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ABSTRACT 

Primitive neuroectodermal tumors (PNET) include medulloblastoma and supratentorial 

primitive neuroectodermal tumor subtypes that share histological features yet differ at the 

genomic level and in clinical outcome. Delineation of the genetic anomalies between 

PNET subtypes is a current challenge for establishing effective targeted therapeutic 

strategies against these aggressive tumors. Current efforts have demonstrated specific 

molecular pathways drive a minority of medulloblastoma and supratentorial PNET but 

the genetic basis of the majority of these tumors remains poorly understood and 

anecdotal. To better define the genetic causes of medulloblastoma and supratentorial 

PNET, we have developed a single Sleeping Beauty transposon insertional mutagenesis 

mouse model that recapitulates the morphological similarities and genetic heterogeneity 

of these tumor types capable of identifying genetic drivers important for PNETagenesis. 

This work has revealed biologically relevant candidate oncogenes and tumor suppressor 

genes for both medulloblastoma and supratentorial PNET in mice and humans. 

ARHGAP36 is a novel oncogene implicated in poorly understood MB molecular 

subgroups, and multiple RAS pathway effector genes were identified to be important for 

sPNET formation. Ultimately, these results present new understanding of the genetic 

basis for medulloblastoma and supratentorial PNET development and offer potential 

targets for therapeutic testing to improve patient clinical outcome. 
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Introduction 
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Pediatric Brain Tumor Development 

Clinical Presentation of Medulloblastoma and sPNET 

Malignant brain tumors are the most frequent solid cancer in children and consist of 

several different subtypes that pose distinct clinical challenges (Packer, 2008). 

Medulloblastoma (MB) and supratentorial primitive neuroectodermal tumor (sPNET) are 

intracranial primitive neuroectodermal tumors (PNET) subtypes defined by the World 

Health Organization (WHO) with useful guidelines for diagnosing their heterogeneous 

histological characteristics and malignancy grade (Louis et al., 2007). MB and sPNET are 

WHO grade IV embryonal tumors that occur most frequently in children and share 

several histopathological features including poorly differentiated small round cells of 

dense cellularity, high nucleus-to-cytoplasm ratio with frequently observed Homer-

Wright rosettes (Inda et al., 2006). Despite their similarities, MB are more common 

comprising approximately 20% of all childhood malignant brain tumors compared to the 

more rare sPNET affecting approximately 3% of pediatric brain tumor patients (Reddy et 

al., 2000). MB and sPNETs have also been observed in rare adult patients (Brandes et al., 

2009; Gessi et al., 2011). Other fundamental differences include physiological location 

with MB always occurring in the cerebellum, while sPNET arise in the cerebrum. sPNET 

patients also suffer an overall poorer prognosis (Li et al., 2005; Pfister et al., 2010). 

Furthermore, MB can be subdivided into five histology subtypes with varying 

frequencies: classic (~70%), desmoplastic (7%), anaplastic (2-4%), large cell (10-22%), 

and medulloblastoma with extensive nodularity (3%) (Gilbertson and Ellison, 2008; 

Louis et al., 2007). Although rare, sPNET are also being subdivided into histological 



 

 3 

variants including CNS neuroblastoma, ganglioneuroblastoma and “embryonal tumor 

with abundant neuropil and true rosettes” (ETANTR) (Li et al., 2009; Pfister et al., 2009; 

Pfister et al., 2010; Eberhart, 2011). Classic MB is the most common subtype and shares 

the most histology overlap with sPNET. Although somewhat subjective, the clinical 

significance of these histological subtypes indicates a more favorable prognosis for non-

metastatic MB displaying desmoplastic or nodular features, while anaplastic tumors 

provide a worse outcome (Eberhart et al., 2002; Pfister et al., 2010). The differences 

between MB and sPNET continue to be a focus of attention to delineate their clinical 

behavior. 

 Although very rare, patients with sPNET experience a relatively low 5-year overall 

survival of 50% compared to approximately 80% for MB patients (Inda et al., 2006). 

sPNETs are large tumors that can present with distant spread throughout the central 

nervous system (CNS), and patients commonly suffer increased intracranial pressure, 

enlarged head circumference and seizures. MB also cause increased intracranial pressure 

and increased head circumference due to hydrocephalus stemming from tumor growth 

and compression in the cerebellar fourth ventricle (Crawford et al., 2007). Subsequent 

symptoms for MB patients include headache, vomiting, irritability, and ataxia (Crawford 

et al., 2007). 

Current Medulloblastoma and sPNET Treatment Strategies 

 Current risk stratification for MB patients after initial surgical resection is based on 

several criteria: age at diagnosis, extent of residual tumor tissue and presence of 

metastasis (Crawford et al., 2007). Patients less than 3 years of age or having residual 



 

 4 

tumor mass larger than 1.5cm2, or presenting with metastatic disease at time of diagnosis 

are considered high-risk, and patients that do not fit these criteria are considered average-

risk. (Karajanni et al., 2008). Current average-risk MB patients over the age of 3 

generally experience an 80% 5-year disease-free survival after receiving low-dose (23.4 

Gy) craniospinal and local boost radiotherapy (5.58 Gy) plus adjuvant chemotherapy in 

an effort to eradicate potential undetected microscopic disease and control disease 

recurrence (Packer and Vezina, 2008). Chemotherapeutic drugs include cisplatin, N-(2-

chloroethyl)-N-cyclo-hexyl-N-nitrosurea (CCNU), vincristine, cyclophosphomide, and 

etoposide. High-risk MB patients over the age of 3 undergo a similar treatment regimen 

with the exception of a high-dose (3.6 Gy) craniospinal radiotherapy and have 

approximately 60% 5-year disease-free survival (Packer and Vezina, 2008). Children 

under the age of 3 with MB pose a particularly difficult risk assessment as they do not 

receive radiation therapy to avoid severe neurological morbidity due to the delicate 

developmental stage of the brain. General strategy includes a chemotherapeutic approach 

to delay or preclude radiation if the patient reaches 3 years of age. Clinical management 

of this group is further complicated because up to 40% of these patients will present with 

metastatic disease at diagnosis (Packer et al., 2008). One benefit for this group is the high 

frequency of desmoplastic histotype MB that responds well to chemotherapy (Packer et 

al., 2008). Despite overall significant disease-free survival, current therapeutic strategies 

cause long-term morbidity among most MB survivors including neurological, 

neurocognitive and neuroendocrine problems. sPNET patients receive treatment similar 

to high-risk MB patients and benefit from a 5-year disease-free survival up to 60%, 
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however suffer a high frequency of recurrence (Reddy et al., 2000). Clear differences in 

the clinical behavior between MB and sPNET has spurred significant research to identify 

how these tumors differ on a genetic level, and possibly uncover molecular features 

predicating better risk stratification and potential target-specific therapeutic strategies to 

improve clinical response and reduce treatment induced morbidity. 

 

Genetic Origins Of Primitive Neuroectodermal Tumors 

Current understanding of the genetic basis for MB and sPNET can be attributed to 

multiple studies of patients with heritable disease and genomic analysis of sporadic forms 

of these tumors. 

Familial Syndromes: Higher Risk For Medulloblastoma And sPNET 

Patients with nevoid basal cell carcinoma syndrome (NBCCS), or Gorlin syndrome, 

suffer an increased incidence of malignancy including basal cell carcinoma, meningioma 

and medulloblastoma (Gorlin, 1987; Taylor et al., 2000). Gorlin syndrome is an 

autosomal dominant disorder manifested through mutations in the transmembrane 

receptor PATCHED1 (PTCH1) gene located on chromosome 9q, a negative regulator of 

the SONIC HEDGEHOG (SHH) pathway. Interestingly, most medulloblastomas driven 

by SHH have a desmoplastic histotype. Lack of active PTCH1 results in derepression of 

the serpentine receptor SMOOTHENED (SMO) and subsequent activation of GLI 

transcription factors that help drive expression of SHH effector genes including N-MYC, 

MATH1 and CYCLIND1 (Kessler et al., 2009). 

 Turcot syndrome Type I patients harbor mutations in deoxyribonucleic acid (DNA) 
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mismatch repair genes hMLH1, hMSH2, hPMS1 and hPMS2 and develop colorectal 

adenocarcinoma, glial brain tumors, and have been linked with sPNET (De Vos et al., 

2004). Turcot syndrome Type II is characterized by a germline mutation in the 

chromosome 5q21 Adenomatous Polyposis Coli (APC) gene and these patients suffer an 

increased risk of colorectal carcinoma and medulloblastoma (Taylor et al., 2000). 

Interestingly, most of these medulloblastomas have a classic histotype. APC operates as 

part of a negative regulation complex of the Wingless and Int (WNT) signaling pathway. 

In the absence of WNT signaling, APC complexes with AXIN and Glycogen Synthase 

Kinase-3-Beta (GSK3β) to phosphorylate the WNT signaling effector molecule Beta-

Catenin (CTNNB1). Phosphorylated CTNNB1 is degraded via the ubiquitin-proteosome 

pathway (Hamilton et al., 1995). Mutant APC allows for uncontrolled WNT signaling 

resulting in stabilized cytosolic CTNNB1 that can translocate into the nucleus where it 

binds TCF transcription factors facilitation transcription of multiple genes including C-

MYC and CYCLIND (Taylor et al., 2000). 

 Li-Fraumeni syndrome is caused by germline mutation of the TP53 gene. These 

patients present with various types of cancer including sarcomas, acute leukemia, breast 

cancer, and brain tumors (Varley et al., 1997). Li-Fraumeni syndrome is also associated 

with MB (Pearson et al., 1982) and sPNET (Orellana et al., 1998). Interestingly, sporadic 

forms of these tumors also contain P53 mutations associated with increased P53 

immunostaining for both medulloblastoma and sPNET (Eberhart et al., 2005; Tabori et 

al., 2010). 

Sporadic MB And sPNET Contain Distinct Genetic Features 
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 Pioneering research and retrospective genetic studies have identified additional 

significant genetic differences between medulloblastoma and sPNET. Pomeroy and 

colleagues performed seminal experiments comparing the gene expression profiles of 

several subtypes of pediatric brain tumors including MB and sPNET and confirmed these 

tumor subtypes indeed harbor distinct gene expression profiles (Pomeroy et al., 2002). 

This study also demonstrated that MB histopathological subgroups could be distinguished 

by their gene expression. Namely, desmoplastic MB harbored differentially expressed 

genes among the SHH pathway including PTCH1 and GLI1 and N-MYC. Multiple studies 

using restriction length polymorphism (RFLP) and array comparative genomic 

hybridization (aCGH) demonstrated isochromosome 17 (i17q) as the most frequent 

genetic anomaly in MB, while rarely observed in sPNET (Burnett et al., 1997; Inda et al., 

2005; Pfister et al., 2007). Differentially expressed candidate genes in this region are 

being identified (Traenka et al., 2010). Work by Russo et al. also showed this discrepancy 

as well as an association of 14q and 19q chromosomal loss with sPNET (Russo et al., 

1999). Further studies linked focal deletion of 9p21.3, harboring the tumor suppressor 

gene CDKN2A, and amplification of the 19q13.41 miroRNA cluster exclusively to 

sPNET (Pfister et al., 2007, Li et al. 2009). In addition, Inda and colleagues identified a 

higher frequency of hypermethylation at the CDKN2A locus for p14/ARF in sPNET 

compared to MB (Inda et al., 2006). These studies provide evidence that despite 

morphological similarities, MB and sPNETs are genetically complex with some similar 

and distinctive features. Current confounding issues for comparing and contrasting 

underlying genetic causes of MB and sPNET include the overall rarity of sPNET and that 
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they harbor greater complexity of DNA copy number changes compared to MB (Li et al., 

2005). 

 As mentioned above, MB are subdivided into five histology subgroups: classic, 

desmoplastic, anaplastic, large cell, and medulloblastoma with extensive nodularity 

(Gilbertson and Ellison, 2008) and also exist in distinct molecular subgroups (Thompson 

et al., 2006; Kool et al., 2008; Cho et al., 2010; Northcott et al., 2011). Notably, these 

studies identify gene expression signatures indicating aberrant SHH or activated WNT 

signaling in approximately 25 and 15%, respectively, of all medulloblastomas as well as 

2 to 4 other subgroups not associated with SHH or WNT that express high levels of the 

known MB oncogene OTX2 (Kool et al., 2008; Northcott et al., 2011). Hallmark 

characteristics of the SHH molecular subgroup include inactivating mutations in SHH 

pathway suppressors PTCH1 or Suppressor of Fused (SUFU), loss of chromosome 9q 

(where PTCH1 resides) or elevated of N-MYC expression. WNT MB can harbor 

activating mutations in CTNNB1, nuclear expression of CTNNB1 protein or monosomy 

for chromosome 6. Importantly, patients presenting with non-SHH/WNT MB subgroups 

have an overall poorer prognosis, an increased frequency of metastatic disease, and the 

critical genetic driver pathways for these tumors are not well defined despite the fact they 

represent the majority of clinical MB. Molecular characteristics of these MB include 

i17q, OTX2 and MYC amplification, P53 immunopositivity, and are further subdivided by 

differential expression of genes involved in neuronal or photoreceptor differentiation. 

(Thompson et al., 2006; Kool et al., 2008; Cho et al., 2010; Northcott et al., 2011). 

 Similarly, sPNET subcategories have been identified based on their histological and 



 

 9 

genetic characteristics (Pfister et al., 2010). CDKN2A deletion is more common in CNS 

neuroblastoma, and 19q13.42 amplification frequent in ETANTR, both with a dismal 

prognosis (Pfister et al., 2010). Recently, an immunohistochemistry screen was 

performed to determine WNT pathway activation by nuclear CTNNB1 staining in a 

series of MB and sPNET. Rogers et al., 2009 identified 36% sPNETs analyzed were 

immunopositive for nuclear CTNNB1 similar to 27% of MB and patients with these 

characteristics tended to have better prognosis. 

 The age and sex of MB and sPNET patients also contribute to overall tumor burden 

and have been linked with particular genetic anomalies. MB occur more often in males 

overall, but SHH and WNT pathway subgroups predominantly effect females (Cho et al., 

2010; Northcott et al., 2011). In addition, these studies revealed SHH-driven MB arise 

most often in infants less than 3 years old or adults over 16 years old. Furthermore, 

sPNETs have also been observed in adult patients and these tumors contain a higher 

incidence (5/11, 45%) of P53 mutations compared to pediatric sPNET (Gessi et al., 

2011). Mutations that generate the IDH1R132H mismatch observed in secondary 

glioblastoma also occur more often in adult sPNET (2/11, 18%, Gessi et al., 2011; 2/6, 

33%, Hayden et al., 2008.). Collectively, these studies further demonstrate the 

demographic and genetic complexity of MB and sPNET providing a challenge for 

clinicians to establish appropriate treatment strategies. 

 

Current Mouse Models For Medulloblastoma And sPNET 

Molecules and pathways that are affected in human PNET tumors have also been 
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manipulated in mice to model PNETagenesis, and have provided insight into potential 

cells of origin for MB and sPNET. 

 Normal cerebellum development begins during gestational week 6 and stems from 

two distinct germinal zones, the ventricular zone and the rhombic lip (Gilbertson and 

Ellison, 2008). The ventricular zone is the neural stem cell primary germinal zone located 

at the dorsal aspect of the fourth ventricle and gives rise to GABAergic cells including 

glia and Purkinje cells that take final residence in the cerebellar cortex. The rhombic lip is 

a secondary germinal zone comprised of granule neuron precursor cells (GNPC) that 

migrate rostrally to form the external granule cell layer (EGL) that creates a perimeter 

around cells derived from the ventricular zone. These precursor cells undergo rapid 

proliferation and then proceed to migrate inward along Bergmann glial fibers, past the 

Purkinje cell layer, to form mature neurons of the internal granule cell layer (IGL). This 

process completes within the second year after birth (Gilbertson and Ellison, 2008). 

Mouse cerebellum development occurs in a similar fashion beginning at embryonic day 

10, with GNPC migration persisting through 2 weeks after birth. This process can be 

tracked during mouse brain development using specific molecular markers for cells 

derived from their respective germinal zones (Figure 1.1). At embryonic day 14, GNPC 

derived from the secondary germinal zone have migrated to form the EGL and express 

the transcription factor Math1 (Figure 1.1A, D). Simultaneously, developing cells of the 

fourth ventricle can be detected by GFAP expression (Figure 1.1A, G). At postnatal day 

7, GNPCs in the EGL achieve peak expansion and begin migrating to form the IGL 

(Figure 1.1B, E), and cells derived from the fourth ventricle are observed in the cerebellar 
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cortex, near the EGL (Figure 1.1B, H). By postnatal day 21, the cerebellum is fully 

developed (Figure 1.1C). GNPC have completed their migration from the EGL to become 

mature granule neurons of the IGL, cease to express Math1 and are marked by the 

neuronal differentiation marker NeuN (Figure 1.1F), and cells derived from the fourth 

ventricle take final residence in the cortex including the Purkinje and molecular cell layer 

(Figure 1.1C, I). In addition, a third germinal zone was identified within the white matter 

of the postnatal cerebellum and can generate astrocytes, oligodendrocytes and neurons 

other than granule neurons (Lee et al., 2005). Perturbations in the organization and 

movement of these germinal cells could circumvent normal cerebellum development and 

lead to pathological conditions, including MB as exemplified in Ptch1+/- mice. 

 Goodrich et al. created the first MB mouse model through germline mutation of 

Ptch1 to genocopy Gorlin syndrome and induce Shh signaling (Goodrich et al., 1997). 

These Ptch1+/- mice suffered a range of phenotypes seen in Gorlin syndrome including 

extra digits, soft tissue tumors and MB (15%). Although p53 mutant mice designed to 

mimic Li-Fraumeni syndrome do not form MB, 95% of Ptch1+/-p53-/- mutant mice 

develop MB within four months (Wetmore et al., 2001). Reviewed in Wu et al. 2011, 

many other Shh-activated MB mouse models combine Ptch1 heterzygosity with Ink4c, 

Kip1. or Hic1 mutants. Other Shh-mediated MB mouse models harbor constitutively 

active Smo or combine mutated Sufu with p53 deficiency. Seminal research by Wechsler-

Reya and Scott demonstrated critical regulation of the Shh pathway for proper 

development of the cerebellum and how altered Shh signaling effects granule cell 

precursors as a MB cell of origin (Wechsler-Reya and Scott, 1999). 
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 Wechsler-Reya used Ptch1+/- mice and showed that Shh is produced and secreted 

by Purkinje cells and normally received by GNPC via the Ptch1 receptor for proper 

regulation of proliferation in the EGL (Wechsler-Reya and Scott, 1999). Subsequent 

studies revealed that although only a fraction of Ptch1+/- mice develop MB, all of these 

animals possess ectopic, pre-neoplastic lesions located in the EGL further suggesting 

these cells as a cell of origin for MB and their need for proper Shh signaling (Oliver et 

al., 2005). Furthermore, the ideas of potential MB cells of origin were expanded through 

Cre-lox conditional knockout of Ptch1 using Math1-Cre (expressed in GNPC) or GFAP-

Cre (expressed in neural stem cells that give rise to neuronal and glial cells including 

GNPC) (Yang et al., 2008). Both experiments yielded MB in a similar fashion suggesting 

proper Shh pathway regulation is required both in early stem cell populations after they 

commit to the granule cell lineage and the later GNPC of the EGL. Sporadic mouse 

models of MB have been developed using the RCAS system (described in Chapter 3) to 

deliver exogenous oncogene expression to Nestin-expressing neural stem cells (Rao et al., 

2003; Rao et al., 2004; Browd et al., 2006; Binning et al., 2008). These models employ 

targeted expression of c-Myc, Igf, N-myc or Hgf, respectively, in combination with 

required Shh overexpression to form tumors. Other mouse models of MB have been 

generated by combining p53-/- with various defective DNA damage repair genes 

including Lig4, Xrcc4, Brca2 and Parp1 in Nestin-Cre expressing neural stem cells (Wu 

et al., 2011). Interestingly, subsequent expression profiling and chromosomal analysis 

showed significant defects including loss of Ptch1 and Gli1 overexpression, further 

implicating the Shh pathway in MB development. 
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 One of the first non-Shh MB mouse models developed combined a conditional Cre-

lox activation mutant Ctnnb1 with conditional p53 deficiency (Gibson et al., 2010). The 

Brain lipid binding protein (BLBP)-Cre transgene promoted recombination in cells 

throughout the hindbrain including the ventricular zone, GNPCs of the EGL, and 

progenitor cells of the lower rhombic lip. Gibson et al., 2010 found MB located in the 

fourth ventricle with expression profiles comparative to human WNT subgroup tumors 

including elevated levels of Dkk1-3, targets of the WNT pathway. Importantly, they went 

on to show that these tumors do not derive from GNPCs, but by cells derived from the 

lower rhombic lip that develop and populate the brainstem. Also, these tumors present a 

classic morphology similar to their human counterpart and distinct from Shh-derived 

tumors that often have a desmoplastic morphology. Together, these results indicate WNT 

subgroup MB harbor distinct molecular profiles and are derived from a specific cell of 

origin compared to Shh subgroup MB. More recently, mice engineered with the Tet 

system to overexpress NMYC in cerebellum cells expressing glutamate transporter 1 

developed several classic and large cell anaplastic MB histotypes with characteristics of 

non-Shh mediated tumors including elevated Otx2 and a lack of Math1 and Gli1 

expression (Swartling et al., 2010). 

 Mouse models for sPNET that mimic human tumors are sparse. Mice that lack p53 

and different combinations of Ink4d (Cdkn2d) and Ink4c (Cdkn2c) deficiency often suffer 

vascular tumors, and also develop MB and sPNET at a low frequency implicating proper 

cell cycle control to suppress these tumors (Zindy et al., 2003). INK4A (CDKN2A) 

promoter methylation has been weakly observed in several studies of MB and sPNET 
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(Frühwald et al., 2001; Ebinger et al., 2004), but CDKN2A deletion found to be 

significantly more common in sPNET (Pfister et al., 2007). Recently, Jacques and 

colleagues conditionally inactivated Retinoblastoma1 (Rb1) and p53 in prospective 

subventricular zone stem cells of adult mice and observed sPNET at a frequency of 

19.8% and approximately nine-month latency (Jacques et al., 2010). When combined 

with conditional Pten loss, this model develops sPNET faster (approximately 100 days) 

and more frequently (51%) further implicating proper cell cycle control, genome stability 

and PI3K signaling in sPNET development. Interestingly, the phenotype is shifted to 

glioma when p53 and Pten are deleted in these cells. Furthermore, this study importantly 

demonstrates subventricular zone stem cells as a potential spatial and temporal sPNET 

cell of origin requiring the correct genetic insult especially loss of cell cycle control by 

the Rb1 pathway. Momota et al. utilized the RCAS system (described in Chapter 3) and 

delivered c-Myc overexpression to GFAP-expressing subventricular neural stem cells in 

p53-/- neonatal mice to generate sPNET within 5 months (11/32, 34%) (Momota et al., 

2008). Similar tumor incidence was observed when this model was coupled with 

stabilized β-cateninS37A (10/21, 32%), however with a reduced two month latency, 

further implicating subventricular neural stem cells as a potential sPNET cell of origin. 

Although these studies are informative, robust sPNET mouse models are needed to 

decipher the genome-wide characteristics of sPNET biology. 

 Overall, these studies provide valuable insight into the heterogeneous molecular 

basis and histogenesis for MB and sPNET. Nevertheless, sPNET and a majority of MB 

subgroups associated with poor clinical outcome require further molecular 
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characterization. Appropriate mouse models are urgently needed to assist this 

characterization and provide a true biological context for direct comparison to human 

disease, and ultimately pinpoint clinically relevant genetic targets for better patient 

stratification and therapeutic applications. 

 

Sleeping Beauty Transposons – The Future Is Now For Delineation Of The PNET 

Genome 

In this era of cancer genomics, an ongoing challenge for identifying genetic anomalies in 

cancer pathogenesis on a genome-wide scale is distinguishing the genetic changes that 

directly contribute to disease progression from those that do not play a role in tumor 

growth. Recent efforts have proven beneficial for this purpose in several human tumors 

including colorectal and breast (Sjöblom et al., 2006), lung (Ding et al., 2008), 

glioblastoma (The Cancer Genome Atlas Research Network, 2008; Verhaak et al., 2010) 

and medulloblastoma (Northcott et al., 2009; Parsons et al., 2010) tumors. These studies 

combined multiple technologies including gene exon re-sequencing, high-resolution 

single nucleotide polymorphism (SNP) genotyping, aCGH, and microarray gene 

expression analysis on a genome-wide scale. Importantly, these studies confirm 

previously known somatically altered oncogenes and tumor suppressor genes (TSG) as 

well as genes not previously implicated in tumor development. Northcott and colleagues 

sampled 201 primary MB using high-resolution SNP arrays reidentified the most 

common MB chromosomal aberration i17q, characterized by a net loss of 17p and a net 

gain of one copy of 17q, in 28% of samples (Northcott et al., 2009). Known MB 
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oncogenes (MYC, GLI1 and OTX2) were also amplified, while multiple oncogenes and 

TSG involved in histone 3 lysine 9 (H3K9) methylation were identified as novel 

candidate MB genes. In addition to structural genetic anomalies, altered gene expression 

profiles due to epigenetic forces also significantly contribute to tumor phenotype. 

Genome-wide expression and methylation profiling studies have also uncovered novel 

oncogene and TSG candidates in MB (Thompson et al., 2006; Kool et al., 2008; 

Kongkham et al., 2008). Overall, such studies exemplify the importance of identifying 

significant changes at the genetic, epigenetic and expression levels of gene regulation for 

better understanding of the cancer genome to ultimately uncover potential therapeutic 

drug targets. While informative, such studies are not without caveats including the 

significant costs and resources required to complete them. Also, specific genetic 

alterations that possibly create tumorigenic functional portions of genes, transcripts or 

proteins may be overlooked by mutation, expression or chromosomal structure analysis. 

Therefore it is important to compliment this research with basic research animal models 

capable of mimicking the genetic and biological context of human cancer to correctly 

identify relevant candidate cancer genes (CCG). 

 Since many cancers are derived from a series of somatic genetic mutations and 

anomalies, forward genetic somatic mutagenesis screens in mice have become an 

extremely useful approach to mimic this behavior. Mice are well suited for comparative 

functional genomics studies that model human disease because of their genetic and 

physiological similarities and both mouse and human genome sequence are publicly 

available for comparative analysis (Frese and Tuveson, 2007). Insertional mutagenesis in 
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mice is an efficient method for inducing tumorigenesis by altering the nascent genome, 

and subsequent identification of the precise genes and gene loci affected (Kool and 

Berns, 2009). Retroviruses and transposons have been developed as in vivo insertional 

mutagens and shown to be effective for identifying CCG in a variety of tumors including 

lymphoma (Mikkers et al., 2002; Dupuy et al., 2005), brain tumors (Johansson et al., 

2004; Bender et al., 2010) and sarcomas (Collier and Carlson et a., 2005). Areas of the 

genome that recurrently harbor integrated provirus or transposons among multiple tumors 

are referred to as common insertion sites (CIS) and represent gene loci that were 

important for tumor development. These studies demonstrated biological relevance of 

insertional mutagenesis because genes that are altered in human cancer were identified as 

well as previously unknown CCG. 

 The Sleeping Beauty (SB) DNA transposon has emerged as a pioneering tool for 

somatic genome manipulation including insertional mutagenesis in mice. SB transposon 

and transposase sequences were originally reconstructed based on dormant Tc1/Mariner 

fish transposon genes harboring inactivating mutations (Ivics et al., 1997). SB operates as 

a ‘cut-and-paste’ DNA transposon and was engineered to function as a two-component 

system consisting of the SB transposon and transposase enzyme shown to be active in 

mammalian cells (Ivics et al., 1997). SB transposase recognizes inverted repeat/direct 

repeat (IR/DR) sequences flanking the DNA cargo, binds as a homodimer to these 

IR/DRs and excises the transposon from its genomic location leaving behind a three base 

pair footprint (CA/TG) (Figure 1.2 A-B) (Ivics et al., 1997). The transposon is then 

subsequently reintegrated into a new genomic location anywhere a TA dinucleotide is 
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present (Figure 1.2 C). Several iterations of the SB transposase and transposon IR/DR 

sequences have been engineered to increase mobilization activity (Grabundazija et al., 

2011). This SB system has been used successfully for multiple experiments in mice 

including germline transgenesis (Dupuy et al., 2002), forward genetic phenotype 

screening (Carlson et al., 2003; Guerts et al., 2006), somatic cell gene delivery for in vivo 

cancer induction (Carlson et al., 2005; Wiesner and Decker et al., 2009) or suppression 

(Ohlfest et al., 2005). These studies have also shed light onto limitations of SB-mediated 

transposition including the tendency for local hopping of the transposon from its donor 

chromosomal concatomer and incompletely random nature of TA dinucleotide site 

integration (Carlson et al., 2003; Guerts et al., 2006). Recent studies have also used SB 

transposon insertional mutagenesis as a successful method for generating cancer in mice 

and subsequently identifying CIS as candidate genetic drivers of the tumors (Dupuy, 

2010). The transposons T2/Onc and T2/Onc2 operate as insertional mutagens via their 

murine stem-cell virus long terminal repeat/splice donor sequence (MSCV LTR/SD) and 

bidirectional splice acceptor/polyadenylation sequences (SA/pA) (Figure 1.3A). These 

transposons are designed to promote protooncogene (Figure 1.3B) or halt TSG (Figure 

1.3B) expression, respectively. Both vectors are effective when mobilized in all somatic 

cells, combined with the correct predisposing mutant background and a sufficient source 

of transposase to induce neoplastic prostate lesions, lymphomas and sarcomas (Rahrmann 

and Collier et al., 2009; Collier and Carlson et al., 2005; Dupuy et al., 2005; Collier et al., 

2009). Brain tumors including medulloblastoma, sPNET and high-grade glioma were also 

observed at low frequency using this strategy (Collier et al., 2009; Dupuy et al., 2005) 
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with novel candidate glioma genes successfully identified (Bender et al., 2010). 

Furthermore, T2/Onc mutagenesis has been used to induce hepatocellular carcinoma and 

gastrointestinal tract cancer when applied in a tissue specific manner utilizing a Cre-lox 

regulated SB transposase transgene (Keng et al., 2009; Starr et al., 2009). Importantly, 

subsequent transposon insertion site analysis identified gene targets also altered in human 

disease, as well as candidate oncogenes and TSG not previously associated with their 

respective tumors. Therefore, these studies provide proof-of-concept that SB-mediated 

insertional mutagenesis can successfully model relevant stages of cancer in mice, can be 

applied to specific tissues for particular tumor development, and is capable of identifying 

known and novel candidate cancer genes for accurate delineation of the genetic basis of 

different cancers. 

 

HYPOTHESIS 

Current efforts to understand and distinguish the genetic basis between medulloblastoma 

and sPNET are ongoing, but still poorly understood. Models to correctly recapitulate 

molecular and phenotypic subtypes for these tumors are also lacking. I hypothesize that 

SB insertional mutagenesis can be applied to generate new mouse models for complete 

MB and sPNET development, identify novel candidate oncogenes and TSG that better 

define the heterogeneous genetic basis of these tumors, and ultimately identify clinically 

relevant targets to treat human disease. 
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Figure 1.1. Cells Of Origin For Medulloblastoma 

(A-C) Sagital section of mouse brain at progressive developmental stages. (D-F) Math1 

red immunofluorescence. (G-I) GFAP red immunofluorescence. (A) Embryonic-day 14 

showing early cerebellum structures in the fourth ventricle (IV) including the ventricular 

zone (VZ), rhombic lip (RL), external granule cell layer (EGL), choroid plexus (CP). (D) 

Math1 marking cells of the developing EGL. (G) GFAP marking cell expanding from the 

VZ. (B) Postnatal day 7 showing advanced cerebellum development. (E) Math1 marking 

proliferating granule neuron precursor cells of the EGL. (H) GFAP marking Bergmann 

glia and cells bordering the EGL. (C) Adult day 21. (F) NeuN marking mature EGL cells 

that have successfully migrated to form the internal granule cell layer (IGL). (I) GFAP 

marking Bergmann glia and astrocytes of the molecular layer (ML). Figure modified 

from Schüller et al., 2008 and Yang et al., 2008) 
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Figure 1.2. Sleeping Beauty Transposon Mechanism Of Mobilization 

(A) SB transposase recognizes and binds as a homodimer to SB transposon IR/DR 

sequences. (B) SB transposon is excised from its genomic location. (C) Reintegration of 

the SB transposon into a new TA dinucleotide genomic location. (Adapted from Carlson 

and Largaespada, 2005). 

 



 

 23 

 

 

 

 



 

 24 

 

 

 

 

 

 

 

Figure 1.3. Structure And Function Of Mutagenic Transposon 

(A) Schematic of T2/Onc/T2/Onc2. Murine stem cell virus 5´ long terminal repeat with 

promoter and enhancer elements (MSCV) and splice donor (SD) sequences promote 

proto-oncogene expression. Bi-directional splice acceptor (SA) and polyadenylation (pA) 

sequences disrupt expression of tumor suppressor genes. (B) Mutagenic transposon-

mediated activation of near full-length (upstream insertion) or truncated form (intronic 

insertion) of a proto-oncogene. (C) Mutagenic transposon-mediated disruption of tumor 

suppressor gene (inverse or sense orientation intronic insertion) (Adapted from Dupuy, 

2010). 
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CHAPTER 2 

Sleeping Beauty Transposon Insertional Mutagenesis Reveals Distinct Recurrent 

Genetic Alterations Among Primitive Neuroectodermal Tumors 
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Introduction 

Primitive neuroectodermal tumors (PNET) are the most common childhood brain 

malignancies and include MB and supratentorial PNET (sPNET) (Reddy et al. 2000, 

Dubuc et al., 2010). These tumors share histological characteristics including small round 

cells of dense cellularity, high nucleus-to-cytoplasm ratio with frequently observed 

Homer-Wright rosettes (Inda et al., 2006). MB are the most frequent PNET, form in the 

cerebellum and may arise from ventricular zone stem cells or GNPC of the developing 

cerebellum (Gilbertson and Ellison, 2008). sPNET are more rare, typically located in the 

cerebral cortex or pineal gland (Reddy et al., 2000) and may arise from subventricular 

zone stem cells (Jacques et al., 2010; Momota et al., 2008). Despite their aggressive 

nature and histological similarities, MB and sPNETs have different clinical outcomes. 

MB has a 60-80% 5-year survival rate, with survivors facing severe cognitive side effects 

from current treatment regiments, while sPNET patients suffer poorer prognosis and 

generally fail to respond to therapy, possibly due in part to inaccessible anatomic location 

(Northcott et al., 2010). Patients with Gorlin or Turcot syndrome have germline 

mutations in the PTCH1 or APC genes, respectively, and are at increased risk of MB 

through aberrant SHH or WNT signaling pathways, respectively (Taylor et al., 2000). 

Individuals with Li-Fraumeni syndrome harbor P53 mutations and experience an 

increased incidence of MB and sPNET among other tumors. Sporadic forms of these 

tumors also contain genetic mutations affecting these pathways including P53 mutations 

associated with increased P53 immunostaining for both MB and sPNET (Eberhart et al., 

2005; Tabori et al., 2010). Seminal microarray analysis identified multiple differentially 
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expressed genes distinguishing sPNET from MB and other tumors (Pomeroy et al., 

2002). Loss of PTEN through 10q copy loss and mutation has been observed in sPNET 

(Kraus et al., 2002), and biallelic loss or PTEN promoter hypermethylation has been 

observed in MB (Hartmann et al., 2006). Although i17q is one of the most frequent 

chromosomal abnormalities occurring in human cancer including MB, it is rarely 

observed in sPNET (Burnett et al., 1997; Inda et al., 2005; Pfister et al., 2007; Carvalho 

and Lupski, 2008). Further studies linked focal deletion of 9p21.3, harboring the tumor 

suppressor gene CDKN2A, and amplification of the 19q13.41 miroRNA cluster 

exclusively to sPNET (Pfister et al., 2007, Li et al. 2009). Recent global analysis of the 

MB genome using high power SNP array or exon resequencing identified candidate 

tumor suppressor genes important for proper histone methylation (Northcott et al., 2009; 

Parsons et al., 2011). Therefore, there is a growing body of evidence that despite 

morphological similarities, MB and sPNETs are genetically complex and more distinct 

from each other than previously thought. 

In addition to genetic differences that distinguish PNETs, MB and sPNET are 

further subdivided into histological and genetic subgroups (Thompson et al., 2006; Kool 

et al., 2008; Gilbertson and Ellison, 2008; Cho et al., 2010; Pfister et al., 2010; Northcott 

et al., 2011). MB subgroups include those with gene expression signatures indicating 

aberrant SHH (25%), activated WNT signaling (15%), and tumors not associated with 

SHH or WNT that express high levels of the known MB oncogene OTX2 (Kool et al., 

2008; Northcott et al., 2011). Importantly, patients presenting with non-SHH/WNT MB 

or sPNET subgroups have an overall poorer prognosis and the critical genetic driver 
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pathways for these tumors are not well defined. Further clarification of the genetic 

differences between MB and sPNET as well as differences amongst subgroups of these 

tumors is needed for future improvements on current treatment methods for patients 

suffering from these diseases. 

The use of in vivo transgenic mammalian models has proven invaluable for 

dissecting the genetic causes of MB and sPNET, and mouse models have been created to 

mimic these human diseases based on genetic, molecular and physiological similarities 

between mice and man. Multiple genetically engineered mouse models of MB have been 

developed by activating the Shh or Wnt pathways in various cells of origin to recapitulate 

their corresponding human subgroup MB (Reviewed in Wu et al., 2011). Other mouse 

models affecting the Rb1 and p53 pathways can trigger sPNET formation (Marcus et al., 

1991; Jacques et al., 2010). While very useful, these models focus on specific well known 

molecules and pathways associated with PNET disease. There is currently a need for an 

in vivo model to interrogate the global characteristics of the PNET genome in an unbiased 

manner to faithfully recapitulate human PNETs and their subgroups, and use for direct 

comparative genomics approach. 

To address these deficiencies, we used SB-mediated insertional mutagenesis to 

perform a novel, non-biased, forward genetic screen in mice to better understand the 

genetic differences between MB and sPNET development. We targeted the SB system to 

the neuronal and glial precursor cells using Nestin-Cre as a source of Cre recombinase in 

otherwise wild type, Pten deficient or dominant negative p53 backgrounds. MB and 

sPNETs developed in mutagenized mice with the highest frequency occurring on a 
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dominant negative p53 background and common insertion sites reveal distinct genetic 

drivers for each tumor type establishing a new mouse model for interrogating molecular 

differences between PNET subtypes. Furthermore, we identified a novel candidate MB 

gene, Arhgap36, whose increased expression occurs in a Shh-independent molecular 

subgroup demonstrating the ability of this new model to faithfully recapitulate and 

provide potentially novel therapeutic targets for human disease. 

 

Materials And Methods 

Generation of Transgenic Mice 

Nestin-Cre mice (Jackson Laboratory #003771, Tronche et al. 1999) were bred to either 

T2/Onc (chromosome 15 or 1 concatomers, approximately 25 copies, Collier et al., 2005) 

or T2/Onc2 (TG6057, chromosome 4 concatomer, approximately 148 copies, Dupuy et 

al., 2005) to generate Nestin-Cre:T2/Onc double transgenic mice.  Rosa26-lsl-SB11 (Starr 

et al., 2009, Keng et al., 2009) were bred to either p53lsl-R270H (Olive et al. 2004) or 

Ptenflox/flox (Xiao et al. 2005) to generate Rosa26-lsl-SB11:Ptenflox/flox or Rosa26-lsl-

SB11:p53lsl-R270H double transgenic mice. Nestin-Cre:T2/Onc mice were then bred to 

Rosa26-lsl-SB11:Ptenflox/flox or Rosa26-lsl-SB11:p53lsl-R270H mice to generate mice with 

and without insertional mutagenesis in combination with different genetic backgrounds: 

wild type, conditional Pten heterozygous, or conditional dominant negative p53 (Figure 

2A, B and C).  All mice were bred and cared for under the guidelines of the University of 

Minnesota Animal Care and Use Committee. 

Genotyping and Excision PCR 
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PCR primer sequences for each transgene were as follows: Nestin-Cre: Forward 5′-

CTGATGGACATGTTCAGGGATCG-3′, Reverse 5′-

CCCACCGTCAGTACGTGAGATATCT-3′; Rosa26-lsl-SB11: Forward 5′-

ATGTTTGGAGGAAGAAGGGG-3′, Reverse 5′-CCATTTGCGACCAAGCTTTA-3′; 

T2/Onc or T2/Onc2: Forward 5′-CGCTTCTCGCTTCTGTTCGC-3′, Reverse 5′-

CCACCCCCAGCATTCTAGTT-3′; Ptenflox: Forward 5′-

AAAAGTTCCCCTGCTGATTTGT-3′, Reverse 5′-

TGTTTTTGACCAATTAAAGTAGGCTGT-3′; p53lsl-R270H (detects both wild type and 

transgenic alleles): wild type Forward 5′-TTACACATCCAGCCTCTGTGG-3′, 

transgenic Forward 5′-AGCTAGCCACCATGGCTTGAGTAAGTCTGCA-3′, wild type 

Reverse 5′-CTTGGAGACATAGCCACACTG-3′.T2/Onc and T2/Onc2 excision PCR 

was performed as previously described (Collier et al. 2005) using primer sequences: 

Forward 5′-TGTGCTGCAAGGCGATTA-3′, Reverse 5′-ACCATGATTACGCCAAGC-

3′. 

Histopathology and Immunohistochemistry 

Tissue samples were fixed in 10% phosphate buffered formalin, paraffin embedded, cut 

into 5µm sections and stained with Hematoxilin and Eosin (H and E) using standard 

methods. Unstained tissue microarray sections of formalin-fixed, paraffin-embedded 

tumor specimens on glass slides were obtained through an IRB-approved mechanism 

through the University of Minnesota Biological Materials Procurement Network (BioNet; 

www.bionet.umn.edu), and Johns Hopkins University. Immunohistochemistry was 

conducted using standard methods with citrate-based antigen retrieval (#H-3300, Vector 
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Laboratories). Endogenous peroxidase activity was quenched with 3% hydrogen 

peroxidase. Primary antibodies: SB (#MAB2798, R&D Systems), Ki67 (#NCL-L-Ki67-

MM1, Leica) Synaptophysin (clone SY38, ICN Biomedicals), Nestin (#sc-33677, Santa 

Cruz Biotechnology), GFAP (#Z0334, Dako), Gli1 (#AB3444, Millipore), Otx2 

(#AB9566, Millipore), Arhgap36 (#HPA002064, SIGMA), p-AKT(Ser473) (#4060, Cell 

Signaling Technologies), Pten (#9559, Cell Signaling Technologies), p-Erk 

(Thr202/Tyr204) (#4370, Cell Signaling Technologies) were used and detected with 

Vector Laboratories reagents: Vectastain Elite ABC Kit (#PK6100) and 3,3’-

diaminobenzidine (DAB) Substrate Kit (#SK-4100). 

Ligation Mediated PCR 

Genomic DNA was carefully isolated from tumor tissue by proteinase K digestion with 

subsequent phenol-chloroform extraction and ethanol precipitation. Transposon-genomic 

DNA junction fragments were amplified as previously described (Keng et al., 2009; Starr 

et al. 2009) and processed by Illumina sequencing. 

CIS Analysis 

Transposon-genomic DNA sequences were loaded into a relational database and database 

queries were used to identify and remove barcodes denoting the library of origin. 

Transposon sequences and linker fragments were trimmed off, leaving genomic 

sequence. Identical sequences derived from the same library were condensed to a single 

sequence entry, retaining the total count of observations. Potential genomic sequences 

were mapped to the mouse genome using the bowtie algorithm. Only insertions with 

flanking genomic sequence beginning with a TA dinucleotide were considered further. 



 

 33 

As an additional step to minimize the potential for false positive mapping, bowtie was set 

to only allow mismatches in lengths of sequences where randomly generated sets of 

50000 DNA sequences were unable to map. The empirical cutoffs to eliminate this 

potential source of error were 33 nucleotides for 3 mismatches, 30 for 2 mismatches, 28 

for 1 mismatch and 24 for 0 mismatches. For this rational, sequences of 23 or less bases 

were discarded from the analyses to increase the stringency of the analyses. 

Common transposon integration sites were calculated using the Poisson 

distribution. The Poisson distribution determined the probability of observing a given 

number of events within a region assuming that these events occur in an essentially 

unbiased manner. In this case the transposon insertions were the events, the size of the 

genome was the region, and the total number of insertions being analyzed for CIS were 

used to estimate the frequency of event observation. The probability estimate was then 

corrected based on the total number of windows examined (i.e., the total number of 

insertions) using Bonferroni correction to ensure statistical rigor. 

For CIS analysis, the window sizes used were determined by identifying the 

maximum window size to generate a corrected p-value < 0.05 with an integer number of 

insertions by examining window sizes from 10000 bases to 300000 bases. If fewer than 

1000 insertions or more than 200000 inserts were examined, default window sizes of 

12500, 25000,50000,100000 and 200000 bases were used. 

RT-PCR 

Total RNA was extracted from tumor tissues using TRIzol Reagent (#15596-018, 

Invitrogen). Residual contaminating DNA was removed with TURBO DNA-free Kit 
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(#AM1907, Ambion). RT-PCR was performed with 500ng total RNA using SuperScript 

III First-Strand Synthesis System (#18080-051, Invitrogen) and an Arhgap36-specific 

primer targeting exon 5 (5′-GCAACAAGTCTCAACAATCTGAGG-3′). Fusion 

transcripts were amplified using these primers: T2Onc/2 Splice Donor Forward (5′-

CTACTAGCACCAGAACGCCC-3′), Arhgap36 Ex5 Reverse (5′-

GATTTGTTGAGCAATTGGGTTGAGG-3′), BetaActin Forward (5′- 

TGGGCCGCCCTAGGCACCA-3′), BetaActin Reverse (5′-

CTCTTTGATGTCACGCACGA-3′). 

 

Results 

Nestin-Cre Mediates SB Transposase Expression Throughout the Mouse Brain 

To assess the spatial and temporal activation of the Rosa26-lsl-SB11 allele in central 

nervous system cells, we bred Nestin-Cre mice with Rosa26-lsl-SB11 mice. We tested 

Cre-lox recombination of the Rosa26-lsl-SB11 allele in brain cells of double transgenic 

mice by immunohistochemistry using an antibody specific for the SB transposase protein. 

At postnatal day two, we observed SB expression throughout the brain (Figure 2.1A) 

including cells of the developing cerebellum: granule cells (Figure 2.1B), white matter 

(Figure 2.1C), and cells surrounding the fourth ventricle (Figure 2.1D). SB transposase 

expression was also observed in cells of the subependymal midbrain (Figure 2.1E), 

subventricular zone (Figure 2.1F) and olfactory bulb (Figure 2.1G). SB transposase 

expression throughout the brain also persists in adult mice (data not shown). Importantly, 

we did not observe SB transposase expression in mice harboring only the Rosa26-lsl-
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SB11 allele (Figure 2.1B`-G`). We also observed mosaic SB expression in other tissues 

including pancreas, kidney and testicles (data not shown). These results demonstrated 

that the Nestin-Cre allele successfully activates SB transposase expression in prospective 

cells of origin for medulloblastoma and sPNET. 

SB Insertional Mutagenesis Promotes Malignant PNET Formation 

In an effort to evaluate tissue-specific SB insertional mutagenesis throughout the brain in 

combination with Pten or p53 deficiency for PNETagenesis, we bred mice transgenic for 

Nestin-Cre and T2/Onc (or T2/Onc2) concatomer with mice harboring Cre recombinase-

responsive transgenes Rosa26-lsl-SB11 and Ptenflox/flox or p53lsl-R270H. These crosses 

generated three experimental cohorts of mice undergoing tissue-specific SB transposition 

with distinct genetic backgrounds: wild type (Figure 2.2A), conditional Pten 

heterozygosity (Figure 2B) or conditional dominant negative p53R270H (Figure 2.2C). 

Important control mice lacking transposition but undergoing Nestin-Cre-mediated SB11 

transposase expression (Figure 2.2A), Pten heterozygosity (Figure 2.2B) or dominant 

negative p53R270H (Figure 2.2C) were also produced in each cohort. We initiated these 

cohorts to exclusively harbor two different transgenic lines for T2/Onc (Collier and 

Carlson et al., 2005) or T2/Onc2 (Dupuy et al., 2005). The T2/Onc transgenic mice 

harbor a concatomer of approximately 25 transposon copies located on chromosome 1 or 

15. T2/Onc2 transgenic mice harbor a concatomer of approximately 148 transposon 

copies located on chromosome 4. The majority of experimental animals contained either 

the low copy chromosome 15 T2/Onc concatomer or the high copy chromosome 4 

T2/Onc2 concatomer (Supplemental Figure 2.1). All mice were aged and monitored for 
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signs of neurological symptoms. Animals that developed severe ataxia, enlarged cranium 

or general morbidity were sacrificed, dissected and carefully examined for tumors. 

We observed macroscopic MB only in mice undergoing SB mutagenesis, but at 

varying frequencies dependant on the genetic background (blue columns, Figure 2.2D): 

transposition only = 6/68 (9%), transposition and Ptenflox/+ = 4/90 (4%), transposition and 

p53lsl-R270H = 12/64 (19%). The overall average age of mice that died from MB was 143 

days. Average latencies (in days) of each cohort were:  transposition only = 148, 

transposition and Ptenflox/+ = 195, transposition and p53lsl-R270H = 123 (Figure 2.2E). Mice 

with SB-induced tumors associated with dominant negative p53R270H showed the greatest 

acceleration among all the cohorts and developed tumors significantly faster than mice 

with medulloblastomas associated with Pten heterozygosity (p = 0.0088). We also 

observed macroscopic sPNET at varying frequencies among animals undergoing SB 

mutagenesis (red columns, Figure 2.2D): transposition only = 1/68 (2 %), or transposition 

and p53lsl-R270H = 12/64 (19%). In addition, only one microscopic sPNET was also 

identified in the olfactory bulb of a Nestin-Cre; p53lsl-R270H control mouse: 1/47 (2%) 

further indicating SB mutagenesis accelerates sPNET formation in conjunction with 

p53lsl-R270H. The SB-induced sPNETs associated with dominant negative p53 occurred on 

average at 440 days (Figure 2.2F). The SB-induced sPNET derived on an otherwise wild 

type background developed at 499 days and control sPNET from the activated dominant 

negative p53 only occurred at 333 days. We consistently observed a high frequency of 

T2/Onc2-mediated MB (Supplemental Figure 2.1A, B and C). In contrast, sPNET 

associated with dominant negative p53 were equally derived from low and high copy 
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transposon concatomers 15 and 4, respectively (Supplemental Figure 2.1C). However, the 

SB-induced sPNET observed on an otherwise wild type background harbored the high 

copy T2/Onc2 chromosome 4 concatomer (Supplemental Figure 2.1A). No brain tumors 

occurred in mice with low copy T2/Onc resident on chromosome 1, however these 

animals represented a small percentage of starting experimental mice in transposition 

only (9%),and transposition and Ptenflox/+ (15%) groups (Supplementary Figure 2.1A and 

C). Overall, mice that developed SB-induced PNETs died faster compared to control 

mice in each experimental cohort (Supplemental Figure 2.2). 

In addition, several experimental male mice undergoing transposition develop SB-

induced testicle tumors at different frequencies depending on the genetic background 

(Supplemental Figure 2.2A-C and data not shown). Other prominent tumor types 

observed among all control and experimental cohorts include osteosarcomas and 

lymphomas and were not SB-derived, but dependent on the genetic background. For 

example, a significant number of osteosarcomas and lymphomas were observed in mice 

carrying the p53lsl-R270H allele (Supplemental Figure 2.2C), common phenotypes seen in 

other p53-deficient mouse models (Attardi and Jacks, 1999). Interestingly, lymphomas 

were observed in over 25% of mice with the Ptenflox/+ transgene and over 50% of mice 

with both Nestin-Cre and Ptenflox/+ transgenes (Supplemental Figure 2.2B) suggesting the 

Ptenflox allele may have hypomorphic properties and Nestin-Cre mediates Cre expression 

in cells important for lymphomagenesis (data not shown). 

We confirmed that PNET tumors from animals suffering SB mutagenesis were 

indeed SB-derived. MB and sPNETs express SB transposase protein by 



 

 38 

immunohistochemistry (Supplemental Figure 2.3A). In addition, we performed a 

transposon excision PCR assay that confirmed T2/Onc and T2/Onc2 mobilization from 

their initial concatomer locations. Transposon excision was observed in all MB and 

sPNETs tested (Supplemental Figure 2.3C) compared to transgenic tissue lacking Cre 

recombinase (Supplemental Figure 2.3C). Collectively, PNET formation required SB 

mutagenesis and was enhanced by dominant negative p53 genetic background. 

SB Insertional Mutagenesis-Induced Medulloblastomas Mimic Human 

Medulloblastoma Histological Subtypes 

SB-induced MB were located in the cerebellum (Figure 2.3A, 2.3C). Histopathology 

revealed morphological characteristics similar to human classic MB including small 

round cells with high nuclear:cytoplasm ratio, Homer-Wright rosettes (Figure 2.3B), 

vascularization, and sporadic mitotic cells (Figure 2.3B). Areas of anaplasia were also 

observed (data not shown). Leptomeningial spread from the primary tumor (Figure 2.3C) 

with similar morphology (Figure 2.3D) was also observed in 11/22 cases (MB 

characteristics shown in Supplemental Table 2.1). To further characterize their malignant 

and neuronal nature, we conducted immunohistochemical analysis on these tumors. They 

stained positive for the proliferation marker Ki67 (Figure 2.3E), primitive neuronal 

marker Synaptophysin (Figure 2.3F), and the neural progenitor intermediate filament 

protein Nestin (Figure 2.3G). In contrast, the MB were negative for the astrocyte marker 

glial fibrillary acidic protein (GFAP, Figure 2.3E). In addition, we observed 2/4 MB from 

the transposition plus Ptenflox/+ cohort that contained both classic morphology and nodular 

areas consisting of elongated streams of cells resembling human MB with extensive 
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nodularity (Supplemental Figure 2.4). Similar to classic portion of the tumor, tumor cells 

within the nodule areas stain positive for Synaptophysin and negative for GFAP (data not 

shown). However, cells within the nodular areas are overall negative for Ki67 

(Supplemental Figure 2.4D) and Nestin (Supplemental Figure 2.4F) compared to cells in 

the classic area (Supplemental Figure 2.4E and G, respectively). Collectively, these data 

show SB-induced MB phenocopy heterogeneous features of human medulloblastoma. 

SB Insertional Mutagenesis-Induced sPNET Mimic Human sPNET 

In contrast to MB, SB-induced sPNETs were found in the rostral portion of the brain 

commonly overwhelming areas of the olfactory bulbs, lateral ventricle and cortex (Figure 

2.4A). Histopathology showed morphological characteristics of the bulk tumor similar to 

human sPNET including small round cells with a high nuclear:cytoplasm ratio, presence 

of Homer-Wright rosettes (arrow Figure 2.4B), vascularization, and sporadic mitotic cells 

(arrowhead Figure 2.4B). We also observed tumor cell infiltration into the brain 

parenchyma (Figure 2.4C). sPNET characteristics shown in Supplemental Table 1. 

Immunohistochemistry revealed these tumors express Ki67 (Figure 2.4D), Synaptophysin 

(Figure 2.4E), and Nestin (Figure 2.4F). They are largely negative for GFAP (Figure 

2.4G) except for reactive astrocytes entrapped within the bulk tumor. Together, these data 

demonstrate SB-induced sPNET faithfully recapitulate characteristics of human sPNET. 

Medulloblastoma And sPNET Common Insertion Sites Identify Known And Novel 

Gene Targets 

To identify candidate MB and sPNET genes that help drive PNETagenesis in our SB 

mutagenized mice, we recovered transposon insertion sites from 22 MB and 13 sPNET 
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by linker-mediated PCR using barcoded primers distinct for each tumor followed by 

sequencing-by-synthesis with the Illumina Genome Analyzer IIx. 22 MB and 13 sPNET 

generated over 390,000 and 155,000 nonredundant mapped insertions sites, respectively. 

Sequenced non-redundant insertion sites that represent greater than 0.1% (0.001 

stringency) of total number of mapped insertions from each library were used for analysis 

to generate top candidate common insertion sites that achieve a P-value less than 0.05 for 

MB and sPNET (Figure 2.5A). From this analysis, 14 and 16 CIS were identified for MB 

and sPNET, respectively (Figure 2.5A). Ingenuity Pathway Analysis for each CIS group 

identified top molecular networks for both MB and sPNET including genes involved in: 

Cancer (MB: Gli1, Pten; sPNET: Nf1, Pten) and Nervous System Development and 

Function (MB: Chl1, Dyrk1a, Gli1, Pten; sPNET: Clcn3, Qk, Nf1, Npas3, Pten). 

Several genes that have been previously implicated in human MB are represented 

with common insertion sites among multiple SB-induced tumors including Gli1 and Pten 

(asterisks, Figure 2.5A). In human MB, SHH pathway activation marks a molecular 

subgroup often associated with upregulation of GLI1 (Northcott et al., 2011). Also, 

biallelic loss or PTEN promoter hypermethylation associated with PI3K pathway 

activation has been observed in MB (Hartmann et al., 2006). Foxr2 is a member of the 

forkhead box family of transcription factors related to FOXG1, a candidate oncogene 

amplified in human medulloblastoma (Northcott et al., 2010). CIS-associated genes 

including Serinc3, Zmynd11, Enox2, Chl1, Dlg1, Rreb1 and Dyrk1a have been implicated 

in human cancer but not previously linked with MB (Bossolasco et al., 1999; Yang et al., 

2010; Tang et al., 2007; Senchenko et al., 2011; Mori et al., 1998; Nitz et al., 2011; de 
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Wit et al., 2002). Also, we show here the first association for Ddx19a, Dusp14 and Vsp45 

in any cancer. Strikingly, a completely novel RhoGTPase activating protein Arhgap36 

was the most frequent candidate oncogene identified occurring in 14/22 

medulloblastomas across all predisposing genetic backgrounds (wild type: 4/6, 67%; 

Ptenflox/+: 4/4, 100%; p53lsl-R270H: 6/12, 50%). 

We also identified Pten as a candidate gene in SB-induced sPNET, and loss of 

PTEN through 10q copy loss and mutation has been observed in human sPNET (Kraus et 

al., 2002) (asterisk, Figure 2.5A), Several genes marking different cellular functions were 

identified and not previously implicated in sPNET development. Notably, Setd2 and 

Setd5 are histone lysine methyltransferase enzymes potentially involved in global gene 

expression regulation, with human SETD2 having a tumor suppressor role in breast and 

renal cell cancer (Newbold and Mokbel, 2010; Varela et al., 2011). Ambra1 is a predicted 

tumor suppressor gene that promotes autophagy in the central nervous system (Fimia et 

al., 2007), a process shown to regulate MB development in vivo (Bhoopathi et al., 2010). 

Additionally, Ube2d3 and Usp9x were also identified implicating protein ubiquitination 

with sPNET. Multiple genes that play a suppressive or activating functional role in Ras 

signaling were identified in many sPNETs (arrowheads, Figure 5A). Transposon 

insertions in these genes predict an overexpression role for the candidate oncogene Eras, 

and expression disruption for tumor suppressors Nf1, Erbb2ip and Rasa3. 10/13 (77%) 

sPNETs are included in this group and show an increase in p-Erk immunopositivity 

indicating Ras pathway activation (Figure 2.5B, Supplemental Table 2). Furthermore, 

9/10 (90%) of these Ras-activated tumors also harbor p53lsl-R270H. In contrast, tumors that 
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are not associated with these Ras-pathway genes lack p-Erk staining (Figure 2.5C, 

Supplemental Table 2). These results implicate Ras pathway activation linked with p53 

deficiency sPNET development. 

Collectively, these results reveal genetic alterations previously associated with 

MB and sPNET. Importantly, multiple genes were also identified in our screen that 

directly implicate them in PNET development and further distinguish the genetic basis 

between MB and sPNET. Additional research is warranted to determine how these gene 

targets function during MB or sPNET development, respectively. Furthermore, novel 

genes and molecular pathways frequently altered in these tumors may mark potential 

therapeutic targets in human disease. 

Arhgap36 Is The Most Frequent Medulloblastoma Candidate Oncogene And Marks 

A Sonic Hedgehog/Wnt-Independent Genetic Subgroup 

Out of 22 SB-induced MB, 14 (63% total) harbored transposon insertion sites near the 

novel GTPase activating protein gene, Arhgap36, marking it as a top CIS represented in 

all three predisposing backgrounds (Supplementary Table 2.2). Interestingly, 3 of the 

remaining 8 (13% total) tumors contained transposon insertions within intron 5 of the 

Shh pathway effector gene Gli1 positioned to induce Gli1 expression and were associated 

with dominant negative p53lsl-R270H (Supplementary Table 2.2). Also, 1 of these 

remaining 8 tumors (5% total) that does not fall into the Arhgap36- or Gli1-mediated 

subgroups harbors expression-disrupting insertions within intron 1 and 2 of the Apc gene 

(WT459, data not shown). The pattern of Arhgap36 insertion site loci for each of the 14 

tumors are clustered either upstream of exon 1 up to approximately 206Kb away (Figure 
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2.6A), or within intron 1 (Figure 2.6A). Importantly, the MSCV/SD portion of the 

transposon is in the sense orientation relative to Arhgap36 for each of the 14 tumors 

predicting to drive expression of Arghap36. To verify this, we amplified 

T2/Onc/2:Arhgap36 fusion transcripts from a subset of tumors containing Arhgap36 

insertions, but not from control tumors without Arhgap36 insertions (Figure 2.6B). 

Sequence analysis of the RT-PCR products confirmed a precise fusion transcript 

containing the T2/Onc/2SD:Arhgap36 exon 2 boundary with an in-frame ATG codon at 

44bp of exon2. We also recovered full-length fusion transcript coding sequence from 2 

tumors tested consistent with the largest Arhgap36 isoform (ENSMUST00000114904, 

data not shown). The slightly larger band amplified from tumor P53184 contains a similar 

fusion transcript which also contains a 90bp fragment of Gm14696 intron 1 between the 

transposon SD and Arhgap36 exon 2 (Figure 2.6B and data not shown). In addition, 

immunohistochemistry revealed robust Arhgap36 expression in tumors with 

corresponding Arhgap36 insertions (Figure 2.6C) compared to control tumors (Figure 

2.6D). Arhgap36 expression was observed in cells of the primary tumor (Figure 2.6C) 

and tumor cells that spread through the leptomeninges (Figure 2.6C). 8/14 (57%) 

Arhgap36-driven tumors displayed a metastatic phenotype compared to 3/8 (38%) for 

Arhgap36 negative tumors, and only 1/3 (33%) observed in Gli1 immunopositive tumors 

(Supplementary Table 2.2). Arhgap36 protein was localized to the cytoplasm in cells 

from insertion-positive MB (Figure 2.6E) compared to sparse nuclear positive cells found 

in Arhgap36 insertion-negative MB tissue (Figure 2.6F) similar to expression in normal 

granule cells of the same tissue (data not shown). Conversely, immunohistochemistry 
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demonstrated tumors with Gli1 insertions display Gli1 nuclear expression (Figure 2.6H), 

while tumors without Gli1 insertions fail to express Gli1 (Figure 2.6G). Arhgap36 

positive tumor P53176 also showed Gli1 expression without Gli1 insertions indicating an 

alternative mechanism of induced expression (Supplemental Table 2.2). We then 

compared the expression of Otx2 between the SB-induced MB. OTX2 is a transcription 

factor amplified and overexpressed in SHH-independent MB (Adamson et al., 2010). We 

observed nuclear Otx2 expression in all the SB-induced MB (Figure 2.6I) except those 

driven by Gli1 expression (Figure 2.6J). Furthermore, tumors harboring Pten loss via the 

Ptenflox allele or transposon insertions also exhibit transposon-mediated Arhgap36 

expression (Supplemental Table 2.2). Among Arhgap36 positive tumors, we observed 

reduced Pten and elevated p-Akt cytoplasmic expression in 3/4 Ptenflox/+ MB and MB 

P53720 (Supplementary Table 2.2, Figure 2.6K). These data indicate that our SB-induced 

MB include a Gli1-mediated Shh molecular subgroup, disrupted Apc-mediated Wnt 

molecular subgroup, and a Shh/Wnt-independent molecular subgroup driven by a novel 

oncogene Arhgap36 that may cooperate with Pten loss. 

ARHGAP36 Expression is Elevated in Poor Prognosis Human Medulloblastomas 

To determine if ARHGAP36 is involved in human MB development, we assessed 

ARHAGP36 RNA expression levels from the Affymetrix HG-U133 microarray dataset 

generated previously from a panel of 62 tumors (Kool et al., 2008). Cluster analysis of 

these tumors revealed 10 tumors with the highest and 10 with the lowest ARHGAP36 

expression segregated into the 5 subgroups established by Kool et al. (Figure 2.7A). 

Interestingly, 8 of the ten lowest expressors clustered into subgroup A (WNT) or B 
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(SHH), 8 of the top 10 highest expressors could be found in subgroups C and D, and 2 of 

each were found in subgroup E (Figure 2.7A). This data is consistent with observations 

from the SB-induced MB showing high Arhgap36 expression is associated with Shh-

independent tumors. We next assessed ARHGAP36 expression levels in a spatial-

temporal manner in human MB using immunohistochemistry on two separate tissue 

microarrays prepared at the University of Minnesota, and Johns Hopkins University. We 

analyzed 65 samples and observed tumors with areas of ARHGAP36 expression 

localized in the nucleus, cytoplasm, or both, and a fraction of tumors were ARHGAP36 

negative (Figure 2.7B). From this data, 37/65 (56%) of the samples displayed areas of 

cytoplasmic ARHGAP36 expression similar to what we observed in the Arhgap36-driven 

mouse MB, and 8/65 samples showed strong nuclear expression. Furthermore, overall 5-

year survival analysis of MB patients immunopositive for ARHGAP36 revealed a trend 

of poorer survival during the first two years after diagnosis compared to patients lacking 

ARHGAP36 immunopositive expression (All, Figure 2.7C). This trend is exacerbated in 

patients with cytoplasmic ARHGAP36 expression. Similarly, deceased MB patients 

showing ARHGAP36 immunopositivity (n = 14) suffer significantly faster mortality 

compared to ARHGAP36 negative patients (n = 12) and this mortality rate significantly 

shorter when ARHGAP36 expression is localized to the cytoplasm (n = 11) (Deceased, 

Figure 2.7C). 4/5 (80%) patients with confirmed metastatic disease also showed 

cytoplasmic ARHGAP36 expression. In addition, we noted several human MB 

containing cells of classic morphology with cytoplasmic ARHGAP36 staining as well as 

nodular areas demonstrating streaming cells with sporadic weak nuclear expression 
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(Figure 2.7D). We saw a similar expression pattern in the two mouse MB harboring both 

classic and nodular morphologies indicating a predominance of cytoplasmic Arhgap36 

expression in MB cells with a primitive and proliferative phenotype. This observation 

indicates these tumors bear both histological and molecular heterogeneity that can 

influence clinical behavior. Taken together these data show that ARHGAP36 expression 

is elevated in human MB at the RNA and protein levels and contributes to SHH and 

WNT pathway independent high-risk molecular subgroups. 

ARHGAP36 Is Expressed In Normal Developing And Adult Cerebellum 

To further investigate the biological relevance of ARHGAP36 to MB development, we 

determined the spatial and temporal expression pattern of ARHGAP36 protein during 

normal developing and adult cerebellum tissue.  We observed cells in the developing 

cerebellum of both mouse and human that express nuclear localized ARHGAP36. Cells 

of the developing cerebellum that express ARHGAP36 include those throughout the 

molecular layer (ML), Purkinje cell layer (PC) and internal granule cell layer (IGL) 

(Figure 2.8A-B). In adult cerebellum, we observed a similar expression pattern in the 

mature ML, PC and IGL (Figure 2.8C-D). Interestingly, we did not see detectable 

staining in cells of the developing external granule cell layer (EGL). 

 

Discussion 

MB and sPNET are central nervous systems tumors that often occur in pediatric 

patients. Although similar on a histological level, these tumors pose different levels of 

treatment response and survivability. This is due in part to genetic disparity observed 
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through genomic structural changes, expression profiling and epigenetic alterations. As 

described in Chapter 1, several key similarities and differences have been identified, 

including those used to determine MB and sPNET molecular subgroups. Although 

multiple studies show sPNET are genetically distinct from MB, little is known about 

which genetic factors drive sPNET formation and how this relates to clinical outcome. 

Also, we lack a concise view of to what extent specific molecules and pathways 

determine the pathogenesis of a majority of MB. 

We report here a novel SB insertional mutagenesis mouse model that helps 

address these deficiencies in MB and sPNET tumor research. This model recapitulated 

histological and molecular features of human MB and sPNET development as well as 

previously reported mouse models. Interestingly, we observed MB amongst all three 

genetic backgrounds with a higher frequency associated with p53lsl-R270H. Also, a higher 

rate of mutagenic transposition effected MB frequency because overall fewer mice were 

generated harboring the high-copy T2/Onc2 transposon concatomer, yet a majority of 

MB formed in these animals (14/22, 64%) (Supplemental Figure 1). We did not see as 

obvious a trend in mice that developed sPNET as the overall frequency of T2/Onc2-

mediated sPNET associated with p53lsl-R270H was 50%, however, T2/Onc2 was required 

for sPNET development associated with a wild type background. Overall, this argues for 

an advantage of higher-frequency mutagenic transposition to mediate PNET formation. 

The lack of Nestin and Ki67 immunopositivity in the biphasic nodular areas of SB-

induced MB associated with Ptenflox/+ indicates a more differentiated phenotype. Similar 

results are reported in other MB mouse models employing Pten heterozygosity 
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(Hambardzumyan et al 2008; Castellino et al 2010) Although these studies show Pten 

heterozygosity accelerates MB formation in the context of activated Shh signaling via 

constitutively active SmoA1 (Castellino et al., 2010), Ptenflox/+ increased the latency of SB 

mutagenesis-derived MB. This observation could be attributed to the true unbiased nature 

of SB mutagenesis, the overpowering strength of constitutively active SmoA1, or a 

combination of both. Alternatively, the nodular areas these tumors contain reflect a 

desmoplastic morphology observed in human patients that tend to have a better clinical 

outcome. Importantly, we identified candidate oncogenes and tumor suppressor genes 

biologically relevant for MB and sPNET. We identified multiple RAS- regulating genes 

directly implicating this pathway in sPNET development. Furthermore, molecular 

subgroups for MB were also observed including Shh, WNT, and especially non-

Shh/WNT groups crucial for better molecular definition of this poorly understood 

subgroup. Interestingly, the Shh molecular subgroup identified by Gli1 insertions 

occurred in association with p53lsl-R270H (Supplemental Table 2) similar to other MB 

mouse models that combine activated Shh pathway via Ptch-/- with loss of p53 to achieve 

higher tumor frequency (Wetmore et al., 2001; Lee et al., 2007) indicating the ability of 

SB mutagenesis to faithfully recapitulate Shh-derived MB subgroup. Importantly, we also 

identified a novel Rho-GTPase Activating Protein (RhoGAP) Arhgap36 as a top 

candidate MB oncogene playing a role in non-SHH subgroup tumors. 

Human RhoGAPs comprise a super family of more than 70 proteins of which 

over half have been characterized (Tcherkezian and Lamarche-Vane, 2007). The 

canonical function of the GAP domain is facilitating the native GTPase activity of Ras 
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homologue GTPase (Rho GTPase) proteins. Rho-family GTPases are intracellular 

signaling proteins that regulate multiple cellular functions including cell growth, cell 

cycle progression, cytoskeletal remodeling, gene expression, apoptosis and intracellular 

membrane trafficking (Grogg and Zheng, 2010). They contain lipid modifications that 

target them to the cell membrane and operate as molecular switches for signal 

transduction pathways by cycling between active GTP-bound and inactive GDP-bound 

states. The GDP-GTP cycle is regulated by Rho-guanine nucleotide exchange factors 

(RhoGEFs) that promote GDP-to-GTP exchange, RhoGAPs that facilitate intrinsic 

GTPase activity leading to GTP-to-GDP bound form of RhoGTPase, and guanine 

nucleotide-dissociation inhibitors (GDIs) that isolate RhoGTPases in their GDP-bound 

state and regulate their intracellular localization (Tcherkezian and Lamarche-Vane, 

2007). RhoGTPase protein family includes 18 members with RhoA, Rac1 and Cdc42 as 

the most commonly studied (Sahai and Marshall, 2002). 

Proper regulation of these RhoGTPases requires timely interaction with their 

respective effectors in the correct cellular compartment of a given cell including neurons 

of the developing central nervous system. RhoGTPases play essential roles in neuronal 

morphogenesis including axon growth and guidance, and migration (Luo 2000). 

Extracellular attractive guidance cues activate Cdc42 and Rac1 while inhibiting RhoA 

activity (Guan and Rao, 2003). One consequence of RhoGTPase regulation includes the 

balance between Rac1 and RhoA signaling and how this effects cell actin cytoskeleton 

and subsequent morphology. Rac1 activity promotes actin polymerization and subsequent 

cell elongation through lamelipodia formation in melanoma cells (Symons and Segall, 
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2009). Conversely, RhoA activity mediated via RhoA-associated kinase (ROCK) induced 

actomyosin contraction and subsequent amoeboid morphology of these cells. Elucidating 

this phenomenon, Sanz-Mareno et al. showed that ARHGAP22 helped drive ROCK-

mediated amoeboid behavior and reduce Rac1-GTP levels, while WAVE2 acted as a 

downstream Rac1 effector protein for actin polymerization indicating the complicated 

molecular nature of the balance between Rac1 and RhoA (Sanz-Moreno et al., 2008). 

Woo and Gomez also demonstrated the need for Rac1 and RhoA balance in neuron 

morphogenesis by showing that constitutively active Rac1 and ROCK inhibition both 

produced defective lamellipodia in frog spinal neurons (Woo and Gomez, 2006). 

Morphological defects are also seen in vivo when these pathways are altered. In the 

cerebellum, mice engineered with constitutively active Rac1 in Purkinje cells resulted in 

defective axon outgrowth of these cells in the Purkinje cell layer (Luo et al., 1996). Rock-

mediated RhoA signaling prevents axonal initiation of cultured cerebellar granule cells 

(Luo 2000). Several studies using MB cell lines demonstrate that functionally active 

Rac1 helps promote tumor cell elongation, lamellipodia formation, and subsequent 

migration in vitro via Erk activation (Zavarella et al., 2009; Yuan et al., 2010; Chen et al., 

2011). Slit2, a secreted protein important for repulsive axon guidance, deters 

medulloblastoma cell migration by downregulating Cdc42 activity (Werbowetski-Ogilvie 

et al., 2006). Recently, Bhoopathi et al. correlated an inhibition of RhoA activity with a 

loss of MB cell proliferation and cell migration (Bhoopathi et al., 2011). Understanding 

normal mechanisms behind RhoGTPase regulation is ongoing and how these pathways 

become altered in a cancer context remains valuable. 
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Arhgap36 is a novel protein with unknown function, but protein domains and 

cellular localization provide insight to its potential role. Arhgap36 contains a GAP 

domain most similar to the RhoGAP family member ARHGAP6. GAP domains are 

characterized by a conserved arginine residue that work directly in the hydrolysis reaction 

and stabilize GTP/GDP transition (Prakash et al., 2000). Lysine and asparagine residues 

are also conserved in the GAP domain and located in the putative G-protein binding 

pocket important for physical interaction with RhoGTPases (Li et al., 1997). 

Overexpression of ARHGAP6 in HeLa cells reduced GTP-bound RhoA levels and 

promoted subsequent formation of cellular process elongation and motility (Prakash et 

al., 2000). Interestingly, ARHGAP6 engineered with a catalytically inactive GAP domain 

abolished the GAP activity, but did not affect its ability to promote cellular process 

outgrowth suggesting multiple functions for cell structure organization. Aside from the 

GAP domain, Arhgap6 contains several putative SH3-binding sites that may mediate 

protein-protein interactions. p27Kip1 is a molecule that does not contain a GAP domain, 

but was shown to inhibit RhoA when localized to the cytoplasm by preventing RhoGEF-

RhoA binding, resulting in increased cell motility in mouse embryonic fibroblasts and 

breast cancer cells (Larrea. et al., 2009). Furthermore, cytoplasmic p27Kip1 was shown to 

play a role in defective GNPC proliferation and migration in the context of the 

constitutively active SmoA1, Shh-mediated MB mouse model indicating this interaction 

with RhoA in vivo (Bhatia et al., 2010). Arhgap36 may operate in a similar fashion as it 

contains a GAP domain, a nuclear localization signal and a putative SH3-binding site 

located within an arginine-rich region. Interestingly, the conserved arginine in the GAP 
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domain is replaced with a threonine, however the lysine and asparagine residues are 

present presumably providing RhoGTPase binding ability. Furthermore, many 

phosphorylation sites are located throughout the protein sequence as predicted by 

PROSITE (http://prosite.expasy.org/) and Center For Biological Sequence Analysis 

(http://www.cbs.dtu.dk/services/). Although not previously implicated in human MB, 

several ARHGAP36 mutations in ovarian cancer are listed by the Catalogue Of Somatic 

Mutations In Cancer (COSMIC, http://www.sanger.ac.uk/genetics/CGP/cosmic/) with 

one occurring within the GAP domain. Nuclear ARHGAP36 protein expression in cells 

of the developing and adult cerebellum in mice and man indicating a conserved role for 

this protein during cerebellum growth. Moreover, this expression was found in a subset 

of Purkinje cells, prospective Bergmann glia and post-migratory granule neurons 

suggesting a role for nuclear ARHGAP36 in regulating cells derived from the primary 

cerebellum germinal zone. Moreover, oncogenic expression shifted from the nucleus to 

the cytoplasm in both mouse and human MB associated with aggressive tumor burden 

further suggesting multiple roles depending on subcellular location. Cytoplasmic 

ARHGAP36 may then be free to inhibit RhoA or other RhoGTPases in the cytosol or at 

the plasma membrane through its GAP or SH3 binding domains or by another unknown 

mechanism. We reveal here ARHGAP36 as an attractive target for targeted therapy in 

patients suffering non-SHH-mediated, poor prognosis MB. Current efforts for viable drug 

development has included targeting molecules involved in RhoGTPase signaling 

pathways including ROCK and Rac1 (Lu et al., 2009), but inhibitors focused on 

additional RhoGTPase signaling pathways and effector molecules are lacking. 
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In an effort to reveal biological cooperation for tumorigenesis, we sought to 

identify tumors harboring co-occurring CIS or background mutation. We found a 

significant relationship between animals that harbor the Ptenflox/+ allele or disruptive 

transposon insertion sites within the Pten gene and transposon-mediated expression of 

Arhgap36. Of significance, PTEN localization and activity can be regulated via 

phosphorylation by ROCK and this relationship influences leukocyte directional 

movement (Li et al., 2005; Meili et al., 2005). RhoGTPases are key effector molecules 

during cellular chemotaxis and they demonstrate PTEN colocalizes with GTP-bound Rho 

on the back-side of migrating leukocytes, while active Cdc42 resides on the front side 

excluding PTEN from that location. This occurs through RhoA-mediated activation of 

ROCK, which then forms a complex with and phosphorylates PTEN activating its 

phosphatase activity silencing PI3K-mediated activation of Akt ultimately leading to 

coordinated migration. Assuming Arhgap36 has effector function towards RhoGTPases, 

it is feasible that loss of Pten could cooperate with elevated levels of ARHGAP36 

disrupting this precise process leading to uncontrolled cellular movement, a hallmark 

cancer phenotype. Additional experiments are needed to explore this hypothesis in the 

context of MB, namely whether ARHGAP36 has GAP activity. Interestingly, in addition 

to elevated ARHGAP36 expression observed in non-SHH derived MB detailed here, 

human PTEN is located on chromosome 10q and 10q loss is frequent in SHH and Group 

C MB (Northcott et al.), and the non-SHH molecular subgroup c5 defined by Cho et al. 

2010. Similarly, transposon-mediated expression of Arhgap36 was identified in 6/12 

(50%) MB from mice harboring the p53lsl-R270H allele (Supplemental Table 2) suggesting 
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interaction between Arhgap36 and p53 function in this context. Of note, transposon-

mediated expression of Arhgap36 was also observed in 4/6 (67%) MB from mice with a 

wild type background (Supplemental Table 2). 3/4 (75%) of these tumors also harbored 

transposon insertions predicting to drive expression of the anti-apoptosis molecule Bcl2l1 

(data not shown) further implicating a functional relationship between Arhgap36 and p53 

signaling during MB development. Indeed, proper p53 activity is important for normal 

cerebellum development and MB suppression in vivo (Wetmore et al., 2001; Malek et al., 

2011). 

Strikingly from the mouse sPNET, Nf1 was a top CIS and several other Ras-

regulating genes were also represented and highly correlated with the p53-deficient 

background. indicating a propensity of these tumors to form in the absence of cell cycle 

control and/or functional apoptosis and cell growth. We subsequently observed Ras 

pathway activity in these tumors determined by positive positive p-Erk immunostaining. 

Active Ras cooperates with inactive p53 to promote tumorigenesis in mouse models of 

tumors and Neurofibromatosis 1 (Hundley et al., 1997; Vogel et al., 1999). Defects in 

NF1 and P53 have mainly been observed in a subset of patients with high grade-

glioblastomas (The Cancer Genome Atlas Research Network, 2008; Verhaak et al., 

2010), and thought to mark distinct mesenchymal and proneural molecular subtypes, 

respectively (Verhaak et al., 2010). Several tumors showed combined NF1 and P53 

anomalies (Verhaak et a., 2010) and many mouse models with body wide or conditional 

Nf1 and p53 co-disruption develop high-grade glioma (Reilly et al., 2000; Kwon et al., 

2008) indicating a functional relationship for brain tumor development. Active RAS 
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signaling promotes neurogenesis from multipotent precursors in the neocortex prior to 

gliogenesis when JAK-STAT signaling and NF1 simultaneously repress neurogenesis 

and promote gliogenesis by unknown mechanism (Miller et al., 2007). This fact 

contributes to the notion that subventricular stem cells are the cell of origin (spatial) and 

loss of Ras pathway control during early neurogenesis (temporal) to the development of 

sPNET instead of glioma in our mouse model. Contrary to this notion is a study by Phi et 

al. who analyzed 12 sPNETs and found JAK-STAT3 pathway activation and expression 

enrichment for genes involved in gliogenesis including SOX2, NOTCH1 and ID1 (Phi et 

al., 2010). Human sPNET are commonly associated with P53 immunopositivity 

indicating defective function (Li et al., 2005). 

Altered RAS signaling may also play a significant role in human sPNET 

development. Mochizuki and colleagues identified a predominance of NF1 type I 

transcript present in sPNETs as well as glioblastomas compared to NF1 type II transcripts 

associated with normal, differentiated cerebrum (Mochizuki et al., 1992). NF1 type II 

transcripts contain an additional 63 base pair insert within the GTPase activating protein 

related domain altering its hydrophobicity, secondary structure and possibly its function 

in vivo. Additionally, a secondary sPNET tumor was reported in a neurofibromatosis 1 

patient who underwent radiation treatment for a brainstem astrocytoma (Raffel et al., 

1989). Several sPNET tumors harbor NF1 disruption at the genetic level (Dr. Annie 

Huang, unpublished results). Furthermore, subsequent sPNET developed in patients 

treated with irradiation for other brain tumor subtypes including pediatric astrocytomas 

(Hader et al., 2003) or lymphoma (Brüstle et al., 1992). Interestingly, these secondary 
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sPNETs were also associated with an activated form of KRAS. Moreover, the RAS 

effector molecule RASSF1 was methylated in a significant number of MB and sPNET 

tumors (Inda and Castresana, 2007). A recent study by Pfister and colleagues (Pfister et 

a., 2007) identified multiple chromosomal copy changes in sPNET including loss of 

HRASLS3, a prospective tumor suppressor shown to inhibit HRAS-mediated cell 

transformation (Sers et al., 1997). These studies collectively implicate a role of altered 

RAS activity in sPNET development and could serve as a viable biological therapeutic 

target for sPNET patients. Importantly, multiple small molecule inhibitors have been 

developed and are currently being tested for safety and efficacy in PhaseI/II clinical trials 

including RAS, RAF and MEK inhibitors (Rauen et al., 2011) and may be useful in 

treatment strategies. 

Collectively, these results provide evidence into underlying genetic causes of MB 

and sPNET potentially relevant to temporal and spatial control during normal brain 

development. Specifically, we have provided evidence for ARHGAP36 as a novel 

candidate oncogenic driver of non-SHH-mediated MB, a possible marker for high-risk 

patients, and potential target for therapeutic treatment of these tumors. In addition, further 

research is warranted to determine what ARHGAP36 domains and sequences are 

important for its physiological and pathological function and regulation in the context of 

MB development. We also reveal several candidate oncogenes and tumor suppressor 

genes that converge on Ras pathway regulation in sPNET development and further 

analysis of this pathway in the etiology and treatment of these tumors is warranted. 
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Figure 2.1. Nestin-Cre Mediated SB Transposase Expression Throughout The 

Mouse Brain 

(A) Immunohistochemistry for SB transposase protein of a Nestin-Cre, Rosa26-lsl-SB11 

double transgenic mouse. Sagital section at p2 reveals SB expression throughout the 

brain.  (B-G) High-power magnification of specific areas in (A) demonstrating nuclear 

SB expression in (B) granule cells, (C) white matter, (D) fourth ventricle, (E) 

subependymal midbrain, (F) subventricular zone, (G) olfactory bulb. (B`-G`) High-power 

magnification of corresponding areas in (B-G) from a Rosa26-lsl-SB11 single transgenic 

mouse lacking SB transposase protein expression. Scale bar = 50µm. 
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Figure 2.2. SB Insertional Mutagenesis Causes Malignant PNET 

(A-C) Breeding strategies for generating experimental and control mice on different 

predisposing genetic backgrounds. Mice double transgenic for Nestin-Cre and T2/Onc or 

T2/Onc2 were mated with mice harboring Cre-regulated transgenes to generate mice 

undergoing (A) transposition on a wild type background, (B) transposition on a Pten 

heterozygous background, (C) transposition on a dominant negative p53 background. (D) 

Percent frequency of macroscopic SB-induced medulloblastoma (blue columns) and 

sPNET (red columns) tumors observed on wild type, Pten heterozygous, or dominant 

negative p53 genetic backgrounds. sPNET also occurred at low frequency in Nestin-Cre, 

p53lsl-R270H control mice. (E) Medulloblastoma latency for experimental groups. (F) 

sPNET latency for experimental groups and single Nestin-Cre, p53lsl-R270H control tumor. 
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Figure 2.3. SB Insertional Mutagenesis-Derived Medulloblastomas Display Classic 

Histopathology Characteristics 

(A-D) H and E staining. (A) Coronal section of representative medulloblastoma located 

in the cerebellum. (B) High-power magnification area from (A) depicting small, round 

tumor cells, rosette formation (arrows) and mitotic nuclei (arrowheads). (C) Sagital 

section of representative classic medulloblastoma located in the cerebellum (arrow) with 

leptomeningial spread (arrowhead). (D) High-power magnification of leptomeningial 

spread in (C) depicting similar classic histology. (E-H) Immunohistochemistry 

illustrating tumors stain positive for (E) Ki67, (F) Synaptophysin, (G) Nestin, and 

negative for (H) GFAP. Scale bars = 50µm. 
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Figure 2.4. SB Insertional Mutagenesis-Derived sPNET Histopathology 

Characteristics 

(A-C) H and E staining. (A) Coronal section of representative sPNET located in the right 

hemisphere dominating the cerebral cortex (ctx), hippocampal formation (hpf), and 

dentate gyrus (dg). Inset shows sagital section of representative sPNET dominating the 

lateral ventricle and olfactory bulb (arrow). (B) High-power magnification area from bulk 

tumor in (A) depicting small, round tumor cells, rosette formations (arrows) and mitotic 

nuclei (arrowheads). (C) High-power magnification area from (A) depicting tumor cell 

parenchyma infiltration. (D-G) Immunohistochemistry illustrating tumors stain positive 

for (D) Ki67, (E) Synaptophysin and (F) Nestin and (G) GFAP in reactive astrocytes. 

Scale bars = 50µm. 
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Figure 2.5. Medulloblastoma And sPNET Common Insertion Sites Identify Known 

And Novel Genes And Molecular Pathways 

(A) CIS identify candidate medulloblastoma and sPNET genes. Asterisks = known genes 

associated with human PNET. Arrowheads = Ras-pathway genes associated with sPNET. 

(B-C) Immunohistochemistry illustrating p-Erk nuclear staining. (B) p-Erk positive 

staining among sPNET tumors harboring transposon insertions in Ras-pathway effector 

genes. (C) p-Erk negative staining in sPNETs lacking transposon insertions within Ras-

pathway genes. Scale bars = 50µm. 
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Figure 2.6. Arhgap36-Driven Tumors Mark a SHH-Independent Medulloblastoma 

Subgroup 

(A) Mutagenic transposon insertion sites (green arrowheads) are located upstream of the 

endogenous start site in exon 1 (black arrowhead) or within intron 1 of Arhgap36. 

Direction of green arrowheads indicate sense orientation of the transposon MSCV/SD 

relative to Arhgap36. (B) RT-PCR illustrates only tumors with Arhgap36 insertions 

express a transposon:Arhgap36 fusion transcript. (C) Sagital section of representative 

medulloblastoma with Arhgap36 activating insertions express Arhgap36 throughout cells 

of the primary tumor (asterisk) and leptomeningial spread (arrowhead), localized to the 

cytoplasm (E). (D) Lack of Arhgap36 expression in control tumors (asterisk) without 

Arhgap36 insertions. (F) Residual Arhgap36 nuclear expression in sporadic control tumor 

cells (arrow). (G) Lack of nuclear Gli1 expression in tumors without Gli1 insertions. (H) 

Nuclear Gli1 expression in tumors with Gli1 insertions. (I) Nuclear Otx2 expression in 

tumors without Gli1 insertions. (J) Tumors with Gli1 activating insertions lack Otx2 

expression. (K) Arhgap36 positive medulloblastoma Pten164 demonstrating a lack of 

Pten and robust cytoplasmic p-Akt(S473) immunostaining. Scale bars = 50µm. 

 



 

 68 

 

 



 

 69 

 

 

 

 

 

 



 

 70 

 

 

 

 

Figure 2.7. ARHGAP36 Expression Is Elevated In Poor Prognosis Human 

Medulloblastoma 

(A) Medulloblastomas have increased ARHGAP36 RNA expression and segregate into 

molecular subgroups C, D and E (Kool et al. 2008). (B) Tissue microarray 

immunohistochmistry demonstrates ARHGAP36 expression in medulloblastoma. Tumors 

contained nuclear, cytoplasmic, a combination of both or no staining for ARHGAP36. 

(C) Kaplan-Meier analysis identifies an inverse association between ARHGAP36 

expression and reduced overall survival in All and Deceased patients analyzed. (D) MB 

with obvious classic and nodular areas show cytoplasmic ARHGAP36 in classic portion 

and sparse nuclear ARHGAP36 in nodular areas. Statistical significance calculated by 

Mantle-Cox Log-rank test. Scale bars = 50µm. 
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Figure 2.8. Endogenous ARHGAP36 Expression In Developing And Adult 

Cerebellum 

(A-D) Immunohistochemistry expression analysis for ARHGAP36 in mouse (A and C) 

and human (B and D) cerebellum. (A) Mouse neonatal day 7 and (B) human 32 week 

perinatal cerebellum illustrating ARHGAP36 nuclear positive cells in the developing 

molecular layer (ML), Purkinje cell layer (PC) and internal granule cell layer (IGL). (C) 

Mouse adult day 63 and (D) human adult cerebellum illustrating ARHGAP36 nuclear 

positive cells throughout the ML, PC and IGL. Scale bars = 50µm. 
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Supplemental Table 2.1. SB-Induced PNET Characteristics 

Itemized list of SB-induced medulloblastomas (top) and sPNET (bottom) tumor 

characteristics including mouse identifier, gender, age at death, tumor histology and 

observed metastasis. 
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Supplemental Table 2.2. MB And sPNET Transposon Insertions Correspond With 

Immunopositive Expression Characteristics 

(Top) Itemized list of SB-induced medulloblastomas identifying tumors with Arhgap36, 

Gli1 and Pten transposon insertions. Corresponding IHC analysis for Arhgap36, Gli1, 

Otx2, Pten and p-Akt also listed for each tumor. (Bottom) Itemized list of SB-induced 

sPNET identifying tumors with transposon insertions in the Ras-pathway genes Nf1, 

Erbb2ip, Eras and Rasa3. Corresponding IHC analysis for p-Erk also listed for each 

tumor. 
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Supplemental Figure 2.1. Transposition Frequency Influences PNET Penetrance 

High copy (T2/Onc2, chromosome 4) and low copy (T2/Onc, chromosome 1 or 15) 

mutagenic transposon concatomers were represented at different starting percentages in 

mice undergoing (A) transposition only, (B) transposition and Ptenflox/+, (C) transposition 

and p53lsl-R270H. Medulloblastomas derived from T2/Onc2 transposons occur at a higher 

percentage compared to starting percentage in each experimental cohort (second column, 

A-C). Transposition only sPNET was derived from T2/Onc2. sPNETs associated with 

p53lsl-R270H are equally derived from T2/Onc2 and T2/Onc transposon concatomers (last 

column, C). 
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Supplemental Figure 2.2. Survival Curves And Non-Neural Tumor Burden Among 

All SB Insertional Mutagenesis Cohorts 

(A-C) Kaplan-Meier survival curves (top) and overall prevalent tumor burden (bottom) 

for Transposition only (A), Transposition and Ptenflox/+ (B), and Transposition and p53lsl-

R270H (C) animal cohorts. Statistical significance: **p<0.05, ***p<0.001 (Log rank 

Mantel-Cox Test). 

 

 



 

 81 

 



 

 82 

 

 

 

 

 

 

 

 

Supplemental Figure 2.3. PNET Tumors Exhibit SB Mutagenic Transposition 

(A and B) Immunohistochemistry analysis. (A) PNET tumors stain positive for SB. (B) 

No primary antibody control. (C) Excision PCR assay showing evidence of transposon 

mobilization in medulloblastoma and sPNET tissue (white arrowhead, 225 bp band) 

compared to control tissue lacking Cre recombinase (black arrowhead, 2200 bp band). 

Scale bar = 50µm. 
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Supplemental Figure 2.4. SB Insertional Mutagenesis Cooperates With Ptenflox/+ To 

Generate Biphasic Medulloblastoma 

(A-C) H and E staining. (A) Coronal section of medulloblastoma PTEN241 illustrating 

two distinct tumor regions. (B) High-power magnification of nodular tumor area. (C) 

High power magnification of classic tumor area. (D-G) Immunohistochemistry. Nodular 

tumor area is negative for (D) Ki67 and (F) Nestin (asterisks indicate adjacent classic 

tumor area). Classic tumor area stains positive for (E) Ki67 and (G) Nestin. Scale bars = 

50µm. 
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CHAPTER 3 

Functional Analysis of Candidate Medulloblastoma Oncogene Arhgap36 
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Introduction 

Arhgap36 was identified as the most frequent MB candidate oncogene in the SB 

insertional mutagenesis screen described in Chapter 2. Arhgap36 was also shown to be 

upregulated in poorly understood human MB subtypes and associated with poor 

prognosis. Therefore, we investigated whether Arhgap36 elicited biological activity upon 

exogenous overexpression in vitro and in vivo. We simultaneously tested full-length and 

truncated versions of human ARHGAP36 to closely mimic the Arhgap36 transcripts 

observed in the SB-induced MB. 

 NIH3T3 cells are spontaneously immortalized, untransformed mouse embryonic 

fibroblasts commonly used to test transformation ability of exogenous oncogenes (Rubin 

et al., 1990). Transformed NIH3T3 cells exhibit morphological changes including round, 

contracted cells able to form foci in two-dimensional culture. NIH3T3 cells transformed 

by constitutively active HRas expression also demonstrate an increased rate of growth or 

ability to form anchorage-independent colonies in three-dimensional soft agar culture 

environment (Qiu et al., 1995; Shang et al., 2007). In addition, NIH3T3 cells have been 

successfully used to determine transforming abilities of RhoGTPase family genes (Shang 

et al., 2007; Jaffe and Hall, 2002). Therefore, we used PiggyBac (PB) transposon-

mediated gene delivery and stable expression of ARHGAP36 in NIH3T3 cells to test its 

transforming ability in vitro. 

 Multiple mouse models have been developed in an effort to investigate the 

histogenesis and molecular mechanisms of MB. Most of these models take advantage of 

germline or tissue conditional somatic transgenic mice, which can take months to 
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generate and require significant resources to maintain. We sought to investigate the 

possibility of transposon-mediated transgene delivery to model spontaneous MB in 

normal, commercially available mice. This method would be useful for testing tumor-

forming ability of candidate MB genes identified in our insertional mutagenesis screen 

described in Chapter 2. Work from Wiesner and Decker et al. showed SB transposon 

plasmids could be polyethylenimine (PEI) complexed with a plasmid providing transient 

SB transposase expression and injected into the lateral cerebral ventricle of neonatal mice 

to achieve stable transposon integration and subsequent transgene expression (Wiesner 

and Decker et al., 2009). Individual transposons engineered to express firefly luciferase 

(Luc), simian virus 40 large T antigen (SV40-LgTAg) and NRASGV12 were combined in 

this manner to generate high-grade (III and IV) malignant gliomas that could be 

monitored with live animal bioluminescent imaging. Different combinations of 

transposons expressing other genes/molecular pathways altered in human glioma 

including constitutively active EGFRvIII, myristoylated AKT (myrAKT), or a 

microRNA-based short hairpin RNA to knockdown p53 expression were also used to 

induce malignant glioma with varying grade levels. In order to modulate this strategy for 

MB, we altered the injection site to target the developing cerebellum. Similar in vivo 

postnatal mouse gene transfer has been performed to generate glioblastomas or MB using 

replication-competent avian leukosis virus-subgroup A (ALV-A) splice acceptor (RCAS) 

vectors to deliver different combinations of oncogenes (Holland et al., 1998; Holland and 

Varmus, 1998; Fults, 2005; Rao et al., 2004). The RCAS method works by physically 

injecting one or more RCAS vector-producing cell lines designed to express exogenous 
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oncogenes to the brain of a transgenic mouse engineered to express the ALV-A receptor, 

TV-A, in glial and neural precursor cells. When the RCAS retrovirus infects the 

respective TV-A-expressing cell, virus replication does not occur, but retroviral RNA is 

reverse-transcribed to generate a proviral DNA (Fults, 2005). This DNA then integrates 

into the host genome and the exogenous gene is expressed as a spliced message driven by 

the constitutive retroviral promoter long terminal repeat (LTR). While extremely elegant, 

the RCAS method has distinct disadvantages including the requirement of breeding and 

maintaining the TV-A transgenic mouse, and the limiting 2.6 kilobase cargo capacity of 

the RCAS vector (Wiesner and Decker et al., 2009). In comparison, distinct advantages 

of using transposon-mediated transgene delivery include relative ease of transposon 

plasmid DNA preparation, and the ability of the PEI/DNA complex to transfect cells of 

any strain of mouse especially commercially available wild type stock strains like FVB/n. 

 As an initial proof of concept, we tested the ability of SV40 LgTAg transposon to 

induce spontaneous MB. LgTAg is able to bind and inactivate p53 and Rb1 proteins and 

has been shown to be expressed in several human MB samples (Huang et al., 1999; Zhen 

et al., 1999). Additionally, Marino and colleagues created a mouse model for MB by 

combining a body-wide or conditional p53-null mutation with somatic inactivation of 

Rb1 in glial and neural precursor cells (Marino et al., 2000). Furthermore, we combined 

LgTAg expression with a transposon expressing a myristoylated form of AKT as reduced 

p53 protein expression coupled with activated PI3K pathway activity via phosphorylated 

Akt (pS437) has been documented to be associated with MB incidence in Ptch deficient 

mice (Pazzaglia et al., 2006). As these experiments helped to establish the ability of 
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transposon-mediated gene transfer to induce sporadic MB in non-transgenic mice, we 

further tested tumorigenic effects of ARHGAP36 in vivo. 

 Collectively, these experiments provide evidence that ARHGAP36 has tumorigenic 

properties. Moreover, this activity is potentially dependent on the absence of the first 48 

amino acids of the endogenous ARHGAP36 sequence indicating important biological 

regulation. 

 

Materials And Methods 

Plasmid Vectors 

cDNA encoding the full length human ARHGAP36 (amino acids 1-547) was purchased 

from OriGene Technologies, Inc. (#SC313948) and subsequently PCR engineered to 

contain the Kozak sequence 5′-GCCACC-3′ upstream of the start codon. A truncated 

version of human ARHGAP36 (amino acids 49-547) was PCR engineered with the same 

Kozak sequence upstream of the in-frame start codon amino acid 49. Constitutively 

active human HRasGV12 was purchased from Addgene (http://www.addgene.org). 

ARHGAP36 (full length and truncated) and HRasG12V fragments were subcloned into 

Entry Vectors then transferred via LR Clonase  (#11791019, Invitrogen) reaction into the 

PB/SB-CAGGS-loxDsRedlox-DEST-IRES-GFP-PGK-Puro transposon expression 

vector. To remove the lox-DsRed-lox fragment, the vector was transformed and cultured 

in Escherichia coli expressing Cre recombinase to generate PB/SB-CAGGS vectors 

expressing ARHGAP36 (full length), tARHGAP36 (truncated) or HRasG12V. The 

hyperactive PB transposase PB7 was a kind gift from Dr. Nancy L. Craig. pT/CMV-



 

 91 

SV40-LgT, pT2/C-Luc/PGK-SB100, pKT2/CLP-myrAKT vectors were kind gifts from Dr. 

John Ohlfest. pT3.5-CAGGS-ARHGAP36 and pT3.5-CAGGS-tARHGAP36 vectors were 

constructed via Clonase reaction into T3.5-CAGGS expression vector engineered with 

attR sites upstream of the polyA. 

Soft Agar Colony Formation Assay 

Bottom agarose layer was prepared with 0.8% Sea Plaque low-melt agarose (#50101, 

Lonza) in NIH3T3 media and used to coat each 35mm well of a 6-well plate. NIH3T3 

cell clones stably transfected with PB/SB-CAGGS-ARHGAP36, -tARHGAP36 or –

HRasG12V and corresponding control clones were combined with low-melt agarose to 

make 0.48% top agarose and immediately plated in triplicate at 1x104 cells per well. 

Polymerized wells were coated with 1mL normal growth media and incubated for two 

weeks at 37°C in a humidified 5% CO2 incubator. Colonies were visualized by staining 

with 0.005% crystal violet in 10% phosphate buffered Formalin (#SF100, Fisher) for two 

hours at room temperature. Colonies larger than 50µm were quantified using ImageJ 

1.45r software (National Institutes of Health). 

Mouse Care 

FVB/NJ (#001800, Jackson Labs) were mated and monitored daily until they gave birth. 

Intracranial injections were performed on neonatal pups within 24 hours of birth. Mice 

were maintained in a specific pathogen-free facility and experiments were performed 

according to University of Minnesota Animal Care and Use Committee guidelines. 

Intracranial Injections and Luciferase Imaging 

Plasmid DNA constructs for injections were purified with PureLink HiPure Plasmid 
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Maxiprep Kit (#K2100-06, Invitrogen) and resuspended in nuclease-free water. PEI 

(#201-10G, Polyplus Transfection)/DNA complexes were prepared according to the 

manufacturer’s instructions. Injection procedure was performed as previously described 

(Wiesner and Decker et al., 2009) with coordinate modifications to target the cerebellum: 

-1.5AP and -1.5DV from λ. A total of 1µg of DNA was consistently delivered in a 2µL 

volume for all experiments. Live animal in vivo Luciferase imaging was performed as 

described (Wiesner and Decker et al., 2009) to assess successful injection 24 hours after 

injection and monitor tumor development. 

Histopathology and Immunohistochemistry 

Tissue samples were fixed in 10% phosphate buffered formalin, paraffin embedded, cut 

into 5µm sections and stained with Hematoxilin and Eosin (H and E) using standard 

methods. Immunohistochemistry was conducted using standard methods with citrate-

based antigen retrieval (#H-3300, Vector Laboratories). Endogenous peroxidase activity 

was quenched with 3% hydrogen peroxidase. Primary antibodies: Arhgap36 

(#HPA002064, SIGMA), p-AKT(Ser473) (#4060, Cell Signaling Technologies), SV40-

Tag(v-300) (#sc-20800, Santa Cruz Biotechnology) were used and detected with Vector 

Laboratories reagents: Vectastain Elite ABC Kit (#PK6100) and 3,3’-diaminobenzidine 

(DAB) Substrate Kit (#SK-4100). 

Western Blot 

Western blots were performed using standard methods using the following primary 

antibodies: ARHGAP36 (#ab84010, abcam), GAPDH (#2118, Cell Signaling 

Technologies). Primary antibodies were probed with HRP-conjugated Donkey-∝-Rabbit 
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(#SA1-200, Pierce Antibodies) and detected with the Amersham ECL Advance Western 

Blotting Detection Kit (#RPN2135, GE Healthcare). 

 

Results 

Arhgap36 Overexpression Induces in vitro Transformation Of NIH3T3 Cells 

In an effort to determine if ARHGAP36 has transformation activity, we developed a 

transposon plasmid vector designed with the chimeric promoter consisting of chicken β-

actin promoter, cytomegalovirus enhancer and β-actin intronic sequences (CAGGS) 

(Okabe et al., 1997) to express cDNA of choice coupled with green fluorescent protein 

(GFP), after the control Discosoma sp. Red fluorescent protein (DsRed) STOP cassette 

has been removed via Cre recombinase, and Phosphoglycerate kinase (PGK) promoter-

mediated Puromycin expression for in vtiro drug selection (Figure 3.1A). The transposon 

was designed with both SB IR/DR and PB inverted terminal repeat (ITR) sequences to 

facilitate mobilization and stable integration into the genome using either SB or PB 

transposase. PB transposition is a similar cut-and-paste transposon system derived from 

the cabbage looper moth (Yusa et al., 2011). Significant differences include PB 

transposase recognizes and bind the specific ITR sequences to facilitate mobilization, PB 

transposons target TTAA nucleotide sequences for genome integration, PB transposons 

predominantly insert at transcription start sites and can carry larger cargo compared to SB 

(Ivics et al., 2009). We included the PB ITR elements as well because PB-mediated 

transposition has reported advantages in mammalian cells compared to SB including 

more efficient transposition with larger cargo (Ivics et al., 2009). We engineered this 
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vector to express either full length ARHGAP36 or a truncated isoform 5 (UniProtKB 

Q6ZRI8-5) of ARHGAP36 (tARHGAP36) to more closely mimic the Arhgap36 transcript 

identified in the insertional mutagenesis mice described in Chapter 2. This truncated 

version lacks the first 144 base pairs, providing transcriptional initiation from the 

methionine start site at exon 2 amino acid position 49. As a positive control, a vector with 

a constitutively active form of HRas (HRasGV12) was also created. These transposon 

vectors were co-transfected with the hyperactive PB transposase PB7 plasmid (Yusa et 

al., 2011) into NIH3T3 cells in parallel and individual small colonies were isolated under 

Puromycin selection to generate distinct clones. Clones harboring the control DsRed-

intact transposons readily expressed DsRed, while the experimental transposons with the 

DsRed sequence removed successfully expressed GFP (3.1B-D). Cells expressing 

HRasG12V display a condensed, round, transformed morphology (bottom brightfield 

image, Figure 3.1B) as a positive control for transformation that has been documented 

previously (Shang et al., 2007). Sporadic GFP-expressing foci were commonly observed 

in these cells as well as clone cultures among all of the experimental groups (Inset, 

bottom right, Figure 3.1B-D). We performed soft agar colony assays to assess anchorage-

independent growth abilities of all the experimental groups and their associated control 

cells. After two weeks under these conditions, cells expressing HRasG12V (GFP) 

produce multiple robust colonies as expected compared to HRasG12V control cells 

(DsRed) (Figure 3.2A). Interestingly, ARHGAP36 expressing cells (GFP) did not produce 

colonies during this time frame, but cells expressing tARHGAP36 (GFP) generated a 

significant level of moderate-sized colonies compared to controls (DsRed) (Figure 3.2A). 
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Quantification of these colonies demonstrated a statistically significant increase in colony 

formation in cells expressing tARHGAP36 (Figure 3.2B). These results indicate the 

ability of ARHGAP36 to induce cellular transformation when N-terminal amino acids 1-

48 have been removed from the full-length sequence. 

Transposon-Mediated Oncogene Delivery Generates Spontaneous Medulloblastoma 

To generate MB development, we initially co-injected a transposon expressing LgTAg 

PEI-complexed with a plasmid expressing a hyperactive SB100X transposase (Mates et 

al., 2009) and carrying a transposon expressing firefly Luc into the cerebellum of 

neonatal mice (Figure 3.3A). To determine the successful delivery of the PEI/DNA 

complex, transient Luc expression from residual plasmid DNA was observed 24 hours 

after injection (Figure 3.3A). Nine mice were injected in this group (Figure 3.3B). We 

further combined LgTAg with myrAKT to test cooperation of these oncogenes for 

medulloblastoma development (Figure 3.3B). We monitored tumor development by 

careful inspection of mice with a focus on abnormal head shape and neurological 

morbidity. Tumors were visualized and confirmed with live-animal bioluminescence as a 

consequence of the firefly Luc transposon included in all injections (Figure 3.4A). 

Tumors were commonly observed within the 4th ventricle including the cerebellum 

(Figure 3.4B). These tumors contain medulloblastoma histological characteristics 

including small, round tumor cells with areas of rosette formation and mitotic nuclei 

(Figure 3.4C). Significant side effects observed in several mice included severe 

hydrocephaly associated with extreme morbidity within 1 month after injection. These 

mice did not harbor tumors and were excluded from the analysis (data not shown). To 
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date, we have observed 1/9 (11%) tumors at 150 days in mice injected with LgTAg 

(Figure 3.4G). Interestingly, mice injected with LgTAg and myrAKT to date have 

produced tumors at a similar frequency to LgTAg alone (3/30, 10%), but with a decreased 

latency (67 day average, Figure 3.4G). As expected, animals injected with myrAKT alone 

failed to form tumors (data not shown). 

 We then tested tumor-forming ability of full-length and truncated forms of 

ARHGAP36. Although these plasmids have thus far failed to form tumors by themselves, 

we systematically combined them with LgTAg and/or myrAKT (Figure 3.3B). Thus far, 

we have observed tumors in mice injected with LgTAg, myrAKT and ARHGAP36 with a 

similar frequency (3/32, 9.4%) and latency (74 days, average) compared to 

LgTAg/myrAKT-injected mice. Interestingly, we have so far observed a tumor (1/25, 4%) 

in the LgTAg/tARHGAP36 experimental group occurring faster (103 days) compared to 

tumors derived form mice injected with LgTAg alone (Figure 3.4G). Importantly, tumors 

injected with LgTAg, myrAKT and/or variants of ARHGAP36 express nuclear LgTAg 

(Figure 3.4D), cytoplasmic p-AKT (S473) (Figure 3.4E) and cytoplasmic ARHGAP36 

(Figure 3.4F), respectively. Collectively, these experiments demonstrate the ability of 

transposon-mediated delivery of oncogenes to the cerebellum of neonatal mice to 

generate MB. Additionally, current results indicate the ability of a truncated form of 

ARHGAP36 to cooperate with LgTAg in MB in vivo. 

 

Discussion 

ARHGAP36 has been implicated as a candidate genetic driver for MB in mouse and man 
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(Chapter 2). Strikingly, elevated expression of ARHGAP36 is strongly correlated with 

MB molecular subgroups independent of SHH and WNT pathway activation that inflict 

an overall worse patient prognosis, and are poorly understood on a genetic level. In 

addition, ARHGAP36 is predicted to be a RhoGTPase GAP protein, but there is currently 

no reported biological function associated with this gene and its transforming ability is 

unknown. 

 We tested effects of ARHGAP36 overexpression in vitro by engineering NIH3T3 

cells to ubiquitously express a full length or truncated isoform version of the protein. Our 

results here show that truncated ARHGAP36 has a stronger transforming ability 

compared to the full-length protein as indicated by an increase in anchorage-independent 

NIH3T3 colony formation. Analysis of the protein features identifies several important 

characteristics for these isoforms of ARHGAP36. Both harbor the predicted GAP domain 

and an upstream arginine-rich region containing a bipartite nuclear localization sequence 

and a predicted SH3 domain (http://cbm.bio.uniroma2.it/SH3-Hunter/). These proteins 

also contain multiple predicted phosphorylation sites that could be important for 

subsequent cellular location and function (PROSITE (http://prosite.expasy.org/; Center 

For Biological Sequence Analysis http://www.cbs.dtu.dk/services/). We observed casein 

kinase II, tyrosine kinase, Ca2+/calmodulin-dependent protein kinase II, protein kinase C, 

camp- and cGMP-dependent protein kinase phosphorylation sites in additional to several 

N-myristoylation sites present throughout the protein sequence (data not shown). 

Interestingly, several of these features are lost in the truncated ARHGAP36 isoform. 

Specifically, we noticed one of the N-myristoylation sites (AA 36-41), one of several 
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potential protein kinase C phosphorylation sites and the potential N-terminal 

Ca2+/calmodulin-dependent protein kinase II phosphorylation site would all be removed 

from truncated ARHGAP36. Interestingly, similar sequence changes also occur in the 

transposon-mediated expression of Arhgap36 seen in the mouse MB described in Chapter 

2. Although these sites have unknown function in the context of ARHGAP36, protein 

phosphorylation is generally known to effect protein function and is a main event in 

modulating nuclear protein import. Ca2+/calmodulin-dependent protein kinase II-

mediated phosphorylation was shown to inhibit the Cdc42 and Rac1-targeting GAP 

activity of ARHGAP32 (Okabe et al., 2003). Furthermore, Calderilla-Barbosa et al. 

demonstrated that the nuclear accumulation of a Dystrophin isoform in rat neuronal PC12 

cells was mediated by Ca2+/calmodulin-dependent protein kinase II phosphorylation 

(Calderilla-Barbosa et al., 2006). Therefore it is plausible that the first 48 amino acids of 

ARHGAP36 have significant purpose for its function regulation and subcellular 

localization, warranting additional experiments to test this hypothesis. 

 In effort to create an in vivo mouse model for functional testing of candidate MB 

genes, we further employed the use of transposons as carrier molecules for stable long-

term expression of oncogenes and TSG delivered to neonatal stem cells of the fourth 

ventricle. We report here results of this method demonstrating the ability of LgTAg 

expression to induce low-penetrance MB, and show that this effect is enhanced and 

accelerated when combined with constitutively active AKT. These experiments represent 

the first non-transgenic, spontaneous MB mouse model method that does not utilize the 

RCAS method or directly manipulate the Shh pathway. It will be important, however, to 
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examine gene expression profiles of Shh pathway effector molecules such as Gli1-3, 

Ptch1, Shh, or protein markers in these tumors. This will help determine a Shh pathway 

role in these tumors similar to previous MB mouse models that develop a Shh molecular 

signature without directly affecting this pathway by initially targeting Rb1 and p53 

(Marino et al., 2000; Shakhova et al., 2006). Furthermore, preliminary results combining 

this method with different isoforms of ARHGAP36 indicate that truncated ARHGAP36 

can cooperate with LgTAg to form MB, indicating a requirement for ARHGAP36 and 

p53 deficiency combined for medulloblastomagenesis in this model similar to that seen in 

mice from Chapter 2. 

 Collectively, these data provide further in vitro and in vivo evidence that 

ARHGAP36 does have transforming ability. Intriguingly, these experiments provide 

insight into what regulatory elements of the ARHGAP36 sequence can assist in cell 

transformation and tumorigenesis. Additional experiments identifying and comparing the 

subcellular localization of the transposon-mediated overexpression of ARHGAP36 

isoforms described above will also be beneficial for this purpose. Furthermore, we have 

developed a new mouse model for MB development capable of straightforward 

combinatorial analysis of different known and candidate oncogenes. These experiments 

are ongoing to determine the correct genetic combination and cell of origin for 

ARHGAP36-mediated MB formation. 
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Figure 3.1. Transposon-Mediated Oncogene Delivery Can Induce NIH3T3 Cell  

Transformation in vitro 

(A) Schematic of transposon vectors used for oncogene delivery in vitro. (Top) Control 

transposon contains an intact loxP flanked DsRed sequence preventing expression of 

gene CDS:IRES-GFP sequences. (Bottom) Experimental transposon with DsRed 

sequence remove via Cre recombination allowing full expression of gene CDS:IRES-

GFP sequences. (B-D) Brightfield and fluorescent images of NIH3T3 cells. (B) Control 

and experimental HRasG12V clones expressing DsRed (top) or GFP (bottom), 

respectively. Representative colony derived from experimental HRasG12V clone (inset, 

bottom right). (C) Control and experimental ARHGAP36 clones expressing DsRed (top) 

or GFP (bottom), respectively. Representative colony derived from experimental 

ARHGAP36 clone (inset, bottom right). (D) Control and experimental tARHGAP36 

clones expressing DsRed (top) or GFP (bottom), respectively. Representative colony 

derived from experimental tARHGAP36 clone (inset, bottom right). 
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Figure 3.2. Transformation Of NIH3T3 Cells Is Enhanced By tARHGAP36 

Expression 

(A) Representative images of colonies grown in soft agar for HRasG12V, ARHGAP36 

and tARHGAP36 control (top) and experimental (bottom) NIH3T3 clones. Images 

generated with ImageJ software to remove background (B) Quantification of colonies 

derived from respective control (DsRed) and experimental (GFP) clones expressing 

HRasG12V, ARHGAP36 or tARHGAP36. Graphs represent data from 2 separate 

experiments. Error bars are standard deviation values. ***p<0.001. 
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Figure 3.3. Strategy For in vivo Delivery Of SB Transposons To Model 

Medulloblastoma Development 

(A) Scheme for PEI complexing individual transposons expressing different transgenes to 

inject into the cerebellum of 1-day old mice. SB100 is transiently expressed from a 

phophoglycerate kinase (PGK) promoter to facilitate stable genome integration of all 

transposons including LUC transposon regulated by the CAGGs promoter. Transient 

LUC expression can be detected by live-animal bioluminescent imaging 24 hours after 

injection to verify successful injection of the PEI/DNA complexes. (Schematic modified 

from Wiesner and Decker et al., 2009). (B) Table of experimental groups describing 

combinations of transposon vectors injected, quantity ratio of vector combinations, total 

quantity and volume of DNA vectors, and total number of mice injected. 
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Figure 3.4. SB-Mediated Oncogene Delivery Can Induce Spontaneous 

Medulloblastoma In Mice 

(A) Luciferase expression detected by bioluminescent imaging indicating tumor presence. 

(B-C) H and E staining. (B) Sagital section of representative MB located in the fourth 

ventricle (arrow). (C) High power magnification of tumor in (B) depicting small, round 

tumor cells, rosette formation (arrows) and mitotic nuclei (arrowheads). (D-F) 

Immunohistochemistry illustrating positive staining for (D) LgTAg, (E) p-Akt(S473), (F) 

ARHGAP36. (G) MB latency among experimental groups. Scale bars = 50µm. 
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Chapter 4 

Conclusion and Summary 
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Primitive neuroectodermal tumors are malignant pediatric brain tumors that include MB 

and sPNET subtypes. The World Health Organization’s 2007 edition for classification of 

central nervous system tumors defines MB and sPNET as distinct embryonal grade IV 

malignancies with similar undifferentiated morphologies (Louis et al., 2007). Histological 

analysis of these tumor types demonstrate common phenotypes of small round cells with 

high nucleus-to-cytoplasm ratio, and frequently observed Homer-Wright rosettes (Inda et 

al., 2006). Regardless of their histological similarities, patients with sPNET suffer a 

poorer outcome compared to MB patients even after identical therapy (Reddy et al., 

2000). Part of this discrepancy can be explained by genetic differences between the two 

tumor types. Multiple studies over the past ten years have helped to identify distinct 

genetic defects stemming from genomic deletion or amplification (Burnett et al., 1997; 

Inda et al., 2005; Li et al. 2009; Northcott et al., 2009; Pfister et al., 2007), altered gene 

expression at the RNA (Cho et al., 2010; Kool et al., 2008; Northcott et al., 2011; 

Pomeroy et al., 2002; Thompson et al., 2006) and epigenetic levels (Inda et al., 2006; 

Kongkham et al., 2008). The culmination of this work has demonstrated not only 

molecular difference between MB and sPNET but also show molecular stratification 

amongst MB and sPNET themselves through gene expression or biomarker analysis that 

can help determine patient outcome. Additional factors that render differential tumor 

response include age and sex of the patient. In total, there is a lack of complete 

understanding of their genetic basis as yet unknown specific genetic defects may elicit 

clinical ramifications. 
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 Current efforts to define the genetic heterogeneity of MB have achieved the 

identification of distinct molecular subgroups including those driven by SHH or WNT 

signaling. This has lead to testing and use of targeted therapy against the SHH pathway 

with a SMO antagonist (GDC-0449) in an adult patient with recurrent, metastatic MB 

containing somatic PTCH1 mutation (Rudin et al., 2009). In this case the patient 

benefited reduced tumor burden over a 3-month period, however suffered rapid, fatal 

recurrence thereafter due in part to an acquired SMO mutation conferring resistance to 

GDC-0449 binding and SHH pathway suppression. Despite an unsuccessful result, this 

case illustrates the possibility of molecularly targeted MB therapy and reinforces the need 

for combinatorial therapies and to also understand the biological mechanisms of less 

understood yet more dangerous tumor subgroups. Similar action is desperately needed for 

sPNET as these tumors impart a dismal prognosis in a majority of patients. 

 We have developed here a new tissue-specific forward genetics SB transposon-

mediated mouse model for tagging candidate cancer genes that drive MB and sPNET 

development. By virtue of insertional mutagenesis in neural and glial precursor cells 

using the Nestin-Cre transgene to activate transposition, this model has biological 

relevance for the MB and sPNET. We show positive SB expression in MB and sPNET 

prospective cells of origin including fourth ventricle stem cells and granule cells of the 

developing cerebellum, and subventricular stem cells of the neocortex, respectively. 

These experiments recapitulate histological and molecular anomalies observed in human 

MB and sPNET and also directly implicate genes and pathways with previously 

unspecified roles in PNET formation. 
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 Notably, multiple regulators of Ras signaling were altered in sPNET corresponding 

with pathway activation. Although not previously directly implicated in human sPNET, 

other studies have shown activation of KRAS (Brüstle et al., 1992; Hader et al., 2003) or 

inactivation of Ras-pathway regulators (Inda and Castresana, 2007; Pfister et al., 2007) in 

these tumors. As we observed, P53 status and subsequent genome stability may also 

provide an important combinational defect in the etiology of these tumors. In addition, 

ARHGAP36 was identified as a strong candidate oncogene in non-SHH/WNT driven 

human MB and implicates altered RhoGTPase signaling or other unknown ARHGAP36-

mediated functions in the development of these molecularly poorly defined tumors. Of 

translational significance for sPNET and MB, predominant RAS signaling in sPNET 

indicates a potential therapeutic target enhancing current strategies, and ARHGAP36 

itself also poses as a potential molecule for targeted therapy in MB patient subsets with 

confirmed elevated expression. 

 As Arhgap36 was identified as a completely novel gene found to be a significant 

candidate oncogene for poorly defined MB, we sought to characterize its abilities for 

cellular transformation in vitro. We found that the human ARHGAP36 isoform 

mimicking the transposon-mediated Arhgap36 transcript identified in the SB-mediated 

mouse MB was capable to induce NIH3T3 cell transformation. These experiments 

provide insight into potential tumorigenic aspects of the endogenous ARHGAP36 

sequence not easily identifiable by other methods. The requirement of additional 

sequence elements such as endogenous nuclear localization sequence and GAP domain 

important for correct ARHGAP36 subcellular localization and subsequent function will 
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be tested. Further delineation of ARHGAP36 mechanism of action will include 

assessment of how altered expression effects phenotype of human MB cell lines Daoy, 

Med8a and ONS76 and RhoGTPase signaling by measuring GTP-bound forms of 

potential RhoGTPase targets RhoA, Rac1 and Cdc42 in these and untransformed NIH3T3 

cells. We have engineered human MB cell lines to overexpress the different ARHGAP36 

isoforms for this purpose, and methods are also being developed to directly disrupt 

ARHGAP36 at the genomic DNA level. Furthermore, It will also be important to 

investigate how manipulated ARHGAP36 expression interacts with simultaneously 

reduced Pten or p53 expression based on data from Chapter 2. A transposon 

overexpression construct has been designed for stable genomic integration and 

simultaneous long-term expression of ARHGAP36 and the myrAKT described in Chapter 

3. This reagent will be transfected into untransformed NIH3T3 and neural stem cells to 

determine how different ARHGAP36 isoforms interact with elevated AKT signaling. 

Others have shown that a different RhoGAP, ARHGAP32, does not require PI3K 

signaling to induce RAS- ERK1/2-mediated NIH3T3 cell transformation (Shang et al., 

2007). Interestingly, ARHGAP32 was shown to induce RAS-ERK1/2-mediated NIH3T3 

cell transformation through SH3 domain interaction and sequestration of the RAS 

suppressor p120RasGAP (Shang et al., 2007). Indeed, ARHGAP36 may contribute to 

RAS pathway activation by yet unknown mechanisms. RAS/MAPK pathway activation 

has been reported in human MB associated with increased metastasis (MacDonald et al., 

2001). Similar experiments will be explored in the context ARHGAP36 overexpression. 

Manipulation of p53 will be conducted by generating a transposon expression vector 
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carrying the p53R270H dominant negative CDS identical to that used in the SB insertional 

mutagenesis screen from Chapter 2 (Figure 2.2). This will facilitate experiments designed 

to determine how ARHGAP36 isoforms cooperate with altered p53 function for cellular 

transformation in vitro. 

 We have developed a new in vivo mouse model of MB development by adjusting 

transposon-mediated delivery used to generate spontaneous glioma (Wiesner and Decker 

et al., 2009) for oncogenes and cell types important for proper cerebellum development. 

These experiments implicate a functional role for ARHGAP36 in 

medulloblastomagenesis, especially in the context of LgTAg expression demonstrating an 

important interaction between ARHGAP36 and p53 during postnatal cerebellum 

development and recapitulating non-Shh derived MB. Additional testing with the 

p53R270H dominant negative CDS will help decipher this interaction. Endogenous nuclear 

expression in a subset of primary germinal zone-derived cells indicates an important role 

for ARHGAP36 during normal cerebellum development and potentially subsequent adult 

cerebellum homeostasis. Notably, we observed cytoplasmic/membraneous ARHGAP36 

expression in the SB-insertional mutagenesis-derived MB and the transposon-mediated 

delivery MB model suggesting cellular localization is required for ARHGAP36 

oncogenic potential in part controlled by the N-terminal sequence of the endogenous 

protein. This model will also serve as a viable method for testing other candidate MB 

genes identified from the SB-insertional mutagenesis screen, especially those not 

previously implicated in MB development. In addition to localized delivery of 

ARHGAP36 overexpression to the neonatal cerebellum, we are engineering a transgenic 
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mouse designed to express truncated ARHGAP36 in the presence of Cre recombinase. 

These mice will be crossed with different transgenic mice expressing Cre in alternate 

cells of origin for MB including the primary germinal zone neural stem cells (GFAP-Cre) 

and GNPC derived from the rhombic lip (Math1-Cre) and further combined with 

Ptenflox/+ or p53lslR270H to determine oncogenic interaction and help recapitulate poorly 

understood MB molecular subgroups. 

 Our SB-mediated insertional mutagenesis mouse model also for the first time 

implicates uncontrolled RAS-signaling combined with defective p53 expression as a 

driving event in sPNET formation. It is unknown whether the specific genes are 

themselves important or if the effect of Ras pathway signaling disregulation is the 

downstream overriding force. Also, compared to other mouse models of brain tumors 

incorporating Ras overexpression and deficient p53, the SB mutagenesis mice 

demonstrate specific DNA binding dysfunction of p53 is important for the development 

of sPNET via the dominant negative p53lsl-R270H allele used as a predisposing background 

here. These data also suggest the early Nestin-Cre-mediated activation of mutagenesis in 

multipotent precursors during early neurogenesis and thereafter important for sPNET 

formation versus gliomagenesis. Direct comparison to genetic anomalies found in human 

sPNET will help to uncover the scope of disregulated RAS activation and its role in 

tumor formation. 

 In summary, this work utilized Sleeping Beauty transposon insertional mutagenesis 

to model histological and molecular aspects of MB and sPNET development, and has 

revealed biologically relevant candidate molecular events in the context of these tumors 
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in both mouse and man. Elevated ARHGAP36 is a newly discovered genetic event 

important for characterizing poorly understood MB molecular subgroups. Genes with 

functional convergence on Ras pathway control were identified and implicated to be 

important for sPNET formation. Together, these data provide specific targets to 

potentially combine with current treatment strategies and enhance outcome for MB and 

sPNET patients. 
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