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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.

Disclosure of Potential Conflicts of Interest
C. Fernandez-Valle is an unpaid research advisory board member for the

Children's Tumor Foundation. No potential conflicts of interest were disclosed
by the other authors.

Authors' Contributions
Conception and design: M.A. Fuse, C.T. Dinh, R. Mittal, J.N. Soulakova,
X.Z. Liu, L.-S. Chang, M.C. Franco, C. Fernandez-Valle
Development of methodology:M.A. Fuse, R. Mittal, L.-S. Chang, M.C. Franco,
C. Fernandez-Valle
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.):M.A. Fuse, S.K. Plati, S.S. Burns, C.T. Dinh, O. Bracho,
D. Yan, R. Mittal, R. Shen, L.-S. Chang, M.C. Franco, C. Fernandez-Valle
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M.A. Fuse, S.K. Plati, S.S. Burns, C.T. Dinh, D. Yan,
R. Mittal, R. Shen, J.N. Soulakova, A.J. Copik, X.Z. Liu, L.-S. Chang, M.C. Franco,
C. Fernandez-Valle

Writing, review, and/or revision of the manuscript: M.A. Fuse, S.K. Plati,
C.T. Dinh, R. Mittal, J.N. Soulakova, X.Z. Liu, F.F. Telischi, L.-S. Chang,
M.C. Franco, C. Fernandez-Valle
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): M.A. Fuse, S.K. Plati, R. Mittal, M.C. Franco,
C. Fernandez-Valle
Study supervision: C.T. Dinh, X.Z. Liu, C. Fernandez-Valle

Acknowledgments
We thank Dr. Jacques Morcos for harvesting human VS tumors and Cenix

Bioscience for conducting the c-Met inhibitor screen and synergy studies
through the Industry-Academia collaboration program.

Grant Support
This study was supported by the Children's Tumor Foundation (to

C. Fernandez-Valle and M.A. Fuse, YIA 2015-01-012), DOD NF140044 (to
C. Fernandez-Valle), and DOD NF150080 (to L.-S. Chang).

The costs of publication of this articlewere defrayed inpart by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received May 11, 2017; revised July 7, 2017; accepted July 17, 2017;
published OnlineFirst August 3, 2017.

References
1. RouleauGA,Merel P, LutchmanM, SansonM, Zucman J,Marineau C, et al.

Alteration in anewgene encoding aputativemembrane-organizing protein
causes neuro-fibromatosis type 2. Nature 1993;363:515–21.

2. Trofatter JA, MacCollin MM, Rutter JL, Murrell JR, Duyao MP, Parry DM,
et al. A novel moesin-, ezrin-, radixin-like gene is a candidate for the
neurofibromatosis 2 tumor suppressor. Cell 1993;72:791–800.

3. Petrilli AM, Fernandez-Valle C. Role of Merlin/NF2 inactivation in tumor
biology. Oncogene 2016;35:537–48.

4. Kim BS, Seol HJ, Lee JI, Shin HJ, Park K, Kong DS, et al. Clinical outcome of
neurofibromatosis type 2-related vestibular schwannoma: treatment strat-
egies and challenges. Neurosurg Rev 2016;39:643–53.

5. Meijer OW, Vandertop WP, Lagerwaard FJ, Slotman BJ. Linear accelerator-
based stereotactic radiosurgery for bilateral vestibular schwannomas in
patients with neurofibromatosis type 2. Neurosurgery 2008;62:A37–42.

6. Baser ME, Evans DG, Jackler RK, Sujansky E, Rubenstein A. Neurofibro-
matosis 2, radiosurgery and malignant nervous system tumours. Br J
Cancer 2000;82:998.

7. Goutagny S, Raymond E, Esposito-Farese M, Trunet S, Mawrin C, Bernar-
deschi D, et al. Phase II study of mTORC1 inhibition by everolimus in
neurofibromatosis type 2 patients with growing vestibular schwannomas. J
Neuro-Oncol 2015;122:313–20.

8. KarajannisMA, Legault G, HagiwaraM, BallasMS, Brown K, NusbaumAO,
et al. Phase II trial of lapatinib in adult and pediatric patients with
neurofibromatosis type 2 and progressive vestibular schwannomas.
Neuro-Oncology 2012;14:1163–70.

9. Hochart A, Gaillard V, Baroncini M, Andr�e N, Vannier JP, VinchonM, et al.
Bevacizumab decreases vestibular schwannomas growth rate in children
and teenagers with neurofibromatosis type 2. J Neuro-Oncol 2015;124:
229–36.

10. Blakeley JO, Plotkin SR. Therapeutic advances for the tumors associated
with neurofibromatosis type 1, type 2, and schwannomatosis. Neuro
Oncol 2016;18:624–38.

11. Morris KA, Golding JF, Blesing C, Evans DG, Ferner RE, Foweraker K, et al.
Toxicity profile of bevacizumab in the UK Neurofibromatosis type 2
cohort. J Neuro-Oncol 2017;131:117–24.

12. Slusarz KM, Merker VL, Muzikansky A, Francis SA, Plotkin SR. Long-term
toxicity of bevacizumab therapy in neurofibromatosis 2 patients. Cancer
Chemothera Pharmacol 2014;73:1197–204.

13. Dilwali S, Roberts D, Stankovic KM. Interplay between VEGF-A and cMET
signaling in human vestibular schwannomas and schwann cells. Cancer
Biol Thera 2015;16:170–5.

14. Torres-Martin M, Lassaletta L, San-Roman-Montero J, De Campos JM, Isla
A, Gavilan J, et al. Microarray analysis of gene expression in vestibular

schwannomas reveals SPP1/MET signaling pathway and androgen receptor
deregulation. Int J Oncol 2013;42:848–62.

15. Hanemann CO, Blakeley JO, Nunes FP, Robertson K, Stemmer-Racha-
mimov A, Mautner V, et al. Current status and recommendations for
biomarkers and biobanking in neurofibromatosis. Neurology 2016;87:
S40–S8.

16. Scoles DR, Huynh DP, Chen MS, Burke SP, Gutmann DH, Pulst SM. The
neurofibromatosis 2 tumor suppressor protein interacts with hepatocyte
growth factor-regulated tyrosine kinase substrate. Human Mol Genet
2000;9:1567–74.

17. Krasnoselsky A, Massay MJ, DeFrances MC, Michalopoulos G, Zarnegar R,
Ratner N. Hepatocyte growth factor is a mitogen for Schwann cells and is
present in neurofibromas. J Neurosci 1994;14:7284–90.

18. Organ SL, TsaoMS. Anoverviewof the c-MET signaling pathway. TheraAdv
Med Oncol 2011;3:S7–S19.

19. Yakes FM, Chen J, Tan J, Yamaguchi K, Shi Y, Yu P, et al. Cabozantinib
(XL184), a novel MET and VEGFR2 inhibitor, simultaneously suppresses
metastasis, angiogenesis, and tumor growth. Mol Cancer Ther 2011;10:
2298–308.

20. Bentzien F, Zuzow M, Heald N, Gibson A, Shi Y, Goon L, et al. In vitro
and in vivo activity of cabozantinib (XL184), an inhibitor of RET, MET,
and VEGFR2, in a model of medullary thyroid cancer. Thyroid 2013;
23:1569–77.

21. Singh H, Brave M, Beaver JA, Cheng J, Tang S, Zahalka E, et al. U.S.
food and drug administration approval: cabozantinib for the treat-
ment of advanced renal cell carcinoma. Clin Cancer Res 2017;23:
330–5.

22. Lock R, Ingraham R, Maertens O, Miller AL, Weledji N, Legius E, et al.
Cotargeting MNK and MEK kinases induces the regression of NF1-mutant
cancers. J Clin Invest 2016;126:2181–90.

23. Torres KE, Zhu QS, Bill K, Lopez G, Ghadimi MP, Xie X, et al. Activated
MET is a molecular prognosticator and potential therapeutic target for
malignant peripheral nerve sheath tumors. Clin Cancer Res 2011;
17:3943–55.

24. Ammoun S, Flaiz C, Ristic N, Schuldt J, Hanemann CO. Dissecting and
targeting the growth factor-dependent and growth factor-independent
extracellular signal-regulated kinase pathway in human schwannoma.
Cancer Res 2008;68:5236–45.

25. Kujak C, Kolesar JM. Treatment of chronic myelogenous leukemia. Am J
Health System Pharmacy 2016;73:113–20.

26. Talpaz M, Shah NP, Kantarjian H, Donato N, Nicoll J, Paquette R, et al.
Dasatinib in imatinib-resistant Philadelphia chromosome-positive leuke-
mias. N Engl J Med 2006;354:2531–41.

www.aacrjournals.org Mol Cancer Ther; 16(11) November 2017 2397

c-Met and Src Inhibition As Potential NF2 Schwannoma Therapy

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/11/2387/1854666/2387.pdf by guest on 19 M
ay 2023



27. Bolos V, Gasent JM, Lopez-Tarruella S, Grande E. The dual kinase complex
FAK-Src as a promising therapeutic target in cancer. OncoTargets Thera
2010;3:83–97.

28. Araujo J, Logothetis C. Dasatinib: a potent SRC inhibitor in clinical
development for the treatment of solid tumors. Cancer Treat Rev 2010;
36:492–500.

29. Hennequin LF, Allen J, Breed J, Curwen J, Fennell M, Green TP, et al. N-(5-
chloro-1,3-benzodioxol-4-yl)-7-[2-(4-methylpiperazin-1-yl)ethoxy]-5-
(tetrahydro-2H-pyran-4-yloxy)quinazolin-4-amine, a novel, highly selec-
tive, orally available, dual-specific c-Src/Abl kinase inhibitor. J Med Chem
2006;49:6465–88.

30. Green TP, Fennell M, Whittaker R, Curwen J, Jacobs V, Allen J, et al.
Preclinical anticancer activity of the potent, oral Src inhibitor AZD0530.
Mol Oncol 2009;3:248–61.

31. Bertotti A, Bracco C, Girolami F, Torti D, Gastaldi S, Galimi F, et al.
Inhibition of Src impairs the growth of met-addicted gastric tumors. Clin
Cancer Res 2010;16:3933–43.

32. Petrilli AM, FuseMA, DonnanMS, Bott M, SparrowNA, Tondera D, et al. A
chemical biology approach identified PI3K as a potential therapeutic target
for neurofibromatosis type 2. Am J Translat Res 2014;6:471–93.

33. Petrilli AM, Garcia J, Bott M, Klingeman Plati S, Dinh CT, Bracho OR, et al.
Ponatinib promotes a G1 cell-cycle arrest of merlin/NF2-deficient human
schwann cells. Oncotarget 2017;8:31666–81.

34. FrancoMC,Ricart KC,GonzalezAS,DennysCN,NelsonPA, JanesMS, et al.
Nitration of Hsp90 on tyrosine 33 regulates mitochondrial metabolism.
J Biol Chem 2015;290:19055–66.

35. Wander SA, Zhao D, Slingerland JM. p27: a barometer of signaling
deregulation and potential predictor of response to targeted therapies.
Clin Cancer Res 2011;17:12–8.

36. Lombardo LJ, Lee FY, Chen P, Norris D, Barrish JC, Behnia K, et al.
Discovery of N-(2-chloro-6-methyl- phenyl)-2-(6-(4-(2-hydroxyethyl)-
piperazin-1-yl)-2-methylpyrimidin-4- ylamino)thiazole-5-carboxamide
(BMS-354825), a dual Src/Abl kinase inhibitor with potent antitumor
activity in preclinical assays. J Med Chem 2004;47:6658–61.

37. Bush ML, Oblinger J, Brendel V, Santarelli G, Huang J, Akhmametyeva
EM, et al. AR42, a novel histone deacetylase inhibitor, as a potential
therapy for vestibular schwannomas and meningiomas. Neuro Oncol
2011;13:983–99.

38. Lee TX, Packer MD, Huang J, Akhmametyeva EM, Kulp SK, Chen CS, et al.
Growth inhibitory and anti-tumour activities of OSU-03012, a novel PDK-
1 inhibitor, on vestibular schwannoma and malignant schwannoma cells.
Eur J Cancer 2009;45:1709–20.

39. Forcello N, Saraiya N. Idelalisib: the first-in-class phosphatidylinositol 3-
kinase inhibitor for relapsedCLL, SLL, and indolentNHL. J AdvPractOncol
2014;5:455–9.

40. Coutre SE, Barrientos JC, Brown JR, de Vos S, Furman RR, Keating MJ, et al.
Management of adverse events associated with idelalisib treatment: expert
panel opinion. Leukemia Lymphoma 2015;56:2779–86.

41. Smith SM, Pitcher BN, Jung SH, Bartlett NL, Wagner-Johnston N, Park
SI, et al. Safety and tolerability of idelalisib, lenalidomide, and ritux-
imab in relapsed and refractory lymphoma: the alliance for clinical
trials in oncology A051201 and A051202 phase 1 trials. Lancet Hae-
matol 2017;4:e176–e82.

42. Troutman S, Moleirinho S, Kota S, Nettles K, Fallahi M, Johnson GL, et al.
Crizotinib inhibits NF2-associated schwannoma through inhibition of
focal adhesion kinase 1. Oncotarget 2016;7:54515–25.

43. Fernandez-Valle C, Tang Y, Ricard J, Rodenas-Ruano A, Taylor A, Hackler E,
et al. Paxillin binds schwannomin and regulates its density-dependent
localization and effect on cell morphology. Nat Genet 2002;31:354–62.

44. Obremski VJ, Hall AM, Fernandez-Valle C. Merlin, the neurofibromatosis
type 2 gene product, and beta1 integrin associate in isolated and differ-
entiating Schwann cells. J Neurobiol 1998;37:487–501.

45. Chang F, Lee JT, Navolanic PM, Steelman LS, Shelton JG, BlalockWL, et al.
Involvement of PI3K/Akt pathway in cell cycle progression, apoptosis, and
neoplastic transformation: a target for cancer chemotherapy. Leukemia
2003;17:590–603.

46. Zhang X, Tang N, Hadden TJ, Rishi AK. Akt, FoxO and regulation of
apoptosis. Biochim Biophys Acta 2011;1813:1978–86.

47. Roy S, Nicholson DW. Cross-talk in cell death signaling. J Exp Med 2000;
192:F21–5.

48. Lallemand D, Manent J, Couvelard A, Watilliaux A, Siena M, Chareyre F,
et al.Merlin regulates transmembrane receptor accumulation and signaling
at the plasma membrane in primary mouse Schwann cells and in human
schwannomas. Oncogene 2009;28:854–65.

49. Lehar J, Krueger AS, Zimmermann GR, Borisy AA. Therapeutic selectivity
and the multi-node drug target. Discov Med 2009;8:185–90.

Mol Cancer Ther; 16(11) November 2017 Molecular Cancer Therapeutics2398

Fuse et al.

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/16/11/2387/1854666/2387.pdf by guest on 19 M
ay 2023



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice




