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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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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.

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

and in vivo.

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

. Human vestibular schwannoma cell viability is modestly inhibited by PD0325901

and trametinib.

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

Neurofibromatosis type 2 (NF2) is caused by mutations
in the NF2 gene encoding the merlin tumor suppressor.'?
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.® 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.* 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.>'0
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.”'3 Sixteen small molecule MEK inhibitors
have entered clinical trials for various cancers.’”* 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."5 Additionally, selumetinib reduced growth of an
in vitro human schwannoma model."®'7 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

patient-derived vestibular schwannoma cells with NVF2 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.

of MEK Ser218."#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)."8

PD0325901 (Pfizer) is also an allosteric MEK1/2 inhibitor
and is a synthetic analog of the first-generation MEK1/2
inhibitor, CI-1040."'" 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.?’ Tumor regrowth
was observed when treatment was suspended.?' A phase
Il open-label study is ongoing for PD0325901 in NF1
(NCT02096471)."4

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.??2® Cobimetinib inhibited growth of tumors
with BRAF and KRAS mutations in xenograft models.?42¢
Phase | studies of cobimetinib for solid tumors reported a
manageable toxicity profile with signs of efficacy in tumors
with BRAFV600E mutations.?” 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.
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Materials and Methods
Cell Culture

Wild-type (WT)-MSCs and MD-MSCs were gener-
ated and characterized in 2010.226 MD-MSCs were trans-
duced with lentiviral luciferase as previously reported.?®
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.3° Cells were tested monthly for
Mycoplasma contamination (Lookout Mycoplasma PCR
Detection Kit, Sigma).

Mouse Model Systems

NSG (NOD.Cg-Prkdcscid 112rgtmIWjl/SzJ) mice were used
at 6-10 weeks of age. P0-SCH-A(39-121)-27 transgenic
mice®' 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 humanVS 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 15000 cells/well in 96-well plates
coated with poly-L:-lysine (200 ug/mL) and laminin (25 pg/
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 10000
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.22:30

Membrane Asymmetry Assay

MD-MSCs were grown at 200000 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.?®
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 Ml 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-A(39-121)-27 transgenic mice®'
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.3? 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.?
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 QlAamp DNA Mini Kit (Qiagen) and purified using the
QlAquick 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 humanVS tumors using the Infinium MethylationEPIC
Kit (lllumina) 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 pM 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.® 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.3*

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-A(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 (IC,)) values, the inhibitors
were overall more effective in MSCs compared with HSCs.
Maximum loss of cell viability at 10 pM 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 IC, 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 uM
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 uM) were required to achieve an equivalent
pERK reduction observed with 0.001 pM 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).%% 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,' 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 p27“P' 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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Fig.1 MEK inhibitors reduce MD-MSC and MD-HSC viability. Screen of 6 MEK inhibitors against (A) mouse and (B) human WT and MD-SC lines

treated for 48-72 h. Mean viability is plotted with IC,, values (n = 1-3 independent experiments; 8 replicates each).

modulation is consistent with the observed changes
in protein levels. These included transforming growth
factor beta (TGFp), 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 t,, 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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Fig. 2 MEK inhibitors promote G1 arrest and caspase-dependent apoptosis of MD-MSC in vitro. pERK1/2, pMEK1/2, cyclin D1, p27, and cas-
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ments. (E) Quantitation of membrane asymmetry assay of MD-MSC treated for 20 h with MEK inhibitors. Staurosporine (0.1 tM) served as a
positive control for apoptosis (n =3 independent experiments, 2-way ANOVA, *P< 0.05).

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-A(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 pM) moderately

reduced cell viability of 2 of 7 VS, whereas PD0325901
(3 uM) 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 17299 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 12526 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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Fig.3 Trametinib reduces signaling through Ras, Myc, and cyclin D1, and increases signaling through TP53 and TGF{1. (A) Proteomic heat map
showing differences in protein abundance in trametinib- versus DMSO-treated cells as determined by LC-MS/MS (blue: decreased expression,
red: increased expression). (B) Predictions of upstream signaling pathways modulated by trametinib treatment. (C) Focus molecules and their
connectivity based on Ingenuity Pathway Analysis of differentially expressed proteins in trametinib-treated versus DMSO-treated MD-MSC. (D)
Differentially expressed proteins function in the indicated cellular processes (n =5 replicate experiments).

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).

I
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.® 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.57910 QOff-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.?¢*' However, even small effects
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Fig. 4 MEK inhibitors slow MD-MSC growth in NSG mice. (A) Pharmacokinetic analysis for plasma and nerve following a single drug dose.
(B) Representative bioluminescent (BL) images for indicated times. (C) Median tumor weights after 14 days of drug treatment compared with
vehicle (n =6-35 mice, nonparametric ANOVA). (D) BL signals were normalized to day 0 for each mouse and fold change in flux (photons/sec)
after 14 days of treatment is shown (nonparametric ANOVA, median values shown). (E) Representative graft immunchistochemistry images for
pERK1/2, Ki-67, cyclin D1, cleaved caspase 3, and CD31.
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Fig.5 Trametinib reduces schwannoma growth in the PO-SCH-A(39-121)-27 NF2 mouse model. PO-SCH-A(39-121)-27 mice were treated
daily with trametinib (1 mg/kg, p.o., 7 d/wk) for 8 weeks starting at 4 weeks of age. (A) Reduction by 25% of the average tumor burden, calculated
as percentage of tumor area versus total spinal nerve root area for trametinib-treated mice (n =11) compared with vehicle-treated mice (n =11).
(B) Waterfall plot showing tumor burden for each vehicle- and trametinib-treated mouse. (C) Treatment with trametinib reduced average tumor
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.

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, and*? suc-
cess of selumetinib in shrinking plexiform neurofibro-
mas in NF1 children.’® Qur 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 IC,, 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 IC, values). In vitro, tra-
metinib, PD0325901, and cobimetinib reduced pERK levels,
modulated cyclin D1 and p27 levels in a manner consistent
with a G,/S cell cycle arrest, and induced caspase-dependent
apoptosis in MD-MSCs. The proteomic study conducted in
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Fig.6 MEK inhibitors reduce viability of a subset of primary human VS cells. (A) Immunchistochemistry shows S100 positivity and variable expres-
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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.

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.*® 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.*® Qur
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.** 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.*®
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.*6 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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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)."®" 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.
ELMOD?1 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.#’ This may allow VS cells to circumvent tra-
ditional mechanisms of cell cycle arrest and cell death.*’
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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