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Abstract

Brain tumors represent a leading cause of cancer mortality, of which
medulloblastoma (MB) and glioblastoma (GBM) represent the most frequent malignant
pediatric and adult brain tumors, respectively. The identification of a rare clonal population
of cells, termed cancer stem cells (CSCs) or brain tumor-initiating cells (BTICs), as having
the ability to initiate, proliferate, and maintain tumor growth has offered a developmental
framework for studying MB and GBM. Evidence in support of cell signaling programs
carried forward from brain development into oncogenesis have provided opportunities for
BTIC-directed therapies targeting the key BTIC property of self-renewal. Given that neural
stem cells (NSCs) must maintain a relative balance between self-renewal and
differentiation, brain tumorigenesis may be conceptualized as a disease of unregulated
BTIC self-renewal. In this work, | aim to demonstrate the re-emergence of self-renewal
genes that regulate NSCs in BTICs, use the Wnt pathway as a model by which these genes
may be regulated in a context-specific manner, and identify clinically tractable therapies
directed at the overall BTIC self-renewal signaling machinery. Specifically, in Chapter 2,
| describe the presence of a shared signaling program between NSCs and MB BTICs
consisting of Bmil and FoxG1. In Chapter 3, | provide evidence in support of a context-
specific tumor suppressive function for activated Wnt/B-catenin signaling in MB. Lastly,
in Chapter 4, | demonstrate a CD133-AKT-Wnt signaling axis in which CD133 functions
as a putative cell surface receptor for AKT-dependent Wnt activation in GBM. Overall, the

body of this thesis offers a mechanistic model by which BTICs may be regulated and
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targeted to impair tumor growth and improve overall survivorship in childhood MB and

adult GBM.
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Chapter 1: Introduction

Preface

This thesis presents research on the role of Wnt/p-catenin signaling in regulating
the self-renewal of brain tumor-initiating cells (BTICs) in pediatric medulloblastoma (MB)
and adult glioblastoma (GBM). Seminal work for this thesis originates from the
identification of BTICs (Hemmati et al., 2003; Singh et al., 2003; Singh et al., 2004), which
provided a paradigm shift in the study and treatment of brain tumors. Specifically, for the
first time, distinct cell populations were recognized to harbour unique differences in genetic
and functional determinants of oncogenesis. Additional foundational work that inspired
this thesis stems from the characterization of Wnt/B-catenin signaling in forebrain and
hindbrain development where the pathway promotes the expansion (Chenn & Walsh,
2fddff002, 2003; W. Y. Kim et al., 2009; Zechner et al., 2003) and differentiation (Lorenz
et al., 2011; Pei, Brun, et al., 2012) of neural stem cells (NSCs), respectively. These
observations have been reproduced in human forebrain and hindbrain malignancies where
Whnt/B-catenin enhances the self-renewal of GBM BTICs (Rajakulendran, et al., 2018),
while a protective role that promotes survivorship has been implied in MB (Northcott, et
al., 2011). In this thesis the term MB and GBM will be used in reference to the pediatric
and adult forms of these malignancies, respectively. Wnt signaling will be used
synonymously with Wnt/B-catenin signaling. This introduction will provide an overview
of the current clinico-pathological features of MB and GBM, along with an overview of

Whnt/B-catenin signaling in neural development. The chapter closes with a description of
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Whnt in MB, GBM, and non-central nervous system (CNS) malignancies that have served

as models for the hypotheses generated in this thesis.

1.1 Pediatric medulloblastoma

1.1.1 Epidemiology

MB accounts for up to 20% of all pediatric brain tumors and represents the most
common malignant childhood brain tumor. Given the biphasic incidence in age of onset
with peaks at 3-4 and 8-9 years of age, most MB cases are diagnosed before 15 years of
age, making adult MB a rare occurrence (0.4-1% of adult brain tumors. The annual
incidence is estimated at 1:200,000 for children under the age of 15 (McKean-Cowdin et

al., 2013; Ostrom et al., 2018).

1.1.2 Clinical presentation and histopathology

Since MB almost exclusively occurs in the posterior fossa, patients often present
with signs and symptoms in keeping with raised intracranial pressure secondary to
hydrocephalus from obstruction of the fourth ventricle. Symptoms include nausea,
vomiting, and headache. Signs include dysmetria, diplopia due to cranial nerve six palsy,
and truncal ataxia (Packer, Cogen, Vezina, & Rorke, 1999). Neuroimaging consisting of
non-contrast computer tomography (CT) and magnetic resonance imaging (MRI) are used
to determine the presence of intracranial mass lesions. On CT, MB often appears as a

hyperdense, midline mass that enhances with the use of a contrast dye. MRI with
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gadolinium, the ideal imaging study, demonstrates heterogeneous enhancement (Tortori-
Donati et al., 1996).

Historically, MB was diagnosed by histology alone. The classic microscopic
description based on hematoxylin and eosin (H&E) staining of MB is a small, round, blue
cell tumor due to the presence of densely packed cells with prominent nuclei surrounded
by scant cytoplasm. Among this general description exist 5 histologic variants (Louis et
al., 2007): classic, desmoplastic/nodular, MB with extensive nodularity (MBEN), large
cell, and anaplastic. Clinical data indicates a favourable prognosis for the
desmoplastic/nodular variant and a worse outcome for children diagnosed with large
cell/anaplastic MBs (Louis et al., 2007). However, with the advent of molecular
diagnostics, the clinical utility of histology has become limited as molecular subgroups are

more closely linked to patient demographics and overall prognosis.

1.1.3 Risk stratification

Clinical trials involving patients with MB have historically risk stratified patients
according to clinical rather than biological factors. These trials have collectively yielded
80% and 60% 5-year survival rates for average-risk and high-risk patients, respectively
(Ramaswamy et al., 2016). Clinical parameters for risk stratification include age at
diagnosis, extent of resection, and presence of metastasis at time of diagnosis. High-risk
patients are defined as children <3 years of age, greater than 1.5 cm? of residual tumor post-

operatively, or with metastatic disease at presentation (Zeltzer et al., 1999). Those patients
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without any high-risk features are classified as average-risk leading to a different treatment
algorithm.

Recent integrated genomics studies have reconceptualized the biologic
heterogeneity in MB. MB is now recognized to contain at least 4 distinct molecular
variants: Wnt, sonic hedgehog (Shh), Group 3, and Group 4 (Table 1) (Cho et al., 2011;
Kool et al., 2012; Kool et al., 2008; Northcott et al., 2011; Pomeroy et al., 2002; Thompson
et al., 2006). These subgroups are characterized by distinct cytogenetic aberrations,
transcriptomics, demographics, and survivorship. Diagnostically, the most robust method
for clustering patients into discrete subgroups involves the use of a 22-gene nanoString
expression signature, which can assign up to 88% of formalin-fixed paraffin-embedded
(FFPE) specimens with up to 98% accuracy (Northcott, Shih, et al., 2012).

Further refinement of risk stratification using molecular parameters has defined
four risk groups based on survival: low-risk (>90% survival), standard-risk (75-90%
survival), high-risk (50-75% survival), and very high-risk (<50% survival) (Ramaswamy
et al., 2016). Low-risk patients consist of non-metastatic Wnt MB under the age of 16 and
non-metastatic Group 4 MB with loss of chromosome 11. Standard-risk patients comprise
the following: non-metastatic Shh MB with wild-type TP53 (somatic or germline) and no
MYCN amplification; non-metastatic Group 3 MB without MYC amplification; and non-
metastatic Group 4 MB without chromosome 11 loss. High-risk patients include metastatic
or MYCN amplified Shh MB and metastatic Group 4 MB. Lastly, very high-risk patients
include TP53 mutated Shh MB irrespective of metastatic status and metastatic Group 3

MB.
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Wnt Shh Group 3 Group 4
Frequency 10% 30% 25% 35%
C(;E/rl‘_?:‘;r 1:1 3:2 2:1 3:1
A children infant, adult infant, children | children, adult
AAge hild infant, adult | infant, child hildren, adul
distribution
Frequency
of rare uncommon very common common
metastasis
S-year >95% 75% 50% 75%
survival
. Retinal
C_;enomlc Whnt signaling Shh signaling signature, Neuronal
signature MYC signature signature
CTNNB1
Key 0 0
recurrent (90(.56/0 ;;)/'\)AYC PTCH1 (28%), QAJTCi ((116120//0)) KDMG6A (13%),
somatic DOXAX 25’0) TP53 (13.6%), | \iaReA 4" ! SNCAIP
mutations / SMARCA4’ MYCN (8.2%), 10.5%). OTX?2 (10.4%), MYCN
focal GLI2 (5.2%) | (10-5%). (6.3%)
.070), -170),
SCNAS (26.3%), TP53 ' (7.7%) '
(12.5%)

Table 1: Key clinical and molecular features of MB subgroups

1.1.4 Wnt medulloblastoma

Wnt MB accounts for approximately 10% of cases and occurs most frequently in
older children with a peak incidence in the age group of 10-12 years. Patients less than 16
years with Wnt tumors have an excellent prognosis with 5-year survival rates >95% (Kool
et al., 2012; Ramaswamy et al., 2016). Anatomically, Wnt MBs are almost exclusively
located near the brainstem and fourth ventricle as they are thought to originate from
progenitor cells from the lower rhombic lip (Gibson et al., 2010). Although Wnt MB is
primarily a genomically bland tumor, recurrent, activating somatic mutations in exon 3 of
CTNNB1 (which encodes B-catenin) are found in 85-90% of cases and monosomy 6 is seen

in 70-80% of patients (Northcott, Jones, et al., 2012). Less frequent somatic mutations have
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been detected in TP53, the DEAD-box RENA helicase DDX3X, involved in cellular growth
and division, and the chromatin-modifier SMARCA4 (Jones et al., 2012; Pugh et al., 2012;
Robinson et al., 2012). Rare germline inactivating mutations in adenomatous polyposis coli
(APC) that are consistent with Turcot syndrome have also been shown to result in Wnt MB
(Hamilton et al., 1995). Diagnostically, Wnt MB may be identified with sequencing of
exon 3 in CTNNB1, DNA methylation profiling, immunohistochemistry for nuclear -
catenin, and/or fluorescent in situ hybridization (FISH) or DNA copy number array
profiling for monosomy 6. Given the remarkable outcome for patients with Wnt MB,
current molecular clinical trials are focused on the de-escalation of therapy for these

patients: NCT02066220, NCT01878617, NCT02724579.

1.1.5 Shh medulloblastoma

Shh MB represents 30% of MBs and occurs in a bimodal age distribution, most
frequently in infants (<3 years) and adults (>16 years) (Taylor et al., 2012). Histology is
typically of the nodular/desmoplastic type with MBEN being exclusively classified as Shh
MB (Taylor et al., 2012). Genetic alterations in Shh tumors are highly age dependent. Ptchl
mutations are the most prevalent mutation, reported in 36-54% of cases (Kool et al., 2012).
These mutations were originally identified as germline mutations present in patients with
Gorlin syndrome (nevoid basal-cell carcinoma syndrome) presenting with MB (Smith et
al., 2014). Since then Ptchl mutations have been found to occur at similar frequencies in
infants (36%), children (42%), and adults (54%) (Kool et al., 2012). SUFU mutations are

found almost exclusively in infants and Smo mutations are enriched in adult Shh MB
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(Northcott et al., 2017). Children between 3-16 years have mutually exclusive somatic
mutations in Ptchl or germline and/or somatic TP53 mutations (Zhukova et al., 2013). As
with most other features in Shh MB, patient outcomes are also age-specific (Ramaswamy
et al., 2016). Infants with Shh MB maintain an excellent outcome, whereas children with
TP53-mutant Shh MB have a dismal prognosis compared with TP53-wildtype tumors. Shh
MBs have benefitted the most from small molecule inhibitors. Specifically, Smo inhibitors
are currently being investigated, however, their clinical utility remains to be determined as
Shh pathway activation downstream of Smo is frequently seen in high-risk Shh MBs (Kool
et al.,, 2014). Novel therapeutic strategies are currently investigating the role of

bromodomain (Tang et al., 2014) and PI3K inhibitors (Buonamici et al., 2010).

1.1.6 Group 3 medulloblastoma

Group 3 MB constitutes 25% of MBs and is associated with a poor prognosis
consisting of a 50% 5-year survival as nearly half of all patients present with metastatic
disease at diagnosis (Ramaswamy et al., 2016). While GABAergic and photoreceptor
pathways are activated in these tumors (Cho et al., 2011; Kool et al., 2008; Northcott et al.,
2011), targeted therapies at these signaling programs have yet to show clinical significance.
The most common cytogenetic aberration is MYC amplification (Kool et al., 2012), which
is seen in 10-20% of tumors and may occur as PVT1-MYC fusions, representing the first
recurrent gene fusion identified in MB (NorthcottShih, et al., 2012). Additional structural
variants that place enhancers upstream of the growth factor independent 1 (GFI1) family

of proto-oncogene locus, termed enhancer hijacking, are observed in 20% of Group 3 MBs
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(Northcott et al., 2014). The most frequent chromosomal arm-level copy number alteration
is isochromosome 17q (i17q), which is present in 40% of tumors (Taylor et al., 2012).
While current treatment regimens consist of high-risk protocols for MB, the presence of
aberrant transforming growth factor-beta (TGF-B) signaling in over 20% of tumors (Pei,
Moore, et al., 2012; Swartling et al., 2012) and the efficacy of histone deacetylase (HDAC)
(Pei et al., 2016) and bromodomain inhibitors (Bandopadhayay et al., 2014) in preclinical

studies have provided potential therapeutic agents for Group 3 MB.

1.1.7 Group 4 medulloblastoma

Group 4 MB is the most frequent subgroup accounting for 35% of all MBs,
however, it is the least well characterized biologically. Prior transcriptional data identified
the overexpression of neuronal and glutaminergic pathways (Cho et al., 2011; Northcott et
al., 2011) with more recent data suggesting these tumors to be driven by copy number
alterations. Tandem duplications of SNCAIP are seen in 10% of tumors and represent the
most common somatic copy number aberration (NorthcottShih, et al., 2012). Although this
gene is mutated in a subset of Parkinson’s disease patients and is involved in the formation
of cytoplasmic inclusions and neurodegeneration, its biological relevance in MB remains
to be determined. The duplications in SNCAIP are mutually exclusive from MYCN
amplifications, which are seen in 5-10% of tumors (Northcott, Jones, et al., 2012;
NorthcottShih, et al., 2012). Unlike Shh MB, MYCN amplification does not correlate with
a poor outcome in Group 4 MB (Korshunov et al., 2012; Shih et al., 2014). i17q, which is

present in 80% of tumors represents the most common cytogenetic aberration (Northcott
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et al.,, 2011; Taylor et al., 2012). Mutations in chromatin-remodelling genes KDMG6A,
CHD7, and overexpression of EZH2 are thought to maintain Group 4 MB cells in an
undifferentiated state, paralleling the role of these genes in normal stem cell function (Jones
et al., 2012; Pugh et al., 2012; Robinson et al., 2012). Clinically, Group 4 MBs have an
intermediate prognosis with some series reporting an excellent prognosis with >90%
survival for patients with non-metastatic tumors (Ramaswamy et al., 2016). Both, loss of
chromosome 11 and the presence of i17q confer an excellent prognosis irrespective of

metastatic status (Shih et al., 2014).

1.1.8 Treatment

As previously described, patients with MB typically present with signs and
symptoms in keeping with hydrocephalus due to obstruction of the fourth ventricle by the
tumor. Patients are often initially managed with corticosteroids to reduce peritumoral
edema and cerebrospinal fluid (CSF) diversion to manage hydrocephalus. The complete
multimodal treatment algorithm consists of maximal safe surgical resection, radiation
therapy to the tumor bed and craniospinal axis, and systemic adjuvant chemotherapy
(Gilbertson, 2004). In children older than 3 years of age with non-metastatic MB, gross
total or near-total surgical resection has consistently been shown to correlate with improved
survivorship. Patients are risk stratified into average- or high-risk based on extent of
resection.

Radiation therapy allows for the control of residual tumor in the surgical bed and

for the treatment of leptomeningeal metastases along the craniospinal axis, which are not
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amenable to surgery. Although adjuvant cisplatin-based chemotherapy is used as a
radiosensitizer when delivering radiation therapy, toxicity to the developing nervous
system has precluded radiotherapy in children less than 3 years of age. Average-risk
patients are treated with 2430 cGy to the craniospinal axis and a posterior fossa boost for
a total dose of 5400-5580 cGy (Gilbertson, 2004). High-risk patients are treated with a
higher craniospinal dosage of 3600 cGy and a posterior fossa boost of 4500 cGy. These
regimens have resulted in 5-year survival rates as high as 85% and 65% for average- and
high-risk patients, respectively (Gilbertson, 2004)

As a necessary treatment modality in all protocols, chemotherapy is of particular
value to those children less than 3 years of age who are not given radiation therapy. As per
the Children’s Oncology Group (COG) protocol (Packer et al., 2006), average-risk patients
receive 4-9 cycles of cisplatin-based adjuvant chemotherapy consisting of vincristine
during radiation therapy followed by 8 cycles of one of two protocols (vincristine, cisplatin,
and CCNU or vincristine, cisplatin, and cyclophosphamide). High-risk patients generally
receive high-dose chemotherapy with autologous hematopoietic stem cell transplantation,
and radiotherapy. Management of these children according to COG (Jakacki et al., 2012)
involves up to 30 doses of carboplatin with vincristine while receiving radiation followed
by 6 months of maintenance chemotherapy.

As current multimodal therapy regimens have resulted in significant improvements
in 5-year survivorship for MB patients irrespective of risk status, long-term treatment
sequelae have also begun to emerge in surviving patients. These include neuroendocrine

dysfunction, neurocognitive deficits, and secondary malignancies (Brodin et al., 2012;
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Chemaitilly & Sklar, 2010; Pietila et al., 2012; Schreiber et al., 2014; Tsui et al., 2015).
The utility of novel small molecules is largely dependent on their ability to serve as
radiosensitizers and thereby reduce the radiation-induced sequelae seen in survivors of

MB.

1.2 Adult glioblastoma

1.2.1 Epidemiology

GBM is the most common primary adult brain tumor accounting for 15% of all
intracranial neoplasms and approximately 54% of all gliomas (Ostrom et al., 2018). The
peak incidence of GBM is estimated to be 3.2 per 100,000 population (Ostrom et al., 2018).
A significant increase in incidence is noted after the age of 54, reaching a peak incidence

of 14.24 per 100,000 population between 75-84 years (Ostrom et al., 2018).

1.2.2 Clinical presentation and histopathology

Clinically, patients with GBM present with symptoms in keeping with functional
deficits of the involved brain region. Headaches, while frequently seen in half the patients
at diagnosis, may have a nonspecific pattern or be new in onset with unilateral localization
with increasing intensity throughout the day (Alexander & Cloughesy, 2017; Forsyth &
Posner, 1993). Additional signs and symptoms in keeping with increased intracranial
pressure such as nausea, vomiting, and papilledema may also be present. Additional
findings that may be reflective of tumor location include motor or sensory deficits with

cognitive impairments and personality changes often being mistaken for psychiatric
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disorders or dementia in elderly patients (Alexander & Cloughesy, 2017). 20-40% of
patients may present with seizures as the initial sign with no other findings (Glantz et al.,
2000), and therefore, neuroimaging plays a critical diagnostic role in these patients. Brain
MRI with and without contrast is the gold-standard imaging modality. The typical findings
seen on MRI include infiltrative, heterogeneous, ring-enhancing lesions with central
necrosis and vasgoenic edema (Alexander & Cloughesy, 2017). The increased mitotic
activity of GBM cells is appreciated in the rare circumstances where a small, non-
enhancing lesion is initially seen and then rapidly changes to a ring-enhancing, necrotic
lesion within weeks (Alexander & Cloughesy, 2017).

As with any solid tumor, the diagnosis of GBM is based on the histopathology of
FFPE tissue obtained from surgical specimens. Microscopically, tumor cells show diffuse
immunoreactivity for the glial cell marker, glial fibrillary acidic protein (GFAP)
(Alexander & Cloughesy, 2017). While this feature is shared among all gliomas, the
presence of other histopathological features is dependent on the WHO glioma grade. The
WHO classification system groups gliomas into 4 histological grades defined by increasing
degrees of nuclear pleomorphism, mitotic activity, microvascular proliferation, and
necrosis (Alexander & Cloughesy, 2017). All these malignant features are present only in
GBM, making it a WHO grade IV glioma. With shortcomings in histology-based
diagnostics such as variable clinical behaviour not accurately predicted by WHO grade
alone and inter-observer subjectivity, molecular diagnostics have been used to characterize

clinical outcomes with greater accuracy.

1.2.3 Molecular classification
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GBMs may be classified as primary or secondary based on their evolution (Ohgaki
& Kileihues, 2013). Primary GBMs arise de novo and account for 90% of all cases. They
tend to occur in older individuals (mean age 55 years) and are characterized by EGFR
overexpression, PTEN mutation, and wild-type isocitrate dehydrogenase 1 or 2 (IDH)
(Brennan et al., 2013; Parsons et al., 2008; Verhaak et al., 2010). By contrast, secondary
GBMs arise from the transformation of low-grade diffuse astrocytoma (WHO grade I1) or
anaplastic astrocytoma (WHO grade I11) into a GBM and account for 10% of all GBMs.
Clinically, secondary GBMs are seen in younger patients (mean age 40 years) and are
characterized by PDGFRA amplifications and mutations in TP53 and IDH (Brennan et al.,
2013; Parsons et al., 2008; Verhaak et al., 2010). The presence of IDH mutations is
associated with better outcome and increased overall survival.

Similar to MB, integrated genomics have provided a framework to interrogate the
extensive molecular heterogeneity present in GBM by identifying four subgroups: neural,
proneural, classical, and mesenchymal; with the latter three subgroups having been
validated by several datasets (Brennan et al., 2013; Parsons et al., 2008; Phillips et al.,
2006; Verhaak et al., 2010). Proneural tumors are characterized by IDH and TP53
mutations, PDGFRA amplification and mutations, and the expression of a stem cell gene
signature. By contrast, the classical subgroup primarily contains EGFR amplifications and
mutations. The mesenchymal subgroup contains mutations in PTEN, TP53, and NF1
deletions and mutations. The neural subgroup was initially characterized by the expression
of neuronal markers (NEFL, GABRAL) but subsequent reports suggested the subgroup to

represent normal cell infiltrates as opposed to true tumor cells (Patel et al., 2014). While
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the classification of GBM into molecular subgroups attempted to address the presence of
molecular heterogeneity with the hope of targeted therapies, recent work has demonstrated
subgroup affiliation to vary within different regions of a given tumor (Sottoriva et al.,
2013). Single cell RNA-sequencing has provided further evidence to question the clinical
utility of GBM subgroups as individual cells of a given tumor have been shown to consist
of a heterogeneous mixture of cells representative of all subgroups (Patel et al., 2014),
highlighting the need for personalized polytherapy in which multiple pathways are targeted

to account for the high degree of genomic heterogeneity.

1.2.4 Treatment and prognosis

Standard of care for the multimodal management of GBM involves maximal safe
surgical resection followed by the Stupp protocol (Stupp et al., 2005) consisting of
radiotherapy and chemotherapy with the DNA alkylating agent temozolomide (TMZ). The
initial temporary management of symptoms related to the compression of nearby brain
structures from peritumoral edema consists of corticosteroids with antiepileptics reserved
only for those patients who present with seizures (Glantz et al., 2000). Surgical resection
aims to relieve mass effect and provide adequate tissue for histology and molecular
diagnostics. Subsequent adjuvant radiotherapy and chemotherapy consists of 60 Gy
divided into 30 fractions and daily low-dose TMZ (75 mg/m?), respectively. This is
followed by six courses of adjuvant TMZ (150-200 mg/m?) per day on days 1-5 of a 4-
week course. The use of combined radiation and chemotherapy with TMZ has increased

median survival from 12 to 14.6 months and 2-year survivorship from 10 to 27% (Stupp et
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al., 2005). The biological mechanism for this survival benefit has been attributed to
promoter methylation of the DNA repair enzyme O6-methylguanine-DNA
methyltransferase (MGMT), which prevents the repair of TMZ-induced methylation of
guanine residues allowing for tumor cell apoptosis (Hegi et al., 2005). Recently, patients
with MGMT methylated GBMs have been shown to benefit from the addition of lomustine
to the Stupp protocol with an improvement in median overall survival from 31.4 months
with TMZ to 48.1 months with lomustine-TMZ (Herrlinger et al., 2019). However, given
the small sample size of this study, additional large-scale studies are required to validate
the benefit of adding lomustine to current standard of practice in MGMT methylated GBM.

Unfortunately, all patients with GBM invariably relapse after first-line treatment
with a median progression-free survival (PFS) of 7-10 months (Omuro & DeAngelis,
2013). Surgical resection may be considered to relieve mass effect or to determine the
molecular characteristics of the recurrent tumor, but survival benefits have been equivocal
(van Linde et al., 2017). Furthermore, surgery is not indicated in most relapsed patients
due to tumor location, widespread disease, or poor physical performance status. Given

uniform first-line treatment failure in GBM, novel therapeutic strategies are warranted.

1.3 Brain tumor-initiating cells

1.3.1 Brain tumor-initiating cells as a framework for neuro-oncology research

James Homer Wright identified MB as a distinct CNS tumor in 1910 (Wright,
1910). At the time Wright believed MB to arise from restricted neuronal precursors termed

neuroblasts. Shortly thereafter in 1925, Percival Bailey and Harvey Cushing described the
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presence of glial and neuronal cells in MB suggesting the cell of origin to be of a more
primitive embryonic neuroepithelial cell, which they termed medulloblast, resulting in the
conceptual link between NSCs and brain tumorigenesis (BAILEY & CUSHING, 1925).
Since then this observation has evolved into what is now termed the cancer stem cell (CSC)
hypothesis (Kreso & Dick, 2014; Magee, Piskounova, & Morrison, 2012; Shackleton,
Quintana, Fearon, & Morrison, 2009). This hypothesis suggests that a relatively small
fraction of tumor cells, termed CSCs, have the ability to self-renew, proliferate, and
maintain tumor growth. This is in sharp contrast to all other cells of the bulk tumor, which
are characterized by limited self-renewal and proliferative capacity and a more specified
lineage potential. It is important to note that CSCs are based on a functional definition,
having no implication on the cellular origin of a tumor, and therefore, a CSC may represent
a transformed tissue-specific stem, progenitor, or differentiated cell.

CSCs have classically been defined with cell surface markers, isolated using flow
cytometric cell sorting, and functionally validated based on their ability to initiate and
serially propagate orthotopic xenografts in immunodeficient mice. The first demonstration
of a CSC hierarchy in human disease was in acute myeloid leukemia where CD34+/CD38-
cells were shown to contain the leukemic cell fraction capable of generating xenografts,
which resembled human leukemia (Lapidot et al., 1994). Similarly, CD133 was originally
used to enrich for BTICs in human MB and GBM (Singh et al., 2003; Singh et al., 2004).
The use of single-cell RNA-seq technology to assess clonal populations inherently present
in GBM has provided further insight into the clonal architecture of GBM (Patel et al.,

2014). Interestingly, a developmental hierarchy has been shown to exist in GBM where
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rare undifferentiated cells are driven by NSC signaling programs in contrast to the bulk
tumor, which is enriched in the expression of differentiation pathways (Patel et al., 2014).
These data support the propagation of developmental signaling programs from ontogeny
into oncology to establish a functional cellular hierarchy reminiscent of tissue-specific stem
cells.

The clinical importance of BTICs is demonstrated by increasing BTIC frequency
and BTIC self-renewal capacity to be associated with poor patient outcome (Laks et al.,
2009; Pallini et al., 2011; Panosyan et al., 2010). Furthermore, by evading chemotherapy
(Chenetal., 2012; G. Liu et al., 2006) and radiation (Bao et al., 2006), BTICs function to
promote tumor recurrence and patient relapse. Fewer than 12% of diagnostic genetic events
have been shown to be present in recurrent MB when compared to matched-primary
samples (Morrissy et al., 2016). While clonal divergence may account for this difference
in temporal changes of dominant clones seen at diagnosis and recurrence, sublconal
analysis revealed the presence of a slow-cycling clone that was present at both disease
onset and recurrence(Morrissy et al., 2016). Similar observations have been made in GBM
where recurrent tumors are derived from subclonal cell populations present at diagnosis
(Johnson et al., 2014). The presence of clonal cell populations shared between primary and
recurrent tumors further supports the role of BTICs in initiating tumor growth, escaping

therapy, and promoting disease recurrence.
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1.3.2 CD133: A Marker of brain tumor-initiating cells

CD133 (Promininl) is located on chromosome 4 in humans and chromosome 5 in
mice with approximately 60% homology between primates and rodents (Corbeil et al.,
2013). Transcription of human CD133 is driven by five alternative promoters, three of
which are located on CpG islands and are partially regulated by methylation. These
promoter regions often result in alternative splicing of CD133 mRNA, resulting in tissue-
specific CD133 structural variants (Shmelkov et al., 2004). The protein product of CD133
is a 97 kDa cell surface glycoprotein that contains five transmembrane regions with
extracellular domains, which may be glycosylated at nine different sites to produce a 120
kDa protein (Corbeil et al., 2013). While the biologic function of CD133 is poorly
undestood, CD133 is known to be preferentially localized in plasma membrane protrusions
and microvilli, indiciating a possible role in membrane organization (Corbeil et al., 2001;
Roper et al., 2000). Specifically, CD133 has been shown to bind directly to cholesterol-
containing lipid rafts (Corbeil et al., 2001; Roper et al., 2000). CD133 knockout mice
support the presumed role of CD133 as a scaffolding protein as these mice display defects
of the outer segment of photoreceptor cells (Zacchigna et al., 2009).

With respect to a developmental role for CD133, it was initially discovered as a
hematopoietc stem cell marker (Yin et al., 1997). In an attempt to characterize markers of
NSCs, Uchida, et al. (Uchida et al., 2000) selected hybridomas that produced monoclonal
antibodies against clonogenic NSCs from human fetal brain. Using these antibodies, they
were able to isolate CD133+/CD34-/CD45- cells that adequately separated human fetal
brain cells with an enhanced neurosphere-forming capacity that were able to function as
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clongenic NSCs Specifically, the CD133 enriched fraction of cells functioned as
clonogenic human NSCs in vitro and in vivo, identifying 95% of all neurosphere-forming
cells, and 1-6% of total fetal brain.

CD133 further identifies TIC populations in multiple human cancers where
CD133+ cells exhibit an enriched ability to self-renew and regenerate histologically similar
tumors in immunocomprised mouse xenografts (Grosse-Gehling et al., 2013). Clinically,
CD133 expression correlates with disease progression, metastasis, recurrence, and poor
overall survival in several human malignancies, but insight into its function remains limited
(Shibahara et al., 2013; Zeppernick et al., 2008). The few mechanistic studies that have
aimed elucidate regulators of CD133 in normal and malignant stem cell populations have
identified a unique cell cycle dependence in which CD133 levels are elevated when cells
enter the G2/M phase (Jaksch et al., 2008). Moreover, a hypoxic niche has been shown to
maintain stemness and CD133 expresison via hypoxia-inducible factor-1a (HIF-1a), which
implicates CD133 as a downstream component of metabolic signaling (Soeda et al., 2009).
In order to identify a developmental signaling role for CD133, Mak, et al. (Mak et al.,
2012) found HDACG6, CD133, and B-catenin to physically interact with one another and
exist in a ternary complex. This association stabilizes pB-catenin via HDACG6 deacetylase
activity, leading to activation of downstream targets of p-catenin signaling. By contrast,
inhibition of either CD133 or HDACSG6 resulted in increased p-catenin acetylation and
subsequent degration, which correlated with impaired proliferation and tumorigenesis.
Further therapeutic evidence to suggest a role for CD133 in regulating the Wnt signaling

pathway comes from work in GBM, in which the anti-helminthic compound, pyrvinium,
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has been shown to target CD133+ cells in a Wnt-dependent manner (Venugopal et al.,
2015). These data support a putative mechanistic role for CD133 in regulating
developmental pathways in malignant cell populations and serve as a foundation for the

work presented in Chapter 4.

1.3.3 Medulloblastoma brain tumor-initiating cells

Following the original description of MB BTICs (Hemmati et al., 2003; Singh et
al., 2003; Singh et al., 2004), attempts were made to correlate subsequent MB BTIC cell
surface markers with their lineage potential. The carbohydrate moiety, CD15, was initially
shown to mark a progenitor cell population capable of initiating tumors in transgenic mice
haploinsufficient for Ptchl (Ptch1*"); a mouse model of Shh MB that generates MB in
15-20% of mice (Goodrich, Milenkovic, Higgins, & Scott, 1997). In their original
description, CD15+ MB BTICs were shown to not form tumorspheres or display
multilineage differentiation in culture (Read et al., 2009), and therefore, it was believed
that these cells marked progenitor cells as opposed to a more primitive stem-like cell.
Follow-up work by Ward, et al. (Ward et al., 2009) demonstrated the propagation of
multipotent, self-renewing CD15+ MB stem cells from Ptch1*" mice. The difference in
cellular phenotype was attributed to culture conditions as the culture of CD15+ MB BTICs
in serum-free conditions enhanced their stemness and self-renewal capacity, which
highlighted growth factors as one of the determinants of stemness in BTICs.

In order to further delineate those cells most capable of functioning as BTICs,

several murine models of MB have been derived by overexpressing oncogenes or
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inactivating tumor suppressor genes within cell populations of different lineages. Using
CRE recombinase-mediated deletion of Ptchl within Mathl- (also known as Atohl)
expressing cerebellar granule neuron precursors (GNPs), Yang, et al. (Z. J. Yang et al.,
2008) demonstrated the ability of GNPs to form Shh MB. Interestingly, only those cells
committed to a GNP phenotype were again capable of MB formation when a GFAP
promoter was used to control CRE expression and thereby inactivate Ptchl in NSCs. Using
a constitutively active Smo allele (SmoM2), Schuller, et al. (Schuller et al., 2008) targeted
NSCs, GNPs, and differentiated Purkinje neurons in the developing mouse brain. While
ectopic Shh signaling in Purkinje cells did not generate tumors, MBs were observed in both
NSC- and GNP-targeted mice. Of note, a GNP phenotype was again necessary for NSCs
to generate Shh MB. These studies have implicated the acquisition of a GNP phenotype to
be a critical stage in oncogenesis for Shh MB. Although the evidence for a GNP BTIC is
strong, it remains unclear as to how these cells propagate and transform over the course of
tumorigenesis as defined by their regulatory mechanism and marker expression.
Validated transgenic mouse models for Group 3 MB have elucidated the role of
Myc in MB initiation and the specific cell population that may be vulnerable to
transformation (Kawauchi et al., 2012; Pei, Moore, et al., 2012). Using postnatal murine
cerebellar stem cells based on the expression of Promininl and lacking expression of
lineage-specific markers for GNPs, Pei, et al. (Pei, Moore, et al., 2012) introduced a
mutant, stabilized Myc construct with a dominant negative TP53, which induced in vivo
MBs distinct from Shh and Wnt murine tumors. In contrast, Kawuchi, et al. (Kawauchi et

al., 2012) generated Group 3 MBs in vivo by introducing Myc ex vivo into Trp53 null GNPs
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sorted for the neuronal lineage marker Atohl. Both groups demonstrated that MBs
generated from their transgenic cells recapitulate many histopathological and genomic
features of human Group 3 MB. Most interestingly, protein and genomic expression
profiles of tumors generated by both groups overlapped most with those of NSCs, induced-
pluripotent stem cells, and embryonic stem cells. Although, Kawauchi, et al. (Kawauchi et
al., 2012) had initially injected cells sorted for GNPs negative for stem cell markers such
as Promininl, the resulting tumors had lost Atohl expression and instead displayed
increased expression of Promininl and other stem cell markers. Similarly, Pei et al. (Pei,
Moore, et al., 2012) observed an increase in markers of undifferentiated cells in the
resulting tumors, suggesting Group 3 to either arise from cerebellar stem cells or through
a process of de-differentiation in which distinct tumor cells took on a stem cell-like
phenotype. The indication of a cerebellar stem cell as the target for initiation and
propagation of Group 3 MBs is in keeping with the aggressive clinical features of these
tumors being resistant to therapeutic interventions and often presenting with metastatic
spread.

In order to assess the clonal architecture of Shh MB, Vanner, et al. (Vanner et al.,
2014) performed lineage tracing experiments in Ptch1*~ mice. Using a tamoxifen-
inducible Cre recombinase driven by the endogenous Sox2 promoter and Cre-activated
tdTomato fluorescent reporter, slow cycling Sox2+ cells were found to be at the top of the
tumor cell hierarchy. Sox2+ cells gave rise to rapidly cycling Dcx+ progenitors, which
differentiated into NeuN+ cells that eventually underwent apoptosis. In vivo treatment with

antimitotic drugs or Shh pathway inhibitors resulted in residual tumors that were enriched
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in Sox2+ cells, suggesting these cells escape therapy and are responsible for disease
recurrence. The presence of a restricted sublcone in the primary tumor that re-emerges as
the dominant clone in metastatic lesions is further supported by the identification of shared
clonal mutations between primary and matched-metastatic MBs (Wu et al., 2012). Given
that tumor cells capable of initiating metastasis or disease recurrence must inherently
function as BTICs, developmental pathways such as Notch signaling have recently been
identified as critical regulators of MB metastasis-initiating cells (Kahn et al., 2018).
Interestingly, both MB metastasis (Kahn et al., 2018) and recurrence (Bakhshinyan et al.,
2019) appear to be dependent on the epigenetic regulator of fate determination and
proliferation, Bmil. As a component of the polycomb repressive complex 1 (PRC1), Bmil
functions to repress the Ink4a/Arf and p21 loci (Bruggeman et al., 2005; Jacobs, Kieboom,
Marino, DePinho, & van Lohuizen, 1999; Lessard & Sauvageau, 2003; Molofsky et al.,
2003; Sauvageau & Sauvageau, 2010) and has been implicated in the pathogenesis of MB
(Badodi et al., 2017; Bakhshinyan et al., 2019; Leung et al., 2004; Manoranjan et al., 2013;
Wang et al., 2012) and GBM (Abdouh et al., 2009; Bruggeman et al., 2007; Gargiulo et
al., 2013; Jin et al., 2017; Venugopal et al., 2012). With an 11-gene stemness signature
(Glinsky, Berezovska, & Glinskii, 2005) representing a conserved Bmil-regulated
transcriptional network that reliably predicts poor treatment response, recurrence,
metastatic potential, and death in 11 cancer models, including MB, therapeutic strategies
targeting Bmil may potentially eradicate those MB BTICs with an enhanced potential for
evading current therapies and promoting disease recurrence and/or metastasis

(Bakhshinyan et al., 2019).
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1.3.4 Glioblastoma brain tumor-initiating cells

Although CD133 was initially described as a GBM BTIC marker (Hemmati et al.,
2003; Singh et al., 2003; Singh et al., 2004), subsequent studies have demonstrated the
BTIC population to co-exist in additional cell fractions, which have been prospectively
isolated using a variety of cell surface proteins. For example, CD15 has been shown to
enrich for GBM BTICs in patient samples with minimal CD133 expression (Son, Woolard,
Nam, Lee, & Fine, 2009). While the mechanistic function of CD133 and CD15 in
regulating GBM BTICs remains to be determiend, proteins with a known signaling role
between NSCs and their surrounding microenvironment such as LLCAM (Bao et al., 2008)
and integrin a6 (Lathia et al., 2010) have also been shown to identify GBM BTICs. These
interactions provide novel therapeutic opportunities that may target both the BTIC and its
surrounding microenvironment.

A variety of GBM mouse models have been developed using disease-relevant
mutations in tumor suppressors (Pten, Trp53, Nfl, Cdkn2a, Rbl) and oncogenes
(EGFRuvIII, Pdgfra). These models have characterized the ability of cells with varying
lineage potentials to funciton as GBM BTICs. Specifically, murine GBMs have been
derived with mutations restricted to quiescent NSCs (GFAP) (Chow et al., 2011), neural
progenitors (Nestin) (S. Alcantara Llaguno et al., 2009), adult bipotential progenitors
(Ascll) (S. R. Alcantara Llaguno et al., 2015), oligodendrocyte progenitors (NG2) (Galvao
et al., 2014), mature neurons (CamK2A) (S. Alcantara Llaguno et al., 2019), and mature
astrocytes (GFAP) (Chow et al., 2011). Interestingly, a greater incidence of tumor
formation with a shorter latency of 6-10 weeks has been observed when targeting H-Ras
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V12 and TP53 mutations in GFAP-cre, nestin-cre, and Sox2-cre populations compared to
the 9-12 months required for tumor formation when terminal neurons (CamK2A-cre) are
targeted (Friedmann-Morvinski et al., 2012). In vivo lineage tracing studies have provided
additional evidence in support of a cellular hierarchy driven by cells with a stem cell
phenotype in GBM. By using a Nestin transgene that labelled quiescent subventricular zone
adult NSCs with GFP expression in a murine model of GBM, Chen et al. (Chen et al.,
2012) demonstrated TMZ treatment to eradicate GFP- progenitors, leaving behind Nestin-
expressing GFP+ BTICs. Although the GFP+ cells were initially slow-cycling, pulse-chase
experiments revealed the enhanced proliferative capacity of these cells following TMZ
treatment as the cellular hierarchy of GFP+ BTICs and GFP- non-BTICs was re-
established, leading to tumor recurrence. These findings have been validated by more
recent work, which has used DNA barcoding to map the clonal architecture of GBM (Lan
et al., 2017). Through serial in vivo transplantation studies, primary human GBM was
shown to consist of a subpopulation of slow-cycling stem-like cells capable of self-renewal
and differentiation into rapidly cycling progenitors, which generated short-lived, non-
dividing cells. With emerging experimental evidence in support of human GBM BTICs,
the biggest challenge for targeted therapies remains our limited understanding of how
multiple signaling programs may intereact to regulate these cells. Additional work linking
BTIC cell surface markers to their downstream pathways may provide key nodes of

signaling integration responsible for turmorigenesis and disease recurrence.
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1.4 Canonical Wnt signaling

1.4.1 Wnt/p-catenin signaling

The canonical Wnt pathway exists in 2 states, “off” and “on” (Clevers & Nusse,
2012). Activation of the canonical Wnt pathway by extracellular Wnt ligands leads to B-
catenin mediated signal transduction (Clevers & Nusse, 2012; Valenta, Hausmann, &
Basler, 2012). In the absence of a Wnt signal, 3-catenin is located in adherens junctions
where it is bound by E-cadherin, p120-catenin, and a-catenin (Hartsock & Nelson, 2008).
The non-junctional pool of cytosolic B-catenin is targeted for degradation by the
multiprotein “destruction complex” (Stamos & Weis, 2013). The destruction complex is
formed by glycogen synthase kinase-3 (GSK-3), casein kinase 1 (CK1), B-Transducin
repeats-containing proteins (B-TrCP), APC, and the scaffolding proteins Axin and
dishevelled (Dvl). CK1 initially phosphorylates [3-catenin at serine 45 (S45), which primes
it for further phosphorylation by GSK-3 at threonine 41 (T41), S37, and S33 (C. Liu et al.,
2002). Once phosphorylated, S33 and S37 function as B-TrCP-binding sites, allowing for
the B-TrCP-mediated ubiquitination and subsequent proteasomal degradation of [3-catenin
(Aberle, Bauer, Stappert, Kispert, & Kemler, 1997; Orford, Crockett, Jensen, Weissman,
& Byers, 1997). The lack of free cytoplasmic and nuclear B-catenin enables the
downstream mediators of the pathway, T-Cell Factor/Lymphoid Enhancer Factors
(TCF/LEFs), to function as transcriptional repressors by interacting with corepressors of

the Transducin-like enhancer of split (TLE) family of proteins (Daniels & Weis, 2005).
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Activation of the pathway requires the binding of Wnt ligands to two receptors,
Frizzled (Fzd), and a co-receptor, low-density lipoprotein receptor related protein 5 or 6
(LRP5/6) (Nusse & Varmus, 1992). Fzd is a seven-pass transmembrane receptor, whereas
LRP5/6 is a single-pass transmembrane protein. The intact destruction complex is recruited
to the phosphorylated LRP, and while the complex is still able to capture and phosphorylate
[-catenin, ubiquitination by B-TRCP is blocked (Tamai et al., 2004). Newly synthesized
[3-catenin is then able to accumulate in the cytoplasm and translocate to the nucleus where
it acts as a transcriptional co-activator by interacting with TCF/LEFs and various
chromatin-remodeling proteins to collectively transcribe target genes (Angers & Moon,

2009).

Complex

Degradation

munuuuu..mnmm mmmm

Whnt target gene

Figure 1: Canonical Wnt/B-catenin signaling. (Left) Upon Wnt ligand binding to the

Fzd-LRP5/6 complex, the destruction complex is recruited to the membrane and
inactivated. B-catenin subsequently accumulates in the cytosol and translocates into the

nucleus where it binds to TCF/LEFs to transactivate Wnt target genes. (Right) In the
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absence of Wnt ligand, pB-catenin is targeted for degradation by the destruction complex
leading to the repression of Wnt target gene expression by the binding of nuclear TCF/LEF

transcription factors to corepressors such as the TLE protein family.

1.4.2 Wnt signaling in brain development

The balance between proliferation and differentiation of NSCs during CNS
development is tightly regulated by several signaling pathways of which the Wnt pahway
is involved in every step including anterior-posterior axis specification of the neural plate
(Kiecker & Niehrs, 2001), fate determination of NSCs (Zechner et al., 2003), neuronal
migration (Vivancos et al., 2009), and the development of axons and dendrites (Ciani et
al., 2011; Ciani & Salinas, 2005). In normal forebrain development, the Wnt pathway
expands the progenitor pool by promoting symmetric division of NSCs (Woodhead,
Mutch, Olson, & Chenn, 2006), which is later depleted through asymmetric division and
neural differentiation (Hirabayashi et al., 2004). This wave of differentiation migrates from
anterolateral to posteromedial regions (Kiecker & Niehrs, 2001; Megason & McMahon,
2002), which coincides with a reduction in Wnt signaling. Transgenic mouse models have
provided additional details into the role of Wnt signaling in forebrain development (Chenn
& Walsh, 2002, 2003; W. Y. Kim et al., 2009; Zechner et al., 2003). Constitutive Wnt
activation in nestin-driven NSCs results in significantly enlarged forebrains due to an
increase in cell cycle re-entry of the progenitor cell population and the subsequent
expansion of these cells (Chenn & Walsh, 2002). These findings were validated in a

conditional GSK-3 knockout model (GSK-3a”"GSK-3p!>®1oP) crossed with a nestin-cre
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line that would maintain activated Wnt signaling in NSCs secondary to the loss of GSK-3
function (W. Y. Kim et al., 2009). GSK-3-deficient progenitors were found to maintain a
progenitor phenotype with an inability to generate more differentiated lineages, indicating
activated Wnt signaling to promote self-renewal and suppress differentiation of NSCs and
progenitor cells in the forebrain. Conversely, conditional deletion of B-catenin in the
neocortical ventricular zone of developing mouse embryos leads to premature cell cycle
exit and neuronal differentiation of progenitor cells (Woodhead et al., 2006; Zechner et al.,
2003). These findings are also associated with multiple structural defects due to alterations
in cell migration and dorso-ventral cell identity.

With respect to the hindbrain, the Wnt pathway plays a critical role in establishing
the midbrain-hindbrain boundary that gives rise to the cerebellum (Rhinn, Lun, Luz,
Werner, & Brand, 2005). Either, loss-of-function mutations in Wntl (K. R. Thomas &
Capecchi, 1990) or the conditional deletion of B-catenin (Brault et al., 2001) result in mice
completely lacking a midbrain and cerebellum. Loss of B-catenin in nestin-expressing
progenitors leads to premature neuronal differentiation and hypoplasia of the cerebellar
vermis, indicating a role for the Wnt pathway in regulating the growth and differentiation
of embryonic and early postnatal cerebellar cells (Schuller & Rowitch, 2007). Interestingly,
the ectopic expression of B-catenin promotes the proliferation of cerebellar stem cells and
impairs the expansion of GNPs (Pei, Brun, et al., 2012), which are considered the cell of
origin for Shh MB. However, since the enhanced proliferative capacity of Wnt-activated
cerebellar stem cells is not sustained and rather characterized by a marked reduction in self-

renewal, these cells are unable to generate neoplastic lesions. In order to assess postnatal
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effects of Wnt activation on cerebellar development, B-catenin was conditionally activated
in NSCs through the generation of hGFAP-cre;CTNNB1(ex3)™* mice (Poschl, Grammel,
Dorostkar, Kretzschmar, & Schuller, 2013). Cells arising from the cerebella of these mice
were hypoplastic and displayed a loss of neuronal differentiation. Moreover, while GNPs
were found to proliferate in response to activated Wnt signaling, they did not adequately
migrate from the external to inner granule layer resulting in severe lamination defects.
While Wnt activation enhances or diminishes the growth of the forebrain or hindbrain,
respectively, the effects on individual cell populations remains to be determined as many
of the observed effects are dependent on the developmental period and cell population in

which Whnt is activated.

1.4.3 Wnt signaling in non-central nervous system malignancies

As the most well characterized malignancy associated with Wnt pathway
activation, colorectal cancer continues to serve as a biological model for studying the
oncogenic role of Wnt signaling. Overactivation of the Wnt pathway and the formation of
adenomas is often the first step in colorectal cancer as 85% of all sporadic and hereditary
colorectal tumors show loss of APC function in early precursor lesions (Fearon &
Vogelstein, 1990; Kinzler & Vogelstein, 1996). Recent studies have also highlighted the
role of R-spondins in regulating Wnt-mediated colorectal cancer (Han et al., 2017; Hilkens
et al., 2017). By binding to their recpetors, Lgr4 and Lgr5 (leucine-rich repeat-containing
G-protein coupled receptor 4 and 5), R-spondins function to enhance Wnt signaling

through Fzd/LRP6 (Carmon, Gong, Lin, Thomas, & Liu, 2011; de Lau et al., 2011; Glinka

48



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

etal., 2011; K. A. Kim et al., 2005). Given that the Wnt pathway is also implicated in the
maintenance of Lgr5+ intestinal crypt stem cells during normal development and adult life
(Clevers, 2013), the aberrant activation of the pathway has been linked to the regulation of
Lgr5+ colorectal cancer stem cells (Barker et al., 2009; Schepers et al., 2012). Specifically,
APC mutations have been shown to generate neoplastic transformation when targeted to
intestinal crypt stem cells rather than differentiated cells (Barker et al., 2009). By
repopulating the cellular architecture of the crypt with mutant cells, mutant instetinal stem
cells invariably prime the crypt for neoplastic transformation (Snippert, Schepers, van Es,
Simons, & Clevers, 2014; Vermeulen et al., 2013). Given the shared expression of Lgr5
between normal and malignant intestinal stem cell populations, recent work has taken
advantage of neoplastic and normal human organoids to model and identify therapies that
uniquely target the clonal architecture and microenvironment of neoplastic intestinal crypts
(van de Wetering et al., 2015). To further investigate the stepwise progression of colorectal
cancer growth, conditional loss of APC was used to generate the APC™"* mouse (Moser,
Dove, Roth, & Gordon, 1992; Moser, Pitot, & Dove, 1990). These transgenic mice model
familial adenomatous polyposis (FAP) in which patients have germline APC mutations
resulting in hundreds to thousands of polyps at a young age (Kinzler & Vogelstein, 1996).
Of those colorectal tumors with wild-type APC, 15% show point mutations in CTNNB1
that result in a non-degradable, constitutively active form of B-catenin (Bienz & Clevers,
2000). Interestingly, APC and CTNNB1 mutations are mutually exclusive and contribute

to intertumoral heterogeneity (Sparks, Morin, Vogelstein, & Kinzler, 1998) as CTNNB1
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mutations are more often seen in well-circumscribed and non-invasive lesions (Samowitz
etal., 1999).

While Wnt activation maintains the self-renewal capacity of intestinal crypt stem
cells, it induces the differentiation of neural crest cells towards the melanocytic lineage
(Dunn, Williams, Li, & Pavan, 2000; A. J. Thomas & Erickson, 2008). Of note, TCF3-
mediated inhibition of the Wnt pathway is required for the self-renewal of hair follicle
bulge stem cells located in the skin (Nguyen, Rendl, & Fuchs, 2006). The variable context
and tissue-specific role of Wnt in modulating stemness is carried forward into how the
pathway functions to regulate oncogenesis or tumor suppression. Although recurrent
activating mutations in the Wnt pathway are rare in melanoma (Omholt, Platz, Ringborg,
& Hansson, 2001; Pollock & Hayward, 2002; Reifenberger et al., 2002; Rubinfeld et al.,
1997), benign nevi and a substantial number of melanoma tumors demonstrate increased
nuclear B-catenin expression (Bachmann, Straume, Puntervoll, Kalvenes, & Akslen, 2005;
Kageshita et al., 2001; Maelandsmo, Holm, Nesland, Fodstad, & Florenes, 2003).
Clinically, patients with elevated nuclear B-catenin are associated with an improved
prognosis (Bachmann et al., 2005; Chien et al., 2009). Experimental work in support of
these findings are seen with the overexpression of Wnt3A in murine and human melanoma
cells resulting in a reduction in cell proliferation and in vivo tumor growth due to enhanced
tumor cell differentiation into melanocytes (Chien et al., 2009). With respect to tumor
initiation, transgenic mice expressing a constitutively active mutant B-catenin within
melanocytes are unable to generate tumors and require additional oncogenic mutations with

NRAS for neoplastic transformation (Delmas et al., 2007). While Wnt activation appears to
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be a poor oncogenic driver in melanoma, the loss of Wnt signaling may be critical for
melanoma progression and metastasis (Arozarena et al., 2011; Kageshita et al., 2001;
Maelandsmo et al., 2003) as transcriptional changes seen following the ectopic expression
of Wnt3A are downregulated in metastatic melanoma (Ryu, Kim, Deluca, & Alani, 2007).
Patients with BRAFY®%E mutatant melanomas often relapse after dramatic remissions due
to growing resistance to small molecule BRAF inhibors (Villanueva et al., 2010). Kinome
studies have described melanoma cells with elevated B-catenin expression to be more
sensitive to small molecule BRAF inhibitors (Biechele et al., 2012), whereas resistance
may be achieved through the knockdown of 3-catenin (Biechele et al., 2012). Specifically,
Wnit3A treatment of BRAFY®%%F mutant melanoma cells was able to synergize with the
antimitotic effects of the BRAF inhibitor PLX4720 to induce apoptosis and decrease in
vivo tumor burden (Biechele et al., 2012). Another small molecule, riluzole, which
functions as a putative glutamate receptor antagonist has been shown to impair the
proliferative capacity and enhance the differentiation of melanoma cells by synergizing
with Wnt3A (Biechele et al., 2010). Moreover, LY2090314, a highly selective GSK-3
inhibitor capable of activating Wnt signaling, has been shown to induce apoptosis of
melanoma cells resistant to the BRAF inhibitor vemurafenib with marked in vivo tumor
growth delay (Atkinson et al., 2015). These data provide reproducible evidence in support
of Wnt activation as a therapeutic strategy in melanoma, specifically for those patients with

BRAF mutant tumors.
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1.4.4 Wnt signaling in pediatric medulloblastoma

The first transgenic Wnt MB mouse model was developed by Gibson, et al. (Gibson
etal., 2010) who used Blbp-Cre*’; CTNNB1 13 Tp53+MX mice in which Wnt activation
in a TP53 heterozygous background was used to drive the proliferation of Blbp expressing
brain stem progenitors. The model identified a distinct germinal zone outside the
cerebellum within the dorsal brainstem where progenitor cells of the lower rhombic lip
were found to be the putative cell of origin for Wnt MB. Additional validation of this model
as an adequate representation of human Wnt MB has come from transcriptional profiling,
which has identified a shared genomic landscape among murine Wnt MB cells, human Wnt
MB and human embryonic dorsal brainstem cells (Gibson et al., 2010). Although, the
murine Wnt MB has provided the MB research community with an opportunity to further
characterize the cell of origin for these tumors, the power of this model is derived in our
ability to elucidate mechanisms for the improved prognosis seen in children with Wnt MB.

One proposed mechanism for the excellent outcomes seen in children diagnosed
with Wnt MB has been a disrupted blood-brain barrier (BBB), which leads to higher
chemotherapy exposure in tumors and thus higher response rates compared to other
subgroups (Phoenix et al., 2016). Mechanistically, activation of the Wnt pathway within
tumor cells promotes the secretion of Wnt antagonists (WIF1, DKK1), which inhibit Wnt
signaling in adjacent endothelial cells of the BBB. Consequently, the transformed blood
vessels become highly fenestrated with disturbed tight junctions enabling
chemotherapeutic agents to more easily penetrate the tumor. Additional work into the
biological significance of Wnt activation in MB has investigated Wnt MB in the context
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of TP53 mutations. With a 5-year overall survival (OS; + SE) for patients with TP53-
mutated Shh and Wnt MB of 41% + 9% and 90% * 9%, respectively (Zhukova et al., 2013),
Zukhova, et al. (Zhukova et al., 2014) hypothesized that Wnt activation could overcome
TP53 related radioresistance and could be used to sensitize TP53 mutant tumors for
radiation. As an activator of the Wnt pathway, lithium was found to selectively sensitize
TP53 mutant MB cells to radiation without sensitizing NSCs, suggesting lithium to be an
attractable therapeutic adjuvant in high-risk MB. The most impressive work in suggesting
a therapeutic benefit for Wnt activation in MB has come from comparing Mathl-
cre;SmoM2™* with Math1-cre;SmoM2™*:CTNNB1(ex3)™* mice (Poschl et al., 2014).
Although the former murine model generates spontaneous Shh MB, the introduction of a
conditionally active B-catenin results in significantly reduced tumor growth and cerebellar
size with a corresponding increase in overall survival. These data were validated using the
hGFAP promoter where hGFAP-cre;SmoM2™*:CTNNB1(ex3)™* mice generated thinned
EGL due to an impaired proliferative capacity of GNPs (Poschl et al., 2013). By contrast,
mice lacking Wnt activation developed spontaneous Shh MB. These studies elegantly
support the ability of activated Wnt signaling to decrease the proliferation and oncogenic

potential of Shh-dependent cerebellar GNPs and NSCs.

1.4.5 Wnt signaling in adult glioblastoma

While recurrent mutations in components of the canonical Wnt pathway have yet
to be identified in GBM, few studies have attempted to address the observation of increased

nuclear B-catenin immunoreactivity corresponding to an increase in glioma grade (Rossi et
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al., 2011; L. Y. Zhang et al., 2010). In performing comparative analyses of chromatin maps
for GBM BTICs, differentiated GBM cells and normal human astrocytes, ASCL1 was
identified as a transcription factor essential for the maintenance of BTIC stemness and in
vivo tumorigenicity via repression of DKK1 and subsequent activation of the Wnt pathway
(Rheinbay et al., 2013). FoxM1, another transcription factor, has been shown to directly
intereact with -catenin and promote its nuclear accumulation in GBM cells (N. Zhang et
al., 2011). Furthermore, FoxM1 and B-catenin form a functional complex with TCF on Wnt
target gene promoters to promote self-renewal and tumor formation. Similarly, PLAGL2
was found to upregulate the Wnt pathway in GBM BTICs and thereby promote the
maintenance of an undifferentiated state in GBM (Zheng et al., 2010). Therapeutically,
small molecule inhibitors of the acyltransferase Porcupine, which block the palmitoylation
of Wnt proteins and their subsequent secretion, have been shown to impair the proliferative
capacity and clonogenic potential of GBM BTICs (Kahlert et al., 2015). Recent data have
identified activated Whnt signaling to contribute to the functional heterogeneity of GBM
BTICs as a small fraction of cells are dependent on Wnt for the maintenance of a BTIC
fate (Rajakulendran et al., 2019). Interestingly, these cells display an ability for terminal
neuronal differentiation in response to Wnt and Notch inhition. While a limited number of
transcription factors are thought to be essential for activated Whnt signaling in GBM, the
manner in which they interact with one another or with additional developmental pathways
to regulate unique BTIC populations remain elusive and may be of greater clinical utility

for therapeutic targeting.
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1.5  Summary of Intent

Tumor-initiating cells (TICs) are organized into a hierarchy in which only a rare
clonal population of cells can initiate, proliferate, and maintain tumor growth. This is in
sharp contrast to all other cells of the bulk tumor, characterized by a limited proliferative
capacity and restricted lineage potential (Kreso & Dick, 2014; Magee et al., 2012;
Shackleton et al., 2009). A unique property by which TICs may induce oncogenesis is self-
renewal, defined as the ability of the parental cell to generate an identical daughter cell and
a second daughter cell of the same or different phenotype (Gage, 2000; Reynolds & Weiss,
1996). Given that NSCs must maintain a relative balance between self-renewal and
differentiation, brain tumorigenesis may be conceptualized as a disease of unregulated
BTIC self-renewal (Kreso & Dick, 2014; Magee et al., 2012; Shackleton et al., 2009). With
prior work having demonstrated increasing BTIC frequency to be associated with tumor
aggressiveness (Singh et al., 2003; Singh et al., 2004) and poor patient outcome (Laks et
al., 2009; Pallini et al., 2011; Panosyan et al., 2010), genes enriched in poor-outcome
tumors may represent key self-renewal genes and thereby serve as surrogates when
assessing the efficacy of targeted BTIC therapies.

As the most common malignant pediatric brain tumor, MB is defined by four
molecular subgroups (Wnt, Shh, Group 3, Group 4) based on transcriptional and epigenetic
profiles (Northcott et al., 2017; Ramaswamy et al., 2016). Wnt MBs have the most
favorable prognosis with a >95% 5-year survivorship (Ramaswamy et al., 2016). By
contrast, non-Wnt MBs are characterized by metastatic disease, increased rates of

recurrence, and intermediate-poor overall survivorship (Ramaswamy et al., 2016). Given
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that Wnt MBs represent the only subgroup in which metastasis is not indicative of a poor
prognosis (von Bueren et al., 2016), it has been suggested that Wnt signaling may
contribute to their remarkable response to therapy (Gibson et al., 2010; Pfaff et al., 2010;
Phoenix et al., 2016; Poschl et al., 2014; Zhukova et al., 2014). With a paucity of treatment
options for non-Wnt MBs, a rational therapeutic option would be to augment the protective
effects of Wnt MB through targeted Whnt activation in non-Wnt MBs in order to impair the
self-renewal of MB BTICs.

Upstream of TIC self-renewal genes are cell surface markers, which have
traditionally been used to characterize the continuum of cellular phenotypes generated in
ontogeny and carried forward into oncology as TICs. With few markers of clinical utility
in adult GBM, CD133 has reproducibly been shown to correlate with disease progression,
recurrence, and poor overall survivorship (Shibahara et al., 2013; Zeppernick et al., 2008)
but insight into its function remains limited. Given the activation of AKT signaling in
approximately 50% of GBMs secondary to EGFR amplification and/or overexpression,
activating mutations in PI3K, or inactivation mutations in PTEN (Verhaak et al., 2010),
emerging studies have suggested CD133 to function as a novel receptor for the PI3K/AKT
pathway (Wei et al., 2013). With persistent overexpression of B-catenin in GBM (Rossi et
al., 2011; L. Y. Zhang et al., 2010) not being accounted for by recurrent mutations in Wnt
signaling (Brennan et al., 2013; Hu et al., 2016; Ji et al., 2009; Morris et al., 2013;
Pulvirenti et al., 2011; Rheinbay et al., 2013; Verhaak et al., 2010; W. Yang et al., 2011,

N. Zhang et al., 2011; Zheng et al., 2010), novel non-canonical mechanisms through
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CD133 and AKT may be responsible for driving Wnt-dependent BTIC self-renewal in
GBM.

I hypothesize that the function of the Wnt signaling pathway in regulating self-
renewal of forebrain and hindbrain NSCs to be conserved in the modulation of GBM
and MB BTIC self-renewal, respectively. The experimental aims to test this hypothesis
are as follows:

1) To identify critical human BTIC self-renewal genes and discern mechanisms by
which they initiate and maintain tumorigenesis

2) To investigate the role of activated Wnt signaling in reducing the function of human
BTIC self-renewal genes in pediatric MB, leading to a reduction in tumorigenesis

3) To investigate the mechanism by which the putative BTIC marker, CD133,
promotes the activation of Wnt signaling in human GBM leading to tumorigenesis.

In order to address the aims of this thesis, | initially worked with our bioinformatics
colleagues to profile candidate stem cell self-renewal genes in poor-outcome MBs. This
work yielded Bmil and FoxG1 as being enriched in poor-outcome MBs. Knockdown and
overexpression studies validated the functional significance of these genes in regulating
MB BTIC self-renewal. Chromatin immunoprecipitation (ChlP) experiments in MB BTICs
further demonstrated the preservation of a shared NSC regulatory pathway consisting of
Bmil and FoxG1 (Chapter 2).

Having identified key BTIC self-renewal genes, | then assessed the expression of
Bmil and Sox2 in Wnt, Group 3, and Group 4 MB BTIC lines. Subgroup-specific

differences in in vitro stem cell assays and in vivo tumor formation were assessed. Ectopic
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expression of B-catenin in non-Wnt MB BTICs was used to evaluate the tumor restrictive
role of Wnt/B-catenin signaling in MB. Single cell RNA-seq was performed to determine
the presence of Wnt active cells in non-Wnt MB tumors. The presence of such cells led to
the use of a Wnt reporter to identify endogenously Wnt-active cells in non-Wnt MBs based
on flow cytometric cell sorting for GFP expression. The in vitro self-renewal potential and
in vivo tumor formation capacity of Wnt-active cells (TGP+) was compared to the bulk
Whnt-inactive cells (TGP-). Having identified a substrate-competitive peptide Wnt agonist
that converts to an inhibitor of GSK-3, | then demonstrated the clinical utility of activating
Whnt signaling using in vivo orthotopic xenografts of non-wWnt MBs (Chapter 3).

In order to assess stemness regulators upstream of BTIC self-renewal genes, |
aimed to identify a functional role for CD133 in GBM BTICs. CD133 expression and Wnt
TCF reporter expression were serially profiled among several GBM BTIC lines. CD133
was ectopically expressed in CD133'°" lines to assess the downstream effect on pAKT,
pGSK-3, and B-catenin expression. In vitro functional stem cell assays and Wnt reporter
assays were then performed on CD133"9" lines following treatment with a CD133 specific
monoclonal antibody and a small molecule pan-AKT inhibitor. The integrity of the CD133-
AKT-Wnt pathway was interrogated in GBM BTICs with (TGP+) and without (TGP-)
endogenous Wnt activity using a Wnt reporter with a GFP tag. In vivo tumor formation and
survival studies were completed with TGP+ and TGP- cells to assess tumor burden and

overall survival (Chapter 4).
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Chapter 2: FoxG1 interacts with Bmil to regulate self-renewal and tumorigenicity
of medulloblastoma stem cells

Preamble
This chapter is an original published article presented in its published format in Stem Cells,

available online at https://doi.org/10.1002/stem.1401.

Manoranjan B, Wang X, Hallett RM, Venugopal C, Mack SC, McFarlane N, Nolte SM,
Schienemann K, Gunnarsson T, Hassell JA, Taylor MD, Lee C, Triscott J, Foster CM,
Dunham C, Hawkins C, Dunn SE, Singh SK. FoxG1 interacts with Bmil to regulate self-
renewal and tumorigenicity of medulloblastoma stem cells. Stem Cells. 2013 Jul

31;(7):1266-1277. doi: 10.1002/stem.1401.

Experimental concept and study design were developed by myself, X. Wang, R.M.
Hallett, C. Venugopal, and S.K. Singh. All microarray analysis was performed by R.M.
Hallett under the supervision of J.A. Hassell. nCounter System (NanoString) gene
expression profiling were performed by C. Lee, J. Triscott, C.M. Foster under the
supervision of S.E. Dunn and C. Dunham. MB samples and clinical details were provided
by S.K. Singh, T. Gunnarsson, and K. Schinemann or obtained from commercially
available sources. | performed all dissociation of primary MB tissue and neurosphere
cultures and quantitative real-time-polymerase chain reactions. Viral production and
transduction was performed by myself and C. Venugopal. Western blots were generated
by C. Venugopal. C. Hawkins developed the tissue microarray and supervised

immunohistochemistry staining. Scoring of stains was performed by X. Wang and S.C.
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Mack. | performed neurosphere size, cell proliferation, secondary sphere, and
differentiation assays. Chromatin immunoprecipitation was performed by myself and C.
Venugopal. Flow cytometric cell sorting was performed by N. McFarlane. All in vivo
experiments were led and performed by myself with assistance from S.M Nolte.

The main objective of this body of work was to identify putative BTIC self-renewal
genes in poor-outcome MBs since BTICs typically comprise a minority of tumor cells and
may therefore go undetected on bulk tumor analyses used by current gene expression
platforms. Having identified Bmil and FoxG1 as self-renewal genes enriched in poor-
outcome MBs, | further characterized their functional significance in regulating CD15+
MB BTICs. This work provided the first evidence of a developmentally conserved NSC
signaling program in MB BTICs derived from poor-outcome non-Shh (sonic

hedgehog)/Wnt MBs.
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Abstract

Brain tumors represent the leading cause of childhood cancer mortality, of which
medulloblastoma (MB) is the most frequent malignant tumor. Recent studies have
demonstrated the presence of several MB molecular subgroups, each distinct in terms of
prognosis and predicted therapeutic response. Groups 1 and 2 are characterized by
relatively good clinical outcomes and activation of the Wnt and Shh pathways,
respectively. In contrast, Groups 3 and 4 (“non-Shh/Wnt MBs”) are distinguished by
metastatic disease, poor patient outcome, and lack a molecular pathway phenotype. Current
gene expression platforms have not detected brain tumor-initiating cell (BTIC) self-
renewal genes in Group 3 and 4 MBs as BTICs typically comprise a minority of tumor
cells and may therefore go undetected on bulk tumor analyses. Since increasing BTIC
frequency has been associated with increasing tumor aggressiveness and poor patient
outcome, we investigated the subgroup-specific gene expression profile of candidate stem
cell genes within 251 primary human MBs from four non-overlapping MB transcriptional
databases (Amsterdam, Memphis, Toronto, Boston) and 74 NanoString-subgrouped MBs
(Vancouver). We assessed the functional relevance of two genes, FoxG1 and Bmil, which
were significantly enriched in non-Shh/Wnt MBs, and showed these genes to mediate MB
stem cell self-renewal and tumor initiation in mice. We also identified their transcriptional
regulation through reciprocal promoter occupancy in CD15+ MB stem cells. Our work
demonstrates the application of stem cell data gathered from genomic platforms to guide
functional BTIC assays, which may then be used to develop novel BTIC self-renewal

mechanisms amenable to therapeutic targeting.
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Introduction

Medulloblastoma (MB) is the most frequent malignant pediatric brain tumor,
representing 20% of newly diagnosed childhood central nervous system malignancies(1).
Despite current multimodal therapy consisting of surgical resection, radiation and
chemotherapy jointly yielding an 80% 5-year survivorship, significant treatment-induced
morbidity and long-term clinical sequelae are common and adversely affect quality-of-
life(1-4). Given the limitations of current clinico-pathological parameters to accurately
predict treatment response(1, 2, 5), multiple genomic platforms have been used to
characterize the aberrant expression of signaling pathways in MB. This has re-
conceptualized the heterogeneity that exists within pathological subgroups along with

giving context to the role of key stem cell signaling pathways in MB pathogenesis(6-10).

The recent molecular classification of MB consists of four subgroups, each distinct
in terms of prognosis and predicted therapeutic response. Groups 1 and 2 are characterized
by upregulation of genes in the canonical Wnt or Sonic hedgehog (Shh) pathways,
respectively(7, 8, 10-13). These two subgroups are separated from each other and all others
by principal component analysis, and both are associated with relatively good clinical
outcomes(8). Wnt-driven MBs are primarily characterized by monosomy 6, activating
mutations of CTNNBL1, and an excellent prognosis(7, 10, 11, 14), whereas targeted Shh
inhibitors have shown promising results in patients with Shh-driven MBs(15, 16).
However, Group 3 and 4 MBs are associated with metastatic disease and poor patient
outcome (6-8). These aggressive MBs, which have been collectively labeled as “non-

Shh/Wnt” subgroups(4), remain refractory to current treatment modalities, and lack
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aberrant activation of known signaling pathways. Furthermore, recent genomic meta-
analyses have revealed evidence for the existence of subtypes within Group 3 and 4 MBs,
now labeled as 3a, 3P, 40 and 4p, each with distinct gene mutations and transcriptome
profiles(6, 13, 17). Recently, two mouse models of c-MYC-driven MB (18, 19) have been
shown to recapitulate a subclass of Group 3 human MBs (Group 3a), implicating c-MYC
amplification as a driver of tumor formation in this subset. Other reports have shown non-
Shh/Wnt MBs to express genes associated with increased photoreceptor(6) or neuronal
differentiation(7) and more recently the exclusive expression of NPR3(8), KCNA1(8), or
FSTL5(20). However, these reports do not address the role of stem cell regulatory genes in
driving MB tumorigenesis, which is in keeping with the minimal literature on examining
selectively activated developmental signaling pathways in non-Shh/Wnt MBs(21-23), and
even fewer reports linking aberrant MB stem cell self-renewal signaling to patient

prognosis and outcome(24).

The Cancer Stem Cell (CSC) hypothesis suggests that tumors are organized into a
hierarchy in which only a rare clonal population of cells, termed CSCs or tumor-initiating
cells (TICs), have the ability to initiate, proliferate, and maintain tumor growth. This is in
sharp contrast to all other cells of the bulk tumor, characterized by a limited proliferative
capacity and restricted lineage potential(25, 26). By applying culture conditions and assays
used to characterize normal neural stem cells (NSCs), we were among the first researchers
to identify cells from a variety of human brain tumors (including MB), termed brain tumor-
initiating cells (BTICs), which exhibited the stem cell properties of self-renewal and

differentiation(27, 28). A unique property by which stem cells may induce oncogenesis is
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self-renewal, defined as the ability of the parental cell to generate an identical daughter cell
and a second daughter cell of the same or different phenotype(29, 30). Given that normal
NSCs must maintain a relative balance between self-renewal and differentiation, brain
tumorigenesis may be conceptualized as a disease of unregulated BTIC self-renewal(25,
26). Despite the promise of novel therapies targeting the MB BTIC self-renewal machinery
to improve outcomes in those who remain refractory to current treatment, the regulatory

mechanisms of these pathways remain unknown.

In this study, we have characterized the role of MB stem cell-specific pathways
specifically enriched in non-Shh/Wnt MBs. Since prior work has demonstrated increasing
BTIC frequency to be associated with tumor aggressiveness(27, 28) and poor patient
outcome(24, 31, 32), we have investigated the likelihood of BTIC self-renewal genes in
specifying Group 3 and 4 non-Shh/Wnt MBs. While these MBs and their further
fractionated subtypes may display characteristic gene mutations, amplifications or gene
expression profiles(13), we hypothesized that all of these MB subtypes may be aberrantly
driven by stem cell regulatory genes promoting enhanced BTIC self-renewal. If BTIC self-
renewal genes and their signaling pathways are specifically identified in aggressive MB
subgroups, mechanistic studies of their regulatory function can then be conducted through

application of our in vitro and in vivo BTIC models.

Materials & Methods

Stem cell gene profiling in non-Shh/Wnt subtype medulloblastoma
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MB microarray data for 103 MBs were downloaded from GEO (GSE21140). These
data consisted of processed Affymetrix CEL files (Affymetrix Human Exon 1.0 ST Array
[transcript (gene) version]) that had undergone gene-level analysis (CORE content),
quantile normalization (sketch), and summarization using PLIER with PM-GCBG
background correction for 103 MBs. Clinical annotations for each MB tumor, including
subgroup (Wnt, Shh, Group 3, Group 4) were also downloaded from this location.
Expression values for Group 3 and 4 tumors were pooled into one group titled, “non-
Shh/Wnt”. The expression of each gene was plotted as the normalized fluorescence
intensity of the corresponding affymetrix probes. Similarly, raw Affymetrix datasets for 62
primary human MBs, 40 primary human MBs, 15 Daoy MB cell line samples, and 46
primary human MBs were respectively downloaded and processed from GEO (GSE10327,

GSE12992, GSE7578) or http://www.stjuderesearch.org/site/data/medulloblastoma

(Thompson, et al.(10)) and normalized using RMA(33). When available, clinical
annotations for each tumor were also downloaded from these locations. When multiple
probesets identified the same gene, the probeset with the highest mean expression across

all patients in the dataset was used.

nCounter System (NanoString) gene expression profiling

RNA was extracted from paraffin-embedded (FFPE) tissue using Qiagen RNeasy
FFPE kit. Exactly 250ng of RNA was run for each patient sample. Analysis using nCounter
Gene Expression system was conducted at the Centre for Translational and Applied
Genomics (CTAG) [BC Cancer Agency, Vancouver, BC]. A custom codeset synthesized

by nCounter (NanoString Technologies, Seattle, WA, USA) was designed including 22
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MB specific subgrouping gene probes(72) in addition to other genes of interest which
include: CD15 (RefSeq NM_002033.2), BMI1 (NM_005180.5), FOXG1 (NM_005249.3),
SOX2 (NM_003106.2), and POU5F1 (RefSeq NM_002701.4). The recommendations
outlined by NanoString Technologies were all followed regarding mRNA sample

preparation, hybridization, detection and scanning, and data normalization.

Dissociation of primary medulloblastoma tissue and neurosphere culture

Human brain tumor samples (see Supplementary Table 3) were obtained from
consenting patients, as approved by the Hamilton Health Sciences/McMaster Health
Sciences Research Ethics Board. Briefly, samples were dissociated in artificial
cerebrospinal fluid containing 0.2 Wunisch unit/mL Liberase Blendzyme 3 (Roche filtered
through 70 um cell strainer. Tumor cells were resuspended in tumor sphere medium
consisting of a chemically defined serum-free NSC medium, and plated in an ultra-low
attachment plate (Corning). The components of our complete NSC media per 500 mL
include: Dulbecco’s modified Eagle’s medium/F12 (450 mL; Invitrogen), N2-supplement
(5 mL; Invitrogen), HEPES (5 mL; Wisent), glucose (3 g; Invitrogen), N-acetylcysteine
(60 ng/mL; Sigma), neural survival factor-1 (10 mL; Lonza), epidermal growth factor (20
ng/mL; Sigma), basic fibroblast growth factor (20 ng/mL; Invitrogen), leukemic inhibitory
factor (10 ng/mL; Cehmicon). The BTIC patient isolates shown in Supplementary Table 3
are not renewable cell lines, but rather minimally cultured cell isolates (24 hours to <1
week) within stem cell conditions to select for stem cell populations. Daoy MB (American

Type Culture Collection) and H9 human embryonic stem cell-derived NSCs (Invitrogen)
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were also cultured in tumor sphere medium conditions and as per manufacturer’s

instructions, respectively.

Quantitative real-time—polymerase chain reaction

Total RNA from samples was isolated using the Qiagen RNeasy Micro kit (Qiagen)
and reverse transcribed using Invitrogen’s Superscript III First Strand Synthesis kit
(Invitrogen). Quantitative PCR was performed using the Chroma4 (Bio-Rad) with
IQSYBR Green gPCR kit (Quanta VWR). Data were presented as the ratio of the gene of
interest to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) as control. The program
Primer3 (NCBI, Primer-BLAST, http://www.ncbi.nlm.nih.gov/tools/primer-blast) was

used to design primer sequences provided in Supplementary Table 4.

Viral production and transduction

Lentiviral vectors (CS-H1-shRNA-EF-1 a-EGFP) expressing shRNA that targets
human Bmil and luciferase were kind gifts from Dr Atushi Iwama. Lentiviral vectors
expressing shRNA that targets FoxG1 and ORF expression clone for FOXG1 were from
GeneCopoeia. Replication-incompetent lentivirus was produced by co-transfection of the
expression vector and ViraPower packaging mix (Invitrogen). Viral supernatant was
harvested 48 hours after transfection, filtered through a 0.45-mm cellulose acetate filter
and precipitated by PEGit (System Biosciences). The viral pellet was resuspended in 0.5
ml of phosphate-buffered saline and stored at 80°C. Daoy cells were transduced with
lentiviral vectors and treated with the respective antibiotics after 48 hours of transduction

to develop stable lines.
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Western blotting

Denatured total protein (20 pg) was separated using 10% sodium dodecyl sulphate—
polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane.
Western blots were probed with monoclonal mouse-anti-human Bmil antibody (Upstate),
polyclonal rabbit-anti-human FoxG1 antibody (Abcam) and anti-GAPDH antibody
(Abcam). The secondary antibody was horseradish peroxidase conjugated goat anti-mouse
IgG (Bio-Rad) or goat anti-rabbit 1gG (Sigma). The bands were visualized using an

Immobilon Western kit (Millipore).

Immunohistochemistry

The original histologic slides were reviewed on all cases to confirm the diagnosis
of MB. A tissue microarray (TMA) was subsequently constructed from the original blocks;
triplicate 1 mm cores extracted from every tumor resection performed on the patient. A
total of 83 patients were included. There was patient outcomes data available for 74 of the
83 cases. Antibodies to NRP3, KCNAL and SFRP1 were used to subgroup the Group 3,
Group 4 and SHH tumor subtypes as previously described (8). B-catenin was used for the
identification of the WNT subgroup. For these proposed subgroup specific antibodies, the
Ventana Benchmark XT autostainer was employed; vendors, clones, dilutions and
protocols are listed as follows: B-catenin - BD (ab610154) antibody, dilution 1:100,
protocol ccl; SFRP - Abcam (ab4193) antibody, dilution 1:200, protocol ccl; NPR3 -
Sigma (HPAO031065) antibody, dilution 1:30, protease protocol; KCNA1 - Abcam

(ab32433) antibody, dilution 1:200, protocol ccl. CD15 (Beckman Coulter, IM1954U)
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immunohistochemical staining was performed as previously published(34). All
immunohistochemical stains (with the exception of [-catenin) were score semi-
quantitatively using a 4 point scale (0-3) that took into consideration the intensity and the
diffusivity of the staining; subsequently, these scores were binarized into “low” (0,1) or
“high” (2,3) categories for survival analysis. B-catenin was scored according to the
presence of nuclear staining only; cases were considered to be either nuclear positive or

negative.

Neurosphere size assay to determine BTIC proliferative potential

Proliferative potential of MB stem cells was determined according to neurosphere
size. 200 single cells were plated in a 96-microwell plate in 0.2 mL tumor sphere medium.
After 5 days in culture, the size (diameter) of resulting secondary neurospheres was
determined using light microscopy and Metamorph 7.1 (Molecular Devices). Similarly,

neurosphere size was determined 3 days after SIRNA treatment.

Cell Proliferation Assay

Single cells were plated at a density of 1,000 cells/well in complete tumor sphere
media in triplicate, in a 96-well plate (100uL/well) and incubated for three days. Alamar
Blue (Invitrogen), a Resazurin-based fluorescent indicator of cell metabolism, was added
(20uL) to each well approximately 18 hours prior to the readout time point. Fluorescence
was measured using a FLUOstar Omega Fluorescence 556 Microplate reader (BMG
LABTECH) at excitation and emission wavelengths of 535nm and 600nm respectively,

according to recommendations given by the manufacturer. Readings were analyzed using
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Omega analysis software. Proliferation was calculated as fold increase in viable cells over

day 0.

Secondary Sphere Formation Assay

After primary sphere formation was noted, spheres were dissociated to single cells
and replated in tumor sphere medium as previously described(27). To quantify stem cell
frequency, the secondary and tertiary sphere formation rate was calculated from the number

of spheres forming from 2000 dissociated single cells.

Differentiation Assay

Cells were differentiated in NSC media supplemented with 20% FBS which was
replaced every other day. Differentiation was carried out for 7 days after which,
differentiated cells were trypsinized and harvested for subsequent gene expression

analyses.

Chromatin Immunoprecipitation

ChlP assays were performed using Low cell# ChiP kit (Diagenode) according to
the manufacturer’s instructions. Briefly, cross-linked chromatin was immunoprecipitated
using anti-Bmil (Upstate) and anti-FoxG1 (Upstate). The input DNA was defined as an
aliquot of sheared chromatin before immunoprecipitation, and was used to normalize the
sample to the amount of chromatin added to each ChIP. DNA was purified from input and

immunoprecipitated samples with corresponding antibodies. gPCR was performed using
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the SYBR Green system on the Choma4 RT-PCR system (Bio-Rad). ChIP Primers are

displayed in Supplementary Table 4.
Flow Cytometric Cell Sorting

Primary Daoy tumor spheres were dissociated to single cell suspension. CD15+
cells were enriched using flow cytometric sorting (MoFlo XDP) using PE-labeled anti-
CD15 antibodies (Beckman Coulter). The percentage expression of CD15 for each group
of unsorted cells and purities for CD15+/CD15- sorted cells from flow cytometric sorting

were determined. The appropriate isotype control served as the negative control.
In vivo MB stem cell injections and H&E staining of xenograft tumors

BTIC xenografts from Daoy MB cell line expressing control vector, OE FoxG1,
and shBmil+OE FoxG1l were generated as previously described(35). Briefly, BTIC
samples were injected into the right frontal lobe of NOD-CB17-SCID mouse brains
according to Research Ethics Board-approved protocols (n=9). Mice were injected with
biological replicates consisting of 108 single-cell suspensions. The resulting human tumor
xenografts were fixed, embedded in paraffin for hematoxylin and eosin (H&E) staining;
images were taken using an Aperio Slide Scanner and analyzed using ImageScope

v11.1.2.760 software (Aperio).
Statistical Analysis

For all in vitro studies, biological replicates from at least three tumors are compiled

for each experiment in order to achieve statistical power; unique samples were not pooled

74



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

before analyses. Data represent meants.e.m., n values are listed in figure legends.
Student’s t-test analyses were performed accordingly, using the Prism 4.03 software
package (GraphPad Software). The independent Student’s t-test was used to compare the
continuous variables between two groups. The level of statistical significance was set at

0.05 for all tests.

Results

Identification of stem cell genes preferentially expressed in non-Shh/Wnt subgroup

medulloblastoma

Current unsupervised hierarchical clustering analyses of all published MB
functional genomics platforms have produced 4 molecular subgroups: Wnt, Shh, Group 3
and Group 4(13). Groups 3 and 4 share a poor clinical outcome, and as their names denote,
have yet to be defined by activation of specific signaling pathways (4). Given prior work
has shown increasing BTIC frequency to be associated with features of increasing tumor
aggressiveness(27, 28) and reduced patient survival (24, 31, 32), we hypothesized that a
candidate gene approach for known stem cell-associated genes would specify non-Shh/\Wnt
poor-outcome MBs. Therefore, we took the novel approach of probing four existing MB
transcriptional databases (Boston(6), Amsterdam(7), Toronto(8), Memphis(10)) along with
a recent NanoString-subgrouped cohort of MBs for differential stem cell gene expression

patterns in Wnt, Shh, Group 3, Group 4, and non-Shh/Wnt MBs.

Examination of our candidate gene list (described in Supplementary Table 1 with

their regulatory functions) (18, 19, 22, 27, 28, 36-61) consisting of genes implicated in the
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self-renewal and proliferation of a number of normal and cancer stem cell populations
showed enriched expression in the non-Shh/Wnt subgroup (Figure 1). Interestingly, we
were able to identify FoxG1 and Bmil as being preferentially expressed in non-Shh/Wnt
MBs (Figure 2, Supplementary Table 2). Although Bmil has been previously studied by
our group (35) and others, FoxG1 warranted further investigation as it was the strongest
overall predictor of Groups 3 and 4, and the most independently predictive gene of these
tumors (see Supplementary Table 2). In addition, Fasano, et al.(41) have shown Bmil and
FoxG1 to act as co-mediators of normal NSC self-renewal. FoxG1 is a forkhead-box family
transcription factor that is developmentally active in forebrain specification, and it has been
shown to be frequently dysregulated in MB(62). The functional relevance of these two

genes in MB stem cells was subsequently assessed using in vitro stem cell assays.

Bmil and FoxG1 function as regulators of medulloblastoma stem cell properties

Probing of MB transcriptional databases revealed a strong association of Bmil and
FoxG1 with Group 3 and 4 MBs, but their functional role in MB remains unknown. We
therefore decided to apply our in vitro and in vivo BTIC model systems to further

interrogate the role of these genes in MB stem cells.

Having previously characterized BTIC populations from primary human MB(27,
28), we applied this experimental model system to 3 primary pediatric MBs (see
Supplementary Table 3). We have called these specimens “MB stem cell patient isolates”
to emphasize the fact that these cells are not renewable cell lines, but are cell isolates

minimally cultured (24 hours to 1 week) under conditions that select for stem cell
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populations. Owing to limited primary sample availability, we have supplemented our
experimental work on human primary MB stem cells with studies of the Daoy(35), and

MED8a(63) cell lines.

Given that all current MB transcriptional databases do not profile cells enriched
for tumor sphere populations, we assessed the differential transcript levels of the two stem
cell genes most preferentially expressed in non-Shh/Wnt subgroup MBs, FoxG1 and Bmil,
within normal NSCs, Daoy and MED8a tumor spheres, and primary MB stem cells. Primer
sequences are listed in Supplementary Table 4. We found FoxG1 and Bmil transcript levels
to be significantly elevated in Daoy spheres, primary MB stem cells (Figure 3 a and 3b),
and MEDB8a spheres (Supplementary Figure 4a and 4b) when compared to NSCs. No
significant difference was observed in the expression of FoxG1 and Bmil between Daoy

spheres, MED8a spheres and primary MB stem cells.

To interrogate the functional significance of FoxG1 and Bmil in regulating stem
cell properties essential for promoting MB tumorigenesis, we generated FoxG1l
overexpression constructs (OE FoxG1) and performed shRNA-mediated knockdown of
both genes (shBmil, shFoxG1) using multiple constructs. The efficiency of gene
knockdown and overexpression was validated at protein and transcript levels for all
constructs (Supplementary Figure 1). In vitro limiting dilutions assays for each construct
correlated with the levels of FoxG1 and Bmil (Supplementary Figure 2). shFoxG1-2 and
shBmil-3, displaying the best gene and functional knockdowns, were chosen for further
study. Tumor sphere size in cells treated with shFoxG1 and shBmil or OE FoxG1 was

markedly reduced or increased, respectively in comparison to spheres generated from cells
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treated with control vector (Figures 4a, 4b). To assess whether these genes may drive MB
tumor cell proliferation we also measured the proliferative potential of tumor spheres. Cells
treated with shRNA and overexpression constructs were less and more proliferative,
respectively, than those cells treated with control vector (Figure 4c). Since brain
tumorigenesis may be attributed to unregulated BTIC self-renewal, we assessed the self-
renewal capacity of Daoy tumor spheres. Secondary tumor sphere formation was
significantly diminished following knockdown, which suggested both genes to
independently function as putative BTIC self-renewal genes (Figure 4d). Since Bmil has
been shown to co-operate with FoxG1 in maintaining the self-renewal machinery of normal
NSCs(41), we co-transduced both shBmil and shFoxG1 constructs to determine if there
may be an additive effect in self-renewal reduction. Interestingly, we observed a significant
reduction in self-renewal compared to cells transduced with control vector. Finally we
performed differentiation assays on primary MB stem cells, Daoy and Med8a tumor
spheres. Although we found Daoy and Med8a tumor spheres to be refractory to standard
differentiation conditions, in minimally-cultured primary human MB stem cells, we
observed a decrease in neural lineage marker expression with OE FoxG1 (Supplementary
Figure 5a) and an increase with shFoxG1 cells (Supplementary Figure 5b). Furthermore,
FoxG1l expression decreased with differentiation of primary human MB stem cells

(Supplementary Figure 5c), suggesting a role for FoxG1 in maintaining a stem cell state.

Therefore, it became apparent that Bmil and FoxG1 function as mediators of
self-renewal, proliferation, and differentiation in MB and may in fact be interacting with

one another in a manner akin to normal NSCs(41). As hypothesized, OE FoxG1
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demonstrated a significant increase in secondary sphere formation compared to control
cells (Figure 4d). However, OE FoxG1+shBmil cells displayed a significant reduction in
self-renewal capacity compared to control cells, suggesting FoxG1 overexpression to not
completely rescue the reduced self-renewal capacity observed with Bmil knockdown

(Figure 4d).

FoxG1 and Bmil show reciprocal promoter occupancy only in CD15+ MB stem cells

Although FoxG1 and Bmil have previously been shown to interact with one
another through correlative overexpression and knockdown studies of either gene(41) and
in our hands have been implicated in co-operating with one another to regulate self-renewal
in MB tumor spheres, the mechanism for their interaction has yet to be elucidated. We
hypothesized that both proteins may regulate each other’s transcriptional activity through
binding at one another’s promoter. Consequently we performed chromatin
immunoprecipitation (ChlP) experiments to assess the enrichment of FoxG1 at the Bmil
promoter (Figure 5a) and Bmil at the FoxG1l promoter (Figure 5b). We observed no
difference for enrichment at either promoter, and hypothesized that this may in fact
resemble the current inability of genomic profiling of bulk tumors to identify stem cell
genes preferentially expressed in poor outcome MBs, since our ChIP experiments were
performed on unsorted tumor sphere populations that had not been sort-enriched for
putative MB stem cells. Having validated CD15 protein expression as a marker of
aggressive, poor-outcome subgroup 3 and 4 MBs from 74 MBs (Supplementary Figure 6),
we performed flow cytometric cell sorting for CD15(37, 38), a marker which allows for

sorting of distinct and reproducible positive and negative populations across multiple MB
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model systems and cell lines (Supplementary Figure 3). We then assessed FoxG1 and Bmil
transcript levels in CD15+ and CD15- cells, and found that both genes were significantly
expressed in the CD15+ cell fraction when compared to the CD15- cells (Figures 5c, 5d).
We then performed our ChIP experiments on CD15-sorted MB tumor cells and found a
marked enrichment for FoxG1 at the Bmil promoter (Figure 5e) and Bmil at the FoxG1
promoter (Figure 5f) in the CD15+ cell fraction with no significant enrichment at either

promoter in the CD15- population.

The cell cycle inhibitors p16 and p21 are well-defined downstream targets for
repression by FoxG1l and Bmil to promote self-renewal in a number of tissues and
malignancies(41, 64-68). We found both, p16 (Figure 5g) and p21 (Figure 5h) levels to be
significantly elevated in the CD15- cell fraction when compared to CD15+ MB stem cells,
suggesting a novel mechanism for MB stem cell self-renewal by which FoxG1 and Bmil
may interact with one another to co-operatively inhibit p16 and p21 in CD15+ MB stem

cells.

In vitro and in vivo functional characterization of FoxG1/Bmil interactions

In order to further interrogate the mechanistic significance of FoxG1 and Bmil
sharing promoter occupancy, we investigated the expression of Bmil levels in our stable
shFoxG1, OE FoxG1, and OE FoxG1+shBmil cell lines. Interestingly, Bmil levels were
reduced and increased following FoxG1 knockdown and overexpression, respectively,
when compared to stable control cells (Figure 6a). This data suggests Bmil to be a novel

downstream target for FoxG1 signaling. Following OE FoxG1l+shBmil, we observed a
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significant decrease in Bmil levels when compared to control cells, revealing that FoxG1
overexpression may not be sufficient to rescue Bmil knockdown at the transcript level.
Bmil regulation of FoxG1 was assessed following shBmil (Figure 6b), and a positive
feedback was identified as FoxG1 expression was significantly reduced in shBmil cells
compared to control. Moreover, OE FoxG1+shBmil cells displayed elevated FoxG1 levels
compared to control. This data alludes to the presence of additional novel downstream
targets of FoxG1 signaling aside from Bmil, which may have a stronger affinity for

positively regulating FoxG1 expression.

In vivo analysis of FoxG1 and Bmil functional relevance on MB stem cell-driven
tumorigenesis demonstrated OE FoxG1l MB stem cells to generate much larger and
infiltrative tumors compared to samller, well-circumscribed control tumors (Figure 6c). In
vitro self-renewal analysis showed a reduction in self-renewal capacity in OE
FoxG1+shBmil cells compared to OE FoxG1 and control cells (Supplementary Figure 2).
This finding mirrored in vivo characteristics of tumor size and invasiveness, as OE
FoxGl+shBmil-generated tumors were smaller than OE FoxG1l tumors and more
circumscribed than control tumors. Our previously published in vivo findings have
implicated Bmil in regulating tumor size in MB(35) glioblastoma (GBM)(69), and it
appears that Bmil may also critically regulate tumor size and invasiveness downstream of

FoxGl1.
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Discussion

The classification of MB has progressively evolved to include a combination of
clinico-pathological and molecular factors that reflect the clinically relevant and potentially
prognostic aspects of tumor biology(4). Our understanding of the pathogenesis and basic
biology of MB has been advanced considerably by the application of integrated genomics
platforms to characterize molecular subgroups(6-10). It has since been widely accepted
that a combination of clinical and molecular factors will afford a more reliable means of
assigning disease risk in patients with MB(70, 71), allowing for a de-escalation of current

therapy and a progression toward risk-tailored, individualized and targeted patient therapy.

Herein, we have characterized the functional and clinical significance of two BTIC-
specific genes, FoxG1 and Bmil in regulating self-renewal of MB stem cells. Since
increasing BTIC frequency is associated with decreased survival and poor patient
outcome(69), we hypothesized that genes governing BTIC self-renewal may segregate
aggressive, poor-outcome MBs from other subgroups. We applied this clinical outcomes-
driven rationale to 251 primary human MBs through several published non-overlapping
MB transcriptional databases(6-8, 10) and 74 recently NanoString-subgrouped primary
MBs for candidate genes previously implicated in CSC and BTIC populations. This
allowed us to ascertain a differential stem cell gene expression profile within Wnt, Shh,
and non-Shh/Wnt MB subgroups. A subsequent series of step-wise knockdown,
overexpression, in vitro, in vivo and ChIP analyses have allowed us to demonstrate for the
first time that FoxG1 and Bmil are preferentially expressed in MB stem cells and co-

operatively function to regulate their self-renewal and tumorigenicity (Figure 6d). Our
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model illustrates that Bmil is a novel downstream target of FoxG1, through which it exerts
an increase in stem cell self-renewal and tumorigenicity by inhibition of p16 and p21. This
finding is of great clinical significance as BTIC self-renewal genes and their regulatory
pathways may serve as novel factors used to characterize poor-outcome non-Shh/Wnt MBs

in future studies.

Our ChIP data demonstrates that a differential transcriptional regulatory
mechanism exists between unsorted and sort-enriched stem cell populations, in which
Bmil and FoxG1 show reciprocal promoter binding only in CD15+ MB stem cells. Our
data further suggests this difference to repress cell cycle inhibitors, p16 and p21, in CD15+
MB stem cells, permitting extensive self-renewal and proliferation in this cell fraction,
while CD15- cells are maintained under the control of these cell cycle inhibitors. Recently,
we have identified additional cell-cell differences between MB BTIC and non-BTICs based
the on characterization of Shh-receiving and Shh-signalling cells, respectively(35). In
GBM BTICs, we have observed time-dependent functional differences in Bmil based on
the stage of BTIC differentiation and cell type as Bmil contributes to self-renewal in
BTICs but regulates proliferation and cell fate determination in non-BTI1Cs(69). Given
these critical differences in sort-enriched BTIC and non-BTIC cell compartments of a
heterogeneous tumor such as brain tumors, future characterization of MB functional
genomics platforms would benefit from subgrouping based on sort-enriched MB tumor

cells for elucidating novel pathways that may be aberrantly activated in MB BTICs.

The study of BTICs has reconceptualized the heterogeneity of brain tumors in terms

of their biological framework and predicted therapeutic response. However, several
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limitations remain in our ability to characterize these rare clonal populations of cells and
this is particularly true for a rare tumor such as MB. Although our stem cell profiling
technique shows promise to further characterize current high-risk MBs, the small primary
sample size for our in vitro and in vivo functional studies limits the true determination of
its specificity as a unique and independent identifier of high-risk disease. Although several
stem cell self-renewal genes (such as Nanog, Oct4, and Lgr5) did not show enriched
expression in high-risk non-Shh/Wnt MBs, our findings illustrate that regulation of self-
renewal may be regional and context-dependent, explaining why some self-renewal genes
critical to embryonic or epithelial stem cells may not be active in a neural micro-
environment. Primary human MB BTIC cultures are technically challenging, provide
limited cell numbers for data acquisition, and require specific infrastructure; therefore our
platform is unlikely to be widely adapted for routine laboratory use at this point. However,
continued study of larger numbers of human MB BTIC specimens will eventually elucidate
key stem cell signaling pathways and molecular mechanisms of self-renewal that could
provide specific targets for poor-outcome MBs. Specifically, as current transcriptional
profiling of MB consists of the cellular bulk tumor population, rare stem cell fractions may
be missed and therefore, future transcriptional analyses of stem cell genes may benefit from
tissue banks consisting of prospectively sorted BTIC RNA. Current practice for MB
molecular profiling from a single tumor biopsy or resection sample may also underestimate
the genomic landscape(72), providing the BTIC model system as an ideal approach for
addressing intratumor heterogeneity. Our work provides encouraging evidence to suggest

that identifying and subsequently modulating stem cell populations in MB may improve
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clinical outcome for those patients with metastatic and high-risk disease. Future
implications of our model system may take advantage of our in vitro BTIC self-renewal
assay, which has previously been validated to correlate with clinical outcome in pediatric
brain tumors, including MB(24). With the recent application of the NanoString assay to
MB molecular subgrouping(73), academic hospitals may discern low-level stem cell gene
transcript levels within paraffin-embedded tissues in conjunction with our established in
vitro self-renewal assays. Such analyses may assist in rapidly determining the stem cell
phenotype of a given MB and may in turn promote more targeted and individualized

treatment for a patient-specific BTIC profiles.
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Figure 1: Multiple candidate stem cell genes are preferentially expressed in non-
Shh/Wnt subgroup medulloblastomas. (a-d) Affymetix exon array data in four
independent datasets shows a differential expression pattern in which many candidate
cancer stem cell genes are associated with poor outcome Group 3 and 4 MBs. (e)
NanosString gene expression data for select genes showing enrichment in Group 3 and 4

MBs.
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Figure 2: FoxGl and Bmil expression identify non-Shh/Wnt subgroup
medulloblastomas. (a-d) Affymetix exon array and (e) NanoString data show enriched
FoxG1 and Bmil expression in poor-outcome MB subgroups (P<0.05). Data are presented

as log2-transformed signal intensity (that is, expression).
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Figure 3: FoxG1 and Bmil are significantly expressed in primary medulloblastoma
stem cells and Daoy tumor spheres. (a) FoxG1 transcript levels are significantly elevated
in primary human MB stem cells (n=3, BT1-3, P=0.0075) and Daoy MB tumor spheres
(n=3, P=0.0146) when compared to normal human NSCs (n=3). (b) Similarly, Bmil
transcript levels are significantly elevated in primary human MB stem cells (n=3, BT1-3,
P=0.0191) and Daoy MB tumor spheres (n=3, P=0.0238) when compared to normal human

NSCs (n=3). *P<0.05, **P<0.01
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Figure 4: FoxG1l and Bmil function to regulate proliferation and self-renewal of

medulloblastoma stem cells. Daoy tumor spheres knocked down for FoxG1 (shFoxG1),

Bmil (shBmil), and FoxG1+Bmil (shFoxG1l+shBmil) showed a decrease in (a, b) sphere

size (n=3, P=0.034; n=3, P=0.027; n=3, P=0.003, respectively) when compared to control
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cells. Conversely, Daoy tumor spheres overexpressing FoxG1 (OE FoxG1) showed an
increase in (a, b) sphere size (n=3, P=0.0003), but a reduction compared to control cells
when cotransduced shBmil (n=3, P=0.042). (c) Daoy tumor sphere proliferative potential
was significantly reduced with shFoxG1, shBmil, shFoxG1+shBmil (n=3, P=0.0103; n=3,
P=0.0481; n=3, P=0.0017, respectively) and significantly elevated in OE FoxG1 cells
(n=3, P=0.0003). Together, OE FoxG1l+shBmil reduced the proliferative potential of
tumor spheres, suggesting Bmil as a possible feedback regulator of FoxG1 expression
(n=3, P=0.0113). (d) Self-renewal capacity was further diminished following shFoxG1,
shBmil, and shFoxGl+shBmil (n=3, P=0.0170; n=3, P=0.0431; n=3, P=0.00087,
respectively) when compared to control cells. In contrast, self-renewal capacity is enhanced
in OE FoxG1 cells (n=3, P=0.0412) and reduced in OE FoxGl+shBmil cells (n=3,

P=0.0285) compared to control. Scale bar = 100 um. *P<0.05, **P<0.005, ***P<0.0005.
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Figure 5: Bmil and FoxG1 display differential binding at promoters within distinct

CD15+ enriched stem cells. Neither (a) FoxG1 nor (b) Bmil appear to enrich at the Bmil

or FoxG1 promoters, respectively, in unsorted tumor sphere populations (n=5, P=0.3253;

n=5, P=0.8848, respectively). Cell sorting for CD15, shows CD15+ cells to contain
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significantly elevated transcript levels of (¢c) FoxG1 (n=3, P=0.0016) and (d) Bmil (n=3,
P<0.0001) when compared to CD15- cells. ChIP experiments in CD15-sorted tumor sphere
populations demonstrate significant enrichments for (e) FoxG1 at the Bmil promoter (n=5,
P=0.0151) and (f) Bmil at the FoxG1l promoter (n=5, P=0.0044) in the CD15+ cell
fraction. There were no enrichments observed in the CD15- cell fraction for either (e)
FoxG1 at the Bmil promoter (n=5, P=0.0759) or (f) Bmil at the FoxG1 promoter (n=5,
P=0.2323). CD15- cells display increased expression levels of downstream targets of
FoxG1 and Bmil, (g) p16 (n=3, P=0.0062) and (h) p21 (n=3, P=0.0015) when compared
to CD15+ cells. *P<0.05, **P<0.005, ***P<0.0001
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Figure 6: Bmil is a novel downstream target of FoxG1, through which it exerts an
increase in tumorigenicity. (a) Bmil levels are reduced and increased following shFoxG1
and OE FoxG1, respectively, when compared to stable control cells (n=3, P=0.0063; n=3,
P=0.0001, respectively). OE FoxG1l+shBmil resulted in a significant decrease in Bmil
levels compared to control cells (n=3, P=0.0001), revealing that FOxG1 overexpression
may not be sufficient to rescue Bmil knockdown at the transcript level. (b) A positive
feedback with Bmil on FoxG1 expression was demonstrated with a reduction in FoxG1
levels compared to control cells with shBmil (n=3, P=0.0209) and an elevation in FoxG1
expression within OE FoxG1l+shBmil cells (n=3, P=0.0143). (c) In vivo analysis (top
panel, x20; bottom panel, x100) demonstrated OE FoxG1 MB stem cells to generate much
larger and infiltrative tumors compared to smaller, well-circumscribed control tumors.
Interestingly, OE FoxG1+shBmil tumors were smaller than OE FoxG1 tumors and more
circumscribed than control tumors. (d) Model of FoxG1 regulation of Bmil expression and
Bmil feedback on FoxG1l expression to promote in vivo tumor aggressiveness and

enhanced in vitro stem cell self-renewal. Scale bar = 100 um. *P<0.05, **P<0.0001
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Supplementary Figure 1: FoxG1 and Bmil knockdown lead to an efficient reduction
in their transcript and protein levels. shRNA-mediated knockdown of (a) FoxG1l
revealed a significant knockdown in shFoxG1-2 construct when compared to cells
transduced with a control shRNA construct (n=3, P=0.0047). All other constructs,
shFoxG1-1, shFoxG1-3, shFoxG1-4 had varying levels of knockdown but were not
significant at transcript level (n=3, P=0.5669, n=3, P=0.2636 and n=3, P=0.1425,
respectively). (b) shRNA-mediated knockdown of (b) Bmil revealed a significant
knockdown in shBmil-3 construct when compared to cells transduced with a control
shRNA construct (n=3, P=0.001). All other constructs, shBmil-1 and shBmil-2, had
varying levels of knockdown but were not significant at transcript level (n=3, P=0.7923,
and n=3, P=0.2064, respectively). (c) Overexpression construct for FoxG1 revealed a
significant increase in FoxG1 expression compared to cells transduced with a control

construct (n=3, P=0.0018). **P<0.05, ***P<0.005
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Supplementary  Figure  2: Functional  characterization  of FoxGl
knockdown/overexpression and Bmil knockdown constructs through in vitro limiting
dilution assays. Characterization of (a) 4 shFoxG1 and (b) 3 shBmil constructs with (c)
shFoxG1-2 and shBmil-3 showing the greatest reduction in sphere-forming capacity. (d)
Cells transduced with OE FoxG1 and OE FoxG1+shBmil constructs displayed an increase

and decrease in sphere-forming capacity, respectively.
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Supplementary Figure 3: Representative flow cytometric cell sorting plot for CD15
in Daoy and Med8a medulloblastoma stem cells. (a) Flow plot showing side scatter

against forward scatter for Daoy MB stem cells. (b) Flow plot of sort sample showing
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5.16% of cells being CD15+. (c) Flow plot showing side scatter against forward scatter for

Med8a MB stem cells. (d) Flow plot of sort sample showing 43.29% of cells being CD15+.
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Supplementary Figure 4. FoxG1l and Bmil are differentially enriched in Med8a
medulloblastoma cells. (a) FoxG1 (n=3, P=0.00044) and (b) Bmil (n=3, P=0.0031)

expression are significantly elevated in Med8a MB cells grown in NSC conditions
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compared to normal human NSCs (n=3). (c) FoxG1 is specifically enriched in CD15+
Med8a MB stem cells compared to CD15- cells (n=5, P=0.00041), however, (d) no
difference is observed in Bmil expression between CD15+ and CD15- cells (n=5,
P=0.7332). (e) Flow plot (left) showing side scatter against forward scatter for Med8a MB
stem cells along with (right) FoxG1 and Bmi1l levels showing 99.39% positivity for FoxG1

and 3.12% positivity for Bmil. **P<0.005, ***P<0.0005
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Supplementary Figure 5: FoxG1 regulation of MB BTIC differentiation. A general
trend demonstrating a (a) decrease in GFAP, MAP2, and OLIG2 expression was observed
in OE FoxG1 cells compared to control cells (n=3), whereas an (b) increase in neural
differentiation marker expression was observed in shFoxG1l cells when compared to
control cells (n=3). (c) Additionally, FoxG1 expression was found to decrease with

differentiation in primary human MB BTICs (n=3, P=0.0482). *P<0.05
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Supplementary Figure 6: Putative MB BTIC marker, CD15, is preferentially
expressed in subgroup 3 and 4 MBs. Representative images of differential cytoplasmic
CD15 expression in (a) Wnt, (b) Shh, (c) Group 3, and (d) Group 4 MBs. (e) Graphical
representation of low/no cytoplasmic CD15 staining to high cytoplasmic positivity within

MB subgroups. CD15 staining is marked in non-Shh/Wnt subgroups. (Magnification:

x200)

McMaster University — Biochemistry & Biomedical Sciences

Gene

Description

References

Bmil

As a member of the Polycomb Group 1, Bmil is
a key regulator of self-renewal in a number of
normal and malignant stem cell populations
through repression of the ink4a/Arf locus.

22, 35, 36

CD15 (Fut4,
SSEAI1, Lewis-
X)

CD15 is a carbohydrate moiety that is an
established neural stem cel marker and has more
recently been identified as a novel marker for
brain tumor-initiating cells using a Ptch*"- mouse
model.

37, 38

CD133
(Promininl)

CD133is a cell surface glycoprotein that has been
used to mark hematopoietic and neural stem cells
along with the more recent characterization of
brain tumor and colon cancer-initiating cells.

27, 28, 39, 40

FoxG1

FoxGl1 is a forebrain-specific transcription factor
that functions to prevent neuronal progenitor cells
from undergoing premature differentiation and
thereby maintains stemness.

41, 42

LgrS

Lgr5 has been used to mark both normal and
malignant stem cell populations within the
intestinal crypt.

43

Musashil

Musashil is an evolutionarily well-conserved
neural RNA-binding protein used to mark neural
precursor cells whose loss has been shown to have

44

108




Ph.D. Thesis — B. Manoranjan

McMaster University — Biochemistry & Biomedical Sciences

a detrimental effect on the maintenance of tumor
sphere populations.

Myc

Myc is a marker of stem cell populations and has
been shown to be responsible for an embryonic
stem cell signature in cancer along with initiating
tumors when ectopically expressed in stem cell
populations.

18, 19, 61

Nanog

Nanog is an essential pluripotency factor in
embryonic stem cells and may be required for
reactivating the stemness properties of several
cancer stem cell populations.

45, 46, 47, 48,
49

Oct4

Oct4 is the key factor required for reprogramming
cell fates and is essential in maintaining the self-
renewal and pluripotency properties of embryonic
stem cells.

48, 50, 51

Sox2

Sox2 encodes a family of high-mobility group
transcription factors that have critical roles in
organogenesis. Recently, Sox2 has been used to
characterize tumor-initiating cells in the brain,
breast, and osteosarcoma to name a few.

52, 53, 54, 55

Tert

Tert is the catalytic subunit of the enzyme
telomerase and functions to enable cells to avoid
chromosomal  shortening  during repeated
replication through maintaining telomere length.

56, 57

Twistl

Twistl, an upstream regulator of Bmil, is a basic
helix-loop-helix transcription factor, which
promotes epithelial-mesenchymal transition in
normal development and metastatic/invasive
properties in cancer.

58, 59

Zicl

Zicl marks neural precursor cells at various
stages throughout development and has recently
been used to mark subtype-specific cells of origin
in MB.

60

Supplementary Table 1: Candidate gene list
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Upregulated in Groups 3 and 4 Medulloblastomas

Amesterdam | Memphis Toronto Boston Vancouver
FC P |FC| P FC P FC P FC P
Bmil 1.3 |0.014 |13|0.058 | 14 | 0.002 | 1.7 | 9.4x 1.4 | 3.6x10*
10°
CD15 -23 | 0.002 | - | 0006 |-1.1]0.005|-1.4|0.012| -1.7 0.00765
1.4
CD133 -1.3 | 064 |19| 014 | 18 | 022 |-1.1|0492| N/A N/A
FoxG1l 24 | 0.002 | 15 | 0.002 | 9.6 | 0.002 | 2.0 0 8.6 7.14x
10-16
Lgr5 -26 | 013 | - | 028 |-16| 0.35 | -1.1|0.736 | N/A N/A
1.2
Musashil | 1.2 | 0.001 11| 0.06 | 1.8 | 0.002 | 25 | 2.3x N/A N/A
10
Myc 19 | 032 |26 012 | 15| 016 | 1.2 | 0205 | N/A N/A
Nanog 11 0.19 1| 077 |-1.2| 0.08 | NJA| N/A N/A N/A
Oct4 1.2 | 043 | 1 | 0.77 1 | 072 | 11 |0.703 1.4 0.08832
Sox2 -11.2 | 0.002 | - | 0.004 | N/A| N/A | -28 | 14x -45 0.00073
1.9 1012
Tert 11 | 026 |19 0.36 1 | 053 | 1.0 | 0.904 | N/A N/A
Twistl 1.4 0.5 - 01 | 1.2 | 0.004 | 1.7 | 3.7X N/A N/A
2.1 10°
Zicl 14 | 0014 |12| 012 |-12| 018 |-1.3|0.059 | N/A N/A

FC: fold change

Supplementary Table 2: Statistical evaluation of candidate genes
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U cenoen | ACE AT TPATOLOGICAL
BT1 F 3 Classic
BT 2 M 12 Classic
BT 3 M 17 Classic
BT: brain tumor F: female M: male

Supplementary Table 3: Medulloblastoma stem cell patient isolates: Clinico-pathological

data

RT-PCR Primers
GAPDH F 5’TGCACCACCAACTGCTTAGC3’
GAPDHR 5’GGCATGGACTGTGGTCATGAG3’
BmilF 5’GGAGGAGGTGAATGATAAAAGATS
BmilR 5’AGGTTCCTCCTCATACATGACAZS’
FoxGl F 5’GCCACAATCTGTCCCTCAAC3’
FoxG1l R 5’"GACGGGTCCAGCATCCAGTA3Y’
pl6 F 5’CAGGTGGGTAGAGGGTCTGC3’
pl6 R 5’GCCAGGAGGAGGTCTGTGATT3’
p21 F 5S’TGTCACTGTCTTGTACCCTTG3’
p21R 5’GGCGTTTGGAGTGGTAGAA3’
GFAP F 5’AGATTCGAGAAACCAGCCTGGACAY
GFAPR S’TCCTGCCTCACATCACATCCTTGT3’
Map2 F 5’TTCTGTGAGTGCAGATGCTGAGGT3’
Map2 R 5’AGGTGATGGCAATGGGACTGTGTA3’
Olig2 F 5’TAAGCTGTTTGCTCACGTGACTGC3’
Olig2 R S’CTACAAAGCCCAGTTTGCAACGCA3’
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ChlIP Primers
BmilF 5’CCACTCTGCCTTCAGCGGTGCA3’
BmilR 5’CATACTACGATTATTTCATAGTTGC3’
FoxG1lF 5’CCCATGTGGGATGAAACAGCCTTT®’
FoxG1lR 5’AGGTTCGGTTGGAGGTTGAAGTGA3’

Supplementary Table 4: qRT-PCR & ChlIP primers
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Chapter 3: Wnt activation as a therapeutic strategy in medulloblastoma

Preamble

This chapter is an original manuscript submitted on February 22, 2019 to Cell Stem Cell.

Extended datasets and Supplementary Tables 1 and 2 will be available upon publication.

Manoranjan B, Venugopal C, Bakhshinyan D, Richards L, Kameda-Smith MM, Adile AA,
Whitley O, Dvorkin-Gheva A, Subapanditha M, Savage N, Tatari N, Winegarden N,
Hallett R, Provias JP, Yarascavitch B, Ajani O, Fleming A, Bader GD, Pugh TJ, Doble

BW, Singh SK

Experimental concept and study design were developed by myself, C. Venugopal,
B.W. Doble, and S.K. Singh. MB samples and clinical details were provided by J.P.
Provias, B. Yarascavitch, O. Ajani, A. Fleming, and S.K. Singh. | performed RNA
extraction for RNA-seq. RNA-seq was outsourced to McMaster core facility. RNA-seq
analysis was performed by O. Whitley under the supervision of G.D. Bader and A.
Dvorkin-Gheva with input from R. Hallett. | performed all Wnt/TCF reporter, cell
proliferation, secondary sphere formation assays with assistance from D. Bakhshinyan and
A.A. Adile for revision experiments. In vivo experiments were led and performed by
myself with assistance from N. Savage. In vivo experiments for revision experiments were
performed by M.M. Kameda-Smith, D. Bakhshinyan, and A.A. Adile.
Immunofluorescence on xenografts was performed by N. Tatari. | performed all Wnt3A

conditioned medium experiments and quantitative real-time polymerase chain reactions. |
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performed all western immunoblotting with assistance from A.A. Adile and M.M.
Kameda-Smith for manuscript revisions. Lentiviral studies were all performed by myself
and C. Venugopal. Flow cytometric analysis and cell-sorting were performed by M.
Subapanditha. I performed all small molecule Wnt activation experiments and in vitro
radiotherapy. Single-cell RNA-seq prep was performed by D. Bakhshinyan. Samples were
run by N. Winegarden and analysis performed by L. Richards under the supervision of T.
Pugh.

The main objective of this body of work was to determine if the observed clinical
differences in overall survival for patients with Wnt and non-Wnt MBs may be due to Wnt-
driven inhibition of BTIC self-renewal genes. This preclinical findings from this work
establishes activated Wnt signaling as an innovative treatment paradigm with high clinical
utility in childhood MB and provides evidence for the context-specific tumor suppressive

function of the Wnt/p-catenin pathway.
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Introduction

Medulloblastoma (MB), the most common malignant pediatric brain tumor, is
defined by four molecular subgroups (Wnt, Shh, Group 3, Group 4) based on
transcriptional and epigenetic profiles2. Wnt MB accounts for 10% of cases with the
majority harboring somatic CTNNB1 mutations and chromosomal alterations for
monosomy 6. Clinically, Wnt MBs have the most favorable prognosis with a >95% 5-year
survivorship?. By contrast, non-Wnt MBs are characterized by metastatic disease,
increased rates of recurrence, and intermediate-poor overall survivorship?. Given that Wnt
MBs represent the only subgroup in which metastasis is not indicative of a poor prognosis?®,
it has been suggested that Whnt signaling may contribute to their remarkable response to
therapy*®. Using primary patient-derived MB brain tumor-initiating cell (BTIC) lines, we
have characterized intrinsic differences in the tumor-initiating capacity of Wnt and non-
Wnt MBs. In this work, we aimed to discover if Wnt activation in non-Wnt MBs could
serve as a rationale for therapy employing a novel substrate-competitive peptide Wnt
agonist. Our preclinical work establishes activated Wnt signaling as an innovative
treatment paradigm with high clinical utility in childhood MB and provides evidence for

the context-specific tumor suppressive function of the Wnt/B-catenin pathway.

Results & Discussion

To assess the biological validity of our MB BTIC model, we asked if gene
expression differences between subgroups in bulk MB manifested themselves in our
model. We performed differential expression analysis from bulk MB data® to identify

upregulated genes specific to each subgroup, and scored both the bulk MB data and our
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MB BTIC lines for these upregulated gene expression signatures using single-sample gene
set enrichment analysis (SSGSEA). As expected, the WNT upregulated genes (n = 6326),
Group 3 upregulated genes (n = 7491), and Group 4 upregulated genes (n = 6510) showed
strongest positive enrichment in bulk MB WNT samples, Group 3 samples, and Group 4
samples, respectively, validating the specificity of the signatures (Supplementary Fig. 1a).
Interestingly, the WNT, Group 3, and Group 4 MB signatures showed strongest relative
enrichment in our WNT (BT853), Group 3 (SU_MB002), and Group 4 (ICB1299) MB
BTIC lines, respectively (Supplementary Fig. 1b), showing preservation of subgroup

affiliation among our MB BTIC lines.

Using principal component analyses (PCA), we examined the inter-subgroup
heterogeneity between MB BTIC lines from Wnt, Group 3, and Group 4 MBs
(Supplementary Fig. 2a). RNA-seq data from these lines yielded distinct gene expression
profiles between Wnt and non-Wnt MBs (Supplementary Fig. 2b-e, Supplementary Table
1). Specifically, several genes implicated in the self-renewal of malignant stem cell
populations and previously described by our group to be enriched in poor-outcome MBs!!
were more highly expressed in Group 3 and 4 MBs when compared to Wnt MB
(Supplementary Fig. 2f). Bmil and Sox2 are hallmark master regulatory stem cell genes
essential to BTIC self-renewal, and thus enriched in experimental BTIC models?4. Gene
set enrichment analysis (GSEA) of non-Wnt MB (Group 3 MB line (Supplementary Fig
3a) and Group 4 MB line (Supplementary Fig 3b)) showed enrichment of genes in the Bmil
signature, which function as key epigenetic regulators of fate determination and self-

renewal in normal and malignant cerebellar stem cells'3. By contrast, cell cycle checkpoint
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and apoptosis gene signatures were more active in Wnt MB lines (Supplementary Fig. 3b)
when compared to Group 4 MBs. Pathway network analysis further identified an increase
in DNA replication, transcriptional regulation, ribosomal processing, and translational
regulation in non-Wnt MB lines (Supplementary Fig. 3c, Supplementary Table 2),

suggestive of a hyperproliferative state.

Additional differences between Wnt and non-Wnt MBs were determined using in
vitro and in vivo tumorigenic assays. TCF reporter assays showed a significant increase in
endogenous Wnt activity in Wnt compared to non-Wnt MBs (Fig. 1a). Similar to the Wnt-
mediated inhibition of cerebellar stem cell self-renewal®®, proliferation (Fig. 1b) and self-
renewal (Fig. 1c) were impaired in Wnt MBs. Xenografts generated with 5.0x10° Wnt MB
cells led to tumor formation in 4/5 mice, whereas no tumors formed with 1.0x10° cells (0/5
mice). By contrast, all non-Wnt MB xenografts formed tumors at both numbers (10/10
mice) (Fig. 1d). Overall tumor volume was higher in non-Wnt than Wnt MB xenografts
(Fig. 1e). Wnt MBs also contained a marked survival advantage compared to non-Wnt
MBs when pooling survival for xenografts generated with 1.0x10° and 5.0x10° cells (Fig.
1f). The observed in vivo growth differences are most likely reflective of the in vitro
differences in proliferation and self-renewal between Wnt and non-Wnt MBs. These

findings support the clinical observations of prognostic variations among MB subgroups.

Previous work hypothesized the improved outcome in Wnt MB to be due to the
secretion of soluble Wnt antagonists by tumor cells that may impair the blood-brain-barrier,
rendering it more susceptible to chemotherapy’. Our data suggests the inhibition of self-

renewal pathways to explain the improved outcome seen in Wnt MB. The integrity of the
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Whnt/B-catenin pathway in non-Wnt MBs was assessed using Wnt3A-conditioned medium.
A significant increase in Axin2 expression, a conserved downstream Wnt target gene®®, was
noted in cells cultured in Wnt3A-conditioned medium (Supplementary Fig. 4a). Wnt3A-
mediated pathway activation also reduced secondary tumor sphere size (Supplementary
Fig. 4b-c), frequency (Supplementary Fig. 4d), and cell proliferation in non-Wnt MBs
(Supplementary Fig. 4e). These findings support a transient alteration in the oncogenic

phenotype of aggressive MBs following Wnt activation.

Since developmental processes may be carried forward from ontogeny into
oncology and both Bmil and Sox2 have been implicated in cerebellar and MB
development*®!’, we investigated their clinical utility in a cohort of 377 Group 3 and 4
MBs®. Using a Bmil gene signature that predicts metastasis, tumor progression, and death
from cancer'®, we found a reduced overall survivorship for patients with elevated
expression of the signature (Fig. 2a). Using a similar approach, a Sox2 gene signature®®
identified Sox2M9" patients to have a significant reduction in overall survival (Fig. 2b). To
further understand factors associated with patient outcome, we performed univariate and
multivariate survival analyses, which included the index, age, metastatic status and
subgroup. Bmil signature genes (Supplementary Table 3) showed a significant association
with patient outcome in a univariate analysis (p=0.0113), which remained significant (p =
0.0287) when adjusted for age, metastatic status, and subgroup. Metastatic status alone was
not significantly associated with patient outcome in both univariate and multivariate
analyses, but it was significantly associated with the index (p = 0.03339). The Sox2

signature index (Supplementary Table 4) showed a significant association with patient
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survival in univariate analysis (p = 0.00441) but became a trend when it was adjusted for
age, metastatic status, and subgroup for the multivariate analysis (p = 0.0924). In addition,
it showed association with metastatic status and subgroup (p=0.03888,0.02943
respectively). The expression of both self-renewal genes Bmil and Sox2 were reduced in
Wnt MB BTICs when compared to non-Wnt MB BTICs (Fig. 2c and Supplementary Fig.

5a-c), indicating differences in self-renewal activity across MB subgroups.

Considering that CTNNB1, which encodes [-catenin, is mutated in 86% of Wnt
MBs, we ectopically expressed a stabilized p-catenin mutant in non-Wnt MBs. Axin2
expression was used to determine sufficient overexpression (Fig. 2c-d). Bmil and Sox2
were reduced following [-catenin overexpression (Fig. 2c-d). The self-renewal capacity of
[-catenin-overexpressing lines was markedly reduced when compared to controls (Fig. 2e).
Orthotopic injections of non-Wnt MB cells revealed a significant reduction in overall
tumor burden (Fig. 2f-g) and increase in survival (Fig. 2h) following the ectopic expression

of B-catenin.

While genetic heterogeneity exists within individual MB subgroups®, general
subgroup affiliation does not change at recurrence®®, metastasis®, or within different
regions of a tumor?2. However, much of this work has been done on bulk tumor samples
without considering subclonal variations observed at a single cell level. Given that
emerging data in other malignancies have implicated subclonal genetic drivers in disease
progression and relapse??*, we performed single cell RNA-seq on Wnt and non-Wnt MB
lines (Fig. 3a, Fig. 4, Supplementary Fig. 6-7) to understand the functional relevance of

subclonal Wnt activity in MB cells. As expected, cells from the Wnt MB line had the
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highest enrichment for the Wnt subgroup gene signature (Fig. 3c-d). Intriguingly, we
identified that a small population of cells in Group 3 and 4 MB lines exhibited high Wnt
subgroup signature scores, similar to cells of Wnt subgroup origin (Fig. 3b). These results
support the presence of a rare population of cells in Group 3 and 4 MBs that resemble Wnt
subgroup cells. We then wondered if these Wnt-active cells maintained the reduced
tumorigenic potential observed in Wnt MB. Using a lentiviral Wnt reporter (7XTCF-
GFP)?, we identified rare Wnt-active cells (TGP+) from non-Wnt MBs. Both Wnt-active
(TGP+) and Whnt-inactive (TGP-) cells were isolated using flow cytometric cell sorting.
Whnt activity in TGP+ cells were validated with the TCF Wnt reporter assay (Fig. 5a) and
Axin2 transcript levels (Fig. 5b). TGP+ cells contained reduced levels of Bmil and Sox2
transcript (Fig. 5b) and protein expression (Fig. 5¢). Decreased proliferative (Fig. 5d) and
self-renewal (Fig. 5e) indices were also noted in TGP+ compared to TGP- cells. Separate
xenografts generated from orthotopic injections of TGP+ or TGP- cells revealed a reduced
tumor burden (Fig. 5f) and enhanced survival (Fig. 5g) in TGP+ xenografts compared to
TGP-. These data highlight the intrinsic tumor suppressive role of activated Wnt signaling
in MB. To examine the clinical utility of our model systems, we used the Wnt hallmark
gene signature to probe a clinically annotated dataset of 113 Group 3 human MBs® for
differences in overall survival. Group 3 patients with high expression of the Wnt hallmark
signature maintained a longer overall survival compared to those with low expression (Fig.
5h). As a result, endogenous Wnt activity in non-Wnt MBs appears to be a powerful
predictor of improved survivorship in MBs that are otherwise metastatic and refractory to

current treatments. To further understand factors associated with patient outcome, we
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performed univariate and multivariate survival analyses, which included the index, age and
metastatic status. The index based on the Wnt signature (see Supplementary Table 5) was
the only factor that showed a significant association with patient survival in univariate
analysis (p = 0.0158) and when it was adjusted for the other factors, such as age and

metastatic status (p = 0.0103).

To develop a therapeutic strategy employing Whnt activation, we initially used the
small molecule GSK-3 inhibitor, CHIR99021, which acts as a competitive inhibitor of ATP
binding?®. GSK-3 functions to inhibit Wnt/B-catenin signaling by phosphorylating the
downstream Whnt effector, -catenin, rendering it nonfunctional. TCF reporter measured
Whnt activation following exposure to CHIR99021 in non-Wnt MB lines (Supplementary
Fig. 8a-b). Axin2 transcript levels (Supplementary Fig. 8c-d) and increase in nuclear and
cytoplasmic f-catenin levels (Supplementary Fig. 8e) provided further validation of Wnt
activation. Bmil and Sox2 expression were decreased following CHIR99021 treatment
(Supplementary Fig. 8c-d). Although CHR99021 also reduced the proliferative and self-
renewal abilities (Supplementary Fig. 8f-g) of non-Wnt MBs, we were unable to proceed

to preclinical studies due to limited blood-brain-barrier permeability.

In an attempt to find a suitable preclinical molecule, we identified L807mts, a novel
GSK-3 inhibitor that functions through a substrate-to-inhibitor conversion mechanism
within the GSK-3 catalytic site?”. TCF reporter activity confirmed Wnt activation in
L807mts-treated cells (Fig. 6a-b), which was further corroborated with Axin2 expression
(Fig. 7e-f) and B-catenin expression (Supplementary Fig. 8e). PCA was used to examine

changes in the transcriptional machinery following L807mts treatment (Fig. 7a). RNA-seq
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data from L807mts-treated cells showed diverging gene expression profiles (Fig. 7b, Fig.
6¢c-e, Supplementary Table 2). We obtained a gene signature for non-Wnt MBs by
comparing them separately to Group 3 and 4 MBs. In order to assess the activation of Wnt
by L807mts treatment, we examined enrichment of the top 50 and top 100 signatures in the
samples treated with L807mts relative to the matching samples treated with PBS.
Enrichment analysis was performed with GSEA?%2°, Top genes up-regulated in Wnt MBs
were found to be enriched in corresponding non-Wnt MB samples treated with L807mts.
This provides supportive evidence for the observed activation of Wnt signaling in non-Wnt
MBs treated with L807mts (Fig. 6f-g). The Bmil gene signature was also reduced in
L807mts-treated samples as per GSEA (Fig. 7¢). Additional GSEA identified an increase
in the expression of apoptotic and G2M checkpoint-related gene signatures in L807mts-
treated samples (Fig. 7c). Our single cell RNA-seq data also revealed that several Wnt
activation genes that were highly enriched in endogenous single cells from non-Wnt MBs,
including NFATC4 and GALNT14, were also upregulated in L807mts-treated non-Wnt
MBs (NFATC4 fc=4.33, GALNT14 fc=2.43, Supplementary Table 2). These findings
support the activation of Wnt-driven tumor suppressive pathways following L807mts
treatment. Given the enhanced expression of apoptotic and cell cycle inhibition pathways
in L807mts-treated cells and prior reports that have indicated TP53-mutated Wnt MBs to
be more radiosensitive than TP53-mutated non-Wnt MBs*®, we investigated the potential
to radiosensitize treatment-refractory MBs with L807mts. A significant increase in
radiosensitization was observed with L807mts treatment (Fig. 7d). L807mts treatment also

decreased Bmil and Sox2 (Fig. 7e-f) levels and impaired the proliferation and self-renewal
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(Fig. 7g-h) of non-Wnt MBs. Preclinical studies were performed on three separate patient-
derived MB lines. A reduction in overall tumor burden (Fig. 7i,) and increase in overall
survival (Fig. 7j-1) were observed in xenografts treated with L807mts. These preclinical
studies provide evidence in support of a highly specific small molecule Wnt agonist with

potential clinical utility for treating MB.

Current MB clinical trials have based risk-adapted therapy on molecular subgroups.
Trials focused on Wnt-driven MB are deescalating chemo/radiotherapy (NCT01878617,
NCTO02724579, NCT02212574). By contrast, trials for aggressive non-Wnt MBs are
escalating therapy with the hope of improving survivorship with recurrent MB patients
treated with palliation alone?. Given the few targeted treatment options for non-Wnt MBs,
our work highlights a rational therapeutic option in which the protective effects of Wnt-
driven MBs may be augmented in non-Wnt MBs through targeted Wnt activation. We
further illustrate an emerging paradigm in Wnt biology in which functions of the pathway
may be conserved in a context-dependent manner®®-3, such as a hindbrain-specific function
in which self-renewal is impaired from ontogeny to oncology. As molecular oncology trials
continue to develop, novel approaches to overcome the dependence of tumors on malignant
pathways are warranted and as such we provide a therapeutic rationale with clinical appeal
that may alter our approach to cancer by reactivating anti-oncogenic programs that have

been developmentally silenced in a tissue-specific manner.
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Materials & Methods

Culture of primary MB samples

Primary human pediatric MBs, BT853 and BT992 were obtained from consenting
patients and families as approved by the Hamilton Health Sciences/McMaster Health
Sciences Research Ethics Board. BT853 is a primary Wnt subgroup MB, whereas BT992
is a primary Shh subgroup from a patient who later relapsed. Both samples were dissociated
in PBS containing 0.2 Wunsch unit/mL of Liberase Blendzyme 3 (Roche), and incubated
at 37°C in a shaker for 15 minutes. The dissociated tissue was filtered through a 70 um cell
strainer and collected by centrifugation (450g, 3 minutes). Tumor cells were resuspended
in a serum-free BTIC enrichment medium, and replated on ultra-low attachment plates
(Corning). Additional primary human pediatric MB cultures were obtained from

collaborators as kind gifts. SU_MBO002, a treatment-refractory group 3 MB acquired at
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autopsy was received from Dr. Yoon-Jae Cho. Dr. Robert Wechsler-Reya provided
RCMBA40. Dr. Till Milde provided HD-MBO03, a treatment-naive group 3 MBs. ICB1299,
a treatment-naive group 4 MB was obtained from Dr. Silvia Marino. D425, D458 (Group
3) and Daoy (Shh subgroup) were commercially available cell lines. All samples were
cultured in BTIC enrichment medium for at least 48 hours prior to experimentation. BTIC
enrichment medium was composed of NeuroCult complete medium (STEMCell
Technologies, 10 ng/mL bFGF, 20 ng/mL EGF, 2 ug/mL heparin). Expansion medium was
used prior to experimentation and BTIC enrichment. SU_MB002 was expanded using the
same BTIC enrichment medium BT853, BT992, and RCMB40 were expanded with the
BTIC enrichment medium supplemented with 10% fetal bovine serum (FBS). ICB1299
was expanded with Dulbecco’s Modified Eagle’s Medium high glucose (Life Technologies
#11965-118) supplemented with 10% FBS.
RNA-seq

Total RNA was extracted using the Norgen Total RNA isolation kit and quantified
using a NanoDrop Spectrophotometer ND-1000. The RNA was sequenced using single-
end 50 bp reads on the lllumina HiSeq platform (lllumina, San Diego CA, USA). Raw
sequence data were exported to FASTQ format and were filtered based on quality scores
(Quality cutoff of 20 for at least 90% of the bases in the sequence). Next the reads were
mapped to the UCSC mRNA transcript human database based on the GRCh38/hg38
version using HISAT®. The counts were obtained by using ht-seq count with the
“intersection-strict” option®*®. Counts were transformed with TMM transformation and then

normalized with VOOM (package “limma” in R)*. Distributions of samples were
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examined by performing Principal Component Analyses with “rgl” package in R
(https://cran.r-project.org/web/packages/rgl/index.html) and by examining a dendrogram
built with “hclust” function from “stats” package in R with Euclidean distance and average
linkage.

Differential expression was obtained by using “limma” package, p-values were
adjusted for multiple testing with BH method®® and resulting values<0.05 were considered
to be significant. Pathway analysis was performed by using the Reactome tool

(https://reactome.org/PathwayBrowser/#TOOL=AT), and only terms yielding FDR < 0.05

were considered to be significant and were used for further examination.

Gene Set Enrichment Analysis (GSEA)?3% was performed by using Oncogenic
(C6) and Hallmark MSigDB collections of gene sets. Further GSEA analysis was
performed using top 50 and top 100 genes belonging to the signatures obtained from the
differential expression analysis.

Survival analysis was performed by using the following signatures: (1) Sox2
signature (BENPORATH_SOX2 TARGETS signature deposited in C2 MSigDB
collection), (2 WNT Hallmark signature
(HALLMARK_WNT_BETA_CATENIN_SIGNALING signature deposited in the

Hallmark MSigDB collection), and (3) BMI1 Glinsky signature!®. For each signature a

signature score was calculated for each patient: % where X is the log2-transformed
R

expression, R is the set of genes comprising the signature of interest, and n is the number
of genes in that signature, similar to as described previously®®“° but using only the genes

regulated in the same direction. For each signature, patients were divided into “High” and
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“Low” signature index groups using tertiles (1/3 of the patients were assigned to the “High”
category and 2/3 were assigned to the “Low”category). Additional factors, such as age,
metastatic status, and subgroup were used. Univariate and multivariate survival analyses

were performed using the “survival” package in R (https://cran.r-

project.org/web/packages/survival/index.html).

Comparative analysis of transcriptomic data of bulk MB and MB BTIC lines

All analyses were performed in R 3.4.4. The RNA microarray data was downloaded
from GEO (GSE85217)°. Before performing analyses with this data, the data was subsetted
for 540 WNT, Group 3 and Group 4 samples (i.e. no SHH). Additionally, ENSG identifiers
were mapped to HGNC symbols using Ensembl version 77, with mappings downloaded
using the BioMART package*'42.

Differential expression was conducted using voom and limma for RNA-seq data
(this study) and using limma for microarray data (Cavalli 2017 data). Differentially
expressed genes were filtered at False Discovery Rate (FDR) 0.05 (Benjamini-Hochberg
procedure). Differential expression was performed for the Cavalli data in three ‘one vs. all
others’ comparisons (one for each MB subtype), and differential expression was calculated
in a similar manner for untreated MB stem cell lines from this study.

The Cavalli, et al. 2017 dataset® and our MB BTIC samples were scored for gene
expression signatures separately using ssgsea'’-as implemented in the GSVA package®?,
using default settings for GSVA::gsva(expr = expression.matrix, gset.idx.list = genesets,
method = ‘ssgsea’), where expression.matrix is an expression matrix, genesets is a list of

gene sets, and method ‘ssgsea’ specifies to use ssgsea method for scoring.
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Wnt/TCF reporter assay

MB cells were cotransfected with the constructs 8XTOPFlash (1.8 mg), driving
firefly luciferase, and pRL-CMV (0.2 mg), driving the expression of Renilla luciferase for
normalization (Promega). After 24 hours, MB cells were supplemented with BTIC
enrichment medium. Cells were washed twice with PBS 24 hours following medium
change and were lysed with passive lysis buffer (Promega). The luciferase reporter
activities were measured using a luminometer as per the manufacturer’s instructions
(Promega Dual-Light System).
Cell proliferation assay

Single cells were plated in 96-well plates, at a density of 1,000 cells/200 uL per
well in quadruplicate for each sample and incubated for four days. 20 uL of Presto Blue
(Life Technologies), a fluorescent cell metabolism indicator, was added to each well
approximately 4 hours prior to the readout time point. Fluorescence was measured with a
FLUOstar Omega Fluorescence 556 Microplate reader (BMG LABTECH) at an excitation
and emission wavelength of 540 and 570 nm, respectively. Readings were analyzed using
the Omega software.
Secondary sphere formation analysis

SU_MBO002 MB tumorspheres were mechanically dissociated with a 1000 pL
pipette tip. Cells were plated at 200 cells per well in 200 pL of BTIC enrichment medium
in a 96-well plate. Cultures were left undisturbed at 37°C with 5% CO,. After 3 days, the
number of secondary spheres per well was counted and used to estimate the mean number

of spheres/2000 cells.
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In vivo experiments

All in vivo studies were performed according to McMaster University Animal
Research Ethics Board approved protocols. Intracranial injections were performed as
previously described** using the following human MB samples: BT853, BT992,
SU_MB002, RCMB40. Briefly, the appropriate number of live cells, determined by Trypan
Blue exclusion, was resuspended in 10 uL of PBS. NOD-SCID mice were anaesthetized
using isofluorane gas (5% induction, 2.5% maintenance) and cells were injected into the
frontal lobe using a 10 uL Hamilton syringe.

With regards to specific treatment groups and injected cell numbers, comparative
tumor-initiating capacities of BT853 and SU_MBO002 were performed at limiting dilutions
consisting of 1.0x10° and 5.0x10° with 5 mice in each group (n=10 BT853, n=10
SU_MB002). Mice were assessed for both histological differences in tumor formation
along with length of survival. Comparative histological and survival analyses of mice
containing intracranial tumors generated from stable lines of SU_MBO002 with B-catenin
overexpression (n=5) or negative-control construct expression (n=5) were performed by
using 1.0x10* cells from each line. Tumor-initiating capacity, histological differences in
tumor size, and survival analysis of SU_MB002 TGP+ (endogenous Whnt-active cells,
n=10) compared with SU_MB002 TGP- (endogenous Wnt-inactive cells, n=10) were
performed using 5 mice per dilution at dilutions of 1.0x10% 5.0x10* Tumor-initiating
capacity and histological differences of HD-MBO03 TGP+ compared with HD-MBO03 TGP-
cells were performed using two dilutions of 5x10% and 1x103 cells with 4 and 12 mice,

respectively. L807mts treatment and PBS controls were delivered via intranasal injection
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to mice following brief anesthetization with isofluorane gas (2.5% induction). Treatment
was given at 50 pg/kg every other day, following a 2-week engraftment incubation.
Treatment and control mice were injected with 1.0x10* cells for SU_MB002 (n=12),
1.0x10% cells for BT992 (n=12), and 1.0x10° cells for RCMB40 (n=12). All mice were
sacrificed at endpoint, brains were harvested, formalin-fixed, and paraffin-embedded for
hematoxylin and eosin staining. Images were taken using the Aperio Slide Scanner and
analyzed using ImageScope v11.1.2.760 software (Aperio).
Immunoflourescence (IF) on xenografts

5-um patient derived xenograft paraffin embedded tissues were deparaffinized in
xylene and processed through a graded series of alcohol concentrations. Antigen retrieval
was performed at 95-100°C for 10 minutes in citrate buffer pH 6.0. Samples were then
incubated with blocking solution (1% BSA, 0.2% Triton 100X and 5% goat animal serum
in 1x TRIS-buffered saline) for 45 min at room temperature followed by overnight
incubation in primary antibody, rabbit anti-human polyclonal Sox2 antibody (1:100,
Abcam) at 4°C. The next day samples were washed in 1XTBS and treated with secondary
antibody, Alexa Flour 488 goat anti-rabbit IgG (1:200, Life Technologies), for 2 hours at
room temperature. Slides were then washed extensively with 1XTBS and counterstained
with prolong gold anti-fade mountant with DAPI (Life technologies). Images were
acquired using Olympus microscope and Volocity software. Nuclei from 20 high power
fields were counted and positivity for Sox2 marker expression was quantified and
expressed as % positive cells.

Wnt3A-conditioned medium
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L Wnt-3A cells (ATCC #CRL-2647) transgenic mouse fibroblasts transfected with
a Wnt3A expression vector, and control L cells (ATCC #CRL-2648) were cultured
according to ATCC’s recommendations. Briefly, L Wnt-3A cells were maintained in
DMEM and 10% FBS with 0.4 mg/mL G418. Control L cells were maintained in DMEM
and 10% FBS. Both, L Wnt-3A and control L cells were subcultured 1:10 in culture
medium without G418 and grown until confluency. Culture media were then removed and
filtered (0.2 um). Wnt3A and control conditioned media were separately mixed with BTIC
enrichment medium at 1:1 for all subsequent experiments on primary human MB cells.

Quantitative real-time polymerase chain reaction

Total RNA was extracted using the Norgen Total RNA isolation kit and quantified
using a NanoDrop Spectrophotometer ND-1000. Complementary DNA was synthesized
from 0.5-1 ug RNA using the qScript cDNA Super Mix (Quanta Biosciences) and a C1000
Thermo Cycler (Bio-Rad) with the following cycle parameters: 4 minutes at 25°C, 30
minutes at 42°C, 5 minutes at 85°C, hold at 4°C. qRT-PCR was performed using the
Perfecta SybrGreen (Quanta Biosciences) and CFX96 instrument (Bio-Rad). CFX
Manager 3.0 software was used for quantification of gene expression and levels were
normalized to GAPDH expression with secondary validation normalized to Actin
expression. Primers include: Actin (F: 5-TATCCCTGTACGCCTCT-3’; R: 5’-
AGGTCTTTGCGGATGT-3"), Axin2 (F: 5’-TGGAGCCGGCTGCGCTTTGAT-3"; R: 5°-
CTGGGGTCCGGGAGGCAAGTC-3), Bmil (F: 5’-
GGAGGAGGTGAATGATAAAAGAT-3’; R: 5’-AGGTTCCTCCTCATACATGACA-

3°), GAPDH (F: 5’-TGCACCACCAACTGCTTAGC-3’; R: 5’-
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GGCATGGACTGTGGTCATGAG-3), Sox2 (F: 5’-
TCAGGAGTTGTCAAGGCAGAGAAG-3’; R: 5’-
GCCGCCGCCGATGATTGTTATTAT-3’).
Western immunoblotting

10ug of denatured total protein or 7.5ug of nuclear and cytoplasmic extracts (NE
PER reagents, Thermo Scientifc) was separated using 10% Bis-Tris gel electrophoresis and
transferred to polyvinylidene fluoride membrane. Western blots were probed with the
following primary antibodies: Bmil (mouse; 1:1000; Millipore #051321), Sox2 (mouse;
1:2,000; BD Biosciences #561469), B-catenin (rabbit; 1:500; Cell Signaling #9581),
HDACL1 (rabbit; 1:200 Millipore #06-720) and B-tubulin (rabbit; 1:50,000; Abcam
#ab6046). The secondary antibody was horseradish peroxidase conjugated goat anti-mouse
IgG (Bio-Rad) or goat anti-rabbit 1gG (Sigma). The bands were visualized using an
Immobilon Western kit (Millipore) and Chemidoc (Bio-Rad).
Lentiviral studies

[B-catenin (#24313) overexpression and control (#12252) vectors and the TGP
endogenous canonical Wnt reporter (8X TOPFlash TCF reporter) (#24305) were purchased
from Addgene. Replication-incompetent lentviruses were produced by cotransfection of
the expression vector and packaging vectors pMD2G and psPAX2 in HEK293FT cells.
Viral supernatants were harvested 72 hours after transfection, filtered through a 0.45 pm
cellulose acetate filter, and precipitated with PEGit (System Bioscences). The viral pellet

was resuspended in 1.0 mL of DMEM media and stored at -80°C. Stable cell lines were
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generated by transduction followed by maintenance of cultures with puromycin or flow
cytometric cell sorting for GFP+ and GFP- cells.
Flow cytometric analysis and cell-sorting

Tumorspheres were dissociated and single cells resuspended in PBS. Samples were
sorted using a MoFlo XDP Cell Sorter (Beckman Coulter). Dead cells were excluded using
the viability dye 7AAD (1:10, Beckman Coulter) or using a near IR Live/Dead fixable
staining kit (Life Technologies). Compensation was performed using mouse IgG
CompBeads (BD). GFP expression was defined as positive or negative based on the
analysis of regions established by the isotype control. Cells were sorted into tubes
containing 1 mL BTIC enrichment medium and small aliquots from each sort tube were
analyzed to determine the purity of the sorted populations. Cells were allowed to
equilibrate at 37°C for a few hours prior to experimentation. Intracellular levels of Bmil
and Sox2 were determined following preparation using Fixation/Permeabilization Solution
Kit (Cat # 554714, BD Biosciences) along with antibodies anti-Bmil (1:11; Cat # 130-106-
736, Miltenyi) and anti-Sox2 (1:20; Cat # 561610, BD Horizons), for which viable cells
were stained using LIVE/DEAD™ Fixable Near-IR Dead Cell Stain Kit (Cat # L10119,
Thermo Scientific).
Small molecule Wnt activation

The competitive ATP inhibitor that functions as a selective GSK-3 inhibitor,
CHIR99021, was used to activate the canonical Wnt pathway in SU_MBO002 and ICB1299
cells. Similarly, the novel substrate-competitive peptide inhibitor of GSK-3, L807mts, was

also used to activate the canonical Wnt pathway in SU_MBO002 and ICB1299 cells. 2x10°
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cells were plated in a 24-well plate in triplicate at a volume of 500 puL/well at CHIR99021
concentrations of 1, 3, 5, 7, 10 uM. DMSO was used as a control. CHIR99021 and DMSO
were replenished after 24 and 48 hours and cultures were used for qRT-PCR, self-renewal,
proliferation, or radiation assays after 3 days. 2x10° cells were plated in a 24-well plate in
triplicate at a volume of 500 pL/well at L807mts concentrations of 1, 5, 10, uM. PBS was
used as a control. L807mts and PBS were replenished after 24 and 48 hours and cultures
were used for gRT-PCR, self-renewal, and proliferation.

In vitro radiotherapy

Cells were plated at density of 1x10° cells/mL and treated with one dose of 2 Gy
radiation (Faxitron RX-650) and incubated for a week. Functional self-renewal and
proliferation assays were performed following incubation.

Single-cell RNA-seq and library preparation.

Single-cell suspensions of 1000 cells with a final viability of >80% was used.
Single-cell library preparation was carried out as per the 10X Genomics Chromium single-
cell protocol using the v2 chemistry reagent kit (10X Genomics, Plesanton, CA, USA).
Cell suspensions were loaded onto individual channels of a Chromium Single-Cell Chip
along reverse transcription (RT) master mix and single cell 3° gel beads, aiming for 1000
captured cells per sample. Following generation of gel bead-in-emulsions (GEMs), cDNA
was underwent a two-stage purification process with Dynal MyONE Silane beads (Thermo
Fisher Scientific), followed by SPRISelect beads (Beckman Coulter). RT and cDNA
amplification were performed using a 96-well Veriti Thermocycler (Life Technologies).

Amplified cDNA purified using SPRIselect beads and sequencing libraries were generated
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with unique sample indexes (SI). Dual sided SPRIselect cleanup was used to clean up
samples and size select. Libraries were sequenced on an Illumina 2500 in Highoutput mode
at the Princess Margaret Genomics Centre (Toronto, ON) using the 10X Genomics
recommended sequencing parameters. Samples were quantified by Kapa Library
Quantification kit (Roche) and normalized to achieve the desired median read depth per
cell.
Single-cell RNA-seq data preprocessing

The Cell Ranger software pipeline (version 2.1.0) developed by 10X Genomics was
used to demultiplex cell barcodes, map reads to the transcriptome (GRCh38) using STAR
aligner and down-sample reads as required to generate normalized aggregate data across
samples. The number of reads per cell barcode was calculated using the BamTagHistogram

function in the Drop-seq Alignment Cookbook*. Subsequently, the number of cells per

sample was determined by calculating the cumulative fraction of reads corresponding to
each individual cell barcode in a library. Cell barcodes were sorted in decreasing order and
the inflection point was identified using the R package Dropbead*® (version 0.3.1) to
distinguish between empty droplets with only ambient RNA and true droplets containing a
cell. The raw matrix of gene counts versus cells from Cell Ranger output was filtered by
cell barcodes identified from Dropbead. We processed the resultant unique molecular
identifier (UMI) count matrix using the R package Seurat*’ (version 2.3.4).
Single-cell RNA-seq quality control, normalization and dimensionality reduction.
For each cell, we quantified three quality control metrics: the number of genes with

at least one UMI, the total number of UMIs detected and the percentage UMI counts
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belonging to expressed mitochondrial genes. We excluded all cells with >30%
mitochondrial UMIs, potentially indicative of damaged cells with compromised cellular
membranes.

Similar to the workflow in Lun et al.*®, likely multiplet captures were removed if
log-library size exceeded 2 median absolute deviations (MAD) above the median. We
further discarded low-quality cells where below 500 genes were detected. We filtered out
lowly expressed genes detected in less than 5 cells across the aggregated dataset,
corresponding to 1% of cells in the smallest library. After applying these QC criteria, 3725
single cells and 18721 genes remained and were included in downstream analysis.
Expression normalization was performed in Seurat on the filtered matrix to obtain log-
normalized counts scaled to library size. Relative gene expression was calculated by
centering expression across all cells in the cohort using the ScaleData() function in Seurat.
Identification of highly variable genes (4140 genes), principal component analysis (11
signicificant PCs determined by a scree plot) and SNN-Clig-inspired clustering were
performed in Seurat to generate t-distributed stochastic neighbor embedding (t-SNE)
visualizations (Rtsne: Use the Rtsne package Barnes-Hut implementation of tSNE; default
in Seurat).

Single-cell RNA-seq gene signature scoring and classification

Gene signature scores in individual cells were calculated with two methods. The
first being the AddModuleScore() function in the R package Seurat (version 2.3.4). In brief,
the average relative expression level for each gene signature was calculated on a single cell

level and subtracted by the aggregated relative expression of control gene sets. Control
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gene sets were defined by binning all 18,721 expressed genes into 25 bins of aggregate
expression levels and then for each gene in the gene signature of interest, randomly
selecting 100 genes from the comparable expression bin. As a result, control gene sets have
comparable expression level distributions to the gene signature of interest. A second set of

gene signature enrichment scores were calculated using Gene Set Variation Analysis

(GSVA) with default parameters.

To estimate the significance of gene signature scores, a hundred sets of randomly
selected genes sets with the same size as the gene signatures were generated and scored
using both methods described above. Random sets were then used to define a 5% cutoff
for the expected gene signature scores. Cells were classified as “enriched” for a given
signature if they surpassed the 5% threshold.

Statistical analysis

At least three biological replicates were performed for each experiment. Data
represent mean + standard error (mean) with n values listed in figure legends. Student t-
test analyses were performed using GraphPad Prism™ with significance set to P<0.05.
Kaplan-Meier survival curves were visualized using GraphPad Prism™. All statistical

analysis and data visualization for sScRNA-seq was performed in R (version 3.5.0).

References

1. Northcott, P.A., et al. The whole-genome landscape of medulloblastoma subtypes.
Nature 547, 311-317 (2017).

2. Ramaswamy, V., et al. Risk stratification of childhood medulloblastoma in the
molecular era: the current consensus. Acta Neuropathol 131, 821-831 (2016).

139


https://bioconductor.org/packages/release/bioc/html/GSVA.html
https://bioconductor.org/packages/release/bioc/html/GSVA.html

Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

10.

11.

von Bueren, A.O., et al. Treatment of Children and Adolescents With Metastatic
Medulloblastoma and Prognostic Relevance of Clinical and Biologic Parameters. J
Clin Oncol 34, 4151-4160 (2016).

Zhukova, N., et al. WNT activation by lithium abrogates TP53 mutation associated
radiation resistance in medulloblastoma. Acta Neuropathol Commun 2, 174 (2014).
Pfaff, E., et al. TP53 mutation is frequently associated with CTNNB1 mutation or
MYCN amplification and is compatible with long-term survival in
medulloblastoma. J Clin Oncol 28, 5188-5196 (2010).

Gibson, P., et al. Subtypes of medulloblastoma have distinct developmental origins.
Nature 468, 1095-1099 (2010).

Phoenix, T.N., et al. Medulloblastoma Genotype Dictates Blood Brain Barrier
Phenotype. Cancer Cell 29, 508-522 (2016).

Poschl, J., et al. Wnt/beta-catenin signaling inhibits the Shh pathway and impairs
tumor growth in Shh-dependent medulloblastoma. Acta Neuropathol 127, 605-607
(2014).

Cavalli, F.M.G., et al. Intertumoral Heterogeneity within Medulloblastoma
Subgroups. Cancer Cell 31, 737-754 €736 (2017).

Barbie, D.A., et al. Systematic RNA interference reveals that oncogenic KRAS-
driven cancers require TBK1. Nature 462, 108-112 (2009).

Manoranjan, B., et al. FoxG1 interacts with Bmil to regulate self-renewal and

tumorigenicity of medulloblastoma stem cells. Stem Cells 31, 1266-1277 (2013).

140



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Bruggeman, S.W., et al. Bmil controls tumor development in an Ink4a/Arf-
independent manner in a mouse model for glioma. Cancer Cell 12, 328-341 (2007).
Leung, C., et al. Bmil is essential for cerebellar development and is overexpressed
in human medulloblastomas. Nature 428, 337-341 (2004).

Wang, X., et al. Sonic hedgehog regulates Bmil in human medulloblastoma brain
tumor-initiating cells. Oncogene 31, 187-199 (2012).

Pei, Y., et al. WNT signaling increases proliferation and impairs differentiation of
stem cells in the developing cerebellum. Development 139, 1724-1733 (2012).
Nusse, R. & Clevers, H. Wnt/beta-Catenin Signaling, Disease, and Emerging
Therapeutic Modalities. Cell 169, 985-999 (2017).

Vanner, R.J., et al. Quiescent sox2(+) cells drive hierarchical growth and relapse in
sonic hedgehog subgroup medulloblastoma. Cancer Cell 26, 33-47 (2014).
Glinsky, G.V., Berezovska, O. & Glinskii, A.B. Microarray analysis identifies a
death-from-cancer signature predicting therapy failure in patients with multiple
types of cancer. J Clin Invest 115, 1503-1521 (2005).

Ben-Porath, 1., et al. An embryonic stem cell-like gene expression signature in
poorly differentiated aggressive human tumors. Nat Genet 40, 499-507 (2008).
Ramaswamy, V., et al. Recurrence patterns across medulloblastoma subgroups: an
integrated clinical and molecular analysis. Lancet Oncol 14, 1200-1207 (2013).
Wang, X., et al. Medulloblastoma subgroups remain stable across primary and

metastatic compartments. Acta Neuropathol 129, 449-457 (2015).

141



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

22.

23.

24,

25.

26.

217.

28.

29.

30.

Morrissy, A.S., et al. Spatial heterogeneity in medulloblastoma. Nat Genet 49, 780-
788 (2017).

Karaayvaz, M., et al. Unravelling subclonal heterogeneity and aggressive disease
states in TNBC through single-cell RNA-seq. Nat Commun 9, 3588 (2018).
Rambow, F., et al. Toward Minimal Residual Disease-Directed Therapy in
Melanoma. Cell 174, 843-855 €819 (2018).

Fuerer, C. & Nusse, R. Lentiviral vectors to probe and manipulate the Wnt signaling
pathway. PLoS One 5, €9370 (2010).

Ring, D.B., et al. Selective glycogen synthase kinase 3 inhibitors potentiate insulin
activation of glucose transport and utilization in vitro and in vivo. Diabetes 52, 588-
595 (2003).

Licht-Murava, A., et al. A unique type of GSK-3 inhibitor brings new opportunities
to the clinic. Sci Signal 9, ra110 (2016).

Subramanian, A., et al. Gene set enrichment analysis: a knowledge-based approach
for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A 102,
15545-15550 (2005).

Mootha, V.K., et al. PGC-lalpha-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nat Genet 34,
267-273 (2003).

Biechele, T.L., et al. Chemical-genetic screen identifies riluzole as an enhancer of

Whnt/beta-catenin signaling in melanoma. Chem Biol 17, 1177-1182 (2010).

142



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

31.

32.

33.

34.

35.

36.

37.

38.

Biechele, T.L., et al. Wnt/beta-catenin signaling and AXIN1 regulate apoptosis
triggered by inhibition of the mutant kinase BRAFV600E in human melanoma. Sci
Signal 5, ra3 (2012).

Chien, A.J., et al. Activated Wnt/beta-catenin signaling in melanoma is associated
with decreased proliferation in patient tumors and a murine melanoma model. Proc
Natl Acad Sci U S A 106, 1193-1198 (2009).

Green, J.L., et al. Paracrine Wnt signaling both promotes and inhibits human breast
tumor growth. Proc Natl Acad Sci U S A 110, 6991-6996 (2013).

Dickey, A, et al. GSK-3beta inhibition promotes cell death, apoptosis, and in vivo
tumor growth delay in neuroblastoma Neuro-2A cell line. J Neurooncol 104, 145-
153 (2011).

Matushansky, I., et al. Derivation of sarcomas from mesenchymal stem cells via
inactivation of the Wnt pathway. J Clin Invest 117, 3248-3257 (2007).

Kim, D., Langmead, B. & Salzberg, S.L. HISAT: a fast spliced aligner with low
memory requirements. Nat Methods 12, 357-360 (2015).

Law, C.W., Chen, Y., Shi, W. & Smyth, G.K. voom: Precision weights unlock
linear model analysis tools for RNA-seq read counts. Genome Biol 15, R29 (2014).
Benjamini, Y. & Hochberg, Y. Controlling the False Discovery Rate: A Practical
and Powerful Approach to Multiple Testing. Journal of the Royal Statistical

Society. Series B (Methodological) 57, 289-300 (1995).

143



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

39.

40.

41.

42,

43.

44,

45,

46.

47.

Hallett, R.M., Pond, G. & Hassell, J.A. A target based approach identifies genomic
predictors of breast cancer patient response to chemotherapy. BMC Med Genomics
5, 16 (2012).

Chorlton, S.D., Hallett, R.M. & Hassell, J.A. A program to identify prognostic and
predictive gene signatures. BMC Res Notes 7, 546 (2014).

Durinck, S., Spellman, P.T., Birney, E. & Huber, W. Mapping identifiers for the
integration of genomic datasets with the R/Bioconductor package biomaRt. Nat
Protoc 4, 1184-1191 (2009).

Durinck, S., et al. BioMart and Bioconductor: a powerful link between biological
databases and microarray data analysis. Bioinformatics 21, 3439-3440 (2005).
Hanzelmann, S., Castelo, R. & Guinney, J. GSVA: gene set variation analysis for
microarray and RNA-seq data. BMC Bioinformatics 14, 7 (2013).

Singh, S.K., et al. Identification of human brain tumour initiating cells. Nature 432,
396-401 (2004).

Macosko, E.Z., et al. Highly Parallel Genome-wide Expression Profiling of
Individual Cells Using Nanoliter Droplets. Cell 161, 1202-1214 (2015).

Alles, J., et al. Cell fixation and preservation for droplet-based single-cell
transcriptomics. BMC Biol 15, 44 (2017).

Butler, A., Hoffman, P., Smibert, P., Papalexi, E. & Satija, R. Integrating single-
cell transcriptomic data across different conditions, technologies, and species. Nat

Biotechnol 36, 411-420 (2018).

144



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

48. Lun, A.T., McCarthy, D.J. & Marioni, J.C. A step-by-step workflow for low-level

analysis of single-cell RNA-seq data with Bioconductor. F1000Res 5, 2122 (2016).

a b c
p=0.0005 c p=0.0048 p=0.003
12 =0.0001 2 30 - 2 0.
\ e 3 p=0.0009 S 40 =0.0009
—_ @ o
5 £ T g w
Eé 5 20 5
% K] 2 20 I——'——I
g 20 £ 5 10
£ 1. g 10 5 g
e 10 H 3 °
0.: O 5
= 3
0.0 30 - £ :
Wnt Group 3 Group 4 Wnt Group 3 Group 4 E Whnt Group 3 Group 4
d e f
30 p=0.0003
2 A & 254
e S ) 4 E 1004 —— Group 3
Wit JAWNE E 20 _ - wnt
o [
2 2
c 15 2
o 1.0q > .
cEa o a %
S NI
Group 3 = 0.5 3
p<0.0001
0.0- 0 T T T T 1
Whnt Group 3 0 20 40 60 80 100

Figure 1: Wnt-activated MBs are less tumorigenic than non-Wnt MBs. (a) Differential
Whnt reporter activity between Wnt and Group 3 (p=0.0001) or Group 4 MB (p=0.0005)
(n=3, independent experiments per MB line; 1 line per subgroup). (b) Wnt MBs display a
reduced proliferative capacity when compared to Group 3 (p=0.0009), Group 4 MB
(p=0.0048) (n=3, independent experiments per MB line). (c) Wnt MBs maintain a reduced
self-renewal capacity when compared to Group 3 (p=0.0009) and Group 4 MB (p=0.003)
(n=3, independent experiments per MB line). (d) Representative histology images of Wnt
and Group 3 MB xenografts demonstrate significant tumor reduction in Wnt (n=10)
compared to Group 3 MB xenografts (n=10). (e) Tumor volume in Wnt xenografts (n=10)

is significantly reduced compared to Group 3 xenografts (n=10) (p=0.0003). (f) Wnt MB
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xenografts (n=10) display a significant increase in overall survival (median survival
undefined) when compared to Group 3 xenografts (median survival 24 days) (n=10)

(p<0.0001). Histology image scale bar = 5000 pum.
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Figure 2: Ectopic expression of pB-catenin in treatment-refractory MBs reduces self-

renewal gene expression and tumor burden while increasing overall survival. Kaplan-
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Meier survival plots show survival of combined Groups 3 and 4 patients (n=377) based on
(a) the Bmil signature (median survival: Bmi1"" 103.3 months, Bmi1'®¥ 180.0 months;
p=0.0107) and (b) Sox2 signature (median survival: Sox2"9" 110 months, Sox2'°" 168.0
months; p=0.040). (c) Bmil and Sox2 protein levels are significantly reduced in Group 3
and 4 MB lines when compared to Wnt MB (n=1). Differential Axin2 (Group 3: p=0.0014,
Group 4: p=0.0011), Bmil (Group 3: p=0.0018, Group 4: p<0.0001), and Sox2 (Group 3:
p=0.0011, Group 4: p=0012) transcript levels following B-catenin overexpression in (d)
Group 3 and (e) Group 4 MB lines (n=3, independent experiments per MB line, 1 line per
subgroup, all samples normalized to GAPDH). (f) Tumor sphere formation is impaired
following B-catenin overexpression in Group 3 (p=0.0005) and Group 4 MBs (p=0.0058)
(n=3, independent experiments per MB line, 1 line per subgroup). (g) Representative
histology images showing significant reduction in tumor formation in xenografts generated
from containing Group 3 B-catenin overexpressing lines (n=5) compared to control (n=5).
(h) Xenografts generated with cells ectopically expressing of B-catenin (n=5) contain
smaller tumor volumes when compared to control xenografts (n=5) (p=0.0002). (i) B-
catenin overexpression xenografts (n=5, median survival 32.0 days) (n=5) display a
significant increase in overall survival when compared to control xenografts (n=5, median

survival 22.0 days) (p=0.0043). Histology image scale bar = 5000 pm.
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Figure 3: Characterization of Wnt activity in Wnt and non-Wnt MBs. Heterogeneous
Whnt subgroup scored across patient-derived MB cultures. (a) tSNE of 3725 cells coloured
by GSVA enrichment score for the Wnt Subgroup gene signature. (b) Cells coloured by
classification for enrichment of Wnt Subgroup signature. Dark red cells surpassed the 5%
cutoff and are considered significantly enriched for the gene signature. Grey cells did not
pass the threshold. (c) Wnt Subgroup signature scores for each sample. Each point in the
box plot represents a cell. (d) Proportion of cells enriched for the Wnt Subgroup gene

signature per sample.
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Figure 5: Rare endogenous Wnt-active MB cells from treatment-refractory MBs have
reduced tumorigenic properties. (a) TGP+ cells contain enhanced TCF reporter activity
when compared to TGP- cells (p=0.0035) (n=3, independent experiments). (b) Differential
Axin2 (p=0.0007), Bmil (p=0.0005), and Sox2 (p=0.0028) transcript levels in TGP+ and
TGP- cells (n=3, independent experiments, all samples normalized to GAPDH). (c) Bmil
and Sox2 protein levels are reduced in TGP+ when compared to TGP- cells (n=1). (d)
Proliferative (p=0.0012) and (e) self-renewal capacity (p=0.0031) of TGP+ cells are
significantly reduced when compared to TGP- cells (n=3, independent experiments). (f)
Representative histology images illustrating reduced tumor burden in SU_MB002 TGP+
(n=10) compared to TGP- xenografts (n=10), and HD-MB03 TGP+ (n=6) compared to
TGP- xenografts (n=6). (g) TGP+ xenografts (n=10, median survival 39.0 days) display a
significant increase in overall survival when compared to TGP- xenografts (n=10, median
survival 29.0 days) (p<0.0001). (h) Treatment-refractory MB patients (n=113) with high
expression of the Wnt hallmark signature have an improved overall survivorship (median
survival undetermined) when compared to those patients with low Wnt hallmark signature
expression (median survival 54.0 months) (p=0.0126). Histology image scale bar = 5000

pm.
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Figure 6: Wnt activation through novel substrate-competitive peptide Wnt agonist
(L807mts) alters the transcriptional profile of non-Wnt MBs and reduces their
tumorigenic potential. (a) TCF Wnt reporter assay at various concentrations of L807mts
demonstrates optimal concentration for Wnt activation in Group 3 MBs (1uM: p=0.1809,
5uM: p=0.0022, 10 uM: p=0.0018) (n=3, independent experiments, 1 line per subgroup).
(b) Similarly, TCF Wnt reporter assay at various concentrations of L807mts demonstrates
optimal concentration for Wnt activation in Group 4 MBs (1uM: p=0.3122, 5uM:
p=0.0066, 10 uM: p=0.0006) (n=3, independent experiments, 1 line per subgroup). Venn
diagrams of differentially (c) downregulated and (d) upregulated genes between L807mts-
and PBS control-treated Group 3 and 4 MB lines (n=3, independent samples per MB line,
1 line per subgroup, FC = fold change) (e) Dendrogram of L807mts- and PBS control-
treated Group 3 and 4 MB samples submitted for RNA-seq (n=3, independent samples per
MB line). (f, g) GSEA shows evidence for activation of Wnt in L807mts treated non-Wnt

MB samples.
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Figure 7: Pharmacological activation of Wnt signaling in MB impairs stem cell
properties and improves overall survival. (a) Visualization of the first 3 principal
components from PCA of Group 3 and 4 lines treated with small molecule Wnt activator
(L807mts) or control (PBS) (n=3, independent samples per MB line, 1 line per subgroup).
(b) Heatmaps of differentially-expressed genes between L807mts- and PBS-treated Group
3 (top panel) and Group 4 (bottom panel) MB lines (n=3, independent samples per MB
line, 1 line per subgroup). (c) GSEA enrichment plots showing that BmiZl associated genes
are significantly reduced while apoptosis and cell cycle inhibitors are enriched in L807mts-
treated cells compared to control. (d) L807mts-treated cells are much more radiosensitive
than control cells (p=0.002) (n=3, independent experiments). Differential Axin2 (Group 3:
p=0.0006, Group 4: p=0.0003), Bmil (Group 3: p=0.0008, Group 4: p=0.0008), and Sox2
(Group 3: p=0.0021, Group 4: p=0.0001) transcript levels in L807mts-treated (e) Group 3
and (f) Group 4 MB lines (n=3, independent experiments per MB line, 1 line per subgroup,
all samples normalized to GAPDH). Both, (g) proliferation (Group 3: p<0.0001, Group 4:
p=0.0009) and (h) self-renewal (Group 3: p=0.0002, Group 4: p<0.0001) are impaired
following L807mts treatment in Group 3 and Group 4 MB lines (n=3, independent
experiments per MB line, 1 line per subgroup). (i) Representative histology images of
xenografts generated from patient-derived treatment-refractory MBs following L807mts
treatment (n=6 per MB line) contain a reduction in overall tumor burden when compared
to xenografts treated with PBS control (n=6 per MB line). SU_MB002 (p=0.0001), RCMB-
40 (n=12) (p<0.0001), and BT992 (p<0.0001) xenografts treated with L807mts (n=6,

individual mice per MB line) contain a significant reduction in overall tumor volume when
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compared to PBS control-treated xenografts (n=6, individual mice per MB line).
Xenografts of (j) SU_MBO002 (n=12; median survival L807mts 49.5 days, PBS 32.0 days;
p=0.0008, n=12), (k) RCMB-40 (n=12; median survival L807mts 52.9 days, PBS 38.0
days; p=0.0005), and (I) BT992 (n=12; median survival L807mts 48.5 days, PBS 40.0 days;
p=0.0008) treated with L807mts display a significant survival advantage when compared

to control PBS-treated mice. Histology image scale bar = 5000 um.
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Supplementary Figure 1: MB BTIC lines maintain their subgroup affiliation. (a)

Heatmap of 540 MB samples (GSE85217) scored for relative expression of MB subgroup

upregulated gene expression signatures, computed from the same data. MB subgroup gene
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signatures (rows) are genes that are upregulated for a given MB subgroup relative to all
other samples in this dataset. Signatures included all upregulated genes passing an FDR
threshold of 0.05 in this comparison. Samples were scored for expression of these
signatures using sSGSEA. ssGSEA score is plotted as color, with better matches being more
red and worse matches more blue, as per legend. Sample group classification is plotted as
a color bar along the top of the heatmap, as per legend. (b) Heatmap of 9 MB stem cell
lines from this study, scored for relative expression of WNT, Group 3, and Group 4 MB
subgroup upregulated gene signatures defined in panel A, using ssgsea. Interestingly, the
WNT, Group 3, and Group 4 MB signatures showed strongest relative enrichment in our
WNT (BT853), Group 3 (SU_MB002), and Group 4 (ICB1299) BTIC lines, respectively,
showing that the subgroup level differences seen in bulk tumors are preserved in our model

system. Heatmap visualization is as in (a).
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transcriptional profile from Group 3 and Group 4 MB lines. (a) Visualization of the
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first 3 principal components from PCA of Wnt (BT 853), Group 3 (SU_MB002), and
Group 4 (ICB1299) primary patient-derived MB lines (n=3, independent samples per MB
line; 1 line per subgroup). Venn diagrams of differentially (b) downregulated and (c)
upregulated genes between Wnt/Group 3 and Wnt/Group 4 comparisons (n=3, independent
samples per MB line, 1 line per subgroup, FC = fold change). (d) Dendrogram of Wnt,
Group 3, and Group 4 samples submitted for RNA-seq (n=3, independent samples per MB
line, 1 line per subgroup). (e) Heatmaps of differentially-expressed genes between Wnt and
Group 3 (left panel) or Wnt and Group 4 (right panel) samples (n=3, independent samples
per MB, 1 line per subgroup). (f) Heatmap of key genes reported to be enriched in
malignant and non-cancerous stem cell populations are significantly upregulated in Group
3 and 4 MB lines when compared to Wnt MB (n=3, independent samples per MB line; 1

line per subgroup).
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Bmil associated genes were enriched in Group 4 when compared to Wnt MB. Further, cell

cycle inhibitors and apoptotic factors were enriched in Wnt when compared to Group 4

MB. (c) Pathways found to be significantly regulated between Wnt, Group 3, Group 4,
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L807mts-treated and control samples (n=3, independent samples per MB line, 1 line per
subgroup). Pathways were grouped based on biological categories. Each bar indicates a
number of pathways found to be significantly regulated in a given comparison belonging

to the category of interest.
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Supplementary Figure 4. Wnt3A-conditioned medium reduces in vitro stemness in
treatment-refractory MB lines. (a) Axin2 transcript levels are enriched in cells treated
with Wnt3A-conditioned medium compared to control (p=0.0476) (n=3, independent
experiments, 1 line per subgroup). (b) Light microscopic images of tumor spheres treated
with control and Wnt3A-conditioned medium (scale bar = 200 um). (¢) Wnt3A-
conditioned medium-treated cells display a significant reduction in tumor sphere size
(p=0.0015) (n=3, independent experiments, 1 line per subgroup). (d) Self-renewal
(p=0.0048) and (e) proliferative (p=0.0101) capacity of MB stem cells are significantly
reduced following culture with Wnt3A-conditioned medium when compared to control

(n=3, independent experiments, 1 line per subgroup).

164



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

a
Subgroups Samples BMI1 Sox2
WNT BT853 0.40% 0.11%
SHH Daoy 66.90% 85.49%
HD-MBO03 99.90% 97.74%
RCMB-40 100.00% 0.45%
Group 3 D425 57.10% 0.54%
Med8A 44.32%% 89.47%
D458 81.07% 1.61%
SHH Group 3
b
- - -
- - -
3 -‘ : - o
- ISOtype o
Cc
]
& 604
3
g 404
o

165



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

Supplementary Figure 5: Non-Wnt MBs express higher levels of Sox2 and Bmil when
compared to Wnt MB. (a) Flow analysis shows higher expression of Sox2 and Bmil in
non-Wnt MBs when compared to Wnt MBs. (b) Representative image of xenografts from
Wnt MB and non-Wnt MB tumors stained for Sox2. (c) Quantification of IF staining shows
non-Wnt MBs have higher Sox2 expression compared to Wnt MBs (p<0.0001). Scale bar

=20 um.
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Total: 3,725 high-quality cells from 5 patient-derived MB BTIC cultures. 18,721 genes detected across the cohort.
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Supplementary Figure 6: Quality control of sScRNA-seq data to eliminate potential
doublets, damaged and low-quality cells. (a) Analysis pipeline to identify suspect cells.
(b-f) Determining cell number from scRNA-seq libraries using droplet read counts. Cell
barcodes ordered by increasing read number. Inflection point represents cell number in
library. Cell barcodes to the right of the inflection point contribute minimally to total read
counts and are likely empty droplets with ambient RNA. Final QC metrics of SCRNA-seq
data post-filtering displaying (g) number of reads per cell, (h) number of genes per cell, (i)
number of transcripts / UMIs per cell and (j) proportion mitochondrial reads per cell. (k)
Sequencing metrics summarized as a table for the final, high quality cohort of 3725 cells

and 18721 genes across 5 samples.
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Supplementary Figure 7: Visually comparing gene signature scoring methods for

scRNA-seq data. Regardless of the scoring method used, the Wnt Subgroup sample has
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the highest enrichment for Wnt Subgroup active cells and subsequent gene signature

values. (a-c) AddModuleScore() (d-f) GSVA enrichment score.

a c f
Il DMSO Control (Group 3)
B CHIR99021 (Group 3)
c
25: p=0.0022 0 25 p=0.0084 E DMSO Control (Group 3) 2 30 p=0.0293 0.
_ fgi 1 pepes . Bl CHIR99021 (Group 3) i =
3 10: i = %_‘ p=0.008 p=0.0708 'E» 2 Il DMSO Control
g pv0t17 £ 15 i == B CHIR99021
E-] 0 o
é j p=0.4542 "_E 10: £
% 3p-03044 ° °g'1 10
=3P Y ] 2 5 s
1 2 &
[ [ T
1uM 3uM 5uM 7uM 10uM Axin2 Bmi1 Sox2 w Group 3 Group 4
b d g
Il DMSO Control (Group 4)
Bl CHIR99021 (Group 4)
2 F?ﬂ'm p=0.0229 o 40 % 0.0043 Il DMSO Control
1 p=0.0294 2.02 ° p=0.0007 [l DMSO Control (Group4) o 5 il
E) a 3 30 ™1 B CHIR99021 (Group 4) g w© I CHIR99021
E! X 'g- p'=D._|0021 § p=0.0125
& 's -3
e § 1o S 10
E i
1uM 3uM 5uM 7uM 10uM Axin2 Bmi1 Sox2 2 Group 3 Group 4
e
L807mts CHIRON
= + = +
— _— - .
] —_— ‘ Nuclear B-catenin
- [ | HDACH
R( : -4() | X -
’- —— — S Cytosolic B-catenin
[
W —— (-tubuiin
' 1 Nuclear B-catenin
R S S S HDACT
SU_MB002 - ‘
l_ S S S Cytosolic B-catenin
— — - — ‘ B-tubulin
I ]
— " "
\_ — I Nuclear B-catenin
S e e e | HDACH
HD-MB03
". — * Cytosolic B-catenin
i ]
-———— .

170



Ph.D. Thesis — B. Manoranjan McMaster University — Biochemistry & Biomedical Sciences

Supplementary Figure 8: Small molecule (CHIR99021) Wnt activation impairs key
stem cell properties in treatment-refractory MB lines. (a) TCF Wnt reporter assay at
various concentrations of CHIR99021 demonstrates optimal concentration for Wnt
activation in Group 3 MBs (1uM: p=0.3944, 3uM: p=0.4542, 5uM: p=0.0117, 7uM:
p=0.0022, 10 uM: p=0.0063) (n=3, independent experiments, 1 line per subgroup). (b)
Similarly, TCF Wnt reporter assay at various concentrations of CHIR99021 demonstrates
optimal concentration for Wnt activation in Group 4 MBs (1uM: p=0.9866, 3uM:
p=0.8448, 5uM: p=0.0294, 7uM: p=0.0016, 10 uM: p=0.0229) (n=3, independent
experiments, 1 line per subgroup). Differential Axin2 (Group 3: p=0.008, Group 4:
p=0.0021), Bmil (Group 3: p=0.0084, Group 4: p=0.0007), and Sox2 (Group 3: p=0.0708,
Group 4: p=0.0258) transcript levels in CHIR99021-treated (c) Group 3 and (d) Group 4
MB lines (n=3, independent experiments per MB line, 1 line per subgroup, all samples
normalized to GAPDH). (e) Both cytoplasmic and nuclear extracts from cells treated with
CHIR99021 or L80Smts exhibit increased p-catenin levels. Both, (f) proliferation (Group
3: p=0.0293, Group 4: p=0.0329) and (g) self-renewal (Group 3: p=0.0043, Group 4:
p=0.0125) are impaired following CHIR99021 treatment in Group 3 and (g) Group 4 MB

lines (n=3, independent experiments per MB line, 1 line per subgroup).

Supplementary Table 1: Maximal fold changes for RNA-seq differential gene
expression profile. 2 genes (March 1 and March 2) were represented by 2 transcripts each
with maximal fold changes per gene provided in the table. Only genes with a fold change

of at least 2 are presented.
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Supplementary Table 2: Differential pathway networks enrichment. Upregulated and

downregulated pathways between Wnt and non-Wnt MBs or L807mts- and PBS control-

treated samples.

Supplementary Table 3: Univariate and multivariate analyses of combined Groups 3 and

4 patients based on the Bmil signature

Bmil (Glinsky signature)

Groups 3 and 4

Using Index Group (High vs. Low) [Quantile 66]

172

Characteristic Description N Hazard Ratio (95% ClI) p-value
Univariate
analyses
Index Group High/Low 377 0.62 0.43-0.90 0.0113 | *
Age <=3years/>3years 373 2.05 1.20-3.49 0.00779 | **
Metastatic status MO/M+ 343 1.32 0.90-1.94 0.153
Subgroup Group 3/Group4 377 0.55 0.38-0.79 0.00137 | **
Multivariate
analysis 0.0004774 | **
Index Group High/Low 0.65 0.44-0.96 0.0287 *
Age <=3years/>3years 1.45 0.82-2.58 0.20499
Metastatic status MO/M+ 339 0.79 0.53-1.16 0.22704
Subgroup Group 3/Group4 0.55 0.37-0.83 0.00421 | **

Associations with Index (Log2 expression)

Mean (SD)
Characteristic Statistic N Index p-value

Age <=3years 35 7.69 (0.32) 0.94
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>3years 351 7.70(0.28)

Metastatic status | MO 214 7.67 (0.29) 0.03339
M+ 139 7.73(0.28)

Subgroup Group 3 115 7.67 (0.35) 0.3761
Group 4 275 7.71(0.26)

Supplementary Table 4: Univariate and multivariate analyses of combined Groups 3 and

4 patients based on the Sox2 signature

McMaster University — Biochemistry & Biomedical Sciences

Sox2 signature

Groups 3 and 4

Using Index Group (High vs. Low) [Quantile 66]

Characteristic Description N Hazard Ratio | (95% Cl) p-value
Univariate analyses

Index Group High/Low 377 0.59 0.41-0.85 | 0.00441 o
Age <=3years/>3years | 373 2.05 1.21-3.49 | 0.007791 | **
Metastatic status MO/M+ 343 1.32 0.90-1.94 | 0.153
Subgroup Group 3/Group4 377 0.55 0.38-0.79 | 0.00137 ok
Multivariate

analysis 0.001193 | **
Index Group High/Low 0.72 0.49-1.06 | 0.0924

Age <=3years/>3years 1.46 0.82-2.59 | 0.1994
Metastatic status MO/M+ 339 0.77 0.52-1.14 | 0.1897
Subgroup Group 3/Group4 0.59 0.39-0.89 | 0.0114 *

173




Ph.D. Thesis — B. Manoranjan

McMaster University — Biochemistry & Biomedical Sciences

Associations with Index (Log2 expression)
Mean (SD)
Characteristic Statistic N Index p-value
Age <=3years 35 8.18 (0.08) 0.34
>3years 351 8.17 (0.06)
Metastatic status MO 214 8.16 (0.07) 0.03888
M+ 139 8.18 (0.06)
Subgroup Group 3 115 8.18 (0.08) 0.02943
Group 4 275 8.16 (0.06)

Supplementary Table 5: Univariate and multivariate analyses of Groups 3 patients based

on the Wnt signature

WNT signature

Group 3

Using Index Group (High vs. Low) [Quantile 66]

Characteristic Description N Hazard Ratio | (95% Cl) | p-value
Univariate

analyses

Index Group High/Low 113 | 2.45 1.18-5.07 | 0.0158 *
Age <=3years/>3years | 113 | 1.39 0.70-2.73 | 0.3475
Metastatic status MO/M+ 106 | 1.63 0.90-2.95 | 0.106
Multivariate

analysis 0.02746
Index Group High/Low 2.73 1.27-5.88 | 0.0103 ok
Age <=3years/>3years | 105 | 1.02 0.49-2.13 | 0.9491
Metastatic status MO/M+ 0.61 0.33-1.12 | 0.1116
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Associations with Index (Log2 expression)
Mean (SD)
Characteristic Statistic N Index p-value
Age <=3years 24 8.25(0.09) 0.22
>3years 90 8.28 (0.14)
Metastatic status MO 65 8.26 (0.13) 0.1736
M+ 42 | 8.30(0.14)
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Chapter 4: A CD133-AKT-Wnt signaling axis drives glioblastoma brain tumor-
initiating cells

Preamble

This chapter is an original manuscript submitted on October 15, 2018 to Oncogene.

Manoranjan B, Chokshi C, Venugopal C, Subapanditha M, Savage N, Tatari N, Provias

JP, Murty NK, Moffat J, Doble BW, Singh SK

Experimental concept and study design were developed by myself, C. Venugopal,
B.W. Doble, and S.K. Singh. GBM samples and clinical details were provided by J.P.
Provias and N.K. Murty. Flow cytometric analysis and cell-sorting were performed by M.
Subapanditha. | performed all Wnt/TCF reporter assays, quantitative real-time polymerase
chain reactions, lentiviral studies, cell proliferation assays, self-renewal analyses, western
immunoblotting, and small molecule inhibitor studies. C. Chokshi and N. Tatari performed
self-renewal analyses and small molecule inhibitor studies for manuscript revision
experiments. J. Moffat provided guidance for small molecule inhibitor studies. In vivo
experiments were led and performed by myself with assistance from N. Savage.

The main objective of this body of work was to elucidate the mechanism by which
the Wnt pathway is activated in GBM albeit without recurrent mutations in components of
the pathway. Having identified for the first time a CD133-AKT-Wnt signaling axis in GBM
where CD133 functions as a putative cell surface receptor for AKT-dependent Wnt

activation, these findings have implications for targeting PISK/AKT or Wnt as both
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pathways may be activated independent of their canonical drivers, leading to treatment

resistance and disease relapse.
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Abstract

Mechanistic insight into signaling pathways downstream of surface receptors has
been revolutionized with integrated cancer genomics. This has fostered current treatment
modalities, namely immunotherapy, to capitalize on targeting key oncogenic signaling
nodes downstream of a limited number of surface markers. Unfortunately, rudimentary
mechanistic understanding of most other cell surface proteins has reduced the clinical
utility of these markers. CD133 has reproducibly been shown to correlate with disease
progression, recurrence, and poor overall survivorship in the malignant adult brain tumor,
glioblastoma (GBM). Using several patient-derived CD133"9" and CD133"°Y GBMs we
describe intrinsic differences in determinants of stemness, which we owe to a CD133-
AKT-Wnt signaling axis in which CD133 functions as a putative cell surface receptor for
AKT-dependent Wnt activation. These findings may have significant implications for
personalized oncology trials targeting PISK/AKT or Wnt as both pathways may be
activated independent of their canonical drivers, leading to treatment resistance and disease
relapse.

Keywords: glioblastoma, Wnt, beta-catenin, CD133, AKT, brain tumor-initiating cell
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Introduction

Contemporary frameworks for studying tumorigenesis consider the process as
development gone awry. Cell surface markers have traditionally been used to characterize
the continuum of cellular phenotypes generated in ontogeny and carried forward into
oncology as tumor-initiating cells (TICs). CD133 was originally identified as a marker of
self-renewing hematopoietic®’ and neural stem cell®® populations. Subsequently, it has
been used to characterize cells capable of tumor initiation and maintenance in a variety of
human cancers® 7 1 27 including the most malignant adult brain tumor, glioblastoma
(GBM)?#'. With few markers of clinical utility in adult GBM, CD133 has reproducibly been
shown to correlate with disease progression, recurrence, and poor overall survivorship?® 3
but insight into its function remains limited. Given the activation of AKT signaling in
approximately 50% of GBMs secondary to EGFR amplification and/or overexpression,
activating mutations in PI3K, or inactivating mutations in PTEN32, emerging studies have
suggested CD133 to function as a novel receptor for the PISK/AKT pathway®*. Although
CD133 is the first identified member of the Prominin family of pentaspan membrane
glycoproteins, with an implied role in cell signaling, the mechanism by which it regulates
stemness to bridge developmental and oncogenic cellular programs has not yet been

described.

The Wnt signaling pathway promotes the expansion of neural stem cells (NSCs) in
the forebrain during fetal development® ! and its components, namely B-catenin, are
persistently overexpressed in GBM? 2, Interestingly, unlike colorectal cancer or pediatric

medulloblastoma in which elevated B-catenin expression is attributed to stabilizing
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mutations in CTNNB1'2 or inactivating mutations in APC!¢, GBM has not been shown to
contain recurrent mutations in the Wnt pathway? ® 10 17. 21, 22,32, 36,40, 41 "\\/jth recent data
independently illustrating CD133-mediated™ or AKT-dependent®* activation of B-catenin,
a context-dependent cross-talk pathway may be implicated in the overexpression of [3-

catenin seen in GBM.

We have used several primary patient-derived CD133"9" and CD133'Y GBM lines
to describe intrinsic differences in determinants of stemness. With the aim of identifying
the cellular machinery that drives self-renewal downstream of CD133, we have used small
molecule inhibitors that target several components of this pathway. The use of Wnt
reporters has enabled us to further illustrate a mechanism by which CD133 may contribute
to the genetic and phenotypic diversity seen in GBM. Our work establishes a CD133-AKT-
Whnt signaling axis in which CD133 functions as a putative cell surface receptor for AKT-
dependent activation of Wnt signaling. These findings may have significant implications
for personalized oncology trials targeting PISBK/AKT or Wnt as both pathways may be
activated independent of their canonical drivers, leading to treatment resistance, disease

relapse, and poor overall survival.

Results

CD133Mg" GBMs contain elevated levels of endogenous Wnt activity when compared to

CD133"% GBMs

As recent single cell sequencing studies have highlighted the immense level of

genetic and phenotypic diversity present in GBM! 2 we initially screened our GBM
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BTIC lines to assess the variability in CD133 cell surface protein expression
(Supplementary Fig. 1). In keeping with the current literature on cellular diversity in
GBM* 20 our samples displayed a range in their CD133 expression from elevated levels
similar to those observed in NSCs to near negligible values (Fig. 1a). As established in
recent literature, CD133 expression in our samples correlated with their self-renewal
potential (Supplementary Fig. 2). To determine the extent of downstream Whnt activation,
we measured endogenous levels of Wnt pathway activity using the TCF reporter assay.
Whnt reporter activity closely resembled the trend observed with CD133 expression, as
BTIC lines either contained elevated Wnt levels mirroring those in NSCs or displayed very
minimal reporter activity (Fig. 1b). These results were validated with Axin2 transcript
expression (Fig. 1c). To appreciate the marked difference in downstream Wnt activation
based on CD133 cell surface expression, we compared TCF reporter activity (Fig. 1d) and
Axin2 expression (Fig. 1e) in CD133"9" and CD133"°" BTIC lines. Both comparisons
yielded a significant enrichment in overall Wnt pathway activation in CD133"" GBMs
compared to CD133'°" samples. These findings support a correlative effect on stemness in
a subset of GBMs where both CD133 and the Wnt pathway are enriched to maintain a

BTIC state.
CD133 activates Wnt/g-catenin signaling in an AKT-dependent manner

In order to validate the functional significance of CD133 as a modulator of
stemness, we generated stable BTIC lines by ectopically expressing CD133 in BTICs with
negligible levels of CD133 on the cell surface (Supplementary Fig 3a). A significant

increase in the proliferative (Fig. 2a) and self-renewal (Fig. 2b, Supplementary Fig. 3b)
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potentials were observed following CD133 overexpression. To determine the effect of
CD133 expression on endogenous Wnt activity, we compared TCF reporter levels in
control and CD133 overexpressed samples and noted a significant increase in Wnt reporter
activity with CD133 overexpression (Fig. 2c). With the surmounting evidence in support
of a functional and mechanistic association between CD133 and AKT in gliomas® 8 3% 34,
little work has been done to understand the process by which this interaction may promote
a BTIC phenotype. Given that activated AKT may phosphorylate GSK-3 on Ser9%°, leading
to the inactivation of GSK-3, we surmised that AKT-dependent B-catenin stabilization may
drive downstream Wnt signaling and promote self-renewal in GBM. Western blots of
multiple BTIC lines comparing control and CD133 overexpression identified a marked
increase in pAKT (Ser473), pGSK-3 (Ser9), and p-catenin following CD133
overexpression (Fig. 2d). Therefore, while CD133 may promote the proliferation and self-
renewal of BTICs, this process may be through a novel context-specific AKT-dependent

activation of the Wnt signaling pathway.
Inhibition of CD133 or AKT impairs downstream Wnt activity in BTICs

To further characterize the CD133-AKT-Wnt signaling axis, we targeted both
CD133 (Supplementary Fig. 4a,b) and AKT (Supplementary Fig. 4c,d) with small
molecule inhibitors and assessed their downstream effects on Wnt signaling. By using
RWO03, a novel anti-CD133 monoclonal antibody, we have been able to further validate
CD133 as a putative functional BTIC surface receptor. Treatment with RWO03 resulted in
down regulation of surface CD133 expression (Fig. 3a, Supplementary Fig. 5), self-renewal

potential (Fig. 3b), and a significant decrease in TCF reporter activity (Fig. 3c) in multiple
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independent BTIC lines when compared to controls. We then assessed the functional and
mechanistic effects of AKT inhibition on GBM BTICs. Treatment with the small molecule
pan-AKT inhibitor, MK-2206, significantly reduced the proliferative (Fig. 3d) and self-
renewal capacity (Fig. 3e) of CD133" BTICs. In fact, self-renewal capacity of BTICs with
low surface CD133 expression was sensitized to AKT inhibition following ectopic CD133
expression (Supplementary Fig. 4e,f). TCF reporter assays confirmed the downstream
inhibition of Wnt activity following AKT inhibition (Fig. 3f), which provided additional
data in support of a context-specific role by which AKT may regulate Wnt/B-catenin

signaling.

GBM BTICs with endogenous Wnt activity promote tumorigenesis in an AKT-dependent

manner

Given the significant level of genetic intratumoral heterogeneity in GBM and
having recognized the variable expression of CD133 and Wnt activity across several BTIC
lines, we aimed to validate the functional importance of our novel CD133-AKT-Wnt
signaling axis on perpetuating a malignant phenotype. After confirming endogenous
CD133 expression (Supplementary Fig. 6a), BTICs were transduced with a lentiviral Wnt
reporter construct (7XTCF-GFP)*, allowing us to isolate and compare BTICs based on
their endogenous levels of Wnt activation. GFP+ (referred to as TGP+) and GFP- (referred
to as TGP-) cell populations were isolated using flow cytometric cell sorting
(Supplementary Fig. 6b). The enhanced Whnt activity in TGP+ cells compared to TGP- cells
was validated with the TCF Wnt reporter assay (Fig. 4a). In vitro functional

characterization of TGP+ and TGP- cells demonstrated significant increase in the
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proliferative (Fig. 4b) and self-renewal (Fig. 4c) capacity of TGP+ compared to TGP- cells.
To determine if the observed differences in in vitro functional assays may be in part due to
an AKT-dependent activation of the Wnt signaling pathway in TGP+ cells, we assessed
the protein levels of pAKT (Ser473), pGSK (Ser9), and B-catenin in TGP+ and TGP- cells
(Fig. 4d). Given that all proteins were enriched in TGP+ cells when compared to TGP-
cells, our analysis confirmed the role of this novel signaling cascade in regulating Wnt
activity and further illustrated how this pathway may contribute to intratumoral
heterogeneity at the protein level in GBM. We then assessed the tumor-initiating capacity
of TGP+ and TGP- cells and wondered if TGP+ cells formed more aggressive tumors in
vivo. Xenografts were generated with orthotopic injections of TGP+ or TGP- cells. Overall
tumor burden was significantly increased in TGP+ xenografts compared to mice with TGP-
cells (Fig. 4e,f). A reduced survival advantage was also seen in TGP+ xenografts, which
had a median survival of 25.0 days compared to 32.5 days in TGP- xenografts (Fig. 4g).
These data highlight the functional significance of a signaling nexus in which CD133
enhances an AKT-dependent Wnt pathway and further illustrate the importance of
addressing the proteomic heterogeneity that may further contribute to treatment failure and

poor patient outcome in GBM.

Discussion

The advent of molecular diagnostics and large-scale integrated genomic analyses
of tumors have reconceptualized our understanding of the biology of many cancers,
including GBM*? 20:32 \While these studies have uncovered several actionable therapeutic
targets, their clinical utility has been inadequate with no improvements in overall
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survivorship? . This may in part be due to the limited efficacy of monotherapy trials and
our poor understanding of cross-talk and convergence among cell signaling pathways?3 33
%, The identification of context-specific signaling mechanisms as in the case of AKT-
mediated activation of Wnt signaling may have therapeutic implications as downstream
pathways may converge on common nodes of integration, which may be missed by current

integrated genomics that lack corresponding proteomic data®.

Insight into the function of CD133 has been limited to the discovery of a single-
nucleotide frameshift mutation in the CD133 gene, leading to an autosomal-recessive
retinal degenerative disease'®. While these findings establish a role for CD133 in retinal
development, they have not been carried forward into identifying the functional
significance of CD133 in oncology. Through functioning as a cell surface marker for TIC
populations that have been shown to interact with the PI3K/AKT pathway?®*, CD133 may
be a novel cell surface receptor for several oncogenic pathways that converge on common
signaling nodes of interaction. Although the pool of GSK-3 phosphorylated by activated
AKT has historically not been associated with Wnt/p-catenin signaling®®, emerging data
have implicated an alternative pathway by which AKT may activate the Wnt/B-catenin
pathway®. Earlier work has indicated growth factor signaling through AKT to
phosphorylate GSK-3 and thereby inhibit substrate accessibility to GSK-3. The subsequent
stabilization of substrates normally phosphorylated by GSK-3 remains controversial and
context-dependent!4. One determining factor for when AKT may not stabilize GSK-3
substrates may be in the presence of activating mutations in components of GSK-3-

mediated pathways*®. In contrast, since recurrent mutations of the Wnt/B-catenin pathway
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have not been identified in GBM, AKT may stabilize and enhance B-catenin expression to

maintain developmental signaling programs in BTIC populations.

By modulating CD133, AKT, and Wnt/B-catenin with a variety of targeted
approaches, we have provided evidence in support of a CD133-AKT-Wnt pathway in
human GBM. Specifically, this work illustrates an emerging paradigm in Wnt biology in
which functions of the pathway may be elicited by non-canonical receptors and upstream
activators. Using our TIC models, we have validated the clinical relevance of this pathway
in its ability to drive GBM growth and lead to poor overall survivorship. The identification
of GBM cells with endogenous Wnt activity having enhanced expression of our signaling
axis further signifies the importance of clonal dynamics and the advantages of single cell
proteomics when functionally interrogating heterogeneous cell populations for unique
vulnerabilities. As molecularly-based clinical oncology trials continue to expand, novel
approaches to overcome the dependence of tumors on malignant pathways are warranted
such that common nodes of interaction within divergent cell signaling pathways may be

targeted by multiple treatment modalities.

Materials & Methods

Culture of primary GBM samples

Primary human GBMs (Supplementary Table 1) and whole 13- or 14-week fetal
brain samples were obtained from consenting patients and families as approved by the
Hamilton Health Sciences/McMaster Health Sciences Research Ethics Board. Samples

were dissociated in PBS containing 0.2 Winsch unit/mL of Liberase Blendzyme 3 (Roche),
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and incubated at 37°C in a shaker for 15 minutes. The dissociated tissue was filtered
through a 70 um cell strainer and collected by centrifugation (1500 rpm, 3 minutes).
GBM87 was a kind gift from Dr. Hiroaki Wakimoto (Massachusetts General Hospital,
Boston, MA, USA). Tumor cells and human neural stem cells (RNSCs) from fetal brain
were resuspended in a serum-free brain tumor-initiating cell (BTIC) enrichment media, and
replated on ultra-low attachment plates (Corning). BTIC enrichment media was composed
of NeuroCult complete media (StemCell Technologies), 10 ng/mL bFGF, 20 ng/mL EGF,
and 2 ug/mL heparin.
Flow cytometric analysis and cell-sorting

Tumorspheres were dissociated and single cells resuspended in PBS + 2 mmol/L
EDTA. For total (internal and surface) characterization of CD133 levels, cells were fixed
using Fixation/Permeabilization Solution Kit (BD). Cells were stained with APC-
conjugated anti-CD133 or a matched isotype control (Miltenyi) and incubated for 30-40
minutes on ice. Samples were run on a MoFlo XDP Cell Sorter (Beckman Coulter). Dead
cells were excluded using the viability dye 7AAD (1:10, Beckman Coulter) or using a near
IR Live/Dead fixable staining kit (Life Technologies). Compensation was performed using
mouse IgG CompBeads (BD). CD133 or GFP expression (for endogenous Whnt active cells)
were defined as positive or negative based on the analysis regions set on the isotype control
or untransduced cells respectively. GFP+ and GFP- cells were sorted into tubes containing
1 mL BTIC enrichment media and small aliquots of each sort tube were analyzed to
determine the purity of the sorted populations. Cells were allowed to equilibrate at 37°C

for a few hours prior to experimentation.
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Wnt/TCF reporter assay

GBM cells were cotransfected with the constructs 8XTOPFlash (1.8 mg), driving
firefly luciferase, and pRL-CMV (0.2 mg), driving the expression of Renilla luciferase for
normalization (Promega). After 24 hours, GBM cells were supplemented with BTIC
enrichment medium. Cells were washed twice with PBS 24 hours following medium
change and were lysed with passive lysis buffer (Promega). The luciferase reporter
activities were measured using a luminometer as per the manufacturer’s instructions
(Promega Dual-Light System).
Quantitative real-time polymerase chain reaction

Total RNA was extracted using the Norgen Total RNA isolation kit and quantified
using a NanoDrop Spectrophotometer ND-1000. Complementary DNA was synthesized
from 0.5-1 ug RNA using the gScript cDNA Super Mix (Quanta Biosciences) and a C1000
Thermo Cycler (Bio-Rad) with the following cycle parameters: 4 minutes at 25°C, 30
minutes at 42°C, 5 minutes at 85°C, hold at 4°C. qRT-PCR was performed using the
Perfecta SybrGreen (Quanta Biosciences) and CFX96 instrument (Bio-Rad). CFX
Manager 3.0 software was used for quantification of gene expression and levels were
normalized to GAPDH expression with secondary validation normalized to Actin
expression. Primers include: Actin (F: 5-TATCCCTGTACGCCTCT-3’; R: 5’-
AGGTCTTTGCGGATGT-3"), Axin2 (F: 5’>-TGGAGCCGGCTGCGCTTTGAT-3; R: 5°-
CTGGGGTCCGGGAGGCAAGTC-3), GAPDH (F: 5’-
TGCACCACCAACTGCTTAGC-3’; R: 5’-GGCATGGACTGTGGTCATGAG-3").

Lentiviral Studies
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OE-Ctrl and OE-CD133 vectors were purchased from Genecopoeia. TGP
endogenous canonical Wnt reporter (8 X TOPFlash TCF reporter) (#24305) was purchased
from Addgene. Replication-incompetent lentiviruses were produced by cotransfection of
the expression vector and packaging vectors pMD2G and psPAX2 in HEK293FT cells.
Viral supernatants were harvested 72 hours after transfection, filtered through a 0.45 um
cellulose acetate filter, and precipitated with PEGit (System Biosciences). The viral pellet
was resuspended in 1.0 mL of DMEM media and stored at -80°C. Stable cell lines were
generated by transduction followed by maintenance of cultures with puromycin or flow
cytometric cell sorting for GFP+ and GFP- cells.

Cell proliferation assay

Single cells were plated in 96-well plates, at a density of 1,000 cells/200 uL per
well in quadruplicate for each sample and incubated for four days. 20 uL of Presto Blue
(Life Technologies), a fluorescent cell metabolism indicator, was added to each well
approximately 4 hours prior to the readout time point. Fluorescence was measured with a
FLUOstar Omega Fluorescence 556 Microplate reader (BMG LABTECH) at an excitation
and emission wavelength of 540 and 570 nm, respectively. Readings were analyzed using
the Omega software.

Self-renewal analysis

GBM BTIC tumorspheres were mechanically dissociated with a 1000 puL pipette
tip or enzymatically disassociated using Liberase (Roche) and DNase. To conduct a
secondary sphere formation assay, cells were plated at 200 cells per well in 200 uL of BTIC

enrichment media in a 96-well plate. Cultures were left undisturbed at 37°C with 5% COa.
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After 3 days, number of secondary spheres per well was counted and used to estimate the
mean number of spheres/2000 cells. To conduct a limiting dilution assay, dissociated cells
were plated at dilutions from 512 to 2 cells per well. After 7 days, the absence or presence
of secondary spheres in each well was noted and used to determine stem cell frequency?®.
Western Immunoblotting

Denatured total protein (10ug) was separated using 10% sodium dodecyl sulphate-
polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membrane.
Western blots were probed with the following primary antibodies: AKT (rabbit; 1:1000;
Cell Signaling #4691), pAKT (mouse; 1:1000; Cell Signaling #4051), -catenin (mouse;
1:10,000; BD Biosciences #610154), GSK-3 (mouse; 1:2000; Sigma #44-610), pGSK-3§-
Ser9 (rabbit; 1:1000; Cell Signaling #5558), and GAPDH (mouse; 1:50,000; Abcam
#ab8245). The secondary antibody was horseradish peroxidase conjugated goat anti-mouse
IgG (Bio-Rad). The bands were visualized using an Immobilon Western kit (Millipore) and
Chemidoc.
Small molecule inhibitors

The CD133 monoclonal antibody, RWO03, developed by our collaborator Dr. Jason
Moffat (University of Toronto) was used to inhibit CD133 signaling at the receptor level.
GBM BTICs were treated with RWO03 at concentrations of 10, 25 and 50 nM. PBS or
control 1gG were used as control. Changes in endogenous Wnt activity were then assessed
using the Wnt/TCF reporter assay. The pan-AKT inhibitor, MK-2206 was used to inhibit
AKT signaling at concentrations of 1, 5, 10 uM. DMSO was used as a control. Functional

assays (proliferation, self-renewal) and Wnt/TCF reporter assays were performed on pre-
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treated GBM BTICs using 50 nM RWO03 and 5 uM MK-2206. Treatments were not
maintained for the length of the assay.
In Vivo Experiments

All in vivo studies were performed according to McMaster University Animal
Research Ethics Board approved protocols. Intracranial injections were performed as
previously described?” using human GBM BT241. Briefly, the appropriate number of live
cells determined by Trypan Blue exclusion were resuspended in 10 uL of PBS. NOD-SCID
mice were anaesthetized using isofluorane gas (5% induction, 2.5% maintenance) and cells
were injected into the frontal lobe using a 10 puL Hamilton syringe. Tumor-initiating
capacity, histological differences in tumor size, and survival analysis of BT241 TGP+
(endogenous Wnt active cells, n=10) compared with BT241 TGP- (endogenous Wnt
inactive cells, n=10) were performed using 5 mice per dilution at dilutions of 1.0x10° and
5.0x10* All mice were sacrificed at endpoint, brains were harvested, formalin-fixed, and
paraffin-embedded for hematoxylin and eosin (H&E) staining. Sample size was
determined based on prior experiments, which yielded significant differences in survival
and tumor size. Mice were randomly selected for injected cell type but investigators were
not blinded to treatment group. Images were taken using the Aperio Slide Scanner and
analyzed using ImageScope v11.1.2.760 software (Aperio). Tumor volume was assessed
using the area of tumor present on 4-6 coronal sections of the mouse brains stained with
H&E. Given the heterogeneity in the location and pattern of tumor growth as some lesions

tracked in the ventricular and extra-parenchymal spaces rather than invasively through the
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brain, our tumor volume analysis is a gross approximation but reliably trends with in vivo
survival analysis.
Statistical analysis

At least three biological replicates were performed for each experiment. Data
represent mean + standard error (mean) with n values listed in figure legends. Student t-
test analyses were performed using GraphPad Prism™ with significance set to P<0.05.
Kaplan-Meier survival curves were visualized using GraphPad Prism™,
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GBM line). (b) TCF reporter analysis identifies GBMs with low and high endogenous Wnt
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independent experiments per GBM line). (d) Protein levels of putative CD133-AKT-Wnt
signaling axis indicating an increase in pAKT, pGSK, and B-catenin following the ectopic

expression of CD133 in two independent GBM lines (n=1).
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and TCF reporter activity (GBM87: p=0.0012, BT428: p=0.0028) in CD133"9" GBM cells

when compared to control (n=3, independent experiments per GBM line).
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B-catenin in TGP+ cells compared to TGP- cells (n=1). (e) Representative histology images
illustrating increased tumor burden in TGP+ (n=10) compared to TGP- xenografts (n=10).
(F) Xenografts generated from TGP+ cells (n=10) contain larger tumor volumes when
compared to TGP- xenografts (n=10) (p=0.0036). (g) TGP+ xenografts (n=10, median
survival 25.0 days) display a significant decrease in overall survival when compared to

TGP- xenografts (n=10, median survival 32.5 days) (p=0.0009). Histology image scale bar
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Supp. Fig. 1: CD133 cell staining gating strategies in GBM lines. Representative image
of gating strategy for isotype control and CD133 stained GBM samples (BT618, BT648,

BT778, GBM87, BT428, BT458).
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Supp. Fig. 3: Gating strategy for GFP+ cell-sorting and limiting dilution assays of OE
Control and OE CD133 GBM samples. (a) Representative image of gating strategy for
OE Control and OE CD133 GFP+ cell-sorting in BT778 displaying 20% increase in CD133
following overexpression. (b) Limiting dilution assays showcase increased stem cell
frequency in OE CD133 (BT618: 1/172, BT778: 1/12) cells compared to OE Control GBM

cells (BT618: 1/261, BT778: 1/157).
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Supp. Fig. 4: Small molecule targeting of CD133 or AKT impairs downstream Wnt
signaling in GBM BTICs. TCF Wnt reporter assay at various concentrations of RW03
demonstrates optimal concentration for Wnt inhibition in (a) GBM87 (10nM: p=0.9897,
25nM: p=0.9635, 50nM: p=0.0045) (n=3, independent experiments) and (b) BT428
(10nM: p=0.5905, 25nM: p=0.7242, 50nM: p=0.0151) (n=3, independent experiments).
Similarly, TCF Wnt reporter assay at various concentrations of MK-2206 demonstrates
optimal concentration for Wnt inhibition in (c) GBM87 (1uM: p=0.2518, 5uM: p=0.0015,
10uM: p=0.0084) (n=3, independent experiments) and (d) BT428 (1uM: p=0.1188, SuM:
p=0.0056, 10uM: p=0.0381) (n=3, independent experiments). Secondary sphere formation
assay demonstrates robust reduction of self-renewal potential in OE CD133 (e) BT618 (OE
CD133 p<0.0001) and (f) BT778 (OE CD133 p<0.0001) cells after treatment with 5 uM
MK-2206, compared to their respective OE Control cells (BT618 OE CTRL: p=0.6086,

BT778 OE CTRL: p=0.3588).
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Supp. Fig. 5. Flow cytometry analysis of surface CD133 expression following CD133

inhibition. Surface expression of CD133 decreased in GBM cells after treatment with 50

nM RWO03 compared to treatment with 50 nM control IgG.
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Supp. Fig. 6: Wnt activation through endogenous mechanisms increase overall tumor

burden. (a) Total CD133 expression levels in GBM lines as characterized by flow

cytometry. (b) Representative image of gating strategy for untransduced cells and flow

cytometric cell sorting criteria for GFP+ endogenous Wnt-active; GFP- Wnt-inactive cells.
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BT Gender/ Diagnosis MGMT Status Subgroup Mutation(s)
Age
241 68/F recurrent GBM | hypermethylated | mesenchymal n/a
618 67/F recurrent GBM | unmethylated mesenchymal n/a
648 69/M GBM n/a n/a Partial p53
positivity
778 54/F GBM n/a n/a Partial p53
positivity; Loss
of
heterozygosity
of 19913
GBM87 - GBM n/a proneural n/a
428 63/F GBM unmethylated proneural n/a
458 81/M GBM partial classical n/a
methylation

Supp. Table 1: Clinical demographics
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Chapter 5: Discussion

5.1  Summary of Results

The advent of molecular diagnostics and large-scale integrated genomic analyses
of tumors have reconceptualized our understanding of the biology of many cancers,
including MB and GBM. While these studies have uncovered several actionable
therapeutic targets, their clinical utility has been limited. This may in part be due to the
limited efficacy of monotherapy trials and our poor understanding of the context-dependent
roles of cell signaling pathways. Throughout this thesis, | have used the Wnt signaling
pathway as a model to highlight conserved developmental roles that are carried forward to
drive tumorigenesis and context-dependent functions that may be present in a tissue-
specific manner. In Chapter 2, | ascertained a differential stem cell gene expression profile
across all MB subgroups, which yielded the abberant expression of a NSC-specific
signaling axis consisting of Bmil and FoxG1 in MB BTICs. | further describe differential
transcriptional regulatory mechanisms that exist between cell populations that are sorted
and unsorted for BTIC markers in MB. Since most of the transcriptional profiling of solid
tumors consist of the bulk tumor population, the pathways that regulate these rare stem cell
fractions may be missed, and therefore, these findings demonstrate the value of current
approaches in single cell technology, which may further uncover the clonal architecture of
solid tumors. The work in Chapter 3 highlights a rational therapeutic option in which the
protective effects of Wnt-driven MB may be augmented in non-Wnt MBs through targeted
activation of the canonical Wnt pathway. The significance of this work will be further
described in 5.2. The data presented in Chapter 4 is an extension of the principles described
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in Chapter 3 where unique signaling programs may be present in a tissue-specific manner
and thereby have therapeutic implications as downstream pathways may converge on
common nodes of integration, which may be missed by current integrated genomics that

lack corresponding proteomic data.

5.2  Context-specific functions of signaling pathways highlight diverse roles in

oncogenesis

One of the key findings derived from this thesis is the preservation of Wnt-mediated
responses in CNS forebrain and hindbrain development in adult GBM and pediatric MB,
respectively. With a confirmed role in the self-renewal of forebrain NSCs, my findings in
Chapter 4 support an oncogenic role for activated Wnt signaling in maintaining the BTIC
state in GBMs. By contrast, Wnt-mediated inhibition of cerebellar NSC self-renewal was
highlighted in Chapter 3 by the therapeutic benefit of activated Wnt signaling in MB
BTICs. Specifically, this work illustrates a paradigm in Wnt biology in which functions of

the pathway may be conserved from ontogeny to oncology in a context-dependent manner.

Although Wnt signaling has historically been associated with tumor growth and the
maintenance of stemness, emerging data has implicated a novel tumor suppressive function
for the Wnt pathway. However, it remains to be determined whether these findings are
truly indicative of tumor suppression or simply the re-emergence of developmentally
conserved signaling mechanisms. Beginning with work done in melanoma (Biechele et al.,
2010; Biechele et al., 2012; Chien et al., 2009), nuclear B-catenin expression was found to

correlate with improved overall survival within primary and metastatic tumors. Similar to
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the work presented in this thesis, small molecules were found to synergize with the Wnt
pathway (Biechele et al., 2012) or directly activate the pathway (Biechele et al., 2010) to
impair the growth of melanoma cells. Mechanistic insight into these contentious
observations implicated the presence of a developmentally conserved differentiation
profile following Wnt activation (Biechele et al., 2010; Chien et al., 2009). GSK-3
inhibition in neuroblastoma cells has also provided evidence to support a therapeutic role
for the activation of the Wnt signaling axis (Dickey et al., 2011). Neuroblastoma cells
treated with the GSK-3 inhibitor, SB415286, were found to be less viable, senescent, and
show delayed tumor growth in xenografts (Dickey et al., 2011). When comparing multiple
subtypes of human breast cancer, paracrine Wnt signaling inhibited the growth of triple
negative breast cancers, while promoting the growth of Her2 tumors (Green et al., 2013).
While such disparate outcomes in response to Wnt activation may be attributed to
differences in each tumor’s molecular phenotype, an alternative explanation may account
for differences in gene dosage (Bakker et al., 2013). Since different tissues have been
shown to have different vulnerabilities for B-catenin-mediated tumorigenesis, gene dosage
effects may provide an additional mechanism by which activated Whnt signaling functions
to promote or impede tumorigenesis. Although Wnt activation has been shown to block
tumor formation in various tissues, a stemness-dependent mechanism as defined in this

thesis has yet to be described.

The convergence of multiple oncogenic signaling pathways across common nodes
of integration may be one of the greatest challenges in developing therapies with lasting

clinical utility. While the pool of GSK-3 phosphorylated by activated AKT has historically
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not been associated with Wnt/B-catenin signaling (Ng et al., 2009), a limited body of data
has implicated an alternative pathway by which AKT may activate Wnt/f-catenin signaling
by directly phosphorylating p-catenin (Fang et al., 2007; Fukumoto et al., 2001). Earlier
work has indicated growth factor signaling through AKT to phosphorylate GSK-3 and
thereby inhibit substrate accessibility to GSK-3. The subsequent stabilization of substrates
normally phosphorylated by GSK-3 remains controversial and context-dependent
(Manning & Toker, 2017). One determining factor for when AKT may not stabilize GSK-
3 substrates may be in the presence of activating mutations in components of GSK-3-
mediated pathways (Ng et al., 2009). By contrast, AKT may stabilize and enhance f-
catenin expression to maintain developmental signaling programs in those tumors in which
recurrent mutations of the Wnt/B-catenin pathway have not been identified, such as GBM.
For example, AKT activated downstream of EGFR signaling has been shown to
phosphorylate B-catenin at Ser552 resulting in the disassociation of p-catenin from cell-
cell contacts, accumulation in the cytosol, and subsequent translocation into the nucleus
where B-catenin promotes the activation of downstream targets leading to tumor growth

(Fang et al., 2007).

Novel approaches to overcome the dependence of tumors to malignant pathways
are warranted as molecularly-based clinical oncology trials continue to expand. The body
of this work provides two therapeutic options — the principle of developmental re-
emergence in which the non-oncogenic properties of signaling pathways are activated in a
tissue-specific manner or the targeting of common nodes of interaction within divergent

cell signaling pathways.
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5.3 Future directions

As with any research endeavor, the data generated from the pursuit of scholarly
activities are bound to generate more questions that will fuel another generation of
scientists. Given that leptomeningeal metastasis confers a uniformly fatal prognosis in
childhood MB, it is imperative to assess the effect of Wnt activation on leptomeningeal
dissemination of MB. While the in vivo work presented in this thesis focused on the effects
of monotherapy (Whnt activation alone), the combinatorial effect of Wnt agonists with our
lab’s standard of care chemoradiotherapy protocol (2 Gy radiation followed by 200 ng
cisplatin and 2nM vincristine) may provide evidence to support Wnt activation as a radio-
or chemosensitizing treatment option. To further investigate if the proposed mechanism in
Chapter 3 is B-catenin-dependent or -independent, | propose to use an inhibitor of B-
catenin-responsive transcription (iCRT14), which blocks the interaction between B-catenin
and TCF7L2 (Gonsalves et al., 2011). This work may be validated with the use of TCF7L2-
DN, a dominant-negative protein that lacks the B-catenin-binding domain while still
maintaining DNA-binding capacity. Both experimental approaches should enhance the
self-renewal capacity of MB BTICs if the observed effects are mediated through p-catenin.
DNA methylation profiling Group 3 and 4 MBs following Wnt activation or of cells with
and without endogenous Whnt activity would provide a deeper understanding of the

epigenetic landscape corresponding to the data in Chapter 3.

Dr. Jason Moffat’s lab has recently developed the Toronto KnockOut CRISPR-
Cas9 library v3 for more than 18,000 genes with 4 short guide RNAs targeting each gene

(Hart et al., 2017). These guides can promote gene-editing events that create indels leading
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to loss-of-function mutations that can be tracked by virtue of the guide RNA sequences.
Having identified L807mts as a suitable preclinical molecule that could activate the
canonical Wnt pathway, it would be of particular interest to use the CRISPR library to

identify synthetic lethal sensitizers of L807mts treatment in non-Wnt MBs.

With respect to the data generated in Chapter 4, the clinical utility of therapies
targeting cell surface markers is encumbered by the expression of these markers in non-
malignant cells. Therefore, the components of the CD133-AKT-Wnt signaling axis should
be assessed in NSCs. The detection of CD133-interacting proteins using BirA-mediated
biotinylation (BiolD) in GBM BTICs provides an unbiased approach in identifying
additional pathways activated downstream of CD133. The use of CD133 high and low
GBM lines may also answer important questions regarding gene dosage effects on the
activation of cell signaling pathways. With increasing data in support of immunotherapy
as a plausible treatment option for GBM, comprehensive assessment of Fzd receptors using
the Moffat lab’s multiplex flow cytometry-based Fzd profiler (Steinhart et al., 2017) can
be used to investigate the expression of all 10 human Fzd receptors. Fzd profiling among
GBM BTICs with (TGP+) and without (TGP-) endogenous Wnt activity may yield
monoclonal antibody-based treatmentments targeting key receptors. By combining this
work with small molecules that may target unique transcriptional signatures generated from
RNA-seq of TGP+ and TGP- GBM BTICs may provide a preclinical polytherapeutic
treatment model that efficiently targets GBM BTICs at multiple points of the signaling

cascade.
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