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1. Introduction
Neurofibromatosis type 2 (NF2) is a neurogenetic disorder characterized by a diverse array

of clinical phenotypes, including vestibular schwannomas (VS), meningiomas, ependymomas, 
spinal and peripheral schwannomas, astrocytomas, and cataracts. Intriguingly, patients with 
NF2 frequently exhibit a significant amount of phenotypic heterogeneity, including differences in 
clinical presentation, tumor number, and tumor growth rates. Presently, the causes of this 
clinical variability are not understood. Studies have shown that genetic modifiers can influence 
the variability of clinical features, disease severity, and the onset and progression of disease; 
however, such factors have not been identified for NF2. While loss of the neurofibromatosis 2 
(NF2) tumor suppressor gene plays an important role in the development of NF2-associated 
tumors, the variability in clinical phenotypes observed in NF2 patients may be explained by 
genetic modifiers that impact penetrance, expressivity, and disease progression. Identification of 
a genetic modifier in NF2 should substantially advance our understanding of the disease 
characteristics and pathobiology of NF2 and may promote the discovery of novel biomarkers 
and therapeutic targets for drug development 

2. Keywords
Neurofibromatosis type 2 (NF2), neurofibromatosis 2 (NF2) gene, genetic modifier, NUP98

gene, vestibular schwannoma, meningioma, NF2-associated, sporadic, mutation, variant, 
polymorphism. 

3. Overall Project Summary
To better understand genomic alterations in NF2-associated tumors, we previously analyzed

405 cancer-related genes and variants in vestibular schwannomas (VS) from two NF2 patients 
with large, fast-growing tumors by next-generation sequencing using the FoundationOne Heme 
genomic test. In addition to the NF2 gene, mutations were also found in the nucleoporin 98 
(NUP98) gene in both patients’ VS. Intriguingly, the amino acid residues affected by the NUP98 
mutations identified are evolutionarily conserved among various species, implying that these 
residues may be important for protein function. The NUP98 gene encodes a 186-kDa precursor 
protein that undergoes autoproteolytic cleavage to generate a 98-kDa nucleoporin and 96-kDa 
nucleoporin (https://ghr.nlm.nih.gov/gene/NUP98). These nucleoporins function as components 
of the nuclear pore complex involved in nucleocytoplasmic transport. The NUP98 gene products 
have also been shown to play important roles in gene expression, mitotic checkpoint, and 
pathogenesis. Alterations in the NUP98 gene have been found in Beckwith-Wiedemann 
syndrome and several types of human cancer including Wilms tumor, rhabdomyosarcoma, 
adrenocortical carcinoma, and lung, ovarian, and breast cancers. In addition, fusions of the 
NUP98 gene to several genes have been observed in acute myelogenous leukemia and T-cell 
acute lymphocytic leukemia. However, whether there is any role of NUP98 in NF pathogenesis 
is not known. The objective of this Exploratory Hypothesis-Driven Award was to further examine 
how frequent the NUP98 gene is mutated in NF2 patients and whether NUP98 mutations are 
associated with disease severity. 

4. Key Research Accomplishments:
(i) What were the major goals of the project?

The major goals of this project are to determine the frequency of NUP98 mutations 
in a large cohort of patients with NF2-associated and sporadic VS and in individuals 
without a history of VS and to correlate the presence of NUP98 mutation with clinical 
parameters, such as tumor size, growth rate, and tumor recurrence. 

(ii) What was accomplished under these goals?
By next-generation sequencing, we initially analyzed two VS from two NF2 patients 
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(one right VS from each patient) and identified NUP98 mutations in both patients’ tumors 
in addition to the expected NF2 gene mutations. Sequence analysis revealed that the 
first NF2 patient’s VS carried a K1178R mutation in exon 24 of the NUP98 gene, and the 
second NF2 patient’s VS harbored a D1156N mutation in NUP98 exon 23 (Figure 1). 

To confirm the presence of these NUP98 mutations, we analyzed blood and tumor 
DNA samples from these two patients by polymerase chain reaction (PCR) and DNA 
sequencing analyses. We found that both the blood and tumor specimens from patient 
#1 carried a heterozygous K1178R mutation in exon 24 (Figure 2). Also, we detected 
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another nucleotide change in exon 23, resulting in an amino acid change at Q1142E in 
this patient #1’s blood and tumor DNA (Figure 3).  

 

 
Similarly, we confirmed that both the blood and tumor DNA from patient’s #2 
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harbored a heterozygous D1156N mutation in exon 23 (Figure 4) but did not have any 
changes for Q1142E in exon 23 or K1178R in exon 24 (data not shown). These results 
indicate that the K1178R and D1156N mutations were present in the germline of these 
two NF2 patients. Further analysis of blood samples from the parents of these two NF2 
patients revealed that the K1178R mutation found in patient #1 and the D1156N 
mutation found in patient #2 were inherited from one of their parents (data not shown). 

To further confirm the germline origin of the NUP98 mutations identified in these two 
NF2 patients, we procured three more tumor specimens from NF2 patient #2 for a total 
of four tumors; i.e., in addition to the right VS, we also obtained the left VS, a 
meningioma at the cerebellopontine angle [CPA] region, and a recurrent left orbital 
meningioma) over the past few years. As before, we analyzed these tumor specimens 
for any genomic alterations in 405 cancer-related genes and variants by FoundationOne 
Heme tests and found that all four tumors from this NF2 patient #2 harbored few genetic 
changes but the mutations identified exactly in the same set of genes, including those in 
NF2 and NUP98, irrespective of whether they are VS or meningiomas (Figure 1). 
Intriguingly, these NF2-associated VS and meningiomas from both patients 1 and 2 did 
not have mutations in the genes frequently found in sporadic cases except the NF2 gene 
(Brastianos  et al., 2013; Clark et al., 2013, 2016; Agnihotri et al., 2016; Suppiah et al., 
2019). The only difference in the mutations found in these four tumors from the same 
patient #2 is the second hit of the NF2 allele. It is interesting to note that these tumors 
were procured over five years after patient enrollment in the AR-42 clinical trial 
(ClinicalTrial.gov identifier: NCT01129193). In addition, the recurrent left orbital 
meningioma was excised 21 years after the remover of the primary tumor. As this 
recurrent orbital meningioma only carried mutations in the same set of genes as those 
found in the other three tumors from this patient, our results indicate that the genomic 
status of NF2 tumors is amazingly stable despite that this patient has been treated with 
several experimental drugs. 

To verify whether the mutations in the NUP98 gene that result in K1178R and 
D1156N changes are true mutations, we searched the COSMIC (Catalogue of Somatic 
Mutations in Cancer) database and noted that NUP98 mutations was detected in 
approximately 1% (452 out of 44832 samples analyzed) of all human cancers analyzed 
(http://cancer.sanger.ac.uk/cosmic/gene/analysis?ln=NUP98). Interestingly, missense 
mutations in NUP98 (~72%) were the most common types of alterations detected in 
human cancers, similar to what we found in NF2-associated VS and meningiomas 
described above. From searching the database of single nucleotide polymorphisms 
(SNPs) in National Center for Biotechnology Information (NCBI), we noted that the single 
nucleotide variant (SNV) or mutation responsible for the K1178R A→G change in exon 
24 (referred to as rs779147191) and the SNV for the D1156N C→T change in exon 23 
(referred to as rs149421589) were rarely found in the general population (0.002% for 
rs779147191 among 121410 samples analyzed 
[http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=779147191] and 0.02% for 
rs149421589 among 121412 samples analyzed 
[http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=149421589]). However, the 
SNV for the Q1142E G→C change (referred to as rs35404087) was detected in ~8% of 
population among 121412 samples analyzed 
(http://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=35404087). These results 
suggest that the alterations responsible for D1156N and K1178R changes likely 
represent true mutations, while the Q1142E change may be considered as a genetic 
variant. Thus, it will be interesting to compare the frequencies of these three NUP98 
changes in NF2-associated tumors and examine the effect of these changes on NUP98 
function and NF2 pathogenesis. Also, are NUP98 mutations only confined to exons 23 
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and 24 in NF2-associated tumors? 
To examine whether there are mutations in other NUP98 exons (other than exons 23 

and 24), we performed PCR analysis on all 33 NUP98 exons using the genomic DNA 
isolated from NF2 patient #1’s VS. The PCR products were subjected to DNA 
sequencing and their sequences were compared with the wild-type NUP98 sequence. 
As the FoundationOne Heme test identified mutations only in exons 23 and 24 of the 
NUP98 gene in the NF2-associated tumor specimens that we procured, we also did not 
find nucleotide changes in the remaining 31 NUP98 exons in the patient #1’s VS (Figure 
5).

 
 
To determine the frequencies of the three SNVs, rs35404087 (Q1142E) and 

rs149421589 (D1156N) in exon 23 and rs779147191 (K1178R) in exon 24 of the NUP98 
gene that we detected in NF2-associated tumors, we have collaborated with Dr. Miriam 
Smith, member of the NF Clinic at the University of Manchester, UK. So far, we have 
analyzed a total of 31 NF2-associated VS, 11 sporadic VS, and 10 blood samples from 
individuals without VS. We detected 12/31 (39%) NF2 tumors carried one or two of these 
three SNVs. If we only consider the SNVs for D1156N and K1178R changes as 
mutations, 3/31 (10%) NF2 patients carried these alterations (Table 1). On the contrary, 
we did not find D1156N and K1178R changes in sporadic VS or individual without VS. 
However, we did find the SNV for Q1142E change in 3/25 (9%) patients but not in the 10 
individual without VS that we analyzed. As detected in the first two NF2 patients (Figure 
1), all of these three variants were heterozygous. Collectively, we conclude that NF2 
patients more frequently carry the rs35404087 (Q1142E) variant and/or the rs149421589 
(D1156N) and rs779147191 (K1178R) mutations. 
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Furthermore, In addition to the SNVs for Q1142E, D1156N, and K1178R changes, 

we detected another nucleotide polymorphism in NUP98 exon 23 (referred to as 
rs3548894; https://www.ncbi.nlm.nih.gov/projects/SNP/snp_ref.cgi?rs=35488940; Figure 
3). This SNV does not change the encoded amino acid (i.e., a silent change) and was 
detected at a similar frequency in NF2 patients, sporadic VS patients, and individuals 
without NF2. This is in contrast to the higher frequencies of the SNVs for the Q1142E, 
D1156N, and K1178R changes detected in NF2 patients (Table1). 
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As mentioned above, the NUP98 gene encodes a 186-kDa NUP98-NUP96 precursor 
protein that undergoes autoproteolytic cleavage to generate a 98-kDa nucleoporin 
(NUP98) and 96-kDa nucleoporin (NUP96) (https://www.ncbi.nlm.nih.gov/gene/4928). 
Sequence alignment analysis revealed that the three SNVs or mutations detected in NF2 
patients are located in the N-terminal region of the NUP96 protein (Figure 7). 

To better understand potential consequences of the Q1142E, D1156N, and K1178R 
changes on protein function, we first used the I-TASSER (Iterative Threading ASSEmbly 
Refinement) protein prediction program to predict the protein structure and function from 
amino acid sequence (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). The NUP96 
protein is predicted to be an α-helical solenoid (Figure 8). Interestingly, the three amino 
acid changes (Q1142, D1156, and K1178 residues) resulted from the mutations in exon 
23 and 24 of the NUP98 gene were found to be clustered in a coiled region of the 
NUP96 protein. In addition, these three amino acid residues appear to locate in a 
natively disordered domain, which is often involved in protein-protein interactions. These 
results suggest that the exons 23 and 24 of the NUP98 gene, which contain the three 
residues more frequently altered in NF2-associated VS and meningiomas, may encode 
an important functional domain. 

Next, from the NCBI database we identified the amino-acid sequences encoded by 
the NUP98 genes from various species. Amino-acid sequence alignment on these 
protein sequences from various species showed that the Q1142, D1156, and K1178 
residues are evolutionarily conserved among different species (Figure 9). These results 
suggest that these three amino acid residues (Q1142, D1156, and K1178) may be 
important for the function of the NUP96 protein. 
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The NUP96 nucleoporin has been shown to play important roles in innate and 
adaptive immunity (Faria et al., 2006). Dr. Beatriz Fontoura and colleagues at the 
University of Texas Southwestern Medical Center, Dallas, TX previously showed that 
mice with homozygous loss of Nup96 (i.e., Nup96-/-) are embryonic lethal. While 
heterozygous Nup96+/- mice are alive, they exhibit impaired antigen presentation and T 
cell proliferation and are highly susceptible to viral infection. To examine whether 
heterozygous loss of Nup96 can enhance schwannoma tumorigenesis in mice with 
conditional Nf2 inactivation in Schwann cells, we attempted to generate a mouse 
carrying a Nup96+/- allele. In collaboration with Dr. Fontoura, we obtained from them 
frozen sperms produced from heterozygous Nup96+/- mice and attempted to use the 
sperms to re-derive a heterozygous Nup96+/- mouse. However, when genotyping the re-
derived mice, we did not identify any mice that carried a heterozygous Nup96+/- allele, 
suggesting that the Nup96 mutant allele was not recoverable. Thus, to generate a 
mouse carrying a Nup96 mutant allele to study the role of the Nup96 protein in NF2 
tumorigenesis, we plan to use the CRISPR/Cas9 genome editing technology to generate 
mice carrying a heterozygous Nup96 mutant allele. Then we will cross these Nup96+/-  
mice with mice lacking Nf2 function in Schwann cells (e.g., P0-Cre; Nf2flox/flox [Giovannini 
et al., 2000] or Postn-Cre; Nf2flox/flox [Gehlhausen et al., 2015]) to study whether haplo-
insufficiency of Nup96 enhances schwannoma formation in the future. 

As shown in Table 1, we detected the Q1142E SNV in the NUP98 gene in 10 of 31 
(32%) NF2 patients, 3 of 25 (12%) of sporadic VS patients, and 0 of 10 (0%) individuals 
without VS, the D1156N SNV in 1 of 31 (3.2%) NF2 patient and none of the 25 VS 
patients and 10 individuals without VS, and the K1178R SNV in 2 of 31 (6.4%) NF2 
patient and none of the 25 VS patients and 10 individuals without VS. These results 
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showed that if considering all three SNVs, patients with NF2 were significantly more 
likely to have these SNVs or mutations (39% or 12/31) than sporadic VS (p = 0.0332) 
and non-VS samples (p = 0.0206) and thus confirmed our hypothesis that the NUP98 
gene is more frequently altered in NF2 patients (Figure 10). However, with the number of 
samples that we have analyzed so far, we were not able to correlate whether these 
NUP98 mutations are associated with disease severity. Therefore, we are continuing to 
procure additional tumor samples from patients with NF2 or with sporadic VS as well as 
blood specimens from individuals without VS for NUP98 mutational analysis in order to 
achieve a better statistical significance of our correlative study. Nonetheless, the results 
of the NUP98 mutations that we have identified in NF2 patients are being written 
together with the findings from our recent Phase 1 and ongoing Phase 0 clinical trials of 
the novel histone deacetylase AR-42 as a potential treatment for VS and meningiomas 
(ClinicalTrials.gov Identifier: NCT01129193 and NCT02282917) into a manuscript. In 
addition, we have used the VS specimens procured from this study to prepare primary 
VS cell cultures and establish tumor models for therapeutic evaluation, which resulted in 
five peer-reviewed publications (see Appendices). 

(iii) Opportunities for training and professional development:
This project was not intended to provide training and professional development 

opportunities; therefore, we have "Nothing to Report.” 

(iv) How were the results disseminated to communities of interest?
As indicated above, part of the research findings has been published and the

remaining will be written into manuscripts for publication in the near future. Also, we
have presented the findings from this study to the annual Neurofibromatosis
Conferences (see Appendices). Based on our findings, a clinical trial to evaluate AR-42
in NF2 patients with vestibular schwannomas and meningiomas (ClinicalTrials.gov
Identifier: NCT02282917) is ongoing.

5. IMPACT
(i) Impact on the development of the principal discipline(s) of the project:

We have found that the NUP98 gene is more frequently mutated in patients with
NF2. Identification of NUP98 as a genetic modifier for NF2 will substantially enhance our
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understanding of the disease characteristics and pathobiology as well as future drug 
discovery. Further analysis of the potential clinical implications of NUP98 mutations may 
allow us to better understand the phenotypic heterogeneity among NF2 patients. 

(ii) Impact on other disciplines:
Nothing to report 

(iii) Impact on technology transfer:
Nothing to report 

(iv) Impact on society beyond science and technology:
Nothing to report 

6. Conclusion
By next-generation sequencing, we analyzed five tumors obtained from two NF2

patients, including four of them (two VS and two meningiomas) from one patient.
Interestingly, we found that these NF2-associated tumors had low mutational burden and did
not have mutations in the genes frequently found in sporadic VS and meningiomas except
the NF2 gene. Intriguingly, we found that the two VS and two meningiomas harvested over
several years from the same NF2 patient harbored mutations in the same set of genes.
Based on the length of time that these NF2-associated tumors were collected, our results
indicate that the genomes of VS and meningiomas from NF2 patients are very stable
despite after several experimental treatments. It should be pointed out that we are the first to
conduct such a longitudinal analysis of NF2 patient’s tumors.

Importantly, we found that in addition to NF2, the NUP98 gene, which encode the
nucleoporin proteins involved in nucleocytoplasmic transport, gene expression, mitotic
checkpoint, and pathogenesis, is more frequently mutated in patients with NF2 than
sporadic VS patients or individuals without VS. The three SNVs or mutations on the NUP98
gene that we identified are located in exons 23 and 24, and these alterations result in the
changes of three evolutionary-conserved, charged amino acids (Q1142E, D1156N, and
K1178R). Due to limited numbers of samples analyzed, we were not able to correlate these
NUP98 mutations with disease severity; however, we are continuing to procure and analyze
additional specimens from patients with NF2 or sporadic VS as well as individuals without
VS for such an analysis.

During the award period, we have presented our findings to the annual
Neurofibromatosis Conferences. A manuscript describing the genomic status of NF2-
associated VS and meningiomas and the findings on NUP98 mutation is being prepared. In
addition, using the VS specimens procured from this study, we prepared primary VS cell
cultures for therapeutic evaluation, which resulted in five peer-reviewed publications.

7. Publications, Abstracts, and Presentations
(a) Journal publications

The works described in the following five publications were supported, in part, by this 
grant. We have acknowledged this grant support in all of these publications (please see 
Appendices). 

(i) Burns SS, Chang L-S. Generation of noninvasive, quantifiable, orthotopic animal
models for NF2-associated schwannoma and meningioma. Methods Mol Biol.
2016;1427:59-72. PMID: 27259921 (https://www.ncbi.nlm.nih.gov/pubmed/27259921)

The development of preclinical animal models that accurately capture the clinical 
characteristics of NF2-associated schwannomas and meningiomas will facilitate the 
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evaluation of novel therapeutic agents for the treatment of these tumors, ultimately 
leading to more productive clinical trials. In this methodology paper, we describe the 
generation of luciferase-expressing NF2-deficient schwannoma and meningioma cells 
and the use of these cells to establish orthotopic, quantifiable tumor models in 
immunodeficient mice. The growth of these tumors and their response to treatment can 
be measured effectively by bioluminescence imaging (BLI) and confirmed by small-
animal magnetic resonance imaging (MRI). These and other animal models, such as 
genetically-engineered models, should substantially advance the investigation of 
promising therapies for schwannomas and meningiomas. 

(ii) Petrilli AM, Garcia J, Bott M, Klingeman Plati S, Dinh CT, Bracho OP, Yan D, Zou B,
Mittal R, Telischi FF, Liu X-Z, Chang L-S, Welling DB, Copik AJ, Fernández-Valle C.
Ponatinib Promotes a G1 Cell Cycle Arrest of Merlin/NF2-Deficient Human Schwann
Cells. Oncotarget 2017;8:31666-31681. PMID: 28427224. PMCID: PMC5458238
(https://www.ncbi.nlm.nih.gov/pubmed/28427224)

This collaborative publication reported the effect of ponatinib, an FDA-approved 
ABL/SRC inhibitor, on proliferation and survival of merlin-deficient human Schwann and 
schwannoma cells. We have established collaboration with Dr. Cristina Fernandez-Valle 
at the University of Central Florida to use paired human vestibular schwannoma and 
normal vestibular nerve specimens that we procured to confirm elevated levels of 
phosphorylated PDGFRα/β and SRC in merlin-deficient tumor cells. The study further 
showed that ponatinib reduced the viability of merlin-deficient Schwann cells by 
decreasing phospho-PDGFRα/β and ERK1/2 and their downstream signals. These 
changes were associated with decreased cyclin D1 and increased p27KIP1 levels, leading 
to a G1 cell-cycle arrest. These results suggest that ponatinib is a potential therapeutic 
agent for NF2-associated schwannomas. 

(iii) Fuse MA, Plati SK, Burns SS, Dinh CT, Bracho O, Yan D, Mittal R, Shen R,
Soulakova JN, Copik AJ, Liu XZ, Telischi FF, Chang L-S, Franco MC, Fernandez-Valle
C. Combination therapy with c-Met and Src Inhibition Induces caspase-dependent
apoptosis of merlin-deficient Schwann Cells and suppresses growth of schwannoma
cells. Mol Cancer Ther. 2017;16:2387-2398. PMID: 28775147
(https://www.ncbi.nlm.nih.gov/pubmed/28775147)

This study investigated drugs that target c-Met and Src kinases frequently activated 
in NF2-associated schwannomas. The study demonstrated that merlin/Nf2-deficient 
mouse Schwann cells (MD-MSC) treated with the c-Met inhibitor, cabozantinib, or the 
Src kinase inhibitors, dasatinib and saracatinib, underwent a G1 cell-cycle arrest. 
Interestingly, MD-MSCs treated with a combination of cabozantinib and saracatinib, 
exhibited caspase-dependent apoptosis. In collaboration with Dr. Cristina Fernandez-
Valle at the University of Central Florida, we showed that this combination therapy 
significantly reduced MD-MSC allograft growth through inhibition of phospho-FAK, 
phospho-ERK, and cyclin D1. The results indicate that simultaneous inhibition of c-Met 
and Src signaling in MD-MSCs triggers apoptosis and reveals vulnerable pathways that 
could be exploited to develop NF2 therapies. 

(iv) Oblinger JL, Burns SS, Huang J, Pan L, Ren Y, Shen R, Kinghorn AD, Welling DB,
Chang L-S. Overexpression of eIF4F components in meningiomas and suppression of
meningioma cell growth by inhibiting translation initiation. Exp. Neurol. 2018;299(Pt
B):299-307. PMID: 28610844. PMCID: PMC5723558
(https://www.ncbi.nlm.nih.gov/pubmed/28610844)

In this paper, we showed that similar to Schwann cell tumors (Oblinger JL et al., 



16 

Neuro Oncol. 2016;18:1265-1277), meningiomas expressed high levels of the three 
components of the eukaryotic initiation factor 4F (eIF4F) translation initiation complex, 
eIF4A, eIF4E, and eIF4G. Depletion of eIF4A and eIF4E by shRNAs strongly reduced 
the growth of NF2-deficient meningioma Ben-Men-1 cells. Interestingly, from screening a 
library of 23 natural compounds, the eIF4A inhibitor silvestrol was identified as having 
the most potent growth-inhibitory activity in primary meningioma and Ben-Men-1 cells. 
Silvestrol treatment of meningioma cells prominently induced G2/M arrest. Consistently, 
silvestrol significantly decreased the amounts of cyclins D1, E1, A, and B, PCNA and 
Aurora A. In addition, the total and phosphorylated protein levels of mitogenic kinases 
AKT, ERK and FAK, which are key drivers for meningioma cell proliferation, were 
markedly reduced in silvestrol-treated Ben-Men-1 cells. Our findings suggest that 
inhibiting protein translation could be a potential treatment for both meningiomas and 
schwannomas particularly those associated with NF2. 

(v) Fuse MA, Dinh CT, Vitte J, Kirkpatrick J, Mindos T, Plati SK, Young JI, Huang J,
Carlstedt A, Franco MC, Brnjos K, Nagamoto J, Petrilli A, Copik AJ, Soulakova JN,
Bracho O, Yan D, Mittal R, Shen R, Telischi FF, Morrison H, Giovannini M, Liu XZ,
Chang LS, Fernandez-Valle C. 2019. Preclinical Assessment of MEK1/2 Inhibitors for
Neurofibromatosis Type 2-Associated Schwannomas Reveals Differences in Efficacy
and Drug Resistance Development. Neuro-Oncol. 21:486-497. PMID: 30615146
(https://www.ncbi.nlm.nih.gov/pubmed/30615146)

To identify an effective treatment for NF2-associated schwannomas, we collaborated 
with Dr. Cristina Fenandez-Valle at the University of Central Florida to investigate 
repurposing drugs targeting MEK1/2 kinases as merlin, the NF2 gene product, has been 
shown to modulate activity of the Ras/Raf/MEK/ERK pathway. Among six MEK inhibitors 
examined, trametinib, PD0325901, and cobimetinib were most effective in reducing the 
viability of merlin-deficient mouse and human Schwann cells. Also, the three inhibitors 
slowed the growth of schwannoma allografts. However, when we analyzed drug-treated 
tumors, we found decreased pERK1/2 levels only in the tumors treated with PD0325901 
and cobimetinib but not trametinib. Similarly, tumor burden and average tumor size were 
reduced in trametinib-treated NF2 transgenic mice, and we also did not find reduced 
pERK1/2 in treated mouse tumors. Furthermore, trametinib and PD0325901 modestly 
reduced viability of several primary human VS cell cultures with NF2 mutations. DNA 
methylation analysis of PD0325901-resistant versus -susceptible VS identified genes 
that could contribute to drug resistance. The results show that MEK inhibitors exhibited 
differences in anti-tumor efficacy resistance in schwannoma models with possible 
emergence of trametinib resistance. 

(b) Abstracts presented at national/international conferences
The following 11 abstracts were presented at the annual Neurofibromatosis (NF) 

Conferences during the award period. We have acknowledged this grant support in 
these abstracts (please see Appendices). 

(i) Burns SS, EM Akhmametyeva, J Blakeley, DB Welling, L-S Chang. 2016. Similarities
and Differences in Tumor Characteristics and Treatment Response in NF2-Associated
Vestibular Schwannomas and Meningiomas. The 2016 NF Conference, Austin, TX.
(Platform Presentation)

(ii) Oblinger J, S Burns, M Curley, L-S Chang. 2016. ErbB3 and IGF-1R blockade as a
potential treatment for vestibular schwannomas and meningiomas. The 2016 NF
Conference, Austin, TX. (Poster Presentation)
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(iii) Oblinger J, S Burns, AD Kinghorn, L-S Chang. 2017. Natural Silvestrol-Related
Rocaglates as Potential Treatments for Vestibular Schwannomas and Meningiomas.
The 2017 NF Conference, Washington, DC. (Poster Presentation)

(iv) Burns S, J Oblinger, E Akhmametyeva, DB Welling, L-S Chang. 2017. A strategy to
identify an effective therapy for NF2-associated vestibular schwannomas. The 2017 NF
Conference, Washington, DC. (Platform Presentation of Selected Poster)

(v) Chang L-S, J Huang, E Akhmametyeva, S Burns. 2017. Merlin plays an important
role in centrosome disjunction. The 2017 NF Conference, Washington, DC. (Platform
Presentation of Selected Poster)

(vi) Fernandez-Valle C, M Fuse, C Dinh, J Vitte, J Kirkpatrick, T Mindos, S Campion, K
Brnjos, MC Franco, J Huang, J Young, A Petrilli, D Yan, R Mittal, R Shen, F Telischi, L-S
Chang, H Morrison, M Giovannini, X-Z Liu. 2018. Preclinical Assessment of MEK1/2
Inhibitors for Neurofibromatosis Type 2-Associated Schwannomas Reveals Differences
in Efficacy and Drug Resistance Development. The 2018 Joint Global NF Conference,
Paris, France. (Platform Presentation)

(vii) Chang L-S, SS Burns, JL Oblinger, M Ferrer, J Huang, M Poi, V Ramesh, On behalf
of the Synodos for NF2 Consortium. 2018. Novel drug discovery for NF2-deficient
meningiomas: Brigatinib causes tumor shrinkage in NF2-deficient meningiomas. The
2018 Joint Global NF Conference, Paris, France. (Platform Presentation)

(viii) Chang L-S, JL Oblinger, SS Burns, J Huang, L Anderson, R Shen, L Pan, Y Ren,
BR O'Keefe, AD Kinghorn, JM Collins. 2018. Identification of silvestrol-related rocaglates
with better bioavailability and high potency against malignant peripheral nerve sheath
tumors. The 2018 Joint Global NF Conference, Paris, France. (Poster Presentation)

(ix) Welling DB, SS Burns, JL Oblinger, B Miles-Markley, A Quinkert, J Blakeley, BA
Neff, RK Jackler, L-S Chang. 2018. Phase 1 and Phase 0 studies of AR-42, a pan
histone deacetylase inhibitor, in subjects with neurofibromatosis type 2 (NF2)-associated
vestibular schwannomas and meningiomas. The 2018 Joint Global NF Conference,
Paris, France. (Poster Presentation)

(x) Oblinger J, L-S Chang. 2019. Brigatinib as a potential therapy for malignant
peripheral nerve sheath tumors. The 2019 NF Conference, San Francisco, CA. (Poster
presentation)

(xi) Chang L-S, JL Oblinger, SS Burns, J Huang, L Anderson, R Shen, L Pan, Y Ren, R
Roberts, BR O'Keefe, AD Kinghorn, JM Collins. Targeting protein translation with
rocaglamide and didesmethylrocaglamide to treat NF1 and NF2 tumors. The 2019 NF
Conference, San Francisco, CA. (Platform presentation)

8. Inventions, Patents, and Licenses
(i) Individuals who have worked on the project

Long-Sheng Chang, Ph.D., Professor, Principal Investigator - 0.6 Calendar
Months
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Janet Oblinger, Ph.D., Research Associate - 7.3 Calendar Months

(ii) Has there been a change in the active other support of the PD/PI(s) or senior/key
personnel since the last reporting period?

Nothing to report. 

(iii) What other organizations were involved as partners
Collaborator: Dr. Miriam J. Smith, Ph.D., Lecturer in Cancer Genomics, Centre for 

Genomic Medicine, Institute of Human Development, University of Manchester. 

We have collaborated with Dr. Miriam Smith at The University of Manchester, where 
the UK NF2 registry is based, to analyze additional VS specimens for NUP98 mutations. 
Similar to our findings, Dr. Smith also identified several SNVs in exons 23 and 24 of the 
NUP98 gene in VS, particularly those associated with NF2. 

9. Reportable Outcome
With this support, we have published five peer-reviewed publication and 11 abstracts at 

the annual Neurofibromatosis Conferences. 

10. Other Achievements
Nothing to report 
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    Chapter 4   

 Generation of Noninvasive, Quantifi able, Orthotopic Animal 
Models for NF2-Associated Schwannoma and Meningioma                     

     Sarah     S.     Burns     and     Long-Sheng     Chang      

  Abstract 

   Schwannomas and meningiomas are nervous system tumors that can occur sporadically or in patients with 
neurofi bromatosis type 2 (NF2). Mutations of the  Neurofi bromatosis 2  ( NF2 ) gene are frequently observed 
in these tumors. Schwannomas and meningiomas cause signifi cant morbidities, and an FDA-approved 
medical therapy is currently not available. The development of preclinical animal models that accurately 
capture the clinical characteristics of these tumors will facilitate the evaluation of novel therapeutic agents 
for the treatment of these tumors, ultimately leading to more productive clinical trials. Here, we describe 
the generation of luciferase-expressing  NF2 -defi cient schwannoma and meningioma cells and the use of 
these cells to establish orthotopic tumor models in immunodefi cient mice. The growth of these tumors 
and their response to treatment can be measured effectively by bioluminescence imaging (BLI) and con-
fi rmed by small-animal magnetic resonance imaging (MRI). These and other animal models, such as 
genetically-engineered models, should substantially advance the investigation of promising therapies for 
schwannomas and meningiomas.  

  Key words     Vestibular schwannoma  ,   Meningioma  ,   Neurofi bromatosis type 2 (NF2)  ,    Neurofi bromatosis 
2  ( NF2 ) gene  ,   Xenograft  ,   Allograft  ,   Severe combined immunodefi ciency (SCID) mice  ,   Intranerve  , 
  Stereotactic  ,   Bioluminescence imaging (BLI)  ,   Magnetic resonance imaging (MRI)  

1      Introduction 

 Vestibular schwannomas (VS) are tumors originating  from   Schwann 
cells covering the vestibular branch of the 8th cranial nerve. These 
tumors are often slow-growing and can occur sporadically or in 
association with neurofi bromatosis type II (NF2; OMIM 
#101000), a highly penetrant,  autosomal-dominant   genetic disor-
der [ 1 ]. Nearly all NF2 patients develop  bilateral   VS, and up to 
60 % of these patients develop meningiomas. Other disease fea-
tures include  ependymomas  , spinal schwannomas,  astrocytomas  , 
and presenile lens opacities. Patients with VS usually present with 
tinnitus, hearing loss, and imbalance. These tumors can lead to 
 deafness  ,  facial nerve paralysis  ,  brainstem compression  , hydroceph-
alus, and death, if left untreated. 
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 Meningiomas are derived from cells of the meninges lining the 
brain. About 80 % of meningiomas are  benign   (WHO grade I), 
whereas the remaining are  atypical   (grade II) and  anaplastic   (grade 
III) [ 2 ]. These tumors cause signifi cant morbidity, including  cra-
nial nerve palsy  , seizures, and  brainstem compression  , which may 
lead to paralysis, aspiration pneumonia, and death. Approximately 
20 % of  benign   meningiomas recur over ten years, while grade II 
and grade III tumors possess greater rates of recurrence. 
Meningiomas in NF2 patients are associated with disease severity 
and increased risk of mortality [ 3 ,  4 ]. 

 Currently, an FDA (U.S. Food and Drug Administration)-
approved drug is not available for the treatment of VS and menin-
giomas. Treatment options for these tumors are presently limited 
to observation, surgical removal, and stereotactic radiation [ 1 ]. 
However, surgery may not be possible if the tumor is inaccessible 
or when there are too many tumors. Radiation treatment may 
cause malignant transformation and/or growth acceleration of 
 benign   tumor cells. In addition, preservation of hearing and bal-
ance along with the facial nerve and lower  cranial nerves   for swal-
lowing and airway protection are often not achieved with current 
methods. Together, these factors underscore the importance of 
developing effective medical therapies that stop tumor growth. 

 Evaluation of potential novel therapeutic agents requires ani-
mal models that accurately refl ect disease characteristics. Most, if 
not all, of NF2-associated VS and the more common sporadic uni-
lateral schwannomas harbor mutations in the  Neurofi bromatosis 2  
( NF2 ) tumor suppressor gene [ 5 ,  6 ]. Additionally,  NF2  mutations 
are found in most NF2-associated meningiomas and about 50–60 % 
of sporadic meningiomas [ 4 ,  7 ,  8 ]. To address the tumor suppres-
sor role of merlin, mice that lack  Nf2  function in Schwann or men-
ingeal cells have been generated and develop schwannomas and 
meningiomas, respectively [ 9 – 11 ]. These  genetically engineered 
mouse (GEM)   models have been used in therapeutic evaluation; 
however, tumor latency, penetrance, and detection in these    GEM 
models are important considerations. Also, xenograft models in 
severe combined immunodefi ciency (SCID) mice implanted with 
VS specimens have been established, but the tumors do not exhibit 
consistent growth [ 12 ,  13 ]. Thus, additional models that closely 
mimic the clinical presentation of  NF2 -defi cient  benign   schwan-
nomas and meningiomas and that facilitate effi cient quantitation of 
tumor growth will further enhance therapeutic testing. 

 Accurate measurement of tumor size and longitudinal moni-
toring of tumor growth are critical in evaluating drug responses. 
Magnetic resonance imaging (MRI) has been the gold standard 
for evaluating NF2-associated tumors in situ [ 14 ]. Likewise, 
 small-animal MRI has been used to noninvasively monitor tumor 
growth in mouse models. To facilitate longitudinal monitoring of 

Sarah S. Burns and Long-Sheng Chang
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drug response,  bioluminescence imaging (BLI)   has signifi cantly 
advanced the ability to quantitate tumor growth in animal models 
and is particularly valuable for intracranial tumors whose growth 
cannot be monitored externally [ 15 ]. Here, we describe the use of 
luciferase-expressing schwannoma and meningioma cells to gener-
ate orthotopic animal models. Tumor growth in these models can 
be quantifi ed over time by    BLI and confi rmed by MRI.  

2    Materials 

 1.   Dulbecco’s modifi ed Eagle (DME)    and DME/F-12 (v/v)
media (Life Technologies, Grand Island, NY) are supple-
mented with 10 %  fetal bovine serum (FBS).

 2.   100× Penicillin/Streptomycin stock solution: Mix 5000 units/
ml penicillin G sodium and 5000 μg/ml streptomycin sulfate
in 0.85 % saline ( see   Note 1 ).

 3.    Phosphate-buffered saline (PBS)   without Ca 2+ /Mg 2+ : 137 mM
NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 1.8 mM KH 2 PO 4 ,
pH 7.4.

 4.   Tris-buffered saline (TBS): 50 mM Tris–HCl, pH 7. 4   and
150 mM NaCl.

 5.   Trypsin solution: 0.25 % trypsin-0.53 mM EDTA  in   Hanks’
Balanced Salt Solution (HBSS).

 6.   Reconstitute recombinant human neuregulin-β1/heregulin-β1
epidermal growth factor domain (rhuHRG-β1) in PBS, ali-
quot in small volumes, and store at −80 °C.

 7.    Forskolin   stock solution: Prepare 5  mM   forskolin in  dimethyl
sulfoxide (DMSO)  , sterilize using a 0.2-μm fi lter, aliquot, and
store at −20 °C. HRG-β1  and   forskolin are freshly added to
culture medium ( see  Subheading  3.1 ,  step 1 ).

 8.   100× Poly- L -lysine or Poly- D -lysine (molecular weight
75–150 kDa) stock solution: Prepare 5 mg/ml in TBS and
store at 4 °C.

 9.   250× Laminin stock: Purchased as 1 mg/ml solution from,
e.g., Sigma and stored at −80 °C.

   10.    Nf2   P0    (P0Cre;Nf2fl ox/fl ox) schwannoma   cells.
   11.    Nf2   P0   schwannoma cell culture medium: DME/F- 12   medium

supplemented with 10 % FBS, 10 ng/ml HRG-β1,    and 2 μM
forskolin.

   12.    NF2 -defi cient benign human  meningioma   cell line
Ben-Men-1.

   13.    Ben-Men-1   culture medium: Supplement DME medium with
10 % FBS.

2.1  Cell Culture

Animal Models for Schwannoma and Meningioma
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         1.    Lenti-CMV- Luc   lentiviruses containing a  cytomegalovirus 
(CMV)   promoter-driven luciferase-expression unit and a 
puromycin- resistance gene (Qiagen, Germantown, MD).   

   2.    10,000× Polybrene (hexadimethrine bromide; Sigma-Aldrich) 
solution: Prepare polybrene by dissolving 80 mg in 1 ml of 
H 2 O, sterilize by fi ltration, and store at 4 °C ( see   Note 5 ).   

   3.    Puromycin dihydrochloride stock solution: Prepare a 5 mg/
ml solution in DME medium, sterilize by fi ltration, aliquot, 
and store at −20 °C ( see  Subheading  3.2 ,  step 5 ).   

   4.    Cloning cylinders (Bellco Glass, Vineland, NJ) are used to iso-
late individual puromycin-resistant colonies.   

   5.    The Protein Assay Dye Reagent Concentrate (Bio-Rad, 
Hercules, CA) is diluted fi ve-fold prior to protein concentra-
tion measurements ( see  Subheading  3.2 ,  step 7 ).   

   6.    The  Luciferase Reporter Assay System   (Promega, Madison, 
WI) is used according to the manufacturer’s instruction.   

   7.    A SpectraMax microplate reader (Molecular Devices, 
Sunnyvale, CA) is used to detect luciferase activity in cultured 
cells ( see  Subheading  3.2 ,  step 8 ).      

       1.    SCID C.B17 mice are purchased from a certifi ed vendor, such 
as The Jackson Laboratory, Charles River Laboratories, and 
Taconic Biosciences ( see  Subheadings  3.3  and  3.4 ,  step 3 ).   

   2.    PROTEXIS sterile powder-free surgical gloves, Curity™ gauze 
sponges, Webcol™ alcohol prep, and Duo-Swab ®  Povidone-
Iodine Cleansing Scrub and Prep Swabsticks.   

   3.    Isofl urane (Forane)    and an Inhalation Anesthesia System and 
Vapor Guard activated charcoal adsorption fi lters (VET Equip ®  
Instrument, Livermore, CA).   

   4.    Fine surgical instruments, including iris scissors, forceps, scal-
pels, blades, and a high-speed micro drill with carbon steel 
burrs (0.5 mm diameter) (Fine Science Tools, Foster City, CA).   

   5.    A Mini ARCO hair clipper (Wahl Clipper Corp, Sterling, IL).   
   6.    A model 940 small-animal stereotaxic instrument with a 

BENCHMark™ 3-axes digital counter display (Leica 
Biosystems, Inc., Buffalo Grove, IL) equipped with an inhala-
tion anesthesia system (VET Equip ®  Instrument) and a 
KDS310 Nano single syringe infusion/withdraw pump (KD 
Scientifi c, Holliston, MA).   

   7.    Hamilton Neuros™ 10 μl syringes with removable 33-gauge 
or 26-gauge needles are used for intranerve or intracranial 
injection, respectively.   

   8.    An OPMI Pro Magis surgical microscope (Carl Zeiss 
Microscopy, LLC, Thornwood, NY).   

2.2  Lentiviral 
Transduction 
and Isolation 
of Luciferase- 
Expressing Clones

2.3  Mice and Tumor 
Cell Injection
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 9.   Vetbond™ tissue adhesive (3M, St. Paul, MN).
   10.   Small-animal thermo-controlled recovery pads, to enhance

post- surgical recovery.

 1.     D -luciferin  potassium   stock:   D -luciferin potassium   salt (Gold
Biotechnology, St. Louis, MO)  is   dissolved as a 15 mg/ml
stock in PBS. The stock solution should be sterilized by fi ltra-
tion. Alternatively, a ready-to-inject solution  of     D - luciferin
(Xenolight RediJect; Perkin Elmer, Waltham, MA) is also
available ( see  Subheading  3.5 ,  step 1 ).

 2.   Insulin syringes with 28-gauge needles are used for luciferin
injection into mice.

 3.   An IVIS Spectrum Preclinical In Vivo Imaging System and
Living Image ®  software (Perkin Elmer) ( see  Subheading  3.5 ,
 step 4 ).

 4.    Isofl urane (Forane)   is used to anesthetize mice throughout
the imaging process.

3    Methods 

 Orthotopic animal models of tumors are essential tools in evaluat-
ing the safety and effi cacy of potential therapeutics. These models 
can complement cell culture models by providing the native envi-
ronment for tumor growth on the organismal level. In addition, 
they facilitate assessment of drug distribution and the ability of a 
drug to reach the tumor tissue and to inhibit target molecules. 
Effective animal models accurately recapitulate the specifi c features 
of the human tumors. As  benign   schwannomas and meningiomas 
tend to be slow-growing, an ideal animal model for these tumors 
would incorporate this growth characteristic. We discuss approaches 
for generating orthotopic, quantifi able schwannoma allograft and 
meningioma xenograft models, which can be used to evaluate 
potential therapeutic agents . 

 1.   Dissect and use schwannomas developed in  P0Cre;Nf2   fl ox/fl ox

( Nf2   P0  ) mice with conditional  Nf2  inactivation  in   Schwann
cells [ 9 ] to prepare schwannoma cell cultures as described pre-
viously [ 16 ].

 2.   Grow  Nf2   P0   schwannoma cells in DME/F- 12   ( see
Subheading  2.1 ,  step 5 ) and plate on dishes coated with poly-
lysine and laminin.

 3.   Confi rm Nf2/Merlin status of these schwannomas by PCR
genotyping and Western blotting [ 16 ,  17 ] ( see   Note 2 ).

 4.   Grow  NF2 -defi cient  benign   human meningioma cell line Ben-
Men- 1 in DME medium supplemented with 10 %  FBS   on
non-coated dishes [ 18 ,  19 ] ( see   Note 3 ).

2.4  Bioluminescence 
Imaging

3.1  Schwannoma 
and Meningioma Cell 
Cultures

Animal Models for Schwannoma and Meningioma
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 1.    Trypsinize and plate  Sch10545   schwannoma (derived from an
Nf2P0 mouse) and Ben-Men-1 meningioma cells in fresh
growth medium so that they will be about 25–50 % confl uent
by the next day. An extra dish of cells is plated at the same dilu-
tion to determine the number of cells in the dish.

 2.   The next day, trypsinize and count cells in the extra dish to
determine the amount  of   lentivirus needed for infection ( see
 Note 4 ). We usually infect Sch10545 or  Ben-Men-1   cells with
Lenti- CMV  - Luc   lentiviruses at a multiplicity of infection
(MOI) of 1 to 10 ( see   Note 5 ). The MOI is defi ned as the
number of infectious viral particles per cell ( see   Note 6 ).

 3.   For lentiviral transduction, remove medium from the dish.
Based on the number of cells determined, mix an appropriate
amount  of   lentiviruses with growth media supplemented with
8 μg/ml of polybrene and add to the cells. Incubate dish at
37 °C from 4 h to overnight ( see   Note 7 ).

 4.   Change media the next day following transduction and incu-
bate the transduced dish at 37 °C for another day.

 5.   Two days after transduction, add puromycin to the cells to a
fi nal concentration of 2 μg/ml and replenish the growth
medium containing puromycin every 3 days until puromycin-
resistant colonies are visible ( see   Note 8 )

 6.   Isolate individual puromycin-resistant colonies using cloning
cylinders and expand in separate dishes containing growth
medium and puromycin ( see   Note 9 ).

 7.   Trypsinize cells when dishes containing individual puromycin- 
resistant clones approach confl uence. Expand half of the cells
from each clone into a new dish to continue propagating as a
stock. Wash the other half of the cells with PBS 2× and lyse in
the Luciferase Reporter Lysis Buffer (Subheading  2.2 ,  step
6 ). To determine the protein concentration, mix 2 μl of each
clear lysate with 1 ml of diluted Bio-Rad Protein Assay Dye
Reagent ( see  Subheading  2.2 ,  step 5 ) and measure the absor-
bance at a wavelength of 595 nm. Generate a standard curve
for protein concentration by measuring the absorbance of a
series of standards with known amounts of protein at 595 nm
and use these data to extrapolate each sample’s protein
concentration.

 8.    Measure   luciferase activity by using equal amounts of proteins
from each lysate (10 μg) using a  Promega    Luciferase Assay Kit
and a microplate reader, according to the manufacturer’s
instructions. Inject clones expressing  robust   luciferase activity
(e.g., Sch10545-Luc and Ben-Men-1-LucB) into mice to  gen-
erate    luciferase-expressing schwannoma allograft and meningi-
oma xenograft tumors as described in the following sections.

3.2  Generation 
of Luciferase- 
Expressing Sch10545-
Luc Schwannoma 
and Ben-Men-1- LucB 
Meningioma Cells
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             1.    Acquire approval from the institutional animal care and use 
committee (IACUC) prior to initiating any studies involving 
animals.   

   2.    Trypsinize and count actively-growing, luciferase-expressing 
Sch10545-Luc schwannoma cells. Wash in PBS 2× and spin 
down at 2000 ×  g  for 30 s in an Eppendorf microfuge. 
Resuspend cell pellet in an appropriate volume of PBS and 
place on ice until injection. To establish  schwannoma    allografts  , 
inject ~10 5  Sch10545-Luc cells in 3 μl of PBS per mouse.   

   3.    To perform intranerve injections, anesthetize an 8-to-
10-month-old SCID mouse ( see   Note 10 ) using 5 %  isofl u-
rane   in oxygen in an induction chamber until it is under deep 
anesthesia and does not respond to toe pinches. The induction 
chamber is connected to an Inhalation Anesthesia System to 
 regulate   isofl urane fl ow rate and to a Vapor Guard activated 
charcoal adsorption fi lter to capture the waste gas.   

   4.    Once anesthetized, place the mouse on its stomach with its 
hind legs outstretched on a clean surgical platform. To main-
tain anesthesia during surgery, place a nose cone connected to 
an Inhalation Anesthesia System on the nose to continue 
 administering   isofl urane gas. Use a mini-hair clipper to remove 
hair from the right (or left) thigh and hind leg area, since only 
one sciatic nerve is injected with cells ( see   Note 11 ).   

   5.    Disinfect the surgical site with a Povidone-Iodine Cleansing 
Scrub Swabstick and then with a Povidone-Iodine Antiseptic 
Prep Swabstick. Make a small incision (~1 cm) in the skin of 
the fl ank just below and parallel to the femur. Use scissors to 
separate the skin from the muscle of the leg. To expose the 
sciatic nerve, blunt dissect through the biceps femoris muscle 
using a pair of sharp scissors. The sciatic nerve should appear as 
a white fascicle of nerve fi bers extending parallel to the femur.   

   6.    To access the sciatic nerve for intranerve injection, insert a pair 
of fi ne forceps underneath the nerve to gently elevate and sta-
bilize the nerve above the muscle. Load 3 μl of the Sch10545-
Luc cell suspension in a Hamilton Neuros™ 10 μl syringe with 
a 33-gauge needle. To inject the cells, the needle of the 
Neuros™ syringe should be carefully inserted into the nerve 
by positioning the needle along the nerve. Gradually inject the 
contents of the syringe into the nerve, while holding the nee-
dle steady.   

   7.    Once the syringe is empty, remove the needle slowly and place 
the nerve back into its original position beneath the muscle. 
Close and seal the incision using Vetbond™ tissue adhesive. 
Give the mouse a dose  of   buprenorphine (0.05 mg/kg) sub-
cutaneously as an analgesic, remove  the   isofl urane nose cone, 
and place the animal on a thermo-controlled recovery pad 
until fully recovered and ambulatory .      

3.3  Intranerve 
Injection 
of Luciferase- 
Expressing Mouse 
Nf2 −/−  Schwannoma 
Cells into the Nerves 
of SCID Mice
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 1.   As in Subheading  3.3 , all animal experiments should be
approved by the IACUC before initiating any studies.

 2.   Harvest actively-growing,    luciferase-expressing  Ben-Men-1  -
LucB for injection as described in Subheading  3.3 ,  step 2 . We
fi nd that injection of approximately 10 6  cells suspended in 5 μl
of PBS per mouse results in reproducible establishment of
intracranial tumors.

 3.   As in Subheading  3.3 ,  step 3 , anesthetize 8–12-month-old
SCID mice using 5 %    isofl urane in oxygen until they are under
deep anesthesia and do not respond to toe pinches.

 4.   Stabilize the anesthetized mouse on a secure platform and
position in a small-animal stereotaxic device using a nose cone
connected to an Inhalation Anesthesia System. Insert the ear
pins carefully into the ear canals. When positioned properly,
the head of the mouse is immobilized to minimize movement
of the head during stereotactic injection.

 5.   Remove the hair on the top of the head using a pair of iris scissors
and cleanse the surface area of the head from the nose to the
back of the skull with Duo-Swab ®  Povidone-Iodine Cleansing
Scrub and Antiseptic Prep Swabsticks. Using a scapel with a No.
10 surgical blade, make a longitudinal midline incision from the
forehead to the back of the skull. Use a sterile cotton-tipped
applicator to stabilize the skin to facilitate the incision. Gently
push scalp skin to the sides so that an area of the skull is exposed
from the bregma, which is located near the middle of the skull, to
the eyes. The bregma is a juncture in the cranial plates, where the
coronal suture intersects perpendicularly to the sagittal suture.

 6.   Stabilize a 26-gauge needle attached to a Neuros™ 10 μl
syringe fi lled with 5 μl of cell suspension, containing ~1 × 10 6
 Ben-Men-1-   LucB cells, in the stereotactic device and position
it above the bregma. An OPMI Pro Magis surgical microscope
is helpful in visualizing the bregma.

 7.   After the needle of the syringe is positioned directly above the
bregma, set each of the stereotactic coordinates to zero. Then,
using the stereotactic axes, move the syringe 1.5 mm anterior
to the bregma and 1.5 mm lateral to the right of the bregma.
Make a small burr hole at this location using a high-speed
micro drill.

 8.   Once the drill has completely penetrated the skull so that the
brain is exposed, lower the syringe until the tip of the needle
is at the surface of the brain. Prior to inserting the needle into
the brain, set the coordinate of the  Z -axis to zero, and confi rm
coordinates for the  X - and  Y -axes (1.5 mm anterior and
1.5 mm lateral to the right of the bregma).

3.4  Stereotactic 
Injection 
of Luciferase- 
Expressing NF2-
Defi cient Benign 
Meningioma Cells 
to the Skull Base 
of SCID Mice
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 9.   Once positioned, lower the needle slowly 4.5 mm into the
brain to the skull base ( see   Note 12 ).

   10.   Using an automatic injector, inject tumor cells into the skull
base at a rate of 1.5 ml/min. After the cells have been com-
pletely dispensed, maintain the needle in place for one minute
to permit the injected cells to settle, followed by slowly with-
drawing the needle from the brain.

   11.   Using a pair of forceps, close the surgical incision with Vetbond
tissue adhesive.

   12.   As in Subheading  3.3 ,  step 7 , inject a dose  of   buprenorphine
(0.05 mg/kg) subcutaneously near the surgical site as an
 analgesic. Remove the mouse from the stereotactic device
and place on a thermo-controlled recovery pad until full
recovery  .

 1.     BLI   is used to  assess   successful tumor engraftment and growth.
Prior to imaging, inject mice, implanted with Sch10545-Luc
or  Ben- Men- 1  -LucB cells, intraperitoneally with 150 mg/kg
 of    D -luciferin ( see   Note 11 ).

 2.   As in Subheadings  3.3  and  3.4 ,  steps 3 , anesthetize mice using
5 %    isofl urane in oxygen. Place the anesthesized mouse in the
IVIS Spectrum Preclinical In Vivo Imaging System and posi-
tion the nose in the nose cone  for   isofl urane gas administration
during imaging.

 3.   Capture bioluminescent images of tumor-bearing mice at the
peak time of luciferase activity following injection  of    D -lucif-
erin ( see   Note 13 ).

 4.   Using BLI,    tumor growth is measured noninvasively over
time. The intensity of the BL signal correlates with changes in
tumor size and is measured in each mouse using region-of-
interest analysis in the LivingImage software ( see   Note 14 ). To
determine tumor establishment and growth prior to treat-
ment, at least two bioluminescent images should exhibit
robust and increasing signals. We have found that tumor
growth in the Sch10545-Luc schwannoma allograft model is
effectively detected over one-week time intervals, whereas
growth in the  Ben-Men-1  -LucB meningioma xenograft model
is best observed over 1-month intervals.

 5.   To assess the effi cacy of a particular therapeutic agent, com-
pare the intensity of the BL signal ( see   Note 15 ) and its
changes over time among animals treated with a therapeutic
agent and untreated controls ( see   Note 16 ). Treatment
responses can be confi rmed by small-animal MRI [ 12 ,  19 ].

3.5  Monitoring 
Growth of 
Schwannoma 
Allografts and 
Meningioma 
Xenografts by BLI
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4    Notes 

 1.    Antibiotics  , such as penicillin and streptomycin, are used to
reduce contamination, particularly during preparation of pri-
mary cultures of VS and meningioma cells. The details regard-
ing preparation of these primary tumor cell cultures have been
described previously [ 16 ]. However, we try to avoid using
 antibiotics  , whenever it is possible, e.g., culturing established
cell lines.

 2.   To generate an  Nf2 -defi cient schwannoma cell line, schwan-
noma cells from  Nf2   P0   mice were cultured for more than 25
passages and subcloned. We isolated a clone, designated
Sch10545, which exhibits continuous growth. Loss of the  Nf2
gene in these cells was confi rmed by PCR genotyping and
Western blotting [ 16 ,  17 ]. Interestingly, these cells are no lon-
ger dependent on HRG and can grow in medium  supple-
mented   with 10 % FBS.

 3.   The  benign   human meningioma cell line  Ben-Men-1   was
established from a grade I meningioma by telomerase immor-
talization [ 18 ]. By Western blotting and DNA sequencing,
we previously showed that  Ben-Men-1   cells are Merlin-
defi cient [ 19 ].

 4.   Lentiviral vectors, such as Lenti-CMV-Luc, are considered
Biosafety Level 2 (BSL-2) agents. Although they are
replication- defi cient, all handling and storage of lentiviral vec-
tors and disposal of contaminated waste must be conducted
according to institutional rules and regulations and NIH
guidelines. Lentiviral vectors should be aliquoted in small
amounts and stored at −80 °C. Repeated freeze–thawing will
decrease the viral titer.

 5.   Other optimized fi refl y luciferase expression vectors [ 20 – 22 ]
can be used, as well as luciferase-expressing vectors from other
species [ 23 ,  24 ].

 6.   The optimal MOI is dependent on the target cell type and
should be titrated to enhance viral gene delivery. Infection
time may be decreased, or purifi ed viral particles are used if
viral toxicity is observed in the cell line of interest, particularly
when using viral supernatant.

 7.   Polybrene is a cation polymer that can enhance retroviral or
lentiviral transduction effi ciency, by neutralizing the charge
repulsion between viral particles and sialic acid moieties on the
cell surface [ 25 ]. However, polybrene may be toxic to some
cell lines, calling for a shorter incubation time. Alternatively,
protamine sulfate [ 26 ] or other reagent systems, such as
ViraDuctin™ or Sigma’s ExpressMag bead system, are used to
increase the effi ciency of viral infection.
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 8.   The optimal concentration of puromycin for the selection of
puromycin- resistant clones should be determined in advance.
For this purpose, we usually use the minimal concentration of
puromycin that is suffi cient to kill all non-transduced cells.
Puromycin should be added 24 h after infection to allow for
suffi cient expression of the puromycin-resistant gene.

 9.   Different sizes of cloning cylinders can be purchased and used
to isolate individual puromycin-resistant colonies. Alternatively, 
dilution cloning can be performed using 96-well plates. Also,
it is possible to plate cells at a low density and directly select
individual puromycin-resistant colonies in 96-well plates 24 h
or more after lentiviral transduction.

   10.   For engraftment of schwannoma and meningioma cells, we
routinely use the  scid  strain of immunodefi cient mice, which
carry the defective DNA-activated protein kinase Prkdc,
important for the rearrangement of the immunoglobulin and
T-cell receptor genes [ 27 ]. Other immunodefi cient mouse
strains, such as nonobese diabetic (NOD)- scid β2m null and
NOD- scid IL2Rγnull  (also called NSG or NOD  scid  gamma),
may be considered as they give rise to more rapid tumor
engraftment in some tumor models [ 28 ,  29 ]. Due to the
 β2m null mutation, NOD- scid β2m null mice are defi cient in
MHC class I expression, and their natural killer (NK) cells are
unable to kill susceptible targets upon activation [ 30 ]. The
NOD- scid IL2R γnull strain harbors a mutation in  IL2R γ,
which encodes the cytokine-receptor γ-chain shared by IL-2,
IL-4, IL-7, IL-9, IL-15, and IL-21 receptors, and exhibits
impaired NK cell development [ 31 ].

   11.   It can be helpful to stabilize mouse legs by taping their toes to
the platform during surgery. The sciatic nerve can be accessed
from either the dorsal or ventral sides of the mouse. It is prefer-
able to graft only one sciatic nerve in each mouse as grafting
both nerves will lead to impaired function of both hind legs
due to tumor growth, resulting in early removal of mice from
the study.

   12.   The depth to which the needle needs to be lowered to reach
the skull base may vary slightly, depending on the age of the
mice. Using 8-to-12-week-old mice, a depth of 4.5 mm is a
useful guideline for skull base injection.

   13.   The sensitivity with which tumors are measured depends on
the level of luciferase expression in the clones. Stronger lucif-
erase activity yields a strong BL signal for a smaller number of
cells, enabling the detection of fewer cells in a tumor.     D -lucif-
erin is commonly used for BLI in mice. Recently, a  synthetic
  luciferin, the  cyclic alkylaminoluciferin (CycLuc1)  , was shown
to exhibit improved light output and to enhance BL detection
in deep tissues, such as the brain [ 32 ].
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   14.    The kinetics of luciferin circulation and uptake by tumor cells 
may vary in different models. To facilitate accurate quantitation 
of tumor growth, measurements are performed when luciferase 
activity is highest. This peak time is determined by measuring 
in vivo luciferase activity at various time intervals  after    D -lucif-
erin injection. All subsequent bioluminescence measurements 
should be performed at this time interval.   

   15.    As a sensitive and effi cient way to noninvasively monitor tumor 
growth,  BLI   facilitates longitudinal studies, particularly for 
 benign   tumors [ 19 ]. Studies suggest that BL signals detected 
in luciferase- expressing tumors correlate with tumor size 
detected by MRI.    BLI and MRI complement each other well 
by quantifying viable tumor cells and measuring the volume of 
the tumor mass by clinical standards, respectively.   

   16.    Recently, interest is gaining in orthotopic patient-derived 
xenografts (PDX) as preclinical models for drug screening and 
development [ 33 ]. Loss of the  NF2  gene product Merlin leads 
to deregulation of multiple signaling pathways, such as the 
mitogen-activated protein kinase (MAPK) and PI3K/AKT/
mTOR pathways, which may serve as viable therapeutic tar-
gets [ 1 ]. Study of these pathways has led to the initiation of 
several clinical trials. These schwannoma and meningioma ani-
mal models should enhance evaluation of additional novel 
therapeutic compounds.          
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ABSTRACT

Neurofibromatosis type 2 (NF2) is a genetic syndrome that predisposes individuals to 
multiple benign tumors of the central and peripheral nervous systems, including vestibular 
schwannomas. Currently, there are no FDA approved drug therapies for NF2. Loss of 
function of merlin encoded by the NF2 tumor suppressor gene leads to activation of multiple 
mitogenic signaling cascades, including platelet-derived growth factor receptor (PDGFR) 
and SRC in Schwann cells. The goal of this study was to determine whether ponatinib, an 
FDA-approved ABL/SRC inhibitor, reduced proliferation and/or survival of merlin-deficient 
human Schwann cells (HSC). Merlin-deficient HSC had higher levels of phosphorylated 
PDGFRα/β, and SRC than merlin-expressing HSC. A similar phosphorylation pattern was 
observed in phospho-protein arrays of human vestibular schwannoma samples compared 
to normal HSC. Ponatinib reduced merlin-deficient HSC viability in a dose-dependent 
manner by decreasing phosphorylation of PDGFRα/β, AKT, p70S6K, MEK1/2, ERK1/2 
and STAT3. These changes were associated with decreased cyclin D1 and increased 
p27Kip1levels, leading to a G1 cell-cycle arrest as assessed by Western blotting and flow 
cytometry. Ponatinib did not modulate ABL, SRC, focal adhesion kinase (FAK), or paxillin 
phosphorylation levels. These results suggest that ponatinib is a potential therapeutic 
agent for NF2-associated schwannomas and warrants further in vivo investigation.

INTRODUCTION

Neurofibromatosis type 2 (NF2) is a non-malignant 
tumor disorder affecting the peripheral and central nervous 
systems. Although bilateral vestibular schwannomas (VS) 
are a diagnostic hallmark of the disorder, NF2 patients 
typically develop multiple meningiomas, ependymomas 
and other schwannomas as well. VS lead to deafness, 
tinnitus, imbalance and can cause life-threatening 
brainstem compression [1]. NF2 is caused by mutations 
in the NF2 gene that encodes the tumor suppressor protein 

known as merlin or schwannomin [2, 3]. Merlin belongs 
to the Band 4.1 family of proteins that link the actin 
cytoskeleton to membrane receptors and transporters. 
Merlin modulates the activity of multiple signaling 
pathways that control cell size, morphology, cell adhesion, 
proliferation, and survival. These include receptor tyrosine 
kinase (RTK; e.g. ErbB2/3, PDGFR, EGFR, HGFR), small 
GTPases, FAK/SRC, the mammalian target of rapamycin 
(mTOR)/PI3K/AKT, and Hippo pathways [4]. Currently, 
surgery and radiation are the mainstream treatment options 
for NF2-associated tumors. Depending on the tumor 
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size and location, there are significant adverse effects 
associated with their removal. While an understanding 
of the biological functions of merlin is progressing, well-
defined druggable molecular targets have yet to emerge. 
Increasingly, patients are treated off-label with the anti-
angiogenic agent bevacizumab that also reduces edema in 
schwannomas without affecting the tumor cells. Dosing 
regimens are being optimized to reduce associated kidney 
toxicity observed with prolonged bevacizumab treatment 
[1, 5]. However, to date there are no FDA-approved 
therapies that target schwannoma cells directly and reduce 
morbidity and mortality of NF2 patients [1, 6].

Because of the slow-growing and benign nature 
of NF2 schwannomas, conventional chemotherapeutic 
agents are unsuccessful. Several RTK inhibitors have been 
investigated in preclinical studies and clinical trials with 
limited patient response. These include lapatinib (an EGFR/
ErbB2 inhibitor; NCT00973739, NCT00863122), nilotinib 
(a PDGFR and c-kit inhibitor; NCT01201538), sorafenib 
(a VEGFR-2, PDFGRβ, and c-kit inhibitor), and axitinib 
(a VEGFR, c-kit, and PDGFRβ inhibitor; NCT02129647) 
[1, 7]. We selected ponatinib for evaluation because it is 
an FDA-approved drug that inhibits a relevant RTK, the 
PDGFR, and a downstream effector common to several 
NF2 activated pathways, the non-receptor tyrosine kinase 
SRC. PDGFR and SRC signaling regulate cell survival, 
proliferation, migration and angiogenesis in many cell types 
[8, 9]. PDGFR is over-expressed and activated in VS and 
primary human schwannoma cells, consistent with merlin’s 
role in downregulating surface levels of growth factor 
receptors [10-13]. In HEI-193 schwannoma cells, merlin 
overexpression inhibits cell proliferation by promoting 
PDGFR internalization and degradation [14]. There is 
evidence that SRC activity is deregulated in cells with loss 
of merlin function and thus is a candidate for therapeutic 
targeting. In human schwannoma cells, SRC activity is 
increased compared to normal Schwann cells, and in mouse 
glia cells, merlin inhibits proliferation by modulating SRC 
activity [15, 16]. Lastly, primary human schwannoma cells 
treated with the SRC inhibitor SU6656 exhibit decreased 
transcription of proliferation-associated genes [17]. Thus, 
an inhibitor that targets both PDGFR and SRC might have 
therapeutic value for NF2-associated tumors.

Ponatinib (AP24534, brand name: Iclusig®) is a 
third generation type IIA inhibitor of ABL/SRC tyrosine 
kinase (TK). It is orally active and initially received 
accelerated approval in 2012 for adult patients with 
chronic myeloid leukemia (CML) and Philadelphia 
chromosome-positive acute lymphoblastic leukemia 
(Ph+ ALL) that are T315I-positive and are not candidates 
for other TK inhibitors. Ponatinib binds the inactive, 
DFG-out (aspartic acid, phenylalanine and glycine) 
ABL/SRC conformation [18, 19]. In a cell-free kinase 
screen, ponatinib inhibited SRC with IC50 of 5.4nM and 
PDGFRα and PDGFRβ with IC50 of 1.1nM and 7.7nM, 
respectively [19].

In this study, we measured the ability of ponatinib 
to decrease proliferation and survival of merlin-deficient 
HSC and vestibular schwannoma cells with NF2 mutations. 
We found that ponatinib caused a G1 cell-cycle arrest and 
mapped the regulatory signaling cascades modulated by the 
inhibitor. Our findings support further in vivo evaluation of 
ponatinib as a candidate drug for NF2 schwannomas.

RESULTS

Ponatinib decreases viability of merlin-deficient 
HSC and vestibular schwannoma (VS) cells

To create a suitable cell line for drug discovery 
studies, we first authenticated primary HSC based on their 
expression of human nuclear antigen and Schwann cell 
markers, S100, PLP, and O4 (Figure 1A). We then used 
lentiviral delivery of NF2-shRNA to reduce expression 
of merlin in the primary HSC. Merlin levels were stably 
reduced to nearly undetectable levels in the transduced 
cells compared to the parental HSC (Figure 1B, C). The 
merlin-deficient HSC did not contact inhibit but did not 
form aggregates and grows in multiple layers; many of 
these merlin-deficient HSC maintained an elongated 
morphology when cultured in the presence of serum and 
mitogens (Supplementary Figure 1AB). We measured 
basal levels of PDGFRα/β and SRC phosphorylation 
in primary HSC prior to and following knockdown of 
merlin. We found that depletion of merlin expression 
was associated with increased levels of p-PDGFRα/β and 
p-SRC compared to the parental HSC (Figure 1B). This
finding agrees with previous reports of increased activation
of the PDGFR and SRC pathways in human schwannomas
compared to normal human nerve [10, 20, 21].

We screened the ability of ponatinib to reduce 
viability of multiple control and merlin-deficient HSC 
lines. As controls, we tested the parental wild-type HSC 
(HSC-WT), HSC expressing a scrambled shRNA construct 
(HSC-SCR), HSC expressing a Turbo-GFP shRNA 
(HSC-GFP), and merlin-deficient HSC lines (MD-HSC) 
expressing shRNA sequences that target the human NF2 
gene, (MD-HSC #45, #74 #75 and #77). All control HSC 
expressed merlin, whereas the HSCs transduced with 
shRNA constructs targeting the NF2 gene had nearly 
undetectable merlin levels (Figure 1D). We performed 48 
hour dose-response viability assays on the seven HSC lines 
in complete growth medium containing serum and growth 
factors. The results indicated that ponatinib reduced viability 
of all of the cell lines in a dose-dependent manner (Figure 
1E). Under the conditions tested, ponatinib was not selective 
for MD-HSC over scrambled, GFP or untransduced HSC 
(IC50 HSC-SCR= 3.3μM, HSC-GFP=2.4 μM, HSC-WT= 
2.3 μM, MD-HSC#45= 2.2 μM, MD-HSC#74= 3.3 μM, 
MD-HSC#75= 1.9 μM and MD-HSC#77=3.7 μM). The
average maximal response at 10μM was a 71% decrease in
cell viability. However, when control merlin-expressing cell
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Figure 1: Ponatinib decreases HSC viability. (A) Characterization of primary HSC. Confocal Images of HSC expressing human and 
SC linage markers: human nuclear antigen (HNA, red), S100 (green), GAP43 (red), proteolipid protein (PLP, green), negative nestin (red), 
DAPI stained nuclei (blue) and F-actin was visualized with phaloidin-Alexa633 (white). Scale bar: 50μm. (B) Representative Western blots 
of primary HSC and merlin-deficient HSC (MD-HSC) lysates, merlin silencing increased levels of phosphorylated SRC and PDGFRα/β. 
(C) Western blotting for merlin and β-actin in control HSC and merlin deficient cells at increasing cell passages. (D) Western blot for
merlin and β-actin in three control HSC lines and four merlin-deficient (knock-down) HSC lines. (E) Ponatinib dose-response CellTiter-
Fluor viability assay. Control HSC lines: SCR-HSC, GFP-HSC and WT-HSC and merlin-deficient HSC: #45, 74, 75, 77 were treated with
increasing concentrations of ponatinib in constant 0.1% DMSO or vehicle alone for 48h. Viability is presented as a % of the DMSO control.
Graph represents the mean ± SEM of three independent experiments. (F-G) WT-HSC and MD-HSC (#45) were maintained in serum free
medium for 5-10 days and then treated with 0.25μM ponatinib for one week. Relative cell numbers was assessed using a crystal violet
assay: (F) Representative 20X phase contrast images of cells. Scale bar= 100μm. (G) Cell viability calculated as a % of their respective
DMSO control. Graph represent mean ± SEM of three independent experiments (** p<0.01, unpaired t-test, two tailed). (H) Viability of
primary human VS cells treated for 48h with increasing ponatinib concentrations. Relative cell viability was assessed using a crystal violet
assay and presented as % viability normalized to DMSO group. Plot of mean ± SEM of 6 replicates. VS1 (heterozygous deletion of 23
nucleotides in exon 8 of the NF2 gene, non-irradiated, passage 2); VS2 (heterozygous missense c.1460T>A and p. I487N in exon 14 of the
NF2 gene, non-irradiated, passage 2).
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line (HSC-WT) and merlin-deficient HSC (MD-HSC#45) 
were cultured in the absence of serum and mitogens, merlin-
deficient HSC were significantly more sensitive to 0.25 μM 
ponatinib than the merlin-expressing HSC (Figure 1F,G).

We tested ponatinib’s effect on cultured human 
vestibular schwannoma cells with NF2 mutations. We 
assessed relative cell viability using a crystal violet assay 
following 48 hour incubation with ponatinib. Cell viability 
was reduced by approximately 40% at 2μM in VS1 and 
VS2 compared to DMSO-treated cells in agreement with 
the IC50 obtained with our MD-HSC lines. (Figure 1H).

Ponatinib decreases viability of merlin-deficient 
HSC independent of the SRC/FAK/paxillin 
pathway

Ponatinib did not reduce net levels of ABL phos-
phorylation in merlin-deficient HSC (Figure 2A). Ponatinib 

induced a dose-dependent increase in the total SRC protein 
level but did not alter the levels of the other SRC family 
members, FYN and YES, that play important roles in SC 
biology as well (Figure 2B) [22, 23]. We found a slight 
increase in SRC-Tyr416 phosphorylation in merlin-deficient 
HSC treated with 0.3 to 3μM (with a peak at 1μM). The 
phosphorylation pattern, however, did not coincide with the 
increase in the SRC protein levels (Figure 2B).

Key effectors transducing extracellular matrix 
adhesion and growth factor-dependent stimuli in 
Schwann cells are the SRC substrates, FAK and paxillin, 
a focal adhesion-associated adaptor [24]. FAK is a 
key mediator of extracellular matrix-integrin and RTK 
signaling that is upregulated in schwannomas [10]. Upon 
FAK autophosphorylation at Tyr397, SRC binds the 
phosphorylated residue and phosphorylates FAK on Tyr576 
and Tyr577, resulting in stabilizing the activation loop of 
FAK in the active conformation and its binding to substrates, 

Figure 2: Ponatinib decreased merlin-deficient HSC viability independent of ABL/SRC/FAK pathway inhibition. 
Representative ponatinib dose-response Western blots (n=3). MD- HSC#45 plated in 12-well plates were treated with increasing 
concentrations of ponatinib for 2h as indicated. Cells were harvested, lysed, resolved by SDS-PAGE and blotted for: (A) p-ABL-Tyr452, 
c-ABL and β-actin as a loading control; (B) p-SRC-Tyr416 and total SRC, FYN, YES, p-FAK-Tyr576, p-FAK-Tyr577, total FAK, p-Paxillin-
Tyr118, and total paxillin. The β-actin levels were used as loading controls.
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thereby providing FAK with maximal activity [25]. In turn, 
FAK either directly or via SRC, phosphorylates paxillin 
at Tyr118 [26]. We therefore assessed FAK and paxillin 
phosphorylation in merlin-deficient HSC treated for 2h 
with increasing ponatinib concentrations. Western blot 
analysis showed that ponatinib did not reduce FAK-Tyr576 
or Tyr577 or paxillin-Tyr118 phosphorylation similar to 
the SRC-Tyr416 phosphorylation pattern (Figure 2C and 
Supplementary Figure 2). Together the results demonstrate 
that the ABL, SRC, FAK and paxillin pathways are not 
inhibited by ponatinib in merlin-deficient HSC.

Ponatinib decreases activation of the PDGFRα/β, 
PI3K, MEK1/2, ERK1/2 and STAT3 signaling 
pathways

To identify the signaling pathways modulated by 
ponatinib, we conducted a series of Western blots of 
merlin-deficient HSC treated for 2 hours with increasing 

concentrations of ponatinib. We found that ponatinib 
reduced phosphorylation of PDGFRα/β at Tyr849/Tyr857, 
the autophosphorylation sites in the activation loop of these 
kinases, in a dose-dependent manner without altering the 
PDGFRα/β protein levels (Figure 3). In addition, ponatinib 
reduced phosphorylation of three additional tyrosine 
residues in PDGFRβ at positions 740, 771 and 1021 
(Figure 3). Phosphorylation of these residues increases 
affinity for binding and activating PI3K, SRC, the GTPase 
Activator of Ras (GAP), GRB2, and PLCγ [27]. When 
cells are stimulated with growth factors, AKT (also known 
as protein kinase B) and p70 S6 kinase are activated in a 
phosphatidylinositol 3-kinase (PI3K)-dependent pathway. 
Thr308 in the AKT activation loop and Thr229 in the 
p70S6 kinase catalytic domain are phosphorylated by 
3-phosphoinositide-dependent protein kinase-1 (PDK1) in
vivo and in vitro [28, 29]. Therefore to probe activity of
the PI3K pathway in ponatinib-treated cells, we assessed
AKT-Thr308 phosphorylation and p70S6 kinase-Thr229

Figure 3: Ponatinib inhibited PDGFRα/β phosphorylation in merlin-deficient HSC. Representative ponatinib dose-response 
Western blots (n=3). MD-HSC#45 plated in 12-well plates were treated with increasing concentrations of ponatinib for 2h as indicated. 
Cells were harvested, lysed, resolved by SDS-PAGE and blotted for p-PDGFRα/β-Tyr849/Tyr857, p-PDGFRβ-Tyr740, p-PDGFRβ-Tyr771, 
p-PDGFRβ-Tyr1021 and total PDGFRα and PDGFRβ. The β-actin levels were used as loading controls.
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phosphorylation by Western blots. We found that both 
AKT-Thr308 and p70S6 kinase-Thr229 underwent a dose-
dependent decrease in phosphorylation (Figure 4A,B).

Previous studies demonstrated that overexpression 
and activation of PDGFRβ strongly activates MEK1/2 and 
ERK1/2 in human schwannoma cells leading to enhanced 
proliferation [10]. We assessed the phosphorylated 
MEK1/2 and ERK1/2 levels in merlin-deficient HSC 
after ponatinib treatment. We found that ponatinib 
treatment was associated with a dose-dependent decrease 
in MEK1/2-Ser217/Ser221 and ERK1/2-Thr202/Tyr204 
phosphorylation in merlin-deficient HSC (Figure 4C).

Although net inhibition of SRC phosphorylation 
was not observed, ligand binding to PDGFR promotes 
receptor binding to SRC and recruitment of STAT3, 

followed by Tyr705 auto-phosphorylation of STAT3 and 
its dimerization and translocation into the nucleus to 
directly drive gene expression needed for cell proliferation 
[30-32]. Western blot analysis showed that ponatinib 
decreased STAT3 phosphorylation in a dose-dependent 
manner in merlin-deficient HSC (Figure 4D).

Lastly, to further evaluate the contribution of PI3K/
AKT, MEK, or STAT3 inhibition downstream to PDGFR 
responsible for ponatinib’s effect, we individually 
inhibited AKT with perifosine/KRX-0401, MEK with 
selumetinib/AZD6244, and STAT3 with S3I-201/NSC-
74859 and compared the results to ponatinib’s effects 
on cell viability. MEK, AKT or STAT3 inhibition alone 
only partially decreased merlin-deficient HSC viability. 
Inhibition of STAT3 with S3I-201 was the least effective, 

Figure 4: Downstream signaling pathways inhibited by ponatinib in merlin-deficient HSC. Western blots of extracts 
prepared from merlin-deficient HSC#45 treated with increasing ponatinib concentrations. Quantitation was done by fluorescence intensity 
analysis, normalized to β-actin, and plotted as mean ± SEM (n=3). One-way analysis of variance and Dunnett’s multiple comparison post-
test were used for statistical analysis (* p<0.1; ** p<0.01 and *** p<0.001). Representative Western blots of dose response experiments at 
2h for: (A) p-AKT-Thr308 and AKT; (B) p-p70S6K-Thr229; (C) MEK1/2, p-MEK1/2-Ser217/Ser221, ERK1/2, and p-ERK1/2-Thr202/
Tyr204; (D) p-STAT3-Tyr705, and total STAT3. (E) Ponatinib dose-responseCellTiter-Fluor viability assay. MD- HSC#45 were treated 
with semi-log serial dilutions of ponatinib, NSC-74859, selumetinib, perifosine in 0.1% DMSO for 48h, or vehicle alone. Viability is 
presented as % of the DMSO control. Graph represents the mean ± SEM of three independent experiments.
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and although selumetinib was more efficacious than 
perifosine and S3I-201, none of individual inhibitors 
even at the highest concentration tested (10 μM) matched 
ponatinib’s efficacy (Figure 4E). These results suggest that 
simultaneous inhibition of these three pathways occurs in 
response to ponatinib and similarly contributes to the loss 
of viability of merlin-deficient HSC.

Ponatinib arrests merlin-deficient HSC in G1 by 
decreasing cyclin D1 and increasing p27Kip1 levels

A molecular link between ERK1/2 and STAT3 to 
proliferation is through cyclin D1 to regulate G1-to-S 
cell cycle progression. ERK1/2 activity is required for 

expression of cyclin D1 in the G1 phase of the cell cycle. 
Moreover, STAT3 transcriptionally regulates cyclin-D1 
by binding to its promoter region [33, 34]. We assessed 
the level of cyclin D1 in merlin-deficient HSC after a 
24h incubation with ponatinib. We found that ponatinib 
strongly decreased cyclin D1 protein levels in a dose-
dependent manner (Figure 5A). These results suggest that 
ponatinib reduces the viability of merlin-deficient HSC 
by inhibiting PDGFRα/β-dependent activation of MEK/
ERK and STAT3 pathways, leading to decreased cyclin 
D1 expression.

To test the possibility that the decrease in the 
viability of merlin-deficient HSC by ponatinib was a 
consequence of cell-cycle blockage due to reduced cyclin 

Figure 5: Ponatinib arrests merlin-deficient HSC at the G1 phase of the cell cycle. (A) Representative Western blots for Cyclin 
D1of lysates prepared from merlin-deficient HSC#45 treated 24h with increasing concentrations of ponatinib. Plotted below as mean ± 
SEM (n=3). One-way analysis of variance and Dunnett’s multiple comparison post-test were used for statistical analysis (** p<0.01 and 
*** p<0.001). (B,C) Merlin-deficient HSC were treated with 3 and 5μM ponatinib for 24h and during the last 3h, 10μM EdU was added. 
Cells were harvested, labeled with live/dead fixable dye, and analyzed by flow cytometry. (B) Representative plots of the distribution of 
EdU- and FxCycle-labelled cells of 0.1% DMSO vehicle control and ponatinib treated cells. (C) Graph of the distribution of the cell cycle 
phases (gated for the live population) of all the experiments as mean ± SEM, n=4; **p<0.01 and ***p<0.001 were determined by two-way 
ANOVA and Bonferroni multiple comparisons post-test. (D) Representative plots of the distribution of live and dead cell population in 
these experiments with increasing concentrations of ponatinib as indicated.
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D1 expression, we analyzed the distribution of cells 
among the different phases of the cell cycle. There was a 
significant increase in the number of cells in the G1 phase 
when treated with 3 and 5μM ponatinib compared to 
vehicle controls (72% ±8% and 74% ±7% vs. 47% ±2% of 
control). This was accompanied by a concomitant decrease 

in the number of S-phase cells observed in ponatinib-
treated samples as compared with control samples (7.5% 
±1% for 3μM and 7% ±1% at 5μM vs. 29% ±3% of 
control) (Figure 5B–5C). At the lower concentrations (1 
through 5μM), ponatinib arrested merlin-deficient HSC at 
G1, indicating a cytostatic mechanism of action. However, 

Figure 6: Analysis of G1 regulatory proteins during the cell-cycle in merlin-deficient HSC treated with ponatinib. 
MD-HSC were treated with 3μM ponatinib or vehicle control for 24h. Cells were harvested, fixed, and permeabilized. DNA was stained 
with FxCycle, and intracellular G1 regulatory proteins were immunostained and analyzed by flow cytometry. (A) Distribution plots of cells 
with positive/negative p27Kip1 immunostain vs DNA content. Data shown are representative plots of four independent experiments. (B) 
Distribution of cells analyzed by flow cytometry with positive/negative cyclin D1 immunostain vs DNA content. Shown are representatives 
of four independent experiments. (C) Diagram of signaling pathways inhibited by ponatinib in merlin-deficient HSC. Merlin deficiency 
leads to activation of PDGFR, SRC and PI3K. Activation of PI3K potentiates AKT and p70S6K phosphorylation and leads to cell survival, 
growth and G1 cell cycle progression. PDGFR activity triggers ERK and STAT3 activation, leading to cyclin D1 expression and cell 
proliferation. SRC activation of FAK and paxillin is not modulated by ponatinib. Ponatinib decreases cell viability through downstream 
inhibition of AKT, ERK, and STAT3.
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by analyzing the live/dead populations, at a higher 
concentration (10μM), ponatinib became cytotoxic (Figure 
5D). The increase in the number of dead cells present in 
the cells treated with 10μM ponatinib coincides with the 
decrease in phosphorylated proteins studied here.

Lastly, we analyzed the correlation of the cell-
cycle phases with levels of several cell cycle regulators. 
Cyclin-dependent kinase (Cdk) inhibitor p27 (p27Kip1) 
is a key negative regulator of Cdk activity in cells 
progressing from G1 toward S phase [35]. We analyzed 
the expression of p27Kip1 in conjunction with DNA content 
by flow cytometry. We found fewer p27Kip1-positive cells 
in G1 in control cells compared with a large increase in 
p27Kip1-positive cells in G1 in ponatinib-treated samples 
(Figure 6A). Similarly, we found a greater number of 
cyclin D1-positive cells in control samples in G1 in 
contrast to ponatinib-treated samples (Figure 6B). This 
result correlates with that observed from the Western blot 
experiment (Figure 5A). Overlay of the p27Kip1 and cyclin 
D1 plots with the cell-cycle plots clearly demonstrate that 
ponatinib induced G1 arrest with associated changes in 
the cyclin D1 and p27Kip1 levels in merlin-deficient HSC 
(Supplementary Figure 3AB). Our results are consistent 
with ponatinib inhibition of PDGFR and downstream 
PI3K activity leading to a G1 cell-cycle arrest of merlin-
deficient HSC by blocking ERK- and STAT3-dependent 
expression of cyclin D1 (Figure 6C).

PDGFRα/β, SRC, STAT 3 and MEK1/2 are 
highly phosphorylated in human vestibular 
schwannomas

To assess activation of PDGFRα/β and SRC in 
human schwannomas, we surveyed a phospho-proteome 
profile comparing five human vestibular schwannoma 
specimens with primary normal adult human Schwann 
cells cultured in the presence of mitogens to stimulate 
their proliferation. Analysis of phospho-receptor tyrosine 
kinase and phospho-kinases proteome profiler arrays 
revealed that schwannomas consistently had higher levels 
of phosphorylated PDGFRα, PDGFRβ, SRC, MEK and 
STAT3 compared with control primary HSC (Figure 7 
A-D). Schwannomas exhibited averaged 6.6 times higher 
PDGFRα phosphorylation, 5.4 times higher PDGFRβ 
phosphorylation, 30 times higher SRC phosphorylation, 
5.6 times higher MEK phosphorylation and 7.4 times 
higher STAT3 phosphorylation compared with control 
primary HSC (Figure 7 A-D).

DISCUSSION

In this study, we evaluated whether ponatinib, 
a BCR-ABL/SRC inhibitor approved for use in 
leukemia, could potentially be repurposed for treatment 
of NF2 schwannomas. Following merlin depletion, 
HSC increased the levels of phosphorylated SRC and 

PDGFRα/β, in agreement with studies in primary human 
NF2 schwannoma cells [36]. Ponatinib stimulated a 
robust G1 cell cycle arrest of merlin-deficient HSC in a 
dose-dependent manner by inhibiting PDGFRα/β and its 
downstream effectors AKT, p70S6 kinase, MEK/ERK 
and STAT3, leading to reduced levels of cyclin D1 and 
increased levels of p27Kip1. Intriguingly, ponatinib did not 
reduce ABL/SRC/FAK/paxillin net phosphorylation in 
merlin-deficient HSC. We did not find clear evidence of 
ABL and SRC inhibition in merlin-deficient HSC treated 
with ponatinib. However, we found that ponatinib induced 
a dose-dependent increase in the SRC levels in the HSC. 
Similar results been reported for SRC inhibition with 
AZD0530 of Philadelphia chromosome-positive leukaemia 
cell lines. We speculate that this is due to a compensatory 
feedback mechanism, suggesting SRC kinase inhibition by 
ponatinib [37]. Other SRC family members, such as Fyn 
and Yes, did not change their protein levels in ponatinib-
treated cells. In some CML cases of imatinib resistance, 
upregulation of SRC kinase has been implicated as a 
BCR-ABL-independent mechanism responsible for 
imatinib failure [38-40]. Therefore the increase in SRC 
protein levels observed ponatinib-treated HSC may be an 
adaptive response. It would be interesting to investigate if 
other SRC inhibitors, including SU6656, that have anti-
proliferative activity in primary human schwannoma cells, 
also increase SRC levels [20, 41].

Ponatinib lacked selectivity for the merlin-deficient 
HSC over NF2 wild-type HSC when cultured in the 
presence of serum and mitogens. This is comparable 
to results reported by others with the MEK1 inhibitor 
AZD6244 in primary human schwannoma cells and 
normal Schwann cells grown in serum-containing medium 
[21]. Notably, when cells were incubated in growth 
arresting medium (SCM base + N2 supplement) in the 
presence of 0.25 μM ponatinib for one week, merlin-
deficient HSC showed a greater sensitivity to the drug 
than merlin-expressing HSC. To maintain fetus derived 
cell lines amenable to drug discovery studies, we routinely 
culture these embryonic Schwann cells in the presence of 
serum and other mitogenic supplements, which induces 
Schwann cells to proliferate. In contrast, both myelinating 
and non-myelinating Schwann cells are post-mitotic in 
normal nerves [42-44]. Only after nerve injury do adult 
Schwann cells de-differentiate and proliferate as part of 
the nerve repair process [21, 45-48]. Thus, ponatinib’s 
lack of in vitro selectivity is not a cause for concern for 
in vivo studies and its potential as a therapeutic for NF2-
associated schwannomas.

Ponatinib strongly inhibited PDGFR 
phosphorylation in merlin-deficient HSC. Studies with 
other RTK inhibitors that primarily target PDGFR and 
c-KIT (e.g., nilotinib, imatinib and sorafenib) showed that 
these RTK inhibitors exhibited strong anti-proliferative 
activity on primary human schwannoma and HEI-193 
cells [10, 12, 41]. Merlin was shown to promote the 
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internalization of activated PDGFRβ, a role consistent 
with increased expression and activation of mitogenic 
receptors in NF2 schwannomas [13, 14]. In Schwann 
cells, PDGFRα and β signaling are central to cell 
proliferation and survival through the Ras/Raf/MEK/ERK 
and PI3K/AKT signaling pathways [49-51]. In the four 
schwannoma samples with chronic merlin loss, the p-AKT 
Ser473 levels downstream of mTORC2 were reported as 
consistently reduced across tumor samples relative to 
normal arachnoid and meningioma tissues, as well as in 

one immortalized human SC line with acute loss of merlin 
achieved by an RNAi compared to the immortalized 
human merlin-expressing SC line [52]. The consistent 
decrease in mTORC2 signaling activity in schwannoma 
and merlin-deficient Schwann cells mimics the PDGFR 
activity results in schwannomas reported by others and our 
phospho-receptor tyrosine kinase arrays showing a high 
PDGFR phosphorylation levels in all tumors tested (Figure 
7 and 1) [10-12]. Consistent with PDGFR inhibition, we 
observed a dose-dependent decrease in AKT-Thr308 

Figure 7: PDGFRα/β, SRC, MEK and STAT3 are overactive in human schwannomas. (A) Phospho-RTK membrane profile 
of schwannomas and control cultured primary HSC. (B) Bar graph of the quantitation ofp-PDGFRα and p-PDGFRβ membrane dot intensity 
normalized to positive controls. **p<0.005; ****p<0.0001 determined using unpaired t-test of control HSC vs. VS populations, two-tailed. 
(C) Phospho-kinase membrane profile of schwannomas and control cultured primary HSC samples. (D) Bar graph of the quantitation 
of phospho-SRC, phospho-MEK1/2 and phospho-STAT3 membrane intensity normalized to positive controls. *p<0.05; ***p<0.001 
determined using unpaired t-test of control HSC vs. VS populations, two-tailed.
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phosphorylation, a PI3K-dependent phosphorylation site, 
and a decrease in MEK/ERK phosphorylation, similar to 
those reported in sorafenib-treated schwannoma cells [10, 
53, 54]. Moreover, we demonstrated a dose-dependent 
reduction of cyclin D1 levels that correlates with STAT3 
inactivation. STAT3 induces cyclin D1 transcription by 
binding its promoter region; and ERK1/2 has plays a 
critical role for induction of cyclin D1 (Figure 6C) [33, 34, 
55, 56]. Decreased cyclin-D1 expression together with an 
increase in the p27Kip1 level are key to the G1 to S phase 
progression block that we observed in ponatinib-treated 
HSCs.

Unlike traditional dual SRC/ABL inhibitors, 
ponatinib is a reversible, third-generation inhibitor 
that binds the unphosphorylated inactive DFG-out 
conformation of both enzymes [57]. Ponatinib was 
designed to overcome resistance-inducing BCR-ABL 
mutations in CML and ALL treated with the first- and 
second-generation TK inhibitors. It is considered a pan-
BCR-ABL inhibitor because it is potently active on ABL-
T315I and fourteen other mutants [19]. Ponatinib shows 
inhibitory activity against ABL/SRC, PDGFR and other 
kinases, including the FGFR (fibroblast growth factor 
receptor), Ephrin receptors, FLT3 (FMS-like tyrosine 
kinase 3), VEGFR1-3 (vascular endothelial growth factor 
receptor 1-3), Ret (rearranged during transfection) and KIT 
(mast/stem cell growth factor receptor) [19]. Ponatinib 
therapy, similar to other TK inhibitors, is associated with 
severe adverse events, such as arterial thrombosis and 
liver toxicity, and older patients (>65 years) had higher 
risk of experiencing adverse effect than younger patients 
[58, 59]. In a large group of children and adolescents 
with CML treated with imatinib, assessment of long term 
growth revealed growth deceleration in both genders 
[60]. Therefore, adverse effects of long-term treatment in 
children should be carefully weighed.

Whereas short-term treatment with ponatinib leads 
to cytostasis, prolonged treatment could lead to cell death 
or senescence [61, 62]. These sequelae have been reported 
for B precursor or T cells from ALL patients treated 
with ponatinib; the treated cells underwent apoptosis 
after a G1 cell-cycle arrest by increasing endogenous 
TNF-related apoptosis-inducing ligand (TRAIL) [63]. 
Drugs that simply slow schwannoma growth would 
benefit NF2 patients enormously. If a long-term use of 
ponatinib is envisioned, we speculate that ponatinib may 
be used at lower doses in a combinatorial therapeutic 
approach with other compounds targeting interconnecting 
pathways, thereby limiting adverse effects. The different 
mechanisms of kinase inhibition and diverse range and 
selectivity of small-molecule kinase inhibitors requires 
that each drug be studied in NF2-relevant cell types, and 
weighed independently. To this extent, ponatinib treatment 
effectively reduced viability of merlin-deficient HSC 
with a robust arrest at the G1 phase. Ponatinib therapy 
may be applicable to a larger patient population than 

NF2, considering that merlin inactivation also occurs in 
sporadic schwannomas. Future in vivo studies addressing 
ponatinib alone or in combination as an effective therapy 
for schwannomas in NF2 mouse models are warranted.

MATERIALS AND METHODS

Cell cultures and human vestibular 
schwannomas

The merlin-deficient HSC line was generated 
from primary fetal HSC purchased from ScienCell 
(lot #7228) and authenticated by immunostaining for 
expression of human nuclear antigen, and SC markers, 
S100, PLP, O4, and Gap43, and Nestin. Cells were 
transduced with lentiviral particles expressing human 
NF2 gene-specific shRNA (GenBank accession no. 
NM_000268; TRCN0000237845; TRCN0000039974; 
TRCN0000039975 and TRCN0000039977, Sigma-
Aldrich), shRNA Scrambled, or Turbo-GFP control 
(Sigma-Aldrich) and then selected with 0.5 mg/ml 
puromycin. Wild-type and merlin-deficient HSC were 
cultured in CellBIND dishes (Corning) in complete 
Schwann cell media (SCM) from ScienCell (basal 
Schwann cell medium plus 5% fetal bovine serum, 
Schwann cell growth supplements which contains growth 
factors, hormones, and proteins necessary for the culture 
of normal human Schwann cells and 1X-penicillin/
streptomycin) unless otherwise specified. Cells were used 
between passages 9 to 18. Merlin levels were assessed by 
Western blotting.

Frozen human schwannomas used in phospho-
proteome studies were procured with patient informed 
consent at The Ohio State University College of Medicine 
according to Institutional Review Board regulations. 
Human vestibular schwannoma (VS) cells cultured to test 
ponatinib efficacy were isolated from dissociated fresh 
human tumors. Fresh VS specimens were procured with 
patient informed consent at University of Miami Miller 
School of Medicine according to Institutional Review 
Board regulations through the Tissue Bank Core Facility.

Normal primary human SCs, a gift from Dr. Patrick 
Wood (The Miami Project to Cure Paralysis, University of 
Miami Miller School of Medicine), were used in phospho-
proteome studies, and cultured as previously described [64].

Antibody proteome profiler arrays

Human phospho-RTK (ARY001) and phospho-
kinase array (ARY003) kits were purchased from R&D 
systems. Human schwannoma homogenates and control 
HSC lysates were prepared and analyzed according to 
manufacturer’s instructions. Arrays were visualized with 
chemiluminescence and were quantified with ImageJ 
MicroArray_Profile.jar plugin or Carestream software; 
mean intensity of duplicate spots was calculated.
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Antibodies and inhibitors

Rabbit antibodies against merlin (D1D8), c-ABL, 
phospho-AKT (Thr308; C31E5E), cyclin-D1 (92G2), 
FYN, p-MEK1/2 (Ser217/221), PDGFRα and β, SRC 
(36D10), p-SRC family (Tyr416), p-ERK1/2 (D13.14.4E), 
YES and mouse antibodies recognizing AKT (40D4), 
β-Actin (8H10D10), MEK1/2 (L38C12), ERK1/2, p27Kip1 
(SX53G8.5) were purchased from Cell Signaling. Rabbit 
antibodies against p-paxillin (Tyr118) and p-FAK (Tyr577/
Tyr576) were purchased from Invitrogen. Rabbit p70 
S6 kinase (Thr229) was purchased form ThermoFisher 
Scientific. Rabbit anti-p-ABL (Tyr245), and human 
nuclear antigen antibodies were obtained from Millipore 
and antibodies for myelin- proteolipid protein and GAP43 
were from Abcam. The anti-S100 antibody was purchased 
from Dako. Mouse anti-paxillin antibody was from BD 
bioscience. Secondary antibodies, goat anti-rabbit IgG 
conjugated with DyLight 800 4X-PEG, goat anti-Mouse 
IgG conjugated with DyLight 680, were purchased from 
Cell Signaling. Ponatinib, perifosine/KRX-0401, and 
selumetinib/AZD6244 were purchased from SelleckChem. 
The STAT3 inhibitor S3I-201/NSC-74859 was purchased 
from MedChem Express.

Western blot analysis

Cultured HSCs were lysed in modified RIPA buffer 
as previously described [65] or in 1X-SDS loading 
buffer plus 2.5 U/ml benzonase. 10 μg of protein or 10 
μl 1X-loading buffer lysate were resolved in 4–20% 
polyacrylamide gels (Pierce), transferred to PVDF 
membranes (Immobilon-FL; Millipore), blocked with 
5% BSA in TBS, and incubated with primary antibodies 
overnight at 4°C, and then with their corresponding 
fluorescence-conjugated secondary antibodies at 1:25,000-
1:40,000 dilution. Image acquisition was done using LI-
COR® Biosciences Odyssey® Infrared Imaging System 
and quantification using Odyssey Image Studio Version 
3.1software and ImageJ 1.46r.

Immunocytochemistry

Cells were grown on German glass coverslips coated 
with 200 μg/ml poly-L-lysine (Sigma-Aldrich). HSCs 
were fixed in 4% paraformaldehyde and immunostained, 
and stained images were acquired with a Zeiss LSM710 
confocal microscope as previously described [64]. Images 
were processed with ZEN2011 software.

Cell viability assay

HSC were seeded at 2,500 cells/well in 20 μl of 
phenol-red free SCM (SCM phenol-red free base, 5% 
serum, Schwann cell growth supplements containing 
growth factors, hormones, and proteins and 1X-penicillin/
streptomycin) in 384-well plates and incubated with 

increasing concentrations of ponatinib in 0.1% DMSO or 
vehicle alone for 48h. The CellTiter-Fluor cell viability 
assay (Promega) was used according to manufacturer’s 
specifications [53].

To evaluate cell viability without artificially 
stimulating proliferation, control and merlin-deficient HSC 
were cultured and assayed in growth suppressive medium 
(SCM base, 1X-penicillin/streptomycin –ScienCell, plus 
N2 supplement-Invitrogen). Cells were seeded in 24 well 
plates (Corning-CellBIND) at 60,000 cells/well in four 
replicates, after 4 days incubation at 37°C, 7% CO2, cells 
were treated with 0.25μM ponatinib or a vehicle control 
for one week. Viability was assessed with a crystal violet 
assay as previously described [64].

To evaluate cell viability of primary VS cells with 
NF2 mutations, two fresh VS were obtained from the 
Tissue Bank Core Facility at the University of Miami 
Miller School of Medicine. VS tumors were cut into 1 
mm pieces and dissociated in 0.5 mg/ml collagenase 
(~150U/ml) and dispase (2.5 mg/ml) in Dulbecco’s 
Modified Eagle Medium (Sigma) for 1h followed by 
0.25% Trypsin for 30 minutes at 37°C. Digested tissue 
was triturated and centrifuged at 1500 rpm at 4°C 
for 10 minutes. Supernatant was discarded and cells 
were resuspended and cultured using Schwann Cell 
Media (ScienCell) on culture flasks pre-treated with 
0.1% poly-L-lysine (Sigma) and 25 mg/ml laminin 
(ThermoScientific). Cells from Passage 2 were then 
seeded in a 96 well plate (Costar, Corning) at 5,000 
cells/well in six replicates. After 24 hours of incubation 
at 37°C, 5% CO2, cells were treated with ponatinib 
at different concentrations or 0.05% DMSO for 48h. 
Viability was assessed with a crystal violet assay as 
previously described [64].

DNA sequencing of VS

Genomic DNA was isolated and purified using 
Trizol (Invitrogen) as per the manufacturer’s protocol. 
A total of 17 pairs of primers were designed for the 
amplification and sequencing of the coding exons and 
their flanking splice sites using the Primer 3 program 
(http://bioinfo.ut.ee/primer3-0.4.0/). The complete coding 
sequences of NF2 were amplified by PCR. DNA (~1 μg) 
was amplified with NF2-specific primer pairs in 50μL, 
containing 10X PCR Buffer (pH 8.5), 0.4 mM dNTP mix 
(Promega Corporation), 0.4 pmol/μL of each primer, 
and 0.0625 units of Taq DNA polymerase (Eppendorf 
AG). DNA templates were amplified using the following 
program: 95°C for 3 min; 35 cycles of 94°C for 50 s, 60°C 
for 50 s, 72°C for 60 s; and final extension of 72°C for 
5 min. Direct sequencing of PCR products were performed 
on both strands using the ABI Prism BigDye Terminator 
reaction kit and ABI 3100 DNA sequencer or with 
Beckman Coulter 2000 XL instrument and appropriate 
kits.
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Cell-cycle and G1 proteins analysis by flow 
cytometry

The Click-iT EdU, FxCycle stain and Live/
Dead fixable dead cell stain kits were purchased from 
Molecular Probes (ThermoFisher Scientific). Cells 
were seeded in 6-well plates and treated overnight with 
an inhibitor or vehicle. On the next day, 10 μM EdU 
was added to the cultures for 3 h, and then cells were 
harvested (total 24-h inhibitor incubation), stained 
with fixable violet live/dead stain, and permeabilized. 
EdU and DNA labeling was conducted according to 
manufacturer’s instruction. Cell cycle analysis was done 
on gated live cells. For the cyclin D1/p27Kip1 expression 
study [66], cultures were treated with an inhibitor 
or vehicle for 24 h and then harvested, fixed with 4% 
paraformaldehyde for 10 min at 37°C, chilled for 1 min, 
and permeabilized for 30 min in 90% methanol. Fixed 
cells were transferred to a Falcon 5 ml tube through a cell 
strainer cap, rinsed twice with 0.5% BSA in PBS, and 
immunostained by incubating for 1h at room temperature 
with a cyclin D1 (1:400) or p27Kip1 (1:3,000) antibody, 
followed by a 30-min incubation with a goat anti-rabbit 
or anti-mouse-Alexa488 secondary antibody. After one 
wash, cells were resuspended in 1 ml of 0.5% BSA and 
stained for 30 min with 200nM FxCycle Far Red DNA 
stain supplemented with 0.1mg/ml of ribonucleaseA 
(Invitrogen). A BD FACS Canto-II flow cytometer (BD 
Biosciences) with the BD FACSDiva™ 6.1.3 software 
was used for data acquisition and FlowJo software was 
used for data analysis.

Statistical analysis

Statistical analysis was performed using GraphPad 
Prism v5.0 for Windows. Ponatinib dose-response 
experiments were analyzed by non-linear regression 
(four parameters). Other experiments were analyzed 
by applying two-way ANOVA and Bonferroni multiple 
comparisons post-test, one-way ANOVA, and Dunnett’s 
multiple comparison post-test or unpaired t-test, two-tailed 
as noted.
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Combination Therapy with c-Met and Src
Inhibitors Induces Caspase-Dependent Apoptosis
of Merlin-Deficient Schwann Cells and Suppresses
Growth of Schwannoma Cells
Marisa A. Fuse1, Stephani Klingeman Plati1, Sarah S. Burns2,3, Christine T. Dinh4,
Olena Bracho4, Denise Yan4, Rahul Mittal4, Rulong Shen5, Julia N. Soulakova1,
Alicja J. Copik1, Xue Zhong Liu4, Fred F. Telischi4, Long-Sheng Chang2,3,5,
Maria Clara Franco1, and Cristina Fernandez-Valle1

Abstract

Neurofibromatosis type 2 (NF2) is a nervous system tumor
disorder caused by inactivation of the merlin tumor suppressor
encoded by the NF2 gene. Bilateral vestibular schwannomas are
a diagnostic hallmark of NF2. Mainstream treatment options
for NF2-associated tumors have been limited to surgery and
radiotherapy; however, off-label uses of targeted molecular
therapies are becoming increasingly common. Here, we inves-
tigated drugs targeting two kinases activated in NF2-associated
schwannomas, c-Met and Src. We demonstrated that merlin-
deficient mouse Schwann cells (MD-MSC) treated with the
c-Met inhibitor, cabozantinib, or the Src kinase inhibitors,
dasatinib and saracatinib, underwent a G1 cell-cycle arrest.

However, when MD-MSCs were treated with a combination
of cabozantinib and saracatinib, they exhibited caspase-
dependent apoptosis. The combination therapy also signifi-
cantly reduced growth of MD-MSCs in an orthotopic allograft
mouse model by greater than 80% of vehicle. Moreover, human
vestibular schwannoma cells with NF2 mutations had a 40%
decrease in cell viability when treated with cabozantinib and
saracatinib together compared with the vehicle control. This
study demonstrates that simultaneous inhibition of c-Met and
Src signaling in MD-MSCs triggers apoptosis and reveals vul-
nerable pathways that could be exploited to develop NF2
therapies. Mol Cancer Ther; 16(11); 2387–98. �2017 AACR.

Introduction
Neurofibromatosis type 2 (NF2) is a genetic disorder charac-

terized by the development of vestibular schwannomas (VS) and
meningiomas. NF2 is caused by mutations in the NF2 gene
encoding the tumor suppressor merlin (1, 2). Loss of merlin
function in Schwann cells leads to aberrant signaling inmolecular
pathways involved in cell survival and proliferation, resulting in
schwannoma formation (3).

VS treatment relies on surgical removal of tumors, frequently
causing nerve damage. A less invasive option, stereotactic radio-
surgery, controls tumor growth with hearing preservation rates

consistently approaching approximately 20% to 44% at 10 years
(4, 5). However, the rate of malignant transformation or second-
ary malignancies following radiation for NF2 is estimated to be
approximately 5%, representing a seven-fold increase compared
with NF2 patients without irradiation (6). Clinical trials with off-
label use of FDA-approved drugs, such as lapatinib and ever-
olimus (RAD001), have shown moderate success in slowing NF2
schwannoma growth (7, 8). More success has been achieved with
bevacizumab, a mAb against the VEGF-A (9). Bevacizumab pro-
motes VS tumor shrinkage andhearing response in approximately
40% to 50% of NF2 patients (10), but has adverse side-effects,
including hypertension and proteinuria, and amenorrhea in
women (11, 12). Thus, it is imperative to identify drugs suitable
for prolonged treatment in NF2 patients. Identifying molecular
targets that allow re-purposing of FDA-approved drugs would
accelerate development of NF2 therapies.

Microarray and qPCR analysis revealed that expression of
c-Met, a receptor tyrosine kinase (RTK), is elevated in human VS
compared with nerves or Schwann cells (13, 14). Additionally,
hepatocyte growth factor (HGF), the c-Met ligand, is a potential
NF2 biomarker (15).Merlin directly interacts withHGF-regulated
tyrosine kinase substrate (HRS), supporting a role of merlin in c-
Met/HRS signaling (16). The loss of merlin function could con-
tribute to aberrant c-Met signaling, leading to schwannoma
formation. C-Met activates several cell proliferation and survival
signaling pathways and is mitogenic for Schwann cells (17, 18).
Cabozantinib (XL184,Cabometyx�, Exelixis) is a small-molecule
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inhibitor of c-Met and other RTKs involved in cell motility and
metastasis, and inhibits VEGFR2-dependent angiogenesis (19). It
is FDA-approved for treatment of tumors with elevated c-Met and
HGF expression, such as medullary thyroid cancer (20) and renal
cell carcinoma (21). Cabozantinib also reduces proliferation of
NF1-associated malignant peripheral nerve sheath tumor
(MPNST) cells in vitro and suppresses tumor growth in mouse
models (22, 23).

Src-family kinases are another promising drug target for NF2-
associated schwannomas. Compared with normal Schwann cells,
VS have increased levels of phosphorylated Src and focal adhesion
kinase (FAK), resulting in deregulation of cell proliferation path-
ways (24).Dasatinib (SPRYCEL(R), Bristol-Myers Squibb) is a type
I, ATP-competitive Src/Abl kinase inhibitor. It is FDA-approved
for chronic myeloid leukemia and acute lymphocytic leukemia
withmutant Abl kinase expression (25, 26) and reduces growth of
both solid tumors and blood cancers (27). In tumor cell lines,
dasatinib is a cytostatic agent that inhibits cell proliferation,
invasion, and metastasis (28). Similar to dasatinib, saracatinib
(AZD0530, AstraZeneca) is another type I, ATP-competitive Src/
Abl inhibitor, but binds the inactive Src conformation (29).
Preclinical studies confirm the ability of saracatinib to reduce
proliferation and migration/invasion of tumor cells (30). More-
over, Src inhibition by saracatinib enhances the sensitivity of
gastric tumors to c-Met inhibitors (31), supporting the use of Src
and c-Met inhibitors in combination.

In this study, we identified a potential combination therapy for
NF2-associated schwannomas. Although cabozantinib and sar-
acatinib each promoted G1 cell-cycle arrest, their combination
induced apoptosis and suppressed the growth of merlin-deficient
Schwann cell allografts as well as primary human VS cells. Our
results support targeting c-Met and Src kinases as a potential
treatment for NF2-associated schwannomas.

Materials and Methods
Cell culture

Wild-type (WT) and merlin-deficient (MD) mouse Schwann
cells (MSC) were generated and authenticated as previously
described (ref. 32; MD-MSCs created in-house in 2010) and
routinely tested for Mycoplasma contamination (LookOut Myco-
plasma PCR Detection Kit; Sigma). VS were obtained according to
the Institutional Review Board-approved human subject protocol
with patient informed consent at University of Miami Miller
School of Medicine through the Tissue Bank Core Facility and
were used to prepare primary VS cultures (33). Adescription of the
genetic analysis of human VS samples and the generation of
human SC lines is provided in Supplementary Methods.

MD-MSC transduction
MD-MSCs were grown in six-well CellBind plates (Corning) at

200,000 cells/well for 24 hours and then received transduction
growth media with 8 mg/mL of polybrene. Lentiviral luciferase
particles [prepared from pLenti PGK V5-LUC Neo (Addgene
#21471)] were added at five multiplicity of infection (MOI) for
18hours, followedby growthmedia for 24hours prior to selection
media containing 1 mg/mL puromycin. The same protocol was
followed for the lentiviral shRNA knockdown of c-Met (Sigma-
Adrich catalog no. SHCLNV-NM_008591- TRCN0000023529 for
c-Met shRNA and catalog no. SHC202V for scrambled shRNA
viruses).

Drugs and high-content screening
Cabozantinib, saracatinib (Selleckchem and MedChemEx-

press), and dasatinib (Selleckchem) were dissolved in DMSO
(10 mmol/L stock) for in vitro experiments. MD-MSCs and WT-
MSCswere seeded in a 384-well CellBind plate at 1,000 and 3,250
cells/well, respectively, and treated with drug for 48 hours, fol-
lowed by paraformaldehyde fixation and Hoechst dye staining.
Images were acquired with Image Express (micro-automated
microscope) and analyzed using the Definiens platform (Defin-
iens, Inc.).

Cell viability and caspase 3/7 activation assays
MD-MSCs were seeded in 384-well CellBind plates at 2,500

cells/well in phenol red-free (prf) growth media. WT-MSCs were
seeded at 15,000 to 20,000 cells/well in 96-well plates coatedwith
poly-L-lysine (200 mg/mL) and laminin (25 mg/mL). After attach-
ment, cells were treated with drugs or DMSO for 48 hours. Cell
viability was determined using the CellTiter-Fluor Assay (Pro-
mega). Primary VS cells were seeded in a 96-well plate at 5,000
cells/well. After 24 hours, cells were treated with drugs or DMSO
for 48 hours. Cell viability was determined with a crystal violet
assay as previously described (32). For caspase activation assays,
MD-MSCs were seeded in 384-well CellBind plates at 5,000 cells/
well in prf growthmedia andwere treatedwith drugs for 18 hours.
The Apo-ONE Homogeneous Caspase 3/7 Assay (Promega) was
used per the manufacturer's instructions with fluorescence mea-
surement using an H1 Synergy plate reader.

Apoptosis inhibitors
MD-MSCs were seeded as described for cell viability assays.

Cells were treated for 24 hours with drugs and/or inhibitors of
apoptosis: Fas(human):Fc(human) (ALX-522-002, Enzo Life
Sciences), Z-DEVD-FMK Caspase-3 Inhibitor, Z-LEHD-FMK Cas-
pase-9 Inhibitor (#550378, #550381, BD Pharmingen), and Z-
IETD-FMK Caspase-8 Inhibitor (#FMK007, R&D Systems). The
inhibitors were dissolved at 20 mmol/L in DMSO. Fas:Fc was
dissolved at 1 mg/mL in water. A cross-linking enhancer (#ALX-
203-001, Enzo Life Sciences) was used with the Fas:Fc treatment.
Cell viability was measured using the CellTiter-Fluor assay.

Genetic analysis of NF2 mutations in human VS samples
Genomic DNA was isolated and purified using Trizol (Invitro-

gen). Samples were subjected to NF2 multiplex ligation-depen-
dent probe amplification (MLPA) using the NF2MLPA Kit (MRC-
Holland) per the manufacturer's instructions.

Violet ratiometric assay
MD-MSCs were grown in six-well CellBind plates to approxi-

mately 80% confluence and treated with drugs or DMSO for 19
hours. Cells were harvested with 0.05% Trypsin and resuspended
in 1 mL of HBSS/million cells. The Violet Ratiometric Assay
(Invitrogen) was used according to the manufacturer's instruc-
tions. Cell populations were measured with a Cytoflex (Beckman
Coulter) flow cytometer and analyzed with CytExpert (Beckman
Coulter) software.

Western blots
Western blots were performed as previously described (34).

Cells were extracted with 4% SDS, 0.01% bromophenol blue,
10% glycerol, and 100 mmol/L dithiothreitol. The following
antibodies were used: anti-cleaved caspase 3 (17 to 19 kDa), total
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caspase 3 (35 kDa), p-Src (Y416), Src (60 kDa), p-FAK (Y576), p-c-
Met (Y1234/Y1235), b-actin (45 kDa), p-VEGFR2/3 (230 kDa), p-
ERK1/2, ERK1/2(42–44 kDa), p-Akt (T308), Akt (60 kDa), cyclin
D1(36 kDa), and P27Kip1 (27 kDa) from Cell Signaling Technol-
ogy; FAK (125 kDa) and paxillin (68 kDa) from BD Biosciences;
Fas (45 kDa) from Santa Cruz Biotechnology; p-paxillin (Y118)
and c-Met(145 kDa) from Thermo Fisher Scientific. Primary
antibodies were prepared in 1:1 Odyssey Blocking Buffer (TBS-
0.1% Tween) and incubated overnight at 4�C or for 1 hour at
room temperature. Secondary antibodies were prepared similarly
but with 0.02% SDS and incubated for 45 to 60 minutes in the
dark at room temperature. Western blots were quantified using
the Odyssey System (LI-COR Biosciences).

Pharmacokinetics
NSG (NOD.Cg-Prkdcscid Il2rgtmlWjl/SzJ) mice were cared for

as approved by the University of Central Florida (UCF) Insti-
tutional Animal Care and Usage Committee. The animal facility
at UCF is accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care. Three mice were
dosed by oral gavage (20 mg/kg dasatinib, 25 mg/kg saracati-
nib, or 40 mg/kg cabozantinib in a vehicle containing 1.25%
polyethylene glycol, 2.5% Tween-80, and 5% DMSO) and one
mouse received vehicle only. At the indicated times, mice were
sacrificed. Blood and sciatic nerves were collected and analyzed
by mass spectrometry at Sanford Burnham Prebys Medical
Discovery Institute (Lake Nona, FL).

Orthotopic sciatic nerve allograft model
Male and female NSGmice were bred in house and used at 6 to

8 weeks of age. Following anesthesia with isoflurane (1–3% in
oxygen), the right sciatic nerve was injected with 5,000 luciferase-
expressing MD-MSCs in 3 mL of L-15 prf media. Wounds were
sealed with Vetbond. Mice were imaged with an In Vivo Imaging
System (IVIS, Caliper) 15 minutes after intraperitoneal injection
of luciferin (150mg/kg) to confirm engraftment, were assigned to
treatment groups (Day 0) and began daily treatment with the
vehicle (as above), saracatinib (25 mg/kg), cabozantinib (12.5
mg/kg), or a combination of saracatinib and cabozantinib (25
and 12.5mg/kg, respectively).Mice were imagedwith IVIS every 7
days and were sacrificed at day 14. Tumor grafts and contralateral
sciatic nerves were removed, weighed and photographed, fol-
lowed by fixation overnight in 4% paraformaldehyde and storage
in 30% sucrose/0.02% azide.

Immunohistochemistry
Fixed grafts and nerves were embedded in paraffin and cut into

4-mm sections. Antigen retriever reaction was performed by heat-
ing sections in 0.1 mol/L sodium citrate, pH 6.0 in a pressure
cooker for 30 minutes. To block endogenous peroxidase activity,
sections were treated with 3% hydrogen peroxide for 15 minutes.
Following blocking (Super Block solution, ScyTek Lab), sections
were incubated with primary antibody at 4�C overnight. After
washing, an UltraTek anti-polyvalent biotinylated secondary
antibody (ScyTek Lab) was added to the sections for 10 minutes,
followed by serial treatment with UltraTek HRP (ScyTek Lab), an
AEC substrate, and hematoxylin counterstaining. Stained sections
were mounted with Immu-mount (Thermo Fisher Scientific) and
photographed under a Nikon Eclipse microscope. Images were
taken from multiple areas in each section, and representative
images are shown.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 6.

Comparisons were made using ANOVA with Bonferroni posttest
or Kruskal–Wallis test withDunn's comparison. Formouse study,
statistical analysis was performed using SAS version 9.4 (SAS
Institute Inc. SAS/STAT 9.4 User's Guide, SAS Institute Inc.;
2014) and GraphPad Prism 6. Bonferroni adjustments were used
when performing multiple comparisons and significance was
fixed at the 5% level.

Results
C-Met inhibition promotes G1 cell-cycle arrest of MD-MSCs

We performed a high-content drug screen to assess the effect of
c-Met inhibitors on proliferation of MD-MSCs. All inhibitors
tested reduced proliferation of MD-MSCs after 48 hours (Sup-
plementary Fig. S1). We further evaluated cabozantinib, a c-Met/
VEGFR2 inhibitor, because it is FDA-approved and would target
Schwann cells and the vasculature. Cabozantinib significantly
reduced viability of MD-MSCs after 48 hours of treatment, with
IG50 of 2.2 mmol/L, an 85% maximum effect, and five-fold
selectivity over WT-MSCs (IG50¼ 10 mmol/L; Fig. 1A). MD-MSCs
treated with increasing cabozantinib concentrations had a dose-
dependent decrease in c-Met (Y1234/1235) phosphorylation
(Fig. 1B), but no change in the VEGFR2/3 phosphorylation levels
(Fig. 1C). Knockdown of c-Met in MD-MSCs decreased their
growth rate by approximately 30% over 72 hours (Fig. 1D),
confirming that c-Met contributes to enhanced MD-MSC prolif-
eration. Downstream of c-Met, cabozantinib decreased the phos-
phorylation levels of Erk1/2 andAkt(T308) inMD-MSCswithin 6
hours, and the effect was maintained at 24 hours (Fig. 1E and F).
These changes were accompanied by decreased cyclin D1 and
increased p27 levels at 24 hours of treatment (Fig. 1G), consistent
with a G1 cell-cycle arrest (35). To assess suitability for in vivo
testing, we performed a pharmacokinetic analysis of cabozantinib
in NSG mice. Plasma and nerve concentrations of cabozantinib
peaked at 4 hours (6,500 and 1,650 ng/ml, respectively) andwere
detectable for at least 17 hours with a t1/2 of approximately 7
hours following a single 40 mg/kg oral dose (Fig. 1H).

Cabozantinib synergizes with the Src inhibitor, dasatinib, in
MD-MSCs

High-content screening of drug combinations identified that
combination treatment of cabozantinib with the Src inhibitor,
dasatinib, selectively reduced the number ofMD-MSCs compared
with WT-MSCs (Fig. 2A). Synergy scores revealed that cabozanti-
nib and dasatinib synergized in MD-MSCs at low concentrations
(Fig. 2B). In addition, the combination index (CI) of cabozantinib
and dasatinib was 0.6 (Fig. 2C), indicating a synergistic relation-
ship of the two inhibitors and supporting their use in combina-
tion for these studies.

Src inhibition promotes G1 cell-cycle arrest of MD-MSCs
Antibody array analysis revealed increased Src phosphorylation

in humanVS comparedwith normal Schwann cells (33), support-
ing Src as a potential target for NF2 therapeutics (24). The Src
inhibitor, dasatinib, reduced MD-MSC viability with IG50 ¼ 9
nmol/L, a maximum effect of approximately 80%, and 100-fold
selectivity over WT-MSCs (IG50 ¼ 1.45mmol/L; Fig. 3A). In
addition to reducing Src(Y416) phosphorylation, dasatinib
decreased Src-dependent phosphorylation of FAK(Y576) and
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Src/FAK-dependent phosphorylation of paxillin(Y118) in a dose-
dependent manner (Fig. 3B). Dasatinib promoted a G1 cell-cycle
arrest in MD-MSCs, as evidenced by decreased cyclin D1 and
increased p27 levels at 24 hours of treatment (Fig. 3C). A phar-
macokinetic analysis revealed that dasatinib (20mg/kg oral dose)
had poor nerve penetrance and it peaked in the plasma at 1 hour
(200 ng/mL). Consistent with previous reports (36), the half-life
(t1/2) of dasatinib in plasma was approximately 2.5 hours (Fig.
3D). These results do not support in vivo evaluation of dasatinib.

Saracatinib reduces MD-MSC viability and has good nerve
penetration

Apharmacokinetic study of saracatinib (25mg/kg oral dose) in
NSG mice revealed that plasma and nerve concentrations of
saracatinib peaked at 0.5 hours with a t1/2 of 4.4 hours, but
remained constant in the nerve at approximately 300–400 ng/g

for at least 8 hours, the longest time point measured (Fig. 3D).
Saracatinib selectively reduced MD-MSC viability (IG50 ¼ 0.3
mmol/L) but had a low maximum effect of approximately 40%–

50%, compared with an 80% maximum effect for dasatinib (Fig.
3E). Saracatinib decreased the levels of Src(Y416) phosphoryla-
tion compared with total Src levels, and also decreased Src-
dependent phosphorylation of FAK(Y576), and Src/FAK-depen-
dent phosphorylation of paxillin(Y118) at 6 hours of treatment
(Fig. 3F). After 24 hours of saracatinib treatment, MD-MSCs had
increased p27 levels compared with controls (Fig. 3G).

Dual c-Met and Src inhibition is more effective than either
inhibitor alone

MD-MSCs treated with saracatinib (0.5 mmol/L) together with
increasing cabozantinib concentrations had a three-fold decrease
in the IG50 of cabozantinib (0.6 mmol/L, compared with

Figure 1.

C-Met inhibition promotes G1 cell-cycle arrest of MD-MSCs in vitro. A, Dose–response curves of MD-MSCs and WT-MSCs treated with cabozantinib for 48 hours
(IG50 ¼ 2.2 and 10 mmol/L for MD-MSCs and WT-MSCs, respectively. n ¼ 3 cultures, eight replicates each). Representative Western blot analysis and densitometry
show that cabozantinib reduces phosphorylation of c-Met(Y1234/5) (B) and has no effect on phosphorylation of VEGFR2/3 (C) after 6 hours of treatment
(n ¼ 3–4). D, Lentiviral-mediated shRNA knockdown of c-Met in MD-MSCs decreases cell growth (n ¼ 3, eight replicates each; SCRM, scrambled shRNA; MOI,
multiplicity of infection). Representative Western blots and densitometry show that cabozantinib reduces phosphorylation of Erk1/2 (E), Akt(T308) (F) after
6 and 24 hours, and reduces cyclin D1 and increases p27 protein levels (G) after 24 hours of treatment (n¼ 3–4). One-way ANOVA, �P < 0.05.H,Drug concentrations
were measured in plasma and nerves at the indicated times following a single oral dose of 40 mg/kg cabozantinib (n ¼ 3 mice per time point). One-way
ANOVA or Kruskal–Wallis. � , P < 0.05.
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2.2 mmol/L for cabozantinib alone), and more than five-fold
selectivity overWT-MSCs (IG50¼ 3.4 mmol/L; Fig. 4A). Treatment
of MD-MSCs with saracatinib (0.5 mmol/L) and increasing cabo-

zantinib concentration resulted in decreased phosphorylation
levels of c-Met(Y1234/1235), Erk1/2, andAkt(T308) after 6 hours
(Fig. 4B). After 24 hours of the combination treatment,MD-MSCs

Figure 2.

Src and c-Met inhibitors synergize to
reduce MD-MSC number. A, Dasatinib/
cabozantinib combination matrix
analyses of % decrease in nuclear
number (Hoescht staining; red: >75%;
dark pink: 36–75%; light pink: 16–35%;
gray: 0–15%). B, Synergy over model
scores (ref. 49; gray: no synergy;
yellow-orange: moderate to strong
synergy; blue: antagonistic effects).
C, Dasatinib and cabozantinib showed
a synergistic CI score of 0.6 (CI ¼ 1:
no interaction; CI < 1: synergy; CI > 1:
antagonism).
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Figure 3.

Src inhibition promotes G1 cell-cycle arrest of MD-MSCs in vitro. A, Dose–response curves of MD-MSCs and WT-MSCs treated with dasatinib for 48 hours
(IG50 ¼ 9 nmol/L and 1.45 mmol/L for MD-MSCs andWT-MSCs, respectively. n¼ 3 cultures, eight replicates each). Representative Western blots and densitometry
show that dasatinib decreased phosphorylation levels of Src(Y416), FAK(Y576), and paxillin(Y118) after 6 hours (B) and decreased cyclin D1 and increased
p27 levels after 24 hours of treatment (n¼ 3–4;C).D,Drug concentrationsweremeasured in plasma and nerves at the indicated times following a single oral dose of
20 mg/kg of dasatinib or 25 mg/kg of saracatinib in NSG mice (n ¼ 3 mice per time point). E, Dose–response curves of MD-MSCs and WT-MSCs treated
with saracatinib for 48 hours (IG50¼ 0.3 mmol/L for MD-MSCs and was ineffective onWT-MSCs. n¼ 3 cultures, eight replicates each). RepresentativeWestern blots
and densitometry show that saracatinib decreased phosphorylation levels of Src(Y416), FAK(Y576), and paxillin(Y118) relative to total levels after 6 hours (F)
and did not change the level of cyclin D1, but increased p27 expression after 24 hours of treatment (n ¼ 3–4; G). One-way ANOVA or Kruskal–Wallis. � , P < 0.05.
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had decreased cyclin D1 levels and increased p27 levels at lower
cabozantinib concentrations than those treated with cabozanti-
nib alone (Fig. 4C).

Dual c-Met and Src inhibition reduces viability of primary
VS cells

We investigated the efficacy of this drug combination in
decreasing viability of primary VS cells obtained from two
patients. VS01 was a sporadic VS with a heterozygous duplication
of NF2 exon 5 and a homozygous duplication of exon 7. VS02
was from an NF2 patient with an exon 14 deletion. VS cells
were cultured with cabozantinib (2 mmol/L) and saracatinib
(2 mmol/L), alone or in combination, for 48 hours. For both
VS01 and VS02, the combination treatment reduced VS cell
viability by approximately 35%–40% compared with vehicle
(0.3% DMSO) and was significantly more effective than saraca-
tinib alone. In addition, for VS01 cells, the combination treatment
was more effective than cabozantinib alone (Fig. 4D).

Dual c-Met and Src inhibition slows MD-MSC growth in vivo
To evaluate the efficacy of cabozantinib and saracatinib in vivo,

luciferase-expressing MD-MSCs were grafted into the sciatic
nerves of NSG mice, and the graft size was monitored by biolu-
minescence imaging (BLI). Upon confirmation of successful
grafting (Supplementary Fig. S2A), mice were assigned into vehi-
cle, cabozantinib (12.5 mg/kg/day), saracatinib (25 mg/kg/day),

and combination (cabozantinib and saracatinib at 12.5 mg/kg/
day and 25 mg/kg/day, respectively) treatment cohorts. BLI
showed that grafts in the combination-treated group had a sig-
nificantly slower growth rate compared with those in the single-
agent groups (Fig. 5A and B). Although the vehicle-treated allo-
grafts had a 160-fold increase in BL signal over 14 days, the grafts
treated with saracatinib or cabozantinib had a 50- and 60-fold
increase inBL signal, respectively. Significantly, the allografts from
the combination group had only a 25-fold increase in BL signal
after 14 days of treatment (Fig. 5C). The reduction in BL signals
correlated with lower tumor weights in the combination-treated
group compared with the vehicle group (Fig. 5D; Supplementary
Fig. S2B).

Dual c-Met and Src inhibition modulates FAK and ERK
signaling pathways in allografts

To assess the signaling pathways modulated by drug treat-
ments, allograft sections were analyzed by immunohistochemis-
try. Similar to the in vitro findings, saracatinib decreased the FAK
phosphorylation levels, and cabozantinib decreased the ERK1/2
phosphorylation levels compared with vehicle controls (Fig. 5E).
These changes were also observed in the combination-treated
allografts. Moreover, CD31 staining of endothelial cells was
decreased in grafts treated with cabozantinib compared with
vehicle controls, indicating that cabozantinib targets the vascu-
lature in vivo as well (Fig. 5E). Grafts from mice treated with

Figure 4.

Combination treatment modulates similar signaling pathways as single drugs and reduces the viability of primary human VS cells. A, Dose–response curves of MD-
MSCs treated with saracatinib (0.5 mmol/L) and increasing concentration of cabozantinib (IG50 ¼ 0.6 mmol/L in MD-MSCs and 3.4 mmol/L in WT-MSCs; n ¼ 3
cultures, eight replicates each). Single drug curves are replotted for comparison. Representative Western blots and densitometry show that simultaneous
treatment of 0.5 mmol/L saracatinib with increasing cabozantinib concentrations decreased phosphorylation levels of Met(Y1234/5), Erk1/2, and Akt(T308) after 6
hours (B), and decreased cyclin D1 and increased p27 after 24 hours of treatment (n ¼ 3, one-way ANOVA; � , P < 0.05; C). D, VS cell viability was reduced by
treatment of saracatinib and cabozantinib (2 mmol/L each) for 48 hours. Two-way ANOVA, compared with single agents. �� , P < 0.01; ��� , P < 0.001, n¼ 6 replicates.
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cabozantinib or saracatinib, alone or in combination, had fewer
cyclin D1 and Ki67-positive cells compared with those from
vehicle-treated mice. In addition, grafts in the combination-trea-
ted group had elevated cleaved caspase 3 staining, compared with
those in the vehicle and single treatment groups (Fig. 5E), sup-
porting the conclusion that the drug combination induces apo-
ptosis of MD-MSCs in vivo.

Dual c-Met and Src inhibition induces MD-MSC apoptosis
To confirm the in vivo findings, we studied caspase-dependent

apoptosis in cultured MD-MSCs. Caspase 3/7 activity was trig-

gered by cabozantinib or saracatinib alone only when adminis-
tered at high doses (3 mmol/L saracatinib or 10 mmol/L cabozan-
tinib) for 19 to 24 hours (Fig. 6A). However, cotreatment of MD-
MSCs with saracatinib (0.5 mmol/L) and increasing cabozantinib
concentrations induced caspase 3/7 activity at 100-fold lower
concentrations of cabozantinib compared with cabozantinib
administered alone (0.1mmol/L vs. 10mmol/L; Fig. 6A). Similarly,
MD-MSCs treated with cabozantinib (0.5 mmol/L) and increasing
saracatinib concentrations induced caspase 3/7 activity at approx-
imately 30-fold lower saracatinib concentrations compared with
saracatinib administered alone (0.1mmol/L vs. 3mmol/L; Fig. 6A).

Figure 5.

C-Met and Src inhibition reduces growth of orthotopic MD-MSC allografts. A, The relative BL signals are shown at 0, 7, and 14 days after treatment (total flux,
photons/sec, n ¼ 6–10 mice) and representative BL images are presented in B. C, The flux values were normalized to day 0, and the fold changes are shown
for each treatment group. D, Graft weights support the BL quantitation results. E, Graft IHC for p-FAK, p-ERK, cyclin D1, Ki-67, cleaved caspase-3, and
CD31. A representative image for each section is shown.
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Figure 6.

Combined c-Met and Src inhibition induces caspase-dependent apoptosis in MD-MSCs. A, Caspase-3/7 activation in MD-MSCs treated with saracatinib and
cabozantinib, alone, and in combination. Staurosporine (1mmol/L)wasused as apositive control [fluorescence (RFU)normalized toDMSOvehicle control.n¼2, eight
replicates each].B, Representativemembrane asymmetry assay of MD-MSCs treated with 2 mmol/L each of saracatinib and cabozantinib, alone, and in combination.
DMSO was used as vehicle control. Quantitation is shown in C (n¼ 3, two-way ANOVA). D, Representative Western blots show cleaved caspase-3 after 24 hours of
treatment with a single drug or drug combination. E,MD-MSC viability after treatment with the indicated drug or drug combination for 24 hours in the presence and
absence of inhibitors of apoptosis: Fas:Fc (FasL decoy), Z-DEVD-FMK (caspase 3), Z-IETD-FMK (caspase 8), and Z-LEHD-FMK (caspase 9) at the indicated
concentrations (n ¼ 2, 6–10 replicate wells each). Wells treated with the drug and inhibitor were compared with wells treated with inhibitor alone (Kruskal–Wallis,
�P < 0.05, ��P < 0.01, ���P < 0.001, ����P < 0.0001). F, Combination treatment of MD-MSCs with cabozantinib and saracatinib decreases pro-survival signaling
through ERK and Akt, leading to Fas activation and caspase-dependent apoptosis.
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A membrane asymmetry assay confirmed that the drug combi-
nation induced a larger apoptotic cell population than either drug
alone (Fig. 6B). Treatment with 2 mmol/L saracatinib resulted in
6.2% apoptotic cells, 4.8% dead cells, and 88.4% live cells,
whereas treatment with 2 mmol/L cabozantinib had 7.7% apo-
ptotic cells, 9% dead cells, and 82.8% live cells. The combination
treatment increased the apoptotic population to 20% after 19
hours (Fig. 6C). When administered alone, saracatinib did not
induce cleavage of caspase 3. Cabozantinib induced caspase
cleavage at 1mmol/L whereas in the presence of 0.5 mmol/L
saracatinib, caspase cleavage was detected at 0.1 mmol/L cabo-
zantinib (Fig. 6D). Collectively, our results indicate that although
the individual drugs promote a G1 cell-cycle arrest of MD-MSCs,
saracatinib and cabozantinib combination is cytotoxic and pro-
motes caspase 3/7-dependent apoptosis.

Dual c-Met and Src inhibition activates extrinsic and intrinsic
apoptotic pathways

To examine the apoptotic pathway activated by dual inhibition
of c-Met and Src, MD-MSCs were cultured in the presence of 2
mmol/L saracatinib and 2 mmol/L cabozantinib, alone and in
combination, for 24hourswithorwithout inhibitors for caspase 3
(Z-DEVD-FMK), caspase 8 (Z-IETD-FMK), and caspase 9 (Z-
LEHD-FMK). The three caspase inhibitors significantly prevented
the loss of viability of MD-MSCs treated with cabozantinib and
saracatinib together (Fig. 6E), suggesting that the combination
treatment activates both the extrinsic and intrinsic apoptotic
pathways. Incubation of MD-MSCs with the Fas ligand (FasL)
decoy Fas:Fc partially prevented the loss ofMD-MSCviability (Fig.
6E), supporting the conclusion that the Fas receptor is activated by
the combination treatment, leading to activation of caspases and
cell death. Furthermore, basal expression of Fas receptor was
higher in MD-MSCs compared with WT-MSCs (Supplementary
Fig. S3), suggesting a possible explanation for drug selectivity.

Discussion
Individuals with NF2 develop multiple meningiomas and

schwannomas over their lifetime. Although there is a low inci-
dence of malignancy, repetitive surgeries to remove tumors
increase morbidity and considerably decrease a patient's lifespan
(10). Removal or irradiation of bilateral VS that occur in all NF2
patients can lead to deafness and facial nerve paralysis. This
outcome in particular leads to social isolation and decreased
quality of life. Currently, there is no approved pharmacologic
treatment for NF2 tumors; however, patients are increasingly
treated off-label with cancer drugs. Themajority of drug therapies
in clinical use forNF2 are cytostatic or target the tumor vasculature
(7–9).

To date, only anHDAC and PI3K inhibitors have been found to
induce apoptosis ofMD-MSCs and human VS cells (32, 37, 38). A
3-phosphoinositide-dependent protein kinase-1 (PDK-1) inhib-
itor, OSU-03012, induced caspase-9–dependent apoptosis in
NF2-associated Schwann cells and malignant schwannomas
(38). Our screen of the Library of Pharmaceutically Active Com-
pounds (LOPAC) revealed that multiple PI3K inhibitors reduced
viability of MD-MSCs by inducing caspase-dependent apoptosis
and autophagy (32). Currently, there are over 300 ongoing
clinical trials of PI3K inhibitors due to their relevance to oncology
(clinicaltrials.gov). However, only one PI3K inhibitor, Idelalisib
(Zydelig, Gilead Sciences) has been FDA-approved (39). This

drug, however, carries a black box warning for adverse effects
(40). Recently, six clinical trials of drug combinations with
Idelalisib have been halted due to toxicity (41).

Here, we demonstrate that simultaneous inhibition of c-Met
and Src with cabozantinib and saracatinib, respectively, reduced
the viability of MD-MSCs in vitro and in nerve allografts by
inducing caspase-dependent apoptosis. Moreover, the drug com-
bination inhibited growth of primary VS cells carrying genetic
inactivation of NF2. Treatment of MD-MSCs with cabozantinib
reduced activation of ERK1/2 and Akt signaling pathways down-
stream of c-Met. In vivo, cabozantinib also reduced microvessel
density. Both dasatinib and saracatinib inhibited Src activity in
MD-MSCs as evidenced by reductions in phosphorylated FAK and
paxillin. FAK signaling is elevated inNF2-associated VS compared
with normal nerves (24). A previous study showed that FAK
inhibition with crizotinib reduced allograft growth in mice
(42). Merlin modulates activity of the b1 integrin pathway acti-
vated by extracellular matrix and transduced by Src and FAK (43,
44). This pathway mediates extracellular matrix-dependent cell
survival, and converges with proliferative signals from mitogen
receptor-dependent activation of ERK1/2 and PI3K/Akt (3). The
absence of merlin activates these pathways, leading to enhanced
cell survival and proliferation. Simultaneous inhibition of c-Met-
ERK1/2-Akt and Src-FAK-paxillin could prevent schwannoma
cells from using a compensatory mechanism of adhesion-depen-
dent cell survival.

Inhibition of these two pathways which converge on PI3K/Akt
in Schwann cells may contribute to induction of apoptosis. Akt
modulates transcription factors that regulate cell cycle and apo-
ptosis (45), and may mediate the cytostatic and cytotoxic effects
observed in cabozantinib and saracatinib-treated MD-MSCs. Our
results suggest that the efficacy of the combination treatment is
due, in part, to activation of the Fas/FasL cell death pathway.
Inhibition of Fas with a FasL decoy partially prevented cell death
induced by the drug combination.Weobserved activation of both
the extrinsic and intrinsic apoptotic pathways downstream of Fas
receptor, as evidenced by the ability of caspase 8, 9, and 3
inhibitors to prevent MD-MSC death caused by the drug combi-
nation. This could be attributed todecreasedpro-survival andpro-
proliferative signaling involving ERK and Akt, leading to upregu-
lation of FasL (46). In addition, stimulation of the Fas receptor by
FasL activates both the extrinsic and intrinsic apoptotic pathways,
resulting in cytochrome c release frommitochondria and apopto-
some formation with caspase-9 (47). Merlin loss in SCs leads to
accumulation of multiple receptors in the plasma membrane
(48), potentially explaining the elevated basal levels of Fas recep-
tor in MD-MSCs compared with WT-MSCs. A proposed pathway
summarizing our findings is shown in Fig. 6F.

This study demonstrates that simultaneous c-Met and Src
inhibition induced apoptosis ofmerlin-deficientmouse Schwann
cells in culture and in allografts, and reduced growthof primaryVS
cells with NF2 mutations. The drug combination also decreased
the viability of twomerlin-deficient human SC lines and a human
benign meningioma line in vitro (Supplementary Fig. S4), con-
firming that the effects are not cell-line or species-dependent. Both
ERK and Src-FAK kinases converge onto the PI3K/Akt pathway;
inhibitors of which induce apoptosis in NF2-associated cells.
Considering the severe toxicity associated with direct targeting
of PI3K with Idelalisib, and until additional PI3K inhibitors are
approved, simultaneous inhibition of c-Met-ERK and Src-FAK
pathways with cabozantinib and dasatinib/saracatinib may
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promote schwannoma cell apoptosis with fewer adverse effects.
This study provides preclinical data supporting further investiga-
tion of dual inhibition of c-Met and Src as a potential therapy for
NF2-associated schwannomas.
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Meningiomas frequently display activation of the PI3K/AKT/mTOR pathway, leading to elevated levels of
phospho-eukaryotic translation initiation factor 4E binding proteins, which enhances protein synthesis; howev-
er, it is not knownwhether inhibition of protein translation is an effective treatment option formeningiomas.We
found that humanmeningiomas expressed high levels of the three components of the eukaryotic initiation factor
4F (eIF4F) translation initiation complex, eIF4A, eIF4E, and eIF4G. The expression of eIF4A and eIF4E was impor-
tant in sustaining the growth of NF2-deficient benign meningioma Ben-Men-1 cells, as shRNA-mediated knock-
down of these proteins strongly reduced cell proliferation. Among a series of 23 natural compounds evaluated,
silvestrol, which inhibits eIF4A, was identified as being the most growth inhibitory in both primarymeningioma
and Ben-Men-1 cells. Silvestrol treatment of meningioma cells prominently induced G2/M arrest. Consistently,
silvestrol significantly decreased the amounts of cyclins D1, E1, A, and B, PCNA, and Aurora A. In addition, total
and phosphorylated AKT, ERK, and FAK, which have been shown to be important drivers for meningioma cell
proliferation, were markedly lower in silvestrol-treated Ben-Men-1 cells. Our findings suggest that inhibiting
protein translation could be a potential treatment for meningiomas.

© 2017 Elsevier Inc. All rights reserved.
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1. Introduction

Meningiomas, accounting for over one third of all primary brain tu-
mors, cause significant morbidity, including cranial nerve palsy, sei-
zures, and brainstem compression, which may lead to paralysis,
aspiration pneumonia, and death (Ostrom et al., 2015). Current treat-
ment options for these tumors are limited to surgery and radiation.
However, incomplete tumor resection is not uncommon and is one of
the main causes of tumor recurrence (Goldbrunner et al., 2016). Even
after total gross resection, the 5-year recurrence rate is about 7–23%
(Rogers et al., 2015). Meningiomas can occur sporadically or in patients
with neurofibromatosis 2 (NF2), which is caused by the inactivation of
NF2/merlin tumor suppressor function (Rouleau et al., 1993; Trofatter
et al., 1993). Importantly, patients with NF2 are at increased risk for
multiple meningiomas, which often requires them to undergo several
arduous treatment cycles. Development of an effective systemicmedical
therapy for meningiomas is therefore of urgent clinical need.
and Blood Diseases, The Research In
ens.org (L.-S. Chang).
dMedical School andMassachusetts E
In addition to NF2-associated meningiomas, about 50% of spo-
radic tumors also harbor NF2 mutations. Loss of merlin abnormally
activates several mitogenic signals, such as the PI3K/AKT/mTOR
pathway (Ammoun et al., 2008; Jacob et al., 2008). Indeed, menin-
giomas often exhibit elevated levels of phospho-AKT (p-AKT),
which can promote protein biosynthesis by stimulating p70 S6-ki-
nase, leading to phosphorylation of the S6 ribosomal protein
(Sorrells et al., 1999; De Benedetti and Graff, 2004; Holland et al.,
2004; Anjum and Blenis, 2008; Menon and Manning, 2008;
Kleiner et al., 2009; Ma and Blenis, 2009; Silvera et al., 2010; Li et
al., 2012). Other important signaling proteins downstream of the
PI3K/AKT/mTOR pathway include the 4E-binding protein (4E-BP)
translational repressors; upon phosphorylation, these proteins
are inactivated and protein biosynthesis is facilitated. Consistent
with this notion, meningiomas display high p-4E-BP levels
(Pachow et al., 2013), suggesting that protein translation initiation
is likely enhanced in these tumors.
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Initiation of protein translation is strictly-controlled and occurs
when the eukaryotic initiation factor 4F (eIF4F) complex is recruited
to the 5′ cap structure of mRNA, followed by the unwinding of the sec-
ondary structure of its 5′ untranslated region (Jackson et al., 2010;
Silvera et al., 2010; Blagden and Willis, 2011). The eIF4F complex is
composed of three components: eIF4E binds the 5′ cap; the eIF4A RNA
helicase unwinds the secondary structure; and eIF4G is a scaffold for
other eIFs and enhances the eIF4A helicase activity. Studies have
shown that the 4E-BP proteins repress translation by binding to eIF4G
and preventing its association with eIF4E. Phosphorylation of 4E-BPs
causes these proteins to dissociate from eIF4G, thus promoting eIF4F as-
sembly. The effective formation of the eIF4F complex may require suffi-
cient levels of each eIF4F component.

As uncontrolled growth of tumor cells often requires a high degree
of protein translation, increased expression of the eIF4F components
has been reported in several cancer types (Sorrells et al., 1999; De
Benedetti and Graff, 2004; Kleiner et al., 2009; Silvera et al., 2010; Li et
al., 2012). Overexpression of eIF4E promotes cell transformation
(Lazaris-Karatzas et al., 1990) and frequently correlates with high
tumor grade and poor patient prognosis (Li et al., 1997; Berkel et al.,
2001; Li et al., 2012). While the oncogenicity of eIF4A and eIF4G has
not been as well characterized as for eIF4E, elevated eIF4A and eIF4G
levels have been reported in hepatocellular and lung carcinomas, re-
spectively (Shuda et al., 2000; Bauer et al., 2001; Comtesse et al.,
2007). Also, forced overexpression of eIF4A enhancesmalignant progres-
sion in an acute lymphocytic leukemiamouse model (Wolfe et al., 2014).
Furthermore, enhanced protein translation has been described in a spec-
trum of neurological disorders, including autism spectrum disorders and
fragile X syndrome (Silvera et al., 2010; Gkogkas et al., 2013; Gkogkas et
al., 2014), suggesting that targeting translation initiationmay have thera-
peutic potential. Recently, we reported elevated expression of all three
eIF4F components in NF2-deficient vestibular schwannomas, and deple-
tion of these eIF4F components reduced schwannoma cell growth
(Oblinger et al., 2016). However, the protein levels of eIF4A, eIF4E, and
eIF4G have not been rigorously explored in meningiomas.

In this study, we used meningioma tumors, primary meningioma
cell cultures, and the benign NF2-deficient meningioma Ben-Men-1
cell line to demonstrate that meningiomas overexpress all three eIF4F
components. Overexpression of these components is an important driv-
er of meningioma cell proliferation, as confirmed by short-hairpin RNA-
mediated knockdown and pharmacological inhibition. Our results sug-
gest that inhibition of translation initiation factors should be further
evaluated as a potential treatment for these tumors.

2. Materials and methods

2.1. Tissue acquisition and cell cultures

The Ohio State University (OSU) Institutional Review Board (IRB)
approved the human subjects protocols for the acquisition of meningio-
ma specimens, the diagnosis of which was confirmed by a pathologist.
Fresh meningioma tissues were finely minced and digested with colla-
genase/dispase at 37 °C overnight as previously described (Chang and
Welling, 2009). Primary meningioma cells, normal human meningeal
cells (ScienCell), and NF2-deficient benign meningioma Ben-Men-1
cells were grown in Dulbecco's modified Eagle medium (DMEM) and
10% fetal bovine serum (FBS) (Thermo Fisher) as described previously
(Burns et al., 2013). All primary cell cultureswere used at early passages
(less than five passages).

2.2. Natural compound treatment, cell proliferation assays, and flow
cytometry

A series of 23 natural compounds, including silvestrol (Fig. 3A), was
isolated and their structures and absolute configurationswere previous-
ly reported (Kinghorn et al., 2011; Oblinger et al., 2016). Purified
compounds were dissolved in dimethyl sulfoxide (DMSO) to 1–
10 mM and then diluted for cell proliferation assays. Briefly, Ben-Men-
1 and primary meningioma cells were seeded in 96-well plates at
4000 cells/well and treated the next day with various concentrations
of each natural compound or DMSO as a control. After three days, cell
proliferation was assessed using resazurin, and the IC50 values were de-
termined (Burns et al., 2013).

Cell cycle analysis of drug-treated Ben-Men-1 cellswas performed as
previously described (Oblinger et al., 2016). A FACSCalibur flow
cytometer (Becton Dickinson) was used to analyze samples after gating
around the diploid population (FL2-A/FL2-W). Histograms and cell
cycle distribution were determined using ModFit LT software (Verity
Software House).

2.3. Western blots

Subconfluent Ben-Men-1 cells were treated with the indicated con-
centrations of silvestrol or DMSO vehicle for 24 h, followed by cell lysis
andWestern blotting according to Oblinger et al. (2016). The antibodies
used included anti-eIF4A1 (2490), AKT (9272), phospho-AKT [p-
AKT(Ser473)] (4060), extracellular signal-regulated kinases 1 and 2
(ERK1/2; 4695), p-ERK (4370), proline-rich Akt substrate of 40 kDa
(PRAS40; 2691), p-PRAS40(Thr246) (2997), focal adhesion kinase
(FAK; 3285), cyclin B1 (4138), cyclin D1 (2978), cyclin E1 (4129), glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH; 5174), merlin
(12888) (all from Cell Signaling Technology), proliferating cell nuclear
antigen (PCNA; sc-56), cyclin A (sc-751), eIF4A2 (sc-137148), and
eIF4G (sc-133155) (all from Santa Cruz Biotechnology), p-FAK(Tyr397)
(700255 from Thermo Fisher), and eIF4E (ab33768 from Abcam). Pro-
tein bands were detected using an HRP-conjugated secondary antibody
and the ECL Plus Western Blotting Substrate (Thermo Fisher) or a fluo-
rescently-labeled secondary antibody and theOdyssey CLx imaging sys-
tem (LI-COR Biosciences).

2.4. Lentiviral-mediated short-hairpin RNA (shRNA) transduction

Ben-Men-1 cells were seeded in 6-well plates at 9000 cells/well.
The next day, cells were fed with fresh DMEM/10% FBS containing 8
μg/mL polybrene and then incubated overnight with MISSION shRNA
lentiviruses targeting EIF4A1 (TRCN0000288729; target sequence 5′-
GCCGTAAAGGTGTGGCTATTA-3′), EIF4A2 (TRCN0000051869;
target sequence 5′-CGGGAGAGTGTTTGATATGTT-3′), EIF4E
(TRCN0000062573; target sequence 5′-CCACTCTGTAATAGTTCAGTA-
3′) or shNon-targeting lentivirus (#SHC002V, insert sequence 5′-
CAACAAGATGAAGAGCACCAA-3′; all from Sigma) at amultiplicity of in-
fection (MOI) of 10. Two days following transduction, puromycin
(Corning) was added to the culture medium to a final concentration of
2.5 μg/mL. Cells were grown for another 8 days before counting on a he-
mocytometer. Subsequently, the cells were centrifuged, and the
resulting pellets were lysed in 2% SDS with protease and phosphatase
inhibitors (Sigma). Equal amounts of proteinwere analyzed byWestern
blot for eIF4A1, eIF4A2, eIF4E, and GAPDH (Oblinger et al., 2016). Fluo-
rescently-labeled protein bands were captured on an Odyssey CLx Im-
ager (LI-COR BioSciences), quantitated using Image Studio, and
calculated as percent of the nontargeting control after normalization
to GAPDH.

2.5. Immunohistochemistry (IHC)

Archived formalin-fixed, paraffin-embedded sections of humanme-
ningioma tissueswere acquired, deparaffinized, and immunostained for
eIF4AI-II (sc-50354) and eIF4G (sc-133155) (both from Santa Cruz) and
eIF4E (ab33768 from Abcam) as previously described (Burns et al.,
2013). Quantification of immunostaining signal was performed by a pa-
thologist and an investigator using visual analysis based on the intensity
and percentage of immunopositive cells.
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3. Results

3.1. Meningiomas expressed elevated levels of eIF4A, eIF4E, and eIF4G com-
pared to normal meningeal cells

Todetermine the expression levels of the eIF4F components, we per-
formed immunohistochemical staining for eIF4A, eIF4E, and eIF4G on 16
meningiomas, including six grade I sporadic tumors, four grade I NF2-
associated tumors, five grade II sporadic tumors, and one grade III spo-
radic tumor. All of these meningiomas showed more intense labeling
of eIF4F components compared to adjacent normal meningeal tissues
(Fig. 1 and Table 1). Fifty percent of the meningioma specimens (8/
16) were scored as having 1+ or greater labeling for eIF4A, 94% of the
tumors (15/16) were scored as having 1+ or greater labeling for
eIF4E, and 75% percent of the tumors (12/16) were scored as having
1+ or greater labeling for eIF4G. Notably, all four NF2-associated tu-
mors had intense staining for eIF4A and eIF4E (Table 1).

The RNA helicase eIF4A had prominent perinuclear staining, consis-
tent with its role in translation initiation and localization to the rough
endoplasmic reticulum. Staining for eIF4E occurred more diffusely
throughout the cytoplasm, with faint nuclear labeling (Rosenwald et
al., 1995; Culjkovic et al., 2008). The labeling pattern for eIF4G was dif-
fusely cytoplasmic,with some conspicuous rimming around the nucleus
that resembled the perinuclear concentrations observed with eIF4A.
While the sample size was limited, the six high grade meningiomas
(five grade II and one grade III) tended to show higher labeling in
eIF4G, when compared to grade I tumors (Table 1).

To confirm thesefindings,we compared eIF4A, eIF4E, and eIF4Gpro-
tein expression in four primary grade I meningioma cultures prepared
from two sporadic (Primary meningiomas #1 and 2 in Fig. 2A) and
two NF2-associated tumors (Primary meningiomas #3 and 4) and the
telomerase-immortalized Ben-Men-1 benign meningioma line with
those in primary meningeal cells. All four primary cultures of
Fig. 1. Meningioma tissues overexpressed all three components of the eIF4F complex. Shown
eIF4G. “N” indicates adjacent normal meninges. The staining scores for all tumors are reported
meningioma cells and Ben-Men-1 cells uniformly exhibited higher
levels of all three eIF4F components relative to normal meningeal cells
(Fig. 2A). As previously reported (Burns et al., 2013), Ben-Men-1 cells
did not express merlin protein. In addition, merlin was not detected in
three of the four primarymeningioma cultures andwas greatly reduced
in the fourthmeningioma culture. Collectively, these results indicate in-
creased expression of eIF4A, eIF4E, and eIF4G in meningiomas.

3.2. Inhibition of eIF4A and eIF4E impaired meningioma cell proliferation

To verify the importance of eIF4F components in meningioma cell
growth, we used shRNA-containing lentiviruses to silence eIF4A and
eIF4E expression in Ben-Men-1 cells. Consistent with the knockdown ef-
ficiencies (Fig. 2B), depletion of eIF4A2 or eIF4E dramatically reduced cell
numbers by about 87% and 80%, respectively, relative to control cells that
were transducedwith a nontargeting shRNA construct (Fig. 2C). Silencing
eIF4A1 gave rise to partial growth suppression,whichwas commensurate
with amoderate knockdown efficiency (Fig. 2B and C). These results indi-
cate that silencing of either eIF4A1 or eIF4A2 impairs meningioma cell
proliferation. We also noted that knockdown of any individual eIF result-
ed in modest decreases in the other eIF4F components. In these condi-
tions, the levels of eIF4E seemed to be particularly sensitive, decreasing
by 53% and 36% after depletion of eIF4A1 or eIF4A2, respectively.

As an FDA-approved medical therapy is currently not available for
the treatment of meningiomas, identification of new therapeutics for
patients withmeningiomas is of great clinical interest. The growth inhi-
bition observed from the eIF4A and eIF4ERNA interference experiments
(Fig. 2B and C) suggested that meningioma cells may be susceptible to
pharmacological inhibition of these eIF4F components. Interestingly,
we found that among a series of botanical compounds evaluated, the
eIF4A inhibitors silvestrol and episilvestrol, an isomer of silvestrol, were
themost potent in inhibiting proliferation of Ben-Men-1 cells and prima-
ry meningioma cells based on the IC50 values and maximal killing effects
are representative images of meningioma sections immunostained for eIF4A, eIF4E, and
in Table 1.



Table 1
Clinicopathological information ofmeningiomas and their relative IHC staining signals for eIF4A, eIF4E, and eIF4G.Meningioma tumor sectionswere processed for immunohistochemistry
analysis as described in the Materials and methods. Immunostaining signals were quantified using visual analysis based on the intensity and percentage of immunopositive cells (0 as
negative, 0.5 = weak positive, 1 =moderate positive, 2 = strong positive, and 3 = very strong positive). Adjacent normal meningeal cells showed little to no staining and were scored
as 0 (Fig. 1).

Tumor ID Gender Tumor grade Histological type Clinical diagnosis Tumor size (cm) IHC staining signals

eIF4A eIF4E eIF4G

Men01 F WHO grade I Meningothelial Sporadic 3.3 × 2.7 × 1.6 0.5+ 1+ 0–0.5+
Men02 F WHO grade I Meningothelial Sporadic 2.0 × 1.0 × 1.0 1–2+ 0.5+ 1–2+
Men03 F WHO grade I Fibrous Sporadic 3.2 × 2.6 × 1.3 0.5+ 2+ 0.5–1+
Men04 F WHO grade I Meningothelial Sporadic 2.5 × 2.0 × 1.8 0.5+ 2+ 1–1.5+
Men05 N/Aa WHO grade I Meningothelial Sporadic 2.5 × 1.5 × 1.0 1–2+ 1–2+ 1–2+
Men06 F WHO grade I Meningothelial Sporadic 2.5 × 1.8 × 0.9 0.5+ 2+ 0.5–1+
Men07 M WHO grade I Meningothelial NF2 2.0 × 1.2 × 0.8 1–3+ 2–3+ 2–3+
Men08 F WHO grade I Meningothelial NF2 3.4 × 2.8 × 1.7 0.5–1+ 1–2+ 0.5+
Men09 M WHO grade I Meningothelial NF2 3.2 × 2.9 × 3.4 1–3+ 1–2+ 0.5+
Men10 M WHO grade I Meningothelial NF2 2.0 × 2.2 × 2.5 2–3+ 1–2+ 0.5+
Men11 F WHO grade II Atypical Sporadic 3.2 × 1.4 × 2.1 0.5–1+ 1–3+ 1–2+
Men12 F WHO grade II Atypical Sporadic 9.0 × 4.0 × 3.0 0.5+ 1–1.5+ 1–2+
Men13 F WHO grade II Atypical Sporadic 3.0 × 2.5 × 1.1 0.5+ 2+ 1+
Men14 M WHO grade II Atypical Sporadic 1.5 × 1.0 × 0.8 0.5+ 0.5–1+ 0.5–1+
Men15 F WHO grade II Chordoid Sporadic 6.5 × 6.0 × 3.0 0.5–1+ 1+ 1+
Men16 M WHO grade III Anaplastic Sporadic 5.8 × 4.0 × 3.1 0.5+ 1+ 1–1.5+

a N/A, not available.
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(Fig. 3A). Silvestrol consistently inhibitedmeningioma cell proliferation at
very low IC50 values (~10 nM in Ben-Men-1 and ~25 nM in primary me-
ningioma cultures) (Fig. 3A andB). These results highlight the importance
of eIF4F components in the growth of meningioma cells.

3.3. Silvestrol treatment induced G2/M arrest and reduced the levels of sev-
eral cell-cycle and mitogenic proteins

Consistent with previous reports (Mi et al., 2006a; Oblinger et al.,
2016), silvestrol induced cell cycle arrest at the G2/M phase. Ben-Men-
1 cells treated with the IC50 dose of silvestrol for three days had an
over two-fold increase in the proportion of cells in G2/M (untreated,
5.68% versus silvestrol-treated, 12.86%; Fig. 4). This effect became
even more pronounced at twice the IC50 dose, in which over half the
cell population was in the G2/M fraction. To further examine the effects
of silvestrol on the cell cycle, we profiled the expression of various cell
cycle proteins. Ben-Men-1 cells treated with silvestrol exhibited sharp
reductions in all examined cyclins (D1, E1, A, and B1) as well as themi-
totic Aurora A kinase (Fig. 5). PCNA, which acts during S phase to facil-
itate DNA synthesis, was also markedly reduced. This is consistent with
the finding that silvestrol treatment of Ben-Men-1 cells reduced the S
phase fraction (Fig. 4).

NF2-deficient tumors often exhibit increased phosphorylation of the
AKT, ERK1/2, and FAK kinases (Poulikakos et al., 2006; Jacob et al., 2008;
Hilton et al., 2009; Endo et al., 2013; Ammoun et al., 2014), and activa-
tion of these kinases can lead to enhanced protein biosynthesis (Silvera
et al., 2010).We found that silvestrol treatment decreased both the total
and phosphorylated AKT as well as its downstream substrate PRAS40 in
Ben-Men-1 cells (Fig. 5). Likewise, both the total and phosphorylated
ERK1/2 and FAK were suppressed in silvestrol-treated meningioma
cells. Taken together, these results suggest that silvestrol exerts its anti-
proliferative action by simultaneously reducing multiple pro-growth
signaling molecules.

4. Discussion

Despite being themost frequent brain tumors, the biology ofmenin-
giomas is not well understood and an FDA-approvedmedical therapy is
currently not available for these tumors. While alterations in the NF2
gene frequently occur, recent molecular genetic studies have identified
mutations in AKT1, SMO, KLF4, TRAF7, and POLR2A in non-NF2 meningi-
omas (Brastianos et al., 2013; Clark et al., 2013; Clark et al., 2016). In
addition, gene expression analyses have identified AKT as one of the
key drivers for meningioma growth (Wang et al., 2012; Hilton et al.,
2016). Activation of AKT promotes protein translation initiation,
which is dependent upon expression and assembly of several eIF com-
plexes (Jackson et al., 2010; Silvera et al., 2010). Intriguingly, high levels
of eIF4E correlate with meningioma grade (Tejada et al., 2009). Menin-
giomas lacking NF2 frequently have more abundant eIF3C than NF2-ex-
pressing tumors (Scoles et al., 2006). We now report that all three
components of the eIF4F complex are overexpressed in meningiomas.
While the number of meningiomas that we analyzed is small, the
NF2-associated grade I meningiomas that we analyzed exhibited high
levels of these proteins, particularly eIF4A and eIF4E, when compared
to sporadic grade I tumors (Table 1 and Fig. 2A). Similarly, we recently
reported that NF2-associated vestibular schwannomas also appeared
to have more eIF4F components (Oblinger et al., 2016). In addition,
we observed that the six high grade (II and III) tumors expressed higher
amounts of eIF4E and eIF4G, compared to sporadic grade I tumors
(Table 1). In line with this tumor study, our primary cultures of menin-
gioma cells also showed elevated levels of eIF4F components compared
with normalmeningeal cells. Itwould be interesting to extendour study
to a larger cohort of tumors to see if these findings can be confirmed and
if they correlate with any clinical outcome parameters.

Both RNA silencing and pharmacological inhibition verified that
these eIF4F components are critical for meningioma cell growth. Using
shRNA-mediated knockdown in Ben-Men-1 cells, we found that silenc-
ing eIF4A1, eIF4A2, or eIF4E was sufficient to inhibit cell growth. Curi-
ously, eIF4A2 appeared to be as important for proliferation as eIF4A1
since eIF4A2 knockdown profoundly impaired proliferation of meningi-
oma cells (Fig. 2C). Previously, we observed similar results inmalignant
peripheral nerve sheath tumor (MPNST) cells (Oblinger et al., 2016).
However, the role of eIF4A2 on cell proliferation may depend upon
the cell type (Galicia-Vázquez et al., 2012). In a similar context, it
would be also interesting to investigate the role of eIF4G inmeningioma
cell growth. As isoforms exist in eIF4G (Silvera et al., 2010), the contri-
bution of each isoform should be evaluated as we did with eIF4A1 and
eIF4A2. Unexpectedly, we did not observe that depletion of eIF4A1,
eIF4A2, or eIF4E resulted in a compensatory increase of the other two
eIF4F components, but instead, we saw modest decreases in the levels
of these components (Fig. 2B). Our previous study in MPNST cells also
showed reduced eIF4E levels following knockdown of eIF4A1 or
eIF4A2 protein (Oblinger et al., 2016), suggesting coordinate regulation
of these eIF4F components.
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The importance of eIF4A activity for meningioma cell proliferation
was also validated by the identification of the eIF4A inhibitor silvestrol
as being profoundly growth inhibitory in both primary meningioma
and Ben-Men-1 cells. Consistent with previous reports (Mi et al.,
2006a; Oblinger et al., 2016), silvestrol treatment resulted in a promi-
nent G2/M arrest in meningioma cells (Fig. 4). Cyclin levels are induced
during specific phases of the cell cycle and are well-known for having a
fast protein turnover rate (Pines, 1996). While tumor cells frequently
exhibit an abnormal G1 checkpoint, sharp declines in multiple cyclins
Fig. 2.Meningioma cells expressed higher levels of eIF4F components. (A) Overexpression of eI
line. Total cell lysates from four primary cultures of meningioma cells, normal humanmeningea
merlin, andGAPDH (loading control). The fourmeningiomas used to prepare primary cell cultur
(B) Silencing each indicated eIF4F component by shRNA. Ben-Men-1 cells were transduced wi
8 days, cells were lysed and analyzed byWestern blotting for eIF4A1, eIF4A2, eIF4E, and GAPDH
Image Studio. Shown below the blots is the % decrease in the eIF4A1, eIF4A2, or eIF4E protein le
meningioma cell growth following depletion of eIF4A or eIF4E. Ben-Men-1 cells transduced as
two independent experiments run in technical duplicates.
following silvestrol treatment render them liable to G2/M arrest. Addi-
tionally, the pro-growth signaling molecules AKT, ERK1/2, and FAK are
frequently phosphorylated and activated in NF2-related tumor cells
(Poulikakos et al., 2006; Jacob et al., 2008). Reducing the levels of
these mitogenic signals would be expected to reinforce silvestrol's
growth inhibitory properties.

With its high potency in several tumor types, silvestrol has been rig-
orously investigated as a potential cancer therapeutic (Pan et al., 2014).
While it is well tolerated in mice, studies are ongoing to determine
F4F components in primarymeningioma cells and the Ben-Men-1 benignmeningioma cell
l cells, and Ben-Men-1 cells were resolved by SDS-PAGE and probed for eIF4E, eIF4A, eIF4G,
es included two sporadic (#1 and #2) and twoNF2-associated (#3 and #4) grade I tumors.
th 10 MOI of lentiviruses expressing the indicated shRNAs (Materials and methods). After
. Fluorescently-labeled protein bandswere detected on theOdyssey CLx and quantitated in
vel in shRNA-transduced cells relative to the nontargeting (NT) control. (C) Suppression of
described in (B) were counted. Shown are the means and standard deviations (SDs) from



Fig. 3. Silvestrol potently inhibited proliferation ofmeningioma cells. (A) The natural compounds used in this study and their IC50 values in Ben-Men-1 and primarymeningioma cells are
summarized. Data shown are themean IC50 values from three independent experiments. CAPE, caffeic acid phenethyl ester; ND, not determined. (B) Resazurin assays for cell proliferation
were performed on primary meningioma cells and Ben-Men-1 cells treated with various concentrations of silvestrol for three days. Primary meningioma cells were derived from three
separate tumors (Men #1–3) and assays were performed in six replicate wells; the IC50 values for each experiment are shown in the graph insets. The mean IC50 value for primary
meningioma cells across the three experiments was ~25 nM. Experiments on Ben-Men-1 cells were performed in six replicates, and the experiments were independently repeated
three times. Data shown are the mean of the six replicate wells from one representative experiment. The mean IC50 value for Ben-Men-1 cells across all three experiments was ~10 nM.
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Fig. 4. Silvestrol induced G2/M arrest inmeningioma cells. Ben-Men-1 cells were treatedwith the indicated concentrations of silvestrol for three days, and phase contrast images of treated
cells were taken, followed by cell harvesting for flow cytometry analysis as described in the Materials and methods. Cell cycle histograms of propidium iodide-labeled cells revealed a
prominent increase in the G2/M peak after silvestrol treatment.
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dosing schedules and toxicity in large animals. We have demonstrated
that silvestrol exhibits consistent strong suppression of the growth of
meningioma cells in culture (Fig. 3). Previous pharmacokinetic analysis
showed that silvestrol requires intraperitoneal or intravenous delivery
for maximal bioavailability (Saradhi et al., 2011). However, even with
these delivery methods, the distribution to the brain is relatively low,
suggesting that silvestrol may not readily cross the blood-brain barrier.
Silvestrol has a bulky sugar-like dioxanyl ring, which has been shown to
confer susceptibility to the multi-drug resistance protein 1 (MDR1)
transporter (Gupta et al., 2011). This characteristic may limit the distri-
bution of silvestrol to the brain. Intriguingly, rocaglaol, a silvestrol-relat-
ed compound lacking this ring, possesses antitumor activity and a
synthetic analog of rocaglaol displays activity in drug-resistant
promyelocytic leukemia cells that overexpress MDR1 (Mi et al.,
2006b; Thuaud et al., 2011; Pan et al., 2013). The finding that the
growth-suppressive effects of rocaglaol are also mediated by inhibiting
protein translation indicates that the dioxanyl ring of silvestrol is dis-
pensable for eIF4A inhibition (Ohse et al., 1996). Moreover, rocaglaol
analogs may exhibit cardioprotective and/or neuroprotective effects
(Bernard et al., 2011; Thuaud et al., 2011). A halogenated rocaglaol de-
rivative has been shown to be capable of crossing the blood-brain barri-
er (Fahrig et al., 2005; Thuaud et al., 2011). In addition, our preliminary
study has identified several silvestrol-related rocaglates that lack the
dioxanyl ring but exhibit potent growth-inhibitory activity in meningi-
oma cells (data not shown). Nevertheless, it should be noted that
Fig. 5. Silvestrol suppressed the expression of multiple cell cycle proteins and mitogenic
kinases. Ben-Men-1 cells were treated with 1× and 2× the IC50 dose of silvestrol for
24 h followed by cell lysis and Western blotting for the indicated proteins. GAPDH
served as a loading control.
meningiomas may disrupt the blood-brain barrier. Experiments are in
progress to evaluate the anti-tumor effects of silvestrol and a series of
silvestrol-related rocaglates lacking this dioxanyl ring in an orthotopic
mouse model for meningioma (Burns et al., 2013). Identification of an
effective treatment for meningiomawould significantly advance our ef-
forts to improve clinical care and long-term treatment outcomes for
these patients.
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Abstract
Background. Neurofibromatosis type 2 (NF2) is a genetic tumor-predisposition disorder caused by NF2/merlin 
tumor suppressor gene inactivation. The hallmark of NF2 is formation of bilateral vestibular schwannomas (VS). 
Because merlin modulates activity of the Ras/Raf/mitogen-activated protein kinase kinase (MEK)/extracellular sig-
nal-regulated kinase (ERK) pathway, we investigated repurposing drugs targeting MEK1 and/or MEK2 as a treat-
ment for NF2-associated schwannomas.
Methods. Mouse and human merlin-deficient Schwann cell lines (MD-MSC/HSC) were screened against 6 MEK1/2 
inhibitors. Efficacious drugs were tested in orthotopic allograft and NF2 transgenic mouse models. Pathway and 
proteome analyses were conducted. Drug efficacy was examined in primary human VS cells with NF2 mutations 
and correlated with DNA methylation patterns.
Results. Trametinib, PD0325901, and cobimetinib were most effective in reducing MD-MSC/HSC viability. Each 
decreased phosphorylated pERK1/2 and cyclin D1, increased p27, and induced caspase-3 cleavage in MD-MSCs. 
Proteomic analysis confirmed cell cycle arrest and activation of pro-apoptotic pathways in trametinib-treated 
MD-MSCs. The 3 inhibitors slowed allograft growth; however, decreased pERK1/2, cyclin D1, and Ki-67 levels were 
observed only in PD0325901 and cobimetinib-treated grafts. Tumor burden and average tumor size were reduced 
in trametinib-treated NF2 transgenic mice; however, tumors did not exhibit reduced pERK1/2 levels. Trametinib 
and PD0325901 modestly reduced viability of several primary human VS cell cultures with NF2 mutations. DNA 
methylation analysis of PD0325901-resistant versus -susceptible VS identified genes that could contribute to drug 
resistance.
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Conclusion. MEK inhibitors exhibited differences in antitumor efficacy resistance in schwannoma models 
with possible emergence of trametinib resistance. The results support further investigation of MEK inhibi-
tors in combination with other targeted drugs for NF2 schwannomas.

Key Points

1.  Cobimetinib and trametinib reduced NF2 schwannoma model cell proliferation in vitro 
and in vivo.

2.  Biochemical/proteome analyses reveal cell cycle arrest and apoptosis of 
trametinib-treated cells.

3.  Human vestibular schwannoma cell viability is modestly inhibited by PD0325901 
and trametinib.

Neurofibromatosis type 2 (NF2) is caused by mutations 
in the NF2 gene encoding the merlin tumor suppressor.1,2 
NF2 patients classically present with bilateral vestibular 
schwannomas (VS) involving the cochleovestibular nerves 
important for hearing and balance, and can develop addi-
tional peripheral schwannomas, meningiomas, and epen-
dymomas.3 Management of NF2 requires a complex, 
multidisciplinary approach focused on balancing tumor 
control and nerve function preservation to improve qual-
ity of life and maximize survival.4 Whereas microsurgical 
resection of tumors risks permanent nerve injury, radia-
tion therapy increases the chance of malignant transfor-
mation of benign tumors and secondary malignancies.5–10 
Therefore, there is an ongoing search for effective drug 
therapies for NF2.

Schwann cells with loss of merlin tumor suppressor 
function have elevated levels of Ras/Raf/mitogen-acti-
vated protein kinase kinase (MEK)/extracellular signal-
regulated kinase (ERK) signaling that promotes cell 
proliferation.11–13 Sixteen small molecule MEK inhibitors 
have entered clinical trials for various cancers.14 Among 
these MEK inhibitors, selumetinib (AZD6244) was recently 
granted Orphan Drug Designation by the FDA for treat-
ment of inoperable plexiform neurofibromas in children 
with NF1.15 Additionally, selumetinib reduced growth of an 
in vitro human schwannoma model.16,17 This success has 
prompted additional trials of selumetinib for NF1 and NF2 
(NCT numbers: 01089101, 01362803, 02839720, 03259633, 
03095248).

Trametinib (Mekinist, GSK1120212, JTP-74057, 
GlaxoSmithKline) is an allosteric, second-generation, ade-
nosine triphosphate non-competitive reversible MEK1/2 
inhibitor that also blocks Raf-dependent phosphorylation 

of MEK Ser218.14 Trametinib promotes cell cycle arrest and 
caspase cleavage in cultured colorectal cells, and demon-
strates more potent antitumor activity than other second-
generation MEK inhibitors, PD0325901 and selumetinib. It 
is FDA approved for metastatic melanoma and is in phase 
I clinical trial for NF1-associated plexiform neurofibromas 
(NCT02124772).18

PD0325901 (Pfizer) is also an allosteric MEK1/2 inhibitor 
and is a synthetic analog of the first-generation MEK1/2 
inhibitor, CI-1040.14,19 In an Nf1 genetically engineered 
mouse model, PD0325901 prolonged survival of mice with 
malignant peripheral nerve sheath tumors and decreased 
neurofibroma size in over 80% of mice.20 Tumor regrowth 
was observed when treatment was suspended.21 A phase 
II open-label study is ongoing for PD0325901 in NF1 
(NCT02096471).14

Cobimetinib (XL518, GDC-0973, Cotellic, Exelixis/
Genentech) is derived from methanone and was FDA 
approved in 2015 for use in combination with vemurafenib, 
a BRAF inhibitor, for advanced melanoma with BRAF 
mutations.22,23 Cobimetinib inhibited growth of tumors 
with BRAF and KRAS mutations in xenograft models.24–26 
Phase I studies of cobimetinib for solid tumors reported a 
manageable toxicity profile with signs of efficacy in tumors 
with BRAFV600E mutations.27 Cobimetinib is in clinical trial 
for pediatric and young adult patients with rasopathies, 
including NF2 (NCT02639546), treated previously for solid 
tumors.

Here, we used mouse and human merlin-deficient 
Schwann cell lines (MD-MSC/HSC) and animal models to 
evaluate the growth-inhibitory and antitumor activities of a 
panel of MEK inhibitors. Also, we assessed their efficacy in 
primary human VS with NF2 mutations.

Importance of the Study
There are currently no FDA-approved drug therapies for the treat-
ment of NF2-associated schwannomas. Clinical trials for selu-
metinib and cobimetinib are ongoing for assessment of efficacy for 
NF2-associated tumors and hearing loss; however, little preclinical 
data have been published. Here, we evaluated 6 MEK1/2 inhibitors 
for efficacy in mouse and human cell and animal models as well as 

patient-derived vestibular schwannoma cells with NF2 mutations. 
We observed differences in efficacy among the inhibitors as well as 
the possibility of drug resistance development. Our work highlights 
the importance of comprehensive drug screening in multiple model 
systems and supports further investigation of MEK inhibitors alone 
and in combination with other targeted therapies.
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Materials and Methods

Cell Culture

Wild-type (WT)-MSCs and MD-MSCs were gener-
ated and characterized in 2010.28 MD-MSCs were trans-
duced with lentiviral luciferase as previously reported.29 
MD-schwannoma (MD-SCN) cells were derived from 
paraspinal schwannomas of Periostin-Cre:Nf2flox2/flox2 
mice with Nf2 inactivation (provided by Dr Wade Clapp, 
Indiana University). Human Schwann cells (HSCs) were 
purchased from ScienCell Research Laboratories (catalog 
#1700, lot #7228), and the generation of a merlin-deficient 
HSC (MD-HSC) line using lentiviral short hairpin (sh)RNA 
targeting NF2 (Sigma Mission, SHCLNV-TRCN0000237845) 
was previously described.30 Cells were tested monthly for 
Mycoplasma contamination (Lookout Mycoplasma PCR 
Detection Kit, Sigma).

Mouse Model Systems

NSG (NOD.Cg-Prkdcscid Il2rgtmlWjl/SzJ) mice were used 
at 6–10 weeks of age. P0-SCH-∆(39–121)-27 transgenic 
mice31 in the BALB/c background were used as a geneti-
cally engineered mouse (GEM) model of NF2 schwanno-
mas. Animal use was approved by the Institutional Animal 
Care and Usage Committees of UCF and UCLA, and the 
Animal Care and Use Review Office of the United States 
Army Medical Research and Materiel Command.

Human VS Samples

Through an institutional review board (IRB) approved pro-
tocol, the University of Miami Tissue Bank Core Facility 
(UM-TBCF) consented patients undergoing surgery for 
brain tumors to harvest samples for research purposes. 
De-identified fresh human VS were obtained from UM-TBCF 
through an IRB-exempt protocol. Primary VS cells were pre-
pared and cultured as previously reported.29,30

Drug Formulations

MEK inhibitors were purchased from MedChemExpress. 
Drugs were prepared in dimethyl sulfoxide (DMSO) (stock 
10 mM) and diluted to final concentrations in cell culture 
medium for in vitro work. For animal studies, drugs were 
solubilized in DMSO at 50–100 mg/mL and diluted in 0.1 M 
citrate buffer (pH 3) for oral dosing.

Cell Viability Assays

Cells were seeded in 384-well CellBind plates (Corning) at 
2000–2500 cells/well in phenol red-free growth medium. 
WT-MSCs were seeded at 15 000 cells/well in 96-well plates 
coated with poly-L-lysine (200 µg/mL) and laminin (25 µg/ 
mL). Attached cells were treated with drug or DMSO for 
48 h (mouse) or 72 h (human); viability was measured with 
the CellTiter-Fluor Assay (Promega). Primary human VS 

cells were seeded (passage 1 or 2) in 96-well plates at 10 000 
cells/well. After 24 hours, cells were treated with drug or 
DMSO for 72 h. Crystal violet assay was performed using a 
SpectraMax 190 microplate reader (Molecular Devices) to 
assess cell number, as previously described.29,30

Membrane Asymmetry Assay

MD-MSCs were grown at 200 000 cells/well in 12-well 
CellBind plates (Corning). When at ~80% confluency, cells 
were treated with drug for 18–24  h, then harvested with 
0.05% trypsin and resuspended in Hanks Balanced Salt 
Solution. The Violet Ratiometric Membrane Asymmetry 
Assay (Invitrogen) was used to detect apoptosis per the 
manufacturer’s instructions. Cell populations were mea-
sured by flow cytometry (Cytoflex, Beckman Coulter) and 
analyzed with CytExpert software (Beckman Coulter).

Mouse Studies

For pharmacokinetic analysis, at each timepoint 3 mice 
received drug (1 mg/kg trametinib, 1.5 mg/kg PD0325901, 
or 20  mg/kg cobimetinib); one mouse received vehicle 
alone (0.1 M citrate, pH 3, 2% DMSO). Mice were sacri-
ficed after 0.5–32 h; blood and sciatic nerve samples were 
collected and analyzed by mass spectrometry at Sanford 
Burnham Prebys Medical Discovery Institute (Lake Nona, 
Florida).

The orthotopic allograft model using luciferase-express-
ing MD-MSCs was generated as previously described.29 
Upon confirmation of successful grafting, mice were ran-
domized into treatment groups and received drug or vehi-
cle at the above concentrations daily by oral gavage. Mice 
were imaged weekly for bioluminescence using the In 
Vivo Imaging System (IVIS, Caliper) or Bruker MI Imaging 
System. After 13–14  days of treatment, mice were sacri-
ficed; grafts and contralateral sciatic nerves were removed, 
weighed, and photographed. Grafts were fixed overnight 
in 4% paraformaldehyde and stored in 30% sucrose (0.02% 
azide in phosphate buffered saline) at 4°C. List of antibod-
ies used is provided in Supplementary Methods.

Four-week-old P0-SCH-∆(39–121)-27 transgenic mice31 
were treated daily with trametinib (1  mg/kg) or vehicle  
(0.1 M citrate buffer pH 3, 0.2% DMSO) by oral gavage for 8 
weeks. Spinal nerve roots were histopathologically scored 
at the endpoint as previously described.32 Following a blind 
procedure, measurements of tumors and nerve root areas 
were performed using Zeiss Axiovision software on hema-
toxylin and eosin stained parasagittal sections of cervical, 
thoracic, lumbar, and sacral spinal cord segments. The 
total area of nerve root analyzed was comparable between 
the trametinib and vehicle-treated groups (P = 0.1541).

Western Blotting

Western blots were performed as previously described.29 
Protein was extracted from human VS tumors using radio-
immunoprecipitation buffer with protease and phospha-
tase inhibitors (ThermoFisher). Human VS blots were 
blocked in 3% bovine serum albumin and incubated 
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overnight in primary antibody solution at 4°C, followed 
by incubation with Alexa Fluor 488 and 647 conjugated 
secondary antibodies (1:200; ThermoFisher) for 2 hours at 
room temperature and imaged using the ImageQuant LAS 
4000 Imager (GE Healthcare).

NF2 Mutation Analysis

Total DNA was extracted from fresh tumor tissues using 
the QIAamp DNA Mini Kit (Qiagen) and purified using the 
QIAquick PCR Purification Kit (Qiagen). All VS were tested 
for mutations within the NF2 gene with multiplex ligation-
dependent probe amplification using the Salsa MLPA NF2 
Kit (MRC-Holland) per the manufacturer’s instructions. 
Copy number alterations in all 17 exons of the NF2 gene 
(NM_000268.3) were analyzed with Coffalyser. Additional 
details are provided in the Supplementary Methods.

DNA Methylation Analysis

High-throughput DNA methylation analysis was performed 
for 7 human VS tumors using the Infinium MethylationEPIC 
Kit (Illumina) according to the manufacturer’s instruc-
tions. Methylation patterns were compared between VS 
that had a statistically significant decrease in cell number 
following a 72 hour incubation with 3 µM PD0325901 and 
those with no response. Additional details are provided in 
Supplementary Methods.

Proteome

Protein from cell pellets of MD-MSCs treated with tra-
metinib or vehicle was extracted, denatured and prepared 
for liquid chromatography–tandem mass spectrometry 
(LC-MS/MS) as described in the Supplementary Methods. 
MS/MS spectra were searched against the Mus Musculus 
Swiss-Prot entries of the Uniprot KB (database release 
2016_01, 16755 entries) using the Andromeda search en-
gine.33 The specific search criteria and analytics used are 
provided in Supplementary Methods. Protein differential 
expression between the trametinib and vehicle control 
samples was evaluated using the Limma package.34

Statistics

Using GraphPad Prism 6, ANOVA with Bonferroni posttest, 
or Kruskal–Wallis test with Dunn’s comparison was applied 
to all in vitro data. For in vivo allograft studies, we used SAS 
version 9.4 to test the overall differences in median tumor 
weight and median fold change in flux after 14 days treat-
ment among the 4 cohorts (vehicle treatment served as the 
control). Nonparametric ANOVA with Bonferroni adjust-
ments were used to adjust for small group sample sizes 
and non-normal distributions. The ANOVA for the median 
tumor weight and median fold change in flux indicated the 
overall significance differences. We tested 1-tailed hypoth-
esis of improvements. For the P0-SCH-∆(39–121)-27 NF2 
mouse model, 2-tailed unpaired Student’s t-test was used 
to compare tumor burden and sizes in the trametinib- and 
vehicle-treated groups.

Results

We screened selumetinib, trametinib, PD0325901, MEK162, 
cobimetinib, and refametinib for effectiveness in reduc-
ing viability of 9 WT and MD-MSC/HSC lines after 48-hour 
(mouse) and 72-hour (human) treatments. Based upon 
50% inhibitory concentration (IC50) values, the inhibitors 
were overall more effective in MSCs compared with HSCs. 
Maximum loss of cell viability at 10  µM observed for all 
inhibitors tested was ~90–95% in MD-MSCs, compared with 
~60% in MD-HSCs (Fig. 1A–B). The lowest inhibitor concen-
tration tested produced a 20–40% reduction in MD-MSC 
viability. MEK inhibitors promoted a dose- dependent 
decrease in incorporation of 5- ethynyl-2'-deoxyuridine in 
both MD-MSC and MD-HSC (Supplementary Fig. 1). All 6 
MEK inhibitors also exhibited less selectivity between WT- 
and MD-HSCs compared with MSC lines (2–5 fold com-
pared with 6–15 fold; Fig. 1A–B and Supplementary Fig. 2).

Trametinib, PD0325901, and cobimetinib were fur-
ther evaluated in vitro and in an allograft mouse model 
because each reduced viability of both MD-MSCs and 
MD-HSCs with submicromolar IC50 values and had some 
selectivity in HSCs. Each drug decreased phosphorylated 
pERK levels in MD-MSCs at 5 and 24 hours of treatment 
(Fig. 2A–B, Supplementary Fig. 3). Trametinib was the 
most potent, as pERK was not detected in the 0.001  µM 
sample. Among these 3 MEK1/2 inhibitors, cobimetinib 
was the least effective, based on sustained reduction of 
pERK levels over 24 hours. Higher cobimetinib concentra-
tions (0.3–1  µM) were required to achieve an equivalent 
pERK reduction observed with 0.001  µM trametinib and 
PD0325901. As reported in other cell types, MEK inhibi-
tion is associated with a compensatory increase in pMEK 
levels (Fig. 2A–B, Supplementary Fig. 3).35 In MD-MSCs, a 
more robust increase in pMEK levels was observed in cells 
treated with cobimetinib at 5 hours and PD0325901 at 24 
hours. Because trametinib uniquely blocks Raf-dependent 
MEK phosphorylation,14 the lowest increase in pMEK was 
observed in trametinib-treated cells. MD-HSCs also exhib-
ited decreased pERK and increased pMEK following MEK 
inhibition, but at higher drug concentrations compared 
with MD-MSCs (Supplementary Fig. 4).

An examination of downstream MEK/ERK effectors in 
MD-MSCs treated with these inhibitors revealed decreased 
levels of cyclin D1, and increased p27kip1 and cleaved cas-
pase 3 levels (Fig. 2C–D). Membrane asymmetry assays 
confirmed an increase in apoptotic cell populations from 
~2% in DMSO-treated to 20% and 45% in trametinib- and 
cobimetinib-treated MD-MSCs, respectively (Fig. 2E, 
Supplementary Fig. 4).

A proteomic analysis of trametinib-treated MD-MSCs 
was conducted to assess global changes in protein 
expression. The results were consistent with effective 
inhibition of MEK1/2 and downstream effectors and 
induction of apoptotic pathways. Trametinib-treated 
MD-MSCs had reduced expression of Ras/Raf/MEK/
ERK pathway effectors including cyclin D1 and c-Myc 
and increased expression of pro-apoptotic proteins 
such as Bcl-2 interacting protein 3 like (BNIP3L) at 24 
hours, compared with DMSO control (Fig. 3A). Ingenuity 
Pathway Analysis identified upstream regulators whose 
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modulation is consistent with the observed changes 
in protein levels. These included transforming growth 
factor beta (TGFβ), specificity protein 1, and p53 lev-
els, whose levels were higher in trametinib-treated 
MD-MSCs compared with DMSO-treated controls (Fig. 
3B–D).

To assess in vivo efficacy, we employed an ortho-
topic allograft model by grafting luciferase-express-
ing MD-MSCs into the sciatic nerves of NSG mice. 

Pharmacokinetic studies revealed that trametinib and 
cobimetinib had long t1/2 values (~8 h and 4.8 h, respec-
tively) and their nerve/plasma ratios increased with 
time (Fig. 4A). Upon confirmation of successful graft-
ing (Supplementary Fig. 5), mice were gavaged daily for 
14  days with trametinib (1  mg/  kg), PD0325901 (1.5  mg/
kg), or cobimetinib (20 mg/kg). All 3 MEK inhibitors sig-
nificantly reduced the median tumor weight by 60–70% 
and the median fold change in flux from 0 to 14  days 
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by at least 80% compared with controls (Fig. 4B–D, 
Supplementary Fig. 6). Immunohistochemical analysis 
revealed that PD0325901 and cobimetinib were superior 
to trametinib in reducing pERK levels compared with the 
vehicle-treated group (Fig. 4E). Additionally, both inhibi-
tors caused a more robust decrease in Ki-67 and cyclin D1 
than trametinib, suggesting they were more potent inhib-
itors of graft growth in vivo. None of the inhibitors pro-
duced detectable caspase 3 cleavage nor did they affect 
vascularity as evidenced by CD31 staining (Fig. 4E).

Because trametinib is a well-tolerated FDA-approved 
drug and outperformed cobimetinib in cell assays, 
we assessed its efficacy in an 8-week study using the 
P0-SCH-∆(39–121)-27 NF2 schwannoma mouse model.31,32 
In this GEM model, trametinib efficacy was assessed by 
comparing the tumor burden, as defined by the percent-
age of tumor area versus total spinal nerve root area. 
Overall, trametinib promoted a 25% reduction in tumor 
burden (P < 0.0001) and a 37% decrease of average tumor 
size (P = 0.0023) (Fig. 5). Phosphorylated ERK immunohis-
tochemistry of tumor samples revealed equivalent staining 
in trametinib- and vehicle-treated mice (data not shown), 
consistent with the allograft findings.

To examine the effect of MEK inhibition on human 
VS cells, primary cultures from 7 VS tumors were pre-
pared and treated with PD0325901 or trametinib. All 7 
VS tumors demonstrated ≥1 mutation in the NF2 gene 
(Supplementary Table 1) and varying degrees of MEK1/2, 
pMEK, and pERK expression (Fig. 6A–B). Compared 
with DMSO-treated cells, trametinib (3  µM) moderately 

reduced cell viability of 2 of 7 VS, whereas PD0325901 
(3  µM) reduced cell viability of 5 of the 7 VS tested (Fig. 
6C–D). No significant correlations between viabilities and 
MEK1/2 and pMEK protein expression levels were identi-
fied, suggesting that drug response was independent of 
MEK expression.

To assess whether aberrant DNA methylation of the 
genome was associated with a lack of drug response, 
we compared methylation profiles of 2 VS with no 
response to PD0325901 tumors (VS27 and VS32) to 
the remaining 5 PD0325901-responsive tumors. In an 
unbiased evaluation, we identified 17 299 single cyto-
sine-phosphate-guanine (CpG) sites with significantly 
different methylation levels (P < 0.05) between the drug 
responsive and nonresponsive VS. Among significant 
CpG sites, 4773 were hypermethylated (covering 3090 
genes) and 12 526 were hypomethylated (covering 8051 
genes) in the PD0325901-resistant compared with drug-
sensitive VS. Supplementary Table 2 displays the top 20 
hypermethylated and hypomethylated genes between 
the 2 groups. However, when false discovery rate (FDR) 
<0.05 was applied, ELMOD1 (NM_001130037; Engulfment 
and cell motility domain 1) was the only gene that con-
tained a CpG site (cg22355889) in the promoter region 
that was significantly hypermethylated in the PD0325901 
nonresponsive VS.

Neighboring CpG sites often display closely related 
methylation patterns. To account for spatial cor-
relations, we identified 34 differentially methyl-
ated regions (DMRs) with at least 5 consecutive 
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hypermethylated or hypomethylated CpG loci in the 
PD0325901-nonresponsive compared with responsive 
VS (Supplementary Table 3). When examining individ-
ual DMRs, PD0325901 nonresponsive VS had DMRs in 
genes involved in non-MEK merlin signaling, including 
the ATF6B (activating transcription factor 6)  and RXR 
(retinoid x receptor) genes associated with the phos-
phoinositide 3-kinase (PI3K/Akt) pathway and ATP6V1C1 
(V-type proton ATPase subunit C1) of the mammalian 
target of rapamycin pathway. Gene ontology pathway 
analysis revealed no significant enrichment pathways for 
DMRs. However, when using a targeted approach assess-
ing genes associated with merlin signaling, cancer, drug 
resistance, cell death, and survival, additional DMRs 
were identified. ARCHS4 pathway analysis revealed sig-
nificant enrichment in epidermal growth factor receptor 
and tumor suppressor RPS6KA2 (ribosomal protein S6 
kinase A2) human kinase pathways (http://amp.pharm.
mssm.edu/Enrichr/. Accessed January 20, 2019).

Discussion

NF2 is a genetic disorder involving the development of 
multiple nervous system tumors that each impact neu-
rological functions. Individuals affected by NF2 develop 
bilateral VS that cause severe hearing loss, disabling 
imbalance, and even life-threatening hydrocephalus from 
brainstem and cerebellar compression. Observation of 
tumor growth rate and hearing is standard as enthusiasm 
for microsurgical resection in NF2 is low due to conse-
quential and irreversible limitations on nerve function and 
quality of life.8 In the same respect, the long-term sequelae 
of utilizing radiotherapy is not so uncommon to disregard 
the risk of developing malignant transformation of benign 
tumors.5–7,9,10 Off-label use of select FDA-approved che-
motherapeutic agents for NF2 in clinical trials show mod-
erate tumor control at best and hearing stabilization in 
only some NF2 patients.36–41 However, even small effects 
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can impact survival and quality of life in individual NF2 
patients. Therefore, the discovery of effective NF2 drug 
therapies is critical.

Currently, 2 clinical trials are enrolling pediatric NF2 
patients to test effectiveness of selumetinib and cobi-
metinib in reducing tumor volume and preserving hear-
ing (NCT03095248 and NCT02639546). However, the 
preclinical efficacies for selumetinib and cobimetinib 
have not been established. These trials are supported by 
knowledge that merlin loss is associated with increased 
mitogen-activated protein kinase signaling,  and42 suc-
cess of selumetinib in shrinking plexiform neurofibro-
mas in NF1 children.15 Our study is the first to evaluate 

a panel of MEK inhibitors in mouse and human NF2 
schwannoma models.

Of the 6 inhibitors screened against multiple mouse and 
human SC lines, trametinib, PD0325901, and cobimetinib 
reduced MD-SC viability at submicromolar IC50 values 
and were the most effective in non-immortalized human 
MD-SCs (Fig. 1A). Notably, selumetinib was the least effec-
tive in MD-HSCs and was not a top performer in MD-MSCs 
(based on maximum effect and IC50 values). In vitro, tra-
metinib, PD0325901, and cobimetinib reduced pERK levels, 
modulated cyclin D1 and p27 levels in a manner consistent 
with a G1/S cell cycle arrest, and induced caspase-dependent 
apoptosis in MD-MSCs. The proteomic study conducted in 
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Fig. 5 Trametinib reduces schwannoma growth in the P0-SCH-∆(39–121)-27 NF2 mouse model. P0-SCH-∆(39–121)-27 mice were treated 
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size by 37% in trametinib-treated compared with vehicle-treated mice. (D) Histogram of tumor size distribution demonstrated a significantly 
higher percentage of smaller tumors in trametinib-treated (n = 1156 tumors) compared with vehicle-treated (n = 848 tumors) mice.

D
ow

nloaded from
 https://academ

ic.oup.com
/neuro-oncology/article-abstract/21/4/486/5274482 by M

edical Library 244 ED
 user on 10 August 2019



495Fuse et al. MEK inhibitors slow NF2 schwannoma growth
N

eu
ro-

O
n

colog
y

trametinib-treated MD-MSC further corroborated this con-
clusion by revealing decreased signaling in the Ras-ERK-
cyclin D1 pathway and increased signaling from BNIP3L, a 
pro-apoptotic subfamily in the Bcl-2 family of proteins.

We used 2 in vivo models to evaluate drug efficacy: a 
2-week treatment protocol aimed at slowing growth of 
established MD-MSCs nerve grafts in NSG mice, and an 
8-week chemoprevention protocol aimed at preventing 
appearance of schwannomas in a GEM model. In the nerve 
grafts, PD0325901 and cobimetinib produced a stronger 
reduction in MD-MSC growth compared with trametinib, 
likely from persistent inhibition of pERK, cyclin D1, and 
Ki-67 levels. Trametinib did not significantly decrease pERK, 
cyclin D1 and Ki-67 levels in allografts at the study endpoint 
when compared with vehicle-treated controls, supporting 
the conclusion that cells in the allografts were developing 
resistance to trametinib. Similar responses to trametinib 
were obtained with the GEM model. Although the number 
and size of schwannomas were reduced in the GEM model 
following 8 weeks of trametinib treatment, immunohisto-
chemically, pERK levels in trametinib-treated schwanno-
mas were equivalent to controls. An adaptive response 
to trametinib has been reported in triple-negative breast 
cancer.43 Trametinib treatment resulted in degradation 
of c-Myc and in assembly of bromodomain containing 4 
(BRD4)-containing transcriptional enhancers on promoters 

of adaptive response genes, resulting in activation of com-
pensatory pathways associated with drug resistance.43 Our 
proteomic analysis similarly revealed decreased c-Myc 
levels and increased BRD4 levels in MD-MSCs treated with 
trametinib (Fig. 3). BRD4 in trametinib-induced adaptive 
response promoter complexes can be displaced by treat-
ment with bromodomain and extraterminal domain family 
(BET) bromodomain inhibitors.44 A  study of BET bromo-
domain inhibitors in ovarian cancer revealed reduced 
activation of ERK, Akt, and Src kinase following treat-
ment, suggesting that these pathways may be activated 
by bromodomain-containing transcriptional enhancers.45 
Additionally, BET family bromodomains were involved in 
reactivation of the Src/focal adhesion kinase pathway in 
breast cancer cells following inhibition of ErbB2 with lapa-
tinib.46 Collectively, these studies suggest that trametinib 
treatment may promote assembly of BRD-containing tran-
scriptional enhancers that can activate compensatory pro-
liferative pathways. Future studies examining the effects of 
bromodomain and Src inhibitors in combination with MEK 
inhibitors are warranted.

Of the 7 primary human VS cultures tested, only a sub-
set responded to either PD0325901 or trametinib by reduc-
ing cell viability by 15–40% of controls. Although the trend 
of response to both drugs was similar within individual 
VS cultures, the differing response rate to the drugs was 
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Fig. 6 MEK inhibitors reduce viability of a subset of primary human VS cells. (A) Immunohistochemistry shows S100 positivity and variable expres-
sion levels of MEK, pMEK, and pERK (green) in VS tumors (4′,6′-diamidino-2-phenylindole nuclear stain, blue). (B) Western blots demonstrate 
expression of MEK and pMEK for VS with beta-actin as the standard. Relative expression levels of MEK and pMEK were displayed and expressed 
as a ratio of pMEK/MEK. (C–D) Cell viability assays for PD0325901 and trametinib were performed and viability was normalized to 0.5% DMSO 
controls.
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71% versus 29%, respectively, and did not correlate with 
baseline MEK or pMEK expression (Fig. 6A–D). The differ-
ing response rate can be attributed to the 10-fold higher 
potency of cobimetinib compared with PD0325901 (Fig. 
6C–D).18,19 VS cells also demonstrated a large variety of 
NF2 mutations, which can have differential effects on 
merlin-dependent cell proliferation and survival path-
ways. Methylome exploration identified ELMOD1 as the 
single gene with a hypermethylated promoter and an FDR 
<0.05 in nonresponsive VS compared with responsive VS. 
ELMOD1 is a GTPase activator for small GTPases in the 
ADP ribosylation factor (Arf) and Arf-like families (Arl2). 
In PD0325901 nonresponsive VS, a hypermethylated pro-
moter in ELMOD1 is expected to reduce ELMOD1 expres-
sion, increase Arl2 activity, and alter normal microtubule 
dynamics.47 This may allow VS cells to circumvent tra-
ditional mechanisms of cell cycle arrest and cell death.47 
Further investigation into how tumor heterogeneity in NF2 
contributes to drug resistance and disease progression is 
imperative for identifying treatment modalities to over-
come resistance to MEK inhibition.

We present a comprehensive preclinical analysis of MEK 
inhibitors in mouse and human NF2 schwannoma models 
and primary human VS. Although differences in response 
were observed between drugs, species, and models, our 
cumulative results support MEK inhibitors for the treatment 
of a subset of NF2 schwannomas. We demonstrate that dif-
ferences in treatment response to MEK inhibitors depends 
on genetic and epigenetic differences between tumors that 
can impact downstream merlin signaling, drug resistance 
mechanisms, and adaptive pathways to evade cell death or 
arrest. By understanding the mechanisms of drug response 
and resistance to MEK inhibitors in individual tumors, we 
can identify optimal combination therapies to maximize 
tumor control, determine important genetic and molecular 
biomarkers to predict patient outcomes, and develop preci-
sion medicine algorithms for NF2 treatment.

Supplementary Material

Supplementary data are available at Neuro-Oncology 
online.
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Similarities and Differences in Tumor Characteristics and Treatment Response in 
NF2-Associated Vestibular Schwannomas and Meningiomas 
 
Sarah S. Burns, BA 
Nationwide Children’s Hospital and The Ohio State University 
 

Neurofibromatosis type 2 (NF2) is characterized by the development of multiple 
nervous system tumors, including vestibular schwannomas (VS) and meningiomas. 
These tumors cause considerable morbidities, including profound deafness, tinnitus, 
facial nerve paralysis, ataxia, and brainstem compression; however, an effective 
medical therapy is presently not available. Previously, we showed that the histone 
deacetylase inhibitor (HDACi) AR-42 causes tumor regression and inhibits tumor growth 
in animal models of NF2-deficient meningioma and schwannoma, respectively. 
Similarly, AR-42 reduced tumor size in meningiomas while slowing the growth of VS in 
an NF2 patient. To investigate this difference in treatment response, we screened for 
genetic mutations in 405 cancer-related genes in VS and meningiomas from two NF2 
patients treated with AR-42. In addition to mutations in NF2, VS from both patients 
harbored mutations in NUP98, which is important for nuclear transport, mitotic 
checkpoint, and immunity. Also, we detected a duplication of exon 2-3 of the MYC gene 
in one of these patients. Analysis of blood samples from these patients and their 
parents confirmed that these mutations were present in the germline. Intriguingly, in a 
patient with multiple tumors, we observed the same genetic changes in both VS and 
meningiomas, implicating additional factors in treatment response. Interestingly, we 
detected a significant number of CD163+ macrophages in a majority of meningiomas, 
whereas little or no macrophages were present in the 20 VS examined. The MYC 
protein has been shown to regulate tumor microenvironment, which can be affected by 
HDACi’s. Importantly, strong nuclear MYC expression was detected in the majority of 
VS specimens but not in meningiomas. Experiments are in progress to evaluate MYC 
inhibitors for their ability to inhibit tumor growth and to enhance sensitivity to AR-42. Our 
results suggest that targeting tumor microenvironment may enhance therapeutic 
response in NF2-associated tumors. 
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ErbB3 and IGF-1R blockade as a potential treatment for vestibular 
schwannomas and meningiomas 
Janet Oblinger, Ph.D. 
Nationwide Children's Hospital & The Ohio State University 

Vestibular schwannomas (VS) and meningiomas are intracranial tumors that 
are frequently caused by inactivation of the NF2/merlin tumor suppressor gene. 
These neoplasms incur significant patient morbidities, such as deafness, vertigo, 
facial paralysis, hydrocephalus, cranial nerve palsy, seizures, and brainstem 
compression. Currently, treatments for these tumors include surgical excision or 
radiation; however, an FDA-approved targeted therapy is not available. One of 
merlin’s functions is to suppress aberrant signaling from receptor tyrosine kinases 
(RTKs) on the cell surface. Indeed, VS and meningiomas often exhibit abnormal 
activation of RTKs, including members of the epidermal growth factor receptor 
(EGFR) family and insulin-like growth factor 1 receptor (IGF-1R). However, the 
EGFR inhibitors erlotinib and lapatinib exhibit only minimal efficacy in VS or 
meningioma patients, suggesting that additional RTKs provide survival signals for 
these tumors. We show that treatment of NF2 patient schwannoma and Ben-
Men-1 benign meningioma cells with MM-121, an antibody that targets the EGFR 
member ErbB3, abrogates ligand-induced receptor activation and AKT 
phosphorylation. Similarly, treatment with MM-141, a bispecific antibody which 
blocks ErbB3 and IGF-1R signaling, also reduces activation of these receptors 
and downstream AKT. Importantly, prolonged treatment with MM-121 or MM-141 
strongly suppresses ligand-mediated cell proliferation of NF2 schwannoma cells 
by 65% and 81%, respectively. We also found that Ben-Men-1 cells possess 
autocrine ErbB3 activation, which drives robust AKT signaling. Addition of MM-
121 or MM-141 to Ben-Men-1 cells reduces ligand-induced cell growth and S-
phase entry. These promising results warrant further in vivo evaluation of MM-
121 and MM-141. Our study implicates ErbB3 and IGF-1R as important in VS 
and meningioma cell growth and indicates that blockade of these RTKs should be 
considered in the treatment of these tumors. 
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A strategy to identify an effective therapy for NF2-associated vestibular 
schwannomas 
Janet Oblinger, Ph.D. 
Nationwide Children's Hospital & The Ohio State University 
 

Current treatment options for neurofibromatosis type 2 (NF2)-associated 
vestibular schwannomas (VS) and meningiomas are limited to surgery and radiation; 
however, serious complications can occur with these treatments, and radiation can 
induce secondary malignancies. Also, incomplete tumor resection is not uncommon 
and is a main cause of tumor recurrence. Development of an effective medical 
therapy for NF2-associated tumors is urgently needed. Previously we reported that 
while the histone deacetylase inhibitor AR-42 caused tumor regression in NF2-
deficient meningiomas, it merely inhibited tumor growth in schwannomas. Similar 
findings were observed in a clinical trial of AR-42 in NF2 patients. Meningiomas 
treated with AR-42 exhibited tumor regression; in contrast, AR-42 only slowed VS 
growth. In one patient with multiple tumors, his meningiomas remained small while 
the growth of his VS rebounded after cessation of AR-42 treatment. These results 
suggest that a more effective treatment of VS may require a drug combination. To 
investigate possible underlying causes for the differential response of meningiomas 
and VS to AR-42, we performed mutational analysis of tumors from two NF2 
patients. In addition to NF2 mutations, VS from both patients harbored mutations in 
the NUP98 gene. Also, a duplication of exon 2-3 in the MYC gene was detected in 
one of the patients. Intriguingly, we detected the same genetic changes in the left 
and right VS and meningioma from the same patient. Immunostaining revealed 
strong nuclear MYC staining in 20 VS analyzed, but meningiomas showed little 
nuclear MYC expression. Depletion of MYC by shRNAs suppressed VS but not 
meningioma cell growth, suggesting that drugs targeting MYC expression may be 
effective in VS. Consistently, we showed that the bromodomain inhibitor JQ1, which 
transcriptionally downregulates MYC, inhibited VS cell proliferation. Combining JQ1 
with AR-42 resulted in enhanced growth suppression. We are presently investigating 
additional drug combinations with the ultimate goal of identifying an effective therapy 
for VS. Further, we have established telomerase-immortalized cell lines from NF2 
patient tumors for further investigation.   
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Natural Silvestrol-Related Rocaglates as Potential Treatments for Vestibular 
Schwannomas and Meningiomas 
Janet Oblinger, Ph.D. 
Nationwide Children's Hospital & The Ohio State University 

Vestibular schwannomas (VS) and meningiomas are intracranial tumors that 
are often caused by inactivation of the NF2/merlin tumor suppressor gene. These 
tumors cause serious morbidities, including deafness, vertigo, facial paralysis, 
hydrocephalus, cranial nerve palsies, seizures, and brainstem compression. 
Currently, surgical excision and radiation are the treatment options for these 
tumors, since an FDA-approved targeted therapy is not yet available. We and 
others have previously shown that VS and meningiomas often exhibit high levels 
of activated AKT, which can promote protein biosynthesis. As uncontrolled 
growth of tumor cells often requires a high degree of protein translation, we found 
that both of these tumors frequently over-express eIF4A, eIF4E, and eIF4G, 
components of the eukaryotic initiation factor 4F (eIF4F) complex that critically 
regulates protein translation initiation. Intriguingly, the eIF4A inhibitor silvestrol, 
which is a member of the rocaglate family isolated from Aglaia plants in tropical 
rainforests, was consistently found to be a potent inhibitor of VS and 
meningiomas. However, due to its complex structure and large molecular weight, 
silvestrol has suboptimal pharmacokinetic and pharmacodynamic properties. To 
this end, we have investigated the growth-inhibitory activity of 10 silvestrol-related 
compounds isolated from Aglaia perviridis. These compounds have the same 
scaffold as silvestrol, but lack the bulky, sugar-like dioxanyl ring that is thought to 
hinder silvestrol’s bioavailability. We found that three of these silvestrol related 
rocaglates, didesmethylrocaglamide, methyl 4′-demethoxy-3′,4′-
methylenedioxyrocaglate, and rocaglaol, strongly inhibited the growth of 
schwannoma and meningioma cells with IC50 values similar to or better than that 
of silvestrol (less than 100 nM). Importantly, the IC50 values for these rocaglates 
in normal meningeal cells were greater than 300 nM, suggesting an improved 
therapeutic window. Like silvestrol, didesmethylrocaglamide and rocaglaol 
decreased the levels of phospho-AKT, PCNA, cyclin D1, and Aurora A. Studies 
are in progress to verify the in vivo efficacy of these compounds in our tumor 
models. 
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Merlin plays an important role in centrosome disjunction 

Long-Sheng Chang, PhD 
Nationwide Children’s Hospital and The Ohio State University 

Neurofibromatosis type 2 (NF2) is a genetic disorder characterized by the development 
of multiple nervous system tumors, such as vestibular schwannomas. NF2 is caused by 
mutations in the NF2 gene, which encodes the merlin protein that regulates multiple 
signaling pathways in several cellular compartments. In addition, somatic NF2 
mutations have been detected in multiple cancer types, including breast cancer. 
Presently, the mechanism by which NF2 inactivation leads to tumorigenesis is not 
completely understood. We have shown that NF2 is strongly expressed in the 
developing brain and in regions containing migrating cells, including the neural tube 
closure. Using Nestin-CreER, we demonstrated that Nf2 inactivation during early 
gestation impaired neuroprogenitor cell proliferation and caused neural tube defects. In 
contrast, mice with Nf2 inactivation during mid-to-late gestation developed 
schwannomas at a high frequency. Similarly, we showed that Nf2 inactivation in luminal 
epithelial cells during mid-to-late pregnancy using Wap1-Cre and during early 
pregnancy using Blg-Cre markedly decreased cell proliferation, leading to impaired 
lobuloalveolar morphogenesis. Interestingly, 100% of these mice with Nf2 knockout in 
mammary epithelial cells developed mammary tumors following multiple gestation 
cycles. The decreased cell proliferation during development and tumor formation at later 
stages due to Nf2 loss in neural and mammary epithelial cells implies that merlin either 
inhibits or supports cell proliferation depending on the biological context. To further 
examine the role of merlin during tumorigenesis, we found that mitotic neuroprogenitor 
and mammary epithelial cells lacking Nf2 displayed abnormal spindle formation and 
chromosome segregation due to defects in centrosome duplication and separation. We 
have generated merlin-deficient MCF10A mammary epithelial cells using shRNA or the 
CRISPR/Cas 9 technology. Both NF2-depleted and NF2-null MCF10A cells also 
exhibited abnormal centrosome separation, resulting in abnormal centrosome clustering 
or multiple centrosome formation. Double immunostaining detected merlin in the 
centrosomes. As β-catenin is a Nek2 substrate involved in centrosome separation, we 
found that depletion of merlin affected β-catenin phosphorylation at the centrosome. 
Together, these results suggest that merlin plays an important role during the 
centrosome separation process. Experiments are in progress to examine possible 
therapeutic implications of our findings. 
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Preclinical Assessment of MEK1/2 Inhibitors for Neurofibromatosis Type 2-Associated Schwannomas Reveals
Differences in Efficacy and Drug Resistance Development.
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Select your prefered type of presentation: Platform presentation
Background: Neurofibromatosis type 2 (NF2) is a genetic tumor disorder caused by loss of function of the NF2/merlin tumor
suppressor gene. A hallmark of NF2 is formation of bilateral vestibular schwannomas (VS) for which no FDA-approved drug is
presently available. Because merlin modulates activity of the Ras/Raf/MEK/ERK pathway, we investigated repurposing drugs
targeting MEK1/2 to treat NF2-associated schwannomas.
Methods: Mouse and human merlin-deficient Schwann cell (MD-MSC/HSC) lines were screened against six MEK1/2 inhibitors.
Efficacious drugs were tested in orthotopic allograft and NF2 transgenic mouse models. Proteome and pathway analyses were
conducted. Drug efficacy was examined in primary human VS cells with NF2 mutations and correlated with differential DNA
methylation patterns.
Results: Trametinib, PD0325901, and cobimetinib were the most potent in reducing MD-MSC/HSC viability. Each decreased
pERK1/2 and cyclin D1, increased p27, and induced caspase 3 cleavage in MD-MSCs. Proteome analysis was consistent with cell
cycle arrest and activation of pro-apoptotic pathways in trametinib-treated MD-MSCs. The three inhibitors slowed the growth of MD-
MSC allografts compared to controls. However, decreased pERK1/2, cyclin D1, and Ki67 levels were observed in PD0325901 and
cobimetinib, but not trametinib treated grafts. Eight weeks of trametinib treatment reduced tumor burden and average tumor size
compared to controls in the NF2 transgenic mouse model; tumors did not exhibit reduced pERK1/2 staining compared to control.
Both trametinib and PD0325901 modestly reduced viability of several primary human VS cells with NF2 mutations. DNA
methylation analysis of PD0325901-resistant versus -susceptible VS identified differentially methylated regions in genes that could
contribute to drug-resistance.
Conclusions: This comprehensive pre-clinical study demonstrates efficacy differences and possible emergence of drug resistance
among MEK inhibitors in schwannoma models and supports further investigation of MEK inhibitors alone and in combination with
other targeted drugs as treatments for NF2-associated schwannomas.
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Background: Originating from meningothelial cells of the arachnoid layer lining the brain, meningiomas cause
significant morbidities by compressing adjacent brain tissues, cranial nerves, and blood vessels. Meningiomas
can occur spontaneously or are frequently found in NF2 patients carrying NF2 mutations. As an FDA-approved
drug is presently not available for NF2-deficient meningioma, we aimed to identify novel targeted drugs that
delay tumor progression or cause tumor shrinkage.
Methods: A panel of isogenic NF2- and NF2+ arachnoidal cells and NF2- meningioma cells was used to screen
~2000 compounds of diverse mechanisms of action. The anti-tumor activity of the selected drug combination,
pharmacokinetic (PK) analysis, PathScan RTK Signaling Antibody Arrays, and Western blots were performed.
Results: From the single agent screen, 45 potent compounds were selected for further combination screening,
and 33 drug combinations, including the combination of brigatinib, an inhibitor of multi-RTKs including ALK,
and MK2206, an AKT inhibitor, were identified that exhibited a greater synergistic growth inhibition in NF2-

 cells versus NF2+ cells. As a single agent, brigatinib effectively blocked tumor growth and reduced tumor size
in the intracranial NF2-deficient Ben-Men-1-LucB meningioma model, while MK2206 only modestly
suppressed tumor growth. Combined treatment with brigatinib and MK2206 further reduced tumor size. Upon
cessation of treatment, the tumors treated with brigatinib or the brigatinib/MK2206 combination regrew.
Importantly, these regrown tumors were responsive to these drugs when retreated again. PK analysis
revealed that both brigatinib and MK2206 crossed the blood-brain barrier and accumulated in tumor-
containing brain tissues. Intriguingly, Ben-Men-1 cells did not express ALK but expressed several phospho-
RTKs (p-RTKs) with strong expression of p-ErbB2, ErbB3, FGFR1, TrkA, and VEGFR2. Brigatinib treatment
reduced the levels of most of these p-RTKs with the most significant reduction in EGFR, ErbB2, ErbB3,
VEGFR2, several Eph receptor members, as well as FAK. In addition, brigatinib treatment attenuated the
downstream signals of these kinases, including p-AKT and p-ERKs.
Conclusions: The anti-tumor effects of brigatinib in NF2-deficient meningiomas are mediated through inhibition
of multiple growth-promoting RTKs but not ALK. Brigatinib and its combination with an AKT inhibitor should be
further evaluated in patients with NF2-deficient meningiomas (Support: the CTF and US Department of
Defense)
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Background: Malignant peripheral nerve sheath tumors (MPNSTs) frequently overexpress eIF4F components,
and the eIF4A inhibitor silvestrol effectively suppresses MPNST growth. However, silvestrol has suboptimal
drug-like properties, including a bulky structure and poor oral bioavailability. Our objectives are to identify
potent silvestrol-related rocaglates and to determine their bioavailability, anti-tumor effects, and mechanisms
of action.
Methods: NF1+/+ STS26T and NF1 - / - ST8814 MPNST and 697 and silvestrol-resistant 697-R leukemic cells
were treated with various concentrations of each rocaglate. Cell proliferation assays, flow cytometry, Western
blots, and pharmacokinetic (PK) analysis were performed. A quantifiable, orthotopic NF1-deficient MPNST
mouse model and immunohistochemistry were conducted to assess antitumor effects.
Results: Among 10 silvestrol-related rocaglates lacking the dioxanyl ring examined, didesmethylrocaglamide
(DDR) and rocaglamide (ROC) had potent growth-inhibitory activity comparable to silvestrol in MPNST cells.
Structure-activity relationship analysis revealed that the dioxanyl ring in silvestrol was dispensable while the C-
8b hydroxyl group was essential for cytotoxicity. DDR and ROC arrested MPNST cells at G2/M and
significantly increased the sub-G1 fraction. Accordingly, these rocaglamides induced cleavage of caspases 3
and 7 and poly(ADP-ribose) polymerase, while decreasing total protein levels of these apoptotic markers,
consistent with translation inhibition. Additionally, DDR and ROC reduced the levels of mitogenic kinases AKT
and ERK1/2. Unlike silvestrol, DDR and ROC inhibited proliferation of silvestrol-resistant 697-R leukemic cells,
which over-express the MDR1 multidrug transporter, at IC50 values similar to silvestrol-sensitive 697 cells,
suggesting that these rocaglamides may be more bioavailable. PK analysis confirmed that ROC had 50% oral
bioavailability. Importantly, ROC, when administered intraperitoneally or orally, potently suppressed the growth
of luciferase-expressing NF1 - / - ST8814-Luc MPNST xenografts with no overt toxicity. Treated tumors had
abundant phospho-histone H3 labeling and more cleaved caspase 3-positive cells, consistent with G2/M arrest
and indicative of increased apoptosis, respectively.
Conclusions: The more favorable drug-like properties and potent anti-tumor effects suggest that ROC and DDR
have potential to become viable MPNST treatments. (Support: CancerFree Kids, the US Department of
Defense, and National Cancer Institute, NIH)
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Background: Background:Patients with NF2 frequently develop bilateral vestibular schwannomas (VS) and multiple meningiomas.
Presently, an FDA-approved medical therapy is not available. The histone deacetylase inhibitor AR-42, suppresses schwannoma
growth and causes tumor shrinkage in meningiomas in preclinical models.
 
Methods: Methods:As part of a phase I trial of AR-42 in patients with advanced or recurrent solid tumors for which no standard
therapy is available or patients who decline available standard treatment options, patients with NF2-associated VS and meningiomas
were enrolled and received AR-42 treatment 3 times weekly for 3 weeks followed by 1-week break. Subsequently, a phase 0
exploratoryevaluation of AR-42 for intratumoral pharmacodynamics and pharmacokinetics in VS and meningioma was performed.
 
Results: Results:In the phase I trial, 5 NF2 patients were recruited. AR-42 was overall well-tolerated, and the maximum tolerated
dose (MTD) was defined at 60 mg. AR-42 demonstrated anti-tumor activity mostly in the form of tumor stability. In one NF2 patient
treated for 10 months, AR-42 significantly reduced tumor size in meningiomas and slowed VS growth rates. After cessation of
treatment, meningiomas remained small, but VS quickly resumed growth. Tissue samples including a  bilateral VS, a skull
base  meningioma, and an optic meningioma were collected from this patient. A VS from a second person with NF2 and these 4
tumors underwent comprehensive genomic profiling via FoundationOne.   Mutations in NF2 and NUP98 were found. A phase 0
studywith the primary objective toestimate p-AKT and p16INK4Alevels after 3 weeks of oral AR-42 at 40 mg every other day, 3 times a
week for 3 weeks preceding surgery, in NF2-related and sporadic VS and meningiomas, as well as control tumor samples from a
tissue bank is ongoing. The secondary objectives include assessment of audiometric changes and volumetric tumor reduction and
determination of plasma and intra-tumoral AR-42 concentrations. So far, 5 patients were studied. AR-42 concentrations in the plasma
and VS of treated patients reached levels around the IC50value determined in vitroand was more preferentially concentrated in the
tumors. AR-42 decreased the levels of p-AKT, pERK1/2, p-PRAS40, and p-S6 in treated VS.
 
Conclusions: Conclusions:AR-42 achieves therapeutic concentrations in the tumors and hits its targets. Further investigation of AR-
42 as an NF2 treatment is ongoing. 
 
(Funding: The US Department of Defense, The Galloway Family, and Advocure NF2)
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Brigatinib as a potential therapy for malignant peripheral nerve sheath tumors 

Janet Oblinger, Ph.D. 
Nationwide Children's Hospital & The Ohio State University 

MPNSTs are highly aggressive soft-tissue sarcomas that have a high risk of 
recurrence and metastasis and are refractory to current treatment. These tumors 
can arise spontaneously or from pre-existing plexiform neurofibromas in patients 
with neurofibromatosis type 1 (NF1), a tumor predisposition syndrome caused by 
inactivating mutations in the NF1 tumor suppressor gene which encodes a Ras-
GTPase-activating protein. Importantly, even sporadic tumors often incur mutations 
in the NF1 gene or the Ras pathway. As a consequence, MPNSTs exhibit 
upregulation of Ras downstream kinase signaling, including the phosphatidylinositol 
3-kinase (PI3K)-AKT-mammalian target of rapamycin (mTOR) and Raf-MEK-ERK
mitogen-activated protein kinases. MPNSTs also harbor other genetic alterations,
such as aberrant activation of epidermal growth factor receptor (EGFR) and insulin-
like growth factor-1 receptor (IGF-1R), suggesting that these receptor tyrosine
kinases (RTKs) may be therapeutic targets. Previously we showed that the FDA-
approved ALK inhibitor brigatinib (ALUNBRIG™) suppresses multiple RTKs and
non-RTKs, including focal adhesion kinase (FAK). Here we demonstrate that
brigatinib exhibited growth-inhibitory activity in NF1-deficient ST8814 and NF1-
expressing STS26T MPNST cells. Combination of brigatinib with the dual
mTORC1/2 inhibitor INK128 (sapanisertib) yielded enhanced anti-proliferative
effects. Treatment of ST8814 cells with brigatinib decreased p-EGFR and p-IGF-1R
and their downstream p-AKT and p-S6. Treatment with INK128 also profoundly
inhibited p-AKT and p-S6. Interestingly, combination of brigatinib and INK128 further
reduced the phosphorylation of these signaling mediators and p-FAK compared to
either monotherapy, suggesting cooperation in suppressing the AKT-mTOR
pathway. However, we did not detect ALK expression in ST8814 and STS26T cells,
indicating that brigatinib mediates growth inhibition via targeting of other tyrosine
kinases. Experiments are in progress to investigate the anti-tumor activity of
brigatinib in patient-derived xenograft (PDX) models for MPNST. Collectively, our
data suggest that brigatinib should be further evaluated as a potential treatment for
MPNST.
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Targeting protein translation with rocaglamide and didesmethylrocaglamide to treat NF1 
and NF2 tumors 

Long-Sheng Chang
Nationwide Children's Hospital & The Ohio State University

To sustain uncontrolled growth, cancer cells exhibit enhanced protein synthesis by upregulation 
of the protein translation machinery. Previously we reported that NF1-associated malignant 
peripheral nerve sheath tumors (MPNSTs) and NF2-related vestibular schwannomas and 
meningiomas exhibit elevated expression of eIF4A, eIF4E, and eIF4G, components of the eIF4F 
translation initiation complex, and that the eIF4A inhibitor silvestrol potently suppresses the 
growth of these tumor cells. Studies by others also show strong anti-tumor activity of silvestrol in 
several other cancer models, suggesting that it may be a potential cancer treatment. However, 
silvestrol has suboptimal drug-like properties, including a bulky structure, sensitivity to inhibition 
by the MDR1 multidrug-resistant transporter, and poor oral bioavailability. By screening 10 
silvestrol-related rocaglates lacking the dioxanyl ring, we identified rocaglamide (Roc) and 
didesmethylrocaglamide (DDR) with potent growth-inhibitory activity comparable to silvestrol in 
MPNST cells. Structure-activity relationship analysis revealed that the dioxanyl ring present in 
silvestrol was dispensable for, but may enhance, cytotoxicity. Both Roc and DDR arrested 
MPNST cells at G2/M, significantly increased the sub-G1 fraction, and induced cleavage of 
caspases 3 and 7 and poly(ADP-ribose) polymerase, while decreasing total protein levels of 
these apoptotic markers and mitogenic kinases AKT and ERK1/2, consistent with translation 
inhibition. Additionally, these rocaglamides elevated the levels of γH2AX, a marker of the DNA 
damage response. Unlike silvestrol, Roc and DDR were not sensitive to MDR1 inhibition. 
Pharmacokinetic analysis confirmed that Roc had 50% oral bioavailability. Importantly, Roc, 
when administered intraperitoneally or orally, potently suppressed the growth of orthotopic NF1-
deficient MPNST xenografts with no overt toxicity. Treated MPNSTs had abundant phospho-
histone H3 labeling and more cleaved caspase 3-positive cells, consistent with G2/M arrest and 
indicative of increased apoptosis, respectively. In addition, Roc exhibited anti-tumor effects in 
patient-derived xenograft models for several types of sarcomas, including Ewing sarcoma, 
osteosarcoma, and rhabdomyosarcoma. Western blot analysis revealed that Roc and DDR 
decreased multiple oncogenic kinases, including IGF-1R, in sarcoma cells. Further, these 
rocaglamides potently inhibited proliferation of NF2-deficient schwannoma and meningioma 
cells. The more favorable drug-like properties and potent anti-tumor effects of Roc and DDR 
suggest that these rocaglamides have potential to become viable treatments for NF1- and NF2-
associated tumors, including MPNST, as well as other sarcomas. 
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