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Simple Summary: Vestibular schwannoma (VS), benign cranial nerve sheath tumors of the vestibu-
locochlear nerve, lack efficacious systemic therapies, especially if they develop in a NF2-related
schwannomatosis (NF2) background. They cause hearing loss, tinnitus and balance problems. Metas-
tasis associated in colon cancer 1 (MACC1) is a key driver of metastasis. Although MACC1 expression
is associated with highly malignant tumors and VS are considered benign, both are attached to the
HGF/MET signaling pathway and MACC1 is a candidate gene localized at a hearing loss-related
gene locus. Therefore, it was investigated whether MACC1 might be involved in VS pathogenesis.
Surprisingly, MACC1 expression was not increased in the more aggressive NF2-associated VS but in
sporadic VS. Its expression correlated with deafness of the patients during their clinical course. Thus,
these data are a rationale for further investigation of the putative role of MACC1 in VS pathogenesis,
especially VS cell invasion and concomitant deafness of patients.

Abstract: Vestibular schwannoma (VS) are benign cranial nerve sheath tumors of the vestibulo-
cochlear nerve. Their incidence is mostly sporadic, but they can also be associated with
NF2-related schwannomatosis (NF2), a hereditary tumor syndrome. Metastasis associated in colon
cancer 1 (MACC1) is known to contribute to angiogenesis, cell growth, invasiveness, cell motility and
metastasis of solid malignant cancers. In addition, MACC1 may be associated with nonsyndromic
hearing impairment. Therefore, we evaluated whether MACC1 may be involved in the pathogenesis
of VS. Sporadic VS, recurrent sporadic VS, NF2-associated VS, recurrent NF2-associated VS and
healthy vestibular nerves were analyzed for MACC1 mRNA and protein expression by quantitative
polymerase chain reaction and immunohistochemistry. MACC1 expression levels were correlated
with the patients’ clinical course and symptoms. MACC1 mRNA expression was significantly higher
in sporadic VS compared to NF2-associated VS (p < 0.001). The latter expressed similar MACC1
concentrations as healthy vestibular nerves. Recurrent tumors resembled the MACC1 expression
of the primary tumors. MACC1 mRNA expression was significantly correlated with deafness in
sporadic VS patients (p = 0.034). Therefore, MACC1 might be a new molecular marker involved in
VS pathogenesis.

Keywords: vestibular schwannoma; metastasis associated in colorectal cancer 1 (MACC1);
pathogenesis; deafness; NF2-related schwannomatosis (NF2); mRNA expression
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1. Introduction

Metastasis associated in colon cancer 1 (MACC1) is a key driver molecule of metastasis
in a multitude of solid cancers [1,2]. It acts as an adapter protein for protein–protein interac-
tions as well as a transcription factor regulating angiogenesis, cell growth, invasiveness, cell
motility and metastasis by employing the hepatocyte growth factor (HGF)/mesenchymal-
epithelial transition (MET)/MACC1 signaling pathway [2]. In addition, it is a strong
prognostic marker, correlating with progression-free survival of patients of more than
20 different solid tumors including, e.g., colon cancer or glioblastoma [1,3,4]. Therefore,
MACC1 is mainly expressed in highly malignant and metastatic tumors, without notable
expression in benign tumors [1,2]. Interestingly, MACC1 was identified as a candidate gene
localized at the autosomal recessive non-syndromic hearing impairment locus DFNB90,
and therefore suggests its association with hearing loss [5].

Hearing loss is a main symptom in patients with vestibular schwannoma (VS), which
are benign solid nerve sheath tumors of the vestibulocochlear nerve [6]. They arise from
neoplastic Schwann cells of the vestibular part of the 8th cranial nerve. It is the most
common tumor of the cerebellopontine angle and the fourth most common intracranial
tumor [7]. Typically, these tumors cause hypoacusis, tinnitus and balance problems [6–9].
VS mainly occur sporadically and unilaterally with an incidence of 1:100,000 individuals.
However, in about five percent of the cases, they arise as a hallmark manifestation of a
genetic germline mutation, formerly called neurofibromatosis type 2 and recently renamed
to NF2-related schwannomatosis (NF2) [10–13]. NF2 is a genetic disorder with an inci-
dence of 1 in 25,000 individuals [14]. It is characterized by the loss of the NF2 gene on
chromosome 22, which encodes for the tumor suppressor protein moesin-ezrin-radixin-like
protein (merlin) [15,16]. Its loss of function results in the activation of the phosphoinositide
3-kinase (PI3K)/Akt/mammalian target of rapamycin complex 1 (mTORC1) pathway as
well as the retrovirus-associated DNA sequences (RAS)/rapidly accelerated fibrosarcoma
(RAF)/mitogen extracellular signal-regulated kinase (MEK) pathway, which both lead to
cell proliferation and inhibit apoptosis [8,16–18]. In addition, the HGF/MET signaling path-
way is involved in VS pathogenesis including hearing loss [19–24]. Although sporadic and
NF2-associated VS are both characterized by merlin loss as the driver mutation [15,16,25],
NF2-associated VS growth at an earlier age, are more functionally impairing, more ad-
herent to surrounding structures, and show higher recurrence rates [26]. Therefore, they
are the more aggressive type of VS. Although diagnostics and surgery are commonly not
a big issue for these tumors, there is no good long lasting curative therapy available for
NF2-associated VS [12,15,16]. Bevacizumab has been shown to be of benefit for about
one-third of patients with NF2-associated VS [27,28]. Its efficacy and safety are currently
assessed in clinical trials, although apparent drug resistance and rebound tumor pro-
gression after cessation remain unsolved issues [28,29]. Meanwhile, it is unknown why
NF2-associated VS are more aggressive compared to sporadic VS. Thus, the identification
of additional factors, which might be involved in VS pathogenesis and could serve as
therapeutic targets, is a matter of ongoing research [18].

Since NF2-associated VS appear to be more aggressive compared to sporadic VS [6],
we hypothesized that MACC1 might be overexpressed in the former tumors, especially
because MACC1 is a regulator of the HGF/MET signaling pathway, which is also a driving
force in VS pathogenesis [2,19–24]. In addition, the putative involvement of MACC1 in the
loss of hearing and hearing impairment as a pivotal characteristic of VS was the rationale
to investigate whether MACC1 might be involved in VS pathogenesis.

2. Materials and Methods
2.1. Tissue Samples and Clinical Data

The study was conducted according to the guidelines of the Declaration of Helsinki
and approved by the Institutional Review Board of the University Hospital Würzburg
(#145/16). Written informed consent was obtained from all patients for the use of their
tissue in this study. All patients were treated in the Neurosurgery Department of the
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University Hospital Würzburg between 2007 and 2019. Directly after surgical excision, half
of each tumor sample was embedded in paraffin for immunohistochemistry; the other half
was cryopreserved. We additionally employed paraffin embedded tissue blocks from the
neuropathology department for immunohistochemical MACC1 staining to further increase
the size of our study cohort. All samples were neuropathologically assessed according
to EANO guidelines and WHO criteria [30,31]. Forty-nine tumors were diagnosed as
sporadic VS, 5 as NF2-associated VS, and 8 (sporadic VS) and 6 (NF2-associated VS) tumors,
respectively, were recurrences. Four normal vestibular nerves were obtained from autopsies
within the first 24 h after death. Two glioblastoma samples served as staining controls for
MACC1 immunohistochemistry.

Clinical information of the patients was collected retrospectively (Table 1). Hearing
function and tumor extension were categorized using the Hannover classification of au-
diometric results [32,33], whereas tumor growth dynamics were classified by magnetic
resonance imaging during a “watch and wait” period before surgery [8,34]. Previously,
these methods have already been described in detail [35].

Table 1. Clinical parameters of vestibular schwannoma patients at diagnosis used for
correlation analyses.

Patients’ Characteristics Sporadic VS NF2-Associated VS

Sex
Female: 24 (42%); Female:8 (73%);

Male: 33 (58%) Male: 3 (27%)
Age at onset of symptoms

(median, quartiles) 48.0 (40.0–57.5) years 16.0 (9.5–26.0) years

Age at diagnosis (median, quartiles) 52.0 (41.5–60.0) years 20.0 (14.0–32.0) years

Tumor localization
Solely left nerve: 28 (49%) Solely left nerve: 1 (9%)

Solely right nerve: 29 (51%) Solely right nerve: 2 (18%)
Bilateral: 0 (0%) Bilateral: 8 (73%)

Tumor extension

Purely intrameatal (T1): 1 (2%) Purely intrameatal (T1): 0 (0%)
Intra- and extrameatal (T2): 7 (12%) Intra- and extrameatal (T2): 0 (0%)

Filling the cerebellopontine cistern (T3): 26 (46%) Filling the cerebellopontine cistern (T3): 2 (18%)
Brainstem compression ± dislocation of the

fourth ventricle (T4): 23 (40%)
Brainstem compression ± dislocation of the

fourth ventricle (T4): 9 (82%)

Tumor progress per year 1 ≤2 mm: 21 (60%); ≤2 mm: 5 (63%);
≥2 mm: 14 (40%) ≥2 mm: 3 (27%)

Tumor adherence to the brain stem Yes: 39 (68%); No: 18 (32%) Yes: 6 (55%); No: 5 (45%)

Antoni classification
Antoni A: 21 (38%) Antoni A: 4 (44%)
Antoni B: 6 (11%) Antoni B: 1 (12%)

Antoni A/B: 28 (51%) Antoni A/B: 4 (44%)
Recurrence 8 6 2

Hannover classification of
audiometry results

H1: 10 (18%) H1: 2 (18%)
H2: 14 (25%) H2: 0 (0%)
H3: 8 (14%) H3: 0 (0%)

H4: 11 (20%) H4: 1 (9%)
H5: 6 (11%) H5: 0 (0%)
H6: 7 (12%) H6: 8 (73%)

House and Brackmann score

1: 51 (89%) 1: 7 (70%)
2: 5 (9%) 2: 0 (0%)
3: 1 (2%) 3: 2 (20%)
4: 0 (0%) 4: 1 (10%)
5: 0 (0%) 5: 0 (0%)

Primary symptoms Loss of balance: 19 (33%) Loss of balance: 2 (18%)
Loss of hearing: 45 (80%) Loss of hearing: 6 (55%)

General symptoms

Vertigo: 27 (47%) Vertigo: 2 (18%)
Hypoacusis: 49 (86%) Hypoacusis: 11 (100%)

Tinnitus: 34 (60%) Tinnitus: 3 (27%)
Acute hearing loss 3 at least once: 25 (44%) Acute hearing loss 3 at least once: 6 (55%)

1 Data of some patients are missing, because surgery was performed directly after diagnosis. 2 Prior to recurrence,
one VS was irradiated and one received a systemic Avastin therapy. 3 Acute hearing loss is defined as the sudden
partial or total inability to hear as reported by the patients during anamnesis.
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2.2. mRNA Extraction and Quantitative RT-PCR (qPCR)

Total RNA was extracted from cryopreserved tissue utilizing the Gene Matrix Univer-
sal RNA Purification Kit (Roboklon, Berlin, Germany) and reverse transcribed. Purified
RNA samples were stored at −80 ◦C.

Two-step quantitative real-time PCR was performed in parallel and in duplicate per
sample, as described previously [1,3,4]. Briefly, a 136 bp MACC1 amplicon was produced
using the following primers and probes: forward primer 5′-TTC TTT TGA TTC CTC CGG
TGA-3′, reverse primer 5′-ACT CTG ATG GGC ATG TGC TG-3′ (BioTEZ, Berlin, Germany),
fluorescein isothiocyanate probe 5′-GCA GAC TTC CTC AAG AAA TTC TGG AAG ATC
TA-3′, and LCRed640 probe 5′-AGT GTT TCA GAA CTT CTG GAC ATT TTA GAC GA-3′

(TIB MolBiol, Berlin, Germany). For Glucose-6-phosphate dehydrogenase (G6PDH), a
113 bp PCR product was amplified (h-G6PDH Housekeeping Gene Set, Roche Diagnostics,
Mannheim, Germany). Calibrator cDNA was derived from SW620 colon cancer cells and
used in serial dilutions simultaneously in each run. PCR was performed for 10 min at 95 ◦C
and 45 cycles of 10 s at 95 ◦C, 30 s at 60 ◦C, and 4 s at 72 ◦C, each.

2.3. Immunohistochemistry

From formalin-fixed paraffin-embedded blocks of the VS tissue 3 µm sections were
cut and stained with anti-MACC1 antibody (HPA020081, Sigma Aldrich, St. Louis, MO,
USA) using a 1:750 dilution in dilution buffer (DCS, Jena, Germany) as described [3,36].
Glioblastoma sections served as positive staining controls. MACC1 protein expression was
visualized using a polylink secondary antibody and a peroxidase kit (Dako; DCS Innovative
Diagnostic Systems, Jena, Germany). For counterstaining, hematoxylin was used. Brown
staining was indicative for MACC1 expression and analyzed using a LEICA DMI 3000 B
microscope, LEICA DFC450 camera, and LAS V4.5 software (all Leica, Wetzlar, Germany).
Five different fields of view were captured from each slide at a magnification of 40× and
MACC1 staining intensity measured semi-automatically in Fiji [37,38] by processing an
in-house programmed macro (Table 2). This scoring methodology has been utilized and
published previously in related projects [36,39]. The optical density (OD) was calculated
with OD = log10

( 255
x
)

with x as median intensity of at least six measured intensities [31].

2.4. Statistical Analysis

All statistical computations were performed with SPSS Statistics 23 (IBM, Armonk, NY,
USA). Normality was tested using the Shapiro–Wilk test and skewness as well as curtosis
evaluated. If normal distribution was rejected, differences were determined using the
Kruskal–Wallis test with post hoc Dunn’s test/the Mann–Whitney U test with correction of
the significances according to Bonferroni. When normal distribution could be assumed,
ANOVA was used to compare differences of expression values, Leven’s test to assess the
equality of variances, and Dunnett’s T3 was chosen as post hoc test. As most of the statistical
analyses comparing two or multiple groups were based on non-parametric tests, the specific
test is only stated in the text when another test, except for Kruskal–Wallis test with post hoc
Dunn’s test or Mann–Whitney U-test, was used. p < 0.05 was considered to be significant.
p-values represent the alpha-corrected p-values, wherever alpha-correction was performed.
Correlation was evaluated using the Spearman’s correlation coefficient. Expression data
are presented as boxplots. In these plots the middle line displays the median, the hinges
represent the quartiles, and whiskers show extreme values up to 1.5 times the height of
the boxplot.
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Table 2. Macro used for semi-automatic picture evaluation in Fiji [37,38]. Adapted from [36,39].

Macro Commands

input = getDirectory(“Input directory”);
output = getDirectory(“Output directory”);

Dialog.create(“File type”);
Dialog.addString(“File suffix: “, “.tif”, 5);
Dialog.show();
suffix = Dialog.getString();

processFolder(input);

function processFolder(input) {
list = getFileList(input);
for (i = 0; i < list.length; i++)

if(File.isDirectory(input + list[i]))
processFolder(““ + input + list[i]);

if(endsWith(list[i], suffix))
processFile(input, output, list[i]);

}
}

function processFile(input, output, file) {
open(input + File.separator + file);
name=getTitle();
run(“Colour Deconvolution”, “vectors = [H DAB]”);

selectWindow (name+”-(Colour_2)”);
run(“Measure”);

run(“Close All”);
}

3. Results
3.1. Patient Cohort

A total of 71 patient samples were assessed for MACC1 expression at the mRNA and
protein level. This panel was composed of four normal vestibular nerve tissues, 49 sporadic
VS, eight recurrences of sporadic VS, five NF2-associated VS and six recurrences of NF2-
associated VS. MACC1 mRNA could be isolated from all of the normal vestibular nerve
samples, 22 sporadic VS, five recurrences of sporadic VS, all NF2-associated VS and five
recurrences of NF2-associated VS. The tumor and patient characteristics are summarized
in Table 1. We rejected the assumption of normal distribution of the MACC1 mRNA
and protein expression (as determined by qPCR and OD) and therefore performed non-
parametric tests to compare the expression between groups (Shapiro–Wilk: p < 0.05 each).

3.2. MACC1 mRNA and Protein Expression in VS

MACC1 mRNA expression of normal vestibular nerve, sporadic VS and NF2-associated
VS was analyzed by qPCR. Comparing the absolute MACC1 expression values with each
other revealed a mean 3.2-fold higher expression of MACC1 in sporadic VS compared to the
normal vestibular nerve (p = 0.022) as well as a mean 2.9-fold higher expression compared
to NF2-associated VS (p < 0.001), whereas there was no difference in MACC1 expression
between the latter and normal nerve tissue (Figure 1A). For better comparability, MACC1
mRNA expression was normalized to G6PDH, which is broadly used as a housekeeping
gene in VS research [40,41] (Figure S1), and its expression level was compared between
sporadic VS, NF2-associated VS and their respective recurrences (Figure 1B). While there
was no statistically significant difference in MACC1 mRNA expression between primary
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tumors and their recurrences, this analysis confirmed the elevated MACC1 mRNA expres-
sion in sporadic VS compared to NF2-associated VS (mean 4.7 fold, p = 0.027), as well as
recurrence of sporadic VS and recurrence of NF2-associated VS (mean 15.8 fold, p = 0.033)
(Figure 1B).
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Figure 1. Expression of MACC1 in vestibular schwannoma (VS) specimen. (A) Boxplot of MACC1
mRNA expression in normal vestibular nerve tissue (nerve, n = 4), sporadic VS including recurrences
(n = 27) and NF2-related schwannomatosis (NF2)-associated VS including recurrences (n = 10).
(B) Boxplot of MACC1 mRNA expression normalized to G6PDH expression in sporadic VS (n = 22),
recurrence of sporadic VS (n = 5), NF2-associated VS (n = 5) and recurrence of NF2-associated VS
(n = 5). (C) Representative examples of DAB staining of MACC1 protein expression on paraffin-
embedded sections of nerve (n = 3), sporadic VS (n = 49), recurrence of sporadic VS (n = 8), NF2-
associated VS (n = 5) and recurrence of NF2-associated VS (n = 6). Glioblastoma (GBM, n = 2) served
as positive control. The scale bar indicates 50 µm. (D) Quantification of the optical density of MACC1
staining shown in (D).
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Immunohistochemistry was performed to confirm MACC1 expression at the protein
level (Figure 1C). Although MACC1 protein expression was detected in all analyzed
samples, there was no significant difference in the protein expression level between the
different VS entities or normal vestibular nerve detectable (Figure 1D).

3.3. Correlation of MACC1 mRNA Expression with Clinical Parameters of VS Patients

The normalized MACC1 mRNA expression was enhanced in sporadic VS and their
recurrences (sufficient sample size, n = 27), and its expression levels were correlated with
the clinical characteristics of VS patients (Table 1). However, the low sample size of NF2-
associated VS (n = 5) and of both types of recurrences (both n = 5) would have rendered any
correlation analysis unmeaningful. There was no correlation with any of these parameters
detectable, including the tumor size as determined by T classification.

Remarkably, a closer look at the hearing impairment of patients with sporadic VS,
as determined by the Hannover classification of audiometric results [32,33], revealed a
tendency of increased MACC1 mRNA expression in the tumors of patients with a score
of H6 compared to all other scores (Figure 2A). This score refers to pure tone audiometry
(PTA) of >100 dB and a speech discrimination score (SDS) of 0% [32,33]. Therefore, it was
analyzed whether MACC1 mRNA expression might be related with deafness in sporadic
VS patients during their clinical course before initial surgery. Indeed, MACC1 expression
was 1.7-fold higher in the subgroup of patients with sporadic VS suffering from deafness
at least once pre-operatively, compared to patients who never suffered from deafness
(p = 0.034) (Figure 2B).
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Figure 2. Association of MACC1 mRNA expression with hearing impairment of patients with
sporadic vestibular schwannoma. (A) Boxplot of MACC1 mRNA expression normalized to Glucose-
6-phosphate dehydrogenase expression (n = 27) and correlated to the patients’ hearing function
according to the Hannover classification of audiometric results [32,33]. A score of H1 refers to pure
tone audiometry (PTA) of 0–20 dB and a speech discrimination score (SDS) of 100%–95% (n = 4), H2
to PTA 21–40 dB and SDS 95%–70% (n = 6), H3 to PTA 41–60 dB and SDS 65%–40% (n = 5), H4 to PTA
61–80 dB and SDS 35%–10% (n = 5), H5 to PTA 81–100 dB and SDS 5%–0% (n = 4), and H6 to PTA
>100 dB and SDS 0% (n = 3). (B) Normalized MACC1 mRNA expression compared between patients
that did (n = 13) or did not (n = 14) experience deafness during their clinical course before surgery.

4. Discussion

Patients with NF2-related schwannomatosis develop different types of tumors, e.g.,
meningiomas, ependymomas or—as a hallmark tumor—VS, due to the loss of the tu-
mor suppressor protein merlin [12,15,16]. NF2-associated VS usually develops bilaterally.
Compared to sporadic VS, they grow faster, have a higher recurrence rate, and are more
adherent to the cranial nerves and the brain stem [8,17,26,42]. Thus, NF2-associated VS
are the more aggressive tumor entity. Compared to sporadic VS they most likely have an
additional genetic driver, which cause such increased aggressiveness, since not all of the
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abovementioned characteristics can be attributed to multifocal tumor growth. However,
merlin cannot be the only driver, as it is mutated in both forms of VS [15,16,25]. To the
best of our knowledge, the genetic drivers for these differences are not yet known. There-
fore, we hypothesized that MACC1 expression might be such a driving component for
NF2-associated VS. MACC1 is overexpressed in malignant, especially metastatic tumors,
but not in benign or non-metastatic tumor entities [1,2,43]. In addition, it had been shown
that it might be involved in hearing impairment [5]. Hence, MACC1 mRNA expression
was analyzed in different entities of VS and it was surprising that MACC1 was not overex-
pressed in the more aggressive NF2-associated VS compared to healthy vestibular nerves,
but instead in the more benign sporadic VS compared to both.

No correlation of MACC1 expression with any of the analyzed clinical parameters of
the patients were detectable, except for increased MACC1 expression in conjunction with
deafness of the patients who suffered from it at least once during their clinical course before
surgery. However, due to the low number of samples, the results of the correlation analyses
should be interpreted with caution and might be biased. Since tissue samples of VS are
rare and even analyses of small cohorts (when compared to solid tumor entities) may yield
significant value, we decided to present our observations.

Initially, a hearing impairment caused by VS has not been considered to be genetically
determined, but by pressure of the tumor onto the Nervus cochlearis [32]. MACC1 has
been shown to be a driver of tumor growth [2,43]. However, there was no correlation of
MACC1 expression with VS tumor growth or size. Large tumors may be associated with
good hearing function, while some patients with small tumors may suffer from high hear-
ing impairment, suggesting an alternative mechanism besides tumor compression of the
nerve [32,44–46]. Recently, it has been shown that NLR family pyrin domain containing 3
(NLRP3) inflammasome activation in VS is correlated with VS-induced hearing loss [47,48].
Tumor necrosis factor (TNF) receptors activate NFκB, which induces increased transcription
of NLRP3 [49]. Interestingly, both TNFα and NFκB expression are upregulating MACC1
expression in colorectal cancer cells [50]. Although VS are considered benign tumors, they
have the potential to invade the surrounding neural tissues. Since MACC1 has the ability
to enhance cell invasiveness [1,2] and it was identified as a candidate gene localized at the
autosomal recessive non-syndromic hearing impairment locus DFNB90 mapping to 7p22.1-
p15.3, its association with hearing loss was hypothesized [5]. Other genes of the DFNB90
region are ACTB, NXPH1 and PRPS1L1 [5]. Interestingly, these genes have been identified
in the transcriptome list of MACC1. Therefore, invasive tumor growth in conjunction with
inflammasome activation could be an explanation for an over-proportional hearing loss in
some cases with small tumors [35,47,48,51]. Although the evaluation of invasiveness was
out of the scope of this study, MACC1 has been shown to correlate with further invasiveness
of tumor cells [2] and therefore might be relevant for hearing impairment caused by tumor
invasiveness. This could be elucidated by investigating two cohorts of patients: one group
of patients with small VS and poor ability to hear and a second group of patients with
similarly sized tumors but good hearing. Expression of MACC1 and invasiveness of the
tumor then could be analyzed to come to a conclusion. However, it will be difficult to
collect a sufficient number of samples for this kind of analysis. In addition, MACC1 could
be overexpressed and inhibited in VS cell cultures, respectively, and changes in the cells’
invasion as well as proliferation could be measured.

In contrast to sporadic VS, sole surgery is not a long-lasting solution for the treatment
of NF2-associated VS, as it is often associated with persistent cranial nerve deficits [12,52].
Bevacizumab might be of benefit for a subgroup of patients, but due to its relevant side
effects, e.g., hypertonia or proteinuria, and still pending results from clinical trials, it
is only considered for off-label use so far [27–29]. Therefore, an efficacious systemic
therapy is urgently needed and drug targetable regulatory genes/proteins driving VS
development have to be identified [11,15,16,28,52,53]. Two examples of such factors are
chemokine receptor-4 (CXCR4) and a disintegrin and metalloproteinase 9 (ADAM9). Their
overexpression has been described for VS recently and both should be targetable by specific
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inhibitors [35,51,54]. Meanwhile, MACC1 is part of the HGF/MET signaling pathway [2],
which is also of relevance in VS [20,21,23,24]. HGF/MET signaling has been suggested
to play a role in VS-related hearing loss [22] and excessive HGF up- or down-regulation
was associated with deafness of patients [19]. The MET inhibitor Crizotinib increases
radiosensitivity of VS without adverse effects on hearing and suppresses tumor growth
in cell culture experiments, as do other MET inhibitors [21,23,24]. Statins, especially
Lovastatin, Fluvastatin and Atorvastatin, have the potential to inhibit MACC1 activity and
thereby reduce proliferation and invasion of tumor cells [55,56]. In a recent retrospective
investigation of patients with sporadic VS taking statins, the observed reduced growth
of the tumors was not statistically significant [57]. However, it is not specified in the
publication, which statins have been used. Anyway, NF2-associated VS would be the critical
target for such therapies, due to the lack of long lasting curative options. Since MACC1 was
not overexpressed in these tumors, its employment for such a task is unfortunately futile.

5. Conclusions

Our pilot study aimed to elucidate whether MACC1 might be expressed in VS, which
would indicate its putative involvement in VS pathogenesis. Therefore, patient-derived
tissue samples have been collected for mRNA and protein expression analyses. Although
desirable, performing MACC1-inhibitor experiments to show and to confirm MACC1 as
a relevant biomarker for sporadic VS and to elucidate its mode of action was out of the
scope of this study, but is planned for the future. The data presented here are a rationale
for further investigation of a presumable role of MACC1 in sporadic VS pathogenesis,
especially VS cell invasion and concomitant deafness of patients.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers15164089/s1. Figure S1. Box-plot of Glucose-6-
phosphate dehydrogenase (G6PDH) mRNA expression in normal vestibular nerve tissue (nerve,
n = 4) and vestibular schwannoma (VS) specimen (sporadic VS, n = 22; recurrence of sporadic VS,
n = 5; NF2-associated VS, n = 5; recurrence of NF2-associated VS, n = 5). The p-values (ANOVA) refer
to the nerve. The different VS-entities were not significantly different from each other, while G6PDH-
expression in the normal vestibular nerve was reduced, probably due to increased disintegration in
the autopsy material. Therefore, G6PDH was not suitable for comparison analyses of VS with normal
vestibular nerve tissue, while it remained an appropriate housekeeping gene to compare VS entities
with each other. n.s. = not significant.
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