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Abstract 

 Medulloblastoma, central nervous system primitive neuroectodermal tumors 

(CNS-PNETs), and neuroblastoma are cancers that affect the nervous system primarily in 

children. Current treatment strategies with severe long-term treatment-related side effects 

and dismal survival rates warrant further study into therapies with increased efficacy and 

lower cost to the patient. Targeted therapy represents a route to better treatments, but a 

barrier to identifying novel targets is the lack of appropriate animal models. To fill this 

void, we created a mouse model of medulloblastoma and CNS-PNET using Sleeping 

Beauty (SB) mutagenesis of neural progenitor cells (Nestin+). Importantly, SB-induced 

tumors resembled human medulloblastoma and CNS-PNET in location and histology. 

Additionally, we used RNA-Sequencing to determine that they most closely resemble 

human Sonic Hedgehog (SHH), group 3, and group 4 medulloblastoma and a subgroup of 

CNS-PNET with FOXR2 activation (CNS NB-FOXR2). Using both DNA and RNA 

analyses, we identified over 100 genes as candidate drivers in medulloblastoma and/or 

CNS-PNET. Of these genes, we focused on validating 3 proto-oncogenes, Megf10, 

Arhgap36, and Foxr2. All 3 drove soft agar colony formation and tumor formation in 

mice, suggesting they are bona fide oncogenes. In further studies of ARHGAP36, we 

found that it promoted Shh signaling, did not affect RhoA activation, and that its 5 

isoforms had distinct effects both in vitro and in vivo. We found that FOXR2 bound C-

MYC and N-MYC and increased C-MYC stability. Additionally, in the context of 

neuroblastoma, increased FOXR2 expression was mutually exclusive with MYCN 

amplification, further suggesting an important interaction between FOXR2 and MYC 

family transcription factors. We also found a novel role for FOXR2 in activating the 

FAK/SRC signaling pathway. Increased FOXR2 drove FAK/SRC activation and FOXR2 

KO decreased FAK/SRC activation. Interestingly, increased FOXR2 expression 

conveyed resistance to a SRC family kinase inhibitor (Dasatinib) in a MYC-dependent 

manner, indicating overlap between these two apparently distinct effects. In conclusion, 

this study identifies several promising therapeutic targets for treatment of patients with 

medulloblastoma, CNS-PNET, and neuroblastoma. 
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1. Medulloblastoma 

a. Overview 

Medulloblastoma (MB) is an embryonal tumor of the cerebellum and the most 

common malignant brain tumor to affect children(1). As is common with embryonal 

tumors, MB is rarely seen in adults. Most patients present with ataxia and symptoms 

corresponding to hydrocephalus due to the tumor obstructing the fourth ventricle and/or 

cerebral aqueduct. Current treatment involves maximal surgical resection of the tumor, 

chemotherapy, and radiation, resulting in approximately 65% disease free survival over 5 

years(2). Embryonal tumors, like MB, are known to spread through the cerebrospinal 

fluid and re-attach on the brain and spinal cord. Thus, whole-brain and spinal irradiation 

became a standard component of post-operative treatment and significantly increased 

survival(3). However, long-term quality of life outcomes of children, particularly those 

under 3 years of age, with MB and radiation therapy are very poor(4). The cerebellum 

plays critical roles in motor skills, coordination, and cognition(5,6). Co-morbidities 

associated with MB treatment include secondary tumors, neurological and 

neuropsychological dysfunction, endocrine complications, growth retardation, spinal 

deformities, and social impairment(7-12). Development of chemotherapy strategies to 

delay or avoid radiation in infants (<3 years) have decreased neurocognitive loss in these 

young patients(13). Clinical trials are also underway to reduce or completely remove 

radiation in low risk MB (NCT02724579, NCT02212574), but more targeted therapy is 

needed to increase efficacy and decrease side effects.  

MB was first described as a distinct tumor type in 1925, distinguished from 

glioma by cerebellar location and a very consistent histology of small, blue cells(14). In 

the 2007 revision, the WHO classified MB into 5 main subtypes by histology: 

classic(~70% of MB), large cell (10 to 22%), anaplastic (2 to 4%, large cell and 

anaplastic are often group together as large cell anaplastic), desmoplastic nodular (7%), 

and medulloblastoma with extensive nodularity(3%)(15,16). Of these groups, large cell 

anaplastic have been associated with the worst prognosis and desmoplastic nodular have 

the most favorable outcomes. Subsequently, MB has been classified into 4 distinct 

subgroups based on molecular characteristics(17) and the current 2017 WHO lists Sonic 

Hedgehog (SHH), Wingless (WNT), Group 3, and Group 4 as the 4 molecular subtypes 
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of MB(18). WNT and SHH subgroup MB are characterized by mutations activating those 

signaling pathways, while driver mutations in Group 3 and Group 4 are less known. 

Clinical outcome varies with subgroup; patients with WNT subgroup MB have an 

excellent prognosis, with over 90% survival over 5 years, Group 3 tumors carry the 

poorest prognosis (~45% 5 year overall survival), and SHH and Group 4 tumors are 

intermediate (60% and 75% for SHH and Group 4, respectively)(19,20). There is some 

overlap between the histologically and molecularly-driven subgroups; WNT subgroup 

MBs are typically classic, with rare presentation of large cell anaplastic histology(19). 

SHH tumors are almost always desmoplastic nodular, but can also present with classic or 

large cell anaplastic histology. Group 3 and group 4 both typically present with classic or 

large cell anaplastic histology(19). 

b. Known drivers of medulloblastoma 

i. Familial syndromes 

Although inherited MB is extremely rare, four familial syndromes have been 

associated with increased MB development. Patients with inactivating mutations in 

PTCH1, known as Gorlin syndrome, have a resultant high level of SHH pathway 

activation(21,22). Activated SHH signaling predisposes patients with Gorlin syndrome to 

developing a number of tumor types, including MB, with a lifetime risk of developing 

MB of 4%(23,24). Over 400 unique mutations in the PTCH1 locus have been identified 

in humans, ranging from single base missense or nonsense mutations to large deletions or 

duplications(25). The function of PTCH is to inhibit activation of the SHH signaling 

pathway through inhibition of Smoothened (SMO). When PTCH is mutated, SMO is able 

to translocate to the primary cilia and promote GLI-dependent transcription of SHH 

pathway effector genes including GLI1, PTCH1, PTCH2, FOXM1, MYCN, CCND1 and 

CCND2(26). GLI1, PTCH1 and PTCH2 participate in fine-tuning of SHH signals as 

members of positive (GLI1) and negative (PTCH1 and PTCH2) feedback loops. 

Upregulation of N-MYC, Cyclin D/E and FOXM1 promotes cell proliferation. Other 

SHH-induced genes promote cellular survival (BCL2 and CFLAR) and epithelial to 

mesenchymal transition (SNAI1, SNAI2, ZEB1, ZEB2, TWIST2, and FOXC2(26). 

Turcot syndrome Type II, characterized by a germline mutation in Adenomatous 

Polyposis Coli (APC), results in uncontrolled WNT signaling and increased risk for 
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colorectal cancer and MB(27). APC is a negative regulator of the WNT signaling 

pathway; it forms a complex with AXIN and GSK3β to promote phosphorylation and 

degradation of β-Catenin(28). APC mutations typically lead to formation of a truncated 

protein lacking its native regulatory ability, resulting in accumulation of β-Catenin and 

increased β-Catenin-dependent transcription(29). Targets of β-Catenin include genes 

involved in several processes related to cancer, including proliferation (MYC, CCND1, 

PPARD), survival (ABCB1, BIRC5), migration (MMP7, MMP14), and angiogenesis 

(VEGF)(30-37). 

Patients with Li-Fraumeni syndrome present with several cancer types, including 

MB, driven by germline mutation of the TP53 gene(38,39). p53 plays a central role as a 

regulator in numerous cellular and developmental processes and is a well-established 

tumor suppressor gene. p53 senses signs of cellular stress, including DNA damage, 

oxidative stress, hypoxia and hyperproliferation(40) and is displaced from two negative 

regulators, MDM2 and MDM4, resulting in its stabilization and activation(41). When 

activated, p53 functions as a transcription factor, regulating expression of target gene sets 

involved in cell-cycle arrest, senescence, and apoptosis(42-44). Most TP53 mutations are 

missense mutations (80%) affecting the DNA-binding domain and preventing its 

regulatory function.  

Germline mutations in CREBBP (CREB-binding protein) result in Rubinstein-

Taybi syndrome, a developmental disorder which predisposes affected individuals to 

central nervous system malignancies, including MB(45,46). CREBBP is a member of the 

KAT3 histone acetyltransferase (HAT) family and is involved in a wide variety of 

processes, although its mechanism of action is not completely understood. CREBBP is 

most commonly mutated in a heterozygous state (commonly truncating point mutations 

in the HAT domain), leaving a functional wild type allele. These mutations impair its 

ability to catalyze acetylation of its target genes, which include TP53, BCL6 and 

KRAS(47,48).  

ii. Sporadic medulloblastoma 

Somatic gene mutation contributes to a much larger portion of human MB 

development than familial forms, and several, sophisticated next-generation sequencing 

studies of human tumors have identified common changes in the MB genome(49-54). 
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The largest study also included epigenetic and transcriptomic data to further characterize 

changes in gene expression(55). In this study, WNT subgroup MB mostly commonly 

contained mutations in CTNNB1(86%), monosomy chromosome 6 (signature 

chromosomal alteration in WNT MB, 83%), CSNK2B (an activator of WNT signaling, 

14%), and subunits of the SWI/SNF complex (33%)(55). Another common mutation in 

this subgroup is DDX3X, a putative RNA helicase involved in regulation of chromosomal 

segregation and cell cycle progression(53). PTCH1 and SUFU (Suppressor of Fused, 

another negative regulator of SHH) are the most commonly mutated genes in SHH MB, 

along with activating mutations in SMO and focal amplifications of GLI2 and MYCN(55). 

Homozygous loss of PTEN and CDKN2A/B are also frequent in SHH MB(54). Promoter 

mutations driving telomerase reverse transcriptase (TERT) expression and IDH1 

mutations are seen in SHH MB(55,56). Finally, TP53 mutations are enriched in WNT 

and SHH MB (16% and 24%, respectively), with little occurrence in Group 3 and 4(57).  

Although group 3 and 4 MB retain generic names as little is known about their 

true drivers, recent studies have implicated some important pathways in these cancers. 

Group 3 MBs commonly carry MYC amplifications (17%), while MYCN amplification is 

present equally in group 3 and 4 tumors (5 and 6%, respectively)(55). Translocation 

events resulting in fusion of the PVT1 locus, a long noncoding RNA thought to stabilize 

the MYC protein, to the coding sequence of MYC accounts for the majority of these MYC 

amplifications(54). Overexpression of GFI1 family transcription factors is also present in 

a subset of group 3 MB(51). Several components and effectors of the TGF-β pathway, 

including OTX2, CD109, and FKBP1A, are also mutated in group 3 MB(54). Group 3 

MB characteristically have unstable genomes, with frequent large chromosomal gains 

and losses; isochromosome 17q is a frequent example of this, with concurrent loss of 

chromosome 17p and gain of 17q. Isochromosome 17q is also extremely common in 

group 4 tumors. Homozygous deletions in KDM6A, a histone-lysine demethylase, have 

been associated with group 4 MB(54). NF-κB signaling has also been implicated in group 

4 MB, as deletions in regulators of NF-κB signaling, NFKBIA and USP4, have been 

identified in this subgroup(54). Other common alterations include tandem duplication of 

SNCAIP, amplification of CDK6, and overexpression of PRDM6(55). 

c. Targeted therapies for medulloblastoma 
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i. Overview 

In an effort to increase the effectiveness of MB therapy and decrease side effects, 

targeted therapies have been sought for MB. As we continue to develop a more complete 

understanding of the molecular heterogeneity of MB, it becomes clear that targeted 

therapy is unlikely to work across the 4 distinct subgroups of MB. To date, targeted 

therapies have been identified and tested in patients with SHH MB. 

ii. Targeted therapies for SHH medulloblastoma 

Targeted therapies for SHH pathway activation represent the options for patients 

with MB. SMO is the principle target for the development of SHH pathway inhibitors. 

Cyclopamine, a natural steroidal alkaloid, was the first SMO inhibitor to be used in 

clinical trials for basal cell carcinoma(58). Although cyclopamine application resulted in 

rapid tumor regression, cyclopamine cannot be administrated orally due to poor solubility 

and toxicity(59). Several other SMO inhibitors have made it to clinical trials, including 

NVPLDE-225(Erismodegib), Cur61414, and GDC-0449(vismodegib)(60-63).  

GDC-0449 was the first SHH inhibitor to reach clinic trials for brain tumors in 

2008, which resulted in rapid MB regression followed by rapid disease progression(61). 

Subsequent studies by different groups were done with GDC-0449 to determine its 

appropriate dosage in adult and pediatric populations and determine effectiveness treating 

patients with recurrent or refractory MB (Table 1.1). In one phase 2 study, GDC-0449 

was effective in 41% of SHH MB, but not in other subgroups(64). Those SHH MBs that 

were not responsive had activating mutations downstream from SMO. Currently, GDC-

0449 is the only targeted SMO inhibitor in clinical trials for MB, either in combination 

with temozolomide or alone as a frontline therapy immediately after surgery.  

Another well-studied SMO inhibitor is LDE225 (Sonidegib). Several phase 1 and 

2 trials have been performed in adult and pediatric patients with recurrent or refractory 

MB (Table 1.1). A phase 2 trial carried out in children and adults with SHH MB saw a 

modest response in the majority of patients, but some patients did have durable responses 

(125 to 503 days)(65). Unfortunately, while SMO inhibitors often have low acute side 

effects due to a lack of SMO in most tissues(66), treatment of pediatric patients is likely 

to have long term side effects as the SHH pathway is very important during development. 

For example, GDC-0449 results in short stature and irreversible growth plate fusion(67).  
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Not all MB with activated SHH signaling will respond to SMO inhibitors, as 

activation of downstream pathway members, like GLI2 or SUFU, can result in immediate 

or secondary resistance to SMO inhibitors. One ongoing trial involves the use of a Gli1 

antagonist, Genistein, in MB (NCT02624388). Other mechanisms of SMO resistance also 

occur, including mutations in SMO resulting in a conformational change or activation of 

other pathways, such as PI3K, to allow tumor cells to growth without SHH pathway 

activation(68,69).  

d. Models of medulloblastoma in mice  

i. Overview 

Mouse models have been critical to the advancement of cancer biology research. 

As mammals, mice are similar to humans but much less expensive to house than other 

mammals. Mouse genetics are easily manipulated, which allows the study of how specific 

genetic alterations lead to tumor development within an intact microenvironment. More 

sophisticated mouse models allow evaluation of altered oncogene expression at different 

points in tumor development. Use of the tetracycline-inducible systems, for example, 

allows control of these time elements to modify the expression of an oncogene or tumor 

suppressor(70,71). Recombination-dependent transgene construction allows tissue-

specific expression through promoter modification of the site-specific bacterial Cre 

recombinase enzyme. A modified version of Cre linked to a mutated binding domain of 

the human estrogen receptor (Cre-ER) is another method of controlling gene 

expression(72). These systems overcome some limitations associated with conventional 

genetically engineered mouse models, such as embryonic lethality. Mice with immune 

system deficiencies, like NU/J mice which lack T cells, allow for xenograft or cell line 

injection studies, facilitating expedited results and analysis of human tissues. As the most 

common malignant pediatric brain tumor, MB has been rather extensively studied in mice 

(Table 1.1).  

In order to generate the most accurate mouse models of human tumors, it is 

necessary to identify the tumor’s cell of origin and target that cell for transformation. The 

cell(s) of origin for MB has been long thought to be a transient member of the developing 

cerebellum, although the exact nature of these populations and how they vary remains to 

be fully elucidated. The cells of the cerebellum arise from two distinct germinal zones, 
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the primary germinal zone on the roof of the fourth ventricle (ventricular zone (VZ) 

cells), and granule neuron precursor cells (GNPCs) that arise within the rhombic lip. VZ 

cells give rise to GABAergic neurons, including Purkinje cells and GABAergic 

interneurons. GNPCs migrate from the rhombic lip across the cerebellum to form the 

external granule layer (EGL). Nestin, an intermediate filament protein used as a marker 

for central nervous system (CNS) progenitor cells, is expressed throughout the 

developing brain until EGL development(73). While in the EGL, GNPCs respond to SHH 

signaling activation and undergo proliferation followed by migration inward, through the 

Purkinje cell layer, to form the mature neurons of the internal granule layer (IGL)(74). 

While in the EGL, GNPCs express MATH1, a transcription factor, which ceases upon 

maturity and inclusion in the IGL. This process takes approximately 2 years for humans 

and 2 weeks for mice after birth(16).  

The four subgroups of MB are thought to originate from distinct cell 

types(16,75,76). In mice, committed GNPCs are the cell of origin of SHH MB(77,78) and 

cells within the lower rhombic lip are the cell of origin for WNT MB(76). A third group 

of stem cells located in the white matter of the postnatal cerebellum was identified(79) 

and shown to give rise to group 3 MB(80). The cell of origin for group 4 MB is still 

undetermined, but analysis of superenhancers has suggested that group 4 tumors may 

originate from EOMES and LMX1A expressing precursor cells in the upper rhombic 

lip(81).  

ii. Shh subgroup medulloblastoma 

Shh subgroup MBs represent the large majority of mouse MB models by far (Table 

1.1). There are several genetic models resulting in the loss of Ptch1 activity and 

development of MB(78,82). Ptch1 loss has also been combined with other mutations, 

including Tp53-/-, Ink4c-/-, Kip1-/-, and Hic1-/-, to increase MB penetrance(83-86). Mutations 

in other members of the Shh pathway also result in tumor predisposition in mice, 

including loss of Sufu(87) and constitutive activation of Smo(77,88-91). Combination of 

Trp53 loss and mutations in DNA repair genes including Lig4, Xrcc4, Xrcc2, Brca2, 

Parp1and Ku80 also results in Shh subgroup MB(92-97). Dysregulated Shh signaling 

also results in MB in genetic models of altered interferon and Stat1/2 expression(98,99).  
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Shh MB has also been modeled through somatic gene editing in vivo using the 

RCAS/tv-a, CRISPR/Cas9, and Sleeping Beauty mutagenesis systems. The RCAS/tv-a 

system uses a replication-competent, avian retroviral vector (RCAS) derived from avian 

leucosis virus (ALV), and a transgenic mouse producing the receptor for ALV (TV-A) 

under control of the Nestin promoter (Ntv-a). Nestin is expressed in neural progenitor 

cells, allowing postnatal gene transfer in cells of the developing cerebellum(100). Cells 

producing the RCAS virus of choice are injected into the cerebellum of neonatal mice. 

Nestin expressing cells will be transduced, resulting in candidate gene expression driven 

by a constitutive retroviral promoter. Utilization of this model with overexpression of Shh 

alone or in combination with Myc, MycN, HGF, IGF2, Akt, and Bcl-2 results in Shh 

subgroup MB(101-105). CRISPR/Cas9 knockout of Ptch1 through PEI-mediated 

transfection or in vivo electroporation has also generated Shh MB(106). Additionally, 

isolated granule neuron precursor cells (GNPCs) from P6 Ink4c-/-; Trp53-/- mice transduced 

with either MycN or CyclinD1 form Shh MB when injected into immunocompromised 

mice(106). Lastly, Sleeping Beauty transposon mutagenesis has been used in several 

studies to identify drivers in Shh MB, as described in detail below(107-110). 

iii. Wnt subgroup medulloblastoma 

Wnt subgroup MB has been surprisingly difficult to model in the mouse; although 

activating CTNNB1 mutations are present in the majority of human WNT MB, expression 

of a non-degradable form of β-Catenin (Cttnb1lox(ex3)) in brain lipid-binding protein (Blbp) 

expressing progenitors does not result in MB in the mouse(76). Gibson et al. combined 

Ctnnb1flox(ex3) and Trp53flox/flox in Blbp-Cre transgenic mice to achieve tissue specific loss of 

Ctnnb1 and Trp53 in progenitor cell populations across the hindbrain. This resulted in 

low penetrance of MB (14%) that resembled the human WNT subgroup(76). Introduction 

of an additional activation mutation in the catalytic subunit of PI3K (Pik3ca) to Cttnb1lox(ex3) 

and p53 loss further promoted tumor formation, resulting in 100% penetrance within 3 

months(53).  

iv. Group 3 and 4 medulloblastoma 

Several mouse models of Myc(N)-driven group 3 MB have been described. The only 

genetically engineered mouse model involves overexpression of MycN and luciferase 

under control of the Glt-1 promoter (GTML)(111). Glt-1 is expressed in the developing 
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posterior hindbrain from postnatal day 1 through adulthood in rodents(112). When MycN 

amplification is combined with dominant negative Trp53 in this model, mice get group 3 

MB with 100% penetrance(113). Group 3 MB has also been modeled using the RCAS/tv-

a system to combine Myc amplification with loss of Trp53 or Bcl-2. Mice form tumors 

with high incidence of leptomeningeal spread, a common and therapeutically important 

aspect of group 3 MBs(114). in utero electroporation has been used to create another set 

of models of group 3 MB, to deliver Cre-inducible Myc and DNp53 (dominant negative) 

constructs into the developing cerebellum with several different Cre lines (Blbp-Cre, 

Atoh-Cre, Gad2-IRES-Cre, Ptfa-Cre)(115). All promoters produced group 3 MB, 

implicating that group 3 MB can arise from multiple different progenitor cell populations.  

Several cell line injection models, involving isolating cerebellar progenitor cells from 

P6-P7 mice, transducing them with viruses overexpressing oncogenes, and injecting them 

back into mice have been used to generate group 3 MB. Isolation of GNPCs from Ink4c-/-; 

Trp53-/- mice, transduction with a Myc OE vector, and injection into mice results in 100% 

penetrance of group 3 MB(116). Isolation of a CD133+, Lin- stem cell population from 

the cerebellar white matter and transduction with stable Myc (MycT58A) and dominant 

negative Trp53 results in high penetrance of MB (100%) (80). Isolation of Math1+ cells 

and transduction of stable Myc and dominant negative Trp53 results in approximately 

32% incidence of MB(80). While these mouse injection models of group 3 MB are 

informative, they all involve a combination of Myc amplification and Trp53 loss, which 

is uncommon in human MB. A potentially more relevant model involves isolation of 

CD133+, Lin- stem cells and transduction with GFI1 or GFI1b and MYC, two genes 

predicted to cooperate in human MB. These mice have high incidence of MB formation 

(88% and 90%, respectively) with leptomeningeal spread(51). Currently there are no 

mouse models of group 4 MB, making this group exceptionally difficult to study.  

2. Central nervous system primitive neuroectodermal tumors 

a. Overview 

Central nervous system primitive neuroectodermal tumors (CNS-PNETs) 

represent a group of poorly differentiated embryonal tumors. Histologically, CNS-PNETs 

resemble MBs with densely-packed, small blue tumor cells and little cytoplasm. While 

MBs are mostly a cerebellar tumor, CNS-PNETs predominately occur in the cerebrum, 
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brain stem and spinal cord. Due to their low incidence and a lack of specific molecular 

knowledge, patients with CNS-PNET receive similar treatment as those with MB. These 

tumors are largely resistant to treatment, resulting in a reduced 5-year overall survival of 

20 to 40% and similar life-long therapy-related side effects(2). In a recent study 

specifically looking at CNS-PNET, 73% (11/15) of treatment survivors had severe long-

term neurocognitive toxicities requiring intensive physical and neurocognitive 

rehabilitation(117). 

This tumor classification has slowly evolved over time with increased knowledge 

of the heterogeneous nature of embryonal tumors. The PNET concept initially related 

MB (primitive neuroectodermal tumor of the cerebellum) to embryonal tumors of the 

cerebrum (supratentorial PNET)(118,119). Supratentorial PNET was adjusted to the more 

general term, CNS-PNET, to include similar tumors located within the brain stem and 

spinal cord(15). As an umbrella term in the 2007 World Health Organization (WHO) 

classification of CNS tumors, CNS-PNET included 5 subgroups: CNS neuroblastoma 

(CNS-NB), ganglioneuroblastoma, medulloepithelioma (ME), ependymoblastoma (EB), 

and CNS-PNET, NOS (not otherwise specified)(15). These groups have been 

reclassified, driven by identification of a common amplification of the C19MC micro-

RNA cluster in ME, EB and embryonal tumors with abundant neuropil and true rosettes 

(ETANTR)(120-124). The presence of C19MC amplification now results in diagnosis of 

embryonal tumor with multilayered rosettes (ETMR), C19MC-altered; those without 

C19MC amplification remain histologically identified as ME and ETMR, NOS(18). 

Remaining CNS-PNETs are now classified as CNS embryonal tumors, NOS. The 

molecularly heterogeneous group of CNS embryonal tumors, NOS was further classified 

by Sturm et al., with identification of 4 new molecular entities associated with recurrent 

genetic alterations: CNS neuroblastoma with FOXR2 activation (CNS NB-FOXR2), CNS 

Ewing sarcoma family tumor with CIC alteration (CNS EFT-CIC), CNS high-grade 

neuroepithelial tumor with MN1 alteration (CNS HGNET-MN1) and CNS high-grade 

neuroepithelial tumor with BCOR alteration (CNS HGNET-BCOR)(125).  

b. Known genetic drivers of CNS-PNET 

In comparison to MB, the molecular drivers of CNS-PNET are much less clear. 

Two inherited disorders, Turcot syndrome Type I and Li-Fraumeni syndrome, are 
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associated with development of CNS-PNET(126,127). Turcot syndrome Type I is 

characterized by mutations in mismatch repair genes MLH1, MSH2, and PMS2; mutation 

in PMS2 has been observed in human CNS-PNETs(126). Mutational inactivation of 

mismatch repair genes results in a progressive accumulation of mutations, some of which 

will provide a selective advantage to the cell and give rise to cancer. MYCN, MYCC, and 

CDK4, a cyclin-dependent kinase with a known oncogenic role, are amplified in a subset 

of CNS-PNETs(125,128,129). Focal deletion of chromosome 9 resulting in loss of 

CDKN2A is common in CNS-PNET(125,128,130). Somatic mutations in TP53 have also 

been associated with adult CNS-PNETs(131-133), potentially acting as a cooperating 

factor with activated Ras signaling, as suggested in a CNS-PNET zebrafish model(134).  

The recent study by Sturm et al. identified recurrent inter and intrachromosomal 

rearrangements defining the above mentioned molecular subgroups of CNS-PNET(125), 

implicating FOXR2, CIC, MN1, and BCOR as drivers in CNS-PNET. FOXR2 has been 

identified as an oncogene in several cancer types, with potential mechanisms including 

interaction with MYC and activation of SHH signaling(110,135,136). CIC fusions are 

present in pediatric primitive round cell sarcoma and result in transcriptional activation in 

CNS EFT-CIC(125,137). MN1 fusion proteins act as transcription factors and are 

transforming in myeloid leukemia(138). Internal tandem duplications of the 16th exon of 

BCOR was detected in 100% of CNS HGNET-BCOR tumors, driving increased BCOR 

expression and activating WNT signaling, although the mechanism by which this 

amplification drives CNS-PNET tumor formation is unclear(125).  

c. Models of CNS-PNET 

One of the most limiting factors to developing improved therapies for patients with 

CNS-PNET is a general lack of animal models. One mouse model has been established 

for CNS-PNET, which uses orthotopic transplantation of human radial glial cells into the 

subventricular zone of the 3rd ventricle of immunocompromised mice to achieve CNS-

PNET formation(139). These radial glial cells are derived from human embryonic or 

human induced pluripotent stem cells and injected into adult (8 week old) NOD-SCID 

mice. After injection, these cells show stabilized HIF-1α and HIF-2α, up-regulation of 

MYCC, and accumulation of stabilized p53. In a second animal model of CNS-PNET, 

Modzelewska et al. injected sox10-driven NRAS and dominant negative p53M214K into 
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zebrafish embryos to functionally test if CNS-PNETs could originate from oligo-neural 

progenitor cells (OPCs) with Ras/MAPK activation and loss of p53(134). Fish developed 

CNS-PNETs with about 50% penetrance and both transgenes were necessary for tumor 

development (p53 or NRAS expression alone were not sufficient)(134). 

3. Neuroblastoma 

a. Overview 

Neuroblastoma represents the most commonly occurring childhood extracranial 

tumor and is the most diagnosed cancer in the first year of life(140). It is primarily a 

disease of childhood, with 90% of neuroblastomas occurring before age 5. Although still 

relatively rare (it accounts for 5 to 10% of childhood malignancies)(141,142), 

neuroblastoma accounts for a disproportionate number of deaths (15% of cancer-related 

deaths in children)(143). Tumors occur in the sympathetic nervous system, commonly 

presenting in or around the adrenal glands and along the paravertebral ganglia. Based on 

primary tumor location and characteristic secretions, the cell of origin for neuroblastoma 

is thought to be a developing cell of the neural crest(140,144-147). Neuroblastoma has a 

large range of prognoses, ranging from localized disease and good prognoses to 

widespread metastasis and a survival rate of only 30%(148). A particular subtype of 

neuroblastoma is even known to present in a highly metastatic state only to 

spontaneously regress on its own(143). This heterogeneity in presentation and treatment 

response leads to frequent failures of therapy. Further molecular study of the disease is 

needed to identify novel therapeutic targets in neuroblastoma and investigate improved 

treatment strategies.  

b. Known drivers in neuroblastoma 

Neuroblastomas present with a characteristically low number of mutations in 

comparison to other cancer types(149,150). Familial or inherited neuroblastoma is quite 

rare and accounts for less than 2% of cases(151-153).  Despite their low incidence, these 

tumors have provided knowledge behind the genetic drivers of neuroblastoma. Activating 

mutations in anaplastic lymphoma kinase (ALK) occur in approximately 50% of 

inherited neuroblastoma(154-156) and more than 92% of sporadic neuroblastoma(157). 

ALK is a receptor tyrosine kinase with high expression in many different cancers, 

including glioma, melanoma, and breast cancer (158-162). ALK has been shown to form 
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a stable complex with ShcC and modify the responsiveness of the MAPK pathway to 

growth factors(163). Interestingly, expression changes in ALK have been correlated with 

expression changes in another gene mutated in familial neuroblastoma, PHOX2B(164). 

PHOX2B is an early transcription factor expressed in the development of the neural crest 

and differentiation of sympatho-adrenal precursors(165). Increased PHOX2B induces 

ALK expression, underscoring the role of ALK in promoting neuroblastoma 

tumorigenesis(166).  

 In sporadic neuroblastoma MYCN is the most well-characterized amplification. 

Approximately 25% of human neuroblastomas have amplification of the MYCN locus, 

and patients with this amplification suffer a poor prognosis with high incidence of 

metastasis(145). MYCN is a member of the MYC-family of basic helix-loop-helix 

transcription factors, which regulate a large variety of cellular processes. Specifically in 

the context of neuroblastoma, MYCN has roles in differentiation and proliferation during 

neural crest development(167). In neuroblastoma cell lines, knockdown of MYCN causes 

spontaneous differentiation, supporting the role of MYCN in maintaining a more 

“progenitor cell” state(168,169). Overexpression of Mycn alone under the Th promoter 

(sympathetic neuron promoter) is sufficient to cause neuroblastoma in the mouse(170). 

ALK mutations co-occur with MYCN mutations in approximately 10% of sporadic 

neuroblastoma which represents a particularly deadly form of neuroblastoma with very 

poor prognosis(171,172). Lastly, ATRX, a chromatin remodeler, is often mutated in 

“older” patients with neuroblastoma (44% of patients >12 years) and has been implicated 

in genetic instability and telomere maintenance(173).  

 While point mutations are less common in neuroblastoma, large chromosomal 

rearrangements occur frequently and are associated with poor prognosis. Chromothripsis, 

a pattern of localized chromosomal shredding and random reassembly, occurs in up to 

20% of high-risk neuroblastoma(173).  Loss of chromosomal regions 1p36 and 11q23 

and gain of 17q22 occurs in approximately 30%, 40%, and 50% of sporadic 

neuroblastoma, respectively(141,174). Several genes within the 1p36 loss have been 

validated as tumor suppressors including CAMTA1, CASZ1, CHD5, TP73, and KIF1B, 

but it’s unclear which are functionally most relevant to neuroblastoma development(175-
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179). Loss of 11q often occurs in a mutually exclusive manner to MYCN amplification, 

though its function is also yet unclear(174).  

4. Sleeping Beauty mutagenesis for use in cancer genetic screens 

a. Overview 

Sleeping Beauty (SB) is a cut-and-paste transposon system containing a 

transposable element mobilized by the SB transposase enzyme. These two components 

were reconstructed from dormant Tc1/Mariner fish transposon genes by correcting 

mutations responsible for their inactivity(180). The transposon element can be modified 

to contain any DNA sequence of appropriate length flanked by SB inverted 

repeat/directed terminal repeat (IR/DR) sequences. The SB transposase enzyme 

recognizes these IR/DR sequences and catalyzes excision and reintegration of the 

transposon element at a new “TA” dinucleotide within the genome. SB transposition is 

supported in a wide range of vertebrate cells, including human and mouse(181). 

b. Sleeping Beauty forward genetic screens to model human cancer in mice 

Forward genetic screens in model organisms are powerful tools in the discovery 

of gene function. Forward genetics is an approach of determining the genetic changes 

behind an observed phenotype. Insertional mutagenesis approaches, for example using 

the SB transposon system, are preferable to classic mutagenic approaches such as 

radiation or chemically-induced mutagenesis, due to the ease of identifying mutations 

caused by DNA insertion. In SB insertional mutagenesis cancer screens, the random 

mobilization and insertion of the SB transposon can increase expression of an oncogene 

or ablate expression of a tumor suppressor gene depending on the transposon orientation. 

T2/Onc is a mutagenic SB transposon engineered to drive gene expression through the 

use of a constitutively active murine stem cell virus promoter followed by a splice donor 

and disrupt gene expression with bidirectional splice acceptor sites followed by stop 

codons and polyadenylation sequences (Figure 1.1)(182). A proto-oncogene can be 

activated by increased expression or N or C-terminal truncation by T2/Onc. A tumor 

suppressor gene can by inactivated by splicing to a splice acceptor followed by a 

polyadenylation sequence.  

 The SB system has been used to generate many mouse models of human cancers, 

including carcinomas, sarcomas, and hematological malignancies. Transgenic mice 
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possessing a concatomer of approximately 25-300 copies of the T2/Onc 

transposon(182,183) were crossed to mice with ubiquitous expression of SB transposase 

under the Rosa26 promoter resulting in robust tumor formation(183,184). The majority of 

tumors were hematopoietic malignancies, but some solid tumors occurred including 

medulloblastoma, glioma, prostate, intestinal, and pituitary tumors(184,185). SB can be 

targeted to a specific tissue type, which is critical to studying a particular cancer type and 

allows information regarding the cell of origin for an individual malignancy. This is 

possible using the Cre-lox technology. Dupuy et al. modified the Rosa26-SB11 allele to 

include a lox-stop-lox cassette directly proceeding the SB11 cDNA (Rosa26lsl-SB11)(186). 

The floxed stop cassette prevents transposase expression until it is removed by Cre 

recombinase. Therefore, by controlling the tissue expressing Cre through tissue-specific 

promoters, one is able to direct transposition. SB has been used to drive medulloblastoma 

genesis by 4 different groups. This was done using whole body mutagenesis(107,108) 

and tissue-specific mutagenesis(109,110) to identify novel drivers of MB in the mouse.  

5. Candidate oncogenes in medulloblastoma – ARHGAP36 and FOXR2 

a. Overview 

ARHGAP36 and FOXR2 were identified as candidate oncogenes in 

medulloblastoma by our lab and will be the subject of subsequent chapters in my thesis. 

The following section contains background information on the study of these genes by 

other groups.  

b. ARHGAP36 

ARHGAP36 is a relatively mysterious member of the Rho GTPase activating 

family with roles implicated in several cancers, including phenochromocytoma, 

neuroblastoma, and medulloblastoma(109,187-189). ARHGAP36 is a member of the Rho 

GTPase activating protein (GAP) family. Rho GTPases regulate several cellular 

processes related to cancer, including cell cycle regulation, polarity establishment, 

migration, apoptosis, and angiogenesis(190,191). Most Rho GTPases are tightly 

regulated through a molecular switch from an inactive GDP-bound state to an active 

GTP-bound conformation (Figure 1.2). Their activation and inactivation are controlled by 

guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs). 
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GEFs stimulate the exchange of GDP for GTP and GAPs catalyze the hydrolysis of GTP 

to GDP by Rho GTPases.  

In an investigation of genes with altered expression in tumor versus normal tissue, 

Croise et al, found that 3 Rho GTPases, RHOA, RAC1, and CDC42 have increased 

expression in pheochromocytoma, a type of neuroendocrine tumor arising from 

chromaffin cells of the adrenal medulla, compared to surrounding adrenal tissue(187). 

Interestingly, although their expression was increased, RAC1 and CDC42 were less 

active, indicating an increased presence of GDP-bound forms. They also found that 

ARHGAP36 was highly expressed in tumor versus adjacent normal tissue, implicating the 

role of ARHGAP36 as a GAP in decreased GTP-bound RAC1 and CDC42. Despite this 

implied role in regulation of RAC1 and CDC42, ARHGAP36 is unlikely to function as a 

traditional GAP. ARHGAP36 lacks the “arginine finger” motif at AA246 which 

participates in Rho GTPase activity, suggesting that ARHGAP36 may not have GAP 

activity(192).  

Two separate studies have identified ARHGAP36 as an in vitro activator of the 

sonic hedgehog (SHH) signaling pathway(188,189). SHH signaling is an evolutionarily 

conserved pathway which regulates embryonic patterning and tissue 

homeostasis(193,194). When SHH activation is left unchecked, it can lead to basal cell 

carcinoma, medulloblastoma, and other cancer types(195). In the off state, the 12 

transmembrane receptor Patched (PTCH) prevents Smoothened (SMO) from entering the 

primary cilium, a structure present on most mammalian cell types specialized for SHH 

signaling transduction (Figure 1.3). Full forms of the Gli proteins (GLI2/3F) will be 

bound to the protein scaffold Suppressor of Fused (SUFU) and trafficked to the primary 

cilium where they are phosphorylated by protein kinase A (PKA) and targeted for 

proteolysis into their repressive forms (GLI2/3R)(196-200). GLI2/3R block transcription 

of SHH target genes. When SHH ligand is present, it binds PTCH and alleviates its 

repression of SMO, allowing SMO to accumulate within the primary cilium and induce 

dissociation of SUFU-GLIF complexes(196,197,201,202). Full length GLI2/3 are then 

converted to their transcriptionally active forms (GLI2/3A), which translocate to the 

nucleus and promote expression of SHH target genes(203).  
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Rack et al. identified ARHGAP36 as a Shh pathway agonist using a flow 

cytometry-based screen of human cDNAs(189). Using a GFP Shh reporter 3T3 cell line, 

they found that full length mouse Arhgap36 activated Shh signaling in a Smo-

independent, Gli2/3 dependent manner (Isoform 1, Figure 1.4). The activation of Shh 

signaling by Arhgap36 was dependent on primary cilia formation, as knockout of Kif3a 

or Ift88 (two genes required for primary cilia formation), ablated Shh activation in the 

presence of Arhgap36. In a functional analysis study, Rack et al. mutated two other 

residues of Arhgap36 structurally equivalent to those necessary for Rho GAP function in 

GRAF. Mutation of these two residues did not affect Arhgap36’s ability to activate Shh 

signaling, further supporting a non-GAP related role for Arhgap36. Additionally, they 

found that when transfected alone, the GAP domain (AA215-414) and C-terminus 

(AA415-590) did not affect Shh signaling. Interestingly, transfection of the N-terminus 

alone (AA1-214) inhibited Shh signaling when Shh ligand was present. This study hints 

at a possible role for the N-terminus of Arhgap36 in its regulation. Rack et al. identified a 

novel binding partner for Arhgap36: Sufu. As Sufu is a negative regulator of the Shh 

pathway, this interaction offers a mechanism in which Arhgap36 could be driving Shh 

activation. Lastly, they identified a role for Arhgap36 in medulloblastoma; in mouse MB 

allografts from Ptch1+/-; Tp53-/- mice propagated with or without LDE225 (a SMO 

antagonist), Arhgap36 was the most upregulated gene in LDE225 resistant MB. 

Confusingly, they also found ARHGAP36 to be significantly upregulated in a subset of 

group 3 and 4 human MB, which did not correlate with changes in PTCH1 or GLI1 

expression.  

The second group to identify ARHGAP36 as a positive regulator of the SHH 

pathway did so in a study of protein kinase A catalytic subunit (PKAC) binding partners. 

PKA is a master negative regulator of the SHH pathway(204,205). The full forms of GLI 

proteins are trafficked by SUFU to the primary cilium where PKA phosphorylates them 

and targets them for proteolysis into their repressive forms (Figure 1.3) (196-200). PKA 

is a serine/threonine kinase and is a tetrameric holoenzyme comprised of a dimer of 

regulatory subunits (PKAR) which bind 2 catalytic subunits (PKAC). When PKA is 

activated, for example by cyclic AMP (cAMP), cAMP binds to PKAR and allows release 

of PKAC. Because PKA regulates several essential cellular processes it is tightly 
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controlled by several different mechanisms, including A-kinase-anchoring proteins 

(AKAPs) which serve as scaffolds to target PKA to distinct subcellular compartments 

and kinase inhibitor proteins (PKI) which bind PKAC and inhibit it competitively(206-

208). Eccles et al. found that human ARHGAP36 inhibits PKA signaling by acting as a 

pseudosubstrate inhibitor, similar to PKIs (Figure 1.5, isoform 2)(188). They were able to 

pull down ARHGAP36 and PKAC together and determine the exact 25 AA responsible 

for the interaction (AA141-165). Within this 25 AA region, they identified a sequence 

fitting the PKAC substrate sequence (RRGAV) and were able to identify the 

PKAC/ARHGAP36 interaction with mutations of R153/R154/V157 on ARHGAP36.  

They found that the first 194 AA, AA118-194, and just the 25 AA portion of 

ARHGAP36 all bound PKAC with high affinity and drastically inhibited its catalytic 

activity. Similarly to Rack et al., they found that the full form of ARHGAP36 activated 

Shh in 3T3 cells, but their RRV mutant did not, implying the interaction with PKAC is 

responsible for ARHGAP36-mediated Shh activation. Lastly, they found that 

ARHGAP36 is expressed in 2 neuroblastoma (NB) lines (NGP and CLB-GA) and binds 

endogenous PKAC(188).  

While some aspects of the Rack et al. and Eccles et al. papers are complimentary 

to each other, other aspects disagree. Binding to both major negative regulators of the 

Shh pathway (Sufu in Rack et al., PKA in Eccles et al.) provides a clear, dual-pronged 

approached to ARHGAP36-mediated Shh activation. However, the constructs used in 

these papers are of different species and make the results difficult to interpret (mouse in 

Rack et al., human in Eccles et al.)(188,189). In comparing the isoforms of mouse and 

human ARHGAP36 used (mouse isoform 1 in Rack et al., human isoform 2 in Eccles et 

al.), they have 70% identity (aligned using UniProt alignment software, Figure 1.6). 

Focusing specifically on the PKAC region, it is largely conserved between mouse and 

human, with just 3 residue mismatches in the mouse (A178, A181, and D182 in the 

mouse). The PKAC pseudosubstrate motif remains completely intact in both species 

(RRGAV).  

Specifically, the conclusion of Eccles et al. is that PKAC binding is what drives 

the Shh activating capacity of ARHGAP36. However, when transfected alone, the N-

terminus containing this binding site (AA1-214 mouse) by Rack et al. resulted in 
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inhibition of Shh pathway activation (Figure 1.7). Interestingly, in the exact same 3T3 

GFP reporter cell line for Gli1 activation, Eccles et al. found that a small section of the N 

terminus (N2, AA118-194 human) activated Shh. This may be explained in several ways, 

including: human and mouse ARHGAP36 may act differently on the Shh pathway or the 

very N-terminal portion of ARHGAP36 (AA1-118) which was not assessed in Eccles et 

al. may be specifically inhibitory. Further study of the human and mouse ARHGAP36 

isoforms is needed to answer these questions.  

Lastly, there is some degree of disagreement in what cell type ARHGAP36 is able 

to activate Shh signaling in these two papers. PKA is a common negative regulator of 

Shh signaling in both developing neural and somitic (muscle) cells(209). Rack et al. 

specifically compared Arhgap36-mediated Shh activation in zebrafish embryos in 

comparison to a dominant negative PKA (dnPKA) construct. They found that Arhgap36 

activated Shh signaling in developing neural tissues, but not somitic cells(189). In 

contrast, the dnPKA construct activated Shh signaling in both tissues. Eccles et al. found 

that Arhgap36 is expressed in mouse somitic tissue up until birth and then becomes 

undetectable(188). Combined, these results imply that ARHGAP36 is regulated from 

activating Shh signaling in developing somitic cells through its PKAC interaction, 

implicating the ARHGAP36àPKAC inhibitionàShh activation is not just a linear 

process. Further study of ARHGAP36 expression in developing and mature human tissue 

is needed to determine how this interaction occurs and is regulated in human tissue. 

c. FOXR2 

 FOXR2 is a member of the Forkhead box (FOX) transcription factor family. The 

Forkhead gene (fkh) was originally identified in Drosophila melanogaster in a random 

mutagenesis screen(210). It was coined “forkhead” due to a characteristic “forked head” 

appearance which occurred in its absence. The forkhead box is a conserved DNA-binding 

domain shared by all 49 family members (FOXA1-FOXS1)(211,212). FOX genes 

contribute to a diverse variety of cellular functions, including gastrulation, stem cell 

maintenance, metabolism, cell cycle control, and tissue specification(213-217).  

Mutation or misregulation of FOX genes has been associated with several diseases 

including cancer, acting as both oncogenes and tumor suppressors. For example, FOXM1 

is an established oncogene in more than 20 different cancers and has roles in every 
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hallmark of cancer(218). FOXA2 is a pioneering transcription factor with tumor 

suppressive roles in lung cancer, HCC, and gastric cancer(219-222). FOXR1 is a close 

homologue to FOXR2 (57.7% identity)(223) and shares the ability of FOXR2 to bind 

MYC and MAX and promote MYC-dependent transcription(136). FOXR1 is recurrently 

activated in peripheral neuroblastoma by intrachromosomal deletion and fusion events 

resulting in its overexpression(224). Santo et al. also found that high FOXR1 expression 

could functionally replace MYC to drive proliferation in JoMa1, a neural crest stem cell 

line.  

Forkhead box R2 (FOXR2) has been implicated as an oncogene in numerous cancers 

(Table 1.3, Figure 1.8), including non-small cell lung cancer (NSCLC), endometrial 

adenocarcinoma (EAC), hepatocellular carcinoma (HCC), colorectal cancer (CRC), 

prostate cancer, and breast cancer(136,225-230). Additionally, FOXR2 is associated with 

several cancers of neural origin, including glioma, CNS-PNET, malignant peripheral 

nerve sheath tumors (MPNSTs), and medulloblastoma(110,125,135,231). However, 

while FOXR2’s role as an oncogene is relatively well-established, the molecular 

mechanism behind FOXR2-driven tumorigenesis is unclear. FOXR2 promotes several 

key pathways in cancer, including WNT signaling (NSCLC, prostate cancer, HCC), SHH 

signaling (CRC, HCC, MB), and EMT (CRC, prostate)(110,226-229). FOXR2 has also 

been shown to form a stable complex with MYC and MAX and drive expression of MYC 

target genes(136). Further study on FOXR2 is needed to determine which of these 

mechanisms are most relevant to cancer and potentially targetable. 

MYC (C-MYC, cellular as opposed to viral) is a helix-loop-helix transcription 

factor that dimerizes with MAX to regulate gene transcription(232). MYC is the third 

most amplified gene in human cancers(233,234) and its overexpression in the mouse can 

drive tumorigenesis in many tissue types(235). MYC is highly regulated in the cell, both 

posttranscriptionally through miRNA and translation regulation and post translationally 

by kinases, ubiquitin ligases, acetyltransferases, and other binding partners(236-240). 

Due to its abundance in cancer and the “addiction” of MYC-driven tumors to continued 

MYC expression in the mouse, MYC is a strong therapeutic target in cancer(241-243). 

However, directly targeting MYC has been unsuccessful thus far. Therefore, targeting 

MYC interacting proteins, such as FOXR2, could have a large impact on a variety of 
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cancers. Additionally, the MYC family of transcription factors contains multiple 

members with distinct expression patterns, particularly when it comes to their expression 

in cancer (38,34,39,40). While C-MYC is broadly expressed in both blood and solid 

tumors, N-MYC is most frequently overexpressed in solid cancers of neural origin, and 

L-MYC is most associated with small cell lung cancer. If FOXR2 is capable of binding 

alternative forms of MYC, this could further expand its reach in cancer biology.  

We have also found evidence for FOXR2 in activation of the focal adhesion 

kinase (FAK) signaling pathway. FAK is a cytoplasmic, highly conserved, non-receptor 

tyrosine kinase that associates with receptors at the plasma membrane and distinct protein 

complexes within the nucleus(244). FAK was initially identified in v-Src transformed 

chick embryo fibroblasts(245) and is ubiquitously expressed in all cells(246,247). FAK is 

highly expressed and activated in a variety of cancers and is correlated with poor 

prognosis and drug resistance(248-251). When FAK is activated (for example after 

integrin clustering upon cellular binding to the extracellular matrix (ECM)) FAK is 

autophosphorylated at Y397 which provides a binding site for SRC family kinases to 

bind and become activated. SRC then further phosphorylates FAK in its kinase domain 

(Y576 and Y577) resulting in formation of an activated FAK-SRC complex(252-254). 

FAK inhibitors have been sought after due to FAK’s activation in so many cancers and 

effectiveness of FAK inhibition in mouse models to prevent tumor growth and 

metastasis(255). However, targeting FAK signaling remains a challenge, largely due its 

ubiquitous expression and the potential off-target effects of inhibitors(255). Therefore, 

targeting FAK-interacting proteins such as FOXR2 offers an alternative method to target 

FAK-mediated effects in cancer.  

6. Hypotheses 

a. I hypothesize that Sleeping Beauty mutagenesis can be applied to the 

central nervous system to create a mouse model of medulloblastoma and 

CNS-PNETs that resemble human tumors at the gene expression level. 

b. I hypothesize that candidate genes identified using Sleeping Beauty 

mutagenesis will be important in CNS embryonal tumorigenesis, 

especially Arhgap36, Foxr2, and Megf10.  
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c. I hypothesize that FOXR2 is a driver in neuroblastoma through its 

interaction with C-MYC and N-MYC. 

7. Objectives 

a. Use Sleeping Beauty mutagenesis to model human medulloblastoma and 

CNS-PNETs in mice. 

b. Validate Arhgap36, Foxr2, and Megf10 as oncogenes in medulloblastoma 

and CNS-PNET. 

c. Elucidate the mechanism of Arhgap36 and Foxr2-driven transformation in 

neural cancers. 
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Table 1.1. Mouse models of medulloblastoma. 

Genetically engineered mouse models 
Subgroup Genotype/description MB % Ref Notes 
Shh Ptc+/- 14% (82)  
Shh Ptc+/-; Trp53-/- 95% (83)  
Shh Ptc+/-; Ink4c-/- or +/-(77,91) 30% (84)  
Shh Ptc+/-; Kip1-/- or +/- 65% (85)  
Shh Ptc+/-; Hic1-/- ~40% (86)  
Shh Math1-Cre; Ptcflox/flox 100% (78)  
Shh Gfap-Cre; Ptcflox/flox 100% (78)  
Shh Sufu+/-; Trp53-/- 58% (87)  
Shh Hemizygous NeuroD2-SmoA1 (W539L) 48% (88)  
Shh Homozygous NeuroD2-SmoA1 (W539L) 94% (89) Leptomeningeal spread 
Shh Homozygous NeuroD2-SmoA2 (S537N) 100% (90)  
Shh CAGGS-CreER; Rosa26lslSmoM2-YFP (W539L) 40% (91) Postnatal Cre induction (P10) 
Shh hGFAP-Cre; Rosa26lsl-SmoM2-YFP (W539L) 100% (77)  
Shh Olig2-tva-Cre; Rosa26lsl-SmoM2-YFP (W539L) 100% (77)  
Shh Tlx3-Cre; Rosa26lsl-SmoM2-YFP (W539L) 100% (77)  
Shh Gfap-Cre; Rbflox/flox; Trp53-/- or flox/flox >84% (92)  
Shh Lig4-/-; Trp53-/- 100% (93)  
Shh Nestin-Cre; Xrcc4flox/flox; Trp53-/- 87% (94)  
Shh Nestin-Cre; Xrcc2flox/flox; Trp53-/- >90% (95)  
Shh Nestin-Cre; Lig4flox/flox; Trp53-/- >90% (95)  
Shh Nestin-Cre; Brca2flox/flox; Trp53-/- >90% (95)  
Shh Parp1-/-; Trp53-/- 49% (96)  
Shh Ku80-/-; Trp53-/-; Rag1-/- 67% (97)  
Shh GFAP-tTa; Tre-IFN! >80% (98) Dox released on E16 
Shh GFAP-IFNα; Stat1-/- 50% (99)  
Shh GFAP-IFNα; Stat2-/- 100% (99)  
Wnt Blp-Cre; Ctnnb1+/flox; Trp53flox/flox 14% (76)  
Wnt Blp-Cre; Ctnnb1+/flox; Trp53flox/flox; Pik3caE545K 100% (53)  
Group 3 Glt1-tTA; TRE-MYCN-Luc (GTML) - het 40% (111)  
Group 3 GTML - homozygous 75% (111)  
Group 3 GTML; Tp53p53ERT AM 100% (113)  
Somatic gene editing 

Subgroup Genotype/description MB % Ref Notes 
Shh Nestin-TV-A (Ntv-a); RCAS-Shh 9-34% (101-103)  
Shh Ntv-a; RCAS-Shh, RCAS-Myc 23% (101)  
Shh Ntv-a; RCAS-Shh, RCAS-MycN 47% (102)  
Shh Ntv-a; RCAS-Shh, RCAS-MycNT50A 78% (102) N-Myc w/increased stability 
Shh Ntv-a; RCAS-Shh, RCAS-HGF 78% (104)  
Shh Ntv-a; RCAS-Shh, RCAS-IGF2 39% (105)  
Shh Ntv-a; RCAS-Shh, RCAS-Akt 48% (105)  
Shh Ntv-a; RCAS-Shh, RCAS-Bcl-2 78% (103)  
Shh CRISPR/Cas9 Ptch1 gRNA transfection in Trp53-/- 80% (106)  
Shh CRISPR/Cas9 Ptch1 gRNA  92% (106) in vivo electroporation 
Shh Ptch1tmlMps/J; T2Onc; Rosa26-SB11+/- ~23% (107)  
Shh Ptch1laz/+; T2Onc3; Rosa26lsl-SB11/+; β-Actin-Cre ~70% (108)  
Shh Math1-SB11; T2Onc; Ptch1+/- or Trp53mut 97/40% (109)  
Shh Trp53lsl-R172H/+; Nestin-Cre; T2Onc2; Rosa26lsl-SB11/+ ~60% (110)  
Shh/Grp3/4 Nestin-Cre; T2/Onc(2); Rosa26lsl-SB11/+; Ptenflox/+ or Trp53lsl-R270H/+ 5/40% (256) Leptomeningeal spread 
Group 3 LRL-Trp53DN; LRL-MycC; Blbp-Cre 57% (115) in utero electroporation E13.5 
Group 3 LRL-Trp53DN; LRL-MycC; Atoh-Cre 33% (115) in utero electroporation E13.5 
Group 3 LRL-Trp53DN; LRL-MycC; Gad2-IRES-Cre 36% (115) in utero electroporation E13.5 
Group 3 LRL-Trp53DN; LRL-MycC; Ptfa-Cre 43% (115) in utero electroporation E13.5 
Group 3/4? Ntv-a; Trp53-/-; RCAS-Myc 50% (114) Leptomeningeal spread 
Group 3/4? Ntv-a; RCAS-Myc, RCAS-BCl-2 87% (114) Leptomeningeal spread 
Cell line injection models 

Subgroup Genotype/description  MB % Ref Notes 
Shh GNP from P6 Ink4c-/-; Trp53-/-, with MycN OE 67% (257)  
Shh GNP from P6 Ink4c-/-; Trp53-/-, with CyclinD1 OE 40% (257)  
Group 3 GNP from P6 Ink4c-/-; Trp53-/-, with Myc OE 100% (116)  
Group 3 CD133+, Lin- cells with MycT58A and DNTrp53 100% (80)  
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Group 3 Math1+ cells with MycT58A and DNTrp53 OE 32% (80)  
Group 3 CD133+, Lin- cells with GFI1(b) and Myc OE ~90% (51) Leptomeningeal spread 
Group 3 Trp53flox/-; Atoh1-CreER isolated at P7, transduced w/Myc 86% (115) Tamoxifen at P0 or P1 
Group 3 Trp53flox/-; Prom11-CreER isolated at P7, transduced 

w/Myc 
80% (115) Tamoxifen at P0 or P1 
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Table 1.2. Clinical trials of SHH inhibitors in medulloblastoma. 

Trial identifier 
Phase 

Drug name Target Description 

Ongoing trials 

NCT01878617 
Phase 2 

GDC-0449 
Vismodegib 

SMO Used in newly diagnosed SHH activated MB, in 
combination with surgery and irradiation 

NCT01601184 
Phase 1/2 

GDC-0449 
Vismodegib 

SMO In combination with temozolomide, only in patients 
with activation SHH by IHC 

NCT02624388 
Phase 2 Genistein Gli1 Used as supportive care in a variety of childhood 

cancers, including MB 
Completed trials  

NCT00822458 
Phase 1 

GDC-0449 
Vismodegib 

SMO Done in children with recurrent or refractory MB to 
determine the best dose and side effects 

NCT01239316 
Phase 2 GDC-0449 

Vismodegib 

SMO Done in children with recurrent or refractory MB to 
determine efficacy in MB with and without SHH 
pathway activation 

NCT00939484 
Phase 2 GDC-0449 

Vismodegib 

SMO Done in adults with recurrent or refractory MB to 
determine efficacy in MB with and without SHH 
pathway activation 

NCT01106508 
Phase 1 LEQ506 SMO Dose escalation study in adults with recurrent or 

refractory MB 
NCT00880308 
Phase 1 

LDE225 
Sonidegib 

SMO Dose escalation study in adults with recurrent or 
refractory MB 

NCT01208831 
Phase 1 

LDE225 
Sonidegib 

SMO Dose escalation study in adults with recurrent or 
refractory MB 

NCT01125800 
Phase 1/2 

LDE225 
Sonidegib 

SMO Dose escalation study in children and phase 2 portion 
to assess efficacy in recurrent or refractory MB 

NCT01708174 
Phase 2 

LDE225 
Sonidegib 

SMO Study done in children and adults with SHH MB 
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Table 1.3. Published work on FOXR2-driven tumorigenesis 

Cancer type Description Mechanism Ref 

Non-small cell 
lung cancer 
(NSCLC) 

- Looked at 128 patient tumor versus 
adjacent tissue samples, found that 
FOXR2 was upregulated at mRNA and 
protein level 
- Did KD (shRNA) experiments in human 
NSCLC line (A549), found that FOXR2 
loss reduced proliferation (MTT) and 
invasion (transwell) 
- FOXR2 KD also reduced flank tumor 
formation and metastasis to the lung after 
IV injection 

Wnt 
- KD of FOXR2 decreased 
protein levels of β-Catenin, 
Cyclin D1 and C-Myc 
 

(226) 

Glioma - Compared FOXR2 expression in 33 
human glioma samples to normal brain 
(N=8), found FOXR2 was upregulated in 
glioma 
- Created GOF and LOF cell line models 
of FOXR2 in glioma (KO in U251, OE in 
U87). 
- KO of FOXR2 resulted in decreased 
colony formation, cellular proliferation 
(EdU), migration (scratch assay), and 
invasion (transwell).  
- OE of FOXR2 increased growth (EdU), 
colony formation, migration (scratch 
assay), and invasion (transwell) 

Cell cycle regulation 
- KO of FOXR2 induced G1 
cell cycle arrest, FOXR2 KO 
increased protein levels of p21 
(cell cycle inhibitor) and 
decreased cyclin D1, cyclin E 
and p-Rb. 
- Inverse correlation with 
FOXR2 and p27 (tumor 
suppressor, negative regulator 
of the cell cycle) 
Invasion 
- Levels of MMP-2 (degrades 
ECM) correlate with FOXR2 
expression levels (decrease 
with KO, increase with OE) 

(231) 

Endometrial 
adenocarcinoma 
(EAC) 

- Compared FOXR2 and miR-202 
expression in 90 EAC tissue with 40 
control tissues, miR-202 is down in EAC, 
FOXR2 is up 
- Binding site for miR-202 in the 3’UTR 
of FOXR2, confirmed that FOXR2 is a 
direct target of miR-202 through reporter 
assay and western blot analysis 

miR-202 
- Find that FOXR2 is a direct 
target of miR-202 and is 
negatively regulated by it 
AKT 
- Find that p-AKT levels 
correlate with FOXR2 
expression 

(225) 

Colorectal 
cancer (CRC) 

- Compared FOXR2 expression in 36 
CRC tissue samples versus adjacent 
controls, found FOXR2 is increased in 
CRC at the mRNA and protein level 
- Compared FOXR2 expression in 3 CRC 
cell lines (SW480, HT29, LOVO) to 
normal, colonic epithelial line 
(NCM460), FOXR2 is expressed higher 
in CRC lines 
- KD (siRNA) of FOXR2 (SW480 and 
HT29) decreased proliferation (MTT) and 
invasion (transwell) 
- KD of FOXR2 (SW480) reduced flank 
tumor formation in nude mice and 
decreased metastasis after IV injection in 
nude mice 

EMT 
- FOXR2 KD increased E-
cadherin (epithelial marker) 
and decreased vimentin and N-
cadherin (mesenchymal 
markers) in SW480 
SHH 
- FOXR2 KD reduced protein 
levels of SHH, GLI1, and 
PTCH1 in SW480 

(228) 
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Prostate cancer - Evaluated FOXR2 expression in 
prostate cancer cell lines, found high 
expression in LNCaP, DU-145, and PC-3 
by mRNA and protein compared to 
normal prostate epithelial line (RWPE-1) 
- FOXR2 KD (shRNA) in DU-145 
decreased proliferation (MTT) and 
invasion (transwell) 
- KD of FOXR2 decreased tumor 
formation of DU-145 in the flank of nude 
mice 

EMT 
- FOXR2 KD increase E-
Cadherin, decreased Vimentin 
and N-Cadherin 
Wnt 
- FOXR2 KD decreased β-
catenin, cyclinD1 and C-Myc 
protein levels in DU-145 

(229) 

Breast cancer - FOXR2 is highly expressed in 13 breast 
cancer cell lines compared to normal 
controls 
- FOXR2 is overexpressed in human 
breast (273), lung (145), and liver (210) 
cancer. 
- FOXR2 MYC binding region is AA120-
240 of MYC and AA80-100 of FOXR2 
- OE of FOXR2 promoted colony 
formation on soft agar in MCF10A, 
FOXR2 without MYC binding formed 
reduced colonies 
- FOXR2 KD in MDA-MB-468 reduced 
proliferation (Ki67 staining and BrdU) 
and tumor formation in nude mice 

Modulation of MYC target 
genes    - - -  
- FOXR2 binds the promoter 
regions of several MYC targets 
(ChIP) 
- FOXR2 forms a stable 
complex with MYC and MAX 
(MDA-MB-468 breast cancer 
line) 
- FOXR2 OE in MCF10A 
increased MYC target genes 
(CCNA1 and CCND1) without 
changing MYC expression 
- FOXR2 KD in MD-MB-468 
reduced expression of MYC 
targets (CCNA1, CCND1, p15, 
XRCC4, XRCC6) 

(136) 

Central nervous 
system primitive 
neuroectodermal 
tumor (CNS-
PNET) 

- Identified new subgroup of CNS-PNET 
driven by FOXR2 activation (CNS NB-
FOXR2) 
- CNS NB-FOXR2 express OLIG2 and 
Synaptophysin and are highly mitotic 
- Genetic alterations include gain of 
chromosome 1q and 8, loss of 16q 
 

- Complex inter- and 
intrachromosomal 
rearrangements converging on 
FOXR2, leading to increased 
FOXR2 expression 
- Fusion partners include: 
JMJD1C, LOC550643, JPX, 
MAGEH1, MAGED2, and 
USP51 

 
 

(125) 

Hepatocellular 
carcinoma 
(HCC) 

- Compared FOXR2 expression in 42 
patient HCC samples with normal liver 
controls, found high FOXR2 at protein 
and mRNA level in a subset of tumor 
samples 
- Did GOF in 4 HCC lines (Hep3B, 
Huh7, YY-8103, and L02), FOXR2 
increased proliferation and colony 
formation 
- LOF (siRNA) in 2 HCC lines (WRL68 
and HCC-LM3), loss of FOXR2 reduced 
cell viability and decreased soft agar 
colonies 
- Increased FOXR2 promoted flank tumor 
formation (YY-8103, WRL68) 

WNT, SHH, and Skp2 
- Found that FOXR2 drove 
increased levels β-Catenin, C-
Myc, Gli1, and Skp2 
(oncogene) by qPCR.  

 
 
 
 

(227) 

Breast cancer - Compared FOXR2 expression in 25 
patient breast cancer samples to normal 

- None suggested (230) 
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tissue controls by qPCR, found increased 
FOXR2 in cancer tissues 
- Compared FOXR2 expression in 203 
breast cancer samples by IHC, found that 
increased FOXR2 expression correlated 
with poor prognosis 

Medulloblastoma - SB screen on WT or Trp53R172H/+ 
background using Nestin-Cre, Foxr2 was 
top CIS gene (7/17 WT, 15/27 p53 mut) 
- FOXR2 transformed 3T3 cells (foci 
formation, growth in low-serum media) 
- FOXR2 reduced senescence in MEFs 
and promoted their proliferation 
- FOXR2 promoted growth in primary 
mouse cerebellar cells (increased colony 
size, express Ki67 
 

SHH 
- Increased FOXR2 in subset of 
SHH MB (microarray of 285 
samples) 
- FOXR2 drove expression of 
Gli1 reporter in HEK293 cells 

(110) 

Malignant 
peripheral nerve 
sheath tumors 
(MPNSTs) 

- SB screen for MPNSTs, using Nf1flox/flox; 
Ptenflox/+ backgrounds with Cnp-Cre 
- GOF – FOXR2 OE in HSC1λ increased 
proliferation, soft agar colony formation, 
and flank tumor formation 
- LOF – FOXR2 KO with TALENs 
(S462-TY and STS26T) reduced 
proliferation, soft agar colony formation, 
and flank tumor formation 

- None suggested (135) 
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Figure 1.1. T2/Onc2 transposon for promotion and disruption of gene expression.  
A, Schematic of the mutagenic T2/Onc2 transposon. T2/Onc2 contains two splice 
acceptors (SA) and a bi-directional polyadenylation sequence (pA). One splice 
acceptor is from the carp β-Actin gene (SA) and the other is derived from mouse 
Engrailed 2 (En2-SA). T2/Onc2 also contains the murine stem cell virus (MSCV) 5’ 
long terminal repeat derived from the MSCVneo vector (Clontech) and a splice donor 
sequence (SD) derived from mouse Foxf2. The transposon is flanked by optimized 
binding sites for Sleeping Beauty transposase located within inverted repeat/directed 
terminal repeat (IR/DR) sequences (Collier et al. 2005). B, Promotion of gene 
expression by T2/Onc2 through the MSCV promoter, possibly driving N-terminal 
truncation of a gene if the start codon is within exon 1. C, Disruption of gene 
expression by T2/Onc2 by splicing to the bidirectional SA/pA sequences.  
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Figure 1.2. Schematic of GTPase conversion from off (GDP-bound) to on (GTP-
bound) state.  
GTPases are molecular switches within the cell which regulate many cellular 
processes. They are tightly regulated by guanine nucleotide exchange factors (GEFs) 
and GTPase activating proteins (GAPs). GEFs facilitate the exchange of GTP for GDP, 
turning GTPases “on.” GAPs catalyze the hydrolysis reaction of GTP to GDP by the 
GTPase, turning them from “on” to “off.” 
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Figure 1.3. Depiction of the SHH signaling pathway in its “off” and “on” states.  
In the SHH off state, Patched (PTCH) prevents Smoothened (SMO) from entering the 
primary cilium. Full length GLI proteins (GLI-F) will be sequestered by Suppressor of 
fused (SUFU) and trafficked to the primary cilium. GLI-F are phosphorylated by Protein 
Kinase A (PKA) which targets them for proteolytic processing into their repressive forms 
(GLI-R). GLI-R blocks transcriptions of SHH target genes. In the presence of SHH ligand 
(SHH), SHH will bind PTCH and remove its negative pressure on SMO. This allows 
SMO to enter and accumulate in the primary cilium. SMO dissociates the SUFU/GLI-F 
complexes, allowing GLI to be converted to its active forms (GLI-A) which induce 
transcription of SHH target genes. 
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Figure 1.4. Arhgap36 locus in the mouse. 
Arhgap36 has 3 isoforms expressed in the mouse. The predominant isoform (isoform 1, 
UniProt ID: B1AUC7-1) produces a 590 AA protein from a 3033 bp transcript. The 
second and third isoforms are 574 and 556, respectively, through N-terminal truncation. 
These isoforms are reported on UniProt under identifier (B1AUC7). 
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Figure 1.5. ARHGAP36 isoforms expressed in humans. 
There are 5 isoforms of ARHGAP36 expressed in humans according to UniProt (identifier 
Q6ZRI8). Isoforms 2-5 differ in their N-terminus from the canonical isoform 1. The locus 
schematics show shorter boxes for untranslated regions of the mRNA, taller boxes for 
protein coding regions. Each protein product made from individual isoforms is shown 
below, depicting the Argine rich regions (ARR) and GTPase activation protein (GAP) 
domains. All 5 isoforms contain the two putative functional domains. The table depicts 
the exact protein coding changes in isoforms 2-5, as well as the corresponding sequence 
in Ensembl, if it exists. 
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Figure 1.6. Alignment of mouse and human ARHGAP36 with the PKAC interaction 
site noted. 
The isoforms of ARHGAP36 used in previous publications are shown for mouse (isoform 
1, B1AUC7-1) and human (isoform 2, Q6ZRI8-2). The PKAC binding site is identified 
in Eccles et al. using human ARHGAP36. The yellow box shows the PKAC binding site 
and its alignment with both human and mouse ARHGAP36. The green box shows the 
specific RRGAV sequence identified as the interacting residues between ARHGAP36 and 
PKAC.  
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Figure 1.7. ARHGAP36 constructs used in Rack et al. and Eccles et al. 
The canonical isoform of mouse Arhgap36 (B1AUC7-1) is shown for the functional 
analysis by Rack et al. and the second human isoform (Q6ZRI8-2) is shown for the 
functional analysis by Eccles et al. The reported results of Shh signaling activation in the 
3T3 GFP cell line Gli1 reporter are shown along with binding capacity to the catalytic 
subunit of PKA (PKAC).  
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Figure 1.8. Published mechanisms for FOXR2-driven oncogenesis. 
FOXR2 has been shown to promote tumorigenesis in many different cancer types through 
a variety of mechanisms. In breast cancer, FOXR2 forms a stable complex with MYC and 
MAX and promotes MYC-dependent transcription(Li et al. 2016). FOXR2 has been 
shown to promote WNT signaling in non-small cell lung cancer (NSCLC)(Wang et al. 
2018), prostate cancer(Xu et al. 2017), and hepatocellular carcinoma (HCC)(Wang et al. 
2016). FOXR2 has also been shown to promote SHH signaling in colorectal cancer 
(CRC)(Lu et al. 2017), HCC(Wang et al. 2016), and medulloblastoma (MB)(Koso et al. 
2014). FOXR2 has reported roles in promoting epithelial mesenchymal transition (EMT) 
in glioma(Liu et al. 2017), CRC(Lu et al. 2017), prostate cancer(Xu et al. 2017), and 
HCC(Wang et al. 2016). Lastly, FOXR2 has reported roles in cell cycle regulation and 
activation of AKT in glioma(Liu et al. 2017) and endometrial adenocarcinoma 
(EAC)(Deng et al. 2017), respectively.  
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Chapter 2: 

 

Sleeping Beauty insertional mutagenesis reveals important drivers in central nervous 

system embryonal tumorigenesis 
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Beckmann, Pauline J, Larson, Jon D, Larrson, Alex T, Ostergaard, Jason P, Wagner, 

Sandra, Rahrmann, Eric O, Shamsan, Ghaidan A, Otto, George M, Williams, Rory L, 

Tschida, Barbara R, Das, Paramita, Dubuc, Adrian M, Moriarity, Branden S, Picard, 

Daniel, Xiaochong, Wu, Rodriguez, Fausto J, Rosemarie, Quincy, Krebs, Ryan, Molan, 
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Taylor, Michael D, Sarver, Aaron L, Largaespada, David A. Sleeping Beauty insertional 

mutagenesis reveals important drivers in central nervous system embryonal 

tumorigenesis. Under review. 
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Preface 

Medulloblastoma and primitive neuroectodermal tumors of the central nervous system 

(CNS-PNET) are aggressive, poorly differentiated brain tumors with limited effective 

targeted therapies. Using Sleeping Beauty (SB) transposon insertional mutagenesis we 

identified novel genetic drivers of medulloblastoma and CNS-PNET. Cross-species gene 

expression analyses classified the SB-driven tumors into distinct medulloblastoma and 

CNS-PNET molecular subgroups, indicating SB-derived medulloblastomas resemble 

human SHH and group 3 and 4 medulloblastomas, and a subset of SB-derived CNS-

PNETs resemble the human FOXR2 neuroblastoma (NB-FOXR2) CNS-PNET subgroup. 

Importantly, this represents the first genetically-induced mouse model of CNS-PNET and 

provides a rare model of group 3 and 4 medulloblastoma. We identified several putative 

proto-oncogenes including Arhgap36, Megf10, and Foxr2. Genetic manipulation of these 

genes demonstrated a robust impact on CNS tumorigenesis in vitro and in vivo. 

Overexpression of FOXR2, ARHGAP36, or Megf10 in neural precursors significantly 

increased anchorage-independent growth in vitro and tumor formation in vivo. Further 

dissection of the molecular pathways driving these phenotypes revealed that FOXR2 

directly interacts with C-MYC and N-MYC, altering MYC signaling by increasing C-

MYC protein stability. Additionally, FOXR2 overexpression led to activated FAK 

signaling which was reduced with FOXR2 knockout. Altogether, our study identified 

several promising therapeutic targets in medulloblastoma and CNS-PNET 

 

Implications: This study describes a transposon mutagenesis-induced mouse model of 

non-Wnt medulloblastoma and CNS-PNET and highlights several novel therapeutic 

target candidates, including Arhgap36, Foxr2, and Megf10. New roles for FOXR2 in C-

MYC stability and FAK/SRC activation are also described.   
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Introduction 

Embryonal tumors, including medulloblastoma and primitive neuroectodermal 

tumors of the central nervous system (CNS-PNET), are the most common malignant 

pediatric brain tumors, accounting for approximately 20% of primary brain malignancies 

in children(1). In this manuscript, CNS-PNET is used according to the 2007 World 

Health Organization CNS tumor classification and includes CNS neuroblastomas (NB), 

CNS ganglioneuroblastomas, medulloepitheliomas, and ependymoblastomas(15). 

Medulloblastoma and CNS-PNET have similar histology, with densely-packed, small 

tumor cells with hyperchromatic nuclei and little cytoplasm. Medulloblastomas are most 

commonly cerebellar, while CNS-PNETs occur predominantly in the cerebral 

hemispheres, brain stem and spinal cord. Although aggressive, multi-modality treatments 

improve survival, they produce lifelong side effects, and the 5-year overall survival rates 

remain 60-65% for medulloblastoma and 20-40% for CNS-PNET(2).  

 Recent work has provided insight into the heterogeneous nature of 

medulloblastoma and CNS-PNET. Medulloblastoma includes at least four molecular 

subgroups: WNT, SHH (TP53 mutant and wildtype), group 3, and group 4. WNT and SHH 

subgroup medulloblastoma are associated with mutations activating those pathways, but 

groups 3 and 4 remain less defined(55). A large genomic study by Picard et al. identified 

three distinct subgroups of CNS-PNET: primitive-neural, oligo-neural, and 

mesenchymal(128). Using methylation and gene expression-based analysis, Sturm et al. 

identified significant overlap of CNS-PNET and a variety of other pediatric brain tumors 

and revealed 4 new molecular subgroups associated with gene fusions(125). While 

progress has been made to understand the biology of these tumors, a barrier to improving 

targeted therapies is the current lack of animal models and targetable oncogenic drivers, 

particularly in non-SHH medulloblastoma and CNS-PNET.  

 We used Sleeping Beauty (SB) transposon insertional mutagenesis to identify 

novel drivers of both medulloblastoma and CNS-PNET in an unbiased manner. This 

method has previously identified genetic drivers of brain tumors, including 

medulloblastoma(109,110). Here, we initiated transposition in neural progenitor cells 

using Nestin-driven Cre recombinase alone or in combination with dominant-negative 

Trp53lsl-R270H/+ or Pten-deficiency to generate medulloblastomas and CNS-PNETs. These 
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tumors resembled human medulloblastoma and CNS-PNET histologically and 

transcriptionally. Three oncogenes, Arhgap36, Foxr2, and Megf10, were validated in 

vitro and in vivo and their mechanisms examined.  

 

Methods 

Generation of transgenic mice 

All mice were bred and cared for under the guidelines of the University of Minnesota 

Animal Care and Use Committee. Nestin-Cre mice(258) were bred to either low-copy 

T2/Onc (chromosome 15 or 1)(182) or high-copy T2/Onc2 (chromosome 4)(183) to 

generate Nestin-Cre:T2/Onc(2) double transgenic mice. Rosa26lsl-SB11/+(186) were bred to 

either Trp53lsl-R270H/+(259) or Ptenflox/flox(260) to generate Rosa26lsl-SB11/+:Ptenflox/flox or Rosa26lsl-SB11/+: 

Trp53lsl-R270H/+ double transgenic mice. Nestin-Cre:T2/Onc(2) mice were then bred to Rosa26lsl-

SB11/+:Ptenflox/flox or Rosa26lsl-SB11/+: Trp53lsl-R270H/+ mice to generate mice with and without CNS-

restricted insertional mutagenesis on wildtype (WT), Trp53lsl-R270H/+ and Ptenflox/+ backgrounds. 

T2/Onc(2) excision PCR was performed as described(182). Primers are listed in Table 2.1.  

 

Immunohistochemistry, immunoprecipitation, and western blotting 

Unstained tissue microarray (TMA) sections of formalin-fixed, paraffin-embedded 

(FFPE) human tumor specimens were obtained through the University of Minnesota 

Biological Materials Procurement Network (11 samples) and Johns Hopkins University 

(54 samples). FFPE mouse tissue slides were stained with Hematoxilin and Eosin (H&E) 

or immunohistochemistry (IHC) using standard methods. Immunoprecipitation (IP) 

assays were done using a Nuclear Complex CoIP Kit (Active Motif #54001). CoIP was 

done with 500 µg total protein and captured using Protein G Agarose Columns (Active 

Motif #53039). Protein for western blotting (non-CoIP) was detected in whole cell lysates 

harvested with RIPA buffer as described(135). Antibodies are listed in Table 2.2. Probing 

was done according to manufacturer’s protocol. Target proteins were visualized using 

chemiluminescence (Advansta K-12042) and a LI-COR imaging system.   

 

DNA-Common insertion site (D-CIS) analysis 
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Linker-mediated PCR to identify transposon insertion sites was performed as 

described(135). Transposon insertion sites were annotated using the TAPDANCE 

software(261). Non-redundant insertion sites that represented greater than 0.1% of the 

mapped insertions from each tumor library were used to generate top candidate CIS (P-

value < 0.05) for medulloblastoma and CNS-PNET. 

 

RNA-Sequencing (RNA-Seq) 

Upon necropsy, tumors were snap-frozen. Isolated RNA (RNA midi extraction kit, 

Qiagen) was assessed for quality using capillary electrophoresis (RIN>6.5, Agilent 2100 

BioAnalyzer). Paired-end sequencing (30-40 million reads per sample) of TruSeq-

prepared libraries was performed at the University of Minnesota Genomics Center 

(Illumina HiSeq 2000). Raw FASTQ files are available at the NCBI Sequence Read 

Archive and linked to Gene Expression Omnibus SuperSeries.  FASTQ files were 

mapped to the MM10 genome (including T2/Onc and Rosa26lsl-SB11/+ as additional 

chromosomes)(262) using STAR-Fusion (https://github.com/STAR-Fusion/STAR-

Fusion/wiki). Transcript FPKM values were computed using cuffquant and cuffnorm and 

adjusted by +0.1(263).  

 

T2/Onc fusion identification 

To identify T2/Onc:genome fusions, both the chimeric.out.junction and the 

chimeric.out.sam output files from STAR-Fusion were parsed to summarize the number 

of junction (one read contains the junction between the T2/Onc splice donor or acceptor 

and the genome) and bridge (one paired-end read maps to T2/Onc and the other to the 

genome) reads present within 1000 bp regions. Fusions supported by ≥ 1 junction read or 

≥ 3 bridging reads were retained for analysis. Manual detection of T2/Onc(2):Arhgap36 

fusion transcripts was done using 500ng of purified mouse tumor RNA (TRIzol, 

Invitrogen 15596-018) reverse-transcribed (SuperScript III, Invitrogen 18080-051) and 

amplified using primers in Table 2.1.  

 

Gene cluster similarity (GC-SIM) 
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GC-SIM was used to identify similar gene clusters across different transcriptional 

datasets in an unsupervised, unbiased manner. Transcriptional profile datasets were 

individually log transformed, mean centered, filtered for highly variant genes, and 

hierarchically clustered using average linkage and (1 – Pearson correlation) as the 

distance metric.  Gene clusters with node correlation and size greater than respective 

thresholds were retained. Cross-dataset cluster pairs were tested for enrichment of 

common gene members (Fisher’s Exact Test) to identify conserved transcriptional 

patterns across the datasets. 

 

RT-PCR and 5¢-rapid amplification of cDNA ends (5’-RACE) 

For CNS-PNET expression analysis, cDNAs were synthesized using the High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems 4368814) per the manufacturer’s 

instructions. qRT-PCR was performed using TaqMan® probes and Master Mix 

(Invitrogen 4369016). Two µg of purified cellular RNA (PureLink RNA Mini Kit, 

Ambion 12183025) was reverse transcribed (3 technical replicates) using the SuperScript 

VILO (Invitrogen 11755050) recommendations. qRT-PCR was performed in triplicate 

using FastStart SYBR Green Master Mix (Roche 4673492001). Shh pathway activation 

was done as described(189) for Gli1 expression analysis. For 5’-RACE, total RNA was 

extracted from human medulloblastoma tumor samples using TRIzol (Invitrogen 15596-

018). Normal human brain RNA was purchased from BioChain: fetal cerebellum 

(R1244039-50), fetal brain (R1244035-50), adult cerebellum (R1234040-10). 5’-RACE 

was conducted using the FirstChoice RLM-RACE Kit (Ambion AM1700). Subsequent 

detection of transcripts by RT-PCR was performed with 500 ng total RNA using 

SuperScript III (Invitrogen 18080-051). Primers and probes are listed in Table 2.1.  

 

Cell culture/assays 

Media components and cell line sources are described in Table 2.3. All cell lines were 

grown at 37°C in 5% CO2. Proliferation and soft agar assays were done as described(135). 

Briefly, MTS assays (Promega G1111) were done following the manufacturer protocol 

with 1200 cells per well measured over 5 days. Soft agar assays were plated in 6 well plates 

with 10,000 cells/well; six plates were averaged for each condition. Transfections were 
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done as described(135). Stable lines transfected with cDNAs (ARHGAP36 (Q6ZRI8-5), 

FOXR2 (Q6PJQ5-1), Megf10 (Q6DIB5-1)) were cultured as polyclonal populations after 

selection in Puromycin. Transient transfection in HEK293T was done using Lipofectamine 

2000 (Invitrogen 11668019) per manufacture’s protocol. CRISPR KO clones were isolated 

as described(135). Briefly, Daoy WT cells were transfected with PiggyBAC transposase 

and a Puromycin-selectable PiggyBAC transposon vector containing 2 FOXR2 guide 

RNAs and Cas9. Clones were isolated under Puromycin and sequenced to identify changes 

in the FOXR2 locus. Guide RNA sequences are listed in Table 2.1. Wound healing assays 

were performed as described(264).  

 

in vivo assays 

Neonatal NRG mice (Jackson 007799) were injected as described(106). Briefly, C17.2 

cells at 80% confluency were prepared in HBSS, counted, and stored on wet ice prior to 

injection (2x105 cells/2µl injection). P0 mice were anesthetized using hypothermia and 

injected in the fourth ventricle at stereotactic coordinates: 1.5mm anterior to Bregma, 

1.5mm deep beyond the dura. Successful injection was verified on P1 by luciferase 

imaging as described(106). Adult intracranial injections were performed as 

described(78). Female NU/J mice (Jackson 002019, 6-8 weeks old) were anesthetized 

with 81 mg/kg ketamine, 13.8 mg/kg xylazine by intraperitoneal injection. 1x106 cells 

(prepared as above) were injected in 5µl HBSS. For flank tumor assays, female NU/J 

mice (Jackson 002019, 6-8 weeks old) were injected with 1x106 C17.2 cells (prepared as 

above) resuspended 1:1 in HBSS and Matrigel (Corning CB-40234C). Tumors were 

measured weekly using a digital caliper. Tumor volume = (l x w2)/2, l = tumor length and 

w = tumor width. 

Results 
 
SB Insertional Mutagenesis Promotes medulloblastoma and CNS-PNET Formation 

To identify genetic drivers of medulloblastoma and CNS-PNET, we targeted 

Nestin+ neural and glial precursor cells with SB insertional mutagenesis on three genetic 

backgrounds: wildtype (WT), Pten heterozygous (Ptenflox/+) or Trp53 mutant (Trp53lsl-R270H/+). 

Ptenflox/+ and Trp53lsl-R270H/+ were used as sensitizing backgrounds as they are commonly mutated 

in human medulloblastoma(54) and occur in CNS-PNET(133). SB expression in our target 
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cells was evaluated by IHC. SB was expressed throughout the developing brain, including 

granule cells, white matter cells, cells surrounding the fourth ventricle, subependymal 

midbrain, subventricular zone, and olfactory bulb (Figure 2.1A-G). To induce transposon 

mutagenesis, experimental cohorts harbored one of three mutagenic transposon 

concatomers (Figure 2.1H). SB-mutagenesis significantly reduced survival in combination 

with Trp53lsl-R270H (Figure 2.1I-K).  At time of necropsy we observed masses in the brain, 

testicles, bone, peripheral lymph nodes, and spleen (Figure 2.1I-K, Table 2.4).  

Histological analysis of SB-mutagenized brain masses revealed the presence of 

infratentorial medulloblastoma or supratentorial CNS-PNET. Macroscopic tumors were 

observed in mice undergoing SB mutagenesis (total of 22 medulloblastomas and 14 CNS-

PNETs) with varying frequency depending on genetic background, with the highest 

frequency of medulloblastoma in mice carrying Trp53lsl-R270H/+ (Figure 2.2A-B). No CNS-

PNETs were recovered on the Pten deficient background. The high-copy transposon 

(T2Onc2, chromosome 4) produced the highest proportion of medulloblastoma, while the 

CNS-PNETs were equally derived from concatomers on chromosome 4 or 15 concatomers 

(Figure 2.2C). Tumors expressed nuclear SB by IHC and showed transposon mobilization 

by PCR (Figure 2.2D-E). 

 

SB-induced medulloblastoma and CNS-PNET Resemble Human Tumors 

Histologically 

SB-induced medulloblastoma originated in the cerebellum and displayed 

morphology characteristic of human medulloblastoma, including small round cells with 

high nuclear:cytoplasmic ratios, Homer-Wright rosettes, vascularization, and mitotic 

figures (Figure 2.3A). SB-induced medulloblastomas expressed conventional markers of 

human medulloblastoma by IHC, including Synaptophysin, Ki67, and Nestin, markers of 

neuronal origin, proliferation, and neural progenitors, respectively, and were negative for 

the astrocytic marker Gfap (Figure 2.3A). Metastatic characteristics, including 

leptomeningeal spread and tumor cell infiltration into the parenchyma or brainstem, were 

observed in 50% (11/22) of medulloblastomas across all genetic backgrounds (Figure 2.3A, 

Table 2.4). SB-induced CNS-PNETs were found in the rostral portion of the brain, 

commonly overwhelming the olfactory bulbs, lateral ventricle and cortex (Figure 2.3B). 



 46 
 

Tumors histopathologically resembled human CNS-PNETs, with small round cells with 

high nuclear:cytoplasmic ratios, Homer-Wright rosettes, vascularization and mitotic 

figures (Figure 2.3B). All CNS-PNETs showed cellular infiltration into the parenchyma, 

leptomeninges, and/or cortex (Table 2.4), expressed conventional markers used in human 

CNS-PNET diagnosis: Ki67, Synaptophysin and Nestin, and stained negative for Gfap, 

except for reactive astrocytes within the bulk tumor (Figure 2.3B). Leptomeningeal spread 

is of interest to us as it has been difficult to model in the mouse and is a deadly characteristic 

present in approximately one third of patients with medulloblastoma and CNS-

PNET(109,128). 

 

SB-induced medulloblastomas resemble SHH and group 3 and 4 human 

medulloblastoma  

To determine what subtypes of human medulloblastoma our SB-induced mouse 

tumors most closely represented, we used RNA-Sequencing (RNA-Seq) to compare our 

tumors to published human MB data sets. Transcriptional profiling of 18 SB-induced 

medulloblastomas revealed two clear subgroups (Figure 2.4A). The first subgroup 

(N=13) showed increased levels of Gli1 and Sfrp1, genes canonically associated with 

human SHH medulloblastoma(17). The second subgroup (N=5) showed increased levels 

of Kcna1, a canonical marker for human group 4 medulloblastoma(17). When compared 

to a published medulloblastoma dataset(125), the SB-derived medulloblastoma gene set 

highly expressing Gli1 and Sfrp1 was significantly enriched for genes (N=48) that were 

highly expressed in the human SHH medulloblastoma subtype (Figure 2.4A, Table 2.5). 

Similarly, the SB-derived medulloblastoma gene set containing Kcna1 was significantly 

enriched for genes (N=120) that were highly expressed in human group 3 and 4 

medulloblastoma. No Wnt medulloblastoma signatures were identified in the SB-induced 

medulloblastoma.  

 

 SB-induced CNS-PNET resemble human CNS neuroblastoma with FOXR2 

activation 

Using the same approach to compare SB-induced mouse CNS-PNETs to human 

CNS-PNETs, transcriptional profiling of mouse SB-induced CNS-PNETs (N=5) and 
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published human CNS-PNETs (N=58) revealed two subgroups (Figure 2.4B)(125). A 

single cluster of co-varying genes (N=298) was significantly enriched in both human and 

mouse CNS-PNET and contained high levels of CNS NB-FOXR2 enriched genes, 

including MMP24, KCJN9, and CHGB (Figure 2.4B, Table 2.6). In agreement with a CNS 

NB-FOXR2 classification, SB-induced CNS-PNETs showed significantly increased Olig1, 

Oli2, and Sox10 by qPCR (Figure 2.5A). The three remaining mouse CNS-PNETs had 

increased expression of some CNS EFT-CIC marker genes (Shc4, Argdib, and Pole) but 

did not correspond clearly to one subgroup of human CNS-PNET (Figure 2.4B).  

 

CIS reveal candidate cancer genes 

To identify novel genetic drivers of medulloblastoma and CNS-PNETs, we 

performed linker-mediated PCR on 22 medulloblastomas and 13 CNS-PNETs. A total of 

390,000 and 155,000 non-redundant insertions for medulloblastoma and CNS-PNET, 

respectively, were sequenced. TAPDANCE analysis(261) identified 13 and 15 DNA-CIS 

(D-CIS) in medulloblastoma and CNS-PNET, respectively (Figure 2.6A, Table 2.7). We 

also identified RNA-CIS (R-CIS) in both tumor types, defined as transposon fusion 

transcripts present in more than 10% of cases and more than one tumor (Figure 2.6A, 

Tables 2.8 and 2.9). For several putative oncogenes, the presence of a T2/Onc(2) fusion 

transcript significantly increased expression (Figure 2.6B). We identified genes previously 

implicated in medulloblastoma, including Gli1 and Pten; upregulation of GLI1 expression 

and PI3K pathway activation through PTEN loss are observed in human 

medulloblastoma(54). Predicted transposon-mediated driving effects on Gli1 expression 

were confirmed by IHC (Figure 2.6C). We also confirmed a reduction in Pten and a 

corresponding increase in pAkt in mouse medulloblastoma with Pten insertions (Figure 

2.6D). 

We identified known and novel molecular events in SB-induced CNS-PNETs. 

Pten was predicted as a candidate tumor suppressor gene (TSG) and loss of PTEN 

through 10q copy loss or mutation has been observed in human CNS-PNET(133). Unique 

to this study, NF1 was the most targeted CNS-PNET TSG. We identified several other 

genes with predicted effects on Ras signaling activation, including overexpression of 

Eras and disruption of Erbb2ip and Rasa3 (Table 2.4). Collectively, tumors harboring 
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these insertions exhibited increased pErk (Figure 2.7A, Table 2.4) supporting Ras 

pathway activation. We also observed NF1 locus deletion in a subset of human CNS-

PNET (Figure 2.7B)(128).  

Furthermore, several genes were identified as both D-CIS and R-CIS in SB-induced 

medulloblastoma and CNS-PNET. Arhgap36 was the most frequently modified gene in our 

screen, with insertions identified in 14 and 13 medulloblastomas at the DNA and RNA 

level, respectively, and in 2 CNS-PNETs by RNA-Seq. Foxr2, a member of the forkhead 

box transcription factor family, was both a D and R-CIS and a predicted oncogene in 

medulloblastoma. Enox2 (predicted SB oncogene), a tumor-associated NADH oxidase, was 

also a D and R-CIS in medulloblastoma. While Enox2 is not currently implicated in 

medulloblastoma, it was shown to be involved in the growth of several cancer cell 

lines(265).  

To determine the importance of our CIS genes in human tumors, we analyzed their 

expression in published human medulloblastoma and CNS-PNET transcriptomic data 

(Figure 2.8A-C)(125). Interestingly, ARHGAP36 is expressed at high levels in group 3 and 

4 human medulloblastoma, with low levels in the SHH subgroup. In the mouse, Arhgap36 

insertions occurred in Shh and group 3/4 tumors (7/12 Shh and 4/5 group 3/4 tumors with 

Arhgap36 insertions, Table 2.4). GRIA4 showed high expression in both SHH 

medulloblastoma and CNS NB-FOXR2. FOXR2 is elevated in a subset of WNT 

medulloblastoma and CNS NB-FOXR2. MEGF10 is upregulated in a small subset of non-

SHH medulloblastoma.  

 

ARHGAP36 expression is associated with poor prognosis in human medulloblastoma 

Transposon location and orientation implicated Arhgap36 as an oncogene, with 

insertions occurring upstream of the locus or within intron 1 and promoting gene 

expression (Figure 2.9A). Additionally, fusion transcripts led to significantly increased 

transcript expression (Figure 2.9B). T2/Onc:Arhgap36 transcripts displayed precise fusion 

of the T2/Onc splice donor to the Arhgap36 exon 2 splice acceptor (Figure 2.9C). This 

fusion generates a 15 amino acid N-terminal truncation, with translation from an in-frame 

ATG. Tumors with Arhgap36 insertions showed high levels of cytoplasmic Arhgap36 by 

IHC compared to tumors without Arhgap36 insertions, which displayed sparse nuclear 
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expression similar to normal granule cells (Figure 2.9D). Spatial and temporal analysis of 

ARHGAP36 expression in normal human and mouse cells of the developing cerebellum 

showed nuclear localization throughout the molecular layer (ML), Purkinje cell layer (PC) 

and internal granule cell layer (IGL); mature cerebella showed similar expression in the 

ML, PC and IGL (Figure 2.9E).  

To determine the relevance of ARHGAP36 in human medulloblastoma, we 

evaluated ARHGAP36 expression in two human tissue microarrays (TMAs). 37/65 (56%) 

tumors displayed cytoplasmic ARHGAP36 expression whereas 8/65 (12%) showed strong 

nuclear expression (Figure 2.10A). ARHGAP36 expression was observed across all four 

human subgroups (Figure 2.10B)(17) and overall and cytoplasmic ARHGAP36 expression 

correlated with accelerated mortality (Figure 2.10A-B). Four of five patients with 

confirmed metastatic disease also showed cytoplasmic ARHGAP36 expression. 

We further investigated ARHGAP36 transcript profiles in normal and malignant 

human brain tissue, using 5¢-RACE on human group 3/4 medulloblastoma samples and cell 

lines and normal cerebellar cells. Several ARHGAP36 amplification products were 

identified (Figure 2.11A-B) predicting expression of canonical isoform 1 (*), isoform 5 

(**), and isoform 3 (***; ****). All 3 isoforms contained intact predicted functional 

domains for ARHGAP36, including an arginine-rich domain (ARR), nuclear localization 

sequence (NLS), and GTPase-activating protein domain (GAP). Interestingly, the 5’ ends 

of *** and **** begin with distinct intron 2 sequences splicing to exon 3 and an in-frame 

ATG located in exon 4. Target-specific RT-PCR revealed these ARHGAP36 sequences in 

additional tumor samples (Figure 2.11C). Canonical isoform 1 was the only isoform 

detected in normal fetal cerebellum. We predict that N-terminally truncated isoforms of 

ARHGAP36 possess pathological function in human medulloblastoma similar to the N-

terminally truncated Arhgap36 transcript in SB-induced mouse tumors (Figure 2.9A).   

 

N-terminally truncated ARHGAP36 promotes tumor formation in neural 

progenitor cells through activation of Shh signaling 

To further characterize the role of ARHGAP36 in promoting medulloblastoma, 

we overexpressed truncated ARHGAP36 (isoform 5) in the mouse neural progenitor cell 

line, C17.2, which models a medulloblastoma cell of origin(266) (Figure 2.12A). 
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Increased ARHGAP36 expression significantly enhanced soft agar colony formation but 

did not affect proliferation or collective cell migration rate (Figure 2.12B-D). C17.2 cells 

expressing ARHGAP36 formed tumors significantly faster in the flanks of NU/J mice 

than luciferase-transfected (C17.2 Luc) control cells, with 4/5 mice reaching tumor size 

endpoint (2 cm) by 10 weeks (Figure 2.12E). ARHGAP36 expression also reduced 

survival in adult NU/J and neonatal NRG mice orthotopically injected with C17.2 cells 

(median survival reduced from 99 to 71 days and from 180 to 104 days, respectively) 

(Figure 2.12F-G). As previously reported, ARHGAP36 strongly activated Shh signaling 

in a ligand independent manner (Figure 2.12H) (188,189). Additionally, SB transposon 

insertions in the Arhgap36 locus were mutually exclusive with those in Shh signaling 

pathway activators, Gli1 and Gli2, supporting that Arhgap36 likely signals through this 

pathway (Figure 2.12I).  

 

Megf10 promotes transformation in vitro and in vivo 

Megf10 (Multiple epidermal growth factor-like domains protein 10, predicted SB 

oncogene) was identified as an R-CIS, with fusion transcripts present in 3 

medulloblastomas which significantly increased transcript expression (Figure 2.13A). We 

investigated Megf10 as a candidate proto-oncogene as it is expressed throughout the CNS 

during development and is a positive regulator of Notch signaling(267). Megf10 

expression in C17.2 cells significantly enhanced colony formation in soft agar and 

proliferation in vitro and promoted tumor formation in vivo (Figure 2.13B-C). Megf10 

did not promote Notch signaling in C17.2 cells by western blot, however, so the 

mechanism of transformation in these cells is unknown (Figure 2.13D).  

 

FOXR2 promotes tumor formation in human and mouse cells 

Transposon position and orientation predict an oncogenic role for Foxr2 in mouse 

medulloblastoma; all insertions were located upstream of the translation start site and in 

the forward orientation (Figure 2.14A). The presence of a T2Onc:Foxr2 fusion transcript 

significantly increased Foxr2 expression (Figure 2.14B). Mice with a transposon 

insertion in the Foxr2 locus had significantly reduced survival compared to mice with 

tumors driven by other insertions (116.5 versus 166.5 days median survival, Figure 



 51 
 

2.14C). Overexpression of FOXR2 in C17.2 cells resulted in significantly increased soft 

agar colony formation and enhanced collective cell migration without increasing 

proliferation (Figure 2.14D-G). C17.2 FOXR2 cells formed flank tumors significantly 

faster than C17.2 Luc controls (Figure 2.15A). When injected orthotopically into adult 

NU/J mice, C17.2 FOXR2 cells migrated to the granule layer of the cerebellum and 

formed large, vascular tumors, reducing median survival from 99 to 43 days (Figure 

2.15B-D). C17.2 FOXR2 cells injected orthotopically into neonatal NRG mice also 

significantly reduced median survival compared to C17.2 Luc (110 vs 183 days, Figure 

2.15E). Using the CRISPR/Cas9 system, we knocked out FOXR2 in Daoy, a human 

medulloblastoma cell line. Daoy clone #21 had a nonsense mutation in exon 1, resulting 

in significantly decreased proliferation and soft agar colony formation, which were 

rescued by expression of a FOXR2 cDNA (Figure 2.16A-C).  

 

FOXR2 has a multi-faceted mechanism of tumorigenesis, including effects on MYC 

and FAK 

FOXR2 has many suggested oncogenic mechanisms, including interaction with 

C-MYC(136). We confirmed this interaction by CoIP in a human Schwann cell line, 

HSC1l, and C17.2 cells stably expressing Flag-tagged FOXR2 (Figure 2.16D-E). To 

determine if FOXR2 interacts with other forms of MYC, we transiently transfected 

HEK293T cells with V5-tagged C-MYC, L-MYC and N-MYC. We observed reduced 

interaction of FOXR2 and N-MYC and minimal interaction with L-MYC (Figure 2.16F). 

To determine if FOXR2 affects C-MYC stability, we treated HSC1l and C17.2 cells with 

and without FOXR2 with cycloheximide (CHX) for up to 5 hours to inhibit translation. 

Almost all C-MYC protein was degraded in luciferase control HSC1l cells, but C-MYC 

levels in the presence of FOXR2 were only reduced by half after 3 hours, indicating 

FOXR2 stabilizes C-MYC (Figure 2.17A). Interestingly, C-MYC was highly stable in 

C17.2 cells regardless of FOXR2 expression, likely due to their immortalization by V-

Myc(266). This implies that FOXR2 promotes tumorigenesis through alternative 

mechanisms in C17.2 cells (Figure 2.17A).  

To further characterize the oncogenic mechanism of FOXR2, we synthesized 

FOXR2 cDNA constructs missing the following domains: the predicted 
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NLS(DNLS)(268), MYC interaction domain (DMYC)(136), predicted low complexity 

regions (DLC1, DLC2 and DLC1/2)(269) and forkhead box transcription factor domain 

(DTF)(269)(Figure 2.17B-C). We stably expressed each mutant and performed soft agar 

assays in C17.2 and HSC1l cells. Surprisingly, no single deletion mutant completely 

ablated the colony formation promoting capacity of FOXR2 in either line, but loss of the 

Myc interaction domain and low complexity region 2 both significantly reduced colony 

formation (Figure 2.17B-C). We verified that the FOXR2DMYC mutant did not bind C-

Myc (Figure 2.18A). Given that no single domain loss completely ablates colony 

formation but some do reduce it, we conclude that FOXR2 likely has a multi-faceted 

mechanism. Upon observation of FOXR2 expressing cells, we noticed a slight change in 

the actin cytoskeleton, encouraging us to assess focal adhesion kinase (Fak) activation in 

our cells (data not shown). C17.2 cells expressing FOXR2 displayed increased Fak 

phosphorylation at Y397, resulting in increased Src activation as evidenced by increased 

phosphorylation at Src Y416 (Figure 2.18B). This effect was independent of Myc, as the 

FOXR2DMYC mutant still activated Fak (Figure 2.18C). Correspondingly, loss of 

FOXR2 in Daoy cells resulted in decreased pFAK and pSRC, a phenotype rescued by 

expression of FOXR2 cDNA (Figure 2.18B). 

 

Discussion 

We used SB transposon insertional mutagenesis and RNA-Seq to identify novel 

drivers of medulloblastoma and CNS-PNET. Over half of our D-CIS and several of our 

R-CIS genes were reported in previous SB medulloblastoma screens(107-110), including 

Pten, Wac, Arid1b, Arhgap36, Foxr2, and Megf10, making them especially compelling 

candidate genes (Table 2.10).  Notably, several R-CIS genes are located on chromosomes 

4 and 15, the locations of the T2/Onc2 and T2/Onc concatomers, respectively. Although 

local hopping may account for bias toward genes on these chromosomes, several of these 

genes have been implicated in cancer, including Tle1 and Ptprd (270,271). Our 

medulloblastoma R-CIS genes include several highly compelling targets, including 

Megf10(267). We identified a novel, tumor-promoting role for Megf10 in neural 

progenitor cells, the mechanism for which warrants further study.  
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Ours is the first transposon screen to produce CNS-PNETs. We identified several 

genes with known roles in neural cancer not previously implicated in CNS-PNET, 

including Setd2, Ambra1, and Usp9x(272-274). Several Ras signaling pathway genes 

were mutated in our screen, including Nf1, Eras, Pten, and Ras3, suggesting an 

importance of Ras pathway activation in PNETagenesis and also a cooperation between 

Ras pathway activation and p53 loss in CNS-PNETs. We also identified NF1 loss in 

human CNS-PNETs. Activated RAS/MAPK signaling has been shown to drive formation 

of CNS NB-FOXR2 in zebrafish used in cooperation with p53 loss(134) and somatic 

PTEN loss is associated with human CNS-PNET(133). Interestingly, we did not recover 

any CNS-PNETs on the Pten deficient background, possibly indicating that loss of p53 

creates a permissive cell for CNS-PNET formation with subsequent Ras activation.  

 FOXR2 is a member of the forkhead-box (FOX) family of transcription factors, 

which contribute to a wide variety of cellular processes, including proliferation, 

differentiation, migration and apoptosis(275).  Several FOX proteins have been identified 

as human cancer oncogenes and tumor suppressors. FOXR2 has been implicated as an 

oncogene in many cancers of neuroectodermal origin, including: malignant peripheral 

nerve sheath tumors, glioma, CNS-PNET and medulloblastoma (110,125,135,231). 

Interestingly, although FOXR2 has been shown to be upregulated in CNS NB-

FOXR2(125), we did not recover Foxr2 insertions in the SB-induced CNS-PNETs, 

including the 2 tumors that resembled CNS NB-FOXR2 transcriptionally. It is possible 

that other insertions mimic the CNS NB-FOXR2 phenotype; of the 5 CNS-PNETs sent 

for RNA-Seq, these 2 tumors exclusively harbored insertions and expressed high levels 

of Epb4.1l1, Itpr1, Rbfox1 and Sphkap.  

The mechanisms of FOXR2-driven tumorigenesis have proven diverse and 

elusive. FOXR2 can promote WNT signaling, activate SHH signaling, promote EMT, 

and affect cell cycle (110,227-229,231). We examined each of these pathways in C17.2 

cells and found that FOXR2 did not affect B-catenin localization or Axin2 mRNA 

expression, Gli1 mRNA expression, N-Cadherin, E-Cadherin or Vimentin protein levels, 

or p21 and CyclinD1 mRNA levels (Figure 2.18D, data not shown). As previously 

reported, we found that FOXR2 binds C-MYC(136) and can promote C-MYC stability. 

C-MYC is a transcription factor that binds to thousands of promoters, differentially 
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activating or repressing target gene sets, partly in response to its association with various 

binding partners(276). Mouse models with C-MYC-driven tumors show an addiction to 

continued C-MYC expression, suggesting C-MYC is a strong therapeutic target in 

cancer(242). However, directly targeting C-MYC has been unsuccessful. Therefore, 

targeting C-MYC interacting proteins, such as FOXR2, may prove useful for cancer 

therapy.  

FOXR2 promotes activation of the FAK/SRC signaling pathway. FAK is a highly 

conserved, non-receptor tyrosine kinase activated and associated with poor prognosis and 

drug resistance in a variety of cancers(255). The cause of FAK activation is often unclear 

and targeting FAK produces deleterious off-target effects. Interestingly, co-targeting of 

FAK and C-MYC was recently shown to have synergistic effects in ovarian cancer(250). 

Supporting independent activation of both pathways by FOXR2, the FOXR2DMYC 

mutant activates FAK and transforms C17.2 and HSC1l cells. The ability of FOXR2 to 

activate both of these pathways makes it an excellent candidate for targeted therapy. 

Additionally, FOXR2 has minimal expression in adult tissues, making off-target toxicity 

risk low(135). 

 We identified ARHGAP36 as an oncogene in both mouse and human 

medulloblastoma and associated its pathology with a truncated isoform. Truncated 

ARHGAP36 expression promoted anchorage independent growth, flank tumor formation, 

and reduced survival in two in vivo models. As previously described, ARHGAP36 

strongly activated the SHH pathway in vitro. ARHGAP36 activates SHH signaling 

through direct interactions with two negative regulators of SHH signaling, Suppressor of 

Fused (SUFU), and Protein Kinase A (PKA)(188,189). Current SHH medulloblastoma 

therapies targeting an upstream pathway member, Smoothened (SMO), have been met 

with resistance through SMO mutations(277). Given that its interactions with PKA and 

SUFU are both downstream of SMO, ARHGAP36 poses a particularly good target for 

treatment-resistant, SHH-driven medulloblastoma. Additionally, Arhgap36 was found to 

be the most up-regulated gene in mouse allografts propagated in the presence of a SMO 

antagonist(189). Interestingly, despite its clear ability to activate Shh signaling in vitro, 

Arhgap36 insertions occurred in SB-induced Shh and group 3/4 tumors, and ARHGAP36 

is expressed at high levels in human group 3 and 4 medulloblastoma indicating 
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ARHGAP36 may have non-SHH dependent pro-tumorigenic effects. It is also worth 

noting that Arhgap36 was an R-CIS in CNS-PNET and expressed at high levels in some 

human CNS-PNETs.  

Using a SB forward genetic screen, we identified several candidate driver genes in 

medulloblastoma and CNS-PNET relevant to human cancer. To our knowledge, this is 

the first study to present a genetically-induced CNS-PNET mouse model, providing an 

opportunity for studying this rare and aggressive tumor. We also present tumors that 

resemble group 3 and 4 medulloblastoma with high incidence of leptomeningeal spread, 

again providing a needed mouse model for these tumors. Interestingly, the formation of 

these diverse tumors types occurred with the use of the same, Nestin-driven Cre 

recombinase, indicating that the cell of origin of non-Wnt medulloblastoma and CNS-

PNET is Nestin positive or a close descendent. We used RNA-Seq data to both identify 

CIS genes and subtype mouse SB-induced tumors based on human expression data. 

Arhgap36 was identified as our top CIS gene and shown to transform a mouse neuroblast 

line through Shh pathway activation. Foxr2 was also identified as a proto-oncogene and 

shown to promote C-MYC stability and FAK pathway activation. Both of these genes 

offer promise as novel therapeutic targets in human medulloblastoma and warrant 

additional study. Further functional testing of additional CIS genes, particularly those 

identified in CNS-PNET, may reveal additional treatment options for embryonal tumors.  
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Primers for SB screen genotyping Forward (5' - 3') Reverse (5' - 3')

Nestin-Cre CTGATGGACATGTTCAGGGATCG CCCACCGTCAGTACGTGAGATATCT
Rosa26 lsl-SB11 ATGTTTGGAGGAAGAAGGGG CCATTTGCGACCAAGCTTTA
T2/Onc or T2/Onc2 CGCTTCTCGCTTCTGTTCGC CCACCCCCAGCATTCTAGTT
Pten flox AAAAGTTCCCCTGCTGATTTGT TGTTTTTGACCAATTAAAGTAGGCTGT
Trp53 (WT) TTACACATCCAGCCTCTGTGG CTTGGAGACATAGCCACACTG
Trp53 lsl-R270H AGCTAGCCACCATGGCTTGAGTAAGTCTGCA CTTGGAGACATAGCCACACTG
Excision PCR primers for T2/Onc  and T2/Onc2 Forward (5' - 3') Reverse (5' - 3')
T2/Onc or T2/Onc2 TGTGCTGCAAGGCGATTA ACCATGATTACGCCAAGC
Primers for manual detection of T2/Onc(2):Arhgap36  fusion transcripts Forward (5' - 3') Reverse (5' - 3')

T2/Onc(2)  splice donor forward CTACTAGCACCAGAACGCCC
Mouse Arhgap36  Exon5 Reverse GATTTGTTGAGCAATTGGGTTGAGG
Mouse β-Actin  (+) control TGGGCCGCCCTAGGCACCA CTCTTTGATGTCACGCACGA

TaqMan probes for qPCR Probe

Olig1 Mm00497537_s1
Olig2 Mm01210556_m1
Sox10 Mm01300162_m1
Msx1 Mm00440330_m1
Foxj1 Mm01267279_m1
Igf2 Mm00439564_m1
Lin28a Mm00524077_m1
Crabp1 Mm00442776_m1 
Actb Mm00607939_s1
qPCR primers for Shh pathway activation Forward (5' - 3') Reverse (5' - 3')

Mouse - Gapdh TTCCAGTATGACTCCACTCACGG TGAAGACACCAGTAGACTCCACGAC
Mouse - Gli1 TTATGGAGCAGCCAGAGAGACCAG ATGGAGAGAGCCCGCTTCTTT
5' RACE primers

Reverse gene-specific primers Reverse (5' - 3')
ARHGAP36  Exon4 Reverse Outer CCTGACCGGTGGCTTCTTCAACC
ARHGAP36  Exon4 Reverse Inner ACTCGTTCACCAGGACCTCTTC
Target PCR gene-specific primers Forward (5' - 3')
Canonical ATG ARHGAP36 ATGGGTGGCTGCATTCCTTTTCTG
** Outer TGGCTGCCGGGGAGCGAGCAGGAC
** Inner CGAGGTTCGAGTGCACCAGGGAATC
*** Outer TGGCGTCTGGGGAACTGAAGAAG
*** Inner GAGTTGAAGGCTGTTTGTTGAATTG
ARHGAP36  Exon2 TCTCTGAGCTGGAGCGTCTGAAG
Positive control primers Forward (5' - 3') Reverse (5' - 3')
β-ACTIN CACAGGGGAGGTGATAGCAT CTCAAGTTGGGGGACAAAAA
Guide RNA sequences for FOXR2 KO Forward (5' - 3')
FOXR2 Exon1 gRNA TCTCCATGGCCAGGTCCCAgttttagagctagaaatagc
FOXR2 3' UTR gRNA GTTGCATGAAAAAAAGCAGgttttagagctagaaatagc

Table 2.1 - Primers and probes
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Table 2.2 - Antibodies used for IHC, CoIP and Western blotting

Antibody Company ID # Use

SB R&D Systems MAB2798 IHC
Ki67 Leica NCL-L-Ki67-MM1 IHC
Synaptophysin ICN Biomedicals Clone SY38 IHC
Nestin Santa Cruz Biotechnology SC-33677 IHC
GFAP Dako Z0334 IHC
Gli1 Millipore AB3444 IHC
Arhgap36 Sigma HPA002064 IHC
p-Akt (Ser473) Cell Signaling Technologies 4060 IHC
Pten Cell Signaling Technologies 9559 IHC
p-ERK (Thr202/Tyr204) Cell Signaling Technologies 4370 IHC
Olig1 Millipore AB15620 IHC
Olig2 Millipore AB9610 IHC
Rreb1 Sigma HPA001756 IHC
FOXR2 Proteintech 14111-1-AP Western
ARHGAP36 Abcam AB84010 Western
Megf10 Sigma ABC10 Western
GAPDH Cell Signaling Technologies 5174S Western
Flag Cell Signaling Technologies 2368 Western/CoIP
C-MYC Cell Signaling Technologies 5605S Western
C-MYC Cell Signaling Technologies 9402 CoIP
V5 Cell Signaling Technologies 13202S Western/CoIP
β-ACTIN Cell Signaling Technologies 8457S Western
α-Tubulin Cell Signaling Technologies 2144 Western
FAK Cell Signaling Technologies 3285 Western
pFAK (Y397) Cell Signaling Technologies 3283S Western
SRC Cell Signaling Technologies 2123S Western
pSRC (pY416) Cell Signaling Technologies 6943 Western
MAML1 Cell Signaling Technologies 12166 Western
RBPSUH Cell Signaling Technologies 5313 Western
HES1 Cell Signaling Technologies 11988 Western
NCID Cell Signaling Technologies 4147 Western
CCND3 Cell Signaling Technologies 2936 Western
p21 Waf1/Cip1 Cell Signaling Technologies 2947 Western
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Cell line Base media Additional supplements Source Mycoplasma testing - last (test once/year) Cell line authentication 

C17.2 DMEM  5% HS, 10% FBS, 2 mM L-glutamine, 100 U penicillin/ml and 100 μg streptomycin/ml Gift - Dr. Connie Cepko - 2014 April of 2018 April of 2018,  all C17.2 lines authenticated with IDEXX, validated as mouse without other species, and of the same origin between transfected lines compared to controls
Daoy DMEM 20% FBS, 100 U penicillin/ml and 100 μg streptomycin/ml ATCC - HTB-186 - 2014 April of 2018 August of 2017, all Daoy cell lines authenticated as Daoy without contamination through UAGC
Med8A DMEM 20% FBS, 100 U penicillin/ml and 100 μg streptomycin/ml Gift - Dr. Michael Taylor - 2012 February of 2015, not used further April of 2018, authenticated as human without contamination through UAGC (no reference line)
Ons76 DMEM 10% FBS, 100 U penicillin/ml and 100 μg streptomycin/ml Gift - Dr. Michael Taylor - 2012 February of 2015, not used further April of 2018, authenticated as Ons76 without contamination through UAGC
HSC1! DMEM 10% FBS, 100 U penicillin/ml and 100 μg streptomycin/ml Gift - Dr. Margaret Wallace - 2011 April of 2018 April of 2018, all HSC1λ cell lines authenticated as human without contamination through UAGC (no reference line)
HEK293T DMEM 10% FBS, 100 U penicillin/ml and 100 μg streptomycin/ml ATCC - CRL-11268 - 2017 April of 2018 April of 2018, authenticated as HEK293T without contamination through UAGC

*Generally cells are passaged Monday, Wednesday and Friday to avoid over confluent plates. Cell lines are thawed, grown up for experiments and then discarded to avoid high passage numbers 
*UAGC = University of Arizona Genetics Core
*IDEXX = IDEXX Laboratories

Table 2.3 - Cell sources, media components, and testing
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Medulloblastoma Sex Age (days) Histology Subgroup designation by RNA-Seq Observed metastasis Arhgap36  insertion Foxr2  insertion Megf10  insertion

WT22 F 120 Classic None X
WT363 F 181 Classic Shh Leptomeningial spread X
WT459 F 219 Classic Shh None
WT523 F 87 Classic Shh None
WT701 M 111 Classic Grp 3/4 None X
WT724 F 169 Classic Grp 3/4 Parenchyma infiltration X X

Pten49 F 190 Classic Grp 3/4 Leptomeningial spread X
Pten164 M 214 Classic with nodular region Shh None X
Pten241 F 185 Classic with nodular region Grp 3/4 Parenchyma infiltration X
Pten468 F 191 Classic Shh None X

P53184 F 133 Classic Shh Leptomeningial spread X X X
P53176? M 129 Classic Shh None X
P53272 M 142 Classic Shh Leptomeningial spread X
P53531 M 239 Classic Shh None X
P53546 M 104 Classic Shh None X
P53586 M 90 Classic None X
P53593 F 82 Classic Grp 3/4 Brainstem infiltration
P53634 F 73 Classic Shh None X X X
P53690 F 133 Classic Shh Leptomeningial spread X
P53691? F 77 Classic Shh Leptomeningial spread X X
P53720 F 129 Classic Leptomeningial spread X X
P53812 M 152 Classic Parenchyma infiltration

CNS-PNET Sex Age (days) Histology and location Subgroup designation by RNA-Seq Observed metastasis Nf1  insertion Pten insertion Erbb2ip insertion Eras insertion Rasa3 insertion pERK by IHC

P53198 M 333 Esthesioneuroblastoma - olfactory bulb None N/A N/A -

WT722 M 499 CNS-PNET - olfactory bulb, cortex Leptomeningial spread X X Nuclear +

P53163 M 319 CNS-PNET - cortex, lateral ventricle Parenchyma infiltration -
P53209 F 332 CNS-PNET - cortex, lateral ventricle Parenchyma infiltration, leptomeningial spread Nuclear + 
P53301 M 381 CNS-PNET with nodular areas - olfactory bulb, cortex CNS-PNET, other Cortex infiltration X X X Localized Nuclear +
P53308 M 471 CNS-PNET - olfactory bulb, cortex CNS NB-Foxr2 Cortex infiltration X Nuclear + 
P53323 M 513 CNS-PNET - olfactory bulb, cortex Cortex infiltration X X X Localized Nuclear +
P53434 M 507 CNS-PNET - olfactory bulb, cortex Cortex infiltration X Nuclear + 
P53528 F 377 CNS-PNET with nodular areas - olfactory bulb, cortex Leptomeningial spread X Localized Nuclear +
P53566 F 591 CNS-PNET - lateral ventricle CNS NB-Foxr2 Parenchyma infiltration X Nuclear +
P53579 M 575 CNS-PNET - olfactory bulb, cortex CNS-PNET, other Leptomeningial spread X - 
P53581 M 528 CNS-PNET - olfactory bulb, lateral ventricle CNS-PNET, other Parenchyma infiltration X X Localized Nuclear +
P53714 F 249 CNS-PNET - olfactory bulb, cortex Cortex infiltration - 
P53819 F 439 CNS-PNET - cortex Cortex infiltration X X Nuclear + 

Transposition and Trp53 lsl-R270H/+

Table 2.4 - Medulloblastoma and CNS-PNET Characteristics

Transposition only

Transposition and Pten flox/+

Transposition and Trp53 lsl-R270H/+

Nestin-Cre ; Trp53 lsl-R270H/+

Tranposition only
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List name Total number of genes All mouse MB Mouse MB1 Mouse MB2 Mouse MB3

All mouse MB 10367 10367 2868 5183 507
Mouse MB1 (red) 2868 2868 2868 0 0
Mouse MB2 (green) 5182 5182 0 5182 0
Mouse MB3 507 507 0 0 507
All human MB 963 684 127 396 45
Human MB1 88 73 15 42 2
Human MB2 213 155 27 92 9
Human MB3 (green) 269 200 22 141 10
Human MB4 (red) 224 163 48 73 13

Lists compared P  - value (Fisher's Exact Test)

Human MB1: mouse MB1 0.3901
Human MB1: mouse MB2 0.5749
Human MB1: mouse MB3 0.9537
Human MB2: mouse MB1 0.6684
Human MB2: mouse MB2 0.4053
Human MB2: mouse MB3 0.695
Human MB3: mouse MB1 0.9967
Human MB3: mouse MB2 0.0007715
Human MB3: mouse MB3 0.8362
Human MB4: mouse MB1 0.001907
Human MB4: mouse MB2 0.9991
Human MB4: mouse MB3 0.3137

*significant after Bonferroni correction

Total overlap

Table 2.5 - Gene lists comparing SB-induced mouse medulloblastoma (MB) and human MB
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List name Total number of genes All mouse CNS-PNET Mouse CNS-PNET1 Mouse CNS-PNET2 Mouse CNS-PNET3 Mouse CNS-PNET4

All mouse CNS-PNET 12359 12359 4863 1081 5425 900
Mouse CNS-PNET1 (blue box) 4863 4863 4863 0 0 0
Mouse CNS-PNET2 1081 1081 0 1081 0 0
Mouse CNS-PNET3 5425 5425 0 0 5425 0
Mouse CNS-PNET4 900 900 0 0 0 900
All human CNS-PNET 1735 1274 606 93 476 87
Human CNS-PNET1 98 64 19 9 29 7
Human CNS-PNET2 (blue box) 633 482 298 33 127 24
Human CNS-PNET3 34 21 8 2 8 3
Human CNS-PNET4 59 31 7 0 22 2
Human CNS-PNET5 40 33 23 0 6 4
Human CNS-PNET6 63 54 34 3 17 0
Human CNS-PNET7 100 82 29 3 35 10
Human CNS-PNET8 86 65 14 12 35 3
Human CNS-PNET9 35 29 9 1 16 3

Lists compared P  - value (Fisher's Exact Test)

Human CNS-PNET1: mouse CNS-PNET1 0.9985
Human CNS-PNET1: mouse CNS-PNET2 0.04869
Human CNS-PNET1: mouse CNS-PNET3 0.126
Human CNS-PNET1: mouse CNS-PNET4 0.1563
Human CNS-PNET2: mouse CNS-PNET1 5.72E-08
Human CNS-PNET2: mouse CNS-PNET2 0.6631
Human CNS-PNET2: mouse CNS-PNET3 1
Human CNS-PNET2: mouse CNS-PNET4 0.9399
Human CNS-PNET3: mouse CNS-PNET1 0.8607
Human CNS-PNET3: mouse CNS-PNET2 0.4638
Human CNS-PNET3: mouse CNS-PNET3 0.5554
Human CNS-PNET3: mouse CNS-PNET4 0.1747
Human CNS-PNET4: mouse CNS-PNET1 0.9988
Human CNS-PNET4: mouse CNS-PNET2 1
Human CNS-PNET4: mouse CNS-PNET3 0.0001835
Human CNS-PNET4: mouse CNS-PNET4 0.6374
Human CNS-PNET5: mouse CNS-PNET1 0.00934
Human CNS-PNET5: mouse CNS-PNET2 1
Human CNS-PNET5: mouse CNS-PNET3 0.9948
Human CNS-PNET5: mouse CNS-PNET4 0.1928
Human CNS-PNET6: mouse CNS-PNET1 0.0186
Human CNS-PNET6: mouse CNS-PNET2 0.7643
Human CNS-PNET6: mouse CNS-PNET3 0.8463
Human CNS-PNET6: mouse CNS-PNET4 1
Human CNS-PNET7: mouse CNS-PNET1 0.9886
Human CNS-PNET7: mouse CNS-PNET2 0.9412
Human CNS-PNET7: mouse CNS-PNET3 0.1981
Human CNS-PNET7: mouse CNS-PNET4 0.06149
Human CNS-PNET8: mouse CNS-PNET1 1
Human CNS-PNET8: mouse CNS-PNET2 0.003376
Human CNS-PNET8: mouse CNS-PNET3 0.006137
Human CNS-PNET8: mouse CNS-PNET4 0.8279
Human CNS-PNET9: mouse CNS-PNET1 0.976
Human CNS-PNET9: mouse CNS-PNET2 0.8888
Human CNS-PNET9: mouse CNS-PNET3 0.04076
Human CNS-PNET9: mouse CNS-PNET4 0.3238

*significant after Bonferroni correction

Total overlap

Table 2.6 - Gene lists comparing SB-induced mouse CNS-PNET and human CNS-PNET
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Candidate Gene Chromosome Tumor Count Predicted Effect P -Value

Arhgap36 X 14 N-terminal truncation 6.10E-16
Foxr2 X 3 Overexpress 1.10E-05
Ddx19a 8 3 Overexpress, C-terminal truncation 5.79E-03
Gli1 10 3 N-terminal truncation 8.00E-03
Zmynd11 13 2 Disrupt 1.17E-05
Enox2 X 2 Disrupt 7.99E-03
Chl1 6 2 N-terminal truncation 7.99E-03
Dlg1 16 2 Disrupt 7.99E-03
Pten 19 2 Disrupt 7.99E-03
Dusp14 11 2 Disrupt 7.99E-03
Rreb1 13 2 Overexpress 3.18E-02
Dyrk1a 16 2 Disrupt 3.18E-02
Vsp45 3 2 Overexpress, N-terminal truncation 3.18E-02

Candidate Gene Chromosome Tumor Count Predicted Effect P -Value
Nf1 11 7 Disrupt 1.04E-16
Ambra1 2 5 Disrupt 7.61E-06
Erbb2ip 13 3 Disrupt 4.53E-03
Eras X 3 Overexpress 9.11E-06
Setd5 6 3 Overexpress 9.11E-06
Rfwd2 1 2 Disrupt 9.11E-06
Npas3 12 2 Disrupt 9.11E-06
Ube2d3 3 2 Disrupt 6.64E-03
Qk 17 2 Disrupt 6.64E-03
Pten 19 2 Disrupt 6.64E-03
Agap1 1 2 N-terminal truncation 2.65E-02
Rasa3 8 2 Disrupt 2.65E-02
Clcn3 8 2 Disrupt 2.65E-02
Setd2 9 2 Disrupt 2.65E-02
Usp9x X 2 Disrupt 2.65E-02
*CIS listed in order of significance 

Table 2.7 - D-CIS lists for medulloblastoma and CNS-PNET

D-CIS - Medulloblastoma

D-CIS - CNS-PNET
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Candidate Gene Chromosome Tumor Count Predicted Effect
Arhgap36 X 13 Overexpress
Ptprd 4 10 Disrupt
Tle1 4 10 Disrupt
Megf9 4 7 Disrupt
Cdk5rap2 4 6 Disrupt
9530051G07Rik X 6 Disrupt
Foxr2 X 6 Overexpress
Brinp1 4 5 Overexpress
Cdkn2a 4 5 Overexpress
Kdm4c 4 5 Disrupt
Nfia 4 5 Overexpress
Zic4 9 5 Overexpress
Enox2 X 5 Overexpress
Oxr1 15 4 Premature truncation
Vps13b 15 4 Disrupt
Arid1b 17 4 Overexpress
Dpy30 17 4 Overexpress
Gli2 1 4 Overexpress
Gm5860 4 4 Overexpress
Hivep3 4 4 Overexpress
Kdm1a 4 4 Disrupt
Kif1b 4 4 Disrupt
Padi2 4 4 Overexpress
Sh3gl2 4 4 Overexpress
Samd4b 7 4 Overexpress
Jmjd1c 10 3 Disrupt
Spag9 11 3 Overexpress
Xpo1 11 3 Disrupt
Nln 13 3 Overexpress
Atp8a2 14 3 Overexpress
Asap1 15 3 Disrupt
Cdh10 15 3 Disrupt
Csmd3 15 3 Disrupt
Ctnnd2 15 3 Disrupt
Rad21 15 3 Disrupt
Sybu 15 3 Premature truncation
Ubr5 15 3 Disrupt
Dyrk1a 16 3 Disrupt
Megf10 18 3 Overexpress
Wac 18 3 Disrupt
Zfp521 18 3 Disrupt
Mreg 1 3 Overexpress
Ckap5 2 3 Disrupt
Sp9 2 3 Overexpress
Atp6v1g1 4 3 Overexpress
Cdc42 4 3 Overexpress
Chd7 4 3 Overexpress
Cntln 4 3 Overexpress
Eif2b3 4 3 Overexpress
Elavl2 4 3 Disrupt
Epb4.1l4b 4 3 Overexpress
Eps15 4 3 Disrupt
Faf1 4 3 Disrupt
Lrp8 4 3 Overexpress
Mmp16 4 3 Premature truncation
Nfib 4 3 Overexpress
Pdik1l 4 3 Overexpress
Svep1 4 3 Overexpress
Ttc22 4 3 Overexpress
Ube2r2 4 3 Disrupt
Whrn 4 3 Disrupt
Fbxw8 5 3 Disrupt
Ppfia1 7 3 Overexpress
Snrpn 7 3 Disrupt
Coro2b 9 3 Disrupt
Setd2 9 3 Disrupt
Eras X 3 Overexpress
*CIS listed in order of tumor count followed by chromosomal location

R-CIS - Medulloblastoma

Table 2.8 - R-CIS list for medulloblastoma
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Candidate Gene Chromosome Tumor Count Predicted Effect
Nf1 11 4 Disrupt
Auts2 5 3 Disrupt
Grid2 6 3 Disrupt
Micu1 10 2 Disrupt
Agtpbp1 13 2 Disrupt
Oxr1 15 2 Disrupt
Trio 15 2 Disrupt
Zfpm2 15 2 Disrupt
Zfr 15 2 Disrupt
App 16 2 Disrupt
Igsf11 16 2 Overexpress
Rbfox1 16 2 Disrupt
Ankhd1 18 2 Disrupt
Dtna 18 2 Disrupt
Pten 19 2 Disrupt
Sphkap 1 2 Disrupt
Epb4.1l1 2 2 Disrupt
Ralgapb 2 2 Disrupt
Slc23a2 2 2 Disrupt
Ywhab 2 2 Disrupt
Unc5c 3 2 Disrupt
Akr1a1 4 2 Disrupt
Astn2 4 2 Disrupt
Kdm4a 4 2 Disrupt
Megf9 4 2 Disrupt
Sdcbp 4 2 Disrupt
Ube4b 4 2 Disrupt
Ankrd17 5 2 Disrupt
Cttnbp2 6 2 Disrupt
Itpr1 6 2 Disrupt
Tubb3 8 2 Overexpress
Gria4 9 2 Disrupt
Ncam1 9 2 Disrupt
Nptn 9 2 Disrupt
Sik3 9 2 Disrupt
Sorl1 9 2 Disrupt
Arhgap36 X 2 Overexpress
Gpm6b X 2 Disrupt
Hprt X 2 Disrupt
*CIS listed in order of tumor count followed by chromosomal location

R-CIS - CNS-PNET

Table 2.9 - R-CIS list for medulloblastoma



 65 

 
 

Koso et al. Lastowska et al. Genovesi et al. 
Transgenes used *Trp53 lsl-R172H/+, Nestin-Cre  x T2Onc2 , Rosa26 lsl-SB11/+ *Math1-SB11 , T2Onc , Trp53 mut *Ptch1 tm1Mps/J , T2Onc, Rosa26 SB11/+ *Ptch1 lacz/+, T2Onc3,  Rosa26 lsl-SB11/+, B-Actin-Cre *Math1-SB11, T2Onc, Ptch +/-

CIS identification *Guassian kernel convolution *Guassian kernel convolution *Guassian kernel convolution
Gene name MB - D-CIS MB - R-CIS CNS-PNET - D-CIS CNS-PNET - R-CIS Primary MB Primary MB Mets only Both Primary MB Primary MB Primary MB Mets Both Overlap
Pten X X X X X X X 7
Wac X X X X X 5
Crebbp X X X X 4
Arhgap36 X X X X 4
Arid1b X X X X 4
Nfia X X X X 4
Setd2 X X X X 4
Zmynd11 X X X 3
Foxr2 X X X 3
Eras X X X 3
Dyrk1a X X X 3
Nfib X X X 3
Trim33 X X X 3
Sfi1 X X X 3
App X X 2
Auts2 X X 2
Gli1 X X 2
Chl1 X X 2
Enox2 X X 2
Cdk5rap2 X X 2
Hivep3 X X 2
Megf10 X X 2
Erbb2ip X X 2
Ube2d3 X X 2
Megf9 X X 2
Oxr1 X X 2
Cdkn2a X X 2
Kdm1a X X 2
NfI X X 2
Xpo1 X X 2
Csmd3 X X 2
Zfp521 X X 2
Ubr5 X X 2
Tgif2 X X 2
Akap6 X X 2
Map2k4 X X 2
Map3k1 X X 2
Nfix X X 2
Edil3 X X 2
3110070M22Rik X X 2
Zbtb20 X X 2
5033411D12Rik X X 2
Brd4 X X 2
Rab3c X X 2
Akap6 X X 2
BC003993 X X 2
Evl X X 2
Mtr X X 2
Ptch1 X X 2
Rfxdc2 X X 2
Tox3 X X 2
Zfp516 X X 2
BC016423 X X 2
Arid4b X X 2
Edil3 X X 2

Table 2.10 - CIS comparison between SB medulloblastoma (MB) and CNS-PNET screens

Beckmann/Larson et al. Wu et al. 

*gCIS

Wu et al. 

*gCIS*TAPDANCE for D-CIS
*Nestin-Cre , T2/Onc(2)  x Rosa26 lsl-SB11/+, Pten f/+, Trp53 lsl-R270H/+
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Chapter 3: 

Functional analysis of SB oncogenes ARHGAP36 and FOXR2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 85 
 

Introduction 

 ARHGAP36 (RhoGTPase activating protein 36) and FOXR2 (Forkhead box R2) 

have been implicated as oncogenes in several cancers, but their mechanisms of action are 

not completely understood. ARHGAP36 has been implicated as a regulator of the 

RhoGTPases CDC42, RAC1, and RHOA in pheochromocytoma, but this has not been 

functionally validated(187). ARHGAP36 has been shown to bind the catalytic subunit of 

protein kinase A (PKA, PKAC), inhibiting PKA signaling(188). ARHGAP36 has also 

been shown to activate sonic hedgehog (SHH) signaling(189). As PKA is a negative 

regulator of SHH signaling, the inhibition of ARHGAP36 on PKA provides a straight-

forward mechanism to ARHGAP36-mediated SHH activation. However, there is 

disagreement in the literature regarding the binding-site of ARHGAP36 to PKA and its 

connection to SHH signaling. Also, although ARHGAP36 has been shown to be a SHH 

activator in vitro, there is little in vivo evidence for this. ARHGAP36 is upregulated in 

group 3 and group 4 human medulloblastoma and has no correlation with Gli1 and Ptch1 

expression, two target genes activated by the SHH pathway (Figure 2.8)(189). Therefore, 

it is possible that the effects of ARHGAP36 in vivo are outside its ability to activate SHH 

signaling, and more functional studies are needed to further elucidate its mechanism. 

 In the literature, FOXR2 has many suggested mechanisms of action (Figure 1.8). 

We have validated the interaction of FOXR2 with C-MYC and shown a novel interaction 

between FOXR2 and N-MYC and a role of FOXR2 in C-MYC stability (Figure 2.16F, 

2.17A). We also found the FOXR2 promotes activation of the FAK/SRC signaling 

pathway in a MYC-interaction independent manner (Figure 2.18). However, the 

importance of FAK/SRC activation on FOXR2-driven transformation has not been 

confirmed.  

 In this chapter, we further dissect the actions of ARHGAP36 as a RhoGAP and 

find that it does not affect the activation status of RhoA in NIH3T3 cells. We also show 

that when expressed individually, the 5 human isoforms of ARHGAP36 have differential 

effects on SHH signaling and cellular proliferation, soft agar colony formation, and tumor 

formation in vivo. The truncated isoform of ARHGAP36 (isoform 5) was found to work 

in cooperation with p53 loss to promote tumor formation. Lastly, we tested the effects of 

Dasatinib, a SRC family kinase inhibitor, on FOXR2 high versus FOXR2 low cells in a 
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soft agar colony assay. FOXR2 expression was found to result in Dasatinib resistance in a 

MYC-dependent manner. 

Methods 

G-LISA assay for RhoA activation 

The activation status of RhoA was detected per manufacturer’s protocol (Cytoskeleton G-

LISA RhoA Activation Assay Biochem Kit, #BK124). Briefly, NIH3T3 cells(ATCC 

CRL-1658) were plated at 30% confluency (1x104 cells in a 10 cm plate) and grown for 3 

days in complete media. Cells were serum starved (1% FBS for 24 hours, 0% FBS for 24 

hours) to remove background RhoA activation. Cells were then treated with serum free 

media containing either DMSO or a RhoA activator, Calpeptin, at 0.1 mg/ml final 

concentration, Cytoskeleton #CN01) for 30 min at 37°C. Cells were lysed and their 

protein quantified. Analysis was done immediately without freezing. 1 mg/ml total 

protein was added to a GTP-RhoA specific 96 well plate. A490 was read on a plate 

reader, using the kit lysis buffer as a blank. 

Vector construction (ARHGAP36 isoforms and DNp53R270H) 

V5-tagged ARHGAP36 isoforms were constructed as GeneArt constructs through 

Invitrogen. Each construct was synthesized with all downstream in-frame ATG’s mutated 

to ATC’s to maintain similar amino acid charge in the protein products but eliminate 

usage of downstream start codons (ATGàATC results in methionine à isoleucine). The 

dominant negative p53R270H construct was synthesized as a GeneArt construct through 

Invitrogen. Upon arrival, constructs were cloned in a pENTR vector using BP Clonase 

(Invitrogen #11789-100) and sequenced and digested to verify construct integrity. 

Subsequently, constructs were transferred to a destination vector using LR Clonase II 

(Invitrogen #11791). The destination vector has an internal ribosomal entry site (IRES) 

followed by a GFP coding sequence to facilitate in vivo detection. Final constructs were 

transfected into C17.2 and Ons76 cells and selected in Puromycin (ARHGAP36 

isoforms) or Hygromycin (p53). Polyclonal lines were subjected to analysis.  

RT-PCR to show isoform expression 

Cellular RNA was purified using a PureLink RNA Mini Kit (Ambion #12183025). 

cDNA synthesis was done using the SuperScript VILO (Invitrogen #11755050) 
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recommendations. GoTaq DNA Polymerase mix (Promega #M3001) was used to amplify 

a common sequence among all ARHGAP36 isoforms with primers listed in Table 3.1. 

Western blotting to show isoform expression 

Protein for western blotting was detected in whole cell lysates harvested with RIPA 

buffer as described(135). Antibodies are listed in Table 3.2. Probing was done according 

to manufacturer’s protocol. Target proteins were visualized using chemiluminescence 

(Advansta K-12042) and a LI-COR imaging system.   

qPCR for Gli1 activation 

Cellular RNA was purified using a PureLink RNA Mini Kit (Ambion #12183025). 

cDNA synthesis was done using the SuperScript VILO (Invitrogen #11755050) 

recommendations. qRT-PCR was done using primers listed in Table 3.1 and FastStart 

SYBR Green Master Mix (Roche Life Science #4673492001). The ΔΔCt method was 

used to calculate mRNA expression levels. 3 technical replicates were analyzed in 

triplicate for each mean with standard error of the mean (SEM) shown. 

Cell culture and in vitro assays 

Media components and cell line sources are described in Supplementary Table 3. All cell 

lines were grown at 37°C in 5% CO2. Proliferation and soft agar assays were done as 

described(135). Briefly, MTS assays (Promega G1111) were done following the 

manufacturer protocol with 1200 cells per well measured over 5 days. Soft agar assays 

were plated in 6 well plates with 10,000 cells/well; six plates were averaged for each 

condition. Dasatinib (Sigma #CDS023389) was dissolved in DMSO and resuspended in 

complete media at the desired concentrations. Dasatinib was included in the top layer of 

soft agar as well as the liquid media layer. Liquid media containing Dasatinib was 

changed 3 days a week due to its short half-life. Transfections were done as 

described(135). Stable lines transfected with cDNAs were cultured as polyclonal 

populations after selection in Puromycin. 

in vivo assays 

Neonatal NRG mice (Jackson 007799) were injected as described(106). Briefly, C17.2 

cells at 80% confluency were prepared in HBSS, counted, and stored on wet ice prior to 

injection (2x105 cells/2µl injection). P0 mice were anesthetized using hypothermia and 

injected in the fourth ventricle at stereotactic coordinates: 1.5mm anterior to Bregma, 
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1.5mm deep beyond the dura. Successful injection was verified on P1 by luciferase 

imaging as described(106). Adult intracranial injections were performed as 

described(78). Female NU/J mice (Jackson 002019, 6 to8 weeks old) were anesthetized 

with 81 mg/kg ketamine, 13.8 mg/kg xylazine by intraperitoneal injection. 1x106 cells 

(prepared as above) were injected in 5µl HBSS. For flank tumor assays, female NU/J 

mice (Jackson 002019, 6 to 8 weeks old) were injected with 1x106 C17.2 cells (prepared 

as above) resuspended 1:1 in HBSS and Matrigel (Corning CB-40234C). Tumors were 

measured weekly using a digital caliper. Tumor volume = (l x w2)/2, l = tumor length and 

w = tumor width. 

 

Results 

ARHGAP36 does not affect the activation status of RhoA 

 To assess the role of ARHGAP36 on RhoA activation status, we used a G-LISA 

kit. The kit contains a RhoA-GTP binding protein coating the wells of a 96 well plate. 

GTP-bound RhoA will bind the wells while inactive (GDP-bound) RhoA will be 

removed during washes. The bound active RhoA can then be detected using a RhoA 

primary antibody followed by a horseradish peroxidase (HRP) conjugated secondary 

antibody and HRP detection using a plate reader. NIH3T3 cells stably expressing two 

isoforms of human ARHGAP36 (isoform 1, Q6ZRI8-1, and isoform 5, Q6ZRI8-5) or a 

GFP transfection control were serum starved followed by treatment with either vehicle 

(DMSO) or a RhoA activation control (Calpeptin). Stable expression of ARHGAP36 had 

no effect on baseline RhoA activation or relative RhoA activation in the presence of 

Calpeptin (Figure 3.1).  

ARHGAP36 isoform 1, 3, and 4 promote soft agar colony formation 

 To assess the effects of each ARHGAP36 isoform individually on its 

transformative capacity, we transfected C17.2 and Ons76 cells with cDNA constructs 

with all downstream ATGs mutated to ATC, unmutated constructs expressed multiple 

isoforms (Figures 1.5). We were interested in dissecting the capabilities of each 

ARHGAP36 isoform individually, as there is disagreement regarding the effects of the N-

terminal portion on Protein Kinase A (PKA) and Sonic Hedgehog (SHH) 

signaling(188,189). Each isoform was constructed with a V5 tag to facilitate detection 
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and protein-protein interactions. All 5 isoforms in both C17.2 and Ons76 were detectable 

by RT-PCR and western blot (Figure 3.2A-C). Interestingly, while the full and truncated 

isoforms of ARHGAP36 (isoform 1 and 5, respectively) activate SHH strongly in C17.2, 

the 5 mutated isoform constructs had much lower activation capacity (Figure 2.12H, 

Figure 3.3). The mutated isoform 3 and 4 constructs (mIso3 and mIso4) still significantly 

increase Gli1 expression relative to Gapdh, but it was only ~1.5 to 2 fold compared to the 

~15 to 20 fold activation by unmutated Iso5. mIso3 expression promoted proliferation as 

measured by an MTS assay (Figure 3.4A). mIso1, mIso3, and mIso4 all promoted soft 

agar colony formation close to the level of the non-mutated isoform 5 (Figure 3.4B, 

Figure 2.12B).  

ARHGAP36 mIso2 promotes tumor formation in the flank 

Interestingly, although mIso1, 3, and 4 promoted soft agar colony formation, 

mIso2 was the only construct to promote tumor formation in vivo. We assessed the ability 

of the mIsos to promote tumor formation in the flanks of nude mice in comparison to 

luciferase control cells (Figure 3.5A-B). mIso2 significantly promoted tumor formation in 

the flank, but the others did not. None of the isoforms were able to promote tumor 

formation alone in two orthotopic models, a neonatal injection model in NRG mice and 

an adult intracranial model in nude mice (Figure 3.5C-D).  

ARHGAP36 works in combination with dominant negative p53 to decrease survival 

As ARHGAP36 and FOXR2 were CIS genes identified in an SB screen using a 

dominant negative p53 background (p53R270H), we assessed the flank tumor formation 

capacity of C17.2 cells transfected with the combination of FOXR2 or two ARHGAP36 

constructs (full and truncated, isoform 1 and 5). Expression of the DNp35R270H 

construct did not enhance tumor volume, but it did significantly reduce survival of the 

mice (Figure 3.6). In comparison to C17.2 Luc, the median survival was reduced from 

104 to 69 days (P < 0.0001, Log-Rank Mantel-Cox test). The decrease in survival with 

the addition of the dominant negative p53 construct was due to greatly increased necrosis 

in the tumors, resulting in euthanasia of the animals. When used in combination with 

FOXR2 or ARHGAP36, FOXR2 had no effect, but truncated ARHGAP36 significantly 

decreased survival further (69 to 58 days median survival, P = 0.0035, Log-Rank Mantel-

Cox test).  
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FOXR2 expression conveys a resistance to Dasatinib that is dependent on FOXR2’s 

interaction with MYC 

 In order to determine the importance of FAK/SRC signaling in FOXR2-driven 

transformation, we challenged FOXR2 expressing C17.2 cells with Dasatinib and 

assessed their colony formation capacity. Dasatinib is a tyrosine kinase inhibitor that 

potently inhibits BCR-ABL and SRC family kinases (SRC, LCK, YES, FYN). We also 

included ARHGAP36 expressing C17.2 cells, as Dasatinib should not affect SHH 

signaling. Our hypothesis was that if C17.2 FOXR2 cells are dependent on SRC signaling 

activation, they would be exquisitely sensitive to Dasatinib treatment. Surprisingly, C17.2 

FOXR2 cells were less sensitive to Dasatinib treatment that ARHGAP36 expressing cells 

and this resistance was dependent on the interaction between FOXR2 and MYC (Figure 

3.7A). The FOXR2ΔMYC cDNA is a FOXR2 cDNA that does not bind MYC (Figure 

2.17-18). In addition to inhibition of colony number, colony size was also reduced in the 

FOXR2ΔMYC expressing C17.2 cells (Figure 3.7B).  

 

Discussion 

 In this study, we further dissected the mechanisms of ARHGAP36-driven 

transformation. Although ARHGAP36 expression correlated with a change in RHOA 

activation status in human pheochromocytoma, we did not find an effect of ARHGAP36 

on RhoA activation in NIH3T3 cells(187). It is possible that ARHGAP36 may affect 

activation of other small RhoGTPases like CDC42 or RAC1, or that ARHGAP36 lacks 

GAP activity entirely. Alternatively, ARHGAP36 may have more effect in a different 

cellular context or effect interaction with RhoA effector proteins.  

When individually expressed, we found that the 5 ARHGAP36 isoforms had a 

much-reduced ability to activate SHH signaling. This could be due to several factors. 

When these isoform cDNAs were constructed, all downstream ATG codons were 

mutated to ATC. This results in an amino acid change from methionine to isoleucine. 

Although mutation from methionine to isoleucine is generally considered “safe,” this 

could have affected the conformation of ARHGAP36 or its ability to bind other proteins, 

including the two negative regulators of the SHH pathway it is known to bind: 

Suppressor of Fused and PKA(188,189). Alternatively, a protein produced using a 
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downstream ATG could be responsible for the effects of ARHGAP36 on the SHH 

pathway.  

 The individually expressed isoforms of ARHGAP36 also had variable effects on 

proliferation, soft agar colony formation, and tumor formation in vivo. mIso3 (mutated to 

only express isoform 3) promoted proliferation, while mIso1, mIso3, and mIso4 all 

promoted colony formation in soft agar. Interestingly, although it had little effect on SHH 

signaling, proliferation, or colony formation, mIso2 was the only isoform to promote any 

tumor formation in vivo. All of the constructed ARHGAP36 isoforms maintain intact 

arginine rich regions (ARR), GTPase activating protein (GAP) domains, and binding 

sites to PKAC(188). Therefore, it’s difficult to explain the correlation with SHH 

activation and soft agar colony formation and the apparent discrepancy in tumor 

promoting capacity. The lack of SHH activation by mIso2 and its solo ability to promote 

tumor formation in the flank may suggest an alternative mechanism of ARHGAP36 in 

oncogenesis. 

We assessed the ability of ARHGAP36 to cooperate with p53 deficiency. The 

truncated form of ARHGAP36 was shown to cooperate with p53 to reduce survival in 

nude mice when injected in the flank. This suggests that further in vivo studies, including 

creation of an ARHGAP36 expressing transgenic mouse model, may benefit from use of 

a p53 deficient background. Interestingly, Arhgap36 insertions in Sleeping Beauty-

induced mouse tumors correlated with an incidence of metastasis, and SHH subgroup 

medulloblastoma with a p53 mutation represent a particularly aggressive and invasive 

tumor type (Table 2.4)(278).  

Additionally, in order to study the effects of ARHGAP36 loss in the context of 

medulloblastoma, we attempted to knockout ARHGAP36 in several medulloblastoma 

cell lines (Ons76, Daoy, and Med8A). Unfortunately, although we tried many different 

tools (TALENs, CRISPR/Cas9, siRNA, shRNA) to create a loss of function model, we 

were unable to create bi-allelic, frameshift changes in the ARHGAP36 locus or 

successfully knock it down (data not shown). The only modifications achieved were 

either heterozygous or in multiples of 3, presumably leaving the protein intact (data not 

shown). This implicates ARHGAP36 as an essential gene in these medulloblastoma cell 

lines. 
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 Lastly, we assessed the effects of a SRC family kinase inhibitor, Dasatinib, on 

FOXR2-driven colony formation. Surprisingly, FOXR2 expressing C17.2 cells were 

more resistant than ARHGAP36 expressing counterparts, and this effect was dependent 

on the interaction between MYC and FOXR2. This is surprising in several ways. First of 

all, we expected that if ARHGAP36-driven transformation was dependent on SHH 

signaling, a tyrosine kinase inhibitor should have little effect on its transforming capacity. 

This suggests that an alternative mechanism for ARHGAP36-driven tumorigenesis, if it 

exists, could be through a SRC family kinase. Secondly, we expected FOXR2 expressing 

cells to be dependent on SRC activation and thus more sensitive to Dasatinib. An 

alternative explanation could be that because more activated SRC is present with FOXR2 

expression, more inhibitor is required to achieve the same loss of colony formation. And 

lastly, the MYC interaction mutant of FOXR2 was still shown to promote SRC activation 

in C17.2, so its individual response to Dasatinib is surprising (Figure 2.18C). Inhibition 

of SRC blocks C-MYC translation. Therefore, if FOXR2 binding to MYC is promoting 

MYC stability, the consequence of MYC translation inhibition could be reduced(279). 

This could explain the reduction of colony formation in the MYC binding mutant 

expressing cells. To address this, MYC protein levels need to be assessed in the presence 

of Dasatinib in each of these lines to determine if MYC levels are being affected. In 

addition, treatment with a targeted inhibitor of MYC and FAK, both individually and 

together, would provide more insight.  
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Primers for RT-PCR of ARHGAP36 mIso constructs Forward (5' - 3') Reverse (5' - 3')

ARHGAP36cDNA-F1/R1 Caactttccgtaccacttcctaccc cgctttacttgtacctgagcgcg

qPCR primers for Shh pathway activation Forward (5' - 3') Reverse (5' - 3')

Mouse - Gapdh TTCCAGTATGACTCCACTCACGG TGAAGACACCAGTAGACTCCACGAC
Mouse - Gli1 TTATGGAGCAGCCAGAGAGACCAG ATGGAGAGAGCCCGCTTCTTT

Table 3.1. - Primers
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Antibody Company ID # Use

GAPDH Cell Signaling Technologies 5174S Western
V5 Cell Signaling Technologies 13202S Western/CoIP
ARHGAP36 Abcam AB84010 Western

Table 3.2. - Antibodies used for western blotting
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Chapter 4: 

Characterization of FOXR2 as a novel oncogene in neuroblastoma. 
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Introduction 

FOXR2 (Forkhead box R2) has been identified as an oncogene in many cancers 

of neural origin, including glioma, malignant peripheral nerve sheath tumors (MPNSTs), 

central nervous system neuroblastoma (CNS NB-FOXR2) and 

medulloblastoma(110,125,135,231). Specifically in CNS NB-FOXR2, complex inter- and 

intra-chromosomal re-arrangements converging on FOXR2 resulted in increased FOXR2 

expression and the formation of fusion transcripts(125). In 8 samples analyzed, FOXR2 

had the following fusion partners: JMJD1C (complex interchromosomal translocation 

involving chromosome 10, 1 sample), LOC550643 (tandem duplications on chromosome 

X, 1 sample), JPX (tandem duplications on chromosome X, 1 sample), MAGEH1 (large 

deletion between genes, 2 samples), and USP51 (insertion of mitochondrial DNA to form 

novel FOXR2 promoter). One sample with no change in the FOXR2 locus and low 

FOXR2 expression was the only sample analyzed found to have a focal amplification in 

MYC with increased MYC expression. This mutual exclusivity implicates that FOXR2 and 

MYC may be acting together. 

Our lab is interested in further characterizing the presence of FOXR2 fusion 

transcripts in peripheral neuroblastoma, which may result in increased FOXR2 expression 

and tumorigenesis. Peripheral neuroblastoma (NB) is known to have large chromosomal 

rearrangements(173). FOXR1, a FOXR2 homolog, is recurrently activated in NB through 

intra-chromosomal fusion events(224). Our hypothesis is that FOXR2 fusion transcripts 

and increased expression will be mutually exclusive with MYCN amplification. MYCN is 

amplified in approximately 25% of human neuroblastoma and is associated with 

increased metastasis(145). As we have shown FOXR2 is able to bind N-MYC (Figure 

2.16F) and increase C-MYC protein stability (Figure 2.17A), we hypothesize that 

FOXR2 is binding to and stabilizing N-MYC, increasing the N-MYC protein presence 

without increasing N-MYC at the transcript level. Alternatively, FOXR2-mediated C-

MYC stability could act as an alternative MYC source in N-MYC low NB. 

To address these hypotheses, we first determined if FOXR2 fusion transcripts 

occur in human NB and if they occur in the presence or absence of MYCN amplification. 

We also created gain and loss of function models in human NB cell lines to determine if 

FOXR2 is an important oncogene in NB. 
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Methods 

FOXR2 and MYCN analysis in human neuroblastoma tumors and cell lines 

Primary tumor gene expression profiles were organized by the TARGET (Therapeutically 

Applicable Research to Generate Effective Treatments) consortium. Profiles were 

obtained using Affymetrix arrays Human Exon 1.0ST platform. Gene expression 

intensities were normalized using Robust Multi-array Average implemented in the 

Affymetrix Power Tools suite using the “-rma-sketch” option over the core probe set 

annotation. A panel of 25 neuroblastoma cell line expression profiles was obtained 

using HuGene-1_0-st Affymetrix Human Gene 1.0 ST Arrays (GeneOmnibus 

GSE78061). Gene expression intensities were normalized using Robust Multi-array 

Average implemented in the Affymetrix Power Tools suite using the “-rma-sketch”and 

transcript level summarization.Kaplan-Meier representation and Log-rank statistical 

analyses was implemented in the R “survival" package 

(http://cran.rproject.org/web/packages/survival/index.html).  

Cell line culture and in vitro assays 

Cell line sources and media components are listed in Table 4.1. All cell lines not acquired 

within 1 year from ATCC were authenticated through the University of Arizona Genetics 

Core. All cell lines were grown at 37°C in 5% CO2. Proliferation and soft agar assays 

were done as described(135). Briefly, MTS assays (Promega G1111) were done 

following the manufacturer protocol with 1200 or 1400 cells per well measured over 5 

days (1200 cells/well for NB16 and SK-N-SH, 1400 cells/well for IMR32). Soft agar 

assays were plated in 6 well plates with 10,000 cells/well; six plates were averaged for 

each condition. 

5’ RACE 

Cellular RNA was isolated (PureLink RNA Mini Kit, Ambion 12183025) and treated 

with DNase (Invitrogen CX27091). 5’RACE (rapid amplification of cDNA ends) using 2 

µg of purified RNA was done according to the manufacture’s protocol using gene 

specific primers in Table 4.2 (Invitrogen 18374058). The identified fusion product was 

re-amplified using primers in Table 4.2 and GoTaq Master Mix according to the 

manufacture’s protocol (Promega M7123). 

Western blotting 
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Protein for western blotting (non-CoIP) was detected in whole cell lysates harvested with 

RIPA buffer as described(135). Antibodies are listed in Table 4.3. Probing was done 

according to manufacturer’s protocol. Target proteins were visualized using 

chemiluminescence (Advansta K-12042) and a LI-COR imaging system.   

Flank tumor injections and measurement 

For flank tumor assays, female NU/J mice (Jackson 002019, 6-8 weeks old) were injected 

with 1x107 cells resuspended 1:1 in HBSS and Matrigel and stored on wet ice prior to 

injection (Corning CB-40234C). Tumors were measured weekly using a digital caliper. 

Tumor volume = (l x w2)/2, l = tumor length and w = tumor width. 

Results 

To determine if FOXR2 is important in human neuroblastoma (NB), we analyzed 

FOXR2 expression in low and high-risk human NB assembled by the NCI TARGET 

(Therapeutically Applicable Research to Generate Effective Treatments) initiative(280). 

These are Affymetrix-based Human Exon 1.0 ST Arrays (HuEx) which show exon 

expression levels of FOXR2 in different clinical stages of NB with and without NMYC 

amplification. We found that FOXR2 expression is dichotomic, with high expression in a 

subset of non-MYCN amplified tumors and low expression in MYCN amplified and low-

risk tumors (Figure 4.1A). In the high-risk, non-amplified group alone, high FOXR2 

expression correlated with decreased survival (Figure 4.1B-C).   

We also analyzed FOXR2 expression levels and MYCN amplification status in a 

panel of human NB cell lines. Aside from NLF and NB69, NB cell lines with MYCN 

amplification had lower levels of FOXR2 than non-amplified cell lines (Figure 4.2A). 

Interestingly, the only MYCN amplified line with high FOXR2 expression (NLF) has a 

relatively low level of NMYC expression for a MYCN amplified NB line (Figure 4.2B). 

Additionally, NB69 has low levels of both N-MYC and FOXR2, but extremely high levels 

of C-MYC (Figure 4.2C).  

In order to determine if FOXR2 fusion events are occurring in human NB, we 

performed 5’RACE (rapid amplification of cDNA ends) on one FOXR2 low cell line 

(CHP212) and two FOXR2 high cell lines (SK-N-AS and SK-N-SH, Table 4.1, Figure 

4.3A). No FOXR2 expression was detected in the FOXR2 low cell line, CHP212. Six 

different transcripts were visible in the FOXR2 high cell lines (a-f, Figure 4.3A). These 
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bands were purified and sequenced to determine if any fusion sequences were present at 

the 5’ end of FOXR2. One fusion product in SK-N-AS contained sequence from exon 1 

of KLHL13 (Figure 4.3B). This fusion of exon 1 of KLHL13 with exons 3-5 of FOXR2 

results in production of the full length FOXR2 protein. This full FOXR2 protein product 

will not contain any of KLHL13, as the start site of translation for KLHL13 is within 

exon 2. Therefore, the fusion transcript should efficiently translate to make a full length 

FOXR2 protein. Subsequently, we were able to amplify this fusion product in SK-N-AS 

using gene specific primers within KLHL13 exon 1 and FOXR2 exon 3 (Figure 4.3C, 

primers listed in Table 4.2). Both KLHL13 and FOXR2 are located on the X 

chromosome, so in order to create the KLHL13:FOXR2 fusion transcript, all that is 

needed is 2 chromosomal breaks and an inversion (Figure 4.4).  

We created gain of function models of FOXR2 in 2 neuroblastoma cell lines with 

low endogenous FOXR2 expression (IMR32 and NB16) to determine if increased 

FOXR2 affects tumor promoting properties in these lines (Figure 4.5A). IMR32 has low 

FOXR2 expression and MYCN amplification (Table 4.1). NB16 has low to medium 

FOXR2 expression without MYCN amplification (Table 4.1, Figure 4.2A).  Increased 

FOXR2 expression increased colony formation in soft agar but did not affect proliferation 

in an MTS assay (Figure 4.5).  

Additionally, we created loss of function models in neuroblastoma lines 

expressing high levels of FOXR2. FOXR2 was knocked down with shRNA constructs 

(Dharmacon, Figure 4.6A). Knock down of FOXR2 resulted in a decrease in C-MYC 

protein and FAK (focal adhesion kinase) activation as measured by phosphorylation at 

Y397 (Figure 4.6A). Upon observation of the cell lines, it became clear that the wildtype 

populations were a heterogenous population consisting of cells with varying shape and 

size, a known phenomenon for SK-N-SH and SK-N-AS cell lines(281). We isolated 

single cell clones of SK-N-AS and found varying levels of MYC and FOXR2 which 

followed similar patterns as the knockdown lines, with lower C-MYC expression in lines 

expressing low FOXR2 (Figure 4.7).  
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Discussion 

 We identified a novel role for FOXR2 as an oncogene in peripheral neuroblastoma 

(NB). High levels of FOXR2 drove colony formation in soft agar. A subset of high-risk 

human NBs express a high level of FOXR2 and this is mutually exclusive to MYCN 

amplification. We also found the same mutual exclusivity between high FOXR2 

expression and MYCN amplification in a panel of NB cell lines. Interestingly, 2 cell lines 

did not fit this pattern and provide additional information. NLF was the only MYCN 

amplified line to have high FOXR2 expression, but N-MYC expression levels were 

comparable to non-MYCN amplified cell lines. NB69 was the only line with low levels of 

N-MYC and FOXR2, but it had extremely high levels of C-MYC. These data imply that 

N-MYC, C-MYC, and FOXR2 are working together in the context of neuroblastoma. 

FOXR2 binds C-MYC and increases its protein stability (Figure 2.16D-F, 2.17A) and is 

capable of binding N-MYC (Figure 2.16F). Therefore, increased FOXR2 expression 

could be affecting N-MYC stability as well, or increased C-MYC stability in the presence 

of FOXR2 may provide another mechanism for MYC-driven transformation. FOXR2-

mediated effects on C-MYC stability in NB are supported by decreases in C-MYC 

protein levels with decreased expression of FOXR2 (Figure 4.6, Figure 4.7). However, 

further experiments are needed to elucidate the mechanism of FOXR2 in NB.  

 We also identified a novel fusion partner for FOXR2, KLHL13. Kelch like family 

member 13 is located on the X chromosome and encodes a BTB (Bric-a-brac-Tram-

track-Broad complex) and kelch domain-containing protein(282) and has been implicated 

in inherited neuropathies(283) but is relatively unstudied. KLHL13 is expressed in the 

brain and nerves, making it likely to be expressed in the neural crest and progenitor cells 

for neuroblastoma (www.genecards.org, www.proteinatlas.org). KLHL13 is also highly 

expressed in NB cell lines without changes in copy number (Figure 4.8). The 

identification of a KLHL13:FOXR2 fusion warrants further study, as it provides a 

mechanism by which FOXR2 is expressed at high levels in neuroblastoma. These data 

suggest that increased FOXR2 expression may be the result of translocations, but other 

mechanisms may also come into play. 
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Cell line FOXR2 status MYCN status Media Cell line source Validation status
CHP212 Low Yes 1:1 mix of EMEM and F12 media with 10% FBS ATCC-CRL-2273, aquired 2017 Verified as CHP212 October 2017
IMR32 Low Yes 1:1 mix of EMEM and F12 media with 10% FBS ATCC-CCL-127, aquired 2017 Verified as IMR32 October 2017
NB16 Medium No RPMI with 10% FBS, 1% P/S, and 2mM L-Glutamine John Maris lab, aquired 2017 80% match to TE-671 (DSMZ), October 2017
SK-N-AS High No 1:1 mix of EMEM and F12 media with 10% FBS and 0.1 mM NEAA ATCC-CRL-2137, aquired 2017 Not authenticated, acquired from ATCC within a year of analysis
SK-N-SH High No 1:1 mix of EMEM and F12 media with 10% FBS and 1% P/S ATCC-HTB-11, aquired 2017 Not authenticated, acquired from ATCC within a year of analysis
SK-N-Fl High No 1:1 mix of EMEM and F12 media with 10% FBS and 0.1 mM NEAA ATCC-CRL-2142, aquired 2017 Not authenticated, acquired from ATCC within a year of analysis
SH-SY5Y High No 1:1 mix of EMEM and F12 media with 10% FBS ATCC-CRL-2266, aquired 2017 Not authenticated, acquired from ATCC within a year of analysis
NLF High Yes RPMI with 10% FBS, 1% P/S, and 2mM L-Glutamine John Maris lab, aquired 2017 No reference sample available, found to be human without contamination, October 2017

Table 4.1. Human neuroblastoma cell lines
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5' RACE primers Forward (5' - 3') Reverse (5' - 3')

FOXR2 RACE GSP1 TTATCTTCATCCTTAAGG
FOXR2 RACE GSP2 TGTCCCAGTCCAGCAGCCCT
FOXR2 RACE GSP3 CCTGGGACCTGGCCATGGAGA
Gene specific primers to amplify KLHL13:FOXR2 fusion Forward (5' - 3') Reverse (5' - 3')
KLHL13_F1  GCTCAGCTCCTATTCCTGGG
KLHL13_F2  GACTCCCTCTTTGGCCCTC
FOXR2_R  ACCCGGCGGACAAGC

Table 4.2. Primers
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Antibody Company ID #
HSP90 Cell Signaling Technologies 4874S
FOXR2 Proteintech 14111-1-AP
C-MYC Cell Signaling Technologies 5605S
FAK Cell Signaling Technologies 3285
pFAK (Y397) Cell Signaling Technologies 3283S

Table 4.3. Antibodies used for western blotting.



 111 

 

 
 

 

 

 

 

 

 



 112 
 

 

 

 
 

 

 

 



 113 
 

 

 

 
 

 

 



 114 
 

 
 

 

 

 

 

 



 115 
 

 

 
 

 

 

 

 

 



 116 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 117 
 

 
 

 

 

 

 

 

 



 118 
 

 
 

 

 

 

 

 

 

 

 



 119 
 

Chapter 5: 

Conclusions and significance 
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Medulloblastoma, central nervous system primitive neuroectodermal tumors 

(CNS-PNETs), and neuroblastoma are all cancers of the nervous system that 

predominantly affect children. Research continues to add to the knowledge behind the 

genetics and epigenetics driving these tumors, but survival rates and long-term treatment-

related side effects remain a challenge for patients facing these diseases. Molecularly 

targeted therapies represent one method of increasing efficacy of treatments while 

reducing associated side effects.  

In order to identify novel therapeutic targets in medulloblastoma and CNS-

PNETs, we used Sleeping Beauty (SB) transposon-mediated mutagenesis to create tumors 

in mice. These tumors resembled human medulloblastoma and CNS-PNET at the 

histological and transcriptome levels. Using RNA-Sequencing to characterize the mouse 

tumors, we were able to identify which types of human medulloblastoma and CNS-PNET 

they most closely resemble. Our SB-induced tumors most closely represented human non-

WNT medulloblastoma (SHH, group 3, and group 4) and a subgroup of CNS-PNET with 

FOXR2 activation (CNS NB-FOXR2). This represents the first mouse model of CNS-

PNET and a rare mouse model of group 3 and 4 medulloblastoma.   

We identified over 100 candidate genes as drivers in medulloblastoma and CNS-

PNET using traditional DNA-based CIS (common insertion site) identification and more 

novel methods using RNA-Sequencing-based identification of transposon:gene fusions. 

Of the CIS genes identified in CNS-PNET, we identified several with effects on Ras 

signaling activation (Eras, Erbb2ip, Ras3, NF1), suggesting an importance of Ras 

pathway activation in CNS-PNET and a cooperation between Ras pathway activation and 

p53 loss. In medulloblastoma, we identified 3 oncogenes of interest and validated their 

transforming potential in a neural progenitor cell line (Megf10, Arhgap36, and Foxr2).  

Megf10 (multiple epidermal growth factor-like domains protein 10) was 

identified as an R-CIS gene (RNA-based CIS) in medulloblastoma. Mice with Megf10 

insertions expressed significantly higher levels of Megf10, implicating it as an oncogene. 

Increased Megf10 in a mouse neural progenitor cell line (C17.2) promoted proliferation, 

soft agar colony formation, and tumor formation in vivo. However, the mechanism of 

Megf10-driven tumorigenesis is still unclear and warrants further study. 
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Arhgap36 (RhoGTPase activating protein 36) was the most mutated gene in our 

mouse screen and identified as both an R-CIS and a D-CIS. Insertions in the Arhgap36 

drove its expression and occurred mutually exclusively with members of sonic hedgehog 

(Shh) signaling pathway, suggesting Arhgap36 is an oncogene in mouse 

medulloblastoma that acts through Shh signaling. We also found increased expression of 

ARHGAP36 in a subset of human medulloblastoma. Overexpression of ARHGAP36 in 

C17.2 cells promoted soft agar colony formation, in vivo tumor formation, and Shh 

pathway activation. Interestingly, while ARHGAP36 is clearly an activator of Shh 

signaling in vitro, its role in Shh signaling in the bulk tumor is less clear. Arhgap36 

insertions in SB-induced mouse tumors did not correlate with increase Shh target gene 

expression and human tumors with high levels of ARHGAP36 expression are in group 3 

and 4, not SHH subgroup medulloblastoma. Therefore, the relevance of ARHGAP36-

mediated SHH activation is yet to be determined. It is plausible that ARHGAP36 has an 

alternative mechanism in vivo and its effects on SHH activation are context dependent. 

Further study into this protein is warranted to determine if it represents a strong 

therapeutic target in medulloblastoma.  

Foxr2 (forkhead box R2) was identified as a D-CIS and R-CIS in 

medulloblastoma and insertion in the Foxr2 locus drove its expression in the mouse. 

Overexpression in C17.2 cells enhanced cell migration, soft agar colony formation, and 

tumor formation in vivo. Knockout of FOXR2 in a human medulloblastoma cell line 

(Daoy) reduced soft agar colony formation and proliferation. In our studies of the 

mechanism behind FOXR2-driven tumorigenesis, we identified a novel binding partner 

for FOXR2 (N-MYC) and determined that FOXR2 enhances C-MYC stability. FOXR2 

also promotes activation of the FAK/SRC signaling pathway independently of its 

interaction with C-MYC. Interestingly, increased FOXR2 expression resulted in 

Dasatinib (SRC family kinase inhibitor) resistance, and this effect was dependent on the 

interaction between FOXR2 and C-MYC. Therefore, it is clear that FOXR2’s mechanism 

of transformation is multi-faceted, and its roles in MYC stability and FAK/SRC 

activation are important to its effects on tumorigenesis.  

We identified a novel role for FOXR2 as an oncogene in neuroblastoma. 

Increased FOXR2 expression was associated with poor survival in high-risk 
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neuroblastoma and found to be mutually exclusive to MYCN amplification. 

Overexpression of FOXR2 increased colony formation in two low expression 

neuroblastoma cell lines (IMR32 and NB16) and knock down of FOXR2 expression 

decreased cellular proliferation and tumor formation capacity in a high FOXR2 

expressing neuroblastoma cell line (SK-N-SH). We also found effects on C-MYC protein 

levels and FAK activation with changes in FOXR2 expression in the context of 

neuroblastoma. Lastly, we identified a potential mechanism of increased FOXR2 

expression in neuroblastoma by formation of a fusion gene between KLHL13 and FOXR2 

in the FOXR2 high neuroblastoma cell line, SK-N-AS.  

With dual roles in FAK/SRC signaling activation and MYC stability, FOXR2 

represents a strong therapeutic target in medulloblastoma and neuroblastoma. 

Simultaneous targeting of both pathways has precedent in cancer(250) and may indicate 

that targeting FOXR2 will have a critical effect on tumor growth. Further study is needed 

to identify inhibitors of FOXR2-driven cancers. Potential candidates include SRC, FAK, 

and MYC inhibitors used in combination in FOXR2-high cell lines and mouse models of 

cancer. Additionally, more mechanistic study of how FOXR2 promotes both FAK/SRC 

and MYC signaling will allow design of additional drugs to target the activation by 

FOXR2 on those signaling pathways.  
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