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Abstract 

 

Analysis of Hippo pathway signalling in schwannoma and 

meningioma by Julio Grimm de Guibert  

 

This project focuses on two tumours of the nervous system, schwannoma and meningioma. 

A large group of schwannomas and meningiomas display the inactivation of the NF2 gene. 

The NF2 gene codes for the tumour suppressor protein Merlin and its loss is associated with 

a multitude of pro-tumourigenic mechanisms leading to the occurrence of schwannomas and 

meningiomas. The loss of Merlin function causes augmented Hippo signaling i.e. interaction 

of YAP and TAZ, both co-activators of gene expression and the two main effectors of the Hippo 

signalling pathway, and TEAD, a group of transcription factors binding to YAP and TAZ. There 

resulting gene expression is associated with increased proliferation and evasion of cell death. 

This makes the YAP/TAZ-TEAD complex an excellent therapeutic target. 

Since therapy options for schwannomas and meningiomas are limited to surgery and 

radiosurgery, both carrying additional risks for the patient, new therapy approaches are 

desperately needed. Therefore, we explored if a schwannoma mouse model and cell culture 

and primary meningioma cells would be suitable systems to allow the testing of two potential 

new therapy options.  

Macrophages, especially tumour associated macrophages (TAMs), have been shown to 

promote tumour growth in various ways. Therefore, macrophage depletion is considered a 

promising therapy option. To see whether elimination of macrophages could be effective in 

our chosen schwannoma mouse model, a connection between increased TAM numbers and 

equally heightened proliferation within the developing schwannomas would need to be and 

was established. Additionally, Nf2 gene knockout and the additional knockout of either Yap 

or Taz genes also had distinct effects on proliferation, TAM numbers and overall schwannoma 

structure and cell numbers.  

Macrophage infiltration and resulting support of tumour growth has also been shown to be 

partly YAP/TAZ-TEAD signaling dependent. Therefore, in order to simultaneously reduce 

TAM-derived growth support and directly impair tumour cell proliferation, the second 

approach targets the Hippo signaling pathway using TEAD S-autopalmitoylation inhibitors by 

Vivace Therapeutics which interfere with YAP/TAZ-TEAD interaction. I could show that these 

TEAD palmitoylation inhibitors efficiently inhibit cell proliferation of human meningioma cell 

lines and primary human meningioma cells. 
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1. Introduction 

 

1.1 NF2/Merlin 

The function of tumour suppressor genes is to tightly regulate cellular processes such as cell 

proliferation and survival in order to avoid tumourigenesis. When both copies of a given 

tumour suppressor gene are impaired in their function (according to Knudson’s two-hit 

hypothesis (Knudson, 1971)) due to mutation, epigenetic silencing or chromosomal loss 

(Agnihotri et al., 2016; Gonzalez-Gomez et al., 2003; Kino et al., 2001) the product of that 

tumour suppressor gene can no longer carry out its function, resulting in tumour 

development. Such a tumour suppressor gene is the NF2 (Neurofibromatosis type 2) gene 

whose protein product is known as Merlin (Moesin-Ezrin-Radixin-Like Protein") or 

schwannomin (Rouleau et al., 1993; Trofatter et al., 1993). The NF2 gene can be found on the 

long arm of human chromosome 22, more specifically on 22q12. 

 

1.2 Identification of the NF2 gene 

The NF2 gene and its protein product Merlin were correctly classified as tumour suppressors 

in 1993 by Trofatter et al (Trofatter et al., 1993). They also identified NF2/Merlin to be the 

tumour suppressor gene/protein whose impairment gives rise to Neurofibromatosis 2 and 

can also lead to the occurrence of sporadic schwannomas and meningiomas. Furthermore, 

they found the NF2 gene to be widely expressed in a multitude of tissues including kidney, 

lung, brain, pancreas, heart and liver and they correctly hypothesized that Merlin belongs to 

the family of ERM proteins (Trofatter et al., 1993). Finally, they made correct assumptions 

about Merlin’s function as a plasma membrane-cytoskeleton linker protein and Merlin’s 

structure. They described Merlin to consist of an N-terminal region of approximately 200 

amino acids homologous to all ERM proteins (later named the FERM domain), an α-helix 

region (= central coiled coil region) and a ‘highly charged’ C-terminal domain (= hydrophilic 

tail) (Trofatter et al., 1993).  

 

1.3 NF2 gene mutations and effects 

It seems that the severity of Neurofibromatosis type 2 strongly correlates with type of 

mutation found in the NF2 gene. Large or in-frame deletions and missense mutations appear 

to bring about milder symptoms while frameshift or nonsense mutations result in graver 

illness, i.e. earlier onset of symptoms and greater number of tumours (Evans et al., 1998; 

Parry et al., 1996). The reason for this is presumably that the former allows the resulting 

Merlin protein to retain a certain degree of its functionality while the latter most likely 

severely impairs Merlin function. Splice-site mutations in exons 11-15 (α helical/coiled coil 

domain and C-terminal domain) appear to have less severe outcomes whereas splice-site 
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mutations in exons 1-5 (FERM domain) have a greater impact, i.e. earlier onset of symptoms 

and higher number of intracranial meningiomas (Baser et al., 2005a). A connection between 

NF2 gene mutation type and mortality risk was also established. A higher risk of mortality was 

found in patients with NF2 gene frameshift or nonsense mutations compared to patients with 

NF2 gene missense mutations (Baser et al., 2002b).  

NF2 gene de novo mutations during embryogenesis can also occur in individuals without a 

familial NF2 background. This can result in genetic mosaicism where a percentage of the 

patients’ cells (somatic cells, germline cells or both) contain one mutated NF2 allele, putting 

these cells at risk for forming tumours after losing their remaining intact NF2 gene. In somatic 

cells, NF2 gene mosaicism has a propensity to cause a milder form of NF2, with a vestibular 

schwannoma and other NF2 associated tumours growing only on one side of the body. 

Mosaicism is estimated to be found in up to 60 % of sporadic cases with bilateral vestibular 

schwannoma and in 33 % of sporadic cases with unilateral vestibular schwannoma (Evans et 

al., 2007; Kluwe & Mautner, 1998; Moyhuddin et al., 2003). If the NF2 gene mosaicism is 

present in the germline cells, only a proportion of germline cells will be affected, decreasing 

the probability of passing down the NF2 gene mutation to the patients’ children. In the event 

a transmission does occur, the affected children have a high chance of developing a more 

severe form of Neurofibromatosis type 2 than their mosaic parents since the NF2 gene 

mutation is present in all of their cells. 

 

1.4 Neurofibromatoses 

The first description of the illness now called Neurofibromatosis type 2 (previously named 

bilateral acoustic neurofibromatosis) dates back to the case of a patient in 1822 suffering 

from hearing loss and brain, dura mater and skull tumours (Wishart, 1822). For decades, it 

was not recognised as being a separate disease from the more frequently seen illness known 

as von Recklinghausen’s disease, now termed Neurofibromatosis type 1 (NF1) (Cushing, 

1917). After studying 2 different families over several generations, two of NF2’s 

characteristics, inheritance of the illness from parent to child and autosomal dominant 

transmission, were reported in 1920 and 1930, respectively (Feiling & Ward, 1920; Gardner 

& FRAZIER, 1930). Finally, the underlying cause for NF1 and NF2 could be traced back to 

separate chromosomes in 1987 via genetic linkage analysis, allowing the distinction as two 

different diseases (Health, 1988; Rouleau et al., 1987; Seizinger et al., 1987). 

Neurofibromatoses are categorized into three types: Neurofibromatosis type 1 (NF1), 

Neurofibromatosis type 2 (NF2) and schwannomatosis.  

NF1 is an autosomal-dominant disorder. It is brought on by a mutated NF1 tumour suppressor 

gene which can be found on chromosome 17q11. Patients with NF1 can have many afflictions, 

including skeletal dysplasia, gliomas of the optic pathway, cutaneous, subcutaneous and 

plexiform neurofibromas and Lisch nodules (Health, 1988; Viskochil et al., 1990; Wallace et 

al., 1990a; Wallace et al., 1990b).  
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Schwannomatosis is often associated with mutations in LZTR1 gene and/or the SMARCB1 

tumour suppressor gene (Hulsebos et al., 2007; Piotrowski et al., 2014). Both genes are 

situated on chromosome 22q11, very close to the NF2 gene (22q12).  

Schwannomatosis is defined by the occurrence of several schwannomas not located in the 

skin and the lack of vestibular schwannomas (Baser, Friedman & Evans, 2006). 

 

1.5 Neurofibromatosis type 2 

 

1.5.1 Introduction 

The prevalence of the NF2 disorder is 1/25000 people and close to 100 % of affected people 

will suffer from symptoms by the age of 60 (Evans et al., 1992b; Evans et al., 2005). Patients 

with this illness inherit a germline mutation of one of the NF2 alleles or spontaneously gain 

such a de novo mutation during or after embryogenesis. When the remaining intact NF2 allele 

is then compromised in the peripheral nervous system, central nervous system, skin or eye or 

a combination of these, Neurofibromatosis type 2 develops. Another way of losing the 

function of both wild type NF2 genes is by somatic mutation. Such sporadic NF2 gene 

mutations tend to cause the formation of unilateral vestibular schwannomas in patients aged 

40 to 60 (Evans et al., 2005; Sobel, 1993).  

NF2 symptoms first occur mostly in young adults between the ages of 20 and 30. A common 

initial symptom of NF2 is unilateral hearing loss, often paired with dizziness, tinnitus and a 

loss of balance (Evans et al., 1992a; Parry et al., 1994). These symptoms can also be seen in 

up to 30% of children with NF2 but other features are more common in younger NF2 patients. 

These include visual impairment (due to intracranial tumours, hamartomas or cataracts), 

peripheral neuropathy and more atypical tumours such as spinal cord and skin tumours 

(Evans, Birch & Ramsden, 1999; Nunes & MacCollin, 2003; Ruggieri et al., 2005).  

 

1.5.2 NF2 schwannomas 

The hallmark of Neurofibromatosis type 2 is the occurrence of bilateral vestibular 

schwannomas on cranial nerve VIII (vestibulocochlear nerve), found in 90 – 95 % of NF2 

patients (Evans et al., 1992a; Mautner et al., 1996; Parry et al., 1994). As the name suggests, 

schwannomas originate from Schwann cells of the peripheral nervous system. Schwann cells 

either produce myelin sheaths to insulate axons (myelinating Schwann cells) or envelop 

smaller diameter axons by wrapping their cell bodies around them forming a Remak bundle 

(non-myelinating Schwann cells). 

Over 99 % of NF2-associated vestibular schwannomas are benign (Baser et al., 2000) but their 

growth on cranial nerve VIII causes symptoms. Despite the fact that vestibular schwannoma 

(VS) growth rates vary greatly between patients, there is some indication that VS growth rates 
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tend to slow down as the patients get older (Baser et al., 2005b). High resolution contrast-

enhanced, T1-weighted magnetic resonance imaging (MRI) is considered the best method of 

visualizing vestibular schwannomas. From a histological standpoint, NF2 vestibular 

schwannomas tend to show interweaving patterns of Schwann cell bundles with Antoni A 

tissue and Antoni B tissue areas, hyalinized vessels and Verocay bodies (Sobel, 1993).  

Schwannomas in Neurofibromatosis type 2 patients are defined by NF2 gene inactivation and 

a lack of Merlin protein expression (Sainz et al., 1994). Additionally, a study reported a strong 

decrease or absence of Merlin expression in the majority of the examined sporadic 

schwannomas and sporadic meningiomas (11/14 and 16/19, respectively) and in some of the 

sporadic ependymomas (3/8) (Gutmann et al., 1997). The combination of Loss Of 

Heterozygosity (LOH, loss of one gene copy) and inactivation of the remaining NF2 gene due 

to mutation is the most frequent reason for the development of sporadic schwannomas. NF2 

gene deactivation by 22q chromosome loss and/or NF2 mutations was seen in 77 % and 22q 

loss could be observed in 61 % of sporadic schwannoma samples (Agnihotri et al., 2016).  

Nonetheless, examples of DNA methylation of transcriptional elements of the NF2 gene likely 

affecting NF2 gene transcription via epigenetic silencing were observed in 15.3 % of NF2-

associated and 19.3% of sporadic schwannomas (Gonzalez-Gomez et al., 2003). Methylation 

of three CpG sites found in the NF2 promoter were seen in 60.9 % of the examined vestibular 

schwannomas, coupled with both a reduction in promoter activity and a diminished NF2 

mRNA expression (Kino et al., 2001). However, a different report found unmethylated NF2 

promoters in 23 of 35 sporadic vestibular schwannomas (= 65.7 %). In the remaining 12 

sporadic vestibular schwannomas, promoter methylation could not be determined 

(Koutsimpelas et al., 2012).  

 

1.5.3 Schwannoma treatment 

One of the classical treatments for bilateral vestibular schwannoma is surgical removal. Doing 

so in the early stages of the tumour (when tumour diameter has not yet exceeded 3 cm) can 

safeguard hearing and facial nerve function (Brackmann et al., 2001; Samii, Matthies & 

Tatagiba, 1997). In patients with NF2-induced deafness, early VS resection has a chance of 

preserving the cochlea nerve, allowing the fitting of a cochlea implant to regain their sense of 

hearing. However, given the risk of facial paralysis and/or injury of the lower cranial nerves, 

early VS removal is only endorsed upon hearing loss or the discovery of a fast VS growth. 

Unfortunately, the risk of surgery heightens with tumour size. Often VS resection is only 

performed when absolutely necessary, i.e. in the event of increased intracranial pressure or 

compression of the brainstem (Asthagiri et al., 2009).  

Another option for treatment is stereotactic radiosurgery. Schwannomas smaller than 3 cm 

in diameter and schwannomas without cysts or peritumoural oedema have the highest 

probability to result in schwannoma growth inhibition following radiosurgery. Between 74 % 

and 100 % of NF2-associated VS after treatment were shown to achieve this favourable 

outcome. For some patients, this resulted in the preservation of auditory (33 – 57 %) and 

facial nerve (92 – 100 %) function (Kida et al., 2000; Mathieu et al., 2007; Roche et al., 2000; 
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Rowe et al., 2003). Radiosurgery risks include relapse in tumour growth, occurrence of 

malignancies due to exposure to radioactivity, formation of scar tissue complicating the 

continuing facial nerve preservation and detrimental effects on cochlear nerve function, 

possibly preventing the future insertion of a cochlea implant (Baser et al., 2000; Rowe et al., 

2007). 

 

1.5.4 NF2 meningiomas 

With schwannomas being by far the most frequent tumour to be found in NF2 patients, 

meningiomas are the second most common tumour seen in these patients. The meningioma 

cells of origin are believed to be the cells of the arachnoid mater of the leptomeninges (the 

arachnoid and pia mater), which extend along the spinal cord and brain (Wiemels, Wrensch 

& Claus, 2010). The majority of NF2-associated meningiomas are intracranial, found in 45 – 

58 % of NF2 patients (Evans et al., 1992a; Mautner et al., 1996; Parry et al., 1994) and are 

often numerous and tend to form earlier in life than sporadic meningiomas (Evans, Birch & 

Ramsden, 1999; Mautner et al., 1996; Nunes & MacCollin, 2003; Parry et al., 1994). 

Furthermore, NF2 patients with intracranial meningiomas have more than double (2.5x) the 

relative risk of mortality than NF2 patients without intracranial meningiomas (Baser et al., 

2002b). Additionally, a sequencing study in a total of 65 meningiomas (percentages of NF2 

and non-NF2 meningiomas not disclosed) reported focal NF2 inactivation in 43 % of examined 

meningiomas (Brastianos et al., 2013). 

Interestingly, a connection between the identity of the mutated gene(s) and meningioma 

location could be found in sporadic meningiomas. Most of the meningioma occurring in the 

cerebral convexity and spinal canal were seen to possess NF2 mutations and/or chromosome 

22 loss (Bi et al., 2016; Brastianos et al., 2013; Clark et al., 2013; Clark et al., 2016; Okano et 

al., 2021). Furthermore, skull base meningiomas with these genetic alterations were shown 

to be found largely in the posterior and lateral skull base (Brastianos et al., 2013; Clark et al., 

2013; Hartmann et al., 2006; Wellenreuther et al., 1995; Youngblood et al., 2019).  

Common symptoms of meningioma tumours are headaches and seizures but symptoms 

depend on meningioma location and size. Meningiomas in the cerebral convexity need to 

grow to a considerable size in order to cause symptoms. In contrast, small meningiomas 

growing in the lower cranial nerves, the optic nerve sheath, at the skull base and in the spinal 

canal can quickly result in nerve compression, causing a range of symptoms (including visual 

impairment) with varying severity (Asthagiri et al., 2009; Lloyd & Evans, 2013). 

The imaging technique of choice for visualizing meningiomas is contrast-enhanced, T1-

weighted MRI (Asthagiri et al., 2009). Neurofibromatosis type 2 can give rise to 

meningothelial, fibroblastic, psammomatous and transitional meningiomas, with the 

transitional kind being the most frequent (Perry et al., 2001). NF2 meningiomas also tend to 

have higher proliferation rates and be more aggressive (higher occurrence of Grade II and 

Grade III meningiomas) compared to sporadic meningiomas (Antinheimo et al., 1997; Perry 

et al., 2001).  



25 
 

Genomic sequencing of 300 sporadic meningiomas showed that NF2 mutations were found 

in 36.0 % and chromosome 22 loss were found in 49.7% of examined meningiomas (Clark et 

al., 2013). Furthermore, a study on NF2 gene mutations in 88 sporadic meningiomas revealed 

a variety of causes. 49 % had a chromosome 22 allelic loss, 24 % showed NF2 gene mutations 

and 26 % exhibited NF2 promoter methylation. In 5.7 %, a combination of LOH and NF2 

promoter methylation was identified while in 18.2 % a combination of NF2 gene mutations 

and LOH was detected. Interestingly, it was found that NF2 gene promoter methylation was 

the only alteration found in 17 % of the examined meningiomas, suggesting that epigenetic 

NF2 gene silencing was the sole reason for the lack of Merlin expression (Lomas et al., 2005). 

Finally, lack of functional Merlin in meningioma cell lines and human meningioma tumours 

resulted in heightened YAP expression and its increased nuclear localisation. Merlin 

knockdown could be associated with increased cell proliferation, cyclin E1 expression and S-

phase entry in meningioma cell lines. The increased S-phase entry and cell proliferation of 

NF2-deficient meningioma cells could be reversed with a subsequent YAP knockdown 

(Striedinger et al., 2008). 

 

1.5.5 Meningioma treatment 

The majority of the meningiomas found in the spinal canal and cerebral hemispheres can 

safely be resected in their entirety. However, complete surgical removal of skull base and 

optic nerve sheath meningiomas involves considerable neurological risk (Couldwell et al., 

1996; Larson et al., 1995). In these cases, alternative treatment methods such as stereotactic 

radiosurgery can be used after incomplete tumour resection to manage the growth of the 

residual tumour (Couldwell et al., 2006; Kondziolka et al., 1999). A report stated that 

radiosurgery resulted in a progression free survival (PFS) of 5 years in 86 % of NF2 meningioma 

patients (Wentworth et al., 2009). Unfortunately, as was the case with the radiosurgery 

treatment of schwannomas, radioactive exposure carries the risk of forming new tumours 

and transforming a benign tumour into a malignant one (Evans et al., 2006).  

 

1.5.6 Alternative Merlin regulation and schwannoma malignancy 

In a small group of schwannomas and meningiomas, neither genetic nor epigenetic causes 

can be found to explain the decrease of Merlin function. It was shown that heightened 

proteolysis of Merlin by the protease calpain can account for reduced activity of Merlin 

(Kimura et al., 1998).  

Intriguingly, mutations in the TERT (Telomerase reverse transcriptase) promoter causing an 

augmented TERT protein expression were observed in 28 % of malignant meningiomas and 

was not associated with NF2 mutation status. The genetic alterations of the TERT promoter 

were not detected in the benign meningiomas. Therefore, it seems plausible that the 

presence or absence of TERT promoter mutations could be used as prognostic marker for the 

malignant transformation of meningiomas (Goutagny et al., 2014). 
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1.5.7 Spinal cord ependymomas 

The prevalence of ependymomas is approximately 2 per million (McGuire, Sainani & Fisher, 

2009). Furthermore, ependymomas can be found in 2.5 – 6 % of NF2 patients (Evans et al., 

1992a; Mautner et al., 1996; Parry et al., 1994). Over 75 % of intramedullary spinal cord 

tumours in NF2 patients are ependymomas (Egelhoff et al., 1992; Lee et al., 1996). In NF2 

patients, those who harboured frameshift and nonsense NF2 gene mutations were found to 

be more likely to form ependymomas than those with different NF2 gene mutations (Patronas 

et al., 2001). Symptoms of NF2 patients with spinal cord ependymomas depend on both 

tumour location and size. These symptoms include recumbent back pain (in 56 % of cases), 

weakness (in 28 % of cases) or sensory disturbances (in 16 % of cases) (Chang et al., 2002; 

Epstein, Farmer & Freed, 1993; Ferrante et al., 1992; Hoshimaru et al., 1999; McCormick et 

al., 1990). Both contrast-enhanced, T1-weighted MRI and non-contrast-enhanced, T2-

weighted MRI allows accurate depiction of spinal cord ependymomas (Mautner et al., 1995; 

Patronas et al., 2001; Rennie et al., 2008). Histological analysis generally shows WHO grade II 

tumour with round to oval nuclei, a medium number of cells and intermittent sightings of 

ependymal rosettes (tumour cells encircling the empty lumen of a tubule) and perivascular 

pseudorosettes (tumour cells surrounding a blood vessel, visibly clear area between the ring 

of tumour cells and the blood vessel) (Asthagiri et al., 2009). 

In ependymomas, promoter methylation of the NF2 gene is less frequent than in 

schwannomas and meningiomas (< 10 %) (Alonso et al., 2004). 

  

1.5.8 Ependymoma treatment 

Since many NF2 spinal cord ependymomas neither grow nor cause symptoms for a number 

of years, the risk of surgery is avoided for as long as possible and these ependymomas are 

actively monitored. However, as soon as symptoms start occurring, surgical removal is 

necessary to preserve the maximum amount of neurological function (Epstein, Farmer & 

Freed, 1993; Ferrante et al., 1992; Hoshimaru et al., 1999). Complete resection of these often 

WHO grade II spinal cord ependymomas tends to render adjuvant therapies superfluous. 

However, in case of anaplastic ependymomas which are rarely seen in NF2 patients, the use 

of adjuvant radiotherapy might be warranted (Gilbert, Ruda & Soffietti, 2010; Plotkin et al., 

2011). 

 

1.5.9 Peripheral neuropathy 

The majority of NF2 patients suffer from peripheral neuropathy. In a number of cases (up to 

66 %), these neuropathies cannot always be traced back to tumours either compressing a 

nerve or growing within it (Evans et al., 1992a; Parry et al., 1994; Sperfeld et al., 2002). Some 

of these non-tumour neuropathies include distal symmetric sensorimotor neuropathy, 

mononeuropathy multiplex and focal amyotrophy. They were found to appear at any age 

between the ages of 7 and 41 years and the associated symptoms lasted between 3 months 
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and 50 years (Gijtenbeek et al., 2001; Hagel et al., 2002; Iwata, Kunimoto & Inoue, 1998; 

Kilpatrick, Hjorth & Gonzales, 1992; Kuo et al., 2004; Overweg-Plandsoen et al., 1996; Thomas 

et al., 1990; Trivedi et al., 2000). Signs of peripheral neuropathies such as foot drop and facial 

palsy can be seen before tumour formation, making them possible first symptoms leading to 

a NF2 diagnosis (Evans, Birch & Ramsden, 1999).  

If a craniospinal MRI does not detect tumours to explain the existing peripheral neuropathies, 

electrodiagnostic studies (e.g. needle electromyography, nerve conduction studies) can be 

used to study the function of the nerve itself (Asthagiri et al., 2009). Furthermore, MR-

neurography might be able to detect the underlying causes of focal neuropathies such as 

tumours in the peripheral nerves (Filler, Maravilla & Tsuruda, 2004).  

Underlying causes of NF2-associated peripheral neuropathies are believed to be schwannosis 

(non-neoplastic Schwann cell proliferation), production of toxins or metabolites by  

pathological endoneurial cells of nearby nerve fibres, nerve myelination inept Schwann cells 

due to lack of adequate Merlin expression caused by haploinsufficiency and nerve 

compression via tumourlets running alongside the affected peripheral nerve (Hanemann, 

Diebold & Kaufmann, 2007; Sperfeld et al., 2002).  

Histological examination of peripheral nerves affected by peripheral neuropathy routinely 

show pathological Schwann cell proliferation (sometimes arranged in an onion bulb formation 

around a myelinated nerve fibre, sometimes not) and loss of both myelinated and 

unmyelinated nerve fibres (Gijtenbeek et al., 2001; Hagel et al., 2002; Hanemann, Diebold & 

Kaufmann, 2007; Iwata, Kunimoto & Inoue, 1998; Kilpatrick, Hjorth & Gonzales, 1992; 

Overweg-Plandsoen et al., 1996; Sperfeld et al., 2002; Thomas et al., 1990; Trivedi et al., 

2000).  

In NF2 patients, treatment of peripheral neuropathies not associated with tumour formation 

revolves around the alleviation of the resulting symptoms. This includes treatment of 

neuropathic pain with gabapentin or pregablin and other palliative and preventive measures 

(Asthagiri et al., 2009).  

 

1.5.10 Other neurological manifestations in NF2 patients 

Aside from the cranial nerve VIII (vestibulocochlear), schwannomas can also form on other 

cranial nerves, spinal nerves and peripheral nerves in NF2 patients. Reports suggest that the 

highest frequency of non-vestibular schwannomas is seen on cranial nerves III (oculomotor), 

V (trigeminal) and VII (facial) in up to half (≤ 51 %) of NF2 patients. There appears to be a 

tendency of schwannomas developing more regularly on the upper cranial nerves (III-VIII, 

with the notable exception of I and II) and in the rare event schwannomas do arise on the 

lower cranial nerves, they are more likely to be symptomatic. Schwannomas on cranial nerves 

I (olfactory) and II (optic) are not found, likely due to the fact that cranial nerves I and II are 

myelinated by olfactory ensheathing cells (OECs) and oligodendrocytes, respectively, and not 

by Schwann cells (Fisher et al., 2007; Mautner et al., 1996; Otsuka et al., 2003; Samii, Matthies 

& Tatagiba, 1997).  
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Spinal nerve root schwannomas are often numerous and they are by far the most common 

extramedullary spinal tumour type in NF2 patients (~ 90%) (Mautner et al., 1995; Patronas et 

al., 2001). About one third (30 %) of these spinal nerve root schwannomas become 

symptomatic, requiring them to be surgically removed (Evans et al., 1992a; Mautner et al., 

1995; Patronas et al., 2001).  

Any peripheral nerve in NF2 patients can develop peripheral nerve schwannomas, potentially 

causing peripheral neuropathies. Nodular subcutaneous schwannomas are particularly 

common (43 – 48 %). These schwannomas frequently cause pressure sensitivity and pain 

(Evans et al., 1992a; Mautner et al., 1997). In contrast, neurofibromas in NF2 patients are rare 

and present histologically as collagen–myxoid matrices containing a chaotic mixture of 

fibroblasts and Schwann cells. Once any of these peripheral nerve growths (schwannomas, 

neurofibromas etc.) cause the development of symptoms, they tend to be surgically excised 

(Asthagiri et al., 2009).  

Additionally, the appearance of intramedullary spinal cord astrocytomas and intramedullary 

schwannomas has been seen in NF2 patients as well (Dow et al., 2005; Egelhoff et al., 1992; 

Lee et al., 1996; Mautner et al., 1995; Patronas et al., 2001; Siddiqui & Shah, 2004). MRI can 

be used to visualize and differentiate between them. As before, surgical removal is performed 

upon the onset of symptoms (Epstein, Farmer & Freed, 1992).  

Other neurological oddities found in NF2 patients include meningioangiomatosis (Omeis et 

al., 2006), intracranial calcified deposits in cerebellum, cerebral parenchyma and choroid 

plexus (Mayfrank, Mohadjer & Wullich, 1990) and glial micro-hamartomas in basal ganglia 

and cerebral cortex (Wiestler et al., 1989).  

 

1.5.11 Ocular manifestations 

Cataracts (clouding of the eye lens, eventually causing blurred or hazy vision) are a common 

symptom of NF2, they are reported in 60 – 81 % of NF2 patients (Evans et al., 1992a; Mautner 

et al., 1996; Parry et al., 1994). 

Epiretinal membranes and retinal hamartomas are also associated with NF2. The grey, 

semitranslucent or transculent epiretinal membranes with their whitish borders have been 

seen in up to 80% of NF2 patients but they do not tend to cause vision deterioration (Meyers 

et al., 1995). In contrast, only 6 – 22 % of NF2 patients develop retinal hamartomas but these 

masses often found in the macula routinely result in visual impairment (Mautner et al., 1996; 

Parry et al., 1994; Ragge et al., 1995). Retinal hamartomas contain a mixture of retinal and 

epiretinal tissue and heightened pigmentation (Bouzas et al., 1992).  

 

1.5.12 Disease course of NF2  

NF2 patients are 20 years old on average when they first develop symptoms. In contrast, NF2 

patients tend to be 27 years of age when they are formally diagnosed (Evans et al., 1992a; 
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Kanter et al., 1980; Mautner et al., 1996; Parry et al., 1994). In contrast, sporadic and solitary 

schwannomas and meningiomas tend to occur in patients older than 60 years of age. 

Therefore, such seemingly sporadically and solitarily occurring schwannomas and 

meningiomas in patients younger than 25 years of age have been found in many cases to be 

due to a genetic predisposition (Pathmanaban et al., 2017). 

NF2 disease progression can greatly differ from patient to patient. Nevertheless, the majority 

of NF2 patients will suffer hearing loss and a large number of them will eventually require 

wheelchair assistance. Symptoms at an early age and detection of intracranial meningiomas 

upon diagnosis are the signs of more severe cases of NF2, increasing the risk of early mortality 

(Baser et al., 2002b). A study in 1992 reported the mean actuarial survival to be 62 years, 

despite the fact that over 40% of the NF2 patients in this study were predicted to only reach 

a maximum age of 50 years (Evans et al., 1992a). The reported mean actuarial survival after 

diagnosis of 15 years (Evans et al., 1992a) has most likely increased since then. This is 

attributed to advancements in treatment and also heightened diagnostic accuracy, more 

frequently detecting NF2 mosaicism even in patients with only mild symptoms (Asthagiri et 

al., 2009).  

A recently published study made a multitude of observations on the disease course of NF2 

(Forde et al., 2021). It was reported that the average age at diagnosis and at death are 28.9 

and 45.2 years, respectively. Furthermore, the percentage of patients without functional 

hearing and the average number of patients requiring NF2-related tumour surgery or 

radiotherapy has decreased over time. Meanwhile, the average number of patients 

undergoing bevacizumab treatment has increased.  

Moreover, patients asymptomatic at diagnosis did not need the first intervention for a longer 

period of time and generally had improved survival compared to their symptomatic 

counterparts. In contrast, those suffering from what is classified as severe genetic NF2 disease 

(Halliday et al., 2017) showed reduced survival. Patients which were symptomatic and 16-25 

years of age at diagnosis were also seen to require the first intervention earlier than their 26-

39 year old counterparts. Furthermore, patients diagnosed when younger than 16 years of 

age and with symptoms were reported to have an increased chance of suffering from an NF2-

related death than their asymptomatic and symptomatic older counterparts (Forde et al., 

2021).  

Additionally, it was determined that those diagnosed in or after 2008 did not need vestibular 

schwannoma surgery or radiotherapy for a longer period of time than those diagnosed in or 

before 1998. This is attributed to improved patient management which combines the 

involvement of specialist knowledge and the reduced tendency of surgical intervention. 

Finally, it was stated that the identification of asymptomatic individuals and those suffering 

from mosaic NF2 has heightened over time (Forde et al., 2021). 
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1.6 Merlin in cancer 

Somatic NF2 mutations are frequently found (40 - 50 %) in patients with malignant 

mesothelioma (MM). The lack of Merlin activity has been shown to promote the formation of 

MM which is primarily induced by exposure to asbestos (Altomare et al., 2005; Baser et al., 

2002a; Bianchi et al., 1995; Bueno et al., 2016; Cheng et al., 1999; Fleury-Feith et al., 2003; 

Jin et al., 2006; Li et al., 2014b; Li et al., 2010; López-Lago et al., 2009; Poulikakos et al., 2006; 

Sekido et al., 1995; Smole et al., 2014; Thurneysen et al., 2009; Xiao et al., 2005; Yokoyama 

et al., 2008). 

In contrast, the formation of malignant tumours in NF2 patients, e.g. schwannoma 

transformation into a malignant peripheral nerve sheath tumour, is rare. Interestingly, the 

isolated instances in which malignant tumours were seen in NF2 patients have been linked to 

radiotherapy treatment (King et al., 2018a; King et al., 2018b). Likewise, occurrence of NF2 

mutations in other forms of malignant tumours aside from MM is uncommon (Bianchi et al., 

1994; Yoo, Park & Lee, 2012).  

Generally, the incidence rate of NF2 mutations in breast cancer is very low (around 1 - 2 %) 

(Arakawa et al., 1994; Bianchi et al., 1994; Yaegashi et al., 1995). Interestingly, PAK1 gene 

amplification was present in the tumour samples of various human cancers, most frequently 

in 30 – 33 % of human breast cancer samples. PAK1 was found to stimulate MET signalling 

(hepatocyte growth factor - receptor tyrosine kinase c-MET signalling) by inhibiting Merlin via 

Merlin Ser518 phosphorylation (Shrestha et al., 2012). It seems as if despite the low 

prevalence of somatic NF2 mutations in breast cancers, Merlin inhibition via PAK1 may have 

a role in allowing the formation/transformation of breast cancers (Petrilli & Fernández-Valle, 

2016).  

In contrast, NF2 hemizygosity was reported in 113 of 185 sporadic colorectal cancer samples, 

with 20% of these NF2 hemizygous samples having experienced NF2 LOH. This NF2 LOH was 

seen more often in less differentiated and larger tumours (Cačev et al., 2014). This indicates 

that the presence of somatic NF2 mutations/NF2 LOH could be used as prognostic markers in 

colorectal cancer (Petrilli & Fernández-Valle, 2016). 

Furthermore, deletion of Exon 1 or Exons 2-3 in both NF2 alleles were detected in 2 of 74 

hepatobiliary tumour cell lines (Pineau et al., 2003). A report showed that while liver-specific 

deletion of YAP in mice resulted in the loss of biliary epithelial cells and hepatocytes, liver-

specific deletion of NF2 caused the formation of bile duct hamartoma and hepatocellular 

carcinoma. These liver-specific phenotypes due to NF2 deficiency were shown to be mostly 

prevented by an additional liver-specific heterozygous deletion of YAP (Zhang et al., 2010).  

Comparing the genomes of a non-malignant human prostate cell line and its metastatic, 

malignant descendant revealed 23 structural chromosome variants unique to the malignant 

cell line. Some of these structural chromosome variants were reported to result in the 

inactivation of the NF2 gene, suggesting the involvement of Merlin expression loss in prostate 

cancer progression (Malhotra et al., 2013). These findings suggest that loss of Merlin activity 

might be affiliated with the progression of prostate tumours (Petrilli & Fernández-Valle, 

2016). 
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Moreover, one study assessed the Merlin mRNA and protein expression in 23 human 

glioblastoma multiforme (GBM, WHO grade 4 astroytic tumour) samples. It was shown that 

Merlin protein expression was decreased by more than 50 % in 61 % of samples compared to 

control brain tissue and absent in 27.4 % of GBMs. Furthermore, 65 % of samples displayed a 

more than 50 % reduction in Merlin mRNA expression. No decreases of Merlin expression 

were seen in WHO grade 3 anaplastic astrocytoma samples, indicating that Merlin loss is only 

linked to grade 4 GBMs (Lau et al., 2008). A different study revealed a lack of Merlin in 32% 

of the 53 GBM tissue samples and Merlin expression was diminished in the rest (Morales et 

al., 2010).  

Finally, 75 % of 11 medullary thyroid carcinoma patient samples were shown to have suffered 

an NF2 allelic loss (highest incidence rate among the examined tumour suppressor genes), 

often combined with the allelic loss of other tumour suppressor genes. Allelic loss of tumour 

suppressor genes was more frequent in samples of recurrent medullary thyroid carcinoma. 

Therefore, NF2 allelic loss might play a huge role in predicting the risk of recurrence of 

medullary thyroid carcinoma (Sheikh et al., 2004).  

 

1.7 Merlin regulation and signalling 

 

 1.7.1 NF2/Merlin structure 

NF2 gene deactivation in murine embryonic stem cells show that Merlin is vital during early 

embryogenesis. Merlin loss causes a lack of gastrulation and results in death between 

embryonic days 6.5 and 7.0 due to the formation of dysfunctional extraembryonic structures 

(McClatchey et al., 1997).  

The NF2 gene consists of 17 exons which translate to the protein Merlin (Rouleau et al., 1993; 

Trofatter et al., 1993). More precisely, alternate splicing of the NF2 gene gives rise to two 

main isoforms. The more frequent and longer Merlin isoform 1 has 595 amino acids and 

contain exons 1 - 15 and 17. It has 3 main domains: the amino (N)-terminal 4.1-Ezrin–Radixin–

Moesin (FERM) domain, a hydrophilic carboxyl (C)-terminal domain and an α helical domain 

in between (Shimizu et al., 2002). The shorter isoform 2 with 590 amino acids includes exons 

1 - 16, resulting in a shortened C-terminal domain due the incorporation of a stop codon 

(Bianchi et al., 1994; Pykett et al., 1994). Therefore, Merlin isoform 2 does not have the 

carboxy-terminal residues of isoform 1 to form a bridge between the FERM region on the N-

terminal end and the C-terminal tail. This theoretically causes isoform 2 to be permanently 

stuck in an open conformation (Gonzalez-Agosti et al., 1999; Sher et al., 2012; Sherman et al., 

1997).  

While Merlin isoform 1 has a confirmed tumour suppressive function, there appear to be 

conflicting reports about Merlin isoform 2 in that regard. Some evidence points towards 

Merlin isoform 2’s lack of tumour suppression activity (Sherman et al., 1997) while others 

confirm it to be on par with isoform 1 in that regard (Sher et al., 2012; Zoch et al., 2015). 
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Additionally, isoform 2 was shown to be essential for preserving axon integrity in peripheral 

nerve pathologies regularly found in NF2 patients (Schulz et al., 2013). 

 

Figure 1.1: Domain structure of Merlin and corresponding exons. The location and frequency of 

known mutation sites is displayed. Source: adapted from (Cooper & Giancotti, 2014). 

Proteins containing FERM domains act as linkers between the actin cytoskeleton of the cell 

cortex and the receptors of the plasma membrane. Merlin’s conserved N-terminal FERM 

domain has been found to have a 63 % sequence similarity with the FERM domains of its other 

ERM protein family members, namely Ezrin, Moesin, Radixin and Protein 4.1 (Trofatter et al., 

1993). In contrast to the other ERM proteins, Merlin contains a unique, conserved 7 residues 

(residues 177 - 183) called the Blue box motif in the Subdomain B/F2 of the FERM region 

(Figure 1.1) (LaJeunesse, McCartney & Fehon, 1998).  

ERM protein family members are known to associate with one another in head-to-tail 

heterodimeric and homodimeric intermolecular bonds and also form intramolecular bonds. 

In comparison to the other ERM protein family members, the intramolecular bonds within 

Merlin are considered more fragile and dynamic (Grönholm et al., 1999; Nguyen, Reczek & 

Bretscher, 2001). 

The overall majority of truncating (the most common variety of mutation) and non-truncating 

mutations of Merlin can be found in the FERM region (Ahronowitz et al., 2007) (Figure 1.1).  

The FERM region also acts as nuclear localization signal, allowing unphosphorylated and 

therefore active Merlin to translocate to the nucleus (Li et al., 2010). In its phosphorylated 

inactive state, Merlin’s FERM nuclear localization signal is concealed. As a result, a nuclear 

export motif found on its C-terminus will cause the exclusion of Merlin from the nucleus via 

the CRM1-exportin pathway. Losing this export motif results in increased nuclear localization 

of Merlin (Kressel & Schmucker, 2002; Li et al., 2010).  

In contrast to FERM region mutations, mutations in the C-terminal end and the central α-helix 

(= coiled-coil) of Merlin occur less frequently (Ahronowitz et al., 2007) (Figure 1.1). Overall, 

the evidence suggests that the FERM region is vital for Merlin’s role as tumour suppressor.  

The Subdomain B/F2 within the FERM region holds the greatest relevance when it comes to 

tumour suppression. Replacing Merlin’s Subdomain F2 with the F2 subdomain of fellow ERM 

protein Ezrin completely disables the tumour suppressive ability of Merlin while replacing 

subdomains F1 or F3 does not change Merlin’s inhibitory effect on proliferation. Additionally, 

the FERM Subdomain A/F1 was demonstrated to be essential for actin colocalization and 

cytoskeleton reorganization (Lallemand, Saint-Amaux & Giovannini, 2009).  
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1.7.2 Merlin regulation via phosphorylation 

The scaffold protein Merlin is mostly found in the cell cortex, associating with and connecting 

cell membrane proteins/receptors and parts of the cytoskeleton (Scherer & Gutmann, 1996) 

(Figure 1.3). Merlin was shown to attach to membrane domains believed to be lipid rafts via 

phosphoinositide binding (Mani et al., 2011; Stickney et al., 2004). Its protein activity/function 

is mainly regulated by the phosphorylation of select amino acid residues. AKT (= Ak strain 

transforming, Protein Kinase B) phosphorylates Merlin serine10 (Ser10), threonine230 

(Thr230) and Ser315, causing reduced binding of Merlin to GTPase PIKE-L and Merlin’s 

ubiquitination and subsequent proteasomal degradation. The GTPase PIKE-L is known to 

augment PI3K signalling (Laulajainen et al., 2011; Tang et al., 2007).  

Merlin Ser10 is also phosphorylated by Protein Kinase A (PKA). This results in the alteration 

of the actin cytoskeleton, causing a change in cell morphology (Laulajainen et al., 2008). The 

C-terminal Ser518 is the most prominent phosphorylation site. Its phosphorylation is carried 

out by PKA and p21 activated kinase (PAK), impairing Merlin’s function as tumour suppressor 

protein (Alfthan et al., 2004; Rong et al., 2004a; Shaw et al., 2001; Surace, Haipek & Gutmann, 

2004; Xiao et al., 2002) (Figure 1.2). Merlin regulation by PKA is likely to be of central 

importance in Schwann cells since Schwann cell proliferation is heavily dependent on cAMP-

PKA signalling (Kim, DeClue & Ratner, 1997). Additionally, phosphorylation by kinases AKT and 

PAK permits Merlin Lys76 sumoylation which was shown to be necessary for Merlin’s tumour 

suppressive function (Qi et al., 2014).  

Myosin phosphatase MYPT1-PP1δ restores Merlin’s tumour suppressive function by 

catalysing Ser518 dephosphorylation (Jin et al., 2006; Sher et al., 2012). Therefore, activation 

or inhibition of the mentioned kinases and phosphatases determine Merlin’s activity (Shaw 

et al., 2001) (Figure 1.2). 

There is some ambiguity about the conformational state of Merlin due to its Ser518 

phosphorylation status. Some reports suggest that Merlin is always in a closed conformational 

state regardless of its phosphorylation status and only undergoes subtle conformational 

changes after phosphorylation (Ali Khajeh et al., 2014; Hennigan et al., 2010). In contrast, a 

different study shows that unphosphorylated Merlin is in an open conformational state and 

reverts to a more closed conformational state upon phosphorylation (Sher et al., 2012). 

Additionally, it was reported that Merlin transitions to a slightly less closed confirmation after 

binding to Phosphatidylinositol 4, 5-bisphosphate (Ali Khajeh et al., 2014). 

 

1.7.3 Merlin’s regulation of non-Hippo signalling pathways 

Merlin has been shown to regulate the CD44/Rac/PAK/LIMPK pathway (Bai et al., 2007; 

Bourguignon et al., 2007; Bourguignon et al., 2000; Flaiz et al., 2009; Herrlich et al., 2000; 

Kaempchen et al., 2003; Kissil et al., 2002; Kissil et al., 2003; Morrison et al., 2001; Nakai et 

al., 2006; Okada, Lopez-Lago & Giancotti, 2005; Oliferenko et al., 2000; Petrilli et al., 2014a; 

Sainio et al., 1997; Shaw, McClatchey & Jacks, 1998; Shaw et al., 2001; Thaxton et al., 2007; 

Xiao et al., 2002) and CD44/ErbB/PKA pathway (Ahmad et al., 2010; Ammoun et al., 2010; 
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Ammoun et al., 2008; Ammoun et al., 2012; Bashour et al., 2002; Fernandez-Valle et al., 2002; 

Garcia & Gutmann, 2014; Hansen et al., 2006; Lallemand et al., 2009; Obremski, Hall & 

Fernandez-Valle, 1998; Pelton et al., 1998; Sherman et al., 2000; Thaxton et al., 2008; 

Wickremesekera, Hovens & Kaye, 2007; Wickremesekera, Hovens & Kaye, 2010) (Figure 1.2). 

Furthermore, Merlin plays a role in the Rac1/Wnt pathway (Bosco et al., 2010; Zhou et al., 

2011), mTORC1/2 signalling (Cloughesy et al., 2008; Giovannini et al., 2014; James et al., 2009; 

James et al., 2012; O'Reilly et al., 2006), Ras signalling (Geissler et al., 2013; Li et al., 1993; 

Morrison et al., 2007; Tikoo et al., 1994), TAM receptors/Src/FAK signalling (Ammoun et al., 

2010; Ammoun et al., 2014; Ammoun et al., 2012; Ammoun et al., 2015; Houshmandi et al., 

2009), PI3K/AKT/HDAC signalling (Agnihotri et al., 2014; Burns et al., 2013; Bush et al., 2011; 

Chen et al., 2005; Hilton, Ristic & Hanemann, 2009; Jacob et al., 2008; Jacob et al., 2012; 

Johnson et al., 2002; Lee et al., 2009; Li et al., 2001; Mawrin et al., 2005; Petrilli et al., 2014b; 

Rong et al., 2004b; Tang et al., 2007; Ye, 2007) and SIRT signalling (Petrilli, Bott & Fernández-

Valle, 2013).  

 

1.7.4 Merlin’s tumour suppressive function 

As mentioned previously, the exposed FERM region of unphosphorylated and unmutated 

Merlin allows relocation to the nucleus where Merlin binds to the substrate recognition 

subunit DCAF1 (DDB1- and Cul4-Associated Factor 1), disrupting the function of E3 ubiquitin 

ligase CRL4DCAF1 and thereby inhibiting proliferation (Figure 1.3). More precisely, the 

subdomain C of Merlin’s FERM domain binds to the hydrophobic IILXLN motif in DCAF1’s C-

terminal acidic tail (Li et al., 2010; Mori et al., 2014). E3 ubiquitin ligase CRL4DCAF1 controls 

different cell functions such as cell survival, proliferation and DNA repair by conducting the 

ubiquitination of or interacting with important effectors of said processes such as histone H3, 

TET proteins and p53 (Kim et al., 2012; Lee et al., 2012; Yu et al., 2013a).  

The increased proliferation upon Merlin loss could be counteracted by DCAF silencing. Re-

expression of Merlin or DCAF1 knockdown was shown to result in the decreased expression 

of genes targeted by YAP. Furthermore, DCAF1 silencing in murine primary schwannoma cells 

(= NF2-deficient primary mouse Schwann cells) inhibits their oncogenic potential while DCAF1 

knockdown in human primary schwannoma cells leads to a decrease in proliferation (Li et al., 

2010). 

Moreover, it was shown that after being relinquished from Merlin’s control, CRL4DCAF1 inhibits 

LATS1/2 in the nucleus via ubiquitination. LATS1’s poly-ubiquitination results in the decrease 

of its kinase activity as well as its proteasomal degradation while LATS2’s oligo-ubiquitination 

solely causes the impairment of its kinase activity. LATS1/2 inhibition leads to 

unphosphorylated and therefore uninhibited YAP/TAZ, inducing the expression of YAP-TEAD 

target genes such as CTGF and CYR61 and thereby increasing a cell’s oncogenic potential (Li 

et al., 2014b).  

Functional Merlin has also been theorized to block the interaction between CRL4DCAF1 and 

LATS1 by obstructing the LATS1 binding site on DCAF1’s WD40 domain, thereby preventing 
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CRL4DCAF1 from suppressing LATS1 function. YAP phosphorylation by LATS1/2 results in YAP’s 

expulsion from the nucleus (Li et al., 2014b). 

 

                                     
Figure 1.2: CD44/β1 integrin/receptor tyrosine kinase (RTK) signalling and Merlin regulation. 

Laminin binding to β1 integrin or hyaluronan binding to CD44 and the resulting Tiam-1 initiation allow 

Rac1 activation, leading to PAK activity. PAK suppresses Merlin’s growth-inhibitory function via Ser518 

phosphorylation. PAK also promotes LIMK and Aurora A function, resulting in the upregulation of 

cyclin-D1 and therefore an increase in cell proliferation. In addition, LIMK phosphorylates actin-

depolymerizing enzyme Cofilin and thereby suppresses its function, resulting in actin stabilization. A 

ligand binding to its RTK, e.g. neuregulin-1 binding to ErbB2/ErBb3, activates PKA which catalyses 

Merlin Ser518 phosphorylation and thereby suppresses Merlin’s growth-restrictive activity. If not 

inhibited by CPI-17, MYPT1-PP1δ dephosphorylates and thereby allows Merlin to resume its growth-

suppressing function. To this end, Merlin inhibits both Rac1 and PAK. Adapted from (Petrilli & 

Fernández-Valle, 2016).  
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Figure 1.3: Merlin and the Hippo signalling pathway. Merlin/KIBRA activate LATS1/2 (2) which 

suppress YAP/TAZ. Additionally, YAP/TAZ is inhibited by angiomotin (AMOT) (3) and a complex of α-

catenin, β-catenin, Merlin and 14-3-3 (1). Merlin also suppresses the CRL4DCAF1 E3 ubiquitin ligase (4) 

which would otherwise ubiquitinate and subsequently degrade LATS1/2, resulting in increased 

YAP/TAZ activity. Upon Merlin loss, YAP/TAZ translocates to the nucleus and binds to different 

transcription factors (e.g. TEAD1 - 4), activating gene expression. Red arrow shows the YAP/TAZ-TEAD 

interaction targeted by Vivace inhibitor compounds. Adapted from (Cooper & Giancotti, 2014). 

 

1.8 Hippo signalling pathway 

 

1.8.1 Canonical Hippo pathway: MST activation 

In the mammalian canonical Hippo signalling pathway in, a complex of MST1/2 and SAV1 (also 

called WW45) phosphorylates and thereby activates the LATS1/2-MOB1A/B complex (Harvey, 

Pfleger & Hariharan, 2003; Jia et al., 2003; Justice et al., 1995; Lai et al., 2005; Pantalacci, 

Tapon & Léopold, 2003; Tapon et al., 2002; Udan et al., 2003; Wu et al., 2003; Xu et al., 1995) 

which in turn inactivates YAP/TAZ via phosphorylation (Figure 1.4). 
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Figure 1.4: Mammalian Hippo pathway and influences on its activity. Core kinase cascade is within 

the dotted lines. Arrows indicate effectors activating the core kinase cascade while T-lines inhibit the 

core kinase cascade. Adapted from (Zheng & Pan, 2019). 

MST1/2 activation requires the phosphorylation of threonine residues found on the activation 

loop. The TAOK1/3 kinases are indicated to activate MST1/2 by this mechanism (Boggiano, 

Vanderzalm & Fehon, 2011; Poon et al., 2011) (Figure 1.4). MST monomers can also activate 

each other via transphosphorylation by forming MST homodimers via their C-terminal SAV-

RASSF-Hpo (SARAH) domain (Ni et al., 2013; Ni et al., 2015; Praskova et al., 2004). 

This combination of dimerization and transactivation is regulated by SAV1 and RASSF5, both 

of which have SARAH domains of their own. SAV1 has been found to aid MST autoactivation 

by facilitating MST transphosphorylation and also suppressing the negative feedback 

mechanism by the PP2A complex STRIPAKSLMAP (Bae et al., 2017; Goudreault et al., 2009) In 

contrast, RASSF5 inhibits MST activity by interfering with MST homodimerization and thereby 

preventing MST transphosphorylation (Ni et al., 2013; Praskova et al., 2004).  
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1.8.2 Canonical Hippo pathway: LATS activation 

LATS1/2 kinases are activated by MST1/2 via phosphorylation of threonine residues at the C-

terminal hydrophobic motif (Thr1079 for LATS1, Thr1041 for LATS2) and subsequently 

LATS1/2 perform an autophosphorylation at their T-loop motif (activation loop) (Hergovich, 

2016).  

Merlin has been reported to activate the Hippo pathway without participating in the 

activation of the MST1/2 kinases (Figure 1.4). In a Schwann cell line, cell membrane bound 

Merlin binds and recruits LATS1/2 to the plasma membrane which allows LATS1/2 

phosphorylation/ activation by MST1/2 (Yin et al., 2013). Additionally, it was shown that a 

complex of Merlin and kidney and brain expressed protein (KIBRA) regulate the Hippo 

signalling pathway by directly binding to MST1/2 and SAV1 (Baumgartner et al., 2010; 

Hamaratoglu et al., 2006; Yu et al., 2010).  

Interestingly, both the MAP4K family kinases (Li et al., 2014a; Meng et al., 2015; Zheng et al., 

2015) and TAOK1/3 are activated by contact inhibition, actin depolymerisation and serum 

starvation and directly interact and phosphorylate LATS1/2 (Figure 1.4). NF2 gene deletion 

was seen to severely impede YAP/TAZ phosphorylation, implying that Merlin is likely to also 

play a chief role in TAOK- and MAP4K-induced LATS1/2 activation. In contrast, Ras homology 

family member A (RhoA) was shown to convey cell growth signals from GPCRs, negatively 

impacting LATS1/2 activity and thereby activating YAP/TAZ (Plouffe et al., 2016).  

Furthermore, SAV1 has been proposed to promote LATS1/2 activation by acting as an adaptor 

protein although the precise mechanism is disputed (Bae et al., 2017; Harvey, Pfleger & 

Hariharan, 2003; Su et al., 2017; Yin et al., 2013).  

The second adaptor protein MOB1A/B directly binds to LATS and promotes LATS kinase 

activation via allosteric regulation and scaffolding, thereby facilitating YAP/TAZ 

phosphorylation (Lai et al., 2005; Ni et al., 2015; Praskova, Xia & Avruch, 2008).  

 

1.8.3 Canonical Hippo pathway: YAP and TAZ regulation 

The paralogues YAP and TAZ contain approximately 45% amino acid identity to one another. 

They both possess an N-terminal TEAD-binding domain, WW domain(s) and a C-terminal 

transactivation domain (Kanai et al., 2000) (Figure 1.5). Analysis of the proteomes of 68 

human schwannomas revealed activation of YAP and its transcriptional targets PDGFRβ, 

ErbB2 and ErbB3 (Boin et al., 2014). Mostly cytoplasmic YAP is found under high cell density 

or confluent conditions while mainly nuclear YAP is observed under low cell density (Zhao et 

al., 2007). Furthermore, it has been suggested that when YAP is perpetually 

dephosphorylated, cells counteract this increased YAP activity by reducing YAP protein 

expression levels (Chen et al., 2015b). Additionally, it was reported in Drosophila that the 

majority of transcription coactivators YAP/TAZ (Yorkie in Drosophila) quickly oscillate 

between nucleus and cytoplasm and the subcellular localization of YAP is regulated by 

controlling YAP’s nuclear import rate via LATS1/2-caused YAP phosphorylation (Manning et 



39 
 

al., 2018). Activated LATS1/2 kinases phosphorylate and thereby inactivate the transcription 

coactivators YAP and TAZ, preventing them from fulfilling their roles as co-activators of the 

TEAD transcription factors (Figure 1.4). 

 

 

Figure 1.5: Structure and domains of TEAD1 – 4 and the paralogs YAP and TAZ. % depict sequence 

identity shared by the TEADs in the above shown domain. Adapted from (Holden & Cunningham, 2018).  

Differences in the regulation of YAP and TAZ activity by LATS were shown. Phosphorylation of 

YAP Ser127 by LATS influences YAP localization, resulting in 14–3–3 binding and therefore 

cytoplasmic retention and inactivation of YAP (Zhao et al., 2007). Phosphorylation of YAP 

Ser381 by LATS on the other hand causes YAP degradation. The Ser381 phosphorylation in 

one of the five HXRXXS motifs triggers the phosphorylation of the phosphodegron Ser384 

(potentially plus Ser387) by CK1δ/ε. Phosphodegrons are characterized as phosphorylated 

residues which allow recognition and ubiquitination by E3 ubiquitin ligases (Nash et al., 2001). 

Subsequently, this phosphorylated phosphodegron is recognized and bound by F-box protein 

β-TrCP and subsequently the SCF/β-TrCP E3 ligase, performing YAP ubiquitination and 

thereby marking YAP for proteasomal degradation (Zhao et al., 2010).  

In the case of TAZ, phosphorylation of multiple serine residues by LATS (Ser89 plus potentially 

Ser66, Ser117 and Ser311) found in the four conserved HXRXXS motifs generates the binding 

site for the 14-3-3 protein, resulting in TAZ cytoplasmic retention and deactivation (Lei et al., 

2008). Phosphorylation of TAZ Ser311 by LATS prompts subsequent phosphorylation of the 

phosphodegron Ser314 by CK1ε. This allows the recognition and binding by F-box protein β-

TrCP and ubiquitination by the SCF/β-TrCP E3 ligase, eventually leading the degradation of 

TAZ (Lei et al., 2008; Liu et al., 2010). Interestingly, the NDR1/2 kinases share LATS1/2’s 
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capacity to regulate YAP activity via phosphorylation (Meng et al., 2015; Zhang et al., 2015b; 

Zheng et al., 2015). 

 

1.8.4 Canonical Hippo pathway: TEAD function 

The primary transcription factors (TFs) bound and activated by unphosphorylated, nuclear 

transcription coactivators YAP/TAZ are the Transcriptional enhanced associate domain (TEAD) 

family transcription factors (Goulev et al., 2008; Ota & Sasaki, 2008; Stein et al., 2015; Wu et 

al., 2008; Zanconato et al., 2015; Zhang et al., 2008; Zhao et al., 2008) (Figure 1.4). Mammals 

possess four TEADs, TEAD1 (TEF-1/NTEF), TEAD2 (TEF-4/ETF), TEAD3 (TEF-5/ETFR-1) and 

TEAD4 (TEF-3/ETFR-2/FR-19) (Bürglin, 1991; Yasunami, Suzuki & Ohkubo, 1996). TEAD1 - 4 are 

expressed to varying degrees in developing mice and in the organs of adult mice (Yasunami, 

Suzuki & Ohkubo, 1996). TEADs share a strongly conserved, 68 amino acid N-terminal 

TEA/ATTS DNA-binding (TEAD) domain which allows them to bind to the MCAT element (5’-

CATTCCA/T-3’) in regulatory DNA sequences (Anbanandam et al., 2006; Huh et al., 2019; 

Jacquemin et al., 1996; Jiang et al., 2000). Additional TEAD binding elements were identified 

as well (Benhaddou et al., 2012; Zanconato et al., 2015). 

TEADs are homologous in both their N-terminal TEA DNA binding domain (87.9 %) and their 

C-terminal YAP binding domain (YBD) (72 %), separated by a proline rich region  (Holden & 

Cunningham, 2018) (Figure 1.5). YAP contains an N-terminal TEAD-interacting domain which 

binds to the C-terminal YAP binding domain (YBD) of TEAD1 – 4, forming YAP/TEAD dimers 

(Chen et al., 2010; Tian et al., 2010; Vassilev et al., 2001). Interestingly, several studies 

demonstrate that TEAD interaction with YAP/TAZ is necessary for YAP/TAZ nuclear retention. 

TEAD knockout completely prevented YAP nuclear accumulation (Lin et al., 2017) while 

impaired TAZ-TEAD interaction resulted in heightened TAZ cytoplasmic retention (Chan et al., 

2009). Accordingly, TEAD2 overexpression promoted YAP/TAZ nuclear accumulation 

(Diepenbruck et al., 2014).  

Since the overwhelming majority of TEAD2 molecules are seen in the chromatin fraction, 

TEADs appear to be predominantly found in a DNA-bound state (Li et al., 2015b) but they only 

show extremely low transcriptional activity on their own (Xiao et al., 1991). To modulate gene 

transcription, TEAD uses its C-terminal transactivation domain to recruit co-activators 

YAP/TAZ (Mahoney et al., 2005; Vassilev et al., 2001; Zhang et al., 2009a; Zhao et al., 2008), 

cofactors VGLL1/2/3/4 (Chen et al., 2004; Chen, Mullett & Stewart, 2004; Figeac et al., 2019; 

Honda et al., 2017; Koontz et al., 2013; Pobbati et al., 2012) and the Nucleosome Remodelling 

and Deacetylase (NuRD) complex (Kim et al., 2015). Additionally, TEADs can recruit the 

Mediator complex via YAP (Galli et al., 2015). 

In the absence of YAP/TAZ binding, TEAD has been found to function as a default repressor 

by binding to the co-repressor VGLL4 which causes the repression of YAP-targeted genes such 

as CTGF (Figure 1.4). This TEAD-VGLL4 mediated repression inhibited YAP overexpression-

induced and Merlin deficiency-induced hepatomegaly and hepatocellular carcinoma 

development in transgenic mice (Koontz et al., 2013; Zhang et al., 2010). TEAD’s default 

repressor function was also demonstrated via the heightened expression of CTGF in TEAD4 



41 
 

silenced C2C12 cells (Benhaddou et al., 2012) and in TEAD1/2 double null mouse embryos 

(Ota & Sasaki, 2008). Furthermore, it was shown that both of the VGLL4 Tondu domains (T1 

and T2) are necessary to convey its growth inhibitory function. VGLL4 T1 and T2 domains, like 

YAP, bind to the C-terminal YBD of TEAD. Despite the primary sequence differences between 

YAP’s TEAD binding domain and VGLL4’s Tondu domains, the resulting 3D structures are 

similar, allowing them to bind to the same domain on TEAD. This leads to competitive binding 

between YAP and VGLL4 to exert their respective effects on gene expression (Jiao et al., 2014; 

Koontz et al., 2013; Zhang et al., 2014a). Furthermore, TEAD4 complexes with corepressors 

C-terminal binding protein 2 (CtBP2) and VGLL4 to form a gene repression complex during 

adipogenesis (Zhang et al., 2018b). 

 

1.8.5 VGLL regulation and function 

VGLL4 function is regulated via  microRNA (Liu, Kong & Zhang, 2018), phosphorylation (Zeng 

et al., 2017), acetylation (Lin et al., 2016), deubiquitination (Zhang et al., 2016) and nuclear 

export (Chen, Mullett & Stewart, 2004). While VGLL4 predominantly functions as a 

corepressor via its TEAD interactions in various tissues, the effect of TEAD cofactors 

VGLL1/2/3 is more tissue-dependent. Depending on the tissue, they appear to bind to 

different TEADs and act as either TEAD coactivators or corepressors, targeting the same or 

different genes as the YAP/TAZ-TEAD complexes in those tissues. Within the same tissue, 

VGLL1/2/3 often are differentially expressed and control different groups of genes via their 

different TEAD binding partners (Currey, Thor & Piper, 2021; Simon et al., 2016; Zheng & Pan, 

2019). Interestingly, it could be shown that YAP, TAZ and cofactor VGLL1 (and presumably 

also cofactors VGLL2/3/4) share a similar affinity for TEAD1 – 4 (Bokhovchuk et al., 2019). 

While VGLL1/2/3 contain only a single TEAD-interacting C-terminal Tondu domain, VGLL4 

possesses two of these domains which are also necessary for VGLL4 nuclear localization 

(Chen, Mullett & Stewart, 2004).  

 

1.8.6 Other TEAD cofactors 

The nuclear receptor coactivators of the p160 family SRC1, TIF2 (SRC2) and RAC3 (SRC3) were 

reported to act as TEAD1 and TEAD2 coactivators and augment TEAD-induced gene 

transcription (Belandia & Parker, 2000). Furthermore, TEAD4 associates with SRC1 – 3 

coactivators to activate the expression of genes promoting cell migration and invasion (Liu et 

al., 2016a). 

Other TEAD interactors include the paralogs FAM181A and FAM181B which, similar to 

YAP/TAZ, bind to TEAD via an Ω-loop (Bokhovchuk et al., 2020). High FAM181A and FAM181B 

neural expression in mice embryos and adults points towards a role in the developing and 

developed nervous system (Marks et al., 2016). Additionally, TEAD1 was shown to bind and 

cooperate with the transcription factors myc-associated factor X (Max), serum response 

factor (SRF) and myocyte enhancer factor-2 (MEF2) in myocytes (Gupta et al., 2001; Gupta, 

Kogut & Gupta, 2000; Maeda, Gupta & Stewart, 2002).  



42 
 

Additionally, the protein INSM1 has also been shown to act as repressor of YAP-TEAD 

transcription by binding to TEAD (Guo et al., 2019) (Figure 1.4). 

 

1.8.7 TEAD regulation  

Post-translational modifications can also regulate TEAD activity. Phosphorylation of TEAD1 

Ser102 by PKA was seen to inhibit TEAD1’s DNA-binding ability but had no effect on its ability 

to bind to Max (Gupta, Kogut & Gupta, 2000). Similarly, phosphorylation by PKC was also 

shown to negatively impact the DNA-binding ability of TEAD1 (Jiang et al., 2001). 

Furthermore, it was shown that TEAD4 is alternatively spliced. The resulting truncated splicing 

variant TEAD4-S suppresses YAP activity in a dominant negative manner, leading to inhibition 

of cancer cell migration and proliferation in vitro and xenograft tumour growth in vivo (Qi et 

al., 2016). 

  

1.8.8 TEAD post-translational regulation: S-palmitoylation 

Furthermore, TEADs undergo S-autopalmitoylation which results in the attachment of the 

fatty acid palmitate to the conserved cysteine residue found in the palmitate binding pocket 

(PBD) of the C-terminal YAP-binding domain (YBD) of TEAD. The YBDs of TEAD1-4 share more 

than 70% sequence identity (Holden & Cunningham, 2018). Structural studies show that the 

palmitoyl group is deeply embedded in an equally conserved hydrophobic pocket of the 

protein core. TEAD S-palmitoylation is not required for the nuclear localization of TEAD (Tang 

et al., 2021). Additionally, the allosteric effects of S-palmitoylation on TEADs appear to differ 

depending on the TEAD family member.  

TEAD1 S-palmitoylation was shown to be vital for YAP/TAZ (but interestingly, not for VGLL4) 

binding. In contrast, TEAD4 S-palmitoylation is important for TEAD4 protein stability but 

dispensable for YAP/TAZ binding. TEAD2 S-palmitoylation was shown to be a requirement for 

TEAD2 to assume its correct protein structure and maintain its stability (Chan et al., 2016; Kim 

& Gumbiner, 2019; Mesrouze et al., 2017; Noland et al., 2016). 

Moreover, activation of Merlin due to high cell density/contact inhibition results in the 

decreased expression of two enzymes of palmitate biosynthesis, namely acetyl-CoA 

carboxylase and fatty acid synthase in a LATS1/2 independent manner. This reduces palmitate 

levels and therefore also TEAD S-palmitoylation, causing decreased gene transcription of YAP-

TEAD target genes such as CTGF and CYR61. Additionally, TEAD4 S-palmitoylation is regulated 

by depalmitoylases such as APT2 and to a lesser extent, ABHD17A and RBBP9. 

Unpalmitoylated TEAD4 was shown to be marked for proteasomal degradation by the E3 

ubiquitin ligase CHIP, thereby decreasing TEAD4 protein levels (Kim & Gumbiner, 2019). 
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1.8.9 YAP/TAZ-TEAD transcriptional activity 

Upon binding a coactivator, TEADs activate gene transcription by binding to gene promoters 

(Tamm, Böwer & Annerén, 2011) and enhancers (Cebola et al., 2015; Ribas et al., 2011; Zhu 

et al., 2019) (Figure 1.4). TEADs can interact and cooperate with the transcription factors of 

other signalling pathways such as SMAD2/3, OCT4, TCF4, AP-1 and MRTF (Beyer et al., 2013; 

Jiao et al., 2017; Kim et al., 2017; Liu et al., 2016a). Furthermore, it was shown that YAP/TAZ-

TEAD binds together with TFs such as E2F, Myc and AP-1 at distal enhancers. Such a distal 

enhancer bound ternary complex then interacts with target gene promoters via chromatin 

looping (Croci et al., 2017; Kapoor et al., 2014; Zanconato et al., 2015). 

After binding to the chromatin via its transcription factor e.g. TEAD, YAP recruits the MLL H3K4 

methyltransferase complex by using the WW domains of YAP to bind to Nuclear receptor 

coactivator 6 (Ncoa6), a subunit of the MLL H3K4 methyltransferase complex. This results in 

histone H3K4 methylation and thereby in chromatin remodelling, allowing the transcription 

of YAP target genes (Oh et al., 2014; Qing et al., 2014). YAP was found to also recruit the 

Mediator complex to the enhancers, resulting in the additional recruitment of the CDK9 

elongating kinase. This allows YAP to activate transcription by releasing the promoter-

proximal pausing of RNA polymerase II (Galli et al., 2015). Furthermore, TAZ was shown to 

interact with the SWI/SNF chromatin remodelling complex to allow gene expression (Skibinski 

et al., 2014).  

Interestingly, YAP/TAZ have also been shown to act as TEAD corepressors. YAP/TAZ bound to 

TEAD can recruit the nucleosome remodelling and deacetylase (NuRD) complex. This results 

in histone deacetylation and changes in nucleosome occupancy, causing the repression of 

certain genes such as tumour-suppressor genes TNF-related apoptosis-inducing ligand (TRAIL) 

and DNA-damage-inducible transcript 4 (DDIT4). The repression of these two genes was to 

seen to be a requirement of the activation of the mTORC1 complex, leading to the promotion 

of cell survival (Kim et al., 2015). 

 

1.8.10 YAP/TAZ-TEAD target genes 

It has been established that the YAP/TAZ-TEAD complex activates the expression of a 

number of genes influencing cell proliferation. Among these TEAD target genes are the 

genes of integrin ligands, CTGF (Lai et al., 2011; Zhao et al., 2008) and CYR61 (Lai et al., 

2011; Zhang, Pasolli & Fuchs, 2011), alternative Wnt ligand WNT5A (Park et al., 2015), EGFR 

ligand amphiregulin (AREG) (Yang et al., 2012), EGFR (Song et al., 2015), Wnt/β-catenin 

antagonists DKK1 and IGFBP4 (Park et al., 2015; Seo et al., 2013), cytokine TGFβ2 (Lee et al., 

2016), growth factor BMP4 (Lai & Yang, 2013; Park et al., 2015), amino acid transporters 

SLC7A5 and SLC38A1 (causing increased AA uptake which in turn activates mTORC1 complex 

and thereby promotes cell growth, a requirement for prolonged cell proliferation) (Hansen 

et al., 2015; Park et al., 2016b), transcription factor Myc (Cai et al., 2018; Neto-Silva, de 

Beco & Johnston, 2010; Rajbhandari et al., 2018; Zanconato et al., 2015), glucose 

transporter GLUT3 (Wang et al., 2015c), NF2, AMOTL2 and LATS2 (Dai et al., 2015; Moroishi 
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et al., 2015) and immune checkpoint molecule PD-L1 (Feng et al., 2017; Janse van Rensburg 

et al., 2018; Kim et al., 2018a; Miao et al., 2017). 

Some of these ligands/transporters are part of positive feedback loops. The YAP/TAZ-TEAD 

expressed ligands TGF-β2, WNT5A/B and AREG in turn activate YAP/TAZ via the receptors 

TGF-βR (Hiemer, Szymaniak & Varelas, 2014; Pefani et al., 2016; Varelas et al., 2008), 

Frizzled/ROR (Park et al., 2015; Samanta et al., 2018; Zhang et al., 2019) and EGFR (Fan, Kim 

& Gumbiner, 2013; He et al., 2015), respectively. Similarly, the YAP/TAZ-TEAD expressed 

glucose transporter GLUT3 and amino acid transporters SLC7A5 and SLC38A1 activate 

YAP/TAZ via glycolytic enzymes such as phosphofructokinase 1 (Enzo et al., 2015; Wang et 

al., 2015c) and the mTORC1 complex (Liang et al., 2014b), respectively. In contrast, the 

YAP/TAZ-TEAD mediated expression of NF2, AMOTL2 and LATS2 (Dai et al., 2015; Moroishi 

et al., 2015) inhibit YAP/TAZ activity, making the expression of these proteins a part of 

negative feedback loops. 

 

1.8.11 TEAD significance in cancer 

High levels of TEAD expression have been shown to be associated with a poor prognosis in 

colorectal cancer (Liang et al., 2014a; Liu et al., 2016b), breast cancer (Wang et al., 2015a), 

head and neck squamous cell carcinoma (Zhang et al., 2018a), gastric cancer (Zhou et al., 

2013; Zhou et al., 2017) and prostate cancer (Knight et al., 2008). Similarly, nuclear YAP and 

heightened YAP expression correlates with decreased disease-free survival and overall 

survival in many cancer types (Sun et al., 2015). 

YAP/TAZ-TEAD mediated gene expression promotes a number of oncogenic cellular 

mechanisms such as cancer cell proliferation (Lamar et al., 2012; Zhang et al., 2009a; Zhao et 

al., 2008) and oncogenic transformation (Lamar et al., 2012; Zhao et al., 2008). Furthermore, 

YAP/TAZ-mediated transcription promotes epithelial-mesenchymal transition (EMT) (Zhang 

et al., 2009a; Zhao et al., 2008), anoikis resistance (Haemmerle et al., 2017; Zhao et al., 2012) 

and migration and invasion (Kim et al., 2017; Lamar et al., 2012; Lee et al., 2017), all of which 

are important for metastasis (Hiemer, Szymaniak & Varelas, 2014; Kim et al., 2017; Lamar et 

al., 2012; Lee et al., 2017).  

The YAP fusion genes YAP-MAML2 and YAP-NUTM1 were very frequently identified in 

poromas and porocarcinomas while the only TAZ fusion gene TAZ-NUTM1 was found in only 

one of the poroma samples. The YAP and TAZ fusion proteins were shown to retain their 

function as TEAD coactivators, thereby granting the oncogenic trait of soft agar colony 

formation (Sekine et al., 2019). 
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1.9 Merlin dependent YAP/TAZ/TEAD regulation 

 

1.9.1 Metabolism 

In NF2-deficient tumours, YAP/TAZ induced growth factors bind growth factor receptor 

tyrosine kinases (RTKs), activating AKT signalling and thereby causing aerobic glycolysis to be 

maintained at a high rate (White et al., 2019). This ensures that the high energy demand 

necessary for heightened proliferation is met. While YAP/TAZ does stimulate aerobic 

glycolysis, they have been proven to inhibit other cellular functions. YAP/TAZ suppress 

oxidative phosphorylation to avoid the threat of reactive oxygen species (ROS) formation 

which can put a cancer cell at risk of oxidative stress induced cell death. This is likely to be the 

case, particularly in cancer cells starved of nutrients who might struggle to express 

antioxidants as a countermeasure (White et al., 2019).  

Furthermore, both lysosomal biogenesis and the cAMP-PKA/EPAC pathway in NF2-deficient 

tumours are inhibited by YAP/TAZ (White et al., 2019) since both of these mechanisms can 

trigger Hippo signalling and therefore suppress YAP/TAZ activity (Iglesias-Bartolome et al., 

2015; Kim et al., 2013; Yu et al., 2013b). Interestingly, it has been shown that after the loss 

of both NF2 and YAP/TAZ, the now uninhibited cAMP-PKA/EPAC pathway activates the RAF-

MEK-ERK pathway, which permits tumour cells deprived of YAP/TAZ to survive (White et al., 

2019). 

 

1.9.2 Actin cytoskeleton/Mechanical stress 

A multitude of findings indicate that actin cytoskeleton deregulation due to Merlin loss 

promotes cell proliferation (Ammoun et al., 2008; Bashour et al., 2002; Flaiz et al., 2009; 

Flaiz et al., 2008; Pelton et al., 1998; Petrilli et al., 2014a), including through the Hippo 

pathway (Yin et al., 2013). There is an indication that Merlin loss induced cytoskeletal 

alterations causing high mechanical stress might be stronger inducers of YAP/TAZ activation 

than the loss of regulation by LATS1/2 due to Merlin loss (Aragona et al., 2013; Dupont et 

al., 2011). 

Some studies suggest that YAP regulation due to cell morphology/cytoskeleton 

reorganization is LATS dependent, with LATS being activated by F-actin stress fibres (Wada 

et al., 2011) and the reorganization of the cytoskeleton (Zhao et al., 2012). Since it has been 

shown that actin cytoskeleton disruption promotes Merlin-LATS interaction, it is possible 

that LATS-dependent cytoskeleton-induced regulation (in this case suppression) of YAP 

activity functions via LATS association with Merlin (Yin et al., 2013). 
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1.9.3 GPCRs 

The Hippo pathway can be activated or inhibited via G-protein-coupled receptors (GPCRs) 

and their agonists depending on the Gα subunit type, resulting in higher or lower YAP 

phosphorylation, respectively. Gαs is the only Gα subunit to activate Hippo signalling and 

thereby heighten YAP phosphorylation. Epinephrine and glucagon stimulate Gαs-coupled 

receptors, leading to the activation of cAMP and thereby the activation of PKA which in turn 

inhibits Rho GTPases and activates LATS1/2, resulting in increased YAP Ser127 and YAP 

Ser381 phosphorylation and the subsequent inhibition of YAP. This pathway was shown to 

be promoted by Merlin (Kim et al., 2013; Yu et al., 2012). 

 

1.9.4 Cell polarity proteins/complexes 

There are indications that Merlin, KIBRA and PTPN14 associate and form a complex in the 

apical side of epithelial cells (Baumgartner et al., 2010; Genevet et al., 2010; Poernbacher et 

al., 2012; Yu et al., 2010) (Figure 1.4). Non-receptor tyrosine phosphatase PTPN14 promotes 

the export of YAP to the cytoplasm during contact inhibition. PTPN14 was found to perform 

its inhibitory function by using its PPxY domain to directly bind to the WW domain of YAP. 

PTPN14 stability is maintained at high cell density and targeted for degradation by CRL2LRR1 

(cullin2 RING ubiquitin ligase complex/leucine-rich repeat protein 1) complex at low cell 

density (Liu et al., 2013; Wang et al., 2012). 

 

1.9.5 Cell-cell contacts/Angiomotin 

Cell-cell contact components have been shown to regulate Hippo signalling activity and vice 

versa (Figures 1.2 and 1.3). Merlin organizes and binds to specific membrane domains and 

intercellular contacts such as adherens junctions (AJs) and tight junctions (TJs) (Gladden et 

al., 2010; McClatchey & Giovannini, 2005). At AJs of keratinocytes, Merlin binds α-catenin 

and Par3, resulting in the assembly of a matured adherens junction (Gladden et al., 2010). 

Furthermore, E-cadherin and β-catenin are involved in contact inhibition by inducing YAP 

phosphorylation via Merlin, KIBRA and LATS1/2 activation, thereby restricting cell 

proliferation (Kim et al., 2011). 

Furthermore, Merlin can form a tight junction complex consisting of Merlin, angiomotin 

(AMOT), PATJ and PALS1. Merlin has been shown to competitively bind to AMOT, thus 

freeing the small GTPase Activating Protein Rich1 from the Angiomotin-inhibitory complex. 

Rich1 then inhibits Rac1, suppressing Rac1-PAK and Ras-MAPK signalling and their oncogenic 

potential. Angiomotin knockout in NF2-deficient Schwann cells inhibited the Ras-MAPK 

pathway, disrupting proliferation in vitro and tumour xenograft growth in vivo (Okada, 

Lopez-Lago & Giancotti, 2005; Wells et al., 2006; Yi et al., 2011). 

In general, the function of AMOT is strongly associated with cell-cell contacts and AMOT 

protein stability and thereby function has been shown to be Merlin dependent (Wang et al., 

2021). AMOT was seen to be highly expressed in 10 human schwannoma samples while the 
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control human nerve only contained low levels of AMOT (Yi et al., 2013). AMOT and 

angiomotin-like 1 and 2 (AMOTL1 and AMOTL2) were shown to directly interact with YAP and 

TAZ to suppress their function. The N-terminal PPxY motif of angiomotin proteins binds to 

YAP’s first/TAZ’s only WW domain, sequestering YAP/TAZ at tight junctions and thereby 

preventing their nuclear localization and associated YAP/TAZ dependent gene expression 

(Chan et al., 2011; Zhao et al., 2011). Additionally, AMOTL2 was suggested to act as a scaffold 

protein by binding MST2, LATS2 and YAP, thereby promoting LATS2 activation and YAP 

deactivation (Paramasivam et al., 2011). 

In contrast, p130 splicing isoform of AMOT (AMOT-p130) was reported to promote YAP 

activity. The PPxY and LPxY motifs of cytoplasmic AMOT-p130 binds to YAP’s WW domains, 

denying LATS1’s access to these domains and thereby blocking YAP phosphorylation. Nuclear 

AMOT-p130 forms a complex with YAP and TEAD, promoting the expression of YAP-TEAD 

target genes (Yi et al., 2013). 

 

1.9.6 Integrins/Cell-ECM contacts/FGF 

Focal adhesions (FAs) also play a role in regulating the Hippo signalling pathway. Integrin-

linked kinase (ILK) promotes YAP/TAZ-TEAD activity via Merlin inactivation (Figure 1.4) and 

ErbB2 signalling (Serrano et al., 2013). In contrast, FGF15 mediates Merlin-RAF1 binding, 

releasing MST1/2 from RAF1’s inhibitory effect and thereby allowing MST1/2 activation and 

YAP inactivation (Ji et al., 2019). 

 

1.9.7 Nervous system 

Merlin was demonstrated to affect the expression of an axonal surface protein crucially 

determining Schwann cell differentiation and myelination, neuregulin 1, both in vitro 

(primary DRG cells and P19 neuronal cell line) and in vivo. Merlin deficient nerve tissue from 

Merlin knockout animals and Neurofibromatosis type 2 patients showed a decreased 

expression of neuregulin 1 type III and a (possibly compensatory) heightened expression of 

neuregulin 1 receptor ErbB2 (Schulz et al., 2014). 

 

1.10 Merlin independent YAP/TAZ/TEAD regulation 

 

1.10.1 Actin cytoskeleton/Mechanical stress 

Mechanical stimuli produced by ECM elasticity/rigidity, cell density, cell geometry/shape and 

cytoskeletal tension regulate YAP/TAZ activity, identifying YAP and TAZ as mechanosensors 

(Dupont et al., 2011; Zhao et al., 2007).  



48 
 

In NF2-deficient breast cancer cell lines, re-introduction of Merlin expression causes the 

suppression of YAP-TEAD signalling. This is reversible by LATS1/2 knock down except in the 

vicinity of a soft extracellular matrix which causes a low mechanical stress on the cells 

attached to it. This imitates the low mechanical stress cells experience when they are forced 

to change their cell geometry under high cell density conditions, adopting a smaller cell 

size/shape which would only allow them to adhere to a small ECM area. Accordingly, cells 

growing in low cell density will adopt a flat and spread-out cell morphology and permit them 

to occupy a larger ECM area, resulting in high mechanical stress. Similarly, cells attached 

to/growing on ECM with high rigidity will experience high mechanical stress whereas growing 

on soft ECM will result in low mechanical stress. Changes from low cell density/high 

mechanical stress to high cell density/low mechanical stress requires Rho GTPase (central 

regulators of actin remodelling) activity and will activate the F-actin capping/severing proteins 

CapZ, Gelsolin and Cofilin, causing them to reduce F-actin stress fibres. This F-actin 

remodelling decreases YAP/TAZ activity independent of LATS1/2, inhibiting the promotion of 

cell proliferation by YAP/TAZ and enforcing contact inhibition. Therefore, cells experiencing 

high mechanical stress contain nuclear YAP/TAZ promoting cell proliferation while cells under 

low mechanical stress show cytoplasmic accumulation of YAP/TAZ, inhibiting proliferation. 

YAP/TAZ regulation by this mechanism was found to be more efficient than YAP/TAZ 

regulation by activated LATS1/2.  

Another mechanism of LATS independent YAP regulation via mechanical stress involves the 

ARID1A-containing SWI/SNF protein complex (ARID1A-SWI/SNF). At low mechanical stress, 

ARID1A of the SWI/SNF protein complex binds to YAP/TAZ, preventing YAP/TAZ and TEAD 

bonding and thereby YAP/TAZ-TEAD target gene expression and associated effects. Under 

high mechanical stress, ARID1A-SWI/SNF is bound by nuclear F-actin instead, allowing 

YAP/TAZ-TEAD association and gene expression and thereby leading to increased cell 

proliferation and oncogenic transformation (Chang et al., 2018). Interestingly, mutations 

inactivating the ARID1A or ARID1B genes were reported in 29 % of sporadic schwannomas 

(Agnihotri et al., 2016). 

Additionally, a study reported that the high mechanical forces in a stiff cell environment 

increase the opening of the nuclear pores, allowing a heightened nuclear import of YAP (Ege 

et al., 2018; Elosegui-Artola et al., 2017). 

 

1.10.2 Actomyosin cytoskeleton/Spectrin 

The Rho-associated protein kinase (ROCK)-non-muscle myosin II light chain (MLC) pathway is 

one of the main regulators of the actomyosin cytoskeleton. This signalling pathway was 

suggested to connect actomyosin rearrangement and YAP regulation, causing YAP 

dephosphorylation/activation under high mechanical stress conditions (Cai et al., 2018; 

Dupont et al., 2011; Zhao et al., 2012). Accordingly, a different study showed that low ECM 

stiffness (= low mechanical stress) induces the stimulation of Ras-related GTPase RAP2 which 

in turn binds to and activates MAP4K4/6/7 and Rho inhibitor ARHGAP29. This allows LATS1/2 

activation and subsequent YAP/TAZ suppression (Meng et al., 2018). Interestingly, spectrin, a 
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protein belonging to the spectrin-based membrane skeleton (SBMS) which is located at the 

cytoskeleton-plasma membrane border, is suggested to antagonize MLC phosphorylation 

/activation or bind to the Crumbs complex, either resulting in the activation of the Hippo 

pathway and the promotion of YAP phosphorylation/deactivation or YAP cytoplasmic 

retention in a LATS dependent manner, respectively (Deng et al., 2015; Fletcher et al., 2015) 

(Figure 1.4). 

 

1.10.3 GPCRs 

As mentioned previously, the Hippo pathway has been shown to be either activated or 

inhibited by G-protein-coupled receptors (GPCRs) and their agonists depending on the type 

of Gα subunit, causing an increase or decrease of YAP phosphorylation, respectively. Gα12 and 

Gα13 cause the strongest Hippo pathway inhibition and reduction of YAP phosphorylation, 

followed by Gαq, Gα11, Gα14 and Gα15 and to a lesser extent, Gαi, Gαt and Gαo. It was reported 

that Sphingosine 1-phosphophate (S1P) or lysophosphatidic acid (LPA), both present in the 

blood serum, can be used to stimulate Gα12/13 - or Gαq/11 -coupled receptors. This causes the 

activation of Rho GTPases such as RhoA and actin cytoskeleton alterations, resulting in 

LATS1/2 suppression and thereby in decreased YAP Ser127 and Ser381 phosphorylation. This 

allows increased YAP activity and expression of YAP target genes e.g. CTGF (Yu et al., 2012). 

 

1.10.4 Cell cycle/Src/p53  

A number of other signalling effectors can regulate Hippo signalling activity. During the G2-M 

phase, cell-cycle kinase CDK1 can phosphorylate YAP at Thr119, Ser289 and Ser367, 

promoting YAP-induced cancer cell migration and invasion (Yang et al., 2013b).  

Furthermore, the SRC tyrosine kinase, activated by β4 integrin and IL-6, phosphorylates YAP 

at Tyr341, Tyr357 and Tyr394 found in its transcription domain, resulting in YAP activation 

and allowing oncogenic transformation. This β4 integrin-SRC signalling pathway was shown 

to be inhibited by cell-cell adhesion protein αE-catenin (Li et al., 2016a; Taniguchi et al., 2017).  

Hippo signalling also connects tetraploid cells (found in a substantial fraction of human 

tumours) and p53 signalling leading to G1/S arrest. Genome duplication during S-phase and 

subsequent cytokinesis failure creates binuclear tetraploid cells containing an additional 

centromere. The microtubules of the extra centromere cause an increase and decrease of 

Rac1 and RhoA activity, respectively. Decreased RhoA activity levels activates LATS2 which 

both phosphorylates/inactivates YAP and inhibits the E3 ubiquitin ligase MDM2 by direct 

binding. This prevents p53 proteasomal degradation, allowing p53 accumulation in the nuclei. 

The combination of YAP deactivation and nuclear p53 accumulation triggers G1/S cell cycle 

arrest, preventing the proliferation of tetraploid cells (Aylon et al., 2006; Ganem et al., 2014). 
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1.10.5 Energy stress 

Hippo signalling has also been reported to respond to a multitude of cellular stresses. Energy 

stress/glucose deprivation results in a heightened AMP:ATP ratio. This activates the main 

metabolic sensor AMP-activated protein kinase (AMPK) which catalyses AMOTL1 Ser793 

phosphorylation. AMOTL1 Ser793 phosphorylation leads to increased AMOTL1 protein 

stability and expression, promoting LATS1/2 induced YAP Ser127 phosphorylation, YAP 

cytoplasmic retention and suppression of YAP target gene transcription (Figure 1.4). 

Interestingly, YAP transcriptional activity causes the upregulation of glucose-transporter 3 

(GLUT3) expression. AMPK also phosphorylates YAP directly at Ser366 and Ser463 and more 

importantly, at Ser94 which is a residue vital for YAP-TEAD binding. Therefore, Ser94 

phosphorylation was shown to interfere with YAP-TEAD interaction (DeRan et al., 2014; Mo 

et al., 2015; Wang et al., 2015c). 

In contrast, hypoxia inactivates Hippo signalling by activating the E3 ubiquitin ligase SIAH2 

which prevents hypoxia-inducible factor 1α (HIF1α) degradation but also induces LATS2 

proteasomal degradation. This results in reduced YAP phosphorylation and allows YAP-HIF1α 

and YAP-TEAD binding and gene expression, e.g. VEGF (YAP-HIF1α) and CTGF and CYR61 (YAP-

TEAD) (Ma et al., 2015). Hippo signalling also plays a role in the cellular response to oxidative 

stress in mammalian neurons. In these cells, oxidative stress causes MST1 activation which 

phosphorylates Ser207 in the conserved forkhead domain of the FOXO3 transcription factor. 

Ser207 phosphorylation interferes with FOXO3-14-3-3 binding, promoting FOXO3 

translocation to the nucleus to trigger apoptosis (Lehtinen et al., 2006). 

 

1.10.6 Osmotic stress/ER 

During the acute phase of osmotic stress, NLK catalyses YAP Ser128 phosphorylation, 

preventing YAP-14-3-3 interaction despite YAP Ser127 phosphorylation. This allows YAP 

nuclear accumulation and YAP-TEAD target gene expression (Hong et al., 2017; Moon et al., 

2017). In contrast, high cell density, the adaptation phase of osmotic stress and cell 

detachment cause cytoplasmic translocation of YAP/TAZ and TEAD. During the adaptation 

phase of osmotic stress, p38 MAPK is activated whose direct interaction with TEAD promotes 

TEAD and YAP/TAZ cytoplasmic translocation, thereby interfering with YAP/TAZ-TEAD target 

gene transcription in a MST1/2 and LATS1/2 independent manner. Interestingly, p38 MAPK 

binds to a putative TEAD D domain close to the TEAD nuclear localization signal and TEAD 

nuclear export was shown to be dependent on both a putative TEAD nuclear export signal 

and exportin CRM1 (Huh et al., 2019; Lin et al., 2017). TEAD cytoplasmic translocation was 

shown to negatively affect the proliferation of YAP-driven cancer cells such as GNAQ mutant 

uveal melanoma cells and LATS1/2 mutant mesothelioma cells but had no effect on the 

proliferation of their YAP-independent counterparts. Additionally, TEAD was mostly 

cytoplasmic in normal kidney tissue but became increasingly nuclear in malignant renal clear 

cell carcinoma nuclear (Lin et al., 2017). Taken all together and given that the presence of 

TEAD in the nucleus is necessary for YAP/TAZ nuclear accumulation as mentioned before 

(Chan et al., 2009; Diepenbruck et al., 2014; Lin et al., 2017), this suggests that YAP/TAZ-TEAD 
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signalling inhibition via TEAD cytoplasmic translocation supersedes activation signals directly 

targeting YAP/TAZ  (Huh et al., 2019). 

Furthermore, the deregulation of the ER stress induced unfolded protein response (UPR) has 

been found in a significant number of human hepatocellular carcinoma (HCC). ER stress due 

to misfolded proteins induces the UPR which taps into Hippo signalling. During the initial 

adaptive UPR phase, the kinase PERK phosphorylates elF2α which heightens ATF4 expression 

which in turn increases YAP expression. This augmentation in YAP activity results in an 

increase of UPR and ER size to ease ER stress. If ER stress cannot be alleviated and therefore 

persists, a modulation of the UPR occurs, activating MST/LATS signalling. This promotes the 

formation of the GADD34/protein phosphatase 1 (PP1) complex which allows elF2α 

dephosphorylation by PP1 in the cytoplasm (= adaptive UPR inhibition) while preventing YAP 

dephosphorylation in the nucleus. This results in increased levels of YAP phosphorylation, 

thereby promoting apoptosis to prevent tumourigenesis (Wu et al., 2015). 

 

1.10.7 IKKε/PRP4K 

Moreover, virus-activated kinase IKKɛ phosphorylates YAP Ser403, resulting in lysosomal YAP 

degradation (Wang et al., 2017). YAP is also phosphorylated by the PRP4 kinase which plays 

in role in mRNA splicing. PRP4 kinase induced YAP Ser111 and Ser250 phosphorylation (sites 

also phosphorylated by LATS1/2), resulting in the suppression of YAP-TEAD interaction and 

YAP export into the cytoplasm (Cho et al., 2018). 

 

1.10.8 Immune response 

Hippo signalling was also seen to be involved in the innate immune response. MST1/2 

stimulate the GTPase Rac to foster the Toll-like receptor (TLR)-induced formation of the 

TRAF6-ECSIT complex. This complex is necessary for mitochondria recruitment to the 

phagosomes, thereby allowing the production of reactive oxygen species (ROS) to destroy 

pathogens. This has been shown to be particularly important for the cellular defence against 

bacteria (Geng et al., 2015).  

The viral defence of the cell relies heavily on cytosolic DNA/RNA sensing and interferon 

production, both of which require the function of transcription factor interferon regulatory 

factor 3 (IRF3). MST1 (not MST2) catalyses IRF3 Thr75 and Thr253 phosphorylation, 

preventing IRF3 homodimerization, chromatin binding and IRF3 target gene transcription 

(Meng et al., 2016). Interestingly, upon viral infection YAP activity has been shown to impede 

IRF3 dimerization and nuclear translocation. As mentioned before, viral infection activates 

the kinase IKKɛ which phosphorylates YAP Ser403, triggering YAP degradation in lysosomes 

and counteracting the described YAP-induced effects (Wang et al., 2017). In addition, MST1 

interferes with the activation of the virus-induced TANK-binding kinase 1 (TBK1), resulting in 

additional IRF3 suppression (Meng et al., 2016).  
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1.10.9 mTOR/Lysosomes/Autophagosomes 

Activation of mTOR was shown to result in the accumulation of YAP and thereby in increased 

proliferation and attenuated apoptosis in vitro and in vivo. YAP accumulation was caused by 

mTOR-induced inhibition of YAP degradation in lysosomes and autophagosomes. This YAP 

and mTOR dependent mechanism was suggested to play an important role in the 

development of perivascular epithelioid cell tumours (PEComas) (Liang et al., 2014b). 

Interestingly, under high/low mechanical stress (= contact inhibition) YAP/TAZ have been 

shown to induce/fail to induce myosin II expression which contributes to/inhibits F-actin 

polymerization and F-actin stress fibre formation. In turn, this allows the formation of 

autophagosomes (Pavel et al., 2018). This shows that contact inhibition of cell proliferation 

also impairs autophagy and suggests that YAP/TAZ at least in part control their own 

degradation through the lysosome/autophagosome system. 

 

1.10.10 Cell-cell contacts/Cell polarity proteins/complexes 

A-catenin binds to the 14-3-3/phosphorylated Ser127 YAP1 complex and recruits this complex 

to AJs, resulting in increased YAP phosphorylation and cytoplasmic retention and thereby 

decreased YAP activity. It is suggested that α-catenin binding might stabilize the 14-3-3/YAP1 

complex and thereby prevent phosphatase PP2A from YAP dephosphorylation, both effects 

resulting in the promotion of YAP cytoplasmic retention and degradation (Schlegelmilch et 

al., 2011; Silvis et al., 2011). As mentioned before, αE-catenin inhibits β4 integrin-mediated 

YAP Tyr341, Tyr357 and Tyr394 phosphorylations and thereby suppresses YAP1 activation (Li 

et al., 2016a). 

Hippo pathway signalling molecules have also been found at TJs. The C-terminal PDZ-binding 

motif of YAP2 and the first PDZ domain of tight junction protein zonula occludens-2 (ZO-2) 

can bind, allowing ZO-2 to promote the nuclear localization and pro-apoptotic effect of YAP2 

(Oka et al., 2010). Furthermore, the apical Crumbs polarity complex has been shown to 

localize at TJs. Crumbs 3 (CRB3) has been found to promote the assembly and apical 

localization of the Crumbs complex and to be vital for correct TJ formation (Fogg, Liu & 

Margolis, 2005; Makarova et al., 2003). The Crumbs polarity complex which includes CRB3, 

PALS1, PATJ, AMOT, LIN7C and MUPP1 phosphorylates YAP/TAZ under high cell density 

conditions (Figure 1.4) (Varelas et al., 2010). 

Additionally, the planar cell polarity (PCP) regulator FAT4 has been shown to reduce YAP 

activity by sequestering the scaffold protein AMOTL1, resulting in YAP cytoplasmic retention 

(Ragni et al., 2017). 

 

1.10.11 Post-translational modifications 

Various post-translational modifications have also been shown to regulate Hippo pathway 

signalling. Monomethylation of YAP reduces YAP activity (Oudhoff et al., 2013) while YAP O-

GlcNAcylation (Peng et al., 2017) and K63-linked polyubiquitination (Yao et al., 2018) enhance 
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YAP function. Finally, as mentioned previously, TEAD autopalmitoylation was shown to be 

important for TEAD function (Chan et al., 2016; Noland et al., 2016). 

 

1.10.12 Integrins /Cell-ECM contacts 

Integrin activates focal adhesion kinase (FAK)-Src-PI3K signalling, resulting in LATS1/2 

inhibition and therefore YAP nuclear accumulation and activation (Kim & Gumbiner, 2015). In 

contrast, integrin activation in endothelial cells under unidirectional shear stress increases 

YAP phosphorylation/inhibition (Wang et al., 2016b). 

 

1.10.13 Wnt-β-catenin 

Links between Hippo signalling and Wnt-β-catenin signalling pathway have also been 

reported. When Wnt signalling is activated, both YAP/TAZ and β-catenin are released from 

the β-catenin destruction complex, allowing both to translocate to the nucleus and induce 

YAP/TAZ-TEAD and β-catenin-TCF target gene expression (Azzolin et al., 2014). Furthermore, 

WNT3a and WNT5a/b were seen to activate the GTPase Rho, causing LATS1/2 inhibition and 

therefore YAP/TAZ activation and YAP/TAZ-TEAD target gene transcription (Park et al., 2015). 

 

1.10.14 EGF/Insulin/Hyaluronan/Oncogenic viruses 

Moreover, EGF signalling can suppress the Hippo pathway. EGF treatment causes LATS 

inactivation, YAP dephosphorylation and nuclear accumulation, CTGF gene transcription and 

cell proliferation (Fan, Kim & Gumbiner, 2013). Similarly, Insulin treatment results in YAP 

dephosphorylation via LATS suppression (Straßburger et al., 2012). 

In contrast, the ECM component high-molecular-weight hyaluronan (HMW-HA) binds to 

CD44, permitting the recruitment of Partitioning defective-1b (PAR1b, also named 

microtubule affinity-regulating kinase 2 (MARK2)) to CD44. Now released from PAR1b’s 

control, MST1/2 can initiate Hippo signalling and suppress YAP-induced effects including cell 

proliferation. Interestingly, this HMW-HA induced Hippo signalling activation can be 

counteracted by low-molecular-weight hyaluronan (LMW-HA) (Ooki et al., 2019).  

Finally, oncogenic viruses can also induce YAP activation. Infection of cells with the Kaposi 

sarcoma causing herpesvirus (Liu et al., 2015b) and the Merkel cell carcinoma causing Merkel 

cell polyomavirus (Nguyen et al., 2014) result in YAP activation. 

 

1.10.15 Organ size regulation 

One of the main functions of the Hippo signalling pathway is controlling organ size via a 

balance of cell proliferation and apoptosis. Deregulation of the Hippo pathway can lead to 

organ overgrowth and oncogenesis which has been extensively shown in the liver (Camargo 
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et al., 2007; Chen et al., 2015b; Dong et al., 2007; Hermann et al., 2018; Lee et al., 2010; Lu 

et al., 2010; Nishio et al., 2016; Song et al., 2010; Yi et al., 2016; Zhang et al., 2010; Zhou et 

al., 2009). Similarly, an organ overgrowth phenotype upon Hippo pathway deregulation was 

seen in the heart (Heallen et al., 2011; von Gise et al., 2012; Xin et al., 2011) and the spleen 

and stomach (Cotton et al., 2017; Song et al., 2010).  

In contrast, it was reported that Hippo signalling pathway deactivation in mammary gland, 

lung and intestines has no effect on organ size (Chen et al., 2014; Song et al., 2010). 

Interestingly, Hippo signalling loss in the pancreas and kidney reduces pancreas size due to 

an artificially occurring metaplasia and decreases kidney size due to impeded cell 

differentiation, respectively (Gao et al., 2013; George et al., 2012; McNeill & Reginensi, 2017). 

 

1.10.16 Nervous system 

During neural tube development, MST1/2 and LATS1/2 have been found to regulate the 

neural progenitor cell pool by controlling YAP activity. YAP-TEAD target gene expression can 

drive neural progenitor cell proliferation via cyclin D1 expression and suppress differentiation 

by inhibiting expression of the TF NeuroM. Loss of YAP or TEAD function results in increased 

apoptosis among the neural progenitor cells while YAP-TEAD target gene repression inhibits 

proliferation and initiates neuronal differentiation (Cao, Pfaff & Gage, 2008). 

YAP function also plays a fundamental role in avoiding foetal non-communicating 

hydrocephalus which can occur due to a blockage in the cerebral aqueduct between the third 

and fourth ventricle of the brain. YAP activity allows the generation of functional ependymal 

cells and preserves the integrity of the apical cells lining the cerebral aqueduct by promoting 

cell junction protein localization (e.g. N-cadherin) during mouse development. Intriguingly, 

preservation of cellular lining integrity by YAP appears to be due to cytoplasmic and/or 

junctional YAP localization and not due to nuclear YAP (Park et al., 2016a). 

Furthermore, YAP/TAZ in Schwann cells are shown to be important in two crucial steps in 

peripheral nerve development, namely radial sorting and myelination. For that purpose, 

YAP/TAZ are activated by mechanical stimuli and subsequently promote Schwann cell 

proliferation and induce YAP/TAZ-TEAD-mediated expression of basal laminin receptor genes 

e.g. dystroglycan and integrins α6β1 and α6β4. Interestingly, YAP is unable to entirely 

compensate for the loss of TAZ while TAZ alone is sufficient to allow correct radial sorting and 

myelination. Additionally, upon complete loss of both YAP and TAZ, development of the 

peripheral nerves stops at the radial sorting stage, unable to complete that stage of nerve 

development. Mice with such a YAP/TAZ dKO genotype were shown to develop a very severe 

phenotype which leaves them with almost completely paralyzed hind legs (Poitelon et al., 

2016). 
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1.11 Hippo signalling in schwannomas and meningiomas 

Analysing the proteomes of 68 NF2-related and sporadic schwannomas unveiled a link 

between YAP expression levels and tumour cell proliferation (Boin et al., 2014). Furthermore, 

LATS1/2 gene mutations and promoter methylations were found in 82 sporadic schwannomas 

(Oh et al., 2015). A different study showed decreased MST2 and LATS2 protein expression in 

sporadic vestibular schwannomas compared to normal nerve controls. A correlation between 

nuclear YAP levels and tumour cell proliferation was found as well (Zhao et al., 2018a). 

Moreover, SAV1 mutations were identified in spinal schwannomas (Gao et al., 2020). 

Additionally, YAP fusion genes such as YAP1-MALM2, YAP1-LMO1, YAP1-PYGO1 and YAP1-

FAM118B were identified in sporadic meningiomas (Schieffer et al., 2021; Sievers et al., 2020). 

YAP1-MALM2 fusion gene containing meningiomas were seen to exert similar gene 

expression patterns to NF2-mutant meningiomas and engage in YAP-TEAD induced gene 

expression, unaffected by Hippo signalling. Ex vivo usage of verteporfin and Vivace inhibitors 

(see section 1.15.4) VT104 and VT107 reduced cell viability of cuboids derived from extra-

cranial mouse tumours induced by YAP1-MAML2 (Szulzewsky et al., 2022). Furthermore, one 

study showed the abundant presence of nuclear YAP in human meningiomas and suggested 

an important role of YAP in meningioma tumourigenesis (Baia et al., 2012), which was later 

supported by (Szulzewsky et al., 2022). 

 

1.12 Hippo signalling in macrophages 

In the murine RAW264.7 macrophage cell line and in bone marrow-derived macrophages, 

YAP/TAZ inhibition was seen to impair M2-like macrophage polarization (Feng et al., 2018). 

Similarly, it was shown that YAP in human monocytic THP-1 cells promotes M2-like TAM 

polarization and YAP inhibition impedes this process without interfering with M1-like TAM 

macrophage polarization (Huang et al., 2017). In contrast, a different study showed that a 

myeloid cell-specific knockout of YAP promotes M2-like macrophage polarization and impairs 

IL-6 production of M1-like macrophages (Zhou et al., 2019). Furthermore, nuclear 

translocation of YAP in human monocytic THP-1 cells was seen to play a role in macrophage 

migration and recruitment (Zhang et al., 2018c). In bone-marrow derived macrophages, YAP-

TEAD activity was linked to differentiation into osteoclasts (Zhao et al., 2018b).  

Moreover, YAP has been demonstrated to adversely affect the antiviral immune defence in 

primary peritoneal macrophages and in cell line macrophages and monocytes (RAW264.7 and 

THP-1 cells, respectively). As a result, YAP inhibition elicited a strengthened antiviral immune 

response (Wang et al., 2017; Zhang et al., 2017). Using macrophage cell lines such as U937 

and RAW264.7 and human monocyte-derived macrophages, it was shown that the MST-like 

kinase LegK7, expressed after Legionella pneumophila infection, activates MOB1 and 

therefore the Hippo signalling pathway, causing YAP/TAZ degradation. This results in altered 

gene expression within macrophages including PPARγ-mediated transcription (TAZ acts as 

corepressor to the transcription factor PPARγ (Hong et al., 2005)), allowing enhanced 

replication of the L. pneumophila pathogen (Lee & Machner, 2018).  
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Also, MST1/2 activity in RAW264.7 cells and murine bone marrow derived macrophages was 

demonstrated to promote ROS production by controlling the recruitment of mitochondria to 

phagosomes (Geng et al., 2015) which is of great importance to the antibacterial immune 

response (West et al., 2011). Additionally, MST1 was seen to inhibit pro-inflammatory 

cytokine secretion and heighten IFN- γ synthesis in primary murine peritoneal and bone-

derived macrophages and human peripheral blood mononuclear cells (Li et al., 2015a). 

 

1.13 Hypothesized effect of Vivace inhibitors on schwannomas and their 

growth 

YAP is implicated in a number of protumourigenic mechanisms such as schwannoma cell 

proliferation (Boin et al., 2014; Oh et al., 2015), macrophage/TAM recruitment (Kim et al., 

2018b; Zhang et al., 2018c; Zhou et al., 2018) (one of which was shown to be TEAD dependent 

(Guo et al., 2017)), M2-like macrophage and TAM polarization (Feng et al., 2018; Huang et al., 

2017; Murakami et al., 2017), CAF-induced tumour microenvironment formation (Calvo et al., 

2013; Liu et al., 2015a) and immunosuppression (An et al., 2018; Ni et al., 2018; Wang et al., 

2016a). Additionally, TAZ-TEAD signalling was demonstrated to promote myeloid cell 

infiltration and tumour development (Hagenbeek et al., 2018). Therefore, using Vivace 

inhibitors (see section 1.15.4) would inhibit YAP/TAZ-TEAD signalling in schwannoma cells and 

macrophages alike. This is likely to result in the impairment of tumour growth both directly 

and indirectly by interfering with the protumourigenic mechanisms mentioned above. 

 

1.14 Role of Hippo signalling in cancer 

The Hippo signalling pathway is described as one of 10 canonical pathways associated with 

tumourigenesis (Sanchez-Vega et al., 2018). As mentioned before, NF2 gene inactivation gives 

rise to Neurofibromatosis type 2, characterized by the formation of nervous system tumours 

such as schwannomas, meningiomas and more rarely, ependymomas (Rouleau et al., 1993).  

Furthermore, a 30% prevalence of somatic NF2 mutations in 20 human melanoma samples 

was reported (Bianchi et al., 1994). It was shown that Merlin silencing in human melanoma 

cell lines increased their proliferation, migration and invasion in vitro and augmented their 

growth as subcutaneous melanoma xenograft tumours in vivo (Murray, Lau & Yu, 2012). 

Furthermore, mutations in the GNAQ and GNA11 genes, responsible for roughly 80 – 83 % of 

uveal melanoma (UM), have been reported to activate YAP and thereby promoting both 

proliferation of UM cell lines in vitro and their growth as xenograft tumours in vivo (Feng et 

al., 2014; Yu et al., 2014). Interestingly, Merlin loss was shown to confer vemurafenib 

(PLX4032) resistance to melanoma cells (Petrilli & Fernández-Valle, 2016; Reinhold et al., 

2014; Shalem et al., 2014). 

Also, NF2 gene inactivation was seen in 40 – 50% of malignant mesotheliomas (MMs) (Baser 

et al., 2002a; Bianchi et al., 1995; Cheng et al., 1999; Sekido et al., 1995), in 22% of a rare 

subtype (mucinous tubular and spindle cell carcinoma, MTSCC) of renal cell carcinoma (RCC) 
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(Mehra et al., 2016) and in cervical squamous cell carcinomas (CSCCs) (Wang et al., 2018b) 

(Figure 1.6).  

Moreover, LATS1 and LATS2 mutations were found in MM (Miyanaga et al., 2015; Murakami 

et al., 2011) and LATS2 and SAV1 mutations were observed in papillary renal cell carcinoma 

(PRCC), CSCCs and mesothelioma (Wang et al., 2018b). Moreover, PTPN14 mutations were 

seen in 31% of MTSCCs (Mehra et al., 2016) and 23% of basal cell carcinoma (BCC) (Bonilla et 

al., 2016).  

Aside from mutations in upstream regulators of the Hippo signalling pathway, YAP/TAZ 

activation, detectable by YAP/TAZ nuclear accumulation and/or increased protein expression, 

might also be attributable to different YAP/TAZ gene alterations. YAP gene amplification was 

reported in numerous cancers including medullablastoma, CSCC and hepatocellular 

carcinoma (HCC) (Fernandez et al., 2009; Wang et al., 2018b; Zender et al., 2006) (Figure 1.6). 

Furthermore, YAP or TAZ fusion genes due to chromosomal translocation giving rise to YAP 

or TAZ fusion proteins have been observed in ependymomas (Pajtler et al., 2015), epithelioid 

hemangioendotheliomas (Antonescu et al., 2013; Tanas et al., 2011) and breast cancer (Li et 

al., 2013). Moreover, possession of an activating YAP R331W missense mutation was shown 

to cause a predisposition to lung adenocarcinoma (Chen et al., 2015a). 

Finally, YAP/TAZ activity could be increased due to involvement of other signalling pathways. 

YAP activation is frequently found in the tubular adenomas of patients with familial 

adenomatous polyposis (FAP) which is caused by Adenomatous polyposis coli (APC) gene 

mutations. APC inactivation would disrupt the formation of the β-catenin destruction 

complex, preventing said complex from retaining YAP/TAZ in the cytoplasm. Therefore, 

YAP/TAZ would be free to accumulate in the nucleus to activate transcription (Azzolin et al., 

2014; Cai et al., 2015). 

Intriguingly, YAP activation has also been suggested as compensatory mechanism in order to 

escape KrasG12D mutation dependency in human pancreatic ductal adenocarcinoma (PDAC) 

(Kapoor et al., 2014) and lung adenocarcinoma (Shao et al., 2014). Furthermore, inactivation 

of tumour suppressor LKB1 (also named STK11) gene, found in 34% of lung adenocarcinoma 

(Ji et al., 2007), was shown to result in YAP activation (Mohseni et al., 2014). 

Interestingly, YAP gene deletion or low YAP expression levels were seen in a large number of 

multiple myeloma (MM) samples. It was shown that decreased or lack of YAP activity 

prevented DNA damage-induced ABL1-mediated apoptosis in MM cells (Cottini et al., 2014). 

Mechanistically, detection of DNA damage triggers the activation of ABL1 (also called c-Abl) 

which catalyses YAP Tyr357 phosphorylation, increasing both YAP stability and its affinity for 

p73. YAP binding to the PPPY motif of p73 interferes with the binding of E3 ubiquitin ligase 

Itch to p73 (Itch also binds to the p73 PPY motif), thereby suppressing Itch-mediated 

proteasomal degradation of p73. This allows the YAP-p73 complex to induce the expression 

of p73 proapoptotic target genes (Levy et al., 2007; Levy et al., 2008). 
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Figure 1.6: Mutations of different Hippo pathway components in cancer (blue boxes) and other 

diseases (yellow boxes). Adapted from (Zheng & Pan, 2019). 

YAP/TAZ function can allow the development of cancer-associated abilities in tumour cells 

aside from increased cell proliferation and cell survival. TAZ activity was shown to impart 

tumour-initiating and self-renewal abilities to breast cancer stem cells (CSCs). TAZ 

suppression via phosphorylation mediated by the adaptor protein Scribble complexing with 

MST and LATS can be counteracted by Scribble displacement from the cell membrane 

(Cordenonsi et al., 2011). Furthermore, YAP-TEAD activity promotes epithelial-to-

mesenchymal transition (EMT), oncogenic transformation and metastasis in melanoma and 

breast cancer cells (Lamar et al., 2012). In breast cancer cells, YAP has also been suggested to 

induce the expression and secretion of epidermal growth factor receptor (EGFR) ligand AREG 

to increase the proliferation and migration abilities of surrounding cells (Zhang et al., 2009b). 

Moreover, YAP activation in cancer-associated fibroblasts (CAFs) is vital for CAFs’ promotion 

of ECM remodelling/stiffening and cancer cell invasion. ECM stiffening in turn will augment 

YAP activation through the actomyosin cytoskeleton, establishing a self-reinforcing loop to 

preserve the CAF function (Calvo et al., 2013). In liver tumour-initiating cells (TICs), YAP 

activation and subsequent YAP-TEAD gene expression trigger the production and secretion of 

the cytokine CCL2 to recruit M2-like macrophages to promote tumourigenesis (Guo et al., 

2017). Similarly, activation of YAP and YAP-TEAD transcription in prostate cancer cells allow 
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the expression of the CXCL5 chemokine to attract CXCR2-expressing myeloid-derived 

suppressor cells (MDSCs) to promote tumour progression (Wang et al., 2016a). 

YAP also has functions permitting tumour immune evasion. In regulatory T cells (Tregs), YAP-

TEAD activity upregulates activin/TGFβ/SMAD signalling, resulting in enhanced transcription 

factor Foxp3 expression and thereby augmented T cell suppression (Ni et al., 2018). 

Additionally, YAP/TAZ-TEAD function increases the expression of the T cell function inhibiting 

transmembrane protein PD-L1 in lung and breast cancer cell lines, enhancing T cell 

suppression (Janse van Rensburg et al., 2018). 

 

1.15 Compounds targeting the Hippo pathway 

 

1.15.1 Introduction  

All in all, most of Merlin’s contact growth inhibitory and tumour suppressive functions 

converge on the Hippo signalling pathway which makes it a promising target for the treatment 

of NF2 null schwannomas and meningiomas and other of tumour/cancer types. Therefore, 

many Hippo pathway effectors have previously been used as cancer drug targets.  

Some compounds target Hippo pathway upstream regulators. Tankyrases TNKS1 and TNKS2 

ribosylate AMOT family proteins, allowing them to be recognized and ubiquitinated by the E3 

ubiquitin ligase RNF146 and thereby marking them for proteasomal degradation. The 

tankyrase inhibitor XAV939 increases the stability of AMOT family proteins, allowing them to 

inhibit the oncogenic effects of YAP, as shown in vitro (Wang et al., 2015b). 

Statins have also been shown to have anti-tumourigenic effects. The metabolic mevalonate 

pathway produces geranylgeranyl pyrophosphate which is necessary for Rho GTPase 

activation. As mentioned previously, certain Rho GTPases promote YAP/TAZ activity by 

stimulating PAK which catalyses Merlin Ser518 phosphorylation and thereby inhibits the 

Merlin/MST1/2/LATS1/2 mediated phosphorylation/inactivation of YAP/TAZ. The use of 

statins which inhibit HMG-CoA reductase, a key enzyme in the mevalonate cascade, 

decreased YAP/TAZ nuclear accumulation and transcription, resulting in reduced proliferation 

and self-renewal in breast cancer cells in vitro (Sorrentino et al., 2014). Since one of these YAP 

target genes in breast cancer cells is the receptor for hyaluronan-mediated motility (RHAMM), 

simvastatin was shown to impair ERK-dependent breast cancer cell migration and invasion in 

vitro (Wang et al., 2014).  

Additionally, complexes involved in YAP-induced transcription such as the previously 

mentioned MLL H3K4 methyltransferase complex (Oh et al., 2014; Qing et al., 2014) and the 

Mediator complex (Galli et al., 2015) might also make promising cancer drug targets (Zheng 

& Pan, 2019). 

As mentioned previously, Gαs-coupled receptors activate LATS1/2 via cAMP-PKA signalling, 

thereby mediating YAP phosphorylation/inactivation. Therefore, inhibitors of the 
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phosphodiesterases (which break down cAMP) such as ibudilast and rolipram were seen to 

induce YAP phosphorylation in breast cancer cells in vitro which points to their potential as 

anti-cancer drugs (Yu et al., 2013b). Moreover, as described before, metabolic sensor AMPK 

causes YAP phosphorylation and thereby suppression of YAP transcriptional activity. 

Therefore, the AMPK activating type 2 diabetes drug metformin has been shown to heighten 

YAP and TAZ phosphorylation in vitro and inhibit the growth of LATS1/2 dKO mouse 

embryonic fibroblast xenograft tumours in vivo, suggesting metformin’s potential as a cancer 

drug (Mo et al., 2015). 

 

1.15.2 Classification of YAP/TAZ drugs 

Chemical compounds inhibiting YAP/TAZ activity can be divided into three groups (Pobbati & 

Hong, 2020) (Figure 1.7). Members of Group I interfere with upstream YAP/TAZ activators and 

augment LATS-mediated YAP/TAZ inactivation via phosphorylation. Therefore, Group I drugs 

inhibit cell receptors (e.g. integrins, GPCRs and VEGFRs), intracellular kinases (e.g. integrin 

linked kinase (ILK), Src and PI3K), actin and actomyosin cytoskeleton polymerization, YAP/TAZ 

phosphatases (e.g. PP1 and PP2A), the mevalonate pathway, HDACs or increase cellular 

energy stress levels (e.g. mitochondrial complex I inhibitors). Group III compounds inhibit the 

proteins upregulated by YAP/TAZ gene expression such as certain ligands (e.g. CTGF, CYR61 

and CXCL5), kinases (e.g. Axl and NUAK2), metabolic enzymes (e.g. ALDH1A1 and COX-2) and 

different effectors such as FOXM1, BCL-xL and Transglutaminase 2 (Pobbati & Hong, 2020). 

 

1.15.3 Group II drugs 

The drug compounds of Group II directly interact with YAP/TAZ or TEAD, thereby inhibiting 

TEAD function or interfering with YAP/TAZ-TEAD complex formation. In general, compounds 

either target YAP, the YAP/TAZ binding pocket on TEAD’s surface or TEAD’s palmitate binding 

pocket (PBP) (Pobbati & Hong, 2020).  

The proteotoxic benzoporphyrin derivative verteporfin targets YAP. It suppresses YAP-TEAD 

binding and thereby YAP-TEAD target gene expression, preventing the YAP overexpression-

induced overgrowth of the liver in vivo. Mechanistically, it was suggested that by binding to 

YAP, verteporfin induces a YAP conformational change, thereby disrupting YAP-TEAD 

interactions (Liu-Chittenden et al., 2012). Interestingly, verteporfin was reported to induce 

some of its detrimental effects on cancer cell proliferation/survival in a YAP-independent 

manner (Dasari et al., 2017; Zhang et al., 2015a). Additionally, a divinyldipyrrine derived from 

verteporfin was shown to reduce YAP protein levels and inhibit TEAD dependent gene 

expression (Gibault et al., 2017).  

YAP-TEAD interaction can also be disrupted by using a modified short (17mer) YAP-like 

peptide (Zhou et al., 2015) or a peptide fragment (Kaan et al., 2017). 

Chemical compounds discovered by Inventiva Pharma bind to the YAP/TAZ binding pocket on 

the surface of TEAD, thereby disrupting YAP/TAZ-TEAD complex formation (Barth, 
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Montalbetti & Spitzer, 2017; Pobbati & Hong, 2020). Furthermore, the small inhibitor peptide 

‘Super-TDU’, designed after and imitating the corepressor VGLL4, was shown to bind to the 

TEAD YBD and  inhibit gastric cancer growth in vitro and in vivo (Jiao et al., 2014). 

Similarly, a cystine-dense peptide termed TB1G2 and a YAP cyclic peptide called peptide 17 

were able to inhibit YAP-TEAD interaction by targeting the YAP/TAZ binding pocket but lacked 

cell penetrating abilities (Crook et al., 2017; Zhang et al., 2014b).  

Non-steroidal anti-inflammatory drugs (NSAIDs) such as the fenamate flufenamic acid (FA) 

were shown to target the PBP. FA binds the hydrophobic palmitate binding central pocket of 

TEAD2 YBD and thereby inhibiting YAP-TEAD mediated gene expression, cell proliferation and 

migration without disrupting YAP-TEAD interaction (Pobbati et al., 2015). Mechanistically, FA 

competes with palmitate for binding to the palmitate binding pocket (PBD) in the YBD of 

TEAD. FA binding to the PBD was shown to inhibit TEAD S-autopalmitoylation (Li et al., 2018). 

Using FA as template, a small molecule (chloromethyl-FA) was designed which covalently 

binds to the conserved cysteine in the PBD of TEAD4 normally used for S-autopalmitoylation. 

This covalent bond results in an irreversible disruption of YAP-TEAD4 binding and thereby 

interferes with its transcriptional activity, as shown by decreased CTGF gene expression (Bum-

Erdene et al., 2019).  

Furthermore, a compound termed Compound 2 has seen to bind hydrophobic lipid pocket of 

TEAD and impede TEAD S-palmitoylation, thereby reducing TEAD target gene transcription 

and inhibiting tumour growth in vivo (Holden et al., 2020). 

Vinylsulfonamide derivatives, especially the one named DC-TEADin02, also covalently bind to 

the PBP of TEAD, thereby impairing YAP-TEAD target gene transcription while only having a 

minimal impact on YAP-TEAD interaction (Lu et al., 2019). 

Aside from FA, other compounds occupying the PBD and thus disrupting YAP-TEAD interaction 

include alkylthio-triazole scaffold compounds and the small molecule K-975 (Kaneda et al., 

2019; Pobbati & Hong, 2020; Wu, 2020). 

It is unclear why FA and DC-TEADin02 are unable to interfere with YAP-TEAD interaction while 

the chloromethyl-FA, alkylthio-triazole scaffold compounds and the small molecule K-975 can. 

Theoretically, compounds binding the YAP/TAZ binding pocket or PBP of TEAD can be 

converted into TEAD degraders by making them a part of a proteolysis-targeting chimeric 

(PROTAC) molecule, causing increased targeting of TEAD for proteasomal degradation. 

Reduced levels of available TEAD would then impair YAP/TAZ-TEAD target gene transcription. 

Such degraders can only target unbound TEAD since binding to YAP/TAZ would conceal both 

TEAD’s YAP/TAZ binding pocket and PBP (Pobbati & Hong, 2020; Sakamoto et al., 2001). 
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Figure 1.7: The three groups of YAP/TAZ-TEAD targeting drugs. Compounds targeting upstream 

YAP/TAZ activators (Group I, compound names in red), drugs directly interacting with YAP/TAZ or TEAD 

(Group II, compound names in green) and inhibitors interfering with the function of effectors expressed 

by YAP/TAZ gene transcription (Group III, compound names in blue). Known drugs to be repurposed as 

Group I compounds are circled in red. Adapted from (Pobbati & Hong, 2020).   
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1.15.4 Vivace Therapeutics inhibitors 

In this work, inhibitor compounds produced by Vivace Therapeutics were used to suppress 

the deregulated Hippo signalling pathway caused by NF2 loss. Potentially, some of the effects 

of NF2 loss can thereby be reversed, resulting in a slower tumour growth rate. 

Compounds developed by Vivace Therapeutics (VT) were shown to specifically interfere with 

TEAD S-autopalmitoylation (Ras palmitoylation was unaffected) and thereby disrupt YAP/TAZ-

TEAD interaction by non-covalently binding/occupying the TEAD PBP normally binding to 

palmitoyl-CoA. The VT compounds efficiently inhibit the cell proliferation of NF2-deficient 

(e.g. NCI-H226), NF2-deleted (e.g. NCI-H2373) or NF2-mutant (e.g. NCI-H2052) mesothelioma 

cell lines while the NF2 wild type mesothelioma cell lines displayed decreased sensitivity. In 

vivo experiments confirm an oral bioavailability of over 75% and a half-life of more than 12 

hours without detected toxicity (no changes in mouse body weight). The VT compounds halt 

or reverse the growth of NF2-deficient and NF2-deleted mesothelioma xenografts in vivo in a 

dose-dependent manner. Additionally, the VT inhibitors were seen to decrease levels of 

TEAD1 S-autopalmitoylation and CTGF and CYR61 expression in NF2-deleted and NF2-

deficient mesothelioma xenografts in vivo (Tang et al., 2021).  

One of the VT compounds used in this report was VT104 which I used in meningioma cell lines 

and primary meningioma cells. VT104 was shown to be a Pan-TEAD S-autopalmitoylation 

inhibitor, displaying a stronger binding to TEAD1 and 3 than to TEAD2 and 4. As Pan-TEAD 

inhibitor, it also managed to suppress the proliferation of mesothelioma cell lines with 

mutations in Hippo pathway effector genes but without NF2 mutations. With an oral 

bioavailability of 78 % and a half-life of 24.2 hours, VT104 was reported to cause growth arrest 

or even tumour shrinkage of NF2-deficient mesothelioma xenografts in vivo in a dose-

dependent manner (Tang et al., 2021). 

 

1.16 NF2 drug trials 

In a clinical trial with 10 NF2 patients using bevacizumab (humanized anti-VEGF monoclonal 

antibody), 9 patients showed a reduction in progressive vestibular schwannoma size and 4 

patients an improvement of hearing (Plotkin et al., 2009). Unfortunately, sustained 

bevacizumab treatment was found to be necessary to maintain these effects (Plotkin et al., 

2012). Additionally, bevacizumab efficacy could also be seen in a case study treating 2 NF2 

patients with progressive vestibular schwannomas (Mautner et al., 2010). Another 

bevacizumab phase II clinical trial with 14 NF2 patients with progressive vestibular 

schwannomas resulted in a decrease in tumour size in 6 and ameliorated hearing in 7-8 

participants (Blakeley et al., 2016; Huang et al., 2018). Bevacizumab was also used in a phase 

II clinical trial with 22 NF2 patients with progressive vestibular schwannomas. A tumour 

volume decrease was noted in 7 patients while improved hearing was seen in 9 patients 

(Plotkin et al., 2019). Interestingly, a different drug trial also chose the VEGF/VEGFR signalling 

axis as its target. Using a VEGFRs peptide vaccine in 7 NF2 patients with progressive 
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schwannomas, 2 participants showed tumour volume decrease and 2 participants an 

improvement of hearing (Tamura et al., 2019). 

Furthermore, a phase II clinical trial in 17 NF2 patients treated with the ErbB1/2 receptor 

tyrosine kinase inhibitor lapatinib resulted in a progressive vestibular schwannoma volume 

decrease in 4 participants and ameliorated hearing in the same number of participants 

(Karajannis et al., 2012). Some of these trial participants also had progressive meningiomas. 

It was observed that 8 of 17 measured meningiomas exhibited a reduction in tumour volume 

(Osorio et al., 2018). 

Moreover, using the mTOR kinase inhibitor everolimus in a phase II clinical trial with 10 NF2 

patients with progressive vestibular schwannomas was reported to have no noteworthy 

effect on tumour size or hearing (Karajannis et al., 2014). In contrast, a different phase II 

clinical trial treating 10 NF2 patients with everolimus resulted in 5 treated patients exhibiting 

temporarily suppressed tumour growth which recommenced 3 to 6 months after treatment 

conclusion (Goutagny et al., 2015). A different phase II clinical trial used a combination 

therapy consisting of everolimus and the somatostatin agonist octreotide in 20 patients 

(including 4 NF2 patients) with progressive meningiomas. A tumour volume decrease was 

observed in 4 patients and tumour growth rate reduction was seen in 78% and 68 % of studied 

tumours and meningiomas with NF2 mutations, respectively (Graillon et al., 2020). 

 

1.17 Macrophages 

 

1.17.1 Origin and function of macrophages 

Macrophages can be classified as either being resident macrophages or infiltrating 

macrophages (Griffin, George & Ho, 1993). Resident macrophages can be found in their 

respective tissues while infiltrating macrophages only gain entry to a given tissue following a 

physical injury which causes production of inflammatory factors. Infiltrating macrophages 

derive from monocytes circulating the blood stream. Microglia are the resident macrophages 

of the CNS whose embryonic predecessors originated in the yolk sac (Schulz et al., 2012). In 

contrast, the origin of the resident macrophages of the PNS is yet to be determined. 

Macrophages are vital for both the innate and adaptive immunity and in the event of injury. 

They can be identified using antibodies to various markers including CD68, Iba-1 and F4/80.  

Macrophages are generally categorized as either M1-like or M2-like macrophages. M1-like 

macrophages are activated by IFN-γ, LPS or granulocyte macrophage colony stimulating factor 

(GM-CSF) and secrete cytokines such as IL-1, IL-6, IL-12 and TNF-α which promote 

inflammatory responses. They also secrete chemokines such as CXCL10 and CCL5 which 

enhance activation of cytotoxic T cells. Furthermore, M1 macrophages produce 2 distinct 

radicals, reactive nitrogen and reactive oxygen species, and they express MHCII, making them 

efficient antigen presenting cells (APCs). As APCs, they also assist the Th1 immune response. 

In general, M1-like macrophages exhibit anti-microbial and anti-tumoural activity. M2-like 
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macrophages are seen as the other side of the coin when it comes to M1 macrophage 

functions. Activated by signalling molecules such as IL-4, IL-13, IL-10 and macrophage colony 

stimulating factor (M-CSF aka CSF-1), they secrete anti-inflammatory cytokines including IL-

10 and PGE2. They produce chemokines such as CCL2 and CCL22 which allow recruitment of 

regulatory T cells (Tregs), which in turn suppress T cell activity. M2-like macrophage 

chemokines also promote tissue repair and tumour progression. Cell markers for M2 

macrophages include CD206 (mannose) and CD163 (Mantovani et al., 2013; Sica & 

Mantovani, 2012).  

The characteristics mentioned above also appear to distinguish M1-like tumour associated 

macrophages (TAMs) and M2-like TAMs.  

 

1.17.2 TAMs 

As far as the origin of TAMs is concerned, the current hypothesis states that they are derived 

from blood-borne monocytes produced in the bone marrow. These are drawn to the location 

of the tumour and subsequently transform into TAMs upon activation of certain signalling 

pathways. Differentiation into TAMs involves downregulation of Ly6C and CD11b and 

upregulation of MHCII and Vcam1 (Franklin et al., 2014). Molecules such as VEGF-A, CSF1 (M-

CSF) and CCL2 are believed to cause chemoattraction of macrophages (Linde et al., 2012; Qian 

et al., 2011; Quail & Joyce, 2013).  

In order to convert macrophages in M2-like TAMs with immunosuppressive abilities, different 

cell types use cytokines to activate distinct signalling pathways. CD4+ T cells and tumour cells 

release IL-4 and IL-13 to activate STAT6/PI3K signalling while Tregs secrete IL-10 to target the 

STAT3 signalling pathway. Tumour cells can also secrete CSF1 (M-CSF), lactic acid and TGF-β 

to promote macrophage differentiation into M2-like TAMs (Colegio et al., 2014; Lawrence & 

Natoli, 2011; Noy & Pollard, 2014).  

TAMs are known to aid tumour growth and maintenance by a number of different 

mechanisms.  

One of these mechanisms involves angiogenesis, the process by which new blood vessels are 

produced. It can be divided into 2 steps: 1. Degradation of the basement membrane and 2. 

Proliferation and migration of the endothelial cells flanking the blood vessels. TAMs produce 

and release matrix metalloproteinases (MMPs) and cathepsins to degrade the basement 

membrane (Kessenbrock, Plaks & Werb, 2010) and secrete growth factors (e.g. VEGF and 

PDGF) and chemokines (CCL2 and CXCL8) to support blood vessel formation (Murdoch et al., 

2008). Furthermore, additional growth factors promoting angiogenesis become available 

when extracellular matrix (ECM) heparin-bound growth factors are released by MMP activity. 

Additionally, VEGF and CCL2 were also found to act as chemoattractants for monocytes 

(Murdoch et al., 2008).   

TAMs also play a role in metastasis. TAMs produce and release TGF-β which support 

epithelial-mesenchymal transition (EMT), a process allowing tumour cells to change into 

metastasizing cells (Bonde et al., 2012). TAMs are also thought to promote metastasis by 
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entering into direct cell contact with tumour cells (Wyckoff et al., 2007). Tumour cell secretion 

of CSF-1 and macrophage secretion of EGF secretion cause perivascular macrophages and 

tumour cells to surround blood vessels, facilitating blood-borne metastasis (Sangaletti et al., 

2008). Moreover, TAMs are also responsible for the preparation of the pre-metastatic niche 

which permits metastasizing tumour cells to grow in a secondary organ (Chanmee et al., 

2014). Such a pre-metastatic niche is created by TAMs via secretion of cathepsins, serine 

proteases and MMPs. Additionally, some macrophages are found to actively assist the survival 

and proliferation of tumour cells in the metastatic niche after successful metastasis (Qian et 

al., 2009). 

TAMs also support the welfare of cancer stem cells (CSCs), particularly by secreting pro-

inflammatory molecules such as TNF-α and IL-6 (Korkaya, Liu & Wicha, 2011; Schwitalla et al., 

2013; Wan et al., 2014). Similar to what was seen before, TAMs engaging in direct cell contact 

with CSCs via CD90 and Eph4A receptors also aids in CSC maintenance (Lu et al., 2014). 

Furthermore, TAMs were shown to secrete factors such as EGF and MFG-E8 during 

chemotherapy, activating several pro-survival mechanisms to heighten CSCs’ chances of 

survival (Jinushi et al., 2011; Yang et al., 2013a).  

Aside from promoting CSC survival, TAMs also enhance both the disposal of the 

chemotherapeutic drug and the repair of the tissue surrounding the CSCs during 

chemotherapy. All in all, TAMs were found to be heavily involved in CSCs’ resistance to 

chemotherapeutic agents (Mantovani & Allavena, 2015).  

On top of all the TAM-assisted pro-tumourigenic mechanisms listed above, TAMs also fulfil an 

immunosuppressive function within the tumour microenvironment (TME) by impeding the 

function of cytotoxic CD8+ T cells (the most efficient anti-tumourigenic immune cells) in a 

number of ways. Firstly, TAMs release anti-inflammatory cytokines such as IL-10, TGF-β and 

PGE2 (Kalinski, 2012; Oh & Li, 2013; Ruffell et al., 2014). Secondly, TAMs trigger the 

stimulation of inhibitory receptors found on T cells (e.g. PD-1, CTLA-4) by expressing the 

corresponding ligands (Kuang et al., 2009; Ojalvo et al., 2009). Thirdly, TAMs deprive T cells 

of nutrients to prevent them from proliferating by expressing metabolizing enzymes (Mazzoni 

et al., 2002). Aside from T-cell suppression, TAMs are believed to interfere with the functions 

of natural killer (NK) and natural killer T (NKT) cells (Krneta et al., 2017; Liu et al., 2012).  

TAMs can also exert their immunosuppressive functions in more indirect ways, for example 

by attracting different types of immunosuppressive cells., TAMs have been proven to secrete 

certain chemokines (e.g. CCL20 and CCL22) to recruit Tregs to the tumour site to inhibit 

effector T cell activity (Curiel et al., 2004; Liu et al., 2011). Other immunosuppressive cells 

which can be recruited by TAMs are myeloid-derived suppressor cells (MDSCs). The main 

function of this diverse group of immune cells is to inhibit the activity of other immune cells 

which they will fulfil upon their arrival in the TME. Another way TAMs can make use of MDSCs 

is by differentiating some of them in TAMs. It has been shown that macrophage produced 

CSF-1 can convert monocytic MDSCs into TAMs (Lesokhin et al., 2012; Wynn, Chawla & 

Pollard, 2013).  TAMs are also able to trigger the expression of transcription factor Foxp3 in 

CD4+ T cells to turn them into Tregs. This is accomplished via activation of IL-10 and TGF-β 

signalling pathways (Denning et al., 2007; Savage et al., 2008). 
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1.17.3 Depletion of macrophages 

In a paper by de Vries et al. in 2013 (de Vries et al., 2013), a positive correlation was found in 

human vestibular schwannomas between M2-like macrophage numbers and tumour growth 

rate, i.e. the faster growing schwannomas contained a greater number of macrophages. 

Based on that observation, a colony stimulating factor receptor 1 (CSFR1) inhibitor called 

PLX5622 could theoretically be used to great effect. This inhibitor crosses the blood-

brain/blood-nerve barrier and greatly reduces macrophage numbers within peripheral nerves 

by blocking CSFR1 signalling which is essential for macrophage/microglial survival. It was 

shown that usage of PLX5622 results in the decrease of peripheral nerve macrophages by 

approximately 70 % (and reduction of microglia by ca. 50 %) without causing any noticeable 

adverse effects (no changes in behaviour, activity, appearance and weight) (Klein et al., 2015; 

Yuan et al., 2018). This is a more direct way of diminishing TAM support than using Vivace 

inhibitors (see sections 1.12 and 1.15.4). One can argue that macrophage depletion in this 

manner would, along with the tumour supporting M2-like macrophages, also affect the 

antitumourigenic M1-like macrophages which could be seen as counterproductive. An 

opposing argument would be that the M2-like macrophages are probably dominant over or 

at the very least equally matched with the M1-like macrophages since tumour growth still 

persists despite M1-like macrophage involvement. Interestingly, it has been found that a 

whole spectrum of macrophage phenotypes exists, stretching far beyond the oversimplified 

M1 versus M2 polarization model (Xue et al., 2014). Additionally, macrophage depletion is a 

potential treatment option regardless of which gene mutation(s) it possesses and as a result 

which signalling pathway(s) the tumour relies on. This is especially important when treating 

sporadic schwannomas which are known to possess a variety of different gene mutations 

(Clark et al., 2013; Mei et al., 2017). Taken together, depletion of all macrophage populations 

via PLX5622 to impair TAM-induced tumour growth support appears to be a sound strategy.  

The CSF1 receptor (CSF1R, CD115) is a tyrosine kinase receptor capable of binding CSF1 (=M-

CSF) and IL-34. CSF1R signalling is vital for the proliferation, survival and differentiation of 

cells of the mononuclear phagocyte system, especially macrophages and TAMs (Stanley & 

Chitu, 2014). Upon binding its ligand, a homodimer is formed and the receptor signalling 

cascade is activated (Achkova & Maher, 2016). Other cells found in the TME express CSF1R as 

well, including neutrophils (Shin et al., 2010), dendritic cells (MacDonald et al., 2005) and 

MDSCs (Holmgaard et al., 2016). 

The basic concept would include measuring schwannoma growth rates in DRGs before and 

after macrophage elimination via PLX5622. This would allow us to determine whether strong 

reduction of macrophage numbers results in a tumour growth rate decline in the Gehlhausen 

Postn-Cre driven mouse model (Gehlhausen et al., 2015). The same approach could 

theoretically be used to investigate whether microglia elimination in meningioma would have 

a similar effect. 
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1.18 Schwannoma mouse models 

The mouse model used for studying the effects of NF2 and YAP/TAZ loss in schwannomas is 

driven by a Cre-Recombinase controlled by the Periostin promoter (Periostin-Cre or Postn-

Cre in short). First described and published in 2015 (Gehlhausen et al., 2015), it is considered 

a superior Neurofibromatosis type 2 mouse model compared to Giovannini et al.’s P0-Cre 

driven model (Giovannini et al., 2000). In addition to causing spontaneous development of 

numerous schwannomas in dorsal root ganglia (DRGs), vestibular ganglia (VGs) and spinal 

(Figure 1.8), peripheral and cranial nerves (especially the 8th cranial nerve), the resulting 

mouse schwannomas mimic the schwannomas of human NF2 patients very closely regarding 

schwannoma morphology and the resulting symptoms (Gehlhausen et al., 2015). 

Similar to human NF2 patients, the mice were shown to have developed impaired hearing. In 

these mice, the impaired hearing was seen the first time at 3 months of age and it increased 

in severity as the mice grew older. At 13 months of age, the mice were also confirmed to have 

an impaired sense of balance (Gehlhausen et al., 2015). 

 

 P0-Cre NF2fl/fl 
(Giovannini et al., 2000) 

Postn-Cre NF2fl/fl 
(Gehlhausen et al., 2015) 

Cre activation E9.5 in neural crest cells, 
E12.5 in Schwann cell 

precursors (Giovannini et 
al., 2000) 

E10 in Schwann cell 
precursors (Lindsley et al., 

2007) 
E12.5 in Schwann cell 

precursors (Gehlhausen 
et al., 2015) 

Cre Recombinase deletion Exon 2 of NF2 gene Exon 2 of NF2 gene 

Schwannoma (benign) incidence 
rate 

24 % 100 % 

Schwannoma location Atypical including 
stomach and uterus 

Typical sites such as 
DRGs, VGs and cranial, 
spinal and peripheral 

nerves 

Other tumours? Large variety of different 
tumours in tissues 

containing cells of neural 
crest origin including 
bone, lens and kidney 
(neurocristopathy) 

Malignant peripheral 
nerve sheath tumours 

(MPNSTs) 

Reduced survival rate compared 
to wild type (WT)-like littermates 

Yes Yes 

Schwann cell hyperplasia In basal and spinal 
ganglia(= DRGs), possibly 

peripheral nerve 

In DRGs, proximal spinal 
nerve roots, spiral 

ganglion 
Table 1.1: Comparison of P0-Cre NF2fl/fl and Postn-Cre NF2fl/fl schwannoma models. 
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Previous attempts to establish an NF2 mouse model using genetic tools were less successful. 

In models with a deletion of exon 2 or exon 3 on one NF2 allele (leaving the other NF2 allele 

intact) the mice developed osteomas and osteosarcomas. Global deletion of either exon 2 or 

exon 3 on both NF2 alleles resulted in embryonic lethality (Giovannini et al., 2000). Another 

attempt by the same group was the combination of one NF2 allele with an exon 3 deletion 

together with a floxed exon 2 on the other NF2 allele which would then be excised upon 

activation of the P0 promoter. The mouse model with this combination gave rise to similar 

characteristics and tumours as found in the P0-Cre NF2fl/fl model (Giovannini et al., 2000) 

(Table 1.1). Aside from these gene deletion models, transgenic models were investigated as 

well, bearing the possibility of a dominant negative phenotype in mind.  Expression of an NF2 

transgene without C-terminal region under the control of the P0 promoter in combination 

with the expression of both wild type (WT) NF2 alleles showed no effect compared to its WT-

like littermates (Giovannini et al., 1999). Survival rates were similar and the tumours which 

eventually developed were age-related (Mahler et al., 1996). In contrast, P0 promoter driven 

expression of an NF2 transgene missing exon 2 and 3 together with the expression of both 

WT NF2 alleles had a pronounced effect. A reduced survival rate compared to WT-like 

littermates and the occurrence of schwannomas in atypical and typical locations were noted. 

Atypical locations included the stomach, intestine, pancreas and uterus while a more sensible 

location such as the DRGs and even a typical location such as the trigeminal nerve were 

represented as well (Giovannini et al., 1999). 

In the Gehlhausen mouse model (Gehlhausen et al., 2015) a Cre-Recombinase is placed under 

the control of the 3.9-kb upstream promoter region of the Periostin gene which is switched 

on at E10 in Schwann cell precursors (Lindsley et al., 2007). After its expression, the Cre-

recombinase excises and therefore deletes the parts of the gene(s) flanked by loxP sequences 

(Gehlhausen et al., 2015). In the three genetically modified mice that we bred, the gene parts 

to be flanked and excised were either exon 2 of both alleles of the NF2 gene alone 

(NF2fl(ox)/fl(ox) (Giovannini et al., 2000) = NF2 sKO) or in combination with exons 1 and 2 of both 

YAP alleles (NF2fl/fl and YAPfl/fl (Zhang et al., 2010) = NF2/YAP dKO) or exons 1 and 2 of both 

TAZ genes (NF2fl/fl and TAZfl/fl (Azzolin et al., 2014) = NF2/TAZ dKO). This resulted in NF2-

deficient, NF2- and YAP-deficient and in NF2- and TAZ-deficient mice, respectively. The Postn-

Cre negative mice are similar to WT mice and were used as control. 

 

1.19 Meningioma mouse models 

Meningiomas occur either in the cortical convexity, the skull base or the spinal cord. Since 

spinal meningiomas only account for 10% of all meningiomas, meningioma mouse models 

focus on cranial meningiomas. In general, meningioma mouse models can be divided between 

genetic and xenograft models.  

All genetic meningioma models by the Michel Kalamarides group rely on the excision of floxed 

parts in both NF2 alleles in leptomeningeal cells of newborn pups, leading to NF2 sKO 

leptomeningeal cells. This is achieved by injecting a Cre-recombinase carrying adenovirus into 

the CSF found in the subarachnoid space via the eyes (transorbital) or the frontal convexity 
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(subdural). Unfortunately, these transorbital (t.o.) and subdural (s.d.) Cre- recombinase 

injections resulted in the development of intracranial meningiomas at low frequencies (t.o. = 

29 % and s.d. = 19 %) (Kalamarides et al., 2002). If meningiomas did develop, most of them 

were shown to mimic the various Grade I meningioma subtypes, namely the meningothelial, 

fibroblastic and transitional (mixture of the two former subtypes) Grade I meningioma. Pups 

with meningiomas tended to survive for 8 months after injection. Combining this procedure 

with the global deletion of one of the two p53 alleles (= p53 hemizygosity) significantly 

shortened survival time but had no notable effect in regards to the frequency of meningioma 

induction or the progression of the developing meningiomas (Kalamarides et al., 2002). Loss-

of-function mutations in both p16INK4a alleles (= nullzygosity) in addition to biallelic NF2 gene 

inactivation significantly heightened the meningioma induction frequency (from 13 to 37 %) 

and the proliferation rate of the meningothelial cells (from 47 to 77 %). Both of these changes 

did not alter the tumour grade of the resulting meningiomas (Kalamarides et al., 2008). 

Furthermore, pairing biallelic NF2 gene inactivation with the monoallelic or biallelic 

inactivation of the CDKN2AB locus (containing 3 open reading frames = p16Ink4a, p15Ink4b and 

p19Arf) in leptomeningeal cells was found to raise the meningioma induction frequency (50 % 

and 72 %, respectively), decrease the time it took for meningiomas to develop (= latency, 7.8 

and 3.5 months, respectively) and cause the development of Grade II and III meningiomas 

(Peyre et al., 2013). 

Prostaglandin D2 synthase (PGDS) has been found to be expressed in arachnoid cells 

(Kawashima et al., 2001). Therefore, yet another approach by the same group involved using 

a Cre-Recombinase under the control of the PGDS promoter to cause a biallelic NF2 

inactivation in all PGDS expressing cells, including arachnoid cells. This gave rise to Grade I 

meningothelial and fibroblastic meningiomas, confirming that PGDS positive cells as the cells 

of origin in this genetic meningioma mouse model (Kalamarides et al., 2011).  

Finally, overexpression of platelet-derived growth factor B (PDGF-B) in PGDS positive 

arachnoid cells was shown to induce Grade I meningiomas with short latency. Additional 

biallelic NF2 inactivation (by subdural adenovirus injection as described earlier) resulted in 

the appearance of Grade II meningiomas. Furthermore, compared to biallelic NF2 inactivation 

alone, the combination of biallelic inactivation of NF2 and CDKN2AB was sufficient to heighten 

meningioma occurrence from 16 % to 72 %, reduce survival time from 6.4 to 3.5 months and 

cause the formation of Grade III meningiomas. Combining PDGF-B overexpression and 

biallelic inactivation of NF2 and CDKN2AB shortened survival once more (to 1.8 months) and 

significantly increased the incidence of Grade II (from approx. 23 % to 47 %) and Grade III 

(from ca. 3 % to 20 %) meningiomas (Peyre et al., 2015; Peyre et al., 2013). 
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Figure 1.8: Image displaying schwannoma formation in DRGs and spinal nerves. A: Spinal cord of 15-

month-old NF2fl/fl Postn-Cre negative (control) mouse with normal DRGs and spinal nerves. B: Spinal 

cord of 15-month-old Postn-Cre positive NF2fl/fl mouse (NF2 sKO) with swollen DRGs (indicated by red 

arrow heads) and spinal nerves. Adapted from (Gehlhausen et al., 2015).   

In an alternative way to approximate meningiomas growing in the human patients, orthotopic 

xenotransplantation of human primary meningioma cells or human meningioma cell lines is 

performed in the cerebral convexity or the skull base of mice. Xenograft meningioma mouse 

models tend to have a high tumour induction rate. Using primary cells, successful 

establishment of benign meningiomas in the cerebral convexity of immunosuppressed 

(‘nude’) mice has been shown before (Friedrich et al., 2012).  

Nonetheless, the overwhelming majority of xenograft meningioma models are created using 

meningioma cell line cells. The malignant NF2 positive IOMM-Lee (Lee, 1990; Mei et al., 2017) 

and malignant NF2 negative CH-157-MN (Mei et al., 2017) cells appear to be especially 

versatile since they can be used for both convexity and skull base implantation models 

(Gogineni et al., 2011; Ragel et al., 2008). Unfortunately, the mice have a predisposition to 

only live a limited number of days (23-28 days) after xenograft implantation before excessive 
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tumour burden necessitates euthanasia. Aside from the two aforementioned malignant cell 

lines, benign meningioma cell line cells such as BenMen1 (BM-1) cells also allow 

establishment of meningioma tumours in the convexity and skull base of nude mice (Burns et 

al., 2013; Puttmann et al., 2005). A newer method involves using primary cells derived from 

malignant meningiomas of human patients and encouraging them under cell culture 

conditions to form tumour spheres. Transplantation of said tumour spheres into the convexity 

of immunosuppressed mice resulted in the formation of meningiomas with similar 

histological features to the original meningioma (Nigim et al., 2016) (Figure 1.9). 

 

 

Figure 1.9: Comparison of tumoursphere-derived xenograft in mice and original human patient 

meningioma. Primary MN3 meningioma cells obtained from a recurrent sporadic malignant 

meningioma patient cultured in vitro as tumourspheres and subsequently transplanted into in severe 

combined immunodeficient (SCID) mice, resulting in the growth of MN3 xenograft meningioma. H & E 

stained section of MN3 xenograft meningioma seen on the left (= Xenograft), red arrows marking cells 

in the process of mitosis. As comparison, H & E stained sections of original patient meningioma on the 

right (= Patient). Scale bars = 100 µm. Adapted from (Nigim et al., 2016). 

In order to monitor the growth of both genetically induced and cell implantation based 

meningiomas, either magnetic resonance imaging (MRI) (Pachow et al., 2013) or 

bioluminescent imaging (BLI) (Peyre et al., 2013) can be applied. While BLI is dependent on 

fluorescent dyes or the expression of fluorescent proteins such as GFP (Iwami et al., 2013) 

and bioluminescence producing enzymes such as luciferase (Ragel et al., 2008) in meningioma 
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cells to monitor tumour size changes, the more expensive MRI is not. Therefore, both imaging 

options have their merits.  

The meningioma mouse model which we were planning on using relies on the implantation 

of meningioma cell line cells straight onto the cortical convexity (superolateral surface of the 

cerebrum touching the pia mater) of immunocompromised mice, resulting in the growth of 

xenograft meningiomas. The steps of this procedure as described in literature are as follows 

(Pachow et al., 2013). After anaesthetization of the immunocompromised 8 - 10 week old 

mice, their heads are fixed using a stereotactic headframe. 2 mm anterior (towards the front) 

of the bregma (exact point where the coronal suture and sagittal suture of the skull meet) 

and 1.5 mm left and right of the sagittal suture, drilling creates 2 tunnels through the skull 

and the three meninges while avoiding damage to the neocortex as much as possible.  

Subsequently, a syringe is used to inject the meningioma cell line cells (e.g. IOMM-Lee or 

KT21) in PBS 1 mm beneath the surface onto the cortical convexity of the cerebrum to cause 

the rapid formation and growth of xenograft meningiomas (see Figure 1.10). 

 

1.20 Hypotheses and objectives 

It was hypothesized that macrophages support schwannoma growth. Therefore, antibodies 

(anti-CD68 or anti-Iba1) to detect macrophages and the artificial nucleotide EdU to quantify 

proliferation rates were to be used in the schwannomas of the Postn-Cre driven schwannoma 

mouse model to uncover a possible correlation between the respective macrophage numbers 

and proliferation rates. 

Furthermore, it was strongly suspected that YAP/TAZ signalling is a requirement for 

schwannoma growth. To investigate the role of YAP/TAZ signalling in schwannomas, the 

differences between schwannomas of NF2 sKO, NF2/YAP dKO and NF2/TAZ dKO animals 

regarding proliferation rates (EdU staining), macrophage presence (CD68/Iba1 staining) and 

cellular content (H & E staining) was to be elucidated. 

Finally, YAP/TAZ function was similarly believed to be of importance in meningioma cell 

proliferation. In order to verify this, TEAD S-autopalmitoylation inhibitors from Vivace 

Therapeutics were to be utilized, allowing the determination (using EdU) and comparison of 

meningioma cell proliferation rates with and without YAP/TAZ signalling disruption. 
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Figure 1.10: H & E stained xenograft meningioma consisting of KT21 cells growing in SCID mice for 

21 days. Image was kindly provided by Dr Liyam Laraba. Scale bar = 50 µm.  
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2. Materials and Methods 

 

2.1 Clinical samples 

The primary meningioma cells used in this work are derived from the surgically removed 

meningiomas of anonymised human patients. Patients agreed for the meningioma to be used 

in this fashion by consenting to the 'Identifying and validating molecular targets in low grade 

brain tumours' study. Ethical approval was given by Plymouth Hospitals NHS Trust (R&D No: 

14/P/056), North Bristol NHS Trust (R&D No: 3458) and the South West research ethics 

committee (REC No: 14/SW/0119; IRAS project ID: 153351). 

These acquired primary human meningioma cells were then assigned an MOT and MN 

number and listed with other clinical data in the Plymouth Brain tumour database. Some of 

the clinical information regarding the primary human meningioma cells used by me are listed 

in Table 2.1.  

 

 
Tumour 
location 

Subtype Grade Age Gender NF2 status by 
Western blot 

Genotyping 

MOT 148 
/MN091 

Middle 
cranial 

fossa floor 

Not reported I 62 F Negative for 
NF2 and pNF2 

TRAF7 N520S hetero 

MOT 161 
/MN126 

Anterior 
cranial 

fossa floor 

Transitional I 41 F Negative for 
NF2 and pNF2 

WT for non-NF2 
panel and  POLR2A 

MOT 172 
/MN160 

Anterior 
cranial 
fossa 

Meningothelial I 48 F ND NF2 WT  
(by next generation 
sequencing (= NGS)) 

MOT 240 
/MN214 

Planum 
sphenoidale 

Meningothelial I 59 F Positive for NF2 
and pNF2 

Heterozygous for 
AKT1 E17K and 
TRAF7 N520S 

MOT 273 
/MN243 

L frontal 
convexity 

Transitional I 73 F Negative for 
NF2 and pNF2 

No SMARCB1 
hotspots/WT for 

POLR2A 

MOT 310 
/MN268 

Bilateral 
olfactory 
groove 

Meningothelial I 67 F Positive for NF2 
and pNF2 

ND 

MOT 357 
/MN308 

Parasagittal 
and 

interosseus 
vertex 

Meningothelial I NK NK Positive for NF2 ND 

MOT 447 
/MN345 

Middle 
cranial 

fossa floor 

Meningothelial I 52 F Positive for NF2 Heterozygous for 
TRAF7 N520S and 
PIK3CA H1047R 
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Table 2.1: Clinical information about primary human meningioma cells used in TEAD S-

autopalmitoylation inhibitor experiments. Information derived from Plymouth Brain Tumour 

database provided by Hanemann group. NK = not known; ND = not determined; WT = wild type; age = 

age at presentation/diagnosis. 

The respective gene mutations shown in the Genotyping column (see Table 2.1) were detected 

by Dr Claire Adams of the Hanemann group using endpoint genotyping, as described 

previously (Adams et al., 2020). The only exception in said column is in regards to MOT 172 

whose NF2 gene was found to be WT via next generation sequencing by the Manchester 

Centre for Genomic Medicine. 

 

2.2 Cells 

 

2.2.1 General cell culture 

Two human meningioma cell lines were used. Ben-Men-1 is a Merlin-negative Grade I 

meningioma cell line which was immortalized by the retroviral transduction of the human 

telomerase reverse transcriptase (hTERT) gene (Puttmann et al., 2005). KT21-MG1 (KT21) cells 

are Merlin-negative Grade III meningioma cells, which were derived from a malignant 

meningioma grown in immunosuppressed mice (Tanaka et al., 1989). 

All cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Thermo Fisher 

Scientific) containing 10 % foetal bovine serum (FBS; Thermo Fisher Scientific), 2 mM L-alanyl-

L-glutamine dipeptide (GlutaMAX, Thermo Fisher Scientific) and 100 U/ml Penicillin-

Streptomycin (Thermo Fisher Scientific). The medium for the primary human meningioma 

cells received an additional 1 g of D-glucose (200 g/L glucose solution, Gibco). All cells were 

kept in T25 and T75 cell culture flasks at 37°C at 5 % CO2 in a humidified cell incubator. 

To passage the cells or use them for experiments, they were washed with phosphate buffered 

saline (PBS, Gibco), incubated with a trypsin/ethylenediaminetetraacetic acid (EDTA) mix 

(0.025 % trypsin and 0.01 % EDTA, Gibco) at 37°C until the cells detached (approx. 3 - 4 

minutes) and then the trypsin was neutralized with twice the volume of cell culture media. 

The cells were spun down at 1500 rpm (rounds per minute)/400 x g for 3 min, the supernatant 

was removed and the cells were resuspended in 1 ml cell culture media. 10 µl of the cell 

suspension was diluted 1:5 in 40 µl Trypan blue (0.4 % Trypan blue stain, Gibco) and 10 µl of 

the cell/Trypan blue mix was pipetted into a Neubauer haemocytometer. The outer 4 squares 

of the Neubauer chamber were counted separately, not counting the cells found on the 

bottom border and on the right border lines. The results of the four squares were averaged 

and multiplied by 5 (accounting for the 1:5 dilution in the Trypan blue) and by 10000 (to adjust 

the counts to cell number/ml).  
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Name Manufacturer Stock solution 

V2 Vivace Therapeutics 10 mM 

V3 Vivace Therapeutics 10 mM 

V5 Vivace Therapeutics 10 mM 

VT1 

(VT03534/VT104) 

Vivace Therapeutics 10 mM 

VT2 (VT03989) Vivace Therapeutics 10 mM 

Table 2.2: TEAD S-autopalmitoylation inhibitors by Vivace Therapeutics. 

 

2.2.2 EdU proliferation experiments 

A single 15 µl droplet of cells in a cell media suspension at a cell concentration depending on 

the cell type were pipetted onto each coverslip. The Ben-Men-1 (BM-1) and the primary 

human meningioma cells were seeded at a cell density of 5000 cells per coverslip while KT21 

cells were seeded at a cell density of 2000 cells/coverslip. The uncoated coverslips (VWR) were 

placed beforehand into the wells of 24 well plates (Nunclon Delta surface, Thermo Scientific) 

(one coverslip/well). The cells were left on the coverslips in the incubator for 2 hours to allow 

the cells to attach themselves to the coverslip. Afterwards, the indicated TEAD S-

autopalmitoylation inhibitor (10 mM stock concentration, see Table 2.2) was diluted in cell 

culture media to reach the indicated concentration and carefully added to and incubated with 

the cells for 48 hours.  

The cells used for the measurement of baseline proliferation were given cell media containing 

dimethyl sulfoxide (DMSO, Sigma) of the same volume as the 1 µM TEAD palmitoylation 

inhibitor solution received from the TEAD palmitoylation inhibitor stock solution and 

incubated for the same amount of time. 5-Ethynyl-2´-deoxyuridine (EdU, Thermo Fisher 

Scientific) was diluted in cell culture media to a final concentration of 10 µM and then added 

for a 4 hour pulse into the media after 44 hours. During these last four hours, EdU nucleotides 

are incorporated into the replicating DNA of dividing cells where they can later be detected, 

serving as an indicator of proliferation. 

At the end of the experiments, the media was removed from all the wells, the coverslips were 

washed with PBS once and fixed with 500 µl 4 % paraformaldehyde (PFA, Sigma) in PBS (pH 

7.4) for 15 min. After one last PBS wash, the cells were kept in 1 ml PBS at 4°C until ready for 

staining. 

 



78 
 

2.2.3 EdU staining of coverslips 

The coverslips were stained for EdU with the Click-iT EdU Alexa Fluor 488 or 594 Imaging Kit 

(Thermo Fisher Scientific) according to the manufacturer's instructions. All liquids/reagents 

were pipetted onto the coverslips away from the centre to wash off the least amount of cells 

possible. While still inside the 24 well plate, the coverslips were washed once with 3 % bovine 

serum albumin (BSA; Thermo Scientific) in PBS and permeabilized with 300 µl 0.5 % Triton X-

100 (Sigma) in PBS for 20 minutes in the dark at room temperature (RT). Subsequently, the 

coverslips were washed 3 times with 3 % BSA in PBS. After lifting the coverslips with the cells 

out of the wells onto coverslip holders (consisting of petri dishes with attached Eppendorf 

tube caps), the Click-iT reaction mix was made. The recipe for 1 ml can be found in Table 2.3. 

 

Volume Reagent Preparation 

860 µl Reaction buffer 1:10 dilution of 10x RB stock solution in dH2O 

40 µl 100 mM CuS04   

2.5 µl Alexa Fluor 488 or 594 Azide Stock solution dissolved in 70 µl DMSO 

100 µl RB additive 1:10 dilution of 10x buffer additive stock 

solution in dH2O 

Table 2.3: Click-iT reaction mix. 

80 µl EdU Click-iT mixture per coverslip was added for 30 min at RT in the dark. Afterwards, 

the coverslips were washed in PBS by dipping them into four 50 ml Falcon tubes filled with 

PBS and then incubated with 80 µl  of 1 µg/ml Hoechst (Invitrogen) diluted 1:500 in 3 % BSA 

in PBS for 15 minutes at RT in the dark. After a final wash by dipping the coverslips into PBS as 

before, the coverslips were mounted on glass slides (VWR) with CitiFluor-AF1 mounting 

medium (one drop per coverslip, Science Services) and the edges of the coverslips were sealed 

with nail polish. 

 

2.2.4 Primary human meningioma cell samples for Western blot analysis 

Primary meningioma cells were seeded in 6 well plates (Nunclon™ Delta surface, Thermo 

Scientific) at a concentration of 30,000 cells/well, one 6 well plate per MOT cell type and 

condition (DMSO vehicle control/1 µM VT1/1 µM VT2). After seeding, the cells were left to 

grow, adding fresh media every 2 days. As soon as a confluency of approximately 70 % had 

been reached, the media was replaced with cell media containing 1 µM VT1 or 1 µM VT2 or 

with cell media containing an equal volume of DMSO for control samples. The cells were 

incubated with these Pan-TEAD inhibitors or DMSO for 48 hours. At the end of this 48 h period, 
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the cells were harvested on ice by removing the media and washing the wells twice with ice-

cold PBS. 10x Radioimmunoprecipitation assay (RIPA) buffer (EMD Millipore) was diluted 1:10 

and protease and phosphatase inhibitor cocktail (100x, Thermo Scientific) was diluted 1:100 

in distilled H2O (dH2O). After removing the PBS, 50 µl of dH2O/RIPA/PPIC mixture was added 

per well (300 µl per 6 well plate in total).  

Within each 6 well plate, a cell scraper was used to detach the cells of a well and subsequently 

this cell lysate was collected and transferred to the next well. This process was repeated until 

all wells were harvested, with the combined cell lysate of the 6 well plate being pipetted into 

an Eppendorf tube. The cell lysates were spun down for 15 min at 10,000 rpm/9300 x g at 4°C 

to pellet the cell debris. The supernatant was then carefully transferred into new Eppendorf 

tubes and stored at -20°C until used for bicinchoninic acid assay (BCA) protein concentration 

measurement and Western blot analysis (see section 2.5). 

 

2.3 Mice 

 

 2.3.1 Mouse breeding 

Mice of 3 different genotypes were used, namely Periostin-Cre positive (Postn-Cre+) 

NF2fl(ox)/fl(ox), Postn-Cre+ NF2fl/fl YAPfl/fl and Postn-Cre+ NF2fl/fl TAZfl/fl. The Postn-Cre negative 

(Postn-Cre-) NF2fl/fl littermates were used as controls. The genotypes were obtained by 

crossing Postn-Cre positive driver line mice with NF2fl/fl, NF2fl/fl YAPfl/fl and NF2fl/fl TAZfl/fl mice 

(Azzolin et al., 2014; Giovannini et al., 2000; Zhang et al., 2010) and then back crossing the 

Postn-Cre positive F1 generation mice with the NF2fl/fl, NF2fl/fl YAPfl/fl and NF2fl/fl TAZfl/fl once 

more. Only the mice of the F2 generation with the floxed (fl/fl) versions of the respective genes 

were then breed amongst themselves to maintain the desired genotypes (Figure 3.1).  

The mice were kept under prescribed conditions in a 12/12 hours light/dark cycle. Pups were 

weaned at 3 weeks of age and ear notched to both mark them and to use the ear tissue 

sample(s) for polymerase chain reaction (PCR) genotyping (Figure 3.5.2).  

 

2.3.2 PCR genotyping and agarose gel electrophoresis 

The ear notches and tail snips were used for the genotyping of the P0-Cre, Postn-Cre, NF2, 

YAP and TAZ genes. The HotSHOT protocol (Truett et al., 2000) was used for DNA extraction. 

First, the ear notches or tail snips were suspended in 75 µl alkaline lysis buffer (25 mM NaOH 

and 0.2 mM EDTA in dH2O) and heated at 95°C for 90 minutes in a PTC-100 Peltier Thermal 

Cycler (MJ Research). Afterwards, the samples were neutralized with 75 µl of neutralisation 

buffer (40 mM Tris-HCl (Sigma) in dH2O) and stored at -20°C before and after usage. The PCR 
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master mix for one sample (see Table 2.4) multiplied by the number of samples was mixed 

and 23 µl of the PCR master mix was added to each PCR tube. 

Each PCR tube then received 2 µl of HotSHOT extracted DNA and placed in a G-Storm 

GS0004M Thermal Cycler (Labtech) and subjected to the appropriate PCR reaction program 

for the gene in question (see Tables 2.8 – 2.12). 

 

Volume Reagent Manufacturer 

15 µl ddH2O Sigma #W4502 

5 µl 5x Green Go Taq Buffer Promega 

#M891A 

1.5 µl 25 mM MgCl2 Promega #A351H 

1 µl Primers (1:1 forward and reverse primer) see Table 2.10 Eurofins 

0.5 µl Deoxyribonucleotide triphosphates (dNTPs) (60 µl ddH2O + 

10 µl each of adenosine triphosphate (ATP), cytosine 

triphosphate (CTP), guanosine triphosphate (GTP) and 

thymidine triphosphate (TTP) 

Promega 

#U120A-U123A 

0.1 µl Taq Polymerase Promega 

#M740B 

Table 2.4: PCR master mix for one reaction. 

 

P0-Cre Temperature Time Repeats 

Step 1 95 °C 5 min X 1 

Step 2 94 °C 
57 °C 
72 °C 

30 s 
40 s 
40 s 

X 38 

Step 3 72 °C 5 min X 1 

Step 4 8 °C ∞ - 
Table 2.5: P0-Cre PCR program. 
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Postn-Cre Temperature Time Repeats 

Step 1 95 °C 5 min X 1 

Step 2 94 °C 
57 °C 
72 °C 

30 s 
40 s 
40 s 

X 36 

Step 3 72 °C 5 min X 1 

Step 4 8 °C ∞ - 
Table 2.6: Postn-Cre PCR program. 

 

NF2 Temperature Time Repeats 

Step 1 95 °C 5 min X 1 

Step 2 95 °C 
55 °C 
72 °C 

30 s 
30 s 

1 min 

X 38 

Step 3 72 °C 5 min X 1 

Step 4 8 °C ∞ - 
Table 2.7: NF2 PCR program. 

 

YAP Temperature Time Repeats 

Step 1 95 °C 5 min X 1 

Step 2 94 °C 
58 °C 
72 °C 

30 s 
40 s 

1 min 

X 38 

Step 3 72 °C 5 min X 1 

Step 4 8 °C ∞ - 
Table 2.8: YAP PCR program. 

 

TAZ Temperature Time Repeats 

Step 1 95 °C 2 min X 1 

Step 2 95 °C 
60 °C 
72 °C 

30 s 
59 s 

1 min 

X 38 

Step 3 72 °C 5 min X 1 

Step 4 8 °C ∞ - 
Table 2.9: TAZ PCR program. 
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Gene product Forward (Fwd) primer 5’ – 3’ Reverse (Rev) primer 3’ – 5’ 

P0-Cre CCA-CCA-CCT-CTC-CAT-TGC-AC GCT-GGC-CCA-AAT-GTT-GCT-GG 

Postn-Cre 
(Gehlhausen) 

CAT-TTG-GGC-CAG-CTA-AAC-AT CCC-GGC-AAA-ACA-GGT-AGT-TA 

Postn-Cre 
(King’s College 

London) 

GGC-TCT-AGC-GTT-CGA-ACG-CAC-
TGA-T 

CGG-ATC-ATC-AGC-TAC-ACC-AGA-
GAC-G 

NF2 GGG-GCT-TCG-GGA-AAC-CTG-G GTC-TGG-GAA-GTC-TGT-GGA-GG 

YAP CCA-GAC-GAC-TTC-CTC-AAC-AGT-G GCA-TCT-CCT-TCC-AGT-GTG-CCA-A 

TAZ CTT-CCA-AGG-TGC-TTC-AGA-GA GGA-GAG-GTA-AAG-CCC-ACC-AG 
Table 2.10: Primers used for PCR Genotyping. 

The PCR products were run on an agarose gel, made by dissolving 2 % (w/v) agarose in 1x Tris-

acetate-EDTA (TAE) buffer (Sigma) and subsequently boiling the agarose/TAE suspension in 

the microwave. After the heat caused the agarose to dissolve in the 1x TAE buffer, GelRed 

(Biotum) was added in a concentration of 1:50000. Afterwards, the solution was poured into 

a gel casting frame and the comb was inserted before allowing the solution to cool off and 

solidify into a gel. The comb was then carefully removed and 20 µl of each PCR product was 

pipetted into a separate well. Using a Power Pac 300 (Bio-Rad), the samples were run at 120 

V for approximately 1 h and imaged afterwards using the Syngene PXi4 imager and the 

GeneSys software to detect the PCR bands. 

 

2.3.3 IP EdU injection and tissue extraction 

EdU powder was diluted with DMSO to a solution with a concentration of 0.1 mg/µl (e.g. 

weighing 2 mg EdU powder and mixing it with 20 µl DMSO). This solution was subsequently 

diluted 1:10 with sterile PBS (PBS used in cell culture) to a final volume of 200 µl injection mix 

per mouse containing 2 mg EdU powder. The mice used for proliferation experiments received 

one intraperitoneal (IP) EdU injection per mouse 24 hours prior to dissection. 

In order to extract the needed tissue, mice with the appropriate genotype and age were 

asphyxiated with CO2. Death was confirmed either via cervical dislocation or by severing the 

axillary artery to cause terminal blood loss following Home Office regulations and guidelines.  

Depending on the experiment and mouse model and genotype, sciatic nerves, tibial nerves, 

spinal columns, cochleae and/or head halves containing the middle and posterior cranial fossa 

were dissected. The sciatic nerves (placed on a piece of filter paper after dissection), spinal 

columns and head halves were fixed in 4 % PFA in PBS for 24 h at 4 °C. The cochleae were first 

uncovered and then fixed by initially rinsing the inside of the cochleae with 4 % PFA in PBS 

using a syringe and subsequently incubating the dissected cochleae in 4 % PFA in PBS at RT for 

30 min. Afterwards, the cochleae were washed in PBS 3 times and then submerged in 4 % 
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EDTA in PBS for an initial 24 hours at 4 °C to start the decalcification of the cochleae.  

The tibial nerves for electron microscopy (EM) were placed on pieces of filter paper after 

dissection and stored in glutaraldehyde (2.5 % glutaraldehyde in 0.1 M sodium cacodylate pH 

7.2) at 4 °C until handed over to EM unit at the University of Plymouth for further tissue 

preparation. A post-mortem tail snip from each mouse to confirm initial genotyping was taken 

as well. The ear notches and tail snips were stored at -20°C until they were used for PCR 

genotyping. 

 

2.4 Fluorescent staining 

 

2.4.1 Tissue sample preparation 

The sciatic nerves in 4 % PFA in PBS were washed 3 times with PBS and then left in 30 % 

sucrose in PBS for at least 48 h to ensure cryoprotection of the tissue prior to embedding.  

The spinal columns were washed with PBS 5 times and left in PBS at 4 °C until the dissection 

of the dorsal root ganglia (DRGs). L3 DRGs were isolated by cutting through the spinal column 

along the centre line and locating the L3 DRGs by counting down the DRGs beginning at the 

T12 DRGs found next to the most caudal rib. The L3 DRGs were carefully extracted and either 

immersed in 30 % sucrose in PBS for at least 48 hours at 4 °C to ensure cryoprotection or put 

back into 4 % PFA in PBS. The L3 DRGs which were returned to 4 % PFA in PBS were handed 

over to Dr Phil Edwards of the Neuropathology Department in Derriford Hospital to be 

formalin fixed paraffin embedded (FFPE), sectioned and stained with a  hematoxylin and eosin 

(H&E) stain.   

The fixed cochleae, initially left in 4 % EDTA in PBS at 4 °C for 24 hours, were left in 4 % EDTA 

in PBS for an additional 48 hours, replacing the 4 % EDTA in PBS solution every 24 hours. The 

EDTA treatment of a total of 72 hours decalcified the cochleae which can then be sectioned.  

The head halves in 4 % PFA in PBS were washed 3 times with PBS and then remained in PBS 

at 4 °C until the vestibular ganglia (VGs) were dissected. After removing the brain remnants 

and superfluous pieces of skull, gaining access to the internal auditory meatus extending from 

the inner ear allowed the retrieval of the VGs. As done before with the sciatic nerves and 

DRGs, the VGs were immersed in 30 % sucrose in PBS for a minimum of 48 hours at 4 °C to 

assure cryoprotection. 
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2.4.2 Embedding, sectioning and staining of tissue sections/cells  

 

2.4.2.1 IHC-fr/ICC 

For frozen immunohistochemistry (IHC-fr), sciatic nerves, DRGs and VGs were embedded in 

OCT Tissue Tek embedding matrix (CellPath) and snap-frozen in liquid nitrogen. The blocks 

were stored at -80 °C until and after sectioning. 10 µm sections were obtained from the blocks 

using a Leica CM 1860 cryostat and placed on positively charged cryostat glass slides 

(SuperFrost Plus slides, VWR). 

In order to hold the liquid reagents in place a liquid barrier was drawn around the tissue 

sections on the slides using an ImmEdge pen (Vector Laboratories). The slides were placed in 

a slide moisture chamber, with the trays at the bottom filled with tap water. This provided 

moisture, thereby preventing the rapid evaporation of reagents and the drying out of the 

tissue.  

The OCT was dissolved by pipetting PBS inside the liquid barrier (not directly onto the tissue 

section as this might cause it to detach from the slide) and then removing the PBS after 10 

min by tilting the slide, causing the PBS to run off. All liquids/reagents were added and 

removed in this manner throughout the IHC-fr aside from the mounting medium at the end.  

For immunocytochemistry (ICC), the coverslips holding the cells were extracted from the wells 

and placed on coverslip holders. As mentioned before, all liquids and reagents were pipetted 

onto the coverslips as far from the centre as possible to avoid washing off too many cells.  

Afterwards, the steps for IHC-fr/ICC were similar. The tissue/the cells were permeabilized by 

adding 1 % BSA/0.25 % Triton X-100 in PBS for 45/30 minutes, respectively. Unspecific binding 

sites were blocked using 3 % BSA/0.05 % Triton X-100 in PBS for 1 hour/45 min. The liquid 

barrier for the IHC-fr was replenished/reinforced whenever necessary. Per slide/coverslip, 100 

µl/80 µl of primary antibodies diluted in 3 % BSA/0.05 % Triton X-100 in PBS (see Table 2.11) 

were added overnight at 4 °C in the dark. 

The next day, the tissue sections were washed with PBS three times for 10 minutes each to 

remove any unbound primary antibody. The coverslips were washed with PBS for the same 

reason by immersing them into 4 falcon tubes filled with PBS. Afterwards, the tissue 

sections/coverslips were incubated with 100 µl/80 µl per slide/coverslip of the secondary 

antibodies diluted in 1 % BSA/0.25 % Triton X-100 for 1 hour in the dark at RT (see Table 2.12). 

Afterwards, three 10 min PBS washes/one immersion into each of 4 PBS falcon tubes 

were/was performed to remove all unbound secondary antibodies. 
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Antigen Antibody Characteristics Used 

concentration 

CD68 [FA-11] 

ab53444 

Abcam 

Rat 

Monoclonal 

Antibody 

1:100 

Macrophage mannose receptor 

(MMR)/CD206 

#AF2535 

Mouse 

MMR/CD206 

R&D Systems 

Goat 

Polyclonal 

Antibody 

1:100 

Platelet endothelial cell adhesion 

molecule (PECAM-1) /CD31 

#550274 

Clone MEC 13.3 

BD Biosciences 

Rat 

Monoclonal 

Antibody 

1:50 

Inducible nitric oxide synthase 

(iNOS) 

ab15323 

Abcam 

Rabbit 

Polyclonal 

Antibody 

1:100 

Ionized calcium binding adaptor 

molecule 1 (Iba1) 

#019-19741 

Fujifilm WAKO 

Rabbit 

Polyclonal 

Antibody 

1:500 

Collagen IV [EPR22911-127] 

ab236640 

Abcam 

Rabbit 

Monoclonal 

Antibody 

1:100 

Neurofilament (NF) ab4680 

Abcam 

Chicken 

Polyclonal 

Antibody 

1:1000 

Table 2.11: Primary antibodies for IHC/ICC. 

If a 3 layer antibody system consisting of primary antibody, biotinylated secondary antibody 

and Streptavidin-conjugated fluorophore was used on tissue sections in an attempt to 
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increase the signal to background ratio, the Streptavidin-conjugated fluorophore was diluted 

in 1 % BSA/0.25 % Triton X-100 (see Table 2.13) and 100 µl per slide of this dilution were 

incubated with the sections for 1 hour in the dark at RT followed by three 10 min PBS washes. 

Hoechst nuclear DNA dye was used as counterstain on tissue sections and coverslips, diluted 

1:500 in 1 % BSA/0.25 % Triton X-100 in PBS and incorporated in the last incubation step (with 

the secondary antibodies in a 2 layer system or with the Streptavidin-conjugated fluorophores 

in a 3 layer system). 

Finally, the tissue sections were mounted by adding a drop of CitiFluor-AF1 mounting medium 

(Science Services) directly onto the tissue and carefully placing a coverslide on top whose 

edges were subsequently sealed using nail polish. The ICC stained coverslips with the cells 

were mounted as described previously (see section 2.2.3). 

 

α-Species and conjugate Antibody Used concentration 

α-Chicken Alexa Fluor 488 #A-11039 Invitrogen 1:200 

α-Goat Alexa Fluor 488 #A-11055 Invitrogen 1:500 

α-Goat Alexa Fluor 568 #A-11057 Invitrogen 1:500 

α-Goat biotinylated IgG BA-5000 Vector Laboratories 1:500 

α-Rabbit Alexa Fluor 488 #A-11034 Invitrogen 1:500 

α-Rabbit Alexa Fluor 568 #A-11011 Invitrogen 1:200 

α-Rat Alexa Fluor 488 #A-21208 Invitrogen 1:500 

α-Rat Alexa Fluor 568 #A-11077 Invitrogen 1:500 

α-Rat biotinylated IgG BA-4000 Vector Laboratories 1:500 

Table 2.12: Secondary antibodies for IHC/ICC. 

  

Conjugated Fluorophore Manufacturer Used concentration 

Streptavidin Alexa Fluor 568 #S11226 Invitrogen 1:1000 

Table 2.13: Streptavidin-conjugated fluorophore for IHC 
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2.4.2.2 Agarose EdU staining and IHC 

To embed the decalcified cochleae, 4 % agarose w/v (weight by volume, e.g. 4 g agarose in 

100 ml PBS) was dissolved in PBS by heating up the suspension in the microwave. After slightly 

cooling down, the hot but no longer boiling agarose solution was poured into petri dishes and 

the cochleae were placed into the agarose. After the agarose cooled down and solidified, a 

scalpel was used to cut out agarose blocks containing the cochleae. These agarose blocks were 

mounted on a vibratome (Leica VT 1200S) which was used to cut 200 µM sections. These 

sections were stored by keeping them floating in a petri dish filled with PBS at 4 °C. 

To stain the agarose sections, they were placed in the wells of 24 well plates and permeabilized 

with 0.5 % Triton X-100 in PBS for 20 min at RT in the dark (which is achieved by wrapping the 

24 well plates in aluminium foil). After two 10 min washes with 3 % BSA in PBS, the same Click-

iT cocktail to stain EdU was used as above (see Table 2.3), adding 200 µl per well for 30 min in 

the dark at RT on a shaker. After one 10 min PBS wash, the agarose sections were blocked with 

3 % BSA in PBS for 1 hour in the dark at RT and then left with 200 µl of the primary antibody 

(here the Iba1 antibody 1:100 in 3 % BSA in PBS, Table 2.11) overnight on a shaker at 4 °C in 

the dark. The next day, the sections were washed with PBS 3 times for 10 min each and 

incubated with 200 µl of the diluted secondary antibody (anti-Rabbit Alexa Fluor 568 1:500 in 

3 % BSA in PBS, Table 2.12) and Hoechst (1 µg/ml Hoechst, 1:50 in 3 % BSA in PBS) for 1 hour 

at RT in the dark on a shaker. After the final three 10 min washes with PBS, the agarose 

sections were placed on labelled glass slides and covered with the CitiFluor-AF1 mounting 

medium (Science Services). A drop of vacuum grease was put into each corner forming a 

rectangle onto which the coverslide was lowered. Finally, the coverslides were sealed with nail 

polish and kept in the dark at RT until imaging. 

 

2.4.2.3 EdU staining of DRG and VG sections 

A similar approach to the EdU staining of coverslips and agarose sections was followed here. 

After drawing the liquid barriers around the DRG and VG sections, the OCT was dissolved with 

PBS for 10 min at RT as before. A permeabilization step with 0.5 % Triton X-100 in PBS for 15 - 

20 min at RT in the dark and 2 washes with 3 % BSA in PBS for 10 min each followed. 

Afterwards, the above mentioned Click-iT cocktail to stain EdU was used (see Table 2.3) in the 

dark at RT for 30 min, 100 µl per section. After three 10 min PBS washes, the section’s cell 

nuclei were stained using 1 µg/ml Hoechst nuclear dye for 1 hour, diluted 1:500 in 3 % BSA in 

PBS and 100 µl per slide. 3 final 10 min PBS washes followed and then sections were mounted 

as mentioned above and sealed off with nail polish. 
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2.5 Western blot 

 

2.5.1 BCA assay 

Protein concentrations of standards and primary meningioma cell lysates were determined 

using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) kit following the 

manufacturer’s instructions.  

The standards were diluted using ddH2O (Sigma #W4502) in Eppendorf tubes to acquire 

standard protein samples of known protein concentration. Each protein standard was pipetted 

into 4 wells (10 µl/well) of a 48 well plate to be measured in quadruple.  

The primary meningioma cell lysates were diluted 1:3 in RIPA buffer (EMD Millipore)  (12 µl 

protein sample + 24 µl RIPA buffer) in Eppendorf tubes and pipetted into 3 wells each (10 

µl/well) of a 48 well plate to be measured in triplicate. 

Afterwards, Reagent A and Reagent B were mixed 1:50 and 200 µl were added to each well. 

The 48 well plate was then wrapped in tinfoil and left in the cell culture incubator for 30 

minutes. This allowed the initially green liquid in the wells to change to a shade of purple 

whose intensity is directly proportional to the protein concentration in the respective wells. 

Finally, the 48 well plate was retrieved, placed in the photometric plate reader (FLUOstar 

Omega, BMG LABTECH) and measured at a wavelength of 560 nm. Using the preinstalled 

Reader Control/MARS Data Analysis software (BMG LABTECH), the standard measuring curve 

was constructed, thereby allowing the determination of the protein concentration of the 

primary meningioma cell lysates. 

 

2.5.2 Sample preparation and SDS-PAGE  

1x running buffer was made by mixing 28.8 g Glycine (Sigma), 6 g Tris Base (Sigma), 1990 ml 

dH2O and 10 ml of 20 % SDS (sodium dodecyl sulphate, Fisher Bioreagents) and homogenising 

the mixture with a magnetic stirring bar.  

Afterwards, the cell samples defrosted on ice were used to mix the Western blot samples. 

Using the protein concentrations of the cell samples obtained by BCA assay, the volume of 

each sample to reach a protein amount of 30 µg was calculated. This volume, together with 

6.6 µl 2x Laemmli buffer (diluted with dH2O from 6x Laemmli buffer, Alfa Aesar) and the 

corresponding dH2O volume to reach a final volume of 25 µl, were pipetted into labelled 

Eppendorf tubes to create the Western blot samples. These samples were then boiled at 100 

°C for 5 min to reduce and denature the proteins and then kept on ice until they were 

transferred onto the polyacrylamide gel. 

The gel electrophoresis chamber was assembled, one pre-cast polyacrylamide gel (Bio-Rad, 

#4561093) per antibody were prepared and inserted and the chamber was filled with 1x 
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running buffer. 10 µl of the pre-stained dual colour protein ladder (Bio-Rad, #1610374) was 

pipetted into one of the wells of each gel while the Western blot samples were added to the 

rest of the wells (9 wells), 1 sample per well. The loaded polyacrylamide gel(s) was/were then 

run at a constant voltage of 150 - 200 V for 30 - 40 min until the lowest protein standard of 

the protein ladder was close to the end of the gel(s).  

 

2.5.3 Electroblotting 

While the gel(s) ran, the materials for the next steps were prepared. First, 1x transfer buffer 

was made by mixing 14.4 g Glycine, 3 g Tris Base, 200 ml methanol (VWR Chemicals) and 800 

ml dH2O and subsequent homogenisation with a magnetic stirring bar. Second, one trap 

apparatus, 2 sponges, 4 Whatman filter papers (Thermo Scientific) and 1 polyvinylidene 

difluoride (PVDF) membrane (GE Healthcare Life Sciences Amersham) per gel were readied. 

The Whatman papers were thoroughly soaked in 1x transfer buffer while the PVDF 

membrane(s) was activated in methanol. Third, the components of the wet transfer chamber 

for the protein transfer from the polyacrylamide gel to the PVDF membrane were assembled.  

After the gel electrophoresis had concluded, each gel was retrieved and the top part of each 

gel (stacking gel) was removed. Subsequently, a PVDF membrane was put on top of each gel 

after which the air bubbles were removed using a Western blot roller. Each gel/PVDF 

combination was then flanked/sandwiched by 2 soaked Whatman papers on each side and 

once again freed from air bubbles via roller. Afterwards, each ‘sandwich’ was fixed in place 

using a trap apparatus. Each trap apparatus was then inserted into protein transfer chamber 

and a freezer block was added. The chamber was filled with 1x transfer buffer and the protein 

transfer from polyacrylamide gel to PVDF membrane  was run on a constant electric current 

(electroblotting) of 300 mA for 90 min. Halfway through the transfer (after 45 min), the freezer 

block was replaced with a new one.  

 

2.5.4 Immunodetection 

During the protein transfer, 1x TBS-T was made by mixing 900 ml dH20, 100 ml 10x TBS and 

0.5 ml Tween (Fisher Scientific) and 5 % BSA blocking buffer by solving 2.5 g BSA in 50 ml TBS-

T. Upon the completion of the protein transfer, each PVDF membrane was recovered and the 

overhanging edges were cut with a scalpel. Each PVDF membrane were dipped first into 

methanol, then dH2O and finally TBS-T. Afterwards, each PVDF membrane was placed into 5 

ml of 5 % BSA blocking buffer for 1 hour at RT on a shaker to block unspecific binding sites. 

Subsequently, 5 µl of the utilized primary antibody (CTGF and/or Pan-TEAD, see Table 2.14) 

was added directly into the 5 ml blocking buffer covering each PVDF membrane and left to 

incubate overnight at 4 °C in the dark on a shaker.  
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Antigen Antibody Characteristics Used concentration 

CTGF ab6992 

Abcam 

Rabbit 

Polyclonal 

Antibody 

 

1:1000 

Pan-TEAD D3F7L 

Cell Signaling 

Technology 

Rabbit 

Monoclonal  

Antibody 

 

1:1000 

GAPDH ab8245 

Abcam 

Mouse 

Monoclonal  

Antibody 

1:10000 

Table 2.14: Primary antibodies used for Western blot. 

The next day, each membrane underwent three 10 min TBS-T washes on a shaker to remove 

any unbound primary antibodies. Each membrane was then incubated with 2 µl of HRP 

conjugated anti-Rabbit secondary antibody (see Table 2.15) in 10 ml of 5 % BSA blocking buffer 

for 1 hour at RT on a shaker.   

 

α-Species and conjugate Antibody Used concentration 

α-Rabbit HRP 

 

#1706515 

Bio-Rad 

1:5000 

α-Mouse HRP #1706515 

Bio-Rad 

1:5000 

Table 2.15: Secondary antibodies used for Western blot. 

To remove any unbound secondary antibody, the membrane(s) were subsequently washed 

with TBS-T 3 times, 10 min each on a shaker.  

Each membrane was imaged one at a time using Pierce ECL Western Blotting Substrate 

(Thermo Scientific). Only for the membrane about to be imaged, 400 µl of Reagent A and 400 

µl of Reagent B were mixed in an Eppendorf tube. Excess TBS-T was removed by holding the 
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membrane by a corner with forceps and carefully dabbing one of the short edges of the 

membrane against a paper towel. Afterwards, the membrane was covered with the Reagent 

A and B mixture and the chemiluminescent protein bands were imaged using the Syngene 

PXi4 imager and GeneSys software.  

Given the successful visualization of the CTGF or Pan-TEAD protein bands, the loading control 

(GAPDH band) of each membrane was determined. After two 10 min washes with TBS-T on a 

shaker, each membrane was stripped using 5 ml stripping buffer (Thermo Scientific) for 15 min 

at RT, followed by 2 more 10 min TBS-T on a shaker washes. The previously described 

membrane blocking (here with 10 ml of 5 % BSA blocking buffer), primary antibody incubation 

(here 1 µl anti-GAPDH primary antibody, see Table 2.14), TBS-T washing, secondary antibody 

incubation (here 2 µl HRP conjugated anti-mouse secondary antibody in 10 ml of 5 % BSA 

blocking buffer, see Table 2.15), TBS-T washing and chemiluminescence imaging steps were 

repeated to allow the imaging of the GAPDH protein bands.  

 

2.6 Imaging and quantification 

Images of mouse tissue sections (sciatic nerves, tibial nerves, DRGs, cochleae and VGs) and 

cells (cell culture cells and primary human cells) were obtained using a Leica IM8 or Leica SPE 

microscope (or in one case a TEM, see Figure 3.6). When imaging EdU stained cells on 

coverslips, it was always attempted to image a section of the coverslip which had similar 

amounts of cells and where the cells were as evenly spaced out as possible (where they had 

the space to proliferate freely).  

Photoshop CC and ImageJ software were used to count  

1. Neuronal and non-neuronal cells in H & E stained paraffin sections 

2. Hoechst positive nuclei, EdU positive nuclei and Iba1 positive cells in frozen tissue 

sections  

3. Hoechst positive nuclei and EdU positive nuclei of cell line and primary cells on 

coverslips  

ImageJ was also used to measure the DRG tissue area in H & E paraffin sections using scale 

bars as reference for the calculations. Microsoft Excel then allowed the determination of the 

number of neuronal and non-neuronal cells per mm2 DRG tissue and the percentage of EdU 

positive nuclei/Iba1 positive cells. When quantifying the DRG and VG sections, only the area 

with the large neuronal cell bodies was quantified.  

For Western blot analysis/quantification, the densities of the protein bands (CTGF, Pan-TEAD 

and GAPDH) were measured using ImageJ and subsequently the normalized densities were 

calculated via Microsoft Excel. 

The panels/figures were prepared using Photoshop CC and the graphs were plotted with 

GraphPad Prism 9. 
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2.7 Statistical analysis 
The data in Figures 3.3.4, 3.11.4 and 3.13.5 was analysed by two-way ANOVA since 3 or more 

groups were compared and 2 categorical independent variables were present (Mishra et al., 

2019). Šídák's pair-wise multiple comparisons test was chosen as post-hoc test because it had 

greater statistical power than other post-hoc tests on these occasions. 

The data in Figures 3.7.4, 3.7.5, 3.9.4, 3.9.6, 3.13.5, 3.14.4 and 3.14.6 was analysed by two-

way ANOVA since 3 or more groups were compared and 2 categorical independent variables 

were present. Tukey pair-wise multiple comparisons test was used as post-hoc test since it 

was recommended by GraphPad Prism 9. 

The data in Figures 3.12.3, 3.13.2, 3.13.4 and 3.14.2 was analysed by one-way ANOVA since 3 

or more groups were compared and only 1 categorical independent variables was present 

(Mishra et al., 2019). Tukey pair-wise multiple comparisons test was chosen as post-hoc test 

because it was recommended by GraphPad Prism 9. 
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3. Results 

 

3.1 Breeding of required mouse genotypes 

In order to obtain mice with the correct genetic make up to spontaneously develop 

schwannomas according to the Gehlhausen mouse model (Gehlhausen et al., 2015), mice had 

to be bred in several steps (Figure 3.1). As mentioned before, the animals with the correct 

genotype for breeding purposes were identified by PCR genotyping (see Materials and 

Methods section 2.3.2) using the ear notches which were collected after the animals were 

weaned. 

The three genotypes used for this work were NF2 single knockout (NF2 sKO), NF2/YAP double 

knockout (NF2/YAP dKO)  and NF2/TAZ double knockout (NF2/TAZ dKO). More precisely, the 

NF2 sKO mice are Periostin-Cre positive (Postn-Cre+) NF2fl/fl, the NF2/YAP dKO mice are Postn-

Cre+ NF2fl/fl/YAPfl/fl and the NF2/TAZ dKO mice are Postn-Cre+ NF2fl/fl/TAZfl/fl (Figure 3.1). The 

breeding of these three genotypes involved similar steps. 

First, Postn-Cre negative (Postn-Cre-) mice with respective floxed genes (NF2fl/fl or 

NF2fl/fl/YAPfl/fl or NF2fl/fl/TAZfl/fl (Azzolin et al., 2014; Giovannini et al., 2000; Zhang et al., 2010)) 

were crossed with PS animals (Postn-Cre driver line) which were heterozygous for Postn-Cre 

positive (Postn-Cre+) and wild type for the targeted genes (NF2wt/wt/YAPwt/wt/TAZwt/wt). The 

resulting F1 generation were all heterozygous (wt/fl) for NF2, YAP or TAZ alleles and were either 

Postn-Cre+ or Postn-Cre-. Some of the NF2wt/fl were used for sciatic nerve crush experiments 

(see Figure 3.3.1 and 3.3.2). The Postn-Cre+ mice of this F1 generation were then backcrossed 

with the Postn-Cre-  mice with the double floxed genes (NF2fl/fl or NF2fl/fl/YAPfl/fl or 

NF2fl/fl/TAZfl/fl) which yielded F2 generation litters with a multitude of genotypes with the 

desired genotypes among them (marked with * in Figure 3.1). The desired genotypes were 

then bred with one another (Figure 3.1) to maintain the mouse colonies for experimental use. 

It is worth mentioning that to maintain the colonies of the NF2 sKO and NF2/YAP dKO mice 

the female mouse of the breeding pair always needed to be Postn-Cre- and the male therefore 

Periostin-Cre+ . This was necessary since the knockout (Periostin-Cre+) animals always were 

smaller, never reaching the size of their Periostin-Cre- littermates. Therefore, it was safer to 

use the Postn-Cre- females for breeding to avoid any complications of gestation or birth which 

may have occurred due to the reduced weight of the female NF2 sKO and NF2/YAP dKO mice. 

This was not the case for NF2/TAZ dKO mice whose size approximated the size of their Postn-

Cre- littermates, allowing both the female NF2/TAZ dKO and female Postn-Cre- littermates to 

be used for breeding. 
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Figure 3.1: Breeding scheme to generate NF2 single knockout (NF2 sKO), NF2/YAP double knockout 

(NF2/YAP dKO) and NF2/TAZ double knockout (NF2/TAZ dKO) mice and their littermate controls. (A) 

Periostin-Cre positive mice (expressing Postn-Cre on one allele, Postn-Cre+) with wild type (wt/wt) copies 

of NF2 were crossed with Postn-Cre negative (Postn-Cre-) mice with floxed (fl/fl) NF2 genes. The 

resulting F1 generation were heterozygous for the NF2 gene (NF2wt/fl). Postn-Cre+ mice of F1 

generation were back crossed with Postn-Cre- NF2fl/fl mice giving rise to F2 generation with 4 different 

genotypes, 2 of which would be used both for experiments and maintenance of the NF2 sKO mice 

colony. These 2 desired genotypes are marked with asterisks (*). (B) A similar approach was used when 

creating NF2 YAP dKO mice. Postn-Cre+ mice were bred with Postn-Cre- mice with floxed NF2 and YAP 

genes (NF2fl/fl/YAPfl/fl). Their F1 generation litters were heterozygous for both NF2 and YAP (NF2wt/fl 

/YAPwt/fl), either Postn-Cre+ or - . Postn-Cre+ F1 mice were then back crossed with Postn-Cre- 

NF2fl/fl/YAPfl/fl mice resulting in an F2 generation with 8 different genotypes of which 2 were once again 

used for both experiments and colony maintenance (*) (C) To obtain the desired NF2/TAZ dKO mice 

the same breeding strategy used for the NF2/YAP dKO mice was employed here. Postn-Cre+ mice with 

wild type NF2 and TAZ genes were crossed with Postn-Cre- mice with floxed NF2 and TAZ genes. The 

resulting Postn-Cre+ F1 mice with heterozygous NF2 and TAZ genes were bred once more with Postn-

Cre- mice with floxed NF2 and floxed TAZ genes. This resulted in an F2 generation with 8 genotypes 

with the 2 desired genotypes among them (*), used for experiments and continuation of the mouse 

line. Percentages in brackets (%) show predicted genotype distribution of the shown genotype within 

that generation.  
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3.2 Examination of antibody functionality in sciatic nerves 

 

3.2.1 IHC staining for macrophage markers 

While the mouse breeding was under way to acquire the desired genotypes, other 

experiments were conducted in the meantime. Since I was attempting to find a link between 

macrophage numbers and proliferation rates which was proposed previously (de Vries et al., 

2013; Lewis et al., 2019), a reliable antibody against a pan-macrophage marker such as CD68 

to detect and quantify macrophages in the examined schwannomas was needed. 

Furthermore, an antibody against M1-like or M2-like macrophage markers was required as 

well to differentiate between the two macrophage types and to detect a possible difference 

in their proportions. It has been shown that M1-like macrophages generally exhibit pro-

inflammatory and anti-tumourigenic activity while M2-like macrophages are described as 

anti-inflammatory and involved in tumour progression (Ivashkiv, 2013; Mantovani et al., 

2013; Martinez & Gordon, 2014; Murray et al., 2014; Sica & Mantovani, 2012) (see 

Introduction section 1.17.1). Therefore, a possible increase in M2-like macrophages might 

explain a possibly enhanced proliferation/tumour formation. On this occasion an anti-CD206 

(CD206 being an M2-like marker) antibody was used.  

The antibodies were tested on injured sciatic nerves of P0-Cre+ NF2fl/fl (NF2 sKO) and P0-Cre- 

NF2fl/fl (littermate control) mice. In fact, up until stated otherwise, P0-Cre mice were used for 

the following experiments since the Postn-Cre mice were still in the process of being bred. 

The sciatic nerve crush surgery was performed by Dr Xin-Peng Dun since I had not yet received 

my animal license and the necessary training to do the surgery myself. The dissection of the 

injured sciatic nerves 21 days after the crush injury distal of the crush site were done by 

Professor David Parkinson for the same reason. Afterwards, the processing and staining of 

the dissected nerves were performed by me.    

Injury to P0-Cre+ NF2fl/fl (NF2 sKO) nerves are known to cause tumours distal to the injury site 

with a strong macrophage presence and injured NF2 sKO nerves have been shown to contain 

a substantial amount of macrophages 21 days after injury (Schulz et al., 2016). Macrophages 

remain in the NF2 sKO nerves 7, 21 and 60 dpi (Mindos et al., 2017) and even 8 months after 

injury (Schulz et al., 2016). Therefore, sections of 21 days post injury (21 dpi) sciatic nerves of 

3 month old (adult) P0-Cre driven NF2 sKO mice were used as positive control. 

It was also attempted to verify whether there were differences in M1-like vs M2-like 

macrophage populations in the injured sciatic nerve between NF2 sKO mice and controls. This 

was part of an ongoing project with Dr Aditya Shivane of the Department of Cellular & 

Anatomical Pathology at Derriford Hospital to compare the macrophage populations of 

human tumours to the mouse model. 

For the CD68 primary antibody a 2 layer system was chosen while for the CD206 primary 

antibody a 3 layer system was used since in preliminary experiments the signal created by the 

CD206 antibody in a 2 antibody system resulted in weak staining (data not shown). The 

stained sections were imaged using a Leica IM8 microscope (Figures 3.2.1 – 3.2.3). 
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Figure 3.2.1: CD68 and CD206 staining of a 21 days post injury (21 dpi) sciatic nerve of an adult 3 

month old P0-Cre+ NF2fl/fl (NF2 sKO) mouse revealed most macrophages to be M2-like macrophages. 

A large number of CD68/CD206 double positive (CD68+ CD206+) cells were identified. A: CD68+ 

macrophages in green. B: CD206+ macrophages in red. C: CD68/CD206 double positive macrophages 

are seen in yellowish green. Scale bar = 50 µm (micrometres) in A, B and C. D: Enlarged image of white 

framed area in C. Counterstain DNA dye Hoechst (Ho) used to show cell nuclei in blue. White arrows 

mark the same two CD68+ CD206 + M2-like macrophages in all 3 images. n = 3 mice. Representative 

image are shown.  

Figure 3.2.1 shows the representative image of one of the 21 dpi NF2 sKO sciatic nerves. A 

large number of CD68/CD206 double stained M2-like macrophages (see white arrows in 

Figure 3.2.1 C and D), macrophages in yellowish green) were observed. Figure 3.2.1 D is an 

enlarged image of the white framed area of Figure 3.2.1 C. Therefore, according to these 

images, most macrophages in the 21 dpi NF2 sKO nerve appeared to be M2-like macrophages. 

In an attempt to obtain a clearer staining of CD68 and CD206 the 21 dpi sciatic nerve sections 

were stained with either CD68 or CD206 antibodies separately. The same 2 layer system for 

CD68 and the 3 layer system for CD206 were used as before. Representative images of the 4 

NF2 sKO sciatic nerves stained for either CD68 or CD206 are shown in Figure 3.2.2. A large 

amount of CD68 positive cells (macrophages, Figure 3.2.2 A and B) and also CD206 positive 

cells (M2-like macrophages, Figure 3.2.2 C and D) were seen in the respective images. The 

quality of the staining was comparable to the 2 layer CD68 3 layer CD206 double staining.  
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Figure 3.2.2: CD68+ and CD206+ cells were detected in two 21 dpi sciatic nerves of adult 3 month old 

NF2 sKO (P0-Cre+ NF2fl/fl) mice. Representative pictures of one of the two nerves are shown. A large 

number of CD68 or CD206 positive cells were detected. A and B display the CD68 positive cells in green. 

B shows enlarged area within white box in A. C and D display the CD206 positive cells within the same 

injured nerve in red. D shows enlarged image of white framed area in C. DNA dye Hoechst (Ho) marking 

all cell nuclei used as counterstain. White arrows mark some of the suspected macrophages. Scale bars 

in A and C = 50 µm within the two images. n = 4 mice. Representative images are shown. 

Given the strong background stain by the anti-CD68 antibody (see Figures 3.2.1 and 3.2.2 A), 

ways to improve the staining were explored. One possibility was to reverse the staining 

system, i.e. use a 2 layer stain for CD206 and a 3 layer for CD68 staining, as shown in Figure 

3.2.3. A representative image of one of the stained 21 dpi NF2 sKO nerves is shown. Yet again, 

the staining was not significantly different from the two previous attempts. Large numbers of 

CD68+ CD206+ macrophages were detected once more. After comparing the two staining 

approaches it can be concluded that both of them resulted in staining of similar quality. 

As mentioned before, due to the contrasting roles of anti-tumourigenic M1-like and pro-

tumourigenic M2-like macrophages it would also be useful to have an antibody capable of 

recognizing an M1-like macrophage marker. Inducible nitric oxide synthase (iNOS) was chosen 

as M1-like marker (Jablonski et al., 2015) to hopefully complement the already chosen M2-

like marker CD206. 



98 
 

Figure 3.2.3: 3 layer CD68 and 2 layer CD206 double staining of a 21 dpi sciatic nerve of an adult 3 

month old NF2 sKO (P0-Cre+ NF2fl/fl) mouse displayed similar results as before, exhibiting mostly M2-

like macrophages in the injured nerve. A: CD206+ macrophages in green. B: CD68+ macrophages in 

red. C: CD206 and CD68 staining overlapping showing CD206+ CD68+ M2-like macrophages in orange. 

D: Zoomed in image of area in white box in A. Counterstain DNA dye Hoechst (Ho) used to mark cell 

nuclei. White arrows mark the same two CD68+ CD206+ macrophages in all 4 images. Scale bar in C = 

50 µm in A, B and C. n = 2 mice. Representative images are shown. 

Testing the iNOS antibody on the sections of the 21 dpi NF2 sKO nerves, the iNOS staining 

appeared to be nuclear (Figure 3.2.4). Furthermore, not a single one of the macrophages 

appeared to be double positive for both CD68 (in green) and iNOS (in red). This could mean 

that either every single macrophage in the injured nerves was of the M2-like phenotype or 

that the iNOS staining did not work correctly. While it has been shown that nerve injury in 

wild type mice results in a shift towards an M2-like macrophage phenotype allowing improved 

neuroprotection/ repair (Ydens et al., 2012) it is highly unlikely that every single macrophage 

in our NF2 sKO nerves would switch from M1-like to M2-like even 21 dpi, especially given that 

nerve repair does not take place in NF2 sKO nerves. Therefore, it was concluded that option 

2, namely that the iNOS staining did not work as it should, was far more likely. The CD68 stain 

on the other hand was working well and on this occasion was quite distinct with minimal 

background (Figure 3.2.4 white arrows). 
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Figure 3.2.4: CD68 and iNOS double staining of four 21 dpi sciatic nerves of adult 3 month old mice 

revealed nuclear iNOS stain. Representative images of one of the NF2 sKO (P0-Cre+ NF2fl/fl) and one of 

the control (P0-Cre- NF2fl/fl) nerves are shown. A and B: 21 dpi control sciatic nerve illustrating the 

CD68+ macrophages in green and the red, on this occasion exclusively nuclear iNOS stain. B shows 

enlarged image of white framed area in A. C and D: 21 dpi NF2 sKO nerve with green CD68+ 

macrophages and the red iNOS stain marking only cell nuclei. D shows enlarged picture of area 

enclosed by white box in C. On this occasion, Hoechst counterstaining was not included due to an 

oversight. White arrows show some of the CD68+ macrophages. Scale bars in A and C = 50 µm. n = 4 

mice. Representative images are shown. 

To confirm that the iNOS antibody was functioning correctly it was tested on a positive control 

(Lowenstein et al., 1993). Our positive control were cells from the RAW 264.7 macrophage 

cell line treated with lipopolysaccharides (LPS) at a final concentration of 100 ng/ml for 4 

hours, kindly provided by former lab member Dr Patricia Woodley. LPS is generally found on 

the surface of Gram-negative bacteria and is a pathogen-associated molecular pattern which 

activates the innate immune response. It has been shown that the presence of LPS causes the 

expression of iNOS, an expression which can be strongly augmented by the combined 

treatment of LPS and IFN-γ (Lorsbach et al., 1993; Lowenstein et al., 1993; Stuehr & Marletta, 

1985). Untreated cells of the same cell line were used as control (Figure 3.2.5).  
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Although there was some weak staining visible in the untreated controls (faint red staining in 

Figure 3.2.5 A and B), LPS-treated cells displayed a stronger, clearly cytoplasmic red iNOS 

staining surrounding the cell nuclei in blue. This proved that the antibody appeared to be 

working (red stain in Figure 3.2.5 C and D). When comparing the number of iNOS+ cells with 

the total number of cells it seems that only a small group (19 %) of macrophage cell line cells 

expressed iNOS after a 4 hour LPS treatment, a percentage which presumably would have 

increased with a longer LPS incubation period and/or possibly by using a higher concentration 

of LPS. Additionally, when comparing Figure 3.2.4 and Figure 3.2.5, it appeared that the iNOS 

antibody worked on the macrophage cell line but not on the frozen sections of the 21 dpi 

nerves. The reason for this is unknown. 

 

Figure 3.2.5: LPS-treated RAW 264.7 macrophage cells displayed cytoplasmic iNOS staining. A and 

B: Untreated (UT) RAW 264.7 macrophage cells only showing a very faint iNOS staining. B displays 

enlarged image of area inside white frame in A. C and D: RAW 264.7 macrophage cells treated with 

lipopolysaccharides (LPS) at a final concentration of 100 ng/ml for 4 hours with a strong cytoplasmic 

iNOS stain. D shows area within white frame in C at greater magnification. Counterstaining with DNA 

dye Hoechst (Ho) marked cell nuclei. White arrows point out examples of iNOS positive macrophages. 

Scale bars in A and C = 50 µm in these two images. n = 3 replicate wells per treatment, n = 1 repeats. 

Representative images are shown. 
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3.2.2 IHC staining for vascular marker CD31 and pan-macrophage marker 

Iba1 

Aside from looking for macrophages we also wanted to see whether I would be able to 

visualize blood vessels in the sciatic nerves. If successful, that would allow us to detect blood 

vessels in the developing schwannomas in the Postn-Cre mouse model and compare the 

numbers of counted blood vessels between the different timepoints and genotypes.  

There are some indications that the number/presence of macrophages in tumour nerve tissue 

and its vascularization are connected. It was shown that human schwannomas with great 

amounts of CD68+ cells had augmented microvessel densities. These higher microvessel 

densities correlated with both increased tumour size and tumour growth rate (de Vries et al., 

2012). It was also reported that microvessel densities and M2-like macrophage numbers were 

significantly higher in faster-growing vestibular schwannomas and also that schwannomas 

with higher M2-like macrophage counts contain higher microvessel densities (de Vries et al., 

2013). Furthermore, stronger concentrations of vascular endothelial growth factor (VEGF) 

and of one of its receptors (VEGFR-1) was linked to a faster tumour growth rate in vestibular 

schwannomas (Cayé-Thomasen et al., 2005). Additionally, it was proven that macrophages 

are capable of inducing vascularization within the nerve bridge after cut injury by secreting 

VEGF-A into the nerve bridge (Cattin et al., 2015). 

Finally, in unpublished experiments from lab members, mice were intravenously injected (tail 

vein injection) with fluorescently labelled dextran after nerve injury. This was done to test 

whether the blood-nerve barrier remained intact in the injured nerve. A blood-nerve barrier 

disruption would allow the fluorescent dye dextran to leak from the circulatory system into 

the nervous tissue distal of the injury site causing fluorescence to be picked up in the nerve 

tissue after injury. Fluorescence detected in the nerve tissue confirmed that the blood-nerve 

barrier had indeed been broken after nerve injury. These experiments also revealed that new 

blood vessels were formed distal from the injury site and that a greater number of blood 

vessels was detected compared to the uninjured nerve.  

Additionally, macrophages, more specifically tumour-associated macrophages (TAMs) have 

been shown to be involved in tumour angiogenesis and metastasis (Bonde et al., 2012; 

Kessenbrock, Plaks & Werb, 2010; Murdoch et al., 2008; Wyckoff et al., 2007). Therefore, 

being able to stain for blood vessels would allow us to detect possible differences in 

vascularization in schwannomas between genotypes and possibly correlate those differences 

with distinct macrophage quantities between genotypes.  

To that end, an anti-CD31 antibody marking endothelial cells was used on the 21 dpi P0-Cre- 

NF2fl/fl control and NF2 sKO sciatic nerves. Unfortunately, the CD31 stain was unsuccessful, 

coupled with strong background staining (data not shown). Therefore, I did not have a 

functioning CD31 antibody to be able to detect blood vessels/vascularization in tissue 

samples. 

Since the original cryosections used previously (see previous figures) had run out another 

sciatic nerve crush experiment was performed on 3 P0-Cre+ NF2fl/fl (NF2 sKO) and 2 P0-Cre- 
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NF2fl/fl control mice. The 5 mice were subjected to sciatic nerve crush surgery and the injured 

sciatic nerves harvested 21 dpi. Since I had been trained for my Home Office personal license 

and signed off for sciatic nerve injury I performed the surgery myself. Using these new tissue 

sections, an antibody targeting an alternative pan-macrophage marker called ionized calcium-

binding adapter molecule 1 (Iba1) was successfully tested on all 5 of the 21 dpi nerves (Figure 

3.2.6). Given the much clearer Iba1 staining with little background both the CD68 and the Iba1 

antibody presented viable choices to detect macrophages in frozen tissue sections. 

 

Figure 3.2.6: Iba1 staining of the 21 dpi sciatic nerve sections of five adult 5 month old mice showed 

distinct Iba1 positive macrophages. Representative images of a control (P0-Cre- NF2fl/fl) nerve (A, B) 

and a NF2 sKO (P0-Cre+ NF2fl/fl) nerve (C, D). A and B: Control 21 dpi sciatic nerve displaying Iba1-

stained macrophages. B shows magnified view of area within white box in A. C and D: NF2 sKO 21 dpi 

sciatic nerve with macrophages with Iba1 staining. D shows enlarged image of white framed area in 

C. DNA dye Hoechst (Ho) was used to detect all nuclei. White arrows in panels B and D mark some of 

the Iba1 positive macrophages. Scale bar in A and C = 50 µm in these two images. n = 2 mice for each 

genotype (Control and NF2 sKO). Representative images are shown. 

In summary, several antibodies were tested on frozen sections to determine their 

functionality (Figures 3.2.1 – 3.2.6). Unfortunately, some of the antibodies did not appear to 

work well under the described conditions (see Materials and Methods section 2.4.2.1). The 

CD31 antibody was unable to pick up any blood vessels while in tissue sections the iNOS 

antibody only ever showed a nuclear staining (Figure 3.2.4) which, given the published 

literature, seems rather unconvincing. Thankfully, the CD68 antibody (Figures 3.2.1 – 3.2.4), 
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the CD206 antibody (Figures 3.2.1 – 3.2.3) and the Iba1 antibody (Figure 3.2.6) displayed 

reliable staining. Furthermore, it could be concluded that using the Iba1 antibody was a more 

reliable way to detect macrophages than the CD68 antibody (Figures 3.2.6, 3.4., 3.9.2, 3.93 

and 3.11.2). 

 

3.3 Sciatic nerve crush experiment with F1 generation of Postn-Cre mice 

Having bred the mice to the intermediate state (F1 generation, see Figure 3.1) some of them 

were used for a sciatic nerve crush experiment. Schulz et al. (Schulz et al., 2016) published a 

paper showing that the previously reported impaired repair after nerve injury due to a loss of 

both wild type copies of NF2 in Schwann cells can also be achieved by the deletion of one wild 

type copy of NF2 in both Schwann cells and peripheral nerve axons. This genotype also 

increased the likelihood of tumour formation after injury compared to the aforementioned 

traditional mouse model with biallelic NF2 loss in Schwann cells (Schulz et al., 2016). Since it 

was not yet confirmed that the Postn-Cre promoter is only active in Schwann cells and not in 

neurons as well (Helen Morrison personal communication), it is conceivable that Postn-Cre 

positive animals of the F1 generation (NF2wt/fl) have lost one copy of NF2 in both Schwann 

cells and neurons, possibly causing a repair deficiency similar to what was described in the 

paper (Schulz et al., 2016). To test that, I performed sciatic nerve crush injury on 3 Postn-Cre- 

NF2wt/fl (= control), 3 Postn-Cre+ NF2wt/fl (= heterozygous/monoallelic for NF2) and 3 P0-Cre+ 

NF2fl/fl (= NF2 sKO). 23 days post injury (23 dpi) tibial nerves of the injured and uninjured sides 

of adult 2 month old animals were dissected and fixed in glutaraldehyde. The 23 dpi timepoint 

was chosen since it has been established that 3 weeks after nerve injury, repairs in genetically 

unmodified mice are completed. At this point in time one would be able to clearly see any 

possible differences in repair capabilities between control and knockout mice. Furthermore, 

tibial nerves were chosen to be examined in semithin sections because a) sciatic nerves was 

already being used for frozen sections IHC staining and b) tibial nerves were distal from the 

nerve crush injury site meaning they had already undergone axon and myelin sheath 

degeneration (part of Wallerian degeneration) and subsequent axon regrowth and 

remyelination 3 weeks after the crush injury. As mentioned before, this would allow us to 

determine obvious nerve repair deficiencies when comparing the three genotypes.  

The fixed tibial nerves were handed over to Glenn Harper of the EM unit at Plymouth 

University, who proceeded to embed them, cut semithin sections and stain some of those 

sections with methylene blue which detects myelin in the nerve sheath. Unfortunately, one 

of the WT samples was lost during processing. The sections were imaged under the Leica IM8 

microscope (Figures 3.3.1 - 3.3.3). Eventually, the images were quantified using ImageJ and 

Microsoft Excel and tested for statistical significance using GraphPad Prism 9 (Figure 3.3.4). 
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Figure 3.3.1: Semithin sections of intact (INT) and injured (INJ) tibial control (Postn-Cre- NF2wt/fl) 

nerves of adult 2 month old 23 dpi stained with methylene blue showed a large number of myelinated 

axons (INT) or remyelinated axons (INJ). A and B: Intact control nerve with myelinated axons stained 

blue by methylene blue. B shows enlarged image of area encompassed by white frame in A. C and D: 

Injured control nerve 23 dpi with methylene blue stained remyelinated axons. D displays magnified 

image of area within white box in C. White arrows point to myelinated and remyelinated axons, 

respectively, red asterisks (*) mark what appear to be Schwann cell nuclei. Scale bars in A and C = 50 

µm in both images. n = 2 mice. Representative images are shown. 
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Figure 3.3.2: Semithin sections of intact (INT) and injured (INJ) tibial nerves of the Postn-Cre+ NF2wt/fl 

(= monoallelic for NF2) adult 2 month old mice 23 dpi stained with methylene blue displayed large 

amounts of myelinated axons (INT) or remyelinated axons (INJ). A and B: Intact monoallelic NF2 (only 

one intact NF2 allele) tibial nerves with methylene blue stained myelinated axons. B shows enlarged 

image of white framed area in A. C and D: Injured monoallelic NF2 (with only one intact NF2 gene) 

tibial nerves with remyelinated axons stained with methylene blue. D displays magnified view of  area 

within white box in C. White arrows show myelinated and remyelinated axons, respectively, red 

asterisks (*) mark what are  assumed to be Schwann cell nuclei. Scale bars in A and C = 50 µm in both 

images. n = 3 mice. Representative images are shown. 
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Figure 3.3.3: Semithin sections of intact (INT) and injured (INJ) tibial nerves of the P0-Cre+ NF2fl/fl 

(NF2 sKO) adult 2 month old mice 23 dpi stained with methylene blue revealed a large difference in 

numbers of myelinated axons (INT) compared to remyelinated axons (INJ). A and B: Intact NF2 sKO 

nerve 23 dpi containing  large numbers of methylene blue stained myelinated axons. B depicts area 

framed by white box in A in greater magnitude. C and D: Injured NF2 sKO nerve apparently without 

any visible remyelinated axons 23 dpi (even though thinly remyelinated axons were found by others 

(Mindos et al., 2017)). D shows  enlarged image of  area within the white square in C. White arrows 

point out myelinated axons, red asterisks (*) mark what appear to be Schwann cell nuclei. Scale bars 

in A and C = 50 µm in both images. n = 3 mice. Representative images are shown. 

In order to determine whether there was any difference in repair capacity after injury 

between the three genotypes, the numbers of myelinated axons were counted using ImageJ 

and the resulting data was illustrated as a bar chart and analysed with GraphPad Prism 9 

software  (Figure 3.3.4). Surprisingly, P0-Cre+ NF2 sKO tibial nerves on the injured side had no 

visible myelinated axons showing an almost complete lack of nerve repair (see Figure 3.3.3 

INJ C and D). Mindos et al. (Mindos et al., 2017) showed a similar defect in sciatic nerve repair 

21 dpi but they detected some thinly myelinated axons in the repaired NF2 sKO nerves. The 

P0-Cre driven NF2 sKO nerves on the contralateral uninjured side (Figure 3.3.3 INT A and B), 

the control nerves (Figure 3.3.1 A-D) and the Periostin-Cre+ NF2wt/fl nerves of both injured 

(Figure 3.3.2 C and D) and uninjured sides (Figure 3.3.2 A and B) displayed similar numbers of 

myelinated or remyelinated axons, respectively. Statistical analysis revealed that there was 

no significant difference in counts of myelinated and remyelinated axons when comparing 

intact and injured nerves in control and monoallelic NF2 mice (p-values: Control intact vs. 
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injured = 0.70; Monoallelic NF2 intact vs. injured = 0.11) and a significant difference in 

myelinated and remyelinated axon numbers between intact and injured nerves in NF2 sKO 

animals as expected (p < 0.001) (Figure 3.3.4). Therefore, monoallelic NF2 nerves displayed 

no visible phenotype. 

 

Figure 3.3.4: Quantification of counted myelinated/remyelinated axons in tibial nerves of adult 2 

month old mice 23 dpi revealed a significant difference between the injured (INJ) and intact (INT) NF2 

sKO (P0-Cre+  NF2fl/fl) nerves (p < 0.001). No significant (ns) change in myelinated axon numbers 

between intact and injured nerves of control (Postn-Cre- NF2wt/fl) and monoallelic NF2 (Postn-Cre+ 

NF2wt/fl) mice. Graph shows number of myelinated/remyelinated axons as means ± SD tested for 

significance using two-way ANOVA with Šídák's multiple comparisons test. * p ≤ 0.05; ** p ≤ 0.01; *** 

p ≤ 0.001. n = 2 for control mice, n = 3 for the monoallelic NF2 mice and the NF2 sKO mice. 

In short, the sciatic nerve crush experiments (Figures 3.3.1 - 3.3.3) on Postn-Cre- NF2wt/fl 

(control), Postn-Cre+ NF2wt/fl and P0-Cre+ NF2fl/fl (NF2 sKO) revealed that the loss of a single 

NF2 copy while retaining a functioning intact NF2 copy did not have a significant effect on 

repair efficiency after nerve crush injury (Figure 3.3.4).  

Therefore, the repair deficiency effects seen when only one WT NF2 gene copy remains in 

both Schwann cells and peripheral nerve axons (Schulz et al., 2016) could not be replicated. 

This suggests that the Periostin promoter and thereby Periostin-Cre is not active in neurons, 

causing the neurons to retain both of their NF2 gene alleles.  
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In order to confirm this hypothesis, one possibility would be to cross Postn-Cre+ mice with a 

mouse strain carrying a modified Rosa26 locus. This Rosa26 locus contains a ubiquitous CAG 

promoter and a fluorescent protein gene which is interrupted by a floxed STOP cassette 

(Madisen et al., 2010). In these Postn-Cre+ Rosa26 locus mice, only in Postn-Cre expressing 

cells the STOP cassette would be removed, resulting in the expression of the fluorescent 

protein. This would allow a visible distinction between Postn-Cre+ (= fluorescent) and Postn-

Cre- (= non-fluorescent) cells in these mice, making it simple to determine if Postn-Cre and 

therefore the Periostin promoter is active in neurons. Such a mouse cross has been done using 

Rosa26 tdTomato (an intensely red fluorescent protein) mice. This allowed Amy Hewitt of our 

lab to observe a lack of red fluorescence in the neurons of DRGs, confirming the absence of 

expressed Postn-Cre and thereby Periostin promoter activation in these neurons (Laraba et 

al., 2022). 

 

3.4 IHC staining for Iba1 in xenograft meningioma 

With the mouse breeding (Figure 3.1) still in progress we decided to test our chosen Iba1 

antibody further. We aimed to see if, after detecting murine macrophages in the mice sciatic 

nerves, the Iba1 antibody would also be able to identify murine macrophages in murine 

xenograft meningioma tumours. These xenograft meningioma tumours in 

immunocompromised mice can be created by planting human meningioma cell line cells into 

various parts of the mouse skull, e.g. the skull convexity (Michelhaugh et al., 2015; Pachow et 

al., 2013; Tuchen et al., 2017) and skull base (Burns et al., 2013; Chow et al., 2015). Professor 

Christian Mawrin, our collaborator from Otto-von-Guericke University in Magdeburg, 

Germany, and his group use IOMM-Lee cells (Lee, 1990) implanted in the skull convexity for 

their xenograft meningioma mouse model (Pachow et al., 2013; Tuchen et al., 2017). They 

kindly send us paraffin blocks with both xenograft meningioma tumours, consisting of 

genetically unmodified IOMM-Lee cells or IOMM-Lee cells with a K409Q mutation in the KLF4 

gene (2 blocks each). The paraffin blocks were then cut, stained and imaged by the Cellular 

and Anatomical Pathology Department of Derriford Hospital. The IHC staining was performed 

using the anti-Iba1 antibody we provided.  

Figure 3.4 shows representative images of the Iba1 stained xenograft meningioma paraffin 

sections. One of the xenograft meningioma tumours formed by IOMM-Lee cells with a K409Q 

mutation in the KLF4 gene (top row, top KLF4 K409Q) showed a strong, local aggregation of 

Iba1 positive cells. This was not seen neither in the other xenograft meningioma made by 

IOMM-Lee cells with the same genotype (bottom row, bottom KLF4 K409Q) nor in the 

xenograft meningioma comprised of genetically unmodified wild type IOMM-Lee cells (middle 

row, WT). Both of these xenografts contained lesser amounts of Iba1 positive macrophages 

which were more widely distributed.  Therefore, I could ascertain that the Iba1 antibody could 

indeed reliably identify Iba1 positive cells in xenograft meningiomas in mice. Furthermore, 

the Iba1 antibody proved to be functional in formalin fixed paraffin embedded (FFPE) sections 

as well. In general, there also did not appear to be a visible difference in macrophage numbers 

between WT and KLF4 K409Q IOMM-Lee xenograft meningiomas. Finally, I was told that these 
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IOMM-Lee xenograft meningiomas contained far less macrophages than one would routinely 

find in human meningioma samples (David Hilton, personal communication). 

 

Figure 3.4: Iba1 positive cells were found within the IOMM-Lee derived xenograft meningioma. 

Genetically unmodified (wild type, WT) and modified (KLF4 K409Q) IOMM-Lee cells were planted in the 

skull convexity of immunocompromised mice to grow xenograft meningioma tumours. Once extracted, 

they were formalin fixed and paraffin embedded (FFPE). Paraffin blocks were then cut, stained with 

our anti-Iba1 antibody and the DNA dye DAPI and imaged. Top row (top KLF4 K409Q): Xenograft 

meningioma formed by IOMM-Lee cells with K409Q mutation in KLF4 gene exhibiting large 

accumulation of Iba1 positive cells at 20x and 100x magnification. Middle row (WT): Xenograft 

meningioma comprised of genetically unmodified IOMM-Lee cells containing widely dispersed, few 

Iba1 positive macrophages at 200x magnification. Bottom row (bottom KLF4 K409Q): Second 

xenograft meningioma made by KLF4 K409Q IOMM-Lee cells lacked macrophage accumulation, 

showing similar distribution and Iba1 positive macrophage numbers to WT. DNA dye DAPI was used to 

mark all cell nuclei. Black arrows mark examples of Iba1 positive cells. Magnification shown in top left 

corner of each image. n = 2 xenograft meningioma per genotype. Representative images are shown. 
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3.5 Genotyping of Postn-Cre driven mice colonies 

After the mouse breeding (Figure 3.1) was completed I sought to determine whether the 

Postn-Cre gene primers recommended by the Gehlhausen paper (Gehlhausen et al., 2015) or 

the Postn-Cre gene primers used by the Genome Editing and Embryology Core, Biological 

Services division of King’s College London (original supplier of the Postn-Cre carrying mice, 

see Table 2.10 for primer sequences) provided better results. To that end, I used the primers 

from both sources under same conditions (reagents, PCR program etc.) to genotype the same 

mice to be able to adequately compare the performance of both primers. 

 

Figure 3.5.1: In direct comparison, genotyping with the Gehlhausen primers resulted in clearer 

differences between Postn-Cre+ and Postn-Cre- samples than using the King’s College primers. King’s 

College Postn-Cre primers: faint band in the No DNA control (ND), distinct band in the Postn-Cre- 

control (NC). Strong bands in Postn-Cre+ control (PC) and the Postn-Cre+ (+) samples. Distinct bands in 

the Postn-Cre- (-) samples. Gehlhausen Postn-Cre primers: no band in the ND, faint band in the NC 

sample. Strong bands in the PC and + samples. Faint or no bands in the – samples. n = 1 experimental 

repeats. 

Genotyping with the King’s College primers displayed a faint band in the No DNA control (ND) 

and a strong band in the Postn-Cre- control (NC) while the Gehlhausen primers did not show 

a band in the ND column and the band seen in the NC was fainter and appeared unspecific 

(Figure 3.5.1).  
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Figure 3.5.2: Examples of Postn-Cre, NF2, YAP and TAZ genotyping of mouse tail snips confirming 

the flox/flox background of the Postn-Cre driven mouse colonies. General appearance of genotyping 

samples run on an agarose gel with controls and tail snip samples. Postn-Cre (top row, from left to 

right): No DNA control (ND), Postn-Cre- control (NC), Postn-Cre+ control (PC), Postn-Cre- (-) samples 

and Postn-Cre+ (+) samples. NF2, YAP and TAZ genotyping (other three rows, left to right): ND, one 

wild type allele and one floxed allele control (WF), both alleles floxed control (FF), both alleles 

floxed/homozygous (Ho) samples.  

Usage of either primer pair resulted a similarly strong bands for the Postn-Cre+ control (PC) 

and the samples derived from Postn-Cre+ mice (+). The main difference between the two 

primer pairs seemed to be found in the samples of the Postn-Cre- mice (-). The distinction 

between Postn-Cre+ and Postn-Cre- samples was clearer with the Gehlhausen primers 

compared to the King’s College primers with which it was sometimes uncertain if a given 

sample was Postn-Cre+ or - (e.g. the first sample from the right). Therefore, I decided to 
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continue to use the Gehlhausen primers as before since they provided clearer genotyping 

results. 

Soon after the Postn-Cre cell lines were fully established, i.e. there were only double floxed 

(fl/fl) animals in the colony causing mouse breeding to always result in fl/fl offspring, mice which 

were not used to sample collection were only genotyped for Postn-Cre+ or - status. The mice 

whose tissue was taken for IHC staining were also genotyped for NF2 and furthermore YAP or 

TAZ if they were from the NF2/YAP or NF2/TAZ dKO colonies. This final confirmation of 

genotype was derived using tail snip samples from the corresponding tissue donor mice (see 

Materials and Methods section 2.3.2). An example of such a genotyping is shown in Figure 

3.5.2. For the Periostin-Cre genotyping, the same controls as before (Figure 3.5.1) were 

always used, namely a No DNA control (ND), a Postn-Cre- control (NC) and a Postn-Cre+ 

control (PC). The additional genotyping for NF2 or YAP or TAZ as necessary were set up in a 

similar manner with the usage of 3 controls. First, the No DNA control (ND) without any DNA. 

Second, the wt/fl control (WF) which was a sample from a mouse which had one wild type allele 

and one allele where the part of the gene in question was flanked by flox sites. This would 

allow us to see two bands, one for each allele, which were used to determine the height in 

which the fl/fl bands should run. The third control, the fl/fl control (FF), was used for the same 

purpose and was originally derived from an animal whose two alleles both contained the 

floxed version of the gene in question. Both the existence of only a single band and the 

position of both WF and FF controls then permitted us to confirm the fl/fl/homozygous (Ho) 

nature of the respective gene.  

 

3.6 Transmission electron microscopy of NF2 sKO sciatic nerves 

As seen in Figure 3.3.4, I did not observe a significant difference between the number of 

remyelinated axons in injured tibial nerves and the number of myelinated axons in 

uninjured/intact tibial nerves of monoallelic NF2 mice. Therefore, in a last attempt to spot 

phenotypical differences, we wanted to investigate whether uninjured sciatic nerves from 

Postn-Cre driven NF2 sKO mice would show any morphological anomalies when inspected 

under an electron microscope. As mentioned before, until now NF2 sKO referred to P0-Cre+ 

NF2fl/fl mice. From this moment forth, NF2 sKO equals Postn-Cre+ NF2fl/fl mice. We dissected 

the intact sciatic nerves of two adult 3 week old NF2 sKO mice and fixed them in 

glutaraldehyde. Afterwards, the fixed nerves were handed over to Glenn Harper of the EM 

unit at Plymouth University who proceeded to embed the nerves and cut ultrathin sections. 

These were then viewed under a transmission electron microscope (TEM, Figure 3.6).  

Once more, phenotypical changes could not be detected. The large diameter axons (Ax) 

wrapped by thick myelin sheaths (Ms), small diameter axons (ax) and Schwann cells (Sc) 

appeared normal after visual scrutinisation. 



113 
 

Figure 3.6: Ultrathin sections of Postn-Cre driven NF2 sKO sciatic nerves stained with uranyl acetate 

and Reynold’s lead citrate under a transmission electron microscope (TEM) revealed no apparent 

morphological anomalies. A and B show the same NF2 sKO sciatic nerve at 6000x and 12000x 

magnification, respectively. Large diameter axons (Ax) enveloped by thick myelin sheaths (Ms), small 

diameter axons (ax) and Schwann cells (Sc) can be seen. Scale bars = 5 µm (in A) and 2 µm (in B). n = 2 

mice. Representative images are shown. 

 

3.7 H & E staining of Postn-Cre mice DRGs 

When the mice of the fully established Postn-Cre driven lines were numerous enough we 

decided to take a look the architecture of the developing schwannomas in the dorsal root 

ganglia (DRGs) at 3, 5 and 9 months of age in control (Postn-Cre- NF2fl/fl), NF2 sKO (Postn-Cre+ 

NF2fl/fl), NF2/YAP dKO (Postn-Cre+ NF2fl/fl YAPfl/fl) and NF2/TAZ dKO (Postn-Cre+ NF2fl/fl TAZfl/fl) 

mice. In short, the mice were euthanized by asphyxiation with CO2 and bled out by severing 

the brachial artery. Their spinal columns were then excised and fixed in 4 % paraformaldehyde 

(PFA) for 24 hours at 4 °C. After three PBS washes both L3 DRGs of each spinal column were 

dissected and one DRG from each spinal column was left in 4 % PFA in PBS at 4 °C. These DRGs 

in 4 % PFA in PBS were given to Philip Edwards of the Cellular and Anatomical Pathology 

Department of Derriford Hospital who proceeded to embed the DRGs in paraffin, cut sections 

and stain them with hematoxylin and eosin (H & E) or later Martius Scarlet Blue (MSB). I 

imaged the sections using the Leica IM8 microscope. 
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Figure 3.7.1: Visual assessment of hematoxylin and eosin (H & E) stained dorsal root ganglia (DRGs) 

of 3 month old control, NF2 sKO, NF2/YAP dKO and NF2/TAZ dKO mice exposed perceived differences 

in distance between neuronal cell bodies and number of non-neuronal cells. Closely packed neurons 

seen in the control DRGs, along with low number of smaller non-neuronal cells. Distance between 

neuronal cells seemingly slightly wider in NF2 sKO DRGs, paired with a hypercellularity of non-neuronal 

cells, often pooling in certain areas. Neuron spacing and amount of non-neuronal cells in NF2/YAP dKO 

DRGs similar to the NF2 sKO DRGs. Non-neuronal cells amassing in certain locations observed here as 

well. Spaces between neurons in NF2/TAZ dKO DRGs appearing similar to control, with non-neuronal 
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cell numbers seemingly halfway between control and the other two knockout DRGs. Images as seen 

with 20x and 40x microscope objectives. White arrows mark neuronal cell bodies. Scale bars = 100 µm 

(in 20x) and 50 µm (in 40x). n = 3 mice per genotype. Representative images are shown. 

In our sections, hematoxylin stained cell nuclei appeared black while eosin showed both the 

cytoplasm and extracellar matrix in purple/pink. As can be seen in the 3 month timepoint 

DRGs (Figure 3.7.1), the relatively large neuronal cell bodies (white arrows) in the control 

DRGs were closely packed with only relatively few non-neuronal cells among them. In 

contrast, the neurons in NF2 sKO and NF2/YAP dKO DRGs seemed further apart from one 

another. Additionally, they displayed greater amounts of non-neuronal cells spread 

throughout the tissue, often concentrating in certain locations. The distance between 

neurons in NF2/TAZ dKO DRGs appeared similar to control and the numbers of non-neuronal 

cells found seemed to be more than in control DRGs but less than in the other knockout DRGs. 
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Figure 3.7.2: H & E staining of the DRGs of 5 month old mice revealed an increased severity of the 

changes previously noted in 3 months NF2 sKO and NF2/YAP dKO DRGs while NF2/TAZ dKO DRGs only 

showed minor alterations. Control DRGs remained unchanged. Heightened distance between neurons 

in NF2 sKO and NF2/YAP dKO DRGs seemingly due to decreased number of visible neurons. Also, 

seemingly higher number of non-neuronal cells compared to 3 month timepoint counterparts. Cell 

arrangements possibly indicating neuron loss (red arrows) were observed. NF2/TAZ dKO DRGs only 

showing minor increases in distance between neurons and non-neuronal cell amounts, with possible 
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signs of neuron loss (red arrow) spotted as well. Images as seen with 20x and 40x microscope 

objectives. White arrows point out neuronal cell bodies. Scale bars = 100 µm (in 20x) and 50 µm (in 

40x). n = 3 mice per genotype. Representative images are shown.  

At 5 months of age (Figure 3.7.2), control DRGs appeared unchanged. In contrast, the features 

previously seen in 3 months NF2 sKO and NF2/YAP dKO DRGs had become more striking in 

their 5 months counterparts. The overall number of neurons appeared to have decreased, 

creating pronounced spaces between the remaining neurons. Cell arrangements perceived to 

be possible signs of neuron loss (red arrows, Figure 3.7.2) were found as well. Additionally, 

the non-neuronal cells seemed to be even more numerous. NF2/TAZ dKO DRGs of the same 

timepoint seemed to show these changes to a lesser extent. Compared to their 3 months 

counterparts, they appeared to contain slightly higher numbers of non-neuronal cells and 

slightly fewer neurons, causing the spaces between neurons to widen. Possible signs of 

neuron loss (red arrow) could now be perceived as well, although seemingly less frequently 

than in the other knockout DRGs of the same timepoint.  

At the final 9 month timepoint, DRGs of the control mice once again did not differ in any way 

from controls of previous timepoints (Figure 3.7.3). In stark contrast, both NF2 sKO and 

NF2/YAP dKO DRGs at 9 months appeared to display both a strong increase in the number of 

non-neuronal cells and a large decrease of neuronal cell numbers compared to their 5 month 

counterparts. Only a small number of remaining neurons could still be identified. 

Furthermore, what is believed to be sites of neuronal loss (red arrows) were seen more 

frequently. NF2/TAZ dKO DRGs at 9 months also displayed a reduction of neuronal numbers 

and increased amount of non-neuronal cells, although to lesser extent. Arrangements of cells 

hinting at neuron loss (red arrow) were observed here as well. 

After imaging all the DRGs it became clear that there was a certain variability in appearance 

found even among DRGs of the same genotype and timepoint (with the exception of the 

control DRGs). Therefore, choosing representative images and describing them adequately 

while also considering the appearance of the other DRGs of the same genotype and timepoint 

proved to be a challenging task. Taking this variability into account, we decided to quantify 

the number of neurons and the number of non-neuronal cells in order to be able to make 

more accurate statements of the effects seen in the DRGs for each genotype and timepoint. 

Using ImageJ, the areas of clearly identified DRG tissue were measured and the neurons and 

non-neuronal cells within were counted. These values were then used to calculate the 

number of neurons and non-neuronal cells per mm2 DRG tissue. 
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Figure 3.7.3: 9 month timepoint DRGs stained for H & E unveiled that the effects previously seen in 

NF2 sKO and NF2/YAP dKO DRGs increased in intensity while the NF2/TAZ dKO DRGs appeared to 

display these effects to a reduced degree. Once again, appearance of control DRGs did not change. 

NF2 sKO and NF2/YAP dKO DRGs showing strongly reduced number of neurons and heightened 

amounts of non-neuronal cells compared to previous timepoints. Increased frequency of perceived 

signs of neuronal loss (red arrows) in both genotypes. As before, NF2/TAZ dKO DRGs displaying all of 

aforementioned effects to a diminished degree. Images as seen with 20x and 40x microscope 
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objectives. White arrows mark neuronal cell bodies. Scale bars = 100 µm (in 20x) and 50 µm (in 40x). n 

= 3 mice per genotype. Representative images are shown. 

 

    
Figure 3.7.4: Quantification of neuronal cells in H & E stained images of DRGs from all genotypes 

and timepoints suggested a moderate neuroprotective effect caused by the additional knockout of 

TAZ. Quantification of neuronal cell numbers per mm2 DRG tissue in control, NF2 sKO, NF2/YAP dKO 

and NF2/TAZ dKO DRGs of 3, 5 and 9 month old mice. 3 month timepoint: Significantly less neurons in 

NF2/YAP dKO DRGs than in control and NF2/TAZ dKO DRGs (p-values: 3 months NF2/YAP dKO vs. 

Control = 0.003; NF2/YAP dKO vs. NF2/TAZ dKO = 0.04). 5 month timepoint: Significantly decreased 

numbers of neurons in all knockout DRGs compared to control (p < 0.001 for all mentioned 

comparisons). 9 month timepoint: Amounts of neuronal cells reduced significantly in NF2 sKO and 

NF2/YAP dKO DRGs compared to control and NF2/TAZ dKO DRGs (p-values: 9 months NF2 sKO or 

NF2/YAP dKO vs. Control = <0.001; NF2 sKO vs. NF2/TAZ dKO = 0.02; NF2/YAP dKO vs. NF2/TAZ dKO = 

<0.001). Significantly fewer neurons in NF2/TAZ dKO DRGs than in the control DRGs (p < 0.001). No 

significant difference in neuron numbers between respective NF2 sKO and NF2/YAP dKO DRGs at any 

timepoint. n = 3 mice per genotype and timepoint. Graph shows numbers of neurons per mm2 DRG 

tissue as means ± SD tested for significance using two-way ANOVA with Tukey’s multiple comparisons 

test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Not significant (ns) pairwise comparison brackets were 

excluded from the graph.  

Quantifying the neurons in DRG tissue (Figure 3.7.4) revealed a significant decrease of neuron 

numbers in NF2/YAP dKO DRGs at 3 months compared to control and NF2/TAZ dKO DRGs (p-

values: 3 months Control vs. NF2/YAP dKO = 0.003; NF2/YAP dKO vs. NF2/TAZ dKO = 0.04). At 
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the 5 month timepoint, all knockout DRGs displayed a significant reduction in neuronal cell 

numbers compared to control (p-values: 5 months Control vs. NF2 sKO, NF2/YAP dKO or 

NF2/TAZ dKO = <0.001). Finally, comparing 9 months DRGs showed that NF2 sKO and NF2/YAP 

dKO DRGs contained significantly less neurons than control and NF2/TAZ dKO DRGs (p-values: 

9 months Control vs. NF2 sKO or NF2/YAP dKO = <0.001; NF2 sKO vs. NF2/TAZ dKO = 0.02; 

NF2/YAP dKO vs. NF2/TAZ dKO = <0.001). Furthermore, 9 month timepoint NF2/TAZ dKO 

DRGs also showed a significant decrease in neuron numbers compared to control DRGs (p < 

0.001). It is also worth pointing out that there never was a significant difference in neuron 

numbers between NF2 sKO and NF2/YAP dKO DRGs at any of the chosen timepoints. 

In summary, according to the quantification the knockout of TAZ along with NF2 resulted in a 

certain degree of neuroprotection compared to the knockout of NF2 alone or in combination 

with YAP but was not sufficient to retain neuron numbers similar to the control DRGs. 

The quantification of the neuronal cells in DRG tissue (Figure 3.7.4) was followed by the 

quantification of the non-neuronal cells (Figure 3.7.5). It was found that the same situation 

applied at each timepoint. The numbers of non-neuronal cells in the NF2 sKO and NF2/YAP 

dKO DRGs were always significantly higher than in the control and NF2/TAZ DKO of the same 

timepoint (p < 0.001 for all mentioned comparisons except 3 months NF2 sKO vs. NF2/TAZ 

dKO p = 0.002). Similarly, the NF2/TAZ dKO DRGs always contained significantly greater 

amounts of non-neuronal cells than their respective control DRGs (p < 0.001 for all mentioned 

comparisons). Reminiscent of what was seen before in the quantification of the neuronal cells 

(Figure 3.7.4), the non-neuronal cell numbers in NF2 sKO and NF2/YAP dKO DRGs of the same 

timepoint never showed a significant difference. 
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Figure 3.7.5: Counts of non-neuronal cells in DRGs showed that combined loss of NF2 and TAZ 

significantly reduced the number of non-neuronal cells found, compared to both the loss of NF2 alone 

or combined with the loss of YAP. Quantification of non-neuronal cell numbers per mm2 DRG tissue in 

control, NF2 sKO, NF2/YAP dKO and NF2/TAZ dKO DRGs of 3, 5 and 9 month old mice. At all timepoints: 

Significantly more non-neuronal cells in NF2 sKO and NF2/YAP dKO DRGs than in control and NF2/TAZ 

dKO DRGs of the same timepoint (p < 0.001 for all mentioned comparisons except 3 months NF2 sKO 

vs. NF2/TAZ dKO p = 0.002). Also, amounts of non-neuronal cells in NF2/TAZ dKO DRGs significantly 

higher than in control DRGs of the same timepoint (p < 0.001 for all mentioned comparisons). No 

significant difference in non-neuronal cell numbers between respective NF2 sKO and NF2/YAP dKO 

DRGs at any timepoint. n = 3 mice per genotype and timepoint. Graph shows numbers of non-neuronal 

cells per mm2 DRG tissue as means ± SD tested for significance using two-way ANOVA with Tukey’s 

multiple comparisons test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Not significant (ns) pairwise 

comparison brackets were excluded from the graph. 
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3.8 MSB staining of Postn-Cre mice DRGs 

As mentioned previously, DRG paraffin sections of all timepoints and genotypes were also 

stained with Martius Scarlet Blue (MSB). MSB is a stain used for the visualization of a number 

of different tissue types including collagen (Figure 6.1). Figure 3.8.1 shows the MSB stained 

DRGs of the 3 month timepoint, with the collagen in light blue. Among the tightly packed 

neurons of the control DRGs only miniscule amounts of collagen could be observed. In 

comparison, larger quantities of collagen were visible in the spaces between the neurons of 

NF2 sKO, NF2/YAP dKO and NF2/TAZ dKO DRGs, along with the previously mentioned 

increased number of non-neuronal cells.  

At the 5 months timepoint (Figure 3.8.2), the MSB stain of the DRGs revealed an only small 

amount of change. Control DRGs still contained little collagen whereas knockout DRGs 

maintained or possibly even increased their heightened amounts of collagen compared to 

control. Additionally, the arrangement of non-neuronal nuclei surrounding what appeared to 

be the former location of a neuron (as seen before in the H & E staining) could be observed 

in NF2 sKO and NF2/YAP dKO DRGs of 5 months (Figure 3.8.2, red arrows). Although it did 

seem as if NF2 sKO and NF2/YAP dKO DRGs possessed slightly more collagen than the 

NF2/TAZ dKO DRGs the differences were too subtle to be certain.  

In the MSB stained 9 month timepoint DRGs (see Figure 3.8.3), the difference became clearer. 

NF2 sKO and NF2/YAP dKO DRGs of this timepoint showed vastly more collagen than NF2/TAZ 

dKO DRGs. This strong collagen increase was paired with the previously witnessed severe 

decrease of visible neurons, a heightened number of non-neuronal cells and more frequent 

sightings of the locations which are assumed to have previously harboured neurons (Figure 

3.8.3, red arrows). As seen before in both the H & E and now in the MSB staining, control 

DRGs once again remained unchanged, containing only very low amounts of collagen. 
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Figure 3.8.1: MSB stained DRGs of the 3 month timepoint displayed considerable amounts of collagen 

among the neuronal cell bodies of all knockout DRGs and only small amounts of collagen among the 

closely stacked neurons in the control DRGs. Majority of hypercellular non-neuronal cells co-localising 

with the collagen within knockout DRGs. Collagen visible in blue. Images as seen with 20x and 40x 

microscope objectives. Scale bars = 100 µm (in 20x) and 50 µm (in 40x). n = 3 mice per genotype. 

Representative images are shown. 
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Figure 3.8.2: 5 month timepoint DRGs stained with MSB revealed only minor changes compared to 3 

month DRGs, with control DRGs containing very little and knockout DRGs possessing increased 

amounts of collagen as before. Collagen visible in blue. Non-neuronal cell arrangements believed to be 

signs of neuron loss visible within NF2 sKO and NF2/YAP dKO DRGs (red arrows). Images as seen with 

20x and 40x microscope objectives. Scale bars = 100 µm (in 20x) and 50 µm (in 40x). n = 3 mice per 

genotype. Representative images are shown. 
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Figure 3.8.3: MSB stained sections of the 9 month DRGs showed a profound increase of collagen in 

knockout DRGs, with NF2 sKO and NF2/YAP dKO DRGs displaying a substantially stronger collagen 

increase than NF2/TAZ dKO DRGs. Potent decrease of neurons and similarly strong increase of non-

neuronal cell numbers seen in NF2 sKO and NF2/YAP dKO once again. Non-neuronal cell arrangements 

perceived as signs of neuron loss now observed more frequently (red arrows). Unchanged appearance 

of control DRGs, containing only a minimal amount of collagen. Images as seen with 20x and 40x 

microscope objectives. Scale bars = 100 µm (in 20x) and 50 µm (in 40x). n = 3 mice per genotype. 

Representative images are shown. 
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In the end, it seemed as if in NF2 sKO and NF2/YAP dKO DRGs, and also in NF2/TAZ dKO DRGs 

to a far lesser extent, the neurons were slowly replaced by collagen over time. Whether the 

invading collagen had a role in destroying the neurons or the collagen was simply occupying 

the empty space after the neurons were gone is unknown. 

 

3.9 IHC staining for Collagen IV, Iba1 and EdU in Postn-Cre mouse DRGs 

In order to determine whether I could also detect collagen in our frozen sections, we decided 

to stain our 9 months DRGs for Neurofilament (NF) and Collagen IV using anti-NF and anti-

Collagen IV antibodies (Figure 3.9.1). Frozen DRG sections were acquired by same method as 

the frozen nerve sections before, as described in Materials and Methods section 2.4.2.1. In 

short, spinal columns were fixed in 4 % PFA in PBS for 24 hours and then washed with PBS. 

Afterwards, the DRGs were dissected and left in 30 % sucrose in PBS for 48 hours for tissue 

cryoprotection. Afterwards, the DRGs were embedded in OCT, frozen in liquid nitrogen and 

sectioned using a cryostat. NF was used to allow easier distinction between neuronal tissue 

and nerve tissue in DRGs. Collagen IV was chosen since it was found to be strongly 

upregulated in the sciatic nerves of NF2 sKO mice 21 dpi (Mindos et al., 2017). The antibody 

stained sections were then imaged using a confocal microscope.  

What I found was fairly similar to what was noted before in the MSB stained paraffin sections. 

Control DRGs showed low amounts of Collagen IV, most of which seemed to be confined to 

the DRGs’ outer layer. In contrast, knockout mice DRGs contained high levels of Collagen IV 

which seemed to occupy the space previously taken up by DRG neurons. Going by visual 

observations alone it appeared that there were no apparent differences in Collagen IV 

amounts between NF2 sKO, NF2/YAP dKO and NF2/TAZ dKO DRGs.  

Afterwards, I stained the DRGs of all timepoints and genotypes for Iba1 using an anti-Iba1 

antibody in order to detect macrophages. Imaging was once again performed using a confocal 

microscope. Figure 3.9.2 displays an example of such a staining, with one part of the image 

magnified to show the morphology of the Iba1 positive macrophages. The Iba1 stain was 

cytoplasmic and suggested an oval cell body, often possessing cell extensions. Representative 

images of the Iba1 positive macrophages in the DRGs of all genotypes and timepoints is shown 

in Figure 3.9.3. 

Visual inspection suggested that control DRGs of 3 months, 5 months and 9 months always 

contained the least amount of Iba1 positive macrophages, compared to the knockout DRGs 

of the corresponding timepoints. There was also some indication that the NF2/YAP dKO and 

NF2/TAZ dKO DRGs of each timepoint appeared to possess slightly less Iba1 positive 

macrophages than the NF2 sKO DRGs of the same timepoint. Quantifying the images by 

determining the percentage of Iba1 positive macrophages of all counted non-neuronal cells 

within DRG tissue and conducting analysis for statistical significance gave us a better 

understanding of the differences among genotypes within the respective timepoints (Figure 

3.9.4). 
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Figure 3.9.1: Neurofilament (NF) and Collagen IV (Coll-IV) stained frozen sections of 9 month 

timepoint DRGs revealed vast amounts of Collagen IV in knockout DRGs whereas control DRGs only 

contained very low amounts of Collagen IV. Anti-NF and anti-Coll-IV antibodies were used to detect NF 

and Coll-IV. Differences in Collagen IV quantity between NF2 sKO, NF2/YAP dKO and NF2/TAZ dKO 

DRGs difficult to determine by visual assessment alone. As seen in MSB stained paraffin sections 

before, areas previously held by the large neuronal bodies now occupied by Collagen IV. DNA dye 

Hoechst (Ho) used as counterstain to mark cell nuclei. Scale bar = 50 µm in all images. n = 3 mice per 

genotype. Two representative images per genotype are shown. 

 

Figure 3.9.2: Cytoplasmic Iba1 stain of macrophages detected in DRG mouse tissue revealed an oval 

cell body, frequently seen with cell extensions. A: Image of an Iba1 stained 3 month timepoint NF2/YAP 

dKO DRG using an anti-Iba1 antibody. Image was chosen to illustrate macrophage morphology. DNA 

dye Hoechst (Ho) displaying cell nuclei in blue. Scale bar = 50 µm. B: Enlarged image of white framed 

area in A. White arrows point out examples of Iba1 positive macrophages. 

At the 3 months timepoint, percentages of Iba1 positive macrophages in control DRGs were 

significantly lower compared to the knockout DRGs (p-values: 3 months Control vs. NF2 sKO 

= <0.001; Control vs. NF2/YAP dKO = 0.02; Control vs. NF2/TAZ dKO = 0.001). NF2 sKO DRGs 

were also found to have significantly higher relative macrophage numbers than NF2/YAP dKO 

DRGs (p = 0.02). In 5 month DRGs, significantly increased relative numbers of macrophages 

were found in NF2 sKO compared to the three other genotypes (p < 0.001 for all mentioned 

comparisons).  

At the final timepoint of 9 months, once again NF2 sKO DRGs contained significantly higher 

percentages of Iba1 positive macrophages than DRGs of the other genotypes (p < 0.001 for 

all mentioned comparisons). Additionally, significantly larger macrophage percentages were 

observed in NF2/YAP dKO and NF2/TAZ dKO DRGs compared to control (p-values: 9 months 

Control vs. NF2/YAP dKO = 0.008; Control vs. NF2/TAZ dKO = 0.04). It is noteworthy that a 

significant difference in macrophage percentages between the corresponding NF2/YAP dKO 

and NF2/TAZ dKO DRGs was not found at any timepoint. 
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Figure 3.9.3: Iba1 stained frozen sections of the 3 months, 5 months and 9 months DRGs of all 

genotypes hinted at a decreased number of Iba1 positive macrophages in control DRGs compared to 

respective knockout DRGs. As before, an anti-Iba1 antibody was used. NF2/YAP dKO and NF2/TAZ dKO 

DRGs seemingly containing slightly less Iba1 positive macrophages than NF2 sKO DRGs of the same 

timepoint. Counterstain DNA dye Hoechst (Ho) employed to visualize all cell nuclei. Scale bar = 50 µm 

in all images. White arrows in each image mark examples of Iba1 positive macrophages. n = 3 mice 

per genotype and timepoint. Representative images are shown. 
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Figure 3.9.4: Quantification of Iba1 positive macrophages in DRG tissue and subsequent statistical 

analysis revealed that NF2 loss resulted in a heightened percentage of Iba1 positive macrophages 

while the added loss of either YAP or TAZ reduced the NF2 knockout driven relative macrophage 

increase. Quantification of Iba1 positive cells as % of all non-neuronal cells in DRG tissue of control, 

NF2 sKO, NF2/YAP dKO and NF2/TAZ dKO DRGs of 3, 5 and 9 month old mice. 3 months: Control DRGs 

contained significantly lower relative macrophage numbers than knockout DRGs (p-values: 3 months 

Control vs. NF2 sKO = <0.001; Control vs. NF2/YAP dKO = 0.02; Control vs. NF2/TAZ dKO = 0.001). 

Significantly increased percentages of macrophages in NF2 sKO DRGs compared to NF2/YAP dKO DRGs 

(p = 0.02). 5 months: Significantly higher percentages of macrophages in NF2 sKO DRGs than in DRGs 

of other genotypes (p < 0.001 for all mentioned comparisons). 9 months: NF2 sKO DRGs possessed 

significantly heightened relative macrophage numbers compared to DRGs of other genotypes (p < 

0.001 for all mentioned comparisons). Significantly larger percentages of macrophages in NF2/YAP 

dKO and NF2/TAZ dKO DRGs compared to control (p-values: 9 months Control vs. NF2/YAP dKO = 

0.008; Control vs. NF2/TAZ dKO = 0.04). No significant difference in relative macrophage numbers seen 

between respective NF2/YAP dKO and NF2/TAZ dKO DRGs at any timepoint. n = 3 mice per genotype 

and timepoint. Graph shows % Iba1 positive cells in DRG tissue as means ± SD tested for significance 

using two-way ANOVA with Tukey’s multiple comparisons test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 

Not significant (ns) pairwise comparison brackets were excluded from the graph. 
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In conclusion, the data suggests that the loss of NF2 alone heightened the relative numbers 

of macrophages found in the DRGs while the additional loss of either YAP or TAZ managed to 

diminish relative macrophages numbers, although it did not seem to be enough to reduce 

relative macrophage numbers back down to control DRG levels at the end of the experiment.  

Subsequently, we decided to establish the proliferation rates of the cells inside the DRGs of 

the same timepoints and genotypes. As described before (Materials and Methods section 

2.3.3), the artificial nucleotide 5-Ethynyl-2'-deoxyuridine (EdU) was given to all cells of the 

mice by injecting the mice with 2 mg EdU per mouse (dissolved in DMSO and diluted in PBS, 

Materials and Methods section 2.3.3) 24 hours before tissue extraction. In these 24 hours, 

the EdU would then be incorporated into the DNA of cells being in or entering the S-phase of 

the cell cycle. By subsequently detecting the EdU, a fraction of the proliferating cells can be 

identified which would allow us to gauge the proliferative activity of any given tissue. Frozen 

DRG sections were acquired as before and EdU positive cell nuclei were identified by 

conjugating a fluorophore to the EdU nucleotides via a Click-iT reaction. Imaging was 

performed using a confocal microscope. 

It was previously determined that the EdU positive cells in the DRGs are glial cells (see 

Discussion section 4.2). Therefore, these EdU positive cells are considered to be the 

proliferating schwannoma tumour cells. Visual inspection of the amount of EdU positive cells 

found within the DRGs (Figure 3.9.5) showed that control DRGs of 3 months, 5 months and 9 

months never contained any EdU positive cells, consistent with the postmitotic nature of 

adult, uninjured nerve tissue. Conversely, NF2 sKO DRGs appeared to have the most EdU 

positive nuclei compared to DRGs of other genotypes of the respective timepoints. EdU 

positive nuclei in NF2 sKO and NF2/YAP dKO DRGs seemingly heightened over time which was 

not noted in NF2/TAZ dKO DRGs. In order to provide us with more reliable results, 

quantification of the images was performed to determine the percentage of EdU positive 

nuclei among all the nuclei of non-neuronal cells in DRG tissue, followed by statistical analysis 

(see Figure 3.9.6). 

It was revealed that at every measured timepoint the mean proliferation rate in the NF2 sKO 

DRGs was more than twice as high and also significantly higher compared to the 

corresponding control, NF2/YAP dKO and NF2/TAZ dKO DRGs (p < 0.001 for all mentioned 

comparisons). Furthermore, given that no EdU positive nuclei were found in the control DRGs, 

the knockout DRGs always possessed significantly heightened cell division rates compared to 

control (p < 0.001 for all mentioned comparisons). Additionally, the proliferation found in 

NF2/YAP dKO and NF2/TAZ dKO DRGs did not show a significant difference at 3 months and 

5 months. However, at the 9 month timepoint NF2/YAP dKO DRGs had significantly larger cell 

proliferation rates than NF2/TAZ dKO DRGs.  

Reminiscent to what was observed in the Iba1 stained DRGs (Figure 3.9.4), NF2 loss alone 

increased the proliferation in the DRGs considerably. This increase in proliferation was then 

reduced by the additional loss of either YAP or TAZ. Moreover, the additional loss of YAP 

appeared to have a lesser impact on proliferation over time than the additional loss of TAZ. 
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Figure 3.9.5: Frozen DRG sections stained for EdU revealed that NF2 sKO DRGs appeared to contain 

the largest amount of EdU positive nuclei compared to DRGs of other genotypes of the same timepoint. 

Control DRGs found to be without detectable EdU positive nuclei. Perceived increase of EdU positive 

nuclei in NF2 sKO and NF2/YAP dKO DRGs over time not observable in NF2/TAZ dKO DRGs. DNA dye 

Hoechst (Ho) used as counterstain marking all cell nuclei. Scale bar = 100 µm in all images. White 

arrows in each image point out examples of EdU positive nuclei. n = 3 mice per genotype and timepoint. 

Representative images are shown.  
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Figure 3.9.6: Statistical analysis of the quantification of EdU stained frozen DRG sections showed 

NF2 loss resulted in a statistically significantly increased proliferation, an increase which was 

counteracted to a certain degree by the added loss of either YAP or TAZ. Quantification of EdU positive 

nuclei as % of non-neuronal cell nuclei in DRG tissue of control, NF2 sKO, NF2/YAP dKO and NF2/TAZ 

dKO DRGs of 3, 5 and 9 month old mice. All timepoints: Significantly higher proliferation rates found in 

NF2 sKO DRGs than in DRGs of other genotypes of the same timepoint (p < 0.001 for all mentioned 

comparisons). Control DRGs contained significantly lower cell division rates compared to same 

timepoint knockout DRGs (p < 0.001 for all mentioned comparisons). No significant difference in 

proliferation rates between NF2/YAP dKO and NF2/TAZ dKO DRGs at 3 and 5 month timepoint. At 9 

months, NF2/YAP DRGs harboured significantly higher cell division rates than NF2/TAZ dKO DRGs (p = 

0.02). n = 3 mice per genotype and timepoint. Graph displays % EdU positive nuclei in DRG tissue as 

means ± SD tested for significance using two-way ANOVA with Tukey’s multiple comparisons test. * p 

≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Not significant (ns) pairwise comparison brackets were excluded 

from the graph.  

 

3.10 IHC staining for Iba1 and EdU in Postn-Cre mouse cochleae 

Afterwards, we decided to look for developing schwannomas in other tissues of our mouse 

model mice. Interestingly, the creators of the original Postn-Cre driven NF2 sKO schwannoma 

mouse model were not able to find any physiological abnormalities within the cochleae of 
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their NF2 sKO mice. However, when testing the NF2 sKO mice’s hearing using click-evoked 

auditory brainstem response (ABR) Gehlhausen et al. found changes in the ABR waveforms in 

10 month old NF2 sKO mice, suggesting the hair cells of the cochlea might play a role in 

hearing loss at a later stage of Neurofibromatosis type 2 (Gehlhausen et al., 2015). Therefore, 

we decided to examine the cochleae of recently dissected 5 month old control and NF2 sKO 

mice to determine whether any differences between these genotypes can be picked up at this 

earlier timepoint by staining for Iba1 (macrophages) and EdU (proliferating cells). For that 

purpose, Professor Dan Jagger from University College London (UCL) personally showed us 

how to dissect and then to process the mice cochleae (see Materials and Methods sections 

2.3.3 and 2.4.2.2). In short, the cochleae were carefully exposed and subsequently fixed by 

first flushing 4 % PFA in PBS through the cochleae using a syringe and then leaving the 

extracted cochleae in 4 % PFA in PBS for 30 min. Subsequently, the fixed cochleae were PBS 

washed and decalcified in 4 % EDTA for 72 hours. The decalcified cochleae were then 

embedded in 4 % agarose blocks which were sectioned using a vibratome. The agarose 

sections were then stained for Iba1 and EdU and imaged using a confocal microscope.  

Unfortunately, Iba1 stained agarose sections of cochleae of control and NF2 sKO (Figure 

3.10.1) did not result in a clear Iba1 staining. The strong background staining made it difficult 

to distinguish between genuinely Iba1 positive cells and cells encompassed by tissue falsely 

stained for Iba1.  

Therefore, I tried the Iba1 staining once more, combined with the EdU staining (Figure 3.10.2). 

As before, the Iba1 antibody did not seem to be working properly on agarose cochlea sections, 

despite using a different secondary antibody. EdU staining was more conclusive. It showed 

EdU positive nuclei belonging to proliferating cells within nuclei-dense regions of the NF2 sKO 

cochlea. In contrast, the control cochlea did not exhibit any EdU positive nuclei. The same was 

found by other members of the lab. Upon presenting similar EdU staining sections to 

Professor Dan Jagger he concluded that the EdU positive cells were located in the bony 

labyrinth (the outer layer of the cochlea comprised of bone). It is unknown if these 

proliferating, presumably tumourigenic cells were originally Schwann cells. It is also possible 

that these EdU positive cells are former osteoblasts which started proliferating after having 

experienced a Postn-Cre driven NF2 knockout. Since the bony labyrinth was the only location 

within the cochlea sections found to contain EdU positive nuclei, I and other members of the 

lab were unable to find any traces of schwannoma in or around the hair cells (within the Organ 

of Corti). Therefore, we decided to look for developing schwannomas in other locations. 
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Figure 3.10.1: Iba1 stained agarose sections of cochleae from 5 month old control and NF2 sKO mice 

did not show a clear Iba1 staining. If present, Iba1 positive cells could not be clearly identified. Sections 

were counterstained using DNA dye Hoechst. Images as seen with 10x and 40x microscope objectives. 

Scale bars = 250 µm (in 10x) and 50 µm (in 40x). n = 1 mouse per genotype. 
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Figure 3.10.2: EdU and Iba1 stained agarose cochlea sections of 5 month old control and NF2 sKO 

mice revealed EdU positive nuclei of proliferating cells in the NF2 sKO cochlea. Control cochlea did not 

contain any EdU positive nuclei. Iba1 staining was unsuccessful once more. DNA dye Hoechst used as 

counterstain to mark cell nuclei. Images as seen with 10x, 20x and 63x microscope objectives, indicated 

in upper left corner of each image. Scale bars = 250 µm (in 10x), 100 µm (in 20x) and 25 µm (in 63x). 

White arrows mark examples of EdU positive nuclei. n = 1 mouse per genotype. 

 

3.11 IHC staining for Iba1 and EdU in Postn-Cre mouse vestibular ganglia 

The discoverers of the original Postn-Cre driven NF2 sKO mouse model were able to detect 

vestibular schwannomas growing in the vestibular ganglia (= Scarpa’s ganglia) in 10 month old 

NF2 sKO mice (Gehlhausen et al., 2015). Therefore, we decided to look for developing 

schwannomas in the vestibular ganglia (= VGs). Due to time constraints towards the end of 

the PhD laboratory period, 3 and 5 month old control and NF2 sKO mice (3 mice per genotype 

and timepoint) were injected with EdU 24 hours before tissue extraction, as described before 

(Materials and Methods section 2.3.3). In short, the skulls of the euthanized mice were freed 

of brain tissue, cut down to size and then fixed for 24 hours in 4 % PFA in PBS. Afterwards, 

they were PBS washed and the VGs were carefully removed from the bone. Henceforth, the 

methods of cryoprotection, embedding and frozen sectioning were identical to the ones used 

in the DRGs. VG cryosections were IHC stained as usual and imaged using a confocal 

microscope.  

First, I stained the frozen vestibular ganglion (VG) sections of 3 and 5 month old NF2 sKO mice 

for Neurofilament (NF) and EdU. Neurofilament staining was performed to gain a better 

understanding of the structure of VGs and highlight possible differences to previously 
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examined DRG tissue. The preliminary EdU staining served to determine the presence of EdU 

positive nuclei. As comparison, sections of 5 month timepoint NF2 sKO DRGs were stained as 

well (Figure 3.11.1). 

It was discovered that VGs looked almost indistinguishable from DRGs, containing the known 

ganglia tissue with the large neuronal cell bodies surrounded by non-neuronal cells. The 

presence of EdU positive nuclei of proliferating cells could be confirmed as well. Therefore, 

we decided to stain our frozen VG sections for Iba1 and EdU. 

Figure 3.11.2 shows Iba1 stained VG sections of control and NF2 sKO 3 month and 5 month 

old mice. Visual assessment suggested a similar number of Iba1 positive macrophages in the 

3 and 5 months control VGs. In contrast, it seemed unclear whether the same applied to NF2 

sKO VGs of 3 and 5 months. Moreover, NF2 sKO VGs also appeared to possess more Iba1 

positive macrophages than their control VGs counterparts. 

Subsequently, I EdU stained my frozen VG sections to identify the EdU positive nuclei of 

proliferating cells (Figure 3.11.3). As seen before in DRGs, control VGs of the 3 and 5 month 

timepoint did not contain any EdU positive nuclei, pointing towards extremely low, if any, 

proliferative activity. NF2 sKO VGs on the other hand exhibited EdU positive nuclei. As before, 

quantification and statistical analysis followed (Figure 3.11.4).  

Quantification of the Iba1 positive cells and EdU positive nuclei confirmed some of our 

observations (Figure 3.11.4). At the 3 and 5 month timepoints, the NF2 sKO VGs had 

significantly larger percentages of Iba1 positive macrophages and EdU positive nuclei than 

the corresponding control VGs (p < 0.001 for all mentioned comparisons). There was no 

significant increase of % Iba1 positive macrophages or % EdU positive nuclei over time in 

either genotype. As seen before in DRGs, the loss of NF2 both caused an increase of 

macrophage numbers and induced proliferation in VGs. 
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Figure 3.11.1: 3 and 5 month NF2 sKO vestibular ganglion (VG) and 5 month NF2 sKO DRG sections 

stained for Neurofilament (NF) and EdU revealed striking similarities between ganglia. Typical large 

neuronal cell bodies encompassed by non-neuronal cells and EdU positive nuclei found in both ganglia. 

Sections counterstained with DNA dye Hoechst (Ho) to detect all cell nuclei. Scale bar = 50 µm in all 

images. White arrows in each image mark examples of EdU positive nuclei. n = 3 mice per genotype 

and timepoint. Representative images are shown. 

 

Figure 3.11.2: Iba1 stained VG sections of 3 month and 5 month old control and NF2 sKO mice 

suggested that NF2 sKO VGs contained more Iba1 positive macrophages than corresponding control 

VGs. DNA dye Hoechst (Ho) used as counterstain to mark all cell nuclei. Scale bar = 50 µm in all images. 

White arrows in each image point out examples of Iba1 positive cells. n = 3 mice per genotype and 

timepoint. Representative images are shown. 
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Figure 3.11.3: Frozen VG sections of 3 month and 5 month old control and NF2 sKO mice revealed 

EdU positive nuclei in NF2 sKO VGs while control VGs contained none. Sections counterstained using 

DNA dye Hoechst (Ho) identifying all cell nuclei. Scale bar = 100 µm in all images. White arrows in each 

image mark examples of EdU positive nuclei. n = 3 mice per genotype and timepoint. Representative 

images are shown. 
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Figure 3.11.4: Quantification of 3 month and 5 month timepoint VGs of control and NF2 sKO mice 

revealed significantly higher percentages of Iba1 positive macrophages and EdU positive nuclei in NF2 

sKO VGs compared to respective control VGs (p < 0.001 for all mentioned comparisons). Quantification 

of Iba1 positive cells as % of non-neuronal cells (left) and EdU positive nuclei as % of non-neuronal cell 

nuclei (right) in VG tissue of control and NF2 sKO of 3 and 5 month old mice. No significant difference 

in % Iba1 positive macrophages and % EdU positive nuclei found between 3 and 5 months VGs of the 

same genotype (pairwise comparison brackets not shown). n = 3 mice per genotype and timepoint. 

Graphs shows % Iba1 positive cells (left) or % EdU positive nuclei (right) in VG tissue as means ± SD 

tested for significance using two-way ANOVA with Šídák's multiple comparisons test * p ≤ 0.05; ** p ≤ 

0.01; *** p ≤ 0.001.  

 

3.12 Testing the effect of TEAD palmitoylation inhibitors on the proliferation 

of human meningioma cell lines  

Dr Liyam Laraba of our lab had previously shown that TEAD S-autopalmitoylation inhibitors 

by Vivace Therapeutics managed to significantly reduce proliferation in the DRGs and VGs of 

NF2 sKO mice in the Postn-Cre driven in vivo schwannoma model (Laraba et al., 2022). As 

described previously (see Introduction sections 1.5.2, 1.5.4 and 1.5.7), Neurofibromatosis 

type II can cause schwannomas, meningiomas and more rarely, ependymomas. Therefore, 

we also decided to test these newly developed Vivace TEAD palmitoylation inhibitors (see 

Introduction section 1.15.4) on human meningioma cell lines in cell culture to see whether 

they would have any effects on their proliferation. If that would be the case, further use in 

primary meningioma cells and eventually in an in vivo meningioma mouse model would be 

warranted.  

In short, the  various groups of compounds developed by Vivace (e.g. VT1, named VT104 in 

literature) are characterized as a bicyclic compounds (Tang et al., 2021) which allosterically 

inhibit TEAD interaction with YAP and TAZ by interfering with the S-autopalmitoylation of 

TEAD proteins (Bum-Erdene et al., 2019; Chan et al., 2016; Kaneda et al., 2020; Lu et al., 2019; 

Noland et al., 2016). Disrupting YAP/TAZ-TEAD mediated gene expression would likely lead to 
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a decrease in several cell functions including cell survival and proliferation, thereby impairing 

tumour formation as demonstrated before (Chan et al., 2016; Holden et al., 2020; Li et al., 

2020).  

As explained previously (Material and Methods section 2.2.2), proliferation of cells was 

measured by adding EdU to reach a final concentration of 10 µM EdU in each well. It was 

therefore necessary to determine an appropriate incubation time for the EdU, i.e. an 

incubation time that would not be too long as to cause nearly or possibly all cells to become 

EdU positive and also not too short causing too few cells to be EdU positive, both being 

conditions which would make it impossible to detect differences in proliferation. For this test, 

the extremely fast growing and robust IOMM-Lee cell line (Lee, 1990) was chosen due to its 

high proliferation rate, ensuring that the incubation time chosen would never be too long to 

distinguish differences in cell growth rates even in rapidly proliferating cells. IOMM-Lee cells 

are an NF2 positive human Grade III meningioma cell line (Mei et al., 2017).  

After EdU incubation, the EdU positive cell nuclei were detected by conjugating a fluorophore 

to the EdU nucleotides via a Click-iT reaction and imaged using a Leica IM8 microscope 

(Figures 3.12.1, 3.12.2, 3.13.1 and 3.13.3). Finally, the captured images were quantified using 

ImageJ and Microsoft Excel. The resulting percentages of EdU positive nuclei were subjected 

to statistical testing using GraphPad Prism 9 (Figures 3.12.3, 3.13.2, 3.13.4 and 3.13.5).  

As shown in Figure 3.12.1, 1, 2, 4 and 24 hour incubation times were used plus a control to 

which EdU was never added. As expected, the nuclei of the control (Ctrl) cells were EdU 

negative while after 1 hour (1 h) and 2 hours of EdU incubation (2 h) a fairly similar number 

of EdU positive nuclei were seen (40.4 % and 34.6 %, respectively). A slightly increased 

percentage of EdU positive nuclei (51.4 %) could be seen after 4 hours of incubation (4 h). 

Finally, 24 hours of incubation (24 h) resulted in almost all nuclei being EdU positive (98.1 %) 

showing that a 24 hour EdU incubation period might make it very difficult to see differences 

in proliferation between different conditions. The incubation period of 4 hours was a chosen 

as a suitable middle ground allowing the detection of an increase or a decrease of EdU positive 

nuclei within reasonable margins and thereby picking up differences in proliferation 

depending on the given cell type and condition. 

After finding an appropriate EdU incubation period I tested the aforementioned TEAD 

palmitoylation inhibitors in two NF2 null human meningioma cell lines, Grade I meningioma 

cell line BM-1 (Chow et al., 2015; Mei et al., 2017; Puttmann et al., 2005) and Grade III 

meningioma cell line KT21-MG1 (KT21) (Chow et al., 2015; Tanaka et al., 1989). I used one of 

the first generation TEAD palmitoylation inhibitors (named V1 - V6) supplied by Vivace. 

Previous experiments showed that V2, V3 and V5 seemed to work the most efficiently when 

it came to inhibiting proliferation so these three inhibitors were used at 3 different 

concentrations, namely 10 nM, 100 nM and finally 1 µM as the highest concentration. 1 µM 

was chosen to be the highest concentration because 1 µM of TEAD palmitoylation inhibitor 

was previously shown to be sufficient to impair TEAD S-autopalmitoylation (Tang et al., 2021) 

and therefore effects on cell proliferation are very likely to be seen at this inhibitor 

concentration. 
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Figure 3.12.1: After testing the four different EdU pulse incubation times on IOMM-Lee cells 4 hours 

(4 h) was chosen as a suitable EdU pulse time. IOMM-Lee cells incubated with 10 µM of EdU for 1 

hour (1 h), 2 hours (2 h), 4 hours (4 h) and 24 hours (24 h) to determine the standard EdU incubation 

period. Control (Ctrl) was not given EdU. Similar numbers of EdU positive nuclei seen after 1 h and 2 h 

EdU pulse, increase of EdU positive nuclei after 4 h EdU pulse. Almost all nuclei EdU were positive after 

24 h pulse. DNA dye Hoechst (Ho) counterstain marked all nuclei. White arrows show examples of EdU 

positive nuclei. Scale bar = 100 µm. n = 1 replicate wells per treatment in each cell line, n = 1 experiment 

repeats. 

As mentioned in Materials and Methods (Materials and Methods section 2.2.2), the cells were 

left to attach to the coverslips in the 24 well plates for 2 hours and then treated for 48 hours 

with media containing either V2, V3 or V5 at 10 nM, 100 nM or 1 µM or with media containing 

the vehicle DMSO as control. 3 wells per concentration and inhibitor were used as well as 3 
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wells for the vehicle control. After 44 hours, EdU was added into the media of all wells to 

achieve a final concentration of 10 µM of EdU in each well. 4 hours later the cells were 

washed, fixed and subjected to a Click-iT reaction to fuse an Alexa Fluor 594 fluorophore to 

the EdU. This allowed the identification of the fraction of cells which were in the S phase of 

the cell cycle at any point in the last 4 hours of the experiment, marking them as proliferating 

cells. This experiment was repeated 3 times for each cell line to reach an n of 3 repeats.  

As can be seen in the DMSO vehicle controls in Figure 3.12.2, the KT21 cells appeared to have 

a larger amount of cells with EdU positive nuclei than the BM-1 cells. This pointed towards a 

higher proliferation rate of KT21 cells compared to the BM-1 cells, later confirmed after 

quantification (Figure 3.12.3). All three inhibitors (V2, V3 and V5) at a concentration of 1 µM 

had a clearly visible effect on both BM-1 and KT21 cells, causing a decrease in the percentage 

of EdU positive nuclei. 

Quantification of the three repeated experiments (see Figure 3.12.3) showed that untreated 

BM-1 cells (vehicle control) had an average proliferation rate of 34.1% ± 7.1 % SD (=standard 

deviation). 10 nM of V3 and V5 reduced the proliferation rate to 26.0 % ± 4.8 % and 30.0 % ± 

3.6 %, respectively, which proved to be not significant. Only V2 at a 10 nM concentration 

managed to decrease the proliferation to 22.7 % ± 4.6 %, a difference which was significant 

(* p = 0.04). At the concentration of 100 nM and 1 µM all three inhibitors displayed significant 

reductions in cell proliferation compared to the DMSO vehicle control (p-values: Vehicle vs. 

V2 100 nM = 0.002; Vehicle vs. V3 100 nM = <0.001; Vehicle vs. V5 100 nM = 0.004; Vehicle 

vs. V2 1 μM, V3 1 μM or V5 1 μM = <0.001) while having non-significant differences when 

being compared to each other within the same concentrations.  

The greatest decrease in cell proliferation within the BM-1 cells was seen with 1 µM of V3, 

reducing the proliferation rate from 34.1 % ± 7.1 % in the vehicle to 10.7 % ± 2.4 %. 

In contrast, the KT21 cells had a higher average base proliferation rate of 43.4 % ± 6.0 % but 

seemed to be more resistant to the TEAD palmitoylation inhibitors than the BM-1 cells (Figure 

3.12.3). While all three inhibitors used at 10 and 100 nM concentrations appeared to decrease 

the rate of cell growth to a certain degree, none of these differences were significant (ns) 

compared to the vehicle control.  

Only when subjected to the inhibitors at the highest concentration (1 µM) the three TEAD 

palmitoylation inhibitors showed significant decreases in cell growth compared to the DMSO 

vehicle control (p-values: Vehicle vs. V2 1 μM = 0.04; Vehicle vs. V3 1 μM = 0.02; Vehicle vs. 

V5 1 μM = 0.009) although they did not display such a significant difference when compared 

to each other at the same concentration.  

The most efficient inhibitor here appeared to have been V5 at 1 µM which caused the 

proliferation rate to drop to 24.8 % ± 5.5 % and exhibit a more  significant difference (** p = 

0.009) than the other two inhibitors at the same concentration compared to the vehicle 

control. 
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Figure 3.12.2: Usage of TEAD palmitoylation inhibitors V2, V3 and V5 at a concentration of 1 µM for 

48 hours in BM-1 and KT21 cells visibly reduced the number of EdU positive nuclei in BM-1 and KT21 

cells compared to the DMSO vehicle control (Vehicle). More EdU positive nuclei were also noted in 

control KT21 cells compared to the control BM-1 cells. Counterstaining with DNA dye Hoechst (Ho) 

allowed visualization of all nuclei. White arrows point out examples of EdU positive nuclei. Scale bar = 

100 µm. n = 3 replicate wells per treatment in each cell line, n = 3 experiment repeats. Representative 

images are shown. 
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Figure 3.12.3: Quantification of EdU positive nuclei in BM-1 and KT21 cells after incubation with 

TEAD palmitoylation inhibitors revealed that TEAD palmitoylation inhibitors V2, V3 and V5 

significantly decreased cell proliferation of both BM-1 and KT21 cells. Quantification of the EdU positive 

nuclei as % of all nuclei in BM-1 and KT21 cells treated with TEAD palmitoylation inhibitors V2, V3 and 

V5 at 10 nM, 100 nM and 1 µM concentrations or vehicle for 48 hours. BM-1: Significant reduction in 

cell proliferation found after treatment with 10 nM V2 (* p = 0.04) compared to control (Vehicle). Same 

applied to all tested inhibitors at 100 nM and 1 µM (p-values: Vehicle vs. V2 100 nM = 0.002; Vehicle 

vs. V3 100 nM = <0.001; Vehicle vs. V5 100 nM = 0.004; Vehicle vs. V2 1 μM, V3 1 μM or V5 1 μM = 

<0.001). Difference in % EdU positive nuclei was not significant between inhibitors within same 

concentrations. KT21: Significant decrease in cell proliferation compared to vehicle control only seen 

after treatment with inhibitors at 1 µM (p-values: vehicle vs. V2 1 μM = 0.04; vehicle vs. V3 1 μM = 

0.02; vehicle vs. V5 1 μM = 0.009). As observed before, no significant difference in effect between 

inhibitors at the same concentrations. n = 3 replicate wells per treatment and concentration in each 

cell line, n = 3 experiment repeats per cell line. Graphs show % EdU positive nuclei as means ± SD tested 

for significance using one-way ANOVA with Tukey’s multiple comparisons test. * p ≤ 0.05; ** p ≤ 0.01; 

*** p ≤ 0.001. Not significant (ns) pairwise comparison brackets were excluded from the graphs. 

The relative half-maximal inhibitory concentration (relative IC50) for the three inhibitors in the 

two cell lines was determined as well (Table 3.1). Here the relative IC50 is the concentration 

of inhibitor at which the inhibition of the cell proliferation would be halfway between the 
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minimum inhibition defined as the proliferation rate at 10 nM of inhibitor concentration and 

the maximum inhibition defined as the proliferation rate at 1 µM of inhibitor concentration. 

 

IC50 in nM    

 V2 V3 V5 

BM-1 64.02 48.71 66.42 

KT21 76.76 296.8 153.9 
Table 3.1: IC50 values calculated for TEAD palmitoylation inhibitors V2, V3 and V5 reveal a stronger 

inhibitory effect in BM-1 cells compared to KT21 cells. The IC50 values in nanomolar (nM) 

concentrations were calculated by applying a nonlinear regression (curve fit) to the quantification 

values of Figure 3.12.3. As expected, the IC50 values of the three inhibitors in the BM-1 cells were always 

lower than the IC50s of the inhibitors found in the KT21 cells reconfirming a higher susceptibility of the 

BM-1 to the effects of the TEAD palmitoylation inhibitors.     

Calculation of the IC50 values (Table 3.1) confirmed V3 to be the most potent TEAD 

palmitoylation inhibitor in BM-1 cells. Also, IC50 values in BM-1 cells were always lower than 

in the KT21 cells, again pointing towards a higher overall susceptibility of the BM-1 cells to 

the inhibitors. According to the IC50 values, the inhibitor V2 had the strongest effect in the 

KT21 cells, contradicting the earlier finding made suggesting V5 was the most effective 

inhibitor of proliferation in this cell line. In light of both observations it can be concluded that 

both V2 and V5 were the most potent inhibitors in KT21 cells.  

In summary, after determining the appropriate EdU incubation time to adequately assess 

proliferation rates in cell culture (Figure 3.12.1) I tested some of the first generation Vivace 

TEAD selective palmitoylation inhibitors at different concentrations on NF2 null BM-1 and 

KT21 cells (Figure 3.12.2). Quantification paired with statistical analysis (Figure 3.12.3) 

revealed that TEAD palmitoylation inhibitors V2, V3 and V5 were far more efficient in 

inhibiting proliferation in BM-1 cells than in KT21 cells (also see Table 3.1) where only the 

highest inhibitor concentration of 1 µM caused a significant decrease in proliferation rates 

compared to vehicle control. 

 

3.13 Testing the effect of Pan-TEAD inhibitors on the proliferation of primary 

human meningioma cells  

Having concluded our work on meningioma cell lines I moved on to primary meningioma cells 

kindly provided to us by Dr Emanuela Ercolano. These primary meningioma cells were 

originally derived from surgically removed meningiomas of human patients (see Table 2.1).  

I tested TEAD palmitoylation inhibitors on 3 Merlin null and 5 Merlin positive primary human 

meningioma cells (see Table 2.1). The previously used TEAD S-autopalmitoylation inhibitors 

V2, V3 and V5 which were developed to specifically inhibit one of the TEADs (TEAD 1, 2, 3 or 

4) over the others were replaced by two Pan-TEAD S-autopalmitoylation inhibitors, in this 

work termed VT1 (VT104 in literature (Tang et al., 2021)) and VT2. VT1 and VT2 as Pan-TEAD 

inhibitors effectively target and impair the function of all four TEADs similarly (information 
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provided by Vivace Therapeutics). VT1/VT104 was confirmed to be a Pan-TEAD inhibitor and 

a bicyclic aromatic compound which efficiently blocks the proliferation of NF2 negative 

mesothelioma cells both in vitro and in vivo (Tang et al., 2021). VT2 aka VT3989 officially does 

not have a reported chemical structure or compound classification and will be used in a phase 

I clinical trial with human patients diagnosed with treatment-resistant (refractory) malignant 

pleural mesotheliomas and other refractory metastatic solid tumours (see 

https://clinicaltrials.gov/ct2/ show/NCT04665206).  

Recent findings via Western blot by Postdoctoral Researcher Liyam Laraba suggest that TEAD1 

- 4 expression in different primary human schwannoma cells is highly heterogeneous. This is 

also assumed to be the case in primary human meningioma cells. Therefore, to more 

effectively impair the proliferation of primary meningioma cells regardless of the TEADs they 

preferentially signal through, the Pan-TEAD inhibitors VT1 and VT2 were used. Aside from 

changing to Pan-TEAD inhibitors VT1 and VT2 and using Merlin null and Merlin positive 

primary meningioma cells, the experimental methodology remained identical. Once again, 

inhibitor concentrations of 10 nM, 100 nM and 1 µM for 48 hours and 3 wells per inhibitor 

and concentration plus 3 DMSO vehicle control wells were used. 

As seen in Figure 3.13.1, the three Merlin null primary meningioma cells used were MOT 148, 

MOT 161 and MOT 273 (see also Table 2.1). Visual comparison of the DMSO vehicle controls 

of all three MOT cells (Figure 3.13.1, Vehicle) to each other showed that MOT 148 appeared 

to have the largest amount of EdU positive nuclei and therefore the highest proliferation rate 

of the three, followed by MOT 161 and finally MOT 273 with the lowest proliferation rate. 

This visual assessment was later confirmed by quantification (Figure 3.13.2). Furthermore, 

both VT1 and VT2 at 1 µM reduced the number of EdU positive nuclei in these Merlin null 

primary meningioma cells. 

Figure 3.13.2 shows the quantification of the EdU positive nuclei as percentage of all counted 

nuclei found in the three Merlin null primary meningioma cells after incubation with VT1 or 

VT2 at three different concentrations or with the vehicle DMSO as control. MOT 148 

presented with an average proliferation rate of 38.9 % ± 3.4 % while MOT 161 and MOT 273 

had cell division rates of 20.7 % ± 3.0 % SD and 10.7 % ± 0.8 %, respectively. It was determined 

that 10 nM, 100 nM and 1 µM of either VT1 or VT2 for 48 hours caused a significant decrease 

in proliferation compared to vehicle baseline control in all of these Merlin null primary 

meningioma cells (p < 0.001 for all of them, Figure 3.13.2). Furthermore, no significant 

difference in proliferation could be ascertained between the two inhibitors when comparing 

the same concentrations in the same MOT cells. 

The Merlin positive primary meningioma cells used for testing were MOT 172, MOT 240, MOT 

310, MOT 357 and MOT 447 (see Table 2.1). MOT 172 under control conditions seemed to 

have the highest cell proliferation rate by possessing the biggest number of EdU positive 

nuclei while the opposite appeared to be true for MOT 310 (Figure 3.13.3). This was not 

supported by quantification (see Figure 3.13.4). 1 µM of either inhibitor decreased the 

amount of EdU positive nuclei in all five MOT cells. 
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Figure 3.13.1: Images of Merlin null primary human meningioma cells treated with Pan-TEAD 

inhibitors VT1 or VT2 at 1 µM for 48 hours showed decreased amounts of EdU positive nuclei 

compared to vehicle controls (Vehicle). Comparing controls showed control MOT 148 cells exhibited 

the most EdU positive nuclei while control MOT 273 had the least. DNA dye Hoechst (Ho) counterstain 

allowed detection of all nuclei. White arrows mark examples of EdU positive nuclei. Scale bar = 100 

µm. n = 3 replicate wells per treatment and MOT cell, n = 1 experiment repeats. Representative images 

are shown.  

Quantification and testing for statistical significant differences of proliferation rates in Merlin 

positive primary meningioma cells is shown in Figure 3.13.4. In MOT 172 and MOT 357 cells, 

VT1 and VT2 at 10 nM both exhibited significant distinctions of cell proliferation rates 

compared to vehicle control (p-values for MOT 172: Vehicle vs. VT1 10 nM = 0.004; Vehicle 

vs. VT2 10 nM = <0.001; p-values for MOT 357: Vehicle vs. VT1 10 nM or VT2 10 nM = <0.001) 

and to one another (p-value for MOT 172: VT1 10 nM vs. VT2 10 nM = 0.02; p-value for MOT 

357: VT1 10 nM vs. VT2 10 nM = 0.009). Furthermore, both inhibitors at 100 nM and 1 µM in 

these MOT cells showed significant differences of cell division rates to control (p < 0.001 for 

all mentioned pairwise comparisons) but not to each other at these concentrations within the 

same MOT cells. 

In MOT 240, MOT 310 and MOT 447 cells both inhibitors at all tested concentrations caused 

a significant difference in proliferation rates (Figure 3.13.4) compared to vehicle control (p < 

0.001 for all of them) but never to each other when comparing the effects within the same 

concentration and MOT cell.  
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Figure 3.13.2: Quantification of EdU positive nuclei in Merlin null primary human meningioma cells 

after incubation with Pan-TEAD inhibitors VT1 and VT2 showed significantly impaired proliferation. 

Quantification of the EdU positive nuclei as % of all nuclei in Merlin null primary meningioma cells 

treated with Pan-TEAD inhibitors VT1 and VT2 at 10 nM, 100 nM and 1 µM concentrations or vehicle 

(Vehicle). MOT 148, MOT 161 and MOT 273 cells had varying baseline cell division rates (vehicle 

control) which were significantly reduced by all used concentrations of both inhibitors (p-value < 0.001 

for all). No significant difference in efficacy found between VT1 and VT2 at the same concentrations in 

the same cells. n = 3 replicate wells per treatment and MOT cell, n = 1 experiment repeats. Graphs 

show % EdU positive nuclei as means ± SD tested for significance using one-way ANOVA with Tukey’s 

multiple comparisons test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Not significant (ns) pairwise 

comparison brackets were excluded from the graphs.  

All in all, even the lowest examined concentration of 10 nM of either VT1 or VT2 for 48 hours 

in both the Merlin null and Merlin positive primary meningioma cells resulted in a significant 

reduction of cell proliferation compared to vehicle controls and increasing the inhibitor 

concentrations tended to enhance the proliferation suppressing effect of the Pan-TEAD 

palmitoylation inhibitors. 
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Figure 3.13.3: Images of Merlin positive primary human meningioma cells after 1 µM of Pan-TEAD 

inhibitor VT1 or VT2 or Vehicle for 48 hours showed a reduction in the number of EdU positive nuclei 

compared to vehicle control (Vehicle). Using DNA dye Hoechst (Ho) as a counterstain permitted 

visualization of all cell nuclei. White arrows point out examples of EdU positive nuclei. Scale bar = 100 

µm. n = 3 replicate wells per treatment and MOT cell, n = 1 experiment repeats. Representative images 

are shown. 
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Figure 3.13.4: Quantification of EdU positive nuclei in Merlin positive primary human meningioma 

cells after incubation with Pan-TEAD inhibitors VT1 and VT2 revealed significantly decreased 

proliferation. Quantification of the EdU positive nuclei as % of all nuclei in Merlin null primary 

meningioma cells treated with Pan-TEAD inhibitors VT1 and VT2 at 10 nM, 100 nM and 1 µM 

concentrations or vehicle (Vehicle). Cell proliferation rates of MOT 172, MOT 240, MOT 310, MOT 357 

and MOT 447 significantly reduced by both Pan-TEAD inhibitors at all tested concentrations (p-values 

for MOT 172: Vehicle vs. VT1 10 nM = 0.004; Vehicle vs. VT2 10 nM = <0.001; Vehicle vs. VT1 or VT2, 

100 nM or 1 µM = <0.001; p-values for MOT 240, MOT 310, MOT 357 and MOT 447: Vehicle vs. VT1 or 

VT2 at all concentrations = <0.001). Significant difference in inhibitor efficiency was overall not 

detected, with the notable exceptions being in MOT 172 and MOT 357 cells at 10 nM inhibitor 

concentration (p-value for MOT 172: VT1 10 nM vs. VT2 10 nM = 0.02; p-value for MOT 357: VT1 10 

nM vs. VT2 10 nM = 0.009). n = 3 replicate wells per treatment and MOT cell, n = 1 experiment repeats. 

Graphs show % EdU positive nuclei as means ± SD tested for significance using one-way ANOVA with 

Tukey’s multiple comparisons test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. Not significant (ns) pairwise 

comparison brackets were excluded from the graphs. 

Table 3.2 displays the relative IC50 values of both the Merlin null and Merlin positive primary 

meningioma cells. As mentioned before, the relative IC50 here is the inhibitor concentration 

at which the inhibition of the cell growth would be halfway between the proliferation rate 

at 10 nM inhibitor concentration defined as minimum inhibition and the proliferation rate at 

1 µM inhibitor concentration defined the maximum inhibition. Differences could be seen in 

inhibitor susceptibility both between the MOT cells within their respective groups (Merlin 

status) and between the two inhibitors within said Merlin status groups (Table 3.2) but 

given the uncorrelated appearance of the calculated relative IC50 values a conclusion based 

on these values could not be drawn. 

 

IC50 in nM    

  VT1 VT2 

Merlin null MOT 140 77.83 149.3 

 MOT 161 211.3 99.22 

 MOT 273 311.7 495.6 

Merlin positive MOT 172 68.42 165.0 

 MOT 240 112.1 199.4 

 MOT 310 796.5 268.7 

 MOT 357 2.140 0.4666 

 MOT 447 0.4088 41.14 

Table 3.2: IC50 values calculated for Pan-TEAD inhibitors VT1 and VT2 in Merlin null and Merlin 

positive primary meningioma cells. The IC50 values in nM concentrations were calculated by applying 

a nonlinear regression (curve fit) to the quantification values found in Merlin null and Merlin positive 

primary meningioma cells (Figures 3.13.2 and 3.13.4).  

Finally, the quantifications of % EdU positive nuclei (Figures 3.13.2 and 3.13.4) were 

standardized by dividing the % values by the % values of their respective DMSO vehicle 

controls, resulting in the vehicle control cell proliferation to be defined as 100 %. The resulting 

percentages were then grouped according to their Merlin status (Figure 3.13.5). 
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Figure 3.13.5: Standardized cell division rates of Merlin null and Merlin positive primary human 

meningioma cells incubated with Pan-TEAD inhibitors VT1 and VT2 revealed equal efficacy of both 

inhibitors at inhibiting proliferation. Standardization was achieved by dividing each % EdU positive 

nuclei value by their respective DMSO vehicle control % value. No significant differences (ns) seen when 

comparing the proliferation inhibitory effects of the two tested Pan-TEAD inhibitors in Merlin null and 

Merlin positive primary meningioma cells (pairwise comparison brackets shown in graph), by means 

of two-way ANOVA with Šídák's multiple comparisons test. Same lack of significant distinctions found 

when comparing the effects of VT1 and VT2 to one another within the same inhibitor concentration 

and Merlin status group (pairwise comparison brackets not shown) via two-way ANOVA with Tukey’s 

multiple comparisons test. Graph displays standardized cell proliferation rates as means ± SD. n = 3 for 

Merlin null, n = 5 for Merlin positive primary meningioma cells. 

Comparing the effects of VT1 and VT2 in Merlin null vs. Merlin positive primary meningioma 

cells or comparing the effects of one inhibitor to the other within the same inhibitor 

concentration and Merlin status group revealed no significant difference. Henceforth, one 

can conclude that the Pan-TEAD inhibitors VT1 and VT2 appear to be equally efficient in 

primary meningioma cells regardless of their Merlin status. 
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3.14 Testing the effect of Pan-TEAD inhibitors on the protein expression of 

CTGF and Pan-TEAD in primary human meningioma cells 

After verifying the effect which the Pan-TEAD inhibitors had on primary meningioma cells we 

decided to see whether an incubation with the said inhibitors for 48 hours would also have 

change the expression of downstream effectors of the Hippo pathway, e.g. TEAD and CTGF. 

For that purpose primary meningioma cells were seeded in 6-well plates (3 wells per cell line 

and inhibitor plus 3 wells for the DMSO vehicle control) and then allowed to reach 

approximately 70 - 80 % confluency. Afterwards, they were treated for 48 hours with media 

either containing 1 µM VT1, 1 µM VT2 or the DMSO vehicle and then harvested, combining 

the three wells of each cell line and condition into a single sample to increase protein quantity. 

After processing the protein samples (see Materials and Methods section 2.2.4) they were 

measured by BCA assay and then kept at -20 degrees Celsius. For each Western blot, a 

corresponding volume of each sample equalling 30 µg of protein was loaded. The primary 

antibodies used were anti-Pan-TEAD and anti-CTGF antibodies. 1 gel/membrane per antibody 

was run to avoid as much as possible the need to strip antibodies and afterwards reapply 

others to detect different target proteins. Such a practice can increase the risk of detecting 

remnant bands. Therefore, by sticking to one gel/membrane per antibody, the chances of 

accurately placing the resulting bands on the right height of the protein ladder corresponding 

to their respective molecular weights was maximized. Subsequently, the membranes were 

stripped only once (an unpreventable step) and then incubated with anti-GAPDH antibody in 

order to pick up the housekeeping protein GAPDH, here used as a loading control. The protein 

bands detected by the combination of primary antibodies, secondary antibodies and 

chemiluminescence were then visualized by a CCD (charge-coupled device) camera (Figures 

3.14.1, 3.14.3 and 3.14.5). Afterwards, the protein bands of interest were quantified using 

ImageJ and Microsoft Excel (Materials and Methods section 2.6) and underwent statistical 

testing via GraphPad Prism 9 (Figures 3.14.2, 3.14.4 and 3.14.6). 

In the first Western blot attempt (Figure 3.14.1) the samples of Merlin null primary 

meningioma cells MOT 273 and MOT 161 displayed a notable reduction of the CTGF protein 

band at 37 kDa between the DMSO vehicle control (Ctrl) and the samples from the cells 

treated with Pan-TEAD inhibitors (VT1 and VT2). Such a difference in CTGF protein band 

intensity was not detected in the MOT 148 samples, 2 of which (Ctrl and VT1) unfortunately 

appeared to have mixed during the running of the gel (Figure 3.14.1). The bands of the loading 

control gene GAPDH also ran at 37 kDa and displayed acceptable variance, allowing 

subsequent quantification of the uncorrupted MOT 161 and MOT 273 protein bands. The 

normalized quantified values were grouped into vehicle, VT1 or VT2 treated to create an n of 

2 repeats (Figure 3.14.2).  

Statistical testing using a one-way ANOVA revealed a significant reduction in CTGF protein 

levels after using VT1 or VT2 (p-values for Vehicle vs. VT1 1 μM and Vehicle vs. VT2 1 μM = 

<0.001). However, the two inhibitor treatments caused no significant difference in CTGF 

protein expression when compared to each other (Figure 3.14.2). 
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Figure 3.14.1: Western blotting of CTGF in Merlin null primary human meningioma cells after a 48 

hour incubation period with Pan-TEAD inhibitors VT1 or VT2 at 1 µM exposed a pronounced decrease 

in CTGF protein band intensity in MOT 161 and MOT 273 cells compared to DMSO vehicle control (Ctrl). 

CTGF and GAPDH bands were detected at 37 kilodalton (kDa) in MOT 273, MOT 161 and MOT 148 

cells. A difference in CTGF band intensity between Ctrl and VT1/VT2 was noted in MOT 273 and MOT 

161 cells. This difference was not seen in MOT 148 samples, possibly due to visible intermixing of 

samples. GAPDH bands revealed variability in protein loading amounts within reasonable limits. n = 1 

experiment repeats. 

 

Figure 3.14.2: Quantification of protein bands in Figure 3.14.1 revealed that there were significant 

differences in CTGF protein expression between Vehicle and VT1 or VT2 treated Merlin null primary 

meningioma cells. The normalized quantified protein band density values of MOT 161 and MOT 273 of 

Figure 3.14.1 were grouped into vehicle treated (Vehicle), VT1 treated (VT1) or VT2 treated (VT2) and 

underwent statistical analysis. Significant decrease of CTGF protein expression after VT1 or VT2 

treatment (p-values for Vehicle vs. VT1 1 μM and Vehicle vs. VT2 1 μM = <0.001). No significant (ns) 

difference in CTGF protein levels between the treated samples. n = 2 Merlin null MOT cells per 

treatment.  Graph displays data as means ± SD tested for significance using one-way ANOVA with 

Tukey’s multiple comparisons test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 
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Attempting to achieve an n = 3, the Western blot was repeated with the same samples, 

looking at both CTGF and Pan-TEAD protein expression (Figure 3.14.3). No discernible 

differences in Pan-TEAD protein band appearance were seen after VT1 or VT2 treatment 

(Figure 3.14.3). Conversely, two CTGF protein bands could be confirmed in the vehicle treated 

controls in contrast to only one CTGF band in the VT1 or VT2 treated samples. The GAPDH 

control bands appeared fairly similar. Regrettably, the MOT 161 samples appeared to have 

mixed, making them ineligible for quantification. At first, the MOT 148 VT2 sample seemed 

to be slightly affected as well. Upon closer inspection, it became clear that it was fairly 

uncorrupted and rather distinct from the MOT 161 Ctrl sample next to it, making it unlikely 

that intermixing between these two samples occurred. Thus, all protein bands of MOT 148 

and MOT 273 cells were included in the quantification and statistical analysis (Figure 3.14.4). 

 

        
Figure 3.14.3: Immunoblotting of CTGF and Pan-TEAD after incubating Merlin null primary human 

meningioma cells for 48 hours with 1 µM of Pan-TEAD inhibitors VT1 or VT2. Pan-TEAD protein bands 

appeared to be unaffected by incubation with the Pan-TEAD inhibitors while the CTGF bands seemed 

diminished by Pan-TEAD inhibition. CTGF and the Pan-TEAD protein bands were found at 37 kDa and 

50 kDa, respectively. Two CTGF bands were seen in the vehicle controls (Ctrl) but only one in VT1 and 

VT2 treated samples. GAPDH bands at 37 kDa were fairly uniform, unveiling an unfortunate mixing of 

the MOT 161 protein samples, possibly also affecting the MOT 148 VT2 sample. n = 1 experiment 

repeats. 

Due to the fact that 2 independent parameters were present (protein of interest and sample 

treatment with either DMSO vehicle, VT1 or VT2) a two-way ANOVA was carried out (Figure 

3.14.4). As before, a significant decrease of CTGF protein levels could be noted after inhibitor 

treatment (p-values for CTGF: Vehicle vs. VT1 1 μM = 0.02 and Vehicle vs. VT2 1 μM = 0.010), 

with no significant difference notable when comparing the two treatments. Furthermore, VT1 

or VT2 treatment did not have any significant effect on Pan-TEAD protein expression (Figure 

3.14.4). 
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Figure 3.14.4: Quantification of protein bands seen in Figure 3.14.3 showed significant differences in 

CTGF protein expression between vehicle and VT1 or VT2 treated Merlin null primary meningioma cells. 

CTGF and Pan-TEAD protein bands of MOT 148 and MOT 273 of Figure 3.14.3 were quantified, grouped 

by treatment and underwent statistical analysis. Significant reduction of CTGF protein levels after 

treatment with VT1 or VT2 (p-values for CTGF: Vehicle vs. VT1 1 μM = 0.02 and Vehicle vs. VT2 1 μM = 

0.010). As seen before, no significant (ns) difference in CTGF protein expression when comparing the 

treated samples. Likewise, lack of significant differences in Pan-TEAD protein levels between vehicle, 

VT1 or VT2 treated samples. n = 2 Merlin null MOT cells per treatment for CTGF, n = 3 Merlin null MOT 

cells per treatment for Pan-TEAD. Graph shows data as means ± SD tested for significance via two-way 

ANOVA with Tukey’s multiple comparisons test. * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001. 

Next, the Merlin positive primary meningioma cells were treated in the exact same manner 

as the Merlin null primary meningioma cells and the resulting samples were blotted for CTGF 

and Pan-TEAD (Figure 3.14.5). Bands for both of these proteins of interest appeared 

unaffected by treatment with the exception of the MOT 240 samples. In these cells, the 

vehicle control sample contained two CTGF protein bands while the samples incubated with 

VT1 or VT2 only had one CTGF band. GAPDH bands varied within reasonable margins and 

revealed undisturbed sample integrity. As before, quantification of protein bands and 

statistical analysis followed (Figure 3.14.6). 
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Figure 3.14.5: Western blotting of CTGF and Pan-TEAD in Merlin positive primary human 

meningioma cells after a 48 hour incubation period with Pan-TEAD inhibitors VT1 or VT2 at 1 µM. In 

Merlin positive primary meningioma cells, Pan-TEAD (at 50 kDa) and CTGF (at 37 kDa) protein bands 

appeared unchanged after Pan-TEAD inhibition except in MOT 240 cells where a decrease in CTGF 

protein band amount seemed to have occurred after Pan-TEAD inhibitor incubation. In MOT 240 cells, 

two CTGF bands could be seen in the vehicle control (Ctrl) treated sample while only one CTGF band 

was present in the VT1 or VT2 treated samples. GAPDH protein bands at 37 kDa appeared uniform and 

their visible integrity ruled out sample intermixing. n = 1 experiment repeats. 

Quantification of protein bands was carried out as before. Statistical testing showed no 

significant difference in CTGF and Pan-TEAD protein expression between the three treatment 

groups. 
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Figure 3.14.6: Quantification of the protein bands obtained by Western blot (Figure 3.14.5) 

determined that no significant (ns) changes in CTGF and Pan-TEAD protein expression between Vehicle, 

VT1 or VT2 treated Merlin positive primary meningioma cells. Values obtained by quantification of the 

CTGF and Pan-TEAD protein bands of MOT 240, MOT 357 and MOT 447 cells were divided into groups 

based on treatment and were subjected to statistical analysis. Graph displays data as means ± SD 

tested for statistical significance via two-way ANOVA with Tukey’s multiple comparisons test. n = 3 

Merlin positive MOT cells per treatment. 

To summarize, according to these results Pan-TEAD inhibition had a significant detrimental 

effect on CTGF but not on Pan-TEAD protein expression in Merlin null primary meningioma 

cells. In contrast, TEAD S-autopalmitoylation suppression did not affect CTGF or Pan-TEAD 

protein levels in Merlin positive primary meningioma cells. 
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4. Discussion and Conclusion 
 

4.1 Main results summary 

This work sought to examine some of the effects which the inhibition of the Hippo signaling 

pathway would have in schwannoma and meningioma. Therefore, the effects of NF2 loss 

alone or in combination with YAP or TAZ loss in schwannoma of a Postn-Cre driven 

schwannoma mouse model were studied, as well as the effects of YAP/TAZ-TEAD inhibition 

in meningioma cell lines and primary meningioma cells.  

Compared to controls, NF2 loss in satellite glial cells (SGCs)/Schwann cells (SCs) in the Postn-

Cre driven schwannoma mouse model was associated with significantly increased 

proliferation and significantly heightened relative amounts of macrophages in DRGs and VGs.  

Furthermore, NF2 sKO resulted in significantly increased numbers of non-neuronal cells and 

significantly decreased relative numbers of neuronal cells in DRGs. Additionally, NF2 sKO 

caused the appearance of increased amounts of collagen in the DRGs compared to control, 

one of which was confirmed to be collagen IV.   

Given that YAP is reported to promote proliferation in NF2 null Schwann cells, the effects of 

the additional loss of YAP (NF2/YAP dKO) or the additional loss of YAP’s paralog TAZ (NF2/TAZ 

dKO) in SGCs/SCs were also examined. Combined loss of NF2 and YAP had no striking effect 

on the relative number of neuronal and non-neuronal cells and the amounts of 

collagen/collagen IV found in the DRGs compared to NF2 sKO. However, NF2/YAP dKO DRGs 

possessed significantly reduced relative amounts of macrophages and proliferating cells 

compared to NF2 sKO DRGs.  

Furthermore, NF2/TAZ dKO DRGs possessed similar relative numbers of macrophages and 

proliferating cells as NF2/YAP dKO DRGs with the exception of the 9 month timepoint where 

the proliferation in the NF2/TAZ dKO DRGs was significantly lower than in the NF2/YAP dKO 

DRGs. Also, NF2/TAZ dKO DRGs appeared to contain less collagen in general than the NF2 sKO 

and NF2/YAP dKO DRGs (but still more than the control DRGs) while the levels of Collagen IV 

found in the three knockout genotypes seemed comparable. Interestingly, NF2/TAZ dKO 

DRGs possessed significantly less non-neuronal cells and significantly more neuronal cells 

than NF2 sKO and NF2/YAP dKO DRGs at the 3 month and 9 month timepoints. 

Finally, Pan-TEAD S-autopalmitoylation inhibitors VT1 and VT2 from Vivace Therapeutics were 

shown to significantly diminish the proliferation of both Merlin null and Merlin positive 

primary human meningioma cells and also significantly reduce the CTGF protein expression 

in Merlin null primary human meningioma cells. 

 

 

 



162 
 

4.2 Postn-Cre mouse model 

After the Postn-Cre driven NF2 sKO, NF2/YAP dKO, NF2/TAZ dKO and their Postn-Cre negative 

littermate controls (Postn-Cre- NF2fl/fl) were successfully bred (Figure 3.1), DRGs and VGs 

were examined. The chosen timepoints were 3 months, 5 months and the latest possible 

timepoint, 9 months after birth. A later timepoint could not be acquired since the mice had 

to be sacrificed at 9 months of age according to our Home Office project license. It was shown 

that beyond 9 months of age, Postn-Cre driven NF2 sKO mice experience an increased 

mortality rate, potentially due to the occurrence of sizeable schwannomas or malignant 

peripheral nerve sheath tumours in some of the mice (Gehlhausen et al., 2015). Commencing 

DRG/VG analysis at 3 months of age would allow us to examine the developing schwannomas 

even earlier than described in the Gehlhausen paper. Looking at 5 months would give us a 

glimpse at more developed schwannomas while the last timepoint of 9 months would provide 

us with a good chance of studying the effects of a fully developed schwannoma. 

In comparison, Gehlhausen et al. found that at 5 months of age, the Postn-Cre+ NF2fl/fl (NF2 

sKO) mice had developed enlarged masses with certain schwannoma characteristics on both 

DRGs and proximal spinal nerve roots. In 8 month old NF2 sKO mice, these enlargements on 

both locations had turned into frank schwannomas with histologically visible concentric 

circles of proliferating cells and positivity for S100 (marker for mature Schwann cells). At 10 

months of age, NF2 sKO mice were found to harbour schwannomas on peripheral, spinal and 

cranial nerves and VGs. Evidence of hearing loss was found in mice which were 6 months or 

older (Gehlhausen et al., 2015).  

As mentioned previously, it has been demonstrated that the Periostin promoter is switched 

on in Schwann cell (SC) precursors at E10 (Lindsley et al., 2007) and E12.5 (Gehlhausen et al., 

2015), resulting in the expression of the Postn-Cre Recombinase and thereby in the knockout 

of the floxed genes in SC precursors and their descendants. Furthermore, satellite glial cells 

(SGCs) are the predominant glial cells found in peripheral ganglia including DRGs and VGs and 

have been shown to share many morphological and transcriptional similarities with SCs. SGCs 

are hypothesized to be derived through the SC lineage (George, Ahrens & Lambert, 2018) and 

can also differentiate into SCs (Fex Svenningsen, Colman & Pedraza, 2004). Additionally, by 

using NF2 sKO mice expressing GFP in glial cells (= PLP-GFP Postn-Cre+ NF2fl/fl mice) the EdU 

positive proliferating cells in the DRGs were revealed to be glial cells (Laraba et al., 2022), so 

either SGCs, SCs or both. Furthermore, the previously mentioned Postn-Cre Rosa26 tdTomato 

mice (Madisen et al., 2010) were used by Amy Hewitt of our lab to reveal efficient Postn-Cre 

expression within the SGCs/SCs of DRGs (Laraba et al., 2022). 

Taken together, this suggests that in the DRGs (and presumably also in the VGs) the SGCs or 

SCs or both are subjected to the respective gene knockouts depending on the mouse 

genotype, affecting SGC/SC proliferation and thereby causing schwannoma formation. 
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4.3 DRG architecture 

While the TEM images of NF2 sKO sciatic nerves did not show a notable difference in 

morphology (Figure 3.6), the H & E stained paraffin sections of the 3 months, 5 months and 9 

months control, NF2 sKO, NF2/YAP dKO and NF2/TAZ dKO mouse L3 DRGs (Figures 3.7.1 – 

3.7.5) revealed visible and significant differences between timepoints and genotypes.  

Remarkably, areas in the images of the 9 month NF2 sKO and NF2/YAP dKO DRGs bear strong 

resemblance to what is marked as Antoni A tissue within mouse and human schwannomas in 

a recent paper (Chen et al., 2020) and also what is found in the images of 7 month and 10 

month Postn-Cre driven NF2 sKO DRGs (Gehlhausen et al., 2015; Hawley et al., 2021). Since 

hypercellular Antoni A tissue is a typical histological feature in schwannomas (Sobel, 1993), 

their appearance in the DRGs suggests that tumours growing there are indeed schwannomas. 

As previously mentioned, this is also supported in PLP-GFP Postn-Cre NF2 sKO mouse line 

where the proliferating tumour cells were shown to be of glial origin, again suggesting the 

growth of schwannomas. 

The paper by Chen et al. (Chen et al., 2020) contains H & E stained DRG sections from Postn-

Cre driven NF2 sKO, NF2/YAP dKO and YAP sKO mice. Comparing the representative images 

reveals striking similarities to our own H & E stained DRG section images. As with our findings, 

their NF2 sKO and NF2/YAP dKO DRGs (Chen et al., 2020) look indistinguishable from each 

other as well as from our NF2 sKO and NF2/YAP dKO DRGs and the NF2 sKO DRGs of others 

(Gehlhausen et al., 2015; Hawley et al., 2021). Furthermore, no significant difference between 

Postn-Cre driven NF2 sKO and NF2/YAP dKO DRGs was found in regards to DRG size and 

impact on mice survival (Chen et al., 2020). Additionally, their YAP sKO DRGs appear similar 

to their controls (Chen et al., 2020)  and ours and the controls of others (Gehlhausen et al., 

2015; Hawley et al., 2021). It was also observed that control and YAP sKO mice show no 

distinctions when it comes to mouse survival and DRG size (Chen et al., 2020).  

Taken together, this indicates that the additional YAP knockout does not cause a visibly 

different phenotype in regards to DRG architecture compared to NF2 sKO DRGs. As 

mentioned in the paper, this suggests that a YAP knockout alone is not sufficient to cause a 

visible phenotype, presumably because TAZ might be able to compensate for the loss of YAP 

(Chen et al., 2020). In summary, it can be argued that a Postn-Cre driven YAP knockout does 

not lead to a visible change in DRG phenotype due to TAZ’s perceived compensatory function, 

regardless whether it is a YAP knockout alone or a NF2/YAP dKO. 

 

4.4 Schwannoma mouse model comparison 

I used a schwannoma mouse model which relies on the Postn-Cre driven knockout of the NF2 

gene (Gehlhausen et al., 2015) while recently a different schwannoma mouse model 

depending on the Hoxb7-Cre driven knockout of LATS1/2 was reported (Chen et al., 2020). 

Several differences between these two schwannoma mouse models can be seen. 
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As mentioned previously, the Postn-Cre driven NF2 sKO and NF2/YAP dKO mice were smaller 

than their Postn-Cre negative littermates while the NF2/TAZ dKO mice were very close in size 

to theirs. In contrast, neither the initial LATS1/2 knockout nor the additional YAP/TAZ 

knockout had any effect on the size of the mice in the Hoxb7-Cre driven LATS1/2 knockout 

schwannoma mouse model (Chen et al., 2020).  

Furthermore, the promoters driving the Cre recombinase in both schwannoma models have 

slightly different expression profiles. Hoxb7 was shown to be expressed at E9.5 in neural crest 

cells and at E10.5 to E11.5 in SC precursors (Chen et al., 2019) while the Periostin promoter is 

activated in SC precursors at E10 and E12.5 (Gehlhausen et al., 2015; Lindsley et al., 2007). 

The combination of a slightly earlier expression of the Cre recombinase and the excision of 

LATS1/2 genes instead of the NF2 gene would provide an explanation as to why tumours in 

soft tissue and skin were found in addition to DRG schwannomas. In contrast, all the tumours 

in the Postn-Cre driven schwannoma model were found in the peripheral nervous system, 

namely on peripheral, spinal and cranial nerves, DRGs, VGs and proximal spinal nerve roots. 

Interestingly, some schwannomas in both mouse models were shown to be malignant, 

leading them to be classified as malignant schwannomas/malignant peripheral nerve sheath 

tumours (MPNSTs) (Chen et al., 2020; Gehlhausen et al., 2015). 

In LATS1/2 knockout schwannoma cells implanted subcutaneously in mice and growing as a 

tumour xenograft in vivo, YAP or TAZ knockdown did not significantly impair tumour growth. 

In contrast, YAP or TAZ knockout in addition to NF2 knockout resulted in reduced proliferation 

in the DRGs (this work and (Laraba et al., 2022)) and VGs (Laraba et al., 2022)  of the Postn-

Cre driven schwannoma mouse model.  

Furthermore, using LATS1/2/YAP/TAZ quadruple knockout mice, it was shown via IHC that at 

least one functional allele of either YAP or TAZ remained, allowing schwannoma formation 

(Chen et al., 2020). Moreover, despite attempting a complete YAP and TAZ knockdown, the 

LATS1/2 knockout schwannoma xenografts retained strong TAZ expression, hypothesized to 

be due to clonal selection and expansion of TAZ positive tumour cells. Interestingly, this 

complete YAP and partial TAZ knockdown in these LATS1/2 knockout schwannoma xenografts 

resulted in significantly augmented tumour growth. Finally, a complete termination of 

LATS1/2, YAP and TAZ expression was shown to significantly suppress schwannoma cell 

proliferation in vitro (Chen et al., 2020).  

There are several reasons as to why results obtained from the Hoxb7-Cre driven LATS1/2 

knockout schwannoma mouse model and from the Postn-Cre driven NF2 sKO schwannoma 

mouse model may differ from one another. The YAP and TAZ related effects in the Hoxb7-Cre 

driven LATS1/2 knockout schwannoma mouse model were seen in schwannoma xenografts 

growing subcutaneously, which is a far less natural environment for schwannomas than the 

DRGs and VGs in the Postn-Cre driven mouse model I used. Furthermore, LATS1/2 knockout 

derived schwannomas are very rare. A study reported merely 2 % and 1 % of LATS1 and LATS2 

mutations in 82 cases of sporadic schwannoma, respectively. In contrast, the same study 

revealed an NF2 mutation frequency of 55 % (Oh et al., 2015).  
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Additionally, Merlin has been shown to promote the interaction between Motin family 

proteins, TNKS1/2 and E3 ubiquitin ligase RNF146 in a LATS1/2 independent manner, resulting 

the polyubiquitination and subsequent proteasomal degradation of the Motin family 

members. Upon loss of Merlin activity via NF2 gene loss, Motin family proteins are stabilized 

and thereby increase their protein levels and activity, allowing them to increase their YAP and 

TAZ inhibition (Figure 4.1). This is suggested as a failsafe mechanism to impair tumour growth 

in case of NF2/Merlin loss, contributing to the benign nature and slow growth of NF2-deficient 

schwannomas (Wang et al., 2021).  

 

               
Figure 4.1: Loss of NF2 gene results in inhibition of YAP/TAZ activity via Motins. Left side: In WT cells, 

LPA and S1P via membrane receptors promote Merlin (here called NF2) interaction between RNF146, 

TNKS1/2 and Motins. This leads to Motin PARsylation and subsequent polyubiquitination and 

proteasomal degradation, preventing Motin-mediated YAP/TAZ inhibition. Right side: NF2 gene loss 

and thereby lack of Merlin activity results in reduced Motin degradation, allowing Motins to inhibit 

YAP/TAZ and therefore promote a slowed tumourigenesis. Obtained from (Wang et al., 2021). 

https://doi.org/10.1016/j.celrep.2021.109596. http://creativecommons.org/licenses/by-nc-nd/4.0/.  

Consequently, a schwannoma mouse model relying on LATS1/2 knockout would not be 

subject to this regulation and therefore the resulting schwannomas would behave differently. 

https://doi.org/10.1016/j.celrep.2021.109596
http://creativecommons.org/licenses/by-nc-nd/4.0/
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In contrast, this regulatory mechanism is in effect in our NF2 sKO schwannoma mouse model, 

as it would be in Neurofibromatosis type 2 patients and patients with spontaneously 

occurring NF2-deficient schwannomas.  

Taken together, the Postn-Cre driven schwannoma mouse model phenocopies 

Neurofibromatosis type 2 in human patients more accurately than the Hoxb7-Cre driven 

LATS1/2 knockout schwannoma mouse model. This suggests that results obtained in the 

Postn-Cre driven mouse model hold greater value and therefore provide a more accurate 

portrayal of schwannomas and the role of YAP and TAZ in them. 

 

4.5 YAP/TAZ-TEAD dependent SGC/SC proliferation in DRGs and VGs 

Quantification in the DRGs with subsequent testing for statistical significance revealed that 

the loss of NF2 alone at 3, 5 and 9 months caused a significant increase in EdU positive 

proliferating cells (Figure 3.9.6) compared to the other genotypes. This aligned with 

heightened amounts of nuclear YAP and TAZ (Laraba et al., 2022) due to NF2 knockout-

mediated Hippo pathway dysregulation, driving SGC/SC proliferation.  

In contrast, loss of either YAP or TAZ after NF2 loss significantly diminished the increase of 

cell proliferation seen after NF2 loss at later timepoints. Similar effects could be shown by 

others lab members at the 3 month (NF2 sKO mediated significant increase in proliferation 

confirmed) and 5 month (NF2 sKO mediated significant increase in proliferation and 

significant decrease in proliferation due to additional YAP or TAZ loss confirmed) timepoints 

(Laraba et al., 2022).  

Interestingly, while there was not a significant difference in SGC/SC proliferation rates 

between 3 months NF2/YAP and NF2/TAZ dKO and 5 months NF2/YAP and NF2/TAZ dKO 

DRGs, there was a significantly lower rate of proliferation in the NF2/TAZ dKO DRGs compared 

to the NF2/YAP dKO DRGs at the 9 month timepoint (Figure 3.9.6). This could mean that the 

heightened proliferation due to NF2 loss was over time mitigated more strongly by the 

additional loss of TAZ than the additional loss of YAP. 

Moreover, a similar YAP/TAZ dependent effect on proliferation could also be established in 

VGs. Loss of NF2 significantly augmented the relative number of EdU positive proliferating 

cells in VGs compared to control (Figure 3.11.4). This significantly enhanced proliferation in 

VGs after NF2 sKO was also observed by others at the 5 month timepoint, as well as 

significantly enlarged 9 month NF2 sKO VGs compared to controls (Laraba et al., 2022). Laraba 

et al. also showed that the cell proliferation in 5 months Postn-Cre driven NF2/YAP dKO and 

NF2/TAZ dKO VGs was significantly decreased compared to NF2 sKO VGs of the same 

timepoint (Laraba et al., 2022). 

This significant reduction of proliferation could also be seen in 3 and 5 months NF2 sKO DRGs 

and VGs after using Pan-TEAD palmitoylation inhibitors VT1 and VT2 for 21 days. Additionally, 

such a 21 day treatment with VT1 or VT2 managed to significantly reduce the size of the 9 

months NF2 sKO DRGs and VGs (Laraba et al., 2022).  
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4.6 Non-neuronal and neuronal cell quantification results 

The distinct appearances of the DRGs depending on genotype and timepoint prompted me to 

conduct a quantification and statistical analysis of neuronal and non-neuronal cell numbers 

in the DRGs of all used genotypes and timepoints (Figures 3.7.4 and 3.7.5). It could be 

determined that, especially at later timepoints, the loss of NF2 alone or in combination with 

the loss of YAP caused significant increases in the relative amounts of non-neuronal cells and 

significant decreases of relative numbers of neurons compared to the corresponding control 

and NF2/TAZ dKO DRGs (Figures 3.7.4 and 3.7.5). Interestingly, the additional loss of YAP had 

no significant effect on the relative quantities of neuronal and non-neuronal cells in the 

NF2/YAP dKO DRGs compared to NF2 sKO DRGs, despite showing a significant decrease of 

SGC/SC proliferation in the DRGs of NF2/YAP dKO mice compared to the NF2 sKO mouse DRGs 

(Figure 3.9.6). Apparently, the significantly diminished proliferation due to additional YAP loss 

only had a very limited effect on neuronal and non-neuronal cell numbers. 

In contrast, while the loss of NF2 paired with the loss of TAZ also caused a significant reduction 

of neuronal cells and significant increase of non-neuronal cells, these changes were 

significantly less pronounced than in the NF2 sKO and NF2/YAP dKO DRGs (Figures 3.7.4 and 

3.7.5). Therefore, the additional loss of TAZ appeared to diminish the effects on the neuronal 

and non-neuronal cells seen in the NF2 sKO and NF2/YAP dKO DRGs but not reverse them, 

seemingly occupying the middle ground between the unchanging controls and the rapidly 

changing NF2 sKO and NF2/YAP dKO DRGs at later timepoints. In general, it appears as if the 

additional TAZ knockout merely delayed the NF2 sKO-induced development of schwannoma 

which was seen in the NF2 sKO and NF2/YAP dKO DRGs. Treatment with the Vivace Pan-TEAD 

S-autopalmitoylation inhibitors might slow down the schwannoma formation even further or, 

in combination with other drugs such as losartan (= anti-inflammatory/macrophage reducing, 

see sections 4.14 and 4.17), halt it altogether.  

Interestingly, the NF2/TAZ dKO DRGs exhibited significantly decreased SGC/SC proliferation 

compared to the NF2 sKO DRGs (Figure 3.9.6). At 3 and 5 months, this significant reduction in 

proliferation in the NF2/TAZ dKO DRGs was similar to the one seen in the NF2/YAP dKO DRGs. 

A possible explanation for these seemingly contradicting results could be differences between 

YAP and TAZ functions. 

 

4.7 Difference between YAP and TAZ functions 

The knockout of YAP and TAZ in the NF2/YAP dKO and NF2/TAZ dKO mice, respectively, was 

shown by Laraba et al. (Laraba et al., 2022). Furthermore, there is no indication of a difference 

between YAP knockout and TAZ knockout efficiencies. Interestingly, while YAP and TAZ as 

paralogs possess many overlapping functions, they also have some distinct roles from one 

another in many aspects including cancer (LeBlanc, Ramirez & Kim, 2021; Reggiani et al., 

2021). Similarly, TAZ activity in SCs was shown to fulfil a role in nerve development which YAP 

activity cannot fully compensate for after the loss of TAZ ((Poitelon et al., 2016), see 

Introduction section 1.10.16). Continuing this line of thought, such differences in YAP and TAZ 
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function would provide a possible explanation as to why the NF2/TAZ dKO DRGs showed a 

comparatively milder phenotype than the NF2/YAP dKO DRGs of the same timepoints while 

the NF2/YAP dKO DRGs were often almost indistinguishable from their NF2 sKO counterparts. 

This points towards a different mechanism at play here whose effect seems far greater than 

what could be explained by a significant reduction in proliferating SGCs/SCs alone. Seeing that 

a significant increase in apoptotic activity was reported in 9 month NF2 sKO DRGs and VGs 

after a 10 day VT2 treatment (Laraba et al., 2022), it is conceivable that the additional TAZ 

knockout might cause an increase of apoptotic activity in the SGCs/SCs of VGs and DRGs while 

the YAP knockout does not. 

 

4.8 Role of YAP and TAZ in proliferation and apoptosis 

YAP and TAZ are well known for affecting proliferation and apoptosis in different cancer types, 

linking them to these 2 hallmarks of cancer (Hanahan & Weinberg, 2000). TAZ has been 

reported as a driver of proliferation and an inhibitor of apoptosis in numerous tumours such 

as glioma (Li et al., 2016b), head and neck squamous cell carcinoma (HNSCC) (Li et al., 2019a), 

breast cancer (Ding et al., 2019), pancreatic cancer (Zhan et al., 2018), acute myeloid 

leukaemia (Hu et al., 2020) and alveolar rhabdomyosarcoma (Deel et al., 2018). 

Pharmacological or genetic inhibition of TAZ activity was shown to impair tumour cell 

proliferation and increase the rate of apoptosis. Similarly, YAP was shown to promote 

proliferation and suppress apoptotic activity in non-small cell lung cancer (NSCLC) (Shreberk-

Shaked et al., 2020), gastric cancer (Zhou et al., 2016), hepatocellular carcinoma (Li et al., 

2019b; Wang, Wu & Zhong, 2018), clear cell renal cell carcinoma (Cao et al., 2014), prostate 

cancer (Jin et al., 2018; Sheng et al., 2015; Shi et al., 2019) and rhabdomyosarcoma 

(Slemmons et al., 2015), with YAP inhibition using drugs or siRNA knockdown counteracting 

these effects. 

 

4.9 Possible apoptotic effect due to differences of YAP and TAZ knockouts 

Taken together, it is conceivable that similar to some tumour types and in contrast to others, 

only TAZ activity might inhibit apoptosis in schwannoma, rendering the YAP knockout 

irrelevant in regards to affecting apoptosis rates. Therefore, it is plausible to assume that, 

while the additional YAP knockout only negatively affects tumour cell proliferation, the 

additional TAZ knockout both decreases tumour cell proliferation and heightens apoptosis. 

As was found in a human colon adenocarcinoma cell line, overexpression of YAP or TAZ 

resulted in increased expression of the antiapoptotic protein BCL-2, decreased expression of 

the proapoptotic proteins BAX and Caspase-3 and also heightened proliferation (Li et al., 

2017). If TAZ but not YAP would have a similar apoptosis-inhibiting function in schwannoma, 

the loss of TAZ would naturally lead to enhanced apoptotic cell death, as hypothesized in the 

NF2/TAZ dKO DRGs. Using IHC and/or Western blot to compare the expression of the above 

mentioned proteins in NF2/TAZ dKO DRGs/VGs and NF2 sKO and NF2/YAP dKO DRGs/VGs 

would prove or disprove this proposed mechanism. 
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As mentioned previously, the usage of Pan-TEAD S-autopalmitoylation inhibitors 

simultaneously decreased tumour cell proliferation and DRG/VG size and promoted apoptosis 

as observed by Laraba et al. (Laraba et al., 2022). Looking at the literature reveals a possible 

mechanism by which the Pan-TEAD inhibitors might trigger apoptosis. DNA damage in cancer 

cells has been shown to lead to c-Abl-catalysed YAP Tyr357 phosphorylation. This reduces the 

ability of YAP to activate YAP-TEAD mediated transcription and at the same time causes YAP 

via its WW domain to bind to the TF p73, resulting in the YAP-p73 induced expression of the 

proapoptotic protein BAX and therefore increased rates of apoptosis (Basu et al., 2003; 

Ehsanian et al., 2010; Keshet et al., 2015; Strano et al., 2001). It is possible that by using the 

Vivace Pan-TEAD S-autopalmitoylation inhibitors and therefore impairing TEAD function, YAP 

is more likely to bind to other transcription factors including p73 and thereby promote BAX-

mediated apoptosis. Using IHC, this could theoretically be confirmed by detecting BAX in the 

SGCs/SCs of the DRGs and VGs after Pan-TEAD inhibitor treatment while also observing the 

absence of BAX after vehicle treatment. Another way to verify this hypothesis would be to 

discover elevated BAX protein levels in the DRGs and VGs via Western blot after Pan-TEAD 

inhibitor treatment in contrast to lower BAX protein expression after vehicle treatment. 

 

4.10 Link between proliferation and macrophage numbers in injured nerves, 

schwannoma and meningioma 

The presence of macrophages in an overwhelming majority of NF2-related and sporadic 

vestibular schwannomas (VSs) and also NF2-related meningiomas was reported (Sagers et al., 

2019; Schulz et al., 2016; Wang et al., 2018a). Furthermore, a positive correlation between 

macrophage numbers and VS growth has been observed (de Vries et al., 2013; de Vries et al., 

2012; Lewis et al., 2019). Increased numbers of M2-like macrophages have also been 

associated with a reduced risk of sporadic VS progression (Perry et al., 2019). Additionally, it 

was shown that NF2 negative meningioma contain higher amounts of M2-like macrophages 

than meningioma harbouring an AKT1 E17K mutation (Adams et al., 2020). A different study 

reported a positive correlation between macrophage amounts and meningioma size. 

Additionally, WHO grade II meningiomas possessed increased amounts of macrophages 

compared to WHO grade I meningiomas (Proctor et al., 2019). 

Moreover, a link between Hippo signaling and macrophage numbers/proliferation has been 

reported. In injured NF2 sKO sciatic nerves (= 7 dpi P0-Cre+ NF2fl/fl), it was shown that 

macrophage infiltration and cell proliferation were strongly elevated compared to control. In 

contrast, both macrophage infiltration rate and cell proliferation were decreased in injured 

NF2/YAP dKO sciatic nerves (= 7 dpi P0-Cre+ NF2fl/fl YAPfl/fl) compared to controls (Mindos et 

al., 2017). 

Therefore, it was decided to look for differences in macrophage numbers and SGC/SC 

proliferation rates in the mouse L3 DRGs to see if there is a positive correlation between 

macrophage numbers and tumour cell proliferation within the developing schwannomas of 

the Gehlhausen mouse model (Gehlhausen et al., 2015). The L3 DRGs were chosen since they 

are one of the biggest DRGs in the mouse spinal column, providing us more tissue sample to 
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work with. Theoretically, any DRG could have been chosen, given that the Gehlhausen paper 

reported schwannoma development in all DRGs in their mouse model (Gehlhausen et al., 

2015). 

Following the detection of macrophages in meningioma xenografts (Figure 3.4) DRG sections 

of all timepoints and genotypes were stained for pan-macrophage marker Iba1 (Figures 3.9.2 

and 3.9.3) and proliferation marker EdU (Figure 3.9.5) to ascertain potential differences in 

relative macrophage numbers and proliferation within DRGs among genotypes.  

 

4.11 Link between proliferation and macrophage numbers in Postn-Cre 

schwannoma mouse model 

As seen in literature, a link between increased proliferation and higher macrophage numbers 

could also be established using the Postn-Cre schwannoma mouse model (Figures 3.9.4, 3.9.6, 

3.11.4 and (Laraba et al., 2022)).  

Since the different genotypes trace back to gene knockouts in SGCs/SCs, it stands to reason 

that in this case the glial cells determined the relative macrophage amounts at all 3 

timepoints. Based on our results, it can be hypothesized that a significantly increased glial cell 

proliferation and a resulting heightened number of glial cells will lead to the recruitment of 

significantly more macrophages which could then be classified as TAMs. Of course, the 

opposite would apply as well, with significantly decreased glial cell proliferation and thereby 

glial cell amounts recruiting significantly fewer macrophages/TAMs.  

It would be interesting to determine whether these significant changes in macrophage 

numbers are also accompanied by a change of macrophage polarity, i.e. whether the M1-like 

to M2-like macrophage ratio remains relatively constant or shifts between genotypes and 

timepoints. To that end, the anti-CD206 antibody marking M2-like macrophages which was 

used in sciatic nerve tissue (Figures 3.2.1 – 3.2.3) could be utilized. 

As outlined before, TAMs support the growth of tumours in a multitude of ways (see 

Introduction section 1.17.2). Significantly less TAMs would also decrease their tumour-

promoting effects, thereby possibly further impairing glial cell proliferation and schwannoma 

growth, creating a negative feedback loop. The opposite might be true for the significant 

increase of glial cell numbers and thereby also macrophages/TAMs, enhancing each other to 

promote schwannoma growth. 

Taking all of this into account, it could be beneficial to eliminate these tumour-promoting 

macrophages, for example by targeting the CSF1 receptor (CSF1R) (see Introduction section 

1.17.3). CSF1R inhibitors such as PLX3397 have been shown to either shift TAM polarization 

towards an M2-like phenotype in hepatocellular carcinoma (Ao et al., 2017) or cause 

macrophage depletion in melanoma (Erkes et al., 2020), both suppressing the TAM’s tumour 

growth-promoting effect. Additionally, treatment with anti-CSF1 or anti-CSF1R antibodies 

resulted in the growth inhibition of malignant meningiomas (Yeung et al., 2021). 
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4.12 Loss of neuronal cells 

It is unclear what the cause of the loss of neurons in the NF2 sKO, NF2/YAP dKO and (to a 

lesser degree) in the NF2/TAZ dKO DRGs over time is (Figure 3.7.4). It is possible that the 

proliferating tumour cells of SGC/SC origin are responsible. Their significantly increased 

numbers could gradually displace the neurons and also deprive them of the nutrients the 

SGCs would normally provide, ultimately leading to neuronal cell death. This could, in theory, 

also be caused or merely promoted by the significantly heightened numbers of macrophages 

(Figure 3.9.4) and/or the augmented amount of collagen (Figures 3.8.1 – 3.8.3, 3.9.1). It is also 

conceivable that the collagen does not play a role in the significantly reduced numbers of 

neuronal cells but simply takes up the space after the neurons are gone. 

 

4.13 The presence of collagen and collagen IV in different genotypes 

Martius Scarlet Blue (MSB) staining can be used to detect various tissue components including 

collagen (Figure 6.1). The collagen found in the knockout DRGs via MSB staining (Figures 3.8.1 

– 3.8.3) appeared to increase in quantity over time, seemingly occupying the space previously 

taken up by neuronal cells. This collagen increase over time appeared to be stronger in NF2 

sKO and NF2/YAP dKO DRGs and weaker in NF2/TAZ dKO DRGs while the collagen amount in 

the control DRGs remained unchanged throughout the experiment.  

Figure 3.9.1 verified that collagen IV could be found in great quantity in all knockout 9 month 

DRGs. Collagen IV was previously seen to be strongly upregulated in 21 dpi NF2 sKO sciatic 

nerves (Mindos et al., 2017). Collagen IV was also observed in the Hoxb7-Cre driven LATS1/2 

knockout schwannoma mouse model and in schwannomas from human patients (Chen et al., 

2020). Furthermore, collagen IV was found in classical, cellular and melanotic schwannomas 

(Huang et al., 2004; Oda et al., 1988; Zhang et al., 2005). Additionally, collagen I, III, V, VI and 

VIII are present in schwannomas (Oda et al., 1988; Paulus et al., 1991; Wu et al., 2021). 

Interestingly, collagen IV, along with collagen IV, VI, VIII and XVIII, were also observed in 

meningiomas (Caffo et al., 2008; Han, Daniel & Pappas, 1996; Kwon et al., 2013; Ogawa et al., 

1989; Salokorpi et al., 2013). All things considered, collagen IV and other types of collagen 

appear to be a typical feature of schwannomas and meningiomas. Therefore, it might be 

worthwhile to look for other types of collagen (aside from collagen IV) in DRGs/VGs of the 

Postn-Cre schwannoma mouse model using IHC. 

 

4.14 Role of collagen in hearing loss 

Interestingly, a link between hearing loss and fibrosis (accumulation of extracellular matrix 

e.g. hyaluronan and collagen) or intratumoural microhemorrhage within vestibular 

schwannoma was found in 274 patients (Sughrue et al., 2011) and also in the cerebellopontine 

angle schwannoma model.  

The cerebellopontine angle (CPA) vestibular schwannoma mouse model relies on the 

insertion of transparent cranial windows in the CPA (located between cerebellum and pons) 
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of immunocompetent or immunosuppressed mice, allowing the simulation of the vestibular 

schwannoma tumour microenvironment. The subsequent implantation of NF2 null mouse 

schwannoma cells or human patient derived schwannoma cells into the CPA tumour 

microenvironment causes the formation of vestibular schwannoma and schwannoma-

induced hearing loss (Wu et al., 2021; Zhao et al., 2018c). 

In this CPA schwannoma model, the anti-inflammatory, angiotensin receptor blocking drug 

losartan reduces collagen I and hyaluronan expression, normalizes blood vessels allowing 

increased perfusion and decreases vestibular schwannoma-induced inflammation (e.g. by 

downregulating inflammatory cytokines and chemotactic chemokines) compared to saline 

treated controls, leading to decreased recruitment and therefore significantly lower number 

of TAMs (Wu et al., 2021). TAMs promote hearing loss by damaging cochlear hair cells via a 

number of inflammatory mechanisms including expression of IL-6 (ototoxic), reactive oxygen 

species (ROS, increases fibrosis and also directly damages hearing) and Toll-like receptor 4  

(TLR4, activation results in further ROS production). The expression of these ototoxic effectors 

in TAMs was shown to be through angiotensin II receptor 1 (AT1) signaling, AT1 being the 

target of losartan (Wu et al., 2021). In agreement with these results, losartan treatment was 

shown to prevent vestibular schwannoma-mediated hearing loss in vivo and in clinic.  

 

4.15 Potential use of losartan in the Postn-Cre schwannoma model 

In comparison to the more artificial CPA schwannoma model, it would be interesting to see 

whether losartan can also decrease inflammation/macrophage numbers and thereby prevent 

or at the very least reduce the severity of hearing loss in the Postn-Cre schwannoma mouse 

model which naturally develops hearing deficiencies over time. As mentioned before, hearing 

loss is found in Postn-Cre driven NF2 sKO mice (6 months of age and onwards) (Gehlhausen 

et al., 2015). Given that I noted significantly heightened amounts of macrophages in our NF2 

sKO DRGs and VGs compared to controls (Figures 3.9.4 and 3.11.4), it seems logical that 

macrophages/TAMs also promote hearing impairment in the Postn-Cre schwannoma mouse 

model and lowering TAM numbers might have an otoprotective effect. 

Additionally, the Postn-Cre schwannoma mouse model would allow the study of the effects 

of losartan on schwannoma-induced hearing loss over a longer time period (for approximately 

3 months) while the mice after the CPA procedure need to be euthanized after only 3 weeks 

due to developing neurological symptoms such as ataxia (Wu et al., 2021). 

 

4.16 Interaction of TAMs and collagen 

The presence of TAMs is associated with increased levels of collagen I and collagen IV in 

colorectal cancer (Afik et al., 2016). Collagen production by macrophages/TAMs would 

explain why I saw visibly increased amounts of collagen (MSB staining, Figure 3.8.3) and 

collagen IV (Figure 3.9.1) in 9 months NF2 sKO DRGs which contained significantly heightened 

numbers of macrophages compared to control (Figure 3.9.4).  
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In this context, it would also be interesting to see whether strongly diminished TAM numbers 

by using either losartan or PLX5622 (Klein et al., 2015) would cause a drastic reduction in 

detectable collagen. If that was the case, it could be confirmed that TAMs are indeed 

responsible for producing the collagen which can be found first surrounding and, at later 

timepoints, also seemingly occupying the space where DRG neurons were previously located. 

Interestingly, the significant reduction of macrophage numbers in 9 months NF2/YAP dKO 

DRGs and NF2/TAZ dKO DRGs compared to 9 months NF2 sKO DRGs (Figure 3.9.4) appeared 

insufficient to visibly reduce the collagen IV amounts (Figure 3.9.1). However, the significant 

decrease of macrophage numbers in NF2/TAZ dKO DRGs did seem to cause a visible reduction 

of collagen in general (MSB staining, Figure 3.8.3) while the significantly reduced macrophage 

amounts in the NF2/YAP dKO DRGs did not. This would suggest that only the combined loss 

of NF2 and TAZ would somehow alter the communication between SGCs/SCs and 

macrophages, causing them to produce less collagen. It would be worth investigating if the 

significantly reduced macrophage numbers and the accompanying decrease in collagen 

would also contribute to prevent hearing loss to a certain extent in the Postn-Cre 

schwannoma mouse model. 

 

4.17 Losartan and Pan-TEAD combination therapy 

In regards to its effects, losartan treatment is likely to be beneficial in promoting and 

augmenting the effect of the Pan-TEAD palmitoylation inhibitors. Losartan normalizes blood 

flow, thereby enhancing the delivery and thereby efficacy of the Pan-TEAD palmitoylation 

inhibitors which would suppress proliferation of schwannoma cells. Additionally, losartan 

would significantly decrease schwannoma macrophage numbers, likely both impacting 

proliferation even further by disrupting macrophage-mediated support of schwannoma 

growth and also preventing hearing loss. Therefore, a combination therapy consisting of 

losartan and Pan-TEAD palmitoylation inhibitors has the potential to attack from two fronts, 

targeting both the schwannoma cell proliferation and tumour microenvironment. Such a 

treatment could turn out to be very effective, possibly decreasing or even halting 

schwannoma growth and guarding against hearing loss. 

 

4.18 YAP and TAZ inhibition in meningioma 

Finally, I sought to examine the effect of YAP and TAZ inhibition in the second most common 

tumour associated with Neurofibromatosis type 2, namely meningioma. To that end, I studied 

the effect of TEAD and Pan-TEAD S-autopalmitoylation inhibitors by Vivace Therapeutics on 

the proliferation of meningioma cell culture cells and primary meningioma cells.  
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4.18.1 YAP and TAZ inhibition in human meningioma cell lines 

Interestingly, it could be determined in BM-1 cells that, while TAZ knockdown has no effect 

on YAP expression, a YAP knockdown triggers a compensatory upregulation of TAZ 

expression. Furthermore, TAZ knockdown in BM-1 cells was shown to significantly inhibit BM-

1 cell proliferation compared to scramble control (from roughly 35% to around 15%) (Laraba 

et al., 2022). 

Taken together, these results reveal that only the knockdown of TAZ causes an increased 

expression of the paralog YAP in primary human meningioma cells, presumably negating 

some of the effects of the knockdown. However, this compensatory mechanism does not 

appear sufficient to maintain normal cell proliferation rates. Nonetheless, in order to impact 

cell proliferation even further, Pan-TEAD palmitoylation inhibitors could be used. Via the 

impairment of the function of all TEADs, these inhibitors have a negative impact on the 

transcriptional activities of both YAP and TAZ, likely counteracting this suggested 

compensatory mechanism to a pronounced degree.  

 

4.18.2 YAP and TAZ inhibition in primary human meningioma cells 

Subsequently, I moved onto Merlin null and Merlin positive primary human meningioma cells 

using Pan-TEAD palmitoylation inhibitors VT1 and VT2 at the same concentrations as before 

(Figures 3.13.1 and 3.13.3). As mentioned before, TEAD1 - 4 expression was shown to be 

highly variable among primary human schwannoma cells (Laraba et al., 2022), necessitating 

the usage of Pan-TEAD palmitoylation inhibitors to ensure efficacy regardless of TEAD 

expression patterns. Statistically testing the proliferation rates gained by quantification for 

statistical significance (Figures 3.13.2 and 3.13.4) showed that both VT1 and VT2 significantly 

reduced the cell division rates at all concentrations in Merlin null and Merlin positive primary 

human meningioma cells compared to vehicle control. Both Pan-TEAD palmitoylation 

inhibitors were found to be similarly efficient at inhibiting cell proliferation (Figure 3.13.5). 

Accordingly, YAP or TAZ knockdown in NF2 null human primary schwannoma cells was 

demonstrated to significantly reduce cell proliferation (Laraba et al., 2022). Furthermore, in 

comparison to vehicle control, 1 µM of VT1 or VT2 significantly decreased the proliferation of 

the NF2 null schwannoma cell line HEI193 and treatment with VT1, VT2 or VT3 also 

significantly suppressed the proliferation of NF2 null primary human meningioma cells 

(Laraba et al., 2022). VT3 (VT107), similar to VT1 (VT104) and VT2, is a Pan-TEAD 

palmitoylation inhibitor (Tang et al., 2021). VT3 was previously shown to effectively impair 

the proliferation of NF2-deficient (NCI-H226), NF2-deleted (NCI-H2373) or NF2-mutant (NCI-

H2052) mesothelioma cell lines (Tang et al., 2021). 100 nM and 1 µM of VT3 were able to 

significantly decrease cell proliferation in primary human schwannoma cells, with an IC50 of 

39 nM (Laraba et al., 2022).  
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4.18.3 VT1 efficacy in meningioma and mesothelioma cells 

VT1 (VT104) had IC50s of 16.1, 25.6 and 31.6 nM in NF2-deficient, NF2-mutant and NF2-

deleted human mesothelioma cell lines, respectively, while the VT1 IC50s in NF2 wild type cell 

lines were considerably higher, namely more than 3 µM  (Tang et al., 2021). Therefore, human 

mesothelioma cell lines with impaired Merlin function were far more susceptible than human 

mesothelioma cell lines with intact Merlin activity. In contrast, 6 of the 8 VT1 IC50s measured 

in our Merlin null and Merlin positive primary human meningioma cells (see Table 3.2) can be 

found between these two extremes while 2 of the IC50 values were far below 16.1 nM. 

Furthermore, there appeared to be no significant difference in susceptibility to Pan-TEAD 

inhibitors VT1 and VT2 between the Merlin null and Merlin positive primary human 

meningioma cells (Figure 3.13.5).  

It has to be kept in mind that the IC50 values in Table 3.2 were calculated with only 3 data 

points (concentration-proliferation index pairs) in triplicate. In contrast, the IC50 values in the 

mesothelioma cell lines were determined using 10 data points in duplicate (Tang et al., 2021), 

making these values more accurate. Furthermore, many of the Merlin null and Merlin positive 

primary human meningioma cells I used were shown to possess mutations in other genes (see 

Table 2.1), likely influencing proliferation rates as well. Additionally, Tang et al. used tumour 

cell lines which are further removed from the original tumour than the primary tumour cells 

I used. 

Taken together, it appears as if human mesothelioma cell lines with inhibited Merlin 

expression are strongly reliant on YAP/TAZ-TEAD function for cell proliferation while human 

mesothelioma cell lines with functional Merlin activity are less so. In contrast, primary human 

meningioma cell lines seem to depend on YAP/TAZ-TEAD activity for cell proliferation, 

regardless of their NF2/Merlin status. 

 

4.18.4 Effect of Pan-TEAD inhibitors on CTGF and TEAD protein expression 

After treatment with 1 µM of VT1 or VT2 for 48 hours, the protein expression of downstream 

Hippo signaling targets TEAD (TEAD1 – 4) and CTGF in primary human meningioma cells was 

determined. It was concluded that treatment with 1 µM of Pan-TEAD S-autopalmitoylation 

inhibitors for 48 hours significantly decreased CTGF but not TEAD protein expression in Merlin 

null primary meningioma cells compared to control (Figures 3.14.2 and 3.14.4).  

Conversely, the Vivace inhibitors did not significantly change CTGF and TEAD protein levels in 

Merlin positive primary meningioma cells (Figure 3.14.6). It is conceivable that these Merlin 

positive meningioma cells might not rely on CTGF but instead on other YAP/TAZ-TEAD 

effectors to drive proliferation.  Such effectors could be e.g. CYR61, EGFR and/or its ligand 

AREG (see Introduction section 1.8.10) whose protein expression would then most likely be 

significantly affected by TEAD S-autopalmitoylation. Another possibility could be that CTGF 

has an increased protein half-life in these meningioma cells and therefore a significant CTGF 

protein level reduction might take longer than 48 hours to perceive.    
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Interestingly, incubation of NF2 null schwannoma cell line HEI193 cells with 1 µM and 10 µM 

of VT2 for 7 days caused a significant decrease of CTGF protein levels. Moreover, treating 

primary human schwannoma cells with 2 µM of VT3 for 7 days resulted in a significant 

reduction of CTGF protein expression (Laraba et al., 2022). Accordingly, CTGF protein 

expression was observed to be significantly downregulated in the sciatic nerves of 3 and 5 

month old NF2 sKO mice after being gavaged with VT1 or VT2 for 21 days, reversing the 

significant upregulation of CTGF protein expression in NF2 sKO sciatic nerves compared to 

control (Laraba et al., 2022).  

 

4.18.5 Stronger effect of Pan-TEAD inhibitors on CTGF expression than on 

TEAD expression 

As mentioned before, Pan-TEAD palmitoylation inhibitors did not have a significant effect on 

TEAD protein expression in Merlin null and Merlin positive primary human meningioma cells 

(Figures 3.14.4 and 3.14.6). 

In contrast, treating primary human schwannoma cells for 7 days with 2 µM of VT3 caused a 

visible decrease in the protein levels of TEAD1 - 4. Furthermore, while Pan-TEAD protein 

expression was significantly heightened in the sciatic nerves of 3 and 5 month old NF2 sKO 

mice compared to controls, only treatment with VT2 for 21 days managed to significantly 

decrease Pan-TEAD protein levels while VT1 failed to do so (Laraba et al., 2022). The reason 

for this discrepancy might be the higher concentration of VT2 given to the mice (VT1: 10 

mg/kg; VT2: 30 mg/kg), thereby having a more pronounced and therefore significant effect 

on Pan-TEAD protein expression. Additionally, it was reported that VT1 also did not affect 

TEAD protein levels when used in tumour cells at a concentration of 3 µM overnight or for 20 

hours (Tang et al., 2021). 

Furthermore, TEADs appear to have a considerably longer protein half-life than CTGF. For 

example, TEAD4 has been shown to possess a half-life of more than 24 hours (Kim & 

Gumbiner, 2019) while CTGF’s half-life is somewhere between 60 and 90 minutes (Ryseck et 

al., 1991). Moreover, CTGF is a direct YAP-TEAD transcription target (Zhao et al., 2008) and 

therefore CTGF expression will in all likelihood be affected more quickly than the TEAD protein 

levels.  

Taking all of these observations in consideration, it appears as if Pan-TEAD palmitoylation 

inhibitors have a stronger effect on CTGF protein expression than on Pan-TEAD protein 

expression, possibly in part due to their distinctions in protein half-lives and their relative 

position in the Hippo signaling pathway. Furthermore, it seems that the ability of Pan-TEAD 

palmitoylation inhibitors to significantly decrease Pan-TEAD protein expression might be 

dependent on the variant of Pan-TEAD inhibitor (e.g. VT2 was effective but not VT1) and on 

the concentration and time period which the respective Pan-TEAD inhibitor is used for. 
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4.19 Limitations of the used Postn-Cre schwannoma model 

As previously mentioned (see section 4.2), Postn-Cre driven knockout mice could only be kept 

up to 9 months of age due to heightened mortality, possibly caused by the appearance of 

substantially sized schwannomas and MPNSTs (Gehlhausen et al., 2015). This naturally 

reduces the amount of time one would have to run drug trials, especially considering the slow 

growth of the schwannomas in this murine model. The occurrence of MPNSTs also illustrates 

that this schwannoma model is not ideal, given that MPNSTs are only seldom seen in NF2 

patients and seemingly only in those who have undergone radiotherapy (see Introduction 

section 1.6). Finally, meningiomas and ependymomas unfortunately do not develop in this 

mouse model (Gehlhausen et al., 2015) which solely reproduces the schwannoma aspect of 

NF2. 

 

4.20 Future work 

A few possibilities to continue/expand this work would be discerning the mechanism by which 

YAP/TAZ impairment seems to heighten apoptotic rates (see section 4.9), determining the 

proportions of M1 and M2-like macrophages found in the different genotypes and timepoints 

(section 4.11) and comparing hearing and balance impairments of NF2/YAP and NF2/TAZ mice 

to NF2 sKO and control mice.  

Moreover, the results of macrophage depletion (see section 4.11), different treatments with 

losartan or Pan-TEAD S-autopalmitoylation inhibitors alone or in combination with one 

another (sections 4.15 and 4.17) or with for example MEK inhibitor trametinib (White et al., 

2019) could be explored regarding hearing and balance. Additionally, the influence of such 

therapeutic interventions on proliferation rates, non-neuronal/neuronal cell composition and 

apoptosis in DRGs could be scrutinized.  Such treatment effects in more pathologically 

accurate locations such as dorsal nerve roots, VGs, vestibular and cochlear nerves and 

especially the CPA would also be very interesting to see.  

One could also look into which collagen types can be found within the schwannomas of the 

Postn-Cre mouse model (section 4.13) or why CTGF protein expression is not affected in 

Merlin positive primary human meningioma cells after Pan-TEAD inhibition (section 4.18.4). 

Furthermore, the potential presence of other immune cells besides macrophages such as T 

lymphocytes in general (CD3+ cells) and cytotoxic T lymphocytes in particular (CD3+ CD8+ 

cells) in the Postn-Cre mouse schwannomas could be investigated.  

Finally, it might be worthwhile to attempt the creation of an even more accurate NF2 mouse 

model. By adding a Cre-Recombinase under control of the Prostaglandin D2 synthase 

promoter (PGDS-Cre (Kalamarides et al., 2011)) to the Cre-Recombinase under the control of 

the Postn-Cre promoter (Postn-Cre) in NF2fl/fl mice, the resulting Postn-Cre+ PGDS-Cre+ 

NF2fl/fl mice might spontaneously develop both schwannomas and meningiomas (Gehlhausen 

et al., 2015; Kalamarides et al., 2011). This would permit the direct comparison of the effects 

of potential treatments on schwannomas and meningiomas, eventually allowing the 

discovery of a single treatment effective for both of these tumours. 



178 
 

4.21 Conclusion 

In conclusion, these results indicate that NF2 loss heightens glial cell proliferation (% EdU 

positive nuclei) and macrophage numbers (% Iba1 positive cells) compared to control and an 

additional loss of YAP or TAZ reduces glial cell proliferation and macrophage numbers 

(compared to NF2 sKO). Moreover, these observations are most likely valid in all sites of 

schwannoma formation in the Postn-Cre driven schwannoma mouse model which I used. 

Also, NF2/TAZ dKO appears to mitigate the effects of NF2 sKO and NF2/YAP dKO schwannoma 

growth, possibly by promoting apoptotic cell death. Furthermore, the Vivace Pan-TEAD S-

autopalmitoylation inhibitors were shown to be effective in NF2-deficient tumours, namely 

in schwannoma in vivo (Laraba et al., 2022), meningioma in vitro (see Results) and 

mesothelioma in vivo (Tang et al., 2021). Finally, current data makes it conceivable that the 

Vivace Pan-TEAD S-autopalmitoylation inhibitors significantly inhibited NF2 sKO VG growth 

due to a dual effect of significantly lowering glial cell proliferation and significantly increasing 

the apoptotic rate.  
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6. Appendix 
 

Figure 6.1: Martius Scarlet Blue (MSB) control stainings on paraffin sections of human tonsil tissue 

by Philip Edwards of the Cellular and Anatomical Pathology Department of Derriford Hospital. Collagen 

in blue; muscle in pale red; fibrin in red; red blood cells in yellow/orange; nuclei in purple/blue. Scale 

bar = 50 µm in all images. 



244 
 

Figure 6.2: Images of frozen DRG tissue stained without primary anti-Collagen IV and anti-

Neurofilament antibodies, only with the secondary antibodies anti-Rabbit Alexa Fluor 568 = 568 and 

anti-Chicken Alexa Fluor 488 = 488 plus DNA dye Hoechst (Ho). Scale bar = 50 µm in both images. 
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Figure 6.3: Images of frozen DRG and VG sections stained without primary anti-Iba1 antibody, only 

with secondary antibody (anti-Rabbit Alexa Fluor 568 = 568) plus DNA dye Hoechst (Ho). Scale bar = 50 

µm in all images. 
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Figure 6.4: Agarose cochlea sections stained without primary anti-Iba1 antibody, only with 

secondary antibodies and DNA dye Hoechst (Ho); anti-Rabbit Alexa Fluor 488 = 488 and EdU on the left 

and anti-Rabbit Alexa Fluor 568 = 568 without EdU on the right. Images as with 10x and 40x microscope 

objectives, indicated in upper left corner of each image. Scale bars = 250 µm (in 10x) and 50 µm (in 

40x).  
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Figure 6.5: Frozen VG tissue stained without primary anti-Neurofilament antibody, only with 

secondary antibody anti-Chicken Alexa Fluor 488 = 488 plus EdU and DNA dye Hoechst (Ho). Scale bar 

= 50 µm. 
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Figure 6.6: Images of complete PVDF membranes whose bands are seen in Figure 3.14.1. PVDF 

membranes with the protein lysates from Merlin null primary human meningioma cells MOT 273, 161 

and 148 treated with 1µM of VT1 or VT2 or with Ctrl (DMSO vehicle) for 48 hours incubated with anti-

CTGF primary antibody (top image). Same PVDF membrane was incubated with anti-GAPDH primary 

antibody after stripping (bottom image). CTGF and GAPDH protein bands visible at 37 kilodalton (kDa). 

PL = protein ladder. 
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Figure 6.7: Images of uncropped PVDF membranes whose bands are seen in Figure 3.14.3. PVDF 

membranes with the protein lysates from Merlin null primary human meningioma cells MOT 273, 148 

and 161 treated with 1µM of VT1 or VT2 or with Ctrl (DMSO vehicle) for 48 hours incubated with anti-

CTGF or anti-Pan-TEAD primary antibodies (on the left). Both PVDF membranes incubated with anti-

GAPDH primary antibody after stripping (images seen next to respective PVDF membranes on the 

right). CTGF and GAPDH protein bands can be seen at 37 kDa, Pan-TEAD protein bands at 50 kDa. PL 

= protein ladder. 
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Figure 6.8: Images of whole PVDF membranes whose bands are visible in Figure 3.14.5. PVDF 

membranes with the protein lysates from Merlin positive primary human meningioma cells MOT 240, 

357 and 447 treated for 48 hours with 1µM of VT1 or VT2 or with Ctrl (DMSO vehicle) incubated with 

anti-CTGF or anti-Pan-TEAD primary antibodies (on the left). After stripping, both PVDF membranes 

incubated with anti-GAPDH primary antibody (images seen next to respective PVDF membranes on the 

right). Pan-TEAD protein bands visible at 50 kDa, CTGF and GAPDH protein bands at 37 kDa. PL = 

protein ladder. 

 


