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Glioblastomas are the most common brain malignancy occurring in adults 

with the worst prognosis.  Several obstacles have prevented the development of 

efficacious treatment strategies.  Due to the insidious nature of these 

malignancies, tumors are not typically detected until late in the disease.  Further, 

the delicate nature of surrounding normal brain tissue makes surgery and 

treatment with cytotoxic chemotherapeutics detrimental to the patient’s quality of 

life.  Despite decades of research and aggressive therapeutic strategies, most 

patients will develop recurrent tumors and succumb to the disease within 1 year of 

diagnosis.  An enhanced understanding of the molecular interplay among tumor 

suppressors and oncoproteins can greatly contribute to the development of novel 

therapeutics that will extend life expectancies.   

The most common abnormality in these tumors is mutation of the p53 gene 

(TP53).  Due to the expansive network of p53-responsive genes, loss of functional 

p53 prohibits the cell to the ability to regain control of aberrant proliferation in 

response to oncogenic stresses.  Accordingly, glioblastomas have developed 
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several mechanisms to inactivate this potent tumor suppressor.  Similar to 

oncoproteins, viral regulatory proteins utilize p53 to prevent cell cycle arrest.  One 

such example is the protein associated with the human polyoma virus, JC Virus 

(JCV).  JCV is the etiologic agent of the fatal demyelinating disorder, Progressive 

Multifocal Leukoencephalopathy (PML), seen in severely immunocompromised 

patients.  Infection of oligodendrocytes with JCV leads to their lytic destruction and 

the development of white matter lesions in PML patients.  Its main regulatory 

protein, large tumor antigen (T-antigen), targets p53 to retain cells in a virus-

producing state, thereby conveying an accidental oncogenicity.  JCV T-antigen 

transgenic mice develop a multitude of CNS tumors, including malignant peripheral 

nerve sheath tumors similar to patients with a form of Neurofibromatosis.        

Neurofibromatosis types 1 and 2 are inherited cancer disorders resulting 

from the inactivation of their specific tumor suppressor genes, NF1 and NF2, 

respectively.  Inactivation of the NF2 gene, results in the development of several 

multiple benign nervous system tumors.  Traditionally, NF2 is viewed as a 

scaffolding protein primarily located at the plasma membrane, where it prevents 

excessive signaling via several cell surface receptors and their cytoplasmic 

kinases. NF2 links receptors at the plasma membrane to their cytoplasmic kinases 

to facilitate contact inhibition. However, NF2 can also interact with an array of 

cytoplasmic and a few nuclear proteins.  
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To date, little is known about the function of NF2 in tumors not associated 

with NF2 syndrome.  Loss of functional NF2 protein has become a staple of 

several sporadic cancers including mesotheliomas, and meningiomas.  In glial 

cells, NF2 depletion results in hyperproliferation and development of oncogenic 

features.  In the only prior report addressing the role of NF2 inactivation in 

glioblastoma, another group demonstrated that NF2 is a potent inhibitor of 

glioblastoma growth.  Previously, our group has identified JCV T-antigen as a 

nuclear binding partner for NF2 in tumors derived from JCV T-antigen transgenic 

mice.  The association of NF2 with T-antigen in neuronal origin tumors led us to 

hypothesize that NF2 could regulate the expression of the JCV T-antigen.  

Here, we report that NF2 suppresses T-antigen protein expression in U-87 

MG human glioblastoma cells, which subsequently reduces T-antigen-mediated 

regulation of the JCV promoter. When T-antigen mRNA was quantified, it was 

determined that increasing expression of NF2 correlated with an accumulation of 

T-antigen mRNA; however, a decrease in T-antigen at the protein level was 

observed. NF2 was found to promote degradation of ubiquitin-bound T-antigen 

protein via a proteasome dependent pathway concomitant with the accumulation of 

the JCV early mRNA encoding T-antigen. The interaction between T-antigen and 

NF2 maps to the FERM domain of NF2 domain of NF2, which has been shown 

previously to be responsible for its tumor suppressor activity. Co-

immunoprecipitation assays performed on a glioblastoma cell line revealed a 

ternary complex consisting of NF2, T-antigen, and the tumor suppressor protein, 

p53. Furthermore, these proteins were detected in various degrees in tumor 
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specimens from patients, suggesting that these associations may occur in vivo. 

Collectively, these results demonstrate that NF2 negatively regulates JCV T-

antigen expression by proteasome-mediated degradation, and suggest a novel role 

for NF2 as a suppressor of JCV T-antigen-induced oncogenesis. 

Studies in mouse and human tumors have inferred a relationship between 

NF2 and the primary target for JCV T-antigen, p53.  In mouse models of cancer, 

concurrent loss of NF2 and p53 genes generates a highly malignant phenotype.  

Other groups reported that loss of NF2 and p53 in human tumors correlated with 

enhanced tumor grade.  In transformed fibroblasts, NF2 can enhance the 

expression of p53 and promote p53-mediated apoptosis.  However, the molecular 

details of the NF2 and p53 relationship have not yet been elucidated.  Based on 

our data and previous literature, we believed that there is a tumor suppressive 

synergy that exists between NF2 and p53. 

 Contrary to our expectations, we discovered that NF2 overexpression 

in U-87 MG cells results in the decline in p53 expression.  We observed this effect 

in the p53-null cell line, Saos2, and in the presence of proteasome inhibitors.  

Further, we determined that NF2 utilizes cysteine proteases as part of a post 

translational mechanism to suppress p53 expression.  Mutant p53, present in 

many glioblastomas, was resistant to NF2-mediated degradation.  Additionally, we 

determined that p53 can reciprocally repress NF2 expression, by a post 

translational mechanism, independent of the proteasome, lysosome, or cysteine 

proteases.  NF2 conformation mutants, S518A and S518D, can both degrade p53 
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and localize to the cytoplasm.  However, the constitutively inactive, open form of 

NF2, S518D is resistant to p53-mediated degradation.  NF2 and p53 do not directly 

interact, yet we were able to detect these proteins in the same patient glioblastoma 

samples.  Using a conformation-specific antibody, we speculate that the majority of 

our glioblastoma samples may contain mutated p53.  This novel relationship 

between NF2 and p53 we believe will have strong implications for 

chemotherapeutic sensitization of these typically resistant tumors.  Cumulatively, 

these studies will provide evidence for novel tumor suppressive roles for NF2 and 

a greater understanding of the molecular events that shape glioblastoma 

progression.   
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CHAPTER 1 

INTRODUCTION 

*Text and figures in this chapter were adapted or reproduced with 

permission 

 

Glioblastomas 

Glioblastomas, though rare in the general population, are the most 

common brain tumor found in adults worldwide.  Due to their insidious nature, 

glioblastomas often go undetected for years, until the tumor mass is sufficient 

enough to impede neurological function.  Overall, the diagnosis of glioblastoma is 

profoundly bleak, with a 5-year survival rate of less than 5% [1].  From the time of 

diagnosis, patient life expectancy is typically 2 years, even with aggressive 

therapy.  With no environmental or genetic factors leading to the predisposition of 

glioblastomas, their etiology is virtually unknown.   

The classification of gliomas is dependent on the histopathological grading 

system devised by the World Health Organization (WHO).  On a scale of 1 to 4, 

gliomas are graded based on features of the most malignant cells within the 

tumor.  As grade 4 gliomas, glioblastoma are the most malignant of all gliomas.  

They differ from other high grade gliomas by the presence of microvascular 

proliferation, incomplete mitotic figures and areas of necrosis.  These 

pathological findings correlate with the aggressive nature of this tumor by 
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indicating that the tumor is growing faster than its blood supply and the rate of 

normal cell division can support.  The bulk of glioblastomas is actually composed 

of normal supporting cells, such as fibroblasts, suggesting that only a small 

population of cells within the tumor actually drive oncogenesis.  The majority of 

glioblastomas arise de novo and are termed primary glioblastomas; whereas 

tumors that originated from a lower grade glioma are referred to as secondary 

glioblastomas [2]. 

Several factors make grade glioblastomas difficult, if not impossible, to 

manage.  These factors include CNS localization and complex molecular 

signatures.  Treatment options for glioblastomas are limited due to the delicate 

nature of the surrounding brain tissue.  Hence, successful surgery relies on a 

delicate balance between the extents of tumor resection versus the patient’s 

quality of life.  While a total resection of the tumor is recommended, the tumor 

edges are difficult to distinguish from normal brain parenchyma.  Cells on the 

edge of the tumor, often missed in surgery, invade normal surrounding tissue, 

and can cross the midline into the contralateral hemisphere [3].  In conjunction 

with surgery, patients undergo several rounds of concurrent radiation therapy 

and chemotherapy with the standard of care drug Temozolomide (TMZ).   

As a DNA alkylating agent, TMZ generates multiple DNA insults; the most 

common and detrimental is the methylation of the 6th oxygen in guanine bases 

(O6MeG) [4].  This modification triggers the erroneous process of mismatch DNA 

repair and ultimately DNA double stranded breaks (DSBs).  While DSBs can lead 
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to the induction of apoptosis or autophagy, TMZ treatment favors autophagy [5].  

The DNA repair enzyme O6-methylguanine DNA methyltransferase (MGMT) can 

repair these lesions, and render cells insensitive to TMZ treatment [4].  Often the 

methylation status of the MGMT promoter is used as an indicator of low MGMT 

expression, favorable response to TMZ treatment, and prolonged patient survival 

[6].  All dividing cells, which may or may not be cancerous, are sensitive to TMZ 

treatment.  Hence, TMZ itself conveys a certain level of neurotoxicity.  However, 

being a small, lipophilic compound TMZ can readily pass the blood brain barrier, 

unlike many agents that have failed in the past [7].  The overall survival of 

patients treated with TMZ is enhanced, yet progression free of survival is short 

lived as most patients develop recurrent tumors [8]. Patients often do not qualify 

for or opt not to have additional surgeries for these recurrent tumors, rendering 

this a terminal finding.  However, some patients do survive beyond the expected 

disease course, suggesting that tumors themselves vary as much as the patients 

themselves.  The development of specific and effective drugs requires a better 

understanding of the molecular signature of each glioblastomas.   

Large scale genetic analysis of glioblastomas, conducted by The Cancer 

Genome Atlas (TCGA) project, has allowed for the stratification of glioblastomas 

into four subtypes: Classical, Mesenchymal, Proneural, and Neural.  Classical 

glioblastomas confer a favorable survival and are marked by amplification of the 

epidermal growth factor receptor gene (EGFR), and the absence of mutations in 

the p53 gene (TP53).  Deletions in the gene encoding the protein associated with 

Neurofibromatosis type 1 (NF1) are most common in Mesenchymal 
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glioblastomas.  Histologically mesenchymal glioblastomas are unique in that 

there is a marked increase in immune cell infiltrates and necrotic regions.  

Amplification of the gene encoding platelet derived growth factor receptor A 

(PDGFRA) is the hallmark of Proneural glioblastomas.  These tumors also 

display a mutation in the gene encoding the isocitrate dehydrogenase I (IDH1) 

enzyme, similar to grade 3 oligodendrogliomas.  The rarest subtype of 

glioblastomas, Neural, has increased expression of neuronal markers, such as 

neurofilament and synaptotagmin [9].  The variability in the genetic aberrations of 

these subtypes may shed some light on the differences in disease progression 

seen in glioblastoma patients.  Though the chemotherapeutic options are 

currently limited for these patients, genetic profiling of individual tumors will 

ultimately pave the way for a more personalized approach to treat glioblastomas. 

 

p53 and glioblastoma 

Mutations in tumor suppressor gene TP53 have been reported in 50% of 

all cancers, making it perhaps the most studied tumor suppressor gene to date 

[10].  Further, the p53 protein binds to over 2,000 genes and has been 

experimentally validated to control the transcription of 125 genes.  p53 

expression is induced in response to an array of cellular insults, most notably 

DNA damage, hypoxia, and oxidative stress.  Activation of p53 transcriptional 

networks can trigger several cellular responses including, but not limited to, 

apoptosis, cell cycle arrest, DNA repair, and senescence [11]. Not surprisingly, 
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glioblastomas have developed numerous mechanisms to overcome the tumor 

suppressive actions of p53. 

TP53 is mutated in 25-30% of primary, and 60-70% of secondary 

glioblastomas, making it the most common genetic aberration in glioblastomas 

[10].  The DNA binding domain, also referred to as the “hot spot”, of p53 is the 

most commonly mutated region of the p53 gene.  Mutant p53 can either lose its 

tumor suppressive functions, gain oncogenic functions, or act as a dominant 

negative protein.  Most often, mutated p53 adopts an alternative conformation; 

which prevents it from binding DNA or forming a stable complex with other 

transcription factors.  For instance, mutant p53 is unable to transcriptionally 

regulate the cell cycle inhibitor, p21, and induce cell cycle arrest [11].  Mutant 

p53 can gain the ability to upregulate growth promoting genes, such as MYC and 

EGFR.  Further, dominant negative p53 can sequester wild type p53 to prevent 

its tumor suppressive actions [10].  However, reintroduction of wild type p53 into 

glioblastoma cells expressing mutant p53 can induce apoptosis, suggesting that 

wild type p53 can overcome this oppression [12].   

Glioblastoma cells containing wild type p53 often overexpress 

oncoproteins targeting p53 for degradation.  The most studied example of this is 

the overexpression of E3-ubiquitin ligase Murine Double Minute-2 (MDM2).  In 

binding to the transactivation domain of p53, MDM2 prevents p53 from acting as 

a transcription factor.  MDM2 also monoubiquitinates p53 in the nucleus, 

resulting in the cytoplasmic shuttling or polyubiquitination of p53 by E4 ubiquitin 
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ligases.  In either scenario, MDM2 initiates the proteasome-mediated 

degradation of p53 [13].  The tumor suppressor protein ARF stabilizes the 

expression of p53 by sequestering MDM2.  Notably, the human ARF gene, 

p14ARF, is deleted in 55% of glioblastomas [14].  In a similar fashion, the MDM2 

antagonist, Nutlin, preferentially binds to the p53-binding pocket of MDM2.  

Recently, the active form of this drug, Nutlin-3a, has been shown to induce 

apoptosis and cell cycle arrest in glioblastomas containing wild type p53 [15].  

However, clinical trials have not been conducted to test its efficacy in 

glioblastoma patients.  p53 inactivation is also crucial to the oncogenicity of many 

viruses, such as JC virus (JCV).    

JC Virus (JCV) 

The JCV belongs to the polyoma family of viruses, most notably including 

SV40, Merkel Cell, and BKV polyomaviruses.  The JCV genome is composed of 

super-coiled, double-stranded DNA, enclosed in an icosohedral capsid.  The 

noncoding, control region acts as a bidirectional viral promoter separating the 

viral genome into early and late genes.  The early JCV transcript encodes the 

major regulatory proteins large and small tumor antigen proteins (T-antigen and 

t-antigen, respectively) and a series of T prime proteins are also generated by 

alternative splicing of the early transcript.  T-antigen protein is the key viral 

regulatory protein, which acts as a transcription factor to direct DNA replication 

and drive expression of the late viral transcript, which encodes the accessory 

protein, Agnoprotein, and capsid proteins VP1, VP2, and VP3 [16].  
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To gain entry into cells, JCV binds either α2,3- or α2,6- linked sialic acid 

receptors and utilizes a clathrin-dependent endocytosis mechanism.  Previous 

studies have also identified the 5HT2A serotonin receptor as a receptor for the 

virus, but most evidence suggests that the initial steps of viral infection can occur 

in a broad range of cell types. Viral particles are thought to travel via endosomal 

vesicles to the endoplasmic reticulum and then to the nucleus.  The JCV genome 

is readily transcribed in permissive cells due to its strong promoter, containing 

many binding sites for common transcription factors including NF-κB, AP-1, and 

HIF-1α.  Once capsid proteins are encoded, the newly transcribed viral DNA is 

encapsulated and virions are released in a lytic process, resulting in host cell 

death [16]. 

JCV, like all known polyomaviruses, displays strict species specificity.  In 

vivo, JCV has been shown to productively infect a broad range of human cells 

including kidney epithelial cells, tonsillar stromal cells, bone marrow derived cells, 

granule cell neurons, oligodendrocytes, and astrocytes.  Attempts to study JCV in 

human cell culture systems have been restricted to human primary fetal 

astrocytes, oligodendrocyte progenitor cells and progenitor derived astrocytes, 

embryonic cells, brain microvascular endothelial cells, and fetal Schwann cells 

[17].  Due to the inability of JCV to replicate in non-human cells, animal models 

have been largely unsuccessful at recapitulating the pathology seen in humans.  

However, deficiencies in myelination induced by T-antigen in the absence of viral 

infection have been observed in transgenic mice, and humanized mice have 

recently been used to study the immune response to JCV infection [17, 18]. 
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Initial JCV infection usually occurs in the first two decades of life via an 

oral or respiratory route, as indicated by infection of tonsil cells and the presence 

of JCV in cells of the gastrointestinal tract [19].  Typically, JCV establishes a 

persistent, low-level infection in kidney cells, where viral shedding can be 

detected in the urine of 10-30% of healthy individuals [20].  JCV has also been 

repeatedly detected in human PBMCs, more specifically B cells, and it is possible 

that the virus establishes a subclinical infection in other immune cells, such as 

bone marrow progenitor cells [16, 21].  More recently, JCV DNA and proteins 

have been found in the brains of patients without underlying immunosuppressive 

conditions [22].  Reactivation and dissemination of JCV into the brain would 

necessitate a loss of immunosurveillance mechanisms and require a vehicle for 

CNS penetration for the development of Progressive Multifocal 

Leukoencephalopathy (PML) [23].    

 

JCV and Progressive Multifocal Leukoencephalopathy (PML) 

In the CNS, JCV productively infects of oligodendrocytes, the myelin 

producing cells of the brain, leading to their lytic destruction and development of 

PML.  Infected oligodendrocytes become greatly enlarged and develop 

eosinophilic inclusions; which are necessary pathological hallmarks for the 

diagnosis of PML [24, 25].  Following oligodendrocyte loss, denuded spared 

axons can be seen within white matter lesions.  Accordingly, patients with PML 

develop severe impairments in vision, cognition, and motor abilities due to these 

regions of vast demyelination.  
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Bizarre, reactive astrocytes, similar in appearance to glioblastoma cells, 

are also found in PML lesions [26].  More recently, infection of cortical pyramidal 

neurons within the gray matter has also been described [27].  While PML lesions 

do not exhibit appreciable inflammation, immune cells can be found at the 

periphery of active lesions [25].  Foamy, lipid consuming macrophages can be 

found within PML lesions; likely in response to the myelin sheath damage [28].  

In PML patients, CD20+ B cells can frequently be seen accumulating in 

perivascular cuffs adjacent to the lesions.  CD4+ T cells are infrequently detected 

within PML lesions, which would be expected in HIV-1+ patients with reduced 

CD4+ T cell counts.  The predominant immune cells in proximity to the PML 

lesion are CD8+ T cells, with their expression tapering off with distance from the 

lesion.  These cells are thought to be the primary suppressors of viral 

resurgence, and their loss in the CNS is a predisposing factor to PML 

development.  Interestingly, the profile of immune cells associated with PML 

lesions reflects the underlying mechanism of immune dysfunction seen across 

the range of evolving populations most vulnerable to the development of PML 

(Figure 1). 
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Initially, PML was an extremely rare disorder seen in older patients with 

underlying lymphoproliferative disorders, including those caused by uncontrolled 

proliferation of B lymphocytes, such as chronic lymphocytic leukemia (CLL) and 

Hodgkin's lymphoma [29].  With the beginning of the AIDS pandemic in the 

Figure 1. Histopathological features of the PML lesion and the underlying 
mechanisms of PML development.  
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1980's, the incidence of PML and the context of immunosuppression have made 

the disease more frequent.  PML, the 3rd most common infectious neurological 

disease seen in HIV-1+ patients can be separated into two distinct phases; 

before and after the introduction of highly active anti-retroviral therapy (HAART). 

In the pre-HAART era, PML was considered an AIDS defining illness, effecting 7-

10% of HIV-1 infected individuals [30].  In the era of HAART, an estimated 3-5% 

of AIDS patients developed PML, with more current combined anti-retroviral 

therapy (cART), it is estimated that the number of AIDS patients who now 

develop PML is predicted at 1.3 - 3.3 per 1000 person-years [31, 32].  Though 

the incidence of PML in HIV-1+ individuals has declined due to cART, interest in 

JCV and PML spiked recently with the advent of a class of potent 

immunomodulatory therapies for auto-immune disorders.   

The monoclonal antibody era of PML began with the unexpected 

complication of PML in multiple sclerosis (MS) patients being treated with the 

monoclonal antibody therapy, natalizumab (trade named Tysabri).  MS is the 

most common autoimmune disease in the CNS; however the underlying 

mechanism remains unknown.  Natalizumab was developed to target α4 integrins 

present on the surface of T cells, to block their intravasation into the CNS [33].  

Natalizumab was shown to be successful at reducing T cell infiltration into the 

CNS, resulting in a reduction in brain lesions and fewer debilitating relapses in 

MS patients [34, 35, 36]. Similarly, natalizumab has been a useful agent in 

preventing the T cell infiltration that leads to the destruction of normal gut tissue 

seen in Crohn's disease patients [37].  To date, natalizumab treatment has 
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been linked to 350 cases of PML worldwide [38].  Likewise, Efalizumab (trade 

named Raptiva), targeting CD11a on T cells to was introduced for use in plaque 

psoriasis but was voluntarily withdrawn from the market following the 

development of PML [39].  Three monoclonal antibodies targeting TNFα, 

adalimumab (Humira), etanercept (Enbrel), and infliximab (Remicade) for the 

treatment of psoriasis, rheumatoid arthritis, and Crohn's disease have also been 

associated with cases of PML.  Interestingly, rituximab (trade named Rituxan), 

which targets CD20 on circulating B cells and is thought to lead to their depletion, 

has been associated with considerable cases of PML in B cell lymphoma and 

rheumatoid arthritis patients [40].  The development of PML in patients treated for 

autoimmune disorders reinforces the concept that a loss of immune surveillance 

mechanisms in the periphery can allow for JCV reactivation in the CNS and the 

initiation of PML [41, 42].   

JCV can nonproductively infect B cells, the antibody producing cells of the 

immune system.  Virions released from infected B cells can be taken up by 

primary human fetal glial cells, suggesting that B cells can carry associated JCV 

into the brain [43].  While the majority of the human population produces 

circulating antibodies against JCV VP1, these antibodies are not protective 

against the development or progression of PML.  Further, healthy individuals with 

measurable amounts of JCV antibodies, do not have a concomitant viremia, 

indicating that the immune system is capable of detecting and arming itself 

against JCV [44].   
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Initially it was recognized that JCV reactivation is most common in patients 

with deficiencies in CD4+ T cells, such as HIV-1+ patients who have progressed 

to AIDS and patients with CD4+ T lymphocytopenia [45, 46].  Accordingly, a low 

CD4+ T cell count is associated with a greater viral load in the CSF, and a worse 

clinical outcome [16].  In PML patients, CD4+ T cell counts correlate with the 

cytotoxic action of CD8+ T cells, the most common immune cell infiltrate seen 

within the PML lesion and CSF of these patients [25, 47, 48].  CD8+ T cells from 

healthy, HIV-1+, and HIV-1+ PML individuals are all capable of mounting a 

robust CTL response against the JCV VP1 capsid protein [47].  Since JCV is a 

slow replicating virus, it is conceivable that even a low amount of these armed 

CD8+ T cells can effectively prevent viral resurgence, indicating these cells to be 

the most important in immune surveillance of JCV [49].   

Currently, there are no effective treatments for PML, and patients who do 

not survive will succumb to disease within 6-12 months of onset.  Patients that do 

survive are often left with significant physiological and cognitive impairments [50]. 

Treatment of PML is further complicated due to the CNS localization and poor 

bioavailability and CNS penetrance of most drugs. Restoration of underlying 

immune dysfunction, through HAART or discontinuation of monoclonal antibody 

therapy, has become the mainstay of treatment.  However, the rapid restoration 

of JCV-specific CTL response often induces inflammation and generation of 

immune reconstitution inflammatory syndrome (IRIS).  For example, HAART-

naïve HIV-1 patients diagnosed with PML will paradoxically experience 

worsening of PML symptoms upon initiating HAART due to IRIS, which occurs 
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upon increase in CD4+ T cell counts and subsequent restoration of immune 

function upon initiation of HAART.  Further understanding of at risk populations, 

as well as biomarkers and cytokine profiles which favor reactivation of the virus in 

immunocompromised patients are needed to monitor disease progression for 

early intervention in restoring immune function in order to halt JCV reactivation 

and PML development.   

  Attempts to study PML have been challenging due to the strict species 

and cell type specificity of JCV.  Accordingly, JCV can only infect human kidney 

epithelial, tonsillar stromal cells, bone marrow derived cells, granule cell neurons, 

oligodendrocytes, and astrocytes in vivo [51].  In cell culture, JCV infection is 

even more restricted to immature glia or brain microvascular endothelial cells.  

Primary fetal astrocytes, infected in vitro, do not display a productive infection as 

seen in PML pathology, but rather become oncogenically transformed.  Further, 

animal models of JCV infection by viral inoculation or transgenic introduction of 

viral genes does not recapitulate PML pathology.  Rather, these animals develop 

a spectrum of dysmyelinated phenotypes or an assortment of CNS tumors, such 

as metastatic adrenal neuroblastomas, medulloblastomas, pituitary adenomas, 

and malignant peripheral sheath tumors.  In lieu of this connection of JCV with 

animal models of cancer, many have explored the role of JCV in human cancers.   

 

 

 



 

 

15 

JCV and Cancer 

In accordance with its role as a glial trophic virus, the emphasis of JCV 

detection has been in CNS tumors, specifically gliomas (Table 1). Interestingly, 

JCV DNA or proteins can be found in all grades of glioma.  Perhaps this indicates 

that the re-expression of JCV is an initiating step in the oncogenic transformation 

of these cell types.  In a subset of neural-derived tumors, medulloblastomas, JCV 

early and late region proteins and DNA can be detected at a high rate [52, 53].  

Outside of the CNS, JCV is routinely detected in anal, bladder, colon, and 

colorectal tumors.  While other groups have failed to detect JCV in other cohorts 

of patient CNS tumors, some may argue this may be due to technical difficulties 

of working with preserved patient samples [54-57].  Patients with JCV positive 

tumors typically do not have underlying immunosuppressive conditions, 

suggesting that JCV may have separate mechanisms for the induction of PML 

and oncogenic transformation.  
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Table 1. Detection of JCV T-antigen DNA and protein in human glial tumors 

Tumor Type WHO 
Grade 

% positive for 
T-antigen DNA 

(n) 

% positive for 
T-antigen 
protein (n) 

Reference 

Pilocytic Astrocytoma 1 80% (5) 17% (6) 52 
  0% (4) 0% (3) 54 
     
Astrocytoma 2 77% (13) 44% (16) 52 
  0% (6) 0% (5) 54 
     
Oligodendroglioma 2 57% (7) 18% (11) 52 
  0% (9) 0% (4) 54 
     
     
Oligoastrocytoma 2 62% (8) 25% (8) 52 
  0% (8) 0% (4) 54 
     
Ependymomas 2 83% (6) 83% (6) 52 
  17% (6) 0% (3) 54 
     
Anaplastic 
Oligodendroglioma, 
Astrocytoma, or Mixed 

 
 

3 

 
 

67% (3) 

 
 

67% (3) 52 
  100% (3) ND 52 
  0% (4) 0% (2) 54 
     
Glioblastoma 4 57% (21) 19% (26) 52 
  6% (16) 0% (12) 54 
*ND=Not Determined     
 

Mechanisms of JCV induced oncogenesis 

In nonpermissive cells, JCV proteins are expressed and convey an 

accidental oncogenicity.  The primary mechanisms of this include stabilization of 

Wnt signaling, promotion of stemness, and apoptosis resistance, and inhibition of 

cell cycle regulator. 
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Stabilization of Wnt signaling.  JCV T-antigen and Agno also act as potent 

stabilizers of the Wnt signaling pathway in medulloblastomas, glioblastomas, and 

colon malignancies.  In the canonical Wnt signaling cascade, Wnt ligands bind to 

and engage cell surface receptors of the Frizzled (Fzd) and low-density 

lipoprotein receptor- related protein (LRP) families.  The cytoplasmic kinase 

Disheveled (Dsh) is then activated by the Fzd/LRP complex, leading to the 

stabilization of Beta catenin (β-catenin).  Without initial Wnt activation, T-antigen 

complexes with β-catenin allowing β-catenin to escape its usual fate of 

proteasomal-mediated degradation.  Stabilized β-catenin shuttles into the 

nucleus and induces expression of c-myc and cyclin D1 in T-antigen positive 

cells [58-62].  

Promotion of stemness and apoptosis resistance. In permissive cells, T-antigen 

and Agno utilize a multifaceted approach to retain cells in an immature state.  By 

stabilizing the transcription factors β-catenin and myc, JCV forces the expression 

of self renewal genes, such as Oct4, Nanog, and Sox2.  Ectopic expression of 

Agno prohibits the differentiation of oligodendrocytes, and forces mature 

oligodendrocytes to undergo apoptosis [63, 64]. The relationship between T-

antigen and apoptosis is more complicated.  On one hand, T-antigen hinders 

apoptosis induction via the sequestration of p53 and expression of the anti-

apoptotic protein, Survivin. Alternatively, cells overexpressing another anti-

apoptotic protein, BAG3, can suppress T-antigen expression and halt JCV 

replication [65].   
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Inhibition of cell cycle regulators.  As the main regulatory protein of JCV, T-

antigen directs viral replication in the host cell.  By sequestering cell cycle 

inhibitors, namely Rb and p53, T-antigen forces cells into the S-phase of the cell 

cycle to obtain the necessary replication machinery [66].  Retinoblastoma family 

proteins, which include pRb, p107 and p130, are among the first described tumor 

suppressor proteins [67].  Functioning as “pocket-proteins”, they sequester 

member of the E2F family of transcription factors to prevent the expression of 

several proteins involved in the G1 to S transition of the cell cycle [68].  T-antigen 

binds preferentially to hypophosphorylated forms of all three Rb proteins and 

promotes the release of E2F proteins [67].  This mechanism of sequestering Rb 

can also be seen with other isoforms of JCV T-antigen, as well as HPV E7, and 

adenovirus E1A proteins, indicating that Rb inactivation is an essential step in 

viral oncogenesis [67, 68]. 

p53, was initially identified as a binding partner of the T-antigen of the 

homologous polyomavirus, SV40 [69, 70].  p53 shares a nuclear localization 

pattern with JCV T-antigen in numerous patient tumors, including recurrent 

glioblastomas, astrocytomas, oligodendrogliomas [52, 71, 72].  JCV T-antigen 

binds exclusively to wild type p53, and disrupts this potent inducer of G1 phase 

cell cycle arrest, apoptosis, and DNA repair [73].  This protein complex also 

conveys an oncogenic function by enhancing the expression of Insulin-like 

Growth Factor-1, whose receptor is another T-antigen binding partner, and 

further stimulating cell growth [74].  
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Neurofibromatosis type 2 protein (NF2) 

Neurofibromatosis type 2 (NF2) syndrome 

 First clinically described in 1822, neurofibromatosis syndrome was 

characterized by the development of bilateral CNS tumors.  It was not until 

methods for DNA sequence analysis were readily available in the late 1980’s, 

that it was determined there are two separate neurofibromatosis syndromes.  

Neurofibromatosis type 1 and 2 syndromes (NF1 and NF2, respectively) result 

from the disruption or complete inactivation of their respective genes on human 

chromosomes 17 and 22 [75-77].  These genetic mutations are inherited in an 

autosomal dominant nature; however at an incidence of 1:40,000 people 

worldwide, NF2 syndrome is considered rare in the general population [78].    

 

Though the NF2 protein is ubiquitiously expressed, its loss or dysfunction 

is particularly detrimental to meningeal, ependymal, and Schwann cells.  

Accordingly, in their childhood or early adult years, NF2 syndrome patients 

develop meningiomas, ependymomas, and schwannomas.  Though these 

tumors are typically benign, they convey a significant burden to the patient’s 

quality of life.  An unfortunate scenario shared by all NF2 syndrome patients 

involves the formation and growth of schwannomas surrounding the eight cranial 

nerves, which innervates the inner auditory canal (IAC).   These acoustic 

schwannomas compress this nerve tract leading to loss of hearing and balance, 

and ultimately leads to limb paralysis [79].  Surgical debulking of this tumor can 
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cause as much, if not more, damage to auditory structures as the tumor itself, so 

often these tumors are left untreated.  

NF2 protein 

The NF2 protein, also referred to as merlin or schwannomin, belongs to 

the ERM (ezrin, radixin, moesin) family of cell adhesion proteins [80].  Either by 

direct interaction with the actin cytoskeleton, or via an intermediate tethering 

protein, NF2 is an integral organizer of the cellular architecture.  Accordingly, 

NF2 is predominantly localized to actin-rich areas, such as fillipodia, lamellipodia, 

membrane ruffles, and cell-cell boundaries.  NF2 is necessary for the formation 

of stable adherens junctions, via its interactions with cytoplasmic β-catenin and 

cell surface receptors E or N cadherin.  NF2 also binds with several other cell 

surface receptors, namely PDGFR, β-integrins, CD-44, and ErbB receptors.  In 

this capacity, NF2 acts as a cytoplasmic scaffolding protein linking the 

intercellular domains of these receptors to their cytoplasmic kinases (Figure 2).  

In a normal cell, NF2 maintains these interactions and propagates the 

downstream signaling initiated by these receptors. If cells become too densely 

packed, a surface for cell anchorage is lost, or growth factors are not readily 

available, NF2 prevents receptor signaling and halts cellular proliferation [81-83]. 

In contrast, loss of NF2 leads to a loss of contact inhibition and a gain of 

anchorage independence, further facilitating invasion and mobility of malignantly- 

transformed cells [84-86].  Thus, NF2 prevents the effects of aberrant mitogenic 

signaling on oncogenic transformation, making NF2 the only member of the ERM 

family to exhibit tumor suppressor activity [81].   
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The amino terminus of NF2 contains the FERM (Band 4.1, ezrin, radixin, 

moesin) domain, common to all ERM proteins, which is responsible for its 

anchorage to the plasma membrane and actin binding [87, 88].  Some speculate 

that the FERM domain is responsible for the tumor suppressive properties of 

NF2.  For example, this domain is essential for its binding and inactivation of 

eIF3c, DCAF1, PAKs, and cell surface signaling molecules such as EGFR and E-

cadherin [89-91].  Early studies demonstrated the ability of this NF2 domain to 

reverse Ras- induced oncogenic transformation of fibroblasts [92].  Furthermore, 

the FERM domain is required for its growth suppression and localization in 

glioblastomas, Schwann cells, and transformed fibroblasts [93-95].  Mutations in 

NF2’s FERM domain, specifically, lead to the oncogenic transformation of m 

ouse Schwann cells [96].  NF2 patients with mutations in the FERM domain also 

have earlier disease manifestation compared to those with mutations found 

outside of this region [97].  Still, we cannot discount the tumor suppressive roles 

ascribed to the carboxy terminus of NF2.  Most notably, this region is required for 

its binding with hepatocyte growth factor-regulated tyrosine kinase substrate 

(HRS) [98].   This interaction is specific to NF2  and has implications in the 

suppression of JAK/STAT signaling pathway and growth suppression of 

schwannoma cells [99-101].   

 

NF2 and cell surface receptors  

NF2 has been linked to many receptor types at the plasma membrane to 

propagate their extracellular signals.   NF2 binds to β1 integrin in Schwann 
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cells (Figure 1), perhaps allowing for the signal transduction cascade triggering 

differentiation and/or preventing oncogenic transformation [102]. All ERM family 

proteins, especially NF2, bind the cell surface glycoprotein, CD44 [81, 103, 104]. 

When bound to NF2, for example, CD44 is unable to transduce growth-promoting 

signals in response to its ligand, hyaluronate [81].  

In order to form stable adherens junctions, especially in Schwann cells, 

NF2 complexes with either N 

or E cadherin and β-catenin.  

Several growth signaling 

responsive kinases target β-

catenin for its effects on 

cellular proliferation.  Ligand 

binding to PDGFR triggers the 

activation of Src kinase or the 

Rac/PAK/JNK cascade, and 

subsequent phosphorylation of 

β-catenin.  NF2 binds to 

PDGFR in order to occlude 

these interactions and prevent 

the displacement of β-catenin from the plasma membrane (Figure).  

Consequently, PDGFR molecules accumulate on the cell surface of NF2-

deficient schwannomas cells [95, 105].  

Figure 2. Interaction of NF2 with cell surface 
receptors can alter progression through several 

signaling pathways.  
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Many members of ErbB family of receptor tyrosine kinases, particularly 

EGFR, ErbB2, and ErbB3, bind NF2 at the plasma membrane.  Through its 

binding to EGFR, NF2 retains this receptor in its inactive state, preventing its 

downstream signaling through effector kinases Src, Raf, ERK, and Akt.  

Additionally, NF2 prohibits the recycling and trafficking of activated EGFR 

subunits.  By obstructing the binding of ErbB2 and ErbB3 to Src, NF2 prevents 

the subsequent activation of FAK and paxillin.  Similar to PDGFR, ErbB receptors 

are overexpressed on the surface of NF2-deficient schwannoma cells.  The 

downstream kinases of these receptors are also hyperactivated in schwannoma 

cells, thus highlighting the importance of NF2 in preventing excessive cell surface 

receptor initiated signaling.   Additionally, NF2 can bypass the above mentioned 

cell surface receptors and directly interact with cytoplasmic kinases.      

 

NF2 and cytoplasmic kinases     

 The most upstream of the cytoplasmic kinases NF2 interacts with 

include the Rho GTPases, Rac1, and Cdc42.  Once activated, these kinases 

usually pair together to propagate an array of downstream signals.  To prevent 

this union, NF2 blocks guanine exchange factors from activating Rac1.  Activated 

Rac1 is often required for cells to escape contact inhibition, and become more 

mobile.  Alternatively, to promote these phenotypes, Rac1 can phosphorylate 

NF2 at serine 518 (S518), rendering it unable to bind the actin cytoskeleton.  

Cdc42, perhaps through Rac1, can also induce inactivation of NF2.  Unlike Rac1, 

NF2 cannot inactivate Cdc42; however NF2 can prevent Cdc42 binding to 
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members of the mitogen-activated protein kinase (MAPK) family.   Therein 

remains a delicate balance in normal cells among activation statuses of NF2 or 

Rac1 and Cdc42.  In transformed cells, in which NF2 is absent or dysfunctional, 

activation of Rac1 and Cdc42 and their effects on proliferation are unopposed. 

 Rac1 and Cdc42 often act as master switches for the downstream 

p21-activated kinases (PAKs).  As seen with Rac1, PAKs and NF2 share a 

reciprocal relationship, whereby they inactivate one another.  PAKs 1 and 2 are 

required for Rac1/Cdc42 mediated phosphorylation of NF2 at S518.  Further, 

PAKs 1, 2, and 3 can 

directly phosphorylate 

NF2 at S518, to 

promote a loss of 

contact inhibition.  

Alternatively, NF2 

prevents the binding of 

PAKs to the activated 

Rac1/Cdc42 complex 

and subsequent signal 

propagation.  The 

importance of NF2 on regulation of PAKs became apparent when it was 

discovered that NF2 deficient tumors, especially schwannomas, display an 

“oncogene addiction” to PAK activation.  For example, introduction of PAK1 

of a group 1-specific inhibitor peptide significantly hindered
several oncogenic properties of cells lacking functional NF2
(70, 71). NF2-deficient tumors may also depend on activated
PAKs for survival because of their multifaceted effects on cell
cycle progression. For example, PAK1 is the intermediate
linking Ras to enhanced cyclin D1 expression (72), which
promotes progression from the G1 to S phase of the cell cycle.
In addition, late in S phase, PAK1 phosphorylates histone H3
to allow for chromatin condensation of newly-synthesized
DNA73 and also serves to activate Aurora A and polo-like
kinase 1 (plk1), which are crucial for the G2/M transition of
the cell cycle (74, 75). Furthermore, PAK1 translocates to the
nucleus during mitosis, where it plays an active role in assuring
the proper segregation of chromosomes (73). Taken together,
these studies demonstrate several key points at which NF2-
mediated inhibition of PAKs, in particular PAK1, could halt
cell cycle progression. 

JNK. The MAPK, c-Jun N-terminal kinase (JNK) is a
seemingly under-represented, downstream effector of the
Rac1/PAK cascade. JNK is activated by Rac1 directly or via
PAK1; however this process can be ameliorated in the
presence of NF2 (18, 56). Earlier studies detected enhanced
JNK 1 and 2 activation in NF2-deficient tumors, which was
assumed to be simply an indication of Rac and PAK activity
(18, 30, 62) (Figure 2). However, one could argue that JNK
itself provides an important link between NF2 and the cell
cycle. For example, the transcription factor c-Jun, a primary
target of JNK activation, is freed to homo- or heterodimerize
with a fos protein (i.e. c-fos, FosB, Fra1, or Fra2) upon
phosphorylation by any of the JNK isoforms to form the
activator protein 1 transcriptional complex (AP-1). In NF2-
deficient cells, JNK overactivation correlates with enhanced
transcriptional activity by c-Jun and AP-1 (18, 30). Therefore,
it is not surprising that JNK-mediated signaling via c-Jun and
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Figure 2. The canonical NF2 pathway and an alternative pathway via mTOR for affecting the cell cycle. In the cytoplasm, NF2 is known to disrupt the
downstream signaling of Rac1 and Cdc42 at several points. In addition to directly inhibiting the Rac1/Cdc42 complex, NF2 can also inhibit activation
of PAKs, and Ras. In either exchange, NF2 prevents the activation of JNK and c-Jun, and the assembly of the AP-1 transcription complex. A reciprocal
interaction also occurs in this pathway whereby PAKs can inhibit the actions of NF2. Interestingly, NF2 has differential effects on mTORC1 and
mTORC2. By activating mTORC2, NF2 allows activation of Akt and its subsequent repression of FOXO and p27, known inhibitors of cell cycle
progression. However, NF2 inhibits the activation of mTORC1 and subsequent dissociation of transcription factors, 4E-BP1 and eIF4E. When freed,
eIF4E, along with AP-1, can amplify the transcriptional activation of cyclin D1, demonstrating the overlapping nature of these separate pathways. 

Figure 3.  The canonical NF2 pathway and an alternative 
pathway via mTOR. 
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silencing siRNAs are met with opposition by the cells, whereby their promoters 

are methylated to prevent expression.    

C-Jun N-terminal kinase (JNK) is one such member of the MAPK family 

downstream of Rac1/Cdc42 and PAKs.  Thus, by inhibiting Rac1/Cdc42 and PAK 

signaling NF2 ameliorates the activation of JNK. JNK primarily targets the 

transcription factor c-Jun, which when activated can homodimerize or 

heterodimerize with a fos protein (i.e. c-fos) to form the AP-1 transcription 

complex.  Not surprisingly, NF2-deficient cells display excessive activation of 

JNK and c-Jun, and overexpression of AP-1.  NF2 can also prevent JNK 

activation via its effects on the small GTPase, the first oncoprotein proven to be 

negatively regulated by NF2.   

Molecular targets of rapamycin complexes (mTORC1 and mTORC2) are 

differentially regulated by NF2.  The cornerstone of both complexes is the mTOR 

protein, which is activated in response to growth factor and nutrient availability in 

the extracellular milieu.  As a member of mTORC1, mTOR promotes the 

dissociation of 4E-BP1 and eIF4E, and subsequent translocation of eIF4E to the 

nucleus.  Consequently, a loss of NF2 in many meninginomas and mesothelioma 

tumors leads with excessive mTORC1 signaling.  NF2-deficient cells are also 

more sensitive to growth inhibition in response to rapamycin treatment.  

Unexpectedly, mTORC2 is activated by NF2 in response to growth factor 

stimulation in Schwann cells.  Activation of this complex results in the 

phosphorylation of Akt1, which in turn promotes mTORC1 mediated signaling.  

While these distinct effects on mTOR complexes by NF2 appear 
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counterintuitive, the tumor suppressor proteins associated with the inherited 

cancer disorder tuberous sclerosis complex (TSC1 and TSC2) also utilizes this 

pattern of mTOR regulation.  

 

Nuclear NF2   

NF2 localization to the nucleus was considered a rare event, documented 

by only a few groups, including ours.  This may be due, in part, to the lack of a 

canonical nuclear localization signal in the NF2 gene [106].  Others hypothesize 

that technical difficulties, such as poor permeabilization of NF2 specific 

antibodies, account for the lack of detection of this protein in the nucleus [90]. 

Alternatively, the shuttling of NF2 out of the nucleus, has been well documented 

and appears to be mediated by the CRM1/Exportin pathway.  However, the 

circumstances which trigger the exit of NF2 from the nucleus have not been 

established.  

Events such as phosphorylation of serine residue 518 (S518) and entry 

into the G1 phase of the cell cycle, promote NF2 to enter the nucleus (Table 1). 

The most commonly studied post-translational modification of NF2 is 

phosphorylation of S518.  Several kinases phosphorylate S518, including PAKs, 

Rac, and PKA, indicating a need to have redundant pathways for NF2 

modification.  When phosphorylated at this particular site, NF2 adopts an open 

conformation.  Currently, the open conformation is considered to be the inactive 

form of NF2 because it is incapable of inducing growth or cell cycle arrest [90, 

107-109].  Interestingly, the open form of NF2 is occluded from the nucleus, 
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indicating that some of the tumor suppressive roles of NF2 may rely on its ability 

to enter the nucleus [90, 100].   

Cell cycle distribution also appears to be important in the localization of 

* IF: immunofluorescence, IHC: immunohistochemistry, NT: nuclear 
trapping, NF: nuclear fractionation, WB: western blotting 
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NF2.  In cells at the G2/M phase checkpoint, NF2 is found mostly in the 

perinuclear region.  When mitosis begins, NF2 enters the nucleus and remains 

there until late in G1 phase.  NF2 returns to its conventional regions of the cell 

surface membrane throughout S and G2 phases [111].  Though phosphorylation 

of NF2 and cell cycle phase seem like independent events, many of the kinases 

facilitating phosphorylation of S518 are regulated by the cell cycle, indicating that 

these factors may work together to regulate NF2 localization.  Regardless of the 

mechanism facilitating nuclear entry of NF2, its role in the nucleus is poorly 

understood.  Prior to findings presented here, there has only been one report 

describing the E3-ubiquitin ligase CRLDCAF1 as a nuclear binding partner for NF2.   

 

NF2 and CRLDCAF1 

 CRLDCAF1 is a multimeric, E3-ubiquitin ligase, comprised of Cullin 4 

scaffold, DDB1 adaptor, and DCAF1 substrate acceptor subunits.  Activated 

CRLDCAF1 correlates with cell cycle progression and chromatin relaxation, 

suggesting that it triggers the degradation of inhibitors of these processes.  In 

fact, the Vpr protein of HIV-1 targets this complex at the G2 phase of the cell 

cycle, to promote cell cycle arrest and further viral replication.  Whether NF2 is 

subjected to ubiquitination by CRLDCAF1 and subsequent proteasome-mediated 

degradation is still unclear.  However, what has been extensively characterized is 

the antagonistic nature of NF2 on the function of CRLDCAF1.  In transformed, but 

not normal Schwann cells, NF2 binds to the DCAF1 subunit to block the 

degradation of targeted proteins [90].   The closed form of NF2 is required for 
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this interaction, further indicating this to be the tumor suppressive form of NF2.  

Other than CRLDCAF1, nuclear NF2 interacts with the main regulatory protein of 

the human polyomavirus, JC virus, which initially sparked our group’s interest in 

NF2.  

 

NF2 and JCV T-antigen 

 As described previously, JCV T-antigen transgenic mice develop an 

array of CNS tumors.  One particular tumor type, malignant peripheral nerve 

sheath tumors resembled those found in patients with Neurofibromatosis type 1.  

Unexpectedly, T-antigen did not interact with the protein associated with this 

disorder, NF1, but instead with NF2.  The T-antigen and NF2 interaction occurred 

in the nucleus of 

tumor, but not 

normal cells, and 

also involved p53 

(Figure 4) [112].  

This was one of 

the first reports 

to detect NF2 in 

the nucleus of 

cells, and 

prompted us to 

investigate the functional impact of this interaction.  Specifically, we became 
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interested in the consequences NF2 could have on T-antigen induced 

oncogenesis.  As the primary target of T-antigen, p53 could also be a 

downstream target of NF2.  

 

NF2 and p53 

Previous literature has hinted at a tumor suppressive synergy that may 

exist between NF2 and p53. For instance, NF2 and p53 genes are linked in the 

mouse genome, and loss of both lead to the development of highly metastatic 

tumors including osteosarcomas, malignant peripheral nerve sheath tumors, and 

choroid plexus carcinomas [113].  Patient-derived meningiomas displaying NF2 

loss of heterozygosity (LOH) and TP53 mutation are typically of a higher grade 

than those with only NF2 LOH [114].  Previously, NF2 has been shown to 

contribute to the stabilization of p53 through downregulation the MDM2 ubiquitin 

ligase.  This resulted in the enhancement of p21 promoter activity and 

sensitization of cells to p53 induced apoptosis [115].  Whether p53 could regulate 

the expression of NF2 or if NF2 could also upregulate p53 in other cell types has 

not been previously investigated. 

Hypothesis and Specific Aims 

Glioblastomas, while the most common brain tumor found in adults, 

carries the worst prognosis.  The aggressive nature of these malignancies is 

believed to be due to the uncontrolled signaling through numerous signal 

transduction pathways.  The NF2 protein associated with the familial cancer 
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disorder, Neurofibromatosis type 2, is a cytoplasmic scaffold which prevents 

excessive mitogenic signaling.  Through its interactions with cell surface 

receptors and cytoplasmic kinases, NF2 halts proliferation when cellular 

boundaries are compromised.  In contrast, cells lacking functional NF2 gain 

oncogenic features such as anchorage independence.  Glial cells, in particular 

Schwann cells, are most vulnerable to transformation when NF2 is lost.  

However, the functions of NF2 in high grade glioma are under investigated.  Here 

we propose a series of aims to investigate the novel roles of NF2 in human 

glioblastomas.  We hypothesize that through the regulation of viral oncoproteins 

and tumor suppressors, NF2 loss can shape the progression of these 

malignancies.       

The human polyomavirus, JCV, has been speculated to be involved in 

gliomagenesis.  JCV infection of oligodendrocytes leads to their lytic destruction 

and development of the demyelinating disease, PML, in immunocompromised 

individuals.  However, decades of research on this virus have generated an 

appreciation of the oncogenic potential of this virus.  In culture, JCV transforms 

human glial cells and JCV transgenic animals develop a multitude of CNS 

tumors. Furthermore, the main regulatory protein of JCV, T-antigen, has been 

reproducibly detected in human glial tumors of all grades.  As an oncoprotein, 

JCV T-antigen employs a multifaceted approach whereby it inactivates tumor 

suppressor proteins and stabilizes aberrant signaling pathways.  Yet, the roles of 

JCV and its encoded proteins in the initiation and progression of human tumors, 

particularly gliomas, remain unclear.  Previously, our group discovered a novel 
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interaction between NF2 and JCV T-antigen in tumors generated in JCV 

transgenic mice.  The colocalization of these proteins within the nucleus 

prompted us to investigate the nuclear functions of NF2.  Specifically, proposed 

to determine if NF2 modifies the replication of JCV in human glioblastoma cells.  

Additionally, we wished to determine the molecular mechanisms and protein 

domains utilized by NF2 to regulate expression of JCV regulatory proteins.  

Findings from these studies would not only elucidate novel tumor suppressive 

roles of NF2, but would also contribute to our understanding of JCV mediated 

oncogenesis. 

The tumor suppressor protein, p53, is unquestionably the most studied 

protein in all types of human cancer.  Under cellular stresses commonly seen by 

cancer cells, p53 expression is induced.  As a transcription factor, p53 initiates 

the expression of networks of tumor suppressor genes.  In the context of 

glioblastoma, mutation to the p53 gene, TP53, is the most frequent genetic 

aberration in both primary and secondary tumors.  Additional mechanisms exist 

to inactivate wild type p53, such as overexpression of its inhibitor, MDM2.  

Others reported previously, that NF2 can upregulate the expression of p53 in 

transformed fibroblasts.  The loss of both NF2 and p53 in mice leads to the 

development of more highly malignant tumors, compared to p53 loss alone.  

Therefore, we set out to elucidate the impact of NF2 on the regulation of p53 in 

human glioblastomas.  We hypothesized that a tumor suppressive synergy exists 

between NF2 and p53 that could be targeted to inhibit glioblastoma progression.   
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Expression of NF2 in glioblastomas is thought to be reduced compared to 

normal tissue, according to one study [119].  This is in accordance with the 

potent tumor suppressive role NF2 exerts in glioblastoma cells.  However, to date 

NF2 expression in glial tumors has never been compared to that of its binding 

partners or other proteins important in glioblastomas progression.  These limited 

studies, however, did provide the rationale and framework to investigate the role 

of NF2 in glioblastoma.  We proposed to utilize patient glioblastoma tissue 

samples to visualize NF2 expression in these tumors along with T-antigen and 

p53.  We hypothesized that these three proteins would be present in the same 

tumor samples and provide insights as to the molecular aberrations of different 

cells within the tumor.  Results obtained from these studies were predicted to 

extend beyond NF2 and T-antigen or p53 interactions, and might provide an 

enhanced understanding of innovative mechanisms by which oncoproteins and 

tumor suppressors interact within tumors generally. 
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CHAPTER 2 

MATERIALS AND METHODS 

 

Ethics statement - clinical samples 

Human brain tumor tissue was obtained from surgical resections or brain 

biopsy under the approval of the Temple University Institutional Review Board 

(IRB). Written informed consent for all samples was obtained and any clinical 

samples presented in these studies have been coded and de-identified. 

 

Plasmids 

For the NF2 and JCV T-antigen studies, the Mad-4 strain JCVE and JCVL 

promoter regions were cloned into separate pGL3 Basic Vectors, upstream of the 

luc2P reporter gene [116].  The expression constructs for JCV T-antigen and 

human p53, were created by PCR amplification and cloning into the Kpn1 and 

EcoR1 sites, and the EcoR1 and Not1 sites of pcDNA6/myc-His vector 

(Invitrogen), respectively. The HA-tagged NF2 expression construct, including 

HA-FERM and HA-ΔFERM, were created by cloning into the pcDNA3 vector as 

described previously [112].  The T7 tagged SF2 (T7-SF2) expression construct 

was a gift from Ilker Sariyer [117] and the HA-tagged ubiquitin plasmid (HA-Ub) 

was purchased from Addgene.  For use in the NF2 and p53 studies, pCMV-Neo-

BAM p53 R273H and pXJ40-HA-Merlin I S518A and S518D were purchased 

from Addgene.   
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Cell Lines 

The U-87 MG and T98G human glioblastoma, and Saos2 osteosarcoma 

human cell lines were obtained from the American Type Culture Collection 

(ATCC).  The JCV T-antigen positive cell line used, BSB8, was derived from JCV 

T-antigen transgenic mice [73].  All cell types were cultured at 37ºC, in 1x 

Dulbecco’s Modified Eagle Medium (DMEM), containing low glucose, and 

supplemented with 10% fetal bovine serum (Gibco).   

 

Antibodies 

Antibodies used for immunoblotting in this study included: HA-11 mouse 

monoclonal (clone 12CA5, Boehringer Mannheim), SV40 T-antigen Ab2 mouse 

monoclonal, which cross-reacts with JCV T-antigen, (clone pAb416, Oncogene 

Research Products), Myc mouse monoclonal (clone 9B11, Cell Signaling), p21 

rabbit polyclonal (sc-756, Santa Cruz Biotechnologies) and alpha tubulin mouse 

monoclonal (clone B-5-1-2, Sigma Aldrich). For immunoprecipitation the following 

antibodies were utilized: SV40 T-antigen Ab2 mouse monoclonal, HA-11 mouse 

monoclonal, and p53 Ab-1 mouse monoclonal (clone pAb421).  

Immunohistochemistry was performed using NF2 rabbit polyclonal (C-18, Santa 

Cruz Biotechnologies), p53 mouse monoclonal (D07, Dako), IDH1 R132H (clone 

H09, Histonova), EGFRviii (clone 31G7, Invitrogen), and T-antigen mouse 

monoclonal (SV40 T-antigen Ab2). Patient samples were immunoblotted using 

NF2 rabbit polyclonal (C-18), T-antigen mouse monoclonal (SV40 T-antigen 

Ab2), and p53 sheep polyclonal (Ab-7, Millipore). 
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Transfections 

 Cells were seeded in tissue culture dishes, at a density of 

approximately 5,000cells/mm2, one day prior to transfection.  Transfection 

complexes were prepared with 1µg DNA/100,000cells, Optimem serum free 

media (Gibco), and Fugene 6 or Fugene HD, at a ratio of 3µl transfection 

reagent/2µg DNA (Promega).  When using Fugene 6, the transfection reagent 

was diluted in optimem; whereas Fugene HD required dilution of the DNA in 

optimem prior to use.  Complete transfection complexes were incubated at room 

temperature for 20minutes and then on cells in Optimem for 4hrs at 37ºC.  Media 

was replaced and cells were harvested 48hrs post transfection, unless otherwise 

stated.      

 

Luciferase Assay 

U-87 MG cells, were transfected in quadruplicate with increasing 

concentrations of expression plasmids for HA-NF2, T-antigen, and JCVE or 

JCVL reporter plasmids and total amounts of DNA were normalized with 

pcDNA3.1 (empty vector). Cells were harvested 48 hours post transfection in 1x 

passive lysis buffer (Promega) and luciferase activity was conducted with 10 µg 

of protein lysates using the Luciferase Assay System kit (Promega), measured 

with a Femtomaster FB 12 luminometer (Zylux Co.), and quantified to give a 

RLU/sec/10 µg of protein. 
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Chromatin Immunoprecipitation (ChIP) Assay 

The ChIP assay was performed according to instructions (ChIP Assay Kit, 

Millipore) with some modifications as described below.  Following transfection, 

cells were crosslinked with formaldehyde, resuspended in 1% SDS Lysis Buffer, 

and sonicated.  Extracted proteins were subjected to co-immunoprecipitation, in 

ChIP dilution buffer, overnight with antibodies against NF2, T-antigen, and 

normal mouse serum.  Protein complexes were collected with Protein A/Salmon 

Sperm DNA beads and washed increasing concentrations of salt and Lithum 

Chloride.  Elution Buffer was added to release the proteins and DNA bound to 

the beads, and crosslinking was reverse in 5M NaCl overnight at 65ºC.  DNA was 

recovered by phenol/chloroform extraction and ethanol precipitation.  PCR was 

conducted with for the noncoding region of the JCV genome.  The PCR products 

were visualized on a 2% agarose gel with ethidium bromide.  

 

Immunoblotting 

Whole cell extracts were prepared in 1x Promega passive lysis buffer or 

0.5% NP-40, TNN buffer containing mammalian protease inhibitor cocktail 

(Sigma Aldrich). Proteins were separated by 9 or 12% SDS-PAGE, and 

transferred to nitrocellulose or PVDF membranes.  Blots were blocked in 10% 

milk in 1x PBST, then incubated in primary antibodies for 2 hours at room 

temperature or overnight at 4°C. This was followed by washing, then incubation 

with secondary antibodies conjugated to horseradish peroxidase for detection 
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with ECL chemiluminescence (GE Healthcare) or secondary antibodies 

conjugated to alkaline phosphatase for detection with CDP-Star (Perkin Elmer). 

Bands were quantified, using ImageJ or Photoshop software, and normalized to 

loading control. 

 

Co-Immunoprecipitation (Co-IP) 

U-87 MG cells were transfected with expression plasmids as described in 

their respective figures. Forty-eight hours after transfection, whole cell extracts 

were prepared in 0.5% NP-40, TNN buffer containing mammalian protease 

inhibitor cocktail (Sigma) and 0.1 µg/µl DNase1 (Roche). Protein lysates (150µg 

in 300µl) were incubated overnight at 4ºC with 1 µg of antibodies against either 

p53 (Ab-1), Myc tag, HA-11 tag, or T-antigen (SV40 T-antigen Ab2).  As a 

negative control, rabbit anti-mouse unconjugated IgG was incubated with a 

representative sample (Sigma).  Immunocomplexes were isolated by incubation 

with Pansorbin cells (Calbiochem) in TNN buffer, at 4ºC for 2 hours. Complexes 

were then washed 3-4 times in TNN buffer, eluted in 2x SDS-PAGE sample 

buffer and subjected to immunoblot analysis. 

 

Drug Treatments of Cells 

All cells were transfected 24hrs prior to any drug treatment. For 

proteasomal inhibition assays, media was supplemented with either 10 or 25µM 

of MG132 in DMSO (Calbiochem), for U-87 MG and Saos2 cells respectively, or 

an equal amount of DMSO for 8 hours before harvesting. To inhibit translation, 
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10µM cycloheximide in ethanol (Sigma) or an equal volume of vehicle was added 

to the media of U-87 MG cells for 24hrs.  Bafilomycin (10nM) and E64d (50µM, 

Sigma) were used to inhibit lysosomal-mediated degradation and cysteine 

proteases in U-87 MG cells, respectively for 24hrs.  Whole cell extracts were 

prepared 48 h after transfection in TNN buffer and immunoblotted. 

 

Alternative splicing PCR and qRT-PCR 

RNA was extracted from U-87 MG cells transfected with either HA-NF2, T-

antigen, or T7-SF2 constructs alone, or in combination, using the RNeasy kit 

(Qiagen), following manufacturer’s instructions. Samples were then treated with 

DNAse 1 (Roche) and RNAse inhibitor (Roche). Samples were subjected to PCR 

to verify absence of DNA contamination with primers specific for human GAPDH 

DNA: forward primer 5’ GAAGATGGTGATGGGATTTC 3’, reverse primer 

5’GAAGGTGAAGGTCGGAGTC 3’ at 50ºC for 2 min (1x), 95ºC for 10 min (1x), 

95ºC for 30s/53ºC for 30s (45x), and 4ºC for 1 min. When DNA was undetectable 

in these RNA samples, the reverse transcriptase enzyme from the Moloney 

Murine Leukemia Virus (Mo-MuLV RT), dNTPs, and random hexamers 

(Invitrogen) were used to synthesize cDNA. A portion of this cDNA was used for 

PCR reactions with primers to detect alternatively spliced forms of JCV T-antigen 

as described previously (36): forward (4801-4780) 5’-

CCTGATTTTGGTACATGGAA-3’, and reverse (4291-4313) 5’-

GTGGGGTAGAGTGTTGGGATCCT-3’. The remaining cDNA was used for q-

PCR analysis of T-antigen mRNA copy number. The following primers (20µM) 
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and a FAM fluorophore labeled mRNA probe (10µM) specific to JCV T-antigen 

were used in the PCR reaction: forward primer (4255-4274) 5’ 

AGTCTTTAGGGTCTTCTACC 3’, reverse primer (4408-4427) 5’ 

GTGCCAACCTATGGAACAG 3’, probe (4303-4327) 5’ FAM-

AGTGTTGGGATCCTGTGTTTTCATCATC-BHQ1 3’. The PCR conditions for T-

antigen amplification were 50ºC for 2min (1x), 95ºC for 10min (1x), 95ºC for 15s 

(45x), and 60ºC for 1min (1x). The standard mRNA copy number for each 

reaction was normalized to the average GAPDH copy number for those reaction 

conditions. The primers and probes used for the GAPDH PCR reactions 5’-HEX-

CAAGCTTCCCGTTCTCAGCC-BHQ1-3’. All q-PCR reactions were performed in 

Universal Taq Man PCR Master Mix (Applied Biosystems) and amplified using 

the iCycler thermocycler (BioRad Laboratories). 

 

Immunohistochemistry (IHC) 

Patient tumor resection samples were fixed in formalin for 24 hour, 

embedded in paraffin, and sectioned into 4µm slices using a Microm HM315 

(Fisher Scientific).  Paraffin was melted and slides were cleared in xylenes, and 

rehydrated in descending concentrations of ethanol.  Frozen tissue was 

embedded in OCT and sectioned into 10µm slices using a cryostat at -26ºC, and 

stored at -80ºC.  Prior to use unfixed, frozen slides were treated with 100% 

methanol for 10minutes and allowed to air dry.   

Antigen retrieval was conducted by warming slides in citrate buffer at 95ºC 

for 30 min.  Endogenous peroxidases were quenched in a solution of methanol 
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and 30% peroxide for 20min.  Slides were then blocked in normal goat or normal 

horse serum, for rabbit and mouse antibodies, respectively.  Primary antibodies 

to NF2 (C-18), p53 (D07) and T-antigen (SV40 T-antigen Ab2) were incubated on 

the slides overnight in a humidified chamber, followed by the appropriate 

biotinylated secondary antibody for 1hr.  The avidin-biotin complexes were then 

added to the slides using manufacturer’s protocols (Vector Laboratories).  Slides 

were developed using DAB (Sigma Aldrich), dehydrated, counter stained with 

hematoxylin, and mounted.  Samples were coded and scored by a blinded 

secondary party. 

 

Immunocytochemistry (ICC) 

U87 cells or Saos2 cells were transfected with NF2, S518A, S518D, or 

p53 as described previously.  Two-well glass chamber slides (company) were 

coated with 0.01% poly-L- lysine, rinsed in 1x PBS, and allowed to dry overnight.  

Transfected cells were plated in poly-L-lysine coated glass chamber slides 

(20,000 cells/well).  Wells were fixed in 3.7% paraformaldehyde (pH 7.0), and 

membranes were permeabilized with 0.1% Triton X-100 in 1X PBS for 10minutes 

at room temperature.  Slides were blocked in normal horse serum for 1hr, and 

stained with primary antibodies (1:1000) for 2hrs at room temperature.  Horse, 

anti-mouse, fluorescin conjugated secondary antibody (1:2000, vector 

laboratories) was incubated on the slides for 1hr, and slides were mounted with 

DAPI counterstain.   
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CHAPTER 3 

NF2 INDUCES PROTEASOMAL-MEDIATED DEGRADATION OF JCV T-

ANTIGEN IN HUMAN GLIOBLASTOMA 

*Text and figures in this chapter were previously published in PLoS One 

and are reproduced with permission under the Creative Commons CC BY 

3.0. 

Introduction 

The loss of functional NF2 protein predisposes NF2 patients to rare CNS 

tumors, namely schwannomas, meningiomas, and ependymomas.  These 

tumors arise from different cell types, which all serve as supporting cells in the 

CNS or PNS.  The tumor suppressive role of NF2 protein in CNS glial cells, such 

as astrocytes and oligodendrocytes, remains ambiguous.  Conditional knockout 

of the NF2 gene leads to hyperproliferation in neonatal glial cultures [118].  

Glioma cell lines display a loss of NF2 in a grade dependent manner, with 

glioblastoma cells expressing no NF2 protein.  Reintroduction of NF2 into 

glioblastoma cells reduces their proliferation in vitro and growth in Nude mice 

[119].  The mechanisms NF2 utilizes in gliomas have not yet been identified, and 

may be independent of its role as a cytoplasmic scaffold. 

Alternatively, JCV T-antigen is commonly detected in gliomas of all grades 

and by various methods.  Though the role of T-antigen in human malignancies is 

under debate, T-antigen is considered a potent oncoprotein in vitro and in vivo.  



 

 

43 

As discussed previously, cells ectopically expressing T-antigen display several 

features of oncogenic transformation, such as anchorage independent growth 

and resistance to apoptosis.  These oncogenic features can be reversed by 

suppression of T-antigen protein [120].  T-antigen transgenic mice frequently 

develop a multitude of neural crest derived, CNS malignancies  One particular 

tumor type found in these mice, malignant peripheral nerve sheath tumors 

(mpnsts), are a common finding in patients with the inherited cancer disorder, 

Neurofibromatosis Type 1 (NF1) [112].   

Upon further investigation, it was discovered that T-antigen does not 

interact with the protein associated with this disorder, NF1, but rather with NF2.  

T-antigen and NF2 colocalize to the nucleus of cells within the mpnsts, providing 

one of the first reports of a nuclear localization of NF2.  Here we set out to 

investigate the consequences of this nuclear interaction among T-antigen and 

NF2 in glioblastoma cells.  The presence of NF2 suppressed activity of the JCV 

promoters, without binding to either early or late promoter regions.  Instead, NF2 

utilized a novel proteasome-dependent mechanism to degrade T-antigen protein.  

This function was mapped to the FERM region of NF2, which is thought to 

contain the bulk of its tumor suppressive regions.  We were also able to detect a 

complex that formed among these proteins and p53, the most commonly mutated 

protein in glioblastoma and cellular target of T-antigen. NF2, T-antigen, and p53 

were found in the same patient glioblastoma samples, indicating that NF2 may 

alter the behavior of T-antigen in human glioblastomas.      
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Results 

NF2 suppresses large and small T-antigen protein expression and JCV promoter 
activity 

Previously, it has been shown that NF2 binds to JCV T-antigen in the 
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nucleus of mpnsts, in JCV T-antigen transgenic mice [112].  However, the 

functional significance of this colocalization was unclear.  Prior to this findings, 

knowledge about the regulation of JCV T-antigen expression was limited.  p53, 

first identified as a binding partner for SV40 T-antigen, is capable of binding to 

and suppressing transcriptional activation of the JCV early promoter [121].  

Expression of early viral proteins, in particular T-antigen, is required for 

subsequent activation of the JCV late promoter.    

To determine if NF2 could also utilize this mechanism to alter JCV 

replication, a promoter reporter assay was conducted in the human glioblastoma 

cell line, U-87 MG.  As expected of a major viral regulatory proteins, T-antigen 

enhances the activity of both JCV early and late promoters.  NF2, on its own, 

does not appreciable modify the activities of either promoter (Figures 5A and 5B).  

In combination, however, NF2 prevents T-antigen from enhancing the 

transcriptional activation of either JCV promoter (Figures 5A and 5B).  These 

findings correlate with results from a DNA:protein binding assay demonstrating 

that NF2 does not bind to the noncoding control region of the JCV genome 

shared by both promoters (Figure 5C). 

To address if this suppression of promoter activity was due to changes in 

T-antigen protein expression, lysates from the promoter reporter assays were 

analyzed by immunoblotting.  An increase in NF2 expression correlated with a 

dose dependent decline in T-antigen expression (Figure 5D and 5E).  

Interestingly, expression of small t-antigen, also encoded by the JCV early 

promoter, was also suppressed by NF2 expression (Figure 5D and 5E).  These 
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results indicate that NF2, unlike p53, employs an indirect mechanism to suppress 

JCV replication, via suppression of T-antigen expression.   
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NF2 facilitates the accumulation of JCV T-antigen mRNA 

 Considering that large and small T-antigen share an mRNA, we 

asked whether NF2 acts on their common transcript.  To address this question 

we utilized primers, previously described [120], which enable us to distinguish 

among pre-mRNA and its spliced isoforms (Figure 6A).  SF2, an alternative 

splicing factor, has recently been shown to prevent pre-mRNA splicing of the 

JCV early transcript, and consequently inhibit the production of large and small 

T-antigen proteins (Figure 6B) [120].  In U-87 MG cells, NF2 expression did not 

result in an accumulation of T-antigen pre-mRNA or suppression of the spliced 

isoforms (Figure 6C).  On the contrary, NF2 expression resulted in the 

accumulation of T-antigen processed mRNA in these same conditions, 

suggesting that NF2 blocks T-antigen expression during a post transcriptional 

event (Figure 6D). 

 

NF2 promotes proteasomal-mediated degradation of T-antigen 

 The most common protein turnover mechanism utilized in the cell is 

proteasomal mediated degradation.  To address this possibility, we tested the 

effects of a potent proteasome inhibitor, MG132.  MG132 irreversibly binds the 

20S proteasome core particle and inhibits its chymotrypsin-like activity.  

Treatment of U-87 MG cells with this drug results in the accumulation of p21, a 

protein traditionally degraded by the proteasome (Figure 7B).  NF2 down-

regulation of T-antigen was ameliorated with the use of MG132 treatment, 

indicating that the proteasome is required for T-antigen suppression (Figure 7A).  
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Proteins are commonly targeted to the proteasome by the addition of ubiquitin 

molecules.  To date it had not been investigated whether T-antigen protein could 

be ubiquitinated.  Using an HA tagged ubiquitin construct, we were able to 

demonstrate that, like p53, T-antigen is able to bind ubiquitin.   This is a novel 

mechanism of protein turnover of T-antigen.    

 

 

 

 

 



 

 

49 

FERM domain of NF2 is responsible for its binding and degradation of T-antigen 

Tumor suppressor regions of NF2 appear to span the entire protein.  The 

amino terminal FERM (Band 4.1, ezrin, radixin, moesin) domain, common of all 

ERM proteins, is required for NF2 to act as a cytoplasmic scaffold [87, 88].  This 

domain also prohibits oncogenic signaling through epidermal growth factor 

receptors, and inactivates eIF3c, DCAF1, PAK proto-oncogenes [88-91].  The 
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carboxy terminal region of NF2 (referred to as ΔFERM), can also suppress 

growth of tumor cells by inhibiting activation of hepatocyte growth factor and 

JAK/STAT signaling pathways.  To determine which of these domains of NF2 are 

needed for its effects on T-antigen expression, we utilized FERM and ΔFERM 

truncation mutants.  We discovered that FERM, but not ΔFERM, is capable of 

suppressing the expression of large and small T-antigen proteins (Figure 8A).  

Co-immunoprecipitation assays revealed that the FERM domain is also required 

for its binding to T-antigen (Figure 8B).  These results suggest that the FERM 

domain of NF2 is essential for its negative effects on T-antigen expression.  

NF2, T-antigen, and p53 interact in human glioblastomas  

 In the study that primed this investigation, it was demonstrated that 

NF2 and T-antigen complex with p53 in mouse mpnsts [112].  Traditionally, the 

interaction among T-antigen and p53 prohibits the tumor suppressive roles of 

p53 on the cell cycle.  However, since this study, we investigated whether this 

complex forms in other cell types or if NF2 and p53 are capable of direct binding. 

To address this question, we performed a series of co-immunoprecipitation (Co-

IP) experiments with protein lysates of U87 cells transfected with combinations of 

NF2, T-antigen, and p53.  As demonstrated previously, T-antigen is capable of 

binding to p53 and NF2 individually and in complex in glioblastoma cells (Figure 

9A, lanes 4, 6, and 7).  In the absence of T-antigen, p53 and NF2 do not bind, 

indicating that an intermediate, such as T-antigen is required for their 

interactions. (Figure 9B, lanes 6 and 7).    Figure 
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 To investigate the clinical significance of these protein interactions, 

we utilized surgical specimens obtained from glioblastoma patients.  Using fresh 

tissue samples, protein was isolated and immunoblotted to detect NF2, T-

antigen, and p53.  Contrary to previous reports demonstrating that NF2 
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expression is suppressed in glioblastomas, NF2 expression was robust in 3 of 

the 4 high grade gliomas shown in Figure 9C, lanes 2-4 [119].  T-antigen and p53 

expression was also found in tumors expressing NF2 (Figure 9C, lanes 2 and 4).  

The subcellular localization of these proteins was investigated in one of these 

glioblastoma samples, Gli1105.  Immunohistochemical analysis of formalin fixed 

tissue revealed a shared nuclear localization of NF2, T-antigen and p53 in 

adjacent sections of the same tumor (Figures 9 D-F).  Furthermore, 

immunofluorescence double-labeling demonstrated both cytoplasmic 

(arrowhead) and nuclear (arrow) colocalization of NF2 and T-antigen in the same 

cells of this patient sample (Figures 9 G-I).  

Discussion 

 Loss of NF2 protein expression results in the formation of CNS 

tumors, indicating these various cell types are dependent on NF2’s tumor 

suppressive functions.  Here, we investigated the role of NF2 in glioblastoma, the 

most common CNS tumor found in adults.  In prior studies, we identified JCV T-

antigen as a nuclear binding partner in the nucleus of glial cell tumors in T-

antigen transgenic mice.  Since T-antigen protein has been detected in 

numerous studies to be present in patient glioblastomas, we sought to determine 

the relationship among NF2 and T-antigen in these cells.  In doing so, we found 

that NF2 can promote proteasomal-mediated degradation of T-antigen in these 

cells.  A loss of T-antigen protein results in a reduction of JCV promoter activity 

and further T-antigen production.  The FERM domain, common to all ERM 

proteins, is required for the binding and suppression of T-antigen.  The NF2 



 

 

53 

and T-antigen complex may also include p53; however NF2 and p53 do not 

directly interact.  These three proteins can be detected in the nucleus of patient 

glioblastoma samples, demonstrating the clinical relevance of these interactions.         

 Prior to this study, only two other proteins, p53 and SF2, were 

known to be capable of facilitating the degradation of T-antigen.  p53 does so by 

binding to and repressing the JCV viral promoter [69].  As indicated by a ChIP 

assay, NF2 is unable to bind to the control region shared by both viral promoters.  

The alternative splicing protein, SF2, prevents the splicing of T-antigen pre-

mRNA into mature mRNA [120].  The presence of NF2 does not alter the splicing 

of T-antigen pre-mRNA, negating this possible mechanism.  More recently, a 

third protein, BCL2-associated athanogene 3 (Bag3), was shown to facilitate an 

autophagic elimination of T-antigen protein [65]. 

To date, only one other report was able to describe a nuclear function of 

NF2.  This group demonstrated that NF2 interacts with the substrate acceptor 

subunit of the CRLDCAF1 E3 ubiquitin ligase, and in doing so allows cells to regain 

control of the cell cycle [90].  Unlike traditional tumor suppressor protein (i.e. p53 

and Rb), NF2 does not elicit a direct impact on the cell cycle.  However, 

reintroduction of NF2 in several cell lines promotes cell cycle arrest.  

One possible link between NF2 and the cell cycle, which is also relevant to 

its interactions with T-antigen, is p53.  NF2 has been shown to enhance the 

expression of p53 by removing its most common E3-ubiquitin ligase, Mdm2.  The 

enhanced stability of p53 resulted in increased transcriptional activation of cell 
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cycle inhibitor, p21, and sensitization to chemotherapeutic-induced apoptosis 

[115].  Alternatively, T-antigen sequesters p53 to promote cell cycle 

enhancement [73].  

 Contrary to previous findings, we have detected an abundance of 

NF2 protein in human glioblastoma samples, by immunoblotting and 

immunohistochemistry [115, 119]. However, the presence of NF2 does not 

necessarily correlate with its function in these tumors.  Additionally, the status of 

p53 detected in glioblastomas; whether it be wild type or mutant, is not commonly 

reported.  Wild type p53, but not mutant p53, is able to bind T-antigen and control 

cell cycle progression [73]. Thus, it is important to further characterize the nature 

of these proteins in glioblastoma to determine if restoration of functional NF2 or 

p53 could in fact halt oncogenesis. 
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CHAPTER 4   

NEUROFIBROMATOSIS TYPE 2 TUMOR SUPPRESSOR PROTEIN (NF2) 

SUPPRESSES P53 EXPRESSION IN HUMAN GLIOBLASTOMAS 

Introduction 

Disruption of the NF2 gene in NF2 patients predisposes these individuals 

to an array of CNS tumors.  Commonly these patients develop schwannomas, 

meningiomas, and ependymomas, indicating that Schwann, meningeal, and 

ependymal cells, respectively are vulnerable to oncogenic transformation when 

functional NF2 protein is lost. While the loss of NF2 has also been associated 

with malignant cancers, such as mesothelioma, the expression of NF2 in high 

grade CNS tumors has not been thoroughly investigated.  Previously, one group 

reported the loss of NF2 protein in patient glioblastomas and a commonly used 

glioblastoma cell lines [119].  Moreover, we demonstrated that NF2 protein could 

readily be detected in clinical glioblastoma samples.  Further, we found that NF2 

can negatively regulate JCV T-antigen expression, which may halt JCV-induced 

transformation of glial cells [122].  NF2 was also present in JCV T-antigen 

negative tumors, suggesting additional roles for NF2 in glioblastomas.   

Undoubtedly, p53 is a crucial tumor suppressor protein, combating the 

development and progression of glioblastoma.  In response to specific cellular 

insults, such as DNA damage and hypoxia, p53 triggers the transcription of 

networks of genes involved in DNA repair, cell cycle arrest, or apoptosis, to list a 

few.  Mutated p53 protein often adapts an alternative conformation, which is 
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unable to bind DNA targets.  Furthermore, mutated p53 tetramerizes with wild 

type p53 to prevent its binding to DNA responsive elements.  Mutations in the 

p53 gene (TP53) are the most common genetic aberrations in glioblastomas, 

occurring in 25-30% of primary and 60-70% of secondary tumors.   

To date, only one study has investigated the interactions between NF2 

and p53.  Kim et al. (2004) demonstrated that NF2 can enhance the expression 

of p53 and p53-mediated induction of apoptosis in transformed fibroblasts [115].  

Concurrent loss of NF2 and TP53 genes leads to the development of highly 

metastatic tumors in mice [113].  In earlier studies we identified p53 as a member 

of the complex formed by NF2 and JCV T-antigen.  p53, was also detected in 

similar regions as NF2 a patient glioblastoma [122].  These findings led us to 

speculate that in glioblastoma, tumor suppressive synergy may exist between 

NF2 and p53. 

 Here, we report that NF2 is a negative regulator of p53 protein in 

human glioblastoma cells.  NF2 utilizes cysteine proteases to preferentially 

degrade wild type, but not mutant, p53.  Alternatively, wild type p53 can suppress 

NF2 expression; however by an unknown mechanism.  Phosphorylation of NF2 

at Serine 518 alters its susceptibility to p53-induced degradation, but not its 

subcellular localization in these cells.  Taken together these findings highlight the 

complicated pathways in glioblastomas by allowing for two potent tumor 

suppressor protein to degrade one another.       

 



 

 

57 

Results 

 

NF2 suppresses wild type, but not mutant, p53 expression in glioblastoma cells 

Previously, we discovered that NF2 complexes with JCV T-antigen and 

p53 in human glioblastomas.  Further, these three proteins can be detected in 

similar regions of the same patient tumor [122].  However, at the time we did not 

investigate the impact of NF2 on the expression of p53.  As expected of a tumor 

suppressor protein, expression of NF2 is low if not undetectable in several 
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commonly used human glioblastoma cells lines [115, 119].  To circumvent this 

issue, we transiently transfected U-87 MG human glioblastoma cells with 

plasmids encoding HA-tagged NF2 and Myc-tagged, wild type p53.  We 

hypothesized that ectopic expression of NF2 would boost the expression of wild 

type p53 in glioblastoma cells, similar to the effect previously reported in NIH3T3 

cells [115].  Contrary to our expectations, the presence of increasing amounts of 

NF2 led to a dose dependent decline in wild type p53 expression (Figure 10A).    

U-87 MG cells, though one of the more frequently used human 

glioblastoma cell lines, have a poorly understood profile of p53 expression.  The 

p53 gene present in these cells has been sequenced and determined to be wild 

type, making these cells the only human glioblastoma cell line to not contain a 

mutated TP53 gene [123].  To shed some light on the ambiguous nature of p53 

in these cells, we utilized two different p53 conformation independent antibodies 

to detect p53 expression U87-MG cells.  Using an N-terminal specific antibody, 

D07, we were able to detect p53 protein, which can be stabilized with the 

proteasome inhibitor MG132 (data not shown).  However, the C-terminal specific 

antibody, Ab1, was unable to detect p53, even with MG132 treatment (data not 

shown).  Thus, we are uncertain if the p53 present in these cells is wild type or 

mutant, or a truncation variant of either form.   

To ameliorate the effects of potential endogenous p53 expression, we 

investigated the effect of NF2 and p53 in the p53-null, human osteosarcoma cell 

line, Saos 2.  We observed the same outcome in these cells, allowing us to verify 



 

 

59 

that NF2 can suppress wild type p53, regardless of the presence of alternative 

forms of p53 (Figure 10B).  When we conducted the inverse experiment in both 

cell lines, we found that wild type p53 can also suppress the expression of NF2 in 

both U-87 MG and Saos 2 cells (Figure 10B).  Similar to our previous findings, 

NF2 and p53 do not bind, indicating that a reciprocal and inhibitory relationship 

exists among these tumor suppressor proteins independent of a direct interaction 

(Figure 10D).   

The most common mutations in the p53 gene found in glioblastomas 

occur in the DNA binding domain, also known as the hot spot region.  Specifically 

within this region, codons 175, 245, 248, 249, 273, and 282 are prone to 

mutation in glioblastomas [10].  Here, we chose to investigate the effects of NF2 

on a well-described p53 mutant, R273H-p53.  This particular mutation disrupts 

the protein structure of p53 such that it is unable to bind to and transcriptionally 

activate targets such as p21, and Bax [124].   Unlike wild type p53, R273H-p53 is 

resistant to down regulation by NF2 (Figure 10C).   

NF2 does not utilize the proteasome to degrade p53 

p53 protein degradation is predominantly regulated by the proteasome.  

Numerous ubiquitin E3 ubiquitin ligases, most notably MDM2, modify p53 with an 

ubiquitin tag to target its degradation by the 26S proteasome.  To determine if 

NF2 promotes the degradation of p53 via the proteasome, transfected U-87 MG 

cells were treated with MG132, as previously described [122].  Even in the 

presence of the proteasome inhibitor, NF2 expression correlated with a decline 



 

 

60 

in wild type p53 protein in both U-87 MG and Saos2 cells (Figure 10A).  NF2 

itself has been shown to be resistant to degradation via the proteasome [90, 

125].  Accordingly, p53 can still repress NF2 expression in the presence of 

MG132 (Figure 10B).  Thus, these effects on NF2 and p53 protein expression 

are not mediated by the proteasome. 

NF2 enhances protein degradation of p53  

Though rarely reported in the nucleus, NF2 has been known to suppress 

global translation in cells.  NF2 accomplishes this by preventing eIF3c from 

linking the 40S subunit of the ribosome to the 5’ region of the mRNA to initiate 

protein translation [89].  In doing the reciprocal experiment, it was determined 

that inhibition of protein translation, with CHX treatment, did not alter NF2’s 

suppression on p53 protein.  These results indicate that the reciprocal repression 

of NF2 and p53 is resultant of post-translational mechanisms promoting the 

degradation of stable pools of these proteins (Figure 11A).  
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As a transcription factor, p53 is mainly responsible for the regulation of 

protein expression via pre-translational mechanisms.  Therefore, to address 

whether p53’s repression of NF2 expression is due to pre- or post-translational 

mechanisms, we utilized the eukaryotic translation inhibitor, cycloheximide.  

Using p21 as an indicator of CHX efficacy, we determined that 24hrs of exposure 

to 10µM CHX was sufficient to prevent further protein translation (Figure 11B).  

As aforementioned, U-87 MG cells were transfected with HA-NF2 and Myc-p53 

plasmids.  Twenty-four hours post transfection, cells were treated with CHX to 

generate stable pools of both proteins and prevent further protein production.  

Even in the presence of CHX, p53 still suppressed NF2 expression, suggesting 

that p53 does not utilize a pre-translational mechanism to regulate NF2 

expression in glioblastoma cells (Figure 11A).  Collectively, these results suggest 

that NF2 and p53 exploit post-translational mechanisms to degrade stable pools 

of p53 and NF2, respectively.   
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Phosphorylation of S518 alters p53-mediated degradation of NF2, but not 

subcellular localization  

Traditionally, NF2 protein can be found in a closed conformation, whereby 

the amino and carboxy termini interact.  Phosphorylation of Serine 518 (S518) 

disrupts this binding and results in the open conformation, which many consider 

to be the inactive form of the protein [126]. To determine if the phosphorylation 

status of NF2 effects its interaction with p53, we utilized two mutant NF2 
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constructs.  The S518A plasmid encodes a form of NF2 unable to be 

phosphorylated at this residue, whereas the S518D plasmid encodes a 

constitutively form of NF2.  Co-expression of these plasmids in U-87 MG cells 

demonstrated that both in both open and closed conformations NF2 can 

suppress p53 (Figure 12A, 12B).  However, only the S518A mutant is susceptible 

to dose-dependent suppression by p53 (Figure 12B).   

It has been demonstrated by some groups that the phosphorylation status 

of S518 also alters the subcellular localization of NF2 [127].  Unphosphorylated 

NF2 more readily enters the nucleus, whereas phosphorylated NF2 is occluded 

from the nucleus.  To investigate if subcellular localization of NF2 mutants 

accounts for the differential effects seen with p53 expression, we conducted 

immunocytochemistry in U-87 MG and Saos 2 cells expressing wild type NF2, 

S518A, or S518D.  Here, we observed that wild type and mutant forms of NF2 all 

localize to the cytoplasm in U-87 MG or Saos 2 cells (Figure 12C).  On the 

contrary, p53 solely localized to the nucleus of these cells (data not shown), 

indicating that NF2 and p53 do not need to co-localize to alter expression of one 

another.   

NF2 does not utilize a lysosomal-mediated mechanism to degrade p53 

 Independent of the proteasome, cellular proteins can also be 

degraded by the lysosome.  p53 can have dual roles in the induction and 

inhibition of a particular form of lysosomal-mediated protein degradation, 

autophagy.  Cytoplasmic p53 prevents the induction of autophagy by removing 
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repressors of mTORC1.  However, nuclear p53 acts as a positive transcription 

factor for several genes required to initiate autophagy, such as sestrin 1 and 2 

[128].  Therefore, we asked whether p53 utilizes a lysosomal-mediated 

mechanism to degrade NF2.  Bafilomycin A1 (BAF) is a selective inhibitor of 

vacuolar-type H+ ATPases, thereby prohibiting the acidification of the lysosome 

and activation of lysosomal proteases.  Using this inhibitor of lysosomal 

proteases, we still observed a degradation of NF2 in the presence of p53 and 

vice versa (Figure 13).  This indicates that NF2 and p53 do not require functional 

lysosome to promote the degradation of each other.           

 

NF2 requires cysteine proteases to suppress p53 expression 

To date, the only mechanism known to regulate turnover of NF2 proteins 

is calpain-mediated cleavage.  Calpains are Ca2+ dependent, neutral, cysteine 

proteases, making them resistant to BAF treatment.  Recently, p53 has also 
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been shown to be susceptible to calpain-mediated cleavage [129]. Further 

calpains are thought to contribute to the invasiveness of glioblastoma cells, by 

cleaving the extracellular matrix [130].  To investigate the use of calpains in the 

degradation of NF2 or p53, we utilized the selective, cysteine protease inhibitor 

E64d.  Supplementation with E64d prohibited the degradation of p53 by NF2, but 

not NF2 by p53 (Figure 14A).  Inhibition of calpains triggers autophagy, therefore 

LC3 cleavage was used as a marker of drug efficacy for E64d treatment (Figure 

14B). 

 

NF2 and p53 are expressed in the same patient glioblastomas 

 As tumor suppressor proteins, it is expected that the expressions of 

NF2 and p53 would be reduced in glioblastomas.  In the only study on NF2 

expression in glioblastoma, another group reported a loss of NF2 expression that 

correlated with enhanced tumor grade [119].  Further, a multitude of studies 
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have reported robust p53 protein expression in glioblastomas, which some 

believe could act as a prognostic indicator [9].  We demonstrated previously, that 

these proteins can readily be detected in JCV T-antigen positive glioblastomas, 

hence supplementing the evidence against this dogma [122].  Based on the 

mechanistic data presented here, we hypothesized that NF2 and p53 are not 

overexpressed in the same tumor samples.   

For immunoblot analysis of these proteins, we utilized fresh tumor tissue 

from surgically resected, high grade, patient gliomas.  Protein lysates from these 

samples revealed the co-expression of these proteins in the most of samples 

assayed (Figure 15A).  Immunohistochemistry (IHC) was also conducted on a 

larger sample size, also revealing the co-expression of NF2 and p53 in the 

majority of samples (Figure 15C).  Interestingly, no samples were negative for 

NF2, but positive for p53 (Figure 15C).  Therefore, NF2 and p53 expression does 
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not appear to mirror the reciprocal repression we detect in glioblastoma cells.    

In these assays, we employed pantropic antibodies to detect p53, which 

do not allow us to distinguish among wild type and mutant p53.  Rather than 

sequencing TP53 in each sample to detect mutant forms of p53, we speculated 

that conformation specific antibodies for p53 could be utilized to distinguish 

among mutant and wild type p53 proteins by IHC.  Traditionally, tissue is fixed in 

formalin and embedded in paraffin prior to use for IHC.  However, these 

treatment methods disrupt protein structure within a sample, which is required for 

detection of proteins by conformation specific antibodies.  To circumvent this 

issue, we methanol treated unfixed, frozen tumor tissue to preserve proteins in 

their native conformation.  Utilizing a p53 antibody specific for mutant p53, we 

were still able to detect p53 in the majority of samples (Figure 15D).  This 

indicates that the p53 in these patient samples may be mutant and perhaps 

resistant to NF2 mediated knockdown.      

Discussion 

To date, little is known about the function of NF2 in tumors not associated 

with NF2 syndrome.  Loss of NF2 protein is a hallmark of several spontaneous 

tumors such as meningiomas, ependymomas, and mesotheliomas.  Some 

studies have suggested that NF2 loss in glial tumors is necessary for their 

progression [118].  Previously, we discovered the ability of NF2 to degrade the 

oncoprotein JCV T-antigen in glioblastoma cells, thus prescribing a function for 

NF2 in combating JCV induced oncogenesis [122].  Being that the main 
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oncogenic mechanism of JCV T-antigen is the sequestration of p53, we asked 

whether NF2 could alter p53 expression.  Despite evidence from others that NF2 

can stabilize p53, we report here that NF2 may act as a negative regulator of p53 

expression in glioblastomas.  Specifically, NF2 utilizes cysteine proteases to 

degrade wild type, p53 protein.  In a reciprocal manner, wild type p53 can 

suppress NF2 expression, but by an unknown mechanism.   

Interestingly, we can still detect robust expression of NF2 and p53 in the 

same patient tumors.  However, the p53 within these tumors may be mutated 

due to the reactivity we seen with these tumors to a mutant-specific, p53 

antibody.  As mentioned previously, mutation of TP53 is the most common 

genetic abnormality seen in glioblastomas [10].  Studies of p53 expression in 

glioblastoma tissue often relies on the assumption that the p53 detected in 

mutated because it has a long half life and thus is easier to detect [131].  We 

demonstrated here that TP53 mutations, such as those to the DNA binding 

region of p53, allow it to escape NF2-mediated degradation.  Therefore we 

speculate that p53 expression is unaffected by NF2 in patient tumors because it 

is not wild type.   

NF2 in its open conformation, mediated by phosphorylation of serine 518, 

is considered to be inactive.  NF2 mutants that are constitutively opened or 

closed, S518A and S518D, demonstrated that this does not alter its ability to 

degrade wild type p53.  Contrary to other reports, conformation of NF2 does not 

alter its subcellular localization.  NF2 in its open conformation is resistant to p53-
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induced degradation, leading us to speculate the NF2 in our patient tumors is 

also in the open conformation.  Future studies on the interactions between 

mutant p53 and S518 mutants of NF2 and sequencing of the NF2 and TP53 

genes in these sample is needed to validate this model.   

As we demonstrated here, NF2 and p53 neither directly bind one another, 

nor occupy the same subcellular compartment.  These findings indicate that NF2 

and p53 interactions require a common mediator such as JCV T-antigen.  

Another binding partner shared by NF2 and p53, and of particular importance in 

gliomagenesis, is MDM2.  MDM2 facilitates monoubiquitination of p53, which 

triggers either polyubiquitination by other E3 ligases or shuttling of p53 to the 

cytoplasm [132].  Disruption of the interaction between MDM2 and p53 is crucial 

for stabilization and transcriptional activity of p53 [133].  To this end, Nutlin 3, 

which occupies the p53 binding pocket of MDM2, can restore p53 function in 

glioblastoma cells [15].  Clinical trials have not evaluated the efficacy of Nutlins in 

glioblastomas.  Based on our work, the expression of NF2 in these tumors may 

act as an obstacle to restoring p53 function in Nutlin treated cells.  Additional 

studies are required to determine how the regulation of p53 by NF2 

overexpression will shape the progression of glioblastomas.     
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CHAPTER 5 

DISCUSSION 

**Text in this chapter were previously published and reproduced with 

permission 

 

Tumors of the nervous system cause insurmountable morbidity and 

mortality.  Glioblastomas, the most common CNS tumors found in adults, is the 

most aggressive of these malignancies.  Even with a multifaceted, aggressive, 

treatment approach patients typically succumb to these tumors within 1 year of 

diagnosis.  Compared to other malignancies, there are several factors limiting the 

development of the ideal chemotherapeutic agent.  First and foremost, their CNS 

localization prevents most drugs from reaching the tumor site.  The margins of 

the tumor are poorly delineated making total surgical resection difficult to 

accomplish without removing too much normal brain and altering the patient’s 

quality of life.  Even with promising responses to surgery, radiation, and 

chemotherapy patients will develop recurrent tumors which are resistant to these 

treatments.   

At the cellular level, there is a great deal of heterogeneity, so it is unclear 

as to which cell type the tumor originated from.  Further, drugs targeting single 

oncoproteins or pathways may initially be beneficial, but ultimately fail due to the 

molecular complexity and redundancy of these tumors.  Large scale genetic 

analysis of glioblastomas has revealed the importance of the tumor suppressor 
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p53 in glioblastomas.  The p53 gene, TP53, is mutated in 50% of cancers, most 

notably glioblastomas.  p53 acts as the master switch upstream which regulates 

networks of genes involved in apoptosis, senescence, and cell cycle arrest, to 

name a few.  The absence of p53 mutations correlates with a better response to 

conventional chemotherapeutics [8].  In addition to genetic aberration, 

oncoproteins such as MDM2 can be overexpressed to overcome p53-mediated 

tumor suppression, suggesting that functional p53 is detrimental to the 

progression of glioblastomas.   

Similarly, DNA tumor viruses, such as JCV have developed mechanisms 

to inactivate p53 in glial cells.  Though JCV is known for being the etiologic agent 

for the fatal demyelinating disorder, PML, it has also displayed great oncogenic 

potential. Proteins encoded by the JCV genome, particularly the main regulatory 

protein T-antigen, utilizes an array of mechanisms to keep the cell in an 

immature and virus producing state.  By sequestering p53, T-antigen conveys an 

accidental oncogenicity, seen in culture and animal models.  Of the tumors 

described in these mice, the malignant peripheral nerve sheath tumors (mpnsts) 

resemble those found in humans with Neurofibromatosis type 1 syndrome.   

Interestingly, T-antigen does not interact with the protein associated with 

this disorder, NF1, but with the protein the Neurofibromatosis type 2 syndrome 

protein, NF2.  Loss of NF2 function, due to genetic aberration, leads to the 

development of slow growing neurologic tumors, namely schwannomas, 

meningiomas, and ependymomas, in NF2 patients [78].  Primarily localized to the 
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plasma membrane, NF2 acts a scaffold, linking cell surface receptors to their 

cytoplasmic effectors.  In the normal cell, NF2 shuts down excessive signaling 

and maintains cellular boundaries.  Thus, when NF2 is lost or inactive, cells have 

uncontrolled proliferation and become more mobile.  Loss of NF2 has been also 

been associated with the development of spontaneous tumors such as 

mesotheliomas and sporadic meningiomas.  In the context of glioblastomas, NF2 

appears to act as a potent tumor suppressor protein.  However, it is unclear 

whether NF2 utilizes the same mechanisms to combat transformation in all tumor 

types.  Here we sought out to investigate novel roles for NF2 in human 

glioblastomas.  In particular we focused on the viral oncoprotein JCV T-antigen 

and tumor suppressor protein p53. 

NF2 triggers the degradation of JCV T-antigen in human glioblastoma cells 

 In lieu of the association of JCV T-antigen with NF2 in the nucleus 

of tumors generated in JCV transgenic mice and the association of JCV with 

human glioblastoma, we chose to examine the impact of NF2 on regulation of 

JCV in glioblastoma cells.  Though NF2 does not bind to the noncoding control 

region of the JCV genome, it can reduce T-antigen-mediated enhancement of 

early and late viral promoters.  To accomplish this NF2 suppresses the 

expression of both small and large T-antigen proteins.  Being that T-antigen 

proteins are alternatively spliced variants of the same transcript we investigated 

the role of NF2 on the alternative splicing of T-antigen mRNA.  Overexpression of 

NF2 does not alter the splicing of T-antigen, yet it generates an accumulation of 
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mature mRNA.  Upon further elucidation of this post-translational mechanism, we 

discovered that NF2 utilizes the proteasome to degrade ubiquitin-tagged T-

antigen.  We also determined that the FERM domain of NF2, common to all ERM 

proteins, is required for NF2 to bind and suppress T-antigen expression.  In 

patient high grade gliomas, NF2 colocalized with T-antigen and p53 in the same 

tumor samples, validating the clinical relevance of these findings.   

NF2 regulates wild type p53 expression in human glioblastoma 

 Overexpression of NF2 leads to a dose-dependent decline in the 

expression of p53, regardless of endogenous p53 expression.  Interestingly, NF2 

and p53 neither bind one another nor occupy the same subcellular regions.  NF2 

does not rely on proteasome- or lysosome-mediated mechanisms to degrade 

p53.  Rather NF2 utilizes cysteine proteases promote the proteolysis of p53.  

Mutants of NF2, which exclusively adopt the open or closed conformation, were 

also able to suppress the expression of wild type p53.  However, NF2 was 

unable to degrade mutant p53.  Conversely, p53, by an unknown post 

translational mechanism, is capable of degrading wild type and constitutively 

closed forms of NF2.  We also demonstrated that NF2 and p53 were present in 

the same tumor samples, though we hypothesize that the p53 expressed in these 

tumors was wild type. 
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Future Directions 

NF2 and p53 as prognostic indicators for patient survival 

Though nearly 70,000 publications exist for p53, there is still much debate 

about the role of this tumor suppressor.  Several reports have found p53 

expression to positively correlate with progression free survival (PFS) and long 

term survival in glioblastoma patients [134-136].  However, others have reported 

p53 overexpression or mutation negatively correlates with PFS and overall 

survival (OS) [134, 138, 139].  Further, patients with tumors expressing mutant 

p53 were shown to have a longer survival [137, 141]. This story is further 

complicated with the different p53 mutations found within the same tumor [142].  

Cumulatively, p53 expression or mutational status are weak prognostic factors at 

best [10].  Currently, p53 expression and mutational status may predict the 

response of certain cells, but not the entire tumor has to chemotherapeutics.  

Expression, and perhaps the subcellular localization, of p53 and NF2 in patient 

glioblastomas could one day serve as indicators of the tumor’s response to 

conventional therapeutics.    

 

NF2 and p53 in chemotherapeutic sensitization 

Classical subtype of glioblastoma has intact, wild type p53 which is 

thought to contribute to their enhanced responsiveness to chemotherapy [8].  

Alternatively, the loss of p53 has been shown to increase susceptibility of 

transformed cells to death by an array of chemotherapeutic reagents such as 

DNA alkylators and crosslinkers, and tubulin polymerizers [143,144]. Though 
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these therapies have different mechanisms of action, they all trigger the stress 

responses and expression of p53.  If wild type p53 were present, the cell would 

undergo apoptosis, senescence, or cell cycle arrest and would no longer be 

oncogenic.   

The current chemotherapeutic standard of care for glioblastoma patients is 

Temozolomide (TMZ).  As a DNA alkylating agent, TMZ generates multiple DNA 

insults; the most common and detrimental is the methylation of the 6th oxygen in 

guanine bases (O6MeG).  These lesions can be repaired by O6-alkylguanine 

DNA alkyltransferase (MGMT), a transcriptional target of p53.  By suppressing its 

transcription, p53 can prevent the production of MGMT and repair of these 

lesions [145-148].  However, the presence of wild type p53 is thought to act as 

an obstacle in the treatment of glioblastomas, such that knockdown of p53 

sensitizes tumors to TMZ treatment [149].  In either scenario, overexpression of 

NF2 and its regulation of p53 could substantially impact the sensitivity of 

glioblastoma cells to TMZ or other similar chemotherapeutics.  

NF2 as an unconventional cell cycle regulator 

To date, NF2 is considered the only tumor suppressor protein in the ERM 

family, and a non-canonical one at that.  Being predominantly localized to the cell 

membrane, it was assumed that NF2 had no effect on the cell cycle, unlike 

traditional tumor suppressor proteins.  Further, some believe that NF2 may only 

be sequestered in the nucleus in an attempt to promote proliferation [150].  Yet, 

reintroduction of NF2 allows several cancer cell types to regain control of the cell 
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cycle, indicating that NF2 can have a strong impact on cell cycle regulation 

through its actions at the plasma membrane or cytoplasm  [90, 150, 151].    

As described previously, NF2 binds to an array of cell surface receptors to 

halt their downstream signaling.  By occluding the binding of Src to PDGRF, NF2 

prohibits the phosphorylation and subsequent nuclear translocation of β-catenin. 

Nuclear shuttling of β-catenin can also be prevented by retaining it in an 

adherens junction complex with NF2 and either E or N cadherin.  As a robust 

transcription factor, β-catenin drives excessive expression of cyclin D1 and c-

myc.  NF2 also prevents the induction of several other cyclin proteins, via its 

inhibition of EGFR.  Though the functional consequences of the interactions 

among NF2 and integrin are unknown, activated integrins are potent repressors 

of cell cycle inhibitors p21 and p27.  Some have speculated that these 

interactions promote the differentiation of Schwann cells, which would require 

cells to leave the cell cycle (Figure 2).   

Alternatively, the effects NF2 has on cell cycle regulation may be more of 

a function of its interactions in the cytoplasm.  For instance, NF2 deficient cells 

have excessive PAK activation which forces cells through the G1/S, G2/M, M/S 

phase checkpoints.  Downstream of PAK, JNK activates c-jun and drives the 

formation of the AP-1 transcription complex and expression of cyclin D1.  

Interestingly, NF2 has differential effects on mTORC1 and mTORC2. By 

activating mTORC2, NF2 allows activation of Akt and its subsequent repression 

of FOXO and p27, known inhibitors of cell cycle progression. However, NF2 

inhibits the activation of mTORC1 and subsequent dissociation of transcription 
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factors, 4E-BP1 and eIF4E. When freed, eIF4E, along with AP-1, can amplify the 

transcriptional activation of cyclin D1, demonstrating the overlapping nature of 

these separate pathways. 

We hypothesize that NF2, through its down-regulation of T-antigen, will 

also negatively impact the activities of cyclin D1 and E2F.  Typically the 

interaction among T-antigen and pRb facilitates the release of E2F and the 

transcription of genes needed for progression of the cell from G1 to S phase of 

the cell cycle [153].  T-antigen also stabilizes the GTPase Rac1 which promotes 

cell cycle progression [62].  Interestingly, NF2 and Rac1 have a mutually 

antagonist relationship whereby they inactivate each other [82].  A correlation 
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exists between NF2 and cell cycle arrest, however the method by which this 

occurs remains a topic of debate.  Therefore, we further hypothesize that in T-

antigen expressing glioblastoma cells, NF2 will promote cell cycle arrest by down 

regulating T-antigen expression and thereby preventing its interactions with Rac1 

and Rb (Figure 16).   

All tumors, regardless of location or grade, lack a fundamental control over 

cell cycle progression. The implications of a chemotherapeutic agent which can 

arrest cell cycle progression, and ultimately tumor growth, are significant. In this 

context, tumors, benign or malignant, are detected while the patient is 

functionally independent, then arresting tumor growth would allow the patient to 

live a relatively normal life. Successful cancer treatment does not require 

eradication of all cancer cells in the body, but merely control of tumor growth. 

NF2 is a crucial tumor suppressor protein which unites these vastly different 

tumor types and may provide a platform for drug development. Cell cycle arrest, 

perhaps using an NF2 mimetic drug, is an important and viable strategy for the 

treatment of a wide array of tumors and should be further investigated. 
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