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Abstract
Neurofibromatosis type 2 (NF2) is an autosomal dominant disorder characterized by the occurrence of schwanno-
mas and meningiomas. Several studies have examined the ability of the NF2 gene product, merlin, to function as a
tumor suppressor in diverse cell types; however, little is known about merlin growth regulation in meningiomas. In
Drosophila, merlin controls cell proliferation and apoptosis by signaling through the Hippo pathway to inhibit the
function of the transcriptional coactivator Yorkie. The Hippo pathway is conserved in mammals. On the basis of
these observations, we developed human meningioma cell lines matched for merlin expression to evaluate merlin
growth regulation and investigate the relationship between NF2 status and Yes-associated protein (YAP), the mam-
malian homolog of Yorkie. NF2 loss in meningioma cells was associated with loss of contact-dependent growth
inhibition, enhanced anchorage-independent growth and increased cell proliferation due to increased S-phase en-
try. In addition, merlin loss in both meningioma cell lines and primary tumors resulted in increased YAP expression
and nuclear localization. Finally, siRNA-mediated reduction of YAP in NF2-deficient meningioma cells rescued the
effects of merlin loss on cell proliferation and S-phase entry. Collectively, these results represent the first demon-
stration that merlin regulates cell growth in human cancer cells by suppressing YAP.
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Introduction
Neurofibromatosis type 2 (NF2) is a cancer predisposition syndrome
phenotypically characterized by the occurrence of multiple nervous
system tumors. The two most common tumors in this inherited syn-
drome are schwannomas and meningiomas [1]. Whereas meningio-
mas from individuals with NF2 exhibit biallelic inactivation of the
NF2 gene, loss of NF2 expression is also detected in as many as
60% of sporadic meningiomas [2]. Similarly, genetically engineered
mice with leptomeningeal NF2 inactivation also develop meningio-
mas [3,4]. These findings strongly implicate the NF2 gene in the
pathogenesis of meningiomas; however, the molecular mechanism
by which NF2 regulates cell growth relevant to meningioma tumor-
igenesis remains unsolved.

Merlin (or schwannomin), the product of the NF2 gene, is a
member of the protein 4.1 family that links the actin cytoskeleton
to plasma membrane proteins [5]. Although few studies have exam-
ined merlin loss in meningioma cells, loss of merlin in fibroblasts and
Schwann cells results in loss of contact-dependent inhibition of pro-
liferation, enhanced growth in soft agar and tumor formation in mice
[6,7]. In these cell types, merlin has been implicated in epidermal
growth factor receptor [8], β1-integrin [9], and CD44 [7] function
as well as Ras [10], Rac1 [11,12], phosphatidylinositol 3-kinase [13],
mitogen-activated protein kinase [14], and signal transducer and ac-
tivator of transcription [15] intracellular signaling. It is not known
whether any of these growth control pathways are deregulated in
NF2-deficient meningioma tumors.

Negative regulation of growth by merlin is conserved inDrosophila,
where it acts upstream of the Hippo signaling pathway to coordinately
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regulate cell proliferation and apoptosis [16,17]. Mutations in mer-
lin or other components of the Hippo pathway such as the serine/
threonine kinases, Hippo and Warts, the adaptor molecule, Salvador,
or Mats, results in activation of the transcriptional coactivator, Yorkie.
Yorkie regulates expression of downstream target genes including
cyclin E andDIAP1 (Drosophila inhibitor of apoptosis protein 1) caus-
ing increased growth, delayed cell cycle exit, inhibition of apoptosis,
and enhanced cell survival [16,17].
Individual components of the Hippo pathway are highly con-

served in mammals, where they also regulate cell proliferation and
apoptosis (Figure 1) [18,19]. Mice and humans have two Warts
orthologs, Lats1 and Lats2. Mice deficient for Lats1 develop soft-
tissue sarcomas and ovarian tumors [20]. The human ortholog of
Salvador, hWW45, is mutated in cancer cell lines [21]. The two
mammalian Hippo homologues, Mst1 and Mst2, promote apoptosis
and regulate cell cycle exit [22]. Vertebrate Mst2 can rescue the lethal-
ity and overgrowth phenotypes of Hippo mutants in Drosophila [23].
Similar to their Drosophila counterparts, human Mst2 phosphory-
lates and activates both Lats1 and Lats2 [24]. The Yes-associated
protein (YAP), the mammalian ortholog of Yorkie, is the primary ef-
fector of the mammalian Hippo pathway. Similar to the function of
Yorkie in Drosophila, YAP causes aberrant tissue expansion in mice
and induces epithelial transformation in mammary cells [25,26].
Given the conservation of components and mechanisms that op-

erate downstream of merlin between Drosophila and mammals, we
tested the functional relationship among merlin, Hippo pathway reg-
ulation, and growth suppression in human meningioma tumors. We
developed nonneoplastic and neoplastic meningeal cell lines that
mimic gain or loss of NF2 expression and used these matched lines
to examine merlin regulation of YAP. We found that absence of
merlin results in loss of contact-dependent inhibition of growth
and promotes anchorage-independent growth. Merlin loss enhances
cell proliferation by increasing entry into the S-phase and cyclin E1
expression. Inactivation of merlin results in increased YAP expression
and nuclear accumulation of YAP in these meningioma cell lines and
in primary human meningioma tumors. Finally, we show that YAP
suppression reverses the proliferation effects associated with merlin
loss in meningiomas. Collectively, these data demonstrate that merlin
regulates cell growth in a YAP-dependent manner in meningiomas
and suggests that YAP is a compelling target for therapeutic inhibi-
tion of human meningioma tumor growth.
Materials and Methods

Tumor Samples, Cell Lines, and Culture
All human meningioma tumor samples were collected by the

Neurological Surgery Tissue Bank using protocols approved by the
University of California, San Francisco Committee on Human Re-
search. Human meningioma cell lines used were KT21MG1 [27]
and MENII-1. MENII-1 cells were isolated from a surgically resected
grade II meningioma and were immortalized by the expression of
telomerase and the human papillomavirus E6/E7 genes as described
earlier [28]. Human arachnoidal cells (AC1) were cultured by plat-
ing small fragments of surgically resected spinal arachnoid tissue
on scores scratched on the bottom of six-well tissue culture plates.
Within 7 days, cells with characteristic arachnoidal morphology
growing as a monolayer of polygonal cells with large cytoplasmic
arcs migrate out of these scores. The arachnoidal origins of these
cells were verified by positive staining for vimentin and desmoplakin.
Primary cultures of arachnoidal cells were immortalized by stable
transfection with the human papillomavirus E6/E7 oncogenes and
telomerase as described earlier [28]. All cell lines were maintained
in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and appropriate antibiotic selection markers.

Expression Constructs and Antibodies
The pSUPER.retro.neo-NF2-siRNA construct was generated by

digesting the pSUPER.retro.neo vector (Oligoengine) with BglII
and Hind III and ligating the annealed oligos (5′-gatccccGCAG-
CAAGCACAATACCATttcaagagaATGGTATTGTGCTTGCTGC-
ttttta and 5′-agcttaaaaaGCAGCAAGCACAATACCATtctctt-
gaaATGGTATTGTGCTTGCTGCggg) that contain a 19-nucleo-
tide NF2 target sequence (in caps) using the strategy described
earlier [29]. The pSUPER.retro.neo-YAP-siRNA construct was also
generated in pSUPER.retro.neo using the strategy described above
and a previously described YAP target sequence (CCAGAGAATCA-
GTCAGAGA) [30]. A nonspecific mammalian scramble sequence
(Oligoengine, Seattle, WA) in pSUPER.retro.neo (pSUPER.retro.
neo-Control) was used as a control for the development of stable
cell lines. Wild type NF2, S518A NF2, and S518D NF2 mutant
constructs in pUHD10.3 have been previously described [7,31].
These three constructs were subcloned into pBABE-Hygro using
standard techniques. Merlin polyclonal (A19, #sc-331) and monoclo-
nal (B12, #sc-55575) antibodies and the cyclin E1 monoclonal
antibody (13A3, #sc-56310) were from Santa Cruz Biotechnology,
Santa Cruz, CA. The YAP monoclonal antibody (#4912) was from
Cell Signaling (Danvers, MA), the cyclin D1 monoclonal antibody
Figure 1. Schematic of the mammalian Hippo signaling pathway.
The Hippo pathway is an evolutionary conserved cellular pathway
that coordinately regulates cell proliferation and apoptosis. Merlin
has been proposed to interact with unknown membrane proteins
and transduce a signal that stimulates the phosphorylation of
LATS1/2 by the serine/threonine kinases MST1/2 that interact with
hWW45. LATS1/2 inhibits the transcriptional coactivator YAP re-
sulting in suppressed expression of downstream target genes
such as cyclins that are involved in cell growth and proliferation.
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