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Abstract:

Medulloblastoma (MB) is the most common malignant primary pediatric brain tumor and
is divided into 4 subtypes based on different genomic alterations and gene expression profiles.
This extensive heterogeneity has made it difficult to assess the functional relevance of genes to
malignant progression. For example, expression of the transcription factor, Orthodenticle
homeobox2 (OTX2) is frequently upregulated in multiple MB variants; however, its role may be
subtype-specific. We recently demonstrated that neural precursors derived from transformed
human embryonic stem cells (trans-hENs), but not their normal counterparts (hENs), resemble
Groups 3 and 4 MBs. These trans-hENs also have >10-fold expression of OTX2. Therefore, we
hypothesize that OTX2 has cell context-dependent functions in MB and using both normal and
trans-hENs, we can delineate its specific roles in MB progression.

Parallel experiments with MB cells revealed that OTX2 exerts inhibitory effects on hEN
and sonic hedgehog (SHH) MB cells by regulating growth, self-renewal and migration in vitro
and tumor growth in vivo. Overexpression of OTX2 was accompanied by a decrease in
expression of pluripotent genes such as SOX2. This was supported by exogenous introduction of
SOX2 in OTX2+ SHH MB and hENSs that rescued the OTX2 induced cellular deficits including
self-renewal and cell migration. In contrast, OTX2 is oncogenic and promotes self-renewal of
trans-hENs and Group 3 and 4 MBs by modulating expression of genes related to
neurodevelopment and axonal guidance. OTX2 may play a central role in regulating the balance
between self-renewal and differentiation in these aggressive MB cells.

Our studies underscore the value of hESC derivatives as alternatives to cell lines and
heterogeneous patient samples for investigating the contribution of key developmental regulators

to MB progression. Using the neural derivatives of hESCs, we have demonstrated a novel role



for OTX2 in self-renewal and migration of hENs and MB cells. Moreover, our results reveal a
cell context-dependent link between OTX2 and pluripotent genes. The association between
OTX2 and axonal guidance genes is important for its oncogenic role and may potentially be
exploited for managing drug resistant stem cell and highly motile cellular populations in the most

aggressive Group 3 and 4 MB subtypes.
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CHAPTER 1: INTRODUCTION



1.1 Overview

Medulloblastoma (MB) is the most common malignant primary pediatric brain tumor. It
consists of four molecular subtypes: wingless (WNT), sonic hedgehog (SHH), Group 3 and
Group 4 that are distinguished based on different genetic alterations, gene expression profiles
and response to treatment (Figure 1.1). However, the functional relevance of frequently
dysregulated and mutated genes to MB progression is poorly understood. For example, a
homeodomain transcription factor, orthodenticle homeobox2 (OTX2) is frequently amplified and
overexpressed in multiple MB subgroups; however, it may function in a subgroup-specific
manner. Our goal is to understand the context-dependent role of OTX2 in regulating the features
of MB brain tumor cells representing the different subgroups. To achieve this, I aimed to utilize
neural precursors derived from normal and transformed human embryonic stem cells (hESCs) as
a cellular model for investigating the role of OTX2 in MB (Werbowetski-Ogilvie et al. 2009;
Werbowetski-Ogilvie et al. 2012). In our laboratory, the characteristics of both normal (hENs)
and transformed human embryonic neural precursors (trans-hENs) have been well studied using
in vitro and in vivo techniques. It has been shown that the trans-hENs, but not their normal
counterparts, mimic Group 3 and 4 MBs both in vitro and in vivo. These trans-hENs also exhibit
>12 fold overexpression of OTX2 (Werbowetski-Ogilvie et al. 2012). These properties make
them a relevant and comparative cellular system for studying specific functions of OTX2.

To provide a comprehensive overview of my research project, I will first discuss the
genetic, molecular and cellular heterogeneity within the MB subgroups. I will briefly explain the
features of each molecular subgroup and associated treatment options. In the second part of the
introduction, I will describe the known functions of OTX2 in normal brain development as well
as in neuronal cell fate specifications. Finally, I will discuss the potential of hESCs and induced
pluripotent stem cells (iPSCs) for modelling various human diseases. I will then describe the
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studies from our laboratory demonstrating the use of neural derivatives from hESCs as a model

system for investigating gene functions related to MB.

1.2 Medulloblastoma

Central nervous system tumors are the second most prevalent cancers in children after
leukaemia and account for nearly 20% of all new cases (Canadian Cancer Society Statistics,
2015). These constitute a group of highly malignant cancers that manifest early during
development such as MB, primitive neuro-ectodermal tumors (PNETs) and atypical rhabdoid
teratoid tumor (AT/RT) (Mehta et al. 2011) (Pui et al. 2011; Siegel, Naishadham, and Jemal
2012). Current treatments such as surgery, cranio-spinal radiotherapy and chemotherapy have
improved 5-years overall survival rates up to 70-80% in patients with standard-risk disease
(Packer et al. 2006; Gajjar et al. 2006; Tarbell et al. 2013). However, 5-year event-free survival
remains at 25-40% in high-risk patients (Pizer and Clifford 2009; Taylor et al. 2005). In these
high-risk patients, MB often recur as a consequence of tumor cell infiltration into the brain
following neurosurgery and/or metastasis through the cerebrospinal fluid (CSF) at the time of
diagnosis (Northcott et al. 2012; Lau et al. 2012; Ramaswamy et al. 2013). Despite a multitude
of therapies including resection, radiation and high-dose chemotherapy, the majority of patients
typically suffer from permanent cognitive, developmental, neuroendocrine and physical
dysfunctions attributed to the treatment related long-term toxicities on their developing nervous
systems (Northcott et al. 2012). In fact, studies have shown that 47% of MB patients who
underwent surgical resection exhibit long-term difficulties with psychological functioning as
well as problems with driving and independent living (Zeltzer et al. 2008; Frange et al. 2009).

High-risk patients with metastatic disease undergo complete craniospinal radiation treatment



Medulloblastoma

Suberoups WNT SHH Group 3 Group 4
group (10%) (30%) (25%) (35%)
Demographics 1:1 1:1 2:1 3:1
Age Children and adults Infants and Adults Common in Children Common in children
Histology Classic Desmoplastic Classic, LCA Classic, LCA
nodular,classid .CA
Metastasis Rare M+ Uncommon M+ Very frequent M+ Frequent M+
Prognosis Very good Intermediate Poor Intermediate
. CTNNBI1 mutation PTCH1/SMO/SUFU || MYCN amplification || CDKG6 amplification
Genetic and Monosomy 6 mutation OTX2 amplification ||||OTX2 amplification
molecular changes OTX2 ' MYCN amplification ||| and overexpression and overexpression
overexpression . . Photoreceptor/ Isoch 17
SHH signaling GABA i sochoromosomel7q
. . E D gic signaling || Neuronal/Glutamatergic
WNTsignaling PI3K signaling TGF-B signaling el 9
Cells of origin Lower rhombic lip CGNPs of EGL and |[CD133+ neural stem cells| NF-KB signaling
progenitors of dorsal CGNPs of cochlear ATOH]1-positive and
brainstem nuclei negative CGNPs of EGL Unknown

Figure 1.1: Molecular subgroups of medulloblastoma: WNT, SHH, Group 3 and Group 4 based on different genetic alterations,
gene expression profiles and cells of origin. OTX2 amplifications and/or overexpression are more commonly linked to aggressive
Group 3 and 4 tumors (Adapted from Taylor et al. 2012 and Faria et al. 2013).




that may result in serious cognitive deficits in intellectual function, academic achievement and
learning delays (Palmer, Reddick, and Gajjar 2007).

Recent advances in genomic sequencing and microarray technologies have not only
revolutionized our understanding of pediatric brain tumor heterogeneity but also identified
underlying genetic and molecular events that contribute to the development of these tumors
(Taylor et al. 2012; Northcott et al. 2012). For example, high throughput genomic studies have
shown that MB is not a single disease. Instead, it consists of 4 molecular subtypes: WNT, SHH,
Group 3 and Group 4. These variants can be distinguished based on the differences in their
demographic distribution, clinical features at the time of diagnosis, genomic alterations, gene
expression profiles, cell of origin and response to treatment (Taylor et al. 2012) (Figure 1.1).
Recent update to the WHO classification now divide MB into 5 groups: WNT activated, SHH-
activated with tumor suppressor (TP)53-mutant and SHH-activated TP53-wildtype, non-
WNT/non SHH Group 3 and Group 4 tumors (Louis et al. 2016). These subgroups will likely

continue to be evolved as we learn more about the biology of different subgroups.

1.2.1 WNT subgroup
The WNT subgroup is named after the upregulated WNT signaling pathway that
accompanies this rare MB type and accounts for approximately 10% of MB cases. This subgroup

is known for its excellent prognosis with >90% of patients surviving long-term (Gajjar and

Robinson 2014; DeSouza et al. 2014; Taylor et al. 2012).



1.2.1.1 Demographic distribution

WNT tumors have equal distribution between males and females (1:1) with a slight male
to female predominance (Taylor et al. 2012). These tumors commonly occur in children older
than 3 years with a peak incident rate at 10-12 years of age and are rarely observed in infants
(Northcott et al. 2011; Northcott et al. 2012; Gajjar and Robinson 2014). WNT MBs are located
in the midline of brain, occupy the fourth ventricle and infiltrate the brain stem but rarely

metastasize (Gajjar and Robinson 2014).

1.2.1.2 Histology

Mostly, WNT MBs comprise classic histological features; however, tumors with large
cell anaplastic features have been observed, albeit rarely (Gilbertson and Ellison 2008). Classic
histological features include the presence of small, undifferentiated round or ellipsoid cells with
high nuclear-to-cytoplasmic ratio and round to oval or triangular hyperchromatic nuclei
(Gilbertson and Ellison 2008; DeSouza et al. 2014). Around 40% of classic MBs that exhibit
neuronal differentiation are associated with neuroblastic rosettes known as “Homer-Wright
rosettes” in which tumor cell nuclei are arranged in a circular manner around fine tangled
cytoplasmic processes (Gilbertson and Ellison 2008). Immunostaining for nuclear beta-catenin is

used to identify WNT tumors (DeSouza et al. 2014).

1.2.1.3 Genetic and molecular alterations
As the name suggests, WNT tumors are identified by genetic and molecular changes in
the genes associated with the WNT signaling pathway. WNT/B- catenin signaling has an

important role in defining the midbrain-hindbrain boundary during brain development (Thomas



and Capecchi 1990; McMahon et al. 1992; Ikeya et al. 1997), regulating self-renewal of neural
precursors during neurogenesis (Lie et al. 2005) and playing a role in synaptogenesis (Hall,
Lucas, and Salinas 2000; Rosso and Inestrosa 2013). There are canonical and non-canonical
WNT signaling pathways. The canonical WNT signaling is B-catenin dependent but the non-
canonical WNT pathways such as planar cell polarity and WNT-Ca*'pathway are independent of
B-catenin (Gomez-Orte et al. 2013). As the canonical WNT signaling is mainly associated with
WNT MBs, I will describe the normal WNT signaling pathway as well as the associated genetic
and molecular events in the components of WNT signaling that contribute to the development of
WNT MBs.

Briefly, the canonical WNT pathway is mediated by a cytoplasmic protein -catenin. The
stability of B-catenin is regulated by a destruction complex consisting of multiple proteins such
as dishevelled (DSH), AXIN, adenomatous polyposis coli (APC), glycogen synthase kinase
(GSK-3B) and casein kinase (CK1) (Baryawno et al. 2010; Manoranjan et al. 2012; DeSouza et
al. 2014) (Figure 1.2A). In the absence of WNT ligands, the destruction complex triggers the
phosphorylation of B-catenin by GSK-3f and CKI1 with subsequent ubiquitination and
degradation of B-catenin (Chenn 2008). On the other hand, activation of the WNT pathway by
binding of WNT ligands to the extracellular domain of both LDL-receptor-related protein 5/6
(LRP) and frizzled (FZD) receptors results in nuclear accumulation of B-catenin. In the nucleus,
B-catenin interacts with the family of transcription factors known as T cell factor/lymphoid
enhancer factors (TCF/LEFs). These factors form a complex with Groucho and histone
acetylases and remain suppressed (Baryawno et al. 2010; Manoranjan et al. 2012; DeSouza et al.
2014). Once activated by B-catenin, the TCF/LEFs complex increase the transcription of target

genes such as cyclin DI (Shtutman et al. 1999; Tetsu and McCormick 1999) and



myelocytomatosis (MYC) (He et al. 1998; Chenn 2008), involved in regulating cellular functions
such as cell division, proliferation and cell-cell adhesion (Manoranjan et al. 2012) (Figure 1.2A).

In contrast to its normal function, aberrant activation of WNT/B-catenin signaling is
typically attributed to mutations in the APC (Huang et al. 2000), B-catenin (CTNNB1) (Northcott
et al. 2012; Robinson et al. 2012; Jones et al. 2012; Pugh et al. 2012), AXINI (Baeza et al. 2003)
and AXIN2 genes (Koch et al. 2007). These mutations may predispose to the primary brain tumor
MB. More than 90% of WNT MBs harbour a point mutation on exon 3 of the CTNNB1 gene and
this promotes the stabilization as well as nuclear localization of B-catenin leading to constitutive
activation of WNT signaling (Northcott et al. 2012; Gajjar and Robinson 2014; Schroeder and
Gururangan 2014) (Figure 1.2B). Deletion of one copy of chromosome 6 is also a frequent event
in WNT MBs (Northcott et al. 2012; Gajjar and Robinson 2014; Schroeder and Gururangan
2014). Therefore, both nuclear staining for f-catenin and monosomy 6 are commonly used to
diagnose WNT MBs (DeSouza et al. 2014). In addition to the mutations in WNT signaling
pathway members, an autosomal dominant condition known as “Turcot syndrome” may also
increase the risk of developing colorectal cancer and brain tumors such as MB (Northcott et al.
2012; Schroeder and Gururangan 2014). Turcot syndrome has two subtypes and individuals with
the type II syndrome may develop MB as a result of an inactivating germline mutation in APC.
APC mutations lead to a truncated protein that lacks regulatory activity causing nuclear
accumulation of B-catenin and constitutive activation of WNT signaling (Northcott et al. 2012;
da Silva et al. 2013; Huang et al. 2000). 4APC mutations also occur in a small fraction of sporadic
MBs that usually lack B-catenin mutation (Huang et al. 2000), indicating that mutations in these
two genes are mutually exclusive events in MB. Additional mutations in genes such as DEAD-

box RNA helicase (DDX3X), which functions to enhance the transactivating ability of B-catenin,
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Figure 1.2A: Normal WNT signaling pathway: The WNT pathway functions via the
cytoplasmic protein -catenin. B-catenin is degraded in the cell by a complex of proteins such as
adenomatous polyposis coli (APC), AXIN and glycogen synthase kinase (GSK)-3f. Binding of
WNT ligand to the frizzled receptor (FZD) triggers the stabilization and nuclear translocation of
B-catenin with subsequent activation of downstream target genes such as Cyclin D1 and MYC
for controlling cellular functions (DeSouza et al. 2014).
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are observed in 50% of WNT MB cases. Finally, mutations in ATP-dependent helicase
SWI/SNF related, matrix associated actin dependent regulator of chromatin subfamily a, member

4 (SMARCA4) (26.3%) and TP53 (12.5%) have also been identified in WNT MB cases.

1.2.1.4 Neural progenitors as cells of origin for WNT MB

Gibson et al. have shown that the MB subtypes have distinct cells of origin and WNT
tumors are thought to arise from the lower rhombic lip progenitors of the dorsal brainstem. An
activating mutation in the Ctnnbl gene that encodes the cytoplasmic protein, B-catenin, disrupts
the normal differentiation and migration of these progenitor cells on the dorsal brainstem and
results in an abnormal accumulation of cells (Gibson et al. 2010). When Ctnnbl mutation is
compounded with 7rp53 deletion, mice develop tumors that recapitulate the anatomical location

and gene expression profiles of human WNT MBs (Gibson et al. 2010).

1.2.1.5 Treatment options

Standard surgical resection, radiation and chemotherapy are being used to treat WNT
MBs (DeSouza et al. 2014). However, the 5-year survival rate is much better for WNT tumors;
thus, reduced radiation and chemotherapy are recommended for patients with non-metastatic
disease following confirmation of WNT subgroup identity (Northcott et al. 2012). In order to
develop more specific treatments for WNT tumors, a complete understanding of the genes and
signaling pathways involved in tumor progression will be necessary. For example, molecular
cross-talk between WNT and the phosphatidylinositol 3-kinase/a serine/threonine kinase also
known as protein kinase B (PI3K/Akt) pathway plays a major role in the pathophysiology of

WNT tumors. Targeting WNT signaling may therefore not be sufficient for therapeutic
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interventions. For example, Baryawno et al, have shown that small molecule inhibitors targeting
PI3K/Akt signaling activate GSK-3 and cytoplasmic degradation of B-catenin, which in turn
reduced the expression of Cyclin D1 and MYC (Baryawno et al. 2010). This led to decreased
growth of established MBs in xenograft mouse models (Baryawno et al. 2010). Recently, a
naturally occurring anti-tumor compound called cantharidin has been identified in beetles with
anti-tumor properties, and has been shown to reduce intracranial tumor growth in mice by
inhibiting WNT signaling (Cimmino et al. 2012). This compound is known to inhibit
phosphatase 1 and 2A, which function to induce the stabilization of B-catenin (Yang et al. 2003).
Although patients with WNT MBs have a better long-term survival, more targeted treatments

may eliminate the therapy related side effects.

1.2.2 SHH subgroup

SHH MB accounts for almost 30% of cases and is one of the most well studied MB
subtypes. These tumors have an intermediate prognosis with an overall survival rate of 75%,
which may differ according to the age of the patient, metastatic status and underlying molecular
abnormalities (Kool et al. 2012; Cho et al. 2011; Ellison et al. 2011; Northcott et al. 2011).

Patients with recurrent disease have a much worse prognosis (Robinson et al. 2015).

1.2.2.1 Demographic distribution
SHH MBs have similar male to female incidence rates with a slight predominance in
males (Taylor et al. 2012). These tumors are more common in infants and adults but children

aged 4-15 years are typically less affected by this disease (Taylor et al. 2012). SHH tumors
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mostly originate in cerebellar hemispheres but some do arise in the midline of the brain (Gibson

et al. 2010; Grammel et al. 2012).

1.2.2.2 Histology

SHH MBs exhibit mostly desmoplastic histological features with few cases of classic and
large cell anaplastic histology (Northcott et al. 2012). Desmoplastic MB consists of pericellular
deposition of reticulin and is often immunopositive for synaptophysin, indicative of neuronal
differentiation (Gilbertson and Ellison 2008; Northcott et al. 2012). A nodular phenotype is also
observed consisting of differentiated neural cells, negligible proliferation, scattered apoptotic
cells and internodular desmoplasia (Gilbertson and Ellison 2008). Some nodular/desmoplastic
tumors acquire large and numerous nodules and are termed as medulloblastoma with extensive
nodularity (MBEN). MBENSs arise in infants under 3 years of age and typically have a good
prognosis (Giangaspero et al. 1999; Ellison 2002; Gilbertson and Ellison 2008). A few cases of
SHH MBs also show the presence of large cells with round nuclei or classic histology (Gajjar

and Robinson 2014; DeSouza et al. 2014).

1.2.2.3 Genetic and molecular alterations

Many transgenic, knockout and conditional knockout mouse models have been generated
for understanding the genetic and molecular events that contribute to the development and/or
progression of SHH MBs. Nearly all the genetic manipulations in SHH pathway genes such as
deletion of Patchedl (Ptchl), activation of Smoothened (Smo) and deletion of Suppressor of
fused (Sufir) lead to the perturbation of the SHH signaling pathway and consequent neoplastic

transformation of normal cells. Human SHH MBs typically display high levels of downstream
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Figure 1.3A: Normal sonic hedgehog (SHH) signaling pathway: SHH signaling is crucial for
the proliferation of cerebellar granule neural precursors (CGNPs) of the external granular layer
(EGL) of the developing cerebellum. In an inactive state, the transmembrane protein PTCH1
suppresses SMO. Binding of SHH ligand secreted by Purkinje cells, underneath the EGL,
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target genes such as cyclin D1, cyclin E and MYC that regulate cell proliferation and self-
renewal of CGNPs.
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targets of SHH signaling such as GLI1 and MYC (Hallahan et al. 2004; Oliver et al. 2005;
Hatton et al. 2008). SHH signaling is critical for the proliferation of cerebellar granular neural
precursors (CGNPs) in the external granular layer (EGL) of the developing cerebellum (Kenney,
Cole, and Rowitch 2003; Vaillant and Monard 2009) (Figure 1.4A-B). SHH ligands are secreted
by the Purkinje cells and bind to the receptor complex composed of the transmembrane proteins
PTCHI and SMO on CGNPs. SHH signaling is mediated through the primary cilium, a
microtubule-based organelle, present on the CGNPs. The components of SHH signaling are
brought together into and out of the cilium via active transport depending on the presence or
absence of SHH ligand (Hassounah, Bunch, and McDermott 2012). Binding of the SHH ligand
initiates a cascade of events including relieving the PTCH1-mediated inhibition of SMO activity
followed by suppression of SUFU’s proteolytic activity. This leads to enhanced stability and
transcriptional activity of the glioma-associated oncogene family of transcription factors, GLI1,
GLI2 and GLI3 (Manoranjan et al. 2012). Among the GLI proteins, GLI3 can act as either a
repressor or activator. Activation of SHH signaling inhibits the cleavage of GLI3 into a
truncated repressor protein. Further translocation of activated GLI2 and GLI3 induces the
transcription of another GLI protein, GLI1. The primary cilia contribute to the posttranslational
processing of GLI proteins into repressor or activator forms by modulating the localization of
PTCHI1 or through SUFU (Humke et al. 2010). GLI1 expression initiates a positive feed-forward
mechanism, which induces the transcription of target genes such as GLII, Cyclin DI, Cyclin E
and MYC (Kenney, Cole, and Rowitch 2003; Stecca and Ruiz i Altaba 2005; Vaillant and
Monard 2009; Manoranjan et al. 2012). In the absence of the SHH ligand, the transcription of
these target genes that promote the proliferation of CGNPs is suppressed (Kenney, Cole, and

Rowitch 2003; Manoranjan et al. 2012; Vaillant and Monard 2009) (Figure 1.3A).
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The association between SHH signaling and MB was first identified in patients with
nevoid basal cell carcinoma also known as Gorlin syndrome (Gorlin 1995; Hahn et al. 1996).
Patients with Gorlin syndrome exhibit inactivating germline mutations in PTCH1 and are usually
prone to developing basal cell carcinoma or MB (Kenney, Cole, and Rowitch 2003; Gilbertson
and Ellison 2008; Vaillant and Monard 2009; Manoranjan et al. 2012). PTCHI mutations
account for 10-20% of sporadic SHH MBs (Pietsch et al. 1997; Xie et al. 1997). Chromosome
9q22.32, where the PTCH1 gene is situated, is deleted in 40% of SHH MB cases (Gilbertson and
Ellison 2008). Like PTCHI, PTCH? is another transmembrane protein that can bind to the SHH
ligand. Expression of PTCH? is increased in approximately 30% of human MB cases and is
associated with poor prognosis (Lee et al. 2006). Several studies have characterized PTCHI as a
tumor suppressor gene (Briggs et al. 2008; Ayrault et al. 2009). Goodrich et al. developed the
first and the most widely used sporadic mouse model of MB by introducing a germline deletion
of the Ptchl (Ptchl+/-) allele. These mice developed tumors in CGNPs of the EGL within 15-25
weeks with a penetrance rate of 14-20% (Goodrich et al. 1997). However, these mice exhibit
accelerated tumor growth with greater penetrance (95-100%) on a p53 null background
(Wetmore, Eberhart, and Curran 2000). As p53 mutations are found in only around 21% of SHH
MB cases (Schroeder and Gururangan 2014), the mouse models developed on a p53 null
background may be less useful for studying SHH tumors that lack p53 mutations.

Many reports have identified inactivating mutations and/or activating mutations in other
components of the SHH signaling such as SUFU and SMO (Pietsch et al. 1997; Taylor et al.
2002). Mouse models carrying deletion of a single or both alleles of SUFU or transgenic SMO
mice develop SHH MB at varying frequencies (Taylor et al. 2002; Hallahan et al. 2004; Oliver et

al. 2005; Hatton et al. 2008). Collectively, these genomic changes lead to constitutive activation
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of SHH signaling and elevated expression of downstream targets such as GLI1 and MYC (Figure
1.3B). As primary cilia are very critical in SHH signaling, mutations in pathway components
upstream or downstream of cilium may have opposing effects on the development of MB tumors
(Han et al. 2009). For example, mouse models driven by constitutively active SMO, an upstream
molecule of SHH signaling, require intact cilium for MB development. In contrast, tumor growth
driven by constitutively active GLI2, a downstream effector, needs complete removal of primary
cilia in order to induce tumorigenesis (Han et al. 2009).

Several lines of evidence have identified the importance of other signaling pathways such
as PI3K (Dijkgraaf et al. 2011; Buonamici et al. 2010) (Metcalfe et al. 2013) and NOTCH in
initiation, maintenance and progression of SHH MBs (Hallahan et al. 2004; Fan et al. 2006). In
the PI3K/AKT/PKB pathway, PI3K catalyzes the synthesis of PI-3,4,5-triphosphate from PI-4,5-
diphosphate. PI-3.,4,5-triphosphate acts as a second messenger and recruits AKT/PKB to the
plasma membrane. Further phosphorylation of AKT/PKB activates downstream effectors such as
mammalian target of rapamycin (mTOR) and GSK-3p, which are important for controlling
cellular functions (Vivanco and Sawyers 2002; Panhuysen et al. 2004; Hartmann et al. 2006).
Phosphatase and tensin homolog (PTEN), a negative regulator of PI3K, tightly controls the
intracellular level of PI-3,4,5-triphosphate and therefore, acts as a tumor suppressor gene in MB.
Deletions or mutations in PTEN have been detected in 30-35% of MB cases and contribute to an
overactivation of PI3K/AKT signaling (Inda et al. 2004; Hartmann et al. 2006) (Figure 1.3B).

Similar to SHH signaling, NOTCH signaling is also important for the proliferation of
CGNPs by activating hairy and enhancer of split (HES) family genes (Hallahan et al. 2004).
NOTCH signaling is important in SHH MBs and can be activated by SHH signaling or by

overexpression or amplification of genes coding NOTCHI1, NOTCH2 receptor proteins and the
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downstream targets HES1 and HESS (Fan et al. 2004; Hallahan et al. 2004). Fan et al. have
described the differential roles of NOTCH2 and NOTCHI receptors in regulating different cell
populations within SHH MB tumors as well as in normal cerebellar development (Fan et al.
2004). NOTCH2 is important for the proliferation of progenitor cell types within SHH MB;
however, NOTCHI1 is expressed in postmitotic differentiating cells (Fan et al. 2004).
Pharmacologic inhibition of NOTCH pathway results in a significant reduction in the CD133+
cell population, demonstrating its role in maintaining the stem cell fraction of SHH MB tumors
(Fan et al. 2006). However, Hatton et al. have shown that the complete deletion of Notchl,
Notch2 or Hes5 genes had no affect on the initiation, engraftment or maintenance of SHH MBs
in SmoAl-driven transgenic mouse models (Hatton et al. 2010). These conflicting results

regarding the role of NOTCH signaling in pathology of SHH MBs require further investigation.

1.2.2.4 Cerebellar granule neural precursors as ells of origin for SHH MB

CGNPs of the upper rhombic lip of the developing cerebellum serve as the cells of origin for
SHH MBs (Wechsler-Reya and Scott 1999; Marino et al. 2000; Oliver et al. 2005; Schuller et al.
2008; Yang et al. 2008; Gibson et al. 2010). During cerebellar development, a series of events
involving progenitor cell proliferation and migration take place throughout the embryonic and
postnatal period (Vaillant and Monard 2009). In the first phase of cerebellar development, the
ventricular zone (VZ) and anterior rhombic lip (ARL) generate the Purkinje cells and granule cells,
respectively. In the second postnatal phase, CGNPs of the EGL proliferate to expand its cell
population and migrate to form a more definitive internal granular layer (ten Donkelaar et al. 2003)
(Figure 1.4A). However, increased activation of SHH signaling can results in neoplastic

transformation of the CGNPs (Gilbertson and Ellison 2008; Manoranjan et al. 2012) (Figure 1.4B).
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Figure 1.4: Cells of origin for the Sonic hedgehog (SHH) medulloblastoma subgroup: (A)
During cerebellar development, cerebellar granule neural precursors (CGNPs) of the external
granular layer (EGL) proliferate and migrate to form the definite internal granular layer (IGL).
(B) However, increased activation of SHH signaling induces neoplastic transformation resulting in
enhanced proliferation, self-renewal and survival of CGNPs, which are thought to be the cells of

origin for SHH MBs (Romer and Curran 2005).
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Recently, Grammel et al. have found that constitutive activation of SHH signaling in human glial
fibrillary acidic protein (hGFAP) and MATH 1-positive (a basic helix-loop-helix transcription
factor expressed in proliferating CGNPs) CGNPs derived from cochlear nuclei (a derivative of the
auditory lower rhombic lip) of the brainstem can also induce SHH-associated MB development in
mice (Grammel et al. 2012). These tumors resemble human SHH-associated MBs that are situated
close to the cochlear nuclei (Grammel et al. 2012). Additionally, neural stem cells residing in the
VZ are also susceptible to developing SHH-dependent MBs (Yang et al. 2008). Conditional
deletion of the Ptchl allele in neural stem cells of the VZ leads to continuous expansion of these
cells; however, only stem cells that differentiate to the granule lineage keep dividing and develop
tumors in mouse models (Yang et al. 2008). These studies demonstrated that dysregulation of the
SHH signaling pathway can induce tumor formation in both lineage restricted CGNPs and

multipotent stem cells.

1.2.2.5 Treatment options

Discovery of both naturally occurring and synthetic compounds that inhibit SHH
pathway activation has improved the treatment outcome in patients with SHH MBs. For
example, the first naturally occurring small molecule inhibitor, cyclopamine, a steroidal alkaloid
isolated from corn lily, suppresses SHH signaling by binding to SMO and inhibiting the growth
of cultured MB cells and xenografts (Taipale et al. 2000; Berman et al. 2002). However, the
binding affinity of cyclopamine to SMO is relatively low. Moreover, studies have shown
differential responsiveness of SHH MB cells to cyclopamine treatment based on the expression

levels of CD133 (Enguita-German et al. 2010; Wang et al. 2012). CD133+ cancer stem cells
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within SHH MBs are thought to be responsible for treatment resistance and tumor recurrence
(Enguita-German et al. 2010).

A cell-based screen has identified a small molecule inhibitor named benzimidazole
derivative, HH-Antag691, a semisynthetic cyclopamine analog. This drug binds to Smo with a
higher affinity than cyclopamine and exhibits reduced toxicity (Romer et al. 2004). HH-
Antag691 can decrease tumor growth by suppressing Glil expression and can effectively cross
the blood-brain barrier by inhibiting the ATP-binding cassette (ABC) transporter, which is
highly expressed at the blood-brain barrier (Romer et al. 2004; Zhang, Laterra, and Pomper
2009). Unfortunately, HH-Antag691 treatment induced permanent defects in bone structure in
young mice, underscoring serious safety concerns regarding the potential use of this drug in
young patients such as those children with SHH MB (Kimura, Ng, and Curran 2008).

Recently, a SMO inhibitor, Vismodegib (GDC-0449), has gained attention and is
currently being utilized in advanced clinical trials for treating refractory, locally advanced or
metastatic basal cell carcinoma and MB tumors (Robarge et al. 2009; Von Hoff et al. 2009;
LoRusso et al. 2011; Gajjar et al. 2013; Sharpe et al. 2015). However, GDC-0449 treatment has
been shown to induce a de novo mutation at D473H, an asparatic acid residue in SMO and the
site of GDC-0449’s action. As a result, tumor cells become resistant to this drug (Dijkgraaf et al.
2011).

As SHH tumors also exhibit upregulation of other signaling pathways such as NOTCH
and PI3K, it might be possible that cells recovered from SHH pathway inhibitor treatment and
become resistant by switching their dependence to these additional pathways for continuous
growth. To overcome treatment-related resistance, a combinatory approach of targeting more

than one pathway would be beneficial. For example, genes related to PI3K signaling are
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commonly dysregulated in SHH MB and are responsible for inducing drug resistance in tumor
cells (Dijkgraaf et al. 2011; Buonamici et al. 2010; Metcalfe et al. 2013). Targeting PI3K
signaling in combination with SMO inhibitors has been shown to enhance efficacy and improve
survival (Dijkgraaf et al. 2011; Buonamici et al. 2010; Metcalfe et al. 2013). Furthermore, a
phase II Pediatric Brain Tumor Consortium study by Robinson et al, recently demonstrated that
the activity of SMO inhibitors depend on the genomic alterations within the tumor (Robinson et
al. 2015). In this study, adults with SHH MB and loss of heterozygosity of PTCH1 showed
enhanced progression-free survival. However, SHH MB tumors also exhibiting diffuse staining
for P53, which is associated with dominant-negative DNA-binding domain mutations in P53,
had reduced progression free survival following vismodegib treatment. In contrast, the response
in patients with recurrent non-SHH MB was poor (Robinson et al. 2015). Saridegib, another
potent SMO inhibitor was found to be effective in cells with D473H point mutations. A
preclinical study has shown a fivefold increase in lifespan in mice treated with saridegib without
inducing any de novo genetic mutations (Lee et al. 2012).

Similar to PI3K, NOTCH signaling is upregulated along with SHH signaling in SmoAl
mouse models (Hallahan et al. 2004). Targeting the NOTCH signaling pathway using gamma-
secretase inhibitors (Y-secretase inhibitors) resulted in decreased proliferation and increased
apoptosis in xenograft models of SHH MB (Hallahan et al. 2004). This also reduced the
population of CD133" cancer stem cells by five-fold (Fan et al. 2006). However, these findings
were in contrast with the observation made by Hatton et al, who demonstrated that targeting the
NOTCH pathway is not beneficial in SHH-driven MB (Hatton et al. 2010) and future studies
focusing on more effective doses of anti-NOTCH therapies are required. Other drugs such as

arsenic trioxide (GLI inhibitor), 5-azaC (DNA methylation agent) and valproic acid (histone
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deacetylase inhibitor) have been the subject of phase II clinical trials, either alone or in
combination, for treatment of SHH MB and are showing tumor inhibition with prolonged
survival (Berman et al. 2002; Beauchamp et al. 2011; Ecke et al. 2009).

Although recent treatment options have increased the overall survival in patients with
SHH MBs, existing heterogeneity within tumors and emerging resistance underscore the
complexity of tumor biology. In addition, careful consideration of the relevant model system is
also key for determining the cell-type-specific response to treatments. For example,
Hambardzumyan et al have shown that the preclinical trials for radiation therapy using p53-
deficient mouse models may provide inconsistent results (Hambardzumyan et al. 2008). They
have observed a p53-dependent apoptotic cell death of proliferating cells in bulk tumors from
SHH MB mouse models with wild type p53. However, the nestin-expressing stem cells of the
periventricular niche underwent p53-dependent cell cycle arrest and re-entered the cell cycle at
72 hours via radiation-induced PI3K/Akt pathway activation (Hambardzumyan et al. 2008).
Hence, inhibition of PI3K/Akt signaling before radiation treatment could be an approach to
sensitize the cells of the perivascular niche to radiation-induced apoptosis (Hambardzumyan et
al. 2008). These findings demonstrate that various genes and pathways are involved in regulating
the properties of different cellular subpopulations within SHH tumors resulting in variable

responses to treatment.

1.2.3 Group 3
Group 3 is the most aggressive form of MB with a 5-year survival rate of less than 50%

(Schroeder and Gururangan 2014). It accounts for nearly 25-28% of all MB cases. These tumors

24



are commonly metastatic (40-45%) and exhibit the worst outcome (Kool et al. 2012; Northcott et

al. 2012; Gajjar and Robinson 2014).

1.2.3.1 Demographic distribution

Group 3 MBs are more common in males than females (2:1) with a higher incident rate in
infants and children than adults (Northcott et al. 2012; Gajjar and Robinson 2014; DeSouza et al.
2014). These tumors have the worst outcomes in infants, with 5-year and 10-year survival rates

of 45% and 39%, respectively compared to children (Gajjar and Robinson 2014).

1.2.3.2 Histology

This aggressive MB subgroup exhibits the highest prevalence (40%) of large
cell/anaplastic histology with no incidence of desmoplastic/nodular histological features
(Gilbertson and Ellison 2008). Large cell MBs constitute large uniform cells with vesicular
nuclei and a prominent single nucleolus (Gilbertson and Ellison 2008). Regions of anaplasia are
defined by increased nuclear size with nuclear pleomorphism, nuclear moulding and tumor cell
wrapping on one another (Louis et al. 2007; Gilbertson and Ellison 2008). Both large cell and
anaplastic variants are characterized by high mitotic activity, the presence of apoptotic bodies

and a worse prognosis (Haberler et al. 2006; Giangaspero et al. 2006; Louis et al. 2007).

1.2.3.3 Genetic and molecular alterations
The most frequent genomic aberration in Group 3 MB includes amplification of MYC
(16.7%) and the homoeodomain transcription factor, OTX2 (7.7%) (Herms et al. 2000; Boon,

Eberhart, and Riggins 2005; Adamson et al. 2010; Northcott et al. 2012). MYC amplification is
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limited to Group 3 MB and is mutually exclusive from OTX2 amplifications. This suggests that
different mechanisms might be involved in pathogenesis of Group 3 tumors (Taylor et al. 2012;
Northcott et al. 2012; Gajjar and Robinson 2014). Additional mutations in genes involved in
chromatin remodelling such as SMARCA4, lysine specific methyltransferase 2D (KMT72D) and
chromodomain-helicase-DNA binding protein 7 (CHD?7) are associated with Group 3 MBs
(Gajjar and Robinson 2014). Some cases of Group 3 tumors are also associated with mutations in
lysine specific demethylase (KDM) gene family members (Robinson et al. 2012).

A high level of genomic instability is associated with Group 3 MBs and these tumors are
often recognized by isochromosome 17q (i17q), which occurs as a result of loss of 17p and gain
of 17q (Griffin et al. 1988). Additional chromosomal aberrations such as gains of 1q, 7 and
deletion of 10q, 11 and 16q are also observed in Group 3 tumors (Kool et al. 2012). The PTEN
gene, a negative regulator of PI3K/Akt signaling, is located on chromosome 10q and deletion of
10q may upregulate this pathway in Group 3 MBs. Tetraploidy (54% cases) and chromothripsis
(massive chromosomal rearrangement) are also frequent occurrences in these tumors (Jones et al.
2012; Northcott et al. 2012). All these genetic and molecular changes make Group 3 a
biologically complex subgroup. There is very little understanding of the functional relevance of
these changes to disease progression and this has hampered the identification of novel
therapeutic targets. Therefore, further studies investigating the functional relevance of genes

related to the progression of Group 3 MBs are warranted.
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1.2.3.4 Lineage restricted neural precursors and neural stem cells as cells of origin for
Group 3 MB

To date, there are only two published reports demonstrating that the lineage restricted
CGNPs of the EGL and prominin 1-positive (CD133") neural stem cell are the cells of origin for
MYC-driven aggressive Group 3 MBs (Kawauchi et al. 2012; Pei et al. 2012). As MYC
amplification is highly enriched in Group 3 MBs, Pei et al have shown that stable expression of
MYC through viral transduction in CD133" neural stem cells and MATH 1-positive CGNPs
derived from postnatal mouse cerebellum induced cell proliferation when injected into
immunodeficient mice (Pei et al. 2012). However, these tumors resolved as a result of MYC-
induced cellular apoptosis. A combined suppression of P53 via dominant negative p53 viral
infection restrained MY C-induced apoptosis and these mice developed tumors recapitulating the
pathological and molecular features of human Group 3 MBs (Pei et al. 2012). Kawauchi et al
have observed that enforced expression of MYC but not MYCN in atonal homologue 1
(ATOH1)-positive and ATOHI1-negative CGNPs from the EGL in a P53 null background
induced tumor formation with a gene expression pattern resembling that seen in embryonic stem
cells (Kawauchi et al. 2012). This suggests that mature GNPs underwent dedifferentiation into a
stem cell phenotype following MYC overexpression. Also, treatment with the Smo inhibitor
cyclopamine and a semisynthetic cyclopamine analog, HhAntag691, had no effect on tumor cell
proliferation inferring that MYC driven tumors are independent of SHH signaling (Kawauchi et
al. 2012). Although these mouse models provide a valuable tool in accelerating our
understanding of MY C-driven Group 3 MBs, they do not represent the metastatic counterpart of

the disease, which is the main challenge in Group 3 MB treatment.
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Another frequently amplified and overexpressed oncogene in Group 3 MBs is OTX2.
OTX2 plays a major role in patterning of developing brain (Matsuo et al. 1995) and in cell fate
specification (Nishida et al. 2003; Acampora, Di Giovannantonio, and Simeone 2013). OTX2
also regulates the proliferative capacity of progenitor cells in the ventral mesencephalon in a
dose dependent manner (Omodei et al. 2008). However, in Group 3 MB cells, OTX2 seems to
directly regulate cell cycle genes (Bunt et al. 2012) and promote tumor growth (Adamson et al.
2010). While the particular cellular context where the dysregulation of OTX2 results in tumor
development is not clear, ectopic overexpression of Otx2 in mouse hindbrain results in
accumulation of proliferative cells in the cerebellar white matter and dorsal brainstem of
postnatal mice (Wortham et al. 2012). These cell clusters are thought to arise from neuronal
progenitors of the rhombic lip and by inward migration of CGNPs of EGL. However, OTX2
dysregulation was not sufficient for full transformation of these cells (Wortham et al. 2012)
suggesting the involvement of other factors in conjunction with OTX2 drive tumor initiation and
progression. To date, there is no mouse model available for OTX2-driven Group 3 MBs. In
addition, the underlying mechanisms and interacting partners of OTX2 involved in driving

Group 3 MB tumorigenesis remain elusive.

1.2.3.5 Treatment options

Frequent metastasis makes treatment of Group 3 MBs challenging under standard care
options. Preclinical studies using mouse models for the identification of specific drugs targeting
MY C-driven aggressive MBs are underway. A recent study by Morfouace et al, has identified
two US Food and Drug Administration (FDA)-approved compounds, pemetrexed and

gemcitabine for targeting Group 3 MBs (Morfouace et al. 2014). Both in vitro and in vivo, these
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compounds preferentially inhibit proliferation of Group 3 MB tumors exhibiting amplifications
and/or overexpression of MYC. The combination of both drugs showed even better results by
increasing the survival in mice exhibiting MYC overexpressing cortical implants of mouse or
human Group 3 MB cells (Morfouace et al. 2014). Bromodomain and extraterminal domain
protein family (BET) members localize to promoter and enhancer regions and function as co-
activator to transcription factors. BET inhibitors are another therapeutic drug class that interferes
with the transcriptional activity of MYC and is thereby a promising candidate for treatment of
Group 3 MBs (Bandopadhayay et al. 2014). MYC-driven MBs are also dependent on
PI3BK/mTOR signaling. Targeting PI3K/mTOR pathway using BEZ-120 (antagonist of PI3K)
and BEZ-235 (antagonist of both PI3K and mTOR) leads to inhibition of tumor cell growth both
in vitro and in vivo (Pei et al. 2012).

Similar to most SHH MB mouse models, MYC-driven models are generated on a P53
null background, which is a true representation for tumors exhibiting loss of one allele of TP53
(Pfister et al. 2009; Northcott et al. 2011). However, some large cell anaplastic MBs express high
levels of P53 protein, indicating the presence of dysfunctional P53 protein and the P53 pathway
(Eberhart et al. 2005; de Bont et al. 2008). Immunopositivity for P53 is related to poor prognosis
(Woodburn et al. 2001; Ray et al. 2004; Tabori et al. 2010). This suggests that dysregulation of
the P53 pathway can occur as a result of mutations in the P53 gene and/or the presence of
dysfunctional protein. P53 mutations are associated with radiotherapy and chemotherapy failure.
In a study cohort by Tabori et al, the authors observed that P53-mutated MBs showed 5-year
survival of 0%, even in average-risk patients. Seventy five percent of average-risk patients had
tumor recurrence as a result of P53 mutations (Tabori et al. 2010). Philipova et al have

demonstrated that differential forms of P53 have been identified in MB primary tumors, cell
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lines and xenograft models. The P53 gene encodes nine different isoforms and these isoforms
may have an impact on the tumor suppressor activity of P53 (Philipova et al. 2011).

So far, there are no specific treatments available for OTX2 positive Group 3 MBs. There
is one report in the literature by Bai et al, 2010 suggesting the use of retinoic acid for targeting
OTX2 positive MB cells. Retinoic acid reduces OTX2 expression by binding to the promoter
region of OTX2 with subsequent induction of neuronal differentiation (Bai et al. 2010).
However, tumor cells become resistant to retinoic acid treatment at first-time use (Freemantle,
Spinella, and Dmitrovsky 2003). In fact, different MB cell lines show variable responses to
retinoic acid treatment. For example, the Med-3 cell-line is sensitive to retinoic acid exposure but
UW228-2 and UW228-3 are retinoic acid resistant cells (Fu et al. 2012). Moreover, retinoic acid
treatment either induces apoptotic cell death or growth arrest of MB cells (Gumireddy et al.
2003; Chang et al. 2007). To date, our understanding of the signaling pathways associated with
pathogenesis of Group 3 tumors is very poor, making it difficult to identify novel therapeutic

targets.

1.2.4 Group 4
Group 4 MBs are the largest group with an incidence rate of 34%. Two out of five cases
are diagnosed with Group 4 tumors and among all patients, 35-40% cases present with metastatic

disease at the time of diagnosis (Kool et al. 2012; Northcott et al. 2012).

1.2.4.1 Demographic distribution

Group 4 tumors have considerable gender bias and have a much higher incidence rate in

males compared to females (3:1). These tumors can occur at any age but are very rare in infants;
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however, the gender bias is similar across all age groups (Kool et al. 2012; Taylor et al. 2012;
Northceott et al. 2012). The prevalence of this subgroup is higher in children (40-45%) compared
to adults (25%); however, children exhibit an intermediate prognosis relative to adults (Remke et

al. 2011; Kool et al. 2012).

1.2.4.2 Histology

Both classic and large cell anaplastic histological features can be seen in Group 4 tumors.
However, the frequency of large cell anaplastic histology is lower in Group 4 cases relative to
Group 3 tumors (Northcott et al. 2012). Average risk Group 4 MBs do not carry metastatic
disease and have a better 5-year overall survival (80%). Patients with metastatic disease are
considered high-risk, exhibit inferior prognosis and a 60% overall 5-year survival rate (Northcott

et al. 2012; Shih et al. 2014).

1.2.4.3 Genetic and molecular alterations

Mutations that are associated with Group 4 MBs are not well studied. MYCN and cyclin
dependent kinase 6 (CDKG6) are the commonly amplified genes in this subgroup (Northcott et al.
2012). Genes that are commonly mutated in both Group 3 and Group 4 include OTX2, KDM
family members, CHD7 mutations, Growth factor independent (GFII/GFIB) activation and
KMT2D and KMT2C mutations (Northcott et al. 2012; Jones et al. 2012; Pugh et al. 2012;
Robinson et al. 2012). Among the KDM family members, KDM6A4 mutations are the most
common event in Group 4 tumors. KDMO6A functions as a demethylase enzyme and regulates the
methylation status of lysine-27 of the inactive histone mark, H3K27. H3K27 remains in a

trimethylated state (H3K27me3) in stem cells and mutation in KDM6A prevents demethylation
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of H3K27me3. These cells might be restricted to a stem cell like state (Robinson et al. 2012).
Similar to Group 3 tumors, the majority (80% cases) of Group 4 tumors exhibit isochromosome
17q. Loss of one copy of the X chromosome in females with Group 4 tumors has also been
reported, which indicates the presence of one or more tumor suppressor genes on the X
chromosome (Northcott et al. 2012). Northcott et al, have identified a tandem duplication of
chromosome 5q23.2 in 25% of Group 4 MB cases, which may contain signature genes for the

identification of this subgroup (Northcott et al. 2012).

1.2.4.4 Neural stem cells as cells of origin for Group 4 MB

The cell of origin for Group 4 MBs remains elusive. Recently, Lin et al have identified
the differentially expressed enhancer and super-enhancer regulatory elements in MB (Lin et al.
2016). Screening of 28 fresh-frozen, treatment-naive tissue samples and three cultured cell lines
has revealed master transcriptional regulators for MB subgroups that are responsible for
subgroup-specific divergence. For example the enhancer activity and expression of LIM-
homeodomain transcription factor is highly discriminatory in Group 4 MB, designated as a
master regulator of the Group 4 transcriptional program (Lin et al. 2016). Based on LIMXI1A
activity and specific expression patterns, the immature deep cerebellar nuclei residing in the
nuclear transitory zone or even earlier progenitors of the upper rhombic lip are considered as

putative cells of origin for Group 4 MBs (Lin et al. 2016).

1.2.4.5 Treatment options

There is little information on the cells of origin as well as the underlying molecular

mechanisms contributing to the development of Group 4 tumors. In addition, a lack of a
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preclinical mouse models mimicking human Group 4 MBs has made it difficult to identify new
therapies for this subgroup. Patients with average-risk disease perform well with the standard
treatment regimens; however, the high-risk group experience poor outcomes (DeSouza et al.
2014). Common molecular profiles between Group 3 and Group 4 MBs suggests that similar
drugs may function effectively in both subgroups (DeSouza et al. 2014). For example, the
amplification and overexpression of OTX2 has been detected in both Group 3 and Group 4 MBs,
thus, targeting OTX2 may provide a common approach to treat these aggressive subgroups.
Genomic analysis has shown that the OTX2 gene is highly amplified with a copy number
increase from 8 to over 50 that is unique to MB (Michiels et al. 1999; Yokota et al. 2004; Boon,
Eberhart, and Riggins 2005; Di et al. 2005). In addition, OTX2 mRNA levels are found to be
high in almost 70% of MB cases and are associated with anaplastic histopathological features (Di
et al. 2005). While OTX2 is very important in normal brain development, it is not expressed in
adult brain except for minimal expression in the choroid plexus, retina and pineal gland
(Acampora et al. 1995). OTX2 plays a major role in brain patterning, cell fate specification and

retinal development and these roles are now described in detail as follows.

1.3 Orthodenticle homeobox2

OTX2 is a homeodomain transcription factor which belongs to a highly conserved bicoid-
like transcription factor family (Simeone, Puelles, and Acampora 2002). The OTX2 gene is
located on chromosome 14q22.3 and contains 5 exons. The first two exons are non-coding. The
OTX2 gene encodes 5 transcript variants comprising a homeodomain (HD) and a transactivation
domain (TD). The transcript variants 1 (NM_021728.3) and 5 (NM_001270525.1) encode

protein isoform-a. The other variants 2 (NM_172337), 3 (NM_001270523 and 4
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Figure 1.5: OTX2 gene and protein: The OTX2 gene consists of 5 exons. The OTX2 gene
generates 5 different variants, which encode two functionally redundant isoforms: isoform-a and
isoform-b, comprising 297 and 289 amino acids, respectively. The OTX2 transcription factor
binds to a conserved YTAATNN motif present within the target gene sequence and controls the
expression of its target genes (OTX2 gene structure is adapted from (Dateki et al. 2010) and
protein structure is adapted from https://en.wikipedia.org/wiki/Orthodenticle_homeobox 2).
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(NM_001270524) translate into isoform-b and both isoforms are functionally redundant (Dateki
et al. 2010). The OTX2 protein regulates the transcription of target genes by binding to a
conserved YTAATNN motif (Kimura-Yoshida et al. 2005; Chatelain et al. 2006) (Figure 1.5).
Another alternative spliced variant of OTX2, which is a non-coding RNA, has been shown to be
expressed in embryonic stem cells (Liu et al. 2013). This variant is tightly regulated in
embryonic stem cells and then gradually decreases during differentiation (Liu et al. 2013).

Otx2 play crucial roles in the development and patterning of the brain, cerebellum, pineal
gland and eye (Acampora et al. 1995; Matsuo et al. 1995; Ang et al. 1996; Simeone 1998; Beby
and Lamonerie 2013). Otx2 is also involved in neuronal and retinal cell fate specifications

(Puelles et al. 2004; Simeone et al. 2011; Housset et al. 2013).

1.3.1 OTX2 in brain development

Several studies have independently defined the role of Otx2 during early embryogenesis
and head formation in Drosophila and mice (Kimura et al. 1997; Perea-Gomez et al. 2001;
Acampora et al. 1995; Hirth et al. 1995; Finkelstein and Boncinelli 1994). During
embryogenesis, Otx2 is expressed in the inner cell mass of the mouse blastocyst at embryonic
day E3.5 and in the visceral endoderm of the pre-gastrulation embryo at the E5.5 (Kimura et al.
2001). Otx2 is not required for the proliferation of visceral endoderm; however, it plays an
essential role in anteriorly directed morphogenetic movements by regulating the expression of
other developmental genes such as left-right determination factors (Lefty) and mouse dickkopf-
related protein 1 (MdkklI) in this region (Perea-Gomez et al. 2001). These secreted proteins are
the negative regulators of Nodal and Wnt signals, respectively, and are important in primitive

streak formation (Perea-Gomez et al. 2001).
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Figure 1.6: A role for Otx2 in patterning the midbrain-hindbrain boundary: Otx2 has an
important role in patterning at the midbrain-hindbrain junction or isthmic organizer by regulating
the midbrain-hindbrain markers such as En2 and Gbx2.
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In pre-streak embryos, Otx2 is widely expressed in the epiblast but during gastrulation, it
becomes restricted to the anterior neuroectoderm, which contains the precursor cells of the
forebrain and midbrain regions of the developing brain (Tam 1989; Ang et al. 1994; Rhinn et al.
1998; Cajal et al. 2012). Severe defects in gastrulation and in formation of axial mesoderm as
well as loss of anterior neural tissue have been observed in Otx2 mutant mice (Ang et al. 1996).
Notably, complete loss of Otx2 (Otx2™") in mice is embryonic lethal and leads to the deletion of
forebrain and midbrain regions by 9.5 days post-coitum (dpc). The resultant “headless”
phenotype is attributed to the defective anterior neuroectoderm specification during gastrulation
(Acampora et al. 1995; Ang et al. 1996; Rhinn et al. 1998). These defects in head formation were
also seen in Drosophila carrying loss of functional mutations in Drosophila orthodenticle (otd)
(Royet and Finkelstein 1995), revealing the evolutionary conserved role of otd /Otx2 in head
development. In contrast, the heterozygous mice (Otx2™") developed craniofacial malformations
such as anophthalmia/microphthalmia (absent or small eyes), short nose or
agnathia/micrognathia (absent or small jaw) (Matsuo et al. 1995; Ang et al. 1996). In addition to
its role in early gastrulation, Otx2 also plays a pivotal role in defining the midbrain-hindbrain
junction (prospective cerebellum) or isthmic organizer by maintaining the midbrain-hindbrain
marker engrailed-2 (En2) and antagonizing the expression of gastrulation brain homeobox 2
(Gbx2) (Rhinn et al. 1998; Broccoli, Boncinelli, and Wurst 1999) (Figure 1.6). Loss of function
studies have demonstrated that both Otx2 and Gbx2 act antagonistically for specification of the
midbrain and cerebellum, respectively, in mice (Wassarman et al. 1997; Rhinn et al. 1998;

Broccoli, Boncinelli, and Wurst 1999).
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1.3.2 OTX2 in cell fate specification

In addition to the role in normal brain patterning and formation, OTX2 also functions in
the specification of certain neuronal populations within the brain. Otx2 regulates neuronal
identity through its interaction with different genes/factors in neuroanatomical regions of the
brain. Depending on its interacting partners, Otx2 may act as a transcriptional activator or
repressor for controlling the proliferation and differentiation of various neuronal populations

within the brain (Puelles et al. 2006; Omodei et al. 2008; Larder and Mellon 2009).

1.3.2a Midbrain dopaminergic neurons

Otx2 is expressed in the dopaminergic progenitors of both the diencephalon and
mesencephalon but preferably involved in the neurogenesis of mesencephalon/midbrain
dopaminergic progenitors (mDA) (Puelles and Rubenstein 2003; Puelles et al. 2004; Prakash and
Wurst 2006; Omodei et al. 2008). Overexpression and knockdown of Otx2 under the control of
an Enl promoter at embryonic stage E9.0 in mouse resulted in an increase and decrease in the
number of midbrain dopaminergic neurons, respectively (Ono et al. 2007; Omodei et al. 2008).
These studies suggest that Otx2 is required for the identity of mDA neurons. Inactivation of Otx2
not only affected the proliferation and differentiation of mDA neurons, but also induced an
imbalance in the differentiation programs of other brain regions (Vernay et al. 2005). For
example, deletion of Otx2 induced an ectopic cerebellar-like structure in the ventral midbrain
and also increased the number of serotonergic neurons (Puelles et al. 2004; Vernay et al. 2005).
These changes are accompanied by decreased expression of LIM homeodomain transcription
factor 1 alpha (Lmxla) and proneural genes such as mammalian achaete scute homolog-1

(Mashl) and neurogenin2 (Ngn2) (Vernay et al. 2005; Omodei et al. 2008). These conditional
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inactivation studies revealed the important functions of Otx2 in regulating the extent, identity
and fate of the neuronal progenitor populations in the ventral midbrain (Puelles et al. 2004;
Vernay et al. 2005; Omodei et al. 2008; Di Salvio et al. 2010a; Di Salvio et al. 2010b). However,
the underlying molecular mechanisms by which Otx2 regulates the expression of genes involved
in neuronal specifications are still unclear.

Wnt/B-catenin signaling is thought to be required for the maintenance of Otx2 expression
in a subset of mDA progenitors (Panhuysen et al. 2004; Tang, Miyamoto, and Huang 2009). An
increase in Wnt/B-catenin signaling resulted in a decreased number of Otx2 expressing mDA
progenitors (Joksimovic et al. 2009). A recent study by Panman et al, also described the spatial
role of Otx2 in determining the subtype of mDA neurons, particularly in the ventral tegmental
area (VTA) (area located in the midbrain, at the top of the brain stem) (Panman et al. 2014). The
expression pattern of transcription factors such as Otx2, sex determining region Y-box 6 (Sox6)
and zinc finger protein503 (Zfp503) or Nolzl in midbrain neural progenitors defines the
subpopulations of dopaminergic neurons in different regions of the midbrain. Otx2 is expressed
in neuronal progenitors of the VTA and this expression is maintained in differentiating and
mature dopaminergic neurons (Chung et al. 2010; Di Salvio et al. 2010b). In neuronal
progenitors of the VTA, Otx2 might functionally interact with the zinc finger protein, Nolzl, for
determining the fate of VTA neurons (Panman et al. 2014). Moreover, among these
dopaminergic neurons of the VTA, Otx2 specifically regulate the neurogenesis of neuronal
progenitors that express calbindin and aldehyde dehydrogenase family 1 subfamily Al gene
(Ahd2) (Di Giovannantonio et al. 2013). This suggests that the differential responsiveness of
mDA progenitors to Otx2 is important for establishing phenotypes of post-mitotic mDA neurons

(Chung et al. 2010; Di Salvio et al. 2010a; Di Giovannantonio et al. 2013).
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1.3.2b Glutamatergic progenitors of the thalamus

The excitatory and inhibitory networks of the CNS consist of glutamatergic and gamma-
aminobutyric acid (GABAergic) neurons, respectively. Any functional impairment in these
networks may cause neurological and psychiatric disorders (Bennett and Balcar 1999). Otx2 has
been reported to play a crucial role in the specification of glutamatergic progenitors of the
thalamus by repressing GABAeric neuron differentiation (Puelles et al. 2006). Ablation of Otx2
can induce the GABAergic differentiation program by increasing the expression of GABAergic
neuron-specific markers such as the paired box genes Pax3 and Pax7 in progenitors of the

thalamic region (Puelles et al. 2006).

1.3.2¢ Gonadotrophin releasing hormone neurons

Gonadotrophin releasing hormone (GnRH) neurons originate from embryonic nasal
tissues (nasal placode) and then they migrate through brain into the hypothalamus. GnRH
neurons are involved in regulating mammalian puberty and subsequent fertility by maintaining
proper functioning of the hypothalamic-pituitary-gonadal axis. Loss of GnRH neurons,
disruption of their migration, mutation in the GnRH gene or decreased GnRH expression can
induce reproductive dysfunction such as congenital idiopathic hypogonadotropic hypogonadism
(CIHH) (Gamble et al. 2005; Chan et al. 2009). Otx2 has been implicated in regulating GnRH
gene expression through Otx2 binding sites at the proximal promoter of GnRH (Kelley et al.
2000; Larder and Mellon 2009). In GnRH neurons, binding of Otx2 at GnRH promoter increases
gene activity. However, interaction of Otx2 with a member of the Groucho-related-gene family,
Grg4, modulates the transcriptional activity of Otx2 from an activator to a repressor form,

thereby controlling the expression of the GnRH gene (Larder and Mellon 2009). This result was
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supported by the overexpression of Otx2 in GnRH neurons that increased transcriptional activity
of the GnRH gene promoter (Larder and Mellon 2009). In contrast, conditional knockout of Otx2
in GnRH expressing neurons decreased the number of GnRH neurons in the ventral
hypothalamus. It also lead to a delayed onset of puberty and infertility as a consequence of
decreased expression of GnRH and other sex steroid hormones, suggestive of a critical

requirement of Otx2 for GnRH expression and reproductive competence (Diaczok et al. 2011).

1.3.2d Retinal cells

During eye development in vertebrates, a pair of rudimentary structures called optic
vesicles originates from each side of the forebrain. These optic vesicles interact with the surface
ectoderm by invagination, followed by regionalization into a bilayered optic cup. The optic cup
consists of an outer, retinal pigment epithelium (RPE) and inner, neural retina layers (Nishihara
et al. 2012). These layers contain various cell types of the vertebrate eye such as the
photoreceptors, retinal ganglion cells, horizontal cells, amacrine cells, bipolar and Muller glial
cells (Nishihara et al. 2012). Otx2 plays an important role during this process of eye
development (Cantos et al. 2000; Fossat et al. 2007). During retinal development in the mouse,
Otx2 is expressed in the entire optic vesicle as early as E9 (Figure 1.7A) and then becomes
restricted to the RPE (Bovolenta et al. 1997; Martinez-Morales et al. 2001; Nishihara et al.
2012). Otx2 represses the expression of neural retina markers such as fibroblast growth factor
(Fgf8) and Sox2 for regionalization of RPE in the outer layer of the optic cup (Figure 1.7B).
Loss of Otx2 can cause ectopic expression of Fgf8 and Sox2 and induce neural retina

differentiation in this region (Nishihara et al. 2012). Otx2 is also required for the terminal
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Figure 1.7: Role of Otx2 in eye development in vertebrates: (A) At embryonic day 9 (E9) in
the mouse, Otx2 is expressed in the entire optic vesicle and (B) then becomes restricted to the
retinal pigment epithelium (RPE). Otx2 is also required for the regionalization of neural retina
by repressing neural retina markers such as Fgf8 and Sox2 (adapted with modification from
http://discovery.lifemapsc.com/library/images/embryonic-eye-development).
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differentiation and maturation of photoreceptors and bipolar cells (Nishida et al. 2003; Koike et
al. 2007; Sato et al. 2007). Its expression is maintained in mature photoreceptor (rods and cones
cells), bipolar cells and a subset of Mueller glial cells (Baas et al. 2000; Fossat et al. 2007; Beby
et al. 2010). In the photoreceptor and bipolar cells, Otx2 is expressed throughout the life and is
required for their maintenance (Fossat et al. 2007; Sugiyama et al. 2008). Mutations in human
OTX2 can cause malformation of the eye such as micropthalmia (small eye) and anophthalmia
(absence of an eye) and these defects account for almost 25% of visual impairment in children
(Ragge et al. 2005; Wyatt et al. 2008; Schilter et al. 2011).

As both vertebrate homeobox Otx2 and the Drosophila homologue, Otd are crucial in
photoreceptor development, hypomorphic Otx2 alleles in Drosophila caused poor development
of photoreceptors (Vandendries, Johnson, and Reinke 1996). Similarly, conditional deletion of
Otx2 in retina induced depletion of the photoreceptors, bipolars and horizontal cells with
concomitant increase in the number of other retina cell types such as amacrine cells in mice
(Nishida et al. 2003; Koike et al. 2007; Sato et al. 2007). In contrast, induced expression of Otx2
increased the number of photoreceptors in rat retina and this was accompanied by loss of all
other postnatal cell types (Nishida et al. 2003). Furthermore, non-neural cells can adopt a
photoreceptor fate upon introduction of Otx2 (Akagi et al. 2004; Inoue et al. 2010). Analysis of
conditional ablation of Otx2 in postnatal bipolar cells revealed that Otx2 is required for terminal
differentiation (Koike et al. 2007). Temporal and spatial expression of Otx2 in specific
populations of retinal cells seems to be controlled by multiple regulators during retinal fate
specification. In fact, a retinal-specific evolutionary conserved enhancer element 2 (ECR2)
recapitulates the expression and function of Otx2 in post-mitotic photoreceptors and in a subset

of retinal progenitor cells. As the ECR2 element was not active in Otx2-positive bipolar cells and

43



RPE, a different transcriptional network might be controlling the expression of Otx2 in these
cells (Emerson and Cepko 2011). This suggests a cell-type dependent regulation of expression

and function of Otx2 during retinal fate specification.

1.3.2e Plasticity of visual cortex

Otx2 expression is retained in the adult retina for maintaining the postnatal plasticity of
the visual cortex (Sugiyama et al. 2008; Spatazza et al. 2013). During early postnatal life, the
neural circuits are shaped by experience. The visual input from both eyes first converge onto the
individual neurons in the binocular zone of the primary visual cortex. This leads to a subsequent
determination of ocular dominance of one eye following a competitive interaction (Wiesel and
Hubel 1963). In some cases, the deprivation of visual input from one eye can lead to permanent
loss of vision in that eye, a condition known as amblyopia or “lazy eye” affecting 2-4% of the
human population (Prusky and Douglas 2003; Maurer and Hensch 2012). In the primary visual
cortex, Otx2 protein starts accumulating during the onset of critical periods of plasticity and
persists in the adult visual cortex (Sugiyama et al. 2008; Spatazza et al. 2013). Otx2 regulates
the maturation of parvalbumin cells, which become evident at the onset of plasticity. It has been
proposed by Sugiyama et al, that a cell-to-cell experience-dependent transfer of Otx2 protein
might be involved in setting a physiological milieu for promoting plasticity of the neural circuit.
Exogenous introduction or deprivation of Otx2 in parvalbumin cells accelerated or abolished the
establishment of critical periods of plasticity, respectively. Otx2 protein is synthesized and
secreted by the choroid plexus that serves as a source of Otx2 for cortical parvalbumin cells in
adults (Johansson et al. 2013; Spatazza et al. 2013). Knockdown of Otx2 in the choroid plexus

reduced the local content and impaired the transfer of Otx2 into distant parvalbumin cells. This
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allowed the reactivation of critical periods of binocular plasticity in the visual cortex of adult

mice and restored vision in adult amblyopic mice (Spatazza et al. 2013).

1.3.3 OTX2 in medulloblastoma

During early fetal development in humans, OTX2 is expressed in the diencephalon,
mesencephalon, basal telencephalon, choroid plexus and the hippocampal regions. It is also
expressed in the progenitor cells of the EGL of the developing cerebellum and pineal gland in the
later stages of fetal development (de Haas et al. 2006; Larsen et al. 2010). In the postnatal
cerebellum, OTX2 levels are lost as the expression is restricted to choroid plexus, pineal gland
and retinal pigment epithelium in adult tissues (Fossat et al. 2006). However, high levels of
OTX2 protein have been detected in Group 3 and 4 MBs but its expression is negligible in the
SHH subgroup (Bunt et al. 2010). The OTX2 gene is amplified and overexpressed in 70% of MB
cases (Michiels et al. 1999; Yokota et al. 2004; Boon, Eberhart, and Riggins 2005; Di et al. 2005;
de Haas et al. 2006). A ten-fold average increase in the copy number of OTX2 has been
identified in MB cell lines. Also, OTX2 mRNA and protein levels are higher in 75-80% of
aggressive Group 3 and 4 MB tumor samples (Di et al. 2005; de Haas et al. 2006; Kool et al.
2008; Adamson et al. 2010). It has been shown that OTX2 is amplified before dissemination of
tumor cells and its expression stays high in disseminated cells (Di et al. 2005).

Frequent amplification and overexpression suggests that OTX2 plays an oncogenic role
in MB and is thought to be required for growth and maintenance of MB cells (Di et al. 2005;
Adamson et al. 2010; Bai et al. 2012). However, studies evaluating the function of OTX2 in MB
have demonstrated conflicting results. For example, OTX2 has been shown to play an oncogenic

role in maintaining cell growth of Group 3 and 4 MB cell lines (Di et al. 2005; Adamson et al.
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2010). Small interference RNA (siRNA)-mediated knockdown of OTX2 in Group 3 and 4 cell
lines resulted in suppression of cell growth in vitro (Di et al. 2005). However, one study
evaluating OTX2 overexpression in SHH MB lines revealed that OTX2 suppresses cell
proliferation and induces cell senescence specifically in vitro (Bunt et al. 2010). This dichotomy
is also seen in the nervous system, where OTX2 regulates proliferative and/or differentiation
abilities of various cell types based on the neuroanatomical regions. For instance, Otx2 is
required to maintain the proliferation and differentiation of ventral mesencephalon dopaminergic
progenitor cells (Omodei et al. 2008). Loss of Otx2 results in proliferation and differentiation
abnormalities of these progenitor cells and can induce their premature post-mitotic transition
(Omodei et al. 2008). Conversely, Otx2 appears to inhibit proliferation in the thalamus as
ablation of Otx2 enhanced the proliferative ability of thalamic progenitors, and led to the
formation of hyperplastic cell masses (Puelles et al. 2006). These opposing data suggest that the
effect of OTX2 on cell growth may be dependent on the cell-type and neuroanatomical region.
Distinct mechanisms might be involved in the disparate context-dependent functions of this
multifaceted transcription factor. However, this concept has not been directly tested in OTX2
expressing Group 3 and 4 versus SHH MB cells, which do not express OTX2. Furthermore,
previous studies focused on cell proliferation/survival of MB cells and did not evaluate other
cellular properties, including cell migration, and aspects of stem cell function, such as self-
renewal (ability of the cells to maintain themselves for indefinite time period). This will be
important as invasive growth and metastasis contribute to recurrence and poor prognosis in MB
patients (Mehta 2011). Moreover, brain tumor stem cell populations have been shown to be

critical for MB propagation and maintenance (Singh et al. 2003; Singh et al. 2004).

46



In addition, previous studies have used long-term cultured patient-derived cell lines,
which exhibit numerous karyotypic abnormalities and may provide inconsistent results regarding
the function of a gene. Indeed, studying the role of genes related to MB progression in well-
established murine models have provided important insight, and even Drosophila melanogaster
has recently been employed to identify novel genes associated with pediatric brain tumors such
as AT/RT (Jeibmann et al. 2014). However, complementary human models are still needed to
both verify and identify the functional relevance of specific genes to pediatric neural tumor
progression. Moreover, primary patient samples are difficult to maintain in in vitro cultures and
the cells often die or stop growing after 2-3 passages. Very few MB patient samples have been
adapted to long-term culture conditions and thus, there is a critical need for developing

alternative model systems.

1.4 Human embryonic stem cells and their use in regenerative medicine

Human embryonic stem cells (hESCs) were first isolated and cultured in 1998 by Thomson
et al (Thomson et al. 1998). These cells were derived from the inner cell mass of the pre-
implantation embryo and are known for their ability to self-renew indefinitely as well as for their
potential to generate all three germ layers (ectoderm, mesoderm and endoderm) which is defined
as pluripotency. Several studies have utilized hESCs for differentiation into neurons,
hematopoietic cells, cardiomyocytes, pancreatic beta cells and intestinal cells (Reubinoff et al.
2001; Chadwick et al. 2003; Perrier et al. 2004; Wang et al. 2005; Gerrard, Rodgers, and Cui
2005; Roy et al. 2006; D'Amour et al. 2006; Kriks et al. 2011; Takayama et al. 2012). Recently,
hESCs have also been utilized for differentiation into the renal lineage and generation of a self-

organizing kidney (Takasato et al. 2014). Although hESCs hold great promise in the area of
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regenerative medicine and cell replacement therapies, the associated risks of tumorigenicity
hinder their usefulness in these areas (Ben-David and Benvenisty 2011). For example, human
ESCs share many features with cancer cells such as indefinite self-renewal ability, high
telomerase activity and genomic instability (Ben-David and Benvenisty 2011). As an alternative,
researchers also utilize induced pluripotent stem cells (iPSCs) (Takahashi and Yamanaka 2006;

Werbowetski-Ogilvie 2014).

1.5 Induced pluripotent stem cells

In 2012, Shinya Yamanaka received the Nobel Prize for the discovery of iPS cells.
Generation of iPSCs have revolutionized the stem cell field as these cells are a potential source
of patient-specific pluripotent stem cells (Park et al. 2008). IPS cells were generated first from
mouse and then from human fibroblasts by ectopic expression of a combination of four
pluripotent transcription factors such as OCT4, SOX2, KLF4 and MYC or (OCT4, SOX2,
NANOG and LIN28) via retroviral transduction (Takahashi and Yamanaka 2006; Takahashi et
al. 2007). These reprogrammed cells resemble embryonic stem cells in terms of morphology,
gene expression profile and their ability to form the cells of all 3 germ layers (Takahashi and
Yamanaka 2006; Takahashi et al. 2007; Park et al. 2008; Nakagawa et al. 2008). However,
retroviral-mediated integration of genetic material posed a risk of tumorigenesis that restricts the
usage of these cells in human clinical trials for cell-based therapies. Some of these issues have
been resolved by utilizing non-viral methods such as recombinant proteins or chemical methods

for cellular reprogramming (Zhou et al. 2009; Masuda et al. 2013).
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1.6 Use of hESCs and iPSCs in disease modeling

Despite the drawbacks associated with both hESCs and iPS cells, “modeling disease in a
dish” provides an alternative use for pluripotent cells. Several studies have demonstrated the
utility of disease-specific and patient-specific iPS cells in investigating the cellular and molecular
events contributing to the development of several human disorders and for screening therapeutic
agents (Unternachrer and Daley 2011). Many human early- and late-onset neurodegenerative
disorders such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, amyotrophic
lateral sclerosis and spinal muscular atrophy are characterized by memory loss and cognitive
deficits as a result of chronic and progressive impairment of neuronal functions (Jung et al.
2012). However, the lack of cellular models for recapitulating disease pathogenesis in vitro is
making it difficult for finding treatments. The recent use of patient-derived iPSCs has facilitated
our understanding of disease development and/or progression. For example, the pathogenesis of
Alzheimer’s disease has been studied using disease-specific iPSCs-derived neurons (Yagi et al.
2011). In the last decade, substantial progress has also been made in modeling other
neurodegenerative diseases as well as heart diseases such as arrhythmogenic right ventricular
cardiomyopathy, other genetic arrhythmias and human cancers utilizing disease-specific iPS
cells (Sanchez-Danes et al. 2012; Jung et al. 2012; Kim et al. 2013; Moretti et al. 2013; Chen et

al. 2014).

Similarly, hESCs have been utilized for modeling various human genetic disorders. One
of the most common neurodegenerative genetic disorders known as Huntington disease (HD)
affects muscle coordination and also induces cognitive impairment; however, lack of an in vitro
model for HD has made it difficult to understand the root causes of this disease (Niclis et al.

2009). Niclis et al. have isolated two HD hESCs lines, S1-186 and S1-187, from embryos
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identified by preimplantation genetic diagnosis for investigating the relevance of associated
genetic mutations to the development of HD (Niclis et al. 2009; Niclis et al. 2013). Additional
hESC lines have been generated by introducing chromosomal aneuploidies for modelling widely
recognized genetic disorders such as Patau syndrome (trisomy of chromosome 13), Down
syndrome (trisomy of chromosome 21), Triple X syndrome (trisomy of chromosome X) and
Turner syndrome (monosomy of X) (Biancotti et al. 2010). These cell lines represent an
alternative source for understanding the impact of these chromosomal abnormalities on

development of particular tissues/organs (Biancotti et al. 2010).

The use of hESCs is not limited to studying early- or later-onset genetic disorders. These
cells have also been employed for investigating several human cancers. Both hESCs and cancer
stem cells utilize similar pathways for acquisition of pluripotency and tumorigenesis,
respectively. The pluripotency of hESCs is governed by a set of transcription factors such as
OCT4, NANOG, SOX2 and MYC and these genes and/or their targets are also frequently
upregulated in poorly differentiated human cancers such as high grade ER-negative breast
cancers, bladder carcinoma, glioblastoma and MB ((Clark 2007; Ben-Porath et al. 2008; Bass et
al. 2009; Kim et al. 2010; Po et al. 2010; Zbinden et al. 2010; Taylor et al. 2012). For example,
the somatic cell reprogramming factor, MYC, is known for its oncogenic role in brain tumors
such as MB, gliomas and primitive neuroectodermal tumors (Herms et al. 2000; Grotzer et al.
2001; Roussel and Robinson 2013; Annibali et al. 2014). NANOG, a pluripotent factor, has been
implicated in maintaining the stem cell like features in the malignant brain tumor, glioblastoma
(Niu et al. 2011; Higgins et al. 2013). Similarly, other pluripotent factors such as SOX2 and

OCT4 are critical for maintaining proliferation of glioma cells and studies have suggested that
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therapies be specifically designed to target these genes (Schmitz et al. 2007; Gangemi et al.

2009; Du et al. 2009; Werbowetski-Ogilvie 2014).

In addition to these pluripotent genes, the P53 gene that regulates the signaling pathway
important for both maintaining hESCs pluripotency and for enhancing the efficiency of somatic
cell reprogramming is also involved in tumorigenesis (Krizhanovsky and Lowe 2009). P53 is the
most commonly mutated tumor suppressor gene in human cancers and its inactivation can
accelerate tumor growth in mouse models (Mizuno et al. 2010) as described earlier. In fact, the
inactivation of P53 can induce an ES-cell-like transcriptional program in breast and lung cancers
further underscoring the relationship between pluripotency and malignancy (Song, Hollstein, and
Xu 2007; Mizuno et al. 2010). P53 knockout hESCs provide a cellular resource for studying
human cancer that are not recapitulated by p53-/- mouse models due to interspecies differences
(Donehower et al. 1992; Jacks et al. 1994; Song, Hollstein, and Xu 2007). In particular, P53
mutations mostly induce carcinomas and are linked with poor prognosis in human cancers;
however, in mice, lack of P53 results in the development of sarcomas and lymphomas
(Donehower et al. 1992; Jacks et al. 1994). This could be partly defined by the differential roles
of the mutant form of the P53 protein versus complete loss of normal P53 protein during
tumorigenesis (Doyle et al. 2010). It has been shown that mutant form of P53 manipulate its
tumor suppressive functions by acquiring new oncogenic roles (Doyle et al. 2010; Hanel et al.

2013; Muller and Vousden 2014; Lu et al. 2013).

1.7 Human ESCs and childhood cancers

The most common childhood cancers such as leukemia, central nervous system tumors and

lymphomas manifest early during development. It has become increasingly difficult to
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recapitulate the early events of disease progression using well-established cell lines. While
murine models have been useful for adding insights into the tumor biology, not all murine
models faithfully represent the human counterpart of disease. For example, infant pro-B acute
lymphoblastic leukemia (ALL) arises prenatally as a result of fusion of mixed-lineage leukemia
(MLL-AF4) genes (Bueno et al. 2012). ALL has a very brief latency and dismal prognosis in
infants but this is not recapitulated in murine models of ALL (Chen et al. 2006; Metzler et al.
2006; Krivtsov et al. 2008). To understand the role of MLL fusion in ALL development, Bueno
and colleagues utilized hESCs derived hemogenic precursors and demonstrated that MLL-AF4
expression is not sufficient to induce neoplastic transformation both in vitro and in vivo (Bueno
et al. 2012). Another example where mouse models could not faithfully recapitulate the human
developmental process is the investigation of the role of the transcription factor, stem cell
leukemia/T-cell acute lymphocytic leukemia 1 (SCL/TAL1) transcription factor in human
hematopoiesis (Real et al. 2012). In mouse models lacking the SCL/TALI gene, a master
regulator of early hematopoiesis, animals die early during embryogenesis due to complete
absence of hematopoiesis (Real et al. 2012). To overcome this issue, researchers utilized hESCs
for understanding the role of SCL using a stepwise hematopoietic developmental process (Real

et al, 2012).

In the case of medulloblastoma, most of the currently available mouse models represent
the SHH MB subgroup (Goodrich et al. 1997; Taylor et al. 2002; Hallahan et al. 2004; Oliver et
al. 2005; Hatton et al. 2008). Recently, MYC-driven mouse models have been developed for
understanding the role of the MYC gene in tumorigenesis of Group 3 and 4 MBs (Pei et al. 2012;
Kawauchi et al. 2012; Swartling 2012). These mouse models have been developed on a P53 null

background, which do not always recapitulate their human MB counterparts. In addition, there
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are no mouse models available for understanding the role of OTX2 in Group 3 and 4 tumors.
Moreover, the complete loss of OTX2 is embryonic lethal and its overexpression is not sufficient
to induce cellular transformation and initiate tumorigenesis (Wortham et al. 2012). This makes it
difficult to understand the functional relevance of this multifunctional transcription factor in MB
progression. In order to deal with this issue, relevant hESCs-derived cellular models are needed

for investigating cellular and molecular events contributing to MB progression.

1.8 Features of normal and transformed hESCs

Routine evaluation of normal hESCs for the acquisition of abnormal karyotypes is
mandatory (Baker et al. 2007). However, normal hESCs can also acquire abnormal cellular
features during long-term culture such as enhanced cell proliferation, self-renewal ability and
aberrant differentiation potential with or without major chromosomal changes and these cells are
known as transformed hESCs (trans-hESCs). Werbowetski-Ogilvie et al. studied the features of
both normal and trans-hESCs variant and found that trans-hESCs exhibit enhanced cell
proliferation, self-renewal ability in vitro and greater tumorigenic potential in vivo relative to
their normal counterparts (Werbowetski-Ogilvie et al. 2009). These trans-hESCs also gain the
ability to grow independent of growth factors such as basic fibroblast growth factor (bFGF),
which is typically required for maintaining normal hESC pluripotency (Werbowetski-Ogilvie et
al. 2009). Normal hESCs display heterogeneous morphology consisting of tightly packed colony
cells with high nuclear-to-cytoplasmic ratio surrounded by more differentiated fibroblast-like
cells. However, trans-hESCs exhibit more homogenous morphology and lose their fibroblast

feeder layer (Werbowetski-Ogilvie et al. 2009).
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Figure 1.8: Comparative model system of neural precursors derived from normal and
transformed hESCs. A) Normal human embryonic stem cells are highly heterogeneous cultures
consisting of tightly packed colony cells with a high nuclear to cytoplasmic ratio surrounded by
more differentiated fibroblast-like cells. These normal hESCs undergo cellular transformation
during long-term culture and acquire neoplastic features such as elevated self-renewal and
proliferation capacity as well as aberrant differentiation potential. These cells are called
transformed hESCs (B). (C-D) Upon differentiation into neural precursors, the transformed
human embryonic neural precursors (trans-hENs) derived from trans-hESCs retain their
neoplastic features in vitro.
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Apart from the differences in cellular features, trans-hESCs also exhibit very high
endogenous expression of pluripotent markers such as stage specific embryonic antigen 3
(SSEA3), LIN28A, OCT4, NANOG and SOX2 (Werbowetski-Ogilvie et al. 2009; Ji et al. 2009).
These trans-hESCs exhibit cellular and molecular profiles that closely resemble poorly
differentiated cancer cells. Therefore, both normal and trans-hESCs provide an alternative and
comparative system for studying various aspects of childhood cancers and for identifying novel
therapies. Recently, Dingwall and colleagues utilized the transformed hESC lines to model
radiation resistance of human cancer stem cells (Dingwall et al. 2015). They found that trans-
hESCs are resistant to radiation treatment relative to their normal counterparts and showed
decreased levels of apoptosis and altered cell cycle arrest (Dingwall et al. 2015). More recently, a
study has shown the potential of hESC-derived oligodendrocytes to repair radiation-induced
damage to the brain following brain cancer treatment (Piao et al. 2015). Intracranial
transplantation of hESC-derived oligodendrocyte progenitors into the forebrain and cerebellum
were able to recover both structural and functional insults incurred following radiation treatment

(Piao et al. 2015).

1.9 Normal and transformed neural precursors derived from hESCs for modeling MB

As MB is thought to arise from neural stem cells or more differentiated progenitors, the
neural derivatives from normal and trans-hESCs could serve as a surrogate to long-term cultured
cell lines and insufficient number of patient samples. The features of neural derivatives from
normal and trans-hESCs are well studied by the Werbowetski-Ogilvie laboratory (Figure 1.8)
(Werbowetski-Ogilvie et al. 2012). Following differentiation of trans-hESCs into neural

precursors herein called transformed human embryonic neural precursors (trans-hENs), they
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retain their high self-renewal and proliferation ability compared to normal hENs (Figure 1.8).
Interestingly, trans-hENs resemble human Group 3 and 4 MBs in vivo (Werbowetski-Ogilvie et
al. 2012). Global gene expression analysis revealed differential expression of 1346 transcripts in
trans-hENs vs. hENs including upregulation of both a pluripotency and a MB transcription
program that exhibited similarities to Groups 3 and 4 MBs. These trans-hENs also have >10 fold
high endogenous expression of OTX2 (Werbowetski-Ogilvie et al. 2012). These properties make
neural precursors derived from both normal and trans-hESCs a complementary system for

studying the functional relevance of genes such as OTX2 to MB progression.

2.0 Hypothesis and Objectives

2.0.1 Hypothesis

Given that OTX2 is frequently amplified and overexpressed in Group 3 and 4 MBs but
rarely expressed in SHH subgroup, we hypothesize that OTX2 has a variant-dependent tumor
inhibitory or oncogenic role in MB. We also hypothesize that neural derivatives from normal and
trans-hESCs will provide a comparative cellular system for investigating the role of OTX2 in
regulating cellular and molecular events contributing to MB progression.
2.0.2 Objectives: To test this hypothesis, we set four main objectives:
Objective 1

To evaluate the role of OTX2 overexpression in normal hENs and Daoy (representing the
SHH subgroup) MB cells using lentiviral transduction in vitro and in vivo. This objective will
determine the role of OTX2 in regulating cellular functions such self-renewal, cell migration and

cell survival in both normal neural precursors and the SHH MB subgroup in vitro. The effect of
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OTX2 overexpression on tumorigenic potential of the SHH MB cell line, Daoy, will also be

determined in vivo.
Objective 2

To understand the molecular mechanism regulated by OTX2 in controlling cellular
functions of normal hENs and Daoy MB cells. This objective will focus on investigating the
interaction of OTX2 with other genes or factors involved in regulating the cellular functions in

hENs and Daoy cells utilizing various molecular techniques.
Objective 3

To evaluate the role of OTX2 knockdown on the neoplastic features of trans-hENs and
representative Group 3 and Group 4 MB cells in vitro and in vivo. This part of the study will
determine the effect of OTX2 knockdown on neoplastic features such as elevated self-renewal
and proliferation of trans-hENs and Group 3 and 4 MB cells in vitro. The effect on tumorigenic

potential following OTX2 knockdown will be determined in vivo.
Objective 4

To investigate the molecular mechanisms by which OTX2 regulate the neoplastic
properties of trans-hENs and Group 3 and 4 MB cells. In this objective, we will investigate the

molecular mechanism(s) associated with knockdown of OTX2 in trans-hENs as well as Group 3

and 4 MB cells in the context of stem cell function or self-renewal.
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2.1 Cell culture
2.1.1 Human embryonic stem cells culture

Both normal hESCs (H9) and trans-hESC (v1) (Werbowetski-Ogilvie et al. 2009) were
maintained on Matrigel (BD Biosciences, Mississauga, ON, Canada) in mTESR™1 with 5X
supplement (Stem Cell Technologies, Vancouver, BC, Canada). Confluent cultures were

dissociated for 5 min in collagenase IV (Gibco, Invitrogen, Burlington, ON, Canada) and

passaged 1:4 (trans-hESCs) or 1:2 (hESCs).

2.1.2 Neural precursor derivation from normal and transformed hESCs

Neural precursors from normal hESCs (hENs) and their transformed derivatives (trans-
hENs) (Figure 1.8) were cultured as previously described (Werbowetski-Ogilvie et al. 2012).
Briefly, hESCs and trans-hESCs were dissociated in collagenase IV (Gibco) and re-plated as
aggregates onto poly-L-Ornithine/laminin-coated plates (BD Biosciences) in neural precursor
media, Dulbecco’s modified eagle medium (DMEM)/F12, supplemented with 1% N2 (Gibco),
1% B27 (Gibco), 20 ng/ml epidermal growth factor (EGF) (BD Biosciences), and 20 ng/ml basic
fibroblast growth factor (bFGF) (BD Biosciences)). After 4 days (trans-hESCs) and 6 days
(hESCs) (passage 0 or start of differentiation), cultures were dissociated into single cells with
Accutase (Gibco) and plated back onto laminin-coated plates in neural media for additional

passages.
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2.1.3 Maintenance of MB brain tumor cell lines

Daoy human SHH MB cells (a TP53 mutated cell line), D283 and D341 cells were
purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). The Daoy
MB cell line is derived from a desmoplastic MB (Jacobsen, Jenkyn, and Papadimitriou 1985),
has been shown to exhibit global activation of SHH-pathway genes (Dahmane et al. 2001; Leung
et al. 2004; Wang et al. 2012) and is statistically classified as SHH subgroup based on
hierarchical clustering and principal component analysis (PCA) with patient samples (Triscott et
al. 2013). D283 (Friedman et al. 1985; Snuderl et al. 2013) represent Group 4 MB. Cells were
cultured in Eagle’s Minimum Essential Media (EMEM) (ATCC) containing 10% fetal bovine
serum (FBS) (Fisher Scientific, Ottawa, ON, Canada). D425 (He et al. 1991) and D341
(Friedman et al. 1988) represents Group 3 MB and were cultured in stem cell enriched
conditions. D425 cell line was provided by Dr. Issai Vanan, University of Manitoba, Winnipeg,
Manitoba. D425 cells were grown in StemPro media (Knockout-DMEM/F12 (Gibco), Stem pro
neural supplement (Gibco REF A10508-01), 10pug EGF (Invitrogen), 10pug bFGF (Invitrogen)
and L-glutamine (HyClone Cat# SH30034) in suspension culture. Confluent cultures were
dissociated in Accutase (Gibco) and passed 1:15. For neural precursor differentiation, Daoy,
D283, D425 and D341 cells were dissociated for 5 min in Accutase (Gibco) and re-plated in
ultralow attachment 6-well plates (Corning, Tewksbury, MA, USA) in neural media. Cells were

passed every 5 days with media changes every 3 days.
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2.2 Lentiviral transduction and selection of stable cell lines
2.2.1 Overexpression of OTX2 in Daoy and hENs

OTX2 was stably overexpressed in Daoy and/or hENs using purchased Precision
Lentiviral open reading frame (LentiORFs) (Open Biosystems, Thermo Scientific) consisting of
pLOC dual expression constructs with TurboGreen fluorescent protein (GFP) as a marker to
track transduction efficiency and Blasticidin S resistance for stable clone selection (Figure 2.1A).
LentiORF red fluorescent protein (RFP)-expressing viral particles (from the same backbone
pLOC construct) were used as a control (Figure 2.1B). On day 0, 5 X10" cells were plated in 24-
well format, and incubated overnight. On day 1, medium was removed and virus was added
using a multiplicity of infection (MOI) of 0.3. Medium was replaced after overnight incubation.
Transduced Daoy cells were treated with Blasticidin (Mediatech, Corning) for stable clone
selection (Figure 2.2A). For hENs, GFP+’s (OTX2+ hENs) and RFP+’s (RFP+ control hENs),
cells were dissociated with Accutase and resuspended in sorting buffer (PBS containing 0.5%
FBS) for fluorescent activated cell sorting (FACS) on a MoFlo™ XDP (Beckman Coulter, Inc.,
Mississauga, ON, Canada) (Figure 2.2B). Sorted GFP+’s hENs and RFP+ control hENs were re-
plated and expanded. OTX2 overexpression was verified by quantitative real-time polymerase

chain reaction (QRT-PCR) and Western blot.

2.2.2 Overexpression of SOX2 in OTX2+ Daoy and hENs

For SOX2 overexpression, OTX2+ hEN, OTX2+ Daoy and control cultures were expanded to
obtain sufficient cell quantities and then SOX2 was stably overexpressed SOX2 using ORF
complementary deoxy-ribonucleic acid (cDNA) lentiviral particles (GeneCopoeia) consisting of

the pReceiver-Lv105 expression vector with a Puromycin resistance gene. Negative Control
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Figure 2.1: Lentiviral constructs for stable overexpression and knockdown of OTX2: (A)
Lentiviral vector (Open Biosystems, Thermo Scientific) for overexpression of OTX2 in Daoy
and normal human neural precursors (hENs) consisting of pLOC dual expression constructs with
TurboGreen fluorescent protein (GFP) as a marker to track transduction efficiency and
Blasticidin S resistance for stable clone selection. (B) LentiORF red fluorescent protein (RFP)-
expressing control viral particles (from the same backbone pLOC construct). (C) short
hairpinRNAmir (shRNAmir) constructs (Open Biosystems) consisting of a dual expression
system with TurboGFP as a transduction marker.
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Figure 2.2: Selection of stable OTX2 overexpressing Daoy and hENs: (A) OTX2
overexpressing GFP+ and RFP+ control Daoy cells were selected using blasticidin. (B) As hENs
are sensitive to antibiotic treatment, OTX2+ hENs and control hENs were sorted using
fluorescent activated cell sorting (FACS) on a MoFlo™XDP (Beckman Coulter, Inc.,
Mississauga, ON, Canada) based on GFP and RFP expression.
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Lentifect™ Lentiviral Particles were used as controls. SOX2 expression was evaluated by
Western blot. Stably transduced Daoy and hEN cells were subjected to self-renewal, cell
migration, proliferation, and survival assays using methods previously described (Werbowetski-

Ogilvie et al. 2012; Morrison et al. 2013).

2.2.3 Stable knockdown of OTX2 in trans-hENs and D283 cells

OTX2 was stably knocked down in trans-hENs and D283 cells using 2 short hairpinRNAmir
(shRNAmir) constructs (Open Biosystems) consisting of a dual expression system with Turbo-
GFP as a transduction marker (Figure 2.1C). A non-silencing (scramble) shRNA sequence was
used as a negative control. GFP+ cells were FACS sorted from transduced cultures 96 hours after
infection, and OTX2 knockdown was determined by Western blot for shRNA sequences #1 and
#2. Following stable selection, trans-hEN OTX2 KD and D283 OTX2 KD and their respective

controls were subjected to cumulative cell count, viability and sphere formation assays.

2.2.4 Knockdown of OTX2 in trans-hENs and MB cell lines, D283, D425 and D341 using
siRNA

OTX2 levels were knocked down in trans-hEN, D283, D425 and D341 cells using
Silencer select siRNAs (Life Technologies, Burlington, ON, Canada). A non-silencing
(scrambled) siRNA and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) siRNA were
used as a negative and positive control, respectively. Three independent siRNAs targeting OTX2
(s9931, 59932 and s9933) (Table 2.1) were evaluated and all sequences were used at a final

concentration of 30 nM. Knockdown of OTX2 was assessed by Western Blot.
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Table 2.1: siRNA sequences used for knockdown of OTX2.

siRNA

siRNA sense sequence

siRNA antisense sequence

OTX2 siRNA 59931

GGCUUCAGGUUAUAGUCAATT

UUGACUAUAACCUGAAGCCTG

OTX2 siRNA 59932

ACUGAUUGCUUGGAUUAUATT

UAUAAUCCAAGCAAUCAGUGG

OTX2 siRNA 59933

CCAGGGAUAUGGAGCUUCATT

UGAAGCUCCAUAUCCCUGGGT
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2.3 In vitro cell functional assays
2.3.1 Neurosphere/tumorsphere assay for self-renewal

Following overexpression and knockdown of OTX2, the self-renewal capacity of cells
was determined using a neurosphere/tumorsphere assay. Briefly, self-renewal was assessed by
the ability of cells to be passaged in neurosphere/tumorsphere culture at clonal density (5-10
cells/ul) for at least 2 passages. The cells were plated in a 24-well low attachment plate at a
clonal density of 10 cells/ul and kept undisturbed in the incubator for 5 days. After 5 days the
number of primary spheres was counted in each well under a Zeiss Primo Vert microscope (Carl
Zeiss Canada Ltd., Toronto ON, Canada). These primary spheres were dissociated in Accutase
for 15 minutes and again plated at same clonal density in a new plate for secondary and tertiary

sphere formation and counting (Figure 2.3A).

2.3.2. Proliferation assay

To assess proliferation, equal numbers of transduced cells (4X10* cells/well) were plated
in neural proliferation medium and the total number of cells was calculated after 4 days in
culture using an automated cell counter (TC20™ Automated Cell Counter, BIO-RAD). Trypan

blue staining was used to assess cell viability.

2.3.3 Cell migration assay

Aliquots of 2.5x10" cells were prepared as hanging drops in 20 ul media. Hanging drops
were incubated for up to 4 days to form aggregates and then transferred to collagen type I gels
(BD Biosciences) prepared as previously described (Werbowetski-Ogilvie et al. 2006).

Following collagen gelation at 37 °C, embedded aggregates were then overlaid with media in
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Figure 2.3: Schematics of in vitro self-renewal and cell migration assays:

(A) Neurosphere/tumorsphere assay for measuring self-renewal capacity in vitro. Cells were
plated at clonal density of 5-20 cells/ul for primary sphere formation. After 5 days, primary
spheres are counted and dissociated for subsequent passage to secondary and tertiary sphere
formation. (B) For cell migration assays, hanging drops of 25,000cells/20ul are prepared and
after 72 hours the aggregates are implanted in a 3D collagen matrix for evaluating cell migration

ability.
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which the cells are propagated. Aggregate measurements were taken at Day 0 and migration was
measured at 72 hours (Day 3) using a Zeiss Primo Vert microscope (Carl Zeiss Canada Ltd.,

Toronto ON, Canada) with an ocular micrometer (Figure 2.3B).

2.4 Annexin V staining

To assess the effect on cell survival following OTX2 overexpression and knockdown,
Annexin V staining method was employed as previously described (Morrison et al. 2013; Ali et
al. 2015) using a phycoerythrin (PE) Annexin V Apoptosis Detection Kit (BD Biosciences)
according to the manufacturer’s guidelines. Annexin V is a 35-36 kDa Ca2+ dependent
phospholipid-binding protein that binds to the plasma membrane component, phosphatidylserine
(PS). In apoptotic cells, PS translocates from the inner to the outer side of the plasma membrane
and can be stained with Annexin V (Annexin V Apoptosis Detection Kit, BD Biosciences). Cells
were dissociated and a single cell suspension was prepared and stained with Annexin V-
Allophycocyanin (APC) and 7-amino actinomycin D (7AAD). For each sample, 1.0 X 10° cells
were resuspended in 100ul of 1 X binding buffer and transferred into a Sml culture tube. Cells
were then stained with PE Annexin V and 7-AAD by incubating for 15 min at room temperature
(RT) in dark. An additional 400ul of 1X binding buffer was added into each tube and flow
cytometry was performed on a Gallios™ flow cytometer (Beckman Coulter). The results were

analyzed using Kaluza software (Beckman Coulter).

2.5 Cell cycle analysis

For cell cycle analysis, cells were exposed to 10 uM bromodeoxyuridine (BrdU) for

either 1 hour (adherent cultures) or 5 hours (tumorsphere/neurosphere cultures) prior to
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harvesting as previously described. This allows the incorporation of BrdU into the newly
synthesized DNA strands of actively proliferating cell. Cells were stained using a BD
Pharmingen BrdU Flow Kit (BD Biosciences) according to the manufacturer’s guidelines.
Briefly, cells were dissociated to obtain single cell suspensions of 2.0 X 10° cells/sample and
fixed with 100ul BD Cytofix/Cytoperm buffer for 15-30 mins at RT. Cells were then washed
with Iml of 1X BD perm wash buffer and incubated with 100ul BD Cytoperm permeabilization
buffer Plus for 10 mins on ice. Cells were washed with 1ml of 1X BD perm wash buffer and
were re-fixed with 100ul of BD Cytofix/Cytoperm buffer for 5 mins at RT followed by washing
Iml of 1X BD perm wash buffer. Cells were then treated with 100ul of diluted DNase (diluted to
300ug/ml in (Dulbecco’s phosphate-buffered saline) DPBS to obtain 30ug/10° cells) for 1 hour
at 37°C and washed with 1ml of 1X BD perm wash buffer. Cells were incubated with diluted
anti-BrdU antibody (1:50 dilution in 1X BD wash buffer) for 20 mins at RT and were
counterstained with 7AAD for DNA content. Flow cytometry was performed on a MoFlo ™ XDP
(Beckman Coulter, Inc., Mississauga, ON, Canada) cell sorter and cell cycle phases in all the
samples were resolved into GO/G1, S and G2/M phases (Figure). The results were analyzed using

FlowJo software (Tree Star Inc., Ashland, OR).

2.6 Intracranial transplants

The University of Manitoba Animal Care Committee approved all procedures and
protocols. Dissociated tumorspheres from OTX2+ Daoy and Daoy, as well as trans-hEN OTX2
KD, D283 OTX2 KD and their respective scramble controls were intracranially injected into
nonobese diabetic/severe combined immunodeficiency (NOD SCID) mice as previously

described (Singh et al. 2004; Werbowetski-Ogilvie et al. 2012; Kaur et al. 2015; Liang et al.

69



2015). Briefly, 5-7 week mice were weighed and administrated an anesthetic cocktail of
Ketamine and Xylazine (50mg/kg of animal weight) followed with 4% isoflurane administration
until there is an absence of pedal reflex. The head of the immobilized animal was fixed in a
stereotactic frame and the gas anesthesia was maintained during the surgery. After securing the
animal in the stereotactic frame, a vertical midline incision was made to open the skin and scalp
layers and a 3.5 mm deep hole was drilled into the right frontal lobe of the brain. Using a 30
cubic centimetre (cc) needle, 10ul of cells were injected in the right frontal lobe with technical
replicates consisting of 2.5X10° (Daoy and D283) or 5X10° (trans-hEN) cells. Following
transplantation, mice were placed in a fresh cage until they regained consciousness and were
observed until the animals reached humane endpoint (defined by a medical endpoint of 20%
weight loss or time endpoint of 20 weeks). After 45 (D283 and trans-hEN) or 60 days (Daoy)
(based on signs of tumor formation including appearance of a domed head and up to 20% weight
loss), animals were perfused with formalin (VWR International, Mississauga ON, Canada) and
the brains were extracted, placed in 10% formalin for 2-7 days, embedded in paraffin and then
sectioned (5 um thickness). Sections were de-waxed in xylene, rehydrated through a graded
series of alcohol concentrations and stained with hematoxylin and eosin. Slides were mounted

and imaged using an EVOS x1 core microscope (AMG, Seattle, WA, USA).

2.7 Chromatin immunoprecipitation

ChIP was performed as previously described (Rao et al. 2015; Kaur et al. 2015). OTX2+
Daoy and OTX2+ hENs along with respective control cells (N=3 for each) were cross-linked
using 1% formaldehyde for 10 mins and quenched by 0.125M glycine for 5 mins. Cell pellets

were resuspended in 500 pL  of sonication buffer (50 mM 4-(2-hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES), pH 7.9, 140 mM sodium chloride (NaCl), 1 mM
ethylenediaminetetraacetic acid (EDTA), 1% (w/v) Triton X-100, 0.1% (v/v) sodium
deoxycholate, 1% (w/v) sodium dodecyl sulphate (SDS) and protease inhibitors) and sonicated
(17 cycles with 30 seconds ON/OFF) using a bioruptor to obtain fragments approximately 400
base pairs in length. DNA shearing was confirmed by running the samples on 1% agarose gel.
Following sonication, 100 pL of chromatin was diluted by adding 900 pL dilution buffer (0.01%
SDS, 1.1% Triton X-100, 1.2mM EDTA, 16.7mM Tris-HCI, pH 8.1, 167mM NaCl) containing
protease inhibitors. Chromatin was precleared by incubating with protein G-Agarose /salmon
sperm DNA for lhour at 4°C with rotation. Samples were then centrifuged at 3000-5000 x g for
I min and supernatants were collected in a fresh microfuge tube. 10 pL (1%) of supernatant was

saved as an input at 4°C.

The supernatant containing precleared chromatin was fractioned for anti-trimethyl H3K4,
anti-trimethyl H3K27, and anti-OTX2 antibodies and incubated with antibodies overnight at 4°C
with rotation. Anti-RNA polymerase II and anti-rabbit IgG were used as positive and negative
controls, respectively. The DNA-antigen-antibody complex was then coupled to protein G-
Agarose by incubating for 1 hour at 4°C in IP buffer. Unbound chromatin was washed with low
salt immune complex wash buffer A (20 mM Tris-HCI, pH 8.1, 150 mM NaCl, 2mM EDTA, 1%
(w/v) Triton X-100, 0.1% (v/v) sodium deoxycholate), high salt immune complex wash buffer B
(20 mM Tris-HCL, pH 8.1, 500 mM NacCl, 2mM EDTA, 1% (w/v) Triton X-100, 0.1% (v/v)
sodium deoxycholate), LiCl immune complex wash buffer (10 mM Tris pH 8.1, ImM EDTA,
250mM lithium chloride (LiCl), 1% IGEPAL-CA630, 1% deoxycholic acid) and Tris EDTA
(TE) buffer (10mM Tris-HCI, 1mM EDTA pH 8.0). The bound fraction was eluted in 200 pL of

elution buffer (10 uL 20% SDS, 20 pL 1M sodium bicarbonate (NaHCOs3) and 1.785 m sterile
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Figure 2.4: Schematic of chromatin immunoprecipitation (ChIP) assay: (A) Sonication (17 cycles with 30 seconds ON/OFF) of
fixed samples using a bioruptor to obtain fragments approximately 400 base pairs in length. Immunoprecipitation of fractionated
samples using anti-trimethyl H3K4, anti-trimethyl H3K27, and anti-OTX2 antibodies by overnight incubation at 4°C. (C) Pulldown
antibody-DNA complex using protein G Agarose by incubating for 1 hour at 4°C. (D) Reverse crosslinking to obtain
immunoprecipitated DNA followed by qPCR using specific primer sets based on promoter or 5’ sequences.
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Table 2.2: qPCR primers used for ChIP-qPCR.

Gene Forward Sequence (for ChIP-qPCR) Reverse Sequence (for ChIP-qPCR)

LIN28A 5’-TGT GTG TGT GTG TGT GTG T -3’ 5’-GGA ATT TGA GAT CCT GCA CTT TG
-3

NANOG | 5°-GGA CAT AGT AGG TGC TCA GTA AAT -3’ 5’-CCG GGC TAA GAA AGA AGA GAG -
3 9

OCT4 5’-AGC CCC ACT AAA CAA AGC AC-3 5’-GCA ATC CCC TCA AAG ACT GA-3’

SOX2 5’-GGA CTG AGA GAA AGA AGA GGA GAG-3’ | 5°-CGC CGC CGA TGA TTG TTA TTA-3’
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distilled water) and reverse crosslinked with 5M NaCl (0.2M final) overnight at 65°C and then
incubated with 1ul of RNaseA (Img/ml) for 30 mins at 37°C. Samples were treated with 0.5 M
EDTA, 1M Tris-HCl and 1pl proteinase K (20 pg/uL) for 2 hour at 45°C. DNA was extracted by
the phenol:chloroform method and then suspended in 50ul of elution buffer (Figure 2.4).
Immunoprecipitated (IPed) DNA was subjected to qPCR using specific primer sets based on
promoter or 5’ sequences (Table 2.2) for each gene interrogated using the Ensembl Genome
Browser (SOX2: ENST00000325404, NM_003106; NANOG: ENST00000229307, NM_024865;
OCT4: ENST00000513407, NM_001285986; LIN284: ENST00000326279, NM_024674) and
% material IPed was analyzed using the following formulas: 1. DNA Input = 2% < %1000, 2.

Percent material IPed or % Recovery from IP = 2" '/ DNA Input * 100.

2.8 Chromatin immunoprecipitation-sequencing (ChIP-seq)

To determine the interacting partners of OTX2 in D283 cells (Group 4 MB cell line) grown in
stem cell enriched conditions, we performed ChIP-seq in collaboration with StemCore
Laboratories (Ottawa Hospital Research Institute, Ottawa, Canada). The cells were fixed,
sonicated and immunoprecipitated using similar protocols described above in section 2.7. The
immunoprecipitated DNA sample was subjected to ChIP-seq and data were generated on a
NextSeq 2500 and mapped to the GRCh38 human genome model using bowtie2 v2.2.4. OTX2
binding peaks were determined within -5kb and +2kb of the transcriptional start site (TSS) using

MACS2 v2.1.0.20140616.
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Figure 2.5: SOX2 Promoter reporter clone used for luciferase assay: (A) HPRM15202-
PGO02- SOX2 prmoter reporter clone, (B) contruct for (GAPDH)-PGO02-positive and negative-
PGO2 control clones (Images adapted from Gene Copoeia).
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2.9 Luciferase Assay

OTX2+ Daoy, OTX2+ hENs and their respective control cells were subjected to luciferase
reporter assays using the Secrete-Pair™ Gaussia Luciferase Assay kit (SPGA-G100, Gene
Copoeia) as per the manufacturer’s guidelines. Briefly, OTX2+ Daoy and OTX2+ hENs along
with RFP control cells (5.0x10%) were transfected with a SOX2 promoter reporter clone
(HPRM15202-PGO02 from Gene Copoeia). Cells were also transfected with the positive GAPDH-
PGO02 and negative-PGO02 control clones (Gene Copoeia) (Figure 2.5A-B). Culture media was
collected 72 hours after transfection and luciferase activity was measured in 10ul of media on a
LMAX luminometer (Molecular Devices) with 100ul of luciferase assay substrate (Gene
Copoeia). Negative control values were subtracted from all data points to eliminate background
signal. Data was normalized to the negative-PG02 control and presented as fold change in

relative luciferase activity.

2.10 Western Blot

Total protein was isolated from hENSs, trans-hENs, Daoy, D283, D425 and D341 MB cell
lines using the All-in-One Purification Kit (Norgen Biotek, Thorold, ON, Canada) according to
the manufacturer’s instructions. 10ug protein samples were run on a 12% Tris-glycine gel, and
subsequently transferred onto a 0.45um nitrocellulose membrane (Bio-Rad Laboratories Ltd,
Mississauga, ON, Canada). OTX2 and SOX2 blots were treated with SuperSignal Western Blot
Enhancer (Thermo Scientific) and then incubated in 2% skim milk overnight. Blots were
incubated in primary rabbit anti-OTX2 (1:500) (Abcam, ab21990) or rabbit anti-SOX2 antibody
(1:500) (Cell Signaling Technologies, #3579) for 2 hours at RT. B-actin (Sigma) was used as a

loading control. Additional antibodies such as B-III tubulin/TUJ1 (1:1000), LICAM (1:500),
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Cyclin D2 (1:500) and CDK6 (1:500) were used. Blots were treated with secondary goat-anti-
rabbit or anti-mouse antibodies at desired concentrations (Bio-Rad Laboratories Ltd) for 1 hour
at RT. Super Signal West Pico Chemiluminescent substrate (Thermo Scientific) was used for

detection.

2.11 Immunocytochemical staining

Immunocytochemical staining was performed on fixed tumorspheres to determine B-III
tubulin/TUJ1 expression following OTX2 knockdown in D283 and D425 cells grown in sphere
conditions. The tumorspheres were collected six days after OTX2 knockdown using siRNAs and
fixed with 10% formalin for 2-3 hours. After washing with PBS, the tumorspheres were
incubated first in 15% and then in 30% freshly made ice cold sucrose for 2-3 hours at 4°C.
Without washing, the tumorspheres were transferred into a cryomold (10mm x 10mm x Smm)
(VWR Cat# 25608-922) and the an adequate amount of OCT (clear frozen section compound for
optimum cutting temperature) was added (VWR cat# 95057-838). Cryomolds filled with
tumorspheres and OCT were placed on dry ice for 10-15 mins and cut into 10um sections on
slides. Slides were stored at -80°C for further staining. Before staining, the slides were kept at
RT for 20 mins and then washed with Tris-buffered saline (TBS 1X) for 10 mins to rehydrate the
tumorspheres. Spheres were then permeabilized and blocked with 1% blocking solution (TBS
1X, 1% bovine serum albumin (BSA) (Fisher Cat# SH3057401), second animal serum (lamb
serum) (Gibco Cat# 978886) and 0.1% Triton X-100). Tumorsphere sections were incubated in
200ul of diluted (1:100) anti-mouse B-III tubulin primary antibody (R&D Cat# MAB1195) for
1.5 hours at RT. The sections were washed with 1XTBS three times for 5 mins each. Goat anti-

mouse Alexa Fluor 488 (Thermo fisher Cat# A-11001) secondary antibody was used and slides
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were incubated for 1.5 hours followed by 3X washing with 1XTBS for 5 mins each. Slides were
air-dried and a drop of DAPI (ProLong Gold Antifade Mountant with DAPI) (Life Technologies
Cat# P36941) was added to each slide. After placing coverslips, the slides were transferred at
4°C overnight and images were taken using EVOS fl core microscope (AMG, Seattle, WA,

USA).

2.12 TagMan expression assays

MicroRNA (miRNA) was extracted using the miRVana™ isolation kit following the
manufacturer instructions (Life Technologies). qRT-PCR validation of selected miRNAs was
performed using TagMan primer/probes for let-7i, let-7d, and let-7c, the MicroRNA Reverse
Transcription Kit and the TagMan® Universal Master Mix II, with UNG and performed on a
Mx3000P® (Stratagene) QPCR system. Results were normalized to the U6 small nuclear RNA

(snRNA) endogenous control using the delta Ct method.

2.13 Gene expression profiling

Extracted RNA from OTX2+ hEN and hEN neurospheres (N=3 biological replicates)
were subjected to GeneChip 3’ oligonucleotide microarray hybridization and processing
performed by the London Regional Genomics Centre (Robarts Research Institute, London,
Ontario, Canada) according to the manufacturer’s protocols (Affymetrix). Ten micrograms of
cRNA was labelled and hybridized to Affymetrix Human Gene 2.0 ST chips. Expression signals
were scanned on an Affymetrix GeneChip Scanner and data extraction was performed using
Affymetrix Genechip® Command Console® (AGCC) Software. Data normalization and analysis
were performed using Partek software. Hierarchical clustering using Pearson correlation

78



coefficients was performed on the normalized data. Differentially expressed genes were analyzed
using Ingenuity Pathway Analysis (IPA) (Redwood City, CA, USA). Transcripts differentially
expressed at least 1.5-fold (up- or down-regulated) and with a p<0.05 were considered

significant.

RNA samples from OTX2"" D283 (N=3 biological replicates with sequence #1) and
control D283 tumorspheres or stem cell enriched populations were also analysed for global gene
expression changes in collaboration with StemCore Laboratories (Ottawa Hospital Research
Institute). Affymetrix HuGene 2.0 microarrays RMA expression values provided by StemCore
were annotated using the HuGene-2 0-st-vl.na35.hgl9.transcript.csv transcript cluster
annotations, assigning each transcript cluster identifier to the first provided gene symbol in the
annotation. Fold change and significance for transcript cluster identifiers between conditions was
determined using the R limma package. Quality assessment was performed using the
arrayQualityMetrics R package based on the CEL files. Microarray expression and fold change
data were integrated with ChIP-seq peaks by peak counts within -5kb to +2kb of the gene TSS

for each gene of interest.

2.14 Quantitative real time polymerase chain reaction (QRT-PCR)

OTX2 overexpressing Daoy and hEN cell populations were subjected to qPCR analysis
of OTX2, LINSA, NANOG, SOX2, OCT4, matrix metalloproteinase-1 (MMP1), Tissue inhibitor
of metalloproteinases (7/MP4), Contactin (CNTNI), uncoordinated (UNC5C), FBJ murine
osteosarcoma virus oncogene homolog (FOS), FOSB, and Insulin growth factor-1 (IGFI)
transcript levels. Similarly, OTX2 knockdown D283, D425 and D341 cells were subjected to

qPCR for analysing transcript levels of genes related to the eph/ephrin signaling including
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EPHA2, EPHA3, EPHAS, EPHB2, EFNA3 and EFNB2 as well as neuronal differentiation genes
such as B-III tubulin/7UJ1, microtubule associated proteins (MAP2) and MAP6, L1 cell adhesion
molecule (L1CAM), Growth associated protein 43 (GAP43) and Janus kinase and microtubule
interacting protein (JAKMIP2). Total RNA was extracted using the Norgen All in one kit
(Norgen Biotek Corp. Ontario, Canada) according to the manufacturer’s guidelines. First strand
cDNA was synthesized using the Superscript® III First Strand Synthesis System (Invitrogen).
The following PCR conditions were used: 50°C for 2 min, 95°C for 2 min, and 40 cycles of 95
°C for 15 s, 60°C for 30 s. Quantitative PCR was conducted using GoTaq® qPCR Master Mix
(Fisher Scientific) and performed on a Mx3000P® (Stratagene) QPCR system. All values were

normalized to GAPDH. Specific primer sequences for each gene are listed in the Table 2.3.

2.15 In silico analysis of patient sample transcript levels of axon guidance genes

In silico analysis was performed to compare our D283 OTX2XP

global gene expression
data with the MB patient data for each subgroup published by Northcott et al. (Northcott et al.
2011). We cross-referenced our global gene expression data to the Northcott data and analyzed
differential expression of axon guidance genes associated with Group 3 and 4 MBs relative to
other subgroups. Furthermore, the association of OTX2 and axon guidance genes was also

evaluated in patients exhibiting high or low levels of OTX2 in collaboration with Dr. Michael

Taylor (SickKids).
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2.16 Statistical analysis

All tests were performed using Prism 5 software (GraphPad Software, Lalolla, CA,
USA). Descriptive statistics were used to determine significant differences including mean and
standard error of the mean along with one-way analysis of variance (ANOVA’s), independent
sample two-tailed t-tests, and Tukey’s test for multiple comparisons. P values less than 0.05 were
considered significant. For patient data analysis, Pearson correlation coefficient was used for
determining the relation between OTX2 and axon guidance genes in different MB subtypes. As
many patient samples had high OTX2 expression but no evidence of amplification, the 90"
percentile of OTX2 expression was used as the threshold for overexpression rather than the
amplification status. The expression of axon guidance genes was compared in patients with

OTX2 overexpression to those with normal expression using a two-sided Wilcox-sum test.
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Table 2.3: List of primers used for qPCR.

Gene Forward Sequence Reverse Sequence
LIN28A 5’-GAG CCA AGC CAC TAC ATT CTG-3’ 5’-ATC CCA AAA GTG GGT ATG AGG-3’
NANOG 5’-CGA AGA ATA GCA ATG GTG TGA 5’-TTC CAA GGC AGC CTC CAA GTC-3’
OCT4 §?C§fG AAG CAG AAG AGG ATC AC-¥’ 5’-GAC CAC ATC CTT CTC GAG CC-3’
oTXx2 5’-GAG GTG GCA CTG AAA ATC AAC-3 5>-TCT TCT TTT TGG CAG GTC TCA-3°
SOX?2 5’-CAG CTC GCA GAC CTA CAT GA-3° 5’-GGG AGG AAG AGG TAA CCA CAG-3
MMP] 5°-CCT AGT CTA TTC ATA GCT AAT 5’-AGT GGA GGA AAG CTG TGC ATA C-3’
CAA GAG GAT GT-3’
TIMP4 5’-GCT AGT GGA TCC CTG CAG CTG 5’-CGG CTT CTA GAA GGG CTG AAC GAT
CGC CCC GGC G-¥ GTC AAC-¥
CNTN] 5’-GAT GGT CAG AAG CAC TGA AGC-3* | 5°-TCA CAG AGA AGC ACC ATT CCT-3’
UNCS5C 5’-GCA AAT TGC TGG CTA AAT ATC 5’-GCT CCA CTG TGT TCA GGC TAA ATC
AGG AA-3 TT-3’
FOS 5’-CTG GCG TTG TGA AGA CCA TGA-3> | 5°-CCC TTC GGA TTC TCC TTT TCT C-3’
FOSB 5’-ACC CCA CGG ACT ACT CTC CTA-3’ | 5’-CTG AGG CAA AAT GGG TTG TTA-3’
EPHA2 5’-GACCTTCAAGTGTGTGGGAAA-3’ 5’-ATTTGGGACATTTGGGAGAAC-3’
EPHA3 5’-GGAAGAGATCAGTGGTGTGGA-3’ 5>-TTTTGACTGTGGTCCATGACA-3’
EPHAS 5’-ACAAAGGAAGCCAAATCACCT-3 5’-GGTAGAAACCCAAAGGCAGAC-3’
EPHB?2 5’-GACTCCACTACAGAGACTGCT-3’ 5’-TCTCATCGTAGCCACTCACCT-3’
EFNA3 5’-CCTTCTCTCTGGGCTACGAGT-3’ 5’-AGACGAACACCTTCATCCTCA-3’
EFNB2 5’- GTTCGACAACAAGTCCCTTTG-3’ 5’-CTGAAGCAATCCCTGCAAATA-3’
TUJI 5’-GGCCTTTGGACATCTCTTCA-3’ 5’-TCGCAGTTTTCACACTCCTTC-3’
MAP2 5’-ATTCTGGCAGCAGTTCTCAAA-3’ 5’-TGCTTCCTCGGTTAGAGACAA-3’
MAP6 5’-TCTAAAGAGGCCAAGGCTTTC-3’ 5’-TTCACCAAAGATGGGAGAACA-3’
LICAM 5’-AAATGGCTGTGAAGACCAATG-3’ 5’-GATGAAGCAGAGGATGAGCAG-3’
GAP43 5’-TAGCAGGGAAGTCCAGAGACA-3’ 5’-GTGGAGATTTGCCCAGTATCA-3’

JAKMIP?

5’-GCCTCCCCATGTAAAAGAAAG-3’

5’-GGGGGAAAGGGTCTTATTTTC-3’
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CHAPTER 3: RESULTS

CHAPTER 3.1: Inhibitory functions of OTX2 in
normal neural precursors and SHH MB cells
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3.1.1 Rationale

OTX2 is amplified and overexpressed in 70% of MB cases (Di et al. 2005) and previous
studies have evaluated the role of OTX2 by knocking it down in Group 3 and 4 MB tumor cell
lines grown as adherent cultures in serum (Di et al. 2005; Adamson et al. 2010). Only one study
has evaluated the effect of OTX2 on cell growth in SHH MB cells, and results were limited to 96
hours following overexpression (Bunt et al. 2010). The long-term effects of OTX2
overexpression have not been evaluated. Moreover, the role of OTX2 in regulating other cellular
properties such as “self-renewal” or stem cell function and cell migration has not been
investigated. Previous studies focused on utilizing long-term cultured cell lines that exhibit
numerous karyotypic abnormalities and this can make it difficult to evaluate the role of a multi-
faceted gene. Therefore, using hESCs derived hENs in parallel with established MB cell lines

may enable one to better delineate the functional role of OTX2 in tumor progression.

3.1.1.1 Effect of OTX2 overexpression on cellular functions such as proliferation, self-
renewal and cell migration of hENs and Daoy MB cells
3.1.1.1a Endogenous expression of OTX2 in hENs and MB cell lines

Our previous studies revealed increased OTX2 transcript levels in trans-hENs relative to
hENs (Werbowetski-Ogilvie et al. 2012). In addition, OTX2 expression is increased in Group 3
and 4 MB cell lines (i.e. D425, D341 and D283 respectively) and is negligible/absent in
representative SHH MB variant lines such as Daoy (Bunt et al. 2010). To confirm differential
expression between these sets of cell lines, we evaluated OTX2 levels by Western blot (Figure
3.1.1A-B). OTX2 was not detected in hENs that have been cultured in neural precursor media for

7 days; however, levels were still high in trans-hENs (Figure 3.1.1A). Similarly, OTX2 was not
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Figure 3.1.1: Endogenous expression of OTX2 in cell lines used. (A-B). Endogenous protein
levels of OTX2 in hEN vs. trans-hEN cultured in neural precursor conditions for 7 days (A) and
Daoy (SHH MB variant) vs. D283 (Group 4 MB variant) (B). B-actin serves as a loading control.
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detected in Daoy cells; however, protein levels were high in D283 (Figure 3.1.1B). These paired
cell lines were therefore utilized for all parallel gain and loss of function studies. Of note, two
OTX2 bands were detected by Western Blot and the upper band may represent the

phosphorylated form (Adamson et al. 2010; Bunt et al. 2012).

3.1.1.1b Stable overexpression of OTX2 in Daoy cells and hENs

For stable OTX2 overexpression, we employed LentiORFs consisting of dual expression
constructs with TurboGFP as a marker to track transduction efficiency in Daoy and hENs (Figure
2.1A). LentiORF RFP-expressing viral particles (consisting of the same backbone construct)
were utilized as a control for each cell line (Figure 2.1B). Following selection of GFP+ and
RFP+ cells (Figure 3.1.2A-B), OTX2 over-expression was verified by both qPCR and Western
blot in OTX2+ Daoy and hEN (Figure 3.1.2C-F). For both cell lines, OTX2 expression was
negligible for RFP+ and untransduced cells (Figure 3.1.2E-F). Therefore, we shall herein refer to

Daoy-RFP+ and hEN-RFP+ as Daoy and hEN respectively.

3.1.1.2 OTX2 overexpression suppressed cellular functions in vifro and tumor growth in
vivo:
3.1.1.2a OTX2 overexpression decreases cell growth in both Daoy and hENs

We first compared cumulative cell growth and viability in OTX2+ cells vs. controls
(Figure 3.1.3A-F). Compared with Daoy cells, OTX2+ Daoy exhibit a significant decrease in cell
number over 4 days (Figure 3.1.3A, B). This was not entirely attributed to cell death, as OTX2+
cells displayed only a 20% decrease in total live cells by Trypan blue staining and no significant

change by Annexin V staining (Figure 3.1.3C; Figure 3.1.4A-B). Similar results were obtained
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Figure 3.1.2: Validation of stable overexpression of OTX2 in Daoy and hENs: Stable OTX2
overexpressing Daoy (A) and hENs (B) with their respective RFP and untransduced controls.
Validation of stable OTX2 overexpression in Daoy (C, E) and hEN (D, F) by qPCR (C-D) and
Western Blot (E-F). P-actin serves as a loading control. Error Bars: s.e.m. P<0.01%**,
P<0.0071%***,
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for hENs, as overexpression of OTX2 resulted in a 60% decline in total cell number (Figure
3.1.3D, E) without significantly affecting cell viability (Figure 3.1.3F, Figure 3.1.4C-D). BrdU
staining supported our findings and demonstrated a decrease of cells in S phase and an increase
in GO/G1 following OTX2 overexpression (Figure 3.1.4E). We did not observe a change in the
frequency of apoptotic cells (Figure 3.1.4E). These results confirm previous findings obtained
for Daoy MB cells (Bunt et al. 2010) but more importantly demonstrate that overexpression of

OTX2 in hENs also recapitulates the inhibitory effect on cell growth.

3.1.1.2b Overexpression of OTX2 in Daoy and hENs decreases self-renewal and survival.
We next evaluated the effect of OTX2 overexpression on self-renewal capacity using
neurosphere assays in vitro. OTX2+ and control cells were subjected to
neurospheres/tumorsphere assays and the number of spheres assessed over subsequent passage
(Figure 3.1.5 and 3.1.6). Compared with Daoy, OTX2+ Daoy displayed a significantly decreased
capacity for self-renewal (Figure 3.1.5A-B). However, we also observed a significant drop in cell
viability with each passage by Trypan Blue and Annexin V staining (Figure 3.1.5C, 3.1.7A-D).
This was supported by BrdU staining that demonstrated a concomitant decrease in S phase and
increase in apoptotic cells following OTX2 overexpression (Figure 3.1.9). Similar results were
obtained for hENs, as OTX2+ hENs displayed a lower capacity for self-renewal (Figure 3.1.6A-
B) and a significant drop in cell viability (Figure 3.1.6C, 3.1.8A-D). These results demonstrate
that OTX2 plays a novel role in regulating stem cell properties of both SHH MB cells and hENs

and that cell survival contributes to these adverse effects in stem cell-enriched conditions.
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Figure 3.1.9: BrdU staining revealed changes in the phases of cell cycle following OTX2 overexpression in Daoy tumorspheres:
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3.1.1.2¢ OTX2 overexpression also decreases cell migration in both Daoy and hENs

To evaluate cell migration, we prepared hanging drops from OTX2+ and control cells
from both cell lines and evaluated cell motility in collagen gels. Compared with respective
controls, both OTX2+ Daoy and OTX2+ hENs exhibit a significant decline in cell migration
(Figure 3.1.10A-D) over 72 hours. Taken together, these results indicate that OTX2
overexpression results in a general repressive effect on all cellular properties examined in vitro

for both SHH MB cells and hENss.

3.1.1.2d OTX2 overexpression decreases tumor growth in vivo

Although Bunt et al. (Bunt et al. 2010) previously evaluated the effect of OTX2
overexpression on SHH MB cell line growth in vitro they did not determine the effect on tumor
growth in vivo. To compare the tumorigenic potential of OTX2+ Daoy and Daoy in vivo, 2.5 X
10° cells for each line were injected into the right frontal lobe of NOD SCID mice and examined
for tumor formation. As hENs are normal cells, not amenable to tumor formation (Werbowetski-
Ogilvie et al. 2012) and all cellular properties were reduced following OTX2 overexpression, we
did not inject hENs and OTX2+ hENs into NOD SCID mice. All mice developed tumors in the
striatum. Compared with Daoy, mice injected with OTX2+ Daoy cells displayed smaller tumors
(Figure 3.1.11A-B) but were histologically similar to controls. Tumors were well circumscribed
and consisted of large pleomorphic cells with small nodules also visible along the lateral and
third ventricles (Figure 3.1.11A-B). These results support our in vitro findings and demonstrate

that OTX2 overexpression also suppresses Daoy MB tumor growth in vivo.
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Figure 3.1.10: OTX2 overexpression decreases cell migration in vitro. OTX2 overexpression
decreases migration in collagen gels for both Daoy (A-B) and hENs (C-D). Error Bars: s.e.m.
P<0.05*. Representative images of Daoy (A) and hEN (C) aggregates in collagen over 3 days
following OTX2 overexpression. Scale bar: 1000 pm. For all experiments, N=3 biological
replicates or independent infections and n=4 technical replicates within each biological replicate.
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Figure 3.1.11: OTX2 overexpression reduced growth of Daoy MB cells in vivo. Tumor
growth of OTX2+ Daoy (A) relative to Daoy cells (B) in NOD SCID mice (N=5 for OTX2+
Daoy and N=3 for Daoy). All mice developed solid tumors in the striatum and were
histologically similar in both OTX2+ Daoy and control groups. All solid tumors were well
circumscribed with some additional small nodules along the lateral and third ventricles.
Histological analysis revealed the presence of large pleomorphic cells within the tumor masses.
Scale bar: 1000 pm.
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3.1.2 Global gene expression analysis of OTX2+ hENs vs hENs
3.1.2.1a Global gene expression analysis reveals downregulation of transcripts associated
with cell proliferation, migration and pluripotency following OTX2 overexpression.

We next wanted to investigate the molecular mechanisms that contribute to the overall
inhibitory effects of OTX2 on cell properties in both Daoy and hEN cells. We conducted global
gene expression analysis comparing the molecular profiles specifically in OTX2+ hENSs relative
to hENs. Affymetrix analysis revealed that a total of 319 transcripts were significantly and
differentially expressed in OTX2+ hENs vs. hENs (Table 3.1.1 and 3.1.2). Of these 319
transcripts, 238, or 75% were downregulated. Interacting transcripts associated with cell
proliferation and motility represented the top dysregulated networks (Figure 3.1.12 and 3.1.13).
Based on the known function and directional changes of the differentially expressed cell
proliferation and cell motility transcripts, these properties were predicted to be decreased in
OTX2+ hENs (Tables 3.1.1-3.1.2), providing further support for our cell function studies. From
the cell proliferation and motility transcript lists, we validated decreased expression of FOS,
FOSB, IGF1, MMP1, TIMP4, CNTNI and UNC5C by qPCR in OTX2 + hEN and OTX2+ Daoy
cells (Figure 3.1.14). However, we did not observe a difference in neuregulin (NVRG) expression
between OTX2+ hEN and OTX2+ Daoy cells relative to their respective controls (data not
shown). Interestingly, within the top dysregulated networks, transcripts associated with hESC
function and pluripotency, including SOX2, OCT4, NANOG and LIN28A4, were also significantly
downregulated in OTX2+ hENs (Figure 3.1.12, Figure 3.1.15A). This was accompanied by
concomitant significant increases in major LIN28A target miRNAs such as let-7i, let-7d and let-
7c (Figure 3.1.15B). Downregulation of hESC transcripts was confirmed by qPCR for both

OTX2+ hEN and OTX2+ Daoy relative to controls (Figure 3.1.15C-D). These results suggest
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Figure 3.1.12: Global gene expression analysis revealed dysregulation of a transcriptome
network associated with cell proliferation. Top dysregulated cellular network consisting of
transcripts associated with cell proliferation. Shaded green areas denote transcripts that are
significantly downregulated and red areas denote significantly upregulated transcripts in OTX2
hENs vs. hENs. Note that the vast majority of transcripts are downregulated in OTX2 hENs.
N=3 biological replicates or independent infections.
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. Downregulated transcripts in OTX2 hEN vs. hEN
. Upregulated transcripts in OTX2 hEN vs. hEN

Figure 3.1.13: Global gene expression also showed dysregulation of transcripts related to
cell motility. Shaded green areas denote transcripts that are significantly downregulated and red
areas denote significantly upregulated transcripts in OTX2 hENs vs. hENs. N=3 biological

replicates or independent infections.
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Table 3.1.1: Predicted activation states of differentially expressed cell proliferation

transcripts in OTX2 hEN vs. hEN cells

Fold
Genes in dataset | Prediction (based on expression direction) | Change | Findings
CSMD3 Affected -3.954 Affects (1)
KIF15 Affected -1.794 Affects (1)
LXN Affected 1.737 Affects (1)
CLDNG6 Affected -1.862 Affects (2)
EFEMPI Affected 2.833 Affects (2)
GDF5 Affected 1.564 Affects (2)
1L.32 Affected 1.538 Affects (2)
SCG2 Affected -1.586 Affects (2)
TNMD Affected -1.672 Affects (2)
DLK1 Affected -2.598 Affects (3)
DNMT3B Affected -1.782 Affects (7)
ADAMTSS Increased -1.654 Decreases (1)
ADCY1 Increased -2.215 Decreases (1)
CYP2S1 Increased -1.899 Decreases (1)
GNAOI1 Increased -2.445 Decreases (1)
HTRAI Increased -1.743 Decreases (1)
LECTI1 Increased -1.620 Decreases (1)
LIN28A Increased -5.995 Decreases (1)
MAGI2 Decreased 1.583 Decreases (1)
PODN Decreased 2.238 Decreases (1)
RXFP2 Increased -1.502 Decreases (1)
SMPD1 Decreased 1.565 Decreases (1)
STC1 Increased -2.977 Decreases (1)
TIMP4 Increased -1.954 Decreases (2)
UNCS5C Increased -2.897 Decreases (2)
CNTNI1 Increased -9.469 Decreases (3)
H19 Increased -1.658 Decreases (4)
PTPRZ1 Increased -3.232 Decreases (4)
IGFBP3 Increased -1.822 Decreases (42)
SNAI2 Increased -1.606 Decreases (6)
TEK Increased -1.660 Decreases (6)
RRAD Decreased 1.512 Decreases (7)
CD34 Decreased -2.379 Increases (1)
CENPF Decreased -1.519 Increases (1)
COL6A3 Decreased -2.190 Increases (1)
DLX2 Decreased -1.709 Increases (1)
EPGN Decreased -2.505 Increases (1)
KIF11 Decreased -1.513 Increases (1)
MCM10 Decreased -1.738 Increases (1)
NRCAM Decreased -1.697 Increases (1)
PYGM Decreased -1.624 Increases (1)
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TTK Decreased -1.552 Increases (1)
FEZF1 Decreased -1.831 Increases (10)
NANOG Decreased -1.551 Increases (12)
SIX1 Decreased -1.727 Increases (13)
SOX2 Decreased -1.840 Increases (14)
HTR2B Increased 3.014 Increases (16)
MMP9 Decreased -1.919 Increases (19)
PTN Decreased -3.822 Increases (19)
ALOXS5AP Decreased -1.515 Increases (2)
AVPRIA Decreased -3.280 Increases (2)
EYAIl Decreased -1.652 Increases (2)
FOSB Decreased -1.927 Increases (2)
NPY1R Decreased -2.083 Increases (2)
SEMAG6A Decreased -1.859 Increases (2)
TACRI1 Decreased -1.727 Increases (2)
TOP2A Decreased -1.542 Increases (2)
Z1C2 Decreased -1.612 Increases (2)
FOS Decreased -2.373 Increases (22)
TACI Decreased -2.636 Increases (24)
mir-221 Decreased -1.801 Increases (26)
IL6 Increased 1.571 Increases (268)
MMP1 Decreased -7.394 Increases (3)
TBX2 Decreased -1.598 Increases (3)
IGF1 Decreased -2.292 Increases (389)
ANGPTI1 Decreased -2.080 Increases (4)
FABP4 Increased 2.893 Increases (4)
PAX9 Decreased -1.699 Increases (4)
TNFAIP6 Decreased -1.965 Increases (4)
PIM1 Increased 2.018 Increases (43)
SPP1 Decreased -3.416 Increases (45)
MYBLI1 Decreased -1.828 Increases (5)
TPX2 Decreased -1.573 Increases (5)
BCL2 Decreased -2.124 Increases (53)
DLGAPS Decreased -1.586 Increases (6)
LIN28B Decreased -1.837 Increases (6)
TGM2 Decreased -3.726 Increases (6)
POUSF1 Decreased -2.169 Increases (7)
AGTRI1 Decreased -3.103 Increases (8)
A2M Decreased -1.593 Increases (9)
C3 Increased 1.756 Increases (9)

** 48 of 81 genes have expression direction consistent with decreases in cell proliferation
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Table 3.1.2: Predicted activation states of differentially expressed cell migration transcripts

in OTX2 hEN vs. hEN cells

Prediction (based on expression

Genes in dataset direction) Fold Change | Findings
CD34 Affected -2.379 Affects (1)
FAP Affected -1.506 Affects (1)
HTR2B Affected 3.014 Affects (1)
ROBO2 Affected -1.547 Affects (1)
SIX1 Affected -1.727 Affects (1)
UNCS5C Affected -2.897 Affects (1)
FEZF1 Affected -1.831 Affects (2)
SEMAGA Affected -1.859 Affects (2)
IGFBP3 Affected -1.822 Affects (4)
A2M Increased -1.593 Decreases (1)
CYP2S1 Increased -1.899 Decreases (1)
GDF5 Decreased 1.564 Decreases (1)
1L32 Decreased 1.538 Decreases (1)
MAGI2 Decreased 1.583 Decreases (1)
PODN Decreased 2.238 Decreases (1)
POUSF1 Increased -2.169 Decreases (1)
PTPRZ1 Increased -3.232 Decreases (10)
ACAN Increased -1.832 Decreases (2)
SMPD1 Decreased 1.565 Decreases (2)
mir-221 Increased -1.801 Decreases (3)
STC1 Increased -2.977 Decreases (4)
CNTNI Decreased -9.469 Increases (1)
PIM1 Increased 2.018 Increases (1)
PLCL1 Decreased -1.759 Increases (1)
SCG2 Decreased -1.586 Increases (10)
ANGPTI1 Decreased -2.080 Increases (13)
SNAI2 Decreased -1.606 Increases (16)
TACI1 Decreased -2.636 Increases (16)
GNAOI1 Decreased -2.445 Increases (2)
LIN28B Decreased -1.837 Increases (2)
C3 Increased 1.756 Increases (23)
TGM2 Decreased -3.726 Increases (26)
ALOXS5AP Decreased -1.515 Increases (3)
BCL2 Decreased -2.124 Increases (3)
DLX1 Decreased -1.526 Increases (3)
FABP4 Increased 2.893 Increases (3)
IL6 Increased 1.571 Increases (37)
MMP9 Decreased -1.919 Increases (37)
PTN Decreased -3.822 Increases (39)
DLX2 Decreased -1.709 Increases (4)
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TACRI1 Decreased -1.727 Increases (4)
MMP1 Decreased -7.394 Increases (5)
IGF1 Decreased -2.292 Increases (73)
SPP1 Decreased -3.416 Increases (79)
TEK Decreased -1.660 Increases (8)

** 25 of 45 genes have expression direction consistent with decreases in cell migration.
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Figure 3.1.14: OTX2 overexpression decreases levels of both proliferation and migration
transcripts. (A) Validation of proliferation transcript downregulation in Daoy (upper) and hENs
(lower) following OTX2 overexpression by qPCR. Error Bars: s.e.m. N=3 independent
biological replicates. (B) Validation of migration transcript downregulation in Daoy (upper) and
hENs (lower) following OTX2 overexpression by qPCR. Error Bars: s.e.m. N=3 independent
biological replicates.
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Figure 3.1.15: OTX2 overexpression significantly decreases levels of hESC genes. (A)
Results from global gene expression analysis demonstrating overall downregulation of hESC
pluripotency genes in OTX2-overexpressing hENs. Graph represents N=3 biological replicate
pairs of OTX2 hEN and hENs. All transcripts are significantly different. P<0.05*. (B)
Upregulation of representative miRNA targets of LIN28A following OTX2 overexpression in
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replicate. (C-D) Validation of hESC transcript downregulation in hENs (C) and Daoy (D)
following OTX2 overexpression by qPCR. Error Bars: s.e.m. P<0.05*, P<0.01**, P<0.001***.
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that OTX2 control stem cells function in hENs and Daoy cells by regulating expression of SOX2,
OCT4, NANOG and LIN28A genes. To further study the mechanism of OTX2-mediated

regulation of stem cell genes, we employed chromatin immunoprecipitation assays.

3.1.2.1b Chromatin immunoprecipitation and promoter reporter assay revealed a novel
interaction between OTX2 and pluripotent stem cell genes.

To test whether OTX2 associates with specific DNA binding sites present within the
promoter region of candidate hESC genes (OCT4, SOX2, NANOG, LIN28A), we performed
ChIP-qPCR assays specifically in OTX2+ Daoy and OTX2+ hENs along with respective control
cells. OTX2 does not localize to the promoter regions of OCT4, NANOG and LIN284 (Figure
3.1.16A-C, 3.1.17A-C); however, we observed an increase in OTX2 recruitment on the SOX2
loci in OTX2+ Daoy and hENSs relative to Daoy and hEN controls (Figure 3.1.16D and 3.1.17D).
To evaluate the functional significance of this interaction, luciferase reporter gene assays were
performed. Co-transfection of OTX2+ Daoy and OTX2+ hEN cells with a SOX2 promoter
reporter construct resulted in decreased luciferase expression relative to Daoy and hEN controls
(Figure 3.1.18A-B).

In support of our expression profile studies, H3K4me3 activating histone modifications
were downregulated on OCT4, NANOG, and LIN28A promoter loci in OTX2+ Daoy and OTX2+
hENs compared to control cells (Figure 3.1.16A-C and 3.1.17A-C). We observed a 30%
reduction in H3K4me3 marks on the SOX2 promoter in OTX2 overexpressing cells (Figure

3.1.16D and 3.1.17D). We did not see any changes in H3K27 repressive histone modifications.
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Figure 3.1.16: Chromatin immunoprecipitation revealed a novel interaction between OTX2
and SOX2 in hENs. Comparative ChIP-qPCR analysis for OTX2 binding and histone
modifications (H3K4me3 and H3K27me3) on the OCT4, NANOG, LIN284 and SOX2 promoters
in OTX2+ hENs vs. hENs. Error bars: s.d. ChIP assay showed a downregulation of active
histone mark, H3K4me3 on OCT4, NANOG, LIN284 and SOX2 promoter (A-D). An increase in
the recruitment of OTX2 was observed only at the SOX2 promoter (D) but not at the promoter
region of other stem cell genes (A-C).
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Figure 3.1.17: Chromatin immunoprecipitation revealed a novel interaction between OTX2
and SOX2 in Daoy MB cells. Comparative ChIP-qPCR analysis for OTX2 binding and histone
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the recruitment of OTX2 was observed only at the SOX2 promoter (D).
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We also observed a decrease in SOX2 protein levels following OTX2 overexpression in Daoy
and hENs (Figure 3.1.18C-D). Collectively, these data support our cellular studies and reveal

novel functional interactions between OTX2 and SOX2 in human cells.

3.1.3 Rescue of cell functional deficits by overexpressing SOX2 in OTX2+ Daoy and hENs
3.1.3.1 Rationale

Danno et al, have shown a physical interaction between Otx2 and Sox2 proteins during
ocular development in Xenopus (Danno et al. 2008). Otx2 also plays a role in specification of
retinal pigment epithelium by repressing neural retina markers such as Sox2 and Fgf8 (Nishihara
et al. 2012). SOX2+ tumor propagating cells have recently been shown to drive cell growth
specifically in SHH MB mouse tumors (Ahlfeld et al. 2013; Vanner et al. 2014). Given the
downregulation of SOX2 following OTX2 overexpression in our model systems, we wanted to
determine whether introduction of exogenous SOX2 could rescue the cell deficits in OTX2+

SHH MB and hENSs.

3.1.3.2 Stable overexpression of SOX2 in OTX2+ Daoy and hENs

We stably overexpressed SOX2 in OTX2+ Daoy, OTX2+ hEN and their respective
controls (that subsequently lose SOX2 expression following extended culture) using pReceiver-
Lv105 lentiviral particles containing puromycin as a selection marker (Figure 3.1.19A). We
selected the stable SOX2 overexpressing OTX2+ Daoy and hENs using puromycin and validated
the expression of SOX2 in double positive OTX2+/SOX2+ cells by Western blot (Figure
3.1.19B-C). We also evaluated the expression of OTX2 in double positive OTX2+/SOX2+ and

single positive OTX2+/SOX2- Daoy and hENs (Figure 3.1.19B-C).
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Figure 3.1.19: Stable overexpression of SOX2 in OTX2 + Daoy and hENs. (A) pReceiver-
Lv-105 vector construct used for stable overexpression of SOX2 in Daoy SHH MB cells and
hENs in the presence/absence of OTX2 overexpression. (B-C) Western blots depicting

overexpression of SOX2 in Daoy SHH MB (B) and hEN (C) cells in the presence/absence of
OTX2 overexpression.

113



5
A 1° spheres B 10
OTX2 Daoy/neg OTX2 Daoy/SOX2 B 3 :1“5): Spheres
A : Fi 5 T ) T
N 4 = 351
& 307 T 1
G
o 25
5 20
< 15
£ 10;
= 5
= O0°
s neg SOX2 neg SOX2
= [I—
. OTX2 Daoy Daoy
g 45. 2° spheres
“» 40/ *
5 35 —
= 30 I
25, 1 1
“ 20. T
> 15,
2 10/
g 5
5 0
f neg SOX2 neg SOX2
8 [
ﬁ OTX2 Daoy Daoy
— o
1° spheres © 451 1**Spheres
Z 401
E orx hEN/neg OTX2 hEN/SOX2 F g —1———3—=
iz
% x
o 101
.®® £ s
0
vc—i neg SOX2 neg SOX2
@ O 2 | | | |
= OTX2 hEN hEN
S 45, 2° spheres
G Z 40- *
§ 354 Fkk
2 30- T
2 25— —_ I -
= 20
5 154
o 104
: 5]
= 0
= neg SOX2 neg SOX2
RS 1 I
OTX2 hEN hEN

Figure 3.1.20: Overexpression of SOX2 in OTX2+ Daoy and hENs rescues self-renewal.
SOX2 overexpression in OTX2+ cells results in a significant recovery in self-renewal for both
Daoy (A-D) and hEN (E-H). (A, C) Representative images of spheres over subsequent passage
following SOX2 overexpression in OTX2+ Daoy. (E,G) Representative images of spheres over
subsequent passage following SOX2 overexpression in OTX2+ hENs. N=3 biological replicates
and n=4 technical replicates within each biological replicate. Scale bar: 400 um.
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3.1.3.3 SOX2 overexpression rescued the self-renewal and migration abilities of both

OTX2+ Daoy and hENs

Interestingly, following SOX2 overexpression, we observed a decrease in OTX2 levels
for both OTX2+ Daoy and OTX2+ hEN suggesting that SOX2 could be suppressing OTX2
(Figure 3.1.19B-C). In terms of cell function, we did not observe significant changes in cell
growth (data not shown); however, we did observe a significant rescue of self-renewal (Figure
3.1.20A-H) and migration (Figure 3.1.21A-D) for both cell lines following SOX2
overexpression. Given the role of SOX2+ cells in driving SHH MB progression (Ahlfeld et al.
2013; Vanner et al. 2014), we also expected to see effects from SOX2 overexpression alone
independent of an OTX2 phenotypic rescue. No significant changes in primary spheres or
migration were detected; however, we observed a small, but significant increase in control Daoy
secondary spheres following SOX2 overexpression. Together, these results demonstrate that
SOX2 is sufficient to rescue the inhibitory effects of OTX2 on hEN and SHH MB cell self-
renewal and migration. The downregulation of OTX2 following SOX2 overexpression suggests
that these 2 transcription factors may participate in a negative feedback loop that regulates cell

properties in our model systems.
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Figure 3.1.21: SOX2 overexpression also rescues cell migration ability of OTX2+Daoy and
hENs. SOX2 overexpression in OTX2+ cells rescues cell migration deficits in both Daoy (A-B)
and hEN (C-D). Error bars: s.e.m. P<0.05*, P<0.01**, P<0.001***. (A, C) Representative
images of OTX2+ Daoy (A) and OTX2+ hEN (C) aggregates in collagen over 3 days following
SOX2 overexpression. Arrows denote migration front for representative aggregates. N=3
biological replicates and n=3 technical replicates within each biological replicate. Scale bar:
1000 pm.
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CHAPTER 3.2: Oncogenic role of OTX2 1n
transformed-hENs and Group 3 and 4 MB cells
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3.2.1 The oncogenic role of OTX2 on tumorigenic properties of trans-hENs as well as
Group 3 and 4 MB cells.
3.2.1.1 OTX2 knockdown decreases cell growth in trans-hENs as well as Groups 3 and 4
MB cells in vitro.

While OTX2 has been shown to induce cell senescence in SHH MB in vitro (Bunt et al.
2010), studies involving Group 3 and Group 4 MB variants have demonstrated an oncogenic role
for OTX2 in regulating cell growth (Di et al. 2005; Adamson et al. 2010). To determine whether
we could also model this oncogenic role using neural derivatives from hESCs and whether
OTX2 also plays a role in other cell properties, using siRNAs, we knocked down OTX2 in the
Group 3 and 4 MB cell lines, D283, D425 and D341 as well as in trans-hENs, that resemble
Group 3 and 4 MB in vivo (Werbowetski-Ogilvie et al. 2012). We first evaluated the transfection
efficiency of D283, D425, D341 and trans-hENs using a Block-iT™ Red Fluorescent control and
demonstrated near 100% transfection of cell lines after 24 hours (Figure 3.2.1A-B, D-E and
Figure 3.2.2A-B, D-E). Three siRNAs targeting OTX2 were tested, and all 3 generated a
significant knockdown at the protein level relative to scramble siRNA by Western Blot (Figure
3.2.1C, F and Figure 3.2.2C, F). Following OTX2 knockdown, D283, D425 MB cells and trans-
hENSs exhibited a significant decrease in cell growth (Figure 3.2.3A-B, 3.2.4A-B and 3.2.5A-B).
We did not observe change in the cell viability of D283 and trans-hENs; however, an
insignificant decrease in the viability of D425 cells was determined by trypan blue staining

(Figure 3.2.3C, 3.2.4C and 3.2.5C).
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Figure 3.2.1: Knockdown of OTX2 in trans-hENs and D283 cells: Representative brightfield
(A, D) and fluorescent (B, E) images of adherent D283 cells and trans-hENs neurospheres cells
following transfection with a Block IT™ Red Fluorescent control to determine transduction
efficiency. (A-B) Scale bar: 200 um. (D-E) Scale bar: 400 um. Western blot depicting significant
knockdown of OTX2 in (C) D283 and (F) trans-hENs cells following transfection using 3

siRNAs sequences relative to scrambled (2nd lane) and untransduced (1st lane) controls.
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Figure 3.2.2: Knockdown of OTX2 in D425 and D341 Group 3 MB cells: Representative
brightfield (A, D) and fluorescent (B, E) images of D425 and D341 tumorspheres cells following
transfection with a Block IT™ Red Fluorescent control to determine transduction efficiency. (A-
B and D-E) Scale bar: 400 um. Western blot showed significant knockdown of OTX2 in (C)
D425 and (F) D341 cells following transfection using 3 siRNAs sequences relative to scrambled
(2nd lane) and untransduced (1st lane) controls.
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Figure 3.2.3: OTX2 knockdown significantly inhibits cell proliferation in D283 Group 4 cells. (A) Representative images of
D283 MB cells in adherent culture following 4 days knockdown of OTX2. Scale bar: 400 pm. (B) Quantification of total cell number
in D283 cells following knockdown of OTX2 over 4 days. Error bars: s.e.m. P<0.01**. For all experiments, N=3 biological replicates
or independent transfections and n=4 technical replicates within each biological replicate.
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Figure 3.2.4: OTX2 knockdown significantly inhibits cell proliferation in trans-hENs. (A) Representative images of trans-hENs
in adherent culture following 4 days knockdown of OTX2. Scale bar: 400 um. (B) Quantification of total cell number in trans-hENs
following knockdown of OTX2 over 4 days. Error bars: s.e.m. P<0.05%, P<0.01**. For all experiments, N=3 biological replicates or
independent transfections and n=4 technical replicates within each biological replicate.
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Figure 3.2.5: OTX2 knockdown significantly inhibits cell proliferation in D425 Group 3 MB cells. (A) Representative images of
D425 in adherent culture following 4 days knockdown of OTX2. Scale bar: 400 pm. (B) Quantification of total cell number in D425
cells following knockdown of OTX2 over 4 days. Error bars: s.e.m. P<0.05*, P<0.01**. For all experiments, N=2 biological
replicates or independent transfections and n=4 technical replicates within each biological replicate.
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Figure 3.2.6. OTX2 knockdown significantly inhibits self-renewal in D283, Group 4 MB
cells, and trans-hENs. Self-renewal capacity following OTX2 knockdown in D283 (A-D) and
trans-hENs (E-H). In D283, self-renewal capacity was almost completely inhibited following
passage to secondary spheres (A-B), and this was evident in representative brightfield images of
secondary spheres in (D). (E-G) Significant decreases in neurosphere-forming capacity were also
evident in trans-hENs (E-F) following OTX2 knockdown and similar to D283, self-renewal
capacity was significantly inhibited (H). For both cell lines, cell viability was not significantly
decreased (B, F). Error bars: s.e.m. P<0.05*, P<0.01**, P<0.001***, For all experiments, N=3
biological replicates or independent transfections and n=4 technical replicates within each

biological replicate.
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Figure 3.2.7 Knockdown of OTX2 decreases self-renewal capacity in D425 and D341,
Group 3 MB cells. Representative images of D425 (D) and D341 (H) MB cells in sphere culture
or stem cell enriched conditions following 6 days knockdown of OTX2. Scale bar: 400 um.
Tumorsphere formation and self-renewal capacity were significantly inhibited following OTX2
knockdown in D425 (A,C) and D341 cells (E,G). The cell viability was not changed in D425
cells but was significantly decreased in D341 cells. Error bars: s.e.m. P<(0.05%*, P<0.01**,
P<0.001***, For all experiments, N=3 biological replicates or independent transfections and n=4
technical replicates within each biological replicate.
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Figure 3.2.8: Knockdown of OTX2 decreases the frequency of cells in S phase and increases
the frequency of apoptotic cells. (A) Representative dot plots of BrdU incorporation and DNA
content (7AAD) in D283 tumorspheres following OTX2 knockdown. Inset: 7AAD only control.
For clarity, results from the 3 siRNA sequences were pooled and presented as the mean + s.e.m.
N=2 independent biological replicates for each sequence. (B) Representative dot plots of BrdU
incorporation and DNA content (7AAD) in trans-hEN neurospheres following OTX2
knockdown. Inset: 7AAD only control. For clarity, results from the 3 siRNA sequences were
pooled and presented as the mean + s.e.m. N=2 independent biological replicates for each
sequence.
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3.2.1.2 OTX2 decreases self-renewal in trans-hENs as well as Groups 3 and 4 MB cells in
vitro.

Knockdown of OTX2 significantly impaired self-renewal capacity of D283, (Figure
3.2.6A-D), D425 (Figure 3.2.7A-D) and trans-hENs (Figure 3.2.6E-H) over subsequent passages.
Knockdown of OTX2 also resulted in a decrease in cell viability; however, the results were not
significant (Figure 3.2.6B, F and 3.2.7B). BrdU staining and analysis supported these findings in
sphere culture and demonstrated a decrease in S phase and a concomitant increase in apoptotic
cells in D283 and trans-hENs (Figure 3.2.8 A-B). We also knocked down OTX2 in D341 (Group
3) MB cells that are exclusively grown in suspension culture or sphere conditions (Figure 3.2.7E-
G). Similar to D283, D425 and trans-hENs, reduction of OTX2 resulted in a significant decline
in self-renewal capacity (Figure 3.2.7E-G); however, for D341, Group 3 MB cell line, a

significant decrease in cell viability was observed (Figure 3.2.7F).

3.2.1.3 OTX2 knockdown decreases in vivo tumor growth of trans-hENs and Group 4 MB
tumorsphere cells

To examine the tumorigenic potential of trans-hENs and D283 MB cells following OTX2
knockdown in vivo, we stably knocked down OTX2 in trans-hENs and D283 MB cells using
shRNAmir constructs. Following stable selection and validation by Western blot (Figure
3.2.9A), we confirmed the inhibitory effect of OTX2 knockdown on cumulative cell count and
sphere formation seen with the sShRNA sequences for both cell lines (Figure 3.2.9B-G).

Following validations in vitro, 5.0 X 10’ (trans-hEN OTX2 KD and trans-hEN scramble)
and 2.5 X 10° (D283 OTX2 KD and D283 scramble) cells from tumorspheres were injected into

the right frontal lobe (N=5 for each condition and cell line) of NOD SCID mice and examined
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Figure 3.2.9: Stable knockdown of OTX2 shows similar decrease in cumulative cell counts
and sphere forming ability of both D283 and trans-hENs in vitro. (A) Western Blot of OTX2
knockdown in 2 independent shRNA sequences relative to scramble shRNA. B-actin serves as a
loading control. (B-E) Quantification of total cell number (B,D) and cell viability (C,E) in D283
(B-C) and trans-hENs (D-E) following knockdown of OTX2 over 4 days. (F-G) Sphere
formation following OTX2 knockdown in D283 (F) and trans-hENs (G). Error bars: s.e.m.
P<0.05%*, P<0.01**, P<0.001***,
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Figure 3.2.10: Knockdown of OTX2 decreases tumor growth in vivo (A-D) Tumorigenic
capacity of D283 OTX2 KD (A-B) and trans-hEN OTX2 KD (C-D) relative to respective
scramble control cells in NOD SCID mice. For D283 cells, tumors were densely packed,
consisting of numerous mitoses in both the dorsal and ventral subarachnoid compartments.
Tumors also frequently invaded the fourth ventricle (A, B). Mice injected with trans-hENs
OTX2 KD and scramble cells developed densely packed neural tumors in both the striatum and
thalamus. These tumors consisted of many neural rosettes with rare mitoses. N=5 mice were used
for each condition and cell line. Scale bar: 200 um.
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for tumor formation after 45 days. For both cell lines, knockdown of OTX2 resulted in smaller,
but histologically similar, tumors compared with respective controls (Figure 3.2.10A-D). For
D283, tumors were densely packed, consisting of numerous mitoses in both the dorsal and
ventral subarachnoid compartments, and this was accompanied by frequent diffuse invasion into
the fourth ventricle. Similar differences in size were seen for trans-hEN cells with densely
packed neural tumors evident in both the striatum and thalamus consisting of many neural
rosettes and rare mitoses (Figure 3.2.10A-D). These results support our in vitro findings and
demonstrate that OTX2 knockdown suppresses trans-hEN and D283 tumor growth in vivo.

While OTX2 has previously been shown to regulate cell growth in vitro (Di et al. 2005;
Adamson et al. 2010), our results demonstrate that OTX2 is important for regulating the balance
between self-renewal and differentiation of trans-hENs and aggressive Group 3 and 4 MB cells

in vitro. We further explored the molecular mechanisms contributing to the oncogenic role of

OTX2 in Group 3 and 4 MB cells.

3.2.1.4 Knockdown of OTX2 increases neuronal differentiation but does not induce
changes in expression of hESCs genes.

OTX2 knockdown revealed differentiated cell morphology of D283, D425 and trans-
hENs in adherent cultures (Figure 3.2.3A-D, 3.2.4A-D, 3.2.5A-D). In support of these findings,
immunocytochemical staining of D283 and D425 tumorspheres for the neuronal marker B-III
tubulin revealed a significant increase in differentiation following OTX2 knockdown (3.2.11A-
F). However, in contrast to the results obtained following OTX2 overexpression, we did not
observe any consistent or significant changes in expression of human pluripotent stem cells

genes such SOX2, OCT4, LIN28A and NANOG. Evaluation of hESCs genes by qPCR following
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Figure 3.2.11: Knockdown of OTX2 induced the expression of the neuronal marker B-III tubulin. Representative images of
fixed (A-C) D283 and (D-F) D425 MB tumorspheres following 4 days knockdown of OTX2. Scale bar: 200 um. Fixed tumorspheres
were stained for B-III tubulin (A, D) and nuclear stain DAPI (B, E). An increase in B-III tubulin staining was observed following
OTX2 knockdown in both D283 (C) and D425 cells (F).
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FIGURE 3.2.12: OTX2 knockdown results in only modest changes in hESC gene
expression levels in D283 and trans-hENs. (A-D) hESC pluripotency factor transcript levels in
D283 (black bars) and trans- hEN (grey bars) following OTX2 knockdown by qPCR. Error Bars:
s.e.m. P<0.05*. N=3 biological replicates for each cell line and n=3 technical replicates within
each biological replicate.
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OTX2 knockdown revealed significant upregulation of LIN284 and NANOG only for one siRNA

sequence in D283 and trans-hENs (Figure 3.2.12A-D).

3.2.2  Global gene expression analysis of stem cell enriched D283 OTX2"" tumorspheres
relative to control D283 tumorspheres.

3.2.2.1 Global gene expression analysis revealed novel associations between OTX2 and axon
guidance genes.

In our OTX2 overexpression studies, we identified a novel link between OTX2 and stem
cell genes. This relationship plays an important role in regulating cellular properties, especially
self-renewal and migration, in both normal hENs and Daoy MB cells. However, the oncogenic
role of OTX2 in Group 3 and 4 MB cells is independent of hESC genes. As OTX2 knockdown
abolished the self-renewal capacity of trans-hENs and the D283, D425 and D341 MB cell lines,
we wanted to investigate the downstream signaling pathways associated with the oncogenic role
of OTX2 in stem cell enriched conditions. We performed global gene expression analysis

comparing the molecular profiles of OTX2*"

D283 and control D283 tumorspheres or stem cell
enriched populations (N=3 biological samples). Comparative global gene expression analysis of
OTX2*P D283 relative to control D283 tumorspheres revealed significant and differential
expression (P<0.05 and +£2 fold) of 3614 genes. Transcripts associated with nervous system
development and function represented the top dysregulated network in OTX2*" D283 relative to
D283 control tumorspheres. Among this list of neurodevelopmental genes, transcripts related to
axon guidance pathways including Eph receptors and ephrin ligands (eph/ephrins), semaphorin,

slit, and netrin were the most differentially expressed following OTX2 knockdown (Table 3.2.1).

These axon guidance gene families have been found to play prominent role in tumor cell
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Table 3.2.1: List of differentially expressed axon guidance genes in OTX2"” D283 cells relative to control D283 cells.

Entrez Gene

Symbol Entrez Gene Name Fold change Type(s) ID for Human
ABLIM3 actin binding LIM protein family, member 3 0.358488812 Other 22885
ADAMI1 ADAM metallopeptidase domain 11 4.629960868 Peptidase 4185
ADAM23 ADAM metallopeptidase domain 23 2.298989696 | Peptidase 8745
ADAM metallopeptidase with thrombospondin type 1
ADAMTS7 | motif, 7 2.484576564 Peptidase 11173
ARPCI1B actin related protein 2/3 complex, subunit 1B, 41kDa 0.467163673 Other 10095
BMPI bone morphogenetic protein 1 2.38998241 Peptidase 649
BMP2 bone morphogenetic protein 2 0.166200889 growth factor 650
BMP7 bone morphogenetic protein 7 0.414659773 growth factor 655
C9orf3 chromosome 9 open reading frame 3 0.428390977 Peptidase 84909
CXCR4 chemokine (C-X-C motif) receptor 4 0.35013908 G-protein coupled receptor | 7852
DCC DCC netrin 1 receptor 19.91798777 transmembrane receptor 1630
DOCK1 dedicator of cytokinesis 1 0.464902471 Other 1793
DPYSL2 dihydropyrimidinase-like 2 2.284692494 Enzyme 1808
DPYSLS5 dihydropyrimidinase-like 5 2.223758315 Enzyme 56896
EFNA3 ephrin-A3 3.294364069 Kinase 1944
EFNA4 ephrin-A4 0.178624267 | Kinase 1945
EFNB2 ephrin-B2 8.456144324 Other 1948
EPHA2 EPH receptor A2 0.18595172 Kinase 1969
EPHA3 EPH receptor A3 35.97692556 | Kinase 2042
EPHA4 EPH receptor A4 2.713208655 Kinase 2043
EPHAS EPH receptor AS 29.79503423 Kinase 2044
EPHB2 EPH receptor B2 2.72829567 Kinase 2048
EPHB4 EPH receptor B4 0.273763118 Kinase 2050
ERBB2 erb-b2 receptor tyrosine kinase 2 0.438910899 Kinase 2064
FYN FYN proto-oncogene, Src family tyrosine kinase 3.280691645 Kinase 2534
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FZDI frizzled class receptor 1 0.411510173 G-protein coupled receptor | 8321

FZD5 frizzled class receptor 5 0.456599125 G-protein coupled receptor | 7855

FZD7 frizzled class receptor 7 0.08207007 G-protein coupled receptor | 8324

GLI3 GLI family zinc finger 3 0.243163737 transcription regulator 2737
guanine nucleotide binding protein (G protein), alpha

GNAOI activating activity polypeptide O 5.747760706 Enzyme 2775
guanine nucleotide binding protein (G protein), beta

GNB3 polypeptide 3 0.257206677 Enzyme 2784
guanine nucleotide binding protein (G protein), beta

GNB4 polypeptide 4 0.294226684 Enzyme 59345

GNBS5 guanine nucleotide binding protein (G protein), beta 5 2.131693472 Enzyme 10681

GNG2 guanine nucleotide binding protein (G protein), gamma 2 | 3.020945171 Enzyme 54331

GNG3 guanine nucleotide binding protein (G protein), gamma 3 | 6.143241079 Enzyme 2785

GNGS5 guanine nucleotide binding protein (G protein), gamma 5 | 0.40584479 Other 2787
guanine nucleotide binding protein (G protein), gamma

GNG11 11 0.367801686 | Enzyme 2791
guanine nucleotide binding protein (G protein), gamma

GNGI12 12 0.300200857 Enzyme 55970

IGF1 insulin-like growth factor 1 (somatomedin C) 0.467163673 growth factor 3479
integrin, alpha 4 (antigen CD49D, alpha 4 subunit of

ITGA4 VLA-4 receptor) 2.25792881 transmembrane receptor 3676

KALRN kalirin, RhoGEF kinase 4.806544198 Kinase 8997

KLC1 kinesin light chain 1 2.164449289 Other 3831

L1CAM L1 cell adhesion molecule 5.105315075 Other 3897

LINGO1 leucine rich repeat and Ig domain containing 1 2.153972752 Other 84894

LRRC4C leucine rich repeat containing 4C 3.69609029 Other 57689
microtubule associated monooxygenase, calponin and

MICALI LIM domain containing 1 2.425025638 Enzyme 64780

MYL4 myosin, light chain 4, alkali; atrial, embryonic 0.357000995 Other 4635
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NGF nerve growth factor (beta polypeptide) 0.220064753 growth factor 4803
NRPI neuropilin 1 4.525257851 transmembrane receptor 8829
NRP2 neuropilin 2 5.392670927 Kinase 8828
NTEF3 neurotrophin 3 0.321078952 growth factor 4908
NTRK3 neurotrophic tyrosine kinase, receptor, type 3 3.721798631 Kinase 4916
PAK3 p21 protein (Cdc42/Rac)-activated kinase 3 5.540437872 Kinase 5063
PAK7 p21 protein (Cdc42/Rac)-activated kinase 7 4.688089135 Kinase 57144
PAPPA2 pappalysin 2 0.147624083 Peptidase 60676
PLCB4 phospholipase C, beta 4 9.428315262 Enzyme 5332
PLCD3 phospholipase C, delta 3 0.392292049 Enzyme 113026
PLCD4 phospholipase C, delta 4 3.267075964 Enzyme 84812
PLCE1 phospholipase C, epsilon 1 0.341036959 Enzyme 51196
PLCGI phospholipase C, gamma 1 2.403272099 Enzyme 5335
PLCL1 phospholipase C-like 1 4.500233939 Enzyme 5334
PLXNA2 plexin A2 3.43664302 transmembrane receptor 5362
PLXNA3 plexin A3 3.431882122 transmembrane receptor 55558
PLXNDI1 plexin D1 2.284692494 transmembrane receptor 23129
PPP3CA protein phosphatase 3, catalytic subunit, alpha isozyme 2.488023307 Phosphatase 5530
PRKAR2B | protein kinase, cAMP-dependent, regulatory, type II, beta | 2.486299338 Kinase 5577
PRKCE protein kinase C, epsilon 3.396384986 Kinase 5581
PRKD3 protein kinase D3 0.459456442 Kinase 23683
PTCH2 patched 2 3.164549205 transmembrane receptor 8643
ROBO2 roundabout guidance receptor 2 2.406606052 transmembrane receptor 6092
RRAS related RAS viral (r-ras) oncogene homolog 0.323985241 Enzyme 6237
RTN4 reticulon 4 2.057653416 Other 57142
SDC2 syndecan 2 0.492433221 Other 6383
sema domain, immunoglobulin domain (Ig),
transmembrane domain (TM) and short cytoplasmic
SEMA4D domain, (semaphorin) 4D 3.45575275 transmembrane receptor 10507
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sema domain, transmembrane domain (TM), and
SEMAGA cytoplasmic domain, (semaphorin) 6A 5.544279543 transmembrane receptor 57556

sema domain, transmembrane domain (TM), and
SEMAG6C cytoplasmic domain, (semaphorin) 6C 2.8108374 Other 10500

SHC (Src homology 2 domain containing) transforming
SHC1 protein 1 0.486327474 Kinase 6464
SLITI slit guidance ligand 1 13.04115732 Other 6585
SLIT2 slit guidance ligand 2 3.365917929 Other 9353
SMO smoothened, frizzled class receptor 0.422786144 G-protein coupled receptor | 6608
SOS2 son of sevenless homolog 2 (Drosophila) 2.033549347 Other 6655
SRGAP2 SLIT-ROBO Rho GTPase activating protein 2 2.106722072 Other 23380
TUBB6 tubulin, beta 6 class V 0.284204243 Other 84617
TUBB2A tubulin, beta 2A class Ila 2.358713185 Other 7280
TUBB2B tubulin, beta 2B class IIb 2.00416321 Other 347733
TUBB4A tubulin, beta 4A class Iva 2.124318373 Other 10382
UNCS5A unc-5 netrin receptor A 3.647732662 transmembrane receptor 90249
UNCS5B unc-5 netrin receptor B 2.599078125 transmembrane receptor 219699
UNCS5D unc-5 netrin receptor D 8.094825608 Other 137970
WNT7B wingless-type MMTYV integration site family, member 7B | 3.035638506 Other 7477

* A total of 236 genes were differentially expressed in D283 OTX2*” relative to control D283 cells and among them 78 genes
were upregulated.
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proliferation, survival, anchorage dependence, angiogenesis and migration (Kerjan et al. 2005;
Sikkema et al. 2012). For the first time, we have identified an association between OTX2 and
axon guidance genes in MB stem cell populations.

Eph/ephrin signaling plays important roles in developmental processes such as neural
development, axon guidance, cell proliferation and angiogenesis (Sikkema et al. 2012).
eph/ephrin signaling can be bidirectional depending on receptor-ligand or receptor-receptor
clustering in a particular cellular context (Lisabeth, Falivelli, and Pasquale 2013). Members of
the eph receptor family including EphA2, EphB2 and EphB4, have been found to be upregulated
in MB cells and contribute to tumor cell invasion (Sikkema et al. 2012; Bhatia et al. 2015). We
have shown that downregulation of OTX2 in D283 stem cell populations significantly affected
expression of several members of the eph/ephrin pathway. Among the EPH receptors, EPHA3
(+35.98 fold) EPHAS (+29.80 fold) and EPHB2 (+2.73 fold) are the most upregulated, however;
EPHA2 (-0.19 fold) is downregulated. The upregulation of EPH receptors such as EPHA3,
EPHAS5 and EPHB2 was validated by qPCR (Figure 3.2.13-3.2.15B-D). However, EPHA2
showed the opposite trend by qPCR (Figure 3.2.13-3.3.15A). The cognate ligands of ephrin
signaling such as EFNA3 (+3.29) and EFNB2 (+8.46 fold) were also differentially expressed in
OTX2 knockdown D283 cells relative to controls and were validated by qPCR (Figure 3.2.13-
3.2.15E-F).

Following OTX2 knockdown in D283 cells, we also observed differential expression of
genes associated with other axon guidance pathways such as Semaphorin signaling i.e. Sema 6A
(+5.54 fold), Sema 4D (+3.46) and L1CAM (+5.11 fold), Slit signaling (SLITI (+13.04 fold) and
SLIT?2 (+3.37 fold) and ROBO?2 (+2.40)) and netrin signaling (deleted in colorectal cancer (DCC)

(+19.92 fold) and UNC5D (+8.10 fold)). Sema6A is involved in controlling the tangential
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migration of postmitotic CGNPs in the deep EGL (Kerjan et al. 2005). The secreted proteins,
Slitl and Slit2, act as repulsive cues for regulating the guidance of axon projections, cell
proliferation and dendritic patterning (Brose et al. 1999; Borrell et al. 2012; Gibson et al. 2014).
Both Semaphorin and Slit molecules as well as their cognate receptors are dysregulated in MB
cells and are linked to more invasive phenotypes (Werbowetski-Ogilvie et al. 2006; Northcott et
al. 2011). Introduction of recombinant Slit2 protein can reduce MB tumor cell invasion
(Werbowetski-Ogilvie et al. 2006). Similarly, molecules associated with netrin signaling such as
netrin-1 are linked to more invasive MB phenotypes (Akino et al. 2014). However, the molecular
interaction between OTX2 and these cell motility genes needs to be elucidated in detail.

In addition to genes associated with axon guidance pathways, we also observed
differential expression of additional neuronal differentiation genes (63 out of 236) including
microtubule-associated proteins, JAKMIP2 (+29.18 fold), MAP2 (+17.27 fold), MAP6 (+12.91
fold), CNTN3 (+7.95 fold), CNTN4 (+5.17 fold), neural cell adhesion molecule (NCAM)2
(+13.83 fold) and neuronal differentiation (NEUROD)4 (+4.41 fold), which were all upregulated
following OTX2 knockdown (Table 3.2.2). We validated the expression levels of B-III tubulin or
TUJI, MAP2, MAP6, LICAM, GAP43 and JAKMIP2 in D283, D425 and D341 cells by qPCR
(Figure 3.2.16-3.2.18 A-F). We have also shown an increase in protein levels of B-III tubulin and
L1CAM in D283 and D425 cells following OTX2 knockdown (Figure 3.2.19). These findings
demonstrate that OTX2 knockdown might be promoting neuronal differentiation of MB

stem/progenitor cell populations.
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Figure 3.2.13

eph/ephrin signaling in D283 cells. (A-C) The genes related to eph/ephrin signaling were

differentially expressed following OTX2 knockdown in D283 cells. Differential expression was

validated by qPCR. N

replicate.

3 biological replicates and n=3 technical replicates within each biological
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Figure 3.2.14

eph/ephrin signaling in D425 cells. (A-C) The genes related to eph/ephrin signaling were

differentially expressed following OTX2 knockdown in D425 cells. Differential expression was

validated by qPCR. N

replicate.

2 biological replicates and n=3 technical replicates within each biological
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3 biological replicates and n=3 technical replicates within each biological
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replicate.
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OTX2 knockdown results in differential expression of genes related to neuronal differentiation in D425 cells. (A-

F). OTX2 knockdown in D425 cells induced neuronal differentiation and increased the expression of neuronal transcripts such as

.
.

Figure 3.2.17

2 biological replicates and n=3 technical replicates within each biological

TUJI, MAP2, MAPG6, LICAM, GAP43 and JAKMIP2. N

replicate.
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OTX2 knockdown results in differential expression of genes related to neuronal differentiation in D341 cells.

(A-F). OTX2 knockdown in D341 cells induced neuronal differentiation and increased the expression of neuronal transcripts such as
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Figure 3.2.18

2 biological replicates and n=3 technical replicates within each biological

TUJI, MAP2, MAP6, LICAM, GAP43 and JAKMIP2. N

replicate.
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Figure 3.2.19: OTX2 knockdown results in an increase in protein levels of genes related to neuronal differentiation and a
decrease in protein levels of cell cycle genes in D283 and D425 cells. OTX2 knockdown increased the protein levels of B-III tubulin
and LICAM but decreased the level of cell cycle genes, cyclin D2 and CDK6 in both D283 (A) and D425 (B) cells as determined by
Western Blot. B-actin was used as loading control.



Table 3.2.2: Differential expression of cell cycle genes in OTX2*" D283 cells relative to
control D283 cells.

Genes in Prediction (based on

ID dataset expression direction)| Fold change Findings

17045198 ANLN Affected 0.230206424 Affects (1)
16762573 ASUN Affected 0.440740079 Affects (1)
16791909 BAZ1A Affected 0.349654021 Affects (1)
16710436 BCCIP Affected 0.499307333 Affects (1)
16775324 BORA Affected 0.308640652 Affects (1)
16840284 C1QBP Affected 0.37035995 Affects (1)
16799598 CASC5 Affected 0.184028358 Affects (1)
16737200 CD59 Affected 2.211461307 Affects (1)
16833159 CDKS5R1 Affected 2.756810306 Affects (1)
16877956 CENPA Affected 0.26425451 Affects (1)
16985614 CENPH Affected 0.232290169 Affects (1)
17105401 CENPI Affected 0.301243079 Affects (1)
16671503 CKS1B Affected 0.311218559 Affects (1)
17086634 CKS2 Affected 0.314907495 Affects (1)
16779546 DIAPH3 Affected 0.136786713 Affects (1)
16793225 DLGAPS Affected 0.113833729 Affects (1)
16714998 DNA?2 Affected 0.356012549 Affects (1)
16677201 DTL Affected 0.150204506 Affects (1)
16910501 DTYMK Affected 0.416965522 Affects (1)
16847771 ERN1 Affected 0.468460723 Affects (1)
17067332 ESCO2 Affected 0.158439065 Affects (1)
17093595 FANCG Affected 0.371645746 Affects (1)
16841137 GAS7 Affected 0.185436867 Affects (1)
17079210 GEM Affected 0.268501118 Affects (1)
16701748 GTPBP4 Affected 0.489370825 Affects (1)
16931384 GTSE1 Affected 0.225000482 Affects (1)
16887635 HATI Affected 0.426022048 Affects (1)
16968765 HERCS5 Affected 0.167589074 Affects (1)
17047504 HSPBI Affected 0.407253782 Affects (1)
16817254 IL4R Affected 0.471719125 Affects (1)
16938271 KAT2B Affected 0.379981214 Affects (1)
16810543 KIAA0101 Affected 0.299369676 Affects (1)
16939960 KIF15 Affected 0.1986086 Affects (1)
16736891 KIFI18A Affected 0.222673225 Affects (1)
16845794 KIF18B Affected 0.221288441 Affects (1)
16991460 KIF4B Affected 0.424253951 Affects (1)
16758336 KNTC1 Affected 0.283220971 Affects (1)
17075221 LZTS1 Affected 2.350552657 Affects (1)
16765325 MAP3K12 Affected 4.115306832 Affects (1)
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16945101 MCM?2 Affected 0.230685623 Affects (1)
17114334 mir-503 Affected 0.362738052 Affects (1)
16924966 MIS18A Affected 0.471719125 Affects (1)
17092767 MLLT3 Affected 2.029325093 Affects (1)
17021845 MMS22L Affected 0.296478625 Affects (1)
16685769 MYCL Affected 0.430474594 Affects (1)
16664118 NASP Affected 0.482299092 Affects (1)
16691668 NOTCH?2 Affected 0.273383864 Affects (1)
16869769 NOTCH3 Affected 0.301870148 Affects (1)
17001256 PPP2R2B Affected 4.23393758 Affects (1)
16836492 PRR11 Affected 0.229092161 Affects (1)
16843374 RADS51D Affected 2.105262309 Affects (1)
16916901 RASSF2 Affected 3.815838202 Affects (1)
16782222 REM2 Affected 2.270484204 Affects (1)
16967091 REST Affected 0.123535706 Affects (1)
16721126 RRM1 Affected 0.371645746 Affects (1)
17079037 RUNXITI Affected 3.82378127 Affects (1)
16667760 S1PR1 Affected 0.340564509 Affects (1)
16951485 SGOL1 Affected 0.141806936 Affects (1)
16852312 SKAI Affected 0.185694115 Affects (1)
16777278 SKA3 Affected 0.147317426 Affects (1)
16842673 SPAGS Affected 0.210807778 Affects (1)
16964000 TACC3 Affected 0.216284173 Affects (1)
16709333 TCF7L2 Affected 0.221595425 Affects (1)
17010552 TTK Affected 0.156366135 Affects (1)
17101815 TXLNG Affected 0.492092011 Affects (1)
16772172 UBC Affected 2.869899069 Affects (1)
16665447 USP1 Affected 0.458819941 Affects (1)
17064679 XRCC2 Affected 0.295043586 Affects (1)
16714504 ZWINT Affected 0.227509706 Affects (1)
16733104 CHEK1 Affected 0.193579757 Affects (11)
16863922 BAX Affected 0.441963766 Affects (2)
16804902 BLM Affected 0.152301283 Affects (2)
16834056 CDC6 Affected 0.11727765 Affects (2)
16771067 CIT Affected 0.377356492 Affects (2)
16818842 CYLD Affected 2.373473595 Affects (2)
16778067 DCLK 1 Affected 4 Affects (2)
16751709 ESPLI Affected 0.220828763 Affects (2)
16829369 FANCA Affected 0.335178148 Affects (2)
16800108 HAUS2 Affected 0.490389502 Affects (2)
16790592 HAUS4 Affected 0.413798408 Affects (2)
17092688 HAUS6 Affected 0.459456442 Affects (2)
16817647 KIF22 Affected 0.474013483 Affects (2)
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17104484 KIF4A Affected 0.255076165 Affects (2)
17084904 MELK Affected 0.125173407 Affects (2)
16879883 MSH?2 Affected 0.422493192 Affects (2)
16698159 MYOG Affected 0.262611136 Affects (2)
16708552 NOLCI Affected 0.412081042 Affects (2)
16903897 NR4A2 Affected 3.906834116 Affects (2)
16970563 PLK4 Affected 0.191312096 Affects (2)
16661589 RCC1 Affected 0.392292049 Affects (2)
16815905 RMI2 Affected 0.421323415 Affects (2)
16904780 SPC25 Affected 0.15976242 Affects (2)
16850625 TGIF1 Affected 0.378929142 Affects (2)
16912379 TPX2 Affected 0.153893052 Affects (2)
16744501 ZW10 Affected 0.443498153 Affects (2)
16771680 CLIP1 Affected 2.082043195 Affects (3)
16892446 INPP5D Affected 0.466516496 Affects (3)
16731858 KMT2A Affected 2.005552872 Affects (3)
17069063 LYN Affected 0.185436867 Affects (3)
16790556 PRMTS Affected 0.453445164 Affects (3)
16903863 RPRM Affected 0.341746863 Affects (3)
16951644 TOP2B Affected 2.046274939 Affects (3)
16719025 FGFR2 Affected 0.248445273 Affects (4)
16870131 HAUSS Affected 0.382624192 Affects (4)
16698984 NEK?2 Affected 0.186468003 Affects (4)
17024394 PLAGLI Affected 0.390934822 Affects (4)
16817017 PLK1 Affected 0.231647015 Affects (45)
16775014 CKAP2 Affected 0.309712174 | Affects (5)
16850517 NDC80 Affected 0.115663054 | Affects (5)
16978568 CENPE Affected 0.181872585 | Affects (6)
16707468 KIF11 Affected 0.152301283 Affects (6)
16703478 MASTL Affected 0.196690611 Affects (6)
16737056 PAX6 Affected 3.031433133 Affects (7)
16664569 CDKN2C Affected 0.488692883 Affects (8)
16658192 TP73 Affected 5.045509635 Affects (9)
17093186 B4GALTI1 Increased 0.399702915 Decreases (1)
16789926 CCNBI1IP1 Increased 0.44596426 Decreases (1)
16857192 CHAFIA Increased 0.265171935 Decreases (1)
17002846 DUSP1 Decreased 2.020902893 Decreases (1)
16707695 HELLS Increased 0.243838865 Decreases (1)
16843376 NLEI1 Increased 0.498270131 Decreases (1)
16818600 ORC6 Increased 0.234068062 Decreases (1)
16839412 PITPNA Increased 0.47237352 Decreases (1)
16797051 PPPIR13B Decreased 2.365262 Decreases (1)
16690067 SASS6 Increased 0.471392268 \ Decreases (1)




16914791 SNAII Increased 0.409518349 Decreases (1)
16686796 STIL Increased 0.240481864 Decreases (1)
TBC1D3H
16843658 (includes others) | Decreased 2.054802879 Decreases (1)
16849556 TIMP2 Decreased 2.948538435 Decreases (1)
16730503 YAPI Increased (0.184028358 Decreases (1)
16957636 ZBTB20 Decreased 2.283109414 Decreases (1)
16722526 MYODI1 Increased 0.172898829 ‘ Decreases (11)
16663514 CDC20 Increased 0.178376813 Decreases (13)
16855673 BCL2 Decreased 2.63170905 Decreases (15)
16969051 BMPR1B Increased 0.401090583 Decreases (2)
16987468 CAST Increased 0.41065535 Decreases (2)
16667037 CDC7 Increased 0.363493129 Decreases (2)
16681304 ERRFI1 Decreased 2.080600533 Decreases (2)
16937505 FANCD2 Increased 0.174342958 Decreases (2)
16812942 NTRK3 Decreased 3.721798631 Decreases (2)
16673154 NUF2 Increased 0.235206527 Decreases (2)
16767911 PAWR Increased 0.372677597 Decreases (2)
16753533 RASSF3 Increased 0.311002913 Decreases (2)
16851397 RBBPS§ Increased 0.381829374 Decreases (2)
16938562 TGFBR2 Increased 0.227509706 Decreases (2)
16906620 TMEFF2 Decreased 4.404566392 Decreases (2)
16979389 MAD2LI Increased 0.163345657 ‘ Decreases (20)
16924305 BTG3 Increased 0.334250124 Decreases (3)
16933502 CHEK?2 Increased 0.407818747 Decreases (3)
16707149 FAS Increased 0.440129507 Decreases (3)
17005396 GMNN Increased 0.248962438 Decreases (3)
16663958 KIF2C Increased 0.195874297 Decreases (3)
17038792 KIFCl1 Increased 0.309712174 Decreases (3)
16906131 NEURODI1 Decreased 2.193143177 Decreases (3)
17022691 FYN Decreased 3.280691645 Decreases (4)
16938407 RARB Increased 0.269060031 Decreases (4)
17024980 FBXO5 Increased 0.258816231 Decreases (5)
16735018 APBBI1 Decreased 2.112571251 Decreases (6)
16901755 BUBI Increased 0.14958112 Decreases (6)
17075731 CLU Increased 0.393926943 Decreases (6)
17119348 GNL3 Increased 0.469761375 \ Decreases (6)
16845349 BRCA1 Increased 0.248273124 Decreases (7)
17117110 CD24 Decreased 6.543216468 Decreases (7)
16823229 PKMYTI Increased 0.398044049 \ Decreases (7)
16802251 SMAD3 Increased 0.44844408 Decreases (7)
16737105 WTI1 Increased 0.487339815 Decreases (7)
16872551 TGFBI1 Increased 0.279709275 Decreases (78)
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16790614 AJUBA Decreased 0.305236628 Increases (1)
16749423 ARNTL?2 Decreased 0.387159514 Increases (1)
17040561 ATATI Increased 2.323017464 Increases (1)
16694556 Clorf6l Increased 4.141059695 Increases (1)
16978959 CASP6 Decreased 0.480630464 Increases (1)
16868130 CD320 Decreased 0.494485458 Increases (1)
16662648 CDCAS Decreased 0.231807637 Increases (1)
17024285 CITED2 Increased 2.044857061 Increases (1)
17079588 FBXO043 Decreased 0.429878243 Increases (1)
16963876 FGFRL1 Decreased 0.477310507 Increases (1)
16725806 INCENP Decreased 0.287772373 Increases (1)
16698049 KDMS5B Increased 2.319799309 Increases (1)
17060412 MCM7 Decreased 0.482633512 Increases (1)
16702047 NETI1 Decreased 0.402483069 Increases (1)
16913806 PLCGI1 Increased 2.403272099 Increases (1)
17102230 POLAI1 Decreased 0.318640157 Increases (1)
17050154 PRKAR2B Increased 2.486299338 Increases (1)
16896502 PRKD3 Decreased 0.459456442 Increases (1)
16724593 PTPMTI1 Decreased 0.462973011 Increases (1)
16678518 RHOU Increased 2.783692784 Increases (1)
16829580 RPA1 Decreased 0.290578527 Increases (1)
17126218 RPS15A Increased 2.577549261 Increases (1)
16855090 SMAD?2 Increased 2.177994031 Increases (1)
16735443 STS Decreased 0.420739741 Increases (1)
17069816 SULF1 Decreased 0.458819941 Increases (1)
17075426 TNFRSF10B Decreased 0.218999579 Increases (1)
17126024 TRIM25 Decreased 0.383686524 Increases (1)
16914315 UBE2C Decreased 0.228299563 Increases (1)
16745343 USP2 Decreased 0.46554741 Increases (1)
17005234 E2F3 Decreased 0.204333832 Increases (10)
16683358 E2F2 Decreased 0.336341802 Increases (11)
16693898 SHCI1 Decreased 0.486327474 Increases (11)
16984032 SKP2 Decreased 0.236678408 Increases (11)
16953279 CDC25A Decreased 0.109272328 Increases (12)
16691327 NGF Decreased 0.220064753 \ Increases (12)
16705159 CDK1 Decreased 0.113833729 Increases (13)
17000439 CDC25C Decreased 0.204617295 Increases (14)
16833839 ERBB2 Decreased 0.438910899 Increases (14)
16909165 IRS1 Decreased 0.398596238 Increases (15)
16760048 FOXMI1 Decreased 0.185051662 Increases (16)
17067739 NRG1 Increased 3.60500185 Increases (16)
16924551 APP Increased 2.360348687 Increases (17)
16755958 ASCL1 Increased 3.640155296 Increases (2)
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16774053 CCNAI1 Decreased 0.264437741 Increases (2)
16815090 CCNF Decreased 0.498270131 Increases (2)
16685165 CLSPN Decreased 0.172779026 Increases (2)
16740630 FOSLI Decreased 0.337977708 Increases (2)
17012148 GJA1 Decreased 0.095127086 Increases (2)
16933760 LIF Decreased 0.414659773 Increases (2)
16719515 MKI167 Decreased 0.2032039 Increases (2)
16913957 MYBL2 Decreased 0.144485838 Increases (2)
16916233 MYTI1 Increased 5.180171995 Increases (2)
16816200 NDEI1 Decreased 0.431071773 Increases (2)
16916958 PCNA Decreased 0.255961725 Increases (2)
16822961 PKDI1 Increased 2.284692494 Increases (2)
17094064 SHB Increased 3.012580933 Increases (2)
16951567 THRB Decreased 0.453445164 Increases (2)
16850477 TYMS Decreased 0.133138525 Increases (2)
16752305 CDK2 Decreased 0.31273227 Increases (20)
16860418 CCNEI Decreased 0.179368692 Increases (21)
16920548 AURKA Decreased 0.242154547 Increases (22)
16838359 BIRCS Decreased 0.176043028 Increases (22)
16773840 BRCA2 Decreased 0.164481816 Increases (3)
16723614 CD44 Increased 2.615342697 Increases (3)
16740282 CDCA5 Decreased 0.399149193 Increases (3)
16784299 CDKN3 Decreased 0.148136596 Increases (3)
17120506 DBF4 Decreased 0.212274062 Increases (3)
16852206 HAUSI Decreased 0.391748593 Increases (3)
17123388 HMGBI1 Decreased 0.482299092 Increases (3)
16972129 KLHL2 Increased 2.023706402 Increases (3)
16836131 NMEI1 Decreased 0.44844408 Increases (3)
16842517 NOS2 Decreased 0.177759676 Increases (3)
16747158 NTF3 Decreased 0.321078952 Increases (3)
16827227 RRAD Decreased 0.35379854 Increases (3)
16918445 E2F1 Decreased 0.345797657 Increases (34)
17079293 CCNE2 Decreased 0.176165094 Increases (4)
16677425 CENPF Decreased 0.250520401 Increases (4)
16799793 NUSAPI1 Decreased 0.161208531 Increases (4)
16966809 PDGFRA Increased 4.982949662 Increases (4)
16799426 BUBIB Decreased 0.254017536 Increases (5)
16985599 CCNBI1 Decreased 0.15346696 Increases (5)
16912362 ID1 Decreased 0.4181232 Increases (5)
16777259 LATS2 Decreased 0.382624192 Increases (5)
16844312 TOP2A Decreased 0.198470983 Increases (5)
16721835 WEE1 Decreased 0.340800652 Increases (5)
16769250 IGF1 Decreased 0.467163673 \ Increases (51)
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16970404 FGF2 Decreased 0.281069731 Increases (53)
17064105 EZH2 Decreased 0.437392382 Increases (6)
16878947 LTBP1 Decreased 0.310356873 Increases (6)
17100036 NOTCHI1 Decreased 0.384751805 Increases (6)
17072669 MYC Decreased 0.363997387 Increases (61)
16979515 CCNA2 Decreased 0.174222155 \ Increases (7)
16752397 ERBB3 Decreased 0.416099367 \ Increases (7)
16840902 AURKB Decreased 0.167240944 Increases (8)
16911261 BMP2 Decreased 0.166200889 Increases (9)
16920585 BMP7 Decreased 0.414659773 Increases (9)

* A total of 263 genes were differentially expressed in D283 OTX2*P relative to control D283

cells and among them 91 genes were downregulated.
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Conversely, genes related to cell cycle progression (91 out of 263) were downregulated
(Table 3.2.2). For example, the cyclin dependent kinases (CDKs), CDK/ (0.114 fold), CDK2
(0.313 fold) and cell division cycle (CDC) genes such as CDC6 (0.117 fold), CDC20 (0.178
fold), CDC254 (0.109 fold) and CDC25C (0.205 fold), which are involved in regulating specific
phases of cell cycle, were downregulated. We observed decreased protein levels of cell cycle
genes such as cyclin D2 and CDK6 in D283 and D425 cells following OTX2 knockdown (Figure
3.2.19). These results correlate with our findings from BrdU staining demonstrating a decrease in
the S phase of cell cycle in both D283 and trans-hENs following OTX2 knockdown in

tumorsphere or stem cell-enriched populations.

3.2.2.2 Chromatin immunoprecipitation-sequencing (ChIP-seq) reveals a direct or indirect
regulation of axon guidance genes by OTX2

To identify which of the differentially expressed axon guidance genes are regulated by
OTX2, ChIP-seq was performed on OTX2-expressing D283 Group 4 tumorspheres in
partnership with StemCore Laboratories (Ottawa Hospital Research Institute, Ottawa, Ontario).
A clear statistically significant association between fold change in axon guidance pathway genes,
observed by global gene expression analysis, and the presence of one or more OTX2 peaks
within -5kb to +2kb of the TSS (Fisher Exact Test; P<2.2e-16) was observed (Table 3.2.3).
Eph/ephrin was the most overrepresented pathway in the top 30 followed by Semaphorin
signaling. These results indicate that OTX2 may serve as a transcriptional regulator of axon
guidance pathways which were mostly upregulated following inhibition of OTX2 expression in

Group 3 and 4 MB tumorspheres by knockdown.
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3.2.2.3 In silico analysis and screening of patient samples revealed the clinical implications

of the association between OTX2 and axon guidance genes

We cross-referenced our Affymetrix and ChIP-seq data with the clinical data published
by Northcott et al. (2011) and found that axon guidance genes are mostly downregulated in
Group 3 and 4 MBs (Table 3.2.4 and 3.2.5). These genes are negatively correlated with the
expression levels of OTX2 in Group 4 and 4 MBs. This was further supported by screening
available data from 234 Group 3 and 4 MB patients in collaboration with Dr. Michael Taylor
(Hospital for Sick Children, Toronto, ON) to identify which axon guidance genes are
differentially expressed in tumor samples that exhibit OTX2 amplification/overexpression
relative to those that do not. Thirty-nine axon guidance genes were differentially expressed and
out of these 23 genes (59%) exhibited the same trends observed in our global gene expression
data. Most genes were also negatively correlated with OTX2 expression and included EPHA3,
EPHAS, EPHB2, EPHB4 and LICAM (Figure 3.2.20-3.2.24). Among these 23 genes, 15 genes
(65%) had peak overlaps in their transcriptional start sites for OTX2 (Table 3.2.3) suggesting
that they could be direct targets. These clinical data provide further support for the association

between OTX2 and axon guidance genes in Group 3 and 4 MB.
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Table 3.2.3: OTX2 binding peaks and sites in the top 30 genes from ChIP-seq analysis and

their relative transcript levels (Fold Change).

Gene Assignment | Affymetrix Fold Change | OTX2 Peaks | OTX2 Binding Sites

DCC 19.9143847 1 1
EFNB2 8.458995374 3 1
EPHA3 35.96546453 | 2
EPHA4 2.713058833 2 1
EPHAS 29.7964111 1 1
FZDI 0.411479558 2 2
FZD5 0.456667281 3 4
FZD7 0.082085886 | 1
GNG11 0.367793953 2 3
GNG12 0.30012554 3 2
GNG3 6.14369672 2 0
IGF1 0.467094383 3 4
KLCl1 2.163857258 3 1
LRRC4C 3.696844429 3 5
NRPI 4.525936467 2 7
NRP2 5.392071649 2 1
PLCB4 9.425849634 1 2
PLCD3 0.392306551 2 5
PLCE1 0.340932018 2 2
PLCL1 4.499103846 2 1
PLXNA2 3.436757362 3 3
RRAS 0.324050897 2 4
SEMAGA 5.542465942 3 1
SEMA6C 2.811277756 2 4
SHC1 0.486217368 3 4
SLIT2 3.365945926 4 3
SRGAP2 2.107118816 2 4
UNCS5B 2.599856508 5 3
UNCSD 8.093918561 | 0
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Table 3.2.4: In silico analysis showed differential expression of transcripts in Group 3

relative to WNT and SHH MBs and their relative Fold Change.

Gene Assignment | Fold Change (Group 3 vs. Affymetrix Fold Change
WNT and SHH)

DCC 0.3381339 19.9143847
EPHA2 1.7074639 0.185952068
FZD1 2.7109131 0.411479568
FZD5 1.443012 0.45666727
GAP43 0.3475301 10.44460719
GNG2 0.4348251 3.021322798
GNG3 0.2100385 6.14369672
JAKMIP2 0.470199 29.17675091
KLF12 0.4581686 4266161762
KLF7 0.5699869 2.797721449
MAP6 0.5467956 12.92545651
0TX2 4.6649713 0.232956857
PLCB4 0.4991053 9.425849654
SEMAGA 0.2825166 5.542465942
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Table 3.2.5: In silico analysis showed differential expression of transcripts in Group 4
relative to WNT and SHH MBs and their relative Fold Change.

Gene Assignment Fold Change (Group 4 vs. Affymetrix Fold Change
WNT and SHH)

EPHA4 0.3380606 2.713058827
EPHAS 1.7405107 29.79641178
FIGF 1.1261531 0.467094383
GNG3 0.2666926 6.14369672
MAP2 0.5398727 17.31444213
0TX2 4.7238524 0.232956857
PLCL2 0.5365473 4.499103856
SEMAG6A 0.354432 5.542465942
SRGAP 0.4779591 2.107118816
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Figure 3.2.20: Box plot showing negative correlation between OTX2 and EPHA3 in Group
3 and 4 MB patient samples. The X-axis represents the expression levels of OTX2 in MB
subtypes. Group 3 and 4 MBs samples that exhibit high OTX2 expression were clustered
together. The Y-axis represents the Log2 fold change in the expression of the gene of interest.
For patients with high OTX2 expression but no evidence of amplification, the 90" percentile of
OTX2 expression was used as the threshold for overexpression. P<0.05 was used for highest
confidence correlation.
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Figure 3.2.21: Box plot showing negative correlation between OTX2 and EPHAS5 in Group
3 and 4 MB patient samples. The X-axis represents the expression levels of OTX2 in MB
subtypes. Group 3 and 4 MBs samples that exhibit high OTX2 expression were clustered
together. The Y-axis represents the Log2 fold change in the expression of the gene of interest.
For patients with high OTX2 expression but no evidence of amplification, the 90" percentile of
OTX2 expression was used as the threshold for overexpression. P<0.05 was used for highest
confidence correlation.
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Figure 3.2.22: Box plot showing negative correlation between OTX2 and EPHB?2 in Group
3 and 4 MB patient samples. The X-axis represents the expression levels of OTX2 in MB
subtypes. Group 3 and 4 MBs samples that exhibit high OTX2 expression were clustered
together. The Y-axis represents the Log2 fold change in the expression of the gene of interest.
For patients with high OTX2 expression but no evidence of amplification, the 90" percentile of
OTX2 expression was used as the threshold for overexpression. P<0.05 was used for highest
confidence correlation.
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Figure 3.2.23: Box plot showing negative correlation between OTX2 and EPHB4 in Group
3 and 4 MB patient samples. The X-axis represents the expression levels of OTX2 in MB
subtypes. Group 3 and 4 MBs samples that exhibit high OTX2 expression were clustered
together. The Y-axis represents the Log2 fold change in the expression of the gene of interest.
For patients with high OTX2 expression but no evidence of amplification, the 90" percentile of
OTX2 expression was used as the threshold for overexpression. P<0.05 was used for highest
confidence correlation.
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Figure 3.2.24: Box plot showing negative correlation between OTX2 and L1CAM in Group
3 and 4 MB patient samples. The X-axis represents the expression levels of OTX2 in MB
subtypes. Group 3 and 4 MBs samples that exhibit high OTX2 expression were clustered
together. The Y-axis represents the Log2 fold change in the expression of the gene of interest.
For patients with high OTX2 expression but no evidence of amplification, the 90" percentile of
OTX2 expression was used as the threshold for overexpression. P<0.05 was used for highest
confidence correlation.
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CHAPTER 4: DISCUSSION
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4.1 OTX2 is required for regulating cellular functions in normal hENs and Daoy MB cells.
OTX2 is a multifaceted transcription factor and plays a crucial role in early brain
development (Acampora et al. 1995). Its role in brain patterning, in defining the midbrain-
hindbrain junction and in cell fate specification is evident (Acampora et al. 1995; Matsuo et al.
1995; Ang et al. 1996; Simeone 1998; Puelles et al. 2004; Simeone et al. 2011; Beby and
Lamonerie 2013; Housset et al. 2013). Despite its various functions in normal development,
OTX2 is frequently amplified and overexpressed in the most aggressive Group 3 and 4 MBs (Di
et al. 2005; Adamson et al. 2010; Bai et al. 2012). One study evaluating the role of OTX2
overexpression in the Daoy SHH MB cell line, revealed a decrease in cell proliferation attributed
to induction of cellular senescence (Bunt et al. 2010). However, the role of OTX2 in regulating
other cellular functions such as self-renewal, cell survival and cell migration was not examined.
Our studies demonstrate a novel role for OTX2 in self-renewal and migration of human neural
precursors and MB cells and we have identified a cell context-dependent regulation of these

cellular properties.

4.2 The association between OTX2 and hESC genes is important for regulating cellular
functions in hENs and Daoy MB cells

Using normal hENs, we discovered a novel link between OTX2 and hESC gene
expression. Our working model is depicted in Figure 4.1 and we propose that OTX2 plays a
central role in regulating the earliest stages of neural differentiation to ensure appropriate
downregulation of pluripotent genes such as SOX2 and to prevent acquisition of tumorigenic
properties in SHH MB and hENs. OTX2 and SOX2 may also participate in a negative feedback

loop that provides greater control over cellular functions in these cells (Figure 4.1A-B). Indeed,
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there are 3 SOX2 binding sites (TTCAAAG and TACAAAG sequences) on the OTX2 promoter
(Ferrari et al. 1992; Okumura-Nakanishi et al. 2005); however, additional studies still need to be
conducted to further evaluate potential interactions in our model systems.

Work by Acampora et al. (Acampora, Di Giovannantonio, and Simeone 2013) supports
our model by demonstrating that OTX2 inhibits embryonic stem cell pluripotency and promotes
commitment to the epiblast state specifically in mouse cells. Other studies have shown a direct
interaction between OTX2 and SOX2 to control ocular development in Xenopus (Danno et al.
2008). However, to our knowledge, we are the first to demonstrate an association between OTX2
and SOX2 in regulating self-renewal and migration of human cells.

It has been recently shown that SOX2 binds to the LIN284 promoter and that a SOX2-
LIN28A-let-7 pathway regulates hESC-derived neural precursor proliferation and differentiation
(Cimadamore et al. 2013). In hEN and SHH MB OTX2-overexpressing cells, interaction of
OTX2 with SOX2 may prevent subsequent activation of LIN284 resulting in upregulation of /et-
7 miRNAs (Figure 4.1A-B). Our ChIP studies demonstrated an association between OTX2 and
SOX2; however they did not determine whether OTX2 binds directly or indirectly via other
proteins to the SOX2 promoter region. Moreover, whether this association is only transcriptional
(i.e. OTX2 suppresses hESC gene expression by directly repressing their promoters) or mediated
by protein-protein interactions or both in our models is unknown (Figure 4.1A). Future studies
will evaluate the mechanism(s) by which OTX2 and SOX2 regulate each other and how this
interaction between them affects expression of LIN284, downstream target let-7 miRNAs, and
other hESC genes to regulate self-renewal and other cellular properties in our models. In
addition, as Daoy is a long-term cultured cell lines which has acquired additional genetic

changes, low passage primary SHH MB cultures will be utilized to further explore the
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Figure 4.1: Working model depicting the role of OTX2 in regulating the balance between
self-renewal and differentiation during normal and aberrant neural development. The
relationship between OTX2 and hESC genes duing normal vs. aberrant embryonic neural
development (A, B). (A) During normal human neural development, OTX2 expression is
predicted to regulate the balance between self-renewal and differentiation by controlling the
expression of pluripotent genes. Following OTX2 overexpression, pluripotent genes are
downregulated and our study provides evidence of interaction between OTX2 and SOX2. (B)
Lack of OTX2 prevents the appropriate downregulation of these stem cell genes leading to
aberrant neural development and acquisition of neoplastic transformation.
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mechanism behind the inhibitory role of OTX2 in the SHH subgroup. Recently, our laboratory
has acquired a low passage primary SHH MB culture, UI226 (Passage <10 times in nude mice
and then adapted to cell culture in Stem Pro® Neural Stem Cell Medium) and has been tested for

their sphere forming ability (Liang et al. 2015).

4.3 Oncogenic role of OTX2 in Group 3 and 4 MB cells is independent of hESC genes.
While the inhibitory effects of OTX2 in hEN and SHH MB cells are at least, in part,
regulated by pluripotent factors, the oncogenic effects of OTX2 on trans-hENs as well as Group
3 and 4 MBs are not mediated by hESC genes (Figure 3.2.12). Indeed, knockdown of OTX2
resulted in a decrease in cell growth and revealed a novel role for OTX2 in regulating self-
renewal of human cells; however, this was accompanied by only modest changes in hESC gene
levels that are already quite elevated in these cells. The context-dependent function of
transcription factors is well documented. For example, OCT4 and NANOG are required for
maintaining pluripotency; however, their roles change once a hESC acquires tumorigenic
features (Ji et al. 2009). Additional studies have shown that both overexpression and knockdown
of OCT4 in embryonic stem cells induce differentiation, suggesting that optimal levels are
required for maintaining pluripotency (Niwa, Miyazaki, and Smith 2000; Chen et al. 2007). For
trans-hENs and Groups 3 and 4 MB, OTX2 interacts with other factors to maintain high self-
renewal and growth, and this will require further investigation. Additionally, subcellular
localization (Baas et al. 2000) and post-translational modifications including phosphorylation
(Kim and Lemke 2006) may contribute to OTX2’s differential roles in our model systems and
represent important avenues for future study. For example, cell type-specific subcellular

localization of Otx2 to either the nucleus and/or cytoplasm has been shown to contribute to cell
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fate determination during retinal development in the mouse (Baas et al. 2000). Similarly, other
homeodomain proteins such as Vax2 have also been shown to shuttle between the nucleus and

cytoplasm during sequential stages of retinal differentiation (Kim and Lemke 2006).

4.4 Interaction between OTX2 and axon guidance genes in Group 3 and 4 MB cells.

By propagating D283, D425 and D341 (Group 3 and 4 MB) cells in stem cell enriched
conditions, we discovered that OTX2 may act as a transcriptional regulator of axonal guidance
pathway genes including those genes associated with eph/ephrin, semaphorin, Slit and netrin
signaling. These axonal guidance genes are crucial for regulating various developmental
processes including neuronal projections, cell proliferation and cell migration (Brose et al. 1999;
Kerjan et al. 2005; Borrell et al. 2012; Sikkema et al. 2012; Bhatia et al. 2015). During cerebellar
development, the CGNPs of EGL undergo a series of cell proliferation and cell migration events
(ten Donkelaar et al. 2003) (Figure 1.4A-B). Axonal guidance signaling pathways such as
eph/ephrin, semaphorin and Slit are shown to regulate both proliferation and directional
movements of these CGNPs (Karam et al. 2000; Kerjan et al. 2005; Gibson et al. 2014). For
example, it has been reported that the ephrin-AS ligand plays an important role in CGNPs
formation and migration from the EGL to the IGL by binding to its high-affinity receptors,
EphA4 and EphA7 (Karam et al. 2000). Similarly, high expression of semaphorin (Sema6A) is
required for the tangential movement of CGNPs into the deep external granular cell layer (Kerjan
et al. 2005). In addition, previous reports have demonstrated a role for homeobox genes in
regulating axonal guidance molecules during brain and retinal development (Le et al. 2007,
Zhang and Eisenstat 2012). For example, the vertebrate orthologs of Distal-less, Dlx1/Dix2,

facilitate the tangential interneuron migration from basal forebrain by repressing the semaphorin
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Figure 4.2: Predicted working model depicting the oncogenic roles of OTX2 in Group 3
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receptor neuropilin-2 (Nrp2) in the developing forebrain of mice (Le et al. 2007). Similarly, the
ventral anterior homeobox-containing genes, VaxI/Vax2, regulate the ventral retina markers
Ephb2/EphB3 during retinal development (Zhang and Eisenstat 2012). These signaling
pathways are found to be dysregulated in MB subgroups (Werbowetski-Ogilvie et al. 2006;
Northcott et al. 2011) but their roles in progression and metastasis of Group 3 and 4 MB is
poorly understood. Our study highlights, for the first time, an association between MB
stem/progenitor cells and axonal guidance signaling pathways in MB extending our current
knowledge that axonal guidance genes are differentially expressed between the MB subtypes.
The differential expression of axonal guidance genes in OTX2 overexpressing Group 3 and 4
MB patient samples further strengthens the clinical implications of this novel association for
identification of therapeutic targets. Future studies are needed to explore the role of eph/ephrin

and semaphorin signaling in regulating Group 3 and 4 stem cell function and cell motility.

4.5 Human embryonic stem cells and their neural derivatives as a complementary model

system for studying gene functions related to MB

While our work focused on medulloblastoma as proof of principle, a hESC-based model
system can be utilized to study the role of pluripotency factors and other genes in a diverse range
of pediatric neural malignancies. For example, LIN28A, a known pluripotent factor and oncogene
(Viswanathan and Daley 2010), has also been found to be a prognostic and diagnostic marker for
PNETs (Ma et al. 2012) and other rare embryonal brain tumors (Grange et al. 2008). In support
of these findings, work in our laboratory has demonstrated that stable overexpression of LIN28A
in hENs induces neoplastic features in vitro including enhanced proliferation, neurosphere

formation and migration (unpublished data). Recently, Funato et al have utilized hESCs derived
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neural precursors to model the childhood brainstem tumor, diffuse intrinsic pontine gliomas
(DIPGs) (Funato et al. 2014). More than 70% of DIPGs have somatic mutations in the H3F3A
gene encoding histone H3.3 and exhibit poor prognosis (Schwartzentruber et al. 2012; Wu et al.
2012; Zhang et al. 2013). Expression of the mutant form of H3.3K27M in conjunction with p53
loss and platelet-derived growth factor receptor o (PDGFRA) activation induced neoplastic
transformation in neural derivatives of hESCs (Funato et al. 2014). In addition, chemical
screening using these transformed neural precursors identified a compound that inhibited tumor
growth in vitro and in mice, further strengthening the use of neural derivatives of hESCs for
understanding the relevance of genetic dysregulations to disease progression and for

identification of novel therapeutics targets (Funato et al. 2014).

Our study has revealed a previously unappreciated role for hESCs and their neural
derivatives as cellular resources for investigating the molecular mechanisms contributing to MB
progression. The use of hENs and trans-hENs circumvents the immediate need for large
quantities of expanded cells from heterogeneous MB patient samples, which are very difficult to
obtain. They also provide a scalable and reliable in vitro surrogate for putative human somatic
cancer stem cell populations that can be utilized in high-throughput screening platforms (Sachlos
et al. 2012) prior to moving into validation studies with patient samples. Finally, this model
provides a complementary system to genetically engineered mouse models for studying and

validating the function of genes of current clinical interest to the neuro-oncology community.

While our work specifically focused on the functional role of OTX2 both in vitro and in
vivo, neural precursors from hESCs can be utilized for studying any gene or signaling pathway

that regulates cellular processes such as growth, self-renewal and migration. The findings from
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these studies will have important implications not only for neurodevelopment but also for
understanding the fundamental processes contributing to pediatric brain tumor initiation and
progression. Using hESCs as both a complement to and surrogate for existing cell lines and
heterogeneous patient samples, the goal is to identify the next generation of targeted therapies
that may apply not only to MB, but also other nervous system cancers, ultimately improving the

quality of life for children who survive long-term.

4.6 Future Directions

In our overexpression studies, we have determined that the interaction between OTX2
and SOX2 is important for regulating the balance between self-renewal and differentiation. Our
ChIP-qPCR experiments demonstrated that OTX2 regulates SOX2 expression directly/indirectly
in hENs and Daoy cells. The interaction between SOX2 and LIN28A-let7 has been shown to
regulate cell proliferation and differentiation of neural precursors derived from hESCs
(Cimadamore et al. 2013). OTX2 may suppress SOX2 expression leading to downregulation of
LIN28A and subsequent upregulation of ler7 miRNAs. Thus, future studies will explore the role
of the OTX2-SOX2-LIN28A-let7 pathway in regulating cellular properties of human neural
precursors and SHH MB cells.

We have also discovered a novel association between OTX2 and axon guidance pathway
genes in the most aggressive Group 3 and Group 4 MB cells. OTX2 may directly/indirectly
regulate these genes as one or more OTX2 binding peaks have been identified within -5kb to
+2kb of the transcriptional start sites for many axon guidance genes. As axon guidance pathways
such as eph/ephrins, semaphorins and slit are found to be dysregulated in invasive Group 3 and 4
MB cells, it would be interesting to further explore how OTX2 regulates these genes using
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molecular techniques such as electrophoretic mobility shift assays (EMSA) and luciferase assays.
As eph/ephrin and semaphorins signaling are the most overerepresented pathways from our
global gene expression, ChIP-seq and patient sample data, the functional relevance of genes
associated with these pathways such as EPHA3, EPHAS, L1CAM, NRP1 and SEMA4D will be
evaluated using gain or loss of function studies in Group 3 and 4 MB cells. These candidate
genes are either directly or indirectly regulated by OTX2 as some of them exhibit OTX2 binding
peaks within their transcriptional start sites (Table 3.2.3). All these genes are negatively
correlated with OTX2 expression in Group 3 and Group 4 patient samples (Figure 3.2.20-3.2.24).
The effect of these genes on stem cell function or self-renewal and cell motility will be evaluated
both in vitro and in vivo in Group 3 and 4 MB cells. Finally, the association of selected genes
with overall survival will be estimated in those patients exhibiting high or low levels of the gene
of interest in collaboration with Dr. Michael Taylor (Hospital for Sick Children, Toronto, ON).
This will enable us to determine whether axonal guidance genes serve as prognostic indicators in
Group 3 and 4 MB.

Current standard treatments such as surgery, radiation and chemotherapy result in various
neurological deficits in the developing nervous system of young MB patients. Although high-
throughput genomic techniques have improved our understanding of the genetic and molecular
diversity within MB, the functional relevance of these differentially expressed genes and genetic
changes must be further evaluated. Recently, Lin et al have defined the subgroup specific MB
enhancers and super-enhancers responsible for tumor divergence, inferring distinct cells of origin
based on master transcriptional regulators (Lin et al. 2016). The activity and expression of master
transcriptional regulators such as LIMX1A and OTX2 are tightly controlled during development

but how they deviate from their normal functions and promote tumorigenesis is not fully
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understood. Our study also demonstrate that OTX2 is a master regulator of the Group 3 and 4
MB transcriptional program, suggesting that OTX2 and its downstream effectors are potential

therapeutic targets for these poorly characterized and highly aggressive Group 3 and 4 MBs.
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