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Abstract Merlin, the protein product of NF2 gene, is one of
the most versatile tumor suppressors capable of integrating
different mechanisms that regulate cell proliferation, motil-
ity, survival and signaling pathways underlying and
governing those mechanisms. Merlin is considered a mem-
ber of the band 4.1 families of cytoskeleton-associated pro-
teins also called ERM family and acts as tumor suppressor.
The main cause for transformation of Schwann cells into
schwannomas is credited to the inactivation of the
neurofibromin 2 (NF2) gene and the consecutive loss of its
protein merlin. Recent scientific advances improved our
understanding of pathogenic mechanisms involving NF2
gene. The present review brings genetic properties of NF?2
gene, molecular characteristics of merlin, summarizes mu-
tational spectra and explains merlin’s multifunctional roles
regarding its involvement in neurofibromatosis associated
tumorigenesis.
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Introduction

The NF2 gene was identified in 1993 [1-3], and the protein it
codes was named merlin not after the mythological sorcerer,
but as an acronym of the first letters of moesin-, ezrin-,
radixin-like protein, being a part of the band 4.1 families of
cytoskeleton-associated proteins also called ERM family of
proteins. Merlin acts as tumor suppressor and its inactivation
leads to the loss of the protein. Tumors evolved due to the loss
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of merlin, schwannomas, meningiomas, hamartomas and
ependymomas, can occur as sporadic entities or as part of
autosomal dominant syndrome—neurofibromatosis type 2
(NF2). Recent research on NF2 gene [4—7] demonstrates that
merlin is a tumor suppressor that is capable of modulating a
wide range of signaling pathways that influence cell growth,
motility and apoptosis. It interacts with cell-surface proteins,
proteins involved in cytoskeletal dynamics and proteins in-
volved in regulating ion transport. Merlin-lacking cells are
also known to contain defective adherens junctions, thus
connecting it to the loss of contact inhibition.

Gene and Protein

The NF2 gene resides on chromosome 22, band 22q12.2,
more precisely from nucleotide 29999545 to 30094589,
with total length of 95,045 nucleotides (according to the
search and retrieval system used at National Centre for
Biotechnology Information (US) for all of the major data-
bases including nucleotide and protein sequences—Entrez
nucleotide) [8]. It was discovered independently by two
groups by positional cloning and loss of heterozygosity
studies [1-3]. NF2 gene consists of 17 exons with alterna-
tive splicing that produces two major isoforms. The exons
are shown in Table 1.

NF2 homologous genes are confined to metazoans in-
cluding Drosophila melanogaster (Mer) and Caenorhabditis
elegans (nfm-1) and the homology of their coding sequences
is very much conserved across species, with 98.49 % amino
acid similarity to mouse protein sequence, and 50.87 % to
Drosophila [9].

The protein merlin also called schwannomin has molecular
weight of 65 to 70 kDa [10]. The protein is expressed ubiqui-
tously in human tissues and also in a variety of embryonic
tissues. In adult tissues, significant expression is found in
Schwann cells, meningeal cells, lens and nerve. Its expression
in neuronal tissue includes both Schwann cells but also neu-
rons [11]. NF2 gene consists of 17 exons with alternative
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Table 1 Exons of the NF2 gene, nucleotide position and length of
each exon

Exon Total range Total length
1 5 001-5 557 557
2 38 196-38 321 126
3 40 535-40 657 123
4 43 64743 730 84
5 56 102-56 170 69
6 57 039-57 121 83
7 59 634-59 709 76
8 62 650-62 784 135
9 66 435-66 509 75
10 69 778-69 891 114
11 73 271-73 393 123
12 74 714-74 931 218
13 76 281-76 386 106
14 79 641-79 768 128
15 82 884-83 046 163
16 (16a + 16b) 84 465-85 360 896
17 96 197-100 045 3849

Adapted from http://www.ncbi.nlm.nih.gov/; http://www.ncbi.nlm.nih.gov/
gene/4771

splicing that produce two major isoforms. Isoform 1 (I)
consists of exons 1 to 15 and exon 17 and codes for
595 amino acid protein, while isoform 2 (II) encom-
passes exons 1 to 16 and codes for a 590 amino acid
protein. The isoforms differ only in the very C-terminal
end [4, 11]. Two predominant isoforms but also a number of
minor isoforms are produced by alternatively spliced tran-
scripts. According to UniProtKB/Swiss-Prot [12] the isoforms
are expressed specifically as follows: isoforms 1 (I) and 2 (II)
are predominant, isoform 4, isoform 5 and isoform 6 are
expressed moderately, isoform 8 is found at low frequency.
Isoform 7, isoform 9 and isoform 10 are not expressed in adult
tissues, with the exception of adult retina expressing isoform
10. Isoform 9 is faintly expressed in fetal brain, heart, lung,
skeletal muscle and spleen. Fetal thymus expresses isoforms
1, 7,9 and 10 at similar levels.

The protein product of NF2 gene is different from ordi-
nary tumor suppressor gene products. The NF2 protein
shows significant sequence similarity to members of the
band 4.1 superfamily of cytoskeleton-associated proteins
called moesin-, ezrin-, radixin-like or short ERM proteins
[10]. Let me explain briefly the biochemical and molecular
characteristics of this protein family and its similarities and
differences from merlin. The highest homology is found in
the N-terminal globular FERM domain (Four-point-one,
Ezrin, Radixin, and Moesin). C-terminal domain of those
proteins and merlin is less conserved, where actin binding
site in ERM proteins, but not merlin is located. However,
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merlin contains an unconventional actin-binding site located
in its NH, terminus [4]. Carboxy terminal ERM-binding
domain or C-ERMAD is shared by both merlin and ERM
proteins, while alpha-helical region is in the central part of
all these proteins and it allows flexing which facilitates
intramolecular association [13]. The activity of mentioned
proteins is regulated by intramolecular (head-to-tail) binding
between FERM and C-ERMAD domains. When bound the
conformation is termed as closed and the actin-binding site
within the C-ERMAD domain is masked. This conforma-
tion renders ERM proteins in an inactive state [14]. Phos-
phorylation of critical threonine within the C-terminal
domain would break up this head-to-tail interaction and
render ERM proteins in their active form. Like other ERM
proteins, merlin can form a C-terminal tail-FERM interac-
tions and switch between open and closed conformation
which regulates vastly its function. The conformations are
also carried out through changing phosphorylation status,
but this time phosphorylation on serine 518 in merlin’s C-
ERMAD domain is involved. The so called head-to-tail
interaction is upon phosphorylation of Ser518 disrupted,
but now the difference arrives, namely, merlin’s open con-
formation is inactive, while his closed conformation renders
the molecule active (Fig. 1). The phosphorylation can be
accomplished by p21-activated kinases (PAKs) and c-AMP
dependent protein kinase A [15]. It is known that only
Ser518 hypophosphorylated (active) merlin functions as
tumor suppressor. It has also been demonstrated that merlin
can form homodimers and heterodimers with other members
of the ERM family. It has been also shown that above
mentioned intramolecular interactions are only happening
on isoform 1, while isoform 2 is believed to be incapable of
forming this head-to-tail interaction, but rather remains
locked in open conformation, and thus incapable of acting
as tumor suppressor protein. The exceptional conservation
of the NF2 coding sequence across species suggests conser-
vation of function too. Experiments have demonstrated that
the human protein can function properly in both the mouse
and Drosophila [9].

Merlin Is a Multifunctional Protein

As is usual with multifunctional proteins, merlin definitely
being one of them, they integrate different mechanisms that
regulate cell proliferation, motility, survival and signaling
pathways underlying and governing those mechanisms.

To start from the beginning I will describe merlin’s func-
tion in developmental circumstances. Merlin plays impor-
tant roles during embryogenesis. Experiments involving
knockout animals showed that homozygous NF2—/— knock-
out mice embryos lack extraembryonic ectoderm and die
even before gastrulation [16] indicating merlins role at very
early stages. Mosaic embryos that only in part posses


http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/gene/4771
http://www.ncbi.nlm.nih.gov/gene/4771

Merlin, the NF2 Gene Product

367

Fig. 1 Schematic illustration of a
merlin’s structure and two

FERM

conformations, open and
closed. a The amino terminal,
highly conserved, FERM
domain consists of A, B and C
subdomains. Actin binding site
is in the N-terminal domain,
more precisely from 178 to 367
residues. Merlin has an alpha-
helical region between FERM
and the carboxy terminus of the
protein. C-ERMAD domain
comprising Ser 518 (indicated
by an arrow) is located at the
merlin’s carboxy end. b
Merlin’s head-to-tail folding
between FERM and C-ERMAD
domains renders the protein in
closed active conformation b
upon dephosphorylation of Ser

518

OPEN (INACTIVE) CONFORMATION

a-HELIX C-ERMAD

OOH
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|
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NF2—/— cells develop extraembryonic ectoderm, but have
many defects in a variety of other embryonic tissues which
indicates NF2 wide ranging role in normal development. As
for the NF2+/— mutant mice engineered to lack one copy of
the NF2 gene it has been shown that they are cancer prone
and develop a variety of tumors including osteosarcomas,
liver tumors, lymphomas, chrondrosarcomas, fibrosarcomas
and rhabdomyosarcomas, all of which show a high rate of
aggressive behavior and metastasis. Surprisingly, the first
generation of NF2+/— mice do not develop the tumor hall-
marks of human NF2. It seems that murine schwannomas
differ from their human partners, or that the genetic
cooperativity leading to NF2 might also be different in two
species. Despite this inconsistency, another approach was
used to evidence that NF2 loss is responsible—conditional
knock out mice model. Schwannomas will develop in con-
ditional knock out mice, the ones in which merlin is specif-
ically knocked out in Schwann cells [17]. Conditional knock
out mice were constructed using schwann cell-specific my-
elin protein zero promoter that controlled Cre recombinase
expression and floxed NF2 genes resulting in Py-Cre;-
Nf210¥10% mice [18]. Second generation of such mice model
most aspects of NF2 and are now used for schwannoma
pathogenesis investigations.

NF2 was classified as tumor suppressor by genetic
criteria, where loss of heterozygosity studies demonstrate
that NF2 patients possess constitutional heterozygous

inactivating mutation of one allele of the NF2 gene, and
the tumors they develop harbor somatic mutation of the
remaining wild-type allele. Moreover, biallelic inactivation
of the NF2 gene is another genetic event characteristic of all
sporadic schwannomas and approximately 60 % of sporadic
meningiomas. Another proof that merlin acts as tumor sup-
pressor came from research that showed that overexpression
of this protein inhibits both mitogenesis [14, 19] and
oncogene-induced transformation [20]. Consequently when
re-expressed in human schwannoma cells, merlin managed
to reduce survival of schwannoma cells as well as their
growth.

Merlin’s Interactions and Signaling Roles

The abundance of molecules with which merlin interacts is
exceptional. To name a few: CD44, CD43, actin, paxillin,
layilin, calpain, betall-spectrin, RhoGD1, DCC and many
others (for extensive reviews see Scoles [21] and Stamenkovic
and Yu [4]). Merlin has been shown to interact with cell-
surface proteins, proteins involved in cytoskeletal dynamics
and proteins involved in regulating ion transport. The main
characteristic of cells lacking NF2 protein product is the loss of
contact inhibition of proliferation [22, 23]. Associated with
loss of contact inhibition, merlin-lacking cells are also known
to contain defective adherens junctions [24]. Thus it is under-
standable that cells that suffered merlin loss show deregulated
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adhesion to extracellular matrix which is also shown in
schwannoma cells. Another point on merlin’s function is that
merlin seems to be directly involved in cytoskeletal organiza-
tion relevant to myelination. Merlin is a linker protein between
the plasma membrane and the actin cytoskeleton. It binds actin
and tubulin and regulates actin polymerization. His particular
role is in the reorganization of cortical cytoskeleton [25].

Recent research on NF2 gene evidenced that merlin is
involved in several different signal transduction pathways
[4, 7, 14, 21, 26]. The best characterized are Hippo and
Ras/Raf/Mek/Erk pathway. Merlin is a probable regulator of
the Hippo also known as the Salvador/Warts/Hippo (SWH)
signaling pathway, a pathway that plays important role in
tumor suppression by restricting proliferation and promot-
ing apoptosis. The mutations of protein kinase Hippo (Hpo)
after which the pathway takes its name, lead to tissue over-
growth, or a hippopotamus-like-phenotype. Merlin and
KIBRA are apically-localized proteins and merlin’s FERM
domain associates with Ex and Kibra forming the Kibra-Ex-
Mer (KEM) complex. So merlin acts as an upstream regu-
lator of the core kinase cascade in the Hippo signaling.

At the membrane merlin performs inhibitory actions by
regulating growth factor receptors and integrins and thus
influencing downstream signaling pathways.

Merlin has been shown to inhibit Ras/Raf/Mek/Erk path-
way. Merlin’s role in the Ras/Raf/Mek/Erk pathway in nor-
mal Schwann cell starts upon the paxilin binding, when
merlin forms a complex with erbB2 (HER2) and betal
integrin at the cell membrane [14, 27]. This complex now
with activated merlin being part of it inhibits the Akt (pro-
tein kinase B) and MAPK (ERK) signaling by preventing
the accumulation of two members of the epidermal growth
factor receptor (EGFR) family, erbB2 and erbB3 (HER3).
Merlin can also act upstream of Ras/Raf/Mek/Erk pathway
by inhibiting Ras and Rac activation after growth factor
stimulation [28]. In schwannomas, where merlin is lost the
Ras/Raf/Mek/Erk pathway is activated.

Merlin is often enriched in lipid rafts, which are required
for receptor internalization and regulation of downstream
signaling mediated by those receptors. It is especially in-
volved in receptor tyrosine kinases (RTKs) internalization
[29]. Key families of receptor tyrosine kinases are the ErbB
family, insulin-like growth factor 1 receptor, platelet-derived
growth factor receptor (3, and vascular endothelial growth
factor receptors.

Merlin inhibits signaling by integrins and RTKs and there-
fore the activation of downstream pathways, including the
Ras/Raf/Mek/Erk, FAK/Src, PI3-kinase/Akt, Rac/PAK/INK,
mTOR (mammalian target of rapamycin) is inhibited too. In
line with this is the fact that IGF1 and PDGF are growth
factors involved in Schwann cell mitoses [14] and that growth
factor receptors (PDGFR, EGFR family) are activated in
schwannomas.
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In PI3-kinase/Akt signaling merlin directly binds
phosphatidylinositols, and this action is mediated by merlin
folding conformation and Akt phosphorylation. Merlin sup-
presses PI3-kinase/Akt signaling through directly binding
and inhibiting PIKE-L’s stimulatory activity on PI3-kinase.
Akt reciprocally inhibits merlin’s function by provoking its
degradation [30].

Novel reports indicate merlin’s connection to yet another
important cellular pathway, the wnt signaling pathway [28,
31, 32]. A study by Lau et al. [33] demonstrated the rela-
tionship between merlin and wnt signaling in human glioma
cells. They showed that merlin’s reexpression in human
glioma cells decreased the quantity of frizzled-1 (FZD1)
receptors (FZD1 binds wnt ligands and activates wnt path-
way), and increased the expression of molecules that inhibit
wnt signaling, dickkopf-1 (DKK1) and dickkopf-2 (DKK?2).
So merlin’s reexpression reduced wnt signaling. Another
paper by Bosco et al. [31] report on significant increase in
transcriptionally active nuclear beta-catenin upon merlin
deletion. Beta-catenin is the main signaling effector mole-
cule of this pathway and its activation and nuclear transfer
starts up the wnt signaling. In this contribution the authors
show that when merlin is lost, TCF/LEF/beta-catenin tran-
scription activity increased. Also NF2—/— cells contained an
increased active beta-catenin levels, and finally elevations in
transcriptional activity of downstream targets of activated
beta-catenin were evident in the absence of merlin. A paper
by Zhou et al. [32] demonstrated that canonical wnt signal-
ing is activated in primary human schwannoma cells and
that activated beta-catenin localizes in the nucleus. Bosco et
al. [31] believe that deregulated canonical Wnt signaling is
associated with NF2’s loss of function. They showed a
significant increase in transcriptionally active beta-catenin
when merlin protein was deleted. It has been shown previ-
ously that cells lacking NF2 loose contact inhibition [4] and
are free to proliferate. Associated with loss of contact inhi-
bition, merlin-lacking cells are also known to contain defec-
tive adherens junctions [24]. Bosco et al. [31] indicated the
relationship of merlin to the wnt as a possible mechanism by
which NF2 deficient cells are able to escape contact inhibi-
tion. They also showed that elevated nuclear beta-catenin
activity in NF2 deficient cells contributes to the growth
phenotype of the cells at confluent state. They established
the relationship between Racl involvement and demonstrate
that Racl mediated canonical wnt signaling is essential for
the loss of contact inhibition in NF2 deficient cells. Another
study on high grade human gliomas by Lau et al. [33]
discovered an increase in wnt signaling as a result of NF2
loss, specifically the increase of TCF transcription factor
activity. To investigate whether wnt signaling is involved
in schwannoma Zhou et al. [32] used normal Schwann cells
in comparison to Schwanoma cells. They demonstrated that
canonical wnt signaling is activated in primary human
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schwannoma cells because they found activated beta-
catenin localized in the nucleus and wnt target genes c-
myc and cyclin D1 overexpressed as a consequence of
enhanced transcriptional activities. These findings all col-
lectively describe the influence of merlin on wnt signaling.

In recent studies merlin is characterized as shuttling
protein whose involvement in the nucleus is a novel aspect
of its functioning. It has been shown that it can migrate into
the nucleus, where it inhibits CRL4ADCAF1 E3 ubiquitin
ligase and consequently suppresses cell growth [25].

Mutational Spectra of NF2 Gene

In this review I decided to summarize briefly the known
mutations of the NF2 gene. The mutations of the NF2 gene
include splicing defects, frameshifts, nonsense and missense
mutations [34-36]. The overall NF2 mutational spectrum
reported by The Human Gene Mutation Database [37] could
be categorized as follows: missense/nonsense mutation are
very common with reported number of 87, there is 74
splicing mutations, small deletions are the most frequent
with reported number of 95, there are 30 small insertions,
44 gross deletions and 6 gross insertions/duplications are
reported, additionally there are 3 complex rearrangements.
In total there are 345 mutations of the NF2 gene.

It has also been shown that NF2 gene has high rate of de
novo mutations, so approximately 50 % of NF2 cases harbor
de novo mutations for which no other family members can
be identified. This suggests a high mutation rate for this
gene [5, 17].

Consequence of merlin’s mutations depend on the type
and their position in the NF2 gene. For example truncating
nonsense mutations or frame-shift mutations that are diag-
nosed at a younger age will develop severe clinical pheno-
type with a higher number of schwannomas, while those
NEF2 patients that harbor large deletions, in-frame indels and
missense mutations suffer from much milder disease. Muta-
tions at splice sites cause variations in the severity of NF2
[14, 38, 39].

Moreover, deletions striking exons 15 and 16 at the 3’
end also cause milder clinical features. There are other
possible regulatory mechanisms including epigenetic modi-
fications of the regulatory region and posttranscriptional
alternative splicing that influence NF2 protein production
and clinical phenotype [40].

Clinical Implications
Schwannoma, meningiomas, hamartoma and ependymoma

formation within the autosomal dominant neurofibromatosis
type 2 (NF2) inherited syndrome are all caused by different

mutations in the NF2 gene. NF2 is caused by germline
mutations in the NF2 gene on 22q12. The population based
birth incidence of NF2 was estimated as 1 case in 33,000—
40,000 individuals. The hallmark in this disorder is the
presence of bilateral schwannomas involving the eight cra-
nial nerve (vestibular schwannomas) [41, 42].

Ependymomas and hamartomas are relatively rare in
comparison to schwannomas and meningiomas. Moreover,
only a subset of ependymomas are caused by merlin loss
indicating that their overall genetic basis is much more
diverse. Therefore those tumors are not going to be
discussed in this contribution.

Schwannomas

Schwannomas (neurinomas, neurilemomas) are benign en-
capsulated tumors of Schwann cells, the main peripheral
glia cells, that do not invade the nerve but rather grow
around it [43]. It is extremely rare for a schwannoma to
transform and become malignant [17, 44]. The majority of
schwannomas arise spontaneously and only 4 % are associ-
ated with NF2. They represent 8 % of intracranial tumors,
and those that strike cerebellopontine angle are in 90 % of
cases schwannomas (Fig. 2). In the recent decade a great
progress has been made in the molecular and genetic char-
acteristics causative of both sporadic and familial forms of
schwannomas. So it is nowadays recognized that alterations
of NF2 gene is a causative event in the tumorigenesis of
schwannomas.

Schwannomas also occur spontaneously e. i. sporadical-
ly. An annual incidence of sporadic vestibular schwannoma
was approximately 1.3 per 100,000 [39]. A population-
based study in Denmark showed an estimated incidence of
11.5 cases per million inhabitants per year [45], while the
US national tumor registry reported 1.1 cases per 100,000
people per year.

Loss of heterozygosity, i. e. gross deletion of NF2 gene is
a common feature found in the majority of sporadic
schwannomas. Actually, it is nowadays obvious that all
sporadic schwannomas are caused by some kind of alter-
ation of NF2 gene [36, 46] and the consecutive loss of its
protein merlin. The majority of detected deletions and mu-
tations result in a truncated (shorter) protein products [35].
The evidence very strongly suggests that all schwannomas
are caused by changes in both gene copies and consequent
loss of NF2 protein function [11].

Loss of expression of NF2 protein product merlin is uni-
versal finding in all schwannomas examined. The loss of
immunoreactivity was reported in many papers [38, 47, 48].
Nevertheless, the intracellular mechanism of the transforma-
tion of Schwann cells into schwannomas still needs to be
elucidated. It seems that the inactivation of second allele often
occurs via a large deletion of the 22q chromosomal region.
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Fig. 2 Vestibular schwannoma.
a MR image showing lesion in
the left pontocerebellar angle. b
Schwannoma histology, Antoni
A. Tumor is composed of
compact spindle cells that had
twisted nuclei and indistinct
cytoplasmic borders (200x,
H&E)

Our previous work focuses on the analysis of loss of
heterozygosity (LOH) of the NF2 tumor suppressor gene
in a panel of sporadic schwannomas from Croatian patients
[49]. Loss of heterozygosity (LOH) of the NF2 gene, using
microsatellite markers, was found in 43.75 % of our
schwannoma sample, thus broadening the overall NF2 mu-
tational spectrum. Our results were in accordance to the
frequency of LOHs in sporadic schwannomas reported by
other authors [38, 48, 50-54].

In those studies the number of LOHs range from 40 to 80 %
depending on the number of genetic markers used and number
of cases examined. Bian et al. [50] report on 42.6 % of LOHs.
Moreover, they report on the difference in NF2 LOHs be-
tween vestibular and spinal schwannomas and on the associ-
ation of higher proliferative index to the schwannomas
showing LOH. Hadfield et al. [51] report on LOH occurrence
in 54 out of 96 (56 %) sporadic vestibular schwannomas.
There are reports on higher number of losses by Aarhus et
al. [55] who detected 72 % of NF2 deletions by direct
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sequencing and Lee et al. [48] who found 77 % of LOHs.
Vestibular schwannomas were also analyzed by comparative
genomic hybridization in several studies. Loss on 22q was
reported in 23 % of sporadic schwannomas examined by
Antinheimo et al. [38]. Warren et al. [53] examined 66 spo-
radic vestibular schwannomas and found 23.7 % of losses;
while Koutsimpelas et al. [54] found losses on chromosome
22 in 30 % of their cases. Mantripragada et al. [52] performed
a high resolution study using an array covering 1/3 of human
chromosome 22 and found LOH in 45 % of schwannomas.

Meningioma

The knowledge on genetic susceptibility for meningioma
has once again come from studies of rare genetic syn-
dromes. Besides many other syndromes, meningiomas are
a principal feature of neurofibromatosis type 2 (NF2). Loss
of expression of NF2 protein product merlin is consistent
finding in all NF2 associated meningiomas and in about half

Table 2 NF2 associated tumors

and genetic changes NEF?2 associated tumors Genetic changes Citation
Schwannomas NF?2 gene mutations, LOH of the 1st NF2 allele [5,9]
Second mutational hit of the 2nd allele or 2nd allele loss by mitotic ~ [11, 14]
recombination or methylation [17,35-39]
[41, 44]
[49-54]
Meningiomas LOH of NF2, inactivating mutations of the 2nd allele [56-58]
Loss of other genes residing on chromosome 22 [60]
[62]
[63]
[65]
Schwannomatosis INI1/SMARCBI mutation, loss of a portion of chromosome 22 that [51]
contains 2nd SMARCBI allele and 1st NF?2 allele, mutation [67]
in the 2nd NF2 allele
[68]
Ependymomas LOH of chromosome 22q [7]

Approximately 30 % of ependymomas show merlin loss of expression [11]
[21]
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of sporadic cases [56—58]. Meningiomas account for ap-
proximately 25 % of primary intracranial and intraspinal
neoplasms originating from the meningeal coverings of the
brain and the spinal cord with incidence estimated to be 1
per 30,000—-40,000 persons in the USA [59]. The morpho-
logical features suggest that meningiomas are derived from
arachnoidal (meningothelial) cells. The majority of menin-
giomas corresponds to grade I of WHO classification of
CNS tumors and thus are benign, slowly growing tumors
[60, 61]. Within the benign category there are several sub-
types, including meningothelial, fibrous (fibroblastic), tran-
sitional (mixed), psammomatous and angiomatous
meningiomas. Yet, these classifications are imprecise with
respect to prediction of patient outcome, recurrence or re-
sponse to treatment. Meningiomas associated with less fa-
vorable clinical outcome correspond to grade II (atypical)
and those who will exhibit features of malignant behavior—
to grade III (anaplastic). The majority of meningiomas suf-
fer losses on 22q including loss of heterozygosity of the
NF2 gene. Up to 60 % of meningiomas carry inactivating
mutations in the remaining NF2 allele. However, many
meningiomas are sporadic and of unknown etiology. In
approximately 60 % of sporadic meningiomas, the NF2
gene is inactivated by a small mutation, and this is most
frequently accompanied by loss of the second allele, usually
reflected by loss of the entire chromosome 22 [62—-65]. It
has been shown that merlin’s inactivation is involved in
about half of sporadic meningiomas, too. In our previous
investigation on sporadic meningiomas two LOHs of the
NF2 gene were found with the D22S929 marker [66].

The remaining percent (40 %) of sporadic meningioma
failed to show the aberrations of chromosome 22, nor the
mutations in the NF2 gene. This discrepancy suggests that
an alternative pathogenetic mechanism is responsible for the
development of these tumors. The gene(s) responsible for the
meningiomas with unaffected NF2 gene remains unknown.

The possibility that other meningioma genes reside on
chromosome 22 is also taken into account today, mainly
because it has been demonstrated that the frequency of LOH
of chromosome 22 exceeds that of NF2 gene abnormalities.
Moreover, investigations on deletions of chromosome 22
have detected losses outside the genetic region of NF2 gene.
A number of investigations have studied specific genes and
their role in meningioma, including genes involved in cell
cycle regulation, signaling pathways and DNA repair.

Schwannomatosis

Besides being a principal feature of neurofibromatosis type 2
(NF2), schwannomas are also principal in another hereditary
tumor disease—Schwannomatosis. Schwannomatosis was
recognized as a distinct disorder only recently, and is still very
difficult to distinguish schwannomatosis from NF2 or

sporadic schwannomas. The main distinction is that it consists
of multiple schwannomas without associated vestibular
schwannoma typical for NF2 [10, 45]. Most schwannomas
in schwannomatosis are also caused by a mutation in the NF2
gene, nevertheless a novel gene candidate /NI//SMARCBI
[67], is indicated to be responsible for a part (approximately
20 %) of schwannomatosis-associated schwannomas. This is
a tumor suppressor gene located on chromosome 22q11.2
encoding the INI1 protein. This indicates the genetic hetero-
geneity of schwannomatosis. Additional genetic changes nec-
essary for the development of Schwannomatosis are loss of a
portion of chromosome 22 that contains the second
SMARCBI allele and one NF2 allele whose counterpart
would subsequently be inactivated by mutation [68].
NF2 associated tumors are summarized in Table 2.

Conclusion and Future Perspectives

Although many molecular studies have examined genetic
alterations of tumor suppressor genes and oncogenes asso-
ciated with NF2 tumorigenesis, the molecular basis of eti-
ology and pathogenesis of tumors caused by loss of merlin
still need to be elucidated.

As merlin tumors are usually benign tumors that respond
poorly to classical chemotherapeutics and often result in
morbidity with current therapies of choice being surgery
and radiosurgery, it is important to develop other novel
therapeutic approaches. It is important to understand how
merlin’s loss causes tumorigenesis which would open the
door for new therapies.

The growth factors, RTKs and signaling pathways in-
volved in schwannomas are potential therapeutic objectives
for treatment of schwannomas.

Many discoveries have been made on merlin’s different
functions. However, it is still not clear how those functions
are responsible for the development of NF2 tumors. Signal-
ing pathways that are affected by merlin’s loss are emerging
as possible targets for therapy, but we still need light on their
importance priority in schwannoma development. Taking
into account many cellular levels of merlin’s action it seems
that we would need a universal therapeutic molecule.
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