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Contribution of persistent C-Jun N-terminal
kinase activity to the survival of human
vestibular schwannoma cells by suppression
of accumulation of mitochondrial superoxides
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Vestibular schwannomas (VSs) result from inactivating
mutations in the merlin tumor suppressor gene. The
merlin protein suppresses a variety of progrowth
kinase—signaling cascades, including extracellular regu-
lated kinase/mitogen-activated protein kinase (ERK/
MAPK), c-Jun N-terminal kinase (JNK), and phosphati-
dyl-inositol 3-kinase (PI3-K)/Akt. Recent studies indi-
cate that ERKs and Akt are active in human VSs, and
here we show that JNKs are also persistently active in
human VS cells. With use of cultures of human VSs,
we investigated the contribution of each of these
signals to the proliferative and survival response of VS
cells. Inhibition of ERK or Akt signaling reduced VS
cell proliferation but did not increase apoptosis,
whereas inhibition of JNK with SP600125, I-JIP, or
siRNA knock-down reduced VS cell proliferation and
survival by inducing apoptosis. By contrast, JNK activity
promotes apoptosis in normal Schwann cells. Inhibition
of JNK increased the fluorescence intensity of VS cells
loaded with 5-(and-6)-chloromethyl-2’,7’-dichlorodihy-
drofluorescein diacetate (H,DCFDA), a fluorescent
probe for reactive oxygen species (ROS). Furthermore,
ebselen, a ROS scavenger, rescued VS cells with sup-
pressed JNK from apoptosis, suggesting that JNK
activity protects VS cells from apoptosis by limiting
accumulation of ROS. VS cultures treated with JNK
inhibitors demonstrated significantly higher levels of
MitoSOX Red fluorescence, implying that persistent
JNK activity specifically suppresses superoxide
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production in the mitochondria. Overexpression of
superoxide dismutase 2 (MnSODj; mitochondrial SOD)
prevented apoptosis in VS cells with suppressed JNK sig-
naling. Taken together, these results indicate that per-
sistent JNK activity enhances VS cell survival, at least
in part, by suppressing accumulation of mitochondrial
superoxides.
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‘ J estibular schwannomas (VSs) represent benign
tumors that arise from the Schwann cells (SCs)
lining the vestibular nerve and comprise 10% of
all intracranial neoplasms. VSs occur in either sporadic
or familial (neurofibromatosis type 2 [NF2]) forms.
Both are associated with defects in the tumor suppressor
gene, schwannomin (Sch)/merlin.'~> Germline defects
in merlin, as occur in NF2, result in bilateral VSs and
multiple other intracranial and spinal tumors, including
schwannomas.>*

Recent investigations have identified potential mechan-
isms by which lack of functional merlin protein
promotes tumor growth. Merlin inhibits several intra-
cellular signals implicated in cell proliferation and tumor
formation, including Ras, Rac1/Cdc42, RhoA, Src, Raf,
p21-activated kinases 1 and 2 (PAK1/2), mTORCI,
extracellular regulated kinase/mitogen-activated protein
kinase (ERK/MAPK), c-Jun N-terminal kinase (JNK),
and phosphatidyl-inositol 3-kinase (PI3-K)/Akt.’~" In
addition to its effects on intracellular signals, merlin also
regulates receptor tyrosine kinase trafficking and activity,
including platelet-derived growth factor (PDGF) recep-
tor,® epidermal growth factor receptor (EGFR /ErbB1),'®
and ErbB2."'*!” Because of limited access and ability to
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culture primary human tumors, most of these studies used
transformed cell lines or cultures derived from merlin-
deficient mice to examine the consequences of merlin
deficiency on cell growth. Thus, the extent to which
these mechanisms contribute to the development and
growth of human VSs, the primary tumors resulting
from merlin deficiency, is unknown.

We have begun to investigate the merlin-sensitive sig-
naling cascades that contribute to the growth potential
of human VS cells. With use of tumor lysates and
primary cultures derived from acutely resected human
VSs, we found that JNK is persistently phosphorylated
in VS cells and confirmed that this phosphorylation is
regulated by merlin status. Along with mitogen activated
protein kinase kinase (MAPKK, MEK) MEK/ERK and
PI3-K/Akt signaling, JNK activity promotes VS cell pro-
liferation. In addition, JNK activity appears to protect
VS cells from apoptosis by suppressing superoxide pro-
duction in the mitochondria. Thus, in contrast to
normal SCs, in which activation of JNK leads to apopto-
sis after denervation,'®~2° persistent JNK activity in VS
cells appears to contribute to their ability to grow and
survive in the absence of axons.

Experimental procedures

VS Collection

The institutional review board of the University of lowa
(Iowa City) approved the study protocol. VS and greater
auricular nerve specimens from separate patients under-
going neck dissection were collected after surgical
removal and immediately placed in ice-cold Hank’s
balanced salt solution until used for cultures or snap
frozen in liquid nitrogen until used for protein extracts.

Primary VS Cell Cultures

Primary VS cultures were prepared as described else-
where.*""*? Cultures were maintained in serum-free con-
ditions for at least 24 h before experimental use. More
than 90% of the cells in the cultures were S100 positive.
Ebselen (EMD Bioscience) and/or kinase inhibitors
(including PD98059, U0126, LY294002, and
SP600125 [JNK Inhibitor II]; cell permeable I-JIP [JNK
Inhibitor VII] and PD158780 [all from EMD
Bioscience]) were added to the indicated cultures 4 h
before experimental manipulation and were maintained
throughout the duration of the experiment.

For adenoviral-mediated gene transfer, VS cultures
were incubated with AdCMVEmpty (AdCon),
AdSOD?2 (superoxide dismutase 2, MnSOD), AdGFP,
or Ad.Merlin.GFP (each at 2 x 10® pfu/mL) manufac-
tured by Viraquest. Treatment of parallel cultures with
AdGFP confirmed that >85% of VS cells are transduced
by adenoviral vectors at this titer (data not shown).
Experimental manipulation was started 48 h after viral
transduction to allow time for transgene expression.

siRNA knock-down of JNK1/2 was accomplished by
transfecting cultures with an oligonucleotide that targets
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both JNK1 and 2 (#6232; Cell Signaling) using Lipofecta
mine RNAiMax Transfection Reagent (#13778-075;
Invitrogen), as described elsewhere.”> The siRNA
sequence is GGAGCUCAAGGAAUAGUAU. Control
cultures were transfected with a scrambled oligonucleo-
tide (#6568; Cell Signaling). The scrambled RNA
sequence is CGUACGCGGAAUACUUCGA. The final
RNA concentration was 10 nM. Protein lysates were pre-
pared 48 h after transfection, and the cultures were fixed
48 h after transfection prior to immunolabeling. The
experiment was repeated on cultures derived from 4 sep-
arate patients.

Western Blotting

Western blots of protein extracts prepared from VS
tissue or culture lysates were preformed as described
elsewhere.”>** The primary antibodies used were anti-
phosphorylated JNK (pJNK; Cell Signaling #9251),
pERK (Cell Signaling #9106), pAKT (Cell Signaling
#9721), JNK1 (Santa Cruz sc-474), JNK2 (Cell
Signaling #4672), ERK(Cell Signaling #9102), Akt
(Cell Signaling #9272), pJUN (Cell Signaling #9261),
and Rho-GDI (dilution, 1:1000). Secondary antibodies
(dilution,1:5000-1:50,000; Santa Cruz) were conju-
gated with horseradish-peroxidase. Blots were devel-
oped using Super Signal West Femto kit (Thermo
Scientific) and exposed to film (Amersham Hyperfilm
TM ECL; GE Healthcare). As needed, membranes
were stripped and re-probed with other antibody combi-
nations. Digital images of gels were captured on an
Alpha Innotech gel imaging system, and band pixel
intensity was quantified using Image ] software
(National Institutes of Health).

Immunostaining

Small fragments of VS or normal vestibular nerve speci-
mens (removed for treatment of intractable Meniere’s
disease or temporal bone malignancies not affecting
the inner ear) were fixed in 4% paraformaldehyde, cryo-
protected in serial sucrose gradients, mounted in OCT,
and frozen sections (6—10 wm) were made on a cryostat.
Immunostaining was performed as described else-
where??? (Hansen 2006, Hansen 2008) with the
following primary antibodies: anti-pJNK (1:500),
anti-pJUN (1:500), anti-BrdU (1:800; clone G3G4,
Hybridoma core, University of lowa, lowa City, IA),
anti-cleaved caspase 3 (1:400; Cell Signaling #9664S),
and anti-S100 (dilution, 1:400; Sigma # S-2644). Alexa
488—, Alexa 546—, Alexa 568—, and Alexa 647-
labeled secondary antibodies (dilution, 1:800;
Invitrogen) were used as indicated. Nuclei were labeled
with Hoechst 33342 (10 pg/mL; Sigma) for 15 min.

Fluorescence images were captured using an inverted
Leica DMRIII microscope (Leica) equipped with epi-
fluorescence filters and a charge-coupled device camera
using Leica FW4000 software or with a Leica SP5 con-
focal microscope and prepared for publication using
Adobe Photoshop.



VS Cell Proliferation, Apoptosis, and Survival

Because of the limited number of cells that can be cul-
tured from each tumor, we were not able to use flow
cytometry or to perform clonogenic or 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assays to assay cell proliferation or apoptosis.
Rather we scored the percent of BrdU-positive and
terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL)-positive VS cells to determine the
extent of proliferation and apoptosis, respectively, as
described elsewhere.*"***> Only $100-positive cells were
scored. Given the variability in basal proliferation and
apoptotic rates for each primary tumor, the percent of
BrdU-positive and TUNEL-positive VS cells was
expressed as a percentage of the control condition,
defined as 100%. Apoptosis was confirmed in a subset
of cultures by immunostaining for cleaved caspase
3. Each condition was repeated on >3 VS cultures
derived from separate tumors.

For cell survival, cultures were maintained in the pres-
ence or absence of the inhibitors for § days total, with
culture medium exchanged every 2 days. After fixation
and immunostaining, the number of S100-positive cells
with intact nuclei was scored for 10 randomly selected
20x fields for each well. The percentage of surviving
VS cells was expressed as a percentage of the control
condition, defined as 100%. The conditions were per-
formed in duplicate and repeated on >3 VS cultures
derived from separate tumors.

Detection of Reactive Oxygen Species

VS cultures in 4-well slides were loaded with 25 uM of
CM-H,DCFDA (Invitrogen) for 30-45 min at 37°C,
in accordance with the manufacturer’s instructions.
During the final 5 min, Hoechst 3342 (1.0 uM) was
added to label nuclei. JNK inhibitors (SP600125 or
I-JIP), with or without ebselen, were added to the indi-
cated cultures 4-5 h before imaging. Digital epifluores-
cent images were captured from live cells using a Leica
DMRIII inverted scope, with exposure times set to a
linear range on the basis of cultures in control conditions
and cells from cultures treated with 0.03% H,O, or
antimycin A (10 wM; Sigma). Fluorescence intensity
was quantified from a circular selection in the cytoplasm
of at least 30-50 cells using Image J software for each
condition, and the experiment was repeated on cultures
from >4 separate tumors. Background fluorescence,
determined from a similarly sized circle placed outside
cell boundaries, was subtracted from each image.

To detect mitochondrial superoxide accumulation, VS
cultures on 4 well glass coverslips were loaded with
MitoSOX Red mitochondrial superoxide indicator
(1 pM; Invitrogen) for 10 min at 37°C in accordance
with the manufacturer’s instructions. JNK inhibitors
were added to the indicated cultures 4 h before
MitoSOX loading and were maintained throughout the
experiment. Fluorescent digital images were captured
using a Leica SPS confocal microscope, and fluorescent
intensity was quantified as above using Image J software.
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Data and Statistical Analysis

Numerical data were managed and graphed in Excel
(Microsoft), and SigmaStat (Systat Software) was used
for statistical analyses.

Results

JNK is Persistently Phosphorylated in VS Cells

Merlin suppresses the activity of several kinase-signaling
cascades implicated in tumorigenesis, including MEK/
ERK, PI3-K/Akt, and JNK.°~'" Recent studies have
demonstrated that PI3-K/Akt, MEK/ERK, and JNKs
are persistently active in human VS cells that lack func-
tional merlin.>**=2” To confirm that JNK is active in
VS cells, we immunostained frozen sections from
acutely resected VSs and normal vestibular nerve with
antibodies that recognize phosphorylated JNK (pJNK)
and with anti-S100 antibodies to specifically label VS
cells. S100-positive cells displayed pJNK labeling, indi-
cating that JNK is phosphorylated in VS cells in vivo
(Fig. 1). Conversely, pJNK immunoreactivity was not
detectable in the SCs of the normal vestibular nerve.
Scarpa’s ganglion (vestibular) neurons demonstrated
punctate  pJNK  immunoreactivity  (Fig. 1).
Immunostaining with anti-neurofilament 200 (NF200)
antibodies verified that the cells with punctate pJNK
immunoreactivity were neuronal. Thus, JNK is constitu-
tively phosphorylated in vestibular schwannoma cells
and in vestibular neurons, but not normal vestibular
SCs, in vivo.

To compare the extent of JNK phosphorylation in
VSs, we probed immunoblots of protein lysates from
acutely resected VSs with anti-pJNK antibodies.
Protein lysates from acutely resected great auricular
nerve (GAN) specimens served as a control to determine
the extent of JNK phosphorylation in mature SCs.
The blots were stripped and reprobed with non-
phospho-specific antibodies and subsequently with an
antibody against Rho-GDI, a protein with comparable
expression in SCs and schwannoma cells.?’ Band inten-
sity was quantified by densitometry, and the levels of
pJNK1 and pJNK2 were compared with those of
nonphosphorylated JNK 1 and 2. The overall levels of
JNK 1 and 2 were compared to Rho-GDI to determine
whether there are differences in kinase expression in
VS tissue versus in normal nerves. Data were quantified
for 4 VS and 4 GAN specimens and are representative of
results from 4 additional VS and 3 GAN specimens. As
shown in Fig. 1, both JNK1 and JNK2 are expressed at
significantly higher levels in the GAN versus VS tissue.
The extent of JNK1—and, to a lesser extent, JNK2 phos-
phorylation—was significantly greater in VS than GAN
tissue. Thus, JNK is persistently active in VS cells, com-
pared with normal SCs.

Increased JNK phosphorylation in VS compared with
normal nerve tissue suggests that merlin suppresses JNK
activity. To confirm that merlin regulates JNK activity,
we treated primary VS cultures with an adenoviral
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Fig. 1. c-Jun N-terminal kinase (JNK) is phosphorylated in
vestibular schwannoma (VS) tissue but not Schwann cells (SCs)
from mature nerve. (A) Confocal images of VS or vestibular
nerve (VN) frozen sections immunostained with
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Fig. 2. Replacement of merlin in vestibular schwannoma (VS) cells
reduces c-Jun N-terminal kinase (JNK) phosphorylation and activity.
Western blot of VS cell lysates from cultures treated with Ad.GFP or
Ad.Merlin.GFP vectors and probed with the indicated antibodies.

vector expressing wild-type merlin (Ad.Merlin.GFP).
Control  cultures were treated with AdGFP.
Immunoblots of protein lysates from the cultures were
probed with anti-pJNK to evaluate the extent of JNK
activity. Blots were stripped and reprobed with non-
phospho-specific  anti-]NK1/2, anti-merlin, and
anti-RhoGDI antibodies to confirm equal protein
loading and successful gene transfer. As shown in
Fig. 2, replacement of wild-type merlin in primary VS
cells suppresses JNK phosphorylation.

To further explore ERK, Akt, and JNK signaling in
VS cells, we also probed immunoblots prepared from
primary human VS cell cultures maintained in basal
medium without serum with anti-pERK, anti-pAkt,
and anti-pJNK antibodies. Consistent with observations
in tumor lysates (Fig. 1),%° cultured VS cells demonstrate
persistent basal phosphorylation of these kinases
(Fig. 3). ERK phosphorylation was specifically sup-
pressed by the MEK inhibitor U0126 (10 uM), and
Akt phosphorylation was suppressed by the PI3-K
inhibitor LY294002 (20 uM). Because we could not
obtain sufficient amount of protein lysate from
primary VS cultures to probe multiple panels of anti-
bodies, we stripped and reprobed the blots with either
ERK (Fig. 3) or AKT (Fig. 3) non—phospho-specific anti-
bodies to verify equal expression of the most relevant
kinases. We also probed lysates with anti-B-actin to
verify equal protein loading (Fig. 3). These blots are
representative of similar results obtained from cultures
derived from >3 separate VSs for each condition. On
the basis of immunostaining findings, pJNK distributes

anti-phosphorylated JNK (anti-pJNK; green) and anti-S100 (red)
or anti-NF200 (red) antibodies. pJNK immunoreactivity is
detected in VS cells but not VN SCs. Punctate pJNK
immunoreactivity appears in the neurons but not the SCs of the
VN in the region of Scarpa’s ganglion. Scale bars =25 um.
(B) Representative western blots of VS or great auricular nerve
(GAN) lysates probed with antibodies against pJNK, JNK1/2, or
Rho-GDI. (C) Mean relative expression levels of JNK1/2 and
pJNK from 4 VS and 4 GAN specimens. Error bars present
standard error of the mean. *P < .05, by the Student's 2-tailed t test.
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Fig. 3. Extracellular regulated kinases (ERKs), Akt, and c-Jun
N-terminal kinase (JNK) are persistently phosphorylated in human
vestibular schwannoma (VS) cells. (A—C) Western blots of VS cell
lysates from cultures maintained in serum-free, basal medium
treated with the mitogen activated protein kinase kinase (MAPKK,
MEK) MEK inhibitor U0126 (10 pM); the PI3-K inhibitor,
LY294002 (20 pM); and/or the ErbB2 inhibitor PD158780
(100 nM) as indicated and probed with the indicated antibodies.
(D) Immunostaining of cultured VS cells with anti-pJNK (red;
upper and lower panel) and anti-S100 (green; lower panel). Scale
bar = 50 pm.

diffusely in the cytoplasm and nucleus in cultured VS
cells (Fig. 3). Thus, cultured primary VS cells retain
active ERK, Akt, and JNK similar to their counterparts
in vivo, suggesting that they represent a realistic model
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to study the contribution of these signals to VS
tumorigenesis.

ErbB2, a receptor tyrosine kinase required for normal
SC development and survival, constitutively resides in
lipid rafts in VS cells and is active.**** This constitutive
ErbB2 activity contributes to the proliferative potential
of VS cells and is required for Src activation.'**?
Furthermore, merlin regulates ErbB2 trafficking and sig-
naling.'” Because MEK /ERK, PI3-K/Akt, and JNKs are
activated by ErbB2,?® it is possible that the activation of
these kinases in VS cells results from constitutive ErbB2
signaling. We compared ERK, Akt, and JNK phos-
phorylation status in protein lysates prepared from
primary VS cultures maintained in the presence or
absence of the ErbB2 inhibitor PD158780 (100 nM).>!
Lysates from primary rat sciatic nerve SC cultures con-
firmed that PD158780 inhibits the ability of NRG-1,
an ErbB2 ligand, to induce ErbB2 phosphorylation
(Supplemental Fig. 1). PD158780 failed to reduce
pERK, pAkt, and pJNK levels in primary VS cells
(Fig. 2). Similar results were obtained from >3 VS cul-
tures derived from separate tumors. Similar results
were obtained with AG825 (1 pM), a different ErbB2
inhibitor (not shown). These data suggest that, in con-
trast to Src phosphorylation in merlin-deficient glial
cells,"® persistent phosphorylation of ERKs, Akt, and
JNK in VS cells does not require ErbB2 activity.

MEK/ERK and PI3-K/Akt Promote VS Proliferation

Given that MEK/ERK, PI3-K/Akt, and JNKs are active
in VS cells, we sought to determine the extent to which
these pro-growth signals contributed to the proliferative
and survival response of primary VS cells. We scored
BrdU-positive VS cells in cultures treated with either
LY294002 (2, 20 uM), a PI3-K inhibitor, or with
U0126 (10 wM) or PD98059 (2, 20 uM), MEK inhibi-
tors. VS cell apoptosis was determined by scoring
TUNEL-positive VS cells in parallel cultures.
Inhibition of MEK with U0126 or PD98059 significantly
reduced VS cell proliferation but did not result in a
significant difference in the percent of TUNEL-positive
cells (Fig. 4). Similarly, the PI3-K inhibitor, LY294002,
significantly reduced VS cell proliferation but did not
increase the percent of TUNEL-positive cells (Fig. 4).
These data suggest that both MEK/ERK and
PI3-K/Akt activity contribute to VS cell proliferation
in vitro but are not independently required for cell
survival.

JNK Promotes VS Proliferation and Survival

SCs critically depend on axons for long-term survival,
and activation of JNK contributes to the apoptosis of
denervated SCs following axotomy.'®=2° Conversely,
JNK activity promotes survival of transformed rat
RN22 schwannoma cells.”” Given that JNK remains
active in primary human VS cells, we sought to deter-
mine whether persistent JNK activity contributes to the
ability of VS cells to proliferate and survive in the
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Fig. 4. MEK/ extracellular regulated kinase (ERK) and PI3-K/Akt
activity contributes to vestibular schwannoma (VS) cell proliferation.
Primary VS cultures were maintained in the presence of the MEK
inhibitors, U1026 or PD98059, or the PI3-K inhibitor, LY294002, for
24 h. (A and B) Cell proliferation was determined by scoring the
percent of BrdU-positive, S100-positive VS cells from 10 randomly
selected fields and is expressed as a percentage relative to control
cultures, defined as 100%. (C and D) Apoptosis was scored as the
percent of terminal deoxynucleotidyl transferase dUTP nick end
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Fig. 5. SP600125 and I-JIP each suppress c-Jun N-terminal kinase
(JNK) signaling in vestibular schwannoma (VS) cells. Western
blots of VS cell lysates from cultures maintained in serum free,
basal medium treated with the JNK inhibitors, SP600125 (2,
20 wM) or I-JIP (30, 100 wM), as indicated and probed with
anti-pJNK (A) or pJun (B) antibodies. The blots were stripped and
reprobed with non-phospho-specific antibodies. The blots are
from separate cultures, and the order of the lanes is different for
each blot. The blots are representative of cultures derived from 3
separate tumors.

absence of axons. We quantified the percent of
BrdU-positive and TUNEL-positive VS cells in cultures
treated with cell-permeant peptide I-JIP (10, 30, or
100 uM) or SP 600125 (20 wM). I-JIP is a peptide that
competitively inhibits the binding of JNKs to the JIP
scaffolding protein, thereby inhibiting JNK acti-
vation.?*=>* SP600125 is a small-molecule inhibitor of
JNK.?! We confirmed the ability of these compounds
to inhibit JNK signaling by probing protein lysates of
cultures treated with SP600125 (2 or 20 uM) or I-JIP
(30 or 100 uM) with anti-pJNK and pJun antibodies
(Fig. 5). For each culture derived from separate
tumors, the percentage of BrdU-positive VS cells was
expressed as a percentage of the control condition,
defined as 100%. In control conditions, 5.5% + 2.5%
(mean + standard deviation) of VS cells were BrdU posi-
tive. VS cell apoptosis was determined by scoring
TUNEL-positive VS cells in parallel cultures. The per-
centage of TUNEL-positive VS cells was likewise
expressed as a percentage of the control condition.
Overall, 3.0% + 1.6% (mean + standard deviation) of

labeling (TUNEL)—positive, S100-positive VS cells with condensed
nuclei. Each condition was performed on at least 4 cultures derived
from separate tumors. Error bars represent standard errors of the
mean. *P < .05, by 1-way analysis of variance with post-hoc Tukey
analysis.
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Fig. 6. c-Jun N-terminal kinase (JNK) activity promotes vestibular schwannoma (VS) cell proliferation and survival. Primary VS cultures were
cultured in the presence or absence of JNK inhibitors (I-JIP or SP600125) for 24 h (A and B) or 5 days (C). (A) Representative cultures
immunolabeled with anti-BrdU (red) and anti-S100 (green) antibodies. Nuclei were identified with Hoescht 3342 (blue). Arrows indicate
BrdU-positive nuclei determined by overlap of red and blue channels. Scale bar = 100 um. Cell proliferation was determined by scoring
the percentage of BrdU-positive, S100-positive VS cells and is expressed as a percentage relative to control cultures, defined as 100%.
(B) Apoptosis was scored as the percentage of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive,
S100-positive VS cells with condensed nuclei and is expressed as a percentage relative to control cultures, defined as 100%. VS cultures
treated with SP600125 or I-JIP and labeled with TUNEL (red), anti-cleaved caspase 3 antibody (green), and Hoechst (blue)
demonstrating activation of caspase 3 in TUNEL-positive cells. Scale bar =20 um. (C) VS cell survival, as determined by counting the
number of S100-positive cells remaining after 5 days, is expressed as a percentage relative to control cultures, defined as 100%. Error
bars represent standard errors of the mean. *P < .05 by 1-way analysis of variance with post-hoc Tukey analysis.

VS cells were TUNEL positive in control conditions.
Treatment with either I-JIP or SP600125 significantly
decreased the percentage of BrdU-positive and increased
the percentage of TUNEL-positive VS cells (Fig. 6).
Thus, inhibition of persistent JNK activity reduces VS
cell proliferation and survival.

Inhibition of JNK results in RN22 schwannoma cell
necrosis but apparently not apoptosis.”” However, we
observed an increase in TUNEL-positive human
primary VS cells in the presence of JNK inhibitors,
implying that JNK inhibition leads to apoptosis in
these cells. To verify that JNK inhibition results in VS
cell apoptosis, we stained primary VS cell cultures
maintained in I-JIP (30 puM) or SP600125 (20 uM)
with anti-active caspase-3 antibody, which detects
cleaved caspase-3, a hallmark of apoptosis,®® and

TUNEL. As shown in Fig. 6, TUNEL-positive VS cells
demonstrated cleaved caspase-3 (active caspase) immu-
noreactivity in their cytoplasm, confirming that the
TUNEL-positive cells are apoptotic. Finally, to verify
that the increase in apoptosis leads to an overall
decrease in cell survival, we counted the number of sur-
viving cells 5 days after treatment with I-JIP and
SP600125. Although TUNEL and active caspase-3
immunolabeling only detect the fraction of cells under-
going apoptosis at the time that the cultures are fixed,
counting the number of surviving cells accounts for
the cumulative cellular death over the culture interval.
Both JNK inhibitors significantly reduced the number
of surviving VS cells (Fig. 6). Thus, inhibition of JNK
decreases VS cell survival at least in part by inducing
apoptosis.
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Fig. 7. Vestibular schwannoma (VS) cell apoptosis due to inhibition of c-Jun N-terminal kinase (JNK) correlates with loss of c-JUN
phosphorylation (pJUN). VS cultures were treated with JNK inhibitors (I-JIP, 100 wM or SP600125, 20 uM) for 24 h. (A) Representative
images of cultures treated with I-JIP and immunostained with anti-pJUN (Alexa 488 secondary antibody, psuedocolored green, right
panels) and S100 antibodies (Alexa 647 secondary antibody, psuedocolored green, left panels). Apoptotic cells were detected by
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) (red) and nuclei were labeled with Hoechst (blue). Scale bar =
100 um. (B) The percent of pJUN-negative and TUNEL-positive, pJUN-negative and TUNEL-negative, and pJUN-positive and
TUNEL-negative cells were scored. Cells were considered pJUN positive if the ratio of nuclear to cytoplasmic ratio of pJUN
immunofluorescence intensity exceeded 5. No cells were simultaneously pJUN positive and TUNEL positive in any condition. At least 300
cells were scored per condition, and the results were repeated in cultures from 3 separate tumors. JNK inhibitors decreased the
percentage of pJUN-positive cells and increased the percentage of TUNEL-positive cells.

The results above imply that persistent JNK activity
promotes VS cell survival. To verify that VS cells with
persistent JNK activity are those that survive, we
labeled primary VS cultures maintained in the presence
or absence of I-JIP or SP600125 with anti-
phosphorylated Jun (pJUN) antibodies and TUNEL.
pJun immunofluorescence was determined from digital,
epifluorescent images for each VS cell by measuring
the mean pixel density in each nucleus.** Background
fluorescence /nonspecific labeling was determined by
measuring the mean pixel intensity in the cytoplasm,
taking advantage of the fact that pJun is an obligatorily
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nuclear protein, such that any cytoplasmic fluorescence
represents background labeling.** Cells with a ratio of
nuclear to cytoplasmic pJun immunofluorescence inten-
sity ratio >5 were considered pJun positive. We then
compared the pJun and TUNEL status for each of
>300 cells per condition, and the results were verified
in 3 VS cultures from separate tumors. As shown in
Fig. 7, I-JIP and SP600125 both decreased the percen-
tage of pJun-positive cells and increased the percentage
of TUNEL-positive cells. None of the TUNEL-positive
cells in any condition were also pJun positive. These
observations indicate that susceptibility to apoptosis
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Fig. 8. siRNA-mediated c-Jun N-terminal kinase (JNK) 1/2
knock-down increases vestibular schwannoma (VS) cell apoptosis.
VS cultures were transfected with a siRNA oligonucleotide
targeting JNK1 and JNK2 (JNK1/2) or with a scrambled (Scr)
oligonucleotide. (A) Western blot probed with the indicated
antibodies demonstrating decreased JNK expression and Jun
phosphorylation in cultures expressing JNK1/2-targeted siRNA
oligonucleotide. (B) Apoptosis was scored as the percentage of
terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL)—-positive, S100-positive VS cells with condensed nuclei.
The data are from cultures derived from 4 separate tumors. Error
bars represent standard errors of the mean. P=.035, by the
Student’s 2-tailed ¢ test.

highly correlates with loss of pJun immunoreactivity and
support the hypothesis that persistent JNK activity pro-
tects VS cells from apoptosis.

To further confirm that JNK activity promotes VS cell
survival, we transfected VS cultures with a siRNA oligo-
nucleotide targeting both JNK1 and JNK2 or with a
scrambled oligonucleotide. Protein lysates were probed
with anti-JNK and pJun antibodies to confirm JNK1/2
knock-down and suppression of JNK signaling (Fig. 8).
Transfection of the JNK1/2-targeted oligonucleotide
significantly increased the percentage of
TUNEL-positive VS cell nuclei, compared with cultures
transfected with a scrambled oligonucleotide (P = .035,
by the Student’s 2-tailed ¢ test) (Fig. 8).

JNK Activity Protects VS Cells from Apoptosis by
Limiting Accumulation of Reactive Oxygen Species
(ROS)

We next sought to identify mechanisms by which JNK
activity contributes to VS cell survival. Accumulation
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of ROS regulates a variety of cellular functions relevant
to SC neoplasia, including proliferation, apoptosis, and
senescence,> and inhibition of JNK with SP600125 in
RN22 schwannoma cells cultured in the absence of
serum results in increased ROS and necrotic cell
death.?” To determine the effect of JNK activity on the
ROS status of primary human VS cells, we loaded
primary cultures with CM-H,DCFDA, a fluorescent
probe for ROS. Oxidation of the nonfluorescent
CM-H,DCFDA vyields DCF, a highly fluorescent
product that detects reactive oxygen intermediates in
intact cells.”” After loading with CM-H,DCFDA, the
cells were maintained in the presence or absence of
P (30 or 100 uM) or SP600125 (20 uM) for 4 h.
DCF fluorescence intensity was quantified from digital
images of live cultures by measuring the mean pixel
density in the perinuclear cytoplasm of each cell. In cul-
tures derived from 4 separate tumors, inhibition of JNK
significantly increased DCF fluorescence (Fig. 9). Thus,
JNK inhibitors increase ROS in VS cultures.

To determine whether the increase in ROS accounts
for the pro-apoptotic effects of JNK inhibitors, we
treated 5 VS cultures derived from different tumors
with ebselen, a seleno-organic compound that acts as a
glutathione peroxidase mimic and is an effective ROS
scavenger (Fig. 9),°® in combination with JNK inhibitors
and determined the percentage of apoptotic VS cells as
above. Ebselen significantly protected VS cells from
apoptosis due to JNK inhibition (Fig. 9). Taken together,
these observations suggest that persistent JNK activity
protects VS cells from apoptosis, at least in part by limit-
ing the accumulation of ROS.

To further explore the mechanisms of ROS suppres-
sion by JNK activity, we sought to identify the subcellu-
lar source and type of ROS in VS cells treated with JNK
inhibitors. Mitochondria are a major source of ROS,
and JNK regulates several mitochondrial activities,
including ROS production.”” To determine whether
JNK regulates mitochondrial ROS accumulation in VS
cells, primary VS cultures were loaded with MitoSOX
Red, a fluorogenic dye that specifically detects superox-
ide in the mitochondria of live cells.®” It fails to detect
other ROS- or reactive nitrogen species—generating
systems. Cells were maintained in the presence or
absence of SP600125 or I-IJIP for 4 h, and MitoSOX
Red fluorescence was quantified. VS cultures treated
with JNK inhibitors demonstrated significantly higher
levels of MitoSOX Red fluorescence implying that per-
sistent JNK activity suppresses superoxide accumulation
in VS cell mitochondria (Fig. 10).

To determine whether this increase in mitochondrial
superoxide accumulation contributes to VS cell apopto-
sis, VS cultures were treated with an adenoviral vector—
encoding superoxide dismutase 2 (SOD2; MnSOD), a
mitochondrially localized superoxide scavenger, or a
control vector. Cultures were subsequently treated
with I-JIP or SP600125, and the percentage of
TUNEL-positive VS cells was determined. Expression
of SOD2 significantly suppressed VS cell apoptosis in
the presence of JNK inhibitors (Fig. 10). Taken together,
these results suggest that JNK activity protects primary
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Fig. 9. Inhibition of c-Jun N-terminal kinase (JNK) increases
vestibular schwannoma (VS) cell oxidative stress leading to cell
death. (A) Oxidative status of VS cells in the presence or absence
of SP600125, I-JIP, or ebselen (Eb) was determined by measuring
the DCF fluorescence intensity in cultures loaded with
CM-H,DCFDA. Thirty to 50 cells were imaged per condition.
Results are representative of 4 cultures derived from separate
tumors. Error bars represent standard errors of the mean.
*P < .05, by 1-way analysis of variance with post-hoc Tukey
analysis. (B) Representative images of DCF fluorescence in the
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human VS cells from apoptosis specifically by suppres-
sing mitochondrial superoxide accumulation.

Discussion

Progrowth Signals in VSs

As a tumor suppressor, the merlin protein regulates a
wide variety of signaling events implicated in tumorigen-
esis, including Ras, Rac1/Cdc42, RhoA, Src, Raf,
PAK1/2, ERK/MAPK, JNK ); and PI3-K/Akt, ErbB2,
and PDGF receptor signaling; mTORC1; and the E3 ubi-
quitin ligase CRL4(DCAF1).> %238 Limited access to
human specimens has hampered identification of which
of these merlin-sensitive signals contribute to VS for-
mation and growth. With use of primary cultures
derived from human VSs, we found that MEK/ERK,
PI3-K/Akt, and JNK activity each promote VS cell pro-
liferation. Consistent with these observations, recent
studies found that proliferation of human VS cells
depends on MEK/ERK and Akt signaling.>***”

Merlin also regulates ErbB2 localization, and activity
and inhibition of ErbB2 reduces VS cell proliferation and
growth of human VS xenografts in nude mice.'*'”-*%2*
Nevertheless, basal levels of ERK, Akt, and JNK activity
appear to be independent of ErbB2 signaling in human
VS cells (Fig. 2). By contrast, Src activity in merlin-
deficient central nervous system glial cells depends on
ErbB2."® Recent evidence indicates that the persistent
basal ERK phosphorylation in human VS cells likely
results from focal adhesion kinase (FAK)/Src/Ras, but
not Rac/PAK signaling.”®

JNK Expression and Activity in VSs

JNK isoforms 1-3 present diverse and often opposing
effects on cell survival, apoptosis, and tumorigenesis.

JNK1 and 2 are expressed ubiquitously, whereas JNK
3 is primarily expressed in neurons. We found that
JNK2 and, to a lesser extent, JNK1 are expressed at
higher levels in normal nerve tissue than in VSs. The sig-
nificance of the lower levels of JNK1 and JNK2
expression in VS tissue versus normal nerve remains
unknown. In some cellular responses, JNK1 and JNK2
function redundantly, whereas in other cases, they dif-
ferentially regulate cellular responses. For example,
fibroblasts lacking JNK1 exhibit proliferation defects,
whereas a lack of JNK2 confers a proliferative advan-
tage.*! Complete absence of both JNKs results in a dra-
matic proliferation defect, similar to cells lacking
c-Jun.** Despite increased levels of JNK expression,
JNK is not phosphorylated in mature SCs, whereas it is
phosphorylated in VS cells. This persistent JNK

indicated conditions. Scale bar =100 um. (C) VS cultures were
treated with SP600125 or I-JIP in the presence or absence of Eb
(20 M) and the percent of TUNEL-positive cells was determined
as before. *P < .05, by 1-way analysis of variance with post-hoc
Tukey analysis.
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Fig. 10. Inhibition of c-Jun N-terminal kinase (JNK) increases vestibular schwannoma (VS) cell mitochondrial superoxide accumulation
leading to cell death. (A and B) Mitochondrial superoxide accumulation was determined by measuring MitoSOX Red fluorescent
intensity in VS cultures treated with SP600125 (20 uM) or I-JIP (100 wM). (A) MitoSOX Red fluorescence is presented as a scaled
image, with intensity levels as indicated. Scale bar =25 um. (B) Mean MitoSOX Red fluorescence in indicated conditions. Thirty to 50
cells were imaged per condition. The results are representative of 3 cultures derived from separate tumors. Error bars represent standard
errors of the mean. *P < .05 by 1-way analysis of variance with post-hoc Tukey analysis. (C) VS cultures maintained in the presence or
absence of JNK inhibitors were transduced with adenoviral vector expressing superoxide dismutase 2 (AdSOD2) or control vector
(AdCon), and the percentage of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive cells were scored as
above. The results are from 4 cultures derived from separate tumors. Error bars represent SEM. *P < .05 by 1-way analysis of variance
with post-hoc Tukey analysis. (D) Representative images of VS cultures treated with I-JIP and either AdCon (left panel) or AdSOD2
(right panel). Cultures were immunostained with anti-S100 (green) antibody and labeled with TUNEL (red) and Hoechst (blue).
Scale bar = 100 pm.

phosphorylation in VS cells is related to merlin status, ROS in VS Cells
because overexpression of merlin suppressed JNK
activity in our primary VS cultures, and in HEI 193
cells, a human schwannoma cell line transformed with
viral oncogenes.”

In many cells, JNK is activated by elevated ROS, contri-
buting to cell death.*” However, JNK appears to sup-
press ROS accumulation in rat RN22 schwannoma

29 X
Depending on the cell type and context, JNK activity cells, and here we show that JNK specifically sup-

can either promote or suppress cell survival, prolifer- ~ Presses mitochondrial superox1.de. .accumu.latlon mn
ation, and tumorigenesis.****** For example, JNKs sup- human VS cells. Three enzyme activities function to sca-
3 . b

press ras-induced tumorigenesis in fibroblasts but venge cellular ROS. SOD enzymes convert superoxides
promote Ber-Abl induced B-cell lymphoma.** Both the — t© hydrogen PCFOX‘de (H205), whereas catalase and gl‘jé
physiological context and time course of kinase acti- tathione peroxidase convert H,O, to O, gnd HzO:

vation appear to determine whether JNK signaling pro- SOD; (MnSOD), a nuclegr—encoded aqd mltochopdrla—
motes survival or apoptosis.*®* In SCs, JNKs are localized homotetramerlc enzyme, is the primary
activated in response to nerve injury and promote SC defense  against mltochondrlally vgerllerated _ROS,
apoptosis.'*72° Conversely, JNK activity promotes sur- whereas SOD1 (Cu/ZnSOD) is distributed in the

vival of transformed schwannoma cells and other glial cyt‘oslol j‘;ld accounts for 70%=80% of cellular SOD
neoplasms.>*¢ Here, we show that JNK promotes  activity.”” Overexpression of SOD2 protects human VS
primary cultured human VS cell proliferation and survi- cells from apoptosis dge to JNK 1nh1b1t10n,. conﬁrml.ng
val. Thus, JNK represents a potential specific therapeutic that the increase in mltochondrlal.superomde contrib-
target for treatment of VSs that would likely reduce VS~ utes to the death of VS cells with suppressed JNK
cell growth yet not harm normal SCs. Such treatment  activity. Taken together, these observations suggest
strategies may be especially suitable for patients with that the reduction in ROS stress due to persistent JNK

NF2 and multiple schwannomas that are difficult to ~ activity may account, at legst in part, for the ability of
manage with current treatment options. VS cells to grow and survive in the absence of axons,
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in contrast to their normal SC counterparts, which criti-
cally depend on axonal contact for long-term survival.
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