primarily resected meningiomas: outcome and prognostic factors in 581 Mayo Clinic
patients. Mayo Clin Proc 73:936-942, 1998.

Stemmer-Rachamimov AO, Gonzales-Agosti C, Xu L, Burwick JA, Beauchamp R,
Pinney D, Louis DN, Ramesh V. Expression of NF2-encoded merlin and related ERM
family proteins in the human central nervous system. J Neuropathol Exp Neurol
56:735-742, 1997.

Stemmer-Rachamimov AO, Ino Y, Lim ZY, Jacoby LB, MacCollin M, Gusella JF,
Ramesh V, Louis DN. Loss of the NF2 gene and merlin occur by the tumorlet stage of
schwannoma development in neurofibromatosis 2. J Neuropathol Exp Neurol
57:1164-1167, 1998.

Stemmer-Rachaminov AO, Xu L, Gonzales-Agosti C, Burwick JA, Pinney D,
Beauchap R, Jacoby LB, Gusella JF, Ramesh V, Louis DN. Universal absence of
Merlin, but not other ERM family members, in schwannomas. Am J Pathol 151:1649-
1654, 1997.

Stenman G, Kindblom LG, Johansson M, Angervall L. Clonal chromosome
abnormalities and in vitro growth characteristics of classical and cellular

schwannomas. Cancer Genet Cytogenet 57:121-131, 1991.

73



185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

Subach BR, Konziolka D, Lundsford LD, Bissonette DJ, Flickinger JC, Maitz AH.
Stereotactic radiosurgery in the management of acoustic neuromas associated with
neurofibromatosis type 2. J Neurosurg 90:815-822, 1999.

Sulman EP, Dumanski JP, White PS, Zhao HQ, Maris JM, Mathiesen T, Bruder C,
Cnaan A, Brodeur GM. Identification of a consistent region of allelic loss on 1p32 in
meningiomas: Correlation with increased morbidity. Cancer Research 58:3226-3230,
1998.

Teppo L, Pukkala E, Lehtonen M. Data quality and quality control of a population-
based cancer registry. Acta Oncol 33:365-369, 1994.

Tikoo A, Varga M, Ramesh V, Gusella J, Maruta H. An anti-Ras function of
neurofibromatosis type 2 gene product (NF2/merlin). J Biol Chem 269:23387-23390,
1994.

Trofatter JA, MacCollin MM, Rutter JL, Murrell JR, Duyao MP, Parry DM, Eldridge
R, Kley N, Menon AG, Pulaski K, Haase VH, Ambrose CM, Munroe D, Bove C,
Haines JL, Martuza RL, MacDonald ME, Seizinger BR, Short PM, Buckler AJ,
Gusella JF. A novel moesin-, ezrin-, radixin-like gene is a candidate for the
neurofibromatosis 2 tumor suppressor. Cell 72:791-800, 1993.

Twist EC, Ruttledge MH, Rousseau M, Sanson M, Papi L, Merel P, Delattre O,
Thomas G, Rouleau GA. The neurofibromatosis type 2 gene is inactivated in
schwannomas. Hum Mol Genet 3:147-151, 1994.

Vaheri A, Carpén O, Heiska L, Helander TS, Jaaskeldinen J, Majander-Nordenswan P,
Sainio M, Timonen T, Turunen O. The ezrin protein family: membrane-cytoskeleton
interactions and disease associations. Curr Opin Cell Biol 9:659-666, 1997.

Walker AE, Robins M, Weinfeld FD. Epidemiology of brain tumors: The national
survey of intracranial neoplasms. Neurology 35:219-226, 1985.

Weber RG, Bostrom J, Wolter M, Baudis M, Collins VP, Reifenberger, Lichter P.
Analysis of genomic alterations in benign, atypical, and anaplastic meningiomas:
toward a genetic model of meningioma progression. Proc Natl Acad Sci USA
94:14719-14724, 1997.

Weiss SW, Langloss JM, Enzinger FM. Value of S-100 protein in the diagnosis of soft
tissue tumors with particular reference to benign and malignant Schwann cell tumors.
Lab Invest 49:299-308, 1983.

74



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Wellenreuther R, Kraus JA, Lenartz D, Menon AG, Schramm J, Louis DN, Ramesh V,
Gusella JF, Wiestler OD, von Deimling A. Analysis of the neurofibromatosis 2 gene
reveals molecular variants of meningiomas. Am J Pathol 146:827-832, 1995.
Wellenreuther R, Waha A, Vogel Y, Lenartz D, Schramm J, Wiestler OD, von
Deimling A. Quantitative analysis of neurofibromatosis type 2 gene transcripts in
meningiomas supports the concepts of distinct molecular variants. Lab Invest 77:601-
606, 1997.

Welling DB, Guida M, Goll F, Pearl DK, Glasscock ME, Pappas DG, Linthicum FH,
Rogers D, Prior TW. Mutational spectrum in the neurofibromatosis type 2 gene in
sporadic and familial schwannomas. Hum Genet 98:189-193, 1996.

White W, Shiu MH, Rosenblum MK, Erlandson RA, Woodruff JM. Cellular
schwannoma. A clinicopathologic study of 57 patients and 58 tumors. Cancer
66:1266-1275, 1990.

Wigand ME, Haid T, Goertzen W, Wolf S. Preservation of hearing in bilateral
acoustic neurinomas by deliberate partial resection. Acta Oto-Laryngologica 112:237-
241, 1992.

Winek RR, Scheithauer BW, Wick MR. Meningioma, meningeal hemangiopericytoma
(angioblastic  meningioma), peripheral hemangiopericytoma, and acoustic
schwannoma. A comparative immunohistochemical study. Am J Surg Pathol 13:251-
261, 1989.

Wood MW, White RJ, Kernohan JW. One hundred intracranial meningiomas found
incidentally at necropsy. J Neuropathol Exp Neurol 16:337-340, 1957.

Woodruff JM, Godwin TA, Erlandson RA, Susin M, Martini N. Cellular schwannoma.
A variety of schwannoma sometimes mistaken for a malignant tumor. Am J Surg
Pathol 5:733-744, 1981.

Woodruff JM, Kourea HP, Louis DN. Schwannoma. In: Kleihues P, Cavenee WK,
editors. Pathology and Genetics of Tumours of the Nervous System. International
Agency for Research on Cancer: Lyon, 1997, 126-128.

Wu CL, Thakker N, Neary W, Black G, Lye R, Ramsden RT, Read AP, Evans DG.
Differential diagnosis of type 2 neurofibromatosis: molecular discrimination of NF2

and sporadic vestibular schwannomas. J Med Genet 35:973-977, 1998.

75



205. Zucman-Rossi J, Legoix P, Der Sarkissian H, Cheret G, Sor F, Bernardi A, Cazes L,
Giraud S, Ollagnon E, Lenoir G, Thomas G. NF2 gene in neurofibromatosis type 2
patients. Hum Mol Genet 7:2095-2101, 1998.

206. Zllch KJ. Histological typing of tumors of the central nervous system. International

histological classification of tumours. World Health Organization: Geneve, 1979.

76



	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	INTRODUCTION
	1 REVIEW OF THE LITERATURE
	2 AIMS OF THE STUDY
	3 PATIENTS, TUMORS, AND METHODS
	4 RESULTS AND DISCUSSION
	5 CONCLUSIONS
	6 SUMMARY
	7 ACKNOWLEDGMENTS
	8 REFERENCES

