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INTRODUCTION

Neurofibromatosis 2 (NF2) is a cancer predisposition syndrome that is phenotypically characterized by
the presence of multiple benign brain tumors, primarily schwannomas and meningiomas. Intracranial
meningiomas, often multicentric, occur in ~50% of NF2 patients and are associated with an increased risk of
mortality. The majority of studies evaluating the mechanism of action of the NF2 gene product, merlin, have
used cell lines unrelated to NF2 target cells. Since tumor suppressor function is cell-type specific, the relevance
of these studies to the function of merlin in meningiomas is unclear. Additionally, conditional NF2 mouse
modeling studies and genotype-phenotype correlation studies suggest mechanistic differences in the function of
NF2 between schwannomas and meningiomas. The purpose of this study is to develop meningioma-specific
NF2 model systems and to use these model systems to investigate the specific tumor suppressive function of
NF2 in meningioma development. Our strategy is to isolate and immortalize human meningioma and
arachnoidal cell lines, characterize the expression of merlin in these in vitro systems and to engineer merlin-
deficient or merlin-expressing meningioma and arachnoidal cells in the relevant genetic backgrounds. These
NF2 model systems will be used to dissect the pathways and mechanisms by which merlin expresses its growth
suppressive effects specifically in meningioma tumorigenesis.

BODY

Outlined below is a summary of the research accomplishments associated with each task outlined in the
approved Statement of Work. Tables and Figures related to the text are included in the Supporting Data Section.
Appendix 1 includes three publications from my laboratory. The first manuscript, (1), is a direct result of this
funding. The other two manuscript, (2, 3), contain results and procedures that are pertinent to this report. We
refer to Appendix 1 when referring to a figure in these manuscripts. For example, (Figure 1 in Manuscript 1,
Appendix 1) would imply Figure 1 in the first attached manuscript in Appendix 1, (Figure 2 in Manuscript 3,
Appendix 1) would imply Figure 2 in the third attached manuscript in Appendix 1, while (Figure 1) refers to the
Supporting Data Section.

Task 1. Characterize merlin expression in immortalized meningioma cell lines (Months 1- 24).
a. Three additional immortalized meningioma cell lines will be generated using telomerase alone or in
conjunction with the human papillomavirus E6/E7 oncogene (Months 1-6).
This task was described in detail in the Year 1 Annual Report. Briefly, we generated a total of nine
meningioma and three arachnoidal cell lines in my laboratory. The strategy used to generate these cell lines is
described in detail in Manuscript 2, Appendix 1.

b. Merlin-deficient cell lines will be chosen using western blot analysis (Months 4-7).

This task was described in detail in the Year 1 Annual Report. Briefly, KT21MG1 was identified as a
merlin deficient meningioma cell line, and SF6717 was identified as a merlin positive meningioma cell line.
SF6717 is a new cell line established in our laboratory that has been renamed MENII-1 to reflect the fact that it
is a meningioma cell line derived from a WHO Grade Il tumor. In the rest of this report, we refer to this cell line
as MENII-1. Arachnoidal cells (AC1) were merlin positive.

c. Vector-control and merlin-expressing stable clones will be generated in appropriate meningioma
cell lines (Months 6-12).

d. The expression of merlin will be assessed in individual stable clones and clones expressing high
levels of merlin will be chosen (Months 11-14).

These tasks were described in detail in the Year 1 Annual Report. Briefly, we expressed wild-type NF2
and three specific mutants of merlin (L64P, S518A and S518D) in the KT21MG1 cell line. We show the
expression of merlin in KT21MG1-NF2 cells by western blot analysis and immunofluorescence (Figure 2 in
Manuscript 1, Appendix 1).
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e. Functional in vitro assays for cell proliferation, apoptosis, motility/invasion and survival will be
performed (Months 15-24).
The experiments performed for this task were described in the Year 2 Annual Report and are briefly
summarized with Task 2d below.

Task 2. Establish an in vitro model of merlin loss in human arachnoidal cells and evaluate the consequent
changes in cell growth, motility and survival (Months 1-36).
a. Chemically synthesized siRNA for merlin will be obtained and the efficacy of these SiRNA to
downregulate merlin will be tested using transient transfections (Months 1-6).
b. Merlin-specific sSiRNA plasmid will be constructed and stable clones expressing merlin SiRNA will
be generated in immortalized arachnoidal cells (Months 7-11).
c. The extent of downregulation of merlin will be evaluated in individual stable clones and the clone
with the greatest level of knockdown of merlin will be chosen (Months 12-14).

These tasks were described in detail in the Year 1 and Year 2 Annual Report. Briefly, we chose
NF2siRNA3 to achieve stable suppression of NF2 in arachnoidal (AC1) and MENII-1 meningioma cell lines.
Stable cell populations expressing either NF2 siRNA (MENII-1-NF2 siRNA or AC1-NF2 siRNA) or a non-
specific target SIRNA (MENII-1-Control or AC1-Control) were generated. NF2 transcript and protein levels
were considerably lower in MENII-1-NF2 siRNA and AC1-NF2 siRNA compared to MENII-1-Control and
AC1-Control respectively (Figure 2 in Manuscriptl, Appendix 1). NF2 siRNA was effective at stably
suppressing the expression of endogenous merlin.

d. Functional in vitro assays for cell proliferation, apoptosis, motility/invasion and survival will be
performed on the merlin deficient arachnoidal cells (Months 15-24).

These tasks were described in detail in the Year 2 Annual Report. Briefly, we showed that NF2 loss
resulted in loss of contact dependent inhibition of growth and promoted colony formation in soft agar (Figure 3
in Manuscriptl, Appendix1). This is consistent with previous results suggesting that merlin has a direct effect
on loss of contact dependent inhibition of growth (4). We also showed that merlin loss resulted in a pronounced
increase in the number of cells in the S-phase (Figure 4 in Manuscriptl, Appendix1). Thus, merlin was affecting
the GO-G1 to S phase cell cycle checkpoint in meningioms. Finally, we showed that merlin loss resulted in
increased Cyclin E1 protein levels (Figure 6 in Manuscriptl, Appendix1). Cyclin E1 regulates GO-G1 to S
transition (5, 6) and it is likely that merlin regulates GO-G1 to S phase transition by affecting Cyclin E1 levels.
Consistent results were obtained in all three meningioma and arachnoidal cell lines and using two independent
means of manipulating merlin levels (retroviral mediated gene transfer and RNA interference).

e. The in vivo ability of these cell lines to form tumors will be tested and the resultant tumors will be
characterized (Months 27-36).

In Year 3, we have assessed the ability of the AC1-Control, AC1-NF2 siRNA, MENII-I-Control,
MENII-1-NF2 siRNA, KT21MG1-Control and KT21MG1-NF2 to form tumors in athymic mice. The strategy
used to implant these cells in the skull base region of athymic mice is described in detail in Manuscript 3,
Appendix 1. Briefly, these cells are resuspended in matrigel and implanted using a stereotactic apparatus at co-
ordinates: 2 mm to the right of the bregma, 2 mm posterior to the bregma and 5.8 mm below the skull surface.
Intracranial growth of these cell lines was non-invasively monitored using bioluminescence. In order to be able
to monitor these cell lines using bioluminescence, they were infected with a luciferase containing lentivirus as
described in Manuscript 2, Appendix1. AC1-Control and MENII-I-Control cells were non-tumorigenic in mice
and did not produce tumors. However, stable suppression of NF2 expression in these cell lines resulted in the
growth of aggressive tumors that could be monitored by bioluminescence (Figure 1). In both cases, the
luminescent signal was strong by day 10 and increased exponentially. Bioluminescent signal has been shown to
be directly correlated with tumor size, suggesting that tumors in these mice were growing at a rapid rate. While
AC1-Control and MENII-1-Control mice continued to remain healthy and tumor-free till Day 50, AC1-NF2
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SIRNA and MENII-1-NF2 siRNA mice had estimated survival times of 15-18 days (Figure 2). Macroscopic
examination of the skull base regions of these mice revealed large tumor masses that was localized between the
skull and the brain and did not invade the surface of the brain, similar to human meningiomas. We are currently
examining the detailed histopathological characteristics of these tumors (using no-cost extension funding).

In the KT21MG1, a malignant meningioma cell line, both control and NF2 expressing KT21MG1 cells
formed tumors. However, merlin expression slowed tumor growth (Figure 3A). Estimated survival times for
KT21MG1-NF2 was significantly longer went compared to KT21MG1-Control cells (Figure 3B). Tumor
masses between the skull and the brain was once again observed. However, a greater degree of leptomeningeal
dissemination was observed in the KT21MG1 tumor model. There was great variability in the survival times of
these mice ranging from 4 weeks to 18 weeks. We have thus obtained three different NF2 deficient xenograft
models in athymic mice, and these models are expected to be very useful as preclinical models of
neurofibromatosis 2 for testing the efficacy of therapeutic agents.

Task 3. Identify and characterize downstream target genes that are regulated by merlin in meningioma and
arachnoidal cells (Months 18-36).
a. Two SAGE libraries will be constructed and sequenced from the vector-control and merlin-deficient
arachnoidal cells (Months 18-21).
b. Two SAGE libraries will be constructed and sequenced from the vector-control and merlin-
expressing meningioma cells (Months 21-25).
c. Bioinformatics will be performed to analyze the SAGE data and to functionally classify differentially
expressed genes (Months 26-29).
In the Year 2 annual report, we described our rationale for performing microarray analysis instead of
SAGE analysis. Microarray is a technology comparable to SAGE, and analyzes the transcriptomes of cell lines
or tumors. Since microarray is more cost-effective, it allowed us to compare the transciptomes of AC1-Control
and MENII-1-Control cell lines to that of the AC1-NF2 siRNA and MENII-1-NF2 siRNA cell lines
respectively. Microarray analysis was performed in triplicates in these four stable cell lines. The data was
analyzed similar to procedures described in (7). Genes that were differentially expressed between the merlin-
positive and merlin-negative cell lines were identified independently for AC1 and MENII-1. Twenty three
genes, listed in Table 1, were in common between AC1 and MENII-1.
d. Quantitative PCR analysis will be initiated on select target genes affected by merlin (Months 30-36).
We are currently completing the Quantitative PCR analysis of select target genes of merlin identified by
the microarray analysis. This will be completed in the No Cost Extension Period.

In summary, we have successfully completed the majority of proposed tasks for this three-year proposal.
The tumors took longer to grow than anticipate and we had technical difficulties with the quantitative PCR
machine. We anticipate completion of the animal work including characterization of the tumors, and completion
of the quantitative PCR work in the No Cost Extension period.
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KEY RESEARCH ACCOMPLISHMENTS

1) We have successfully generated and characterized paired human meningioma cell lines where the only
difference is expression of merlin using either RNA interference or retroviral mediated gene transfer.

2) We have used these paired cell lines to show that absence of merlin causes loss of contact inhibition of
growth,enhanced anchorage independent growth in soft agar and an increase in S-phase entry.

3) We have shown that merlin loss is associated with an increase in transcript and protein levels of cyclin
El.

4) Merlin loss has an effect on the apoptotic rates in meningioma cell lines. Merlin loss causes a decrease
in spontaneous apoptotic rates and also increases resistance to Stsp-mediated apopotosis.

5) Using the paired cell lines described above, we have generated three in vivo xenograft models in
athymic mice.

6) We have completed a Microarray analysis on the paired cell lines and have identified a list of
downstream target genes that are affected by merlin expression.

REPORTABLE OUTCOMES

1) We have also generated three sets of paired meningioma cell lines where the only difference is the
expression of merlin. These are KT21MG1-Control and KT21MG1-NF2; AC1-Control and AC1-NF2
siRNA; and MENII-1-Control and MENII-1-NF2 siRNA.

2) We have characterized, in great detail, the phenotypic effects of merlin loss on these cell lines

3) We have developed meningioma-specific in vivo Neurofibromatosis 2 model systems.

4) Using results of this research we obtained a concept award from the DOD neurofibromatosis program.
The results of the concept award identified the Hippo Signaling Pathway as downstream of Merlin, and
have worked out the details of this signaling mechanism.

5) We have successfully published a research publication in Neoplasia using the data described in this
proposal. In addition, we have another research publication that will be submitted within the next two
months for peer review.

CONCLUSION

The aim of this proposal is to develop meningioma-specific NF2 model systems and to utilize these
systems to investigate the tumor suppressive functions of NF2 in meningiomas. Year 1 of this proposal was
focused on characterizing and generating the relevant model systems. Year 2 of this proposal was focused on
characterizing the phenotypic effects of these cell lines. In Year 3, we developed in vivo models of
Neurofibromatosis 2 in athymic mice and identified downstream targets of merlin loss in meningiomas. In a
complimentary study funded by a concept award from the DOD, we have also identified that Merlin signals
through the Hippo Pathway to regulate cell growth. Altogether, this work has resulted in in vitro and in vivo
tools to be able to study meningioma formation in neurofibromatosis 2, an understanding of the phenotypic
effects of merlin loss in meningiomas, a genetic model of meningiomas, and an understanding of the signaling
mechanism(s) that merlin uses to exert its tumor suppressive effects. We expect that the in vivo models will be
used as a preclinical tool to assess the efficacy of novel therapeutic agents for neurofibromatosis 2.
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The neurofibromatosis 2 gene product, merlin, regulates S-phase entry by signaling through YAP in
meningiomas
Katherine Striedinger, Michael W McDermott, David H Gutmann, Scott R VVandenBerg and Anita Lal

INTRODUCTION

Neurofibromatosis type-2 (NF2) is an autosomal dominant disorder characterized by the occurrence of multiple
benign brain tumors, primarily schwannomas and meningiomas. The molecular mechanism(s) by which the
NF2 gene product, merlin, acts as a tumor suppressor is unclear. In Drosophila, merlin controls cell
proliferation and apoptosis by signaling through the Hippo pathway and its effector protein, the
cotranscriptional activator yorkie. However, whether merlin acts through the Hippo pathway in human cells is
unknown.

METHODS

To investigate the functional association between merlin and YAP, the human ortholog of yorkie, we have used
RNA interference and retroviral mediated gene transfer to develop paired human meningioma cell lines where
the only difference is merlin expression. We have evaluated YAP levels using western blots and
immunofluorescence. Finally, we have used flow cytometry to assess S-phase entry.

RESULTS
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Absence of merlin was associated with loss of contact dependent inhibition of growth, anchorage independent
growth, increased S-phase entry and enhanced cyclin E expression. Protein levels of YAP was elevated and
localized into the nucleus in NF2 negative meningioma cell lines. Sporadic meningioma tumors lacking merlin
expression also had elevated levels of nuclear YAP. Moreover, depletion of YAP reversed the cell proliferation
effects caused by merlin loss.

CONCLUSIONS

Collectively, our data shows that merlin exerts its tumor suppressor function, at least in part, by inducing YAP
expression in meningioma tumors, and suggests a functional conservation of the hippo pathway effectors
between Drosophila and humans.

Annual Meeting of the Society for Neuro-oncology, Dallas, November 2007

NF2 tumor suppressor function acts through the hippo pathway in human meningiomas
Katherine Striedinger, David H Gutmann, and Anita Lal

Neurofibromatosis type-2 (NF2) is a cancer predisposition syndrome caused by mutations in the NF2
gene, and is characterized by the occurrence of meningiomas. Thus loss of NF2 and its product merlin are
critical for the development of meningiomas. In this study we explored the molecular mechanisms by which
NF2 acts as a tumor suppressor in an immortalized human meningioma cell line (MEN 11-1). NF2 expression
was stably suppressed by RNA interference in MEN 11-1. As expected, loss of contact dependent inhibition,
anchor independent growth, and increased proliferation was observed when NF2 was silenced. The function of
merlin as a negative regulator of growth is described in Drosophila where it has recently been shown to act
upstream of the Hippo signalling pathway, regulating cell proliferation and apoptosis. We hypothesized that
merlin could exert its tumor suppressor function through the mammalian homologue of the hippo pathway in
humans. To test this hypothesis, we analyzed the function and expression of YAP, the mammalian homologue
of the effector protein of the hippo pathway (Yorkie). We found that YAP was upregulated when NF2 was
silenced. Interestingly, the increased proliferation documented in NF2 deficient cells was reversed to control
levels by downregulation of YAP. These results show for the first time in meningioma human cells a functional
relationship between NF2 tumor suppressor and YAP. Current research is conducted to understand how merlin
signals YAP in humans.

PERSONNEL RECEIVING PAY FROM THIS RESEARCH EFFORT

Anita Lal, Ph.D.
Katherine Striedinger, MD, PhD
Gilson S Baia, MS
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Figure 1. Bioluminescent (BLI) imaging of meningioma xenografts . Luminescence readings for each
mouse (4 in each group as an example) were normalized against its own day 5 luminescence reading for
AC1 ( Panel A) and MENII-1 (Panel B). Normalized BL1I plots associated with monitoring of
intracranial tumor growth for control (Blue lines) and NF2 siRNA (Pink lines) groups are shown.
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Figure 2. Estimated survival curves of athymic mice implanted with MEN I1-1 (A) or AC1
(B) cells. Athymic mice implanted with 3 million cells/3 uL were euthanized when they
exhibited neurological symptoms or weight loss. Mice implanted with cell lines with loss of
merlin (MENII-1 shRNA NF2 and AC1 shRNA NF2) had significantly lower survival times
when compared to the mice implanted with the corresponding control cell lines (MENII-I
Control and AC1 Control).
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Figure 3. Bioluminescent (BLI) imaging and estimated survival times of athymic mice with
KT21MG1 xenografts. A) Luminescence readings for each mouse (4 in each group as an example)
were normalized against its own day 7 day luminescence reading for KT21MG1. Normalized BLI
plots associated with monitoring intracranial tumor growth for control (Pink lines) and NF2
expressing (Blue lines) groups are shown. B) Mice implanted with KT21MG1-Control cells had
significantly lower survival times when compared to KT21MG1-NF2 cells.
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Table 1: Merlin Target Genes in Common Between AC1 and MENII-1

Fold Fold
Change Change

ID  Genes Altered in Both AC1 and MENII-1 (AC1) (MENII-1)

1 BEX2 (84707) 23:102451 kb; protein-coding 0.0495 0.1444
2 DMKN (93099) 19:40680 kb; protein-coding 0.0531 0.1187
3 HEY1 (23462) 8:80839 kb; protein-coding 0.047 0.0897
4 LIN28B (389421) 6:105512 kb; protein-coding 0.0476 0.0524
S MAGEAL1 (4100) 23:152135 kb; protein-coding 0.0499 0.0748
6 CALCB (797) 11:15052 kb; protein-coding 0.0493 0.0805
7 RNF128 (79589) 23:105824 kb; protein-coding 0.0488 0.0664
8 HS6ST2 (90161) 23:131588 kb; protein-coding 0.0737 0.09
9 SLAIN1 (122060) 13:77170 kb; protein-coding 0.087 0.1006
10 LOC399947 (399947) 11:108798 kb; protein-coding 4.9584 2.7673
11 CXCL6 (6372) 4:74921 kb; protein-coding 4811 5.8899
12 ARMCX2 (9823) 23:100797 kb; protein-coding 5.0271 3.2145
13 WNT2B (7482) 1:112812 kb; protein-coding 4.2883 3.126
14 RCN3 (57333) 19:54723 kb; protein-coding 4.6319 2.9803
15 CXCL1 (2919) 4:74954 kb; protein-coding 5.3778 3.8951
16 1L8 (3576) 4:74825 kb; protein-coding 4.4047 3.6682
17 LPPR4 (9890) 1:99502 kb; protein-coding 5.5574 3.3825
18  TNFRSF11B (4982) 8:120005 kb; protein-coding 5.635 4.2706
19 PRSS35 (167681) 6:84279 kb; protein-coding 5.5395 4.0118
20 OAS3 (4940) 12:111861 kb; protein-coding 6.9024 2.8608
21 ANPEP (290) 15:88129 kb; protein-coding 7.3877 3.5788
22 CLEC3B (7123) 3:45043 kb; protein-coding 8.6082 3.0183
23 IFI44L (10964) 1:78859 kb; protein-coding 8.9456 3.938
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Figure 4. Expression of Two Merlin Target Genes in MENII-1. Expression of DMKN (A) is
induced in response to merlin loss while the expression of LOC399947 is reduced in response to
merlin loss in MENII-1 cells. The purple bars are triplicate microarray analysis performed on
MENII-1-Control cells and the yellow bars are triplicate microarray analysis performed on
MENII-1-NF2 siRNA cells. Both these 2 genes and 21 other genes listed in Table 1 were similarly
altered in AC1 cells.
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The Neurofibromatosis 2 Tumor
Suppressor Gene Product,

Merlin, Regulates Human
Meningioma Cell Growth by
Signaling through YAP'

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-

Neoplasia (2008) 10, 1204-1212

stration that merlin regulates cell growth in human cancer cells by suppressing YAP.

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 NVF2 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], PBi-integrin [9], and CD44 [7] function
as well as Ras [10], Racl [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 in Drosophila,
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 and DIAPI (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 Latsl 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, Mstl 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 Latsl 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
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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.

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 El
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 E£6/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 £6/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 Bg/Il
and HindlIll and ligating the annealed oligos (5’-gatccccGCAG-
CAAGCACAATACCAT ttcaagagaATGGTATTGTGCTTGCTGC-
teeeea and 5'-agettaaaaaGCAGCAAGCACAATACCAT tetett-
gaaATGGTATTGTGCTTGCTGCggg) that contain a 19-nucleo-
tide VF2 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
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Figure 2. /n vitro model system of merlin expression in human meningeal cells. Endogenous merlin was silenced in AC1 and MENII-1
cells using NF2 specific siRNA. In parallel, merlin isoform 1 was exogenously expressed in KT21MG1 cells using retroviral mediated
gene transfer. (A) NF2 transcript levels were measured by quantitative PCR and showed a 5.6-fold reduction in MENII-1-NVF2-siRNA cells
compared with MENII-1-Control cells. Asterisk denotes statistical significance (P < .05). (B) Western blot analysis of cell lysates derived
from AC1, MENII-1, and KT21MG1 stable cell populations was used to confirm loss or gain of merlin. Whereas merlin expression was ob-
served in AC1-Control and MENII-1-Control cells, NF2 siRNA abolished expression of merlin in AC1-NF2-siRNA and MENII-1-NF2-siRNA
cells. In parallel, KT21MG1-Control cells lacked merlin, whereas KT21MG1-NF2 cells expressed wild type merlin. Levels of a-tubulin were
determined in the same samples as a loading control. Immunoblot of one representative experiment of three with similar results is
shown. (C) Immunofluorescence using the A19 polyclonal antibody against merlin revealed the presence of cytoplasmic staining in
AC1-Control and MENII-1-Control cells and its absence in AC1-NF2-siRNA and MENII-1-NF2-siRNA cells. In contrast, KT21MG1-Control
cells had no staining, whereas KT21MG1-NF2 cells had cytoplasmic staining. Merlin immunolabeling is shown in green, and nuclear
DAPI counterstaining is shown in blue.

NEF2
SiRNA

(clone DCS-6) was from BD Pharmingen (Franklin Lakes, NJ), transfection cells were subjected to flow cytometry to quantify bro-
and the a-tubulin (#CP06) antibody was from Calbiochem (San  modeoxyuridine (BrdU) uptake (described below).
Diego, CA).

Retroviral Infection and Selection of Stable Cell Populations Qmmtzt.atn.)e Polymerase Chflm Rea.zctzon .
To stably suppress NF2 in MENII-1 and AC1 cell lines, retroviral Quantitative polymerase chain reaction (PCR) was performed in
natant p nerated by transfecting Phoen A I three independent experiments using cDNA templates with the I-
sperans v el by e P Al T LR o, GO YO G |
neo-Control using Lipofectamine 2000 Plus Reagent (Invitrogen, ular I,)rObeS’ E'ugene, OR), Lsing PC,R conditions and data ane'llysm »
Carlsbad, CA). The 48-hour posttransfection supernatant was har- described earlier [32]. Primers specific for GAPDH and actin were

. o d to verify the integrity of the cDNA and to normalize cDNA
vested, filtered, and used to infect MENII-1 and AC1 cell lines in ‘-, . ,
the presence of 8 pug/ml polybrene. Stable cell populations were se- yields. The primers used were: GAPDH, 5'-GGAAGCTTGTCA-

lected using 500 pg/ml G418. In parallel, stable cell populations ex- TCAATGGAA and 5'-AAATGAGCCCCAGCCTTCTC; Actin,
pressing wild type or mutant NF2 WCI‘C’ generated by transfecting 5'-CAGGAGGAGCAATGATCTTG and 5-ACTCTTC-
Phoenix A cells with the particular pBABE-Hygro construct and in- CAGCCTTCCTTCG; NF2, 5-ACCGTTGCCTCCTGACATAC
fecting KIT21MGT1 cells with the 48-hour posttransfection supernatant. and 5" TCGGAGTTCTCATTGTGCAG; YAR 5'-GCAGTTGG-
Stable cell populations were selected using 200 pg/ml hygromycin. GAGCTGTTICTC and 5'-GCCATGTTGTTGTCTGATCG;
Em BABE-Hygro vector was used as a negative control cyclin E1, 5"-CCATCCTTCTCCACCAAAGA and 5™-TTTGA-
Py P Y8 " & ' TGCCATCCACAGAAA; cyclin D1, 5'-TGTTTGCAAGCAG-
GACTTTG and 5’-CCTTCCGGTGTGAAACATCT.
Transient Suppression of YAP
Merlin-positive and -negative MENII-1 stable cell populations
generated above were plated at 80% confluency in 100-mm dishes ~Western Blot Analysis
and transfected with 10 pg of pSUPER.retro.neo-YAP siRNA using Total cell lysates were prepared either in buffer A (50 mM Tris-
Lipofectamine 2000 Plus Reagent (Invitrogen). Empty pSUPER. HCI, pH 7.5; 1 mM EDTA pH 8.0, 1% Triton) for merlin detec-

retro.neo vector was used as a negative control. The 72-hour post-  tion or in 1x SDS buffer following manufacturer’s instructions (Cell
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Signaling) for YAP and cyclin protein detection. Protein (50-200 pg)
was resolved by electrophoresis for each sample and was transferred
to a polyvinylidenefluoride membrane. Membranes were blocked in
5% low-fat dry milk in Tris-buffered saline-Tween 20 and incubated
overnight at 4°C with either merlin A19 or B12 antibodies, or the
YAD, cyclin E1, or cyclin D1 antibody, or a-tubulin. Incubation with
horseradish peroxidase—conjugated goat antirabbit or antimouse im-
munoglobulin (Jackson Immunoresearch, West Grove, PA) was per-
formed for 1 hour at room temperature. Bound antibody was
visualized by chemiluminescence using the SuperSignal West Pico
substrate (Pierce Chemical Co., Rockford, IL). The molecular
weights were determined with the use of prestained protein ladders
(BioRad, Hercules, CA, and Invitrogen). Films were scanned and ex-
ported as TIFF files.

Immunofluorescence Microscopy

Indirect immunofluorescence for metlin (A19 antibody or B12 an-
tibody) and YAP was performed as described earlier [28]. Briefly, cells
were fixed, permeabilized, blocked, and sequentially incubated with
primary and secondary (Alexa 488 goat antirabbit IgG or Alexa 546
goat antimouse IgG) antibodies. Cells were mounted in DAPI mount-
ing media, examined, and photographed with a microscope (Zeiss,

Thornwood, NY).

Immunohistochemistry

Immunohistochemical staining was performed on 5-pm formalin-
fixed, paraffin-embedded sections from meningioma tissue (8 pri-
mary tumors) and from a meningioma tissue microarray (29 primary
tumors) for merlin (B12 antibody) and YAP as described eatlier [33].
Slides were reviewed in consultation with a neuropathologist (S.R.V.)

and included 33 WHO grade I and 4 WHO grade III meningiomas.

Growth Curves and Soft Agar Assay

Merlin-positive and -negative stable cell populations (20,000 cells)
were plated in 24-well plates, and cells from three wells were counted
at 3, 6, 12, 18, 25, and 30 days. To assess colony growth in soft agar,
50,000 cells were plated in Dulbecco’s modified Eagle’s medium in
0.4% low melting temperature agarose upon a layer of 0.8% agarose.
After 8 weeks, colonies were stained with 0.005% crystal violet, and
colonies larger than 100 um in diameter were scored by counting
under a microscope.

Flow Cytometry

Cells (70-80% confluent) were incubated with 1 mM BrdU for
3 hours at 37°C and processed using the fluorescein isothiocyanate
BrdU Flow Kit (BD Biosciences, San Jose, CA) following manufac-
turer’s instructions. Briefly, 1 x 10° trypsinized cells were fixed,
permeabilized, and digested with DNAse. Cells were then stained
with fluorescein isothiocyanate—conjugated anti-BrdU and 7-amino-
actinomycin (7-AAD). Flow cytometry was performed on a Becton
Dickinson FACSCalibur machine. For each experiment, 10,000
events were counted. Data acquisition was performed with the Cell-
Quest software (BD Biosciences), and data were analyzed using Flow

Jo v8.5.3.

Statistics

All data are expressed as mean + SEM. GraphPad Prism version 4
was used for statistical analysis, consisting of unpaired # test and sig-
nificant differences with a P < .05.

Results

Establishment of Matched NF2-Expressing and NF2-Deficient
Human Arachnoidal and Meningioma Cell Lines

To develop a meningioma-specific NF2 in vitro model system,
we determined the expression levels of endogenous merlin in normal
human arachnoidal and meningioma cell lines (data not shown). On
the basis of these results, we selected one arachnoidal cell line (AC1),
one merlin-positive grade II meningioma cell line (MENII-1), and
one merlin-negative grade III meningioma cell line (KT21MG1)
for further analysis. Paired cell lines were generated by either sup-
pressing NF2 expression in AC1 and MENII-1 cells using RNA in-
terference (siRNA) or by overexpressing the full-length human NF2
cDNA (isoform 1, lacking exon 16 sequences) in KT21MGI cells after
retroviral-mediated gene transfer. Stable cell populations expressing
either NVF2 siRNA (AC1-NF2-siRNA or MENII-1-NF2-siRNA) or
a nonspecific target siRNA (AC1-Control or MENII-1-Control) were
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Figure 3. Suppression of merlin causes loss of contact-dependent
inhibition of growth and promotes anchorage-independent
growth. (A) Growth curves in the presence and absence of merlin
expression. Cultures were subconfluent during the first 6 days.
MENII-1-NF2-siRNA cells (dotted /ines) continued growing after
confluent conditions and have less contact-dependent inhibition
of growth compared with MENII-1-Control cells (so/id /ines). Each
line corresponds to representative cultures. (B) NF2 suppression
promotes anchorage-independent growth. Marked increased in
colony formation in soft agar was observed in cells without merlin
expression as MENII-1-NF2-siRNA and KT21MG1-Control cells
compared with MENII-1-Control and KT21MG1-NF2, respectively.
Representative images of the colonies formed (upper panel) and
the mean number of colonies per well (lower panel) are shown.
Error bars equal =SE of three independent experiments. Asterisks
denote statistical significance (P < .05).
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Figure 4. Merlin loss enhances S-phase entry. AC1 and meningioma cell lines (MENII-1 and KT21MG1) were labeled with BrdU and 7-AAD
to assess the cell cycle distribution of individual cells by flow cytometry. (A) Representative flow cytometric histograms indicate an in-
crease in the percent of BrdU-positive cells in AC1-NF2-siRNA, MENII-1-NF2-siRNA, and KT21MG1-Control cells compared with AC1-

Control, MENII-1-Control, and KT21MG1-NF2 cells, respectively. (B)

Bar graphs depict the percentage of cells in the S-phase of the cell

cycle (BrdU-positive cells) averaged from three independent experiments. Error bars correspond to +SE. Asterisks denote statistical sig-
nificance using unpaired ttest (P < .05). (C) Table shows the mean of the percentage of cells =SE in each phase of the cell cycle from three

independent experiments.

selected. NF2 transcript levels were 5.6-fold lower in MENII-1-NF2-
siRNA cells when compared with MENII-1-Control cells using quan-
titative PCR (Figure 2A4). Similarly, merlin protein expression was
undetectable in AC1-NF2-siRNA and MENII-1-NF2-siRNA cells
by Western blot analysis and immunofluorescence (Figure 2, B and
C). In parallel, stable cell populations expressing either exogenous
merlin (KT21MG1-NF2) or empty vector (KT21MG1-Control)
were selected. Expression of merlin in KT21MG1-NF2 cells was con-
firmed by Western blot and immunofluorescence (Figure 2, Band C).
In total, we have generated three separate human meningeal and me-
ningioma cell lines that differ only in their expression of merlin for
subsequent study.

Merlin Loss Increases S-Phase Entry, Cell Proliferation, and
Promotes Anchorage-Independent Growth

Next, we assessed the effect of merlin loss on the growth proper-
ties of these human meningioma cell lines. MENII-1-NF2-siRNA
cells exhibited a more pronounced loss of contact-dependent inhibi-
tion of growth compared with MENII-1-Control cells (Figure 34).
Merlin loss also promoted colony formation in soft agar. In these
experiments, MENII-1-NF2-siRNA cells formed a greater number
of colonies (10.6 + 3.2) larger than 100 um in diameter compared
with MENII-1-Control cells (0.4 + 0.4; P = .01; Figure 3B). Con-
versely, merlin expression in KT21MGI cells significantly decreased
the formation of colonies (32 + 6.3) compared with merlin-negative
KT21IMGT cells (361 + 4.9; P < .0001; Figure 3B).

To determine the effect of merlin on cell cycle progression, we
measured BrdU incorporation and total DNA content by flow cy-
tometry. Loss of merlin in AC1 and MENII-1 cells resulted in a
significant increase in the percentage of BrdU-positive cells, indicated
by an increase in S-phase entry (Figure 4). This is consistent with the
observed increase in proliferation in NF2-deficient cells. Conversely,
expression of exogenous merlin in KT21MGT1 cells induced Go/G;
arrest and a concomitant decrease in the S-phase cell population (Fig-
ure 4). These results demonstrate that merlin functions as a negative
growth regulator for both nonneoplastic leptomeningeal cells and
meningioma cells and establishes this system as a tractable experi-
mental platform for examining growth regulatory pathways.

Merlin Loss Is Associated with an Increase in
YAP Protein Expression

In Drosophila, merlin controls cell proliferation and apoptosis by
signaling through the Hippo pathway and its effector protein Yorkie,
the ortholog of YAP [16,18]. To determine whether merlin might
regulate meningioma cell growth by modulating Hippo pathway sig-
naling, we investigated whether changes in merlin expression were
associated with altered levels of YAP using our human NF2 meningi-
oma model system. Transcript levels of YAP were unaffected by merlin
loss in MENII-1 cells (data not shown); however, YAP protein ex-
pression was elevated in arachnoidal and meningioma cells lacking
merlin expression and decreased in KT21MGI cells expressing wild
type mertlin (Figure 5A4). These results suggest that merlin regulates
YAP expression at the translational or posttranslational level.
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Figure 5. Protein levels of YAP are up-regulated and localized to
the nucleus in NF2-deficient cells. (A) Total cell lysates were sub-
jected to Western blot using a YAP- or merlin-specific antibody.
Increased YAP protein expression was observed when NF2 was
suppressed in AC1 and MENII-1 cells compared with controls.
Conversely, exogenous expression of merlin decreased YAP in
KT21MG1 cells compared with controls. Expression of a nonphos-
phorylated, active merlin (S518A NF2) was also associated with
lower levels of YAP compared with the expression of pseudophos-
phorylated inactive merlin (S518D NF2). Levels of a-tubulin were de-
termined in the same samples as loading control. Results were
reproduced in three independent experiments. (B) YAP was translo-
cated to the nucleus in merlin-deficient cells. Immunofluorescence
staining was used to show that YAP was localized to the nucleus in
ACT-NF2-siRNA, MENII-1-NF2-siRNA, and KT21MG1-Control cells.
In contrast, YAP was primarily cytoplasmic in AC1-Control, MENII-1-
Control, and KT21MG1-NF2 cells. Merlin immunolabeling is shown
in red; YAP staining is shown in green; and nuclear DAPI counter-
staining is shown in blue. (C) /n situ immunostaining of merlin and
YAP in serial sections of primary human meningioma tumors. We
surveyed 37 primary meningiomas by immunohistochemistry. YAP
expression was minimal to absent in 95% of merlin-positive menin-
giomas (a representative tumor is shown here as Meningioma 7). In
contrast, YAP was expressed and localized to the nucleus in 92% of
merlin-negative meningiomas (a representative tumor is shown
here as Meningioma 2). Arrow depicts an example of YAP nuclear
localization. Insets show images at higher magnification.

Merlin becomes active after dephosphorylation of the conserved
C-terminal serine 518 (S518) residue [31,34]. Previous studies have
shown that merlin mutants in which this phosphorylatable residue
is changed to alanine (S518A) are constitutively nonphosphorylated
and active, whereas those containing aspartic acid (S518D) are
pseudophosphorylated and nonfunctional as negative growth reg-
ulators [31,34]. Using these mutants, we assessed the effect of
metlin phosphorylation status on YAP protein levels in KT21MG1
human meningioma cells. YAP protein levels were markedly up-
regulated in KT2IMGTH cells expressing the S518D inactive mutant
compared with those with active merlin S518A expression (Fig-
ure 5A), suggesting that active and functional merlin was required
to inhibit YAP.

YAP has been reported to shuttle between the cytoplasm and
the nucleus where it can function as a transcriptional coactivator
[35]. To determine whether merlin regulates the subcellular localiza-
tion of YAP, we used fluorescence immunocytochemistry to examine
NF2-deficient and NF2-expressing AC1 and MENII-1 cells. YAP
was preferentially expressed in the cytoplasm of ACI1-Control and
MENII-1-Control cells. In contrast, YAP was localized in the nu-
cleus in AC1-NF2-siRNA and MENII-1-NF2-siRNA cells (Fig-
ure 5B). Collectively, these data indicate that merlin regulates YAP
protein expression and YAP nuclear localization.

To assess whether a similar association exists between merlin and
YAP in human meningioma tumors, we surveyed 37 sporadic primary
meningioma tumors by immunohistochemistry. After immunostain-
ing with a merlin-specific monoclonal antibody, meningiomas were
classified as either merlin-positive, if tumors exhibited any positive
immunoreactivity, or merlin-negative, if tumors had no immunore-
activity. We then assessed protein levels of YAP in adjacent serial
sections. 13 (92%) of 14 merlin-negative meningiomas exhibited
strong nuclear YAP immunoreactivity. In contrast, 22 (95%) of
23 merlin-positive meningiomas had weak to no YAP immunore-
activity (Figure 5C). These results further support the in vitro re-
sults demonstrating that merlin regulates YAP protein levels in vivo.

Merlin Loss Is Associated with an Increase in Protein Levels of
Cyclin EI

Previous studies have identified cyclin E1 as a transcriptional target
of the Hippo pathway in Drosophila [36-38] and an essential reg-
ulator of progression from G; to S cell cycle progression in mam-
malian cells [39,40]. Also, merlin has been reported to inhibit cell
proliferation by repressing cyclin D1 in human mesothelioma cells
[41]. To determine whether merlin regulates cyclin E1 and/or cy-
clin D1 levels in human meningioma cells, we measured cyclin El
and D1 RNA and protein expression by quantitative PCR and
Western blot analysis, respectively. Cyclin E1 transcript levels were
at least 2.5-fold higher in MENII-1-NF2-siRNA cells compared
with MENII-1-Control cells, whereas cyclin D1 transcript levels
were the same in MENII-1-NF2-siRNA and MENII-1-Control
cells (Figure 6A4). In addition, cyclin E1 protein levels were ele-
vated in MENII-1-NF2-siRNA and AC1-NF2-siRNA cells com-
pared with MENII-1-Control and AC1-Control cells, respectively
(Figure 6B). Conversely, exogenous expression of merlin in NF2-
deficient KT21MGT1 cells resulted in decreased cyclin E1 protein
levels. In contrast, cyclin D1 protein levels were unaffected by the
absence or presence of merlin in both MENII-1 and KT21MGl1
cells (Figure 6C). These data suggest that merlin likely regulates cell
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growth by modulating cyclin E1 expression at the transcriptional level
in meningiomas.

YAP Reduction Reverses the Growth Phenotype Associated with
Merlin Loss

Lastly, to determine whether YAP expression is necessary for the
enhanced S-phase entry induced by merlin loss in meningioma cells,
we transiently depleted YAP using RNA interference in MENII-1-
Control and MENII-1-NF2-siRNA cells (Figure 7). Reduced YAP
expression in NF2-deficient MENII-1 meningioma cells caused a
~50% decrease in the percentage of cells in S-phase (9 + 1.2) com-
pared with mock-transfected cells (20 + 0.2; P = .001; Figure 7, B
and C). In contrast, YAP siRNA treatment had a minor effect on
MENII-1-Control cells (~20% reduction; P = .08; Figure 7, B and
C). Collectively, these experiments demonstrate that YAP transduces
the merlin growth regulatory signal in meningiomas and that the
Hippo growth control pathway is responsible for merlin tumor sup-
pressor function in this tumor type.

Discussion

The Hippo signaling pathway is emerging as an evolutionarily
conserved mechanism that controls organ size and growth relevant
to tumorigenesis [18,37]. In this study, we investigated the functional
association between INF2 gene expression and the downstream ef-
fector of the Hippo pathway in human meningiomas. We provide
several lines of converging and complementary evidence that merlin
functions through YAP in meningiomas. First, using paired menin-
gioma cell lines differing only in NF2 expression, we show that

YAP expression is increased in a dose-response manner upon metlin
loss. This regulation occurs at the translational or posttranslational
level and results in YAP nuclear localization. Second, the relation-
ship between merlin expression and YAP nuclear localization is also
observed in human surgical meningioma specimens 7z vivo. These
observations are consistent with findings made in other solid can-
cers in which Hippo signaling is deregulated [42]. Third, sup-
pressed YAP expression in merlin-deficient meningioma cells
attenuates the cell growth and S-phase cell cycle progression asso-
ciated with merlin loss. To the best of our knowledge, these results
represent the first demonstration that merlin regulates cell growth
in human meningioma cells by suppressing YAP, the main Hippo
pathway effector protein.

YAP has previously been implicated in other human cancers, in-
cluding pancreatic ductal adenocarcinoma, and has been shown to
function as an oncogene that induces epithelial transformation of
mouse mammary cells [26,43]. Nuclear localization of YAP is depen-
dent on the phosphorylation status of a conserved Ser residue and is
necessary for its cotranscriptional activator function [35,44]. YAP as-
sociates with multiple transcription factors in the nucleus such as p73
and TEAD/TEF [44,45]. EtbB4 receptors have been reported to re-
cruit YAP and relocate to the nucleus to regulate transcription
[46,47]. In contrast, LATSI inactivates YAP oncogenic function by
sequestering YAP in the cytoplasm and, consequently, suppressing its
transcriptional regulation of cellular genes [35]. Our findings are in
accordance with these and suggest that the tumorigenic behavior of
meningioma cells is driven in part by YAP nuclear localization and
the transcription of genes involved in increased proliferation.
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NF2-siRNA cells compared with MENII-1-Control cells, whereas transcript levels of cyclin D1 were unchanged. Asterisk denotes statis-
tical significance (P < .05). (B) Western blot analysis of cell lysates derived from AC1, MENII-1, and KT21MG1 stable cells was used to
show that protein levels of cyclin E1 were increased in the absence of merlin. Levels of a-tubulin were determined in the same samples
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Figure 7. Down-regulation of YAP decreased proliferation in merlin-
deficient cells. MENII-1-Control and MENII-1-NF2-siRNA cells were
transiently transfected with YAP-specific siRNA or empty vector. (A)
YAP transcript levels were measured in MENII-1-Control cells using
quantitative PCR. The YAP-specific siRNA caused a 50% reduction
in YAP transcript levels compared with controls in MENII-1 cells. (B,
C) BrdU incorporation and 7-AAD staining were measured by flow
cytometry. (B) One representative experiment shows the distribution
of cells in Go-G4, S, and G, phases of the cell cycle. The table below
shows the mean of the percentage of cells =SE in each phase of the
cell cycle from three independent experiments. (C) Bar graphs depict
the percentage of cells in the S-phase of the cell cycle (BrdU-positive
cells) averaged from three independent experiments. Error bars cor-
respond to =SE. Suppression of YAP decreased the percentage of
cellsin S-phase in MENII-1-NF2-siRNA cells to levels similar to MENII-
1-Control cells.

We demonstrate that merlin controls the cell cycle in meningiomas.
Merlin suppression results in increased S-phase entry, and merlin
expression resulted in Go/G arrest. Similar results were obtained
in mesotheliomas [41] and schwannomas [48]. These results pro-
vide strong evidence that merlin functions as a tumor suppressor
by controlling the Go/Gi— to S-phase checkpoint of the cell cycle.
Cyclin El is thought to be essential for this cell cycle transition in
humans [39,40] and has been identified as a downstream target of
Yorkie in Drosophila [36-38]. In contrast, cyclin E1 was not in-

duced after overexpression of YAP in mammary epithelial cells
[26]. Instead, it has been shown that cyclin D1 is regulated by
YAP in mouse intestine [25] and by merlin in human mesothelio-
mas [41]. Our experiments show that merlin regulates cyclin E1
but not cyclin D1 in human meningiomas. These differences most
likely represent cell type—specific differences in gene expression.
Further studies are needed to determine whether merlin regulates cy-
clin E1 by signaling through YAP.

The fact that NF2 patients develop only certain CNS tumors also
emphasizes the cell type—specific tumorigenic effects of merlin.
Merlin loss results specifically in aberrant growth of Schwann and
meningeal cell types. However, not all meningiomas have NF2 loss,
suggesting that other mechanisms that do not involve the Hippo
pathway result in meningioma formation. Alternatively, it remains
to be elucidated whether other components of the Hippo pathway,
downstream of merlin, are possibly deregulated in these tumors re-
sulting in the same phenotype as merlin loss.

Treatment strategies for NF2 and sporadic meningioma patients
are restricted to traditional forms of cancer therapy such as surgery
and radiation therapy. These options are sometimes insufficient be-
cause of the location of these tumors, the recurrence despite therapies
and the occurrence of multiple tumors. Although receptor tyrosine
kinases inhibitors are emerging as pathway targets in other CNS tu-
mors such as glioblastomas [49], targeted therapies have not yet been
proposed for meningioma patients. This is mainly because of a lack
of knowledge regarding relevant signaling pathways. Our results
argue that YAP is an attractive candidate as a key mediator of NF2
growth regulation and tumorigenesis in meningioma, making it a po-
tential target for the development of therapies for NF2 and menin-
gioma patients.
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Summary

Even though meningiomas are the second most common brain tumor in adults, little is known about the molecular
basis of their growth and development. The lack of suitable cell culture model systems is an impediment to this
understanding. Most studies on meningiomas rely on primary, early passage cell lines that eventually senesce or a
few established cell lines that have been derived from aggressive variants of meningiomas. We have isolated three
primary meningioma cell lines that are negative for telomerase activity. We can overcome the senescence of a Grade
IIT derived meningioma cell line by expressing the telomerase catalytic subunit (hTERT), whereas Grade I
meningioma cell lines require the expression of the human papillomavirus E6 and E7 oncogenes in conjunction with
hTERT. Meningioma cell lines, immortalized in this manner, maintain their pre-transfection morphology and form
colonies in vitro. We have confirmed the meningothelial origin of these cell lines by assessing expression of vimentin
and desmoplakin, characteristic markers for meningiomas. Additionally, we have karyotyped these cell lines using
array CGH and shown that they represent a spectrum of the genetic diversity seen in primary meningiomas. Thus,

these cell lines represent novel cellular reagents for investigating the molecular oncogenesis of meningiomas.

Introduction

Tumor model systems are essential to understand the
function of genetic alterations in cancer, to assess their
contribution to cancer progression and to serve as pre-
clinical models for evaluating the toxicity and efficacy of
conventional and novel therapeutic agents. Cell culture
systems are convenient, reproducible and reliable, and
they provide an important tool for initial investigations
into the cancer of their origin. Meningiomas are the
second most common adult brain tumor and are a
considerable cause of morbidity and mortality, yet
experimental investigations into their biology have been
hampered by the lack of appropriate model systems [1].
Most studies on meningiomas have relied on primary,
early passage cell lines that usually undergo cellular
senescence after a few passages [2-5]. Thus, studies
performed using these primary cell lines are not repro-
ducible and characterizations of the cell lines are usually
minimal. A few established meningioma cell lines are
available and are commonly used by investigators in
probing the biology of meningiomas [6, 7]. These cell
lines have been derived from aggressive variants of
meningiomas. For example, the commonly used
meningioma line, IOMM-Lee, was derived from an in-
traosseous malignant meningioma [6]. While these cell
lines are an invaluable resource, there is a need to
develop additional cell lines that span the entire spec-
trum of meningiomas.

The purpose of this study was to overcome the
senescence of primary meningioma cell lines and to
develop meningioma cell culture model systems that are
more characteristic of the majority of clinical menin-
giomas. Multiple pathways trigger cellular senescence
and disruption of these pathways are required for
immortalization [8]. Progressive telomere shortening is a
primary cause of a finite proliferative life span and a
telomere maintenance mechanism has been found in
every immortalized cell line examined to date [9]. In the
majority of immortalized cell lines and in ~85% of
cancers, the enzyme telomerase is activated. In other
cancers, telomere length is maintained by an alternative
mechanism for lengthening of telomeres (ALT) [10]. Cell
cycle checkpoint pathways also control cellular senes-
cence, and cellular immortalization is commonly asso-
ciated with disruption of the p53 and/or pRb pathways
[11]. In fact, intact p53 and pRb pathways can trigger
senescence in cells that have a telomere maintenance
mechanism [12].

Here, we report that immortalization of a malignant
meningioma cell line required expression of hTERT,
while immortalization of two benign meningioma cell
lines required disruption of the p53 and pRb pathways
in addition to expression of hTERT. These immortal-
ized cell lines maintain morphological, immunocyto-
chemical and genetic features characteristic of
meningiomas and represent a useful tool for gaining
insights into the biology of this type of cancer.
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Materials and methods
Cell line generation

Cell lines were established from fresh, viable tumor
specimens that were confirmed by routine histopatho-
logic evaluation to be meningiomas, using the 2000
WHO classification and grading system. Viable tissue
was placed into Dulbecco’s Modified Eagle’s Medium
supplemented with 10% fetal bovine serum (DME-
10%FBS) within 90 s following surgical resection,
transported to the lab and dissected into 1 mm pieces.
Following digestion with DNAse, Pronase and Colla-
genase for 30 min at 37 °C, the tissue fragment solution
was filtered through a 100-micron filter, and the filtrate
centrifuged at 1000 rpm for 10 min to collect dissociated
cells. These cells were seeded at a density of 3 to 5x10°
cells per 100 mm dish and maintained in DME-
10%FBS. After achieving 80-90% confluence, the cul-
tures were passaged 1:4. Each passage was considered as
two population doublings.

Retroviral infections

Telomerase and E6/E7 expressing stable cell lines were
generated using retroviral-mediated gene transfer.
pWZL-blast-hTERT or pLXSP-puro-E6/E7 was trans-
fected into the Phoenix A packaging cell line using
lipofectamine. The 48 h culture supernatant was used to
infect meningioma cell lines in the presence of polybrene
(8 ug/ml). Stable cell populations were selected using
blasticidin (2 ug/ml) for telomerase expression or
puromycin (0.5 pug/ml) for E6/E7 expression.

Telomerase activity

Telomerase activity was detected using the Telomeric
Repeat Amplification Protocol (TRAP) assay. TRAP
assays were performed using the TRAPeze kit (Intergen,
Gaitherburg, MD) as described by the manufacturers.
PCR products were resolved on a 10% polyacrylamide
gel and viewed with SYBR Green I (Molecular Probes,
Eugene, OR) staining.

Colony forming efficiency (CFE) assay

The CFE assay was used as described earlier with minor
modifications [13]. Heavily X-irradiated (50 Gy)
IOMM-Lee cells (3.5x10%) were used as feeder cells and
were plated 24 h in advance of seeding the experimental
cells. The plates were incubated for 2 weeks before the
colonies were stained with methylene blue. Colonies
containing at least 50 cells were counted. Plating effi-
ciency (PE) was calculated as the ratio of the number of
colonies formed to the number of cells seeded.

Quantitative PCR

Quantitative PCR was performed on cDNA templates
with the I-cycler machine (Bio-Rad, Hercules, CA) and
SYBR Green I (Molecular Probes, Eugene, OR) using
PCR conditions and data analysis as described carlier

[14]. The primers used for NF2 were 5-ACCGTTGCC
TCCTGACATAC and 5-TCGGAGTTCTCATTG
TGCAG and for hTERT were 5-GGAAGAGTGT
CTGGAGCAAG and 5-GGATGAAGCGGAGTCTG
GAC.

Immunofluorescence

Immunofluorescence was performed on meningioma cell
lines for Vimentin using the clone Vim 3B4 antibody
(0.5 ug/ml, Dako Corporation, Carpinteria, CA), for
Desmoplakin 1 and 2 using the clone DP1-1&2-2.15
antibody (20 pug/ml, Research Diagnostics, Inc., Flan-
ders, NJ) and for NF2 using the rabbit polyclonal NF2
(C-18) antibody (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). Meningioma cell lines were grown in eight
well chamber slides, fixed with 2% formaldehyde in
Hanks balanced salt solution for 15 min at 37°C and
permeabilized and blocked by incubation with 0.1%
saponin, 10% FBS in PBS (Buffer A) for 15 min. The
cells were then sequentially incubated with primary
antibody and secondary antibody (4 ug/ml; Alexa Fluor
594 goat anti-mouse IgG or Alexa Fluor 488 goat anti-
rabbit IgG), mounted in DAPI mounting media,
examined and photographed with a Zeiss microscope.

Array CGH analysis

Genomic DNA was isolated from meningioma primary
tumors or cell lines using the DNAeasy kit (Qiagen,
Valencia, CA) following manufacturer’s directions.
Arrays spotted with 2464 mapped bacterial artificial
chromosomes (BAC) covering the whole genome were
hybridized with fluorescent labeled DNA, using 0.6 ug
of cell line DNA and 0.8 ug of reference DNA from
normal tissue [15]. The labeling reactions were per-
formed overnight at 37 °C using Cy3-dCTP or Cy5-
dCTP (Amersham Biosciences, Piscataway, NJ) and the
BioPrime kit (Invitrogen, Carlsbad, CA) according to
the manufacturer’s instructions and unincorporated
nucleotides were removed using a Sephadex G50 column
(Amersham Biosciences, Piscataway, NJ). Test and ref-
erence DNAs were mixed with 100 ug of human Cot-1
DNA, cthanol precipitated, resuspended in 50 ul of
hybridization solution and applied to a pre-hybridized
array. Arrays were incubated at 37 °C on a slowly
rocking table for approximately 72 h. Arrays were
washed in 50% formamide buffer. The spotted BACs
were counterstained with 4’,6’-diamino-2-phenylindole
hydrochloride (DAPI). Finally, arrays were scanned and
images processed by SPOT/SPROC custom software
[16].

Results

Establishment of meningioma cell lines

Primary meningioma cell lines are readily cultured
in vitro. These cell lines, however, have a limited life

span usually senescing after several passages. In our
laboratory, cell lines derived from Grade I meningiomas



typically senesce by population doubling 20, while cell
lines derived from Grade III meningiomas senesce by
population doubling 60 (data not shown). Most cancers
have an activated telomere maintenance mechanism,
often telomerase enzymatic activity, which is a marker
of immortalization. We reasoned that meningioma cell
lines undergo irreversible growth arrest because they are
negative for telomerase activity and that reconstitution
of this activity would immortalize meningioma cell cul-
tures. We have derived three meningioma cell lines:
SF3061-Parental, from a Grade III meningioma and
SF4433-Parental and SF4068-Parental from Grade 1
meningiomas. All three cell lines were negative for
telomerase activity, as assessed by the TRAP assay
(Figure 1). IOMM-Lee, an established malignant
meningioma cell line, is positive for telomerase activity.

We used retroviral-mediated gene transfer to engineer
a derivative of SF3061-Parental, designated SF3061-
hTERT, to express telomerase. SF3061-hTERT was
positive for telomerase activity (Figure 2B). SF3061-
Parental and SF3061-hTERT had an identical growth
rate for 30 population doublings after which the
parental cell line senesced while SF3061-hTERT con-
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Figure 1. Meningioma cell lines, SF3061-Parental (2), SF4433-Paren-
tal (3) and SF4068-Parental (4) are negative for telomerase activity as
assessed by the TRAP assay. IOMM-Lee (1), an established menin-
gioma cell line, is telomerase positive.
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tinued growing with a steady population doubling time
of 36 h (Figure 2C) for over 200 population doublings.
Morphologically, SF3061-hTERT maintained the pat-
tern and cytoarchitecture characteristic of the parental
cell line (Figure 2A, a and b). Importantly, SF3061-
hTERT formed colonies while the parental cell line did
not form colonies (Figure 2D).

Next, we attempted immortalizing a Grade I menin-
gioma derived cell line, SF4433-Parental, with telomer-
ase. Telomerase-expressing SF4433 behaved like the
parental cell line and did not grow beyond population
doubling 20, suggesting that additional genetic changes
are required for Grade I meningiomas to grow in cul-
ture. The human papillomavirus oncogene E6/E7 works
by disrupting the retinoblastoma and the p53 pathways
[17], both of which have been reported as being dis-
rupted in malignant meningiomas [18]. We, therefore,
transfected in the E6/E7 oncogenes in addition to
telomerase into SF4433-Parental. The E6/E7 and telo-
merase expressing cell line (SF4433-E6/E7-hTERT)
continued to grow in culture after the SF4433-Parental
and SF4433-E6/E7 cell lines had senesced (Figure 3B).
Once again, immortalized SF4433 maintained the mor-
phology of the parental cell line (Figure 3A). SF4433-
E6/E7-hTERT cells formed colonies (Figure 3C),
whereas the parental cell line did not. Similar results
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Figure 2. Expression of telomerase immortalizes SF3061-Parental, a
malignant meningioma cell line. SF3061-Parental was established from
a Grade III meningioma tumor and SF3061-hTERT was derived by
stably expressing telomerase in SF3061-Parental. (A) The morphology
of SF3061-Parental (a) is compared to SF3061-hTERT (b) at popu-
lation doubling 22. Magnification is 100x. (B) Telomerase activity was
measured using the TRAP assay for SF3061-Parental (1) and SF3061-
hTERT (2). (C) Growth curve of SF3061-Parental (empty circles) and
SF3061-hTERT (filled triangles). (D) CFE assay of SF3061-hTERT
(a, b) and SF3061-Parental (c).
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Figure 3. Immortalization of SF4433, a Grade I meningioma cell line. SF4433-Parental was established from a Grade I meningioma, SF4433-E6/
E7 was derived from SF4433-Parental by stably transfecting the human papillomavirus E6/E7 oncogenes and SF4433-E6/E7-hTERT was derived
by expressing telomerase in SF4433-E6/E7. (A) Morphology of SF4433-Parental (a) and SF4433-E6/E7-hTERT (b). Magnification is 100x.
(B) Growth curve of SF4433-Parental (open circles), SF4433-E6/E7 (empty squares) and SF4433-E6/E7-hTERT (filled triangles). (C) CFE assay

of SF4433-E6/E7-hTERT.
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Figure 4. Immortalization of SF4068, a Grade I meningioma cell line. SF4068-Parental was established from a Grade I meningioma, SF4068-E6/
E7 was derived from SF4068-Parental by stably transfecting the human papillomavirus E6/E7 oncogenes and SF4068-E6/E7-hTERT was derived
by expressing telomerase in SF4068-E6/E7. (A) Morphology of SF4068-Parental (a) and SF4068-E6/E7-hTERT (b). Magnification is 200x.
(B) Growth curve of SF4068-Parental (open circles), SF4068-E6/E7 (empty squares) and SF4068-E6/E7-hTERT (filled triangles). (C) CFE assay

of SF4068-E6/E7-hTERT.

were obtained with SF4068, another Grade 1 meningi-
oma derived cell line (Figure 4).

Primary meningioma tumors are positive for telomerase
transcripts

The primary mode of repression of telomerase in human
cells is through silencing of the hTERT gene via tran-
scriptional repression [19]. Thus, quantitative PCR

analysis of transcript levels is well suited to evaluate the
activation status of telomerase in normal and meningi-
oma tissues. We used this technique to assess telomerase
transcript levels in the primary meningioma tumors
from which the cell lines were derived. While normal
meninges and brain were negative for telomerase tran-
scripts and no PCR amplimers were observed even after
50 amplification cycles, both SF3061 and SF4433 pri-
mary tumors were positive for telomerase transcripts
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Figure 5. Telomerase expression in normal tissue, meningioma tumors
and immortalized meningioma cell lines. Relative transcript levels of
hTERT in non-neoplastic meninges (1), non-neoplastic brain (2),
SF3061-Primary Tumor (3) SF4433-Primary Tumor (4), SF3061-
hTERT (5), SF4433-E6/E7-hTERT (6), SF4068-E6/E7-hTERT (7)
and IOMM-Lee (8) were compared using quantitative PCR. The
corresponding 143 bp hTERT PCR amplimers after 50 PCR cycles
were resolved on an agarose gel and are shown below.

Relative Transcript Levels

(Figure 5). The telomerase transcript levels in these
tumors were considerably lower that those in IOMM-
Lee or in the hTERT-transduced meningioma cell lines
(Figure 5).

Marker analysis of meningioma cell lines

Concomitant expression of vimentin, a class III inter-
mediate filament protein and desmoplakin, a component
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of desmosomal cell junctions, is a feature unique to
arachnoidal cells and meningiomas [20-22]. Using
immunofluorescence, we show that SF3061-hTERT,
SF4433-E6/E7-hTERT and SF4068-E6/E7-hTERT
express both vimentin and desmoplakin (Figure 6),
confirming that the immortalized cell lines are men-
ingothelial in origin.

Karyotyping of meningioma cell lines

Array Comparative Genomic Hybridization (Array
CGH) is a high-resolution genome-wide screening
technique for the identification of amplifications and
deletions of specific chromosomal regions [23, 24]. We
have used this technique to karyotype the immortalized
meningioma cell lines. The primary tumor from which
the SF30061 cell line was derived had loss of entire
chromosome 4 and 17, and losses of chromosome 9p24-
p21, 11g23-qtel, 13q12-q21 (Figure 7). Interestingly, the
SF3061-hTERT cell line had only a subset of the losses
seen in the primary tumor (9p24-p21; 11q23-qtel; 13q12-
q21; 17p). This confirmed that the cells that grew in
culture bear a genomic correlation to the primary
tumor. It also suggested that the SF3061 cell line was
derived from a subpopulation of cells selected from the
original heterogeneous tumor. We have karyotyped
the commonly used IOMM-Lee cell line and compared
the gross chromosomal abnormalities to that of SF3061
(Figure 7). While IOMM-Lee and the SF3061 primary
tumor shared regions of loss on chromosome 4, this loss

Figure 6. The meningeal origin of SF3061-hTERT (a, d), SF4433-E6/E7-hTERT (b, ¢) and SF4068-E6/E7-hTERT (c, f) was verified by staining
for vimentin (a, b and ¢, red) and desmoplakin (d, e and f, red). Corresponding DAPI stains (blue) are overlaid.
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Figure 7. Karyotype of malignant meningioma cell lines. Array CGH analysis of genome copy number of SF3061 primary tumor, SF3061-
hTERT cell line and the commonly used IOMM-Lee cell line are shown. The CGH ratio for each BAC array element is plotted as a function of its
genome location, with chromosome 1 to the left and chromosome Y to the right, centromeric to telomeric. Vertical lines indicate chromosome

boundaries.

was not conserved in the SF3061 cell line. The two cell
lines had no chromosomal aberrations in common
between them. IOMM-Lee had some characteristic
higher-grade meningioma associated changes such as
loss on 1p and gain on 9q, and SF3061-hTERT had the
characteristic loss on 9p. Array CGH profiling of the
Grade I primary meningioma from which SF4433 cell
line was derived showed no gross chromosomal losses or

gains (Figure 8). This is a phenomenon often seen in
benign meningiomas (unpublished data). We have
karyotyped the SF4433 cell line and found that it also
had no chromosomal abnormalities. SF4068, on the
other hand, had gain of chromosome 5p and loss of
chromosome 15 (Figure 8). None of our three cell lines
had losses on chromosome 22, a region that is often
deleted in meningiomas [25].
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Figure 8. Karyotype of the immortalized benign meningioma cell lines. Array CGH analysis of genome copy number of SF4433 and SF4068 are
shown. The CGH ratio for each BAC array element is plotted as a function of its genome location, with chromosome 1 to the left and
chromosome Y to the right, centromeric to telomeric. Vertical lines indicate chromosome boundaries.
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Figure 9. NF2 status of immortalized meningioma cell lines. (a) Rel-
ative transcript levels of NF2 were assessed in SF3061-hTERT,
SF4433-E6/E7-hTERT, SF4068-E6/E7-hTERT using quantitative
PCR. (b) Protein expression of NF2 (green) in SF3061-hTERT. Cor-
responding DAPI stain (blue) is overlaid.

NF2 status of meningioma cell lines

The neurofibromatosis 2 (NF2) gene located on chro-
mosome 22 is frequently mutated in meningiomas [25].
Since we did not observe any deletions on chromosome
22 in our cell lines, we assessed the transcript and pro-
tein expression of NF2 in these cell lines. All three cell
lines expressed the NF2 transcript, consistent with the
observation that there were no deletions on chromo-
some 22 (Figure 9a). Using indirect immunofluores-
cence, all three cell lines were positive for the NF2
protein. A representative image of NF2 staining in
SF3061-hTERT is shown in Figure 9b.

Discussion

Meningioma cell lines are notoriously resilient to growth
in culture, undergoing irreversible growth arrest after a
few passages in vitro. We have successfully produced
three immortalized meningioma cell lines by inserting
genetic elements that are commonly used to overcome
cellular senescence and create tumor cells from normal
cells [26]. Conversion of a normal human astrocyte to a
human glioma requires the insertion of three key genetic
elements: the expression of telomerase, functional inac-
tivation of the p53/pRb pathways by the E6/E7 oncog-
enes and activation of the ras-signaling pathway by
oncogenic H-ras [27]. In contrast, malignant and benign
meningioma cell lines required insertion of one or two
genetic changes, respectively. The other genetic chan-
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ge(s) are presumably inherent to the meningioma tumor
from which the cell line is derived. Thus, these cell cul-
ture model systems can be used to probe the biology of
meningioma tumorigenesis and are a resource critically
needed by the meningioma research community.

High levels of telomerase activity and expression have
been related to histological grade and tumor recurrence
in primary meningioma tumors [28]. Telomerase activity
and hTERT mRNA have, however, been detected in
some benign meningiomas [29]. In this study, the pri-
mary tumors from which our cell lines were derived had
detectable transcript levels for telomerase, suggesting
that at least a subpopulation of the original tumor was
telomerase positive. However, the meningioma cells that
survived and grew in vitro were telomerase negative. The
tumor microenvironment is thought to play a significant
role in the activation of telomerase. hTERT expression
has been reported to be regulated by hormones, growth
factors, differentiation-inducing agents and other tissue-
specific environmental factors [30]. It is probable that
hTERT expression and activity is driven by one or more
of these factors in primary meningioma tumors, and
that meningioma cells, once removed from their in vivo
environment lose expression of telomerase. It is
hypothesized that primary meningioma tumors contain
immortalized cells but the difficulty in obtaining cell
lines is a reflection of the lack of suitable cell culture
conditions.

Established cell lines from benign meningiomas
without genetic manipulation do not exist. There is only
one recent study that reported the successful immortal-
ization of a benign meningioma cell line with telomerase
alone [31]. This is in contrast to our results where telo-
merase was insufficient to immortalize two independent
benign meningioma cell lines and required additional
genetic changes. This is probably a reflection of partic-
ular differences in the original tumors from which these
cell lines were derived. While the cell line reported in the
previous study had a deletion of chromosome 22, one of
our cell lines had no gross chromosomal aberrations and
the other had aberrations in regions other than chro-
mosome 22.

Overcoming the cellular senescence of benign menin-
gioma cell lines required disruption of the p53 and pRb
pathways. Both these pathways are commonly disrupted
in malignant meningiomas but not in benign meningio-
mas. The cyclin-dependent kinase inhibitors, CDKN2A
(p16) and CDKN2B (pl5), regulate cell cycle progres-
sion through the G1/S-phase checkpoint, and are lost in
46-56% of Grade III meningiomas [18, 32]. This
checkpoint is also under the control of phosphorylation
by the retinoblastoma protein (pRB). In the p53 path-
way, pl4*RF is commonly deleted and/or mutated in
malignant meningiomas [18, 32]. These genes are located
on chromosome 9p, a region that is lost in the SF3061-
primary tumor and cell line and consequently, SF3061
did not require disruption of these pathways for con-
tinued growth. An interesting question that arises from
this study and previous observations is: What are the
molecular mechanisms that allow benign meningiomas
to evade cellular senescence and continue growing
in vivo? Having access to benign meningioma cell lines
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will allow meningioma researchers to begin answering
this question.

The karyotypes of the three meningioma cell lines
reported here are different from each other and from the
established IOMM-Lee cell line. These cell lines reflect
the genetic diversity seen in primary meningioma
tumors. None of the cell lines reported in this study have
deletions of chromosome 22 or loss of NF2, a frequent
change in meningiomas. This is, however, not that sur-
prising since approximately 40% of meningioma tumors
do not have either aberrations of chromosome 22 or
mutations in the NF2 gene [25, 33].

Insertion of genetic elements has undoubtedly altered
some properties of the parental primary meningioma cell
lines. Additionally, loss of p53 is known to enhance
genomic instability [34] and it is likely that the immor-
talized cell lines will change characteristics over time in
culture. Interpretation of results obtained using these cell
lines should take these possibilities into consideration.

In conclusion, we report a genetic strategy that can be
used to overcome the senescence of primary meningi-
oma cell cultures. In addition to the cell lines reported in
this study, it is anticipated that a repertoire of menin-
gioma cell lines can be established and used to unravel
the molecular basis of meningiomas.
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Abstract

Meningioma tumor growth involves the subarachnoid space that contains the cerebrospinal
fluid. Modeling tumor growth in this microenvironment has been associated with widespread
leptomeningeal dissemination, which is uncharacteristic of human meningiomas. Conse-
quently, survival times and tumor properties are varied, limiting their utility in testing
experimental therapies. We report the development and characterization of a reproducible
orthotopic skull-base meningioma model in athymic mice using the IOMM-Lee cell line.
Localized tumor growth was obtained by using optimal cell densities and matrigel as the
implantation medium. Survival times were within a narrow range of 17-21 days. The
xenografts grew locally compressing surrounding brain tissue. These tumors had histopatho-
logic characteristics of anaplastic meningiomas including high cellularity, nuclear pleomor-
phism, cellular pattern loss, necrosis and conspicuous mitosis. Similar to human meningio-
mas, considerable invasion of the dura and skull and some invasion of adjacent brain along
perivascular tracts were observed. The pattern of hypoxia was also similar to human malig-
nant meningiomas. We use bioluminescent imaging to non-invasively monitor the growth of
the xenografts and determine the survival benefit from temozolomide treatment. Thus, we
describe a malignant meningioma model system that will be useful for investigating the

biology of meningiomas and for preclinical assessment of therapeutic agents.

INTRODUCTION

Meningiomas are common tumors of the central nervous system
that originate from the meningeal covering (22), and therefore can
occur in any location along the entire neural axis. They are a source
of considerable morbidity and mortality because of their location
and the existence of aggressive variants (18). Nevertheless, menin-
giomas remain a poorly understood cancer. A major obstacle to
achieving an improved understanding of the molecular basis of
meningioma tumorigenesis, and to evaluating experimental thera-
pies for meningioma treatment, has been the scarcity of in vitro and
in vivo model systems. Recently, considerable progress has been
made in successfully growing meningioma cell lines in vitro (1,
20). These cell lines represent promising new tools for investigat-
ing the biology of meningiomas. However, in vivo meningioma
model systems still have problems that restrict their utility (11, 16,
27).

Attempts at propagating available meningioma cell lines as
orthotopic xenografts have been unable to recapitulate the human
tumor growth pattern, as implantation of tumor cells results in
widespread leptomeningeal dissemination throughout the subdural
and intraventricular space (16, 27). Consequently, quantification of
tumor growth as well as response to therapeutic agents is difficult
compromising the utility of the model systems (16). The purpose of
this study was to locally constrain meningioma tumor growth and
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develop a clinically relevant meningioma model system in athymic
mice. Because skull base meningiomas are challenging to remove
surgically and patients with these meningiomas have a worse prog-
nosis (15, 17), we chose to develop a skull base model using the
malighant meningioma cell line, IOMM-Lee, which is tumorigenic
in vivo and grows at a rapid rate (13). By modifying these cells with
a luciferase reporter, we have been able to additionally use biolumi-
nescent imaging (BLI) to monitor in vivo growth of these cells, as
well as their response to temozolomide therapy.

MATERIALS AND METHODS

Generation of enhanced green fluorescent
protein and firefly luciferase expressing
IONMM-Lee cells

The intraosseous malignant meningioma derived cell line, IOMM-
Lee, was used in all the experiments described in this report (13,
14). IOMM-Lee cells were electroporated (Gene Pulser X Cell,
Biorad, Hercules, CA, USA) with the enhanced green fluorescent
protein (EGFP)-N3 plasmid (BD Biosciences, San Jose, CA, USA)
and single clones expressing EGFP were selected in 600 pug/mL
G418. IOMM-Lee cells were tagged with firefly luciferase (fluc)
under the control of the spleen focus forming virus promoter using
lentiviral-mediated gene transfer (9). Lentiviruses were generated
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by cotransfection of 293T cells with plasmids for gag-pol, env and
fluc. The 48 h post-transfection filtered supernatant was used to
infect IOMM-Lee cells.

Intracranial IOMM-Lee transplantations

All animal experiments were conducted following protocols
approved by the University of California, San Francisco, Institu-
tional Animal Care and Use Committee. Five- to six-week-old
female athymic mice were anesthetized with Ketamine/Xylazine
and fixed in a Model 940 stereotactic frame (David Kopf Instru-
ments, Tujunga, CA, USA). The skull base region was reached by
using the following injection coordinates: 2 mm to the right of the
bregma, 2 mm posterior to the bregma and 5.8 mm below the skull
surface. The indicated cell numbers and volumes of IOMM-Lee
suspended in phosphate buffered saline (PBS) or matrigel were
implanted using a Model 5000 Microinjection Unit (David Kopf
Instruments, Tujunga, CA, USA) loaded with a 5L Hamilton
7105 syringe. For injection volumes of 0.5 L, cells were steadily
implanted over a period of 70 s and the needle was left in place for 1
minute before it was withdrawn slowly. The skull burr-hole was
sealed with bone-wax and the skin incision was closed with 7 mm
staples. Control mice were implanted with matrigel alone. The
mice were monitored closely and were euthanized if they exhibited
any neurological symptoms or had >15% weight loss or at pre-
defined times post-implantation. The estimated survival times were
the times from cell implantation to euthanasia.

Tissue processing and immunohistochemistry

EGFP fluorescence in tumor cells was analyzed in formalin fixed
mouse heads after removal of the skull with a Leica MZ Fluo I11
stereomicroscope equipped with a Leica GFP-plus filter set. For
histopathologic examination, mouse heads with the skull intact
were fixed in 10% neutral buffered formalin for 48 h, decalcified in
Decal Rapid Bone Decalcifier (American Histology, Lodi, CA,
USA) for 24 h, and embedded in paraffin. Serial 10 um thick sec-
tions were cut, numbered and processed for either hematoxylin and
eosin (H&E) staining or immunohistochemistry. Immunohis-
tochemistry was performed for vimentin using the clone Vim 3B4
antibody (1:100; Dako Corporation, Carpinteria, CA, USA), for
carbonic anhydrase 9 (CA9) using the NB 100-417 antibody
(1:1000; Novus Biologicals, Littleton, CO, USA) and for the Ki67
antigen using the clone MIB-1 antibody (1:100; Dako Corporation,
Carpinteria, CA, USA) as described earlier (28). For calculating
the MIB-labeling index, a total of 1000 nuclei in three hot-spots
were counted.

BLI of luciferase—IONIM-Lee xenografts

BLI of intracranial xenografts was performed using the IVIS
Lumina System (Xenogen Corp., Alameda, CA, USA) coupled
to the data-acquisition Livinglmage software (Xenogen Corp.).
Before imaging, the mice were anesthetized with Ketamine/
Xylazine. Thirty mg/mL of luciferin (potassium salt; Gold Bio-
technology, St Louis, MO, USA) in PBS was injected intraperito-
neally at a dose of 150 mg/kg body weight. Images were acquired
between 10 and 20 minutes post-luciferin administration and peak
luminescent signal was recorded. Signal intensity was quantitated
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as the sum of all detected photon counts within a region of interest
using the Livinglmage software package (6).

Temozolomide treatment and statistical analysis

For assaying in vitro sensitivity to temozolomide (TMZ), 100 000
IOMM-Lee and IOMM-Lee-Luc cells were plated in six well
plates and the indicated concentration of TMZ was added at 24, 48
and 72 h. At 144 h, the cells were trypsinized, resuspended in 1 mL
media and processed using the MTT Cell Proliferation Assay
(ATCC, Manassas, VA, USA) following manufacturer’s direction.
Absorbance was read at 590 nm. The luminescence of IOMM-Lee-
Luc cells treated with TMZ as described above was also read at
144 h in six well plates using the IVIS Lumina System in the
presence of 30 uL of 30 mg/mL luciferin (potassium salt; Gold
Biotechnology, St Louis, MO, USA). All in vitro experiments were
performed in triplicate. For assaying in vivo sensitivity to TMZ,
five mice bearing IOMM-Lee xenografts were orally administered
with 120 mg/kg of TMZ for four consecutive days starting on day
10. Five mice bearing IOMM-Lee xenografts constituted the
control group and received no treatment. The Kaplan-Meier esti-
mator was used to generate the survival curves (12). Differences
between survival curves were compared using a log-rank test (19).

Methylation-specific polymerase chain reaction
(MSP)

Genomic DNA from IOMM-Lee cells was isolated using the
DNeasy kit (Qiagen, Valencia, CA, USA). The methylation status
of the Of-methylguanine-DNA methyltransferase (MGMT) gene
promoter was determined by MSP as described earlier (4, 7).
Bisulfite treatment of isolated DNA was performed using the EZ
DNA Methylation Gold kit (Zymo Research, Orange, CA, USA),
followed by polymerase chain reaction (PCR) amplification to dis-
tinguish methylated and unmethylated DNA using PCR conditions
and primers described earlier (7).

RESULTS

Fluorescent and bioluminescent tagging of
IONIM-Lee cells

In order to accurately assess the extent of leptomeningeal dissemi-
nation, IOMM-Lee cells were fluorescently labeled with EGFP and
a single high-level EGFP expressing clone, designated IOMM-
Lee-EGFP2, was selected for further analysis. For BLI, IOMM-
Lee cells were transduced with lentivirus encoding firefly
luciferase, and transduced cell pools (IOMM-Lee-Luc) were
injected in mice. IOMM-Lee-EGFP2, IOMM-Lee-Luc and paren-
tal IOMM-Lee had similar growth curves in vitro (data not shown).
Also, IOMM-Lee-EGFP2 and parental IOMM-Lee had similar
growth curves as subcutaneous tumors in athymic mice (data not
shown). Thus, there was no indication of fluorescent and biolumi-
nescent labeling altering the growth properties of IOMM-Lee
parental cells.

Estimated survival times

We injected varying amounts and concentrations of IOMM-Lee-
EGFP2 cells in PBS or matrigel into the skull base region of
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Figure 1. Estimated survival curves of athymic mice implanted with
IOMM-Lee-EGFP2 cells in the skull base region. Athymic mice
implanted with 3 000 000 cells/3 uL (A), 500 000 cells/5 uL (B), 50 000
cells/1 uL (C) or 50 000 cells/0.5 uL (D) were euthanized when they
exhibited neurological symptoms or weight loss. Kaplan Meier plots for
each implantation condition and the numbers of mice (n) in each group
are shown.

athymic mice and calculated estimated survival times based on the
appearance of neurological symptoms or weight loss. All the mice
injected with IOMM-Lee-EGFP2 cells developed tumors. Thus,
the tumor take rate with this cell line is 100%. Considerable vari-
ability in survival times and widespread leptomeningeal dissemi-
nation throughout the skull base and subarachnoid space was
observed when PBS was used as an implantation medium (data not

Figure 2. Macroscopic view of IOMM-Lee
skull base meningioma xenografts.
|IOMM-Lee-EGFP2 cells were implanted in the
skull base region using matrigel as the
implantation medium to obtain localized tumor
growth. The tumor mass (asterisk in A) was
observed between the brain and the skull, and
adhered to the skull when the skull (A) and
brain (B) were separated. Compression of the
brain was observed (arrow in B). Minimal
leptomeningeal dissemination was observed
as assessed by the distribution of the
fluorescent EGFP label (C,D).
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shown). When matrigel was used as an implantation medium, both
intra- and inter-group variability in survival times were observed,
with the extent of the former depending on both cell number and
cell volume injected (Figure 1). For example, mice injected with
500 000 cells/5.0 uL died as early as 8 days or as late as 17 days
(Figure 1), and this variability was caused by differences in tumor
cell dissemination between mice receiving this amount and con-
centration of cells (data not shown). More consistent survival times
with mice dying within 5 days of each other was observed for
injections of 3 million cells/3.0 uL and 50 000 cells/0.5 uL
(Figure 1). Of these two conditions, mice injected using the latter
condition had slightly longer estimated survival times of 17-21
days and were chosen for use in subsequent investigations (see
below).

Localized meningioma tumor growth

Macroscopic analysis of IOMM-Lee-EGFP2 xenograft growth
revealed that the tumor mass did not invade the surface of the brain,
and typically adhered to periosteal membranes when the skull and
brain were separated (Figure 2). Examination of EGFP fluores-
cence revealed that tumor growth was confined to the site of
implantation with minimal tumor cell dissemination to surround-
ing locations (Figure 2). The brain was visibly compressed at the
location of the tumor.

Histopathology of IOMMN-Lee xenografts

Histopathologic analyses were performed on tumors that were
fixed, processed and sectioned in situ with the skull and brain
intact. Xenografts displayed histopathologic features that were
reminiscent of human anaplastic meningiomas, and included high
cellularity, prominent nuclear pleomorphism marked by a high

© 2007 The Authors; Journal Compilation © 2007 International Society of Neuropathology



Orthotopic Skull Base Meningioma Model

nuclear to cytoplasmic ratio and prominent nucleoli. Cells were
typically arranged in syncytial-like, highly cellular sheets with
variable amounts of micro and geographic necrosis. Mitotic figures
were conspicuous and the MIB-1 labeling indices were typically
30%.

Growth characteristics of IONMM-Lee xenografts

To evaluate xenograft growth patterns, brains with intact skulls
were resected from mice injected with IOMM-Lee-Luc cells
(50 000/0.5 puL) and sacrificed at days 3, 6, 9, 12, 16 post-
implantation or when they exhibited weight loss and/or neurologi-
cal symptoms. Fixed and embedded brain and skull tissue was
serially sectioned, and examined by conventional H&E analysis or
after staining for human vimentin. Progressive tumor growth was
evident from day 3 onward, and by day 6, the tumor appeared to
erode into the adjacent skull while primarily compressing the brain
with early multifocal invasion into perivascular spaces (Figure 3).
As the tumor mass enlarged, the boundary with the brain remained
well-demarcated except for regions of microinvasion (Figures 3
and 4). By day 12 the xenografts had conspicuous necrotic zones,
and the tumors had breached the pia and were invading the brain
along perivascular and cranial nerve tracts (Figure 4). Immunohis-
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Figure 3. Growth Characteristics of
|IOMM-Lee skull base xenografts. Tissue
sections of IOMM-Lee xenografts on day 6 (A),
day 9 (B-D) and day 12 (E,F) were stained with
human vimentin (A) or hematoxylin and eosin
(B-F) and examined to evaluate the pattern of
tumor growth. IOMM-Lee tumor growth
maintained a well-demarcated boundary with
the brain, except for microinvasion of the brain
by small clumps of tumor cells (C). s, skull;

b, brain.

tochemical staining for human vimentin gave no indication of
tumor dissemination at locations distant from the site of tumor
implantation, and therefore meningioma tumor growth was local-
ized to the site of tumor implantation.

Tumor hypoxia is an endogenous characteristic of malignant
meningiomas, is associated with higher-grade histology as well as
aggressive clinical behavior (28). With respect to this animal model
of malignant meningioma, we assessed the appearance and preva-
lence of hypoxia by CA9 immunohistochemistry (28). Regions of
hypoxia were first visible in day 9 xenografts (Figure 5), prior to the
appearance of necrosis. Extensive hypoxic cell numbers were
observed at the brain interface suggesting that this edge of the
tumor was slower at recruiting vessels from the neuropil as
opposed to non-brain interface tissue. Necrosis was first observed
in day 12 tumors (Figure 5), and similar to human meningiomas,
CA9 staining was zonal, found in viable cells surrounding regions
of necrosis and also in regions not associated with any visible
Necrosis.

BLI of meningioma tumor burden

BLI was used to quantitate intracranial meningioma tumor growth
rates in advance of testing tumor response to alkylator therapy.

Brain Pathology (2007)

© 2007 The Authors; Journal Compilation © 2007 International Society of Neuropathology



Baia et al Orthotopic Skull Base Meningioma Model

Figure 4. Pattern of brain invasion by
IOMM-Lee xenografts. Tissue sections of
|IOMM-Lee xenografts on day 12 (A-C) or day
16 (D) were stained with human vimentin
(B-D) or hematoxylin and eosin (A) and
examined to evaluate the pattern of invasion of
brain. By day 12, the tumor had breached the
pia (A) and was invading the brain along
perivascular (B) and cranial nerve (C) tracts. A
similar pattern of invasion was observed in day
16 tumors (D). Arrow, pia; arrowhead, cranial
nerve.

Figure 5. Pattern of hypoxia in IOMM-Lee
skull-base xenografts. Immunohistochemistry
with a polyclonal antibody against carbonic
anhydrase 9 (CA9) was performed to evaluate
the prevalence and distribution of hypoxia in
tissue sections of IOMM-Lee xenografts on
day 9 (A), day 12 (B), day 16 (C) and day 21
(D=F) post-implantation. Similar to human
meningiomas, CA9 expression was zonal and
sometimes not associated with any visible
necrosis (E). The brain interface had
considerable hypoxia (B,C) compared with the
skull interface. b, brain; *, necrosis.
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Luminescence readings were detectable as early as day 3, and
growth curves displayed consistent patterns of exponential
increase between mice. Mice exhibited weight loss and neurologi-
cal symptoms when photon counts of 3—4 x 107 were reached. In
total, the BLI results showed reproducible growth of skull base
xenografts, and provided pilot data for use in timing the administra-
tion of therapy in the subsequent experiment.

Xenograft response to TMZ therapy

To assess the efficacy of alkylator therapy, we treated IOMM-Lee
and IOMM-Lee-Luc cells in culture with TMZ (Figure 6A,B).
IOMM-Lee was sensitive to TMZ in vitro and the bioluminescent
labeling did not alter the sensitivity to TMZ. Sensitivity to TMZ has
been associated with MGMT promoter hypermethylation, and the
MGMT promoter was methylated in IOMM-Lee cells (Figure 6C).
To assess the in vivo sensitivity of IOMM-Lee xenografts to TMZ,
tumor growth in control and TMZ-treated mice were followed
using BLI. TMZ treatment resulted in a significant survival benefit
to the mice (Figure 6, P = 0.003). While control group mice died
by 17-21 days, one TMZ-treated mouse died on day 38 and the
remaining four were still alive on day 43. To plot BLI tumor growth
curves, each mouse’s luminescence measurements were normal-
ized against their own day 10 luminescence reading, allowing each
mouse to serve as its own control. TMZ treatment arrested the
rapid, exponential growth of the xenografts and resulted in reduced
normalized luminescence readings (Figure 7). Recovery of expo-
nential tumor growth was observed in the TMZ-treated mouse that
died on day 38, while the remaining four mice had stable lumines-
cent measurements till day 43 (Figure 7).

DISCUSSION

Animal models are essential preclinical tools in the study of the
molecular mechanisms of cancer and for evaluating anti-tumor
therapies. A small number of meningioma animal models exist but
every one of these systems has issues that limit their utility and/or
clinical relevance. For example, in the genetic model of meningio-
mas, which is based on the knockout of the NF2 gene specifically in
arachnoidal cells, only 20% of the mice develop tumors after 11 to
14 months (11). Other model systems have utilized non-orthotopic
locations that do not take micro-environmental influences of tumor
growth into consideration. Rodent studies on the chemotherapeutic
agent, hydroxyurea, were performed using meningioma cells
grown in the galea (25), and tests on celecoxib were performed in
subcutaneous tumors (21). Orthotopic meningioma model systems
utilizing primary and established meningioma cell lines have been
described (16, 27). However, primary meningioma cell lines
senesce after a few passages and therefore these model systems are
not reproducible (16, 27). Orthotopic models with established
meningioma cell lines have been associated with widespread lep-
tomeningeal dissemination limiting the ability to quantitate the
extent of tumor growth in these systems.

In this study, we present a well-characterized, reproducible,
clinically relevant skull base malignant meningioma xenograft
model system in which we have overcome the problem of leptom-
eningeal dissemination. We show that localized meningioma tumor
growth is sensitive to particular cell densities and is dependent on
using matrigel as the implantation agent. In addition, we show that
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Figure 6. Efficacy of temozolomide (TMZ) in cultured IOMM-Lee cells
and methylation status of the O°-methylguanine-DNA methyltransferase
(MGMT) promoter. A. IOMM-Lee (squares and solid line) or IOMM-Lee-
Luc cells (triangles and dashed line) were treated with the indicated
concentration of TMZ and the number of viable cells was calculated
using the MTT Cell Proliferation assay. Absorbance values were normal-
ized to the no treatment control and plotted against TMZ concentration.
The number of viable cells at different TMZ concentrations was similar
for IOMM-Lee and IOMM-Lee-Luc cells. B. IOMM-Lee-Luc cells in
culture were treated with the indicated concentration of TMZ and lumi-
nescence was measured at 144 h. Luminescence readings are plotted
against TMZ concentration. C. Methylation-specific polymerase chain
reaction was performed to determine the methylation status of the
MGMT gene. The presence of a visible polymerase chain reaction
product in the lane U indicates the presence of unmethylated MGMT
gene and the presence of product in the lane M indicates the presence
of methylated MGMT gene. MGMT is methylated in IOMM-Lee. Abbre-
viations: NEG = negative controls; |-L =I0MM-Lee; POS = positive
controls.

mice bearing localized xenografts had reproducible survival times
within a range of 5 days. IOMM-Lee has been extensively used in
meningioma research (23, 26) and has previously been implanted
into the skull base region of mice (16, 27). However, localized
tumor growth using this cell line has not previously been attained.
Prior studies utilized PBS as the implantation agent, and it is likely
that the use of matrigel would have reduced observed tumor cell
dissemination. Previous reports of survival times with mice
bearing IOMM-Lee orthotopic xenografts were similar to the sur-
vival times in this study (16, 24).
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Figure 7. Bioluminescent imaging of IOMM-Lee xenografts, and their
response to temozolomide (TMZ). Ten mice received injections of
|IOMM-Lee-Luc cells and were randomized into two groups that received
either no treatment or treatment with 120 mg/kg TMZ for four consecu-
tive days. A. Survival curves of athymic mice from control (dotted line)
and TMZ-treatment (solid line) groups are plotted. A significant survival
benefit (P=0.003) for mice treated with TMZ was observed. B. Lumi-

Preclinical cancer models should ideally resemble the human
disease and mimic human tumor-host interactions. Human menin-
giomas are generally well-demarcated lesions that remain spherical
or globular even after they attain considerable size (3). Consistent
with the growth pattern of human meningiomas, IOMM-Lee
xenografts grew as well-demarcated lesions between the skull and
brain and remained globular even when the tumor mass was large.
Malignant meningiomas commonly penetrate dura and invade
bone. IOMM-Lee xenografts adhere to the skull and exhibit con-
siderable invasion of the skull. Considerable compression of the
brain was also observed. Human meningiomas grow as separate
entities adjacent to the brain but often insinuate themselves into the
subjacent cortex as small tongues or pegs of neoplastic tissue that
follow the course of superficial blood vessels (3). IOMM-Lee
xenografts followed a similar pattern of brain invasion, with small
cell clumps invading the surrounding brain along perivascular and
cranial nerve tracts.

Tumor hypoxia is significantly associated with higher histo-
pathologic grade in meningiomas and is indicative of an aggressive
meningioma phenotype (28). Similar to human meningiomas, the
pattern of hypoxia in IOMM-Lee xenografts was found in the
classic perinecrotic pattern in larger tumors with visible necrosis.
Additionally, as in human meningiomas, hypoxia was found in
histologically viable regions of tumors not associated with any
visible necrosis. Interestingly, the amount of hypoxia at the brain
interface was considerably greater than that at the skull interface,
suggesting that the skull interface had easier access to a vascular
supply. While the contribution of tumor hypoxia to meningioma
growth is unknown, the current model system will allow such
investigations and also allow testing of therapeutic strategies that
target both normoxic and hypoxic cells.
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nescence readings for each mouse were normalized against its own day
10 luminescence reading. Normalized BLI plots associated with monitor-
ing of intracranial tumor growth for control (black line) and TMZ-
treatment (gray line) groups are shown. C. Representative images from
one control group mouse at the indicated time points post-implantation
of IOMM-Lee-Luc cells are shown.

BLI is an extremely accurate predictor of intracranial tumor
burden and it has recently been shown using intracranial glioblas-
toma xenografts that there is an excellent correlation between
intracranial tumor photon emission and tumor volume (6). BLI
tumor growth curves for the IOMM-Lee xenografts were consis-
tent between mice and BLI could accurately predict survival. Thus,
BLI is ideal for following intracranial meningioma tumor growth
and for monitoring therapeutic response. Meningioma tumor
growth in animals has previously been monitored using contrast
enhanced magnetic resonance imaging (MRI) (27). While MRI
accurately follows tumor growth, it is a less cost—effective tech-
nique and relatively few researchers have access to such a facility.
Immortalized benign meningioma cell lines have recently been
developed in several laboratories (5, 20). These cell lines grow very
slowly in mice and require long in vivo observation periods of
several months. It is anticipated that BLI will be especially useful
in following the tumor growth and monitoring the therapeutic
response of these slower growing but more common meningiomas.

TMZ, a DNA methylating agent, has schedule-dependent anti-
tumor activity against a variety of malignancies, including gliomas
and melanomas (8). Currently, it is routinely used in the clinic to
treat malignant gliomas. The efficacy of TMZ against malignant
meningiomas has not been evaluated. In the current study, we show
that TMZ was an effective therapy against rodent IOMM-Lee
xenografts and resulted in a considerable survival benefit. Methyla-
tion of the promoter of the DNA-repair gene, MGMT, has been
associated with sensitivity to TMZ in glioblastoma patients (10).
The MGMT promoter was methylated in IOMM-Lee cells. Sixteen
percent of all meningiomas have aberrant methylation of the
MGMT promoter (2) and patients bearing these tumors could pos-
sibly respond to TMZ therapy. However, more detailed preclinical
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studies using this chemotherapeutic agent are necessary before
conclusions on the effectiveness of TMZ as a therapeutic agent for
meningiomas are made.

In summary, we have developed a rodent preclinical menin-
gioma model system and show that it can be used to evaluate
therapeutic regimens. This system has several features that mimic
the human meningioma growth pattern and will enable us to dissect
the biology of meningioma tumorigenesis, evaluate tumor-host
interactions unique to meningiomas and test the toxicity and effi-
cacy of novel therapeutic approaches.
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