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Abstract

Bmil is a member of the Polycomb Group proteins and has been demonstrated as being vital in
stem cell regulation. Bmil is overexpressed in many cancers, including glioblastoma, and has
been shown to regulate cancer cell self-renewal and proliferation both in vitro and in vivo. This
study aimed to determine if Bmil modulates brain tumour initiating cell properties using a
spontaneous primary glioblastoma cell line and a commercial glioblastoma cell line. To
determine the role of Bmil in glioblastoma cells, stem cell assays and in vivo analysis of tumour
formation was performed on both control cells and Bmil knockdown cells. In both cell lines,
Bmil was found to play a positive regulatory role in stem cell properties. When Bmil was
knocked down in brain tumour initiating cells, properties such as self-renewal, proliferation and
tumour formation were impaired compared to control cells. This study supports recent literature
which shows that Bmil regulates stem cell properties in glioblastoma cells and supports the

potential use of Bmil as a therapeutic target in glioblastoma brain tumours.
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Chapter 1.

INTRODUCTION
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1.1 Glioblastoma

Malignant gliomas are the most common primary brain tumour in adults, representing 70% of
primary brain tumours (Wen & Kesari, 2008). The most prevalent and aggressive type of
malignant glioma is termed glioblastoma (GBM) (Holland, 2000; Huse & Holland, 2010; Oliver
& Wechsler-Reya, 2004). Glioblastomas arise from glial cells within the central nervous system
and are extremely heterogeneous tumours displaying both intertumoural as well as intratumoural
heterogeneity (Bonavia et al., 2011; Holland, 2000; Chen et al., 2011; Wen & Kesari, 2008). The
heterogeneity of GBM extends to every level of the tumour from gross morphology down to
genetic mutations (Holland, 2000). Pathologically, glioblastomas are characterized by high levels
of proliferation, nuclear atypia, endothelial hypertrophy and hyperplasia, and necrosis (Huse &
Holland, 2010; Miller & Perry, 2007). At the molecular level, glioblastomas are characterized by
a multitude of mutations which can include p53 mutations, amplification of the epidermal growth
factor receptor (EGFR), loss of chromosome 1p and 19q, amplification of cyclin-dependent
kinase 4 (CDK4), deletion of cyclin-dependent kinase inhibitor 2A (CDKN2A), deletion of
retinoblastoma protein (Rb), amplification of platelet-derived growth factor receptor-a
(PDGFRoa,), loss of phosphatase and tensin homolog (PTEN), deletion of neurofibromin 1 (NF1),
or a mutation in isocitrate dehydrogenase 1 or 2 (IDH1/IDH2) (Huse & Holland, 2010; Verhaak

et al., 2010; Wen & Kesari, 2008).

Glioblastomas are diffuse in nature, with tumorigenic cells invading vital areas of the brain,
leaving no focal tumour to target with current therapies, and resulting in an inevitably poor
prognosis (Holland, 2000). Treatment for these tumours, which has not changed significantly for
several decades, involves surgical resection of the bulk tumour followed by radiation and

chemotherapy to target the diffusely invading cells. Average life expectancy for patients, even

2
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with aggressive treatment, is 12 to 15 months (Holland, 2000; Huse & Holland, 2010; Oliver &

Wechsler-Reya, 2004; Wen & Kesari, 2008).

1.2 Cancer Stem Cell Hypothesis

The idea that cancer cells arise from stem-like cells is not a new one. In 1867, the German
scientist Cohnheim suggested that cancer was the result of abnormal embryonic cells, now
known to be stem cells, or cells with stem cell properties (Tan et al., 2006). Stem cells make an
appealing “cell of origin” as they possess the capacity for self-renewal, providing long life spans
with time to acquire multiple mutations and become cancerous (Reya et al., 2001; Wicha et al,

2006).

The idea that a rare sub-population of cells within both circulating cancers and solid tumours
have the ability to self-renew and proliferate in vitro, as well as reconstitute the original tumour
phenotype in vivo, defines the cancer stem cell hypothesis. This hypothesis states that there is a
hierarchy of cancer cells ranging from “stem-like” cells, termed tumour initiating cells (TICs),
which have high proliferative capacity allowing the expansion of a tumour, down to more
differentiated cells which possess restricted proliferative capacity (Clarke et al., 2006; Dalerba et
al., 2007; Ishizawa et al., 2010; O’Brien et al., 2009; Pardal et al., 2003; Shackleton et al., 2009;
Shipitsin & Polyak, 2008; Visvader & Lindeman, 2008; Wicha et al., 2008). Cancer stem cells
are thought to either be derived from normal stem cells or from more committed progenitor cells
which have acquired the ability to self-renew and maintain tumour growth through mutations
(Ailles & Weissman, 2007; Clarke et al., 2006). The cancer stem cell hypothesis is an alternative
hypothesis to the clonal evolution model which suggests that, within a tumour, all cells have an

equal capacity to generate and maintain tumour growth. Within this hypothesis, certain cells
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have a growth advantage and as a result, are selected for throughout tumour development
(O’Brien et al., 2009; Reya et al., 2001; Shackleton et al., 2009; Vescovi et al., 2006; Visvader
& Lindeman, 2008; Wicha et al, 2006). The cancer stem cell hypothesis states that cancer stem
cells are similar to somatic, or adult, stem cells with several key differences. Although somatic
stem cells and cancer stem cells share many properties, such as the ability to self-renew and
differentiate into multiple lineages, one key difference between these two cells types is their
ability to regulate these stem cell properties. While somatic stem cells self-renew and
differentiate in an extremely controlled manner, cancer stem cells do so in an uncontrolled and
abnormal fashion (Pardal et al., 2003). Another distinction between somatic stem cells and
cancer stem cells must also be made clear: although both cell types show extensive self-renewal
and proliferation, cancer stem cells are defined by their ability to initiate and maintain tumour
formation in vivo (Clarke et al., 2006; Oliver & Wechsler-Reya, 2004; Vescovi et al., 2006). The
idea of cancer stem cells is an appealing one from a clinical standpoint as these cells make
excellent candidates for therapy evasion. Normal neural stem cells have been shown to possess
drug resistance abilities through the use of efflux pumps as well as DNA repair mechanisms. If
cancer stem cells are similar to normal stem cells, they too would possess these evasion
properties, supporting the hypothesis that a subpopulation of cells can evade cancer therapy and
regenerate the tumour in patients (Ailles & Weissman, 2007). This evasion of therapy has been
demonstrated in acute myeloid leukemia (AML) cancer stem cells which possess drug efflux
pumps as well as CD133" cancer stem cells which possess increased DNA damage repair activity

(Steinbach & Legrand, 2007; Bao et al., 2006).

Cancer stem cells were first identified in AML through the use of cell surface markers

CD34'CD38" which were used to isolate a highly proliferative “stem cell” population from the
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AML cell population (Bonnet & Dick, 1997). These cells both possessed high self-renewal and
were capable of initiating AML in immunocompromised mice which recapitulated the original
patient AML phenotype (Bonnet & Dick, 1997). This original identification of cancer stem cells
ruled out the stochastic model of tumour heterogeneity for leukemia. Following this discovery,
the first solid tumour cancer stem cells were discovered in breast cancer using the surface
markers CD44"CD24" (Al-Hajj et al., 2003) and shortly thereafter in medulloblastoma and
glioblastoma using the surface marker CD133" (Singh et al., 2003; Singh et al., 2004b). These
subpopulations of cells all demonstrated high self-renewal and multipotentiality both in vitro and
in vivo as compared to their non-cancer stem cell counterparts (Al-Hajj et al., 2003; Singh et al.,

2003; Singh et al., 2004b).
1.3 Brain Tumour Initiating Cells

Brain tumours are composed of both neurons and glial cells which suggest that they may also
contain pluripotent progenitor cells. Brain tumours have also been demonstrated as expressing
neural stem/progenitor cell markers such as CD133 and nestin (Oliver & Wechsler-Reya, 2004).
Primary brain tumour cells, isolated from patient samples, cultured in vitro form neurospheres, or
“tumour spheres”, under serum-free culture conditions similarly to neural stem cells (Singh et al,
2003). When placed under differentiation conditions, these tumour cells differentiate into both
neurons and glial cells which reflect the heterogeneity of the primary tumour. These observations
in vitro indicate that brain tumour cells have the capacity for self-renewal and multi-lineage
differentiation similar to neural stem cells (Oliver & Wechsler-Reya, 2004; Singh et al., 2003).
This observation of neural stem-like cells in brain tumours suggests that a subset of tumour cells

can be classified as “cancer stem cells” (Oliver & Wechsler-Reya, 2004, Singh et al, 2003).
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Brain tumour initiating cells (BTICs) were originally identified when a subpopulation of primary
brain tumour cells in non-adherent cell culture conditions selecting for neural stem cell growth
formed tumour spheres within 48 hours of placing these cells into culture (Singh et al., 2003).
Over time, these tumour spheres continued to thrive and proliferate, while the other cells within
the culture either adhered and differentiated or simply lost the ability to proliferate. The isolated
tumour spheres were then analysed for marker determination and found to be nestin positive and
CD133 positive. Nestin is an intermediate filament protein which is used as a neural stem cell
marker as it is found in undifferentiated neural cells. CD133 is a five transmembrane protein of
unknown biological function originally used to identify hematopoietic stem and progenitor cells
and thought to be a neural stem cell marker as it has been used to isolate fetal human neural stem
cells (Tabatabai & Weller, 2011; Singh et al., 2003; Singh et al.,2004a; Uchida et al., 2000; Yin
et al., 1997). The tumour spheres were subjected to neural stem cell assays to determine self-
renewal, proliferative, and differentiation capacity. Interestingly, when CD133" cells and CD133"
cells were isolated and cultured independently, CD133" cells showed the proliferative
characteristics of whole tumour spheres while CD133" cells exhibited adherence and a decrease
in proliferation. As well as displaying stem cell-like properties, the isolated CD133" cells, when
differentiated, displayed an identical phenotype to the original primary tumour rather than
differentiating as normal neural stem cells into 20-30% neurons, 50-60% astrocytes, and 5-10%
oligodendrocytes. This observation indicated that the isolated subpopulation of cells were not
normal neural stem cells but rather tumour cells with stem cell-like properties (Singh et al.,
2003). Further in vivo characterization of this subpopulation of cells revealed that only the
CD133" population were capable of forming tumours in non-obese diabetic severe combined

immunodeficient (NOD-SCID) mice. In fact, an injection of 100,000 CD133" cells did not
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initiate tumour formation whereas an injection of 100 CD133" cells was able to initiate tumour
formation (Singh et al., 2004b). The xenograft tumours also recapitulated the original patient
tumour phenotype. To truly confirm whether these CD133" cells reflected a cancer stem cell
population, serial re-transplantation of primary xenografts was performed. All mice injected
serially with primary xenograft cells exhibited tumour formation and the secondary tumour
reflected the original patient tumour phenotype confirming that the CD133" subpopulation of
cells displayed in vivo self-renewal and reflected a cancer stem cell population (Singh et al.,

2004b).
1.4 Caveats of the Cancer Stem Cell Hypothesis

Much debate exists around the ideas proposed in the Cancer Stem Cell Hypothesis. The main
argument against the Cancer Stem Cell Hypothesis is that the hypothesis attributes cancer
properties to the intrinsic cellular processes and may not account for extrinsic factors such as
environmental niche and immune system (Rosen & Jordan, 2009). Normal stem cells require a
niche for survival and maintenance of stem cell properties, therefore the same must hold true for
cancer stem cells, however, this has not yet been fully explored within the Cancer Stem Cell
Hypothesis (Shipitsin & Polyak, 2008). This argument is further supported by the idea that the
“gold standard” for demonstrating the existence of cancer stem cells is serial re-transplantation in
a xenograft model. Xenografts, although informative, do not provide human cells with the
appropriate extrinsic factors and cues. In this regard, it is argued that xenograft models merely
select for cells which are better able to survive in a mouse environment rather than selecting for
truly tumorigenic cells (Clarke et al., 2006; Hadjipanayis & Van Meir, 2009; Kelly et al., 2007;
Marquardt et al., 2010; Rosen & Jordan, 2009; Shipitsin & Polyak, 2008, Visvader & Lindeman,

2008). This is especially true for solid tumours which require extensive niches for growth,
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including endothelial cells and extensive vasculature (Shipitsin & Polyak, 2008). The niche of a
tumour is so important that it has even been shown that the site of injection of tumour cells can
create marked differences in engraftment rates and therefore cancer stem cell read-out (Clarke et
al., 2006; Visvader & Lindeman, 2008). This has been demonstrated using GBM cells which,
when injected subcutaneously, resulted in a 50% engraftment rate as compared to 100%
engraftment when injected intracranially (Galli et al., 2004). Furthermore, intrinsic factors of
cancer cells such as genomic instability and rapid changes in marker expression are not
accounted for by the Cancer Stem Cell Hypothesis. Malignant cells are known to change over
time and adapt to environmental changes, thus raising the question about the validity of using
surface markers to isolate so-called cancer stem cells. Not only have surface markers been shown
to be stochastically activated by culture conditions thus impacting the true isolation of a cancer
stem cell, the ever changing nature of malignant cells dictates that surface marker expression
would change rapidly as a result of environmental changes and stressors (Clarke et al., 2006;
Emmenegger & Wechsler-Reya, 2008; Marquardt et al., 2010; Shipitsin & Polyak, 2008). As
well as surface marker expression changes as a result of environment, technical issues such as
different cell preparation techniques and different isolation techniques leads to marked
differences in supposed cancer stem cell frequencies as reported by different groups (Clarke et

al., 2006; Visvader & Lindeman, 2008).

1.5Bmil

The Bmil (B cell-specific Moloney murine leukemia virus insertion site-1) gene is located on the
plus strand of chromosome 10 at 22,605,381 bp from pter (Alkema et al., 1993). The gene
extends over a 4.9Kb range and comprises 10 exons and 9 introns (Jiang et al., 2009). The

functional promoter region of Bmil has yet to be conclusively defined and as a result, most
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researchers use a sequence of 20-30 base pairs upstream of the translational start site as the
promoter (Abdouh et al., 2009; Alkema et al., 1993; Chiba et al., 2008; Zencak et al., 2005). The
Bmil protein is 37KDa and is comprised of 326 amino acids. It is mainly found in the nucleus
but is also present in the cytoplasm of a cell (Cohen et al., 1996). Bmil contains a RING-type
zinc finger at the N-terminus of the protein and a conserved helix-turn-helix site in its centre

(Alkema et al., 1993; Dimri et al., 2002; Jiang et al., 2009; Park et al., 2004).

Bmil is a member of the highly conserved polycomb group (PcG) genes and acts as a
transcriptional repressor of multiple genes, including genes which determine proliferation and
differentiation of cells throughout development (Alkema et al., 1993; Bracken et al., 2010; Chen
et al., 2010; Sauvageau & Sauvageau, 2010; Schuringa & Vellenga, 2010; Valk-Lingbeek et al.,
2004). Bmil is one of several subunits in the polycomb repression complex 1 (PRC1) which is
also comprised of Mel-18, RinglA/B, CBX2, CBX4, CBX6, CBX7, CBX8, and PH1/PH2 (Li et
al., 2006). A second repression complex, PRC2, is comprised of the subunits EZH2, EED,
SUZ12, and RbAp46/48. Together PRC1 and PRC2 are responsible for the transcriptional
regulation of multiple genes through histone modifications (Bracken et al., 2010; Kallin et al.,
2009; Schuringa & Vellenga, 2010). The initial step of transcriptional regulation involves the
trimethylation of histone 3 on lysine 27 by PRC2 which compacts the chromatin. The
catalytically active subunit of PRC2 responsible for this step is EZH2, a histone
methyltransferase specific to lysine 27 of histone 3 and lysine 26 of histone 1. The PRC1
subunits recognize the H3K27 trimethylation mark (H3K27me3) left by PRC2 and subsequently
induce the monoubiquitination of lysine 119 of histone H2A. The monoubiquitination of lysine
119 of histone H2A is made possible by Bmil which binds to Ring1B thus stimulating its E3

ligase activity (Bracken et al., 2006; Bracken et al., 2010; Kallin et al., 2009; Li et al., 2006;
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Schuringa & Vellenga, 2010; Wang et al., 2004). The monoubiquitination of H2A then represses
gene transcription or induces complete silencing by physically blocking RNA Polymerase Il

(Bracken et al., 2010; Schuringa & Vellenga, 2010; Zhou et al., 2008).

The monoubiquitination of H2A leaves a uH2A mark which can be detected using chromatin
immunoprecipitation sequencing (ChIP-Seq) technology. Using this technology, it was found
that Bmil-dependent uH2A marks are increased at genes which are silenced or have low
expression, confirming that Bmil represses such genes (Kallin et al., 2009). It was also found
that there was a bias of Bmil-dependent uH2A marks present at genes which contained
H3K27me3 marks, however, some uH2A marks were still present where no H3K27me4 marks
existed, indicating that there may be other unknown recruitment mechanisms for PRC1 other

than PRC2 (Kallin et al., 2009).

Interestingly, PcG binding and H3K27me3 marks are found to be increased within stem cells and
are associated with self-renewal. During differentiation, binding decreases and repression is
released, allowing the transcription of certain genes. It is also thought that the increased PcG
binding seen in stem cells may be associated with certain cancer causing mutations, such as
overexpression of oncogenes like Bmil or silencing of tumour suppressor genes (Bracken et al.,

2006).

1.6 Bmil and Cancer

Within normal neural stem cells, Bmil has been shown to play a role in self-renewal and
proliferation. Bmil overexpression has been demonstrated as resulting in increased self-renewal
and proliferation as well as decreased differentiation, thus making it an excellent target for

potential deregulation within cancer (He et al., 2009; Yadirgi et al., 2011). Bmil was first

10
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identified as an oncogene which cooperated with the oncogene c-myc within murine
lymphomagenesis (Haupt et al., 1991; van Lohuizen et al., 1991). Bmil has since been
demonstrated as being present and often overexpressed in multiple cancers including leukemia,
hepatocellular carcinoma, laryngeal carcinoma, lung cancer, breast cancer, colon cancer, and
brain tumours such as medulloblastoma and glioblastoma (Schuringa & Vellenga, 2010; Chiba et
al., 2008; Chen et al., 2010; Silva et al., 2006; Kim et al., 2004; Leung et al., 2004; Abdouh et
al., 2009; He et al., 2009; Jacobs et al., 1999a; Liu et al., 2006). Interestingly, within
glioblastoma cells, overexpression of Bmil is not associated with gene amplification therefore it

is most likely the result of increased transcription (Abdouh et al., 2009).

One of the most studied Bmil pathways associated with cancer is the repression of the
INK4A/ARF locus. The INK4A/ARF locus is located on chromosome 9p21, a chromosome whose
short arm is often mutated in human cancers (Sharpless & DePinho, 1999). Within this pathway,
Bmil directly or indirectly represses transcription of CDKN2A, which encodes for the two
cyclin dependent kinases INK4A and ARF (Abdouh et al., 2009; Gil et al., 2005; Pardal et al.,
2003). It has been demonstrated that increased Bmil levels are associated with low INK4A and

AREF levels indicating a potential regulatory role by Bmil (Kim et al., 2004).

The inhibitor of cyclin-dependent kinase 4 (INK4A) family of proteins contains the tumour
suppressor p16 which acts in the retinoblastoma protein (pRB) cellular growth pathway. Within
this pathway, p16 binds to and inhibits CDK4/cyclin D by inhibiting its kinase activity through
the distortion of the cyclin-binding site. This prevents ATP binding and subsequently prevents
the phosphorylation of pRB (Grinstein & Wernet, 2007; lvanchuk et al., 2001; Sharpless &
DePinho, 1999). This causes an arrest in the cell-cycle progression and senescence in cells.

Interestingly, pRB is essential to this cell cycle arrest, as seen in cells lacking pRB which do not

11
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show arrest even when levels of p16 are increased. Clinically, this is seen in many gliomas which

have a loss of pRB but retain p16 (lvanchuk et al., 2001).

The Alternative Reading Frame (ARF) locus encodes for the protein p14 (p19 in mice) and acts
on the p53-mediated cellular growth pathway. In this pathway, p14 inhibits MDMZ2, a ubiquitin
ligase responsible for targeting p53 for degradation by displacing it from the nucleus to the
nucleolus. This leaves p53 free to act as a transcription factor for its downstream targets,
resulting in an inhibition of cell cycle progression and the promotion of apoptosis (Grinstein &

Wernet, 2007; Ivanchuk et al., 2001).

Bmil regulates INK4A and ARF through transcriptional repression in a dose-dependent manner
(Jacobs et al., 1999b). Through direct or indirect inhibition of CDKNZ2A transcription, Bmil
inhibits p16 thus preventing the suppression cyclin D dependent kinases and inducing
phosphorylation of retinoblastoma protein (Rb) resulting in increased cell proliferation. Bmil
also acts by suppressing p14/p19, through repression of CDKNZ2A transcription, thus preventing
its binding to MDMZ2. This subsequently allows MDM2 to bind to and degrade p53 resulting in
decreased apoptosis (Bruggeman et al., 2007; Chen et al., 2010; Jacobs et al., 1999a; Jacobs et
al., 1999b; Pardal et al., 2003). These findings have been verified consistently in mouse
embryonic fibroblasts however, in human embryonic fibroblasts, it has been found that
overexpression of Bmil decreases INK4A transcription but not ARF transcription (Bracken et al.,
2010). Further analysis found that the PRC1 and PRC2 combine and “blanket” the INK4A locus,
a 10Kb locus, but do not repress ARF in the same manner as seen by the H2A mark on INK4A
promoter but not on the ARF promoter (Bracken et al., 2010). Importantly, in order for Bmil to

continuously repress the INK4A/ARF locus, PRC2 must be continuously associated. If
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components of PRC2, such as EZH2 or SUZ12, are downregulated, Bmil dissociates from the

promoter and transcription is no longer repressed (Bracken et al., 2010).

Many other potential Bmil pathways exist which may be involved in cancer progression. One
method of repression may involve the oncogene c-myc, a member of a family of transcription
factors important for cell proliferation and differentiation throughout development.
Overexpression of c-myc has been linked to tumorigenesis through decreased differentiation and
increased self-renewal however when expressed alone, it induces mouse embryonic fibroblast
apoptosis through increased p19 transcription (Jacobs et al., 1999b; Li et al., 2009). When Bmil
and c-myc are expressed together, however, apoptosis is prevented and proliferation is increased.
When INK4A/ARF is lost, this relationship is not seen, thus it has been speculated that Bmil
inhibits apoptosis by c-myc through direct inhibition of the INK4A/ARF locus, which results in

increased proliferation and transformation (Alkema et al., 1993; Jacobs et al., 1999b).

Another pathway of repression involves human telomerase reverse transcriptase (nTERT) which
activates telomerase activity, preventing telomere erosion and cellular senescence. It has been
found that Bmil may bind to and activate transcription of hTERT, leading to the immortalization
of mammary epithelial cells through telomerase activity; however, this binding appears to be

cell-type specific, as this effect was not seen in human fibroblasts (Dimri et al., 2002).

Another Bmil pathway of repression involves the helix-loop-helix inhibitor of differentiation
and DNA binding (1d1). Id1 is a well known oncogene which stimulates cell cycle progression
and cell proliferation. Id1 activates the serine/threonine protein kinase, Akt, pathway and leads to
increased phosphorylation of Akt. The increased phosphorylation of Akt induces the degradation

of Mel-18, a subunit of the PRC1 complex, which leads to the activation of c-myc. C-myc then
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binds to the E-box in the Bmil promoter inducing transcription of Bmil in the nucleus. Bmil
then binds to RING1B and increases its E3 ligase activity subsequently promoting histone H2A
ubiquitination at lysine 119 which leads to the silencing of genes such as p14 and p16 (Qian et

al., 2010).

Together, these pathways reveal several potential targets of Bmil mutation which could result in

uncontrolled proliferation and cancer.

1.7 Bmil Knockdown

Bmil has been found to be essential for the self-renewal and proliferation of both normal neural
and hematopoietic stem cells (Abdouh et al., 2009; Ailles & Weissman, 2007; Bruggeman et al.,
2007; Chen et al., 2010; Fasano et al., 2007; Gil et al., 2005; Lessard & Sauvageau, 2003; Park
et al., 2004). It has been demonstrated as a key component of PRCL1, as the loss of Ringla or
M33 from the complex do not affect self-renewal of neurospheres, while loss of Bmil causes
clear deficits in self-renewal (Bruggeman et al., 2005). Bmil deficiency has been demonstrated
as having a negative effect on self-renewal, proliferation, and differentiation potential in multiple
cell types including normal murine neural stem cells, hematopoietic stem cells and cancer stem
cells both in vitro and in vivo (Fasano et al., 2009; Molofsky et al., 2003; Bruggeman et al.,
2007; lwama et al., 2004; Schuringa & Vellenga, 2010; Abdouh et al., 2009; Chen et al., 2010;

Gil et al., 2005; Lessard & Sauvageau, 2003).

Within mouse embryonic fibroblasts, Bmil deficiency leads to premature senescence of cells as
compared to wild-type fibroblasts, while overexpression of Bmil immortalizes fibroblasts
through increased cell proliferation (Jacobs et al., 1999a). Decreased cell growth and increased

apoptosis is also seen when Bmil is knocked down in normal cells and normal stem cells,
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however the effect is much more acute (Liu et al., 2006). Interestingly, some researchers have
found that when Bmil is knocked down in neural stem cells, self-renewal and proliferation
decrease, however survival and differentiation of cells remains similar between control cells and

Bmil/ cells (Molofsky et al., 2003).

Bmil has been demonstrated as being crucial for self-renewal and proliferation both in vitro as
well as in vivo. In fact, in vivo analyses of GBM cells showed increased caspase-3 activity 10
days post-injection in Bmil knockdown cells, indicating increased apoptosis and suggesting that
Bmil is necessary for tumour formation in vivo (Abdouh et al., 2009). Also, in vitro studies of
GBM cells indicated that when Bmi1l is knocked down, levels of human leukocyte antigen
(HLA) immune response molecules increase, suggesting that Bmil may support tumour evasion

from host immune cells through inhibition of HLA molecules (Abdouh et al., 2009).

When Bmil is knocked down in both haematopoietic stem cells and cancer stem cells, levels of
pl4 and p16 become upregulated and reactive oxygen species levels increase, resulting in
decreased cell growth and increased apoptosis (Bruggeman et al., 2007; Gil et al., 2005; Jacobs
etal., 1999a; Liu et al., 2006; Molofsky et al., 2003; Schuringa & Vellenga, 2010). Further
studies have indicated that Bmil knockdown in GBM cells inhibits cell proliferation and self-
renewal in vitro through increased apoptosis and differentiation, independent of a functional
INK4A/ARF locus, suggesting alternative pathways for Bmil repression (Abdouh et al., 2009).
When studied further using microarray and ChIP analysis on INK4A/ARF -/- GBM tumours, it
was determined that in the absence of INK4A/ARF, Bmil binds to and inhibits p21, which blocks
cell growth through the inhibition of CDK4 and prevention of Rb phosphorylation and maintains
the Rb-E2F complex required to repress cell-cycle progression (Abdouh et al., 2009; Fasano et

al., 2007). Bmil inhibition on p21 has also been demonstrated in normal murine neural stem
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cells in which Bmil knockdown revealed an increase in p21 levels but no change in p16 or p19
levels (Fasano et al., 2007). Furthermore, p18 was found to be increased in INK4A/ARF -/- GBM
tumours and increased further when Bmil was knocked down leading investigators to believe
that p18 compensated for p16 deletion in gliomas and was a target of Bmil suppression (Abdouh

et al., 2009).

When prostate cancer cells are subjected to Bmil knockdown, levels of p53 and PTEN increase,
while levels of cyclin D1 decrease. Of particular interest is phosphatase and tensin homolog
(PTEN), a tumour suppressor which dephosphorylates phosphatidylinositol (3,4,5)-trisphosphate
(P1P3) into phosphatidylinositol 4,5-bisphosphate (PIP2) thus inhibiting phosphoinositide 3-
kinase (PI3K) mediated tumorigenic activity. It has been demonstrated that PTEN binds to and
inhibits Bmil in the nucleus of prostate cancer cells thus releasing the suppression of p16 and
pl4 and preventing Bmil-mediated proliferation (Fan et al., 2009; Chen et al., 2010; Schuringa
& Vellenga, 2010). However, PTEN is often inactivated in glioblastoma tumours perhaps

allowing Bmil to suppress apoptosis and cell cycle exit (Vescovi et al., 2006).

Through siRNA studies, it was found that depletion of any number of PRC1 or PRC2 members
led to an increase in the other members of the complexes indicating that Polycomb Group genes
autoregulate their synthesis in response to changes in expression of other complex members
(Bracken et al., 2006). Interestingly, when Bmil is knocked down in cells, levels of the PRC1
complex member CBX7 increase and rescue senescence of cells and when CBX7 is knocked
down, Bmil levels rise and rescue senescence indicating potential autoregulation within the

complex and another potential method of mediating proliferation (Gil et al., 2005).
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Although Bmil is implicated in multiple cancer types, its pathway is not yet fully understood
(Schuringa & Vellenga, 2010). It is well known that Bmil binds to and represses p14 and p16
thus leading to decreased apoptosis and increased proliferation respectively, however, the
upstream regulators of Bmil have yet to be well defined. It has been demonstrated that the
oncogene SALL4 upregulates Bmil through direct binding to its promoter in AML (Schuringa &
Vellenga, 2010). Other genes which increase Bmil expression include sonic hedgehog (Shh) and
microRNA 128 (mir128) (Schuringa & Vellenga, 2010). Within the sonic hedgehog pathway,
sonic hedgehog binds to and inhibits Patched which releases inhibition on Smoothened allowing
it to enter the cell. There, it stimulates the Glil transcription factor to enter the nucleus and
increase transcription of Bmil leading to inhibition of the INK4A/ARF locus and increasing cell
proliferation and inhibiting apoptosis (Bruggeman et al., 2007; Valk-Lingbeek et al., 2004).
However, much work still remains to determine other Bmil regulatory mechanisms and

pathways which may influence cancer progression.

The current study aims to investigate the effect of Bmil knockdown on glioblastoma stem-like
cells. In vitro as well as in vivo analysis of Bmil knockdown will be performed in order to
determine the effect of Bmil on self-renewal and proliferation. We hypothesize that the loss of
Bmil will result in decreased self-renewal and proliferation in vitro and decreased glioblastoma

brain tumour formation in vivo.
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Chapter 2.

METHODS
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All work with live cells, including animal work, was carried out in Class Il Biological Safety

hoods.

2.1 Tumour Dissociation, RBC Lysis, Cell Feeding

Primary brain tumour samples were obtained from consenting patients following Hamilton
Health Sciences/McMaster Health Sciences Research Ethics Board guidelines. Samples were
collected from both the Hamilton General Hospital and McMaster University Medical Centre.
Primary brain tumour samples were dissociated in artificial cerebrospinal fluid with 200pL
Liberase Blendzyme3 (0.2 Wiinsch units/ml, Roche) and placed on an incubator shaker (VWR)
at 37°C for 15 minutes. The dissociated tissue was then filtered through a 70um cell strainer
(BD) and the resulting solution was centrifuged at 290 g for 5 minutes. Supernatant was removed
and red blood cells were lysed using ammonium chloride solution (Stem Cell Technology)
previously warmed to 37°C. After 5 minutes of incubation at room temperature, the sample was
centrifuged at 290 g for 5 minutes. Supernatant was removed, and cells were washed once with
PBS (Hyclone). After PBS wash, the pelleted cells were resuspended and plated in an ultra-low
attachment plate (Corning) in serum-free neural stem cell media (Tumour Sphere Medium).
Complete neural stem cell media is composed of neural stem cell basal media (1% N2
supplement (Gibco), 0.2% 60pg/mL N-acetylcystine (Sigma), 2% neural survival factor-1
(Lonza), 1% HEPES (Wisent), and 6mg/mL glucose (Sigma) in 1:1 DMEM:F12 media (Gibco)),
supplemented with human recombinant EGF (20ng/ml; Sigma), bFGF (20ng/ml; Invitrogen),
LIF (10ng/ml; Chemicon), and antibiotic and antimycotic solution (Wisent). Cultures were

incubated at 37°C, 5% CO, and fed every other day.
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2.2 Secondary Sphere Formation Assay

A single-cell suspension was prepared by dissociating tumour spheres with 5-10uL of Liberase
Blendzyme3 (0.2 Wunsch units/ml, Roche) in ImL PBS for 5-10 minutes at 37°C. Cells were
counted using trypan blue exclusion dye (Invitrogen) with the Countess Automated Cell Counter
(Invitrogen). A solution of 2000 live cells/mL of neural stem cell media was used to prepare
dilutions ranging from 200 cells/100uL to 2 cells/100uL; for each dilution, four replicates of
100uL were plated in a 96-well ultra-low attachment plate (Corning). Cultures were left
undisturbed at 37°C for one week, after which the number of spheres per well were counted. The
secondary sphere formation rate was calculated from the number of spheres forming from 2000

dissociated cells to quantify stem cell frequency.

2.3 Sphere Size Assay

Sphere size from the secondary sphere formation assay was used as a measure of cellular
proliferation within cells (Tropepe et al., 1999). Spheres from wells of the secondary sphere
formation assay were imaged using an Olympus 1X81 microscope at day 7 post-plating (Model:
IX-1LL100LH) and sphere diameter was measured using the callipers tool on the Metamorph
software. Five sphere diameter measurements were taken and average sphere size was

determined.

2.4 Proliferation Assay

A single-cell suspension was prepared as described previously. Cells were counted as described
previously and 500 live cells/well were plated under two distinct conditions: serum-free neural
stem cell media (Tumour Sphere Medium) and basal neural stem cell media with 10% FBS
(Hyclone) and antibiotics. Triplicates of each condition were plated in 5 plates (Day 0, Day 3,

Day 5, Day 7, and Day 10). On each respective day, plates were centrifuged at 290 g for 5
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minutes and media was removed from plates. The plates were then frozen at -80°C for a
minimum of 24 hours. Once all plates were frozen down, the cell proliferation assay was
performed using the CyQuant Cell Proliferation Kit (Invitrogen) and 400-fold diluted CyQuant
dye in 1x cell lysis buffer was added to each well and analysed using a FLUOstar Omega
fluorescence Microplate reader (BMG LABTECH) at Aex=485, Aem=525. The proliferation assay
measures cell proliferation through the use of CyQuant dye which binds to nucleic acids and

emits a fluorescent signal which can be detected to determine relative levels of nucleic acids.

2.5 Differentiation Assay and Cell Staining

For flow cytometric analyses of differentiation, cells from cultures were plated in a 6-well flat-
bottom plate (Falcon) in basal neural stem cell media with 20% FBS (Hyclone) and antibiotics.
After 7 days of differentiation, media was removed and wells were washed once with PBS.
Trypsin (0.05% in 0.53mM EDTA; Invitrogen) was added to each well and incubated at 37°C for
5 minutes. PBS was added and cells were collected. Cells were centrifuged at 290 g for 5
minutes and resuspended in fresh PBS. Cells were counted and aliquots of 100,000 cells/100ul
were placed into the appropriate number of flow tubes (BD Falcon) and centrifuged at 290 g for
5 minutes. Cells were resuspended in 100uL of PBS with 2mM EDTA (Sigma). Conjugated
antibodies for CD133 surface staining and isotype control were added in the appropriate
dilutions (Supplementary Table 1). After a 35 minute incubation on ice, cells were washed with
PBS and 200pL of fix-perm solution (BD) was added to each tube. After a 20 minute incubation
on ice, cells were washed with 1mL cytoperm buffer (BD) and resuspended in 100uL of
cytoperm buffer. Intracellular antibodies and the appropriate isotype controls for Bmil, MAP2

(neuronal marker), and GFAP (glial cell marker) were then added to the cells in the correct
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concentrations (Supplementary Table 1). Cells were left to incubate with conjugated antibodies
for 45 minutes on ice. Cells were washed with 2mL of cytoperm buffer and resuspended in
250uL of PBS with 2mM EDTA. Stained cells were then analysed using the MoFlo XDP
(Beckman Coulter).

For immunofluorescence staining of differentiated cells, cells from culture were suspended as
single cells and plated on coverslips (Fisher Scientific) (25,000 live cells/coverslip), previously
coated in a 1:10 dilution of Matrigel (BD Biosciences) in a 24-well flat-bottom plate (Falcon), in
basal neural stem cell media with 20% FBS (Hyclone) and antibiotics. After 7 days of
differentiation, a 4% solution of PFA (Falcon) was added to each well and incubated at room
temperature for 10 minutes. The PFA solution was removed and the wells were washed gently
with PBS. A 0.1% Triton X solution (Sigma) was then added to each well as a permeabilisation
buffer for 15 minutes at room temperature. The permeabilisation buffer was removed and the
wells were washed with PBS twice. A 1.5% goat serum solution in PBS (Santa Cruz) was added
to each well as a blocking agent and left to incubate at room temperature for 1 hour. Antibodies
targeting internal antigens MAP2 and GFAP were then added using the appropriate dilutions
(Supplementary Table 1; conjugated MAP2, unconjugated primary GFAP). Plates were covered
with foil and left at 4°C overnight. The following morning, antibodies were removed and cells
were washed using wash buffer (BD Biosciences). Washing was done three times for 5 minutes
each time on an incubator shaker (VWR) which was gently rocking. Secondary antibodies were
added and after 30-45 minutes of incubation in the dark, cells were washed three times for 5
minutes each time on an incubator shaker with wash buffer (BD Bioscience). A Hoechst solution
(1:20,000) was added to each well and incubated in the dark for 10 minutes at room temperature

followed by a PBS wash. Coverslips were removed using forceps, rinsed with water, and
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mounted on slides using fluorescent mounting media (Dako). Slides were visualized using an

Olympus 1X81 fluorescent light microscope (Model: 1X-1LL100LH).

2.6 Flow Cytometry and Cell Sorting

Flow cytometry allows us to analyse huge numbers of individual cells as well as recover specific
populations of interest through sorting. The fluidics system of a cytometer is responsible for
aligning the cells in single file. This is achieved through the interaction of sheath fluid moving
through a flow cell at a faster velocity than an injected cellular suspension. This difference in
velocity creates pressure on the cellular suspension and forces it into a stream of single cells.
This process is termed hydrodynamic focusing (Rahman, 2009). After this focusing, the cells
may pass through one or more lasers beams and the scattered laser light and/or fluorescence of
each particle is collected by photomultiplier tube detectors. The laser light scattered in a forward
direction, or Forward Scatter, provides a relative measurement of cell size while scattered light
measured at a 90° angle reveals information about the granular content (Rahman, 2009). These
two parameters are frequently used together to visualise a sample’s distribution and allows
gating out of cellular debris and possible doublets. A series of optical filters separate the
fluorescence light emitted. Fluorescence signals may have a wide distribution of intensity and are
generally displayed on a log scale so that weak signals are expanded and strong signals are
compressed allowing both to be plotted graphically (Rahman, 2009). Once the gates are set, cells
can be analysed and displayed as single-parameter histograms of count versus fluorescence
intensity or two-parameter dot plots, in which each dot represents a single “event” or cell’s
distribution for the staining parameters. For cell sorting, the sheath stream is vibrated so that

droplets are formed. When the desired cell or particle reaches the position of the last attached
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droplet the fluid stream is electrostatically charged and the charged droplet is directed either left
or right by voltage plates into a collection tube (Rahman, 2009).

For flow cytometry, a single-cell suspension was prepared as described previously and single
cells were suspended in PBS with 2mM EDTA (Sigma). Cells were then stained according to
staining protocol described previously using conjugated antibodies (Supplementary Table 1). For
cell sorting based on GFP expression, a single-cell suspension was prepared and cells were
suspended in complete neural stem cell media for sorting. One hour after sorting, cells were
centrifuged at 244 g for 3 minutes and plated in 24-well ultra-low attachment plate (Corning) in

complete neural stem cell media.

2.7 Viral Knockdown
Lentiviral constructs CS-H1-BmilshRNA-EF-1 -EGFP expressing short hairpin RNA (shRNA)
which target Bmil 1 (Target sequence: 5>-GAGAAGGAATGGTCCACTT-3’) and CS-HI Luc
shRNA-EF-1 —EGFP expressing the targeting sequence for Luciferase (as a negative control),
were a kind gift to the Singh lab from Professor Atsushi Iwama (Chiba et al., 2008).
Knockdown validation was carried out with three lentiviral constructs expressing ShRNA
(Genecopoeia). Lentiviral constructs used included shBmil 2 (Target location: 1015, Target
sequence: 5>-GACTGTGATGCACTTAAGA-3), shBmil 3 (Target location: 1091, Target
sequence: 5>-GAGGAGGAACCTTTAAAGG-3’), shBmil 4 (Target location: 507, Target
sequence: 5>-TGCATCGAACAACGAGAAT-3’), and a scrambled control. Bmil DNA targets
can be found in Supplementary Figure 1.

2.7.1 Plasmid DNA Extraction
Plasmid DNA was received from Dr. lwama (shBmil 1, shLuc) and from Genecopoeia (shBmil

2, shBmil 3, shBmil 4, shControl (scramble control)) on filter discs. For DNA extraction from
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the filter discs, 20pL of TE (10:1 Tris:EDTA, pH 8.0; Promega, Sigma) buffer was added to the
finely cut discs and incubated at room temperature for 20 to 30 minutes. The solution was then
vortexed and centrifuged at 580 g for 3 minutes. Supernatant containing plasmid DNA was then
removed and used for transformation. E.coli cells, DH5alpha, (Invitrogen SKU# 18265-017)
were used for transformation. 50uL aliquots of DH5alpha cells were placed in an ice-cold
eppendorf tubes (Fisher Scientific). For each sample, 5L of extracted plasmid DNA was added
to the DH5alpha cells and mixed gently by tapping the eppendorf tube. The pUC 19 plasmid was
used as a positive control and water was used as a negative control. Cells were incubated on ice
for 30 minutes followed by a heat shock in a 42°C water bath for 20 seconds. Cells were then
placed back on ice for 2 minutes. Next, 950uL of warm super optimal broth with catabolite
repression (SOC) media was added to each eppendorf tube and incubated at 37°C on an
incubator shaker, set to 0.7 g, for one hour. Following incubation, 20-200uL of each transformed
E.coli cells were plated on LB agar plates containing 100ug/mL of ampicillin. The LB agar
plates were incubated at 37°C in an inverted position overnight. The following day, isolated
colonies were inoculated individually in 5 mL LB broth with ampicillin. After 8 hours of
incubation, each culture was transferred to 100 mL LB broth with ampicillin for MaxiPrep of
plasmid DNA. MaxiPrep was carried out using the Plasmid DNA MaxiPrep Kit (Norgen Biotek).
Lysate was prepared by centrifuging 100 mL of the bacterial culture containing the plasmid
DNA at 6000 g for 15 minutes. Supernatant was carefully removed and cells were resuspended
in 6 mL of Resuspension Buffer containing RNAse. The cellular suspension was incubated for
15 minutes at room temperature. Following incubation, 6 mL of lysis solution was added to the
suspension and gently mixed in by inverting the tube repeatedly until the solution turned clear

indicating that the cells had lysed. 6 mL of Neutralization Solution was immediately mixed in.
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The solution was centrifuged at 14,000 g for 10 minutes to pellet out the insoluble particles and
clarify the lysate. The supernatant containing the lysate was transferred to a filter column
assembly and centrifuged in a swinging bucket rotor centrifuge at 3000 g for 5 minutes to
remove any remaining particles. To the clarified lysate, 2 mL of Binding Solution was added and
mixed well. 200uL of Endotoxin Removal Solution was mixed in well and left to incubate at
room temperature for 5 minutes. Then, 2 mL of Isopropanol was added to the solution and mixed
in by vortexing. The lysate was then applied to the reservoir of the spin column assembly and
centrifuged in a swinging bucket rotor centrifuge at 3000 g for 5 minutes. The flowthrough was
discarded and the spin column was reassembled with the collection tube. To the column
assembly, 15 mL of Wash Solution was added and the assembly was centrifuged at 3000 g for 10
minutes. Then, 0.5 mL of Elution Buffer was added to the column and the unit was centrifuged at
3000 g for 5 minutes. The collection tube was discarded and a small amount of the Elution
Buffer was passed through the column. A fresh 50 mL Elution Tube was attached to the column
containing the resin bound DNA and 2 mL of Elution Buffer was added to the centre of the resin
bed. The column was centrifuged at 3000 g for 5 minutes. The DNA was quantified using
Nanodrop spectrophotometer and 260/280 ratio was noted for purity of the sample. Agarose gel
electrophoresis was performed to verify the DNA.

2.7.2 Production of Virus
Lentiviral constructs were generated using the HEK (Human Embryonic Kidney) 293 FT cell
line. HEK 293 FT cells were plated on seven 100mm tissue culture plates (BD Falcon) and
grown in DMEM high glucose media supplemented with Na pyruvate, NEAA, L-glutamate, 10%
FBS, and 1puL/mL Geneticin antibiotic (500ug/ml, Invitrogen). Cells were passaged twice before

beginning transfection. The DNA concentration (shBmil 1-4, shLuc or scramble control) used
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for the constructs for each plate was 3pg. As well, each plate received 9uL of Virapower
Packaging Mix (Invitrogen) containing pLP1, pLP2, and pLP/VVSVG packaging plasmids at
1pg/ul in TE buffer and 36uL of Lipofectamine 2000 (Invitrogen) suspended in 3mL of
optiMEM media (Invitrogen). One plate was used as a control plate and no DNA was added.
Plates were then topped up with 7mL of optiMEM media and placed in the BSL2+ lentivirus
incubator (37°C, 5% CO,). Cells were left with constructs overnight (24h) and the media was
removed and replaced with 10ml HEK media without antibiotics. 48-72 hours post-transfection,
the control plate was observed under fluorescence microscope to confirm no GFP present and
discarded. Supernatants were centrifuged at 1811 g for 15 minutes at 4°C to pellet out debris.
Supernatants were then transferred to new Falcon tubes and filtered through a Millex-HV
0.45um PVDF filter. The viral suspension was then centrifuged at 115,993 g and 4°C for 2 hours.
The supernatant was discarded and each pellet was resuspended in ImL PBS. Each virus type
was then aliquoted into 10 cryovials (100uL/cryovial) and frozen at -80°C in a locked freezer.
2.7.3 Titration of Virus
Transduction of Daoy medulloblastoma cell line was performed in order to determine the
multiplicity of infection (MOI) for each virus. Daoy cells were plated in a regular 6-well tissue
culture plate such that there were 40 000 cells/well in ATCC MEM media. On day 2, the media
was changed on all wells and 107 dilutions (10pL) as well as 10 dilutions (1pL) of each virus
were used to determine the respective MOIs. Media was changed 24 hours later. On day 4, GFP
expression was analysed by flow cytometry on the MoFlo XDP (Beckman Coulter).
The MOI was calculated based on the 107 dilution as follows:
Lentiviral titer (# of Transduction Units/mL) = cell number (on day of transduction) x fraction of

transduced cells x dilution factor
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2.7.4 Transduction of Cells
Knockdown of cells was carried out using calculated titer for both shLuc and shBmil.
Common MOI from literature is 1-10 TU/cell (Multiplicity of Infection) — An MOI of 5 was used
for knockdowns using shBmil 1 and shLuc and an MOI of 2 was used for knockdowns using
shBmil 2-4 and shControl.
Virus required for knockdown= (MOI x number of cells) + lentiviral titer
Tumour spheres were dissociated with 10uL of Liberase Blendzyme3 (0.2 Wiinsch units/ml,
Roche) in ImL PBS for 10 minutes at 37°C, then plated in single cell suspension on ultra-low
attachment plate (Corning) in serum-free neural stem cell media (Tumour Sphere Medium).
Virus was added drop wise to the cells in the amount calculated using the MOI and the viral titer.
Cells were left to incubate overnight at 37°C, 5% CO,. The following day, the media was
changed and the cells were left for another 24 hours before being analysed for GFP expression
on the MoFlo XDP (Beckman Coulter). If GFP expression was greater than 80% in cells, the
population of cells was considered enriched for transduction and cells were used unsorted. If
GFP expression was less than 80%, cells were sorted for GFP positive cells in order to select for

an enriched population.

2.8 Real-Time Polymerase Chain Reaction

Real-Time Polymerase Chain Reaction was performed by Dr. Chitra VVenugopal of the Singh lab.
Briefly, total RNA from samples was isolated using the Qiagen RNeasy Micro kit (Qiagen) and
reverse transcribed using Superscript 11 First Strand Synthesis kit (Invitrogen). Quantitative
PCR was performed using the Chroma4 (Bio-Rad) with iQSYBR Green gPCR kit (Quanta). Data
are presented as the ratio of the gene of interest to GAPDH (glyceraldehyde-3-phosphate

dehydrogenase) as control.
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2.9 Western Blot

Western blots were performed by Dr. Chitra Venugopal of the Singh lab. Briefly, denatured total
protein (20 mg) was separated using 10% sodium dodecyl sulphate-polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride membrane. Western blots were probed
with monoclonal mouse-anti-human Bmilantibody (Upstate) and anti-GAPDH antibody
(Abcam). The secondary antibody was horseradish peroxidase-conjugated goat anti-mouse 19G
(HpL) (Bio-Rad) in a dilution of 1:15 000. Bands were visualized using an Immobilon Western

kit (Millipore).

2.10 Intracranial Injection

A single-cell suspension was prepared by dissociating tumour spheres with 5-10uL of Liberase
Blendzyme3 (0.2 Winsch units/ml, Roche) in ImL PBS for 5-10mins at 37°C. Cells were
counted using trypan blue exclusion dye (Invitrogen) with the Countess Automated Cell Counter
(Invitrogen). The desired cell number was then aliquoted into eppendorf tubes (Fisher Scientific)
and centrifuged at 10,621 g for 3 minutes. The supernatant was removed and cells were
resuspended in 10ul PBS. Cells were put on ice and brought to the McMaster Stem Cell Unit
(SCU) for intracranial injection.

NOD/SCID gamma (NSG) immunocompromised mice (NOD.Cg-Prkdc*®® 112rg™""/SzJ) aged
4-8 weeks were weighed and either anaesthetized with the appropriate dosage of tribromoethanol
(Avertin: 0.018ml/g; Sigma) via intraperitoneal injection or anaesthetized using gas anaesthesia
(Isoflurane: 2.5%; Pharmaceutical Partners of Canada). Once unresponsive, mice were
positioned in stereotaxic frame (Stoelting) and the top of the head was swabbed with iodine. A
1.5 cm vertical midline incision was made using a 15-blade knife down to the periosteum. The

knife blade was then used to clear the periosteum. Using a drill held perpendicular to the skull, a
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small burr hole was created at the point of injection (2-3 mm anterior to coronal suture, 3 mm
lateral to midline). A Hamilton syringe was used to inject 10ul of cell suspension into the frontal
lobe. The syringe was inserted through the burr hole at a 30 degree angle to a 5 mm depth. Once
cells were injected, the injection site was cleared using a gauze square and gentle pressure was
applied to prevent bleeding. The incision was closed using 5.0 dexon (Ethicon) interrupted
stitches and sutures were sealed with Vetbond tissue adhesive (3M). Mice were then injected
subcutaneously with 0.5 mL temgesic (Buprenorphine: 0.3 mg/mL; Schering-Plough) and 1 mL
saline. Mice were identified using ear notches and placed in recovery cages in front of heat
lamps until awake. The following morning, mice were given 0.5 mL temgesic (Buprenorphine:

0.3 mg/mL; Schering-Plough) subcutaneously. Mice were monitored weekly for signs of illness.

2.11 Animal Collection, Sectioning and Staining

Mice were monitored for signs of illness (weight loss, lethargy, ruffled appearance, gray skin
tone, withdrawal from cage mates, etc) and when endpoint appeared imminent, mice were
euthanized and brains were collected via perfusion. The mouse was anaesthetized with the
appropriate dosage of tribromoethanol (Avertin: 0.020ml/g; Sigma) via intraperitoneal injection.
Once unresponsive, the mouse was taped down on an absorbent pad with the thorax and
abdomen exposed. The torso was sprayed with ethanol and the fur was cut away. The abdomen
and thorax were then opened by holding the skin upwards and away from the organs while
cutting. The diaphragm was very carefully cut, exposing the heart. An 18-gauge needle attached
to a gravity feedbag of saline was inserted through the apex of the heart and into the left
ventricle. The tubing valve was opened to allow saline to flow into the heart. The posterior vena
cava was immediately cut to allow blood to escape. The saline was flushed through the system

until the exit fluid was clear, approximately 8 minutes. The saline valve was closed and the
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needle was switched over to a 30 mL syringe containing 10% formalin. The 10% formalin
solution was slowly injected into the heart and circulated throughout the body. Once perfused,
the head was cut from the body and the brain was carefully removed. First, all skin was cut away
and the skull was carefully peeled away using tissue forceps (Magna). The isolated brain was
then suspended in 10% Formalin for a minimum of 48 hours before sectioning.

After 48 hours, brains were placed in the sectioning frame and the first blade was inserted into
the first slit at the posterior end of the brain. A second blade was then placed in the third slit and
the first blade was removed. The first section of tissue was disposed of and the blade was then
placed in the fifth slit, the blade from the third slit was then removed and the section of tissue
was placed in a tissue cassette. Sectioning continued in this manner, with sections being cut
every 2 slits until the brain was completely sectioned and the 6 sections were in the tissue
cassette. The cassette was then placed in 70% ethanol and sent to histology for paraffin wax

embedding and H&E staining.

2.12 Statistical Analysis
Unless otherwise stated, all comparisons were performed using unpaired, two-tailed student t-

tests or ANOVA tests with Bonferroni Post-Hoc tests. Statistical significance was set at 0.05.

2.13 Sample numbers

Sample numbers (n) represent technical or experimental replicates unless otherwise stated.
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Chapter 3.

RESULTS
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3.1 BT 241 Characterization

Brain tumour sample number 241 (BT 241) was received on April 26, 2010 from a female
patient aged 68. Final pathology indicated that the tumour sample was a Glioblastoma which was
post therapy and had radiation effects and atypia (recurrent/residual). Immunohistochemistry
performed by the pathologist showed areas of GFAP positivity, high Ki-67 proliferation (40-
50%) and strong diffuse nuclear positivity of p53. In culture, BT 241 was highly proliferative
and as a result developed into a spontaneous “cell line” which has remained stable after multiple
passages and has been frozen down and revived successfully (Figure 1). BT 241 was the primary
sample used for all in vitro and in vivo work. Stem cell assays were performed on BT 241 in

order to characterize the “cell line” for our use.

Figure 1. BT 241 culture
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3.1.1 Flow Analysis and Differentiation
Flow cytometry analysis was conducted on BT 241 (n=3) to analyse levels of Bmil, neural stem
cell marker CD133 ( Singh et al., 2003; Singh et al.,2004a; Tabatabai & Weller, 2011; Uchida et
al., 2000), neuronal marker MAP2, and astrocyte marker GFAP under both neural stem cell
culture conditions as well as differentiation culture conditions. Representative flow plots can be

found in Supplementary Figure 2.

100+ @@ NSC Conditions
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Figure 2. Expression levels (measured as percentage of positive cells) of Bmil, CD133,
MAP2, and GFAP for BT 241 under neural stem cell culture conditions and differentiation
conditions. Under differentiation conditions, BT 241 showed significantly less Bmil expression
than neural stem cell conditions. No differences were seen for CD133, MAP2, or GFAP levels.

Data represented as mean £ SD (n=3).

The results indicated that under differentiation conditions, Bmil levels were significantly less

than levels seen under neural stem cell culture conditions (p<0.05, Figure 2). No significant
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differences were found for CD133, MAP2, or GFAP expression levels under either condition
(Figure 2). MAP2, a marker of mature neurons, expression was 42.72% and 42.07% for NSC and
differentiation conditions, respectively. GFAP, a marker of mature astrocytes, expression was
0.12% 1.33% for NSC and differentiation conditions, respectively. MAP2 expression was much
greater than GFAP expression under both conditions indicating that BT 241 is more neuronal in
phenotype (Figure 2).

3.1.2 Secondary Sphere Formation
Secondary sphere formation was analysed and sphere formation per 2000 cells was plotted for

BT 241 (n=3) and three other primary GBM tumour samples (n=1)
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Figure 3. Secondary sphere formation of BT 241 appears similar to 3 primary GBMs. BT
241 secondary sphere formation was greater (53.75 + 21.12) than three primary GBMs (7.15 —

32.24). Data represented as mean = SD (1° GBM n=1, BT 241 n=3).
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Figure 4. BT 241 sphere. Average sphere size was 119.67 um.

BT 241 sphere formation was 53.75 + 21.12 (n=3) while the sphere formation for three other
primary GBMs ranged from 7.15 to 32.24 (n=1). BT 241 spheres were measured as a
representation of proliferation. The average sphere size for BT 241 was 119.67 um in diameter

(Figure 4).

3.1.3 Proliferation
BT 241 cells (500 cells/well) were plated for proliferation assays (n=3). Proliferation of cells was
analysed at days 0, 3, 5, 7, and 10. Proliferation was assessed under neural stem cell conditions,
in complete neural stem cell media and under serum conditions, in basal media with 10% FBS

(Figure 5).
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Figure 5. Proliferation of BT 241 cells (500 cells/well). BT 241 cells plates for proliferation
analysis showed increased proliferation from Day 0 to Day 10. No difference was found between

neural stem cell conditions and 10% FBS conditions. Data represented as mean + SD (n=3).

The proliferation assay measures cell proliferation through the use of CyQuant dye which binds
to nucleic acids and emits a fluorescent signal which can be detected to determine relative levels
of nucleic acids. Proliferation of BT 241 cells appeared to increase over time in both NSC and

serum conditions (Figure 5). Proliferation did not differ significantly between culture conditions

(p>0.05, Figure 5).

3.2 BT 241 Knockdown with shLuc and shBmil 1

BT 241 tumour spheres were transduced with shLuc and shBmil 1 lentiviral vectors. Following

the validation of transduction using flow cytometric analysis of GFP expression (Figure 6), in

37



M.Sc. Thesis - E. O’Farrell; McMaster University — Neuroscience Graduate Program

vitro experiments were performed on unsorted, enriched cells to maintain high cell number and

viability.

Figure 6. GFP expression of A: BT 241 shLuc cells, B: BT 241 shBmil cells

3.2.1 Knockdown Validation

Lentiviral constructs shLuc and shBmil 1 were previously validated by the Singh lab in various
cell lines such as U20S (Human Osteosarcoma) and Daoy (Human Medulloblastoma). Bmil
knockdown in BT 241 was confirmed through RT-PCR which demonstrated significant
reductions in Bmil mRNA in transduced cells (Figure 7). Western blot analysis of BT 241 shLuc
and shBmil 1 cells further confirmed significant Bmil knockdown at the protein level (Figure

8). U20S lysate was used as a positive control.

38



M.Sc. Thesis - E. O’Farrell; McMaster University — Neuroscience Graduate Program

0.08+

0.044

0.024

Bmi1/28srRNA Ratio

0.00-
shLuc shBmi1

Figure 7. Bmil mRNA levels were significantly decreased in cells transduced with shBmil 1

as compared to cells transduced with shLuc. Data represented as mean + SD (n=3).
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Figure 8. Bmil protein levels were decreased in cells transduction with shBmil 1 as

compared to cells transduced with shLuc.

39



M.Sc. Thesis - E. O’Farrell; McMaster University — Neuroscience Graduate Program

3.2.2 Flow Analysis

Flow cytometric analysis of BT 241 knockdown using shLuc (n=1) and shBmil 1 (n=1) was
conducted to evaluate the expression levels of Bmil and neural stem cell markers CD133 and

CD15. Representative flow plots can be found in Supplementary Figure 3.
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Figure 9. Expression levels (measured as percentage of positive cells) of Bmil, CD133, and
CD15 for BT 241 shLuc and shBmil 1. BT 241 shBmil cells showed less Bmil expression
than shLuc cells. CD133 levels appeared decreased in shLuc cells as compared to shBmi1l cells.

CD15 levels appeared similar in both groups. Data represented as mean (n=1).

The flow analysis of BT 241 knockdown cells indicated a decrease in Bmil in shBmil 1 cells as
compared to shLuc cells (Figure 9). An increase in CD133 population within shBmil 1 cells was

also observed while the CD15 populations in both shLuc and shBmil 1 appeared very similar
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(Figure 9). These observed differences were not statistically analysed as this experiment was

only performed once.
3.2.3 Secondary Sphere Formation

Secondary sphere formation of BT 241 cells transduced with shLuc and shBmil 1 was analysed
(n=3) and sphere formation per 2000 cells was plotted (Figure 10). Average sphere size was also

determined from day 7 spheres and analysed as a measure of proliferation (Figure 11).

200+
1504

1004

Secondary Sphere
Formation per 2000 cells
S

J

K
N
)

Figure 10. BT 241 shBmil 1 cells exhibited decreased self-renewal compared to shLuc cells.
BT 241 shBmil cells showed decreased sphere formation per 2000 cells (32 + 7.051) than shLuc

cells (146.9 + 16.53). Data represented as mean + SD (n=3).
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Figure 11. Sphere size (um) was decreased in BT 241 shBmil 1 spheres compared to shLuc
spheres. (A) BT 241 shLuc spheres were larger (90.84 pum) than (B) shBmil spheres (60.68 pm)

and this difference was statistically significant (C). Data represented as mean = SD (n=3).

Secondary sphere formation analysis revealed that Bmil knockdown significantly decreased self-
renewal capacity of BT 241 cells (p=0.0004; Figure 10). The shBmil 1 spheres were smaller
(60.68pum) than shLuc spheres (90.84um) throughout the secondary sphere formation assays and

this difference was found to be statistically significant (p=0.0058; Figure 11).

3.2.4 Proliferation

BT 241 shLuc and shBmil 1 cells (500 cells/well) were plated for proliferation assay (n=3).
Proliferation of cells was analysed at days 0, 3, 5, 7 and 10. Proliferation was assessed under

serum conditions, in basal media with 10% FBS (Figure 12).
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Figure 12. BT 241 shBmil 1 cells exhibited decreased proliferation under serum conditions
compared to shLuc cells (500 cells/well). BT 241 shLuc cells plated for proliferation analysis
showed increased proliferation from Day 0 to Day 10. No increase in proliferation was seen in

shBmil 1 cells from Day 0 to Day 10. Data represented as mean + SD (n=3).

Proliferation of Bmil knockdown cells was significantly decreased as compared to control cells
at Day 3, Day 5, Day 7, and Day 10 (p<0.001, Figure 12). While proliferation of shLuc cells
increased over time, proliferation of Bmil knockdown cells appeared relatively equal at all time

points (Figure 12).
3.2.5 Differentiation

BT 241 shLuc and shBmil 1 cells were plated in single cell suspension in basal neural stem cell

media with 20% FBS and antibiotics for differentiation (n=1). After 7 days of differentiation,
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cells were analysed qualitatively by immunofluorescence staining using the conjugated antibody
for MAP2 and the unconjugated antibody for GFAP and quantitatively by flow cytometry using
the conjugated antibody for MAP2 and the conjugated antibody for GFAP (Supplementary Table

1).

Figure 13. Neuronal differentiation of A: BT 241 shLuc cells and B: BT 241 shBmil 1 cells

stained with anti-MAP2

Figure 14. Glial differentiation of A: BT 241 shLuc cells and B: BT 241 shBmil 1 cells

stained with anti-GFAP
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Immunofluorescence staining of BT 241 shLuc and shBmil 1 cells was inconclusive as GFAP
staining appeared to mark all cells, even cells which had a bipolar neuronal morphology (Figure
14). As a result, immunofluorescence staining was not used as a quantitative measure of
differentiation and cells were analysed by flow cytometry for differentiation markers (Figure 15)

using antibodies validated for flow cytometric analysis (Supplementary Table 1).
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Figure 15. Differentiation marker expression levels (measured as percentage of positive
cells) for BT 241 shLuc cells and shBmil 1 cells. BT 241 shBmil cells showed increased
neuronal differentiation and decreased glial differentiation compared to shLuc cells. Data

represented as mean + SD (n=1).

Flow analysis of differentiated BT 241 shLuc cells and shBmil 1 cells (n=1) indicated greater
neuronal differentiation, marked by MAP2 staining, than glial differentiation, marked by GFAP
staining (Figure 15). Neuronal differentiation appeared greater in shBmil 1 cells than shLuc cells

while glial differentiation appeared greater in shLuc cells than shBmil 1 cells (Figure 15). These
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observed differences were not statistically analysed as this experiment was only performed once.

Representative flow plots can be found in Supplementary Figure 4.

3.3 U-118 MG Knockdown with shLuc and shBmil 1

The commercial GBM cell line U-118 MG (ATCC, cat. # HTB-15) was used to assess Bmil
knockdown using shLuc and shBmil 1 lentiviral vectors. Following the validation of Bmil
knockdown and validation of an enriched population of GFP positive cells, in vitro experiments

were performed on unsorted cells to maintain high cell number and viability.

3.3.1 Knockdown Validation

Lentiviral constructs shLuc and shBmil 1 were validated by the Singh lab and Bmil knockdown
was confirmed through RT-PCR which demonstrated significant reductions in Bmil mRNA in
transduced cells (Figure 16). Untransduced U-118 MG cell mRNA was analysed to confirm that

the shLuc control was a proper control (Figure 16).
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Figure 16. Bmil mRNA levels were significantly decreased in U-118 MG shBmil 1 cells

compared to untransduced and shLuc cells. Data represented as mean + SD (n=4).

3.3.2 Secondary Sphere Formation

Secondary sphere formation of U-118 MG transduced with shLuc and shBmil 1 was analysed
(n=3) and sphere formation per 2000 cells was plotted (Figure 17). Average sphere size was also

determined from day 7 spheres and analysed as a measure of proliferation (Figure 18).
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Secondary Sphere
Formation per 2000 cells

Figure 17. U-118 MG shBmil 1 cells exhibited decreased self-renewal compared to shLuc
cells. U-118 MG shBmil cells showed decreased sphere formation per 2000 cells (15.05 =

9.422) than shLuc cells (58.99 + 5.625). Data represented as mean = SD (n=3).
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Figure 18. Sphere size (um) was decreased in U-118 MG shBmil 1 spheres compared to
shLuc spheres. (A) U-118 MG shLuc spheres were larger (69.65 pum) than (B) shBmil spheres
(52.13 um) and this difference was statistically significant (C). Data represented as mean £ SD

(n=3).
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Secondary sphere formation analysis revealed that Bmil knockdown significantly decreased self-
renewal capacity of U-118 MG cells (p=0.0023; Figure 17). The shBmil 1 spheres were smaller
(52.13um) than shLuc spheres (69.65um) throughout the secondary sphere formation assays and

this difference was found to be statistically significant (p=0.0016; Figure 18).
3.3.3 Proliferation

U-118 MG shLuc and shBmil 1 cells (500 cells/well) were plated for proliferation assay (n=3).
Proliferation of cells was analysed at days 0, 3, 5, 7 and 10. Proliferation was assessed under

serum conditions, in basal media with 10% FBS (Figure 19).
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Figure 19. U-118 MG shBmil 1 cells exhibited decreased proliferation under serum
conditions compared to shLuc cells (500 cells/well). U-118 MG shLuc cells plated for
proliferation analysis showed increased proliferation from Day 0 to Day 10. No increase in
proliferation was seen in shBmil 1 cells from Day 0 to Day 10. Data represented as mean + SD

(n=3).
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Proliferation of Bmil knockdown cells was significantly decreased as compared to control cells
at days 3, 5, 7, and 10 (p<0.001, Figure 19). While proliferation of shLuc cells increased over
time, proliferation of Bmil knockdown cells appeared to remain similar at all time points (Figure

19).
3.3.4 Differentiation

U-118 MG shLuc and shBmil 1 cells were plated in single cell suspension in basal neural stem
cell media with 20% FBS and antibiotics for differentiation (n=1). After 7 days of differentiation,
cells were analysed qualitatively by immunofluorescence staining using the conjugated antibody
for MAP2 and the unconjugated antibody for GFAP and quantitatively by flow cytometry using
the conjugated antibody for MAP2 and the conjugated antibody for GFAP (Supplementary Table

1).

Figure 20. Neuronal differentiation of A: U-118 MG shLuc cells and B: U-118 MG shBmil

1 cells stained with anti-MAP2
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Figure 21. Glial differentiation of A: U-118 MG shLuc cells and B: U-118 MG shBmil 1

cells stained with anti-GFAP

Immunofluorescence staining of U-118 MG shLuc and shBmil 1 cells was inconclusive as
MAP?2 staining did not integrate into cells and GFAP staining appeared to mark all cells, even
cells which had a bipolar, neuronal morphology (Figure 20 & 21).This may have been a result of
unhealthy cells which appeared to be without normal cellular processes (Figure 20 & 21). As a
result, immunofluorescence staining was not used as a quantitative measure of differentiation
and cells were analysed by flow cytometry for differentiation markers (Figure 22) using

antibodies validated for flow cytometric analysis (Supplementary Table 1).
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Figure 22. Differentiation marker expression levels (measured as percentage of positive
cells) for U-118 MG shLuc cells and shBmil 1 cells. U-118 MG shBmil cells showed
increased neuronal and glial differentiation compared to shLuc cells. Data represented as mean +

SD (n=1).

Flow analysis of differentiated U-118 MG shLuc cells and shBmil 1 cells (n=1) indicated greater
glial differentiation marked by GFAP staining than neuronal differentiation marked by MAP2
staining (Figure 22). Both neuronal and glial differentiation appeared greater in shBmil 1 cells
than shLuc cells (Figure 22). These observed differences were not statistically analysed as this
experiment was only performed once. Representative flow plots can be found in Supplementary

Figure 5.

52



M.Sc. Thesis - E. O’Farrell; McMaster University — Neuroscience Graduate Program

3.4 BT 241 Knockdown with shControl, shBmil 2, shBmil 3, and shBmil 4

To validate Bmil knockdown using short-hairpin RNA, three lentiviral constructs expressing
shRNA against Bmil (Genecopoeia) were used on BT 241. In vitro experiments using
lentiviruses shBmil 2-4 and a scrambled control (shControl) were conducted using unsorted BT
241 transduced cells to maintain high cell number and viability. GFP expression for each
construct was analysed by flow cytometry and each population showed greater than 80% GFP
positivity indicating enrichment for Bmil knockdown or scrambled control (Supplementary

Figure 6).

3.4.1 Knockdown Validation

Knockdown was validated using the U-118 MG GBM cell line (ATCC, cat. # HTB-15). Bmil
knockdown was not found to be efficient using any shBmil constructs in comparison to the
scrambled control (Figure 23 & 24). To confirm the use of the scrambled control, we compared
MRNA levels against our previously validated shLuc control mMRNA (Figure 23). Protein levels
were compared to untransduced U-118 MG cells (Figures 24). Against our validated shLuc
control and untransduced cells, all shBmil constructs as well as the scrambled control
(shControl) showed significantly decreased Bmil levels (p<0.001, Figure 23; no statistical
analysis, Figure 24). From these observations, we doubted the validity of the scrambled control.

Out of interest, all subsequent results were compared to previously acquired BT 241 shLuc data.
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Figure 23. Bmil mRNA levels were significantly decreased in shControl, shBmil 2, shBmil

3, and shBmil 4 compared to shLuc cells. Data represented as mean + SD (n=2).
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Figure 24. Bmil protein levels appeared decreased in shControl, shBmil 2, shBmil 3, and

shBmil 4 compared to untransduced cells. Data represented as mean £ SD (n=1).
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3.4.2 Secondary Sphere Formation

Secondary sphere formation assays were performed on BT 241 transduced with shControl,
shBmil 2, shBmil 3, and shBmil 4 (n=3) and compared to previously acquired BT 241 shLuc
secondary sphere formation data (n=2). Spheres were measured at day 7 for each population of
cells (shControl, shBmil 2, shBmil 3, shBmil 4) (n=3) and the average sphere size was

determined for each population.
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Figure 25. BT 241 shControl, shBmil 2, shBmil 3, shBmil 4 cells exhibited decreased self-
renewal compared to shLuc cells. BT 241 shControl, shBmil 2, shBmil 3, and shBmil 4 cells
showed decreased sphere formation per 2000 cells (72.49 — 125.5) than shLuc cells (281.3). Data

represented as mean + SD (shLuc n=2; shControl, shBmil 2-4 n=3).
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Secondary sphere formation assays indicated an extremely significant effect of Bmil knockdown
on secondary sphere formation for lentiviral constructs 2, 3 and 4 (p<0.0001, Figure 25) when

compared to shLuc.
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Figure 26. No differences in sphere size were seen between shControl and shBmil cells A:
BT 241 shControl sphere, B: BT 241 shBmil 2 sphere, C: BT 241 shBmil 3 sphere, D: BT 241
shBmil 4 sphere, E: Average Sphere Size for BT 241 shControl and shBmil 2, shBmil 3,

shBmil 4. Data represented as mean + SD (n=3).

Sphere size between each population was not found to be significantly different between
shControl and any of the Bmil knockdown groups (p>0.05, Figure 26) with all spheres ranging

from 122 pum to 153 pum (Figure 26).
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3.4.3 Proliferation

BT 241 cells transduced with shControl, shBmil 2, shBmil 3, and shBmil 4 were plated for
proliferation assays (n=3). Proliferation of cells was analysed at days 0, 3, 5, 7, and 10.
Proliferation was assessed under neural stem cell conditions, in complete neural stem cell media

(Figure 27), and under serum conditions, in basal media with 10% FBS (Figure 28).
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Figure 27. Proliferation of BT 241 shControl, shBmil 2, shBmil 3, and shBmil 4 under
neural stem cell conditions. BT 241 shControl and shBmil cells plated for proliferation
analysis showed increased proliferation from Day 0 to Day 10. No significant change was found

between shControl cells and shBmil cells. Data represented as mean + SD (n=3).
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Figure 28. Proliferation of BT 241 shControl, shBmil 2, shBmil 3, and shBmil 4 under
serum conditions. BT 241 shControl and shBmil cells plated for proliferation analysis showed
increased proliferation from Day 0 to Day 10. No significant change was found between

shControl cells and shBmil cells. Data represented as mean + SD (n=3).

Proliferation of cells increased from Day 0 to Day 10 for both neural stem cell conditions and
serum conditions. Both conditions showed similar proliferation profiles with no significant

differences found (Figures 27 & 28).

3.4.4 Differentiation

BT 241 shBmil 2-4 and shControl cells (n=1) were placed under differentiation conditions for
10 days (Figure 29) and evaluated by flow cytometry. Expression levels of differentiation
markers obtained were compared to previously acquired BT 241 shLuc differentiation data

(Figure 30). Representative flow plots can be found in Supplementary Figures 4 & 7.
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Figure 29. Differentiation of BT 241 cells transduced with A: shControl, B: shBmil 2, C:

shBmil 3, D: shBmil 4
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Figure 30. Differentiation marker expression levels (measured as percentage of positive
cells) for BT 241 cells transduced with shLuc, shControl, shBmil 2, shBmil 3, and shBmil
4. Neuronal (MAP2) differentiation appeared decreased in shLuc cells compared to shControl,
shBmil 2-4 cells. Glial (GFAP) differentiation appeared similar in all groups. Data represented

as mean = SD (n=1).

When analysed by flow cytometry, levels of the neuronal marker MAP2 were extremely high
(70.59%-73.88%) for cells transduced with shControl and shBmil 2-4 while levels of astrocyte
marker GFAP were fairly low in all transduced cells (15.21%-18.5%) indicating a tendency
towards the neuronal lineage (Figure 30). Interestingly, BT 241 shLuc cells expressed decreased

MAP2 expression (25.33%) indicating less neuronal differentiation (Figure 30).
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3.5 Invivo injection of BT 241 shLuc and shBmil 1 cells

BT 241 was transduced with GFP expressing shLuc or shBmil 1 lentiviral vectors as described
in the Methods section. The enriched transduced cells or GFP positive cells which were sorted
using the MoFlo XDP (Beckman Coulter) were used for in vivo injections in NSG mice as shown
in Table 1. Once animals reached endpoint, they were collected and brains were sent to Dr.
Kwiecien of McMaster University for pathological analysis. Table 1 describes all in vivo

injections performed and the resulting pathology results.

Table 1. Intracranial injections of BT 241 cells transduced with shLuc and shBmil 1

Number of Cells Nl_meer of Mice Number of shLuc Number of shBmil
i Injected for each
Injected Tumours Tumours
Treatment
100 2 0 0
1000 2 1 0
5000 1 1 0
10,000 2 2 1
50,000 1 1 1
100 sorted cells 1 1 0
23,000 sorted cells 1 0 1
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Figure 31. Tumour formation is absent in NSG mice injected with 100 sorted BT 241

shBmil 1 cells as compared to control cells. A: shLuc cells formed large, infiltrating masses
(H&E stain), as seen in the prefrontal cortex (2X), B: shBmil cells formed no apparent tumours,
C: shLuc tumours seen in the prefrontal cortex (10X) were accompanied by edema and

haemorrhages, D: shLuc tumour showing haemorrhagic tissue (40X).
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Figure 32. Tumour size appears decreased in NSG mice injected with BT 241 shBmil 1

cells compared to control cells. A: 10,000 BT 241 shLuc cells formed large, infiltrating masses,
as seen in the midbrain (2X), B: 10,000 BT 241 shBmil 1 cells formed smaller, but still
substantial, masses with moderate infiltration, as seen in the prefrontal cortex (2X), C: 50,000
BT 241 shLuc cells formed large, infiltrating masses as seen in striatum (2X), D: 50,000 BT 241
shBmil 1 cells formed smaller masses with mild to moderate infiltration, as seen in the fourth

ventricle and medulla (4X).
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Table 2. Relative tumour size of BT 241 cells transduced with shLuc and shBmil 1

Number of Cells shLuc tumour size shBmil 1 tumour size
Injected (mm?) (mm?)
10,000 18.03 (n=2) 5.3325 (n=2)
50,000 5.621 (n=1) 0.2679 (n=1)
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Figure 33. Tumour size (measured as surface area in mm?) appeared smaller in BT 241
shBmil 1 cells compared to control cells. At both 10,000 and 50,000 cells, tumours formed
from shBmil 1 cells had smaller surface areas than tumours formed from shLuc cells. Data

represented as mean + SD (10,000 cells n=2; 50,000 cells n=1).

Tumour formation was found in one NSG mouse injected with as low as 100 sorted BT 241
shLuc cells while no tumour formation was found in the corresponding NSG mouse injected with
100 sorted BT 241 shBmil cells (Figure 31). The appearance of tumours increased as cell
number increased (Table 1). Although tumours were found in some mice injected with 10,000

and 50,000 BT 241 shBmil 1 cells, it was observed that tumours formed from shBmil 1
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transduced cells showed moderate to mild infiltration by pleomorphic cells while shLuc
transduced cells showed large tumour masses and increased infiltration (Figure 32). To
determine whether tumour size was affected by Bmil knockdown, a relative surface area for
tumours was measured for both shLuc and shBmil 1 tumours at 10,000 and 50,000 cells.
Tumour size appeared decreased in shBmil 1 tumours at both cell numbers with tumour size
ranging from 0.2679 mm? to 5.3325 mm? as compared to control tumours which ranged from
5.621 mm? to 18.03 mm? (Table 2). The decrease in shBmil 1 tumours compared to control
tumours at 10,000 cells was not found to be statistically significant (Figure 33). The decrease in
shBmill tumour size as compared to shLuc tumours at 50,000 cells was not statistically

analysed as there were not sufficient replicates (Figure 33).

Pathologically, all tumours were described as highly pleomorphic, with vascular endothelial
hypertrophy, high mitotic index and of epithelial origin, consistent with the primary patient

glioblastoma tumour.
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Chapter 4.

DISCUSSION
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Primary brain tumour sample 241, a glioblastoma tumour, was used for experimental conditions
as it showed increased proliferation in culture and allowed for multiple experimental uses
without overall depletion of cell number. Also, this sample did not undergo growth arrest in
culture like most primary brain tumour samples. Flow analysis of BT 241 under neural stem cell
conditions as well as differentiation conditions revealed a significant decrease in Bmil levels
under differentiation conditions as compared to neural stem cell conditions (Figure 2). This result
was expected as Bmil is a known developmental gene involved in stemness and vital for self-
renewal and proliferation of stem cells (Abdouh et al., 2009; Ailles & Weissman, 2007; Bracken
et al., 2006; Bruggeman et al., 2007; Chen et al., 2010; Fasano et al., 2007; Gil et al., 2005;
Lessard & Sauvageau, 2003; Park et al., 2004). Thus it would be expected that as self-renewal
decreases as a result of induced differentiation, levels of Bmil would decrease. It has been
shown that during differentiation, PcG binding and H3K27me3 marks decrease as repression of
gene transcription is released, allowing differentiation to occur (Bracken et al., 2006).
Interestingly, when markers of differentiation, MAP2 and GFAP, were analysed under both
neural stem cell conditions and differentiation conditions, no significant difference was found
between either culture condition (Figure 2). This result was surprising as these differentiation
markers were not expected under stem cell conditions. This may be an effect of long term culture
of BT 241. Long term culture and spontaneous immortalization of cells may lead to
differentiation block and presents a limitation of using cell lines. Furthermore, under both culture
conditions, MAP2 expression was significantly higher than GFAP expression indicating
differentiation was driven towards the neuronal lineage rather than the glial lineage (Figure 2).
This was an unexpected finding as BT 241, a glioblastoma, is a glial tumour thus would be

expected to have more glial differentiation than neuronal (Bonavia et al., 2011; Holland, 2000;
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Chen et al., 2011; Wen & Kesari, 2008). However, because BT 241 is a long term culture, it is
possible that the clone which is selected for over multiple passages may be more prone to a
neuronal phenotype. This selection phenomenon has been observed in some GBM cell lines
which indicated a predominantly GFAP negative phenotype (Pollard et al., 2009). The current
results still indicate some GFAP expression confirming that the selected subclone is a bipotential
clone which has the ability to differentiate into multiple lineages. This result further shows the
limitations of using cell lines and long term cultures as they select for particular clones which

thrive in culture conditions.

BT 241 was subjected to all stem cell assays including the secondary sphere formation assay.
This assay is used to determine the stem cell frequency within a population of cells through the
analysis of secondary sphere formation which correlates with self-renewal capacity (Singh et
al.,2004; Tropepe et al., 1999). When compared to three primary glioblastoma samples, BT 241
secondary sphere formation did appear higher but did not appear to be extremely different
indicating that this primary sample showed an increased capacity for self-renewal but perhaps
not significantly increased as the standard deviation for BT 241 overlapped with two out of three

primary GBMs analysed (Figure 3).

Proliferation analysis of BT 241 revealed that cell proliferation increased over time as expected
(Figure 5). BT 241 cells appeared to increase from day 0 to day 10 under both neural stem cell
conditions and serum conditions. No significant differences in proliferation profile were found

between culture conditions (p>0.05, Figure 5).
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BT 241 was subjected to knockdown of Bmil using the lentiviral construct shBmil 1 and shLuc
as a control. These lentiviral constructs had previously been validated both at the mRNA and
protein levels (Figures 7 & 8). Once transduced, BT 241 cells were subjected to flow analysis.
Flow analysis revealed an observed decrease of Bmil at the protein level supporting the previous
finding that protein levels had been affected by the shBmil 1 construct (Figure 9). Interestingly,
when BT 241 shLuc and shBmil 1 cells were analysed for the brain tumour initiating cell marker
CD133, it was observed that knockdown of Bmil appeared to result in an increase in CD133
expression levels (Figure 9). This result is in keeping with previous unpublished findings within
the Singh lab which suggest that Bmil epigenetically silences CD133. Previous findings indicate
that when Bmil is knocked down, CD133 transcript levels increase. ChIP analysis at the CD133
promoter for the epigenetic activation mark 3meH3K4 as well as the epigenetic inhibition mark
3meH3K27 also revealed that when Bmil is knocked down, the activation mark 3meH3K4 is
increased and the inhibition mark 3meH3K27 is decreased (unpublished data). Expression of the
neural stem cell marker CD15 did not differ significantly between shLuc cells and shBmil 1
cells (Figure 9). This result is in keeping with other reports which indicate that CD15 expression
remains stable in long term serum-free cultures and only decreases under differentiation

conditions (Mao et al., 2009).

Bmil knockdown cells (shBmil 1) and control cells were analysed for self-renewal capacity
using the secondary sphere formation assay. Bmil knockdown was found to have a significant
effect on self-renewal when compared to control cells (p=0.0004, Figure 10). As well as
significantly decreasing self-renewal, sphere size, a measure of proliferation (Tropepe et al.,
1999), was affected by Bmil knockdown as seen by significantly smaller shBmil spheres as

compared to shLuc spheres (p=0.0058, Figure 11). Proliferation of BT 241 shBmil 1 and shLuc
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cells was also analysed using the CyQuant proliferation assay and revealed that Bmil
knockdown cells exhibited significantly decreased proliferation when compared to control cells
(p<0.001, Figure 12). These results are in keeping with previous findings indicating that Bmil
knockdown has a negative effect on cell self-renewal and proliferation (Fasano et al., 2009;
Molofsky et al., 2003; Bruggeman et al., 2007; Iwama et al., 2004; Schuringa & Vellenga, 2010;
Abdouh et al., 2009; Chen et al., 2010; Gil et al., 2005; Lessard & Sauvageau, 2003). The
proliferation results suggest that the loss of Bmil contributed to increased senescence and
apoptosis, possibly as a result of decreased inhibition on p14 and p16 which affects the Rb and
p53 tumour suppressor pathways. It has been shown that when Bmil is knocked down in stem
cells, levels of pl4arf and p16ink4a become upregulated and reactive oxygen species levels
increase resulting in decreased cell growth and increased apoptosis (Bruggeman et al., 2005;
Jacobs et al., 1999a; Lessard & Sauvageau, 2003; Liu et al., 2006; Molofsky et al., 2005;

Schuringa & Vellenga, 2010; Zencak et al., 2005).

BT 241 shLuc and shBmil 1 cells were subjected to differentiation and analysed based on the
markers MAP2, a marker of mature neurons, and GFAP, a marker of mature astrocytes.
Immunofluorescence staining of differentiated cells was inconclusive as a result of potential non-
specific binding of the GFAP antibody (Figure 14). Flow cytometric analysis of differentiation
markers indicated higher overall neuronal differentiation than glial differentiation, consistent
with previous BT 241 differentiation analysis (Figure 2). Neuronal differentiation appeared
greater in Bmil knockdown cells as compared to control cells (Figure 15). This result was
expected based on previous findings indicating that knockdown of Bmil results in increased
differentiation (Abdouh et al., 2009; Ailles & Weissman, 2007; Bracken et al., 2006; Bruggeman

et al., 2007; Chen et al., 2010; Fasano et al., 2007; Gil et al., 2005; Lessard & Sauvageau, 2003;
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Park et al., 2004). Interestingly, glial differentiation appeared decreased in Bmil knockdown
cells compared to control cells (Figure 15). This result was unexpected but may be the result of

low cell number analysed and no technical replicates (Supplementary Figure 4).

To validate the use of BT 241 as a “spontancous” GBM cell line, knockdown of Bmil using the
lentiviral construct shBmil 1 and shLuc was performed in the commercial GBM cell line U-118
MG and cells were subjected to the same stem cell assays as BT 241. Knockdown of Bmil was

validated at the mRNA level (Figure 16).

U-118 MG transduced cells were analysed for self-renewal capacity using the secondary sphere
formation assay. In keeping with BT 241 findings, Bmil knockdown in U-118 MG cells was
found to have a significant effect on self-renewal when compared to control cells (p=0.0023,
Figure 17). Sphere size was also significantly decreased in U-118 MG Bmil knockdown cells

compared to control cells (p=0.0016, Figure 18), similar to what was found in BT 241 cells.

Proliferation of U-118 MG shLuc and shBmil 1 cells was analysed using the CyQuant
proliferation assay and revealed that Bmil knockdown cells exhibited significantly decreased
proliferation when compared to control cells (p<0.001, Figure 19). These results confirm what
was observed in BT 241 knockdown cells and are in keeping with previous findings indicating
that Bmil knockdown has a negative effect on cell self-renewal and proliferation (Fasano et al.,
2009; Molofsky et al., 2003; Bruggeman et al., 2007; lwama et al., 2004; Schuringa & Vellenga,

2010; Abdouh et al., 2009; Chen et al., 2010; Gil et al., 2005; Lessard & Sauvageau, 2003).

U-118 MG shLuc and shBmil 1 cells were subjected to differentiation and analysed based on the

markers MAP2 and GFAP to examine neuronal and glial differentiation, respectively.
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Immunofluorescence staining of differentiated cells was inconclusive as a result of poor MAP2
staining and potential non-specific binding of the GFAP antibody as well as unhealthy cells
(Figures 20 & 21). Flow cytometric analysis of differentiation markers indicated higher overall
glial differentiation than neuronal differentiation (Figure 22). This finding opposed the results
seen in BT 241 knockdown cells which indicated greater neuronal differentiation (Figure 15).
This result is, however, in keeping with the morphology of glioblastoma tumours which arise
from glial cells and show greater astrocytic differentiation (Bonavia et al., 2011; Holland, 2000;
Chenetal., 2011; Wen & Kesari, 2008). Overall differentiation of cells appeared greater in
Bmil knockdown cells as compared to control cells (Figure 22). This result was expected based
on previous findings indicating that knockdown of Bmil results in increased differentiation
(Abdounh et al., 2009; Ailles & Weissman, 2007; Bracken et al., 2006; Bruggeman et al., 2007;
Chen et al., 2010; Fasano et al., 2007; Gil et al., 2005; Lessard & Sauvageau, 2003; Park et al.,
2004). The differences found between BT 241 and U-118 MG differentiation profiles further
indicate the limitations of using cell lines and long term cultures for experimental analysis as

they select for particular clones which thrive in culture conditions over long periods of time.

To confirm knockdown of Bmil and to confirm that the functional results seen using shBmil 1
were a result of the construct targeting Bmil mRNA and not a result of off-target effects, three
shRNAs targeting different areas of Bmil mRNA and a scrambled control (shControl) were used
against BT 241 cells and transduced cells were subjected to stem cell assays. We compared all
new constructs to our previously validated shLuc construct as well as untransduced U-118 MG
GBM cells and found that all shBmil constructs appeared to knockdown Bmil (Figures 23 &

24). To our surprise, the scrambled control showed levels of Bmil similar to knockdown levels
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and we therefore doubted it as a true control. Out of interest, we used previously acquired BT

241 shlLuc data as an additional comparative control for subsequent results.

Secondary sphere formation for BT 241 transduced with shBmil 2-4 was analysed against both
the scrambled control and shLuc. An extremely significant decrease in secondary sphere
formation was found for all shBmil cells as well as the scrambled control when compared to
shLuc (Figure 25). These results indicated that all shBmil constructs had a negative effect on
self-renewal in BT 241 cells. No significant difference in average sphere size was observed for
any shBmil used (Figure 26) however, these results are unreliable since the scrambled control
was found to be affecting Bmil levels. Proliferation assays performed on BT 241 shBmil 2-4
and shControl cells revealed no significant difference in proliferative capacity between Bmil
knockdown cells and control cells (Figures 27 & 28). This may be the result of the use of the
scrambled control which was demonstrated as yielding Bmil levels comparable to all
knockdown constructs. The potentially confounding control resulted in the proliferation assay
being inconclusive, however, as this assay is time sensitive, no comparison to shLuc cells could

be made to confirm these results.

BT 241 shBmil 2-4 and shControl cells were subjected to differentiation and analysed for MAP2
and GFAP expression levels by flow cytometry (Figure 30). No differences in expression level
were observed between shControl and shBmil 2-4 for any of the markers examined (Figure 30).
The differentiation profile of shBmil 2-4 and shControl cells indicated greater neuronal
differentiation, as seen by higher MAP2 expression, and relatively low astrocytic differentiation,
as seen by low GFAP expression (Figure 30). This result was consistent with the shLuc
differentiation profile which indicated greater neuronal differentiation than glial differentiation
(Figure 30). Interestingly, neuronal differentiation appeared dramatically decreased in shLuc
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cells compared to all other transduced cells (Figure 30). This difference may merely be the result
of one-time analysis of cells and low BT 241 cell number analysed (Supplementary Figure 4),

however, this assumption would need to be confirmed by repeating the analysis.

In vivo analysis of Bmil knockdown was performed using BT 241 and the shBmil 1 and shLuc
lentiviral constructs. Tumour formation was found in one NSG mouse injected with as low as
100 sorted BT 241 shLuc cells while no tumour formation was found in the corresponding NSG
mouse injected with 100 sorted BT 241 shBmil cells (Figure 31). However, tumours were not
found in NSG mice injected with 100 enriched cells. This inconsistency may be due to
engraftment differences resulting from the injection of low cell numbers. It may be possible that
some mice injected with 100 enriched cells did not receive all 100 cells as a result of technical
limitations of manual injection of cells. It was observed that at lower cell numbers, Bmil
knockdown appears to prevent tumour formation while control cells allow tumour formation to
occur. Although tumours were found in mice injected with 10,000 and 50,000 BT 241 shBmill
cells, it was observed that tumours formed from shBmil 1 transduced cells showed mild to
moderate infiltration by pleomorphic cells while shLuc transduced cells showed large tumour
masses and increased infiltration (Figure 32). This observation suggests that Bmil knockdown
had an effect on proliferation of tumour cells in vivo, resulting in smaller and less invasive
tumours. To determine whether tumour size was affected by Bmil knockdown, a relative surface
area for tumours was measured for both shLuc and shBmil 1 tumours at 10,000 and 50,000 cells.
Tumour size appeared decreased in shBmil 1 tumours at both cell numbers with tumour size
ranging from 0.2679 mm? to 5.3325 mm? as compared to control cells which had tumour sizes

ranging from 5.621 mm? to 18.03 mm? (Table 1). The decrease in shBmil 1 tumours compared
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to control tumours at 10,000 cells was not found to be statistically significant (Figure 33). This
finding may have been the result of so few replicates used. The decrease in shBmill tumour size
as compared to shLuc tumours at 50,000 cells was not statistically analysed as there were not
sufficient replicates (Figure 33). Although the results seen were not statistically significant, a
trend indicating that tumours formed from Bmil knockdown cells were smaller than control
tumours was observed. This result is in keeping with previous findings in Daoy medulloblastoma
xenografts which displayed a decrease in tumour infiltration upon Bmil knockdown (Wang et
al., 2011). Our current in vivo data suggests that at lower cell numbers, rate of tumour formation
is affected by Bmil knockdown while at higher numbers, the size and invasiveness of tumour

formation is affected by Bmil knockdown.

Tumour formation was seen in the NSG mouse injected with 23,000 sorted shBmil cells but not
in control mice (Table 1). This observation may have been a result of cellular health and
survival. For this set of injections, only 23,000 sorted cells were viable for injection. As the cells
did not appear very healthy, tumour formation of shLuc cells may not have been possible as a
result of poor cell survival upon injection. This potential issue is further supported by our
observation that with 5000 cells or more, all mice injected with shLuc cells consistently show

tumour formation (Table 1).

Pathologically, all tumours were described as highly pleomorphic, with vascular endothelial
hypertrophy, high mitotic index and of epithelial origin. This is consistent with the primary
patient glioblastoma tumour suggesting that the tumours formed recapitulated the primary patient

tumour.
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In conclusion, we find that Bmil knockdown has significant effects on self-renewal and
proliferation in both a primary glioblastoma cell line, BT 241, and a commercially available
glioblastoma cell line, U-118 MG. When Bmil is knocked down in these cells, we see marked
decreases in self-renewal ability and proliferation over time. In vivo, we observe that at low cell
numbers, Bmil knockdown appears to prevent tumour formation while at high cell numbers,
Bmil knockdown appears to result in a decreased tumour size and invasiveness. Our
observations both in vitro and in vivo suggest that Bmil may serve as a potential therapeutic

target in glioblastoma tumours.

This study determined a significant role of Bmil in self-renewal and proliferation of cancer stem
cells and found that Bmil is necessary for these stem cell functions. Future work should expand
upon these findings to further determine the in vivo role of Bmil knockdown through increased
animal injections. Future studies should also examine whether Bmil is sufficient to cause
cancerous mutations and induce tumour initiation. Bmil overexpression studies in normal neural
stem cells should be performed to determine whether Bmil mutations are sufficient to induce

transformation of normal neural stem cells into cancer stem cells.
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SUPPLEMENTARY MATERIALS
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Supplementary Table 1

Antigen Antibody Company Catalogue Dilution
No.
CD133 PE M. Bio 130-090-853 1:20
PE Isotype M. Bio 130-092-215 1:20
Bmil APC R&D Systems | IC33341A 1:100
APC Isotype R&D Systems | 130-092-217 1:100
MAP2 AlexaFluor 647 BD 560382 1:10
Biosciences (Flow cytometry)
1:20
(Immunofluorescence)
Alexa 647 Isotype Invitrogen 06013427 1:10
(Flow cytometry)
1:20
(Immunofluorescence)
GFAP PE BD 561483 1:20
(conjugated) Biosciences
PE Isotype M. Bio 130-092-215 1:20
GFAP Rabbit, polyclonal Dako Z0334 1:2000
(unconjugated)
Rabbit 19G Goat, Alexa-Fluor Invitrogen A21245 1:1000
647 conjugated

86




M.Sc. Thesis - E. O’Farrell; McMaster University — Neuroscience Graduate Program

Supplementary Figure 1
Genecopoeia vectors
Japan vector

RING finger binding domain

shBmil#4
ATGCATCGAACAACGAGART CAAGATCACTGAGCTAAATCCCCACCTGATGTGTGTGCTTTGTGGAGGGTACTTC
ATTGATGCCACAACCATAATAGAATGTCTACATTCCTTCTGTAAAACGTGTATTGTTCGTTACCTGGAGACCAGC
AAGTATTGTCCTATTTGTGATGTCCAAGTTCACAAGACCAGACCACTACTGAATATAAGGTCAGATAAAACTCTCC
AAGATATTGTATACAAATTAGTTCCAGGGCTTTTCAAAAATGAAATGAAGAGAAGAAGGGATTTTTATGCAGCTCA
TCCTTCTGCTGATGCTGCCAATGGCTCTAATGAAGATAGAGGAGAGGTTGCAGATGAAGATAAGAGAATTATAAC

TGATGATGAGATAATAAGCTTATCCATTGAATTCTTTGACCAGAACAGATTGGATCGGAAAGTAAACAAAGACAA
shBmil#2

AGAGAAATCTAAGGAGGAGGTGAATGATAAAAGATACTTACGATGCC(‘AGCAGCAAT—
shBmil#3

GAAAGTTTCTCAGAAGTAAAATGGACATACCTAATACTTTCCAGATTGATGTCATGTATGAGGAGGAACCTTTAAA
sthil #1

GGATTATTATACACTAATGGATATTGCCTACATTTATACCTGGAGAAGGAATGGTCCACTTCCATTGAAATACAGA
GTTCGACCTACTT GTAAAAGAATGAAGATCAGTCACCAGAGAGATGGACT GACAAATGCT GGAGAACTGGAAAGT
GACTCTGGGAGTGACAAGGCCAACAGCCCAGCAGGAGGTATTCCCTCCACCTCTTCTTGTTTGCCTAGCCCCAGTA
CTCCAGTGCAGTCTCCTCATCCACAGTTTCCTCACATTTCCAGTACTATGAATGGAACCAGCAACAGCCCCAGCGGT
AACCACCAATCTTCTTTTGCCAATAGACCTCGAAAATCATCAGTAAATGGGTCATCAGCAACTTCTTCTGGTTGA
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Supplementary Figure 2
A) BT 241 under NSC conditions stained for CD133
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B) BT 241 under NSC conditions stained for Bmil, MAP2, and GFAP
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C) BT 241 under Differentiation conditions stained for CD133
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D) BT 241 under Differentiation conditions stained for Bmil, MAP2, and GFAP
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Supplementary Figure 3
A) Scatter plots for BT 241 shLuc cells stained for Bmil, CD133, and CD15
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B) Scatter plots for BT 241 shBmil 1 cells stained for Bmil, CD133, and CD15
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Supplementary Figure 4

A) BT 241 shLuc Differentiation
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B) BT 241 shBmil Differentiation
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Supplementary Figure 5

A) U-118 MG shLuc Differentiation
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B) U-118 MG shBmil Differentiation
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Supplementary Figure 6

A) Flow cytometric analysis of GFP expression in BT 241 shControl cells
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B) Flow cytometric analysis of GFP expression in BT 241 shBmil 2 cells
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C) Flow cytometric analysis of GFP expression in BT 241 shBmil 3 cells
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D) Flow cytometric analysis of GFP expression in BT 241 shBmil 4 cells
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Supplementary Figure 7

A) Flow cytometric analysis of differentiation marker expression in BT 241 shControl cells
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B) Flow cytometric analysis of differentiation marker expression in BT 241 shBmil 2 cells
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C) Flow cytometric analysis of differentiation marker expression in BT 241 shBmil 3 cells
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D) Flow cytometric analysis of differentiation marker expression in BT 241 shBmil 4 cells
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