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Abstract 

 
Determining the Genetic Requirements of High Risk Neuroblastoma: A Human 

Stem Cell Model for Understanding Neural Tumor Oncogenesis and an 
Alternative Splicing Mechanism for Regulation of RAS/MAPK Signaling 

 
Tina Zheng 

 
 

Nearly half of patients with neuroblastoma present with high-risk disease, which 

often has poor outcome. The proto-oncogene MYCN is amplified in half of all high-risk 

neuroblastoma. Patients with high-risk disease inevitably relapse, and show frequent 

mutational activation of MAPK signaling. High-risk disease remains a clinical enigma, and 

the lack of actionable targets has prevented sufficient advances in improving survival. To 

better understand the genetic requirements of high-risk neuroblastoma, we generated a 

human induced pluripotent stem cell (iPSC) model of the disease. Human iPSC models 

are superior to genetically engineered mouse models or cell line models at representing 

the chromosomal landscape and telomere biology of human neuroblastoma. 

Human iPSCs were differentiated toward trunk neural crest, the cell of origin for 

neuroblastoma. We optimized protocols to generate this progenitor cell. We transduced 

candidate and established drivers of neuroblastoma including MYCN and hyperactive 

mutant ALK (F1174L) and orthotopically implanted the resulting trunk neural crest cells 

(NCCs) into the renal capsules of immunocompromised mice. The combination of ALK 

(F1174L) and MYCN significantly accelerated tumor formation. Tumors expressed 

markers typically found in neuroblastoma on histological and RT-PCR analyses, while 

lacking markers of other tumors. We found gene expression changes specifically enriched 

in MYCN/ALK vs MYCN alone-driven tumors, including increased integrin and PI3 kinase 
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signaling. We also introduced CRISPRi/a gene expression modulation into the iPSC 

system to detangle TERT and MYCN biology that could regulate neuroblastoma 

tumorigenesis. We further found that MYCN P44L mutation significantly decreases tumor 

latency compared to WT MYCN misexpression, while CMYC misexpression results in 

tumors that progress with similar rapidity to MYCN. ChIP-seq and RNA-seq studies in 

MYCN/CMYC/P44L mutants clarify the differential transcriptional landscapes in various 

neuroblastoma subgroups. 

We also delved into alternative splicing of NF1 as potentially modulating a MYCN-

driven axis in high-risk and recurrent neuroblastoma tumors. We have identified TIAL1 

and TIA1 as alternative splicing proteins which are regulated by MYCN and which affect 

NF1 exon 23a inclusion to modulate overall NF1 activity and downstream RAS/MAPK 

signaling. 

Together, our models of high-risk neuroblastoma clarify the genetic requirements 

and identify multiple potential pathways which could be therapeutically targeted. This 

thesis work not only generated a workable model that will continue to be a platform for 

study in the years to come, but also opened the door to studying other neural tumors like 

medulloblastoma and low grade glioma. 
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Chapter 1: Introduction 

 

Part 1: Overview of neuroblastoma 

In 1910, James Homer Wright described a new group of tumors found in the 

adrenal glands of children, which he observed to look like the sympathetic nervous tissue 

normally found in the adrenal medulla - rich with cells and fibrils that sometimes formed 

“rosette” structures (Wright, 1910). This cancer would come to be known as 

neuroblastoma. Neuroblastoma is the most common extracranial solid tumor of 

childhood, and accounts for an estimated 15% of total pediatric cancer mortality (Matthay 

et al., 2016). Neuroblastoma is the most frequently diagnosed cancer in patients under 

one year old (Linabery and Ross, 2008), with the median age of diagnosis being 18 

months and 90% of patients being diagnosed before the age of ten (London et al., 2005). 

Developmentally, neuroblastoma is a neuroendocrine disease originating from the 

sympathetic nervous system and resulting in tumors primarily found in the adrenal gland 

and sometimes in the sympathetic ganglia (Matthay et al., 2016). Neuroblastoma is also 

a remarkably heterogeneous disease, ranging from a local mass in an asymptomatic 

patient to an aggressive, invasive tumor causing critical illness, or to disseminated 

disease that spontaneously regresses (Maris, 2010). Metastasis occurs in approximately 

half of patients with neuroblastoma at diagnosis, and metastases are commonly found in 

bone marrow (70%), bone (55%), lymph nodes (30%), liver (30%), and brain (18%) (Maris 

et al., 2007) (DuBois et al., 1999). Patients diagnosed under 18 months are far more likely 

to have disseminated, metastatic disease that may spontaneously regress (Westermann 

et al., 2008) (Maris, 2010) (Mossé et al., 2014). The risk categories (very low risk, low 
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risk, intermediate risk, and high risk) are determined using the International 

Neuroblastoma Risk Group (INRG) staging system (Cohn et al., 2009). Although 

significant progress has been made in treating lower-risk disease, nearly half of all 

patients present with high-risk disease and as a result, have less than 50% five-year 

survival rates despite intensive chemotherapy, autologous stem cell transplantation, 

surgery, and radiation therapy (Maris, 2010) (Huang and Weiss, 2013). While most 

patients with high-risk disease are initially responsive to these therapies, the majority 

relapse with therapy-resistant disease. There is thus a critical need to better understand 

the biology of high-risk neuroblastoma and develop rational therapies for this subset of 

young patients. 

 

Part 2: Developmental origins for neuroblastoma and its cell of origin 

The neural crest is a dynamic population of pluripotent cells which, upon 

undergoing epithelial to mesenchymal transition (EMT), delaminate from the dorsal 

neuroepithelium of the neural tube to migrate long distances and ultimately reach 

widespread destinations in the embryo. Such migration requires interaction among neural 

crest cells and with their environment, directing collective migration in response to signals 

delivered by guidance molecules (Bronner and Simões-Costa, 2016). A schematic of 

neural crest migration is shown in Fig. 1.1. There is a complex interplay of activated 

signaling pathways and transcription factors that regulates neural crest induction and 

specification, and results in cell populations as diverse as the peripheral nervous system, 

melanocytes, and bones of the craniofacial skeleton (Le Douarin and Kalcheim, 1999). A 

carefully orchestrated, timed regulation of BMP, Sonic Hedgehog, Notch, Wnt, and FGF 
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signaling is required for proper neural crest induction and specification (Meulemans and 

Bronner-Fraser, 2004) (Dupin et al., 2007). Neuroblast progenitors migrate under the 

influence of MYCN and BMPs to the dorsal aorta and lateral to the notochord. Here, the 

post-migratory sympathoadrenal precursors undergo specification as the primary 

sympathetic ganglia which then diverge into mature sympathetic ganglia or adrenal 

chromaffin cells (Anderson and Axel, 1986) (Anderson et al., 1991). This specific 

sympathoadrenal lineage of cells is thought to be the origin of neuroblastoma, though 

neuroblastoma can also develop earlier in the sympathetic axis after initial neuroblast 

progenitor fate specification and could contribute to the diverse pathology of the disease 

(Brodeur, 2003). Trunk neural crest cells can be identified by expression in SOX10, and 

then after ventral migration and exposure to BMP signals, MASH1, PHOX2A, and 

PHOX2B expression elevate (Huber et al., 2008). MASH1 inducing expression of 

PHOX2A is required for expression of dopamine beta-hydroxylase (DBH) and tyrosine 

hydroxylase (TH) in the noradrenergic cells of the adrenal glands (Huber, 2006). There 

are no clear surface markers defining tumor initiating cells in neuroblastoma identified. 

Recent studies have suggested that neuroblastoma is composed of two distinct cell 

identities that represent different lineage differentiation stages: 1) Adrenergic and 2) 

Mesenchymal, with the adrenergic subtype being committed and representing 

somewhere further along the sympathoadrenal specification vs. the mesenchymal 

representing undifferentiated cells in the neural crest migratory portion of the pathway  

(van Groningen et al., 2017) (van Groningen et al., 2019). These two cell types are 

thought to be interconvertible depending on the superenhancer landscape affecting the 

expression of lineage-defining transcription factors that constitute the core regulatory 
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circuitry (CRC) of neuroblastoma. The CRC components of the adrenergic subtype were 

recently identified through genome-wide ChIP-seq studies, including PHOX2B, HAND2, 

TBX2, ASCL1 and GATA3, and MYCN and LMO1 as direct regulators (Durbin et al., 

2018) (Decaesteker et al., 2018) (Zeid et al., 2018) (Wang et al., 2019). However, the 

genesis of both the adrenergic or mesenchymal identities is unknown, and pinpointing 

how and where neuroblastoma oncogenesis occurs along this developmental pathway 

laden with complex cell-intrinsic and cell-extrinsic interplay remains elusive. 

 

 

 

Figure 1.1: Neural crest cell migration. Neural crests undergo epithelial to 
mesenchymal transition (EMT), migration, and ultimately a form of invasion, with cells 
settling in distant tissues. NCC: neural crest cells, DRG: dorsal root ganglia, SG: 
sympathetic ganglia. Adapted from (Zheng, Ménard and Weiss, 2017). 
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Part 3: The genomic landscape of high-risk neuroblastoma  

Similar to other pediatric tumors compared to adult tumors, high-risk 

neuroblastoma has a relative dearth of known somatic or familial mutations. Rather, 

chromosomal alterations are far more common, including focal amplifications, 

translocations, and whole chromosomal arm gains and losses (Pugh et al., 2013). 

Genomic amplification of MYCN is found in 45% of high-risk neuroblastoma (Pugh et al., 

2013).  Amplification of MYCN with increased MYCN expression is associated with high-

risk disease and poor prognosis (Brodeur et al., 1984) (Seeger et al., 1985).  Recently, 

MYC has also been identified as a transforming oncogene in a clinically significant 

estimated 10% of high-risk neuroblastoma cases distinct from the MYCN-high subset. 

Activation of MYC was found to commonly occur from amplification of distal enhancers or 

enhancer hijacking from chromosomal translocations (Zimmerman et al., 2018). 

Chromosome 1p loss is known to accompany MYCN and correlate with tumor aggression. 

Patients with chromosome 11q loss and 17p gain also have worse prognosis (Carén et 

al., 2010).  Hemizygous deletion of chromosome 11q and segmental gain of chromosome 

17q are the most common chromosomal alterations after MYCN amplification and 

chromosome 1p loss (Mlakar et al., 2017) (Pugh et al., 2013). These segmental 

chromosomal aberrations can develop in recurrent tumors, even when patients were 

treated with surgery (Schleiermacher et al., 2010), suggesting a fundamental genomic 

instability. Sequencing studies have suggested that chromothripsis occurs in a subset of 

neuroblastoma (Molenaar et al., 2012). 

Both somatic and germline mutations in anaplastic lymphoma kinase (ALK) 

tyrosine kinase receptor have been identified, including copy number increases at the 
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ALK locus and point mutations (Mossé et al., 2008) (George et al., 2008) (Janoueix-

Lerosey et al., 2008). The ALKF1174L mutation is known to confer strong activation in 

neuroblastoma cell lines (Hallberg and Palmer, 2013). 

Other relatively rare familial and somatic mutations have been identified, including 

mutations in PHOX2B (~4%), ARID1A/1B (~2-3%), PTPN11 (~2-3%), TP53 (1-2%), have 

been found, among others (Cheung et al., 2012) (Pugh et al., 2013). 

Genome-wide association studies (GWAS) have also defined novel 

neuroblastoma susceptibility genes like LIN28B (Diskin et al., 2009) (Molenaar et al., 

2012), LMO1 (Oldridge et al., 2015), and lncRNAs CASC15 and NBAT1 (Maris et al., 

2008) (Pandey et al., 2014), among others. These are exciting studies that promise to 

help elucidate the driver and passenger genetic mechanisms of neuroblastoma, but not 

a focus of study in this work. 

 

Long telomere phenotype in high-risk neuroblastoma 

 

Mouse telomeres are 5-10x the length of human telomeres, the transition from 

pluripotent to somatic cell does not deactivate TERT expression in mice, and regulation 

of TERT by cis-elements is also dramatically different between mouse and human 

(Calado and Dumitriu, 2013).  

When telomeres shorten to a critical length, cells elicit DNA damage response 

pathways and trigger senescence, so most aggressive cancers must find ways to 

reactivate TERT or circumvent its need (Dagg et al., 2017). Specifically, TERT adds 

telomeric repeats to the 3’ end of each chromosome (Rudolph et al., 1999). Recent whole 
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genome analyses of neuroblastoma tumors have found that translocations involving 

TERT and ATRX loss are abundant among high-risk NB and also lead to a long telomere 

phenotype (Valentijn et al., 2015) (Peifer et al., 2015). These rearrangements result in 

enhancer and promoter hijacking approximating a strong transcriptional activator 

immediately upstream of the previously silenced TERT gene. These TERT 

rearrangements led to high-level expression (~2 logs higher) of TERT, and correlate with 

high risk in neuroblastoma. These two recent studies suggested that all high-risk 

neuroblastoma must bypass a telomere-dependent checkpoint, to avoid cell death and 

senescence and permit tumor development. As a target of MYCN, TERT is already 

expressed at high levels in MYCN-amplified neuroblastoma (Peifer et al., 2015). In 

contrast, MYCN non-amplified neuroblastoma requires bypass through TERT 

rearrangement (enhancer or promoter hijacking) or mutation of ATRX (which also enables 

bypass by ALT). Thus, amplification of MYCN, ATRXLOF, and rearrangement of the TERT 

are all associated with poor outcome, and represent mutually exclusive mechanisms to 

bypass a TERT-dependent tumor-suppressive checkpoint (summary in Fig. 1.2). 

 

 

 
Figure 1.2: There is near mutual exclusivity among ATRX, TERT, and MYCN 
overexpression in high-risk neuroblastoma tumors. There is a common elongated 
telomere phenotype among them. There is near mutual exclusivity among ATRX, TERT, 
and MYCN overexpression in high-risk neuroblastoma tumors, but with a common 
elongated telomere phenotype among them. (Adapted from Peifer et al., 2015) 
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Another recent focus in the field of neuroblastoma is activation of the RAS/MAPK 

pathway, particularly as recent studies suggest that MAPK pathway activation coupled 

with high telomerase activity could confer “ultra-high-risk” in neuroblastoma (Ackermann 

et al., 2018). Generally, relapsed neuroblastoma is known to be particularly aggressive 

and therapy-resistant. Relapsed neuroblastoma has been found to have frequent 

activation of the RAS/MAPK pathway through mutations present in the primary tumor or 

newly acquired mutations (Eleveld et al., 2015) (Eleveld et al., 2018). At diagnosis, 21% 

of high-risk patients harbored mutations in the RAS/MAPK pathway (Ackermann et al., 

2018), which incurred a poorer prognosis (Eleveld et al., 2018). RAS/MAPK pathway 

alterations found in relapsed tumors are shown in Fig. 1.3. 

 

 

 
 
Figure 1.3: Mutations in the RAS/MAPK pathway in relapsed neuroblastoma. 
(modified from Eleveld et al., 2015) 
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Part 4: Human stem cell models 

 The first foundational transgenic mouse model of neuroblastoma was driven by 

MYCN misexpression under the promoter for tyrosine hydroxylase (TH-MYCN) (Weiss et 

al., 1997). Since then, researchers have sought additional models to capture the human 

genomic features, chromosomal landscape, and more recently, the immune landscape of 

neuroblastoma. 

Tumor cell lines are burdened with mutations and prone to genetic drift. A source 

of normal human tissue is of ethical concern since fetal tissue is controversial to come 

by. Further, H1 and H9 embryonic stem cells have acquired dominant negative p53 

mutations which then expand and overtake entire cultures due to growth advantages 

(Merkle et al., 2017). The discovery of induced pluripotent stem cells (iPSCs) has 

revolutionized science (Takahashi and Yamanaka, 2006) (Takahashi et al., 2007). iPSCs 

can be generated from specific patients with known genotypes and observable 

phenotypes, and they are therefore ideally suited to disease modeling. iPSC-derived cells 

have been used broadly to model Mendelian disorders, genetically complex diseases and 

infectious diseases (Liu et al., 2018).  

Several studies have used genome editing to correct a disease-causing mutation 

in iPSCs, e.g. in gyrate atrophy and in Huntington disease (Howden et al., 2011) (An et 

al., 2012), among many others. More recently, studies have used gene-edited iPSCs to 

better understand the molecular mechanisms that underlie disease pathogenesis 

(Hockemeyer and Jaenisch, 2016). Future studies could use genome editing as a tool to 

understand genetically complex disorders. 
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iPSC-based models are also being used to identify new therapeutics, particularly 

new drug candidates, and to evaluate drug toxicity (Avior, Sagi and Benvenisty, 2016), 

e.g. in the intractable disease amyotrophic lateral sclerosis (ALS) (Egawa et al., 2012). 

Future work could use these models to stratify patients into drug-responsive and non-

responsive groups. We propose to use a human iPSC model to generate trunk neural 

crest cells of the sympathoadrenal lineage to recapitulate neuroblastoma (Fig. 1.4) 

 

 

 

Figure 1.4 Specification from an undifferentiated ESC/iPSC to committed trunk 
neural crest cell (NCC) in the sympathoadrenal (SA) lineage. The sympathoadrenal 
lineage is the putative cell of origin for neuroblastoma. 
 

 

Part 5: NF1 and pediatric low grade glioma 

Low grade gliomas are the most common childhood brain tumors, with pilocytic 

astrocytoma comprising the majority (~85%) of pediatric low grade gliomas. Pilocytic 

astrocytoma is often associated with mitogen-activated protein kinase (MAPK) pathway 

activation (Jones et al., 2013). For example, mutations in FGFR1 have been found in low 

grade glioma at low frequency (Jones et al., 2013) (Zhang et al., 2013). The majority of 

low grade gliomas are indolent. Children with neurofibromatosis type 1 account for the 

majority (over 70%) of the optic pathway/hypothalamic gliomas (Listernick et al., 1999). 

Pilocytic astrocytomas are distinct from other low grade astrocytomas in how rare 
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transformation to higher grade malignancy is. Pilocytic astrocytomas almost never 

transform into malignant gliomas, suggesting that they constitute a unique class of glial 

neoplasm. While the majority of LGG arise sporadically, 10% occur in the context of the 

neurofibromatosis type 1 (NF1) tumor predisposition syndrome. Whereas NF1 loss in 

neuroglial progenitor cells alone is not sufficient for optic glioma formation (Bajenaru et 

al., 2003), loss of heterozygosity from a germline NF1 mutant may be. Since there has 

never before been a human stem-cell based model of pediatric low grade glioma, we are 

interested in generating one to study the long natural history of the disease in vivo. 

 

Part 6: Medulloblastoma, another embryonal pediatric tumor 

 

Briefly, medulloblastoma is among the most common malignant pediatric brain 

tumors. Gene expression profiling has identified discrete molecular subgroups within 

medulloblastoma including WNT, SHH, Group 3, and Group 4 12/23/20 11:48:00 AM(Kool 

et al., 2008) (Northcott et al., 2011) (Thompson et al., 2006). SHH medulloblastoma is 

one of the better understood subgroups, and is thought to arise from granule neural 

precursor cells (GNPs) in the cerebellum (Yang et al., 2008) (Schüller et al., 2008). The 

majority of patients with SHH medulloblastoma have activating germline or somatic 

mutations and copy-number alterations in the Sonic Hedgehog Pathway, including 

mutations in PTCH1, SUFU, SMO, GLI1, and GLI2 (Kool et al., 2014) (Northcott et al., 

2017). None of these genes are the focus of this dissertation. However MYCN is highly 

expressed in the SHH subgroup relative to other subgroups, and MYCN amplification in 

the SHH subgroup is associated with poor disease prognosis (Ellison et al., 2011). 
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Misexpression of MYCN can initiate medulloblastoma tumorigenesis in a mouse model. 

(Swartling et al., 2010). Mouse models of SHH medulloblastoma also show MYCN 

expression in GNP cells cooperate with Ptch1 and Cdkn2c (p18Ink4c) or with loss of Trp53 

and Cdkn2c accelerates SHH medulloblastoma tumor formation (Uziel et al., 2005) 

(Ayrault et al., 2009) (Kawauchi et al., 2012) (Zindy et al., 2006). SHH pathway activation 

promotes MYCN stabilization and higher expression (Thomas et al., 2009). In these 

mouse models of neuroblastoma, MYCN expression generated more invasive, therapy-

resistant tumors (Kessler et al., 2009). We were interested in exploring if misexpression 

of MYCN in an isogenic series of human iPSC-derived neuroepithelial cells (as a GNP 

precursor) would recapitulate human medulloblastoma, and specifically what subtype of 

medulloblastoma that would most resemble.  

 

The goal of this work fundamentally was to better understand this collection of neural 

pediatric tumors. The bulk of this work covers high-risk neuroblastoma, especially using 

a human iPSC model to better understand the genetic requirements of this elusive subset.  
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Chapter 2: Engineering an iPSC model of neuroblastoma 

 

Part 1: Introduction 

 

Neuroblastoma, the most common extracranial tumor of childhood, has a low 

somatic mutation rate and frequent amplification of MYCN in the high-risk category (Pugh 

et al., 2013). An estimated 2% of high-risk neuroblastoma has MYCN P44L mutation 

(Pugh et al., 2013). MYC has also been identified as a transforming oncogene in a 

clinically significant estimated 10% of high-risk neuroblastoma cases distinct from the 

MYCN-high subset. Activation of MYC was found to commonly occur from amplification 

of distal enhancers or enhancer hijacking from chromosomal translocations (Zimmerman 

et al., 2018). Recent studies have also established the core regulatory circuitry (CRC) in 

neuroblastoma, which includes key transcription factors MYCN, HAND2, PHOX2B, and 

GATA3, among others (Durbin et al., 2018) (Decaesteker et al., 2018). Translocations in 

TERT and activation of the RAS/MAPK pathway are also thought to confer disease 

aggression and treatment resistance in neuroblastoma (Valentijn et al., 2015) (Eleveld et 

al., 2015). 

Mutations in the anaplastic lymphoma kinase (ALK) gene have been identified in 

neuroblastoma (Chen et al., 2008) and its combination with MYCN has been modeled in 

mice and zebrafish (Berry et al., 2012) (Zhu et al., 2012a). Since the first mouse model 

of neuroblastoma was developed (Weiss et al., 1997), there have been other efforts to 

model the disease with varying success. Modeling diseases with human neural crest cells 

as a cell-of-origin has previously been of interest (Fattahi et al., 2016) (Cohen et al., 
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2020). We hypothesized that we could recapitulate neuroblastoma in vivo using a human 

iPSC model.   

In order to model neuroblastoma from the sympathoadrenal lineage cell of origin, 

we first need to develop a way to generate a ready supply of neural crest cell precursors 

from normal human iPSCS. Known markers expressed in neural crest cells that have 

been validated in humans include TFAP2A, FOXD3, HNK1, NGFR (p75), SOX9, and 

SOX10. (Tucker et al., 1984) (Southard-Smith, Kos and Pavan, 1998) (Kos et al., 2001) 

(Cheung and Briscoe, 2003) (Mitchell et al., 1991) (Bernd, 1985) (Betters et al., 2010) 

(O’Rahilly and Müller, 2007) (Betancur, Bronner-Fraser and Sauka-Spengler, 2010). 

 

Part 2: Developing an iPSC model to generate trunk neural crest cells 

  

Generation of a renewable source of human cell-based trunk neural crest cells 

(NCCs) provides a reliable and representative system to study human development and 

disease, particularly neuroblastoma. We set out to generate specifically trunk NCC from 

human PSC for the first time.  

The Dalton protocol established Wnt signaling and Smad pathway blockade with 

SB431542 + CHIR99021 and was one of the first studies to identify neural crest 

differentiation from human pluripotent stem cells (Menendez et al., 2011). To drive 

posterior trunk NCC character, we evaluated retinoic acid (RA), which can push cells 

toward a posterior fate associated with upregulation of posterior patterning HOX genes 

(Lee and Skromne, 2014) (Lippmann et al., 2015). We added RA at different time points 

and analyzed expression of ETS1 (cranial) and PHOX2B (trunk) (Fig. 2.1B). Addition of 
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RA between days 3-4 maximally upregulated expression of  PHOX2B and simultaneously 

suppressed expression of ETS1 mRNA (Fig. 2.1C). To evaluate cell-to-cell differences in 

gene expression, we performed immunofluorescence analysis. RA-treated NCC 

increased PHOX2B protein levels in approximately 25% of the cell population compared 

to non-RA treated NCC (Fig. 2.1D-E) indicating that RA treatment results in a 

heterogeneous population of trunk NCC. 

In addition to the differential expression of ETS1 and PHOX2B, cranial and trunk 

NCC also differ in the enhancer elements used to transcribe SOX10 (Betancur et al., 

2010). To assess how RA influences trunk NCC enhancer usage, we co-electroporated 

an mCherry plasmid (control) and a SOX10E1-GFP plasmid (marker of trunk NCC) in 

NCC differentiated without or with RA addition at Day 3. While mCherry was visible in 

both cell types, GFP was more prominent in RA treated cells (p < 0.05) (Fig. 2.1F-G) Thus, 

RA promotes specification of trunk NCC. 
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Figure 2.1: Retinoic acid promotes specification of trunk NCCs. 
(A) RT-qPCR analysis of cranial (ETS1) and trunk (PHOX2B) NCC markers from H1 and 
WTC differentiated via Dalton protocol.  
(B) Schematic detailing the timing of retinoic acid (RA) treatment during NCC 
differentiation.  
(C) RT-qPCR analysis for cranial (ETS1) and trunk (PHOX2B) markers from H1 cells 
differentiated with RA added starting at each day indicated, demonstrating that RA 



 17 

addition at Day 3 or 4 resulted in maximal upregulation of trunk (PHOX2B) and 
suppression of cranial (ETS1) markers.  
(D) NCC treated with or without RA were stained for PHOX2B and DAPI.  
(E) Percentage of PHOX2B+ cells (PHOX2B+ /DAPI) was quantified using ImageJ.  
(F,G) NCC differentiated without or with RA (@ day 3) were electroporated with a 
constitutive expressing mCherry plasmid and a SOX10 E1-GFP reporter activated 
specifically in trunk NCC. After 72 hours, cells were analyzed for GFP expression via 
immunofluorescence (F) and quantified using ImageJ (GFP + /mCherry+) (G) *p < 0.05, 
**p < 0.01. Scale bars represent 50 μm. 
 
 

RA treatment upregulates expression of HOX genes and alters the differentiation 
potential of NCC 

 

Many NCC markers are not specific to either cranial or trunk NCC (Betters et al., 

2010). However, since trunk NCC are more posterior than cranial NCC, trunk NCC 

express HOX genes whereas mesencephalic NCC do not (Le Douarin, 2004) (Creuzet, 

Couly and Le Douarin, 2005). In fact, only hindbrain NCC emerging from rhombomere 4 

and further caudally express anterior HOX genes. HOX genes previously detected in 

trunk NCC include HOXA2, HOXA4, HOXA5, HOXB4-9, HOXC4, HOXC5, HOXC8, 

HOXD4 and HOXD9 (Huber et al., 2012) (Kam and Lui, 2015) (Creuzet et al., 2002) 

(Abzhanov et al., 2003) (Ishikawa and Ito, 2009). RT-qPCR analysis of each of 

these HOX genes revealed upregulation in response to RA treatment (all at statistically 

significant levels (p < 0.05), except for HOXB7) (Fig. 2.2A-B). To determine whether RA 

treatment alters the differentiation potential of resulting NCC, we analyzed NCC derived 

with or without RA treatment for expression of genes of different NCC progenitor 

subtypes: PHOX2B for SA cells, MITF for melanoblasts, S100β for Schwann cells 

and TUBB3 for neurons. Addition of RA increased the expression levels 

of PHOX2B and MITF, decreased S100β, and did not have an effect 
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on TUBB3 compared to non-RA treated cells (Fig. 2.2C). Thus, RA treatment alters the 

gene expression profile and differentiation potential of NCC. 

 
 
 

 

Figure 2.2: Retinoic Acid treatment upregulates multiple HOX genes and alters the 
differentiation potential. 
(A) Trunk NCC treated with RA were analyzed via RT-qPCR for HOXA and HOXB gene 
relative expression compared to NCC not treated with RA. All genes are expressed at 
statistically significant levels (p < 0.05) in trunk NCC compared to cranial NCC except 
for HOXB7 (n.s. = not significant).  
(B) Trunk NCC were analyzed via RT-qPCR for HOXC and HOXD gene expression 
compared to NCC not treated with RA. 
(C) Trunk NCC were compared against cranial NCC for NCC progenitor markers 
PHOX2B (sympathoadrenal), MITF (melanoblasts), S100β (Schwann cells), and TUBB3 
(neurons). ***p<0.001.  
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The utility of human PSCs is dependent on protocols to differentiate PSC towards 

desired cell types. Current protocols to differentiate human PSCs to NCC can generate 

peripheral neurons, chondrocytes, osteocytes, smooth muscle, Schwann cells, and 

melanocytes, but have not produced trunk NCC-derived SA cells (Lee et al., 2010) 

(Mica et al., 2013) (Menendez et al., 2013) (Kreitzer et al., 2013). Might these protocols 

bias toward cranial NCC? Indeed, we found that, in the absence of caudalization factors 

such as RA, current protocols bias toward cranial NCC based on upregulation of cranial 

specific NCC marker ETS1. We demonstrate that treatment with RA during NCC 

differentiation promoted a more caudal trunk NCC subtype. 

 

 

Figure 2.3: Misexpression of MYCN  at the iPSC stage interferes with NCC 
differentiation while expression of ALKF1174L does not.  
(A) RT-qPCR analyses in WTC11 neural crest cells (NCCs) after lentiviral transduction 
of MYCN and ALKF1174L-expressing vectors at the iPSC stage demonstrates expression 
can be increased over WT, endogenous levels. 
(B) Expression of NCC markers NGFR, TFAP2A, SOX9, SOX10, and PHOX2B are 
represented as fold change over empty vector control in WTC11 NCCs.  
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Part 3: Exploring the genetic requirements of neuroblastoma through a human 

iPSC model 

 

 We set out to determine if we could begin with healthy, normal human induced 

pluripotent stem cells (iPSCs) and see if we can recapitulate neuroblastoma. We started 

with healthy normal WTC11 human iPSCs with no known mutations in major tumor 

suppressor genes or oncogenes (Miyaoka et al., 2014).  

First, we explored the question of timing of exogenous transgene expression 

during differentiation, using the retinoic acid protocol that we developed as a modification 

of the Dalton protocol (Huang et al., 2016) in combination with a comparable partially 

suspension-based protocol with the addition of BMP2 and FGF2 that generates adrenal 

chromaffin-like cells from a more recent protocol (Abu-Bonsrah et al., 2017). 

Because the differentiation process is unstable and involves transient cell 

populations, it was preferable to express transgenes at the iPSC stage. Lentiviral 

constructs were generated and introduced at the iPSC stage and demonstrate high 

MYCN and ALK levels (Fig. 2.3A). However, what became readily apparently was that 

constitutive expression of MYCN at the iPSC stage interfered with sympathoadrenal 

specification, specifically for markers NGFR, TFAP2A, and PHOX2B (Fig. 2.3B). To lend 

evidence that MYCN-driven tumors did resemble human neuroblastoma, we saw with 

immunofluorescence staining that tumors generated from this model expressed 

synaptophysin (SYP) and NCAM1 comparable to the Kelly established neuroblastoma 

cell line (Fig. 2.4A) (Schwab et al., 1983). iPSC-derived tumors did not express CD99, a 

marker for Ewing sarcoma (Fig. 2.4A) (Riggi and Stamenkovic, 2007). H&E staining of 
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the iPSC-derived tumor showed that morphologically, the small round blue cell 

composition was maintained, and that neural Homer-Wright rosette structures could be 

recapitulated in vivo (Fig. 2.4B).  

 

MYCN drives transformation of normal human iPSC-derived sympathoadrenal cells 

to neuroblastoma 

 

In order to address the issue of MYCN expression blocking trunk neural crest 

differentiation while simultaneously maintaining Tet Responsive Element (TRE) promoter 

function from iPSC to NCC stage, we cloned an ubiquitous chromatin opening element 

(UCOE) in front of the TRE promoter to discourage silencing (Müller-Kuller et al., 2015). 

We introduced a DOX-inducible element and showed we can express MYCN under the 

control of doxycycline. Doxycycline was added 48 hours to culture media prior to 

orthotopic injection and mice were maintained on dox chow (Fig. 2.5A). MYCN expression 

levels increased with the addition of doxycycline through western blotting (Fig. 2.5B). The 

expression of MYCN through this inducible method did not interfere with expression of 

markers AP2A, FOXD3, NGFR, or SOX9 (Fig. 2.5C). MYCN misexpression on its own 

was enough to drive tumor formation, with 5 out of 10 mice dying from tumor burden by 

75 days and 9 out of 10 mice dying by 106 days (Fig. 2.6A).  Immunohistochemical 

staining for synaptophysin and PHOX2B comparing human neuroblastoma and a MYCN-

driven iPSC-derived tumor showed similar positive staining for both markers (Fig. 2.6B). 

Synaptophysin is a known immunohistochemical marker of neuroblastoma (Miettinen and 

Rapola, 1987). PHOX2B transcription factor expression is a useful immunohistochemical 
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marker that distinguishes neuroblastoma from many other small round blue cell tumors  

(Hata et al., 2015) (Ke et al., 2015). 

 

 

Figure 2.4: Human iPSC-derived neuroblastoma are morphologically similar and 
express the markers of human neuroblastoma found in patients.  
(A) Human MYCN-based iPSC-derived neural crest cell-based tumors that were then 
plated and analyzed by  immunofluorescence for synaptophysin (SYP) and neural cell 
adhesion molecule 1 (NCAM1) and CD99, a marker positive in Ewing sarcoma, another 
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classic small round blue tumor, compared to Kelly (neuroblastoma) and A673 (Ewing 
sarcoma) cell lines at (63x magnification).  
(B) H&E staining of a MYCN-based iPSC-derived neuroblastoma at 5x and 20x 
magnification demonstrating the small round blue cell morphology and neural rosette 
structures. 
 

 

 

Figure 2.5: A method to mis-express MYCN in NCCs.   
(A) Schematics of the inducible lentivector construct designed with mini-ubiquitous 
chromatin opening (UCOE) element adjacent to doxycycline-inducible TRE3G (third 
generation tetracycline response element) promoter. CAG promoter drives 
rTTA  (reverse tetracycline-controlled transactivator) and Luciferase expression for 
bioluminescence imaging. 
(B) Western blot showing MYCN expression can by modulated with addition of 
doxycycline (working concentration 0.1-1.0 ug/mL). 
(C) RT-qPCR analyses showing AP2A, FOXD3, NGFR, SOX9 levels are not affected by 
TRE3G-MYCN expression at the iPSC stage. 
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Figure 2.6: MYCN misexpression drives neuroblastoma formation in vivo.  
(A) Kaplan-Meier survival curve of mice injected with empty vector and TRE-MYCN 
NCC cells (n = 5). p < 0.05 (log-rank test). 
(B) Immunohistochemical staining for MYCN and PHOX2B in a human neuroblastoma 
tumor and a MYCN neural crest-cell derived tumor. Scale bar = 25 uM.  
 
 
 

ALK activation cooperates with MYCN to accelerate neuroblastoma 

 

We next aimed to explore if ALK activation could cooperate with MYCN in our 

iPSC-based model. The ALKF1174L mutation is known to confer strong activation in 

neuroblastoma cell lines (Hallberg and Palmer, 2013). Mouse and zebrafish models of 

ALKF1174L mutation already suggested ALK activation could indeed accelerate MYCN-

driven neuroblastoma (Berry et al., 2012) (Zhu et al., 2012b).  We co-expressed ALKF1174L 

with MYCN in IPSCs and introduced these cells orthotopically into the renal capsules of 

NSG mice (Fig. 2.7A). We showed that MYCN expression can still be controlled by 

doxycycline while ALKF1174L remained constitutively expressed (Fig. 2.7B). Expression of 

ALKF1174L did not interfere with neural crest induction evidenced by markers including 

AP2A, FOXD3, NGFR, and SOX9 (Fig. 2.7C).  When comparing survival of mice injected 
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with MYCN, MYCN/ALKF1174L, ALKF1174L , and empty vector control trunk neural crest 

cells, the addition of ALKF1174L dramatically decreased tumor latency and mice died of 

tumor burden earlier (Fig. 2.7D). Immunohistochemical analyses comparing MYCN and 

MYCN/ALKF1174L-expressing tumors showed they have similar expression levels of 

PHOX2B and synaptophysin. 
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Figure 2.7: MYCN and ALKF1174L misexpression drives neuroblastoma formation in 
vivo and decreases survival. 
(A) Schematics of inducible MYCN expression with lentiviral ALKF1174L mutation and 
implantation in renal capsules in mice.  

IB: GAPDH

IB: FLAG

Healthy
hiPSC

Implant
in mouse

tNCC

Differentiate

Neuroblastoma?

A

B

Western of 
NCC markers 

IHC

C D

E

+DOX

DOX       --        +         --         +         --         +        --          +

IB: ALK

ALKF1174L   --       --         +         +         --         --         +          +
TRE3G-MYCN            --       --         --         --         +         +         +          +

Western Blot

0

1

2

AP2A FOXD3 NGFR SOX9

R
el

at
iv

e 
ex

pr
es

si
on

 o
ve

r e
m

pt
y 

ve
ct

or

Empty Vector
ALK

MYCN/ALKMYCN

P
H

O
X

2B
S

Y
P

PuroCAGGS EF1aALK F1174L

MYCN TRE3G BlastCAG rtta3G 2A3x FLAG 2A mScarletUCOE 2ALuc

TRE3G-FLAG-MYCN
CAGGS-ALK F1174L



 27 

(B) Western blot of how ALK and MYCN levels compared and doxycycline turning on 
MYCN expression. 
(C)  RT-qPCR analyses showing AP2A, FOXD3, NGFR, SOX9 levels are not affected 
by TRE3G-MYCN expression at the iPSC stage or ALKF1174L expression. 
(D) Kaplan-Meier survival curve of mice injected with MYCN NCC cells (blue), ALK NCC 
cells (green), MYCN/ALK NCC cells (red), and empty vector controls (black) (n =10 per 
group). P<0.05 between MYCN and MYCN/ALK groups by log-rank test.  
(E) Immunohistochemical staining for MYCN and PHOX2B in a human neuroblastoma 
tumor and a MYCN neural crest-cell derived tumor. Scale bar = 25 uM.  
 
 

We demonstrate further that expression levels of MYCN are comparable across 

generated tumors (Fig. 2.8A) but that tumor volumes are considerably higher in tumors 

expressing both ALKF1174L and MYCN compared to MYCN alone (Fig. 2.8B). 

 

Figure 2.8: MYCN and ALKF1174L accelerates tumor growth in vivo. 
(A) Western blotting of MYCN and MYCN/ALKF1174L -expressing tumors compared to 
control iPSCs. 
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(B) Average bioluminescence expressed in radiance (photons) in demarcated tumor 
fields shown for MYCN and MYCN/ALKF1174L-expressing tumors at day 45 after 
injection. 
 
 

We next performed RNA sequencing (RNA-seq) and differential gene expression 

analyses of WTC11 MYCN and MYCN/ALKF1174L tumors compared to parental trunk 

NCCs. We used principal component analyses and compared these tumors to other 

small round blue cell tumors (Fig. 2.9) and other neural crest-derived tumors (Fig. 2.10) 

from the UCSC Treehouse Childhood Cancer Initiative and found that the tumors we 

generated clustered with neuroblastoma.  

 

 
Figure 2.9: Transcriptome clustering among small round blue cell tumors 
demonstrates iPSC-derived tumors cluster with neuroblastoma. N=3 for each iPSC-
driven tumor. Comparisons are made to the publicly available transcriptomes of these 
tumors from the UCSC Treehouse Childhood Cancer Initiative. 
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Figure 2.10: Transcriptome clustering among neural crest-derived tumors 
demonstrates iPSC-derived tumors cluster with neuroblastoma. N=3 for each iPSC-
driven tumor. Comparisons are made to the publicly available transcriptomes of these 
tumors from the UCSC Treehouse Childhood Cancer Initiative. 
 
 
Gene set enrichment analyses from the RNA-seq comparison of MYCN vs 

MYCN/ALKF1174L tumors revealed five pathways that were differentially upregulated in the 

MYCN/ALKF1174L subset compared to MYCN alone (Fig. 2.11). From our isogenic system, 

these pathways could be specifically attributed to ALKF1174L expression. The most 

significant and highest number of genes whose expression changed were in the integrin 

signaling pathway. There has previously only been limited evidence to suggest that ALK 

signaling and integrin signaling are related and possibly could cooperate in 

neuroblastoma (Noh et al., 2018).  
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Figure 2.11: RNA-seq of MYCN/ALK tumors demonstrates upregulation of integrin 
signaling pathway in neuroblastoma. Integrin signaling pathway, 5-Hydroxytrypamine 
degradation, gamma-aminobutyric acid (GABA) synthesis, axon guidance mediated by 
Slit/Robo, and the PI3-kinase pathway were the only five pathways significantly altered. 
 

We next confirmed that integrin expression of ITGAV, ITGB1, ITGB3, and ITGB5 were 

higher in twelve MYCN/ALKF1174L-expressing tumors compared to four MYCN-driven 

tumors (Fig 2.12A). We generated CRISPRi guides against these integrin genes and 

demonstrate knockdown as measured by RT-qPCR at the iPSC stage (Fig. 2.12B). 

Further, we found the expression of long non-coding RNA H19 to be highly elevated in 

MYCN/ALKF1174L-expressing tumors (Fig. 2.12C). The lncRNA H19 has been identified 

as dysregulated and specifically upregulated in multiple cancers and may regulate 

integrin expression  in some cancers (Ghafouri-Fard, Esmaeili and Taheri, 2020) (Sasaki 

et al., 2018). 
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Figure 2.12 Integrin expression is increased in MYCN/ALK tumors. 
(A) RT-qPCR comparison of ITGAV, ITGB1, ITGB3, and ITGB5 levels in 12 MYCN/ALK 
tumors compared to 4 MYCN tumors.  
(B) CRISPRi knockdown of ITGAV, ITGB1, ITGB3, and ITGB5 in human WTC11 iPSC 
cells. 
(C) RT-qPCR analysis shows that H19, encoding a lncRNA that regulates integrin 
signaling, is significantly increased in 12 MYCN/ALK tumors compared to 4 MYCN 
tumors. 
 
 
 
MYCN P44L misexpression is more tumorigenic than MYCN misexpression in 

neuroblastoma 

 

We then attempted to explore new biology in neuroblastoma, including what the 
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A B

C

0

1

2

3

4

5

6

7

ITGAV ITGB1 ITGB3 ITGB5

F
ol

d 
ex

pr
es

si
on

 o
ve

r 
M

Y
C

N
 tu

m
or

0

0.5

1

1.5

ITGAV ITGB1 ITGB3 ITGB5

Fo
ld

 e
xp

re
ss

io
n 

ov
er

 c
on

tro
l s

gR
N

A Control sgRNA

Integrin sgRNA

Knockdown of integrin genes in MYCN/ALK iPSCIntegrins upregulated in MYCN/ALK tumors

MYCN
MYCN/ALK

0

5

10

15

20

25

30

35

40

45

H19

Fo
ld

 e
xp

re
ss

io
n 

ov
er

 M
Y

C
N

 tu
m

or
s

MYCN
MYCN/ALK

H19 upregulated in MYCN/ALK tumors



 32 

has MYCN P44L mutation (Pugh et al., 2013). MYC has also been identified as a 

transforming oncogene in a clinically significant estimated 10% of high-risk 

neuroblastoma cases distinct from the MYCN-high subset (Zimmerman et al., 2018). 

There have heretofore been no isogenic models to compare the contributions of MYCN 

P44L vs. CMYC vs MYCN. We set out to distinguish any difference in survival, gene 

expression, and differential binding in our human iPSC model.  

The N-terminal area of MYCN is intrinsically disorganized but contains the 

phosphodegron site affecting MYCN stability and a MYC Box I (MBI) and transcriptional-

activation domain. A model of MYCN N-terminal structure and important sites is shown in 

Fig. 2.13. 

 
 

Figure 2.13: Model of N-terminus of MYCN showing P44L mutation 
 
 
We introduced MYCN P44L and CMYC constructs into our iPSC-based neuroblastoma 

system, such that they were expressed at similar levels under the same promoter in an 

inducible manner (Fig. 2.14A), thus generating an isogenic system in which to directly 

compare MYCN vs. MYCN P44L vs. CMYC. Intriguingly, we found that misexpression 

of the MYCN P44L mutant significantly decreased tumor latency (Fig. 2.14B) while 
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misexpression of CMYC did not significantly affect mouse survival (Fig. 2.14C). We 

compared expression levels of transcription factors identified in the core regulatory 

circuitry (CRC) of neuroblastoma. The expression levels of PHOX2B, HAND2, and 

DBH, were significantly increased in the MYCN P44L tumors (Fig. 2.14D).  

 

 

Figure 2.14: MYCN P44L mutation decreases tumor latency and increases CRC 
levels while CMYC misexpression has similar penetrance and latency compared to 
MYCN. 
(A) Western blotting of doxycycline-inducible MYCN, MYCN P44L, and CMYC. 
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(B) Survival curves of mice injected with MYCN P44L and MYCN WT expressing trunk 
neural crest cells. (n = 5 per group) p<0.05. 
(C) Survival curves of mice injected with CMYC and MYCN WT expressing trunk neural 
crest cells. (n = 5 per group).  
(D) qRT-PCR analyses of PHOX2B, HAND2, and DBH expression in MYCN P44L and 
MYCN WT tumors. n=5 tumors per group. 
 

 

NF1 loss of function accelerates MYCN-driven tumorigenesis  

 

We next explored if NF1 CRISPR knockout would also accelerate MYCN-driven 

tumorigenesis similar to ALK misexpression, which has been previously been shown in 

zebrafish models to accelerate neuroblastoma (He et al., 2016). We generated NF1 

CRISPR sgRNAs (Fig. 2.15A) that we introduced as lentivectors into WTC11 neural crest 

cells. Western blotting suggested NF1 expression was decreased in the bulk cell 

population though minimal effects on downstream MAPK signaling was detected by 

phospho-Erk (Fig. 2.15B). The combination of NF1LOF and MYCN significantly decreased 

tumor latency compared to MYCN misexpression alone in survival studies (Fig. 2.15C). 

Bioluminescence imaging of NF1LOF/MYCN mice showed that particular mice grew large 

tumors by day 63 and that one of these mice showed gross metastases from an 

aggressive tumor (Fig. 2.15D). 
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Figure 2.15:  MYCN overexpression cooperates with NF1LOF to transform NCCs to 
neuroblastoma in a human iPSC model.  
(A) Surveyor assay of NF1 CRISPR cutting. 
(B) Western blotting in WTC11 neural crest cells showing that NF1 sgRNA decreases 
NF1 expression but has minimal effects on phospho-Erk levels. 
(C) Kaplan-Meier survival curve of mice injected with MYCN (blue), MYCN/NF1LOF (red), 
and NF1LOF (orange), and empty vector control cells (black). N = 5 per group. p <0.05 
(log-rank test). 
(D) Bioluminescence expressed in radiance (photons) in demarcated tumor fields 
shown for MYCN/NF1LOF-expressing tumors at day 63 after injection with the center 
mouse demonstrating gross metastases on this day. 
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Exploring TERT in neuroblastoma 

 

Translocations in TERT are prevalent in high-risk neuroblastomas and are thought to 

contribute to an aggressive phenotype (Valentijn et al., 2015) (Peifer et al., 2015). These 

translocations are thought to juxtapose the TERT locus next to strong enhancer elements 

that dramatically increase expression. MYCN is also a transcriptional activator of TERT 

and thus high-risk neuroblastoma may converge on a phenotype of long telomeres. 

(Valentijn et al., 2015) (Peifer et al., 2015). Existing whole genome sequencing (WGS) 

TARGET tumor data is shown in Fig. 2.16 and shows a number of chromosomal 

alterations around the TERT locus. 

 
 

 
Figure 2.16: Chromosomal alterations surrounding the TERT (RefSeq) locus from 
TARGET dataset of human neuroblastoma tumors. 
 
 
 
 
 
 

TERT region copy number profiles of 25 samples harboring  
rearrangements 

Deletion  Inversion Duplication Translocation

-> deletion = chr5:13982706
inversion

-> deletion = chr5:51149685
chr5:1331915 -> distal-duplication= chr5:15831020

->Interchromosomal ->chr10:8105872
->Interchromosomal ->chr10:78722055

-> deletion = chr5:67939809
->complex->chr4:175056852-175061857
->Interchromosomal ->chr2:78722055

-> deletion = chr5:51077911
->Interchromosomal ->chr11:83805372

->complex->chr5:20799905-34404232

complex

complex
complex
complex

complex
->Interchromosomal ->chr6:22883211

->Inversion->chr5:158124988
->Interchromosomal ->chr4:175056852; chr4:175236989

complex

complex
-> deletion = chr5:1295433



 37 

 
We asked if we could mimic a TERT translocation resulting in high TERT expression by 

lentiviral overexpression of TERT. We generated a lentiviral construct to express TERT 

cDNA (Fig. 2.17A), and found that expression of TERT could be elevated in HEK293T 

cells and WTC11 neural crest cell populations (Fig. 2.17B). This represented a fold-

change expression around 76.2x baseline (Fig. 2.17C). This may not be biologically 

comparable to the 1000-fold levels reported in human tumors (Valentijn et al., 2015). We 

found that increasingly infecting the neural crest cells could increase TERT expression 

though TERT is notoriously difficult to detect by western blotting (Fig. 2.17C). When we 

combined TERT with the ALKF1174L and NF1LOF mutations previously described in this 

chapter, we found through bioluminescence imaging over time that the combinations of 

TERT with either mutation were still not achieving close to the signal of MYCN alone. 

When we looked further at the TERT/NF1LOF signal over time, it was evident that while 

masses could be detected early, these masses shrank over time (Fig. 2.18). TERT 

misexpression on its own never achieved any observable signal (data not shown). This 

could suggest that activation of RAS/MAPK signaling through ALKF1174L or NF1LOF may 

trigger senescence over time without a strong bypass, which could include MYCN 

misexpression or extremely high TERT expression we did not achieve.  
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Figure 2.17: TERT misexpression in human iPSC model does not generate tumors 
(A) Lentivector construct generated to exogenously express TERT during the NCC 
differentiation process. 
(B) Western blotting showing that TERT levels are increased in HEK 293Ts and WTC11 
NCC populations. 
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(C) RT-qPCR analysis comparing transduced TERT expression over NCC TERT levels 
comp (* p<0.05), and that TERT expression through serial transduction. 
(D) Graph measuring bioluminescence signal in radiance (photons) over time after 
injection. 
 
 
 
 

 
 
Figure 2.18: TERT and NF1 combination mutations grew masses that shrank over 
time. Bioluminescence imaging expressed in radiance (photons).  
 
 
Part 4: Discussion and future directions 
 
 

We have generated a working human iPSC model of neuroblastoma that 

recapitulates human disease. While hybrid iPSC models now exist that have strengths 

for exploration of tumor microenvironment, our isogenic model still presents significant 

strengths in dissecting genetic requirements and contributions. The model also generates 

tractable platforms for future genetic screening and even exploration of human 

chromosomal alterations including chromosome 1p and 11q loss.  There have been only 
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limited studies exploring integrin signaling in neuroblastoma (Wu et al., 2008) (van Golen 

et al., 2003) (Meyer et al., 2004). We are currently working to genetically and functionally 

explore the direct contributions of ALKF1174L in potentially regulating integrin signaling and 

lncRNA H19 expression.   

As of the writing of this dissertation, we have submitted these tumors for RNA-seq 

and ChIP-seq and are eagerly awaiting results. We are especially interested in potential 

differences in MYCN binding with the P44L mutation, due to its location in a MYC Box 

and transactivation domain, as well as its proximity to other important sites regulating 

stability of MYCN. 

Related to the findings related to TERT, we hypothesize that activation of MAP 

kinase in response to ALKF1174L or NF1LOF drives senescence in neuroblastoma, and that 

very high levels of TERT enable high-risk neuroblastomas to bypass this telomere-

dependent senescence checkpoint. Our future studies will seek to model the 

translocations that activate TERT expression and dissect the relationship between MYCN 

and TERT in neuroblastoma, MYCN driving transcriptional activation of TERT and 

converging on similar telomere length phenotypes with TERT-translocated tumors. 
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Chapter 3: Engineering an iPSC model of medulloblastoma 
and approaching a low grade glioma model 
 
 
 
 
Part 1: Engineering an iPSC model of medulloblastoma (excerpted from Huang et 
al., 2019) 
 

Neural stem cell culture systems could potentially advance our understanding of human 

brain development and disease (Gage, 2000). The capture of self-renewing neural 

progenitor cells in vitro provides scalable cell populations for biochemical or genetic 

studies. Importantly, neural stem cells can be genetically manipulated or differentiated in 

a controlled environment and therefore allow functional studies that would not be possible 

in human brain. 

It has been postulated that brain tumors could develop from neural progenitors that 

deviate from their developmental pathway (Reya et al., 2001). Ex vivo culture of cell 

populations that are susceptible to tumorigenesis may provide insight into how neural 

progenitors become malignant (Koso et al., 2012) (Pollard et al., 2009). A specific 

subpopulation of long-term neuroepithelial stem (NES) cells can be captured from human 

pluripotent stem-cell-derived neural rosettes and propagated long-term in culture (Falk et 

al., 2012) (Koch et al., 2009). These cells maintain neuroepithelial properties in culture; 

the expression of rosette-stage-specific markers such as SOX1, PLZF1, DACH1, 

and MMNR1; and high neurogenic potency. They exhibit hindbrain regional identity, 

including expression of GBX2 and KROX20, and maintain responsiveness to ventral and 

dorsal cell fate cues in a similar way to the developing neuroepithelium (Koch et al., 2009). 

Furthermore, stem cells expanded directly from the rostral hindbrain neuroepithelium of 



 42 

5- to 6-week human fetuses show characteristics similar to human induced pluripotent 

stem cell (iPSC)-derived NES cells, suggesting that these cells are indeed representative 

of neuroepithelial progenitors in the cerebellar primordium (Tailor et al., 2013). NES cells 

maintain potency for the cerebellar lineage both in vitro and following orthotopic 

transplantation, including differentiation to cerebellar granule neural precursor (GNP) 

cells (Tailor et al., 2013). Moreover, they are scalable, genetically stable after long-term 

passages, and amenable to gene editing and drug screening platforms (Danovi et al., 

2010) (Falk et al., 2012) (McLaren et al., 2013). However, the tumorigenic potential of 

hindbrain NES cells in the context of tumor-predisposing mutations has not yet been 

explored before this study. 

MYCN Drives Transformation of Normal Human iPSC-Derived NES Cells to SHH 
Medulloblastoma 

 

We first asked whether neuroepithelial stem (NES) cells can be transformed into brain-

tumor-initiating cells by a known driver of medulloblastoma. Amplification 

of MYCN correlates with high-risk SHH medulloblastoma, and MYCN can drive 

medulloblastoma in germline and non-germline genetically engineered mouse models 

(GEMMs) (Swartling et al., 2010) (Swartling et al., 2012). Human iPSCs derived from 

keratinocytes of a karyotypically normal adult (WTC10) using episomes (Hayashi et al., 

2016) were converted into NES cells as described previously (Falk et al., 2012) (Koch et 

al., 2009) and retained a normal karyotype. Subsequently, NES cells were transduced 

with FLAG-tagged MYCN (Fig. 3.1A-B), leading to increased proliferation and a higher 

proportion of cells in S phase compared to NES cells transduced with empty vector (Fig. 
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3.1C-D). We implanted empty vector control and MYCN NES cells orthotopically in 

immunocompromised mice. MYCN NES cells generated tumors between 42 and 57 days 

post-injection (Fig. 3.1E). Tumors extracted from cerebellum were transplantable, 

indicating malignancy. Histological analysis revealed an embryonal neoplasm with 

anaplastic features and immunopositive for synaptophysin, a neuronal marker 

characteristic of human medulloblastoma, and for FLAG-tagged MYCN (Fig. 3.1F, 3.2A). 

Although human pluripotent stem cells have been described to spontaneously acquire 

dominant-negative p53 mutations leading to basal expression of p53 (Merkle et al., 2017). 

p53 was undetectable by immunohistochemical analysis (Fig 3.2B-C). 
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Figure 3.1: MYCN Drives Transformation of NES Cells to Medulloblastoma 
(A) Schematic showing differentiation of iPSCs to NES cells, transduction with FLAG-
MYCN, and orthotopic implantation into mice.  
(B) Western blot showing misexpressed MYCN in normal WTC10 NES cells. 
(C) Empty vector and MYCN NES cells were treated with 5-ethynyl-20-deoxyuridine 
(EdU) for 1 h and analyzed via flow cytometry. MYCN NES cells show increased EdU 
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incorporation and S-phase fraction. Data are presented as mean ± SEM; *p < 0.05 (t 
test).  
(D) CyQuant Direct cell proliferation analysis showing increased proliferation in MYCN 
NES cells. Data are presented as mean ± SEM; *p < 0.05 (t test).  
(E) Kaplan-Meier survival curve of mice injected with empty vector and MYCN NES 
cells (n = 4). p = 0.004 (log-rank test). 
(F) (Left) Low magnification (50x) of H&E staining of WTC10 MYCN tumors showing 
implanted MYCN NES cells expanding and distorting the mouse cerebellum and 
invading down Virchow- Robin spaces (arrow). (Middle) High magnification (400x) of 
H&E staining revealing anaplastic features including frequent mitoses (arrows), cell-cell 
wrapping (black arrowhead), prominent nuclei (red arrowhead), and karyorrhexis (red 
arrow) characteristic of large cell and/or anaplastic medulloblastoma. (Right) Immuno- 
histochemical staining for synaptophysin (SYP) highlighting neuroblastic 
pseudorosettes. Scale bars represent 200 mm for 50x images and 20 mm for 400x 
images.  
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Figure 3.2: Expression of FLAG-MYCN and p53 in WTC10 MYCN tumors.  
(A) Immunohistochemical staining of WTC10 MYCN tumors show positive staining for 
FLAG (MYCN). 
(B) Immunohistochemical staining of WTC10 MYCN tumors show negative staining for 
p53. Scale bars indicate 20um.  
(C) Quantitation of staining for FLAG and p53. A minimum of three fields of 40x view 
were analyzed per tumor, with approximately 400 cells in each field of view. Data 
represent mean + SEM.  

 

Next, we compared molecular characteristics of tumors derived from MYCN NES cells 

(referred as WTC10 MYCN tumors) with human medulloblastoma patient tumors. 

GEMMs have been previously reported to lack DNA methylation changes found in human 

 3  
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medulloblastoma (Diede et al., 2013). Using Illumina methylation arrays, we identified 66 

differentially methylated regions (DMRs) comparing human patient SHH 

medulloblastoma (amplified for MYCN) to normal cerebellum, whereas 130 DMRs were 

identified in WTC10 MYCN tumors (data not shown). The majority of these DMRs were 

hypermethylated in both sets of tumors. WTC10 MYCN tumors showed similar focal 

changes in methylation in regions that overlapped 41% (27/66) of the DMRs found in 

medulloblastoma tumors from patients (Fig 3.3A). 

We then performed RNA sequencing (RNA-seq) and differential gene expression 

analysis of WTC10 MYCN tumors and parental NES cells. Among the 10 most 

upregulated genes in WTC10 MYCN tumors compared to NES cells were genes 

previously linked to cancer progression and malignancy include AVP, BARHL1, HELT, 

and LMX1A (Pöschl et al., 2011) (Sun, Ghaffari and Taneja, 2007) (Sun et al., 2017) (Tsai 

et al., 2013) Global transcriptome analysis also indicated that WTC10 MYCN tumors 

resembled medulloblastoma more closely than normal brain and other pediatric brain 

tumors (glioblastoma, pilocytic astrocytoma, and ependymoma (Fig. 3.3B) 

Previously, we generated a GEMM of medulloblastoma driven by misexpression 

of MYCN (referred as GTML) (Swartling et al., 2010). The transcriptome of GTML GEMM 

tumors aligned with group 3 medulloblastoma, a subgroup in which patient tumors 

commonly amplify CMYC and only rarely amplify MYCN (Northcott et al., 2017). In 

contrast, WTC10 MYCN tumors clustered with SHH medulloblastoma (Fig 3.3C-D). In 

support of WTC10 MYCN tumors representing SHH medulloblastoma, 

WTC10 MYCN tumors, compared to parental NES cells, showed increased expression 

of ATOH1, a marker of GNP cells, a cell of origin for SHH medulloblastoma. Thus, the 
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human stem cell-based model of medulloblastoma showed greater similarity to the 

relevant primary tumor, as compared to a tumor created in mouse cells using the same 

oncogenic driver. 

 

Figure 3.3: WTC10 MYCN Tumors Align with SHH Medulloblastoma 
(A) Genomic DNA was extracted from WTC10 MYCN tumors and analyzed via Illumina 
methylation arrays. Differentially methylated regions (DMRs) relative to normal human 
cerebellum were identified in SHH medulloblastoma (MB) from patients with MYCN-
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amplified tumors (top) and compared with WTC10 MYCN tumors (bottom). The 
complexity of overall methylation differences (comparing normal cerebellum with each 
tumor type) was similar in WTC10 MYCN tumors and human medulloblastoma tumors, 
contrasting a published report comparing GEMM models (including MYCN-driven 
GEMMs) with human tumors (Diede et al., 2013).  
(B) Comparing transcriptomes of WTC10 MYCN tumors with other pediatric brain 
tumors using principal component analysis (PCA) showed WTC10 MYCN tumors 
aligned best with medulloblastoma.  
(C and D) Comparison of transcriptomes of human WTC10 MYCN tumors and murine 
MYCN-driven GEMM tumors (GTML, Swartling et al., 2010) with four major subgroups 
of medulloblastoma using (C) PCA and (D) support vector machine (SVM) classification. 
WTC10 MYCN tumors aligned with SHH subgroup, whereas GTML aligned with group 3 
medulloblastoma. For SVM, colors indicate class prediction probabilities (blue, low; red, 
high), and asterisks denote the predicted class.  
 
 
Part 2: Approaching a model of low-grade glioma  
 
 
We were next interested in using our human iPSC model to approach NF1 and FGFR1 

mutations in low-grade glioma. Pilocytic astrocytoma is often associated with mitogen-

activated protein kinase (MAPK) pathway activation (Jones et al., 2013), including loss of 

NF1 and FGFR1 somatic mutations including N546K and N656E (Jones et al., 2013) 

(Zhang et al., 2013). A schematic of our approach is shown in Fig. 3.4. Using our 

established neuroepithelial cell protocol and approaching glial progenitors (Denham and 

Dottori, 2011) and oligodendroglial progenitors (Douvaras and Fossati, 2015). While we 

first wanted to implement CRISPRi knockdown of NF1, we found that knockdown which 

was readily achieved in WTC11 iPSCs (Fig. 3.5A-B) was not sustained in neural crest 

cell and neuroepithelial cell populations (Fig. 3.5C-D), a reoccurring issue that makes 

CRISPRi studies in differentiated cell populations tricky for researchers interested in 

genetic manipulation of stem cell derivatives.  
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Figure 3.4: Schematic to model low grade glioma 
 
 

 

Figure 3.5: CRISPRi knockdown of NF1 is affected by cell state. 
(A) Western blot of NF1 knockdown in human iPSCs 
(B) RT-qPCR of relative NF1 mRNA expression in human iPSCS 
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(C) RT-qPCR of relative NF1 mRNA expression in human neural crest cells (NCC) 
(D) RT-qPCR of  relative NF1 mRNA expression in human neuroepithelial cells (NES) 
 
 

We next demonstrated that we can knockout NF1 via CRISPR (Fig. 3.6A) and express 

FGFR1 mutants (Fig. 3.6B) in neural stem cell populations. This gives us the template to 

compare these same mutations in astroglial and oligodendroglial cell populations and 

undergo long-term in vivo studies to hopefully recapitulate a lower-grade glioma.  

 

 

Figure 3.6: NF1 knockout and FGFR activation in neuroepithelial cells sets up 
cells for in vivo studies. 
(A) Western blot of NF1 CRISPR knockout in neuroepithelial cells. 
(B) Western blot of two FGFR1 point mutants, N546K and N656E.  
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precursor cells on day 41 while plated is shown in Fig. 3.7A. On Day 57, O4 positive 

cells can be detected with live imaging (Fig. 3.7B).  

 

 

 

Figure 3.7: Oligodendroglial precursor differentiation of NF1LOF iPSCS. 
(A) Spheres shown at day 25 and once plated, migratory cells from those aggregates on 
Day 41 at 10x magnification. 
(B) Immunofluorescence of OLIG2 (red) and live-imaging of O4 (red) in empty vector 
and NF1 knockout cells at 63x.  
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Chapter 4: TIAL1 is a regulator of alternative splicing  in 
neuroblastoma  
 

 

Part 1: Introduction 

 

The NF1 gene encodes neurofibromin, a large 2818 amino acid protein whose 

main functional domain is the GTPase-activating protein-related domain (GRD), an 

approximately 330 amino acid region which negatively regulates RAS signaling by 

catalyzing the hydrolysis of RAS-GTP into RAS-GDP (Nur-E-Kamal, Varga and Maruta, 

1993). The NF1 gene is known to have multiple alternatively spliced transcripts, each with 

the addition of a single exon (Shen, Harper and Upadhyaya, 1996).  

MYCN-amplified neuroblastomas enrich for MAPK pathway activation (Petrov et 

al., 2017), and high MYCN and high MAPK signaling correlate in human neuroblastoma 

tumors (Molenaar et al., 2012). RAS-GTP levels are known to be elevated in MYCN-

amplified neuroblastoma cell lines (Yaari et al., 2005). MYCN is also thought to play a 

role in alternative splicing in neuroblastoma (Guo et al., 2011) (Zhang et al., 2016) (Chen 

et al., 2015). 

NF1 and RAS/MAPK pathways alterations have been implicated in high-risk 

neuroblastoma (Hölzel et al., 2010) (Eleveld et al., 2015) (Eleveld et al., 2018). TIAL1 and 

TIA1 are RNA-binding proteins that regulate alternate splicing of NF1 (Zhu et al., 2008). 

Inclusion of exon 23a results in an NF1 alternative splicing isoform that regulates RAS-

GTP up 10 times more weakly (Yunoue et al., 2003), meaning that inclusion of NF1 exon 
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23a can lead to increased MAPK signaling. A diagram is shown in Fig. 4.1 of NF1 function 

with exon 23a inclusion. 

 

 

Figure 4.1 Schematic of NF1 exon 23a inclusion and RAS regulation. Exon 23a is in 
the GTPase activation portion. Inclusion of 23a leads to increased Ras activation. 
 

 

Part 2: Exploring the MYCN-TIAL1-NF123a Axis in neuroblastoma 

  

We found that the SHEP-MYCN line has increased expression of TIAL1 compared to 

SHEP and that shMYCN knockdown of MYCN in two MYCN-high expressing lines SK-N-

BE(2)C and Kelly (Fig. 4.2A). MYCN was found to bind to the promoter of TIAL1 through 

ChIP-seq analyses (Fig. 4.2B). Analyses of TARGET neuroblastoma tumors 

demonstrates a significant correlation between MYCN and TIAL1 levels (as well as MYCN 

and TIA1 levels, though TIA1 is not the focus of these studies) (Fig. 4.2C) . Survival data 

shows that higher expression of TIAL1 correlates with decreased survival (Fig. 4.2D). 
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Figure 4.2: MYCN regulates TIAL1 expression and high TIAL1 expression.   
(A) SHEP and SHEP-MYCN, and two MYCN-high neuroblastoma  cell lines were 
blotted for MYCN and TIAL1. 
(B) ChIP-seq for MYCN on COGN415, Kelly, LAN5, NB69, NB1643, and NGP 
neuroblastoma cell lines at the TIAL1 promoter. 
(C) Comparison of RNA-seq on the compared to a sister alternative splicing protein 
TIA1 in same panel of cell lines as in (B). 
(D) Comparison of patient survival curves in the Kocak dataset from the R2 database.   
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We next looked at how TIAL1 could affect NF1 exon 23a inclusion and found that higher 

levels of MYCN led to higher exon 23a inclusion (Fig. 4.3A), and that levels of TIAL1 and 

NF1 exon 23a were correlated (Fig. 4.3B). Finally, analyses of recurrent tumors in the 

TARGET dataset show that recurrent tumors have significantly higher expression of NF1 

with exon 23a included (Fig. 4.3C). 

We next aimed to knockdown TIAL1 levels with CRISPRi and found that 

knockdown of TIAL1 led to decreased NF1 23a/NF1 WT ratio (Fig. 4.4A-B), and that 

knockdown of TIAL1 may increase tumor latency (Fig. 4.4C), though this should be 

validated in other cell lines. 
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Figure 4.3: Higher TIAL1 expression leads to higher NF1 23a inclusion. 
(A) PCR and DNA agarose gel representing relative amounts of 23a and WT NF1 
mRNA are quantified. Standard error levels are shown.  
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(B) Compilation of TIAL1 mRNA expression and NF1 23a inclusion mRNA expression 
by RT-qPCR and mapping a line of best fit to these values. Y=0.8608x + 0.6081, R2 = 
0.53. 
(C) Comparison of NF1 23a transcript levels from RNA-seq in primary and recurrent 
tumors in the TARGET dataset. p = 0.014 by log-rank test.  
 

 

 

Figure 4.4: TIAL1 knockdown decreases NF1 23a/NF1 ratio and increases tumor 
latency. 
(A) Dox-inducible dCas9 for TIAL1 knockdown and demonstration that TIAL1 can be 
knocked down and overexpressed.  
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(B) RT-qPCR analysis comparing NF1 23a-included/NF1 23a-excluded mRNA in cells 
with and without TIAL1 CRISPRi knockdown.  
(C) Kaplan-Meier survival curve of mice injected with IMR32 TIAL knockdown and 
IMR32 WT cells (n = 5). p < 0.05 (log-rank test). 
 
 
Part 3: Discussion and future directions 
 

Evidence continues to accumulate that activation of the RAS/MAPK pathways 

confers special resistance to therapy and result in highly aggressive neuroblastoma. We 

have explored one potential mechanism by which MYCN could regulate MAPK signaling 

through alternative splicing of NF1 via TIAL1. We have demonstrated that MYCN 

transcriptionally regulates TIAL1 expression and this controls the ratio of NF1 23a 

inclusion/exclusion expression in neuroblastoma cell lines. Further, knockdown of TIAL1 

may increase tumor latency. 

Since we already have TIAL1 constructs, there are more gain-of-function 

experiments to do to confirm how TIAL1 overexpression affects 23a inclusion. Further, as 

we acquire NF1 GRD constructs, we intend to further explore how we can modulate and 

disrupt this axis. We hope to conduct more in vivo studies to solidify the importance of 

this pathway in neuroblastoma and conduct RNA-seq studies to explore further transcripts 

that may be regulated by TIAL1. 

If activation of TIAL1 in MYCN-amplified neuroblastoma activates MAP-kinase 

signaling in primary tumors at diagnosis, treatment of these tumors could select for further 

flux through MAP-kinase signaling to possibly drive resistance at relapse. If MAP-kinase 

signaling enables rare cells to evade therapy in MYCN-amplified, genomically unstable 

tumors, then chemotherapy could select for further resistance through mutational 

activation of MAP-kinase signaling. We are eager to further explore these possibilities. 
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Chapter 5: Methods 

 

Ethics statement 

WTC10 and 11 iPSC were obtained from a healthy adult as previously described49. 

Informed consent has been obtained from all subjects. All protocols used in this study 

were approved by Human Gamete, Embryo and Stem Cell Research Committee of the 

University of California, San Francisco Stem Cell Research Oversight Committee and the 

methods were carried out in accordance with the approved guidelines. 

 

iPSC culture 

Male WTC10 and WTC11 iPSC were maintained on GelTrex coated 6-well plates in 

mTeSR1 media in a humidified 37°C incubator with 5% CO2. Cells were passaged every 

4-5 days using Accutase (and plated at 200-300,000 cells/well of a 6-well plate in 2mL 

mTeSR1 with 2uM of Thiazovivin. All experiments using iPSC in the William A Weiss lab 

(UCSF) were approved by Human Gamete, Embryo and Stem Cell Research Committee 

of the UCSF Stem Cell Research Oversight Committee. All experiments using iPSC in 

the Austin Smith lab (University of Cambridge) were performed under ethical approval 

from the Cambridgeshire Research Ethics Committee (Reference 96/085). The storage 

and use of human tissue was approved by the Human Tissue Authority, UK (License 

number 12196).  
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Differentiation to neural crest cells and sympathoadrenal cells 

Dalton NCC differentiation protocol was performed as previously described with 

modifications (Menendez et al., 2011). Briefly, SB431542 (Tocris) was used at 10 uM 

instead of 20 uM and the GSK3β inhibitor CHIR99021 (Tocris) was used at 3 uM instead 

of BIO. LDN-193189 (Tocris) was used at 500 nM. Doxycycline (Sigma) was used at a 

working concentration of 0.1-1.0 ug/mL. 

Differentiation of human PSC to trunk NCC was performed using the modified Dalton 

protocol with Retinoic Acid (1 uM, Sigma Aldrich) added starting at Day 3 and maintained 

throughout the duration of the protocol (Day 11). Differentiation to adrenal chromaffin-like 

population completed as published (Abu-Bonsrah et al., 2017) 

Antibodies 

Primary antibodies for immunofluorescence were obtained commercially for FLAG 

(Sigma), MYCN (Santa Cruz Biotech), GAPDH (Millipore), HNK1 (Sigma Aldrich), 

GAPDH (Cell Signaling), p75 (Advance Targeting Systems), p53 (Agilent), FOXD3 (R&D 

Systems), SOX10 (R&D Systems), PHOX2B (Proteintech), DBH (Abgent),  TH (R&D 

Systems), Synaptophysin (Cell Signaling), CD99 (Thermo Fisher), NCAM1 (Abcam), 

TIAL1 (Abcam), TIAL1 (BD Scientific), TERT (Abcam), NF1 (Santa Cruz Biotech), CMYC 

(Santa Cruz Biotech), Cas9 (Abcam), Actin (Santa Cruz Biotech), HSP90 (Santa Cruz 

Biotech), FGFR1 (Cell Signaling), p-FGFR1 (Cell Signaling), ERK2 (Santa Cruz Biotech), 

p-ERK (Cell Signaling). Secondary antibodies were the complete Alexa Fluor spectrum 

obtained from Life Technologies, goat anti-Rabbit (Cell Signaling), and horse anti-Mouse 

(Santa Cruz). 
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Animals 

Immunocompromised (NOD-scid IL2Rgammanull or NSG) 6-8 week old female mice used 

for transplantation were purchased from Jackson Labs. Mice were maintained in the 

Animal Facility at UCSF. All experiments were performed in accordance with national 

guidelines and regulations, and with the approval of the IACUC at UCSF. 300,000 cells 

in 5uL of NES cell medium were injected per mouse. Injections were performed using a 

stereotactic machine starting from lambda 2mm right, 2mm down and 2mm deep. 1x106 

neural crest cells were injected orthotopically into the renal capsules of mice. Mice were 

euthanized at endpoint, which was either signs of tumor growth (e.g., hunched back, 

weight loss, head tilt, etc) or 1 year post transplantation. Mice were fed Dox chow when 

needed immediately after surgery. 

 

Differentiation to and maintenance of neuroepithelial stem (NES) cells 

iPSC differentiation to NES cells was performed as previously described (Koch et al., 

2009). Briefly, iPSC were cultured as embryoid bodies in KSR medium 

with SB431542 (10uM), LDN193189 (500nM) for 3 days, N2 medium (DMEM/F-12 (0.5x) 

& Neurobasal medium (0.5x), N2 supplement (0.5x), B27 supplement (0.5x)) for 6 days 

and plated on poly-L-ornithine/laminin coated plates for another 6 days in N2 medium. 

Rosettes were picked, dissociated in Accutase for 5 min at 37°C and plated on poly-L-

ornithine/laminin coated wells in NES cell medium (DMEM/F-12, Glutamax, 1x N2 

supplement, 0.05x B27 w/o vitamin A supplement, 1.6g/L Glucose, 10-20ng/mL EGF, 10-

20ng/mL FGF2) in a humidified 37°C incubator with 5% CO2. NES cells were fed daily 
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and passaged every 3-4 days using TrypLE Express and plated at 500-600,000 cells/well 

of a 6-well plate in 2mL NES cell medium. 

 

CRISPR plasmid and mutation detection 

sgRNA targeting of various genes were designed using http://crispor.org and cloned into 

pLentiCRISPR v2. After cells were transduced with plasmids encoding Cas9 and sgRNA, 

we selected the cell population with puromycin. Genomic DNA was extracted, and PCR 

was performed across the targeted junction using Accuprime HiFi Taq. Primers for sgRNA 

and PCR were obtained from IDT Technologies. PCR products were digested using 

Surveyor Nuclease mutation detection kit and visualized on 10% TBE gels stained in 

GelRed. To identify mutations and quantitate efficiency of mutations, amplicon 

sequencing was performed using services provided by GENEWIZ. 

 

RT-qPCR 

RNA was extracted using an RNA extraction kit (Zymo Research). 500ng of RNA was 

converted to cDNA using Vilo Superscript (Thermo Fisher) in a 20uL final volume and the 

following settings: 25°C for 10min, 42°C for 60 min and 85°C for 5 min. cDNA was then 

diluted in 80uL of water and qPCR was performed in a 384 well plate using SYBR green 

(KAPA Biosystems) on an AB7900HT machine with the following settings: 95°C for 1 min, 

40 cycles (95°C for 3 s and 60°C for 1 min). Each qPCR reaction occurred in final volume 

of 10uL containing 5uL SYBR mastermix, 5uM of each forward and reverse primer, and 
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0.4uL of the cDNA. Gene expression was normalized to GAPDH and represented as fold 

increase over control cell lines. 

 

Immunohistochemistry 

Extracted tumors from mice were fixed with 10% neutral-buffered formalin for 24 hours 

and changed to 70% ethanol. Tumors were paraffin-embedded and sectioned by the 

Brain Tumor Research Center at UCSF. For IHC, slides were deparaffinized, and antigen 

retrieval was performed using a pressure cooker. The Mouse on Mouse (M.O.M.) basic 

kit (Vector laboratories) was used for masking endogenous mouse antigen. The 

VECTASTAIN ABC reagent (Vector laboratories) was used for signal detection. Images 

were taken using a Zeiss AxioImager M1 microscope or Leica DFC 9000 GT microscope. 

Cells were quantified using Image J. 

 

Immunofluorescence 

Cells were plated on appropriately coated cover slips or Nunc Lab-Tek Chamber Slides 

(Thermo Fisher). Slides were equilibrated in TBST and then blocked for 10 minutes with 

Ultravision Protein Block (Thermo Scientific) and incubated overnight at 4°C with primary 

antibodies followed by incubation with secondary antibodies at room temperature for 1 

hour diluted in Dako REAL Antibody Diluent. Washes TBST were followed by incubation 

of the slides with DAPI. Stained sections were mounted in ProLong Gold antifade reagent 

(Thermo Fisher) and sealed using nail polish. Fluorescent images were taken using a 

Zeiss AxioImager M1 microscope or Leica DFC 9000 GT microscope with 40x water 

immersion objective. Images were processed using the Leica Las X software. 
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Western Blotting 

Cells were lysed using RIPA buffer with cOmplete Mini protease inhibitor cocktail (Roche) 

and PhosSTOP (Roche) before proceeding with primary and secondary antibody 

incubations as recommended. Membranes were developed by ECL (Amersham). 

 

Bioluminescence Imaging 

Bioluminescence was measured on an IVIS Lumina System (Caliper Life Science) with 

Living Image software. Mice were injected with 80 mg/kg (GTML) of D-luciferin dissolved 

in sterile saline. Tumor bioluminescence was determined 20 min after D-luciferin injection, 

as the sum of photon counts/s in regions of interest, defined by a lower threshold value 

of 25% of peak pixel intensity. 

 

Cell proliferation assays 

EdU and CyQuant Direct cell proliferation kits were used according to manufacturer 

protocol. For EdU assays, cells were treated with 10uM EdU for 1hours, fixed and 

undergone Click-iT chemistry to stain for EdU in cells. Subsequently, cells were 

counterstained in DAPI and run on BD FACSAria III to obtain the cell populations in G1, 

S and G2/M phase. For CyQuant Direct, cells were plated on 3-4 poly-l-ornithine/laminin 

coated 96 well plates at 20,000 cells per well. Each day, one plate was fixed and stained 

using the CyQuant Direct nucleic acid stain and background suppression dye and 

analyzed on a plate reader for green fluorescence in the nucleic acid stain. Raw data was 
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normalized to Day 1 measurements to determine the percentage of increase in cells on 

subsequent days. 

 

RNA-seq 

Total RNA was extracted from flash frozen tissue using a AllPrep DNA/RNA Mini Kit. 

Quality of total RNA samples was checked on an Agilent Bioanalyzer 2100 RNA Nano 

chip (Agilent). RNA samples with RNA Integrity Numbers of at least 7 were sent to 

Novogene (https://en.novogene.com/) for library preparation (polyA enrichment) and RNA 

sequencing (150 base pair Paired End reads, 50 million reads total). 

 

Differential gene expression analysis 

To examine transcriptomic differences, cDNA reads were aligned to hg19 using STAR 

alignment(v2.6.1) to generate bam files (Dobin et al., 2013). Unnormalized gene read 

counts were generated using STAR. Differentially expressed genes were normalized and 

analyzed using the DESeq2(v1.22.1) package in R(v3.5.1) (Love, Huber and Anders, 

2014) 

Raw RNA-seq reads were mapped to the human genome assembly GRCh37/hg19 using 

STAR v2.5.3a. The alignment was performed with a two-pass approach, where splice 

junctions discovered during a first alignment guide the forming of a final second 

alignment. Finally, reads unmapped by STAR were subjected to a final round of alignment 

via bowtie2 2.3.4.3 (Langmead and Salzberg, 2012). Read counts for genes were 
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extracted using the featureCounts function from the subread 1.5.2 package and utilizing 

h19 gene annotations from GENCODE (Liao, Smyth and Shi, 2013). Subsequently, read 

counts were converted to measures of transcripts per million (TPM). Ensembl gene ids 

were translated to official gene symbols (HUGO Gene Nomenclature Committee; HGNC) 

in R using the biomaRt package (Durinck et al., 2005)  

 

Cross-dataset classifications 

Tumor samples were classified and compared with other brain tumors or 

medulloblastoma subgroups in R using a package for cross-platform comparisons of 

transcriptional profiles (Tamayo et al., 2007). Specifically, the script was employed using 

either the GEO: GSE85217 or GEO: GSE50161 as a model and then projecting the gene 

expression data of tumor samples onto these model data, respectively. From the various 

outputs generated by the R package, we employed the hierarchical clustering plot, 

principal component analyses plot, and results of the support vector machine 

classification in order to characterize our tumor samples. Comparisons are made to the 

publicly available transcriptomes of these tumors from the UCSC Treehouse Childhood 

Cancer Initiative. 

 

Methylation array analysis 

Raw methylation array data were processed, filtered, and normalized using the Chip 

Analysis Methylation Pipeline (ChAMP v. 2.6.4) (Morris et al., 2014) within Bioconductor 

and in R (v. 3.3.3). Human cerebellum and human medulloblastoma tumors were 



 68 

processed separately using 450K methods whereas iPSC-based tumors used EPIC 

methods. Overlapping normalized beta values from probes that passed QC (n = 348,212) 

were combined from all groups. Differential methylation analysis was performed using 

metilene (v. 0.26) (Jühling et al., 2016) with a minimum CpG length of 10, a minimum 

absolute difference of 0.1, and adjusted p values < 0.05. Overlapping DMRs were 

identified using the GenomicRanges package (v 1.26.4). 

 

Quantitation of IHC for p53 and FLAG-MYCN 

For quantitation of nuclear p53 and FLAG-MYCN staining in IHC, the number of positive 

cells was divided by the number of total cells. Positive and total cells were counted 

manually. A minimum of three fields of view were analyzed per tumor, with approximately 

400 cells in each field of view. Data represent mean ± standard error of mean. 

 

TARGET sequencing comparison 

Tumors were profiled as described (Pugh et al., 2013) (Oldridge et al., 2015). Patient 

identification was anonymized, and the study was conducted according to the U.S. 

Common Rule and after approval by the local Institution Review Boards. As an integral 

part of the Therapeutically Applicable Research to Generate Effective Treatment 

(TARGET) initiative to genomically profile high-risk neuroblastoma. The mRNA of 150 

primary neuroblastoma tumors obtained prior to any therapy and 139 tumors have 

matched DNA sequencing data from whole-exome and/or whole-genome sequencing. 
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CRISPR and CRISPRi oligo sequences: 

NF1 CRISPR oligos: 5’ -CACCGTGTGGGGAGACGGCGCTAGT - 3’, 5’ - AAAC 

ACTAGCGCCGTCTCCCCACAC - 3’, 5’ - CACCGGAAAGGATCCCACTTCCGGT - 3’, 

5’ - CACCGGAAAGGATCCCACTTCCGGT - 3’, 5’ -

AAACACCGGAAGTGGGATCCTTTCC - 3’. NF1 CRISPRi oligos: 5’ - 

TTGCTGTGATGGCTGTGGGGAGAGTTTAAGAGC - 3’, 5’ - 

TTAGCTCTTAAACTCTCCCCACAGCCATCACAGCAACAAG -3’, 5’ -

TTGCTTCCGGTGGGGTGTCATGG GTTTAAGAGC - 3’, 5’ - 

TTAGCTCTTAAACCCATGACACCCCACCGGAAGCAACAAG - 3’ ITGAV: 5’ - 

CACCGTGAGGTGCGGCGCTCACCC - 3’ 5’  -AAACGGGTGAGCGCCGCACCTCAC - 

3’ ITGB1: 5’ - CACCGCGGCGTGCGGACTTCCTCC - 3’ 5’ -

AAACGGAGGAAGTCCGCACGCCGC - 3’ ITGB3: 5’ - 

CACCGGCATCTCGTCCGCCTCCCG - 3’ 5’ - AAACCGGGAGGCGGACGAGATGCC - 

3’ ITGB5: 5’ - CACCGGGGCTGCTCCGGGTAGGGG - 3’ 5’ - 

AAACCCCCTACCCGGAGCAGCCCC - 3’ TIAL1: 5’ - 

CACCGGTCCACGCCGCCCTGGTCA -3’ 5’- AAACTGACCAGGGCGGCGTGGACC -3’ 

 
 

R2 database: 

The largest publicly available Kocak dataset GEO ID: gse45547 (Kocak et al., 2013) 

(Upton et al., 2020)) was used to compare survival curves compared to unbiased 50/50 

split of TIAL1 gene high and low expression. 
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ChIP-seq and analyses: 

ChIP for MYCN in STR-validated neuroblastoma cell lines was completed and analyzed 

as described with datasets at Children’s Hospital of Philadelphia with all data openly 

available on GEO. 

 

MYCN protein structural model 

In order to predict the protein structure, the weighted existing structural information of 

some MYCN and MYC regions from the RSCB PDB (5G1X, 6G6J, 1NKP, 2A93) were 

used in i-TASSER (Yang and Zhang, 2015) (Zhang, Freddolino and Zhang, 2017). These 

models were subsequently visualized and modified in PyMOL (v2.3) and UCSF Chimera 

(v1.13.1). The prediction is considered loose as the structure of MYCN on its own in space 

is indeterminate. Certain regions can only be crystallized when bound to a protein partner 

or to DNA, and the N-terminal region of MYCN has multiple floppy regions that cannot be 

crystallized. 

 

Statistical analysis 

For RT-qPCR, EdU and CyQuant Direct Cell proliferation assays, data points represent 

the average of 3 independent experiments ± standard error of mean and p values were 

generated by one-tailed t test (unequal variance) For Kaplan Meier survival curves, p 

values were calculated by Log-rank (Mantel-Cox test) using GraphPad Prism. For all 

statistical analyses, p value less than 0.05 was interpreted as statistically significant. 
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