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Abstract: The use of radiation treatment has increased for both sporadic and neurofibromatosis
type 2 (NF2)-associated vestibular schwannoma (VS). However, there are a subset of radioresistant
tumors and systemic treatments that are seldom used in these patients. We investigated molecular
alterations after radiation in three NF2-associated and five sporadically operated recurrent VS after
primary irradiation. We compared these findings with 49 non-irradiated (36 sporadic and 13
NF2-associated) VS through gene-expression profiling and pathway analysis. Furthermore, we
stained the key molecules of the distinct pathway by immunohistochemistry. A total of 195
differentially expressed genes in sporadic and NF2-related comparisons showed significant
differences based on the criteria of p value <0.05 and a two-fold change. These genes were involved
in pathways that are known to be altered upon irradiation (e.g., mammalian target of rapamycin
(mTOR), phosphatase and tensin homolog (PTEN) and vascular endothelial growth factor (VEGF)
signaling). We observed a combined downregulation of PTEN signaling and an upregulation of
mTOR signaling in progressive NF2-associated VS after irradiation. Immunostainings with mTOR
and PTEN antibodies confirmed the respective molecular alterations. Taken together, mTOR
inhibition might be a promising therapeutic strategy in NF2-associated VS progress after
irradiation.

Keywords: neurofibromatosis type 2; microarray analysis; radioresistance; signaling; vestibular
schwannoma

1. Introduction

Vestibular schwannomas (VS) are the most common lesions of the cerebellopontine angle and
occur with an incidence of 1:100,000 per year [1,2]. In rare cases, these tumors can appear bilaterally
as typical hallmarks of the tumor prone disorder neurofibromatosis type 2 (NF2) [1,3]. Patients with
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NF2-associated VS not only get symptomatic earlier but also suffer additional benign nervous
system tumors (e.g., meningiomas, non-VS schwannomas, and ependymomas) and/or are associated
with other manifestations such as vascular disease [4,5]. Even though they are slow growing tumors,
VS can cause hearing loss, tinnitus, dizziness, facial palsy, and, if large enough, hydrocephalus and
death [1,3,4]. Established treatment options are microsurgery [6,7], radiation treatment [8,9], or, for
patients with NF2-associated VS, systemic therapy (e.g., with bevacizumab) [10,11]. Particularly in
young patients with NF2, good short-to-medium-term hearing results and growth control can be
achieved by electrophysiological-guided microsurgery [7,12].

In contrast to sporadic VS, the use of radiosurgery in NF2-associated VS remains controversial
due to a 20-40% chance of hearing impairment as a result of treatment [13,14] and the rare risk of
malignant transformation [15]. Furthermore, radiosurgery has also been described to be less
effective regarding tumor control rates in NF2-associated VS [14]. There is a 2-9% risk of tumor
regrowth for sporadic tumors [16] and 12.5% for NF2-associated tumors [17]. However, this
treatment modality is useful and an effective option for patients who are considered to be at high
risk for surgical complications or in tumors that progress after surgery [18]. The molecular effects of
irradiation on the biology of VS, particular in recurring or progressing tumors after radiation
treatment, are not fully understood.

The role of the tumor suppressor gene NF2, which is located on chromosome 22q12 and its
protein product moesin—ezrin-radixin-like protein (merlin) is well established in the biology of VS
and NF2 [19-21]. A dysfunction of merlin (also known as schwannomin or neurofibromin 2) is a
common mechanism in VS and other NF2-associated tumors [19,22-26]. In addition, merlin loss or
inactivation leads to the dysregulation of signaling pathways that regulate cell survival, growth and
proliferation [27-31].

However, the inactivation of the NF2 gene is not found in every VS, which possibly indicates
additional mechanisms that might be involved in tumorigenesis [3,32]. Gene expression profiling
and pathway analysis in other studies have identified a high range of tumor-related candidate genes
and pathways that contribute to the biology of VS [19,26,33-39]. None of these studies, however,
have investigated differences between irradiated tumors and their controls.

In the current study, we conducted a whole-genome microarray approach to identify
statistically significant differences at the transcriptome level between recurrent irradiated VS and
non-irradiated controls. We therefore used microdissected tumor samples of eight recurrent
irradiated VS (five sporadic and three NF2-associated VS) and compared them with 49
non-irradiated controls (36 sporadic and 13 NF2-associated VS). In a canonical pathway analysis and
immunohistochemical investigation, the aberrant activation of signaling pathways involved in
tumor biology were observed.

2. Results

2.1. Clinical Data

Detailed clinical and summarized demographic data are given in Supplementary Table S1 and
Table 1. Overall, the majority of patients had large (T3 and T4) tumors (96%). Only two tumors were
small (T1 and T2) and associated with NF2. Pre-operatively, hearing was functional (Gardner and
Robertson Scale (G-R) grades 1 and 2) in 28%, non-functional (G-R grades 3 and 4) in 16%, and 32%
were deaf (G-R grade 5). Irradiated sporadic ears exhibited worse G-R grades compared to their
non-irradiated controls. Facial nerve function was good/excellent (House and Brackmann Facial
Nerve Grading System (H-B) grades I and II) in the vast majority, 84%, of patients.

Before surgery, most patients suffered from hearing loss (88%), followed by trigeminal nerve
dysfunction (hyp-/dysesthesia, neuralgia, reduced/lost corneal reflex, 46%), gait disturbances (37%),
tinnitus (35%), and facial palsy (34%), and (25%) had an event of sudden hearing loss.

We observed no significant difference in sex, the age at time of diagnosis/surgery, tumor size,
the presence of tinnitus, gait disturbances and vertigo, the dysfunction of the trigeminal nerve, or the
event of sudden hearing loss between the groups. Nevertheless, of the predictor variables, only
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facial nerve function (H-B grade) was significantly (p = 0.02) worse in both irradiated sporadic and
NF2-associated (mean H-B grade 3 + 1.4) compared to the non-irradiated sporadic and

NEF2-associated group (mean H-B grade 1.4 + 0.9).

All patients with NF2 exhibited mutations in the NF2 gene (Supplementary Table S1).

Radiation treatment was carried out in various fractionations, but mainly radiosurgically.

Table 1. Clinical and demographic data of 49 non-irradiated and eight irradiated vestibular

schwannomas (VS).

Non-Irradiated

Irradiated VS (8)

VS (49)
SPO NF2 SPO
G ay i 2O

Sex

male 23 6 1 3

female 13 7 4 0
Operation side

left 24 5 3 0

right 12 8 2 3
Age at diagnosis in year 44+12 258 49+£10 32+12
(mean = std, range) 25-76 11-40  33-62 2449
Age at surgery in year 45+12 257 51+12 33x11
(mean = std, range) 25-76 11-40  33-67 2549
Age at radiation treatment 49+11 29+12
(mean * std, range) 31-64 2047
Tumor size (Hannover classification system [40]) pre-op

T1 0 1 0 0

T2 0 1 0 0

T3 11 3 1 1

T4 25 8 4 2
G-R Class [41] pre-op

1 4 1 0 0

2 11 0 0 0

3 8 0 2 0

4 0 0 0 0

5 4 9 3 2

Not available 9 3 0 1
H-B Class [42] pre-op

I 28 8 2 0

I 8 1 1 0

11 0 1 1 1

v 0 1 0 0

Vv 0 2 1 2
Clinical symptoms pre-op

Tinnitus 17 2 1 0

Event of sudden hearing loss 12 2 0 2

Vertigo 19 3 4 0

Gait disturbances 13 8 0 1

Trigeminal nerve dysfunction (hyp-/dysesthesia, 16 6 3

reduced/loss of corneal reflex, neuralgia)
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G-R: Gardner and Robertson Scale [41], H-B: House and Brackmann Facial Nerve Grading System
[42]; NF2: neurofibromatosis type 2 association; SPO: sporadic.

2.2. The mTOR and PTEN Signaling Seem to Be of Potential Interest in Recurrent Irradiated NF2-Associated
Vestibular Schwannomas

A microarray analysis was performed, as described in detail in the Material and Methods
Sections 4.3 and 4.4. By using the statistically significant criteria of a minimum of two-fold log fold
change and a multiple adjusted p-value < 0.05, we identified 195 shared, differentially expressed
genes in the irradiated vs. the non-irradiated NF2- and sporadic-related comparisons. A total of 128
of these genes were significantly upregulated, whereas 67 genes were downregulated. Detailed
results for the differential expression (DE) analysis across all comparisons are given in
Supplementary Table S2.

Due to the small number of cases, the comparison between previously irradiated recurrent or
progressive NF2-associated and sporadic VS (“NF2_irradiated vs. Sporadic-irradiated”) was not
further considered for the analysis.

To identify canonical pathways that may be altered in irradiated VS, we performed an
ingenuity pathway analysis (IPA, Ingenuity® Systems, www.ingenuity.com) by using these
differentially expressed genes (all regulated pathways are shown in detail in Supplementary Table
S3). We focused on pathways that may influence radioresistance through the regulation of cell
cycles, apoptosis, angiogenesis and proliferation and with a known influence of merlin or a relation
to vestibular schwannoma [43,44]. Included pathways and their regulations are listed in Table 2.

Table 2. Important deregulated signaling pathways after irradiation of sporadic and
neurofibromatosis type 2 (NF2)-associated tumors versus controls.

Ingenuity Canonical Pathways Regulation
SPO_RAD-SPO NF2_RAD-NF2 SPO-NF2

Notch signaling 1 nr nr
TGF-f signaling 1 nr nr
Wnt/f3-catenin signaling 0 -1 nr
PTEN signaling 0 -1 nr
IGF-1 signaling -1 -1 nr
VEGEF signaling -1 -1 nr
cMet/HGF signaling -1 -1 nr
ErbB2-ErbB3 signaling -1 -1 nr
Neuregulin signaling -1 -1 nr
EGF/EGEFR signaling 1 -1 nr
PDGEF signaling 1 -1 nr
p53 signaling 1 -1 nr
STAT3 Pathway 1 -1 1
NF-«B signaling 1 -1 -1
FGF signaling 1 -1 -1
mTOR signaling 0 1 -1

NF2_RAD-NF2: NF2-associated irradiated VS versus (non-irradiated) NF2-associated VS; SPO-NF2:
(non-irradiated) sporadic VS versus (non-irradiated) NF2-associated VS; SPO_RAD-SPO: sporadic
irradiated VS versus (non-irradiated) sporadic VS; nr = not represented in this group; 0 = no
regulation change, -1 = significantly downregulated; and +1 = significantly upregulated. TGF-§ =
transforming growth factor beta; Wnt/88-catenin = proto-oncogene protein Wnt-1/beta-catenin; PTEN
= phosphatase and tensin homolog; IGF-1 = insulin-like growth factor 1; VEGF = vascular endothelial
growth factor; cMET = tyrosine-protein kinase Met/HGF = hepatocyte growth factor receptor; ErbB2
= receptor tyrosine-protein kinase erbB-2, aka human epidermal growth factor receptor 2, HER2;
ErbB3 = receptor tyrosine-protein kinase erbB-3, aka human epidermal growth factor receptor 3,
HER3; EGF/EGFR = epidermal growth factor/epidermal growth factor receptor; PDGF =



Cancers 2020, 12,177 5 of 18

platelet-derived growth factor; p53 = tumor protein p53, aka cellular tumor antigen p53; STAT3 =
signal transducer and activator of transcription 3; NF-xB = nuclear factor
kappa-light-chain-enhancer of activated B-cells; FGF = fibroblast growth factor; mTOR =

mammalian target of rapamycin, aka mechanistic target of rapamycin.

Angiogenesis and proliferation signaling such as vascular endothelial growth factor (VEGF),
neuregulin (NRG) and human epidermal growth factor receptor-2 and 3 (ErbB2-ErbB3) signaling
was downregulated in both sporadic and NF2-associated VS after irradiation. The radiation-induced
apoptosis signaling represented by stress-activated protein kinase/c-Jun NH2-terminal kinase
(SAPK/INK) and tumor protein p53 (p53) was upregulated in irradiated sporadic and
downregulated in irradiated NF2-associated tumors. Its mediator Rac signaling was only
upregulated in NF2-associated VS after irradiation, whereas the mitogen-activated protein kinase
(MAPK/ERK) pathway was downregulated and the downstream target p38 MAPK was not
regulated. The cell cycle G1/S checkpoint was downregulated in irradiated NF2-associated VS but
not in sporadic VS. The deregulation of cell cycle signaling (e.g., ataxia-telangiectasia mutated kinase
(ATM), cell cycle checkpoint G2/M) was not detected.

We assumed the mammalian target of rapamycin (mTOR) and phosphatase and tensin
homolog (PTEN) signaling as core signaling due to their known relevance in the tumorigenesis of VS
and radioresistance. Progressive or recurrent NF2-associated VS showed a significant
downregulation of PTEN signaling and an upregulation of mTOR signaling that were different from
sporadic tumors after irradiation. For the key genes mTOR and PTEN, microarray results showed a
significant downregulation of PTEN in both recurrent NF2-associated (one out of four microarray
probe sets for PTEN) and sporadic VS (four out of four microarray probe sets for PTEN) after
irradiation. The expression of mTOR was not significantly different in any group in irradiated
tumors (Supplementary Figure S1).

To identify common genes among the pathways, we additionally determined overlapping
canonical pathways. We could not detect any overlapping genes between the pathways that were
conclusive in the investigated context of irradiation. Nevertheless, overlapping canonical pathways
in the group comparisons between irradiated and non-irradiated tumors are demonstrated in
Figures 1-3.
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Figure 1. Overlapping canonical pathways in irradiated recurrent vs. non-irradiated

neurofibromatosis type 2 (NF2) associated vestibular schwannomas (VS).
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Figure 2. Overlapping canonical pathways in irradiated recurrent vs. non-irradiated sporadic

vestibular schwannomas (VS).
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Figure 3. Overlapping canonical pathways in non-irradiated sporadic vs. neurofibromatosis type 2
(NF2) associated vestibular schwannomas (VS).

2.3. Irradiated NF2-Associated VS Revealed Significant Lower PTEN Expression Intensity Compared to
Non-Irradiated or Sporadic Tumors

An immunohistochemical analysis was performed in seven irradiated samples (three NF2 and
four sporadic) and in all (49) controls (36 sporadic and 13 NF2-associated VS). All samples were
positive for S100 staining. Apart from two sporadic non-irradiated tumors with weak (20% of cells)
or absent (0% of cells) immunoreactivity for mTOR, all other samples (irradiated and non-irradiated)
were highly (100%) stained positive. PTEN expression intensity (0-3) was significantly (p = 0.042)
lower in irradiated NF2-associated VS (median of 2) compared to non-irradiated tumors with NF2
(median of 3). The signal intensity in both sporadic non-irradiated (median of 3) and irradiated
samples (median of 3) showed no significant difference (p > 0.05). Examples of the comparison
groups are illustrated in Figure 4. Individual immunohistochemical results are outlined in
supplementary Table S1 and are demonstrated in scatterplots in supplementary Figures S2 and S3.

PTEN

pordi no rdlato spuadic, diated . = NF2, nuraiallon . NF2, radiated

Figure 4. Immunostaining for mammalian target of rapamycin (mTOR) (upper row) and
phosphatase and tensin homolog (PTEN) (lower row) in non-irradiated compared to irradiated VS in
the two comparison groups (NF2 vs. sporadic). Scale bar = 100 pm.

3. Discussion

Previously, several studies have investigated the transcriptome in different types of VS (Table 3)
[26,33,34,39,45-48], but none of them have focused on the results of irradiated tumors versus their
controls. Especially, the molecular behavior of recurrent or progressive sporadic and NF2-associated
VS after irradiation has not been examined in detail. The development of radiosensitizers to avoid
continued growth would be desirable.

We therefore aimed to investigate the molecular mechanisms of acquired resistance to radiation
therapy in a single center cohort. In our study, we performed a microarray analysis on five sporadic
and three NF2-associated VS that were recurrent or progressive following radiotherapy, and we
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compared them, amongst other comparisons, to 49 (36 sporadic and 13 NF2-associated)
non-irradiated tumors. In the ingenuity pathway Analysis, we focused on pathways that have been
previously described in irradiated brain tumors and VS [43,44], and we corroborated our main
findings with immunohistochemistry.

We observed complex deregulation of these signaling pathways and identified the
PTEN/mTOR signaling deregulation in merlin-inactive, NF2-associated VS as a particular finding in
these recurrent/regrowing tumors after irradiation. The previous studies in this field are outlined in
Table 3.

Table 3. cDNA Microarray analysis in the field of vestibular schwannoma research.

Methods No of Tumor No and Type of Control Author,
Samples Samples Year
. 31 CYS-VS
cDNA Microarray, RT-PCR 6 SPO-VS No [45]
cDNA Microarray, Cell cultures, 36 SPO-VS .
Western glotting 13 NF2-VS 7 vestibular nerves [39]
2 auricular nerves
2 cervical nerves
cDNA Microa.rray, RT-PCR, 28 SPO-VS 1 faF:ial nerve
MLPA analysis of NF2 LOH 1 vestibular nerve [48]
i 3 NF2-VS . .
analysis 1 nerve from the VIII cranial pair
1 commercial normal human
adult Schwann cell (HSC) RNA
15 SPO-VS
c¢DNA Microarray, RT-PCR, IHC 7 CYS-VS 3 tibial nerves [33]
3 RAD-VS
c¢DNA Microarray, RT-PCR, IHC 13 VS No [46]
cDNA Microarray 16 SPO-VS 3 vestibular nerves [34]
cDNA Microarray, RT-PCR 11 SPO-VS 11 blood samples [47]
3 SPO-VS
c¢DNA Microarray, RT-PCR, IHC 1 CYS-VS 1 vestibular nerve [26]
3RAD-VS
36 SPO-VS
c¢DNA Microarray, IHC 193 é\}; 82- _\YSS 7 vestibular nerves Csl:lf;t
9 RAD-VS

cDNA: complementary DNA; CYS-VS: cystic vestibular schwannoma; IHC: immunohistochemistry;
LOH: loss of heterozygosity; MLPA: multiplex ligation-dependent probe amplification; NF2-VS:
neurofibromatosis type 2-associated vestibular schwannoma; RAD-VS: irradiated vestibular
schwannoma; RT-PCR: real-time polymerase chain reaction; SPO-VS: sporadic vestibular
schwannoma.

3.1. Low Proliferation Signaling Reveals Radioresistance

The neuregulin (NRG-1)/ErbB2-ErbB3 signaling and its genes have been well described and
play an important role in the tumorigenesis of VS.

The neuregulin-1(NRG1) protein itself is important for Schwann cells and their precursors in
the process of cell survival, differentiation, and proliferation during their development. High levels
of NRGI1 and its isoforms favor the development of human peripheral nerve sheath and VS cell
proliferation [49-52], and NRGI has been found to upregulated in a microarray analysis of VS [48].

The binding of NRG1 to its receptors ErbB2 and ErbB3 leads to the activation of intracellular
signaling, including the PI3K/AKT and mTOR pathway, influencing Schwann cell (SC) proliferation,
migration, differentiation and survival [53]. Thus, inhibition with antibodies that are directed
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against neuregulin-1 (anti-NRGI1) or its receptors (trastuzumab) reduces SC proliferation in primary
VS cell cultures [54]. Despite the radiation-resistant properties of VS cells, Hansen et al. found that
sensitivity of them to irradiation depends on their proliferation capacity, and this can be influenced
by the activity of NRG1/ErbB2 signaling [54].

Additionally, the induction of NRG-1 increases radiosensitivity by promoting ErbB2 signaling
and enhancing the proliferation of cells [54].

Low proliferation potential in recurrent VS after irradiation was detected by Lee et al.,
demonstrating lower levels of proliferating cell nuclear antigen (PCNA) compared to controls [55].

In our data, neuregulin-1 and ErbB2-ErbB3 signaling was significantly downregulated in both
sporadic and hereditarily-irradiated VS. Under consideration of the described literature, these
irradiated tumors possibly exhibited a low proliferative tendency and were thereby less sensitive to
irradiation. This finding needs to be verified by further analysis. A possible treatment with artificial
neuregulin could conceivably enhance proliferation over ErbB2 signaling.

3.2. Suppression of Angiogenesis Mediators as an Effect of Irradiation

Vascular endothelial growth factor (VEGF or VEGF-A) is expressed in nearly all VS [56-58]. The
inhibition of VEGF with bevacizumab, a monoclonal antibody, is an established treatment modality
for NF2-associated VS and induces the regression of tumor volume and even improves hearing
[56,59].

The use of bevacizumab combined with radiation therapy (RT) has been found to improve
tumor control rate and to allow for a reduction of radiation dose and radiation-related toxicity in a
NF2 schwannoma model; radiosensitivity was presumably enhanced due to normalization of tumor
vasculature and improved perfusion and oxygen delivery [60].

Our data show that VEGF signaling was downregulated in both sporadic and NF2-associated
VS, probably as an effect of irradiation rather than medication, because none of our NF2 patients
received systemic therapy with bevacizumab before surgery or irradiation.

3.3. Cell Cycle Mediation and Regulation of Apoptosis

Irradiation is known to cause DNA damage through different mechanisms. Cell cycle arrest and
apoptosis are predominantly regulated by the p53 transcription factor. DNA damage that is induced
by radiation activates p53, which in turn activates the proapoptotic signaling. Intact or induced p53
was found to increase radiosensitivity in a glioblastoma cell model [61]. Multiple studies have
shown that p53 is unlikely to contribute to the pathogenesis of VS [62,63]. In our cohort, both
sporadic and NF2-associated non-irradiated tumors exhibited no regulation of p53, but irradiated
tumors did. p53 was downregulated in NF2-associated VS, but it was upregulated in sporadic VS
after irradiation indicating that p53 plays more of a role for NF2-associated than for sporadic tumors
in radioresistance.

Radiation-induced apoptosis and/or cell cycle arrest can also be regulated by the SAPK/JNK
pathway, a downstream signaling mediated by Rac [64], which, in turn, is negatively regulated by
merlin [65]. Active merlin normally inhibits Rac-dependent signaling [66]. According to our data,
radiation-induced apoptosis via the stress-activated protein kinase/c-Jun NH2-terminal kinase
(SAPK/INK) pathway was upregulated in sporadic and downregulated in NF2-associated VS after
irradiation, which may indicate that apoptosis is reactively activated in sporadic and inhibited in
NEF2-associated VS. However, the mechanisms remain unclear. The regulation of the DNA cycle and
its repair mechanism after irradiation, e.g., the phosphatidyl-inositol kinase-related protein ATM,
was not or unspecifically altered.

3.4. PTEN and mTOR Signaling— Core Pathway in Merlin-Inactive and Progressive NF2-Associated Tumors
after Irradiation

Among the detected pathways, the PTEN and mTOR pathways, which are known to be
effective targets in genetic tumor syndromes and cancer, are specifically deregulated in
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merlin-inactive NF2-associated VS after irradiation, with the PTEN pathway being down and mTOR
pathway being upregulated. Therefore, inactivation or downregulation of PTEN, as seen in our
microarray and pathway analysis results, leads to the activation of mTOR and the enhancement of
specific mRNAs that are crucial for cell growth and proliferation [67]. In merlin-deficient
schwannomas, mammalian target of rapamycin complex 1 (mTORC1) is constitutively activated,
and mTOR inhibitors such as rapamycin (sirolimus) and its rapalogs (e.g., everolimus) influence
vestibular schwannoma cell proliferation [28,68-70]. The pharmacological targeting of mTORC1
either results in the direct inhibition of tumor growth [28,71] or the indirect over reduction of
angiogenesis via VEGF [72]. Nevertheless, a conducted prospective, open-label phase II study in ten
NF2 patients with progressive VS treated with everolimus could not confirm this antitumor activity
response by in vitro models [73].

The dual inhibition of the PI3K/AKT/mTOR pathway by inhibitors (BEZ235, PKI-578) has been
shown to increase cell death and decreases cell viability in schwannoma cell line models (HEI-293)
[39].

The NF2 gene product merlin acts as a negative regulator of mTORC1 [28]. As an upstream
target of the tuberous sclerosis complex (TSC), merlin may function as the major mTORC1 regulator
in the cell [28]. Congruent to TSC null cells, merlin-deficient cells with a loss of the tumor suppressor
function end up in high levels of mTORCI signaling and thereby in a decrease of proliferation rates
[28].

Therefore, in vivo and in vitro, mTORCI is a critical regulator of schwannoma growth, and
mTOR inhibition may open up new opportunities for targeted therapies to stop the growth in these
tumors [28].

The tumor suppressor gene phosphatase and tensin homolog (PTEN) is known to be frequently
mutated in human cancers and some tumor syndromes. The loss of PTEN by mutations promotes
the hyperactivation of AKT, which in turn favors cellular growth, survival and proliferation through
mTOR and thus increases radioresistance [74]. In contrast, the enhanced expression of PTEN or the
transfer of the PTEN gene in glioma cells sensitized the cells to radiation [75,76]. Congruent to its
tumor suppressor function and as a negative regulator of the PI3K/AKT/mTOR pathway, the
downregulation/inactivation of PTEN results in an activation of this pathway and thereby supports
cell growth and survival.

In a transgenic mice model, Keng et al. 2012 [77] revealed that both the inactivation of the PTEN
and NF1 genes in Schwann cells, and Schwann cell precursors enhance the development of
neurofibromas and additionally support the progression from a low- grade to a high-grade tumor.
Consequently, PTEN-regulated pathways are major tumor-suppressive barriers to neurofibroma
progression and favored malignant transformation in these tumors [77-79].

On the other hand, in a study of Pattje et al. [80], PTEN was found to function as a mediator of
radiosensitivity in an in vitro head and neck cancer model, and PTEN activation correlated with
poor response to radiation treatment. Controversially, the colleagues found out that PTEN
expression correlated with high levels of AKT signaling, despite normally being an inhibitor of AKT
[80]. Therefore, this mechanism could explain the radioresistant effect of PTEN, and this may be
tumor-specific.

As a tumor suppressor, PTEN also acts as a maintainer of genome stability and has a role in
DNA repair. Irradiation-induced DNA damage signaling or failures in DNA repair have been seen
in tumor cells with lower expression levels of PTEN and increased levels of AKT [81,82].

3.5. Limitations of the Current Study

Despite the high concordance of microarray results and validation methods such as RT-PCR,
we were unfortunately unable to validate our findings by confirmative RT-PCR due to a lack of
residual tumor tissue. This would be beneficial, as RT-PCR is a very accurate technology with a
greater dynamic range compared to microarrays and is therefore often used to validate the trends
that are obtained by array experiments. Consequently, our results require further verification by a
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separate analysis, preferably on a larger cohort using a state-of-the-art transcriptomics such as
RNA-sequencing.

4. Material and Methods

4.1. Patients and Tumors

Vestibular schwannoma tumor samples were retrospectively collected from 67 patients (39
males and 28 females) during their first surgical resection at the University Hospital Tiibingen.
Seven controls of vestibular nerve tissue were obtained post mortem and used as controls. Among
the tumor samples, 36 were sporadic, 13 were NF2-associated, 9 were cystic, and 9 were
pre-irradiated regrowing VS comprising five sporadic, one was cysticc and three were
NEF2-associated tumors. Tumor recurrence time after irradiation was over 3 years and
pseudoprogression was excluded by regular imaging.

All samples were collected at the Department of Neurosurgery, University Hospital Tiibingen,
between July 2007 and July 2010. The use of tissue and clinical data was approved by the ethics
committee (No 236/2009BO2) of the Eberhard Karls University Tiibingen, Germany.

Tumor samples were microdissected by the retrosigmoid approach and were immediately
frozen and stored at —80 °C. A conventional neuropathological examination with paraffin-embedded
tissue sections histologically confirmed the diagnosis (as schwannoma WHO grade I). For all
NEF2-associated tumors, a mutation analysis was performed, as previously described [83].

Clinical data were analyzed by using the clinical records prior to surgery. Tumor size was
graded according to the Hannover classification system [40]. Hearing data were assessed by pure
tone average (PTA) and speech discrimination score (SDS), and hearing function was classified
according to the Gardner Robertson (G-R) scale [41]. Facial motor function was determined by using
the House and Brackmann (H-B) classification [42].

4.2. RNA Extraction and RNA Integrity Number (RIN)

Total RNA was extracted from non-irradiated and irradiated tumors by using a RNeasy®
Microarray Tissue Mini Kit System (Qiagen, Valena, CA, USA) according to the manufacturer’s
instructions and stored at -80 °C. Quantitative and qualitative RNA was verified by a
lab-on-a-chip-system by using the Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Palo Alto,
CA, USA). The RNA quality and quantity were evaluated by using the RNA integrity number (RIN)
that was calculated for all samples. The samples with a RIN higher or equal to 5 were selected for
analysis.

4.3. cDNA Microarray Analysis

A microarray analysis was initially performed for all samples (74) to detect differentially
expressed genes between groups of interest. For expression profiling, 100 ng of total RNA was
isolated, linearly amplified, and biotinylated with the GeneChip® HT 3'IVT Express Kit (Affymetrix,
Santa Clara, CA, USA) according to the manufacturer’s instructions. Fifteen micrograms of labeled
and fragmented cRNA were then hybridized onto Human Genome U219 Gene Chip® arrays
(Affymetrix). Hybridization, washing, staining and scanning were automatically performed in a
GeneTitan™ instrument (Affymetrix). Scanned images were subjected to visual inspection to control
for hybridization artifacts and proper grid alignment, and they were analyzed with AGCC 3.0
(Affymetrix) to generate CEL files.

4.4. Statistical Array Analysis

All subsequent DE analysis steps were performed in the language R (version 3.1.1) [84] mainly
with the packages “affy” (version 1.42.3) [85] and “limma” (version 3.20.9) [86,87]. Initially, the
expression data from all 74 chips were quantile normalized with RMA (robust multichip average)
[88]. The RMA-normalized expression values for each probe set are, together with the raw
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Affymetrix CEL files, available in Gene Expression Omnibus (GEO) with the accession number
GSE141801.

The signal values were then averaged for the individual subgroups, and differences in
expression levels of genes between subgroups were extracted as contrasts. These steps were done
with standard limma functions including an empirical Bayes step [89] and a correction step for
multiple testing to determine significance for DE analysis based on a multiple adjusted p value <
0.05, detailing that the false discovery rate (FDR) was controlled at 5% by using the “Benjamini-
Hochberg” (BH) method [90]. That means that if all genes with a multiple adjusted p value < 0.05
were selected as differentially expressed, then the expected proportion of false discoveries in the
selected group was controlled to be less than 5%. Thirteen comparisons were extracted from the
model as major contrasts. Statistics for these contrasts including log2 ratios and nominal and
multiple adjusted p values for each probe set are given in Supplementary Table S2. Three of them,
namely “NF-irradiated vs. NF2,” “Sporadic-irradiated vs. Sporadic,” and “NF2 vs. Sporadic” were
subsequently used for IPA analyses.

In order to include genes for web tool analysis, those genes with at least a 2-fold positive or
negative change of expression in the respective comparison and adjusted p < 0.05, fold changes were
kept for IPA analysis; for all other genes, fold changes were set to a missing value (NA).

4.5. Pathway Analysis

For the identification of gene networks and pathways that may be deregulated in VS, we
performed an ingenuity pathway analysis (IPA, Ingenuity® Systems). The dataset with differentially
regulated genes and their corresponding expression values, as detailed above, was uploaded into
the IPA application. The deregulated genes were overlaid onto a global molecular network
developed from information in the Ingenuity Pathway Knowledge Base. The networks and
pathways of the focus genes were then algorithmically generated based on their connectivity. All
edges are supported by at least one reference from the literature, from a textbook, or from canonical
information stored in the Ingenuity Pathways Knowledge Base. The software p-value cutoff was
decreased from 0.05 to <0.0001. Abbreviations of the signaling and proteins name were based on
gene symbol.

After a primary analysis of the data, we focused on the comparison between sporadic and
NF2-associated recurrent irradiated VS compared to their non-irradiated controls. Thus, the total
tumor number decreased from 74 to 57 for further immunohistochemical and clinical analysis.

4.6. Immunohistochemistry (IHC)

All samples were stained with 5100 to confirm diagnosis of a schwannoma. To corroborate the
key pathway results from the microarray analysis, we carried out immunohistochemistry on slides
from seven irradiated samples (4 sporadic and 3 NF2-associated recurrent irradiated VS) and the 49
non-irradiated controls (36 sporadic and 13 NF2-associated VS). One irradiated sporadic sample was
not available for the analysis. Immunohistochemistry was performed in an automated stainer
(Ventana Medical Systems, Tucson, AZ, USA) by using a standard antigen retrieval protocol (cclm).
The antibodies (mTOR: antibodies-online # ABIN747158, PTEN (138G): cell signaling # 9559) were
both diluted 1:100. Staining was scored based on intensity for PTEN (0-3) and the proportion of
tumor cells (0-100%) for mTOR. Subsequently, the tumors were categorized into 3 groups: PTEN
negative (0, +), PTEN positive (+, ++, ++ [+], +++), and mTOR positive >50%.

4.7. Statistical Clinical Data Analysis

A binomial logistic regression was performed to identify differences between irradiated and
non-irradiated tumors regarding sex, age, tumor size (Hannover classification [40]), the presence of
tinnitus, vertigo, gait disturbances, the dysfunction of trigeminal and facial nerves (H-B grade), and
the event of sudden hearing loss.
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5. Conclusions

The combined downregulation of PTEN signaling and the upregulation of mTOR signaling in
the merlin-deficient VS of patients with NF2 after irradiation might indicate a promising therapeutic
target for pharmacotherapy. Thus, mTOR-inhibitors could be considered in these patients who
suffer from continued tumor growth after irradiation.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Boxplots for
mTOR (A) and PTEN (B) expression, Figure S2: Scatterplots of immunohistochemical expression of mTOR,
Figure S3: Scatterplots of immunohistochemical expression of PTEN, Table S1: Detailed clinical data of the 57
tumor samples, Table S2: Final table of the microarray analysis, Table S3: Final table of all deregulated canonical
pathways (IPA analysis).

Author Contributions: Conceptualization: I.G., S.N., M.T.,, FH.E., G.T.; methodology: 1.G., F.G., G.T.,, CH,,
S.C., S.N.; data curation: I.G., C.H.; F.P., writing—original draft preparation: .G., G.T.; writing—review and
editing:1.G,, F.G., G.T,, CH,,FH.E, F.P,S.C, SN, F.G.,, M.T.; microarray analysis: 5.C., S.N.; IPA analysis: 1.G.;
visualization: .G., F.G., C.H., G.T.; Supervision 1.G., M.T., FH.E., S.N., G.T.; project administration: L.G., G.T,;
funding acquisition: M.T., G.T. All authors have read and agreed to the published version of the manuscript.

Funding: The project was supported by a grant from the Guido Fluri Foundation and by the intramural
TUFF-program of the Medical Faculty Tiibingen (2565-0-0).

Acknowledgments: We acknowledge support by Deutsche Forschungsgemeinschaft and Open Access
Publishing Fund of University of Tiibingen.

Conflicts of Interest: G.T. served on Advisory Boards of BMS, MSD and AbbVie; received research and/or
travel grants from Roche Diagnostics, Novocure and Medac; received speaker’s fees from Medac, Novocure.
The other authors declare no conflict of interest.

References

1.  Welling, D.B. Clinical manifestations of mutations in the neurofibromatosis type 2 gene in vestibular
schwannomas (acoustic neuromas). Laryngoscope 1998, 108, 178-189.

2. Kshettry, V.R;; Hsieh, JK.; Ostrom, Q.T.; Kruchko, C.; Barnholtz-Sloan, J.S. Incidence of vestibular
schwannomas in the United States. . Neurooncol. 2015, 124, 223-228, doi:10.1007/s11060-015-1827-9.

3. Neff, B.A,; Welling, D.B.; Akhmametyeva, E.; Chang, L.S. The molecular biology of vestibular
schwannomas: Dissecting the pathogenic process at the molecular level. Otol. Neurotol. 2006, 27, 197-208,
d0i:10.1097/01.mao0.0000180484.24242.54.

4. Evans, D.G. Neurofibromatosis type 2 (NF2): A clinical and molecular review. Orphanet ]. Rare Dis. 2009, 4,
16, doi:10.1186/1750-1172-4-16.

5. Gugel, I; Mautner, V.F.; Kluwe, L.; Tatagiba, M.S.; Schuhmann, M.U. Cerebrovascular Insult as
Presenting Symptom of Neurofibromatosis Type 2 in Children, Adolescents, and Young Adults. Front.
Neurol. 2018, 9, 733, d0i:10.3389/fneur.2018.00733.

6. Samii, M.; Gerganov, V., Samii, A. Microsurgery management of vestibular schwannomas in
neurofibromatosis type 2: Indications and results. Prog. Neurol. Surg. 2008, 21, 169-175,
doi:10.1159/000156905.

7. Gugel, I; Grimm, F.; Teuber, C.; Kluwe, L.; Mautner, V.-F.; Tatagiba, M.; Schuhmann, M.U. Management
of NF2-associated vestibular schwannomas in children and young adults: Influence of surgery and
clinical factors on tumor volume and growth rate. ]. Neurosurg. Pediatr. 2019, 24, 584-592,
doi:10.3171/2019.6.PEDS1947.

8. Sakamoto, G.T.; Blevins, N.; Gibbs, I.C. Cyberknife radiotherapy for vestibular schwannoma. Otolaryngol.
Clin. N. Am. 2009, 42, 665-675, d0i:10.1016/j.0tc.2009.04.006.

9.  Sweeney, P.; Yajnik, S.; Hartsell, W.; Bovis, G.; Venkatesan, ]. Stereotactic radiotherapy for vestibular
schwannoma. Otolaryngol. Clin. N. Am. 2009, 42, 655-663, d0i:10.1016/j.0tc.2009.04.008.

10. Hochart, A.; Gaillard, V.; Baroncini, M.; Andre, N.; Vannier, J.P.; Vinchon, M.; Dubrulle, F.; Lejeune, J.P.;
Vincent, C.; Neve, V.; et al. Bevacizumab decreases vestibular schwannomas growth rate in children and
teenagers with neurofibromatosis type 2. J. Neurooncol. 2015, 124, 229-236, doi:10.1007/s11060-015-1828-8.



Cancers 2020, 12, 177 14 of 18

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Plotkin, S.R.; Merker, V.L.; Halpin, C.; Jennings, D.; McKenna, M.].; Harris, G.J.; Barker, F.G., 2nd.
Bevacizumab for progressive vestibular schwannoma in neurofibromatosis type 2: A retrospective review
of 31 patients. Otol. Neurotol. 2012, 33, 1046-1052, d0i:10.1097/MAO.0b013e31825e73f5.

Gugel, I; Grimm, F.; Liebsch, M.; Zipfel, J.; Teuber, C.; Kluwe, L.; Mautner, V.F.; Tatagiba, M.;
Schuhmann, M.U. Impact of Surgery on Long-Term Results of Hearing in Neurofibromatosis Type-2
Associated Vestibular Schwannomas. Cancers 2019, 11, 1376, d0i:10.3390/cancers11091376.

Meijer, O.W.; Vandertop, W.P.; Lagerwaard, F.J.; Slotman, B.J. Linear accelerator-based stereotactic
radiosurgery for bilateral vestibular schwannomas in patients with neurofibromatosis type 2.
Neurosurgery 2008, 62, A37-A42, doi:10.1227/01.neu.0000325935.23852.9d.

Rowe, ].; Radatz, M.; Kemeny, A. Radiosurgery for type II neurofibromatosis. Prog. Neurol. Surg. 2008, 21,
176-182, doi:10.1159/000156907.

Evans, D.G.; Birch, ] M.; Ramsden, R.T.; Sharif, S.; Baser, M.E. Malignant transformation and new
primary tumours after therapeutic radiation for benign disease: Substantial risks in certain tumour prone
syndromes. ]. Med. Genet. 2006, 43, 289-294, d0i:10.1136/jmg.2005.036319.

Lustgarten, L. The impact of stereotactic radiosurgery in the management of neurofibromatosis type
2-related vestibular schwannomas. Surg. Neurol. Int. 2013, 4, S151-5155, doi:10.4103/2152-7806.110663.
Sharma, M.S.; Singh, R.; Kale, S.S.; Agrawal, D.; Sharma, B.S.; Mahapatra, A.K. Tumor control and
hearing preservation after Gamma Knife radiosurgery for vestibular schwannomas in neurofibromatosis
type 2. J. Neurooncol. 2010, 98, 265270, doi:10.1007/s11060-010-0181-1.

Mathieu, D.; Kondziolka, D.; Flickinger, ]J.C.; Niranjan, A.; Williamson, R.; Martin, J.J.; Lunsford, L.D.
Stereotactic radiosurgery for vestibular schwannomas in patients with neurofibromatosis type 2: An
analysis of tumor control, complications, and hearing preservation rates. Neurosurgery 2007, 60, 460—468,
doi:10.1227/01.NEU.0000255340.26027.53.

Jacob, A.; Lee, T.X,; Neff, B.A.; Miller, S.; Welling, B.; Chang, L.S. Phosphatidylinositol 3-kinase/AKT
pathway activation in human vestibular schwannoma. Otol. Neurotol. 2008, 29, 58-68,
doi:10.1097/mao.0b013e31816021f7

Asthagiri, A.R; Parry, D.M.; Butman, J.A; Kim, HJ,; Tsilou, E.T.; Zhuang, Z.; Lonser, RR.
Neurofibromatosis type 2. Lancet 2009, 373, 1974-1986, d0i:10.1016/50140-6736(09)60259-2.

Irving, RM.; Moffat, D.A.; Hardy, D.G.; Barton, D.E.; Xuereb, J.H.; Maher, E.R. Somatic NF2 gene
mutations in familial and non-familial vestibular schwannoma. Hum. Mol. Genet. 1994, 3, 347-350.

Kissil, J.L.; Johnson, K.C.; Eckman, M.S.; Jacks, T. Merlin phosphorylation by p21-activated kinase 2 and
effects of phosphorylation on merlin localization. ]. Biol. Chem. 2002, 277, 10394-10399,
doi:10.1074/jbc.M200083200

Irving, R.M.; Moffat, D.A.; Hardy, D.G.; Barton, D.E.; Xuereb, ].H.; Holland, F.J.; Maher, E.R. A molecular,
clinical, and immunohistochemical study of vestibular schwannoma. Otolaryngol. Head Neck Surg. 1997,
116, 426-430, doi:10.1016/s0194-5998(97)70289-4.

Ahronowitz, I; Xin, W.; Kiely, R.; Sims, K.; MacCollin, M.; Nunes, F.P. Mutational spectrum of the NF2
gene: A meta-analysis of 12 years of research and diagnostic laboratory findings. Hum. Mutat. 2007, 28, 1-
12, d0i:10.1002/humu.20393.

Sherman, L.S.; Gutmann, D.H. Merlin: Hanging tumor suppression on the Rac. Trends Cell Biol. 2001, 11,
442-444, doi:10.1016/s0962-8924(01)02128-6.

Welling, D.B.; Lasak, ].M.; Akhmametyeva, E.; Ghaheri, B.; Chang, L.S. cDNA microarray analysis of
vestibular schwannomas. Otol. Neurotol. 2002, 23, 736-748.

Blair, K.J.; Kiang, A.; Wang-Rodriguez, J.; Yu, M.A.; Doherty, J.K.; Ongkeko, W.M. EGF and bFGF
promote invasion that is modulated by PI3/Akt kinase and Erk in vestibular schwannoma. Otol. Neurotol.
2011, 32, 308-314, doi:10.1097/MAO.0b013e318206fc3d.

James, MLF.; Han, S.; Polizzano, C.; Plotkin, S.R.; Manning, B.D.; Stemmer-Rachamimov, A.O.; Gusella,
J.F.; Ramesh, V. NF2/merlin is a novel negative regulator of mTOR complex 1, and activation of mTORC1
is associated with meningioma and schwannoma growth. Mol. Cell Biol. 2009, 29, 4250-4261,
doi:10.1128/MCB.01581-08.

James, M.F., Stivison, E. Beauchamp, R, Han, S; Li, H; Wallace, MR, Gusella, J.F.;
Stemmer-Rachamimov, A.O.; Ramesh, V. Regulation of mTOR complex 2 signaling in neurofibromatosis
2-deficient target cell types. Mol. Cancer Res. 2012, 10, 649-659, doi:10.1158/1541-7786.MCR-11-0425-T.



Cancers 2020, 12, 177 15 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Rong, R.; Tang, X.; Gutmann, D.H.; Ye, K. Neurofibromatosis 2 (NF2) tumor suppressor merlin inhibits
phosphatidylinositol 3-kinase through binding to PIKE-L. Proc. Natl. Acad. Sci. USA 2004, 101, 18200~
18205, doi:10.1073/pnas.0405971102.

Ammoun, S.; Flaiz, C; Ristic, N.; Schuldt, J.; Hanemann, C.O. Dissecting and targeting the growth
factor-dependent and growth factor-independent extracellular signal-regulated kinase pathway in
human schwannoma. Cancer Res. 2008, 68, 5236-5245, d0i:10.1158/0008-5472.CAN-07-5849.

Sainz, J.; Huynh, D.P.,; Figueroa, K. Ragge, N.K, Baser, M.E; Pulst, SM. Mutations of the
neurofibromatosis type 2 gene and lack of the gene product in vestibular schwannomas. Hum. Mol. Genet.
1994, 3, 885-891.

Aarhus, M.; Bruland, O.; Saetran, H.A.; Mork, S.J.; Lund-Johansen, M.; Knappskog, P.M. Global Gene
Expression Profiling and Tissue Microarray Reveal Novel Candidate Genes and Down-Regulation of the
Tumor Suppressor Gene CAV1 in Sporadic Vestibular Schwannomas. Neurosurgery 2010, 67, 998-1019,
doi:10.1227/NEU.0b013e3181ec7b71

Caye-Thomasen, P.; Borup, R.; Stangerup, S.E.; Thomsen, J.; Nielsen, F.C. Deregulated Genes in Sporadic
Vestibular Schwannomas. Otol. Neurotol. 2009, doi:10.1097/MAO.0b013e3181be6478.

Lasak, J.M.; Welling, D.B; Akhmametyeva, EM.; Salloum, M.; Chang, L.S.
Retinoblastoma-cyclin-dependent kinase pathway deregulation in vestibular schwannomas. Laryngoscope
2002, 112, 1555-1561, doi:10.1097/00005537-200209000-00004.

Neff, B.A.; Oberstien, E.; Lorenz, M.; Chaudhury, A.R.; Welling, D.B.; Chang, L.S. Cyclin D(1) and D(3)
expression in vestibular schwannomas. Laryngoscope 2006, 116, 423-426,
doi:10.1097/01.m1g.0000195076.05466.6¢

Lassaletta, L.; Patron, M.; Del Rio, L.; Alfonso, C.; Roda, ].M.; Rey, J.A.; Gavilan, J. Cyclin D1 expression
and histopathologic features in vestibular schwannomas. Otol. Neurotol. 2007, 28, 939-941,
doi:10.1097/MAO.0b013e31814b2285

Hanemann, C.O. Bartelt-Kirbach, B.; Diebold, R.; Kampchen, K., Langmesser, S.; Utermark, T.
Differential gene expression between human schwannoma and control Schwann cells. Neuropathol. Appl.
Neurobiol. 2006, 32, 605-614, doi:10.1111/j.1365-2990.2006.00769.x.

Agnihotri, S.; Gugel, I; Remke, M.; Bornemann, A.; Pantazis, G.; Mack, S.C.; Shih, D.; Singh, S.K.; Sabha,
N.; Taylor, M.D.; et al. Gene-expression profiling elucidates molecular signaling networks that can be
therapeutically targeted in vestibular schwannoma. ]. Neurosurg. 2014, 121, 1434-1445,
doi:10.3171/2014.6.JNS131433.

Samii, M.; Matthies, C. Management of 1000 vestibular schwannomas (acoustic neuromas): hearing
function in 1000 tumor resections. Neurosurgery 1997, 40, 248-260.

Gardner, G.; Robertson, J.H. Hearing preservation in unilateral acoustic neuroma surgery. Ann. Otol.
Rhinol. Laryngol. 1988, 97, 55-66.

House, ].W.; Brackmann, D.E. Facial nerve grading system. Otolaryngol. Head Neck Surg. 1985, 93, 146-147.
Kelley, K.; Knisely, J.; Symons, M.; Ruggieri, R. Radioresistance of Brain Tumors. Cancers 2016, 8, 42,
do0i:10.3390/cancers8040042.

Yeung, A.H.; Sughrue, M.E.; Kane, A.].; Tihan, T.; Cheung, S.W.; Parsa, A.T. Radiobiology of vestibular
schwannomas: mechanisms of radioresistance and potential targets for therapeutic sensitization.
Neurosurg. Focus 2009, 27, E2, d0i:10.3171/2009.9.FOCUS09185.

Zhang, Z.; Wang, Z.; Sun, L.; Li, X.; Huang, Q.; Yang, T.; Wu, H. Mutation spectrum and differential gene
expression in cystic and solid vestibular schwannoma. Genet. Med. 2014, 16, 264-270,
doi:10.1038/gim.2013.114.

Stankovic, K.M.; Mrugala, M.M.; Martuza, R.L.; Silver, M., Betensky, R.A; Nadol, ].B. ]Jr.;
Stemmer-Rachamimov, A.O. Genetic determinants of hearing loss associated with vestibular
schwannomas. Otol. Neurotol. 2009, 30, 661-667, doi:10.1097/MAQO.0b013e3181a66ece.

Lassaletta, L.; Martinez-Glez, V.; Torres-Martin, M.; Rey, J.A.; Gavilan, ]. cONA microarray expression
profile in vestibular schwannoma: Correlation with clinical and radiological features. Cancer Genet.
Cytogenet. 2009, 194, 125-127, doi:10.1016/j.cancergencyto.2009.06.016.

Torres-Martin, M.; Lassaletta, L.; San-Roman-Montero, J.; De Campos, ].M.; Isla, A.; Gavilan, ].; Melendez,
B.; Pinto, G.R; Burbano, R.R.; Castresana, J.S.; et al. Microarray analysis of gene expression in vestibular
schwannomas reveals SPP1/MET signaling pathway and androgen receptor deregulation. Int. J. Oncol.
2013, 42, 848-862, doi:10.3892/ij0.2013.1798.



Cancers 2020, 12, 177 16 of 18

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Frohnert, P.W.; Stonecypher, M.S.; Carroll, S.L. Constitutive activation of the neuregulin-1/ErbB receptor
signaling pathway is essential for the proliferation of a neoplastic Schwann cell line. Gliz 2003, 43, 104-118,
doi:10.1002/glia.10232.

Stonecypher, M.S.; Chaudhury, A.R.; Byer, S.J.; Carroll, S.L. Neuregulin growth factors and their ErbB
receptors form a potential signaling network for schwannoma tumorigenesis. J. Neuropathol. Exp. Neurol.
2006, 65, 162-175, d0i:10.1097/01.jnen.0000199575.93794.2f

Hansen, M.R,; Roehm, P.C; Chatterjee, P.; Green, S.H. Constitutive neuregulin-1/ErbB signaling
contributes to human vestibular schwannoma proliferation. Glia 2006, 53, 593-600, d0i:10.1002/glia.20316.
Hansen, M.R;; Linthicum, F.H., Jr. Expression of neuregulin and activation of erbB receptors in vestibular
schwannomas: possible autocrine loop stimulation. Otol. Neurotol. 2004, 25, 155-159,
doi:10.1097/00129492-200403000-00013.

Newbern, J.; Birchmeier, C. Nrgl/ErbB signaling networks in Schwann cell development and myelination.
Semin. Cell Dev. Biol. 2010, 21, 922-928, d0i:10.1016/j.semcdb.2010.08.008.

Hansen, M.R; Clark, J.J.; Gantz, B.J.; Goswami, P.C. Effects of ErbB2 signaling on the response of
vestibular schwannoma «cells to gamma-irradiation. Laryngoscope 2008, 118, 1023-1030,
doi:10.1097/MLG.0b013e318163£920.

Lee, F.; Linthicum, F., Jr.; Hung, G. Proliferation potential in recurrent acoustic schwannoma following
gamma  knife radiosurgery versus microsurgery. Laryngoscope 2002, 112,  948-950,
doi:10.1097/00005537-200206000-00002.

Plotkin, S.R.; Stemmer-Rachamimov, A.O.; Barker, F.G., 2nd; Halpin, C.; Padera, T.P,; Tyrrell, A;
Sorensen, A.G.; Jain, RK.; di Tomaso, E. Hearing improvement after bevacizumab in patients with
neurofibromatosis type 2. N. Engl. J. Med. 2009, 361, 358-367, doi:10.1056/NEJMo0a0902579.

Dalgorf, D.M.; Rowsell, C.; Bilbao, ].M.; Chen, ].M. Immunohistochemical investigation of hormone
receptors and vascular endothelial growth factor concentration in vestibular schwannoma. Skull Base 2008,
18, 377-384, d0i:10.1055/s-0028-1096198.

Koutsimpelas, D.; Stripf, T.; Heinrich, U.R.; Mann, W.].; Brieger, J. Expression of vascular endothelial
growth factor and basic fibroblast growth factor in sporadic vestibular schwannomas correlates to growth
characteristics. Otol. Neurotol. 2007, 28, 1094-1099, d0i:10.1097/MAO.0b013e31814b2787.

Mautner, V.F.; Nguyen, R.; Kutta, H.; Fuensterer, C.; Bokemeyer, C.; Hagel, C.; Friedrich, R.E.; Panse, J.
Bevacizumab induces regression of vestibular schwannomas in patients with neurofibromatosis type 2.
Neuro-Oncology 2010, 12, 14-18, doi:10.1093/neuonc/nop010.

Gao, X.; Zhao, Y.; Stemmer-Rachamimov, A.O.; Liu, H.; Huang, P.; Chin, S.; Selig, M.K.; Plotkin, S.R.; Jain,
RK,; Xu, L. Anti-VEGF treatment improves neurological function and augments radiation response in
NF2 schwannoma model. Proc. Natl. Acad. Sci. USA 2015, 112, 1467614681, doi:10.1073/pnas.1512570112.
D’Avenia, P.; Porrello, A.; Berardo, M.; Angelo, M.D.; Soddu, S.; Arcangeli, G.; Sacchi, A.; D’Orazi, G.
Tp53-gene transfer induces hypersensitivity to low doses of X-rays in glioblastoma cells: A strategy to
convert a radio-resistant phenotype into a radiosensitive one. Cancer Lett. 2006, 231, 102-112,
doi:10.1016/j.canlet.2005.01.033.

Irving, R.M.; Moffat, D.A.; Hardy, D.G.; Barton, D.E.; Xuereb, ]. H.; Maher, E.R. Molecular genetic analysis
of the mechanism of tumorigenesis in acoustic neuroma. Arch. Otolaryngol. Head Neck Surg. 1993, 119,
1222-1228.

Monoh, K.; Ishikawa, K.; Yasui, N.; Mineura, K.; Andoh, H.; Togawa, K. p53 tumor suppressor gene in
acoustic neuromas. Acta Otolaryngol. Suppl. 1998, 537, 11-15.

Dent, P.; Yacoub, A, Fisher, P.B.; Hagan, M.P.; Grant, S. MAPK pathways in radiation responses.
Oncogene 2003, 22, 5885-5896, d0i:10.1038/sj.onc.1206701.

Morrison, H.; Sperka, T.; Manent, J.; Giovannini, M.; Ponta, H.; Herrlich, P. Merlin/neurofibromatosis
type 2 suppresses growth by inhibiting the activation of Ras and Rac. Cancer Res. 2007, 67, 520-527,
doi:10.1158/0008-5472.CAN-06-1608.

Tikoo, A.; Varga, M.; Ramesh, V.; Gusella, J.; Maruta, H. An anti-Ras function of neurofibromatosis type 2
gene product (NF2/Merlin). ]. Biol. Chem. 1994, 269, 23387-23390.

Song, M.S.; Salmena, L.; Pandolfi, P.P. The functions and regulation of the PTEN tumour suppressor. Nat.
Rev. Mol. Cell Biol. 2012, 13, 283-296, d0i:10.1038/nrm3330.



Cancers 2020, 12, 177 17 of 18

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Blakeley, J. Development of drug treatments for neurofibromatosis type 2-associated vestibular
schwannoma. Curr. Opin. Otolaryngol. Head  Neck  Surg. 2012, 20, 372-379,
doi:10.1097/MOO.0b013e328357d2ee.

Acosta-Jaquez, H.A.; Keller, J.A.; Foster, K.G.; Ekim, B.; Soliman, G.A.; Feener, E.P.; Ballif, B.A.; Fingar,
D.C. Site-specific mTOR phosphorylation promotes mTORC1-mediated signaling and cell growth. Mol.
Cell Biol. 2009, 29, 4308-4324, doi:10.1128/MCB.01665-08.

Giovannini, M.; Bonne, N.X; Vitte, J.; Chareyre, F.; Tanaka, K.; Adams, R.; Fisher, L.M.; Valeyrie-Allanore,
L.; Wolkenstein, P.; Goutagny, S.; et al. mMTORC1 inhibition delays growth of neurofibromatosis type 2
schwannoma. Neuro-Oncology 2014, 16, 493-504, doi:10.1093/neuonc/not242.

Lopez-Lago, M.A.; Okada, T.; Murillo, M.M.; Socci, N.; Giancotti, F.G. Loss of the tumor suppressor gene
NF2, encoding merlin, constitutively activates integrin-dependent mTORC1 signaling. Mol. Cell Biol. 2009,
29, 4235-4249, doi:10.1128/MCB.01578-08.

Lane, H.A.; Wood, ].M.; McSheehy, P.M.; Allegrini, P.R.; Boulay, A.; Brueggen, J.; Littlewood-Evans, A.;
Maira, S.M.; Martiny-Baron, G.; Schnell, C.R;; et al. mTOR inhibitor RADOQ01 (everolimus) has
antiangiogenic/vascular properties distinct from a VEGER tyrosine kinase inhibitor. Clin. Cancer Res. 2009,
15, 1612-1622, doi:10.1158/1078-0432.CCR-08-2057.

Karajannis, M.A.; Legault, G.; Hagiwara, M.; Giancotti, F.G.; Filatov, A.; Derman, A.; Hochman, T.;
Goldberg, J.D.; Vega, E.; Wisoff, ].H.; et al. Phase II study of everolimus in children and adults with
neurofibromatosis type 2 and progressive vestibular schwannomas. Neuro-Oncology 2014, 16, 292-297,
d0i:10.1093/neuonc/not150.

Cantley, L.C.; Neel, B.G. New insights into tumor suppression: PTEN suppresses tumor formation by
restraining the phosphoinositide 3-kinase/AKT pathway. Proc. Natl. Acad. Sci. USA 1999, 96, 4240-4245.
Wick, W.; Furnari, F.B.; Naumann, U.; Cavenee, W.K.,; Weller, M. PTEN gene transfer in human
malignant glioma: Sensitization to irradiation and CD95L-induced apoptosis. Oncogene 1999, 18, 3936—
3943, do0i:10.1038/sj.onc.1202774.

Inaba, N.; Kimura, M.; Fujioka, K,; Ikeda, K.; Somura, H.; Akiyoshi, K.; Inoue, Y.; Nomura, M.; Saito, Y.;
Saito, H.; et al. The effect of PTEN on proliferation and drug-, and radiosensitivity in malignant glioma
cells. Anticancer Res. 2011, 31, 1653-1658.

Keng, V.W.; Rahrmann, E.P.; Watson, A.L.; Tschida, B.R.; Moertel, C.L.; Jessen, W.].; Rizvi, T.A.; Collins,
M.H.; Ratner, N.; Largaespada, D.A. PTEN and NF1 inactivation in Schwann cells produces a severe
phenotype in the peripheral nervous system that promotes the development and malignant progression
of peripheral nerve sheath tumors. Cancer Res. 2012, 72, 3405-3413, doi:10.1158/0008-5472.CAN-11-4092.
Kawaguchi, K.; Oda, Y.; Saito, T.; Takahira, T.; Yamamoto, H.; Tamiya, S.; Iwamoto, Y.; Tsuneyoshi, M.
Genetic and epigenetic alterations of the PTEN gene in soft tissue sarcomas. Hum. Pathol. 2005, 36, 357—
363, doi:10.1016/j.humpath.2005.01.017.

Gregorian, C.; Nakashima, ].; Dry, S.M.; Nghiemphu, P.L.; Smith, K.B.; Ao, Y.; Dang, ].; Lawson, G.;
Mellinghoff, I.K.; Mischel, P.S.; et al. PTEN dosage is essential for neurofibroma development and
malignant transformation. Proc. Natl. Acad. Sci. USA 2009, 106, 19479-19484, d0i:10.1073/pnas.0910398106.
Pattje, W.J.; Schuuring, E.; Mastik, M.F.; Slagter-Menkema, L.; Schrijvers, M.L.; Alessi, S.; van der Laan,
B.F.; Roodenburg, ].L.; Langendijk, J.A.; van der Wal, J.E. The phosphatase and tensin homologue deleted
on chromosome 10 mediates radiosensitivity in head and neck cancer. Br. ]. Cancer 2010, 102, 1778-1785,
doi:10.1038/sj.bjc.6605707.

Pugc, J.; Parsons, R. PTEN loss inhibits CHK1 to cause double stranded-DNA breaks in cells. Cell Cycle
2005, 4, 927-929, d0i:10.4161/cc.4.7.1795.

Kao, G.D,; Jiang, Z.; Fernandes, AM.; Gupta, A K.; Maity, A. Inhibition of phosphatidylinositol-3-OH
kinase/Akt signaling impairs DNA repair in glioblastoma cells following ionizing radiation. ]. Biol. Chem.
2007, 282, 21206-21212, doi:10.1074/jbc.M703042200.

Abo-Dalo, B.; Kutsche, K.; Mautner, V.; Kluwe, L. Large intragenic deletions of the NF2 gene: Breakpoints
and associated phenotypes. Genes Chromosomes Cancer 2010, 49, 171-175, doi:10.1002/gcc.20733.
Gentleman, R.C.; Carey, V.]J; Bates, D.M.; Bolstad, B.; Dettling, M.; Dudoit, S.; Ellis, B.; Gautier, L.; Ge, Y.;
Gentry, J.; et al. Bioconductor: Open software development for computational biology and bioinformatics.
Genome Biol. 2004, 5, R80, doi:10.1186/gb-2004-5-10-r80.

Gautier, L.; Cope, L.; Bolstad, B.M.; Irizarry, R.A. affy--analysis of Affymetrix GeneChip data at the probe
level. Bioinformatics 2004, 20, 307-315, d0i:10.1093/bioinformatics/btg405.



Cancers 2020, 12, 177 18 of 18

86.

87.

88.

89.

90.

Smyth, G.K. Linear models and empirical bayes methods for assessing differential expression in
microarray experiments. Stat. Appl. Genet. Mol. Biol. 2004, 3, Article3, doi:10.2202/1544-6115.1027.

Smyth, G.K. Bioinformatics and Computational Biology Solutions using R and Bioconductor. In
Bioinformatics and Computational Biology Solutions Using R and Bioconductor; Gentlemen, R., Carey, V.,
Dudoit, S., Irizarry, R., Huber, W., Eds.; Springer: New York, NY, USA, 2005; pp. 397-420.

Irizarry, R.A.; Bolstad, B.M.; Collin, F.; Cope, L.M.; Hobbs, B.; Speed, T.P. Summaries of Affymetrix
GeneChip probe level data. Nucleic Acids Res. 2003, 31, el5.

Smyth, G.K.; Michaud, J.; Scott, H.S. Use of within-array replicate spots for assessing differential
expression in microarray experiments. Bioinformatics 2005, 21, 2067-2075,
doi:10.1093/bioinformatics/bti270.

Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: a Practical and Powerful Approach to
Multiple Testing. . R. Statist. Soc. B 1995, 57, 289-300.

© 2020 by the authors. Licensee MDP], Basel, Switzerland. This article is an open access
M article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



