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Abstract.  1 

Schwannoma tumours typically arise on the 8
th

 cranial nerve and are mostly caused by loss of the 2 

tumour suppressor Merlin (NF2). There are no approved chemotherapies for these tumours and 3 

the surgical removal of the tumour carries a high risk of damage to the 8
th

 or other close cranial 4 

nerve tissue. New treatments for schwannoma and other NF2-null tumours such as meningioma 5 

are urgently required.  6 

Using a combination of human primary tumour cells and mouse models of schwannoma, we 7 

have examined the role of the Hippo signalling pathway in driving tumour cell growth. Using 8 

both genetic ablation of the Hippo effectors YAP and TAZ as well as novel TEAD 9 

palmitoylation inhibitors, we show that Hippo signalling may be successfully targeted in vitro 10 

and in vivo to both block and, remarkably, regress schwannoma tumour growth. In particular, 11 

successful use of TEAD palmitoylation inhibitors in a pre-clinical mouse model of schwannoma 12 

points to their potential future clinical use. We also identify the cancer stem cell marker aldehyde 13 

dehydrogenase 1A1 (ALDH1A1) as a Hippo signalling target, driven by the TAZ protein in 14 

human and mouse NF2-null schwannoma cells, as well as in NF2-null meningioma cells, and 15 

examine the potential future role of this new target in halting schwannoma and meningioma 16 

tumour growth. 17 

 18 

Introduction 19 

Schwannomas are benign nervous system tumours that arise either sporadically or as part of the 20 

condition Neurofibromatosis type 2 (NF2) or other schwannomatoses. The annual incidence of 21 

schwannomas is 2.1 per 100,000 individuals
1,2

. In NF2 (incidence 1/25,000), development of 22 

schwannomas is associated with other nervous system tumours such as meningiomas and 23 

ependymomas as well as peripheral neuropathies. Whilst bilateral vestibular schwannomas are a 24 

distinctive feature of NF2, patients may also develop schwannomas on other peripheral nerves
3-6

. 25 

NF2 patients present with hearing loss, tinnitus or balance problems due to vestibular nerve 26 

schwannomas. These tumours may compress the facial nerve, causing additional symptoms and 27 

difficulties with surgical removal of the tumour
7
. While current therapeutic alternatives to 28 

surgery or radiotherapy for schwannomas, such as the anti-VEGF monoclonal antibody 29 

bevacizumab, have shown effect, their use was not without side effects during long-term 30 
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treatment
8-10

. While in this work we largely focus upon schwannoma as a model for an NF2-null 1 

tumour, we also use primary human meningioma tumour cells and cell lines. The ultimate aim 2 

for NF2 patients would be a single treatment for both schwannoma and meningioma tumours, 3 

both potentially seen in the same individual. 4 

Loss of the NF2 tumour suppressor gene product Merlin dysregulates many signalling pathways, 5 

including mitogen activated protein kinase pathways, control of the CRL4
DCAF1

 E3 ubiquitin 6 

ligase and increased growth factor receptor expression, leading to loss of contact inhibition, cell 7 

proliferation and tumour development
11-14

. Recently, there has been interest in the Hippo 8 

signalling pathway effectors YAP and TAZ in driving schwannoma development. Merlin has 9 

been shown to suppress YAP/TAZ nuclear translocation via positive regulation of the Hippo 10 

signaling pathway
15

. Inactivation of the Lats1/2 kinases, which phosphorylate YAP and TAZ, led 11 

to widespread development of schwannoma tumours in a mouse model
16

.  12 

YAP and TAZ associate with the DNA-binding TEAD proteins (TEADs 1-4) to activate 13 

expression of regulators of the cell cycle and apoptosis to drive tumour growth
17

. Recent findings 14 

that YAP and/or TAZ are essential for tumour growth highlighted an urgent need to block their 15 

activity
18

. Many approaches have been trialled to block interaction between YAP/TAZ and 16 

TEAD proteins, thus blocking tumour growth. The photosensitizer verteporfin has been used to 17 

prevent YAP/TEAD interaction
19,20

 and a peptide mimicking the function of the vestigial-like 18 

protein 4, which blocks YAP-TEAD interaction, also suppressed tumour growth in gastric 19 

cancer
21

.  20 

A more recent approach has been to target the palmitoylation of TEAD proteins, which is 21 

necessary for protein stability, interaction with YAP or TAZ and TEAD-dependent 22 

transcription
22

. In one study, the use of an auto-palmitoylation inhibitor decreased tumour cell 23 

proliferation in a xenograft mouse model
23

. New inhibitors of TEAD auto-palmitoylation have 24 

now been described that are active at clinically relevant oral doses and block growth of NF2-null 25 

mesothelioma tumours in vivo
24

.  26 

In this paper, we have also investigated the cancer stem cell marker aldehyde dehydrogenase 27 

1A1 (ALDH1A1) as a potential driver of schwannoma and meningioma tumorigenesis. 28 

ALDH1A1 is a member of the aldehyde dehydrogenase superfamily that detoxify aldehyde 29 

substrates and regulate retinoic acid signalling
25,26

. ALDH1A1 has been proposed as a cancer 30 
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stem cell marker and high levels of expression correlate with both cytotoxic drug resistance and 1 

poor prognosis
27-30

. Understanding ALDH1A1 function in schwannoma and meningioma 2 

tumours may open up new treatment possibilities. 3 

Using a combination of primary human schwannoma cells and the Periostin-CRE NF2
fl/fl 

mouse 4 

model
31

, we examine the roles of both YAP and TAZ in schwannoma tumour growth and the use 5 

of novel TEAD auto-palmitoylation inhibitors. In both human in vitro and mouse in vivo models 6 

of schwannoma, the TEAD inhibitors both block tumour growth and cause tumour shrinkage 7 

without any side effects in vivo, pointing to their strong potential as a future therapy for 8 

schwannoma and potentially other NF2-null tumours. 9 

 10 

Materials and methods 11 

 12 

Clinical material 13 

For ALDH1A1 staining of paraffin sections, 10 cases of schwannoma were included in this 14 

study: Five vestibular schwannomas, four spinal schwannomas and one schwannoma from an 15 

NF2 patient. Histologically, eight cases had features of benign schwannoma (WHO grade 1) and 16 

2 cases were reported as cellular schwannoma (WHO grade 1). The NF2 patient also had 17 

multiple meningiomas and schwannomas at other sites. Normal peripheral (sural) nerve was used 18 

as control. 19 

 20 

Cell culture 21 

Primary schwannoma and meningioma cultures were generated from resected human tumours. 22 

Tumours were cut into small pieces, incubated in DMEM/10% FBS (Gibco), 100 U/mL 23 

penicillin/streptomycin (Gibco), 1.25U/mL dispase grade 1 and 160 U/mL collagenase type 1A 24 

(Worthington Biochemical Corp.) overnight at 37
0
C in 5% CO2. Tumour pieces were broken up 25 

by pipetting, then pelleted by centrifugation at 250 g. Cells were resuspended in DMEM/10% 26 

FBS; 100 U/mL penicillin/streptomycin; 1% D-glucose and 2mM L-glutamine (Gibco) at 37
0
C 27 

in 5% CO2. Adherent cells were passaged into tissue culture flasks. Schwannomas were cultured 28 

on poly-L-lysine (PLL)/laminin coated plates: 0.1 mg/mL PLL (Merck)/PBS (Gibco; pH 7.2) (30 29 
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minutes) and then 0.004 mg/mL laminin (Merck)/PBS (120 minutes). Schwannomas were 1 

cultured in growth factor medium (GFM), DMEM/20% FBS; 100 U/mL penicillin/streptomycin; 2 

0.5µM forskolin (Merck); 2.5 µg/mL amphotericin B (Merck); 2.5µg/mL insulin (Merck); 10nM 3 

β1-heregulin (Merck) and 0.5mM 3-Isobutyl-1-methylxanthine (IBMX) (Merck).  4 

The NF2-null primary meningioma cells and meningioma cell lines BenMen-1 (Grade 1) and 5 

KT21-MG1 (Grade 3) were cultured in DMEM/10% FBS; 100 U/mL penicillin/streptomycin; 6 

1% D-glucose and 2mM L-glutamine. NF2-status of primary meningioma and schwannoma cell 7 

cultures was confirmed by western blot (data not shown). Human meningeal cells (HMC) were 8 

from ScienCell™ and cultured in manufacturer's recommended medium and supplements at 9 

37
0
C/5% CO2. 10 

 11 

shRNA knockdown 12 

Mission® shRNA (Merck) bacterial stocks were used to obtain transfection grade plasmid DNA 13 

to generate viral media for lentiviral-mediated knockdown. Sequences for 14 

ALDH1A1/Scramble/YAP/TAZ knockdown inserted in pLKO.1-puro vector: 15 

ALDH1A1 (TRCN0000026415) – 5’-GCCAAATCATTCCTTGGAATTT-3’;  16 

Scramble (TRC1/1.5; SHC002) – 5’- CAACAAGATGAAGAGCACCAA-3’;  17 

TAZ (TRCN0000307197) – 5’- CGGACTTCATTCAAGAGGAAT-3’ 18 

and YAP (TRCN0000107266) – 5’- GCCACCAAGCTAGATAAAGAA-3’.  19 

Plasmids were packaged using pCMV-VSV-G envelope and pCMV-dr8.2 packaging plasmids 20 

(Addgene). Viral media was produced using 293FT cells transfected using Fugene 6 (Promega) 21 

in optiMEM (Gibco). Primary schwannoma cells were transduced with 1:1 mix of 22 

GFM/lentiviral media/16 μg/mL protamine sulphate (Merck) for 48 h before selection with 4 23 

μg/mL puromycin (Gibco).  24 

 25 

Transgenic Mice 26 

Periostin-CRE mice were provided by S.Conway (Indiana University) and crossed with NF2
fl/fl

 27 

animals (RIKEN Bioresource Research Centre) to make Periostin-CRE;NF2
fl/fl

 animals 
31

; These 28 
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mice were either crossed with YAP
fl/fl 32

 or TAZ
fl/fl 33

 mice to generate Periostin-CRE;NF2
fl/fl

 1 

YAP
fl/fl 

(NF2
fl/fl

YAP
fl/fl

-CRE+) and Periostin-CRE;NF2
fl/fl

 TAZ
fl/fl 

(NF2
fl/fl

TAZ
fl/fl

-CRE+) mice 2 

respectively, resulting in additional deletion of YAP or TAZ. Age-matched CRE- littermates 3 

were used in experiments.  4 

Schwann cell-specific NF2-null mice generated with the P0-CRE line and the sciatic nerve injury 5 

model have been described 
34,35

. For all experiments, male and female animals were used in 6 

approximately equal number. Mice were kept in SPF conditions and fed with standard rodent 7 

diet and water ad libitum. 8 

In experiments using the Periostin-CRE line, mice were only kept until 9 months as permitted by 9 

our UK Home Office project license, to avoid the substantial mortality observed in the NF2
fl/fl

-10 

CRE+ animals after this timepoint
31

. 11 

 12 

Mouse tumour dissection 13 

Mice were killed using carbon dioxide and cervical dislocation. Following fixation in 4% 14 

paraformaldehyde (PFA), dorsal root ganglia (DRGs) were dissected as described
36

. Vestibular 15 

ganglia (VGs) were dissected by cutting the head sagitally, then fixing in 4% PFA. Vestibular 16 

nerves and ganglia were revealed within the internal auditory meatus to expose the 17 

vestibulocochlear apparatus, surrounding bones removed and vestibular ganglia dissected. VG 18 

and DRG volumes were calculated using length and width values as previously described
31

.  19 

 20 

Western blotting 21 

Protein expression was analysed using western blotting
35

. Cells/sciatic nerves were lysed in 22 

RIPA buffer (Thermo Fisher); sciatic nerves were sonicated into lysis buffer using a Q500 23 

sonicator (Thermo Fisher). Lysates were run on SDS-polyacrylamide gels (Bio-Rad), transferred 24 

onto PVDF membranes (Cytiva), blocked in 5% BSA, incubated with primary antibodies in BSA 25 

overnight at 4
0
C and then HRP-conjugated secondary antibodies in 5% BSA for 1h at room 26 

temperature. Blots were visualised using Pierce™ ECL (Thermo Fisher) on a PXi developer 27 

(Syngene), quantified by densitometry and normalised to GAPDH or vinculin loading controls 28 

using ImageJ. In Figures 2, 5E and, 6E, blots shown are representative of independent biological 29 
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7 

repeats; Figure 5L shows collated blots from the same three paired biological repeats. Figure 7D 1 

shows three paired biological repeats on the same blot. Figure 8C and E show representative 2 

blots of technical repeats. 3 

 4 

Immunohistochemistry, immunocytochemistry, EdU and TUNEL assays 5 

Immunofluorescence was conducted on 4% PFA fixed cells, frozen tissue sections or tissue 6 

whole mounts. Cells were immunostained on coverslips; frozen tissue sections were made by 7 

cryoprotecting tissue with 30% sucrose/PBS for 48h and freezing in OCT (Agar Scientific) and 8 

cutting 10µm sections using a cryostat (Leica). Wholemounts of VGs were performed as 9 

previously
37

. Cells/tissues were permeabilised with 1% Triton-X100/PBS, blocked with 3% 10 

BSA/PBS for 1h at room temperature, then incubated with primary antibodies overnight at 4
0
C 11 

and the following day with secondary antibodies and Hoechst (Thermo Fisher), diluted in 3% 12 

BSA/PBS, for 1h at room temperature. Formalin fixed paraffin embedded tissue sections (4m 13 

thick) were stained with either Mayer’s Haematoxylin and Eosin (H & E; Thermo Fisher) or in 14 

combination with primary antibodies using a Vectastain Elite ABC kit (Vector Labs) and 3,3’-15 

diaminobenzidine (DAB)
16,38

. Incorporation of EdU into DNA was used to measure cell 16 

proliferation. For cultured cells, EdU/DMSO was added at final concentration of 10µM in media 17 

4h before fixation in 4% PFA. For mice, 100 mg/kg of EdU was dissolved in DMSO, diluted 18 

1/10 in PBS and given by intraperitoneal injection 24h before killing and fixation of tissue in 4% 19 

PFA. EdU-positive cells were detected using Click-iT™ EdU cell proliferation kit (Thermo 20 

Fisher), according to manufacturer's instructions. Apoptosis was detected using a TUNEL assay 21 

kit (Invitrogen) according to manufacturer’s instructions.  22 

 23 

Drug treatments 24 

Small molecule inhibitors of TEAD auto-palmitoylation (VTs), developed by Vivace 25 

Therapeutics, were used to treat cultured cells and mice. VTs, dissolved in dimethylsulfoxide 26 

(DMSO; Merck), were added to culture medium for in vitro experiments. For adult mice, the 27 

vehicle was an aqueous solution consisting of 5% glucose (w/v, Thermo-Fisher) containing 5% 28 

DMSO and 10% Kolliphor HS-15 (Merck). VT compounds were diluted in DMSO and 29 
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8 

Kolliphor HS-15 and aqueous 5% glucose (w/v) added to match vehicle solution. VT compounds 1 

were further diluted in vehicle solution to 5 mg/mL (VT1) or 10 mg/mL (VT2). VTs were 2 

administered by gavage each day using feeding tubes (Instech). Randomized groups of mice 3 

were given either vehicle, 10 mg/kg VT1 or 30 mg/kg VT2 daily for 21 days. Details of the VT1 4 

and VT3 inhibitors (referred to as VT104 and VT107 respectively) have been published
24

. VT1 5 

(VT104) and VT2 have different pharmacokinetics in mice and the dosing concentration of each 6 

compound was chosen empirically, based on their minimum efficacy dose and at a dose that 7 

provided maximum efficacy in models of NF2-deficient mesothelioma without adverse effect on 8 

body weight. The ALDH1A1 inhibitor (NCT-505) was a gift from NIH NCATS
39

 and used as 9 

stated. 10 

For studies with BenMen-1 meningioma cells, cells were treated with ALDH1A1 inhibitors and 11 

cisplatin (Selleckchem), dissolved in DMSO vehicle. For ALDH1A1 inhibitors and cisplatin 12 

individual/combination experiments, cells were plated onto coverslips; after 2 hours, cells were 13 

topped up with media containing either DMSO vehicle or the relevant drug concentration. 14 

Primary schwannoma cells were treated with 10 µM MG132 (Merck) or DMSO vehicle for 3 15 

hours to monitor proteasomal-dependent degradation. 16 

 17 

Antibodies 18 

Primary antibodies used for immunostaining were: Neurofilament (1:1000; ab4680; Abcam), 19 

ALDH1A1 (1:200; ab52492; Abcam), YAP (1:100; #14074; CST), TAZ (1:100; sc-48805; Santa 20 

Cruz), Ki67 (1:100; ab15580; Abcam), S100 (pre-diluted; GA504; Dako). Species-specific 21 

AlexaFluor™ secondary antibodies (Thermo Fisher) were used at 1:200. 22 

Primary antibodies used for western blotting: YAP (1:1000; #14074; CST), TAZ (1:500; sc-23 

48805; Santa Cruz), Pan-TEAD (1:1000; #13295; CST), GAPDH (1:5000; AB2302; Merck), 24 

ALDH1A1 (1:1000, ab52492; Abcam) and CTGF (1:500, ab6992, Abcam). For detection of 25 

primary antibodies, HRP-conjugated goat anti-rabbit (1:5000; #1706515; Bio-Rad) and HRP-26 

goat anti-mouse (1:5000; #1721011; Bio-Rad) were used.  27 

 28 

  29 
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Statistical Analysis 1 

Statistical analysis was performed using GraphPad Prism 8. Statistical tests performed for are 2 

stated in Figure legends; in all cases * P ≤ 0.05; ** P ≤ 0.01; and *** P ≤ 0.001. Because of 3 

small sample sizes (n < 5 for most comparisons), assumptions of normality and equal variances 4 

for the data couldn’t be assessed. Sample size was not predetermined by statistical methods and 5 

randomization was not applied. In gavage experiments the investigators were not blinded 6 

because the NF2
fl/fl

-CRE+ mice were frequently smaller than NF2
fl/fl

-CRE- littermates and 7 

vehicle solution looked visibly different to the drug suspension. No samples were excluded from 8 

the analyses. Biological repeats were used in all experiments and data presented as mean ± SEM 9 

with the n number reported in each Figure legend.  10 

 11 

Study Approval 12 

For schwannoma and meningioma tumour tissue, anonymised MN samples from the ‘Identifying 13 

and validating molecular targets in low grade brain tumours’ (MOT) project (REC No: 14 

14/SW/0119; IRAS project ID: 153351) and Plymouth Brain Tumour Biobank (REC No: 15 

19/SC/0267; IRAS No: 246667) were collected under ethical approval from University Hospitals 16 

Plymouth NHS trust and North Bristol NHS trust. All animal experiments conformed to UK 17 

Home Office regulations under the Animals (Scientific Procedures) Act 1986, followed ARRIVE 18 

guidelines and were approved by the Plymouth University Animal Welfare and Ethical Review 19 

Board. 20 

 21 

Data Availability 22 

The authors confirm that the data supporting the findings in this paper are available within the 23 

article and/or its supplementary material. 24 

 25 

  26 
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Results 1 

 2 

YAP/TAZ are required for schwannoma development in the DRGs and VGs of Periostin-3 

CRE NF2
fl/fl

 mice 4 

The Periostin (Postn)-CRE NF2
fl/fl 

mouse model has been widely used as a model of spontaneous 5 

schwannoma formation in vivo. Mice with Postn-CRE-driven loss of Merlin (NF2) develop 6 

tumours in dorsal root ganglia (DRG), vestibular ganglia (VG) and vestibular nerves
31,40,41

. Use 7 

of a Rosa TdTomato line, which expresses Tomato RFP in cells following recombination showed 8 

high Postn-CRE-driven recombination in glial cells of the DRG (Supplementary Figure 1N, O). 9 

For analysis of schwannoma tissue in DRG, we analysed mice at 3, 5 and 9 months. 10 

Haematoxylin and eosin (H & E) staining of DRG sections showed progressive and clear 11 

hyperplasia in DRG of Postn-CRE+ NF2
fl/fl

 (NF2
fl/fl

-CRE+) animals compared to controls 12 

(NF2
fl/fl

-CRE-) (Supplementary Figure 1A-M). A 24 hour EdU pulse showed EdU-positive cells 13 

in DRG and VG tissue of NF2
fl/fl

-CRE+ mice (Figure 1 B, F), allowing quantification of effects 14 

of loss of YAP or TAZ in such tumours or efficacy of TEAD auto-palmitoylation inhibition of 15 

proliferation in vivo.  16 

We next studied effects of either YAP or TAZ loss in NF2-null cells upon schwannoma 17 

proliferation in both DRG and VG tissue
31

. Counts of total non-neuronal cells per area within the 18 

DRG showed increased numbers in NF2 single null animals, which further increased with age 19 

(Supplementary Figure 1M). For EdU quantification, neurofilament antibody stain revealed 20 

neuronal cell bodies within DRG and VG and numbers of EdU positive cells per tissue area 21 

around these neuronal cell bodies were used for quantification of proliferating cells. At both 22 

DRG and VG tumour sites, loss of either YAP or TAZ significantly reduced cell proliferation; 23 

although loss of either YAP or TAZ seemingly had a greater effect on proliferation in the VG 24 

than the DRG (Figure 1A-J). 25 

Staining of DRG paraffin sections from control (NF2
fl/fl

-CRE-), NF2 single null (NF2
fl/fl

-CRE+), 26 

NF2/YAP double knockout (NF2
fl/fl

YAP
 fl/fl

 –CRE+) and NF2/TAZ double knockout 27 

(NF2
fl/fl

TAZ
fl/fl

 –CRE+), showed an elevation of both YAP and TAZ in NF2 single null tissue 28 

compared to control tissue. NF2/YAP double null and NF2/TAZ double null tissue showed 29 
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11 

reduced stain for YAP and TAZ respectively compared to NF2 single null, confirming their loss 1 

in the double knockout tissue (Figure 1 K-R).  2 

 3 

Use of pan-TEAD auto-palmitoylation inhibitors reduces VG and DRG schwannoma 4 

tumour cell growth rates in vivo 5 

We next used NF2 single null animals to trial two novel pan-TEAD auto-palmitoylation 6 

inhibitors, VT1 and VT2, and effects upon proliferation in vivo. The use of VT1 has previously 7 

been described
24

 (designated VT104), but details of VT2 have not yet been published. Both 8 

inhibitors are orally available and were administered by gavage for 21 days. There were no 9 

apparent side effects or weight loss in animals, as in their previous use
24

; Figure 2 shows the 10 

results of our experiments in VG tissue in 3-month old animals. Both VT1 and VT2 showed 11 

significant decreases in tumour cell proliferation (73% and 52% respectively) within the VG 12 

(Figure 2, A-F, quantification in G, H). A similar inhibition of proliferation by VT1 and VT2 13 

was also seen in the VG from 5-month-old animals (Supplementary Figure 2). 14 

As blocking TEAD auto-palmitoylation has been shown to regulate both TEAD protein stability 15 

and block TEAD target gene transcription, we measured levels of TEAD proteins and the TEAD 16 

target connective tissue growth factor (CTGF) in sciatic nerve of animals treated with vehicle, 17 

VT1 or VT2. Sciatic nerve was used as it is Schwann cell-rich (>70% of total cell number
42

). 18 

CTGF was elevated in NF2 single null sciatic nerve compared to control and significantly 19 

decreased by VT1 or VT2 treatment (Figure 2I, J, L, M). Thus, both inhibitors are engaging with 20 

their target and blocking TEAD-dependent transcription in NF2-null Schwann cells. For TEAD 21 

protein expression in VT1 or VT2 treated animals, a pan-TEAD antibody showed significant 22 

changes in TEAD proteins expression only with VT2 drug in vivo (compare Figure 2K for VT1; 23 

2N for VT2).  24 

We next studied effects of VT1 and VT2 upon schwannoma proliferation in the DRG at 3 and 5 25 

months. Both VT1 and VT2 significantly reduced cell proliferation at both timepoints 26 

(Supplementary Figure 3, 3-month and Supplementary Figure 4 for 5-month DRG). For those 27 

experiments shown in Supplementary Figure 4 A-F, the Postn-CRE NF2
fl/fl

 animals were crossed 28 

with PLP-GFP expressing mice, expressing GFP in Schwann cells and satellite glial cells
43,44

; 29 

thus confirming that EdU positive cells within the DRG were glial cells. Similar to the earlier 30 
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12 

timepoint at 3 months (Figure 2), both VT1 and VT2 blocked expression of CTGF and VT2, but 1 

not VT1, reduced levels of total TEAD protein (Supplementary Figure 4I-N). 2 

 3 

Reduction of tumour size and apoptosis in vivo with VT1 and VT2 inhibitors 4 

While our data shows that both VT1 and VT2 inhibitors significantly reduce proliferation rates 5 

of schwannoma tumours in vivo, we next tested whether there was any shrinkage of the tumours 6 

in vivo by VT1 or VT2. We used 9 month old control and NF2-null animals and examined 7 

vestibular ganglion sizes in animals treated for 21 days with VT1 or VT2. We observed 8 

significant reductions in tumour volume in VT1- or VT2-treated animals (Figure A-D; 9 

quantification in E). A similar decrease in size was observed in the DRG (Figure 3F). In 10 

correlation with this finding of tumour shrinkage, we found increased apoptosis of tumour cells 11 

in both VG and DRG with VT2 by TUNEL assay after 10 days of treatment (Figure 3G-R; 12 

quantification in S, T). 13 

 14 

Increased macrophage numbers within NF2-null mouse schwannoma tissue are YAP and 15 

TAZ-dependent 16 

Proliferation of human schwannomas has been shown to positively correlate with macrophage 17 

numbers within the tumour
45,46

. Furthermore, mouse models of schwannoma show high 18 

macrophage numbers within tumours
34,35

. Using the pan-macrophage marker Iba1, we 19 

determined percentages of Iba1 positive cells in control and NF2 single null DRG tissue (Figure 20 

4 A, E, I and B, F, J respectively) and VG tissue (Figure 4, M-P). While we see macrophages 21 

within the DRG and VG in controls, loss of NF2 significantly increased macrophage numbers 22 

within tumours in both locations (Figure 4Q, R). For DRG tissue in NF2 null animals, a stepwise 23 

increase was seen in percentages of macrophages between 3, 5 and 9 months (compare Figure 24 

4A, E, I and B, F, J). We tested whether loss of YAP or TAZ in NF2 single null animals would 25 

alter macrophage numbers. Loss of either YAP (Figure 4C, G, K) or TAZ (Figure 4D, H, L) 26 

significantly decreased macrophage numbers in DRG at all ages (Figure 4Q), correlating with 27 

reduced schwannoma cell proliferation in the NF2/YAP and NF2/TAZ double nulls (Figure 1 I, 28 

J). 29 
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13 

Knockdown of YAP/TAZ or TEAD inhibition blocks human schwannoma and meningioma 1 

cell proliferation 2 

To complement the in vivo mouse data, we next tested primary human schwannoma cells for the 3 

roles of YAP and TAZ in proliferation. Knockdown of either YAP or TAZ significantly reduced 4 

schwannoma cell proliferation (Figure 5A-D); successful knockdown of YAP or TAZ was 5 

confirmed by western blot (Figure 5E-G). In these experiments, however, while knockdown of 6 

TAZ did not affect YAP expression, knockdown of YAP did reduce TAZ in primary 7 

schwannoma cells, so while both knockdown of either YAP or TAZ reduces cell proliferation, an 8 

additional effect upon TAZ expression may mediate some of the effects of YAP knockdown 9 

(Figure 5 E-G). 10 

It is unknown which TEAD proteins are expressed in human NF2-null schwannoma cells, so we 11 

next performed western blotting on 3 primary schwannoma tumours (S1-S3) using TEAD 1-4 12 

specific antibodies. TEAD expression was remarkably variable between tumours (Figure 5L, left 13 

panel). For this reason, as in the mouse model, we tested a pan-TEAD auto-palmitoylation 14 

inhibitor (VT3) for effects upon human schwannoma proliferation, TEAD expression and 15 

inhibition of CTGF. VT3 blocked human schwannoma proliferation with an IC50 of 39nM 16 

(Figure 5H-K, quantification in M) and reduced CTGF expression. Use of VT1 or VT2 pan-17 

TEAD inhibitors, as used for in vivo use in the Postn-CRE NF2
fl/fl 

animals, also significantly 18 

reduced CTGF levels and proliferation of human NF2-null schwannoma (HEI193) cells 19 

(Supplementary Figure 5). 20 

We also tested the effects of VT1, VT2 and VT3 pan-TEAD inhibitors on proliferation of human 21 

NF2-null meningioma cells. All three TEAD inhibitors significantly inhibited the proliferation of 22 

human meningioma cells (Supplementary Figure 6), demonstrating the potential to extend their 23 

future use to other NF2-null tumour types. 24 

 25 

The cancer stem cell marker ALDH1A1 is regulated by TAZ in NF2-null Schwann and 26 

schwannoma cells 27 

Having shown roles for TEAD activity in schwannoma cell proliferation, we wished to identify 28 

new YAP or TAZ targets driving cell proliferation in schwannoma and other NF2-null tumours. 29 
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Recent work showed expression of ALDH1 in human schwannoma tissue, but the mechanism of 1 

ALDH1 upregulation and its potential function is unclear
47

.  2 

To further define the subtype of ALDH1 expressed, given its roles in cancer stem cell biology, 3 

we examined ALDH1A1 expression in both Postn-CRE NF2
fl/fl

 mice and in human 4 

schwannoma. In the Postn-CRE NF2
fl/fl

 animals, we examined adult sciatic nerve and DRG in 5 

control and NF2-null animals. In sciatic nerve, we observed weak ALDH1A1 expression in non-6 

myelinating Schwann cells (Figure 6A). This finding corresponds to the recent published data 7 

from the Sciatic Nerve Atlas (https://snat.ethz.ch/search.html?q=aldh1a1), showing aldh1a1 8 

mRNA expression in the non-myelinating cells of adult sciatic nerve
48

. Compared to control 9 

nerves, ALDH1A1 protein expression was elevated in the sciatic nerves of NF2-null mice, again 10 

only in the non-myelinating cell population (Figure 6C). In the DRG, levels of ALDH1A1 were 11 

much higher in the glial cells surrounding the neuronal cell bodies in NF2-null animals (Figure 12 

6B, D). To test whether YAP or TAZ drive ALDH1A1 expression in NF2-null Schwann cells, 13 

we examined sciatic nerves of control, NF2 single null, NF2/YAP and NF2/TAZ double null 14 

mice. By western blot and immunolabelling we showed that it was TAZ, not YAP, driving 15 

ALDH1A1 expression in NF2-null sciatic nerve (Figure 6E-I) and DRG (Figure 6J-M). Analysis 16 

of TAZ single null sciatic nerve showed that ALDH1A1 expression seen in the non-myelinating 17 

Schwann cells (Figure 6A) was TAZ-dependent (data not shown). The increase in ALDH1A1 18 

levels appeared to be transcriptional, as we observed increased aldh1a1 mRNA in both sciatic 19 

nerve and DRG of NF2-null animals, along with other Hippo pathway responsive genes. 20 

Correspondingly, treatment of NF2-null animals with VT2 for 7 days significantly reduced 21 

aldh1a1 mRNA levels in both tissues (Supplementary Figure 10). The effects upon aldh1a1 and 22 

other Hippo targets were more marked in sciatic nerve than DRG, probably reflecting the higher 23 

Schwann cell content of sciatic nerve
49,42

. Western blotting of ALDH1A1 in vivo also showed a 24 

decrease with VT2 treatment (Figure 6N, O). 25 

We have previously shown that peripheral nerve injury leads to schwannoma tumour 26 

development using the P0-CRE+/NF2
fl/fl 

mouse model, which also has a Schwann cell-specific 27 

knockout of NF2
34,35,50

. Prior to injury in the P0-CRE+/NF2
fl/fl 

animals, we once again saw 28 

elevated levels of ALDH1A1 in the non-myelinating Schwann cells of the sciatic nerve 29 

(Supplementary Figure 7C, E, F). In line with the tumour formation in this model, staining of 30 
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distal nerve following injury showed an increase ALDH1A1 expression at 7 days post-nerve 1 

crush injury, confirmed by western blot (Supplementary Figure 7D-F).  2 

Next, we measured levels of ALDH1A1 protein in human schwannoma tumour tissues and cells. 3 

Analysis of human schwannoma showed strong ALDH1A1 expression in all tumours (n=10), 4 

with no expression in control (sural) nerve (n=3) (Figure 7A-C and not shown). As in the Postn-5 

CRE/NF2
fl/fl 

mouse model, loss of TAZ (by shRNA knockdown) in human primary schwannoma 6 

cells reduced ALDH1A1 expression (Figure 7D, E). Experiments using the proteasome inhibitor 7 

MG132 to determine whether changes in ALDH1A1 protein levels by TAZ may be mediated by 8 

proteasomal degradation showed no changes in cells with TAZ knockdown treated with MG132 9 

(Figure 7F, G). 10 

Interest in ALDH1A1 as a driver of the cancer stem cell phenotype has led to development of 11 

novel ALDH1A1-specific inhibitors, for use either alone, or, as ALDH1A1 can detoxify some 12 

chemotherapy agents, in combination with such agents to potentiate effects. Yang et al reported 13 

the development of novel orally available ALDH1A1 inhibitors
39,51,52

. One such ALDH1A1-14 

specific inhibitor (NCT-505) reduced proliferation of human NF2-null schwannoma cells in vitro 15 

(Figure 7H-J). 16 

 17 

Increased expression and function of ALDH1A1 in human NF2-null meningioma cells 18 

As NF2 loss is seen in approximately 60% of sporadic human meningioma tumours
53-55

, we also 19 

examined ALDH1A1 expression in human meningioma tissue and cell lines. We observed 20 

increases in ALDH1A1 protein in NF2-null compared to NF2-positive human meningioma tissue 21 

(Figure 8A, B). Analysis of BenMen-1 (Grade 1) and KT21-MG1 (Grade 3) meningioma cell 22 

lines, both NF2-null, also showed raised ALDH1A1 levels compared to control human 23 

meningeal cells (Figure 8C, D and Supplementary Figure 8).  24 

Knockdown of YAP or TAZ in BenMen-1 meningioma cells, as for schwannoma cells, 25 

confirmed a dependence upon TAZ for ALDH1A1 expression (Figure 8E, F). As for human 26 

schwannoma cells, use of an ALDH1A1-specific inhibitor slowed the proliferation of BenMen-1 27 

meningioma cells (Figure 8G-J).  28 
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Finally, we compared the effects upon proliferation between knockdown of ALDH1A1 and 1 

knockdown of TAZ in BenMen-1 cells. Loss of either ALDH1A1 or TAZ both significantly 2 

reduced cell proliferation, but knockdown of TAZ was more effective, perhaps indicating 3 

additional TAZ targets in driving meningioma cell growth (Figure 8K-N). 4 

As ALDH1A1 may detoxify platinum-based chemotherapy drugs, use of either ALDH1A1 5 

inhibitors or ALDH1A1 knockdown may sensitise tumour cells to agents such as cisplatin and 6 

paclitaxel in ovarian and lung tumour cells
39,56,57

. Cisplatin exhibits anti-tumour activity in 7 

meningioma cells
58,59

 with resistance to cisplatin highest within the cancer stem cell population 8 

of meningioma cells
60

. We performed similar experiments with BenMen1 meningioma cells and 9 

a combination of ALDH1A1 inhibitor and cisplatin. Either reagent alone reduced BenMen-1 cell 10 

proliferation, but the combination was strongly synergistic in reducing cell proliferation 11 

(Supplementary Figure 9). 12 

 13 

Discussion 14 

We have reported three key findings in the biology of schwannoma tumours. Firstly, the 15 

requirement for Hippo signalling through YAP and TAZ to drive growth of human and mouse 16 

schwannoma tumours in vitro and in vivo respectively. Secondly, we have shown efficacy for 17 

TEAD auto-palmitoylation inhibitors in blocking schwannoma and meningioma growth and 18 

raised the prospect of these being used clinically. Thirdly, we have characterised the expression 19 

and function of the cancer stem cell marker ALDH1A1, and its regulation by TAZ, in both NF2-20 

null schwannomas and meningiomas. These findings open up new avenues of treatment for these 21 

two tumour types in patients. 22 

Dysregulation of Hippo signalling in NF2-null tumours has been widely studied and NF2 loss 23 

causes reduced phosphorylation of YAP/TAZ by the LATS1/2 kinases, leading to increased 24 

nuclear localisation and raised activity of YAP and TAZ
15,61

. Target genes of YAP and TAZ 25 

include those involved in cell proliferation, cell death and cytoskeletal function
62,63

. We found 26 

that loss of either YAP or TAZ reduced schwannoma tumour growth in both DRG and VG tissue 27 

(Figure 1); however loss of YAP or TAZ alone did not completely halt tumour growth. 28 

Moreover, our data suggests that YAP and TAZ have overlapping but distinct functions in 29 

driving proliferation in schwannoma tumours, for instance the regulation of ALDH1A1 appears 30 
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only TAZ-dependent in our experiments. However, the relationship between YAP and TAZ 1 

expression is complex
64

 with for example YAP reported to inversely regulate levels of TAZ 2 

protein in mammalian cells
65

, although we did not observe such effects in our knockdown 3 

experiments (Figure 5) so such effects may be cell type-specific. Mice with loss of both YAP 4 

and TAZ in vivo are not viable to adulthood, either on wild-type or NF2-null background, so we 5 

cannot test their combined loss. 6 

While removal of the Hippo pathway kinases Lats1/2 in all Schwann cells leads to the malignant 7 

peripheral nerve sheath tumours (MPNSTs)
66

, a more recent paper
16

 used the Hoxb7-CRE line to 8 

reduce Lats1/2 activity in a sub-population of Schwann cells leading to widespread schwannoma 9 

tumours in skin, soft tissue and DRGs. Experiments using this Lats1/2 model also showed YAP 10 

and TAZ were required for schwannoma development
16

, in agreement with our findings.  11 

It should, however, be noted that the tumours with the Lats1/2 model appear much more 12 

aggressive and more numerous than in our model and are subcutaneous, rather than modelling 13 

the tumour sites seen in NF2 patients. Recent data has shown that in NF2-null cells, Motin 14 

family members control YAP/TAZ activity and mediate the benign nature of most NF2-null 15 

tumour types
67

. Additionally, in one study of human schwannomas, Lats1 and Lats2 mutations 16 

were seen in only 2% and 1% of cases respectively, compared to 55% showing mutations in the 17 

NF2 gene
68

; it is therefore arguable that a schwannoma model with NF2 loss is more clinically 18 

relevant. 19 

A number of new TEAD auto-palmitoylation inhibitors, with differential TEAD selectivity have 20 

now been identified
24

. The pharmacokinetics of these compounds are favourable, they are also 21 

orally available and have no discernible side effects in mice
24

.  22 

We trialled two pan-TEAD inhibitors in the Postn-CRE NF2
fl/fl

 mouse model, which closely 23 

mimics the sites of tumour formation in human patients. We chose to study tumour cell division 24 

in mice at 3, 5 and 9 months, where tumour formation is clearly seen in this model. Both TEAD 25 

inhibitors showed good target engagement, downregulating the TEAD target CTGF, as well as 26 

other Hippo targets and both significantly blocked cell proliferation in DRG and VG tumour sites 27 

(Figure 2; Supplementary Figures 2, 3, 4, 10). Thus, these compounds would seem ideal for 28 

potential translation into clinical trials for patients with schwannoma tumours, although a 29 
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limitation of our study is that we have not carried out auditory brainstem response (ABR) 1 

measurements in control and treated animals
31,41

. 2 

 Data using these compounds showed an apparent shrinkage of schwannoma tumours in the VG 3 

and DRG of 9-month-old mice treated with either VT1 or VT2 for 21 days. We have also seen a 4 

clear and significant increase in schwannoma cell apoptosis in the VG and DRG at 10 days of 5 

treatment with VT2 (Figure 3). It has been shown that YAP/TAZ function up-regulates pro-6 

survival members of the Bcl-2 family, can overcome anoikis-driven apoptosis and prevent the 7 

alternative apoptotic cascade regulated by tumour necrosis factor alpha and FAS ligand
69-71

. 8 

Indeed, we observed raised mRNA levels of birc5 (survivin), a pro-survival TEAD target gene
69

, 9 

in NF2-null mouse sciatic nerve (Supplementary Figure 10). A schematic (Supplementary Figure 10 

11) illustrates the effects of the auto-palmitoylation inhibitors in the mouse schwannoma model.  11 

Macrophages form part of the schwannoma tumour microenvironment
34,35

 and numbers of 12 

macrophages within the tumour tissue correlate with tumour growth
45,46

. Similarly, we found that 13 

in both NF2/YAP and NF2/TAZ double null animals, with decreased proliferation compared to 14 

NF2 single null mice, reduced macrophages were observed (Figure 4). Screens for cytokines 15 

produced by NF2-null Schwann cells in a model of injury-induced schwannoma tumour 16 

formation identified a number of cytokines with links to chronic inflammation, such as IL-6 and 17 

SDF-1/CXCL12
34

, but it is unclear if these may be YAP- or TAZ-dependent. Studies in human 18 

meningioma tumours have also shown that NF2-null tumours have higher macrophage numbers 19 

than tumours with other driving mutations (AKT1 E17K)
72

. While roles for macrophages in 20 

driving meningioma tumour growth are unknown, larger numbers of macrophages are seen in 21 

higher grade meningioma tumours
73

.  22 

We found that in human schwannoma tumours, there is remarkable heterogeneity in TEAD 23 

isoform expression, thus decided to use pan-TEAD inhibitors. Using pan-TEAD inhibitors in 24 

experiments with either primary human schwannoma or meningioma cells, they blocked cell 25 

proliferation in the nanomolar concentration range, while slightly less efficacious in the 26 

schwannoma cell line HEI193, possibly highlighting differences in primary cells versus cell lines 27 

(Compare Supplementary Figures 5 and 6). 28 

Experiments performed using three TEAD auto-palmitoylation inhibitors in both NF2-null 29 

meningioma cell lines and primary human meningioma cells show they are also highly effective 30 
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in this tumour type (Supplementary Figure 6). Not only are meningiomas the most common 1 

primary intracranial tumour type
74

, but in individuals with NF2, patients are predisposed to 2 

develop both bilateral vestibular schwannomas as well as meningiomas
75

. Thus, these TEAD 3 

inhibitor compounds hold promise in both treatment of sporadic schwannomas and 4 

meningiomas, but also for NF2 patients with multiple tumours of both types. The pan-TEAD 5 

inhibitor VT2 (also known as VT3989; Tang et al, unpublished) is currently in a phase 1 clinical 6 

trial that includes patients with NF2-deficient mesothelioma (NCT04665206). VT2 and other 7 

TEAD palmitoylation inhibitors have shown efficacy in blocking resistance development when 8 

used in combination with osimertinib in mouse models of non-small cell lung cancer (Tang et al, 9 

AACR, 2022; Haderk et al, Biorxiv https://doi.org/10.1101/2021.10.23.465573) 10 

While the TEAD auto-palmitoylation inhibitors we have used have high potential, another part of 11 

the data presented in this paper was to identify the cancer stem cell marker ALDH1A1 as a TAZ 12 

target in both NF2-null schwannoma and meningioma tumour cells and characterise its function 13 

(Figures 6-8). ALDH1A1 expression has been seen in a number of different tumour types, 14 

restricted to the cancer stem cell population and has been previously proposed as a TAZ 15 

target
25,26,76

. In lung cancer cells, TAZ was previously shown to activate Aldh1a1 promoter 16 

activity
76

. Whilst we show that both TEAD inhibition and TAZ regulate ALDH1A1 expression 17 

(Figure 6), the precise mechanism of YAP/TAZ-mediated ALDH1A1 regulation remains to be 18 

investigated. For NF2-null schwannoma, we found strong ALDH1A1 expression in all cells of 19 

mouse and human tumours. Similarly in meningioma, ALDH1A1 was expressed in all cells of 20 

NF2-null tumour tissue. Knockdown or chemical inhibition of ALDH1A1 alone in either 21 

schwannoma or meningioma tumour cells reduced proliferation (Figures 7, 8). 22 

Another facet of ALDH1A1 function in cancer stem cells is to mediate drug resistance to 23 

chemotherapy agents such as paclitaxel and cisplatin; knockdown of ALDH1A1 reverses 24 

cisplatin resistance in lung adenocarcinoma cells
57

. Our experiments with the NF2-null BenMen-25 

1 meningioma cell line showed strong synergistic effects of cisplatin and an ALDH1A1 inhibitor 26 

upon proliferation (Supplementary Figure 9). Whether this kind of approach may be useful 27 

clinically in this and higher grades of meningioma tumour, or indeed even schwannoma tumours, 28 

remains to be seen. 29 
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In summary, this study has highlighted the therapeutic potential of disrupting YAP/TAZ-driven, 1 

TEAD transcriptional activity in NF2-null schwannoma and meningioma, both in vitro and in 2 

vivo. In addition, the efficacy of TEAD auto-palmitoylation inhibitors in the most clinically 3 

relevant schwannoma mouse model provides a strong mandate for early-phase clinical trials of 4 

these inhibitors.  5 

 6 

Acknowledgements 7 

We are grateful to Luca Azzolin and Stefano Piccolo for the conditional TAZ mice, Duoija Pan 8 

for the conditional YAP mice, Laura Feltri and Larry Wrabetz for the P0-CRE mice and Simon 9 

Conway for the Periostin-CRE mice. We also thank the pathology staff and nurses at University 10 

Hospitals Plymouth and North Bristol NHS Trusts. 11 

 12 

Funding  13 

This work was supported by the Brain Tumour Research Charity (PhD studentship to LL), 14 

funding from Vivace Therapeutics Inc. and the Children’s Tumor Foundation (Young 15 

Investigator Award to LL; Grant ID: 2020-01-008).  16 

 17 

Competing interests 18 

Tracy T. Tang and Leonard Post are employees of Vivace Therapeutics and have equity interest 19 

in Vivace Therapeutics. 20 

 21 

Supplementary material 22 

Supplementary material is available at Brain online. 23 

  24 
ACCEPTED M

ANUSCRIP
T D

ow
nloaded from

 https://academ
ic.oup.com

/brain/advance-article/doi/10.1093/brain/aw
ac342/6711727 by guest on 31 O

ctober 2022



21 

References 1 

 2 

1. Antinheimo J, Sankila R, Carpen O, Pukkala E, Sainio M, Jaaskelainen J. Population-3 

based analysis of sporadic and type 2 neurofibromatosis-associated meningiomas and 4 

schwannomas. Neurology. 2000;54(1):71-76. 5 

2. Ostrom QT, Cioffi G, Waite K, Kruchko C, Barnholtz-Sloan JS. CBTRUS Statistical 6 

Report: Primary Brain and Other Central Nervous System Tumors Diagnosed in the United 7 

States in 2014-2018. Neuro Oncol. 2021;23(12 Suppl 2):iii1-iii105. 8 

3. Hilton DA, Hanemann CO. Schwannomas and their pathogenesis. Brain Pathol. 9 

2014;24(3):205-220. 10 

4. Asthagiri AR, Parry DM, Butman JA, et al. Neurofibromatosis type 2. Lancet. 11 

2009;373(9679):1974-1986. 12 

5. Evans DG, Moran A, King A, Saeed S, Gurusinghe N, Ramsden R. Incidence of 13 

vestibular schwannoma and neurofibromatosis 2 in the North West of England over a 10-year 14 

period: higher incidence than previously thought. Otol Neurotol. 2005;26(1):93-97. 15 

6. Sperfeld AD, Hein C, Schroder JM, Ludolph AC, Hanemann CO. Occurrence and 16 

characterization of peripheral nerve involvement in neurofibromatosis type 2. Brain. 2002;125(Pt 17 

5):996-1004. 18 

7. Jaaskelainen J, Paetau A, Pyykko I, Blomstedt G, Palva T, Troupp H. Interface between 19 

the facial nerve and large acoustic neurinomas. Immunohistochemical study of the cleavage 20 

plane in NF2 and non-NF2 cases. J Neurosurg. 1994;80(3):541-547. 21 

8. Plotkin SR, Duda DG, Muzikansky A, et al. Multicenter, Prospective, Phase II and 22 

Biomarker Study of High-Dose Bevacizumab as Induction Therapy in Patients With 23 

Neurofibromatosis Type 2 and Progressive Vestibular Schwannoma. J Clin Oncol. 24 

2019;37(35):3446-3454. 25 

9. Plotkin SR, Stemmer-Rachamimov AO, Barker FG, 2nd, et al. Hearing improvement 26 

after bevacizumab in patients with neurofibromatosis type 2. N Engl J Med. 2009;361(4):358-27 

367. 28 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac342/6711727 by guest on 31 O
ctober 2022



22 

10. Slusarz KM, Merker VL, Muzikansky A, Francis SA, Plotkin SR. Long-term toxicity of 1 

bevacizumab therapy in neurofibromatosis 2 patients. Cancer Chemother Pharmacol. 2 

2014;73(6):1197-1204. 3 

11. Li W, You L, Cooper J, et al. Merlin/NF2 suppresses tumorigenesis by inhibiting the E3 4 

ubiquitin ligase CRL4(DCAF1) in the nucleus. Cell. 2010;140(4):477-490. 5 

12. Cooper J, Giancotti FG. Molecular insights into NF2/Merlin tumor suppressor function. 6 

FEBS Lett. 2014. 7 

13. Lallemand D, Manent J, Couvelard A, et al. Merlin regulates transmembrane receptor 8 

accumulation and signaling at the plasma membrane in primary mouse Schwann cells and in 9 

human schwannomas. Oncogene. 2009;28(6):854-865. 10 

14. Zhou L, Hanemann CO. Merlin, a multi-suppressor from cell membrane to the nucleus. 11 

FEBS Lett. 2012;586(10):1403-1408. 12 

15. Yin F, Yu J, Zheng Y, Chen Q, Zhang N, Pan D. Spatial organization of Hippo signaling 13 

at the plasma membrane mediated by the tumor suppressor Merlin/NF2. Cell. 2013;154(6):1342-14 

1355. 15 

16. Chen Z, Li S, Mo J, et al. Schwannoma development is mediated by Hippo pathway 16 

dysregulation and modified by RAS/MAPK signaling. JCI Insight. 2020;5(20). 17 

17. Totaro A, Panciera T, Piccolo S. YAP/TAZ upstream signals and downstream responses. 18 

Nat Cell Biol. 2018;20(8):888-899. 19 

18. Zanconato F, Battilana G, Cordenonsi M, Piccolo S. YAP/TAZ as therapeutic targets in 20 

cancer. Curr Opin Pharmacol. 2016;29:26-33. 21 

19. Wei H, Wang F, Wang Y, et al. Verteporfin suppresses cell survival, angiogenesis and 22 

vasculogenic mimicry of pancreatic ductal adenocarcinoma via disrupting the YAP-TEAD 23 

complex. Cancer Sci. 2017;108(3):478-487. 24 

20. Dong L, Lin F, Wu W, Liu Y, Huang W. Verteporfin inhibits YAP-induced bladder 25 

cancer cell growth and invasion via Hippo signaling pathway. Int J Med Sci. 2018;15(6):645-26 

652. 27 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac342/6711727 by guest on 31 O
ctober 2022



23 

21. Jiao S, Wang H, Shi Z, et al. A peptide mimicking VGLL4 function acts as a YAP 1 

antagonist therapy against gastric cancer. Cancer Cell. 2014;25(2):166-180. 2 

22. Noland CL, Gierke S, Schnier PD, et al. Palmitoylation of TEAD Transcription Factors Is 3 

Required for Their Stability and Function in Hippo Pathway Signaling. Structure. 4 

2016;24(1):179-186. 5 

23. Holden JK, Crawford JJ, Noland CL, et al. Small Molecule Dysregulation of TEAD 6 

Lipidation Induces a Dominant-Negative Inhibition of Hippo Pathway Signaling. Cell reports. 7 

2020;31(12):107809. 8 

24. Tang TT, Konradi AW, Feng Y, et al. Small Molecule Inhibitors of TEAD Auto-9 

palmitoylation Selectively Inhibit Proliferation and Tumor Growth of NF2-deficient 10 

Mesothelioma. Mol Cancer Ther. 2021. 11 

25. Tomita H, Tanaka K, Tanaka T, Hara A. Aldehyde dehydrogenase 1A1 in stem cells and 12 

cancer. Oncotarget. 2016;7(10):11018-11032. 13 

26. Xu X, Chai S, Wang P, et al. Aldehyde dehydrogenases and cancer stem cells. Cancer 14 

Lett. 2015;369(1):50-57. 15 

27. Hilton J. Role of aldehyde dehydrogenase in cyclophosphamide-resistant L1210 16 

leukemia. Cancer Res. 1984;44(11):5156-5160. 17 

28. Kastan MB, Schlaffer E, Russo JE, Colvin OM, Civin CI, Hilton J. Direct demonstration 18 

of elevated aldehyde dehydrogenase in human hematopoietic progenitor cells. Blood. 19 

1990;75(10):1947-1950. 20 

29. Ma I, Allan AL. The role of human aldehyde dehydrogenase in normal and cancer stem 21 

cells. Stem Cell Rev Rep. 2011;7(2):292-306. 22 

30. Tanei T, Morimoto K, Shimazu K, et al. Association of breast cancer stem cells identified 23 

by aldehyde dehydrogenase 1 expression with resistance to sequential Paclitaxel and epirubicin-24 

based chemotherapy for breast cancers. Clin Cancer Res. 2009;15(12):4234-4241. 25 

31. Gehlhausen JR, Park SJ, Hickox AE, et al. A murine model of neurofibromatosis type 2 26 

that accurately phenocopies human schwannoma formation. Hum Mol Genet. 2015;24(1):1-8. 27 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac342/6711727 by guest on 31 O
ctober 2022



24 

32. Zhang N, Bai H, David KK, et al. The Merlin/NF2 tumor suppressor functions through 1 

the YAP oncoprotein to regulate tissue homeostasis in mammals. Dev Cell. 2010;19(1):27-38. 2 

33. Azzolin L, Panciera T, Soligo S, et al. YAP/TAZ incorporation in the beta-catenin 3 

destruction complex orchestrates the Wnt response. Cell. 2014;158(1):157-170. 4 

34. Schulz A, Buttner R, Hagel C, et al. The importance of nerve microenvironment for 5 

schwannoma development. Acta Neuropathol. 2016. 6 

35. Mindos T, Dun XP, North K, et al. Merlin controls the repair capacity of Schwann cells 7 

after injury by regulating Hippo/YAP activity. J Cell Biol. 2017;216(2):495-510. 8 

36. Sleigh JN, Weir GA, Schiavo G. A simple, step-by-step dissection protocol for the rapid 9 

isolation of mouse dorsal root ganglia. BMC Res Notes. 2016;9:82. 10 

37. Dun XP, Parkinson DB. Visualizing peripheral nerve regeneration by whole mount 11 

staining. PLoS One. 2015;10(3):e0119168. 12 

38. Dunn J, Ferluga S, Sharma V, et al. Proteomic analysis discovers the differential 13 

expression of novel proteins and phosphoproteins in meningioma including NEK9, HK2 and 14 

SET and deregulation of RNA metabolism. EBioMedicine. 2019;40:77-91. 15 

39. Yang SM, Martinez NJ, Yasgar A, et al. Discovery of Orally Bioavailable, Quinoline-16 

Based Aldehyde Dehydrogenase 1A1 (ALDH1A1) Inhibitors with Potent Cellular Activity. J 17 

Med Chem. 2018;61(11):4883-4903. 18 

40. Wahle BM, Hawley ET, He Y, et al. Chemopreventative celecoxib fails to prevent 19 

schwannoma formation or sensorineural hearing loss in genetically engineered murine model of 20 

neurofibromatosis type 2. Oncotarget. 2018;9(1):718-725. 21 

41. Hawley E, Gehlhausen J, Karchugina S, et al. PAK1 inhibition reduces tumor size and 22 

extends the lifespan of mice in a genetically engineered mouse model of Neurofibromatosis Type 23 

2 (NF2). Hum Mol Genet. 2021. 24 

42. Stierli S, Napoli I, White IJ, et al. The regulation of the homeostasis and regeneration of 25 

peripheral nerve is distinct from the CNS and independent of a stem cell population. 26 

Development. 2018;145(24). 27 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac342/6711727 by guest on 31 O
ctober 2022



25 

43. Mallon BS, Shick HE, Kidd GJ, Macklin WB. Proteolipid promoter activity distinguishes 1 

two populations of NG2-positive cells throughout neonatal cortical development. J Neurosci. 2 

2002;22(3):876-885. 3 

44. Carr L, Parkinson DB, Dun XP. Expression patterns of Slit and Robo family members in 4 

adult mouse spinal cord and peripheral nervous system. PLoS One. 2017;12(2):e0172736. 5 

45. de Vries M, Briaire-de Bruijn I, Malessy MJ, de Bruine SF, van der Mey AG, 6 

Hogendoorn PC. Tumor-associated macrophages are related to volumetric growth of vestibular 7 

schwannomas. Otol Neurotol. 2013;34(2):347-352. 8 

46. Lewis D, Roncaroli F, Agushi E, et al. Inflammation and vascular permeability correlate 9 

with growth in sporadic vestibular schwannoma. Neuro Oncol. 2019;21(3):314-325. 10 

47. Liesche F, Griessmair M, Barz M, Gempt J, Schlegel J. ALDH1 - A new 11 

immunohistochemical diagnostic marker for Schwann cell-derived tumors. Clin Neuropathol. 12 

2019;38(4):168-173. 13 

48. Gerber D, Pereira JA, Gerber J, et al. Transcriptional profiling of mouse peripheral 14 

nerves to the single-cell level to build a sciatic nerve ATlas (SNAT). Elife. 2021;10. 15 

49. Avraham O, Deng PY, Jones S, et al. Satellite glial cells promote regenerative growth in 16 

sensory neurons. Nature communications. 2020;11(1):4891. 17 

50. Feltri ML, D'Antonio M, Previtali S, Fasolini M, Messing A, Wrabetz L. P0-Cre 18 

transgenic mice for inactivation of adhesion molecules in Schwann cells. Ann N Y Acad Sci. 19 

1999;883:116-123. 20 

51. Yasgar A, Titus SA, Wang Y, et al. A High-Content Assay Enables the Automated 21 

Screening and Identification of Small Molecules with Specific ALDH1A1-Inhibitory Activity. 22 

PLoS One. 2017;12(1):e0170937. 23 

52. Yang SM, Yasgar A, Miller B, et al. Discovery of NCT-501, a Potent and Selective 24 

Theophylline-Based Inhibitor of Aldehyde Dehydrogenase 1A1 (ALDH1A1). J Med Chem. 25 

2015;58(15):5967-5978. 26 

53. Leone PE, Bello MJ, de Campos JM, et al. NF2 gene mutations and allelic status of 1p, 27 

14q and 22q in sporadic meningiomas. Oncogene. 1999;18(13):2231-2239. 28 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac342/6711727 by guest on 31 O
ctober 2022



26 

54. Riemenschneider MJ, Perry A, Reifenberger G. Histological classification and molecular 1 

genetics of meningiomas. Lancet Neurol. 2006;5(12):1045-1054. 2 

55. Ruttledge MH, Sarrazin J, Rangaratnam S, et al. Evidence for the complete inactivation 3 

of the NF2 gene in the majority of sporadic meningiomas. Nat Genet. 1994;6(2):180-184. 4 

56. Huddle BC, Grimley E, Buchman CD, et al. Structure-Based Optimization of a Novel 5 

Class of Aldehyde Dehydrogenase 1A (ALDH1A) Subfamily-Selective Inhibitors as Potential 6 

Adjuncts to Ovarian Cancer Chemotherapy. J Med Chem. 2018;61(19):8754-8773. 7 

57. Wei Y, Wu S, Xu W, et al. Depleted aldehyde dehydrogenase 1A1 (ALDH1A1) reverses 8 

cisplatin resistance of human lung adenocarcinoma cell A549/DDP. Thorac Cancer. 9 

2017;8(1):26-32. 10 

58. Guo L, Cui J, Wang H, et al. Metformin enhances anti-cancer effects of cisplatin in 11 

meningioma through AMPK-mTOR signaling pathways. Mol Ther Oncolytics. 2021;20:119-131. 12 

59. Stewart DJ, Dahrouge S, Wee M, Aitken S, Hugenholtz H. Intraarterial cisplatin plus 13 

intravenous doxorubicin for inoperable recurrent meningiomas. J Neurooncol. 1995;24(2):189-14 

194. 15 

60. Khan I, Baeesa S, Bangash M, et al. Pleomorphism and drug resistant cancer stem cells 16 

are characteristic of aggressive primary meningioma cell lines. Cancer Cell Int. 2017;17:72. 17 

61. Zheng Y, Pan D. The Hippo Signaling Pathway in Development and Disease. Dev Cell. 18 

2019;50(3):264-282. 19 

62. Zanconato F, Forcato M, Battilana G, et al. Genome-wide association between 20 

YAP/TAZ/TEAD and AP-1 at enhancers drives oncogenic growth. Nat Cell Biol. 21 

2015;17(9):1218-1227. 22 

63. Zanconato F, Battilana G, Forcato M, et al. Transcriptional addiction in cancer cells is 23 

mediated by YAP/TAZ through BRD4. Nat Med. 2018;24(10):1599-1610. 24 

64. Reggiani F, Gobbi G, Ciarrocchi A, Sancisi V. YAP and TAZ Are Not Identical Twins. 25 

Trends Biochem Sci. 2021;46(2):154-168. 26 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac342/6711727 by guest on 31 O
ctober 2022



27 

65. Finch-Edmondson ML, Strauss RP, Passman AM, Sudol M, Yeoh GC, Callus BA. TAZ 1 

Protein Accumulation Is Negatively Regulated by YAP Abundance in Mammalian Cells. J Biol 2 

Chem. 2015;290(46):27928-27938. 3 

66. Wu LMN, Deng Y, Wang J, et al. Programming of Schwann Cells by Lats1/2-TAZ/YAP 4 

Signaling Drives Malignant Peripheral Nerve Sheath Tumorigenesis. Cancer Cell. 5 

2018;33(2):292-308 e297. 6 

67. Wang Y, Zhu Y, Gu Y, et al. Stabilization of Motin family proteins in NF2-deficient cells 7 

prevents full activation of YAP/TAZ and rapid tumorigenesis. Cell reports. 2021;36(8):109596. 8 

68. Oh JE, Ohta T, Satomi K, et al. Alterations in the NF2/LATS1/LATS2/YAP Pathway in 9 

Schwannomas. J Neuropathol Exp Neurol. 2015;74(10):952-959. 10 

69. Dong J, Feldmann G, Huang J, et al. Elucidation of a universal size-control mechanism in 11 

Drosophila and mammals. Cell. 2007;130(6):1120-1133. 12 

70. Rosenbluh J, Nijhawan D, Cox AG, et al. beta-Catenin-driven cancers require a YAP1 13 

transcriptional complex for survival and tumorigenesis. Cell. 2012;151(7):1457-1473. 14 

71. Zhao B, Li L, Wang L, Wang CY, Yu J, Guan KL. Cell detachment activates the Hippo 15 

pathway via cytoskeleton reorganization to induce anoikis. Genes Dev. 2012;26(1):54-68. 16 

72. Adams CL, Ercolano E, Ferluga S, et al. A Rapid Robust Method for Subgrouping Non-17 

NF2 Meningiomas According to Genotype and Detection of Lower Levels of M2 Macrophages 18 

in AKT1 E17K Mutated Tumours. Int J Mol Sci. 2020;21(4). 19 

73. Proctor DT, Huang J, Lama S, Albakr A, Van Marle G, Sutherland GR. Tumor-20 

associated macrophage infiltration in meningioma. Neurooncol Adv. 2019;1(1):vdz018. 21 

74. Ostrom QT, Cioffi G, Gittleman H, et al. CBTRUS Statistical Report: Primary Brain and 22 

Other Central Nervous System Tumors Diagnosed in the United States in 2012-2016. Neuro 23 

Oncol. 2019;21(Suppl 5):v1-v100. 24 

75. Evans DG. Neurofibromatosis type 2. Handb Clin Neurol. 2015;132:87-96. 25 

76. Yu J, Alharbi A, Shan H, et al. TAZ induces lung cancer stem cell properties and 26 

tumorigenesis by up-regulating ALDH1A1. Oncotarget. 2017;8(24):38426-38443. 27 

 28 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac342/6711727 by guest on 31 O
ctober 2022



28 

 1 

Figure Legends: 2 

 3 

Figure 1 Proliferation of schwannoma cells in the dorsal root ganglia (DRG) and vestibular 4 

ganglia (VG) is dependent upon both YAP and TAZ proteins. A-H. Images of DRG (A-D) 5 

and VG (E-H) from 5-month-old mice stained for EdU and neurofilament (NF); sections were 6 

counterstained with Hoechst to reveal nuclei (Ho). Arrows indicate EdU positive nuclei in the 7 

areas of the ganglia in close proximity to the neuronal cell bodies; note fewer proliferating cells 8 

in NF2/YAP (C, G) and NF2/TAZ (D, H) than in NF2 single null (B, F) ganglia. I, J. 9 

Quantification of EdU positive cells per area of ganglion tissue of DRG (I) and VG (J). Note 10 

significant decreases in proliferation in both NF2/YAP and NF2/TAZ ganglia. K-R. Staining of 11 

DRG sections from 9-month-old control (NF2
 fl/fl

CRE-; K, O), NF2 single null (NF2
 fl/fl

CRE+; L, 12 

P), NF2/YAP double null (NF2
 fl/fl

/YAP
fl/fl 

CRE+; M, Q) and NF2/TAZ double null (NF2
 

13 

fl/fl
/TAZ

fl/fl 
CRE+: N, R) animals. Panels K-N show staining with YAP antibody; panels O-R 14 

with TAZ antibody. Note raised nuclear expression of YAP in NF2 single (L; arrows) and 15 

NF2/TAZ double (N; arrows) null tissue, which is lost in NF2/YAP double null tissue (M; 16 

arrows). For TAZ staining, note raised nuclear TAZ expression in NF2 single (P; arrows) and 17 

NF2/YAP double (Q; arrows) null tissue, which is not present in NF2/TAZ double null DRG 18 

tissue (R; arrows). A-D and I, n=4; E-H and J, n=3; K-R, n=3 for each age and genotype 19 

examined. Data presented in graphs are means ±SEM using one way ANOVA with Bonferroni’s 20 

multiple comparison tests. * P<0.05; ** P<0.01; *** P<0.001; ns not significant. Scale bars: A-H 21 

75m, K-R 50m. 22 

 23 

Figure 2 Treatment of mice with VT1 or VT2 TEAD auto-palmitoylation inhibitors 24 

significantly inhibits proliferation of vestibular schwannoma tumours in vivo. Data from 3-25 

month-old NF2
fl/fl

-CRE- (CRE-) and NF2
fl/fl

-CRE+ (CRE+) animals treated with vehicle (Veh), 26 

10mg/kg/day VT1 or 30mg/kg/day VT2 by oral gavage for 21 consecutive days. A-H. Both VT1 27 

and VT2 significantly block tumour cell growth as measured by EdU incorporation in vestibular 28 

ganglion tissue. A-F. Represenatitve images of vestibular ganglion from CRE- and CRE+ 3-29 

month-old animals treated with either vehicle (A, B, D and E), VT1 (C) or VT2 (F). Note no 30 

ACCEPTED M
ANUSCRIP

T D
ow

nloaded from
 https://academ

ic.oup.com
/brain/advance-article/doi/10.1093/brain/aw

ac342/6711727 by guest on 31 O
ctober 2022



29 

EdU positive cells are seen in CRE- animals with vehicle and that for CRE+ animals, numbers of 1 

EdU positive cells (indicated by arrows) are reduced upon treatment with either VT1 (C) or VT2 2 

(F). G, H. Quantification of numbers of EdU positive cells per area of ganglion tissue from 3 

animals treated with vehicle (Veh.) or VT1 (Drug, G) or VT2 (Drug, H) compounds. Note 4 

significant decreases in proliferation in CRE+ animals treated with either VT1 or VT2. I-N. 5 

Representative western blots and quantification to show target engagement of VT1 and VT2 in 6 

regulating connective tissue growth factor (CTGF) and TEAD protein expression in sciatic nerve 7 

tissue of CRE- and CRE+ mice. I. Western blot of sciatic nerve of 3-month-old mice treated for 8 

21d with either Vehicle (Veh.), VT1 (Drug) (I) or Vehicle or VT2 (Drug) (L). J, K. 9 

Quantification of western blot in I. M, N. Quantification of western blot in L. Note significant 10 

decrease in TEAD target CTGF by both VT1 and VT2 in sciatic nerve tissue in vivo (J, M) and 11 

reduction in TEAD protein expression by VT2 (N) but not by VT1 (K). For data in A-H, n=4 12 

mice for each genotype and drug treatment. For data in J, K, M and N, n=3 mice for each 13 

genotype and drug treatment. Data presented in graphs are means ±SEM using one way ANOVA 14 

with Bonferroni’s multiple comparison tests. * P<0.05; ** P<0.01; ***, P<0.001. A-F. Scale bar: 15 

50 m. 16 

 17 

Figure 3 Treatment of mice with VT auto-palmitoylation inhibitors significantly increases 18 

apoptosis and reduces tumour volumes in vestibular ganglia (VGs) and dorsal root ganglia 19 

(DRGs) in 9-month-old NF2
fl/fl 

-CRE+ (NF2
fl/fl

-CRE+) mice. NF2
fl/fl

-CRE- (NF2
fl/fl

-CRE-) 20 

and NF2
fl/fl

-CRE+ animals were treated with vehicle (Veh.), 10mg/kg/day VT1 or 30mg/kg/day 21 

VT2 by oral gavage for 10 or 21 consecutive days. A-D. Representative brightfield micrographs 22 

of three different unilateral VG from: NF2
fl/fl

-CRE- Veh. treated mice (A), NF2
fl/fl

-CRE+ Veh. 23 

treated mice (B), NF2
fl/fl

-CRE+ VT1-treated mice (C) and NF2
fl/fl

-CRE+ VT2-treated mice (D), 24 

all mice were treated for 21 consecutive days. Scale bar = 20 m. E. Quantification of average 25 

bilateral VG volume in A-D, for NF2
fl/fl

-CRE- Veh. treated mice (n=6 ganglia, n=3 mice), 26 

NF2
fl/fl

-CRE+ Veh. treated mice (n=4 ganglia, n=3 mice), NF2
fl/fl

-CRE+ VT1 treated mice (n=3 27 

ganglia, n=3 mice) and NF2
fl/fl

-CRE+ VT2 treated mice (n=3 ganglia, n=3 mice). F. 28 

Quantification of average bilateral lumbar 4 DRG volume, for NF2
fl/fl

-CRE- Veh. and NF2
fl/fl

-29 

CRE+ Veh. treated mice (n=8 ganglia, n=3 mice), for NF2
fl/fl

-CRE+ VT1 and NF2
fl/fl

-CRE+ 30 
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VT2 treated mice (n=3 ganglia, n=3 mice). G-R. Representative immunofluorescence of n=3 1 

different VGs with in situ apoptosis detected by Terminal deoxynucleotidyl transferase dUTP 2 

Nick-End Labelling (TUNEL) assay, following oral gavage with either vehicle or 30mg/kg/day 3 

VT2 for 10 days. TUNEL
+
 nuclei (green; arrows; J, L, P and R) were significantly increased in 4 

NF2
fl/fl

-CRE+ VT2-treated mice compared to NF2
fl/fl

-CRE+ Veh. treated mice. Neurofilament 5 

(NF; H and K) counterstain (red and merged with Hoechst counterstain (blue); I, L) reveals 6 

increased apoptosis in cells surrounding neuronal cell bodies of the VG in NF2
fl/fl

-CRE+ VT2 7 

treated mice. S100 counterstain (N, Q (red) and merged with Hoechst counterstain (blue); O, R) 8 

reveals apoptosis is increased in S100+ schwannoma cells of NF2
fl/fl

-CRE+ VT2 treated mice. 9 

Scale bars = 20 m. S, T. Quantification of TUNEL
+ 

cells/ 100 mm
2
 in VG (S) and DRG (T). In 10 

E and F, data presented as mean ±SEM using one way ANOVA with Tukey’s multiple 11 

comparisons tests In S and T, data presented as mean ±SEM using Brown-Forsythe and Welch 12 

ANOVA with Dunnett’s T3 multiple comparisons test. ** P<0.01; ***, P<0.001; ns= non-13 

significant. 14 

 15 

Figure 4 Increased numbers of macrophages in NF2-null DRG tissue is dependent upon 16 

YAP and TAZ. A-L Staining of DRG sections from NF2
fl/fl

-CRE- (A, E, I), NF2
fl/fl

-CRE+ (B, F, 17 

J), NF2
fl/fl

YAP
fl/fl 

–CRE+ (C, G, K) and NF2
fl/fl

TAZ
fl/fl 

–CRE+ (D, H, L) animals at 3, 5 and 9 18 

months of age with pan-macrophage marker Iba1 antibody. Note time-dependent increase in 19 

numbers of Iba1-positive macrophages in NF2
fl/fl

-CRE+ DRG between 3 (B), 5 (F) and 9 (J) 20 

months. M-P. Staining of sections of VG tissue from NF2
fl/fl

-CRE- (M, O) and NF2
fl/fl

-CRE+ (N, 21 

P) at 3 and 5 months of age with Iba1 antibody. Q. Quantification of % macrophages of total cell 22 

number in DRG tissues. R. Quantification of percentage of macrophages at 3 and 5 months in 23 

NF2
fl/fl

-CRE- and NF2
fl/fl

-CRE+ VG tissue. For data presented, n=3 mice for each genotype and 24 

age. Data presented in graphs are means ±SEM; in Q and R, two way ANOVA was used with 25 

Tukey’s multiple comparison test. * P<0.05; ** P<0.01; *** P<0.001. Scale bars: 25 m. 26 

 27 

Figure 5 Knockdown of either YAP or TAZ or use of TEAD auto-palmitoylation inhibitors 28 

inhibits human schwannoma cell proliferation. A-G. Lentiviral knockdown of either YAP or 29 

TAZ significantly reduces proliferation of human NF2-null schwannoma cells. A-C. 30 
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Representative images of EdU positive cells (red), counterstained with Hoechst (Ho; blue) from 1 

scrambled control (Scr, A), YAP knockdown (shYAP, B) and TAZ knockdown (shTAZ, C). D. 2 

Quantification of percentage positive EdU cells for each condition. E-G. Western blot (E) and 3 

quantification (F and G) confirming YAP or TAZ knockdown in cells; note that knockdown of 4 

TAZ does not significantly affect levels of YAP (F), but knockdown of YAP does significantly 5 

lower levels of TAZ (G). H-K. TEAD auto-palmitoylation inhibitor (VT3) decreases human 6 

schwannoma cell proliferation in a dose-dependent manner. L. Expression of four TEAD 7 

isoforms (TEAD1-4) in cells from three human schwannoma tumours S1, S2 and S3 treated with 8 

either vehicle (left) or 2m VT3 for 7d (VT, right). M. Quantification of schwannoma cell 9 

proliferation with increasing concentrations of auto-palmitoylation inhibitor VT3. N=3 for all 10 

data shown. Data presented in graphs are means ±SEM. Data analysis in (D) was one-way 11 

ANOVA with Bonferroni’s correction; in (F) and (G) were matched one-way ANOVAs with the 12 

Geisser-Greenhouse correction and Tukey’s multiple comparisons test; in (M) Student’s t-test 13 

and in (N) one-way ANOVA with Bonferroni’s correction. * P<0.05; ** P<0.01; *** P<0.001. 14 

Scale bars: 25m. 15 

 16 

Figure 6 Expression of ALDH1A1 is TAZ-dependent in mouse Schwann cells and 17 

schwannoma tissue. A-D. Immunolabelling of NF2fl/fl–CRE- (A, B) and NF2fl/fl CRE+ (C, D) 18 

sciatic nerve (A and C) and dorsal root ganglion (DRG; B and D) tissue showing elevated 19 

expression of ALDH1A1 (green) in NF2-null mouse tissue. In sciatic nerve, ALDH1A1 staining 20 

appears associated with the non-myelinating Schwann cells. In DRG, high ALDH1A1 21 

expression was seen in the cells surrounding the neuronal cell bodies. E, F. Western blot showing 22 

raised ALDH1A1 expression in NF2
fl/fl

CRE+ sciatic nerve, which was reduced in NF2
fl/fl

TAZ
fl/fl 23 

–CRE+ but not NF2
fl/fl

YAP
fl/fl 

–CRE+ animals. F. Quantification of western blot in E. G-I. 24 

Immunolabelling of transverse sections of sciatic nerve, showing elevated ALDH1A1 (red) in 25 

NF2
fl/fl 

–CRE+ nerve (H), but reduced in NF2
fl/fl

TAZ
fl/fl 

–CRE+ double null nerves (I). J-M. 26 

ALDH1A1 staining of DRG tissue paraffin sections from control NF2
fl/fl

-CRE- (J), NF2
fl/fl

-27 

CRE+ (K), NF2
fl/fl

YAP
fl/fl 

–CRE+ (L) and NF2
fl/fl

TAZ
fl/fl 

–CRE+ (M) double-null mice. N, O. 28 

Representative western blot (N) and quantification (O) of ALDH1A1 expression in sciatic nerve 29 

from NF2
fl/fl

–CRE- and CRE+ vehicle or VT2 treated mice. For data presented, n=3 mice for 30 
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each genotype and age. Data presented in graphs are means ±SEM. In F, for analysis, a one-way 1 

ANOVA with Bonferroni’s correction was used. In O, for analysis, a one-way ANOVA with 2 

Tukey’s multiple comparisons correction used. * P<0.05, ** P<0.01; ns not significant. Scale 3 

bars: A-D, G-I 50 m, J-M 25 m. 4 

 5 

Figure 7 ALDH1A1 is upregulated in human schwannoma and is a TAZ target. A-C. 6 

Staining of control human nerve (A) and two human schwannoma samples (B, C) showing 7 

strong expression of ALDH1A1 in all tumour cells. D, E. Knockdown experiments in human 8 

schwannoma cells. Lentiviral-mediated shRNA knockdown of TAZ (shTAZ) reduces ALDH1A1 9 

protein levels in cells; knockdown of ALDH1A1 was used as a positive control. E. 10 

Quantification of western blot data in D. F, G. Representative western blot for ALDH1A1 11 

expression in primary human schwannoma cells with either knockdown of TAZ (shTAZ) or 12 

scramble control (shSCR), treated with 10M MG132 (+MG132) or DMSO vehicle control (-13 

MG132) (F). Note suppression of ALDH1A1 protein levels is not reversed by proteasome 14 

inhibition by MG132. G. quantification of F. H-J. Use of ALDH1A1-specific inhibitor reduces 15 

proliferation of primary human schwannoma cells. Ki67 stain of vehicle control (H) or 10 M 16 

ALDH1A1 inhibitor 1 (I). J. Quantification of percentage Ki-67 positive schwannoma cells with 17 

increasing concentrations of ALDH1A1 inhibitor 1. For data presented, n=3. Data presented in 18 

graphs are means ±SEM. Statistical analysis shown in E and J is one way ANOVA with 19 

Bonferroni’s correction; in G a one-way ANOVA with Tukey’s multiple comparisons test. * 20 

P<0.05; *** P<0.001; ns not significant. Scale bars: A-C, F, G 25 m.  21 

 22 

Figure 8 ALDH1A1 is upregulated in NF2-null human meningioma tissue and cells.  A, B. 23 

Staining of sections of NF2-postive (NF2
+/+

, A) and NF2-null (NF2
-/-

, B) meningioma tissue 24 

shows higher ALDH1A1 in NF2-null tumours. Boxes show enlarged section of the tumour with 25 

strong cytoplasmic stain of ALDH1A1 protein. C. Western blot of control human meningeal 26 

cells (HMC), BenMen-1 (BM1) and KT21-MG1 (KT21) meningioma cells showing elevated 27 

ALDH1A1 expression in both human NF2-null cell lines. D. Quantification of western blot in C. 28 

E. Lentiviral shRNA knockdown of YAP or TAZ in BenMen-1 cells showing that ALDH1A1 29 

expression is dependent upon TAZ. F. Quantification of western blot in E. G-I. ALDH1A1 30 
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33 

inhibitor 1 reduces proliferation of BenMen-1 cells. J. Quantification of percentage Ki-67 1 

positive cells with increasing ALDH1A1 inhibitor concentrations. K-N. Comparison of the 2 

effects of shRNA knockdown of ALDH1A1 (L) and TAZ (M) upon cell proliferation in 3 

BenMen-1 cells. N. Quantification of percentage EdU positive cells. For data presented, n=3. 4 

Data presented in graphs are means ±SEM. Statistical analysis shown is a one-way ANOVA 5 

with Bonferroni’s correction. * P<0.05; ** P<0.01; *** P<0.001; ns not significant. Scale bars: 6 

25 m. 7 

 8 

  9 
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