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Abstract

After nerve injury, Schwann cells (SCs) dedifferentiate, proliferate, and support axon regrowth. If
axons fail to regenerate, denervated SCs eventually undergo apoptosis due, in part, to increased
expression of the low-affinity neurotrophin receptor, p75NTR. Merlin is the protein product of the
NF2 tumor suppressor gene implicated in SC tumorigenesis. Here we explore the contribution of
merlin to SCs responses to nerve injury. We find that merlin becomes phosphorylated (growth
permissive) in SCs following acute axotomy and following gradual neural degeneration in a
deafness model, temporally correlated with increased p75NTR expression. p75NTR levels are
elevated in POSchA39-121 transgenic mice that harbor a Nf2 mutation in SCs relative to wild-type
mice before axotomy and remain elevated for a longer period of time following injury.
Replacement of wild-type, but not phosphomimetic (S518D), merlin isoforms suppresses p75NTR
expression in primary human schwannoma cultures which otherwise lack functional merlin.
Despite elevated levels of p75NTR, SC apoptosis following axotomy is blunted in POSchA39-121
mice relative to wild-type mice suggesting that loss of functional merlin contributes to SC
resistance to apoptosis. Further, cultured SCs from mice with a tamoxifen-inducible knock-out of
Nf2 confirm that SCs lacking functional merlin are less-sensitive to p75NTR-mediated cell death.
Taken together these results point to a model whereby loss of axonal contact following nerve
injury results in merlin phosphorylation leading to increased p75NTR expression. Further, they
demonstrate that merlin facilitates p75NTR-mediated apoptosis in SCs helping to explain how
neoplastic SCs that lack functional merlin survive long-term in the absence of axonal contact.
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Introduction

Peripheral nerve injury results in axon degeneration distal to the site of injury (Wallerian
degeneration) (Stoll and Muller, 1999; Lorenzetto et al., 2008). Following loss of axonal
contact, denervated Schwann cells (SCs) undergo a series of events, including
dedifferentiation and proliferation, and provide support for eventual axonal regrowth (Chen
et al., 2007). They then redifferentiate and remyelinate regenerated axons as part of the
repair process (Chen et al., 2007). However, SCs that remain isolated from neural elements
following nerve injury eventually die. This SC loss, among other factors, complicates
attempts to restore neural function after injury (Hoffman, 1992). Following denervation, SCs
dramatically increase expression of the low affinity neurotrophin receptor, p75NTR, which
promotes SC apoptosis (Taniuchi et al., 1986; Ferri and Bisby, 1999).

p75NTR promotes SC apoptosis following denervation

p75NTR s a single pass transmembrane receptor implicated in a wide variety of cellular
responses including differentiation, growth, apoptosis and survival depending on the context
and co-receptors (Parkhurst et al., 2010). In neurons, it frequently functions as a co-receptor
with Trks to bind mature neurotrophins and promote neuronal survival (Chao and
Hempstead, 1995). However, in the absence of Trk receptors, p75NTR often interacts with
other co-receptors, including sortilin or Nogo, to mediate cell death (Bandtlow and Dechant,
2004; Barker, 2004). Although p75NTR binds with relative low affinity to mature
neurotrophins in the absence of Trk receptors, it binds proforms of neurotrophins with high
affinity (Barker, 2004). Following ligand binding, p75NTR undergoes intramembrane
cleavage by y-secretase to generate an intracellular domain (ICD) fragment (Jung et al.,
2003; Kanning et al., 2003; Kenchappa et al., 2006). The ICD contains a death domain that
functions as docking site necessary for the activation of TNF and Fas ligand and leads to c-
Jun N-terminal kinase (JNK) activation (Haase et al., 2008). Further, y-secretase-mediated
cleavage results in nuclear translocation of NRIF, a DNA binding protein essential for p75-
mediated apoptosis (Kenchappa et al., 2006). Recent data indicate that schwannoma cells
express high levels of p75NTR yet, in contrast to non-neoplastic SCs, are resistant to
p75NTR-mediated apoptosis (Ahmad et al., 2014).

The tumor suppressor, merlin, regulates SC proliferation and neoplasia

Merlin is the protein product of the NF2 tumor suppressor gene. Loss of NF2 gene function
underlies development of neurofibromatosis type 2 (NF2)-associated and sporadic
schwannomas (Rouleau et al., 1993; Trofatter et al., 1993; Irving et al., 1994) Merlin
mediates cell-cell contact to suppress cell proliferation. The N- and C-termini of merlin
interact with each other as merlin alternates between growth permissive and growth
suppressive conformations depending on the phosphorylation of serine residues. For
example, S518 phosphorylation leads to a conformation that facilitates cell growth
(Gutmann et al., 1999). The tumor suppressor function becomes active after S518
dephosphorylation (Okada et al., 2007). Merlin regulates a wide variety of signaling events
to suppress cell growth (Li et al., 2010). However, the function of merlin in normal SCs and
their response to injury remains largely unknown. Here we explore the possibility that
merlin plays a fundamental role in p75NTR-mediated SCs responses to loss of axonal
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contact. We find that merlin suppresses p75NTR expression in a phosphorylation dependent
fashion and that merlin facilitates SC cell death in response to p75NTR ligands.

Materials and Methods

Mice strains

POSchA(39-121) and Nf2f/f mice were obtained from Riken BioResource Center (Tsukuba,
Japan) (Giovannini et al., 1999; Giovannini et al., 2000) and RosaCRE-ERT2 and FVB mice
were obtained from The Jackson Laboratory (Bar Harbor, ME). The RosaCRE-ERT2 mice
contain a tamoxifen-inducible Cre recombinase system. We crossed the Nf27f mice with
RosaCRE-ERT2 mice, producing an F1 generation of mice carry a Cre-inducible loxP
sequence that is site specific for the Nf2 gene. Animals of either sex were used for all
experiments. All animal work was approved by the University of lowa Institutional Animal
Care and Use Committee.

Sciatic nerve axotomies and protein lysates

Sciatic nerve (SN) axotomies were performed in adult rats and adult FVB control (WT) and
P0OSchA39-121 mice as previously described (Brown and Hansen, 2008). In short, a small
horizontal skin incision was made over the quadriceps muscle. The muscle was then bluntly
dissected and the SN was identified. The SN was dissected proximally and transected
approximately 1 cm from the spinal cord and the cut ends of the nerve were displaced into
separate planes of tissue to prevent reattachment. The contralateral SN remained uncut as
the control. The distal portion of the SN and the contralateral intact nerve were excised and
on post-axotomy (PA) days 7, 21, and 180. These time points were chosen to correlate with
periods of increased p75NTR expression and cellular proliferation (PA7-21) as well as a late
phase when SCs are no longer being replenished (see Figs 3, 5, 6). Three nerve samples at
each time point were pooled and immediately placed in a modified RIPA lysis buffer
solution on ice. A sterilized ground glass mortar and pestle was used to crush the nerve. The
crude lysate was sonicated (1 second pulses for 30 seconds) and then incubated on ice for 30
min. The homogenate was cleared by centrifugation at 18,000 x g for 10 min at 4°C. The
lysate was then aliquoted and stored at —80°C.

Kanamycin deafening

Sprague Dawley rats were obtained from Charles River. Deafening was performed as
previously described by injecting kanamycin, which is toxic to hair cells, from P8-16
(Provenzano et al., 2011). Deafness was confirmed by elevated auditory brainstem response
thresholds in a subset of animals and by a lack of MyoVIIA-positive hair cells in all animals.

Human vestibular schwannoma and mouse Schwann cell cultures

Primary human VS cultures were prepared from acutely resected tumors as previously
described (Hansen et al., 2006; Yue et al., 2011). None of the cultures were derived from
neurofibromatosis type Il-associated tumors. The cultures were not passaged prior to
experimental manipulation. Adenoviral-mediated gene transfer was also performed as
previously described with Ad5.Emptyvector-GFP, Ad5-wild-type merlin-GFP, Ad5-
merlinS518A-GFP, Ad5-merlinS518D-GFP (Yue et al., 2011; Ahmad et al., 2014). Live
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cultures were monitored for GFP fluorescence to ensure that over 80% of the cells had been
successfully transduced. After 48h, protein lysates were prepared and immunoblotted.

SC cultures from the sciatic nerves of P3—4 neonatal RosaCre:NF2f mice were prepared as
previously described (Provenzano et al., 2008). Once the cultures were 70-80% confluent,
they were treated with tamoxifen (500 nM, Sigma-Aldrich, St. Louis, MO) or vehicle. The
cultures were washed and the tamoxifen was removed with a media change after 72 hrs.
Cultures were then maintained for another 24 hr with or without proNGF (3 nM) and then
fixed for 10 min with 4% paraformaldehyde.

Western blot

Western blots from the nerve lysates or culture lysates were performed as previously
described (Hansen et al., 2006). The blot was probed with anti-p75NTR antibody (generous
gift of Dr. Moses Chao) and stripped and reprobed with anti-B-actin antibodies (Sigma-
Aldrich) to confirm equal protein loading and to determine relative p75NTR levels. Parallel
blots were probed with anti-phosphomerlin (p-merlin) antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) and stripped and reprobed with non phosphospecific anti-
merlin antibodies (Santa Cruz Biotechnology) to determine the relative phosphorylation
level of merlin. The experiment was repeated at least 4 times (total of 12 animals) for each
time point. Western blots were quantified as previously described using ImageJ software
(NIH) (Yue etal., 2011; Ahmad et al., 2014)

Immunohistochemistry

Following axotomy a small portion of each nerve was resected and placed in 4%
paraformaldehyde, cryoprotected in a serial sucrose gradient, embedded and frozen in OCT,
and finally cryosectioned as previously described (Provenzano et al., 2008). We performed
immunostaining of frozen sections (~10 pum thick) with anti-p75NTR and anti-phosphomerlin
antibodies to determine the spatial distribution of SCs that express p75NTR and
phosphorylated merlin. Subsets of sections were immunostained with anti-neurofilament
200 (NF200) antibodies (Sigma, St. Louis, MO) to confirm loss of axons and correlate
p75NTR and phosphorylated merlin expression with axonal contact. Sections were mounted
with Prolong Gold + DAPI (Life Technologies, Carlsbad, CA) prior to coverslipping.
Images were captured on a Leica DMIRE 2 microscope (Leica Microsystems, Bannockburn,
IL) equipped with epifluorescent filters and a cooled CCD camera using Metamorph
software (Molecular Devices, LLC, Downington, PA) or with a Leica TCS SP5 confocal
microscope (Leica Microsystems, Bannockburn, IL).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)

Frozen nerve sections and SC cultures were labeled with dUTP for terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) to detect apoptotic nuclei as
previously described (Provenzano et al., 2008; Provenzano et al., 2011). All samples were
counterlabeled with S100 and nuclei were labeled with DAPI prior to coverslipping. Criteria
for scoring apoptotic cells included: S100-positive, TUNEL-positive nucleus, and a
condensed or fragmented nucleus. The percent of TUNEL—positive SCs was scored from 10
randomly selected 20X fields as previously described for each culture condition (Hansen et
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al., 2008; Yue et al., 2011). For cultures, the percent of TUNEL-positive cells was expressed
as a percentage of the control condition, defined as 100%. Each condition was performed in
duplicate and was repeated on =3 cultures Protein lysates were prepared from parallel
cultures and immunoblotted with anti-cleaved caspase 3 antibodies (Cell Signaling) to
confirm apoptosis. For nerve sections a total of 10 microscopic fields per section and 6
sections per nerve were counted. Nerves were derived from 4 animals per group. Statistical
significance of differences in the average percent of apoptotic cells among the various
conditions was determined by one way ANOVA followed by Holm-Sidak method using
SigmaStat software (Systat Software Inc, Richmond, CA).

Starting 24 hours prior to euthanasia, mice were injected intraperitoneally 4 times at regular
intervals with EdU (10 uM, Life Technologies, Carlsbad, CA) in order to label cells
undergoing karyokinesis. SNs were dissected and prepared as described above. EdU was
detected in SN nuclei of WT and POSchA(39-121) using the Click-IT reaction per
manufacturer’s instructions (Life Technologies). Sections were counterstained with S100,
mounted with Prolong-Gold +DAPI (Life Technologies), and coverslipped. Percentage of
SN cells undergoing nuclear division was determined by dividing the total number of SN
nuclei (5100-positive + DAPI-positive) by the number of EdU positive SN nuclei (S100-
positive cells + EdU-positive nuclei). A total of 10 microscopic fields per section and 6
sections per nerve were counted. Nerves were derived from 4 animals per group. Statistical
significance of differences in the average percent of EdU-positive cells among the various
conditions was determined by one way ANOVA followed by Holm-Sidak method using
SigmaStat software (Systat Software Inc, Richmond, CA).

Merlin is phosphorylated in SCs following axotomy

To examine the effect of nerve injury on merlin phosphorylation in SCs, we immunoblotted
protein lysates from cut and uncut rat sciatic nerves with anti-phospho-merlin (p-merlin)
antibodies (Fig. 1A,B). Blots were stripped and reprobed with non-phospho-specific anti-
merlin antibodies. Densitometry was performed to quantify the level of p-merlin expression
relative to overall merlin levels. Axotomy resulted in a significant increase of merlin
phosphorylation. Immunolabeling of frozen nerve sections with anti-p-merlin and anti-
NF200 antibodies demonstrated punctate labeling of p-merlin that was confined to the
NF200-positive axons prior to nerve injury with no significant labeling in SCs. Following
axotomy, there was evidence of axonal degeneration evidenced by loss of intact NF200-
positive nerve fibers with a parallel increase in p-merlin labeling in the SCs that remain
following axotomy (Fig. 1C). We also examined merlin phosphorylation in a different
model of nerve injury. Kanamycin treatment causes hair cell loss leading to a gradual
degeneration of spiral ganglion distal axons and denervation of the SCs in the osseous spiral
lamina (Alam et al., 2007). We have previously shown that these SCs that have undergone a
gradual denervation increase p75NTR expression and re-enter the cell cycle similar to SCs
following acute axotomy (Provenzano et al., 2011). Frozen sections from cochleae were
immunolabeled with anti-p-merlin and anti-NF200 antibodies. Parallel sections were
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immunolabeled with anti-myosin VII (MyoVII) to verify loss of hair cells in kanamycin-
treated animals. Kanamycin treatment resulted in loss of the NF200-positive peripheral
axons in the osseous spiral lamina leading to the organ of Corti and increased p-merlin
labeling in the SCs that had lost axonal contact and remain in the osseous spiral lamina (Fig.
2) (Provenzano et al., 2011). These data demonstrate that merlin becomes phosphorylated in
SCs following acute or gradual loss of axonal contact.

Merlin suppresses p75NTR expression in Schwann cells

Denervated SCs with phosphorylated merlin and VS cells that lack functional merlin express
high levels of p75NTR raising the possibility that merlin status regulates p75NTR expression
in SCs. To test this possibility, we performed sciatic nerve axotomies in wild-type (WT) and
POSchA39-121 mice. POSchA39-121 mice harbor a dominant negative Nf2 mutation
restricted to SCs (Giovannini et al., 1999). Protein lysates from cut and uncut nerves,
collected 7, 21, and 180 days following axotomy, were immunoblotted with anti-p75NTR
antibodies (Fig. 3A). The blots were probed with anti-p-actin antibodies to verify protein
loading. Densitometry was performed to quantify the level of p75NTR expression relative to
B-actin (Fig. 3B). As expected, axotomy led to a significant increase in p75NTR levels.
Consistent with the notion that merlin regulates p75NTR expression, p75NTR levels were
elevated in uncut nerves from POSchA39-121 mice compared to WT mice. Further,
comparison of p75NTR Jevels following axotomy demonstrates that p75NTR levels were
significantly elevated in POSchA39-121 mice compared to WT mice at 7 and 21 days post-
axotomy (PA) (Fig. 3B). This difference was no longer statistically significant 180 days PA
(p=0.228). Thus, loss of merlin function increases p75SNTR expression, even in SCs that
remain in contact with axons.

Merlin status regulates p75NTR expression in SCs

To further explore the relationship between p75NTR expression levels and merlin status, we
cultured sciatic nerve SCs derived from a transgenic mouse line with floxed Nf2 and a
tamoxifen (Tx)-inducible Cre (RosaCre:Nf2/f) (Giovannini et al., 2000), allowing for
conditional knock-out of Nf2. The estrogen receptor T2 (ERT2) moiety fused to Cre retains
the recombinase in the cytosol until Tx administration releases this inhibition, thus
permitting inducible recombination of LoxP sites. Sciatic nerve cultures were prepared from
these mice. Treatment of cultures with Tx (500 nM) reduced merlin and significantly
elevated p75NTR expression levels consistent with the notion that merlin suppresses p75NTR
expression in SCs (Fig. 4A,B).

The fact that elevated p75NTR expression in SCs following axotomy correlates with merlin
phosphorylation raises the possibility that merlin phosphorylation hinders its ability to
suppress p75NTR expression. To address this possibility we performed merlin replacements
experiments using primary VS schwannoma cultures. These cultures lack functional merlin
expression thereby allowing us to introduce merlin isoforms with specified serine 518
(S518) phosphorylation status (Yue et al., 2011; Ahmad et al., 2014). Cultures were
transduced with an adenoviral vector that expresses wild-type merlin, S518-mutated merlin
isoforms, or an empty, control vector. The S518A mutation renders merlin unable to be
phosphorylated on this residue while the S518D functions as a phospho-mimetic. Protein
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lysates from the cultures were immunoblotted with anti-p75NTR antibodies followed by anti-
merlin and then anti-B-actin antibodies. Replacement of merlin reduced p75NTR expression
in primary VS cultures (Fig. 4C). Further, p75NTR expression was suppressed in cultures
transduced with S518A merlin isoform whereas transduction with the S518D isoform
resulted in increased in p75NTR expression. Taken together these results indicate that S518
phosphorylation of merlin reduces its ability to suppress p75NTR expression.

Merlin mutation decreases Schwann cell proliferation following axotomy

Next we sought to determine the effect of merlin on SC survival and proliferation following
axotomy. Sciatic nerve axotomies were performed in FVB control and POSchA39-121 mice
and the mice were treated with EdU to label proliferating nuclei. Frozen sections of the
portion of the nerves distal to the axotomy were labeled with the Click-1T reaction to
identify EdU-positive nuclei and EdU-positive SC nuclei were counted as before
(Provenzano et al., 2008; Provenzano et al., 2011). Axotomy resulted in a significant
increase in the percent of EdU-positive SC nuclei 7 days following injury. The percent of
EdU-positive SCs diminished by 180 days after axotomy but remained elevated above the
level in uncut nerves. Remarkably, the percent of EdU-positive SC nuclei was significantly
less in nerves from POSchA39-121 mice 7 and 180 days following injury compared to wild-
type mice (Fig. 5A,B). Further, there was no difference in the percent of EdU-positive SC
nuclei in uncut nerves from POSchA39-121 and wild-type mice. Thus, merlin mutation
blunts the proliferative capacity of SCs following injury.

Merlin mutation reduces SC apoptosis following axotomy

To determine the effect of merlin on SC death following axotomy frozen sections from the
portion of the nerve distal to the axotomy were labeled with TUNEL and the number of
apoptotic SC nuclei were counted as before (Provenzano et al., 2008; Provenzano et al.,
2011). Axotomy resulted in a significant increase in the percent of TUNEL-positive SC
nuclei 7 days following injury. This apoptotic response diminished over time, remaining
elevated above baseline at 21 days and returning to baseline by 180 days following axotomy
(Fig. 6). The percent of TUNEL-positive SC nuclei was significantly less in nerves from
P0SchA39-121 mice 7 and 21-days following injury as well as in the uncut nerves (Fig. 6).
Thus, merlin mutation renders SCs less sensitive apoptosis following nerve injury.

Merlin is necessary for p75NTR-induced Schwann cell apoptosis

SCs from P0SchA39-121 mice that lack functional merlin express high levels of p75NTR yet
are resistant to apoptosis before and following axotomy (Fig. 6). This observation raises the
possibility that functional merlin is necessary for p75NTR-induced SC apoptosis. To test this
possibility we cultured SCs from RosaCre:Nf2f/f mice. Cultures were either exposed to or
not exposed to Tx as above. Subsets of cultures were treated with the p75NTR ligand,
proNGF (3 nM) to induce apoptosis. The number of TUNEL-positive SC nuclei were scored
as before. proNGF induced apoptosis in SCs that were not exposed to Tx (merlin present)
reflected as a significant increase in the percent of TUNEL-positive SC nuclei. This
apoptotic response was significantly blunted in SCs that had been exposed to Tx (Fig. 7
A,B). To confirm that the increase in TUNEL-positive nuclei represented an apoptotic
response, we blotted protein lysates from the cultures with anti-cleaved caspase 3 antibody.
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Consistent with the TUNEL results, there was an increase in cleaved caspase 3 in cultures
treated with proNGF that was diminished by pretreatment with Tx (Fig. 7C). These results
confirm that SCs lacking functional merlin are less sensitive to apoptosis, particularly cell
death initiated by activation of p75NTR,

Discussion

In a normal nerve, SCs are in contact with axons and remain in a quiescent state. Following
axon degeneration due to nerve injury SCs lose contact with axons and initially
dedifferentiate, proliferate and provide axonal support. Loss of axonal contact results in a
rapid and significant increase in p75NTR expression (Taniuchi et al., 1986; Taniuchi et al.,
1988); the mechanisms leading to this elevated expression have remained unknown.
Eventually in the absence of reinnervation, denervated SC’s undergo p75NTR-mediated
apoptosis (Ferri and Bisby, 1999). SCs are essential for axon regeneration and loss of
supportive SCs is a barrier to late neural regeneration (Hoffman, 1992). The data presented
here implicate the tumor suppressor merlin as a key mediator of p75NTR expression and
apoptotic signaling in SCs following nerve injury.

Merlin phosphorylation after axotomy

Merlin’s molecular conformation is altered by its phosphorylation status and this determines
its ability to bind other proteins and regulate cell growth (Gutmann et al., 1999; Rong et al.,
2004; Ye, 2007; Sher et al., 2012). Phosphorylation of S518 by PKA, p21-activated kinases
1and 2 (PAK1/2), or Akt, leads to a growth-permissive (inactive) conformation (Gutmann
et al., 1999; Kissil et al., 2002; Alfthan et al., 2004; Okada et al., 2007; Thaxton et al., 2007;
Sher et al., 2012). Besides S518, other residues including S10, S66, T230 and S315 are also
targets for phosphorylation; the extent to which phosphorylation of these residues regulates
merlin ability to interact with other proteins and control cell growth has not been firmly
established. However, Akt-mediated T230 and S315 phosphorylation results in
ubiquitination of merlin marking it for degradation (Tang et al., 2007). Using models of both
acute, primary (axotomy) and gradual, secondary (deafening by aminoglycosides) neural
degeneration, we demonstrate that merlin is phosphorylated in SCs following axon
degeneration. Coincident with this phosphorylation, the denervated SCs dedifferentiate and
re-enter the cell cycle. These data fit a general model of merlin functioning as a molecular
switch responsive to cell-cell contact cues that is able to suppress cell proliferation when it
remains in a dephosphorylated conformation (Sher et al., 2012). In this model, merlin
phosphorylation in SCs that have lost axonal contact relieves this inhibition allowing cells to
re-enter the cell cycle.

Merlin status regulates p75NTR expression following nerve injury

Merlin has been shown to suppress the expression of transmembrane receptors in cultured
cells, particularly the ErbB and PDGFR, receptor tyrosine kinase (RTK) families that
promote SC proliferation (Lallemand et al., 2009b; Zhou et al., 2011). The data presented
here demonstrate that loss of merlin function results in increased p75NTR expression in SCs.
Nerve lysates from POSchA39-121 mice prior to injury and following axotomy revealed an
increase in p75NTR levels in comparison to wild-type mice. Further, suppression of merlin
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expression in cultured SCs increased p75NTR expression while replacement of wild-type
merlin reduced p75NTR expression in primary VS cells. Taken together these data confirm
that merlin suppresses p75NTR Jevels in SCs in vitro and in vivo and are consistent with the
observation of elevated p75NTR levels in neoplastic VS cells (Ahmad et al., 2014). While
p75NTR Jevels were elevated in nerve lysates from POSchA39-121 mice compared to wild-
type mice prior to injury, there was a significant increase in p75NTR levels in nerves from
P0SchA39-121 following axotomy indicating that other factors, in addition to merlin status,
contribute to the increase in p75NTR expression following nerve injury.

Following nerve injury, merlin becomes phosphorylated which is temporally correlated with
an increase in p75NTR expression. To determine whether merlin phosphorylation promotes
p75NTR expression we used a merlin replacement strategy in primary VS cells that allowed
us to define the status of the S518 residue. The S518A mutation is unable to be
phosphorylated and results in suppressed p75NTR expression. By contrast, the S518D
mutation functions as a phospho-mimetic and failed to suppress p75NTR expression. Taken
together, these data suggest that merlin inactivation by phosphorylation facilitates increased
p75NTR expression in SCs following nerve injury.

Merlin is necessary for p75NTR-induced SC apoptosis

Activation of p75NTR |eads to apoptosis of SCs in vivo following nerve injury and in vitro
(Ferri and Bisby, 1999; Provenzano et al., 2011). However, neoplastic VS cells, which lack
functional merlin, express high levels of p75NTR and resist apoptosis in response to the
p75NTR Jigands, proNGF and proBNDF (Ahmad et al., 2014). Further, the data presented
here demonstrate that SCs from POSchA39-121 mice are less sensitive to apoptosis after
nerve injury, despite elevated levels of p75NTR. These observations raise the possibility that
merlin facilitates p75NTR apoptotic signaling in SCs. To test this possibility we suppressed
merlin expression in cultured SCs using an inducible knock-out gene system. Indeed, SCs
with suppressed merlin expression were less sensitive to apoptosis in response to proNGF,
confirming that merlin facilitates pro-apoptotic p75NTR signaling in SCs. The observation
that SCs lacking functional merlin are less sensitive to p75NTR-apoptosis may explain, at
least in part, the ability of neoplastic schwannoma cells to grow and survive long-term in the
absence of axonal contact. This is in contrast to the eventual death of non-neoplastic SCs
following denervation. Thus, p75NTR represents a potential therapeutic target that would
specifically target neoplastic schwannoma cells, but not their non-neoplastic counterparts.

Although p75NTR signaling is often associated with apoptosis, activation of p75NTR has also
been shown to promote survival of several other cell types, particularly neurons that co-
express Trk receptors and some breast, melanoma, and glioma cells (Chao and Hempstead,
1995). In the case of breast cancer cells, the pro-survival response is linked to the carboxyl-
terminal fragment of p75NTR (Verbeke et al., 2013). Other malignant cell lines (e.g.
colorectal) retain sensitivity to p75NTR-mediated apoptosis (Yang et al., 2014). What
determines whether p75NTR activation leads to cell death or survival remains unknown;
however, p75NTR activation of the nuclear transcription factor kB (NF-B) has been
implicated in the pro-survival response (Gentry et al., 2000; Ahmad et al., 2014), whereas
activation of INK is required for the pro-death signal (Yoon et al., 1998; Friedman, 2000;
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Harrington et al., 2002). The data here suggest that p75NTR-mediated apoptosis in SCs
depends, at least in part, on functional merlin. Whether sensitivity to p75NTR-mediated
apoptosis is likewise merlin-dependent in these other cell types remains to be determined.

Beyond failing to induce apoptosis, p75NTR ligands appear to provide prosurvival signaling
in neoplastic schwannoma cells (Ahmad et al., 2014). This prosurvival effect is not due to
co-expression of Trk receptors and involves activation of c-Jun N-terminal kinase (JNK) and
the transcription factor, NF-kB (Ahmad et al., 2014). Thus, proNGF and proBDNF reduce
apoptosis in VS cells treated with INK inhibitors (Ahmad et al., 2014). Those observations
coupled with the data from this study raise the possibility that activation of p75NTR
represents a mechanism whereby VSs are resistant to chemotherapeutics that target kinase
signaling (Karajannis et al., 2012; Ahmad et al., 2014; Karajannis et al., 2014).

Loss of functional merlin reduces peripheral nerve SC proliferation in vivo

Several studies confirm that merlin suppresses cell proliferation in vitro by inhibiting
signaling pathways at the cell membrane and in the nucleus (Cooper and Giancotti, 2014).
As noted above, merlin regulates the expressio n, subcellular localization, and activity of
RTKs, including ErbB2 and PDGFR (Fraenzer et al., 2003; Brown and Hansen, 2008;
Lallemand et al., 2009b; Schulz et al., 2014). It likewise suppresses the activity of several
downstream pro-growth signaling cascades including Ras, Rac1/Cdc42, Raf, PAK1/2,
extracellular regulated kinase/mitogen activated protein kinase (ERK/MAPK), phosphatidyl-
inositol 3-kinase (P13-K)/Akt/mTORC, and JNK (Guo et al., 2012; Zhou and Hanemann,
2012). Merlin also has an impact on intranuclear signaling by entering the nucleus and
inhibiting the E3 ubiquitin ligase CRL4PCAFL to suppress proliferation (Li et al., 2014).

Experiments using SC cultures from mice with an Nf2 deletion confirm that merlin functions
to suppress SC proliferation in vitro, particularly when the cells are in contact inhibition
(Lallemand et al., 2009a). Interestingly, EdU-uptake was not significantly greater in normal,
uninjured SCs from POSchA39-121 mice compared with wild-type mice suggesting that loss
of merlin function alone is not sufficient to drive peripheral nerve SCs into a significant
hyperplastic response. Indeed, immmunolabeling and ultrastructural studies identified
myelination abnormalities in sciatic nerves from POSchA39-121 mice but did not reveal
significant SC hyperplasia within the peripheral nerve (Denisenko et al., 2008). Rather, SC
hyperplasia in POSchA39-121 mice is found in foci near or within sensory ganglia and
skeletal muscle (Giovannini et al., 2014), consistent with the observation that most
schwannomas arise within sensory ganglia (Tryggvason et al., 2012), and suggesting that
intraganglionic SCs are particularly sensitive to merlin status. Further, SC proliferation in
peripheral nerves following axotomy was reduced in POSchA39-121 mice compared with
wild-type mice. These data suggest that merlin paradoxically facilitates peripheral nerve SC
proliferation in vivo following nerve injury, similar to the pro-growth function of other
members of the ERM family of proteins (Bretscher et al., 2002). As demonstrated here,
merlin is phosphorylated following nerve injury suggesting that phosphorylated merlin not
only allows for, but also facilitates, SC proliferation. These data are consistent with the
observation that primary neoplastic schwannoma cells, which lack functional merlin,
proliferate very slowly in vitro particularly in the absence of exogenous mitogens and are
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also consistent with the slow growth rate of most schwannomas in vivo (Stangerup et al.,
2006; Hansen et al., 2008).

In summary, the results of these studies demonstrate that the tumor suppressor, merlin,
decreases p75NTR expression and apoptotic signaling in peripheral nerve SCs. The ability to
decrease p75NTR expression depends on the phosphorylation state of merlin and points to a
model whereby loss of axonal contact following nerve injury results in merlin
phosphorylation leading to increased p75NTR expression. Interestingly, loss of functional
merlin also decreases peripheral nerve SC proliferation. Taken together, these data suggest
that loss of merlin function reduces SCs sensitivity to apoptosis allowing for long-term
survival in the absence of axonal contact consistent with the biology of neoplastic
schwannoma cells which are very slow-growing and are able maintain long-term survival in
the absence of axons.
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Highlights
e Acute or gradual nerve injury increases merlin phosphorylation in SCs.
«  Loss of functional merlin increases p75NTR expression in SCs.
»  The absence of functional merlin blunts SC proliferation following axotomy.

«  SCs lacking functional merlin are less sensitive to p75NTR-mediated apoptosis.
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Figure 1.
Merlin is phosphorylated in Schwann cells following nerve injury. A. Immunoblots of

protein lysate from cut and uncut rat sciatic nerves probed with anti-phospho-merlin (p-
merlin) and merlin antibodies. B. Average p-merlin/merlin levels based on densitometry
based on samples from 3 nerves pooled for each condition and averaged from 4 separate
repetitions. Error bars present SEM. *p=0.0165, Student’s unpaired t-test. C. Frozen sections
of cut and uncut sciatic nerves were immunolabeled with anti-neurofilament 200 (NF200,
red) and anti-p-merlin (@green) antibodies. Nuclei were labeled with DAPI (blue). Right
column demonstrates combined image with superimposed staining showing presence of p-
merlin confined to the axons in in uncut nerve and increased diffuse p-merlin labeling of
denervated SCs following axotomy. Scale bar=10 pm.
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Figure 2.
Merlin is phosphorylated spiral ganglion Schwann cells after kanamycin-induced hair cell

loss. Cochlear frozen sections were labeled with anti-myosin VII, (green), anti-NF200 (red),
and phospho-merlin (p-merlin, green) antibodies.
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Figure 3.
Merlin status regulates p75NTR expression. A. Protein lysates from cut and uncut sciatic

nerves were collected 7,21, and 180 days following unilateral axotomy in wild type and
POSchA39-121 mice. Blots were probed with anti-p75NTRantibody and then stripped and re-
probed with anti-B-actin antibodies. B. Average p75NTR/B-actin levels based on
densitometry. Blots are from 3 nerve samples pooled for each condition and averaged from 4
separate repetitions for each time point. Error bars present SEM. *p<0.05 by two-tailed
Student t-test.
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Figure 4.
Merlin regulates p75NTR expression in cultured Schwann and schwannoma cells. A. SC

cultures from RosaCre:Nf2f/f mice were treated with (Tx +) or without (Tx ) tamoxifen.
Protein lysates were probed with anti-p75NTR and merlin antibodies. The blots were stripped
and reprobed with anti-B-actin antibodies. B. Average p75NTR/B-actin levels based on
densitometry based on blots from 3 separate repetitions. Error bars present SEM. *p=0.012
by two-tailed Student t-test. C. Primary VS cultures were transduced with Ad-empty vector,
Ad-merlin (wild-type), Ad-merlin S518A (unphosphorylatable), or Ad-merlin S518D
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(phospho-mimetic). Protein lysates were probed with anti-p75NTR and merlin antibodies.
The blots were stripped and reprobed with anti-p-actin antibodies.
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Figure. 5.
Lack of functional merlin results in decreased Schwann cell proliferation following

axotomy. A. Cut and uncut sciatic nerves from wild type (WT) and POSchA39-121 mice
treated with EAU were collected at 7 and 180 days following unilateral axotomy and frozen
sections were labeled for EdU using the Click-IT reaction (red). Nuclei are labeled with
DAPI (blue). Scale bar=100 pm. B. The number of EdU-positive SC nuclei was scored.
Counts represent the mean from 4 animals per group. Error bars present SEM. One way
ANOVA with post hoc Holm-Sidak was used to test for significance of differences *p<
0.05, ** p<0.001.
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Lack of functional merlin blunts Schwann cell apoptosis following axotomy. A. Cut and
uncut sciatic nerves from wild type (WT) and POSchA39-121 mice were collected at 7, 21,
and 180 days following unilateral axotomy and frozen sections were labeled with TUNEL
(red). Nuclei are labeled with DAPI (blue). Scale bar=100 um. B. The average number of
TUNEL-positive SC nuclei was scored. Counts represent the mean from 4 animals per
group. Error bars present SEM. One way ANOVA with post hoc Holm Sidak was used to
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test significance of differences *p< 0.05. The greatest difference between wild-type and
mutant mice occurred at post-axotomy day 7 (p< 0.001).
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Figure 7.
Merlin is necessary for p75NTR-mediated Schwann cell apoptosis. A. SC cultures from

RosaCre:Nf2f mice were treated with tamoxifen (Tx+) or carrier (Tx-) and subsequently
maintained in the presence or absence of proNGF (3nM). Cultures were labeled with
TUNEL and the number of TUNEL-positive SC nuclei was scored. B. Average number of
TUNEL-positive SC nuclei from 3 separate cultures for each condition. Error bars present
SEM. One way ANOVA with post hoc Holm Sidak was used to test for significance of
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differences. Scale bar=100 pm. C. Protein lysates from cultures were immunoblotted wth
anti-cleaved caspase3 antibody. Blots were stripped and reprobed with anti-p-actin antibody.
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