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Abstract: Mutations in the merlin tumor suppressor gene cause Neurofibromatosis type 2 (NF2), which is a disease 
characterized by development of multiple benign tumors in the nervous system. The current standard of care for 
NF2 calls for surgical resection of the characteristic tumors, often with devastating neurological consequences. 
There are currently no approved non-surgical therapies for NF2. In an attempt to identify much needed targets and 
therapeutically active compounds for NF2 treatment, we employed a chemical biology approach using ultra-high-
throughput screening. To support this goal, we created a merlin-null mouse Schwann cell (MSC) line to screen for 
compounds that selectively decrease their viability and proliferation. We optimized conditions for 384-well plate as-
says and executed a proof-of-concept screen of the Library of Pharmacologically Active Compounds. Further confir-
matory and selectivity assays identified phosphatidylinositol 3-kinase (PI3K) as a potential NF2 drug target. Notably, 
loss of merlin function is associated with activation of the PI3K/Akt pathway in human schwannomas. We report 
that AS605240, a PI3K inhibitor, decreased merlin-null MSC viability in a dose-dependent manner without signifi-
cantly decreasing viability of control Schwann cells. AS605240 exerted its action on merlin-null MSCs by promoting 
caspase-dependent apoptosis and inducing autophagy. Additional PI3K inhibitors tested also decreased viability 
of merlin-null MSCs in a dose-dependent manner. In summary, our chemical genomic screen and subsequent hit 
validation studies have identified PI3K as potential target for NF2 therapy. 

Keywords: Neurofibromatosis type 2, phenotypic high-throughput screen, PI3K, PI3K inhibitor, apoptosis, autoph-
agy

Introduction 

Neurofibromatosis type 2 (NF2) is a tumor dis-
order of the nervous system caused by loss-of-
function mutations in the Neurofibromatosis 2 
gene (NF2) [1-3]. NF2 patients develop cranial 
and peripheral nerve schwannomas, meningio-
mas, and ependymomas [4]. Despite the 
benign nature of the tumors, their localization 
within the nervous system causes serious neu-
rological symptoms and can be life threatening. 
Loss of hearing resulting from growth of bilat-
eral vestibular schwannomas is typically the 
first symptom [4]. The NF2 gene encodes mer-
lin, a tumor suppressor protein. Merlin is a 

member of the band 4.1 family of proteins that 
link cell surface glycoproteins to the cortical 
actin cytoskeleton [5]. Merlin modulates activi-
ty of numerous signaling pathways that regulate 
cell size, morphology, proliferation, and survival 
[6]. Although understanding of merlin-depen-
dent signaling pathways continues to increase, 
there are currently no standard chemothera-
peutic options for NF2 patients. NF2 patients 
typically undergo microsurgery or radiosurgery; 
however, the former leads to loss of nerve func-
tion when tumors are operable and the latter 
carries the risk of future malignant transforma-
tion of remaining tumor cells.

http://www.ajtr.org
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High-throughput screening (HTS) of compound 
libraries with phenotypic assays is an impor-
tant strategy because it facilitates an unbiased 
chemical genomic approach to drug discovery 
and target identification. To that end, we creat-
ed and optimized a merlin-null mouse Schwann 
cell (MSC) line for HTS. These cells were derived 
from primary Schwann cells (SCs) isolated from 
homozygous Nf2flox2/flox2 mice [7] by in vitro 
deletion of the Nf2 exon 2 using Adeno-Cre-
mediated recombination. Work in our laborato-
ry and others has shown that the absence of 
exon 2 in merlin promotes its rapid proteoso-
mal degradation, thereby creating functionally 
merlin-null MSCs [8-10]. Using these cells, we 
screened the Library of Pharmacologically 
Active Compounds (LOPAC, Sigma-Aldrich, St. 
Louis, MO) for compounds that decreased the 
viability of merlin-null MSCs. Follow-up confir-
mation, selectivity counter-screens, and dose-
response experiments identified the class I 
phosphoinositide 3-kinase (PI3K) inhibitor AS- 
605240, (Z)-5-(quinoxalin-6-ylmethylene)thia-
zolidine-2, 4-dione, as an NF2 lead compound.

Merlin has been shown to inhibit PI3K activity 
by binding to phosphatidylinositol 3-kinase 
enhancer-L (PIKE-L), which disrupts binding of 
PIKE-L to PI3K [11]. PIKE-L is a GTPase that 
binds to PI3K and stimulates its lipid kinase 
activity [12]. In addition, loss of merlin leads to 
activation of the PI3K/Akt pathway in human 
schwannomas and subsequent proliferation 
and growth of the SCs [13]. Altered PI3K activi-
ty is implicated in various diseases including 
cancer, and PI3K mutations have been 
observed in various human solid tumors [14-
16]. PI3K is a lipid kinase that phosphorylates 
phosphatidylinositol (3,4)- bisphosphate (PIP2) 
to produce phosphatidylinositol (3,4,5)- tri-
sphosphate (PIP3). PI3K-dependent pathways 
regulate cell proliferation and survival in 
response to extracellular signaling primarily 
through receptor tyrosine kinases, integrins, 
cytokine receptors, and G-protein coupled 
receptors [14, 17]. The class I PI3-kinases are 
heterodimers consisting of a p110 catalytic 
subunit in complex with a p85 or p101 regula-
tory subunit. There are four different isoforms 
of catalytic p110 subunits: alpha, beta, gamma, 
and delta. The α and β isoforms of p110 are 
expressed in all cell types, whereas the γ and δ 

isoforms are enriched in hematopoietic cells 
[15, 18-20]. In recent years, several small mol-
ecule PI3K inhibitors have been developed, and 
no less than fifteen compounds have pro-
gressed to clinical trials for cancer [21].

In summary, we conducted the first chemical 
genomic screen that successfully identified 
potential therapeutic targets and small mole-
cule inhibitors for NF2. Confirmatory orthogonal 
and selectivity assays identified PI3K as an 
NF2 target. In addition, the PI3K inhibitor 
AS605240 selectively decreased merlin-null 
MSCs viability in a dose-dependent manner 
through a caspase-dependent apoptotic mech-
anism accompanied by induction of autophagy. 
Finally, nine other small-molecule PI3K and 
dual PI3K/mTOR inhibitors promoted similarly 
strong loss of viability of merlin-null MSCs.

Materials and methods

Materials

Adenovirus-expressing Cre recombinase gene 
(Ad5CMV-Cre) was purchased from Gene 
Transfer Vector Core (University of Iowa). The 
LOPAC®1280 library and the individual com-
pounds re-tested, E64d and pepstatin A, were 
purchased from Sigma-Aldrich (St. Louis, MO, 
USA). Rapamycin and staurosporine were pur-
chased from Santa Cruz Biotechnology (Santa 
Cruz, CA, USA). Digitonin was purchased from 
EMD chemicals (Billerica, MA, USA). Z-VAD-FMK 
(caspase-1, -4, -3 and -7 inhibitor) was pur-
chased from Promega (Madison, WI, USA). 
GSK-2126458, PlK-75, CH-5132799, IC-87- 
114, XL-765, BEZ235, and CUDC 907 were pur-
chased from Selleck Chemicals (Selleckchem.
com Europe).

Antibodies 

Merlin (D1D8) rabbit mAb, Akt rabbit Ab, phos-
pho-Akt (T308) rabbit Ab, LC3B (D11) XP rabbit 
mAb, and β-Actin (8H10D10) mouse mAb were 
purchased from Cell Signaling (Danvers, MA, 
USA). Merlin C18 rabbit Ab was purchased from 
Santa Cruz Biotechnologies (Dallas, TX, USA). 
S-100 rabbit Ab was purchased from Dako 
Cytomation (Glostrup, Denmark). Secondary 
antibodies, goat anti-mouse- and goat anti-rab-
bit- IgG horseradish peroxidase conjugated, 
were purchased from Pierce/Thermo Fisher 
Scientific (Rockford, IL, USA). Goat anti-rabbit 



PI3K as a pharmacological target in NF2

473	 Am J Transl Res 2014;6(5):471-493

IRDye 800CW and goat anti-mouse IRDye 
680LT were purchased from LI-COR Odyssey 
(Lincoln, Nebraska USA). Goat anti-mouse IgG 
Alexa Fluor568 conjugated and goat anti-rab-
bit-IgG Alexa Fluor488 conjugated were pur-
chased from Invitrogen (Grand Island, NY, USA).

Creation and culturing of merlin-null (Nf2ex2-/-) 
mouse Schwann cells 

All dissections were performed following proto-
cols approved by the University of Central 
Florida (UCF) Institutional Animal Care and Use 
Committee (IACUC) and animals were main-
tained in UCF’s Vivarium that is certified by the 
International Association for Assessment and 
Accreditation of Laboratory Animal Care 
(AAALAC). SCs were isolated from sciatic nerves 
of 3-6 week-old homozygous Nf2flox2/flox2 mice. 
Primary Nf2flox2/flox2 SCs were purified and 
expanded for two passages in growth medium: 
DMEM/F12 1:1 (Gibco), 1x N2 supplement 
(Invitrogen), 2 µM forskolin (Sigma), 10 ng/ml 
neuregulin (Recombinant Human NRG1 Isoform 
SMDF; R & D Systems), and 1% Penicillin/
Streptomycin (Gibco), on 200 µg/ml Poly-L-
lysine hydrobromide (PLL; Sigma-Aldrich), 20 
µg/ml Laminin (Invitrogen) coated tissue cul-
ture plates (Corning). Nf2flox2/flox2 SCs were 
transduced overnight with Adeno-Cre virus at 
250 multiplicity of infection (MOI) when cul-
tures reached ~70% confluency. The trans-
duced cell population was expanded and dele-
tion of Nf2 exon 2 was verified by PCR analysis 
of genomic DNA and merlin western blots. 
Merlin-null MSCs were cultured in CellBIND-
Corning 100 mm dishes in their growth medi-
um: DMEM/F12 1:1 (Gibco), 1X-N2 supplement 
(Invitrogen), and 1% penicillin/streptomycin 
(Gibco).

Western blots

Cultured Nf2flox2/flox2 SCs and merlin-null MSCs 
were lysed in modified RIPA buffer (25 mM Tris-
HCl, pH 7.6; 150 mM NaCl; 1% Triton X-100; 1% 
sodium dodecil sulfate with protease inhibitor 
cocktail and phosphatase inhibitor cocktail 2 
and 3; Sigma-Aldrich), as previously described 
[22]. Protein concentration was determined 
with the DC Assay (BioRad, Hercules, CA, USA) 
to load 10 µg of protein per lane. To prepare 
whole cell extracts to study autophagy, merlin-
null MSCs were lysed in 180 µl of 2% SDS 
Loading buffer plus 2.5 U/ml benzonase, heat-

ed at 97°C for 5 minutes, and immediately 
loaded into 4-20% polyacrylamide gels (Pierce/
Fisher Scientific). Resolved proteins in the gel 
were transferred to a PVDF membrane (Im- 
mobilon-P or Immobilon-FL, Millipore, Bedford, 
MA) and blocked with 5% BSA or Odyssey block-
ing buffer before blotting with primary antibod-
ies and corresponding secondary antibodies 
conjugated with horse radish peroxidase or 
IRDye. Densitometric quantification of western 
blots was performed with NIH ImageJ software 
or Odyssey software.

Immunostaining

Control and merlin-null MSCs were seeded on 
200 µg/ml poly-L-lysine hydrobromide (Sigma-
Aldrich) and 10 µg/ml laminin-coated German 
glass coverslips. Immunostaining was per-
formed as previously described [23]. Confocal 
images were acquired with a Zeiss LSM710 
microscope with 3 spectral detection channels, 
5 laser lines (458, 488, 514, 543, and 633 
nm), and the EC Plan-Neofluar 40x/1.3 DIC 
WD=0.21 M27 objective lens on an Axio 
Observer Z1 Stand and ZEN2009 software. 

Cell viability assays 

Cell viability was assessed with two different 
assays, the MultiTox-Fluor Multiplex Cytotoxicity 
Assay (Promega) and the CellTiter-Glo assay 
(Promega). Control and merlin-null MSCs were 
seeded at 5,000 cells/well in 20 µl phenol-red 
free growth media in 384-well CellBIND plates, 
centrifuged 1 min at 500 rpm, and briefly incu-
bated at 37°C, 7% CO2 for several hours to 
ensure cell attachment prior to compound 
treatment. Then, 5 µl of compound/vehicle 
solution was added to each well, centrifuged 1 
min at 500 rpm, and returned to incubation for 
24 hrs. Cell viability assays were performed fol-
lowing manufacturer’s specifications. Fluo- 
rescence measurement for the LOPAC screen 
was performed using EnVision (PerkinElmer) or 
the Synergy H1 Hybrid plate reader (BioTek, 
Winooski, VT, USA), Ex: 405 nm/Em: 492 nm 
for live cells and Ex: 485 nm/Em: 535 nm for 
dead cells. Luminescence was measured in a Sy- 
nergy H1 Hybrid plate reader.

Caspase 3/7 activity assay 

Merlin-null MSCs were seeded in 384-well 
Corning CellBIND plates at 5,000 cells/well in 
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20 µl growth medium phenol-red free and cen-
trifuged 1 min at 500 rpm prior to incubation at 

37°C, 7% CO2 for 4-5 hours to allow attach-
ment. Next, cultures were treated with increas-

Figure 1. Creation and Characterization of Merlin-Null Mouse Schwann Cells. A. PCR amplification with primer set 
P4/5 produces 305 bp band indicative of wild-type Nf2 and 442 bp band indicative of Nf2 exon 2 flanked by LoxP 
sequences. Amplification with primer set P5/6 produces a 338 bp band indicative of loss of Nf2 exon 2; B. Western 
blot of merlin protein expression in Nf2flox2/flox2 and Nf2ex2-/- MSCs detected with N- and C-termini antibodies; C. Crystal 
violet assay at 24, 48, and 48 hrs to assess cell number of merlin-null and control Nf2flox2/flox2 MSCs cultured in dif-
ferent substrates and growth media. PLL: poly-L-lysine; Lam: laminin; mitog: mitogenic factors, 10 ng/ml neuregulin 
and 2 µM forskolin; D. Phase image of Nf2flox2/flox2 and merlin-null MSCs. Merlin-null MSCs are large and round com-
pared to small, bipolar control SCs. E. Confocal images of Nf2flox2/flox2 and merlin-null MSCs at low and high density. 
F-actin, detected by phalloidin staining (white); S-100, SC marker (green); and DAPI, nuclear stain (blue). Scale bar: 
20 µm. 
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ing concentrations of AS605240 at 0.4% DMSO 
and staurosporine (as a positive control). Plates 
were spun 1 min at 500 rpm and incubated for 
8 hours. Caspase 3/7 activity was assessed 
with the Apo-ONE homogeneous assay (Pr- 
omega) following manufacturer’s instructions. 
Fluorescence was read in a Synergy H1 Hybrid 
plate reader (BioTek, Winooski, VT, USA). 

Membrane asymmetry assay 

Merlin-null MSCs were seeded in 6-well Corning 
CellBIND plates at 500,000 cells per well. The 
next day, cells were treated for 3-5 hours with 
0.1% DMSO, 0.5 µM staurosporine, and 1, 3, 
and 10 µM AS605240 in 0.1% DMSO in the 
presence or absence of the pan-caspase inhibi-
tor Z-VAD-FMK (50 µM). After incubation, cul-
tures were harvested and analyzed with the 
Violet Ratiometric Membrane Asymmetry 
Probe/Dead Cell Apoptosis assay (Invitrogen, 
Life Sciences) following manufacturer’s instruc-
tions on a BD Canto-II (Becton, Dickinson and 

Co, Franklin Lakes, NJ, USA) flow cytometer 
equipped with BD FACSDivaTM 6.1.3 software. 

Autophagy assessment 

Merlin-null MSCs were seeded at 150,000 
cells/well into 12-well Corning CellBIND plates. 
The next day, cultures were treated for 3 hrs 
with increasing concentrations of AS605240 in 
0.02% DMSO in duplicate with and without 10 
µg/ml acidic lysosomal inhibitors (E64-d and 
pepstatin-A). Whole-cell lysate preparation and 
western blots were performed as described 
above.

High-content image analysis 

Merlin-null MSCs (1,500 cells/well) were seed-
ed on 384-well Corning CellBIND plates and 
incubated at 37°C, 7% CO2 for 4 hrs to allow 
complete cell attachment. Cells were treated in 
triplicates with increasing concentrations of 

Figure 2. Optimization of Merlin-null Mouse Schwann Cell Culture Conditions for HTS and Assay Validation. A. Viabil-
ity signal of merlin-null SCs at increasing seeding densities. Signal:background ratio is shown in red. Fluorescence 
(Ex405 nm/Em492 nm) for live cells was read 30 minutes later.  Cell viability expressed as RFU (relative fluorescent 
units); B. DMSO tolerance. Cell viability signal expressed as percent viability with respect to control (0% DMSO). 
One-way ANOVA with Dunnett’s post hoc test compared to 0% DMSO; C. Merlin-null MSC viability and cytotoxicity 
screen of increasing concentrations of rapamycin conducted with the MultiTox-Fluor assay. Live-cell protease signal 
(Ex405 nm/Em492 nm) is expressed as % viability of the DMSO control (left y-axis) and dead-cell protease signal 
(Ex485 nm/Em535 nm) is expressed in RFUs (right y-axis); D. Rapamycin dose response 24-hr viability analyzed by 
log [inhibitor] vs. viability response, non-linear regression (four parameters).
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compounds (3 nM-10 µM in 0.5% DMSO) for 48 
hrs with a brief (30 min) incubation with 10 µM 
EdU. Cultures were fixed with paraformalde-
hyde and immunostained for phospho-Histone 
3 and EdU and DNA was stained with Hoechst. 
Wells were imaged using an automated micro-
scope (Image Express) and analyzed with 
Definiens automated image analysis software 
to evaluate several nuclear morphometry 

parameters (size, shape, and label intensities) 
to extract multiple classifications of cells, 
including S and M phases. 

Statistical analysis 

Statistical analysis and graph generation was 
performed with GraphPad Prism version 5.0 for 
Windows (GraphPad, La Jolla, CA, USA). Dose-

Figure 3. 3-D Scatter Plot of LOPAC Results Using Merlin-null MSCs. A. Data represent the percent activity (Live/
Dead signal; z-axis) relative to control wells by compound used in indicated locations (well position, x-axis; plate 
number, y-axis). LOPAC compounds (blue), negative DMSO control (0% activity, pink), and positive controls (100% ac-
tivity, red symbols) at the top of the plot with putative hits. Table shows the statistics per plate and complete screen; 
B. Data represent the percent activity (Live signal; z-axis) relative to control wells by compound used in indicated 
locations (well position, x-axis; plate number, y-axis). LOPAC compounds (blue), negative DMSO control (0% activity, 
red), and positive controls (100% activity, pink symbols). Table shows the statistics for each plate and complete 
screen; C. Results for dead-cell Protease activity (Dead signal; z-axis) expressed as in B. 



PI3K as a pharmacological target in NF2

477	 Am J Transl Res 2014;6(5):471-493

Table 1. Summary of Confirmation and Selectivity Assays

Compound ID Compound Structure Primary Assay  
(% Viability)

Orthogonal Assay  
(% Viability)

Selectivity Assay  
(% Viability)

Fold Selectivity  
at 10 µM Description

L663536 (MK-886)

N

S

CO2Na

Cl

16 ± 3 0.1 31 1.9 Potent, specific leukotriene 
biosynthesis inhibitor

Ebastine

O

N
O

17 ± 3 0.1 31 1.8 Non-sedating histamine H1 receptor 
antagonist

BNTX maleate salt hydrate

OHO H O

OH
N

O

OH
OH

O
xH2O

19 ±4 35.3 32 17 Selective δ1 non- peptide opioid 
receptor antagonist

GW7647

N
H

O

N

S CO2H 20 ± 5 6.3 32 1.6 Potent human PPARα agonist

BIO

N
H

N

NH

O

BrHO
20 ± 8 0.8 31 1.5 Potent, reversible ATP-competitive GSK-

3α/β inhibitor

GW5074

N
H

I
O

Br

OH

Br

24 ± 7 36.4 31 1.3 cRaf1 kinase inhibitor
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Cantharidin

O

O

O

O

34 ± 14 35.2 78 2.3 Protein phosphatase1 (PP1) and PP2A 
inhibitor

CGP-74514A hydrochloride

NH2

N
H

N

N

N

N

NH

Cl

HCl

35 ± 7 16.1 33 0.9 Cyclin-dependent kinase inhibitor 
selective for Cdk-1

L-798106

H
NO

S
O O

Br

O

35 ± 13 37.6 33 0.9 EP3-selective antagonists

AS605240

N

N

S
HN

O

O

35 ± 2 40.1 78 2.2 Potent,  selective PI3Kγ inhibitor

Mitoxantrone dihydrochloride
OHONH

H
N

HO

NH
N
H

HO O OH

2HCl

39 ± 6 36.8 34 0.9 DNA intercalator, increases 
double-strand breaks, stabilizes 
topoisomerase II
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AC-93253 iodide

N

S

NI

41 ± 6 24.3 28 0.7 Cell permeable, subtype selective RAR 
(RARα) agonist

PD-407824

N
H

HO

H
N

O O
43 ± 10 34.5 37 0.9 Wee/Chk1 inhibitor

Salmeterol xinafoate OH

OH

OH
HN

O

OH
CO2H

57 ± 9 73.7 57 1 β2-adrenoceptor agonist

PD-161570

N
N
H

N

N

N NH

N
H

O

Cl

Cl

60 ± 12 62.4 47 0.8 Human FGF-1 receptor tyrosine kinase 
inhibitor

L-703606 oxalate salt hydrate

N

HN

I

OHO

O OH

xH2O

62 ± 11 40.6 33 0.5 Potent, selective non-peptide NK-1 
tachykinin receptor antagonist

Mibefradil dihydrochloride hydrate

F

O O

O

N
N
H

N

xH2O2HCl

67 ± 9 53.3 32 0.5 T-type Ca2+ channel blocker; anti-
hypertensive
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Thioridazine hydrochloride

N

S

S

N

HCl

71 ± 13 67.9 33 0.5 D2 dopamine receptor antagonist

Fluphenazine dihydrochloride

N

S

F3C

N

2HCl

N
OH

71 ± 6 45.6 43 0.6 D1/D2 dopamine receptor antagonist, 
H1 histamine receptor antagonist

Trifluoperazine dihydrochloride

N

S

F3C

N

2HCl

N

78 ± 6 47 47 0.6 D2 dopamine receptor antagonist, 
inhibits calmodulin-dependent 
stimulation of 3’:5’-cyclic nucleotide 
phosphodiesterase, inhibits cAMP-
gated cation channels

Mevastatin

H
O

O

OHO

O

81 ± 11 85.1 74 0.9 HMG-CoA reductase inhibitor

Spiroperidol 

N
HN

N

O
O

F
90 ± 6 84.3 85 1.1 Selective D2 dopamine receptor 

antagonist, α1B-adrenoceptor 
antagonist, mixed 5-HT2A/5-HT1 
serotonin receptor antagonist

Haloperidol

F

O
N

OH
Cl 96 ± 4 88.8 78 0.8 Dopamine antagonist with selectivity 

for D2-like receptors
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response experiments were analyzed by non-
linear regression (four parameters). Experi- 
mental data were statistically analyzed as indi-
cated for each experiment.

Results 

Creation and characterization of merlin-null 
mouse schwann cells 

A merlin-null MSC line was created by isolating 
SCs from homozygous Nf2flox2/flox2 mice. These 
mice have two loxP sequences flanking exon 2 
of the Nf2 gene. Cells were transduced with 
adeno-Cre to delete exon 2. The homozygous 
insertion of the loxP sequences and deletion of 
Nf2 exon 2 was verified by PCR analysis of 
genomic DNA (Figure 1A). The first PCR with 
primers P4/P5 amplified a 305 bp band for 
wild-type Nf2 FVB/N mice, two bands at 305 bp 
and 442 bp for heterozygous Nf2flox2/+ mice, 
and a single 442 bp band for Nf2flox2/flox2 mice. 
The second PCR with primers P6/P5 amplified 
a single 338 bp band for two independent cell 
derivations of merlin-null MSCs used in our 
experiments, confirming the loss of exon 2 in 
the Nf2 gene (Figure 1A). Western blot analysis 
with an antibody for the N-terminus of merlin 
showed the merlin band present in Nf2flox2/flox2 
MSCs, but not in merlin-null MSCs. Western 
blot analysis with an antibody raised against a 
C-terminal merlin peptide revealed that merlin 
is expressed at lower levels in merlin-null MSCs 
than in Nf2flox2/flox2 MSCs, which is in agreement 
with the rapid degradation of mutant versus 
wild-type merlin protein (Figure 1B). To assess 
the growth rate of control and merlin-null MSCs 
and their dependence on substrates and mito-
genic factors, we measured the number of via-
ble cells at various time points. Control MSCs 
grew slowly and only on a poly-L-lysine and lam-
inin substrates in serum-free medium supple-
mented with forskolin and neuregulin. By con-
trast, merlin-null MSCs grew on uncoated plas-
tic in serum-free medium lacking the mitogenic 
supplements forskolin and neuregulin (Figure 
1C). These data suggest that loss of functional 
merlin allows SCs to grow independently of 
mitogenic factors and extracellular matrix sub-
strates. Merlin-null MSCs also lost the typical 
bipolar morphology characteristic of wild-type 
SCs (Figure 1D). In addition, unlike primary 
mouse SCs that senesce after 3-4 passages, 
merlin-null MSCs became immortalized and 
failed to arrest at high density (Figure 1E). We 
also showed by immunostaining that merlin-

null MSCs retained expression of the SC mark-
er S-100 (Figure 1E). In summary, the cells 
described here are functionally merlin-null 
MSCs that replicate the morphological pheno-
type of human schwannoma cells.

Optimization and validation of merlin-null 
MSCs for HTS assays

To determine whether the generated cell line 
was amenable to a HTS platform, we tested cell 
adherence and growth after 24 hrs of incuba-
tion on 384-well plates from different manufac-
turers at multiple cell densities (2,500-20,000 
cells/well) (Supplementary Figure S1A-D). Mer- 
lin-null MSCs attached well and formed a mono-
layer on plates coated with PLL and on Corning 
CellBIND plates. To select the optimal seeding 
density for the assay, we treated half of the 
wells with 27 µg/ml digitonin and measured the 
ratio of live to dead cells using the MultiTox-
Fluor Multiplex Cytotoxicity Assay. The signal to 
noise ratio, signal to background ratio, and Z’ 
factor were also calculated [24] (Supplemen- 
tary Figure S1A-D). We selected the Corning 
CellBIND plates seeded at 5,000 cells/well for 
the screening assay [25] (Figure 2A red-lined 
graph). We tested DMSO tolerance of the mer-
lin-null MSCs and found a 10% loss of cell via-
bility at the 1% DMSO concentration typically 
used in compound screens (Figure 2B). 
Therefore, the DMSO concentration for screen-
ing was maintained at 0.5%. To confirm the 
viability assay in a 384-well plate format with 
merlin-null MSCs, we treated the cells with 
increasing concentrations of rapamycin, an 
mTOR (mammalian target of rapamycin) inhibi-
tor known to reduce proliferation of cells lack-
ing merlin function [26, 27]. We measured live-
cell protease signal (expressed as % of DMSO 
control) and dead-cell protease signal 
(expressed as relative fluorescence intensity) 
24 hrs later (Figure 2C). Viability of cells treated 
for 24 hrs with 50 µM rapamycin was 20±1.4% 
of the DMSO control. We selected 50 µM 
rapamycin as our positive control for statisti-
cal/quality control analysis of assay perfor-
mance in the compound screen. Repetitions of 
the dose-response experiments using the live-
cell protease assay provided a consistent IC50 
of 15 µM for 24 hrs incubation (Figure 2D). 

LOPAC screen with merlin-null mouse Schwann 
cells 

We performed a screen of the LOPAC (Sigma’s 
LOPAC®1280 library). We tested merlin-null MSC 
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viability after 24 hr incubation with the com-
pounds at 10 µM in 0.5% DMSO in single wells. 
Each of the four assay plates had positive and 
negative controls, cells treated with 50 µM 
rapamycin in 0.5% DMSO and cells treated with 
0.5% DMSO alone. The screening assay (live: 
dead cell ratio) had a Z’ value of 0.79 and yield-
ed 40 hits (3.1%) using a cut-off value equal to 
80% of the live: dead signal of the DMSO nega-
tive control (Figure 3A). The MultiTox-Fluor 
Multiplex Cytotoxicity Assay, a dual viability and 
cytotoxicity assay, proved to be highly sensitive 
based on the live: dead ratio for cultures treat-
ed with compounds at 10 µM. Therefore, we 
assessed the quality of the live and dead read-
outs separately. The plate statistics of the four 
plates were consistent, with a Z’ ~0.8 for the 
viability assay. Signal confidence for the dead-
cell protease was weaker with a Z’ ≤ 0.5. The hit 
rate was equivalent to a cut-off value of 50% of 
live-cell signal alone (< 50% viability) (Figure 
3B, 3C). Complete library screen hit data is 
shown in Supplementary Figure S2. 

Compound confirmation and selectivity assays 

We selected 20 hit compounds for confirmation 
studies based on target specificity and poten-
tial therapeutic value. We also included three 
compounds that had higher target specificity 
and/or affinity than its LOPAC hit. Two dopa-
mine receptor D2 antagonists were hits. One, 
trifluoperazine dihydrochloride, is also a weak 
antagonist of the 5HT-2 serotonin receptor, 
inhibits calmodulin-dependent stimulation of 
3’: 5’-cyclic nucleotide phosphodiesterase, and 
inhibits cAMP-gated cation channels. No other 

compounds targeting Nav1.7 and Nav1.4 pres-
ent in the library were hits. The other, thiorida-
zine hydrochloride, also antagonizes Ca2+ chan-
nels. Therefore, for the confirmatory screens, 
we added three more selective D2 antagonists: 
fluphenazine dihydrochloride, spiroperidol (spi-
perone), and haloperidol. 

For the confirmation assays, all compounds 
were tested under the same conditions, 24 hr 
incubation at 10 µM in 384-well Corning 
CellBIND plates using the live-cell protease 
assay (CellTiter-Fluor). We repeated the assays 
four times on two independently-derived mer-
lin-null MSC lines, L10, the same one used in 
the LOPAC screen, at passages 13 and 23, and 
L08, tested at passages 20 and 21 (Table 1, 
Primary assay). To corroborate the fluorogenic 
CellTiter viability results, we measured cell via-
bility with an orthogonal assay that assesses 
ATP levels using a thermostable luciferase to 
generate a luminescent signal (CellTiter-GLO, 
Promega) (Table 1, Orthogonal assay). To iden-
tify compounds/targets with potential thera-
peutic value, we tested the effect of the com-
pounds on control Nf2flox2/flox2 MSCs. The selec-
tivity assay was conducted using control cells 
at passage 2 in 8 replicates with the primary 
fluorescence viability assay. The results of this 
counter-screen are shown in Table 1.

In summary, we confirmed the majority of the 
LOPAC hits with both primary and orthogonal 
assays (> 50% loss of merlin-null MSC viability 
compared to DMSO control) and identified only 
two compounds that demonstrated selectivity 
for merlin-null versus wild-type MSCs. 

Figure 4. Dose-Response Plots of AS605240 and Cantharidin in Merlin-null and Control MSCs.  Viability dose-
response study performed in a 384-well format for cantharidin (A) and AS605240 (B). Cell viability was measured 
with the live-cell protease assay after 24 hrs incubation with the compounds. Graph represents the mean±SEM of 
2 independent experiments with 8 replicates for each concentration analyzed together (n=16). MSC, control MSC 
(n=8). Dose response analyzed as log [inhibitor] vs. viability response, non-linear regression (four parameters). 
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PI3K inhibitorAS605240 and PP1/ PP2A in-
hibitor cantharidin selectively decrease merlin-
null mouse Schwann cell viability in a dose-
dependent manner 

AS605240, a selective PI3Kγ inhibitor, and can-
tharidin, an inhibitor of protein phosphatase 1 
and 2A (PP1 and PP2A), were highly selective 
for merlin-null MSCs. Both caused ~65% loss 
of viability of merlin-null MSCs and < 22% loss 
of viability of control MSCs. We conducted 
dose-response experiments for AS605240 and 
cantharidin on merlin-null and control MSCs. 
Cells were incubated for 24 hrs with increasing 
concentrations of AS605240 or cantharidin 
and viability was assessed using the CellTiter-
Fluor assay. Cantharidin had an IC50=4.1 µM for 

merlin-null MSCs and an IC50=85.4 µM for con-
trol cells (Figure 4A). The PI3K inhibitor 
AS605240 decreased viability of merlin-null 
MSCs in 24 hrs with an IC50=0.95 µM, whereas 
the IC50 for the control MSCs could not be cal-
culated because the drug did not significantly 
reduce viability at any of the tested concentra-
tions (Figure 4B). These results suggest that 
both compounds are highly selective for merlin-
null MSCs in a dose-dependent manner.

AS605240 induces merlin-null mouse 
Schwann cell caspase-dependent apoptosis 
and autophagy 

Because AS605240 exhibited lower IC50 values 
and greater selectivity for merlin-null MSCs 

Figure 5. AS605240 Induces Caspase-Dependent Apoptosis in a Dose-Dependent Manner. A. AS605240 effec-
tively decreased phosphorylation of Akt in a dose-dependent manner. Western blot of control and merlin-null MSCs 
treated with increasing concentrations of AS605240 for 6 hrs. Membrane was blotted with antibodies against 
phosphor-Akt, Akt, and β-actin (as a loading control); B. Caspase 3/7 activity assay. Merlin-null MSCs were treated 
for 8 hrs with increasing concentrations of AS605240 and caspase 3/7 activity was measured with a plate fluo-
rescence assay. Graph represents mean±SEM of three independent experiments. One-way ANOVA, Bonferroni’s 
post test compared to DMSO control. **p < 0.01 and ***p < 0.001; C. Representative membrane asymmetry as-
say of merlin-null MSCs treated with increasing concentrations of AS605240 in the presence and absence of the 
pan-caspase inhibitor Z-VAD-FMK (50 µM). After 4 hrs incubation, the samples were analyzed by flow cytometry to 
quantify the live-, apoptotic-, and dead-cell populations.
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than cantharidin, we selected AS605240 for 
further phenotypic studies to determine how it 
reduces cell viability. First, we verified AS- 
605240 activity on its target in merlin-null 
MSCs by western blotting with an antibody 
against the phosphorylated form of Akt as a 
downstream indicator of PI3K activity. After 6 
hrs incubation, AS605240 decreased Akt phos-
phorylation levels in a dose-dependent manner 
(Figure 5A). To evaluate if AS605240 selective-
ly decreased viability of merlin-null MSCs via 
apoptosis, we measured caspase 3/7 activity 
using a plate fluorescence assay. Serial dilu-
tions of staurosporine were used as a positive 
control. AS605240 treatment induced caspase 
3/7 activity in merlin-null MSCs in a dose-
dependent manner (Figure 5B). To determine if 
the apoptotic pathway was only caspase-
dependent, we performed a membrane asym-
metry assay by flow cytometry in the presence 
and absence of a pan-caspase inhibitor. The 
percentage of cells undergoing apoptosis (cas-
pase-dependent or -independent) in cultures 
treated with DMSO was 4.3±0.8%. By contrast, 
when cultures were treated with 3 and 10 µM 
AS605240, apoptosis levels increased to 
9.3±1.5% and 12.5±1.4%, respectively. When 
cultures were treated simultaneously with 
AS605240 and a general caspase inhibitor 
Z-VAD-FMK (peptide sequence Z-Val-Ala-Asp-
CH2F), the apoptotic levels returned to 5%, simi-
lar to DMSO control levels, suggesting induc-
tion of a caspase-dependent apoptosis path-
way (Figure 5C).

We also investigated the ability of AS605240 to 
induce cell autophagy. We used microtubule-
associated protein 1A/1B light chain protein 3 
conversion (LC3B-II) as a marker of autophagy 
[28]. Merlin-null MSCs were treated with 
increasing concentrations of AS605240 for 3 
hrs, with and without the lysosomal protease 
inhibitors E64d and Pepstatin A to preserve a 
readout for autophagy that can be lost in cells 
with accelerated lysosomal flow. Western blot 
for LC3B-II showed that AS605240 induced 
autophagy in a dose-dependent manner (Figure 
6A, 6B). The results indicate that AS605240 
reduced merlin-null MSC viability via caspase-
dependent apoptosis accompanied by signifi-
cant induction of autophagy. 

Additional testing of PI3K inhibitors currently 
in clinical trials 

Because PI3K showed potential as a target for 
NF2 therapy, we used a high-content screening 
(HCS) approach to test PI3K inhibitors currently 
in clinical trials for cancer. The HCS approach 
also allowed us to begin building multi-para-
metric phenotypic signatures for each treat-
ment tested, thereby establishing a stronger 
basis for more accurate comparative analyses. 
Merlin-null MSCs were seeded in 384-well 
Corning CellBIND plates and incubated for 48 
hrs after attachment with increasing concen-
trations of the drugs. Cells were briefly incubat-
ed with EdU prior to fixation and prepared for 

Figure 6. AS605240 Induces Autophagy in a Dose-Dependent Manner. A. Western blot for anti-LC3B of merlin-null 
MSCs treated with increasing concentrations of AS605240 in the presence and absence of lysosomal protease 
inhibitors (10 µg/ml E64-d and pepstatin-A). Anti-β-actin was used as a loading control; B. Quantitation of LC3B 
western blot by densitometry analysis. *p < 0.05; ***p < 0.001 by one-way ANOVA, Bonferroni’s post test (n=4).
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Table 2. Summary of Activity of Various PI3K Inhibitors.
Compound ID Structure Target Viability IC50 (µM) Number of nuclei DNA replication index Mitotic index Large nuclei Small nuclei Condense nuclei

NVP-BGT226

N N

N

N

O

O

N

CF3

H
N

O

OH
OH

O

PI3Kα/γ/β 0.06 ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↑↑↑ ↓↓

GDC-0941

N

N

HN N

S

N

N

O

N
S

OO

PI3Kα/δ 0.02 ↓↓↓ ↓↓↓ ↓↓ ↓ ↑ ↑↑

CH-5132799

N

N NN

NN

NH2

O S O
O

PI3Kα 0.98 ↓↓ ↓↓ - ↑ - -

PIK-75

N

N

Br
N
N S

OO

O2N

HCl

PI3Kα 0.02 ↓↓↓ ↓↓↓ ↑ ↑↑↑ ↑↑↑ ↑

IC-87114

N

N

O

N

N
N

N

H2N

PI3Kδ - - - - - - -
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GSK-2126458 F

F
S

H
N

O
O

NO

N

N
N

PI3K/
mTOR

0.02 ↓↓↓ ↓↓↓ ↑ ↑↑↑ ↑↑↑ ↑

XL-765

N

N NH

OO

N
H

S
O

O

N
H

O
O

PI3Kγ/
mTOR

2.16 ↓↓ ↓↓ ↑ - - -

BEZ-235

N

N

N
N

O

NC
PI3K/
mTOR

0.1 ↓↓↓ ↓↓↓ ↓↓↓ ↓↓↓ ↑ ↑↑↑

CUDC-907

N

N

S

N

N

O

N

N O

NH
HOO

PI3K/
HDAC

0.03 ↓↓↓ ↓↓↓ ↑ ↑↑↑ ↑↑↑ ↑

↓↓↓ strong decrease, ↓↓ moderate decrease, ↓weak decrease, ↑↑↑ strong increase, ↑↑  moderate increase, ↑ weak increase , - no change.
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multi-parametric automated microscopy and 
image analysis. Several readouts were select-
ed to document cytostatic and cytotoxic effects, 
while also providing insight into underlying cel-
lular mechanisms with respect to cell cycle pro-
gression, apoptosis, and necrosis. Thus, EdU 
incorporation provided an index of S-phase 
cells, phosphoSer10-Histone 3 immunostain-
ing provided an index of M-phase cells (mitotic 
index), and Hoechst staining enabled nuclear 
morphometric analysis based on nuclear size, 
shape, and condensation. Combined with the 
other readouts, nuclear morphometry signa-
tures were used to document more accurately 
a variety of specific phenotypes, such as G2 
arrest with large nuclei, apoptotic cells with 
highly condensed nuclei, and dying cells with 
small nuclei. Of the 9 compounds tested, 5 tar-
geted PI3K alone: PlK-75, CH-5132799, 
IC-87114, BGT226, and GDC0941. BEZ235, 
XL-765, and GSK-2126458 are dual inhibitors 
of PI3K and mTOR and CUDC 907 inhibits PI3K 
and histone deacetylase (HDAC) 1/2/3/10. 
Results are summarized in Table 2. All com-
pounds but one effectively decreased viability 
of merlin-null MSCs causing a strong decrease 
in the mitotic index and an increase in the num-
ber of dying cells. The exception was IC-87114 
which selectively inhibits PI3K δ over the other 
isoforms (in vitro kinase assay PI3K δ IC50=0.5 
µM compared to 75 µM and 29 µM for PI3Kβ 
and γ, respectively) [29]. The compounds had 
strong anti-proliferative effects, causing cell 
death through apoptotic mechanisms with 
varying kinetics. The dual inhibitors additionally 
caused cell cycle arrest of merlin-null MSCs. 
Taken together, the results strongly suggest 
that PI3K is a candidate NF2 drug target.

Discussion 

LOPAC screen using a phenotypic viability as-
say

Because there is a great need for chemothera-
peutic options for NF2, we developed an NF2 
cellular model and performed a proof-of-con-
cept phenotypic HTS of the LOPAC. The LOPAC 
screen identified various compounds that 
decreased merlin-null MSC viability. Among 
them were pro-apoptotic agents, inhibitors of 
signaling kinases, cell-cycle inhibitors, receptor 
inhibitors, and modulators of cell metabolism 
(Supplementary Figure 2). One of the identified 
compounds, the sirtuin 2 inhibitor AGK2, was 
independently studied and validated [30]. 

Approximately half of the compounds modulat-
ed components in the known merlin-dependent 
pathways; however, all but two compounds 
reduced the viability of normal MSCs equally. 
Our funneling confirmatory and counter-screens 
identified two selective compounds, canthari-
din and AS605240. In fact, cantharidic acid 
and cantharidin were both hits in the LOPAC 
screen, but because cantharidic acid has been 
reported to produce serious liver toxicity, only 
cantharidin was included in our confirmatory 
screens [31].

PI3K identified as potential target for NF2 
therapeutics 

Because merlin inhibits the PI3K/Akt pathway 
and loss of merlin activates PI3K in cells, tar-
geting PI3K would seem to hold therapeutic 
potential for NF2 [11, 13]. AS605240 is an ATP-
competitive PI3K inhibitor with differential iso-
form selectivity. According to the in vitro kinase 
assay the IC50 of isoform γ is 8 nM, α is 60 nM, 
β is 270 nM, and δ is 300 nM [32]. This com-
pound decreased merlin-null MSC viability in a 
potent and selective fashion, with an IC50=0.95 
µM. Interestingly, derivatives of AS605240 
have been reported to interfere with glioma cell 
proliferation in vitro [33]. Similar to our finding 
that AS605240 inhibits merlin-null MSCs via an 
apoptotic mechanism, AS605240 induced 
apoptosis of PI3Kg-positive neuroblastoma 
cells [34]. Supporting and further characteriz-
ing the inhibitory mechanism of AS605240 
against the PI3K/Akt pathway, recent reports 
suggest that activated Akt affects the apopto-
sis pathway directly by targeting and down-reg-
ulating the pro-apoptotic activity of BAD and 
BAX, Bcl-2 family members, resulting in cell sur-
vival [14]. In addition, the PI3K/Akt pathway 
modulates cell death and survival through 
NF-kappa-B regulation of pro- and anti-apoptot-
ic genes [35]. Moreover, loss of merlin activity 
leads to accumulation of activated ErbB2/3 
receptors at the plasma membrane of SCs, Nf2 
mutant mouse peripheral nerves, and human 
NF2 schwannomas, whereas the reintroduction 
of merlin decreases their levels in primary SCs 
[36]. Activation of the heterodimeric ErbB2/3 
receptor in primary SCs activates PI3K and inhi-
bition induces apoptosis by blocking Akt and 
Bad phosphorylation [37]. To capitalize on PI3K 
as a potential therapeutic target for NF2, we 
tested, in addition to AS605240, the potency of 
other small molecule PI3K inhibitors with differ-
ent chemical structures. Similar to the strong 
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antitumor activity exhibited by CH5132799, 
PIK75, and GDC0941 in various cancer cell 
lines (e.g., human 2008, SK-OV-3, IGROV1, 
COLO-704, and OVCAR-3), breast cancer cell 
lines (e.g., KPL-4, BT-483,T-47D, MDA-MB-453, 
MDA-MB-361, JMT-1, HCC1954, and HCC- 
1599), human prostate cancer cell lines (e.g., 
PC-3, 22Rv1, LNCaP-CS10, and LNCaP-
BC2,DU145), and endothelial cancer cell lines 
(e.g., HEC1B, AN3-CA, MFE-280, MEF-296, and 
HEC-1-A), we found that these compounds had 
strong anti-proliferative activity against merlin-
null MSCs [38-41]. As with all kinase inhibitors, 
the compounds we tested may act at more than 
one kinase target; however, the calculus of the 
various structures, their collective effect on 
merlin-null MSCs, and common pharmacology 
(PI3K inhibition) all support further validation 
and characterization of the role of PI3K in mer-
lin tumor suppression and NF2 pathogenesis.

Combined target inhibition 

Several PI3K inhibitors are currently in clinical 
trials for treatment of various cancers. Among 
these are pan-PI3K, PI3K isoform-selective 
inhibitors and dual PI3K/ mTOR inhibitors that 
have exhibited encouraging safety, efficacy, 
pharmacokinetic, and pharmacodynamic pro-
files. The heterogeneity and adaptive nature of 
tumors often limit the therapeutic success of 
single-target compounds because of concur-
rent activation of other signaling pathways that 
facilitate tumor survival and proliferation. Thus, 
we tested four dual-target compounds currently 
in clinical trials. One class of compounds tested 
has combined PI3K and mTOR inhibitory activi-
ty. Inhibition of mTOR alone with rapamycin 
resulted in Akt activation caused by loss of the 
p71 S6K1 negative feedback loop in patients 
[42]. Thus, small molecules that inhibit two 
components of the pathway simultaneously 
were developed [43, 44]. We found that BEZ-
235, XL-765, and GSK-2126458 exerted strong 
anti-proliferative effects (very low IC50) in mer-
lin-null MSCs by blocking cell cycle progression 
(G1 arrest and possibly also G2 arrest for GSK-
2126458) and stimulating cell death, in con-
trast to the predominant apoptotic action of 
PI3K single-target inhibitors. In agreement with 
our findings, BEZ-235 and GSK-2126458 have 
been reported to induce cell cycle arrest, par-
ticularly at G1, rather than induce apoptosis in 
breast cancer cells [45]. The other class of 
compounds tested, which includes CUDC-907, 
has combined PI3K and HDAC inhibitory activi-

ty. We found that CUDC-907 potently decreased 
merlin-null MSC viability via G2 arrest and cell 
death (IC50=0.03 µM). Similarly, CUDC-907 
exhibited potent growth inhibition of diverse 
hematologic and solid tumor cancer cell lines 
[46].

In conclusion, we report the completion of a 
successful LOPAC HTS for NF2. The unbiased 
screen identified PI3K as potential NF2 thera-
peutic target. Significantly, PI3K-dependent 
pathways are deregulated after loss of merlin 
function. Confirmatory studies on AS605240 
and a series of PI3K inhibitory compounds indi-
cated that inhibition of PI3K can promote cas-
pase-dependent apoptosis or inhibit prolifera-
tion of merlin-null MSCs. These results validate 
the HT approaches and cell line as valuable 
tools for NF2 drug discovery. Moreover, the 
results indicate that PI3K inhibitors warrant fur-
ther evaluation as potential NF2 therapeutics.
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Figure S1. Optimal Merlin-null MSC Density at Seeding and Plate Performance.  Phase contrast images of merlin-
null MSCs seeded from 2,500 cells/well to 20,000 cells/well after 24 hrs incubation with the quality control param-
eter determined with a fluorescence viability assay. (A) Corning, (B) Greiner, (C) Corning CellBIND, and (D) PLL-coated 
Corning 384-well plate.
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Figure S2. Complete List of Hits from the LOPAC Screen in Merlin-Null MSCs.


