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Abstract: Facial nerve schwannomas (FNS) represents one of the more difficult treatment paradigms in neurotology.
The aim of this study is to investigate the molecular alterations of FNS, thus providing potential targets treatable
in the tumour. We for the first time suggest that the deficiency of merlin (the product of NF2 tumour suppres-
sor) is probably one of the key mechanisms underlying FNS tumourigenesis, although no disease-causing NF2
mutations were demonstrated in tumour samples. TMT-labeled spectrometry analysis was used to identify the
proteome of FNS relative to nerve controls. Eighty-four significantly deregulated proteins were identified, among
which the PML tumour suppressor showed the most significantly increased expression. The PML protein was
distributed in the nucleoplasm of non-tumorous Schwann cells, whereas it was preferentially confined to the cy-
toplasm of FNS cultures. Overexpression of PML and p53, partner proteins positively regulating each other to
trigger apoptosis, was further confirmed in FNS tissues/cultures, and this correlated with a significant decrease
in the proliferation of FNS cultures in comparison to Schwann cells. It is therefore probable that PML-p53 overex-
pression may occur as part of protective cellular mechanisms in response to the proliferation signal mediated by
loss of merlin in FNS, in accordance with the fact that the tumour is benign slow-growing. This hypothesis was sup-
ported by the finding that the p53 activator nutlin-3 could exert dose-dependent inhibitory effects on FNS cultures
via a cooperative induction of PML-p53 levels. Thus, the current study may present a potential treatment target
directed on the molecular mechanisms of this disease.
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Introduction Although a paucity of genetic studies specific to
FNS exists, multiple genetic studies of VSs,

Facial nerve schwannomas (FNS) are benign mixed types of schwannomas and schwanno-

neoplasms arising from the Schwann cells that
ensheath the facial nerve (cranial nerve Vll) at
any point along the nerve and patients most
commonly present with facial paresis and/or
hearing loss. In clinical practice, FNS are rarer
than their vestibular nerve (cranial nerve VI,
the most common site for the occurrence of
schwannoma) counterparts [1]. Similar to ves-
tibular schwannomas (VSs), FNS typically grow
slowly over time. Sporadic FNS represent
almost all cases; the tumour sometimes occurs
as part of two hereditary cancer syndromes -
neurofibromatosis type 2 [2] and schwannoma-
tosis [3].

matosis have been conducted. Loss-of-function
mutations of the NF2 gene on chromosome
22q is associated with the development of both
sporadic and neurofibromatosis type 2-related
schwannoma [4, 5]. Genes other than the NF2
gene are responsible for the development of
schwannomatosis-related schwannomas [6];
these patients harbor concomitant mutational
inactivation of SMARCB1 or LZTR1, both of
which are also located on chromosome 22q. In
a study comprising 17 sporadic schwannomas
[7], including 13 VSs, 3 cervical schwannomas,
and 1 FNS, 82% of the tumours had at least one
NF2 point mutation; interestingly, this FNS sam-
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ple had no such mutation, but showed loss of
22q arm instead. The NF2 gene product merlin
is @ multi-suppressor present in the cell mem-
brane and nucleus [8]. Mutation in the NF2
gene, leading to loss of merlin protein, causes
abnormal proliferation of schwannoma/Sch-
wann cells [9, 10].

Surgical treatment of FNS is challenging
because the risk of facial nerve injury is high.
There is a clear need to identify potential tar-
gets that are active and treatable in the tumour.
Mass spectrometry (MS) has emerged as a
comprehensive and versatile tool for in-depth
characterization of the protein components of
biological systems. The use of MS-based pro-
teomics to screen for proteins that may act as
drug targets has been reported in primary
human tumour cells of schwannomas and me-
ningiomas [11]. To our knowledge, the molecu-
lar biology of FNS remains largely unknown.
Here, we report our mutational analysis of three
schwannoma susceptibility genes (NF2, SMAR-
CB1, and LZTR1) among twelve sporadic FNS,
focusing on the proteomic identification of dif-
ferentially-expressed proteins in the tumour,
thus providing insights into the pathogenesis of
this disease.

Materials and methods
Tumour samples

In this study, we analyzed twelve FNS obtained
during surgical operations in our department.
Clinical diagnosis of FNS was established on
the basis of history, physical examination, char-
acteristic imaging features, and operative find-
ings. All of the cases were sporadic with no
family history. Four vestibular schwannomas
were included as positive controls of mutation
analyses. All tumours were subjected to histo-
logical examinations to confirm the diagnosis of
schwannomas. The tumours were either kept at
-80°C until DNA/protein extraction or collected
immediately for primary culture after resection.
Three great auricular nerves (GANs) obtained
during parotidectomy were included as non-
tumoral controls. Informed written consent was
obtained from all patients donating tissue. This
study was approved by the Institutional Review
Board of the ethics committee of The Ninth
People’s Hospital affiliated to School of Medi-
cine, Shanghai Jiao Tong University.
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Direct sequencing analysis

Sanger sequencing was conducted to detect
point mutations or small deletions/insertions
in the genes. DNA extraction from the tumour
specimens was performed using the TIANamp
Genomic DNA Kit (Tiangen Biotech, Beijing,
China). The whole coding sequence and exon-
intron boundaries of the genes were amplified
by the polymerase chain reaction (PCR) using
standard methods and underwent bidirectional
sequencing. The sequence data were analyzed
using the Sequencer 4.9 software (Genecode,
MI, USA) and compared with the sequences
of NF2 (NM_016418), LZTR1 (NM_006767.3)
and SMARCB1 (NM_003073.3) in GeneBank.
Mutations were described according to the
standard nomenclature for DNA sequence
changes reported by the Human Genome
Variation Society (HVGS).

Tandem mass tag (TMT) labeling quantitative
proteomic

In brief, tumour tissues were lysed, digested,
and TMT labeled according to the manufactur-
er’s protocol. TMT-labeled peptides were sepa-
rated and analyzed with a nano-UPLC (EASY-
nLC1200) coupled to Q-Exactive mass spec-
trometry (Thermo Finnigan). Separation was
performed using a reversed-phase column
(Acclaim PepMap RSLC, Termo Scientifc). Mo-
bile phase A consisted of 0.1% formic acid and
2% acetonitrile. Mobile phase B consisted 80%
acetonitrile and 0.1% formic acid. Mass spec-
trometry (MS) was performed in a data-depen-
dent mode with single full-scan mass spectrum
in the orbitrap (m/z 350-1600, 70000 resolu-
tion), and MS/MS scans were carried out in
data-dependent mode at 32 per cent collision
energy.

The resulting MS/MS data were processed
using MaxQuant with an integrated Andromeda
search engine (V.1.5.6.0). The protein sequence
database (Uniprot_organism_2016_09) was
downloaded from UNIPROT. This database and
its reverse decoy were then searched against
by MaxQuant software. Trypsin was set as spe-
cific enzyme with up to 3 miss cleavage;
Oxidation [M] and acetyl [protein N-term] were
considered as variable modification (max num-
ber of modifications per peptide is 3), and carb-
amidomethyl [C] was set as fixed modification;
False discovery rate (FDR) thresholds for pro-
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teins, peptides and modification sites were
specified at 1%. Only unmodified unique pep-
tides were used for quantification. For quantifi-
cation analysis, proteins were quantified by nor-
malized summed peptide intensities. Proteins
were considered to be significantly differentially
expressed if the TMT ratios were >1.5 or <0.67
in tumour samples compared to those in nerve
controls, with a P value <0.05, which was sta-
tistically analyzed by a paired t-test.

Protein-protein interaction (PPI) and functional
enrichment analysis

The STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) is a curated knowl-
edge database and used for illustration of pre-
dicted interactions of identified proteins and
neighbor genes. The proteins expressed signifi-
cantly differentially in tumours relative to con-
trols were processed in STRING v11.0 (https://
string-db.org/) to obtain high-confidence inter-
action data (score > 0.7). The PPl network was
visualized using the Cytoscape 3.2.1 software
(https://cytoscape.org/). The Kyoto Encyclope-
dia of Genes and Genomes (KEGG) database is
used to annotate the protein pathways. The
gene ontology (GO) analysis, including biologi-
cal process (BP), cellular component (CC), and
molecular function (MF), helps identify the bio-
logical traits for proteomics data. To annotate
the proteins at the functional level, KEGG pa-
thways and GO terms were analyzed with the
DAVID database (https://david.ncifcrf.gov/).
Statistically significant P values were set at
0.05 or less.

Western blotting

Tumour tissues or cells were ultrasonicated in
Lysis Buffer (Beyotime, Shanghai China) con-
taining 1 mM phenylmethanesulfonyl fluoride.
Tissue/cell extract samples were subjected to
Western blotting with anti-PML (#ab179466,
Abcam), anti-CD44 (#ab189524, Abcam), anti-
merlin (#HPAOO3097, Sigma-Aldrich), anti-p53
(#P6874, Sigma-Aldrich) and anti-B-actin (#A1-
978, Sigma-Aldrich) antibodies. The blots were
detected using a chemiluminescence HRP sub-
strate (Millipore). The intensities of the bands
on blots were analyzed using Imager Lab
Software (Bio-Rad).

Immunohistochemistry

Four-micrometer-thick sections were cut for
immunohistochemical studies, which were per-
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formed using standard techniques, heat in-
duced epitope retrieval buffer, and primary
antibodies against Ki-67 (Abcam; #ab189524)
and cleaved-Caspase 3 (Cell Signaling; #9664)
at 4°C overnight. On the following day, biotinyl-
ated secondary antibodies were applied, fol-
lowed by the addition of streptavidin-peroxi-
dase conjugate. After visualization with DAB,
the tissue sections were briefly counterstained
with hematoxylin.

Cell culture and immunofluorescence

Human Schwann cells (HSC) were purchased
from ScienCell Research Laboratories (Cat. No.
1700; Carlsbad, CA, USA), and cultured in Sch-
wann Cell Medium (ScienCell, Cat. No.1701).
The primary culture of FNS was performed
according to protocols previously described
[12]. Briefly, tumour tissues were cut into 1
mm?3 segments, washed with phosphate-buff-
ered saline, and then incubated in media with
enzyme mixture containing 250 U/mL Hyalu-
ronidase Type I-S (Sigma-Aldrich, MO, #C1639)
and 160 U/mL Collagenase Type | (Sigma-
Aldrich, MO, #3506) in DMEM/F12 medium for
18 h at 37°C. After the enzymatic incubation of
the culture, the cells were re-suspended in
Schwann Cell Medium, passed through a 200
mesh filter screen, and finally transferred to
6-cm culture dishes pre-coated with poly-Lorni-
thine and laminin (BD Biosciences, MA, #35-
4232). For immunofluorescence, cells on glass
slides were fixed with 4% paraformaldehyde,
permeabilized in 0.3% Triton X-100, and then
blocked with bovine serum albumin before the
incubation with anti-PML (#ab179466, Abcam),
anti-p53 (#P6874, Sigma-Aldrich) antibodies
and Alexa Fluor® 488 Phalloidin (#A12379,
Thermo) used for F-actin cytoskeleton. Alexa-
488- and Alexa-555-conjugated goat anti-
mouse and goat anti-rabbit antibodies were
used as secondary antibodies. The sections
were nuclear counterstained with 4, 6-Diami-
dino-2-phenylindole (DAPI, #1985274, Thermo).
Images were acquired using a confocal micro-
scope (LSM 880; Carl Zeiss GmbH, Germany).

Cell viability and EdU incorporation assays

Nutlin-3 (#S1778, Beyotime) was dissolved in
DMSO at a concentration of 20 mg/mL until
use. The effect of the drug on cell viability was
determined by a Cell Counting Kit-8 (CCK-8;
Dojindo Laboratories, Kumamoto, Japan). Brie-
fly, cells were grown to 50% confluency in
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96-well plates before the incubation with differ-
ent concentrations of Nutlin-3. At each speci-
fied time point, 10 ul/well CCK-8 solutions were
added and cells were incubated for an addition-
al 1 h at 37°C. The absorbance of each well
was analyzed at 450 nm using a SpectraMax-
190 microplate reader (Molecular, USA). The
DNA synthesis activity of cells was assessed by
the 5-ethynyl-20-deoxyuridine (EdU, Guangzhou
RiboBio Co., Ltd.) labeling as previously
described [13]. Images were captured under
LAS AF software V4.3 (Leica Microsystems,
Inc., Buffalo Grove, IL, USA). DAPI staining was
used to determine the total cell number within
each field of view. Quantification of EdU incor-
porating-cells was calculated as follows: EdU-
positive cell numbers/total numbers x100%.

Statistical analysis

Statistical analyses were performed using the
SPSS statistics software (SPSS, Chicago, IL).
Data were expressed as mean + standard devi-
ation (SD) from at least three independent
experiments. The between-group differences
were assessing using one-way analysis of vari-
ance (ANOVA) or Student’s t-test. P<0.05 was
considered statistically significant.

Results

Mutational analyses reveal no significant
disease-causing mutations in FNS

Mutational analysis revealed that 5 of 12 FNS
harbored at least one silent (alias synonymous)
mutation within LZTR1 or SMARCB1. The varia-
tions ¢.210G>A and ¢.1683C>T in LZTR1 occu-
rred more frequently. However, DNA analysis
for NF2 yielded negative results in all these
specimens (Table S1). These synonymous vari-
ations were not likely to be disease-causing
mutations because they did not affect the
amino acid sequence of the resulting protein. In
their vestibular counterparts as controls, two
patients, T554 and T563, were identified with a
truncating mutation that resulted in an abnor-
mal protein. Additionally, the vestibular schwan-
noma T561 also had a synonymous mutation
c.210G>A in LZTR1, suggesting these varia-
tions were not specific to FNS.

Proteomics analysis of FNS compared with
normal nerve controls

Using tandem mass tag protein labeling analy-
sis, 84 proteins were significantly and differen-
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tially expressed in FNS compared with normal
nerves (Table S2). Among these proteins, 38
and 46 proteins were found to be up- and down-
regulated, respectively (Figure 1A). The top 10
proteins up-regulated or down-regulated in FNS
were shown in Table 1. PMP2, the peripheral
myelin protein, was the most highly down-regu-
lated protein. However, this protein was found
to be overexpressed in dermal and vestibular
schwannomas [14, 15]. A possible explanation
for the conflicting results is the variable expres-
sion patterns of PMP2 in schwannomas of dif-
ferent nerve origin. The promyelocytic leukemia
(PML) protein showed the most significantly
increased expression. PML, a tumour suppres-
sor implicated in apoptosis, was initially discov-
ered in patients with acute promyelocytic leu-
kemia [16]. Since then, its importance has
been emerging far beyond leukemia, to an
extensive range of neoplasms, including solid
tumours [17]. Koken and colleagues [18] ob-
served a gradual increase in PML expression
from benign dysplasia to carcinoma. When the
malignant cells turned invasive, they lost PML
expression. Another interesting observation ca-
me from Zhu and colleagues [19], who reported
the up-regulation of PML in nuclear receptor
tailless (TIx)-mutant brain tumours that are very
small and benign, suggesting a general inhibi-
tion of tumour growth after TIx inactivation.
These findings are consistent with the func-
tions of PML as a tumour suppressor or a pro-
apoptotic factor. The suppression of apoptosis
is generally considered the focal mechanism of
tumorigenesis and, in other words, increased
apoptosis presumably results in slow tumour
growth. Therefore, PML overexpression may
contribute to anti-tumour activity in FNS, lead-
ing to the tumor being benign and slow-
growing.

A protein interaction network was generated
using the STRING database to identify potential
binding partners for host-specific biomarkers
(Figure 1B). A protein-protein interaction ‘hot
spot’ was shown in CD44 with its neighbors
(PML, CD9, CD34, LAMA2, LAMB1, ALDH1A1,
ITGAV, GBA, RDX, DCN, and NID1). CD44 was
identified as one of the top most significantly
increased proteins in FNS; the protein plays a
key role in Schwann cell-neuron interactions
and shows increased expression in vestibular
schwannomas [20]. Additionally, the ribosomal
proteins RPL28, RPL3, RPS28, RPS3, and
RPS9 and the amyotrophic lateral sclerosis-
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Figure 1. Proteomic analysis of differentially expressed proteins between FNS and nerve controls (CON). A. Hierarchically clustered heat maps of the 84 significantly
deregulated proteins in 3 samples from each group. Among these proteins, 38 and 46 proteins were found to be up- and down-regulated, respectively. PML showed
the most significantly increased expression. Red represents a high z-score, and blue represents a low z-score; the “row names” FNS.1-3 indicate tumours T333,
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Table 1. The top 10 proteins up-regulated or down-regulated in FNS compared with nerve control

Gene_symbol Protein_name Fold changes
PML promyelocytic leukemia 3.36
CD44 CD44 molecule 3.29
NDUFA2 NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 2 3.11
RDX radixin 2.72
CAPG capping protein (actin filament), gelsolin-like 2.61
SYNPO synaptopodin 2.6
ALDH1A1 aldehyde dehydrogenase 1 family, member A1 2.51
PTGS1 prostaglandin-endoperoxide synthase 1 2.48
FAM21A family with sequence similarity 21, member A 2.44
ITGB8 integrin, beta 8 2.38
PMP2 peripheral myelin protein 2 0.05
EPB41L3 erythrocyte membrane protein band 4.1-like 3 0.06
FGL2 fibrinogen-like 2 0.06
MBP myelin basic protein 0.07
INA internexin neuronal intermediate filament protein, alpha 0.08
MPZ myelin protein zero 0.08
PRPH peripherin 0.09
NEFM neurofilament 0.08
PRX periaxin 0.08
LTF lactotransferrin 0.11

related proteins NEFH, NEFL, NEFM, and PRPH
formed a prominent tightly connected protein
network. The differentially expressed proteins
were then subjected to Gene Ontology (GO)
analysis (Figure 2A-C) and were categorized
into three GO groups-biological processes (BP),
cellular components (CC), and molecular func-
tions (MF). Up-regulated proteins were signifi-
cantly involved in GO terms such as cellular
process, cytoplasm, and peptide/protein bind-
ing, while down-regulated proteins were associ-
ated with GO terms such as cellular process,
intracellular organelle and amide binding (Table
S3). When KEGG analysis was performed
(Figure 2D), the most frequently enriched path-
ways were found to be associated with the
extracellular matrix-receptor interaction (CD44,
ITGAV, ITGB8, LAMA2, and LAMB1) and cell
adhesion (CD34, CNTN1, ITGAV, ITGB8, MAG,
and MPZ), both of which have been predicted
to play important roles in schwannoma biology
[21, 22].

Western blotting analysis of merlin, CD44 and
PML-p53 partners

Western blotting serves as a more specific and

efficient method of validation, when targets are
narrowed down to individual functionally rele-
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vant proteins. Next, we used the method to
confirm our proteomic findings of two signifi-
cant candidates (PML and CD44) along with
proteins of interest, including the NF2 product
merlin (Figure 3). The blots showed significantly
increased levels of CD44 (4.9-fold) and PML
(18.2-fold) in FNS relative to nerve controls,
confirming their differential expression pat-
terns determined in proteomic analysis. Althou-
gh there was a considerable amount of merlin
in nerve controls, zero or very low levels of the
protein were observed in FNS samples. How-
ever, no detectable mutations were observed
in the NF2 gene associated with merlin defi-
ciency, in any of these tumours. One possible
explanation is that the tumours may have har-
bored undetected mutations in the NF2 gene.
Similar observations were found in vestibular
schwannomas in which merlin loss frequently
occurred without NF2 mutations [23]. The defi-
ciency in merlin protein coincided with CD44
up-regulation in FNS (Figure 3), further confirm-
ing a previous report indicating that merlin
depletion was associated with an increased
CD44 expression in Schwann cells [10].

A critical anti-cancer function of PML is to facili-
tate the stabilization of the key tumour sup-
pressor p53 [24]. PML is also a transcriptional

Am J Transl Res 2020;12(8):4237-4250
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Figure 2. Enrichment analysis of GO terms and KEGG pathways. (A-C) The GO terms in the biological process (A),
cellular component (B) and molecular function (C) categories are depicted. Up-regulated proteins were significantly
involved in GO terms such as cellular process, cytoplasm, and peptide/protein binding, while down-regulated pro-
teins were associated with GO terms such as cellular process, intracellular organelle and amide binding. (D) KEGG
analysis showed that the most frequently enriched pathways were associated with extracellular matrix-receptor in-
teraction and cell adhesion. The color of each dot denotes the P value, and the size of each dot denotes the number

of proteins involved in each pathway.
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Figure 3. The expression of PML, CD44, merlin and p53 in FNS compared with
nerve controls by Western Blotting. The left panel shows representative West-
ern blot bands of the four target proteins for each group. The blots showed
significantly increased levels of CD44 (4.9-fold) and PML (18.2-fold) in FNS
relative to nerve controls, confirming their differential expression patterns de-
termined in proteomic analysis. P53, a partner protein of PML, was found to
be overexpressed in FNS samples Zero or very low levels of the protein were
observed in the tumours. The band intensities of proteins in each group are
normalized to B-actin to obtain a gray scale value. The average gray scale val-
ues of target proteins in FNS group are expressed relative to those in the nerve
control group to obtain relative average gray scale values, which were listed in
the right panel. Data are presented as the mean + SD. *P<0.05; **P<0.01
compared with controls. Full-length gels are presented in Figure S1.
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tein was preferentially con-
fined to the cytoplasm of
tumour cells (Figure 4B).

Overexpression of PML and
p53 is associated with the
benign behavior of FNS

Tumourigenesis reflects a
loss of balance between cell
proliferation and cell death.
The occurrence of apoptosis
in schwannomas has al-
ready been reported by sev-
eral studies [29-31]. An ear-
lier proteomic study [32]
on vestibular schwannomas
has shown increased expre-
ssion of four proteins (Anne-
xin V, Annexin A4, Annexin
A2, and YWHAZ) that are
likely to accelerate apopto-
sis. Similar to PML, p53 tu-
mour suppressor plays an
important role in the induc-
tion of apoptosis and cellu-
lar senescence. An elevated
p53 level was previously

target of p53 [25], implying that the two tumour
suppressors regulate each other through a pos-
itive regulatory loop. The partner proteins, PML
and p53, have been reported to be overex-
pressed in gallbladder carcinoma [26]. We
showed that both proteins were up-regulated in
FNS relative to nerve controls (Figure 3). This
finding agreed with the changes in protein ex-
pression observed in FNS cultures (FSC) com-
pared with human Schwann cells (HSC) (Figure
4A). PML displays tumor suppression func-
tions by acting both in the cytoplasm and
nucleus [27]. In normal cells, PML is enriched
in discrete nuclear substructures known as
PML-nuclear bodies (PML-NBs), which form a
speckled pattern [28]. In HSC, as expected,
PML exhibited a speckled pattern of distribu-
tion in the nucleoplasm. Interestingly, FSC dis-
played an altered PML-staining pattern; the pro-
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demonstrated to induce senescence in benign
meningiomas and to protect against recurrence
[33]. The observation that the apoptotic mark-
ers PML and p53 were up-regulated in FNS was
supported by the fact that FNS are benign,
slow-growing tumours. The proliferation of FSC
was investigated using the 5-ethynyl-2’-deoxy-
uridine (EdU) incorporation assay. Consistent
with the nature of FNS, the percentage of EdU-
positive cells was significantly lower (8.2+2.3%
vs. 58.9+13.2%; P=0.003) in FSC than in HSC
(Figure 4C, 4D).

Immunohistochemistry staining of Ki-67 and
Cleaved caspase-3 may provide information on
cell death or cell proliferation in FNS. The Ki-67
nuclear antigen is associated with cell prolifer-
ation. Cleaved caspase-3 detects endogenous
levels of the large fragment of activated cas-
pase-3, a protease that mediates apoptosis. As
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Figure 4. Comparison of PML/p53 expression and proliferation between primary facial nerve schwannoma cells
(FSC) and Human Schwann cells (HSC). A. Western Blotting demonstrated that both PML and p53 proteins were up-
regulated in FSC compared with HSC. B. PML showed a speckled pattern of distribution in the nucleoplasm of HSC
by immunofluorescent staining. PML was preferentially confined to the cytoplasm of FSC. Scale bar =25 ym. C. The
proliferation of FSC compared with HSC was investigated using the 5-ethynyl-2’-deoxyuridine (EdU) incorporation
assay. Representative images of EdU labelling and DAPI staining were shown. D. The percentage of EdU-positive
cells was significantly lower (8.2+2.3% vs. 58.9+13.2%; P=0.003) in FSC than in HSC. Quantification of EdU incor-
porating-cells is calculated as follows: EdU-positive cell numbers (red dots)/total numbers (blue dots) x100%. Scale
bar =100 um. At least 3 random images are taken from each well. Data are represented as mean + SD. **P<0.01

compared with controls. Full-length gels are presented in Figure S2.

shown in Figure 5, significantly higher expres-
sion of cleaved-Caspase 3 was noted in FNS
than the nerve control. Furthermore, no signifi-
cant expression of Ki-67 was detected in both
tumors and nerve control. The increase in the
expression of cleaved-Caspase 3 was associ-
ated the regulation of apoptosis by PML and
p53 in FNS, and was therefore consistent with
the benign behavior of FNS.

Coordinated induction of the PML-p53 level
inhibits the proliferation of FNS cultures (FSC)

Because PML and p53 regulate each other
through a positive regulatory loop, further indu-
ction of p53 and PML levels may inhibit the
growth of FNS. One of the most promising p53
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activating agents is nutlin-3, which binds to the
p53 inhibitor Mdm2, leading to the stabilization
of p53 protein. Nutlin-3 is selective for p53
because the agent induces cell cycle arrest in
wild-type cells, but not p53-null cells [34].
Recent studies have demonstrated that nut-
lin-3, used alone or in combination with other
drugs, can effectively block the proliferation of
primary cultures from vestibular schwannomas
through p53 reactivation [23]. Next, we asked
whether the induction of p53 by nutlin-3 inhib-
ited the proliferation of FNS cultures, and spe-
cifically, whether this drug will trigger p53-medi-
ated up-regulation of PML. The FNS cultures
were subjected to nutlin-3 (15 and 30 uM) for
24 and 48 h. As shown in Figure 6A, the cell
viabilities decreased in a dose- and time-
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Nerve control FNS(#T585) FNS(#T558) FNS(#T333)

Cleaved-caspase-3

Ki67

Figure 5. Expression of cleaved-Caspase 3 and Ki67 in FNS compared with normal nerve control by Immuno-
histochemistry. Significantly higher expression of cleaved-Caspase 3 (upper part) is noted in FNS (tumours #T585,
#1558, and #T333) than the great auricular nerve control. No significant expression (<5% immunostaining) of Ki-67
(lower part) was detected in both tumor and nerve control. Scale bar =100 pym.

PML P53

Figure 6. Inhibitory effects of nutlin-3 on the proliferation of facial nerve schwannoma cells (FSC) in vitro. A. FSC
were treated with different doses of nutlin-3 for 24 and 48 h. CCK-8 assays showed that the cell viabilities de-
creased in a dose- and time-dependent manner in response to nutlin-3. Data are represented as mean + SD.
*P<0.05, **P<0.01 and ***P=0.001 compared with controls. B. Western blotting showed the changes in the
levels of PML and p53 in response to nutlin-3 at different doses for 24 h. P53 was induced by nutlin-3 treatment
in a dose-dependent manner, and the induction occurred concomitantly with an increase in PML production. C.
Immunofluorescence analysis shows no significant alterations in the subcellular localization of PML and p53 upon
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nutlin-3 treatment at 30 uM for 24 h. Scale bar =25 pm. Full-length gels are presented in Figure S3.

dependent manner in response to nutlin-3. The
viability of FSC (45.7+15.3%; P=0.001) with
nutlin-3 at 30 uM was significantly decreased
compared with that of DMSO-treated control
cells on day 1. Western blotting showed that
p53 was induced by nutlin-3 treatment in a
dose-dependent manner, and the induction
occurred concomitantly with an increase in
PML production (Figure 6B). This observation
was consistent with the notion that overexpres-
sion of PML/p53 may be one of the tumour sup-
pressor mechanisms in FNS. In contrast to the
large differences in p53 and PML levels upon
nutlin-3 treatments, immunofluorescence anal-
ysis revealed no obvious changes in the subcel-
lular localization of the two proteins (Figure 6C).
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Discussion

FNS represents one of the more difficult treat-
ment paradigms in neurotology, and due to its
low prevalence, there is a lack of molecular
data concerning this disease. In contrast to the
frequent occurrence of truncating mutations of
NF2 in vestibular schwannomas, none of the
FNS samples in our study showed such muta-
tions. The lack of NF2 mutations did not corre-
late with the deficiency of merlin protein in the
tumour samples analyzed. These cases may
show loss of heterozygosity (LOH) of chromo-
some 22 or large deletions involving the NF2
gene that was not detectable by direct sequenc-
ing. This notion agreed with a previous study
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showing the loss of 22q in an FNS sample [2].
Agnihotri and colleagues [4] have recently iden-
tified mutations in additional genes not previ-
ously reported in sporadic schwannomas (64
vestibular and 62 spinal schwannomas), includ-
ing ARID1, DDR1, TAB3, ALPK2, CAST and
TSC1/2. Therefore, it cannot be excluded that
an initial mutation in other genes exists and is
somehow implicated in regulating the expres-
sion or stability of merlin, thus leading to the
loss of the protein.

It is widely accepted that the loss of function of
merlin is central to the pathogenesis of schwan-
nomas [35]. The inactivation of merlin was
shown to trigger the activation of signaling pa-
thways contributing to schwannoma prolifera-
tion, including Ras, Rac, mitogen-activated pro-
tein kinase, p21-activated kinase, and various
receptor tyrosine kinases [36]. However, signifi-
cant apoptotic expression has been described
in the skin and subcutaneous schwannomas
[30]. A high apoptotic index was found to cor-
relate with a high proliferation rate, and was
observed after radiotherapy for recurrent sch-
wannomas [29, 31]. The current study revealed
the first comprehensive proteomic profiling of
FNS. One of the most significant results was
the aberrant expression of PML-p53 partner
proteins in FNS. The accumulation of yes-asso-
ciated protein (YAP), a major effector of the
Hippo pathway, triggers the formation of a PML-
YAP complex, whose activity is associated with
the pro-apoptotic functions of p53 [37]. Thus,
YAP appears to bridge the tumour-suppressor
activities of p53 and PML. Indeed, in several
models, the loss of merlin expression results in
the nuclear accumulation of YAP [38, 39]. Con-
sidering these findings, it is likely that deregula-
tion of PML-p53 may occur as part of the pro-
tective cellular mechanisms in response to the
proliferation signal mediated by the loss of mer-
lin expression in FNS. Up-regulation of the
apoptotic markers, PML and p53, in FNS were
consistent with the observation that the in vitro
proliferation of tumour cells was significantly
suppressed compared with that of Schwann
cells.

The pro-apoptotic roles of PML-p53, partner
proteins positively regulating each other to trig-
ger apoptosis, highlight the therapeutic poten-
tial of the induction of both proteins in the treat-
ment of FNS. Therefore, using pre-existing
drugs (e.g., nutlins) that target p53, it may be
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possible to further induce coordinated expres-
sion of PML and p53 to suppress the growth of
FNS. Nutlin-3 has shown considerable promise
in preclinical studies against cancers [40].
Recently, we have indicated that p53 activation
by nutlin-3 can lead to an impressive regres-
sion in schwannoma cell lines RT4 and HEI-
193, and murine xenograft models of both cell
lines [23]. The present study suggested that
nutlin-3 exerted inhibitory effects on FNS cul-
tures by promoting the protein levels of p53
and PML in a dose- and time-dependent man-
ner, although the detailed contribution of PML
relative to p53 during the treatment remains
unknown.

Our study has some limitations. First, the study
involved only 12 cases of sporadic FNS,
because of the low prevalence of the tumour.
Increased sample sizes are needed for future
analysis. We chose the great auricular nerves
(GANs) for proteomics and western blotting
analyses because the normal facial nerves are
difficult to obtain. Nevertheless, schwannomas
and diseases of the GANs are exceptionally
rare, making it an excellent source of healthy
Schwann cells. Second, we used Sanger se-
quencing as the method for detecting muta-
tions. However, this method only detects point
mutations or small deletion/insertions. To fully
reveal the mutational status of the NF2 gene in
FNS, a future study should involve a combina-
tion of approaches including direct sequencing,
multiplex ligation-dependent probe amplifica-
tion, and LOH analysis. liquid chromatography-
tandem mass spectrometry (LC-MS/MS)-based
methodology is not sensitive enough to detect
small and highly charged peptides, hydropho-
bic membrane proteins, and lowly expressed
proteins [41, 42]. The merlin protein is a good
example, because changes in merlin expres-
sion levels cannot be detected by LC-MS/MS
[11]. Because LC-MS/MS and capillary electro-
phoresis-tandem mass spectrometry are highly
complementary techniques in identifying pep-
tide sequences, employing both techniques in
future investigations might result in substan-
tially increased proteomic information. Finally,
the primary cultures of FNS were only grown for
a limited number of cell passages, making it
difficult to carry out in-depth investigations-for
example, overexpression/knockdown experi-
ments to confirm the regulation of PML in the
proliferation and apoptosis of FNS cultures.
Despite these limitations, the current study
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may present a potential treatment target for
FNS.
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Table S1. Genetic information of patients with sporadic facial nerve schwannoma (FNS) and vestibular schwannomas (VSs) as controls

NF2 gene point mutation LZTR1 gene point mutation SMARCB1 gene point mutation
Case  Diagnosis Exo Sequepce Codon Consequence Exon Sequer?ce Codon Consequence Exon Sequepce Codon Consequence
alteration alteration alteration
1333 FNS None None None None None None None None None None None None
T405 FNS None None None None None None None None None None None None
T475 FNS None None None None EO2 ¢.210G>A p.K70K  Synonymous EO7 ¢.897G>A p.S299S Synonymous
E18 ¢.2208C>T p.P736P  Synonymous
T562 FNS None None None None E15 ¢.1683C>T p.R561R  Synonymous None None None None
T558 FNS None None None None E15 ¢.1683C>T p.R561R  Synonymous None None None None
7585 FNS None None None None EO2 ¢.210G>A p.K70K Synonymous None None None None
E15 ¢.1683C>T p.R561R  Synonymous
T611 FNS None None None None None None None None None None None None
1274 FNS None None None None None None None None None None None None
1278 FNS None None None None None None None None None None None None
T464 FNS None None None None None None None None None None None None
T474 FNS None None None None None None None None None None None None
1528 FNS None None None None EO2 ¢.210G>A p.K70K Synonymous None None None None
1543 VSs None None None None None None None None None None None None
1554 VSs E13 ¢.1437delC p479pfs*6  Frameshift None None None None None None None None
T561 VSs None None None None EO2 ¢.210G>A p.K70K Synonymous None None None None
T563 VSs EO2 ¢.169C>T p.R57- Nonsense None None None None None None None None
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Table S3. Gene Ontology (GO) analyses of the up- and down-
regulated proteins

Category Term Count
Up-regulated proteins
BP Cellular process 32
Response to stimulus 22
localization 21
Macromolecule localization 16
Response to organic substance 14
Response to stress 13
Cellular localization 13
Protein localization 13
Anatomical structure development 12
Developmental process 12
cC cytoplasm 30
intracellular 28

Intracellular membrane bounded organelle 24

Membrane bounded organelle 23
Intracellular organelle 22

Cell periphery 22

Plasma membrane 21

vesicle 20

membrane 19
Extracellular region 17

MF Peptide binding 35
Protein binding 33

Amide binding 28

Identical protein binding 15

RNA binding 10

Enzyme binding 8

Protein containing complex binding 7
Cytoskeletal protein_binding 7
Actin binding 7

Structural molecule activity 6

Down-regulated proteins

BP Cellular process 38
Anatomical structure development 25

Developmental process 25

Response to stimulus 24

System development 24

Multicellular organism development 24

localization 20

Cell differentiation 17

Animal organ development 16

Response to stress 13

CcC intracellular 41
Intracellular organelle 40

Membrane bounded organelle 39

cytoplasm 35

membrane 32
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Extracellular region 28

Extracellular vesicle 28

Extracellular exosome 27

vesicle 26

Extracellular space 26

MF Amide binding 35
Protein binding 30

Peptide binding 28

Structural molecule activity 13

Identical protein binding 12

Protein containing complex binding 9
Enzyme binding 8

Protein dimerization activity 7
Protein domain specific binding 7
Cytoskeletal protein binding 6

Figure S1. Original WB data for Figure 3. A. Full-length gel for Merlin. B. Full-length gel for CD44. C. Full-length gel
for PML. D. Full-length gel for P53. E. Full-length gel for B-actin.
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Figure S2. Original WB data for Figure 4. A. Full-length gel for PML. B. Full-length gel for P53. C. Full-length gel for
B-actin.

Figure S3. Original WB data for Figure 6. A. Full-length gel for PML. B. Full-length gel for P53. C. Full-length gel for
B-actin.



