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Role of the neurofibromatosis Type 2 gene in the
development of tumors of the nervous system
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Germ line and somatic mutations in the neurofibromatosis Type 2 (NF2) tumor suppressor gene predispose indi-
viduals to tumors of the nervous system, including schwannomas and meningiomas. Since identification of the NF2
gene more than a decade ago, a large body of information has been collected on the nature and consequences of these
alterations in patients with NF2 and in individuals in whom sporadic tumors associated with NF2 develop. The cata-
log of mutations identified thus far has facilitated extensive genetic analysis, including studies of patients with
mosaicism and phenotype—genotype correlations, and has also led to experiments that have begun to unravel the mole-
cular biology of the NF2 gene and its role in tumorigenesis. The authors describe some of the most significant find-

ings in NF2 genetics and biology over the last decade.
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OVERVIEW

The NF2 tumor suppressor gene, which is located on
chromosome 22, was identified in 1993.5% The clinical
syndrome NF2 (previously termed central neurofibro-
matosis or bilateral acoustic neurofibromatosis) had been
described more than 170 years earlier.”? It became clear
during the twentieth century (predominantly during the
latter half) that NF2 was a distinct clinical entity from
NF1 (von Recklinghausen disease or peripheral neurofi-
bromatosis).!*15:16243751.72 The NF2 gene codes for a pro-
tein named separately by the two groups who identified it
in 1993; that is, schwannomin or merlin. Schwannomin
was proposed as a name for the NF2 gene because of its
inactivation in schwannomas. Merlin was suggested be-
cause of the homology of the NF2 gene to the ERM fam-
ily of proteins: moesin, ezrin, and radixin. Nevertheless,
neither term has been universally accepted, and it would
appear that a hybrid name is required. In an attempt to
incorporate both names and to avoid further confusion in
the literature, we suggest that the gene be referred to as
schmerlin.

There have been numerous publications in which alter-
ations in the NF2 gene have been described (both in pa-
tients with and without NF2), which predispose individuals
to nervous system tumors, including schwannomas, menin-
giomas, and ependymomas.s'g’zl’22'33’36'43’50’58'61’62’70'71’77 Ab_

Abbreviations used in this paper: HRS = hepatocyte growth fac-
tor—regulated tyrosine kinase substrate; NF1, NF2 = neurofibro-
matosis Types 1 and 2; Pakl = p21-activated kinase; PIKE = phos-
phatidylinositol 3—kinase enhancer; PI3K = phosphatidylinositol
3—kinase; VS = vestibular schwannoma.
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normalities of the NF2 gene are also found in malignant
mesothelioma, tumors that are not typically associated with
neurofibromatosis.?®” The presence of multiple meningio-
mas/schwannomas in an individual usually implies that
there is a germ line mutation (with every cell in the body
containing that mutation) or that the patient is a mosaic for
a particular mutation (a proportion of cells within the indi-
vidual’s tissues harbor a mutation as a result of a postzy-
gotic event).!*?°3045 Clinically, these patients are deemed to
have classic NF2. Mild cases of NF2 usually result from a
particular type of mutation (see Genotype—Phenotype Cor-
relation in NF2), or may be the result of mosaicism (be-
cause the mutation is not present in every cell of the body).
For obvious reasons, severe cases of NF2 are less likely to
be the result of mosaicism.

Solitary meningiomas or schwannomas in an individual
are normally the result of somatic mutation within the
NF2 gene in a single cell of neural crest origin. A “second
hit” to knock out the remaining copy of the NF2 locus is
then required to give this cell a growth advantage, which
eventually leads to tumorigenesis. This second hit often
consists of loss of one entire copy of chromosome 22 or
a large proportion of the chromosome. This is usually the
result of nondisjunction during mitosis in the cells contain-
ing the original point mutation. The term “loss of heterozy-
gosity” describes the experimental findings in tumors that
are missing one copy of a particular chromosomal region.>
The “two hit” model of tumorigenesis involving tumor
suppressor genes was first proposed by Knudson.?!

It is likely that mutations in other, as yet unknown genes
are necessary before a schwannoma or meningioma devel-
ops. One such candidate is the P53 tumor suppressor
gene, which has recently been shown to act synergistical-
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ly with the NF2 gene (in conditional NF2 mutant mice) in
the development of malignant tumors of neural crest ori-
gin.>* Furthermore, mutation/loss of the NF2 gene is prob-
ably an early event in tumor development, with aberra-
tions of genes on other chromosomes resulting in a more
aggressive phenotype.**

Epidemiology and Clinical Features

The inherited syndrome NF2 is not a particularly com-
mon disease, with a birth incidence of approximately one
in every 25,000 to 40,000 individuals.!' As discussed ear-
lier, however, the role of the NF2 gene is not confined to
patients with NF2 and has far more widespread implica-
tions in human disease. Mutations of the NF2 gene occur
frequently in sporadic tumors that are associated with the
disease. For example, the majority of sporadic menin-
giomas harbor inactivating NF2 gene mutations and/or
chromosome 22 loss, as do a large proportion of sporadic
schwannomas. These are among the most common tumors
found in the central nervous system. Sporadic meningio-
mas comprise 20 to 25% of all primary intracranial neo-
plasms in the US (annual diagnostic incidence 8/100,000).
Furthermore, results of autopsy studies support the sugges-
tion that asymptomatic meningiomas are 10 times more
common than clinically active ones. The incidence of VSs
is approximately 1.4 per 100,000 individuals per year, and
it is estimated that a VS will be diagnosed in one of every
1000 people during their lifetime. '

The diagnostic criteria for NF2 are well established and
have been previously documented.** There have, howev-
er, been some slight modifications of these criteria in re-
cent years. In most large series published to date, bilateral
VSs develop in approximately 85 to 90% of patients with
NF2 (VSs were previously called acoustic neuromas and
are still frequently referred to by this name). A unilateral
VS develops in another 5% of patients with NF2. Thus, up
to 95% of patients with NF2 have at least one VS.

Schwannomas at other sites (including other cranial
nerves, within the spinal cord, and on peripheral nerves)
are also very common and are found in more than half of
the patients in most studies.’**%* Approximately 60 to
70% of patients with NF2 have at least one meningioma
(intracranial and spinal). Posterior subcapsular lens opac-
ities also develop in more than half of all patients with
NF2. Ependymomas are seen in less than 5% of all pa-
tients with NF2, and less than 2% of patients with this dis-
ease have six or more café-au-lait macules, one of the
diagnostic criterion for NF1 and sometimes a source of
confusion between the two entities.

The NF2 Gene

The first clue to the localization of the NF2 gene to chro-
mosome 22 came from cytogenetic studies in sporadic
meningiomas.” It was not until 1987, however, that a
definitive localization to chromosome 22 (using genetic
linkage studies in familial NF2) was established.”® In a
number of studies various authors have further refined the
localization to 22q12.2, and concluded that NF2 appeared
to be a genetically homogeneous disease.’*>7> The NF2
gene was cloned in 1993 and found to be mutated/deleted
in the majority of sporadic meningiomas and schwanno-
mas. It comprises 17 exons and codes for a protein of 595
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amino acids. The protein is closely related to the ERM pro-
teins ezrin, radixin, and moesin. There are no hotspots for
mutation in the NF2 gene in patients with the disease, or in
those with sporadic meningiomas or schwannomas.
Furthermore, all possible types of mutation (missense, non-
sense, frame-shift, splice-site, and various deletions) are
found.

There is now overwhelming evidence that the NF2 gene
is a tumor suppressor gene. First, inactivating mutations in
the NF2 gene are found in the majority of patients with NF2
and in the sporadic tumors associated with this disease.
Second, mice with targeted inactivation of the NF2 gene
specifically in Schwann cells develop schwannomas (the
hallmark of NF2) and Schwann cell hyperplasia.'” Further-
more, in mice that are heterozygous for an NF2 mutation,
numerous malignant tumors develop, including osteosar-
comas at high frequency, and fibrosarcoma and hepatocel-
lular carcinoma at a lower rate. There is also a growing
body of evidence from cell biology experiments that the
NF2 protein functions normally as a negative regulator of
cell growth and proliferation (see later discussion).

Genotype—Phenotype Correlation in NF2

For many years it has been observed that the severity of
NF2 was relatively preserved within individual families.
That is, affected members within a family generally tended
to experience symptoms of the disease at approximately the
same age, and had a similar rate of progression with equiv-
alent disability levels and similar numbers of tumors. It was
clear clinically that a strong genotype—phenotype correla-
tion existed for NF2. This is in contrast to some of the other
genetic tumor syndromes (for example, NF1), in which
there is often marked variation with regard to severity of
disease within a given family. It is only since the identifi-
cation of the NF2 gene that it has been possible to prove
thlS theory.2,5,6,13,25—27,35,38,52,57,63,76

Originally, NF2 was identified as either severe (Wishart)
or mild (Gardner) disease. It is now apparent, however, that
a more refined phenotype—genotype correlation exists. A
milder NF2 phenotype (with an older age at onset and fewer
tumors) is associated with missense mutations, splice-site
mutations, and with certain large deletions. In addition,
patients with mosaicism for any particular type of mutation
tend to display a milder phenotype. One could further hy-
pothesize that patients with mosaicism who harbor mis-
sense and splice-site mutations should have an even milder
phenotype, although confirming this would require a very
large series of patients. Severe disease is usually caused by
protein-truncating alterations (such as frame-shift and non-
sense mutations). One large study has recently shown that
individuals with splice-site mutations in exons 1 to 5 of the
NF2 gene had more severe disease than those with splice-
site mutations in exons 11 to 15. Phenotype—genotype cor-
relations have now been documented for overall disease se-
verity, for VSs, for cataracts,* and for non—eighth cranial
nerve tumors (including intracranial meningiomas, spinal
tumors, and peripheral nerve tumors). There are exceptions
to this rule, however, and even in monozygotic twins the
clinical course may not be identical.®

Biological Role of the NF2 Gene
The exact role of the NF2 gene in tumorigenesis is not
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entirely clear. Nevertheless, there are some very interest-
ing clues to the possible mechanisms whereby loss of NF2
protein function may promote uncontrolled growth and
proliferation. In the last 3 years alone, numerous reports
have been published describing various cytoskeletal and
signaling proteins that interact with and bind to the NF2
protein.

A number of these reports describe inhibition of the
Pak1 by the NF2 protein.!?%?2 This kinase belongs to a
subgroup of serine/threonine kinases (the Group 1 Paks)
that are known to be downstream effectors of Rac/cdc42.
The Pakl function is required for activation of stress-acti-
vated protein kinases by cdc42 and Racl as well as for
transformation by activated forms of these guanosine 5'-
triphosphatases. It has also been shown that activated forms
of Pakl induce rapid formation of membrane ruffles and
focal complexes, and Pakl1 is essential for both Ras trans-
formation and NF1. The hypothesis is that the NF2 protein
normally functions to inhibit Pak1 and therefore downreg-
ulates Rac/cdc42. This in turn would result in inhibition of
Ras-induced malignant transformation. It has been shown
in cell culture experiments that mutated NF2 genes that
lack the Pak1-inhibiting domain fail to suppress Ras trans-
formation. Thus, Paks are probably bifunctional proteins,
affecting both gene transcription (through a kinase cas-
cade) and actin dynamics (by an unknown mechanism). A
recent report suggests that the NF2 protein is normally
involved in arresting cell growth at the G, phase with de-
creased expression of cyclin D1, inhibition of CDK4 ac-
tivity, and dephosphorylation of pRB.7

Another interesting interaction exists between the NF2
protein and PIKE, which is a brain-specific guanosine 5'-
triphosphatase that binds to PI3K and stimulates its lipid
kinase activity. There are three isoforms of PIKE: PIKE-S
(short form), PIKE-L (long form), and PIKE-A (alterna-
tive form). The PIKE-S and PIKE-L forms are the result
of differential splicing, whereas PIKE-A results from the
use of an alternative transcription initiation site. The NF2
protein binds to PIKE-L and abolishes its stimulatory ef-
fect on PI3K. The PI3K is a lipid kinase that generates
phosphatidylinositol 3,4,5-trisphosphate, a second mes-
senger that is essential for the translocation of Akt to the
plasma membrane, where it is phosphorylated and activat-
ed. Activation of the PI3K/Akt pathway plays a pivotal
role in fundamental cellular functions such as cell prolif-
eration. In recent years, numerous alterations in this path-
way have been described in a variety of human cancers.
Thus, the involvement of the NF2 protein in an upstream
component may prove to be a significant contributor to its
tumor suppressor function.

The interaction of the NF2 protein with HRS warrants
further discussion.!*36668 The NF2 protein binds (via its C
terminus) to HRS, and it is postulated that this interaction
may facilitate its ability to function as a tumor suppressor.
Moreover, studies in schwannoma cell lines have shown
that both the NF2 protein and HRS inhibit activation of
signal transducers and activators of transcription. Recent-
ly, it has been shown in rat schwannoma cell lines that HRS
can reduce the amount of total and active epidermal growth
factor receptor. Thus, a possible direct consequence of NF2
protein inactivation may be the downregulation of epider-
mal growth factor receptor.

Other possible candidates for interaction with the NF2
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protein include CD44, BII-spectrin, SCHIP-1, NHE-RF,
and Bl-integrin. 34446496084 Fyrthermore, the NF2 protein
colocalizes and interacts with adherens junction compo-
nents in cell culture experiments. Knocking out the NF2
gene in this environment results in an inability to undergo
contact-dependent growth arrest and to form stable cad-
herin-containing adhesion junctions.* This may be an im-
portant factor in tumorigenesis.

A number of mouse models have been developed in an
attempt to further elucidate the molecular biology of the
NF2 protein.'"#4 Heterozygous NF2 mutant mice suffer
from various neoplasms that show inactivation of the wild-
type copy of the NF2 gene (in keeping with its function as
a tumor suppressor gene). Nevertheless, in these mice
there is no development of the characteristic tumors seen
in human NF2. Furthermore, homozygous NF2 mutant
mice (homozygous NF2 knock-outs) are embryonic lethal
and are therefore unhelpful as a model for NF2.

In an attempt to overcome the deficiencies of the het-
erozygous and homozygous NF2 mutant mice, conditional
NF?2 mutant mice were generated that had restricted homo-
zygous NF2 mutations in predominantly Schwann cell pop-
ulations.!” These “conditional” (Schwann cell) NF2 knock-
out mice show many similarities to patients with NF2; for
example, Schwann cell hyperplasia, Schwann cell tumors,
cataracts, and cerebral calcification. Significantly, however,
they do not develop VSs or meningiomas, two of the hall-
mark features of NF2. The conditional knock-out mice have
already provided important details regarding certain do-
mains within the NF2 gene (exon 2) and insight into how
the NF2 protein may function in cell migration and differ-
entiation. However, conditional NF2 knock-out mice con-
stitute only one piece of the NF2 puzzle, and extrapolation
of results in rodents to human disease needs to be done cau-
tiously.

CONCLUSIONS

Neurofibromatosis Type 2 has been extensively investi-
gated and characterized from a genetics perspective over
the last two decades. This has resulted in nearly 1000
research publications from numerous groups during this
period. A new era in molecular biology is now unfolding
in which researchers will characterize how genetic alter-
ations in NF2 result in disruption of the regulation of dif-
ferent proteins and signaling pathways, resulting in tumor
formation. It may be the end of one phase, but the biolog-
ical interactions yet to be elucidated may prove even more
exciting. Judging by the pace of the last few years, it may
not be long before therapeutic strategies for NF2 and its
tumors become a reality.

References

1. Bagrodia S, Cerione RA: Pak to the future. Trends Cell Biol 9:
350-355, 1999

2. Baser ME, Friedman JM, Aeschliman D, et al: Predictors of the
risk of mortality in neurofibromatosis 2. Am J Hum Genet 71:
715-723, 2002

3. Baser ME, Friedman JM, Wallace AJ, et al: Evaluation of clin-
ical diagnostic criteria for neurofibromatosis 2. Neurology 59:
1759-1765, 2002

4. Baser ME, Kuramoto L, Joe H, et al: Genotype-phenotype cor-

3

Unauthenticated | Downloaded 08/23/22 06:16 AM UTC



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

relations for cataracts in neurofibromatosis 2. J Med Genet 40:
758-760, 2003

. Baser ME, Kuramoto L, Woods R, et al: The location of consti-

tutional neurofibromatosis 2 (NF2) splice site mutations is asso-
ciated with the severity of NF2. J Med Genet 42:540-546, 2005

. Baser ME, Ragge N, Riccardi V, et al: Phenotypic variability in

monozygotic twins with neurofibromatosis 2. Am J Med Ge-
net 64:563-567, 1996

. Bianchi AB, Mitsunaga SI, Cheng JQ, et al: High frequency of

inactivating mutations in the neurofibromatosis type 2 gene
(NF2) in primary malignant mesotheliomas. Proc Natl Acad
Sci U S A 92:10854-10858, 1995

. Birch BD, Johnson JP, Parsa A, et al: Frequent type 2 neurofi-

bromatosis gene transcript mutations in sporadic intramedullary
spinal cord ependymomas. Neurosurgery 39:135-140, 1996

. Bourn D, Carter SA, Mason S, et al: Germline mutations in the

neurofibromatosis type 2 tumor suppressor gene. Hum Mol
Genet 3:813-816, 1994

Evans DGR, Huson SM, Donnai D, et al: A clinical study of
type 2 neurofibromatosis. Q J Med 84:603-18, 1992

Evans DGR, Huson SM, Donnai D, et al: A genetic study of type
2 neurofibromatosis in the United Kingdom. I. Prevalence, muta-
tion rate, fitness, and confirmation of maternal transmission effect
on severity. J Med Genet 29:841-846, 1992

Evans DGR, Moran A, King A, et al: Incidence of vestibular
schwannomas and neurofibromatosis 2 in the North West of En-
gland over a 10 year period: higher incidence than previously
thought. Otol Neurotol 26:93-97, 2005

Evans DGR, Trueman L, Wallace A, et al: 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 DGR, Wallace AJ, Wu CL, et al: 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

Feiling A, Ward E: A familial form of acoustic tumour. Brit Med
J 10:496-497, 1920

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

Giovannini M, Robanus-Maandag E, van der Valk M, et al:
Conditional biallelic Nf2 mutation in the mouse promotes mani-
festations of human neurofibromatosis type 2. Genes Dev 14:
1617-1630, 2000

Goutebroze L, Brault E, Muchardt C, et al: Cloning and charac-
terization of SCHIP-1, a novel protein interacting specifically
with spliced isoforms and naturally occurring mutant NF2 pro-
teins. Mol Cell Biol 20:1699-1712, 2000

Gutmann DH, Haipek CA, Burke SP, et al: The NF2 interactor, he-
patocyte growth factor-regulated tyrosine kinase substrate (HRS),
associates with merlin in the “open’ conformation and suppresses
cell growth and motility. Hum Mol Genet 10:825-834, 2001
Hirokawa Y, Tikoo A, Huynh J, et al: A clue to the therapy of
neurofibromatosis type 2: NF2/merlin is a PAKI1 inhibitor.
Cancer J 10:20-26, 2004

Ikeda T, Hashimoto S, Fukushige S, et al: Comparative genom-
ic hybridization and mutation analyses of sporadic schwanno-
mas. J Neurooncol 72:225-230, 2005

Jacoby LB, Jones D, Davis K, et al: Molecular analysis of the
NF2 tumor-suppressor gene in schwannomatosis. Am J Hum
Genet 61:1293-1302, 1997

Jaffer ZM, Chernoff J: p21-activated kinases: three more join
the pak. Int J Biochem Cell Biol 34:713-717, 2002

Kanter WR, Eldridge R, Fabricant R, et al: Central neurofibro-
matosis with bilateral acoustic neuroma: genetic, clinical and
biochemical distinctions from peripheral neurofibromatosis.
Neurology 30:851-859, 1980

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

M. H. Ruttledge and G. A. Rouleau

Kissil JL., Wilker EW, Johnson KC, et al: Merlin, the product of
the NF2 tumor suppressor gene, is an inhibitor of the p21-acti-
vated kinase, Pak1l. Mol Cell 12:841-849, 2003

Kluwe L, Beyer S, Baser ME, et al: Identification of NF2 germ-
line mutations and comparison with neurofibromatosis pheno-
types. Hum Genet 98:534-538, 1996

Kluwe L, MacCollin M, Tatagiba M, et al: Phenotypic variabil-
ity associated with 14 splice-site mutations in the NF2 gene.
Am J Med Genet 77:228-233, 1998

Kluwe L, Mautner VF: A missense mutation in the NF2 gene
results in moderate and mild clinical phenotypes of neurofibro-
matosis type 2. Hum Genet 97:224-227, 1996

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

Kluwe L, Mautner VF, Heinrich B, et al: Molecular study of fre-
quency of mosaicism in neurofibromatosis 2 patients with bi-
lateral vestibular schwannomas. J Med Genet 40:109-114, 2003
Knudson AG Jr: Mutation and cancer: statistical study of reti-
noblastoma. Proc Natl Acad Sci U S A 68:820-823, 1971
Lallemand D, Curto M, Saotome I, et al: NF2 deficiency pro-
motes tumorigenesis and metastasis by destabilizing adherens
junctions. Genes Dev 17:1090-1100, 2003

Lekanne Deprez RH, Bianchi AB, Groen NA, et al: Frequent NF2
gene transcript mutations in sporadic meningiomas and vestibular
schwannomas. Am J Hum Genet 54:1022-1029, 1994
Lindblom A, Ruttledge M, Collins VP, et al: Chromosomal de-
letions in anaplastic meningiomas suggest multiple regions out-
side chromosome 22 as important in tumor progression. Int J
Cancer 56:354-357, 1994

Lopez-Correa C, Zucman-Rossi J, Brems H, et al: NF2 gene dele-
tion in a family with a mild phenotype. J Med Genet 37:75-77,
2000

MacCollin M, Ramesh V, Jacoby LB, et al: Mutational analysis
of patients with neurofibromatosis 2. Am J Hum Genet 55:
314-320, 1994

Martuza RL, Ojemann RG: Bilateral acoustic neuromas: clinical
aspects, pathogenesis and treatment. Neurosurgery 10:1-12,
1982

Mautner VF, Baser ME, Kluwe L: Phenotypic variability in two
families with novel splice-site and frameshift NF2 mutations.
Hum Genet 98:203-206, 1996

Mautner VF, Lindenau M, Baser ME, et al: The neuroimaging
and clinical spectrum of neurofibromatosis 2. Neurosurgery
38:880-886, 1996

Mautner VF, Tatagiba M, Lindenau M, et al: Spinal tumors in
patients with neurofibromatosis type 2: MR imaging study of fre-
quency, multiplicity, and variety. AJR Am J Roentgenol 165:
951-955, 1995

McClatchey Al, Saotome I, Mercer K, et al: Mice heterozygous
for a mutation in the Nf2 tumor suppressor locus develop a range
of highly metastatic tumors. Genes Dev 12:1121-1133, 1998
McClatchey Al, Saotome I, Ramesh V, et al: The Nf2 tumor sup-
pressor gene product is essential for extraembryonic development
immediately prior to gastrulation. Genes Dev 11:1253-1265,
1997

Meérel P, Hoang-Xuan K, Sanson M, et al: Screening for germ-
line mutations in the NF2 gene. Genes Chromosomes Cancer
12:117-127, 1995

Morrison H, Sherman LS, Legg J, et al: The NF2 tumor suppres-
sor gene product, merlin, mediates contact inhibition of growth
through interactions with CD44. Genes Dev 15:968-980, 2001
Moyhuddin A, Baser ME, Watson C, et al: Somatic mosaicism
in neurofibromatosis 2: prevalence and risk of disease trans-
mission to offspring. J Med Genet 40:459-463, 2003

Murthy A, Gonzalez-Agosti C, Cordero E, et al: NHE-RF, a
regulatory cofactor for Na*-H* exchange, is a common inter-
actor for merlin and ERM (MERM) proteins. J Biol Chem
273:1273-1276, 1998

Narod SA, Parry DM, Parboosingh J, et al: Neurofibromatosis

Neurosurg. Focus / Volume 19 / November, 2005

Unauthenticated | Downloaded 08/23/22 06:16 AM UTC



Role of NF2 gene in development of nervous system tumors

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

type 2 appears to be a genetically homogenous disease. Am J
Hum Genet 51:486-496, 1992

National Institutes of Health Consensus Development Confer-
ence: Neurofibromatosis. Conference statement. Arch Neurol
45:575-579, 1988

Obremski VJ, Hall AM, Fernandez-Valle C: Merlin, the neu-
rofibromatosis type 2 gene product, and 31 integrin associate in
isolated and differentiating schwann cells. J Neurobiol 37:
487-501, 1998

Papi L, De Vitis LR, Vitelli F, et al: Somatic mutations in the
neurofibromatosis type 2 gene in sporadic meningiomas. Hum
Genet 95:347-351, 1995

Parry DM, Eldridge R, Kaiser-Kupfer MI, et al: Neurofibro-
matosis 2 (NF2): clinical characteristics of 63 affected individ-
uals and clinical evidence for heterogeneity. Am J Med Genet
52:450-461, 1994

Parry DM, MacCollin MM, Kaiser-Kupfer MI, et al: Germ-line
mutations in the neurofibromatosis 2 gene: correlations with
disease severity and retinal abnormalities. Am J Hum Genet
59:529-539, 1996

Patronas NJ, Courcoutsakis N, Bromley CM, et al: Intramedullary
and spinal canal tumors in patients with neurofibromatosis 2: MR
imaging findings and correlation with genotype. Radiology 218:
434-442, 2001

Robanus-Maandag E, Giovannini M, van der Valk M, et al: Sy-
nergy of Nf2 and p53 mutations in development of malignant
tumors of neural crest origin. Oncogene 39:6541-6547, 2004
Rouleau GA, Merel P, Lutchman M, et al: Alteration in a new
gene encoding a putative membrane-organizing protein causes
neuro-fibromatosis type 2. Nature 363:515-521, 1993
Rouleau GA, Wertelecki W, Haines JL, et al: Genetic linkage of
bilateral acoustic neurofibromatosis to a DNA marker on chro-
mosome 22. Nature 329:246-248, 1987

Ruttledge MH, Andermann AA, Phelan CM, et al: Type of muta-
tion in the neurofibromatosis type 2 gene (NF2) frequently deter-
mines severity of disease. Am J Hum Genet 59:331-342, 1996
Ruttledge MH, Sarrazin J, Rangaratnam S, et al: Evidence for
the complete inactivation of the NF2 gene in the majority of
sporadic meningiomas. Nat Genet 6:180-184, 1994

Ruttledge MH, Xie YG, Han FY, et al: Deletions on chromo-
some 22 in sporadic meningiomas. Genes Chromosomes Can-
cer 10:122-130, 1994

Sainio M, Zhao F, Heiska L, et al: Neurofibromatosis 2 tumor
suppressor protein colocalizes with ezrin and CD44 and as-
sociates with actin-containing cytoskeleton. J Cell Sci 110:
2249-2260, 1997

Sainz J, Figueroa K, Baser ME, et al: Identification of three neu-
rofibromatosis type 2 (NF2) gene mutations in vestibular schwan-
nomas. Hum Genet 97:121-123, 1996

Sainz J, Huynh DP, Figueroa K, et al: Mutations of the neurofi-
bromatosis type 2 gene and lack of the gene product in vestibu-
lar schwannomas. Hum Mol Genet 3:885-891, 1994

Scoles DR, Baser ME, Pulst SM: A missense mutation in the
neurofibromatosis 2 gene occurs in patients with mild and se-
vere phenotypes. Neurology 47:544-546, 1996

Neurosurg. Focus / Volume 19 / November, 2005

64

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

. Scoles DR, Huynh DP, Morcos PA, et al: Neurofibromatosis 2
tumor suppressor schwannomin interacts with B1I-spectrin. Nat
Genet 18:354-359, 1998

Scoles DR, Nguyen VD, Qin Y, et al: Neurofibromatosis 2 (NF2)
tumor suppressor schwannomin and its interacting protein HRS
regulate STAT signalling. Hum Mol Genet 11:3179-3189,
2002

Scoles DR, Qin Y, Nguyen V, et al: HRS inhibits EGF receptor
signalling in the RT4 rat schwannoma cell line. Biochem Bio-
phys Res Com 335:385-392, 2005

Sekido Y, Pass HI, Bader S, et al: Neurofibromatosis type 2
(NF2) gene is somatically mutated in mesothelioma but not in
lung cancer. Cancer Res 55:1227-1231, 1995

Sun CX, Haipek C, Scoles DR, et al: Functional analysis of the
relationship between the neurofibromatosis 2 tumor suppressor
and its binding partner, hepatocyte growth factor-regulated tyro-
sine kinase substrate. Hum Mol Genet 11:3167-3178, 2002
Trofatter JA, MacCollin MM, Rutter JL, et al: 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, et al: The neurofibro-
matosis type 2 gene is inactivated in schwannomas. Hum Mol
Genet 3:147-151, 1994

Welling DB, Guida M, Goll F, et al: Mutational spectrum in the
neurofibromatosis type 2 gene in sporadic and familial schwan-
nomas. Hum Genet 98:189-193, 1996

Wertelecki W, Rouleau GA, Superneau, DW, et al: Neurofibro-
matosis 2: clinical and DNA linkage studies of a large kindred. N
Engl J Med 319(5):278-283, 1988

Wishart JH: Case of tumors in the skull, dura mater, and brain.
Edinburgh Med Surg J 18:393-397, 1822

Xiao GH, Gallagher R, Shetler J, et al: The NF2 tumor suppres-
sor gene product, merlin, inhibits cell proliferation and cell cycle
progression by repressing cyclin D1 expression. Mol Cell Biol
25:2384-2394, 2005

Zankl H, Weiss AF, & Zang KD: Cytological and cytogenetical
studies on brain tumors. V1. No evidence for a translocation in 22-
monosomic meningiomas. Humangenetik 30:343-348, 1975
Zhao Y, Kumar RA, Baser ME, et al: Intrafamilial correlation
of clinical manifestations in neurofibromatosis 2 (NF2). Genet
Epidemiol 23:245-259, 2002

Zucman-Rossi J, Legoix P, Der Sarkissian H, et al: NF2 gene in
neurofibromatosis type 2 patients. Hum Mol Genet 7:
2095-2101, 1998

Manuscript received September 21, 2005.
Accepted in final form October 21, 2005.

Address reprint requests to: Martin Ruttledge, M.B., B.Sc., Ph.D.,
Department of Neurology, 9th Floor Ruskin Wing, Kings College
Hospital, Denmark Hill, London SES9RS, United Kingdom. email:
ruttledgem @yahoo.co.uk.

5

Unauthenticated | Downloaded 08/23/22 06:16 AM UTC



