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ABSTRACT

Glioblastoma remains one of the most deadly cancers due to their rapid onset
and the limited effectiveness of therapies. Here we use a mouse genetic system termed
Mosaic Analysis with Double Markers (MADM) to study progression towards malignancy
in oligodendrocyte progenitor cells (OPC), the cell of origin of glioma. We use gene
deletions to uncover individual roles of two commonly mutated tumor suppressor genes,
p53 and NF1. NF1 acts as a negative regulator of OPC self-renewal and promoter of
OPC differentiation, and p53 increases the permanent arrest of OPC proliferation during
times of stress. Subsequent analysis revealed that the downstream NF1 effector, nTOR,
is critical for OPC transformation. Furthermore, mutant OPCs expand at the expense of
surrounding non-mutant OPCs through a mechanism termed cell competition, to
maintain proper density in the brain. This cell competition phenomenon is critical for
OPC transformation as the complete inhibition of this property leads to inhibition of
gliomagenesis irrespective of p53 and NF71 mutations. In summary, our findings reveal
distinct roles for p53 and NF1 during gliomagenesis and a unique cell-cell interaction

during the progression that is critical for malignancy.
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Chapter 1: Introduction

1.1 Clinical aspects of glioblastoma

Gliomas are the most frequent primary malignant brain tumor in adults which
arise from glial tissue (Brennan et al., 2009; Chen et al., 2012; Cloughesy et al., 2014;
Dunn et al., 2012; Lawrence et al., 2012; Moser, 1988). Gliomas are defined
pathologically as tumors that display histological, immunohistochemical, and structural
evidence of glial cells. Gliomas are classified by their line of differentiation and graded
on a scale of | to IV according to malignancy (Lassman et al., 2005; Maher et al., 2001;
Ostrom et al.,, 2014; Schwartzbaum et al., 2006). Grades | and Il tend to be less
malignant and the overall survival time post diagnosis is high (3-20yrs) (Maher et al.,
2001). Grade lll and IV gliomas make up a majority of new glioma cases annually in
adults. Grade IV glioma, also referred to as glioblastoma (GBM), is the most common
glioma grade, constituting over 70% of all glioma cases. With 10,000 new cases per year
in the U.S. GBM is the most deadly glioma, with an average survival time post diagnosis
of 14.6 months, even with therapy (Ostrom et al., 2014; Seymour et al., 2015).

Glioblastoma incidence increases with age with a peak between 75-84 years of
age (Sturm et al., 2014). GBM are classified by the manner in which the tumor develops
in the brain. Primary GBM originate de novo and account for a majority, 95%, of annual
GBM cases (Lote et al., 1997; Sanai et al., 2011). Secondary GBM make up roughly 5%
of total annual GBM cases and develop from lower grade gliomas, Grade I/ll. While
secondary GBM typically progress over many years, primary GBM is characterized by

quick onset of symptoms with no recognizable symptoms beforehand.
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Current therapeutic strategies involve surgical resection followed by

chemotherapy and localized radiotherapy (Agnihotri et al., 2013; Ali and Trafalis, 2015;
Huse and Holland, 2010; Stupp et al., 2005). Complete resection of the tumor is
impossible due to the infiltrative nature of the tumor cells. However, even with this
aggressive treatment program, over 80% of patients inevitably relapse within 9 months
following treatment (De Bonis et al., 2013).

This lethality is due in part to the location of the tumor which decreases the
accessibility of drug delivery in addition to the aggressiveness of residual tumor cells
following resection, resulting in inevitable relapse (Chipuk, 2015; Sherriff et al., 2013;
Wen and Kesari, 2008). The majority of relapsed gliomas are resistant to secondary
treatments, making relapse a fatal outcome for glioma patients (Ramirez et al., 2013;
Weller et al., 2012). Additionally, while low-grade gliomas (LGG) rarely have noticeable
symptoms in patients, these tumors invariably progress to malignant high-grade gliomas,
a process which current therapies have yet to effectively stop (Kleihues and Ohgaki,
1999; Ohgaki and Kleihues, 2013; Pouratian and Schiff, 2010; Schomas et al., 2009).
Thus, more research is needed to understand the progression from LGG to GBM and

also to understand the basic biological mechanism affected during GBM malignancy.

1.2 Core pathway mutations in Glioblastoma

To gain a better understanding of the fundamental molecular pathways involved
in GBM, The Cancer Genome Atlas analyzed hundreds of human glioma samples at the
genomic level to identify commonly perturbed pathways (Brennan et al., 2013;
McLendon et al., 2008). From these studies 3 “core” pathways were identified, including

the Ras/RTK, p53, and Rb signaling pathways (Figure 1.1). The majority of GBMs have
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alterations in all three signaling pathways, which allows tumor cells to proliferate,

invade, and survive, while also allowing these cells to escape cell-cycle arrest,
senescence, and apoptosis. These studies highlight the importance of these signaling
pathways in GBM. Treating patients would benefit from better understanding the roles

these signaling pathways play during malignant progression.

1.2.1 RTK/Ras signaling

The RAS/RTK signaling pathway plays an important role in normal development
and is one of the most frequently mutated pathways in human cancers. Receptor
tyrosine kinases (RTKs) are a family of cell surface proteins which act as receptors for
growth factors, cytokines, and other extracellular signaling molecules (Lemmon and
Schlessinger, 2010; Schlessinger, 2000). Once activated, RTKs signaling results in
recruitment of Sos, a RAS guanine exchange factor, which results in nucleotide
exchange from GDP to GTP, resulting in activation of the Ras protein (Karnoub and
Weinberg, 2008; McClatchey, 2007; Scheffzek et al., 1998; Wiesmuller and Wittinghofer,
1992; Zhu et al.,, 2001). Activated Ras is regulated by another family of proteins,
GTPase Activate Proteins (GAPs), which stimulate the GTPase activity of Ras, resulting
in hydrolysis of GTP to GDP and inactivation of Ras (Tarik 2009). In tumor cells,
aberrant RAS signaling leads to uncontrolled proliferation. The importance of RAS
signaling to GBM became apparent when initial reports of the frequency of mutations,
which led to improper activation, were first reported. It has been found that in 90% of
human patient biopsies harbor mutations within the canonical RAS/RTK (Brennan et al.,
2013; McLendon et al., 2008). The most frequently mutated components of this signaling
pathway include EGFR (57%), PTEN (41%), PI3K (25%), PDGFRa (10%), and NF1

(10%). NF1 is a large cytoplasmic protein that has been studied extensively as a RAS-
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GAP, but little else is known about functions outside its GAP activity (Corral et al.,

2003; Dasgupta and Gutmann, 2003; Gutmann et al., 2012; Klose et al., 1998; Morcos

et al., 1996; Park et al., 1998; Shin et al., 2012).

1.2.2 The p53 pathway

The p53 pathway is known to regulate numerous different tumor suppressive
processes, including cell-cycle arrest, apoptosis, and senescence. Normally p53 is
regulated tightly by MDM2, which has been shown to lead to both p53 degradation and
inhibition of p53 transcriptional activity, both of which lead to low levels of p53 protein
(Kruse and Gu, 2009; Prives and Hall, 1999; Vousden and Lu, 2002). However, upon
cellular stresses, p53 becomes activated through the dissociation of the p53-MDM2
complex and an overall increase in p53 levels (Freed-pastor and Prives, 2012; Harajly et
al., 2016; Khoo et al., 2014; Kruse and Gu, 2009; Lambert et al., 2009; Levine and Oren,
2009). Since p53 is a transcription factor, p53’s activation causes transcriptional
activation of various genes depending on the stress including p21, which leads to cell-
cycle arrest, and Bax and PUMA, which leads to apoptosis. However, recent work has
identified numerous different functions of p53 outside the canonical cell-cycle arrest,
apoptosis, and senescence, including metabolic adaptation and suppression of stem cell
properties (Hong et al., 2009; Lujambio et al., 2013; Menendez et al., 2009; Montero et
al., 2013). Additionally, some studies have shown p53-mediated apoptosis, cell-cycle
arrest, and senescence are dispensable for p53 mediated tumor suppression. These
studies showed that when mutations within p53 that lead to p53’s inability to induce
apoptosis, cell-cycle arrest, and senescence activities, tumor suppression was still

achieved in a p53-dependent manner. These studies highlighted the lack of complete
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understanding of p53 functions (Li et al., 2012; Valente et al., 2013a). It has been found

that, while p53 is attenuated in over 50% of all human cancers, a large number of the
remaining cancers harbor p53 mutations. These mutations within p53 normally lead to
dominant negative isoforms of the p53 protein (Wang and Sun, 2010; Young et al., 2011;
Yu et al., 2012). In the TCGA study of GBM patient samples, the frequency of mutations
within the p53 signaling pathway includes CDKN2A (57.8%), p53 (28%), and MDM?2
(7.6%) (Brennan et al., 2013; McLendon et al., 2008). Among p53 mutations, 8.1% is

loss and 19.9% is point mutations.

1.2.3 The RB pathway

The RB pathway is a key check point for cell cycle progression in most
mammalian cells (Bremner et al.,, 2004; Giacinti and Giordano, 2006; Sherr and
Mccormick, 2002). The ability of a cell to proliferate is determined by extracellular signals
that cue downstream transcriptional and protein level changes. During cell division there
is up-regulation of D-type cyclins and cyclin kinases, which phosphorylate and negatively
regulate RB (Khleif et al., 1996; Lim and Kaldis, 2013; Ren and Rollins, 2004; Sherr and
Roberts, 1999). RB is known to inhibit the progression from G1 to S during the cell cycle
by sequestering the transcription factors of the E2F family and phosphorylation of Rb
causes release of E2F and leads to a loss of RB dependent cell cycle arrest. It should
come as no surprise that RB pathway mutations are found in nearly 4/5 (79%) of all
GBM samples, including CDKN2A/CDKN2B (61%), CDK4 (14%), RB1 (7.6%), and

CDKN2C (5.6%), thereby highlighting RB’s critical role in GBM malignancy.
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Figure 1.1 Pathway mutations in Glioblastoma Multiforme

Following analysis of over 500 human glioma samples, 3 “core” pathways were identified
that were commonly mutated in most tumors. The Ras/RTK pathway was mutated in
90% of all patients, the p53 pathway was mutated in 86% of all patients, and the Rb
pathway was mutated in 79% of all patients. Over 70% of all samples contained
mutations in all 3 pathways highlighting the importance of all three pathways in
gliomagenesis. Red indicates activating mutations while blue indicates inactivating

mutations.
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1.3 Pre-Transforming stage studies reveal distinct molecular and cellular

aberrations

Due to the onset of glioma at later ages in life, it is important to understand the
entire process of gliomagenesis. By studying both pre-transforming and malignant
states, one can gain a more in depth understanding of the gliomagenic process. Analysis
of pre-transforming stages could help one find the alterations that are necessary for
transformation rather then ‘passenger’ mutations, which are less critical. Finding these
key alterations could provide critical insights for designing novel therapies that target
these critical pathways. Since these changes occur only in at the malignant stages, they
may be more important and better targets for tumor cells since their change only occurs
at the switch to malignancy. Additionally, identification of the changes between pre-
malignant and malignant stages could provide new treatment options for halting low-
grade glioma to high-grade glioma progression by using therapies designed to maintain
pathway integrity to block the malignant switch.

However, one limitation with current glioma studies is the inability to analyze
precancerous lesions before malignancy occurs. These studies use end-point analyses
and by doing so are limited to addressing how tumor cells behave after transformation
but fail to address how Pre-Transforming cells ultimately achieves malignancy. The
progression from an initial precancerous lesion to the manifestation of symptoms
involves an accumulation of alterations, some of which are necessary for transformation.
These alterations could involve critical changes at the DNA, RNA, protein, or cellular
levels. However, by only studying the tumor stage, we limit our ability to see differences
in any of these levels. Therefore, studying cells at both the Pre-Transforming stage and

the tumor stage can give us unique perspectives on the changes at the genomic,
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transcriptomic, proteomic, and cellular activities level, either preceding or following

transformation.

Previous work in human colon, skin, and lung cancers studies has helped identify
unique genetic and signaling differences between Pre-Transforming cells and tumor
cells. Hyperplasias found in both the skin and lung showed increased levels of DNA
damage, which resulted in accumulation of p53 (Gorgoulis et al., 2005). However,
following transformation, p53 was altered at the genomic level resulting in no activation
of p53 in response to DNA damage, and as a consequence, they found decreased
apoptosis and decreased DNA damage response, suggesting that p53 inactivation was
the critical step needed for transformation. Thus, by studying pre-malignant stages of
these tumors, this group found that the tumor suppressor genes (TSG) p53 can be
highly active in benign lesions, yet is completely absent from tumors. If they had in fact
only studied the end-stage they might assume that p53 inactivation was an early step
needed for the hyperplasias to accumulate.

A separate study analyzed precancerous and malignant colon lesions to identify
how transcriptional activation was changed between the two stages of tumorigenesis. In
pre-invasive lesions, cell-cycle arrest pathways were up regulated while in late pre-
invasive lesions, there was down regulation of differentiation pathways (Maglietta et al.,
2012). Following transformation, tumor cells had altered the expression of cell-cycle
pathways such that the G7>S transition was hyper-activated. Additionally, patients with
neurofibroma, a benign tumor found in patients with familial NF7 mutations, sometimes
acquire malignant peripheral nerve sheath tumors (MPNSTs). These malignant tumors
are the result of neurofiboromas becoming deadly and thus serve as a perfect system for

comparing changes between benign and malignant states. In these patients, they found
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that the Wnt pathway was gradually up regulated as malignancy increased (Watson et

al., 2013).

Together these studies emphasize that unique pathways are differentially
regulated at both the Pre-Transforming stage and the tumor stage. By only analyzing
tumor cells, none of the above studies would have noted that particular pathways, such
as the Whnt pathway, would have close to normal activity levels in Pre-Transforming cells
yet somehow becomes hyperactive in malignant cells. If analyzed at just an end-point,
these groups might have concluded that Wnt was activated initially and was therefore
not unique to tumor cells. Yet by looking at both stages these groups were able to
determine which changes were unique to tumor cells and which changes were

necessary to Pre-Transforming cells.

1.4 Glioma cell of origin studies

One of the biggest challenges to these types of studies in mouse glioma models
is being able to identify Pre-Transforming cells accurately and precisely to characterize
only a pure population of the Pre-Transforming cells without contamination from other
cell types. Therefore, in order to accurately make these comparisons, identification of the
cell of origin in glioma is vital so that the characterization can be done properly.

The identification of the cell responsible any given cancer also carries with it the
possibility of uncovering specific details that could help tailor therapies to more
effectively treat these cancers. The problem with identification is that most tumors are
composed of a heterogeneous population of cells and also that the multiplicity of

mutations may have also altered cellular properties enough which could lead to a
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misidentification. Despite these issues, different theories have been postulated in an

attempt to identify the cell of origin in cancer.

1.4.1 Cancer Stem Cell theory

The Cancer Stem Cell (CSC) theory was first experimentally backed up in 1997
in a study looking at acute myeloid leukemia (AML) (Bonnet and Dick, 1997). The theory
posits that tumor heterogeneity is not a consequence of random mutations but rather
results from a hierarchy of cells with CSCs at the top (Fabian et al., 2013). A key feature
of the CSC theory is that despite the large number of cells found within the tumor, CSCs
only make up less than 1% of the total population and are the only population capable of
generating a tumor. These small populations of CSCs have several characteristics
reminiscent of normal stem cells in that they can differentiate into multiple lineages,
indefinitely self-renew, and are less susceptible to genotoxic stress. These combined
characteristics make treating tumors difficult. Furthermore, CSCs are thought to be
resistant to standard therapies due in part to their ability to remain quiescent (Chipuk,
2015).

One of the main issues in early studies that tried to identify CSCs in AML was
that many studies did not provide direct evidence that this unique population could
generate tumors of their own. However by 1997 it was shown that by injecting
CD34'CD38 cells, or AML CSCs, into immune-compromised mice, tumors were
generated consistently and morphologically similar to the parental tumor (Bonnet and
Dick, 1997). Additionally, they showed that despite the original heterogeneity of these
CSCs from different patients, all the tumors that formed were similar and that they all

displayed the same capacity to differentiate and self-renew as normal stem cells. They
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concluded that AML contains CSCs, which are derived from normal SCs, and this

small pool of cells can continually generate tumors.

CSCs were then identified in other types of other cancers including brain tumors
shortly thereafter. Human tumors originating in the brain contained a small population of
cells that were CD133", whereas a maijority of the tumor cells were CD133". By grafting
as little as 100 of these CD133", tumors were generated that mimicked the original tumor
type, while grafting CD133" cells generated no such tumors (Singh et al., 2004a, 2004b).
Additionally these cells behaved similarly to normal neural stem cells in that they
generated multiple lineages, self-renewed, and actively proliferated. Additional reports
found CSCs in various central nervous system tumors including medulloblastoma,
pilocytic astrocytomas, and ependymomas, giving more evidence that CSCs may serve
as the cell of origin in all brain tumors including gliomas (Singh et al., 2003). Since these
glioma CSCs behaved similarly to neural stem cells (NSCs), they concluded that these
CSCs must have originated from NSCs.

However, one of the main caveats with this theory, as it relates to brain tumors, is
its assumption that tumor cells function the same as the cell of origin. Because tumors
gain large numbers of mutations during tumorigenesis, the biological consequences of
all these mutations are unknown. In addition, while NSCs may be one of the reservoirs
of proliferating cells in the brain, they are by no means the only cell population capable
of this as previous reports have shown astrocytes and glial progenitors also proliferate
well into adulthood (Sadgrove et al., 2003; Yong et al., 1991). Thus, the CSC theory has
obvious caveats with regards to gliomagenesis since several different cell types

potentially share the characteristics needed for tumor formation.
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1.4.2 Neurons and Astrocytes as the possible glioma cell of origin.

Because the brain is composed of several specific cells, it has been proposed
that most of the neural lineage cells can give rise to glioma. Mutations in the p53, RB,
and PTEN pathways have been shown to transform both astrocytes and glial progenitors
(Chow et al., 2011; Uhrbom et al., 2004). A separate study showed that concurrent loss
of Ink4a-Arf along with KRas activation leads to GBM formation from both astrocytes and
neural progenitors (Uhrbom et al., 2002). Additional studies showed that not only could
astrocytes successfully transform but with the right mutations neurons could also form
gliomas through a process of dedifferentiation (Friedmann-Morvinski et al., 2012).
However, one caveat of these studies is that they analyzed tumors at the end stage,
when tumor cells have acquired multiple changes which could result in their altered
expression patterns and trans differentiation which has been previously reported (Scully

et al.,, 2012; Soda et al., 2011).

OPCs as the glioma the glioma cell of origin

The last potential source put forth for the glioma cell of origin is the
oligodendrocyte progenitor cells (OPCs). One of the reasons people thought that OPCs
could serve as the cell of origin was because of their unique ability to continually
proliferate and self-renew throughout adulthood, similar to NSCs. Several studies have
shown that mutations commonly found in human patients can drive OPCs to transform
and develop high-grade GBM (Assanah et al., 2006; Lindberg et al., 2009, 2014;

Llaguno et al., 2015).
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While these studies elegantly showed the OPCs could indeed generate GBM,

there was still debate whether these cells were truly OPCs. The reason for this debate
stemmed from the notion that following all of these mutations; NSCs could simply have
altered expression patterns or could have undergone some differentiation during this
process. If this were true then the idea that OPCs were the cell of origin did not hold true
since NSCs truly were the cell responsible for the tumor. To address this our lab
established a genetic mosaic tool that allows for permanent labeling of both WT and
mutant cells at the same type at an infrequent rate, which mimics the sporadic and

clonal nature of cancer.

1.4.4 Mosaic Analysis with Double Markers

Conventional knockout models generate a whole population of cells that are
genetically altered in the same way. However, early reports by Peter Nowell and more
recent papers have shown that cancers are clonal by nature and thus, to study them
precisely, one must use a model which recapitulates the disease state as closely as
possible (Greaves and Maley, 2012; Nowell, 1976). To address this issue, our lab has
developed a clonal model of glioma with Mosaic Analysis with Double Markers (MADM)
in mice (Henner et al., 2013; Zong et al., 2005). MADM tumors progress in a clonal
fashion from a small population of mutant cells that are permanently labeled with a
fluorescent protein. Similar to the human disease state, these mutant cells are
surrounded by non-mutant cells, which more closely mimics how most human cancers
are thought to develop.

The MADM system was originally generated to study the clonal nature of both

mutant and wildtype cells in the same tissues using permanent fluorescent protein
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labeling. MADM enables lineage analysis and the ability to observe different cell

behaviors between different cell types (Muzumdar et al., 2007; Zong et al., 2005). This
genetic mosaic system is an ideal tool to study the clonal nature of human cancer in
mice due to the ability to track sparsely labeled cells in an otherwise unaffected tissue
(Liu et al.,, 2011a). The genetic design of MADM includes two reciprocal chimeric
cassettes, whereby the green fluorescent protein (GFP) and red fluorescent protein
(RFP) are interrupted with loxP sites and the N-terminal and C-terminal halves of the
genes are separated to generate chimeric alleles in the same chromosome (Figure 1.2).
In the presence of a Cre-recombinase, intrachromosomal recombination of the chimeric
cassettes can occur at a low frequency when the cell undergoes division and the
chromosomes are duplicated during S-phase. If recombination occurs and the
recombined chromosomes are segregated in either an X- or Z-pattern into daughter
cells, this imparts the two daughter cells with either an intact GFP gene or an intact RFP
gene, both GFP and RFP genes, or neither gene. These will generate a green, red,
yellow, or colorless cell, respectively. If a mutant allele of a gene-of-interest (GOI) is
present telomeric to the cassette, it is linked to the fluorescent gene half of the MADM
cassette on the same allelic side. For example, if the mutant allele is linked to the GFP-
half, then upon Cre-mediated recombination and X-patterned chromosomal segregation
into two daughter cells, one green cell would be homozygous-mutant for the GOI and the
red sister cell would be wildtype for the GOI. If instead Z-patterned chromosomal
segregation occurred, then one of the daughter cells would be identical to the mother
cell (colorless and heterozygous for the GOI), while the other daughter cell would be
yellow due to the intact GFP and RFP genes and also heterozygous for the GOI. The

sparse labeling of sibling cells, which are distinguished by fluorescent proteins, provides
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a useful tool to observe the progression from initial mutant clones all the way to fully

malignant tumors.
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Figure 1.2 Mosaic Analysis with Double Markers
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Figure 1.2 Mosaic Analysis with Double Markers

MADM is comprised of two chimeric fluorescent protein cassettes separated by a loxP
site on both alleles in a chromosome. When Cre-recombinase is present, it can mediate
intrachromosomal recombination between loxP sites of MADM cassettes at a low
frequency upon cell division. Duplicated chromosomes, which have undergone
recombination, will segregate into two daughters cells following a G2-X or G2-Z pattern.
In the G2-X separation pattern, one daughter cell will receive an intact RFP allele and
the other allele is still chimeric which results in permanent labeling of this cell and all of
its lineage with RFP. The sister cell will receive an intact GFP allele and is permanently
labeled with GFP. In G2-Z segregation, one daughter cells receives both GFP and RFP
alleles, resulting in one cell being permanently labeled as yellow while the sister cell
receives both chimeric alleles, like the mother cell, and is colorless. To assess gene
function, a GOl is incorporated telomeric to the MADM cassettes. When the GOl is
linked with the GFP half of the cassette, then following G2-X recombination and
segregation, both mutant alleles segregate into a GFP+ cell while the sister RFP+ sister

cell serves as a wildtype control.
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1.4.5 MADM reveals OPCs as the glioma cell of origin

Using MADM, our lab generated a glioma model by incorporating two commonly
mutated TSGs in glioma, p53 and NF1. Because the purpose of our original study was
to determine cell serving as the cell of origin for glioma, we chose to use a Cre-
recombinase that would label all the cell lineages in the brain. We generated a MADM
mouse with p53 and NF1 mutant alleles linked to the GFP-half of MADM and used
hGFAP-Cre to specifically delete both genes in NSCs, thereby allowing for all the neural
lineages to have equal opportunity to transform (Zhuo et al., 2001). Following deletion of
both TSGs, MADM-Tumor mice (p53,NF1-null) and MADM-WT mice were analyzed at
different stages of development including Postnatal day 10 (P10), P60, and P150. At
P10, MADM-WT and MADM-Tumor mice had no obvious changes in the number of
GFP+ mutant cells compared to RFP+ WT cells. However, by P60 there was an obvious
increase in the number of GFP+ cells and by P150, mice had formed tumors, which were
histo-pathologically identified as glioblastoma (Liu et al., 2011a).

Because P60 mice had obvious increases in mutant cells, an analysis of the
cellular identity of the mutant cells in these brains was necessary to identify the cell type
that was expanding following p53 and NF1 deletion. Due to the nature of MADM
labeling, a simple quantification of the number of GFP+ cells compared to RFP+ cells
(G/R ratio) allows for a quick analysis of the effect on cell numbers in respect to the
genetic alterations. While neurons, astrocytes, and oligodendrocytes all showed minimal
if any increases in G/R ratio, OPCs showed a substantial 150-fold increase in G/R ratio.
Further analysis of the tumors revealed that not only did the tumor cells share OPC

specific expression patterns histologically, but they also had similar transcriptome
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profiles to OPCs, suggesting that these tumors did indeed form from OPCs and not

NSCs, neurons, astrocytes, or oligodendrocytes.

Following this, however, there remained important unanswered questions. The
first question was whether OPCs could directly transform to form GBM. To address this,
our lab then used the MADM system to generate MADM mice using an OPC specific Cre
(NG2-Cre) and analyzed whether these mice formed similar tumors to the previous mice
(Zhu et al., 2007). Not surprisingly, these mice formed tumors that resembled the original
tumors albeit at a later latency but with the same penetrance. Thus, OPCs can indeed
directly transform and form GBM.

However, an even more important question remained regarding the applicability
of this system to the human disease. GBM is generally an adult-onset tumor type, which
manifests itself later in life, while the MADM system generates mutant cells
embryonically using the Cre lines. Thus, whether or not this system recapitulated the
human disease was left unanswered. To resolve this issue, our lab then made use of a
traditional condition knockout system (CKO) that allowed for p53 and NF1 deletion in
OPCs using an NG2-CreER that is inducible upon tamoxifen administration(Galvao et
al., 2014). Starting at either P45 of P180, mice were treated with tamoxifen and the
effects of p53 and NF1 deletion were analyzed. Following the initial deletion, PreT-OPCs
increased their proliferation and their cell numbers during a reactivation phase. Following
the reactivation stage, these cells then underwent a quiescent period where proliferation
rates were normalized before undergoing further, currently unknown, changes that
resulted in transformation. These tumors resembled OPCs in their transcriptomic profile
but also the original MADM tumors generated previously. This demonstrated that not
only can OPCs directly transform into GBM but also that adult OPCs can generate

GBMs that are similar to the MADM tumors generated.
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Consequently, while others have shown other cells capable of forming tumors

following genetic deletions, our group showed that given the same genetic lesions and
chance to become malignant, only OPCs expand and eventually transform into tumor
cells (Chow et al., 2011; Friedmann-Morvinski et al., 2012; Uhrbom et al., 2002). While
our findings were not the first to put forth the idea that OPCs are the cell of origin, our
unique ability to label all neural cells and track the effects on all the cells gave us an
unprecedented ability to analyze pre-malignant stages in addition to malignant stages.
Moreover, while most glioma models use a Cre-loxP system, our system generates
mutant cells at such a low frequency that is mimics the clonal nature of cancer.
Additionally, now that we have identified OPCs as the cell of origin, targeting these cells
can now be made a priority since previous therapeutics have used end stage cells as
their basis for therapeutic intervention. Given that OPCs have distinct biological
properties compared to all other cells, designing novel treatments tailored for OPC

biology can perhaps increase the efficacy of said treatments.

1.5 OPC Biology

1.5.1 OPC Development

Oligodendrocyte progenitor cells constitute around 5% of all cells in the adult
brain and generate oligodendrocytes throughout life (Billon et al., 2002; De Castro and
Bribian, 2005; Dawson, 2003; Dimou et al., 2008; Nishiyama et al., 2009; Richardson et
al., 2006; Rowitch and Kriegstein, 2010). OPCs were first identified in the rat optic nerve
and later in the adult mammalian central nervous system (CNS) (Engel and Wolswijk,

1996; Ffrench-Constant and Raff, 1986; Raff et al., 1983; Wolswijk and Noble, 1989).
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OPCs are first detected late during brain development and originate from the

neuroepithelial progenitor cells of the ventricular zone (Richardson et al., 2006). During
this time, generally around embryonic day 12.5 (E12.5), OPCs are characterized by their
high proliferation rate and high migratory activity throughout the parenchyma. From this
ventral area of origin, these OPCs are able to efficiently populate most of the CNS
before a second wave of OPCs, around E15.5 (Kessaris et al., 2006). Around birth, a
third wave of OPCs thought to be of cortical origin replaces the original OPC population.
During this process the cortex is expanding some 20-fold in size and it is thought that
part of the reason for the replacement of the first wave of OPCs is through the dilution of
these cells among the entire OPC population. By P20, most OPCs in the brain have
slowed their division rate and enter into a quiescent state that they remain in throughout

adulthood.

1.5.2 Developmental and adult OPC characteristics

OPCs develop embryonically and are considered a developmental cell type until
P20. During development these cells express various genes including Oligodendrocyte
Transcription Factor 2 (OLIG2), which is present in all cells of the oligo-lineage. As these
cells leave the ventricular zone, both platelet-derived growth factor receptor alpha
(PDGFRa) and the transcription factor SRY-Box 10 (Sox10) are up regulated while
neural/glial antigen 2 (NG2) expression starts slightly later (Cavaliere et al., 2012;
Crawford et al., 2014; Dimou and Wegner, 2015; Hill et al., 2013; Young et al., 2013). In
particular, PDGFRa is the major growth factor receptor in OPCs and as such has been
studied extensively in OPCs. Previous studies have shown that KO of PDGFRa results

in low numbers of OPCs initially that eventually recovers to near WT levels (Fruttiger et
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al., 1999). Because these cells have to migrate and expand in number quickly, the

expression profile of embryonic and perinatal OPCs resembles most highly proliferative
cells with high expression of cell-cycle related genes which allows them to divide once
every 4 days (Psachoulia et al., 2009; Young et al., 2013).

Normally, perinatal OPCs are responsible for migrating throughout the
parenchyma and differentiating into myelin-forming oligodendrocytes, which wrap the
axons of neurons (Canoll and Goldman, 2008). This process involves up regulation of
different genes including oligodendrocyte marker 4 (O4), and oligodendrocyte marker 1
(O1) and differentiation into a pre-myelinating oligodendrocyte. Following this, these
cells then differentiate further into mature myelinating oligodendrocytes which are
characterized by their expression of myelin related genes including myelin basic protein
(MBP), proteolipid protein (PLP), and adenomatous polyposis coli (APC/CC1)

In contrast to perinatal OPCs, adult OPCs are relatively quiescent (Engel and
Wolswijk, 1996; Shi et al., 1998; Wolswijk and Noble, 1989; Young et al., 2013). While
adult OPCs maintain the ability to proliferate, they do so at a much slower rate then
perinatal OPCs, about once every 36 days. In line with decreased proliferation, adult
OPCs adopt an mRNA expression profile with relatively low levels of cell cycle related
genes (Belachew et al., 2002; Lin et al., 2009). However, the main function of adult
OPCs is to become reactivated in response to either injury or neuronal activity. This
reactivation causes an increase in proliferation, which results in the intended de-
differentiation of fully differentiated myelinating oligodendrocytes (Franklin and Ffrench-
Constant, 2008; Gibson et al., 2014; McTigue and Tripathi, 2008). Thus, while perinatal
OPCs are highly proliferative and differentiate into myelinating oligodendrocytes, adult
OPCs act as responders to signals within the brain, ready to be called upon to form

more oligodendrocytes.
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1.5.3 OPC Homeostasis

Because OPCs have to respond to signals that arise from injury and neuronal
activity, their patterning in the brain must be tightly regulated to ensure that proper
density is maintained at all times. This is even more critical in the CNS since there is a
finite amount of space for cells to occupy. While it is known that many glial cells self-
renew in response to loss after injury, the mechanisms in place for this response was not
known (Ajami et al., 2007; Franklin and Barnett, 1997). It has been shown that OPCs in
the adult brain form a grid-like or tiled pattern within the brain and continue to generate
oligodendrocytes into adulthood (Rivers et al., 2008). However, the dynamics and
control of OPC density in the adult CNS had never been properly studied in an intact
brain.

In 2013, Hughes et al. examined the dynamics of OPCs by generating a NG2-
mEGFP transgenic line that labeled all OPCs with a membrane bound GFP protein
(Hughes et al., 2013a). Using this system they found that OPCs in the adult are highly
dynamic and constantly survey they surroundings by extension and retraction of
filopodia. During this sensing, they reorganized their processes continuously and moved
through the parenchyma throughout the study. Interestingly, OPCs did not stay in a fixed
position within the brain but did maintain their own independent territory through a self-
repulsion mechanism. Furthermore, ablation or differentiation of OPCs triggered a swift
migration and proliferation of neighboring OPCs to preserve OPC density. Therefore,
OPCs balance density through both a self-repulsion and constant surveying mechanism

in order to be ready to promptly respond to injury or neuronal induced stimulation.
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1.6 Cell Competition

The evolution from single cellular organisms to advanced multicellular organisms
with specialized organs to carry out different functions occurred over billions of years.
Until Charles Darwin’s theory of evolution however, no one understood how such a
complex and varied process could result in the multitude of organisms we see today.
One of the most spectacular aspects of evolution was the development of specialized
cells within organisms that carry out functions that are, many times, unique to only those
particular cells. It seems inconceivable that organs such as the brain, who have several
types of cell lineages all of which carry out unique and critical functions, do not have a
mechanism in place wherein cells are not constantly competing for space and factors
that allow for proper brain function. Yet it wasn’t until 1881 that Wilhelm Roux proposed
the idea of a cellular struggle for survival during development from applying Darwin’s
theory of evolution to the process of ontogenesis (Roux, W. et al 1881). While unknown
to him at the time, his idea would become the cornerstone of a biological process termed
cell competition that is critical for not only proper development but also homeostasis
during organismal life. Cell competition can be defined as the process by which cells that

are normally viable on their own, die in the presence of a more competitive cell.

1.6.1 Cell competition in development

While the concept of competition has been studied in microbiology intensively,
biologists studying multicellular organism had never found examples of this until 1975.
Morata and Ripoll discovered the phenomenon of cell competition initially in Drosophila.

By studying the developing wing imaginal disc of Drosophila, they were able to first study
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the behavior of cells that contained a dominant mutation in a group of genes termed

Minute. These Minute mutations reduced the proliferation of the mutant cell in a cell-
autonomous manner. Not surprisingly, flies heterozygous for Minute (M/+), developed
more slowly than WT flies due to a defect in their ribosomal proteins but were still viable
and were of normal body size (Morata and Ripoll, 1975). Knowing this, they generated a
fly in which only a few cells were WT while the surrounding majority of cells M/+. They
found that WT clones eventually occupy most areas of the adult wing and concurrently,
M/+ cells were eliminated from the wing. In 1981, in a similar study, M/+ cells were
analyzed by their proximity to WT cells (Simpson and Morata, 1981). It was found that
M/+ cells near WT cells died more frequently while WT cells proliferated at a higher rate
when situated adjacently to M/+ clones. Interestingly, M/+ cells that were not in contact
with WT cells were not eliminated, thus this phenomenon depended on short-range cell-
cell interactions in order to occur (Simpson, 1981). Because this phenomenon, which
seemed to regulate the balance between proliferation of faster-growing WT cells and the
elimination of M/+ cells depended on cell-cell interactions, they termed the phenomenon
“cell competition”.

From these foundational studies, the basic rules for cell competition were laid
with one of the most fundamental being that competition is dependent on growth rates
(Simpson, 1979). Additional evidence for this crucial role of growth rates in competition
was shown through the starvation of animals. While normally WT cells would out-
compete M/+ cells, in starvation conditions, this competition was suppressed (Simpson,
1979). An interesting finding in these studies was that once development was finished,
competition was abolished, suggesting that this mechanism in the imaginal discs was a
developmental mechanism for proper ontogenesis. Another critical component of cell

competition is that it does not alter total tissue size, thus cell competition is
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phenotypically silent. The only way to observe competition is by analyzing the relative

contributions of each cell within a genetically mosaic tissue to observe competition
(Amoyel and Bach, 2014).

After the initial findings of the Minute mutations, several classes of other genes
were found to lead to similar phenotypes. Using a mosaic system in Drosophila,
Johnston et al. showed that the loss of dMyc slows cell growth and reduces cell size
(Johnston et al., 1999). However, the overexpression of dMyc increases cell proliferation
and cell size. When WT cells surround the heterozygous dMyc cells, similar to Minute
mutants, they are readily outcompeted and undergo apoptosis. Interestingly, it was also
found that when dMyc overexpressing cells are in a field of WT cells, WT cells are now
“loser” cells and undergo rapid cell death. These dMYC overexpressing cells were
termed “super-competitors” since they contained increased levels of dMYC which
suggested that the relative expression level of dMyc determines who is outcompeted (De
La Cova et al., 2004; Moreno and Basler, 2004). Other pathways that have been shown
to be involved in competition include Ras, Wingless/Wnt, Hippo, and Mahjong, most of
which have now been implicated in tumorigenesis (Diaz-Benjumea and Hafen, 1994; Li
et al., 2010; Neto-Silva et al., 2010; Pierce et al., 2008; Prober and Edgar, 2000; Tamori

and Deng, 2011; Tyler et al., 2007; Vincent et al., 2011; Ziosi et al., 2010).

1.6.2 Cell Competition in cancer

Recent work has suggested that cell competition is highly relevant to the initial
stages of tumorigenesis (Baker and Li, 2008; Hogan et al., 2011; Johnston, 2009;
Moreno, 2008). During the initial stages of tumorigenesis, mutations can cause aberrant

growth or increased survival of mutant cells that need to expand within the tissue.



28
Nevertheless, most tissues have homeostatic mechanisms in place that allow precise

control of cell numbers and tissue size. However, as shown in the previous studies, once
a cell acquires particular favorable mutations, it can outcompete surrounding cells, which
do not possess these advantageous mutations.

Recent work has shed light on the role of cell competition in both the promotion
and suppression of tumorigenesis. Beginning with dMYC, several related genes have
been shown to be highly relevant to the ability of mutant cells to out compete WT cells
and promote tumor formation. Profiling of cells undergoing Myc competition revealed
that the membrane protein Flower and the secreted SPARC mediate cell competition
(Portela et al., 2010; Rhiner et al., 2010). Flower expression is up regulated in some
papillomas and Flower-null mice have an increased susceptibility to papilloma formation
(Petrova et al., 2012). Additionally, SPARC’s role in cancer has been known for some
time but it seems to be more convoluted since in some cases it promotes cancer while in
other cases it suppresses progression (Chlenski and Cohn, 2010; Petrova et al., 2011).
Additionally, the recently identified Hippo-YAP pathway was discovered to act as a tumor
suppressor and regulator of organ size in Drosophila over ten years ago (Halder and
Johnson, 2011; Pan, 2010; Zhao Li, L., Lei, Q. and Guan, K. L., 2010). In 2007, it was
demonstrated that this pathway converges on Myc and thus is again related to tumor
promoting properties (Neto-Silva et al., 2010; Tyler et al., 2007; Ziosi et al., 2010).
Lastly, the Wnt pathway has been shown to be involved in carcinomas and colorectal
cancers and is known to regulate competition (Torisu et al., 2008; Vincent et al., 2011).

While this data may suggest that it would be difficult to restrain mutant cells
during tumorigenesis, there are examples of genes involved in competition that could
serve as tumor suppressors in the right context. The most classic example of this is the

polarity genes, which included scribble, lethal giant larvae, discs large, and crumbs.
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Various studies have shown that mutations in these genes allow for over proliferation

of cells and tissue structure integrity is lost. However, mosaic animals have shown that
when these mutant cells are in a pool of WT cells, they are readily eliminated through
apoptosis (Bilder et al., 2000; Brumby and Richardson, 2003; Ellenbroek et al., 2012;
Enomoto and Igaki, 2011; Froldi et al., 2010; Igaki et al., 2009; Menéndez et al., 2010; St
Johnston and Ahringer, 2010). Surprisingly, while Ras has been shown to be a potent
oncogene, when surrounded by WT cells, Ras mutant cells are extruded from the
epithelium through cell death (Hogan et al., 2009; Kajita et al., 2010; Vidal et al., 2006).
Lastly, miRNAs secreted from WT prostate cells have been shown to reduce the
proliferation rate of prostate cancer cells suggesting that the regulation of cell
competition may be mediated through miRNA regulation as well (Chen and Silver, 2012;
Kosaka et al., 2012). Thus cell competition, while originally demonstrated in
developmental studies of Drosophila, has a more broad applicability to other processes

that include tumorigenesis.

1.7 Rationale and Hypothesis

The inability to effectively treat glioma patients creates a need for a better
understanding of both the process leading to glioma and also the cellular aspects of
tumor cells that are affected following mutations. Our previous data has shown that not
only can OPCs serve as the cell origin and also that mutant cells have a limited capacity
to differentiate and continually proliferate (Galvao et al., 2014; Liu et al., 2011a).
However, how this occurs, when this occurs, and whether targeted therapies against the
common pathway mutations in glioma can effectively block OPC transformation remains

to be seen. In this thesis project, | sought to understand how p53 and NF1 mutations
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individually impact PreT-OPC biology, whether these pathways can be targeted for

tumor therapy, and what are the downstream effectors of these pathways. In the second
part of my thesis project | seek to understand how cell competition plays a role in
gliomagenesis and whether this mechanism can be used to design novel anti-tumor
therapies.

For the first part of my thesis | hypothesized that p53 and NF1 play distinct roles
during the progression towards gliomagenesis. Because our previous data that showed
that PreT-OPCs have altered self-renewal and differentiation capabilities, | hypothesized
that one of these TSGs blocked the self-renewal ability of OPCs and that the other TSG
promoted differentiation of OPCs to oligodendrocytes (Figure 1.3). To address this |
used a MADM model with either individual p53 or NF1 deletion and assayed the
changes in cell number, proliferation, and differentiation in addition to the ability of these
single mutant OPCs to transform. Secondly, | determined whether the restoration of
either TSG could have anti-tumor effects using primary Tumor OPCs (Tu-OPCs) in vitro.
Third, | analyzed the signaling changes in WT, PreT, and Tu-OPCs downstream of Ras
to uncover unique signaling activation signatures and finally with these data | determined
whether blocking specific pathways could prevent gliomagenesis.

For the second part of my thesis | initially found that while PreT-OPC numbers go
dramatically up in number, the overall density of OPCs, regardless of genotype, remain
quite steady. From this | hypothesized that during the process of gliomagenesis PreT-
OPCs out-compete other OPCs and that this process is necessary for gliomagenesis. To
address this | first quantified the relative proportion of WT, heterozygous, and PreT-
OPCs in MADM-Tumor mice and compared them to MADM single p53 KO (MADM-p53)
and MADM single NF1 KO (MADM-NF1) mice to determine which gene was responsible

for this process. | then generated a new MADM model to try to increase the competitive
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fithess of non-GFP+ OPCs. Finally, | show that this cell competition between PreT-

OPCs and WT OPCs is vital for OPC transformation.



Figure 1.3 Hypothesis for the role of p53 and NF1 during OPC transformation
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Figure 1.3 Hypothesis for the role of p53 and NF1 during OPC transformation

A schematic drawing showing the hypothesis that p53 and NF1 play individual roles
during OPC transformation. One of the TSGs controls the self-renewal ability of OPCs
while the other TSG promotes differentiation. The loss of both TSGs allows PreT-OPCs

to continually self-renew while not differentiating into oligodendrocytes.
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Chapter 2 Individual roles of p53 and NF1 during the progression towards

malignancy in the glioma cell of origin

Introduction

Glioma is the most common primary brain tumor in adults with a high mortality
rate due to resistance of glioma cells to traditional therapies and the highly aggressive
nature of the tumor cells (Agnihotri et al., 2013; Chen et al.,, 2012; Chipuk, 2015;
Cloughesy et al., 2014; Haar et al., 2012; Lawrence et al., 2012). A majority of glioma
patients have only a 15-month median survival time due to the nature of these tumors
(Huse and Holland, 2010; Wen and Kesari, 2008). To better understand the molecular
mechanisms that lead to gliomagenesis, the Cancer Genome Atlas (TCGA) sequenced
a few hundred human GBM samples to find common “core” pathway mutations (Brennan
et al., 2013; McLendon et al., 2008). Not surprisingly, they found that the p53, Ras/RTK,
and RB pathways are almost always all mutated in patient samples (79%) thereby
highlighting the importance of these pathways during gliomagenesis. While other studies
have highlighted the roles of these pathways in either tumor suppression or tumor
progression, recent work has demonstrated that these pathways are more complex than
originally thought in different contexts (Li et al., 2012; Valente et al., 2013b). However,
how these pathways drive normal neural cells to malignancy remains unclear with
current studies. One potential solution is to identify the cell of origin for glioma, then to
study the impact of each mutated pathway on tumor initiation, progression, and
transformation.

Unequivocal identification of the cell of origin is generally impossible with patient

samples due to significant alterations of cellular morphologies and marker gene
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expression in malignant tumor cells and the unavailability of human tissues at pre-

transforming stages. Therefore, mouse genetic models have been widely used to
pinpoint the glioma cell of origin among all cell types in the brain. While conventional
mouse models still cannot reveal pre-malignant mutant cells, our lab uses a mouse
genetic system termed MADM (Mosaic Analysis with Double Markers) to circumvent the
problem. Through inter-chromosomal mitotic recombination, MADM generates mutant
(mt) cells labeled with GFP, and its sibling WT cells labeled with RFP (Figure 1.2 in
Chapter 1). The sparseness of mutant cells resulted from the low frequency of inter-
chromosomal recombination not only closely mimics the clonal nature of human cancer,
but also allows one to visualize the previously inaccessible tumor initiation and
progression stages. Most importantly, the definitive correlation between color and
genotype greatly facilitates the revelation of the tumor initiation events based on the
increased ratio of green-to-red cell numbers (G/R ratio). In our previous studies, we
found that, upon the introduction of p53/NF1 mutations into neural stem cells, cell
lineage-specific analysis revealed a dramatic increase of G/R ratio at pre-malignant
stage only in oligodendrocyte precursor cells (OPCs) but not in any other brain cell types
(Liu et al., 2011b). Along with other evidences, we pinpointed OPC as the cell-of-origin in
this model, a finding supported by other studies (Assanah et al., 2006; Galvao et al.,
2014; Lindberg et al., 2009, 2014; Persson et al., 2010).

Yet pinpointing the cell of origin still does not address how the deletion of NF1
and p53 contribute to OPC malignancy. Therefore, the next important question is how
the deletion of p53 and NF1 leads to OPC transformation. During normal mouse
development, OPCs originate from NSCs embryonically, which continue to proliferate
after birth and migrate throughout the brain while differentiating into oligodendrocytes by

the weaning age (postnatal day 20, P20). Adult OPCs enter the quiescent stage and
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only re-enter cell cycle at a low frequency (Psachoulia et al., 2009; Wolswijk and

Noble, 1989; Young et al., 2013). Based on normal OPC biology, it is conceivable that,
once mutated, either increased proliferation or decreased differentiation of OPCs (or
both) could lead to tumor initiation. Our previous data showed that the concurrent
deletion of p53 and NF1 led to both increased proliferation and decreased differentiation
of OPCs, subsequently promoting glioma initiation. However, the individual roles of p53
and NF1 in suppressing gliomagenesis remain unknown. Therefore, in this chapter, we
set out to deconstruct the contribution of individual tumor suppressor gene deletion
during the progression toward gliomagenesis, using the MADM system to delete p53 or
NF1, respectively. We hypothesized that the loss of p53 and NF1 could play distinct
roles in gliomagenesis. While the loss of one would promote proliferation, the loss of the
other would lead to reduced differentiation, thereby loss of both cooperatively lead to
tumor formation (Figure 1.4 in Chapter 1). In addition to in vivo analysis, we also purified
both pre-transforming mutant OPCs (Pre-T OPCs) and malignant tumor cells using the
OPC-specific surface marker PDGFRa, then examined the activities of commonly
studied signaling nodes (Cadinu et al., 2014; Gorgoulis et al., 2005; Maglietta et al.,
2012; Watson et al., 2013). Since NF1 is known as a RasGAP (Klose et al., 1998;
Morcos et al., 1996; Scheffzek et al., 1998; Shin et al., 2012), we focused on analyzing
the downstream effectors of the Ras pathway in this study, specifically on the
progressive activation of these molecules from pre-malignant to malignant stages.
Based on our findings, we hope to develop therapeutic strategies that are tailored to
target malignant tumor cells and pre-transforming mutant cells in a precise fashion to

achieve the best efficacy.
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Results

2.1 Establishment of tools and analytical methods for determining individual roles

of p53 and NF1 in vivo.

2.1.1 Establishment of MADM models for analyzing the roles of p53 and NF1 in PreT-

OFPCs.

To investigate the individual roles of p53 and NF7 in gliomagenesis, we first
needed to establish two MADM models to allow for individual p53 or NF1 deletions. By
combining the MADM cassettes with either single NF7 mutant alleles (MADM-NF1) or
p53 mutant alleles (MADM-p53), we were able to generate mutant GFP+ cells with
single NF1 or p53 deletions in their respective MADM models and WT RFP+ sibling cells
(Figure 2.1). We also analyzed the original MADM tumor model in which GFP+ OPCs
are null for both p563 and NF1 (MADM-Tumor) and MADM mice with no mutations
(MADM-WT) as controls. To delineate the roles of p53 and NF1 in OPC transformation
we examined four aspects of OPC biology following the deletion of one or both TSGs.
First we analyzed how individual TSG deletion affected G/R ratio, which is indicative of
mutant cell expansion. We then analyzed whether this effect was due to increases in
proliferative rates or the loss of differentiation capability. Lastly, we examined whether

single TSG deletion was sufficient for OPC transformation.
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2.1.2 Time course analysis and systematic sampling scheme.

Because we have previously shown particular time points are important for the
progression of PreT-OPCs in our MADM model, we chose three distinct time points to
analyze. We first analyzed postnatal day 10 (P10) when normal OPCs proliferate rapidly
during normal development. We then analyzed P60 a time when both WT and PreT-
OPCs are mostly quiescent. Lastly we chose P240, since this is when tumors start
forming in the MADM-Tumor model as previously shown (Liu et al., 2011b).

To analyze these aspects in a systematic fashion, we sectioned each brain
sagitally at 20 um thickness and performed quantification on 7 sections that are 200 um
apart medialaterally (7 distinct areas per section, Figure 2.2a). To assess the effect of
gene deletion on mutant OPC expansion, the total number of GFP+ OPCs were divided
by the total number of RFP+ OPCs to give us a G:R ratio (Figure 2.2b). Next, to assess
the effect of gene deletion on OPC proliferation, the number of dividing mutant OPCs
(BrdU+ GFP+ PDGFRa+) were divided by the total number of mutant OPCs (GFP+
PDGFRa+) (Figure 2.2c). Proliferative rate of WT OPCs was calculated with a similar
method by focusing the analysis on RFP+ PDGFRa+ cells (Figure 2.2c¢). Last, to quantify
the effect of gene deletion on the differentiation potential of mutant and WT cells, MADM
brains were stained with markers for both OPCs (PDGFRa) and oligodendrocytes (CC1)
and the percent of each population within total mutant (GFP+) or WT (RFP+) cells were
calculated (Figure 2.2e). The MADM system is unique in that it generates both WT and
mt cells at the same time, thus allowing for precise analysis of even subtle changes in

mutant cells while having a control within the same animal.



Figure 2.1 Simplified schematic for various MADM models used during this study
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Figure 2.1 Simplified schematic for various MADM models used during this study

Simplified schematics to show the various genotypes of different colored cells within
various MADM models. MADM-NF1 mice have GFP+ NF1-null cells and RFP+ WT cells.
MADM-p53 mice have GFP+ p53-null cells and RFP+ WT cells. MADM-Tumor mice
have GFP+ p53,NF1-null cells and RFP+ WT cells. All uncolored OPCs in these

systems are heterozygous for the genes that are deleted in GFP+ OPCs.
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Figure 2.2 Systematic sampling and quantification examples for determining the role

of p63 and NF1 during gliomagenesis.
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Figure 2.2 Systematic sampling and quantification examples for determining the role

of p63 and NF1 during gliomagenesis.

(A) Brains were sectioned medialaterally with 200 pm between each slice collected. 6
sections were collected per brain to accurately sample the brain. Within each slice, 7
areas were sampled to ensure thorough sampling of the parenchyma.

(B) To determine the G/R ratio, MADM brains were stained for PDGFRa, GFP, and RFP
and the total amount of PDGFRa+, GFP+ OPCs were divided by the total amount of
PDGFRa+, RFP+ OPCs.

(C) To calculate the percentage of proliferating OPCs, the total number of GFP+ cells
that are BrdU+ and PDGFRa+ are divided by the total number of GFP+ PDGFRa+ cells.
The same quantification is done for WT OPCs. The sum of all 42 areas is used to
calculate the final percentage of proliferating OPCs in both the WT and mt populations.
(D) To calculate the proportion of OPCs and oligodendrocytes within either the mutant or
WT populations, brains are stained for either PDGFRa or CC-1. The total number of
GFP+, PDGFRa+ cells is counted and divided by the total GFP+ to determine the
relative proportion of OPCs within the mutant population. The sum of all 42 areas is used
to calculate the percent of OPCs within the mutant population. The same calculation is
done for WT OPCs in addition to using CC1 to determine the proportion of

oligodendrocytes within both the WT and mutant populations.
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2.2 Deletion of individual TSG led to distinct aberrations of OPCs but did not

lead to malignant transformation.

2.2.1 Deletion of NF1 but not p53 is sufficient for an increase in G/R ratio.

First, to assess how each gene mutation contributes to the previously reported
pre-malignant expansion of OPCs in the MADM-Tumor model (Liu et al., 2011b), we
systematically quantified G/R ratio throughout the brains of MADM-p53 and MADM-NF1
models at P10, P60, and P240 (Figure 2.2a). While we expected that deletion of p53 or
NF1 would each partially contributes to OPC expansion, we were surprised to find that
the deletion of NF1 resulted in a G/R ratio that phenocopied the co-deletion of p53 and
NF1 at all time points that we examined, while the loss of p53 had minimal impact (G/R
ratio of approximately 1, comparable to MADM-WT mice) (Figure 2.3). This indicates

that NF1 deletion but not p53 deletion confers mutant OPC growth advantages.

2.2.2 Deletion of NF1 but not p53 is sufficient for an increase in mutant OPC

proliferation.

Next we quantitatively measured the proliferative rate of OPCs via BrdU labeling
at P10, P60, and P240 (see Materials and Methods for detailed procedures). First, we
noticed that the proliferative rate of normal OPCs dramatically decreases after early
development, from ~25% in 3 hr time window at P10 to ~0.4% at P60, then to ~0.1% at
P240 (Figure 2.4), which matches well with previous independent studies (Stolt et al.,

2006; Young et al., 2013). When gliomas form in our model, the proliferative rate returns
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to the level of neonatal stage, especially at the tumor edge (Figure 2.4, bottom right).

Furthermore, while p53-null OPCs showed no significant difference in proliferative rate
when compared to WT OPCs, NF1-null OPCs proliferated at significantly higher rate
than WT counterparts in the MADM-NF1 model, comparable to p53,NF1-null OPCs (Fig.
2.4). Interestingly, in both MADM-NF1 and MADM-Tumor models, the proliferative rate
of WT cells appeared to be suppressed to a level lower than those in WT or MADM-p53
brains, which eventually became undetectable at P240 (Figure 2.4, red asterisk),
suggesting possible non-cell autonomous suppression from NF7-null or p53,NF1-null
OPCs toward their WT counterparts in the same brain. These findings demonstrated that

the NF1 deletion but not p53 deletion led to enhanced proliferation of mutant OPCs.

2.2.3 Deletion of NF1 but not p53 is sufficient for a decrease in OPC differentiation.

To evaluate the differentiating potential of OPCs in each mouse model, we
immunostained brain sections with markers specifically for OPCs (PDGFRa) and
oligodendrocytes (CC1), and quantified the percentage of both cell types within either
the mutant or WT populations (Figure 2.5). While p53 deletion showed little effect, the
deletion of NF1 led to a nearly 1.5-fold increase (p<0.001) in OPC composition and a
50% reduction in oligodendrocyte composition (p<0.001) (Fig 2.5), replicating the
observations in the MADM-Tumor model. These data suggest that the loss of NF1 but

not p53 lead to a decrease in differentiation potentials of mutant OPCs.
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2.2.4 Deletion of NF1 or p53 individually is not sufficient for gliomagenesis.

Our data so far showed that, while the NF71-null OPCs recapitulated p53,NF1-null
OPCs in every aspect including massive cell number expansion, increased proliferation
and compromised differentiation, p53 deletion seemed to lead to no effect whatsoever.
Therefore, we dissected mice of all three models at the tumor latency age of the MADM-
Tumor model to see if MADM-NF1 model would generate gliomas as MADM-Tumor
model does. While it was expected that we didn’t find tumors in the MADM-p53 model,
surprisingly we found no glioma in all 18 MADM-NF71 mice examined despite massive
expansion of mutant OPCs in the entire brain of these mice (Figure 2.6). This finding
suggests that the over-expansion of mutant OPCs caused by NF17 deletion is insufficient
for malignant transformation, and that p53 is a critical gatekeeper to prevent tumor

formation.
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Figure 2.3 Deletion of NF1 but not p53 is sufficient for mutant OPC expansion.
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Figure 2.3 Deletion of NF1 but not p53 is sufficient for mutant OPC expansion.

GFP+ and RFP+ OPCs were quantified in the aforementioned areas of the brain that
were analyzed. Quantification of total GFP+ mutant OPCs/RFP+ WT OPCs at early
(P10), pre-transforming (P60), and tumor ages (P240) shows that the deletion of NF1,
but not p53 leads to massive over-expansion of mutant OPCs comparable to p53,NF1-

null OPCs. (n>10) Student t Test; Error Bar + SEM (*** P < 0.001)
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Figure 2.4 Deletion of NF1 but not p53 is sufficient for increased mutant OPC

proliferation.
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Figure 2.4 Deletion of NF1 but not p53 is sufficient for increased mutant OPC

proliferation.

The percent of BrdU+, GFP+ OPCs was compared to the percent of BrdU+, RFP+ OPCs
following either a 3 hr (P10) or 4 day (P60 and P240) BrdU pulse. At P10 and P60, the
deletion of NF1 but not p53 leads to a significant increase in the percent of GFP+ OPCs
compared to WT OPCs. The proliferative rate is comparable between NF71-null and
p53,NF1-null OPCs, suggesting NF1 deletion is solely responsible for this phenotype. At
P240 WT OPC numbers are too low in MADM-NF1 and MADM-Tumor models to
accurately quantify proliferation rate (marked as red asterisk). Tumor areas show
comparable levels of proliferation as perinatal OPCs. (n>10) Student t Test; Error Bar +

SEM (** P <0.005, *** P <0.001)
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Figure 2.5 Deletion of NF1 but not p53 is sufficient for the loss of OPC differentiation.
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Figure 2.5 Deletion of NF1 but not p53 is sufficient for the loss of OPC differentiation.

Brains were analyzed at P10, P60, and P240 for differentiation status using either an
OPC (PDGFRa) or an oligodendrocyte (CC1) marker. At all ages, the deletion of NF1
but not p53 leads to a significant increase in the percent of GFP+ OPCs while also
leading to a significant decrease in GFP+ oligodendrocytes. Differentiation status is
comparable between NF7-null and p53,NF1-null cells, suggesting that NF1 deletion
alone is sufficient for the defects in differentiation. (n>10) Student t Test; Error Bar

SEM (** P <0.005, *** P <0.001)
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Figure 2.6 Individual deletions of NF1 and p53 is not sufficient for gliomagenesis.
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Figure 2.6 Individual deletions of NF1 and p53 is not sufficient for gliomagenesis.

Representative whole brain images show that while there is no obvious increase in
GFP+ OPCs in MADM-p53 brains, the deletion of NF1 leads to a similar increase in
GFP+ OPC expansion at P60 and P240. However, the single deletion of either p53 or
NF1 alone is not sufficient for gliomagenesis despite NF1 deletion altering cell number,
proliferation, and differentiation. Insets show MADM staining in the anterior cortex (n>10)

(Scale bar 2 mM; Inset 50 uM)
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2.2.5 Deletion of NF1 leads to increased p53 activity in OPCs including senescence in

vitro.

Since p53 deletion didn’t lead to any aberrations in OPC proliferation and
differentiation but is needed for NF1-null OPCs to transform, we hypothesized that p53
could exert tumor-suppressing activity through promoting apoptosis and/or senescence.
To test this hypothesis, we first examined the level of known p53-target genes involved
in apoptosis and senescence using qRT-PCR to compare purified and cultured NF7-null
OPCs with p53,NF1-null OPCs. We found that NF71-null OPCs exhibited significantly
higher expression level of p21, Bax, PUMA (Figure 2.7a) Second, we used B-Gal
staining to assess cellular senescence in cultured cells and found increased senescence
in NF1-null OPCs comparison to p53,NF1-null OPCs (Figure 2.7b,c) This finding concurs
with previous work showing that over-active Ras signaling in OPCs leads to p53-
dependent senescence (Lloyd and Raff, 2001). All these data suggest that loss of p53
most likely promotes gliomagenesis by allowing OPCs to escape apoptosis and

senescence triggered by oncogenic stresses induced by NF1 deletion.
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Figure 2.7 Deletion of p53 leads to transcriptional activation of p53 targets and

decreased mutant OPC senescence.
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Figure 2.7 Deletion of p53 leads to transcriptional activation of p53 targets and

decreased mutant OPC senescence

(A) Single NF1-null OPCs and double p53,NF1-null OPCs were purified and the
expression level (RNA) of known p53 targets Bax, PUMA, and p21 were all significantly
down-regulated in p53,NF1-null OPCs compared to NF71-null OPCs.

(B) NF1-null OPCs and p53,NF1-null OPCs were purified and grown in vitro for 5 days.
Following the 5 days, OPCs were stained with B-Galactosidase to determine the percent
of senescent OPCs. NF1-null OPCs display increased B-Galactosidase expression while
cultured in vitro compared to p53,NF1-null OPCs.

(C) Quantification showing that NF7-null OPCs have a significantly increased expression
of B-Galactosidase while cultured in vitro compared to p53,NF1-null OPCs.

Student t Test; Error Bar £ SD (* P < 0.05, ** P < 0.005, *** P < 0.001)
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2.3 Restoration of p53 or NF1 in Tu-OPCs exerts tumor suppressor functions.

2.3.1 Restoration of p53 in Tu-OPCs is sufficient for Tu-OPC cell cycle arrest and cell

death.

While we have shown that the deletion of p53 is vital for OPC transformation, we
next wanted to determine if the restoration of p53 in Tu-OPCs could have anti-tumor
effects. Tu-OPCs were infected with adenovirus expressing GFP, or WT p53, or R175H
mutant p53, respectively. While the infection rate is similar among three types of viruses
(Figure 2.8), after 48 hrs, over-expression of WT p53 led to a 3-fold decrease in the total
number of GFP+ infected cells when compared to both GFP and R175H-p53 infected
cells (Figure 2.9a,b) Treatment of R175H-p53 infected cells with a small molecule
PRIMA-1, previously reported to restore DNA binding activity of the R175H-p53 mutant
(Lambert et al., 2009), also led to a significant decrease of cell numbers. These findings
suggest that p53 restoration is sufficient for tumor blockade.

To confirm restoration of p53 function, we analyzed expression levels of known
transcriptional targets of p53. 18 hrs post-infection Bax, PUMA, and p21 transcript levels
significantly increased in cells over-expressing WT p53 (p<0.05) or R175H-p53+PRIMA-
1 (p<0.05) but not those over-expressing GFP or R175H-p53 (Figure 2.10a). To test
whether the decrease in Tu-OPCs infected with WT p53 was due to cell cycle arrest or
cell death, we used FACS to analyze the cell cycle profiles based on DNA content and to
quantify apoptotic cells based on Propidium lodide incorporation. 48 hrs post-infection
both WT p53 and R175H-p53+PRIMA-1 infected OPCs showed significant G1 arrest in
the cell cycle (Figure 2.10b) as well as increased cell death (Figure 2.10c) in comparison

to GFP or R175H-p53 expressing cells.
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Finally, to examine the human relevance of our findings, we repeated the

experiments in human glioma cell line, LNZ -308. Cells were infected with GFP, WT p53,
R175H-p53, and R175H-p53+PRIMA-1 and assayed for cell survival 48 hrs after
infection. Similar to our Tu-OPCs, LNZ-308 cells exhibited a 3-fold increase in cell death
in both WT p53 and R175H-p53+PRIMA-1 infected cells but no change in cell death in
both GFP and R175H-p53 infected cells (Figure 2.11). These results along with data
from the previous section demonstrate that p53 is not only a critical blocker for
gliomagenesis, but also a promising target for glioma therapy (see Discussion for more

details).
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Figure 2.8 The rate of infection between Tu-OPCs with GFP, WT p53, and R175H

pbd3is equal.
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Figure 2.8 The rate of infection between Tu-OPCs with GFP, WT p53, and R175H

pbd3is equal.

Tu-OPCs were infected with GFP, WT p53, or R175H p53 viruses and analyzed for GFP
expression 24hrs after infection. The infection rate between all the viruses is equal as

seen by the number of GFP+ Tu-OPCs in all three groups. (n=3) (Scale bar 150 ym)



Figure 2.9 Infection of Tu-OPCs with WT p53 causes a decrease in GFP+ OPCs.
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Figure 2.9 Infection of Tu-OPCs with WT p53 causes a decrease in GFP+ OPCs.

(A) 48hrs after initial infection, the percent of GFP+ Tu-OPCs infected with WT p53 has
significantly decreased compared to GFP control. Following the restoration of R175H
p53 function using Prima-1, the percent of GFP+ Tu-OPCs has also significantly
decreased compared to GFP control while R175H p53 infected Tu-OPCs show no
significant change in the percent of GFP+ Tu-OPCs.

(B) Quantification of the decrease in GFP+ Tu-OPCs after WT p53 or R175H p53
+Prima-1 restoration compared to GFP control. (n=3) Student ¢ Test; Error Bar + SD (*

P < .05, ** P <0.005) (Scale bar 150 ym)
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Figure 2.10 Restoration of p53 causes increases in p53 target gene expression, cell

cycle arrest and cell death in Tu-OPCs.
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Figure 2.10 Restoration of p53 is sufficient for increases in p53 target gene

expression, cell cycle arrest and cell death in Tu-OPCs.

(A) 48hrs after infection or treatment with Prima-1, the transcriptional activity of known
p53 targets were analyzed. Following the infection of WT p53 or the restoration of
R175H p53 with Prima-1, there was significant up regulation of Bax, PUMA, and p21
transcripts compared to GFP control. The infection of Tu-OPCs with R175H p53 alone
had no significant effect on transcript levels of all three genes.

(B) 48 hrs after infection, cell-cycle analysis was performed on Tu-OPCs. WT p53 and
R175H p53+Prima-1 infected cells had a significant increase in the percent of cells in G1
compared to GFP control. Tu-OPCs infected with R175H p53 alone had no significant
change in the percent of Tu-OPCs in G1.

(C) 48 hrs after infection, Tu-OPCs were analyzed for cell death. WT p53 and R175H
p53+Prima-1 infected cells had a significant increase in the percent of dead cells
compared to GFP control. Tu-OPCs infected with R175H p53 alone had no significant
change in the percent of dead Tu-OPCs. (n=3) Student t Test; Error Bar + SD (* P < .05,

** P < 0.005)



Figure 2.11 Restoration of p53 is sufficient for cell death in human glioma cells.
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Figure 2.11 Restoration of p53 is sufficient for cell death in human glioma cells.

LNZ-308 tumor cells, a human glioma cell line, were infected with GFP, WT p53, or
R175H p53 viruses and assayed for cell death after 48hrs. R175H p53 infected tumor
cells were also treated with Prima-1 to restore p53 function in a fourth group. The
infection of tumor cells with WT p53 or R175H p53+Prima-1 led to a significant increase
in the percent of cell death compared to GFP control or R175H p53 alone. (n=3) Student

t Test; Error Bar + SD (*** P < 0.001)
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2.3.2 Restoration of the NF1 GAP domain inhibits Tu-OPC proliferation while

promoting differentiation.

Since we have shown that the deletion of NF71 in OPCs leads to increased
proliferation and decreased differentiation long before malignant transformation, next we
determined whether the restoration of NF1 could reverse these tumor-initiating activities.
Because full-length NF1 is a large protein that cannot be readily packaged into viral
vectors, we focused on the Ras-GAP portion of the NF1 protein since many previous
studies have shown that the main function of NF1 is to act as a GAP to inhibit Ras
activity. Since tumor-inhibiting activity of NF7-GAP could kill infected tumor cells, we
constructed lentiviral vectors with a dual-promoter system to allow the visualization of
infection rate via GFP expression before the induced expression of NF1-GAP (Figure
2.12a). 48 hrs after infection, OPCs were treated with Doxycycline to induce expression
of NF1-GAP (Figure 2.12b, time 0) and then assayed 2 days later for proliferation and 5
days later for differentiation (Figure 2.12b).

While the infection rate was equivalent among all control and experimental
viruses the abundance of WT NF71-GAP infected Tu-OPCs gradually decreased after 2-
and 5-days of Dox induction but both mock and mt NF7-GAP infected cells remained
steady (Figure 2.13). Using EdU labeling as the S phase marker, we found that WT NF1-
GAP expressing OPCs showed a much lower proliferative rate in comparison to mock
and mt NF1-GAP infected cells (Figure 2.14a,b). Additionally, when infected OPCs were
analyzed after 5 days post induction, while mock and mt NF71-GAP infected OPCs had
little morphological changes, WT NF1-GAP infected OPCs showed greatly increased
ramifications, indicative of oligodendrocyte maturation. To confirm this notion, we stained

these cells with oligodendrocyte marker MBP and found that restoration of WT NF1-GAP
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in Tu-OPCs can promote the differentiation of Tu-OPCs into oligodendrocytes (Figure

2.15a,b). Taking together, the restoration of WT NF71-GAP is sufficient to inhibit Tu-OPC

proliferation as well as to promote OPC differentiation.
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Figure 2.12 Schematic of Lentiviral constructs and timeline for testing the effect of

NF1-GAP restoration in Tu-OPCs.
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Figure 2.12 Schematic of Lentiviral constructs and timeline for testing the effect of

NF1-GAP restoration in Tu-OPCs.

(A) Plasmid design of Mock-GFP, WT NF71-GAP, and mutant (mt) NF1-GAP vectors.
GFP expression is controlled independently of NF1-GAP domain expression, which is
induced following Doxycycline treatment.

(B) Timeline schematic for determining the effect of NF1-GAP restoration in Tu-OPCs.
Cells are treated with Doxycycline to induce expression of GAP domain at Time 0. 2
days after the initial Doxycycline treatment, Tu-OPCs are treated with edU for 3 hrs to
measure the effect the various plasmids have on Tu-OPC proliferation. Following 5 days
of GAP expression, the effect of the GAP domain on Tu-OPC differentiation is

determined by immuno-staining cells for MBP, a mature oligodendrocyte marker.
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Figure 2.13 Restoration of WT NF1-GAP is sufficient to cause a gradual decrease in

GFP+ Tu-OPCs after 48 hrs and 5 days.
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Figure 2.13 Restoration of WT NF1-GAP is sufficient to cause a gradual decrease in

GFP+ Tu-OPCs after 48 hrs and 5 days.

2 and 5 days after infection of Tu-OPCs with WT NF1-GAP, the percent of GFP+ Tu-
OPCs significantly decreased at both time points compared to Mock-GFP control
infected Tu-OPCs. However, the percent of GFP+ Tu-OPCs infected with mt NF1-GAP
did not significantly change compared to Mock-GFP control at both time points. (n=3)

Student t Test; Error Bar £ SD (* P < .05, ** P <0.005)
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Figure 2.14 Restoration of WT NF7-GAP is sufficient to cause a decrease in Tu-OPC

proliferation.
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Figure 2.14 Restoration of WT NF7-GAP is sufficient to cause a decrease in Tu-OPC

proliferation.

(A) Following 2 days of NF1-GAP restoration, Tu-OPCs were pulsed with EdU to
determine the effect of restoration on Tu-OPC proliferation. While mt NF1-GAP infected
Tu-OPCs showed no significant change in the amount of EdU+ Tu-OPCs compared to
Mock-GFP control, WT NF1-GAP infected Tu-OPCs had a significant reduction in the
amount of EdU+ Tu-OPCs.

(B) Quantification of the percent of EdAU+, GFP+ Tu-OPCs in Mock-GFP, WT NF1-GAP,
and mt NF1-GAP infected cells. WT NF1-GAP infected cells had a significantly lower
percent of EAU+, GFP+ Tu-OPCs compared to Mock-GFP while mt NF1-GAP infected
cells had no significant change in the percent of EdU+, GFP+ Tu-OPCs. Student { Test;

Error Bar + SD (*** P < 0.001) (Scale bar, 100uM)
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Figure 2.15 Restoration of WT NF7-GAP is sufficient to cause an increase in Tu-OPC

differentiation.
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Figure 2.15 Restoration of WT NF7-GAP is sufficient to cause an increase in Tu-OPC

differentiation.

(A) 5 days after restoration of WT NF1-GAP but not Mock-GFP or mt NF1-GAP, Tu-
OPCs have developed oligodendrocyte morphology and started to express MBP, a
known oligodendrocyte marker. Inset shows the morphological differences between WT
and mt NF1-GAP expressing cells. Note the ramified processes and web-like
appearance of MBP+ oligodendrocytes.

(B) Quantification of the percent of MBP+, GFP+ Tu-OPCs in Mock-GFP, WT NF1-GAP,
and mt NF1-GAP infected cells. WT NF1-GAP infected cells had a significantly higher
percent of MBP+, GFP+ Tu-OPCs compared to Mock-GFP while mt NF1-GAP infected
cells had no significant change in the percent of MBP+, GFP+ Tu-OPCs. Student t Test;

Error Bar £ SD (** P < 0.005) (Scale bar, 100 uM; inset, 25 M)
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2.4 Signaling analysis reveals mTOR is activated in fully transformed but not

pre-transforming mutant OPCs.

2.4.1 Following NF1 deletion, mTOR activity remains at basal levels until OPC

transformation.

To better understand which signaling pathways may be critical for the initial
expansion and malignant transformation of OPCs, we analyzed the signaling
transducers in the Ras pathway, including ERK, AKT, and mTOR (Figure 2.16). We
purified WT, pre-transforming OPCs (PreT-OPCs), and tumor OPCs (Tu-OPCs) by
immunopanning and analyzed the levels of phosphorylated (p) ERK, AKT, S6K, and
4EBP1 by western blot. Interestingly, while increased phosphorylation of all effectors
was found in Tu-OPCs compared to WT OPCs, moderately increased pERK and pAKT
but not pS6K or p4EBP1 was seen in PreT-OPCs. This result suggests that while
moderate activation of ERK and AKT could be responsible for the initial expansion of
PreT-OPCs, mTOR activation only occurs after the transformation of OPCs (Figure

2.17).

2.4.2 PreT-OPCs have decreased sensitivity to mTOR inhibition.

It should be noted that, because WT OPC control used in this assay were
purified from neonatal brains and has baseline mTOR activity, the lack of increase of
mTOR activity in PreT-OPCs does not directly prove that mTOR is specifically involved
in malignant transformation but not initial expansion. Therefore to test this functionally,

we treated PreT-OPCS and Tu-OPCs with mTORC1 inhibitor Temsirolimus to determine
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whether they respond differently. MEK and AKT inhibitors were used as controls since

we predict both PreT-OPCS and Tu-OPCs would respond robustly since they had
increased activities in both cells. Data from cell viability assays showed that, while the
killing curve of PreT-OPCS and Tu-OPCs mostly overlap with MEK and AKT inhibitors,
Tu-OPCs were much more sensitive to Temsirolimus than PreT-OPCs were (Figure
2.18). This further suggests that elevated mTOR activity is critical for Tu-OPCs, and its

activation may be a driver event for the transformation of PreT-OPCs into Tu-OPCs.
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Figure 2.16 Canonical Ras signaling pathway.
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Figure 2.16 Canonical Ras signaling pathway.
Ras signaling pathway through PI3K and MAPK. Phosphorylation sites for activation
through specific pathways are shown. Also included are known inhibitors of the Ras
signaling pathway including LY294002, a PI3K inhibitor, GSK1120212, a MEK inhibitor,

and Temsirolimus, an mTOR inhibitor.



Figure 2.17 NF1 deletion leads to increased AKT and ERK activity in PreT-OPCs

while mTOR activity remains basal until OPC transformation.
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Figure 2.17 NF1 deletion leads to increased AKT and ERK activity in PreT-OPCs

while mTOR activity remains basal until OPC transformation.

Western blots shows that while the deletion of NF1 leads to increased levels of
phosphorylated (p) ERK, pAKT, pS6K, and p4EBP1 in Tu-OPCs, only pERK and pAKT
are elevated in PreT-OPCs compared to WT OPCs. pS6K and p4EBP1 show no
significant change in their levels between PreT-OPCs and WT OPCs. Bottom graph
shows the quantification of the level of pERK, pAKT, pS6K and p4EBP1 in PreT-OPCs
compared to Tu-OPCs. While there is no significant difference between PreT-OPCs and
Tu-OPCs in the level of pERK and pAKT, there is a significant difference in pS6K and
p4EBP1. Dotted line shows the level of phosphorylated proteins in WT OPCs. (n=3)

Error Bar + SD



Figure 2.18 PreT-OPCs have decreased sensitivity to mTOR inhibition compared to

ERK and AKT inhibition.
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Figure 2.18 PreT-OPCs have decreased sensitivity to mTOR inhibition compared to

ERK and AKT inhibition.

PreT-OPCs and Tu-OPCs were treated with a MEK (GSK1120212), PI3K (LY294002),
or mTOR (Temsirolimus) inhibitor and assayed 48 hrs later for survival. PreT-OPCs
have show a decreased sensitivity to the mTOR inhibitor (Temsirolimus) but not PI3K
(LY294002) or MEK (GSK1120212) inhibitor compared to Tu-OPCs. Dashed line

represents ICso value. (n=3) Error Bar + SD
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2.5 mTOR is critical for the transformation of reactivated Pre-Transforming

OPCs

2.5.1 Deletion of mTOR does not affect WT or PreT-OPC proliferation

It is obvious from our data that the deletion of NF1 leads to gradual activation of
both ERK and AKT from pre-malignant stages until tumor stages yet mTOR signaling
seems to be unaffected until tumor stages. To better understand the necessity of
particular signals for OPC transformation, we chose to delete mTOR since previous
studies have shown that pathways altered at the later stages of tumorigenesis increase
malignancy (Fearon and Vogelstein, 1990; Hruban et al., 2000; Schlomm et al., 2008).
Our inhibitor data strongly suggests that while ERK and AKT inhibition have strong
effects, PreT-OPCs have relatively little response to mTOR inhibition, thus giving us
more confidence that mTOR deletion will have little affect during PreT-OPC reactivation.
Furthermore, recent work has shown that both AKT and ERK are critical in gliomas and
both pathways converge on mTOR (Kaul et al., 2015). Thus, while AKT and ERK
deletion could have anti-tumor effects, mTOR deletion should have the combined effect
since this node is the common convergence for both ERK and AKT dependent glioma
growth and survival. Therefore, to test whether mTOR is critical for the transformation of
PreT-OPCs, we need to specifically delete mTOR in p53,NF1-null OPCs and determine
whether this blocks gliomagenesis.

Our early studies demonstrated that OPCs re-enter cell cycle (reactivation) at 12-
day post injection (12 dpi) and subsequently transform into glioma at 180 dpi (Galvao et
al., 2014). In this study, we further introduced floxed alleles of mTOR into the tumor

model, which harbors p53 and NF1 deletions, to determine the necessity of mTOR in
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OPC transformation. We first determined whether mTOR deletion could prevent the

reactivation or eventual transformation of PreT-OPCs (Figure 2.19). Following the daily
Tamoxifen administration at P45 for 5 consecutive days, mice were injected with BrdU
for 7 days to label proliferating cells. In WT animals, the deletion of mTOR had no
significant effect on OPC proliferation compared to control brains, suggesting that mTOR
is not critical for adult OPC proliferation at this age (Figure 2.20). Additionally, the
deletion of mTOR in PreT-OPCs had no significant effect on PreT-OPC proliferation
compared to controls (Figure 2.20) indicating that mTOR activity is not necessary for the

reactivation of PreT-OPCs.

2.56.2 mTOR is necessary for the transformation of PreT-OPCs.

To determine the effect of mTOR deletion on OPC transformation, mice were
examined at 180 dpi for both tumor penetrance and tumor size. Compared to control
mice that normally form medium-large tumors by 180 dpi, mTOR-null mice rarely had
tumors (2/10) and all tumors that formed were small lesions (Figure 2.21a,b).
Furthermore, after we purified Tu-OPCs using immuno-panning from two small tumors in
mTOR-null mice, genotyping result showed that one of the floxed mTOR alleles was still
intact, suggesting that they are “escaper cells” due to the inefficiency of NG2-CreER
(Figure 2.22). Interestingly, compared to the control CKO brains at 180 dpi, mTOR-null
brains contained a decent (roughly 15-20%) proportion of cells that had morphological
characteristics of oligodendrocytes (Figure 2.23). While these cells failed to stain positive
for CC1, mainly due to technical limitations, they most likely are differentiated
oligodendrocytes, suggesting that mMTOR may be responsible for maintaining an OPC-

state. The fact that Tu-OPCs in mTOR KO mice retain one copy of mTOR further
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demonstrates the absolute requirement of mTOR activity for malignant

transformation. In summary, these data suggest that, while mTOR is not necessary for
initial reactivation of PreT-OPCs, it is critical for their final transformation, making it an

effective target for glioma treatment as long as its activity can be inhibited completely.



88
Figure 2.19 Schematic for determining the necessity of mTOR during OPC

reactivation and transformation.
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Figure 2.19 Schematic for determining the necessity of mTOR during OPC

reactivation and transformation.

Top schematic shows the experimental design for testing the effect of mTOR deletion on
PreT-OPC reactivation. Mice are treated for 5 days with Tamoxifen to induce cre-
mediated recombination and then treated for 7 days with BrdU to label dividing OPCs.
Bottom schematic shows the experimental design for testing the effect of mTOR deletion
on PreT-OPC tumor formation. Following 5 days of Tamoxifen treatment, mice are kept

for 180 days to determine the tumor penetrance following mTOR deletion.
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Figure 2.20 Deletion of mTOR has no effect on WT proliferation and PreT-OPC

reactivation.
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Figure 2.20 Deletion of mTOR has no effect on WT proliferation and PreT-OPC

reactivation.

Following 7 days of BrdU injections, both WT mice and CKO mice were examined for the
percent of dividing OPCs following mTOR deletion. Both WT and CKO mice had no
significant difference in the percent of dividing OPCs that were either mTOR-WT or

mTOR-null. (n=4 WT, n=5 CKO) Student t Test; Error Bar + SD
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Figure 2.21 Deletion of mTOR leads to a decrease in OPC transformation.
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Figure 2.21 Deletion of mTOR leads to a decrease in OPC transformation. ”
(A) Glioma-CKO mice (p53,NF1-null) with either mTOR-WT, mTOR-het, and mTOR-null
status were dissected at P240, to determine the rate of penetrance following mTOR
deletion. While mTOR-WT CKO mice normally had large tumors, mTOR-null CKO mice
rarely had tumors and when they did occur, they were small. The images are
representative of the average tumor size in mTOR-WT, mTOR-het, and mTOR-null
glioma mice.

(B) Deletion of mTOR leads to a near complete block of tumor penetrance and a
decrease in tumor size. mTOR-het mice show no obvious change in both tumor

penetrance or tumor size compared to littermate controls. (n=10 for tumor experiments)
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Figure 2.22 Tumors from mTOR-null mice formed from OPCs with incomplete mTOR

knockout.
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Figure 2.22 Tumors from mTOR-null mice formed from OPCs with incomplete mTOR

knockout.

Tumors from mTOR-null brains were isolated and purified to allow for precise
genotyping. Following purification, cells were lysed and the status of mTOR deletion was
determined using PCR. Tumors that formed in mTOR-null brains were OPCs that had
incomplete recombination of both mTOR alleles. Purified cells were lysed for genomic
DNA and stained for PDGFRa to confirm OPC purity following purification. (n=10 for

tumor experiments)
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Figure 2.23 mTOR deletion leads to an increase in oligodendrocyte-like cells in CKO

model.
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Figure 2.23 mTOR deletion leads to an increase in oligodendrocyte-like cells in CKO

model.

MTOR-WT CKO tumor age mice (180 dpi) have tdT+ cells with typical OPC
characteristics, left panel. However upon examination of brains of mTOR-null CKO mice,
tdT+ cells show a characteristic oligodendrocyte-like morphology. Note the ramified

processes and large cell bodies, both characteristics of mature oligodendrocytes.
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Discussion
Most, if not all, current mouse cancer models employ multiple genetic mutations
to drive tumor formation, with the focus on studying malignant cells (Dunn et al., 2012;
Zong et al., 2012, 2015). However, we could gain more insights into therapeutic
interventions by dissecting out the transformation process in greater details. On one
hand, the impact of individual genetic changes on biological aberrations of the cell of
origin of a given tumor type should be distinct from each other. While restoring tumor
suppressor gene (TSG) activity remains challenging, one could correct biological
aberrations by targeting the entire regulatory axis. On the other hand, thorough
assessment of alterations of cellular behaviors at pre-malignant stages could guide one
to devise cancer prevention strategies. While these studies are highly important, the
main hurdle is the lack of a suitable model to study these problems because pre-
malignant mutant cells are invisible in most mouse models. Here we employed our
MADM system to dissect apart the roles of p53 and NF171 in suppressing OPC
transformation and also the alterations that are necessary at pre-transforming stages for

OPC transformation.

D2.1 Individual Roles of p53 and NF1 during the progression towards transformation in

OFPCs.

Because we and others have previously shown OPCs to be the cell of origin in a
p53/NF1 deletion model, we are able to directly assess functional roles of TSGs in this
particular cell type. While studies have previously shown p53 and NF1’s important roles
in tumorigenesis, our study is the first to look at consequences of these deletions in

OPCs at pre-malignant stages (Schwartzbaum et al., 2006; Shchors et al., 2013; Zhu
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and Parada, 2002). While NF1 controls the expansion, proliferation, and

differentiation of OPCs early on, p53 clearly plays a later but vital role in preventing OPC
transformation since NF7-null OPCs never transform despite their overwhelming
expansion in the brain parenchyma. It is plausible that p53 deletion allows a further
accumulation of necessary mutations that allow cells to transform that has been shown
in several tumor types (Levine, 1997; Weiss et al., 2010; Young et al., 2011). However
recent reports have shown that p53 may exert its tumor suppressor functions
independently of DNA-damage, cell-cycle arrest, and apoptosis (Li et al., 2012; Valente
et al., 2013b). Regardless of which pathway p53 exerts its tumor suppressor function, it
is clear that p53 deletion is needed for the transformation of NF7-null OPCs. Perhaps
the role of p53 in suppressing NF1-null OPC transformation is to maintain genome

stability, which does not allow for the additional mutations needed during gliomagenesis.

D2.2 Restoration of p53 and NF1 have strong anti-tumor effects.

While traditional studies look at how inhibitors of different overactive pathways
can affect tumor cell survival, we chose to restore the lost regulators of these pathways
to determine therapeutic efficacy. Such an approach aims at thoroughly testing
therapeutic targets without the concern of off-target effect and other complications with
pharmacological inhibitors, thereby helping the focus of drug discovery efforts. The
restoration of p53 has strong anti-tumor effects in Tu-OPCs and human glioma cells
suggest that targeting p53 in glioma may prove useful in the clinic. Our findings are in
line with recent work demonstrating that p53 restoration is efficacious for astrocytomas
(Shchors et al., 2013). Furthermore, of the 20% of glioma patients harboring p53

mutations, nearly half of these mutations are common mutations and there are drugs
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designed to restore p53 function (Khoo et al., 2014; Lehmann and Pietenpol, 2012).

Specifically, PRIMA-1, STIMA-1, MIRA-1, and SCH529074 are all either in preclinical or
clinical trials(Lehmann and Pietenpol, 2012). Additionally, several classes of MDM2
inhibitors have been discovered that lead to increased p53 activity through disruption of
the MDM2-p53 interaction (Ramirez et al., 2013). Both sets of drugs have the potential
to decrease tumor cell survival to help glioma patients harboring either p53 mutations or
MDM2 activation. In addition, while NF1 is known as a Ras-GAP, we clearly show that
restoration of the NF1-GAP domain has an additional function outside of proliferation
(Corral et al., 2003; Ismat et al., 2006). Our data demonstrate that restoration of the
NF1-GAP promotes differentiation in addition to halting proliferation, suggesting that
targeting Ras effectors could terminally differentiate cells, which may be missed in a
conventional survival assay. Thus, failure of certain drugs, such as mTOR inhibitors,
may have been due to not analyzing all the phenotypes that could result from treatment

including OPC differentiation.

D2.3 Pre-malignant stage analysis reveals unique activation of downstream Ras targets.

Furthermore, since most alterations necessary for transformation occur during
the premalignant stage, when malignancies are undetectable, we chose to examine
changes in downstream Ras effectors to uncover potential targets. While traditionally
models can uncover increased activity of targets at the tumor stage our model allowed
us to show that both ERK and AKT undergo gradual activation, compared to Tu-OPCs,
following NF1 deletion (Kaul et al., 2015; Lee et al., 2010). However to our surprise

mTOR remains at basal levels and only becomes activated following OPC
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transformation. This suggests that mTOR activation is critical for Tu-OPC

transformation while it may be inconsequential for early progression. Additionally, the
significant change in PreT-OPC response to mTOR inhibitors compared to Tu-OPCs
further supports the idea that mTOR is more critical in Tu-OPCs compared to PreT-

OPCs.

D2.4 mTOR is necessary for transformation of OPCs but is not necessary for the

reactivation of OPCs.

Recent studies have shown that inhibition of multiple pathways is more beneficial
for glioma patients, suggesting that dual inhibition will be necessary for future
therapeutics in glioma patients (Chipuk, 2015; Haar et al., 2012; Ramirez et al., 2013)..
Given that ERK and AKT activation is not unique to PreT-OPCs compared to Tu-OPCs,
yet mTOR is uniquely activated in the latter, we chose to target mTOR to prove whether
this signaling node is critical for OPC transformation. Following mTOR deletion, PreT-
OPC reactivation is unaffected but surprisingly OPC transformation is completely
blocked. This suggests that while mTOR is not critical for the early stages it is necessary
for OPC malignancy and thus may make a great therapeutic target. Additionally, this
suggests while dual inhibition may be beneficial, complete inhibition of a critical node
such as mTOR may be sufficient to block glioma cells. While past trials with mTOR
inhibitors have failed, most of these failures are due to the inability of the drugs to
effectively penetrate the blood-brain barrier and adequately inhibit their targets
(Cloughesy et al., 2008; Rodrik-Outmezguine et al., 2016). Our results should give

clinicians more hope for mTOR inhibitors, since we blocked gliomagenesis by complete
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ablation of mTOR and the effects of mTOR inhibitors on mutant, non-transformed

cells is minimal, suggesting minimal side effects and most likely less acquired
resistance.

In summary, our current study teases apart the role of individual TSGs in
promoting the cell of origin of glioma and fundamentally addresses the efficacy of
targeting these pathways by directly restoring both genes. These data provide hope for
future targeted therapies as well as begs more questions. What critical step is p53
preventing in NF7-null OPCs that does not allow malignant transformation? What
triggers the transition from mutant to tumor OPCs? Why is mTOR only up regulated
specifically in tumor OPCs? These answers and others will help us further understand

the path to malignancy and the mechanisms needed to treat patients.
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Chapter 3 Critical role of OPC competition in physiological homeostasis and

glioma initiation and progression

Introduction

The importance and challenges of studying premalignant progression of mutant cells

Malignant brain tumors remain one of the most deadly cancers due to their rapid
onset and the limited effectiveness of therapies (De Bonis et al., 2013; Haar et al., 2012;
Ramirez et al., 2013). Glioblastoma multiforme (GBM) is the most common primary brain
tumor with an average survival time of 12-15 months post-diagnosis (Lote et al., 1997;
Stupp et al.,, 2005). Poor outcomes for glioma patients can be attributed to current
therapeutic efficacy, limited resection capabilities, and eventual relapse of tumor cells
with a reduced response to therapies (Chipuk, 2015; Haar et al., 2012; Lawrence et al.,
2012). Even patients diagnosed with low-grade gliomas (LGG) have a grim outlook, as a
majority of LGGs progress to malignant gliomas (Kleihues and Ohgaki, 1999; Ohgaki
and Kleihues, 2007, 2013; Sanai et al., 2011). Therefore, investigating pre-malignant
progression could lead to mechanistic insights that shed light on preventative treatment.
However, analysis of pre-malignant progression is extremely difficult, if at all possible,
because even the smallest detectable tumors contain tens of thousands to millions of
cells, which may have already transformed (Rhiner and Moreno, 2009). The difficulty lies
in the absence of histopathologically detectable features of pre-malignant cells. Because

of this, the cellular and molecular events in precancerous lesions remain unknown.
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Cell competition is a developmental mechanism to ensure tissue integrity

During the normal development of an organism, tissue specification is tightly
controlled by a variety of signals that control cell specification in order to maintain tissue
integrity. This process is thoroughly controlled so that tissue integrity, a fundamental
feature of a healthy tissue, remains intact both during development and during the life of
the organism (Simons and Clevers, 2011) . The loss of tissue integrity leads to
malignancies that can ultimately lead to organismal death (Biteau et al., 2011). However,
how cells within a tissue differentiate between normal, healthy cells and unhealthy cells
and how unhealthy cells are eliminated are not fully understood. One tantalizing
mechanism emerging from the literature is known as cell competition.

Cell competition is a process defined as the system by which cells that are
normally viable on their own are eliminated in the presence of a more competitive cell.
This process is important during development and aging to ensure the elimination of
damaged cells to preserve issue integrity. Recent work in Drosophila development has
revealed that this mechanism also allows for an accumulation of non-WT cells, typically
cells containing mutations which augment their ability to proliferate, within a tissue
without altering tissue structure, which is termed “super-competition” (Rhiner and
Moreno, 2009). During development, cells with different genotypes compete with one
another for space within a tissue, resulting in the elimination of "unfit” cells to ensure
tissue integrity (Bondar and Medzhitov, 2010; Claveria et al., 2013; Snippert et al., 2010,
2014).

However, the relevance of cell competition to cancer has only recently been
explored (Johnston, 2009). Cell competition, when in favor of cells with oncogenic

mutations, will promote cancer evolution and tumor progression (Baker and Li, 2008).
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Furthermore, genes/pathways that have been shown to regulate cell competition are

also commonly involved in a variety of tumors. During hematopoietic stem cell
development, cells with higher levels of p53 are out-competed in a non-cell-autonomous
manner by induction of growth arrest and senescence-related gene expression (Bondar
and Medzhitov). Cell competition orchestrated by multiple oncogenic mutations has been
found to promote tumor progression, nicely explaining the multi-hit model for most
cancer types. For example, in a Drosophila model, it was found that while cells
containing Ig/ mutations had significant growth advantages and could outcompete WT
cells, they rarely formed tumors. However, upon Ras activation, these mutant cells were
able to form tumors due to inactivation of several downstream targets, resulting in
increased cell competition of the mutant cells (Menendez 2010, Brumby 2003).

Many competition genes were identified in the Drosophila model system. The
Hippo pathway has previously been shown to be a tumor suppressor, which negatively
regulates YAP. Cells with lower levels of YAP were outcompeted by cells with higher
levels (Tyler 2007, Neto-Silva 2010, Ziosi 2010). SPARC, a gene known to play a role in
tumorigenesis has also recently been shown to be involved in cell competition. It has
been shown that SPARC is up regulated in loser cells in Drosophila but that this up
regulation counteracts the typical cell death outcome of cell competition (Portela 2010).
Rather, these cells are able to evade the elimination caused by more competitive cells.
Interestingly, this phenomenon was also seen in several human tumor types, suggesting
that this pathway may be a highly relevant cell competition pathway involved in human
malignancies (Petrova et al., 2012). The most well studied gene in cell competition and
one of the most highly mutated genes in tumors is Myc. Several studies have shown that
mutations in Myc, resulting in increased Myc levels, cause an increase in competitive

fithness and have gone on to show that varying levels of Myc cause varying levels of
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competition (Claveria; De La Cova; Johnston 1999; Moreno 2004). Thus, it should

come as no surprise that recent work in Drosophila has shown that the progression
towards malignancy can be regulated by cell competition (Eichenlaub and Cohen, 2016;
Froldi et al., 2010; Hogan et al., 2011; Kucinski et al., 2016). However, whether cell
competition plays a role in mammalian systems has been studied minimally (Petrova et

al., 2012).

OPCs maintain homeostasis through repulsive homotypic cell-cell interactions

For OPCs and other neuroglial cells, it is important to sense one another and to
reach the optimal density since the space within a skull is limited. Previous work in mice
has shown that OPCs are highly dynamic and they sense one another through a touch
and repulsion mechanism to maintain homeostasis (Hughes et al., 2013b). It was shown
that OPCs normally sense their local environment through the extension and retraction
of dynamic filopodia. Upon the elimination of an OPC, adjacent OPCs respond by
quickly proliferating and replacing the lost OPC similar to neutral drift towards clonality
previously described in the intestinal crypts (Snippert 2010). While this does not seem
surprising, this response could have dire effects for cancer therapies directed towards
tumor OPCs. If, following radiation or chemotherapy, tumor OPCs are still present in the
brain, they may quickly respond to the loss of surrounding OPCs, whether tumor or
normal. This response may be one reason why GBM patients are susceptible to relapse.
However, whether the responses of OPCs to these types of insults are OPC specific or

tumor specific is unclear.
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Summary of our findings on the role of OPC competition in gliomagenesis and

homeostasis.

Using a mosaic mouse genetic tool termed MADM, mosaic analysis with double
markers, our lab recently showed that oligodendrocyte progenitor cells (OPCs), could
serve as the cell of origin in glioma. Interestingly, because MADM generates a RFP+ WT
cell at the same time as a GFP+ mutant cell, we found that during the pre-malignant
phase, Pre-Transforming (p53,NF1-null) OPCs dramatically expand over 150-fold
compare to WT cells. Yet, these animals remain asymptomatic, including having no
easily identifiable change in brain size, until tumors form at 8 months of age. This
suggested to us that despite the overwhelming increase of p53,NF1-null OPCs in these
mice, the total number of OPCs must not change that dramatically since the brains
remained largely the same size as WT mice. Yet whether this truly happens and how
this happens remained unknown. In this chapter we set out to determine how p53,NF1-
null OPCs expand in the brain and if this expansion affects WT OPCs. We followed the
progression from the initial expansion of p53,NF7-null OPCs until P60 and found that
p53,NF1-null OPCs expand at the expense of WT OPCs. We also found that the
competitive fitness of p53,NF1-null OPCs is controlled through the GAP function of NF1
since the elimination of GAP function leads to increased competitive fitness. Finally and
most surprisingly, we found that we can completely block gliomagenesis by decreasing
the competitive advantage that p53,NF7-null OPCs gain following NF1 deletion. Thus,
cell competition is a critical component of the gliomagenic process.

Furthermore, we then tested the response of OPCs to radiation, a common GBM
therapy. Using WT mice, we treated the brain with high doses of radiation and

determined if normal OPCs can be eliminated or whether they respond to large insults in
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the same way that they respond to local OPC death. Following radiation, there was

massive OPC death followed by a sharp increase in OPC proliferation. This response
led to a gradual increase in OPC density such that OPC density returned to normal
within 4 weeks of radiation. Additionally, we performed lineage tracing using an OPC
reporter and found that all OPCs that repopulate the brain after radiation are derived
from OPCs labeled before the treatment. Thus, OPCs have a robust mechanism in place
that allows them to respond to severe insults by increased proliferation of surviving

OPCs that eventually leads to normalization of OPC density.
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Results

3.1 p53,NF1-null OPCs expand at the expense of WT OPCs

3.1.1 OPC density changes only 1.5-fold between MADM-WT and MADM-Tumor brains.

Previously we have shown that from P10 to P60, there is a dramatic increase in
the ratio between mutant Pre-transforming OPCs (p53,NF1-null OPCs) and WT OPCs.
By P60, the mutant:WT (G/R) ratio has increased to roughly 150-fold, demonstrating
drastic over-expansion of p53,NF1-null OPCs. To assess how such expansion of mutant
OPCs affects the overall density of OPCs, we stained both MADM-WT and MADM-
Tumor brains with the OPC marker PDGFRa at P10 to P60 and systematically sampled
throughout the brain (Figure 3.1b). Surprisingly, despite the huge increase in G/R ratio,
the overall density of OPC only increased marginally in MADM-Tumor brains when
compared to MADM-WT brains (less then 2-fold at P60, similar to what was previously
reported, Figure 3.1c,d) (Bennett et al., 2003), suggesting that the expansion of mutant

OPCs occurred at the expense of surrounding non-mutant OPCs (Figure 3.1a).

3.1.2 p53,NF1-null OPCs grow at the expense of other OPCs.

It seems paradoxical that p53,NF1-null OPCs can expand 150-fold yet the overall
OPC only increases slightly. However, one explanation is that the p53,NF1-null OPCs
expand while at the same time both WT and heterozygous uncolored/yellow OPCs
decrease, thus providing an environment where total OPC numbers are not altered

radically. To determine if this was indeed the case, we quantified the relative proportion
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of WT, heterozygous, and p53,NF1-null OPCs within the total OPC population. At

P10 a majority (>95%) of all the OPCs are heterozygous OPCs while WT and p53,NF1-
null OPCs make up less then 2% each (Figure 3.2a,b left side). However, by P60, nearly
75% of all the OPCs within the brain are p53,NF1-null OPCs while WT OPCs have all
but disappeared (Figure 3.2a,b right side).

Furthermore, the total population of either GFP+ or other OPCs in MADM-WT
and MADM-Tumor brains were quantified at P20, P40, P60, and P120. Not surprisingly,
in MADM-WT brains there was an overall decrease in total OPC population over time
with no significant change in the total OPC population of GFP+, RFP+, or uncolored
OPCs (Figure 3.3a). However, in MADM-Tumor brains, the total OPC population
increases over this same time but more importantly, the population of GFP+ OPCs
(p53,NF1-null) grows significantly while the total population of all other OPCs
significantly decreases (Figure 3.3b). Thus this suggests that the concurrent deletion of
p53 and NF1 in OPCs leads to an increase in p53,NF1-null OPC numbers at the
expense of all other OPCs.

We also made two interesting observations in P60 MADM-tumor brains. First,
p53,NF1-null OPCs form distinctive patches that are free of WT OPCs, suggesting that
mutant OPCs most likely outcompete WT OPCs through contact-mediated clonal
expansion. Second, the density of OPCs in the green patches is higher than in the non-
patchy regions, suggesting mutant OPCs could tolerate closer contact with each other

than WT OPCs do.
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Figure 3.1 OPC density changes only 1.5-fold between MADM-WT and MADM-

Tumor brains.
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Figure 3.1 OPC density changes only 1.5-fold between MADM-WT and MADM-

Tumor brains.

(A) MADM-WT and MADM-Tumor brains were stained with GFP, RFP, and PDGFRa at
P10 and P60. At P10, OPC density remains largely unchanged with very few MADM
labeled cells found throughout the brain in both genotypes. However, by P60, there is an
obvious increase in OPC density in the MADM-Tumor brains, most of which are GFP+
OPCs. (Scale bar 50 uM)

(B) Quantification scheme for sampling OPC density throughout the brain. Brains were
sliced medial-lateral, collecting a slice every 200 ym. Within each brain slice, 7 areas
were quantified to sample throughout the brain to adjust for regional differences.

(C) Quantification of the overall OPC density, regardless of MADM labeling. At P10,
there is no significant change in the overall OPC density between MADM-WT and
MADM-Tumor brains. However, by P60, there is a significant (p=0.02) increase in OPC
density in MADM-Tumor brains compared to MADM-WT brains. (p10 n25, p60 n>10)
Student t Test; Error Bar + SEM

(D) Region-specific breakdown of total and average numbers of OPCs throughout the

brain. There was no significant difference in OPC density in any brain area examined.
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Figure 3.2 p53,NF1-null OPCs take over the OPC population by P60.
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Figure 3.2 p53,NF1-null OPCs take over the OPC population by P60.

(A) Representative images to show the relative distribution of various OPCs throughout
the brain in both MADM-WT and MADM-Tumor brains at both P10 and P60. While
MADM-WT brains have relatively little change in MADM labeling between P10 and P60,
MADM-Tumor brains show a sharp increase in GFP+ OPCs between P10 and P60.
Insets show MADM labeling (top) and OPC labeling (bottom). All insets are taken from
the anterior cortex. (Scale bar 2 mM; Inset 50 yM)

(B) At P10 and P60, MADM-WT and MADM-Tumor brains were analyzed for the relative
distribution of GFP+, RFP+, or YFP/Unlabeled OPCs within the total OPC population. At
P10 a majority (>95%) of all OPCs are YFP+/uncolored in both genotypes. By P60
MADM-WT brains still have a majority of YFP/Uncolored OPCs making up over 95% of
the total OPC population. In contrast, a majority (75%) of all OPCs in MADM-Tumor
brains are GFP+ p53,NF1-null OPCs while at the same time there is an overall decrease

in RFP+ and YFP/Uncolored OPCs. (n>10)



115
Figure 3.3 p53,NF1-null OPCs grow at the expense of all other OPCs.
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Figure 3.3 p53,NF1-null OPCs grow at the expense of all other OPCs. He
(A) MADM-WT brains were quantified at P20, P40, P60, and P120 to determine the
overall OPC population. While the total OPC population declines over time, there is no
significant change in the population of GFP+, RFP+, and Colorless OPCs in MADM-WT
brains at all ages.

(B) MADM-Tumor brains were quantified at P20, P40, P60, and P120 to determine the
effect of p53 and NF1 deletion on overall OPC population. Unlike MADM-WT brains,
MADM-Tumor brains had an increase in total OPC population across all ages.
Importantly, the population of GFP+ OPCs grows substantially across all time points

while the population of all other OPCs declines over time.
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3.2 NF1 deletion is sufficient for OPC competition.

3.2.1 Single deletion of NF1 is sufficient for an increase in OPC competition but is not

sufficient for gliomagenesis.

It is clear that the concurrent deletion of p53 and NF1 leads to an increase in
p53,NF1-null OPC competiveness. However, it is still unclear whether one of these or
both gene mutations lead to an increase in competitive fitness. To address this, we
established MADM-p53 and MADM-NF1, in which only one TSG is mutated by the
MADM system. Then we analyzed mutant OPC expansion in these brains, in
comparison to the MADM-Tumor brains. At P10, all three models showed similar
proportions of WT, heterozygous, and mutant OPC numbers within the total OPC
population (Figure 3.4a left side; Figure 3.5a,b left side). However, by P60, MADM-p53
brains had no expansion of p53-null OPCs while NF7-null OPCs brains phenocopied
p53,NF1-null OPC competition (Figure 3.4a right side; Figure 3.5a,b right side).
Therefore, NF1 loss but not p53 loss is responsible for the increased competitive fitness
of p53,NF1-null OPCs. It is important to note that both MADM-Tumor and MADM-NF1

brains contain patches of GFP+ mutant OPCs.
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3.2.2 GAP domain of NF1 is critical for OPC competition.

Our previous data demonstrate that the complete deletion of NF1 is sufficient for
an increase in OPC competitive fitness. However, NF1 is a large 280 kDa protein with
many domains, one of which is RasGAP. It would be important to investigate whether
the ability to increase OPC competitive fitness is related to NF1’s RasGAP activity or
activities outside this function. To address this we established a MADM-GAP-Inactive
model (MADM-GAP-Dead), in which we incorporated a new mutant NF7 allele that
carries a single Arginine to Proline change at amino acid 1276 in the GAP catalytic site
(Figure 3.6a). This single mutation leads to a complete loss of GAP function with normal
levels of NF1 protein still present in the cell (John Epstein lab, unpublished). Using this
new MADM mouse (MADM-GAP-Dead), we then evaluated the expansion of mutant
OPCs and the penetrance of gliomagenesis. Interestingly, while the MADM-Tumor mice
have >75% of GFP+ OPCs at P60, only 50% of OPCs in MADM-GAP-Dead mice are
GFP+ (Figure 3.6b,c). Additionally, while OPCs with NF7 deletion have a 4-day
proliferation rate near 25%, OPCs with the NF71-GAP-Dead allele, have a proliferation
rate of 11.8% + 2.89 (Figure 3.6d). Taken together, these data suggest that the loss of
GAP activity only partially recapitulates the complete deletion of NF1.

However, despite the fact that the NF7-GAP-dead allele does not fully
recapitulate NF1 deletion, these mice may still form tumors since there still seems to be
competition. Therefore, mice were kept until P240, the latency age for tumor formation in
our MADM-Tumor model and analyzed for tumor formation. While MADM-GAP-dead
mice did form tumors, it was at a much lower penetrance (5/11) compared to MADM-
Tumor mice (10/10). The tumors that did form were smaller than MADM-Tumor brains

(Figure 3.7a,b). Thus, while the competition between p53,NF7-null OPCs and other
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OPCs is less than our original model, these OPCs still compete and do form tumors.

This suggests that the critical component of the NF1 gene necessary for competition is
the GAP domain. However, because the GAP-dead OPCs still retain some increased
competitive fitness and some malignancy, this suggests that the allele is either not
completely dead or other domains may contribute to the tumor suppressing activity of

NF1.



120
Figure 3.4 Single deletion of NF1 is sufficient for an increase in OPC competition.
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Figure 3.4 Single deletion of NF1 is sufficient for an increase in OPC competition.

(A) Representative images to show the relative distribution of various OPCs throughout
the brain in MADM-p53, MADM-NF1, and MADM-Tumor brains at both P10 and P60.
While MADM-p53 brains have relatively little change in MADM labeling between P10
and P60 (top), MADM-NF1 brains (middle) show a sharp increase in GFP+ OPCs
between P10 and P60, similar to what is seen in MADM-Tumor brains (bottom). (Scale

bar 2 mM)
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Figure 3.5 Deletion of NF1 leads to an increase in the percent of GFP+ OPCs by

P60.
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Figure 3.5 Deletion of NF1 leads to an increase in the percent of GFP+ OPCs by

P60.

(A) Representative images to show the relative MADM labeling in the brain at different
ages. At P10, MADM-p53, MADM-NF1, and MADM-Tumor brains have similar levels of
MADM labeled cells, and similar numbers of OPCs in the brain. However, by P60,
MADM-p53 brains show little change in the level of MADM labeled cells while MADM-
NF1 brains show similar levels of MADM labeled cells; a majority of these cells are
GFP+. Additionally, OPC density has increased in both MADM-NF1 and MADM-Tumor
but not MADM-p53 brains. All pictures are taken from the anterior cortex. (Scale bar 50
uM)

(B) At P10, MADM-p53, MADM-NF1, and MADM-Tumor brains were analyzed for the
relative distribution of GFP+, RFP+, or YFP/Unlabeled OPCs within the total OPC
population. In MADM-p53, MADM-NF1, and MADM-Tumor brains, less than 4% of the
total OPC population was MADM labeled. By P60 (bottom right), MADM-p53 brains still
had a majority (>95%) of non-MADM labeled OPCs in the brain. In contrast, MADM-NF1
brains had nearly 75% GFP+ OPCs within the total OPC population, similar to MADM-

Tumor brains. (n>10)
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Figure 3.6 GAP activity is required for inhibiting increased OPC competitive fitness.
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Figure 3.6 GAP activity is required for inhibiting increased OPC competitive fitness

(A) Diagram of the full length NF1 protein, including the GAP domain with the Arginine to
Proline mutation at 1276 indicated within the catalytic domain.

(B) Representative images to show the difference in GFP+ clones between MADM-
Tumor brains and MADM-GAP-dead brains at P60. While MADM-GAP-dead brains
show GFP+ clones, a majority of the clones are smaller in size compared to MADM-
Tumor brains. Insets show GFP+ areas (top) and OPC distribution (bottom), all taken
from the anterior cortex. (Scale bar 2 mM; Inset 50 yM)

(C) Quantification of the distribution of MADM labeled cells within the total OPC
population. While 75% of the OPCs in MADM-Tumor mice are GFP+ OPCs, in MADM-
GAP Dead mice, only 50% of all OPCs are GFP+ OPCs at P60, suggesting that GAP-
Dead OPCs have slightly lower competitive fitness than NF7-null OPCs.

(D) Quantification of the proliferation rate of GFP+ OPCs in both MADM-GAP-dead and
MADM-Tumor mice. The proliferation rate of OPCs in MADM-Tumor brains is
significantly (p=0.0053) higher than GAP-Dead OPCs. (n>5) Student t Test; Error Bar +

SEM
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Figure 3.7 GAP activity is required for full tumor suppressing activities
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Figure 3.7 GAP activity is required for full tumor suppressing activities

(A) Quantification of the tumors that develop in both MADM-GAP-dead and MADM-
Tumor mice. Small represents a tumor roughly the size of a mouse olfactory bulb,
medium represents a tumor half the size of one mouse brain hemisphere, and large
represents anything that is roughly the size of half of the mouse brain. (n>10)

(B) Representative images showing the average difference in tumor size between the
MADM-GAP-dead and MADM-Tumor mice. Tumor boundary is outlined in red. (Scale

bar 2 mM)
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3.3 Competition is necessary for gliomagenesis.

3.3.1 Design of new MADM system to increase the competitive fitness of non-GFP+

OPCs

It is clear from the previous data that during the initial pre-transforming stages,
p53,NF1-null OPCs have increased competitive fitness and gradually eliminate other
OPCs to take over the brain. However, one critical question is whether or not this
competition is necessary for OPC transformation. To address this we needed to
designed a new MADM system, in which the competitive fitness of non-GFP+ OPCs
could be increased. Because NF1 deletion leads to the same competition as seen in the
MADM-Tumor model while MADM-NF1 mice never form tumors, we decided to
incorporate an additional mutant NF1 allele in our MADM system (Figure 3.7). We call
this model MADM-AC (anti-competition) because all OPCs are NF7-null while green
OPCs are p53,NF1-null, which were predicted to have similar competitive fitness due to

the equal NF1 status (Figure 3.8).

3.3.2 Increasing the competitive fitness of non-GFP+ OPCs blocks gliomagenesis.

First we examined G/R ratio at P10, P60, and P240 in MADM-AC to see if
competition is truly eliminated. While MADM-Tumor mice at P10 have already expanded
5-fold over WT OPCs, MADM-AC mice have a G/R ratio of 1 similar to MADM-WT
(Figure 3.9a,b left images and left-most bars). By P60, MADM-Tumor mice have a G/R

ratio near 150 while MADM-AC again still retain a G/R ratio of 1 (Figure 3.9a,b, middle
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images and middle bars). By P240 this ratio remains steady while MADM-Tumor

mice have now expanded nearly 300-fold over WT OPCs (Figure 3.9a,b, right images
and right-most bars). Thus, the introduction of NF1 deletion into non GFP+ OPCs blocks
the ability of these double-null OPCs to expand over RFP+ OPCs.

However, despite the lack of expansion of p53,NF1-null OPCs, because of the
deletion of NF1 globally, the number of OPCs in the brain may have increased
substantially compared to both MADM-WT and MADM-Tumor mice. Additionally, if there
was an increase in OPC density, the proportion of GFP+, RFP+, and YFP+/Uncolored
OPCs could have changed also. To determine this, brains from MADM-WT, MADM-
Tumor, and MADM-AC were stained for PDGFRa and the density of total OPCs was
quantified. At P10, all three genotypes had similar densities of OPCs, which was not
significantly different from one another (Figure 3.10a, left bars). However, at P60, both
MADM-Tumor and MADM-AC brains had similar (p=0.36) OPC densities, both of which
were significantly higher then MADM-WT brains (p=0.02 & p=0.008, respectively)
(Figure 3.10a, right bars). However, the overall increase in OPC numbers is less than 2-
fold despite the complete take-over of the OPC population by PreT-OPCs.

Next, we determined the relative proportion of GFP+, RFP+, and
YFP+/Uncolored OPCs in these brains. At P10, there was obvious difference in the
relative proportions of any of these populations within the total OPC population (Figure
3.10a left most images and 3.10b,c left-most bars). However, at P60 the proportion of
GFP+ and RFP+ OPCs in the MADM-AC brain, made up less than 5% of the total OPC
population, similar to MADM-WT while a majority (>95%) of the OPCs were still
YFP+/Uncolored (Figure 3.10a right images and Figure 3.10b,d middle bars). This is in
sharp contrast to MADM-Tumor brains in which a majority (>75%) of all OPCs are

p53,NF1-null GFP+ OPCs. This data demonstrates that the deletion of NF71 in all OPCs
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slightly increases OPC density but does not allow for p53,NF1-null OPCs to out-

compete any other OPCs.

Next we investigated whether GFP+ OPCs could transform into glioma since they
still carry p53 and NF1 deletions. To examine this, we kept MADM-AC mice until P240,
the latency age for the MADM-Tumor model. Of the 15+ mice examined, none of the
mice formed tumors while MADM-Tumor mice form tumors at 100% penetrance at this
age (Figure 3.11). Thus, these data demonstrate that the expansion of p53,NF1-null
OPCs is necessary for transformation. It seems likely that the probability of an OPC
transforming goes up significantly since the entire OPC population consists almost
entirely of p53,NF1-null OPCs, thus increasing the pool of cells that have the ability to
form a tumor. These data also demonstrate that by blocking the ability of p53,NF1-null
OPCs to expand, we likely decreased the chance of a cell acquiring the necessary

mutations for transformation.

3.3.3 mTOR s critical for expansion of p53,NF1-null OPCs

Because the global deletion of NF71 led to an inhibition of p53,NF7-null OPC
competition, we wondered if this competition was mediated through mTOR since mTOR
deletion blocked OPC gliomagenesis. To test this we first quantified the G/R ratio of
PreT-OPCs at P10, P20, and P60 to determine the range of G/R expansions. Between
P10 and P20 the G/R ratio increases nearly 8-fold compared to only a 3-fold increase
between P20 and P60 (Figure 3.12a). To maximize mTOR inhibition we treated mice
starting at P10 every other day until P15 when we treated mice daily with 50mg/kg
Temsirolimus (Figure 3.12b, top). To verify that the inhibitor was effective in blocking

mTOR we examined the levels of phosphorylated-S6 at P12, P14, and P20. Compared



131
to control, treated animals at all time points had no detectable levels of p-S6 (Figure

3.12b, bottom). When we examined the brains of these mice, Temsirolimus-treated mice
had significantly smaller GFP+ clones compared to control animals (Figure 3.12c).
Additionally, Temsirolimus-treated mice had nearly the same G/R ratio as P10 mice,
which was significantly smaller than P20 control mice (Figure 3.12d). Thus, not only
does the global deletion of NF71 block p53,NF1-null OPC competition, but it appears to

be an mTOR-dependent mechanism.
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3.8 Design of MADM-Anti Competition (MADM-AC) mouse.
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3.8 Design of MADM-Anti Competition (MADM-AC) mouse. 9
The traditional MADM mouse has one half of the MADM cassette with p53 and NF1
mutant alleles while the second half of the MADM cassette is WT for both genes. In the
MADM-AC design, one half of the MADM cassette carries the p53 and NF1 mutant
alleles while the second half of the MADM cassette carries another copy of the NF1
mutant allele. During mitotic recombination and segregation, GFP+ cells will be p53,
NF1-double null while RFP+ cells will be NF1-null. Importantly, the vast majority of cells,

which are YFP+/Uncolored initially, will also be NF7-null and p53-heterozygous.
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Figure 3.9 Global deletion of NF1 in all OPCs leads to a reduction in p53,NF1-null

OPC expansion ability.
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Figure 3.9 Global deletion of NF1 in all OPCs leads to a reduction in p53,NF1-null

OPC expansion ability.

(A) Representative images to show overall MADM distribution throughout the brain.
While MADM-WT brains have relatively little change in MADM labeled cells from P10-
P240, MADM-Tumor brains show a substantial increase in GFP+ cells across this time.
However, MADM-AC brains have similar MADM labeling as MADM-WT brains. Insets
show 20x magnification of MADM (top) and PDGFRa (bottom) staining in anterior cortex.
(Scale bar 2mM; Inset 50uM)

(B) G/R ratios of MADM-WT, MADM-Tumor, and MADM-AC mice were quantified at
P10, P60, and P240. While MADM-Tumor brains showed significant increases in G/R
ratio at all ages, MADM-AC brains had similar G/R ratios to MADM-WT at all ages

examined. (n>10) Student ¢ Test; Error Bar £+ SEM (*** P < 0.001)
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Figure 3.10 Global deletion of NF7 in OPCs leads to an increase in OPC density but

a decrease in the percent of OPCs that are p53,NF7-null.
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Figure 3.10 Global deletion of NF7 in OPCs leads to an increase in OPC density but

a decrease in the percent of OPCs that are p53,NF7-null.

(A) Representative images to show overall MADM distribution throughout the brain.
While MADM-Tumor brains show a sharp increase in GFP+ cells from P10 to P60,
MADM-AC brains show a similar level of MADM labeling between P10 and P60, similar
to MADM-WT brains. Insets show 20x magnification of anterior cortex. Top inset shows
MADM labeling (top) while the bottom inset shows OPC labeling (bottom). (Scale bar 2
mM; Inset 50 pM)

(B) Quantification of OPC density at both P10 and P60. At P10, there is no significant
difference in OPC density between all three genotypes. By P60, both MADM-Tumor and
MADM-AC have a significant increase in OPC density compared to MADM-WT brains.
However, there is no significant difference in OPC density between MADM-Tumor and
MADM-AC brains. Student t Test; Error Bar + SEM (n>10)

(C) At P10, MADM-WT, MADM-AC, and MADM-Tumor brains were analyzed for the
relative distribution of GFP+, RFP+, or YFP/Unlabeled OPCs within the total OPC
population. In MADM-WT, MADM-AC, and MADM-Tumor brains, less than 4% of the
total OPC population was MADM labeled.

(D) At P60, while MADM-Tumor brains have a majority of GFP+ OPCs (75%), MADM-
AC and MADM-WT maintain a low level (>4%) of MADM-labeled OPCs within the total
OPC population. This suggests that the increased competitive fithess of non-GFP+

OPCs blocks the expansion ability of GFP+ OPCs.
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Figure 3.11 Increasing the competitive fithess of non-GFP+ OPC blocks

gliomagenesis.
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Figure 3.11 Increasing the competitive fithess of non-GFP+ OPC blocks

gliomagenesis.

Representative images to show that increasing the competitive fitness of non-GFP+
OPCs, blocks GFP+ OPC expansion. While MADM-Tumor brains have 100%
penetrance at P240, MADM-AC brains never form tumors. Thus, the increased
competitive fitness of non-GFP+ OPCs blocks tumor formation. Inset shows MADM

density at 20x magnification. (n>10) (Scale bar 2 mM).
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Figure 3.12 mTOR inhibition blocks PreT-OPC competition.
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Figure 3.12 mTOR inhibition blocks PreT-OPC competition.

(A) G/R ratio of MADM-Tumor mice was measured at P10, P20, and P60 showing an 8-
fold increase in G/R ratio between P10 and P60.

(B) Top, Temsirolimus treatment scheme to determine if mTOR inhibition blocks OPC
competition. Bottom, verification of mTOR inhibition in treated mice at P12, P14, and
P20.

(C) Following the treatment scheme in panel A, GFP+ clones were compared between
treated and control animals. GFP+ clones in control mice are significantly larger than
Temsirolimus treated mice. (Scale bar 25 yM)

(D) Quantification of the effect of mTOR inhibition shows a significant decrease in G/R

ratio compared to control animals. Student t Test; Error Bar £+ SEM; (n=5)
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3.4 OPCs maintain homeostasis after radiation.

3.4.1 Experimental design to test the response of WT OPCs to radiation.

Previous work in both zebrafish and mice have shown that OPCs are highly
dynamic cells that can maintain homeostatic cell density through a contact inhibition
mechanism (Kirby et al., 2006; Hughes et al., 2013). To determine whether normal
OPCs have an innate homeostatic mechanism, which can allow for complete recovery of
OPC ablation following radiation, WT mice were treated with 15 Gy irradiation (IR) at
postnatal day 20 and brains were analyzed at a few time points over a 4-week time
course. To determine the level of DNA damage, brains were stained with pH2a.X, a DNA
damage marker, at 48hrs post-IR (Figure 3.13; first time point). Next, to determine
whether OPCs died in response to IR, mice were analyzed at 1-week post-IR and the
OPC density was quantified in addition to the percent of proliferating OPCs during a 4-
day BrdU pulse (Figure 3.13; second time point). Next, to determine the dynamics of
OPC recovery, mice were analyzed at 2 weeks and 4 weeks post-IR and the density of
OPCs was quantified in addition to the percent of proliferating OPCs during a 4-day

BrdU pulse (Figure 3.13; right 2 time points).

3.4.2 IR causes massive WT OPC death followed by gradual recovery of WT OPC

density.

To determine the effect of IR on OPCs, we first treated P20 mice with 15 Gy IR

and then analyzed 48 hrs after radiation. Not surprisingly, more than 90% of all OPCs
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were pH2a.X+, a known histone mark for DNA damage (Fig 3.14a). Knowing that a

majority of OPCs had DNA damage following IR, we then waited 1 week and analyzed
mice to determine the effect of the DNA damage on OPC numbers. Within 1 week, most
NG2+, PDGFRa+ OPCs had been eliminated from the cortex compared to control
animals (Figure 3.14b & 3.15a; left-most pictures and left bars). Additionally, there was
no significant difference in the percent of proliferating OPCs at 1 week compared to
controls (Figure 3.15b; left-most bars). Thus, the DNA damage sustained by OPCs
initially caused massive cell death of OPCs. However, within 2 weeks, the density of
OPCs had recovered to nearly 70% of the levels of control animals with a more than 5-
fold increase in OPC proliferation (Figure 3.14b & 3.15a,b; middle pictures and bars).
And by 4 weeks, OPCS numbers recovered to the same density as control animals
including a restoration of normal OPC proliferation rates (Figure 3.14b & 3.15a,b; right-

most pictures and bars).

3.4.3 Re-populating OPCs are derived from resident OPCs.

However, one possible explanation for the sharp decrease in OPC numbers is
that both PDGFRa and NG2 expression are decreased following radiation. Additionally,
the recovery of OPCs at 2 weeks could be from either surviving OPCs in the cortex or
from neural stem cells (NSCs) residing in the SVZ. To address these issues we then
used a tdTomato reporter under the control of NG2-CreER, an OPC-specific Cre that we
have previously shown labels only OPCs but never NSCs (Galvao et al., 2014). At P10,

mice were injected with Tamoxifen every other day for 8 days, followed by IR at P20,
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and then analysis at 1 week and 2 weeks to determine if these cells are truly ablated

and if they come from tdTomato+ OPCs (Figure 3.16a). 1 week following IR, most of the
tdTomato+ cells are gone and the few remaining cells are PDGFRa+, thus showing that
OPCs are truly ablated after IR (Figure 3.16b). 2 weeks after IR, all of the PDGFRa+
cells in the ablated areas are also all tdTomato+ demonstrating that the recovering
PDGFRa+ cells in these areas come from tdTomato+ OPCs that survived the initial IR
(Figure 3.16c). Thus, the ability of OPCs to sense one another and recover from

grievous insults, such as IR, is an innate property of normal OPCs.
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Figure 3.13 Experimental design to test the response of WT OPCs to Irradiation.
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Figure 3.13 Experimental design to test the response of WT OPCs to Irradiation.

Mice were treated with 15 Gy IR at P20 and then analyzed at various time points. At
48hrs mice were analyzed for DNA damage using pH2a.X, a DNA damage marker. 1
week following IR, the density of OPCs was analyzed. 2 weeks following IR, the density
and proliferation of OPCs was analyzed. 4 weeks following IR, the full-recovery of OPC

density and proliferation was analyzed.



147
Figure 3.14 Following IR, OPCs undergo cell death followed by gradual recovery.

A
— . .
°
—
E=)
=
o
Q
<
@
E=)
=
g
1
[+ 4
-

B 1 Week 2 Weeks 4 Weeks
ppDGFRa R PDGFRa PDGFRa
NG2 BrduU Brdu

°
-
E=)
=
o
o

IR-Treated




148

Figure 3.14 Following IR, OPCs undergo cell death followed by gradual recovery.

(A) 48hrs after IR, the level of DNA damage was compared between control and IR-
treated animals. Compared to control animals, over 90% of OPCs in the IR-Treated were
pH2a.X+, indicating DNA damage. Insets show zoomed in pictures with arrows
indicating PDGFRa+, pH2a.X+ OPCs.

(B) 1 week following IR, OPC density in treated mice has significantly decreased in
comparison to control animals. Within 2 weeks following IR, OPC density has increased
significantly, to almost control animal levels. Additionally, a majority of OPCs in the brain
are proliferating OPCs, as determined by BrdU labeling. 4 weeks following IR, OPC
density had returned to control levels. Additionally, the percent of BrdU+ OPCs has

slowed to control levels by this time. (n=5) (Scale bar 25 yM)



Figure 3.15 Quantification of OPC response to IR.
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Figure 3.15 Quantification of OPC response to IR.

(A) OPC density at both 1 week and 2 weeks following IR was significantly (p<0.001)
decreased compared to control animals. However, by 4 weeks, OPC density had
returned to control levels.

(B) 1 week after IR, OPC proliferation was not significantly different compared to control
animals. 2 weeks after IR, OPC proliferation was significantly (p<0.001) increased
compared to control animals. By 4 weeks, OPC proliferation returned to normal levels,

compared to control animals. (n=5) Student t Test; Error Bar + SEM (*** P < 0.001)
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Figure 3.16 Recovering OPCs are derived from resident OPCs.
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Figure 3.16 Recovering OPCs are derived from resident OPCs.

(A) Mice were treated with Tamoxifen every other day for 8 days starting at P10, to label
all OPCs. At P20 mice were treated with 15 Gy IR and then analyzed at various time
points. 1 week following IR, mice were analyzed for the percent of tdT+ OPCs to
determine if the elimination of PDGFRa+ cells was truly OPC elimination. 2 weeks
following IR, the percent of tdT+ OPCs out of the total OPC population was quantified.
(Scale bar 25 uM)

(B) 1 week following IR, tdT+ OPCs in IR-treated brains were ablated compared to
control animals. By 2 weeks following IR, all OPCs in the brain are tdT+ OPCs,
demonstrating that all OPCs are derived from native OPCs.

(C) Quantification of the percent of tdT+ OPCs within the total OPC population. At 1
week post-IR, nearly all OPCs are tdT+ in both control and IR-treated animals. At 2
weeks post-IR, nearly all OPCs in both control and IR-treated animals are tdT+. (n=5)

Student t Test; Error Bar + SEM
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Discussion:

Glioma is particularly devastating for two reasons. First, A common problem in glioma
treatments is the ability of tumor cells to relapse following treatment. However, the
mechanisms by which the tumor cells are able to relapse remain unclear. One idea is
that residual tumor cells are slow dividing cells, which allows them to escape the
damaging effects of most chemotherapies and radiation due to their prolonged cell cycle
time. However, there is no concrete evidence to support this hypothesis at this time.
Second, low-grade glioma inevitably progress into high-grade tumors despite any kinds
of intervention. Now the revelation of OPC competition could provide a novel
interpretation of these problems, and also raise the possibility that the traditional cell-
killing agents could fuel the cancer evolution process. Therefore, an anti-competition

therapy would be needed for effective glioma prevention or even treatment.

D3.1 Expansion of p53,NF1-null OPCs creates precancerous field.

Previous studies have shown that during the progression from premalignant to
malignant tumors, there is a progressive change in the make-up of the tissue (Braakhuis
et al., 2003; Dakubo et al., 2007; Slaughter et al., 1953). The precancerous field, as it is
referred to, allows for an accumulation of mutant cells in the host tissue. With this
accumulation of cells, the probability of further mutations significantly increases as well.
In our model, following the deletion of both p53 and NF1, mutants OPCs quickly out-
compete surrounding OPCs and completely overtake the brain parenchyma. This
expansion creates a pool of mutant OPCs, one of which can gain further mutations that

allow for transformation. However, by blocking the ability of p53, NF1-null OPCs to create
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a precancerous field, we show that you can effectively block gliomagenesis, thus

indicating that the precancerous OPC field is necessary for gliomagenesis.

D3.2 NF1 regulates OPC competition.

While other studies have shown that many of the regulators of cell competition
are pathways heavily involved during development, we were able to demonstrate that
NF1 is a critical component of OPC competition. Although NF7 is most commonly
associated with Ras signaling, our NF1-GAP Dead data show that the ability of OPCs
with loss of NF1-GAP activity do not compete as well as NF7-null OPCs. However, this
lower level of competition could be due to several different reasons. Because the NF1-
GAP Dead protein has not been studied extensively, we do not know whether this
protein acts in a dominant negative fashion. If this is the case, the lack of complete
competiveness of NF1-GAP Dead OPCs could be explained since all of the
YFP+/Uncolored OPCs carry one copy of the NF1-GAP Dead allele and a WT NF1
allele. If the NF1-GAP Dead protein does interact in a dominant negative fashion, it
could be creating YFP+/Uncolored OPCs with reduced GAP activity, thus making them
more competitive, which blocks the competition of green OPCs (Figure 3.17a vs. 3.17b).
A second explanation could be that the NF1-GAP Dead protein is not truly “Dead” and
there may be residual GAP activity. However, the fact that GAP-Dead OPCs have
increased competitive fitness and some can form tumors, suggests that OPC
competitive fitness is regulated in part by the GAP domain of NF1. Thus, we have found

a new gene that regulates cell competition.
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Figure 3.17 Dominant negative schematic for NF1-GAP Dead allele
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Figure 3.17 Dominant negative schematic for NF1-GAP Dead allele

(A) NF1-GAP activity for traditional MADM-Tumor model. GFP+ cells have 0% of NF1-
GAP activity while RFP+ cells have 100%. YFP+/Uncolored cells have 50% NF1-GAP
activity due to deletion of one NF1 allele.

(B) NF1-GAP activity for MADM-NF1-GAP Dead model. If the NF1-GAP Dead allele is a
dominant negative it could create YFP+/Uncolored cells that have reduced NF1-GAP
activity despite have one NF1 allele. This can be explained if the GAP-Dead allele
interacts or interferes with the WT allele, thus reducing the level of NF1-GAP activity

overall in the heterozygous population.
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D3.3 OPC competition is necessary for transformation.

While competition has been shown to regulate mainly developmental processes
or organs that continually self-renew, here we demonstrate that OPC competition is
necessary for gliomagenesis. While many other studies show that competition occurs
during development, we show that OPC competition is not developmentally regulated, as
this process continues into adulthood (Bondar and Medzhitov, 2010; Claveria et al.,
2013; Johnston et al., 1999). This continuation is a necessary process for OPC
transformation and eventually manifests itself through tumor formation, a never yet seen
phenomenon in cell competition. However, why this process is necessary for
gliomagenesis remains unclear. The most plausible explanation is that through the
elimination of non-mutant OPCs, the double-null OPCs are able to generate a large
enough population that allows for further oncogenic changes necessary for
transformation (Huszthy et al., 2012; Maher et al., 2001). Regardless, it is clear that cell
competition is critical for transformation and this phenomenon should be exploited for
future therapies. We demonstrated that by increasing the competitive fitness of non
GFP+ OPCs, the ability of GFP+ cells to expand and transform was eliminated. Rather
than trying to eliminate tumor cells that can always come back and eliminate more non-
tumor cells, perhaps we should try to increase the ability of non-tumor cells to compete
with tumor cells. However, how this can be harnessed for future therapies remains to be
seen.

One promising area is to use cytostatic drugs such as mTOR inhibitor to block
OPC competition as shown in Figure 3.10. There is an apparent paradox between this
finding and our data showing the lack of mTOR activation at the population level (Figure

2.17). One explanation for this paradox is that rather then all PreT-OPCs having



158
elevated levels of mTOR signaling, there is random activation in individual OPCs

that leads to GFP+ clones forming. If this is the case then only a few cells would give
rise to the large clones seen by P60 and would explain why we never see elevated
levels of mTOR signaling at P10 via protein analysis. However, the possibility remains
that there may be higher levels of mTOR signaling in all PreT-OPCs at P10 but that the
levels of all the other OPCs is lower due to the mixed population and cell competition. In
this case, mTOR signaling would appear normal due to a select few GFP+ OPCs having

high levels while the rest have lower levels than WT OPCs.

D3.4 Sensing between OPCs is an innate OPC mechanism.

Finally, we have found that while OPCs are susceptible to elimination through
common tumor therapies (IR), permanent elimination of OPCs is not possible without the
complete eradication of all OPCs. Previous work has shown that there are differences in
OPC response to IR depending on the age of the animal, but no one has examined the
repopulation of OPCs using lineage tracing (Foote and Blakemore, 2005; Fukuda et al.,
2005; Irvine and Blakemore, 2007). Additionally, while we showed that OPCs within the
cortex and olfactory bulb disappear within 1 week following IR, OPCs in the midbrain,
thalamus, hypothalamus, and basal forebrain were not immediately responsive to IR-
induced cell death. This suggests regional differences in OPC responsiveness, which is
consistent with previous studies showing that there are different populations of OPCs
within the brain with different functions (Dimou and Wegner, 2015; Dimou et al., 2008).
Furthermore, the regenerative ability of WT OPCs suggests that understanding basic
OPC properties may be beneficial for future glioma therapies, since their intrinsic ability

to regenerate may be the reason for glioma relapse. While we tend to think that tumor
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cells are resistant to IR because of the multitude of changes that they have

undergone, it seems possible that Tu-OPCs are simply resistant to IR due to the nature
of this population of cells. Thus, designing therapies that target OPC regeneration rather

than tumor cell properties could prove effective against glioma relapse.
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Chapter 4: Perspectives

In this thesis project, | have described the individual roles of p53 and NF1 during
OPC transformation and the efficacy of gene restoration in tumor OPCs. Additionally, |
have shown that there is competition between mutant and WT OPCs and this process is
essential for gliomagenesis. However, despite the observations made, critical questions
still need to be answered. During gliomagenesis, what is the critical change between
pre-transforming OPCS and tumor OPCs? Does Rb contribute to PreT-OPC
transformation? What role does NF1 play in OPC competition during gliomagenesis?
How do pre-malignant OPCs sense WT OPCs? The answers to these and other

questions should help with new therapeutics and better outcomes for glioma patients.

4.1 What critical changes are needed for pre-malignant OPC transformation?

4.1.1 Are there changes at the DNA level that signal OPC transformation?

With our current data we can only analyze the properties of pre-transforming
OPCs and tumor OPCs. However, the critical moment when OPC transformation initially
occurs has not yet been analyzed. Understanding how these pre-transforming OPCs
undergo transformation is critical for future therapies since these critical changes are
most likely essential for gliomagenesis. Additionally, by studying these pre-malignant
stages further, we can better understand the properties of OPCs that allow them to
transform. This will help not only cancer biology but may also be important for other

OPC-related diseases such as multiple sclerosis.
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One possibility is that pre-transforming OPCs have decreased genomic

stability due to the deletion of p53 since p53 is known to increase genomic stability.
Thus, p53 deletion could simply allow for an accumulation of genomic abnormalities that
may result in OPC transformation. To test this, MADM-Tumor mice would be analyzed at
various ages for genomic abnormalities. Starting at P90, mice would be analyzed every
month until small lesions are present in the brain. Because the adult mouse brain cannot
be efficiently dissociated, laser capture microscopy would be employed to capture pre-
malignant OPCS. Genomic sequencing could be performed to determine the relative
changes in the genome. Because, the amount of cells that would be captured during this
process is low, a highly sensitive sequencing technique would need to employed due to
the small starting material. NG2-eGFP mice would be used as a control and analyzed at
the same time point in order to give a baseline to which pre-transforming OPCs would be
compared. By comparing MADM-Tumor samples along the timeline, we could determine
which genes are altered early during the pre-malignant stages and eventually which
genes are commonly mutated in the early stages of OPC transformation. If there are
commonly mutated genes, further experiments would need to be carried out to
determine their importance to OPC transformation by either overexpressing or knocking

down these genes of interest.

4.1.2 Are there changes at the RNA and/or protein level that signal OPC transformation?

A second possibility is that pre-transforming OPCs have changes at the
transcriptomic level due to NF1 deletion. It has been shown that NF1 deletion in OPCs
leads to an increase in p53-dependent cell-cycle arrest and senescence, owing to the

aberrant oncogenic signaling present in these cells (Lloyd and Raff, 2001). Thus, NF1
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deletion may lead to overall transcriptomic and ultimately proteomic changes in

PreT-OPCs.

Similar to the previous experiment, MADM-Tumor mice would be analyzed at
various ages for RNA and protein changes every month until small lesions form. Again,
laser capture microscopy would be employed to capture cells from these small lesions
and these cells would undergo both RNAseq and protein analysis with NG2-eGFP cells
serving as a control.

If there are high levels of altered gene expression in small tumors, protein levels
of these pathways and their downstream targets would be analyzed. One possibility is
that while the RNA levels change, protein levels may stay the same as controls due to
unaffected regulators. However, if both RNA and protein levels change, it could mean
that these pathways are critical for PreT-OPC transformation. Interestingly, if the
genomic sequence of these genes is unaffected, yet RNA and protein levels change, it
could mean that activators/inhibitors of these pathways may be the critical components
for transformation or that there are epigenetic changes that account for these changes.
Furthermore, the microenvironment may play a role in RNA and protein levels and

further experiments would need to be carried out to determine this possibility.

4.1.3 Is RB the critical change needed for transformation?

While p53 and NF1 deletion drive pre-transforming OPC proliferation and loss of
differentiation, their remains to be seen if the third signaling pathway plays a role in OPC
transformation. Because nearly 80% of all glioma patients harbor mutations in the RB
signaling pathway, it may be that the change between pre-transforming and tumor OPCs

is a change in RB signaling. This change could be a result of the decreased genomic
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stability due to p53 deletion. However whether this change is necessary or if the

changes in these pathways follow a sequential order is not known.

To address this, tumor OPCs would first be analyzed for changes in the
canonical RB signaling pathway genes, specifically CDK4, CDKN2A, and CDKN2B. If
this signaling pathway is mutated in a majority of tumors derived from MADM-Tumor
mice, then that would suggest that this pathway may be necessary for OPC
transformation. However, if this signaling pathway is not critical, then we would expect to
see some degree of mutation within the pathway but this would not be consistent or
significant compared to other changes. It would be surprising if this pathway were not
mutated given the high propensity for RB signaling pathway mutations in human
samples. Furthermore, if this signaling pathway was altered, functionally restoring Rb in
tumor cells and determining if they stop Tu-OPC progression or deleting Rb in PreT-
OPCs to determine if transformation occurs faster, could be carried out to further

investigate Rb’s role in OPC transformation.

4.2 Role of NF1in OPC competition?

Data presented in Chapter 3 show that the deletion of NF1 mediates OPC
competition and that this process is at least partially regulated by the GAP domain of
NF1. However, whether this domain is the only functional domain in NF7’s role during
competition is unclear. While NF1-GAP-dead OPCs do display increased competitive
fitness, there are clear differences in their ability to expand compared to NF7-null OPCs.
First, the NF1-GAP-dead OPCs show significant decreases in proliferation (11.83 £ 2.89
vs. 25.85 + 2.14) and expansion within the OPC population (49.15 + 4.54 vs. 73.34 +

2.74), which suggests that these OPCs may have decreased competitive fitness.
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Additionally, while MADM-Tumor mice form tumors with 100% penetrance, MADM-

GAP-dead mice had less then a 50% penetrance rate. These data suggest that while
NF1 deletion does promote OPC competition, the exact mechanism of NF71 mediating
competition may be outside NF17's GAP function. Thus, understanding how NF1
mediates OPC competition during gliomagenesis should provide new insights for use in

future therapeutics.

4.2.1 Functionality of NF1-GAP-dead allele.

Our data show that while the role of NF1 in OPC competition is critical, whether
or not NF1T’'s GAP activity is the only component in NF17's control of competition is
unclear. While MADM-GAP-dead mice showed expansion of pre-transforming OPCs and
eventual transformation in some mice, the penetrance and expansion rates were
significantly reduced. This suggests that the NF1-GAP-dead allele may not completely
abolish GAP function and/or that this allele may act in a dominant negative fashion.
Regardless of which holds true, the functionality of the NF1-GAP-dead allele is critical
since this will provide insights into whether NF71 mediates OPC competition in a Ras
dependent fashion.

To test whether this allele is truly GAP-dead, mutant OPCs homozygous for this
allele and mutant OPCs homozygous for the NF17-null allele could be compared to
determine the relative percent of activated Ras. Mutant OPCs would be purified and a
Ras pull-down would be performed to determine the relative levels of GTP vs GDP-
bound Ras. If the NF1-GAP-dead allele does not completely abolish NF1’'s GAP activity,

the amount of GTP-bound Ras would be lower than the amount of GTP-bound Ras in
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NF1-null OPCs. If the NF1-GAP-dead allele does in fact abolish NF1 GAP activity,

then the amount of GTP-bound Ras should be the same between both populations of
OPCs.

By understanding the function of the NF1-GAP-dead protein, we can determine whether
the decrease in expansion is due to if NF1 has functions outside its GAP activity that
play a role in OPC competition or if the NF1-GAP-Dead protein acts in a dominant
negative function (see 4.2.2). If there are domains outside it's GAP domain that are vital
for competition, then understanding these would be vital for understanding NF7’s role as
a TSG. This could be a major change in NF1 biology since most studies look at NF1’s

role as a RasGAP.

4.2.2 Why do mutant OPCs in MADM-NF1-GAP-dead model compete less effectively

than those in MADM-NF1-null model do?

There are two possible explanations for why MADM-p53,NF1-GAP-dead mice had
reduced competition of mutant OPCs and exhibited reduced malignancy in comparison
to MADM-p53,NF1-null mice. On one hand, it is possible that NF1-GAP-dead/NF1-GAP-
dead OPCs are less competitive than NF1-null OPCs, i.e. weaker aggressors. On the
other hand, it is equally possible that NF1-GAP-dead/+ OPCs are more resistance to
competition than NF1-/+ heterozygous OPCs.

Regardless of the GAP activity of the NF1-GAP-dead allele, there may be a
difference in the competitive fithess of these OPCs compared to NF7-null OPCs. There
is the possibility that there are inherent differences in these two populations of OPCs
similar to the differences between different populations of tumor cells. Maybe a region

outside of the GAP domain is critical for OPC competition and thus, NF7-null OPCs are
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more competitive then NF1-GAP-dead OPCs. Or perhaps these two populations are

as competitive as one another and the differences are simply the microenvironment in
which they reside.

To understand whether these two populations of OPCs have differences in their
competitive fitness, both NF7-null and NF1-GAP-dead OPCs can be purified and grown
in vitro in a co-culture assay. Starting with a 1:1 ratio, these cells can be mixed at
various ratios and the percent of proliferating and dying OPCs can be assessed using an
EdU pulse and staining for TUNEL. Because we can purify OPCs with different colors
using our transgenic models, one population can be colored while the other population
can be purified from a non-colored background. If one population is more competitive
then the other, then there should be decreased proliferation and increased cell death in
the less competitive OPC population. However, if they have the same level of
competitive fitness, then the percent of dying and proliferating OPCs should be similar.
Additional studies would be needed to determine whether rescue of the NF1-GAP
domain could block competitive fitness or whether full length NF1 is needed for an anti-
competition phenotype.

The second possibility involves the colorless, “defender”’ heterozygous OPCs
being more competitive in the MADM-GAP-dead mice then in the MADM-Tumor mice. If
this is the case, it could be explained by the GAP-Dead protein acting in a dominant
negative fashion. Because all OPCs in MADM mice are heterozygous for the mutant
alleles to begin with, all OPCs in the MADM-GAP-dead mice carry one copy of the NF1-
GAP-dead allele. If the allele does act in a dominant negative fashion, then while NF1-
GAP-dead homozygous OPCs have no GAP activity, all of the uncolored and YFP+
OPCs may only have 20% GAP activity compared to the 50% present in the normal

MADM-Tumor model. Because heterozygous OPCs in the normal MADM-Tumor model
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have complete excision of the NF1 coding sequence, there is no way for the mutant

allele to interfere with the WT allele. However, because the NF71-GAP-dead allele is a
knock-in and is not dependent on Cre-mediated excision, the NF1 protein is translated
and present in these cells along with the WT copy and could in fact interfere with the WT
copies ability to inactivate Ras.

To test whether the NF1-GAP-dead allele is a dominant negative, OPCS from the
mice that NF1+/- and mice heterozygous for the NF1-GAP-dead allele would be purified.
A Ras pull-down would then be performed on these two populations of OPCs and the
amount of GTP-bound Ras would be compared. If the NF1-GAP-dead allele does act in
a dominant negative fashion, the amount of GTP-bound Ras should be higher then the
amount of GTP-bound Ras in the NF1+/- OPCs. If the NF1-GAP-dead allele is not a
dominant negative then the amount of GTP-bound Ras should be the same between

both OPC populations.

4.3 How do pre-malignant OPCs sense WT OPCs?

4.3.1 Is OPC sensing mediated through cell contact or secreted factors?

Although we have shown that pre-transforming OPCs eliminate all other OPCs
during the premalignant stages of gliomagenesis, we do not know how this is mediated.
Other studies have shown that cells sense one another through cell contact based
mechanisms while others have shown that this sensing is mediated through secretion of
factors (Gondek et al., 2005; Murphy et al., 2014; Raff et al., 1993). These studies have
used systems in which the microenvironment (Gondek), or different populations of cells

(Murphy and Raff) regulate cell death, replacement of cells, or immune response. While
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Hughes et al. showed the OPCs sense one another through contact mediated

repulsion; this does not eliminate the possibility that during the expansion and takeover
of the OPC population, pre-transforming OPCs release factors, which eliminate WT
OPCs (Hughes et al., 2013a). Understanding this mechanism would allow future studies
designed to test the ability of novel inhibitors targeting either cell contact or secreted
factors that mediate the killing of non-mutant cells.

Because pre-transforming and WT OPCs can be grown in vitro, we would start
by analyzing which of the above two mechanisms mediates this killing of WT OPCs.
Both pre-transforming and WT OPCs would be grown separately and also in a co-
culture, which a small percentage of pre-transforming OPCs compared to WT OPCs,
since this recapitulates the in vivo setting. Pre-transforming OPCs would be labeled
using a membrane bound GFP while WT OPCs would be labeled with a membrane
bound RFP to allow for precise visualization of filopodia. OPCs would then be grown for
a predetermined time, depending on the speed at which WT OPCs are eliminated and
cell death would be determined using TUNEL. After determining the optimal time frame,
these populations would then be subjugated to live imaging, to allow for real-time
analysis of OPC touching in the co-culture system. If cell-contact mediated WT OPC
death, we would observe that pre-transforming OPCs, labeled with GFP, would be
touching WT OPCs, labeled with RFP, and following contact, WT OPCs would then
undergo cell death.

While the observation of WT OPCs dying following sensing by pre-transforming
OPCs implies that this mechanism is sufficient for WT OPC death, secreted factors may
still play a role in this competition. To address this possibility, WT and pre-transforming
OPCs will be purified and plated into a trans well dish. One dish will have WT OPCs and

pre-transforming OPCs separated while a second dish will have WT OPCs alone with a
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mix of WT and pre-transforming OPCs, in case pre-transforming OPCs only release

factors in the presence of another OPC population. Cells will be analyzed at the same
time point as above using both TUNEL and EdU. If pre-transforming OPCs do secrete
factors that allow for the elimination of WT OPCs, then either one or both of the dishes
will show decreases in WT OPC proliferation and/or increases in WT OPC cell death.
However, if secreted factors do not play a role, we would expect to see no difference in
WT OPC cell death or proliferation.

If pre-transforming OPCs do secrete factors, the next step would involve
determining which factors are secreted. To determine this, media from the co-culture
system would need to be analyzed using an ELISA to look for cytokines/chemokines and
determining which is abundantly up regulated compared to control media. If some factor
continually shows up in the panel, then future experiments to determine the efficacy of
this factor in driving WT OPC cell death would be needed to uncover the mechanism by
which this occurs.

However, if the sensing were contact-based, then co-culture experiments would
need to be carried out. PreT-OPCs could be plated on dishes with WT OPCs either
dispersed evenly throughout the dish or an edge could be made to distinguish between
the two populations. By using different fluorescently labeled populations, we could stain
for signs of cell death and proliferation and analyze whether cell death of WT OPCs was
higher at the edge between the two populations and/or if proliferation of PreT-OPCs
increased at this edge. If it were contact-mediated sensing, we would expect WT OPC

death to be higher while PreT-OPC proliferation may be higher or the same.

4.3.2 Is OPC competition dose dependent?
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Many other studies have shown that there is a dose dependent response

during cell competition. However, whether this applies to OPC competition mediated by
NF1 deletion is not known. This would be important considering that most patients with
NF1 mutations carry germ line mutations and thus are heterozygous for NF1. If loss of
just one allele were sufficient for NF1-null OPC competition, this would be a less
favorable outcome for patients since these OPCs would be able to take over the entire
OPC population and theoretically increase the chance of OPC transformation. Therefore,
determining the dose dependent effects of NF1 deletion on OPC competition could be
vital for patient susceptibility to gliomagenesis.

To test this, both in vivo and in vitro systems would be employed to better
ascertain the effects of gene dose on OPC competition. First, using our glioma CKO
model, heterozygous mice would be generated that would be both p53 and NF1
heterozygous. To visualize WT and NF1-het OPCs, the Rosa-tdT reporter and the OPC
specific Cre, NG2-CreER, would be incorporated to allow for the temporal excision of
both p53 and NF1 in addition to the permanent labeling of these cells with tdT. Mice
would be given low doses of tamoxifen to label less then 20% of the total OPC
population. Following tamoxifen administration, mice would first be analyzed at 7dpi to
determine the number of OPCs and the relative clone size of labeled OPCs. Following
this, mice would then be analyzed at 60dpi as well as 120dpi to determine if the tdT+
OPCs had expanded in both cell number, proliferation, and clone size compared to initial
labeling. Furthermore, the non-colored OPC population and relative clone size would be
analyzed to determine the effects on this population. If NF1-het OPCs are able to out-
compete WT OPCs, then the total number of WT OPCs would go down as would clone

size while tdT+ OPCs would increase in cell number and clone size.
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This does not address whether NF71-null OPCs outcompete NF71-het OPCs

however. To test this, NF1-null OPCs and NF1-het OPCs would be purified and grown in
vitro. NF1-null OPCs would then be labeled using a GFP reporter and then co-cultured
with NF1-het OPCs at varying ratios. If NF7-null OPCs are able to outcompete NF1-het
OPCs, then the percent of TUNEL+ colorless OPCs should increase while the percent of
EdU+ colorless OPCs should decrease. Additionally, NF1-het OPCs would be co-
cultured with GFP labeled WT OPCs to determine the efficacy of NF71-het OPCs to
outcompete WT OPCs in vitro as well. This data should match up well with the in vivo

data if the in vitro system does not have strong anti-survival effects on NF1-het OPCs.

4.4 Clinical Implications

While current glioma treatments include surgical resection, localized
radiotherapy, and chemotherapy, the efficacy of this regiment remains minimal (De
Bonis et al.,, 2013). The data presented here raises several important points, which
could have a large impact on future treatment designs. First and foremost, the data
presented in Chapter 2 suggest that while drugs targeting individual aberrant pathways
has profound efficacy, each major pathway plays distinct roles in OPC transformation.
While targeting NF717 would provide decreased tumor OPC proliferation and increased
differentiation, the long-term effect is unknown since the affect of increased
oligodendrocyte numbers in the brain is unclear. However, given that the restoration of
p53 function led to massive tumor OPC death and cell cycle arrest, it seems plausible
that combinatorial drug treatment would have the most profound effect on tumor OPCs.

Future treatment schemes could incorporate both Ras/RTK inhibitors along with p53
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activators which would not only slow cell growth but lead to massive Tu-OPC death

as evidenced in Chapter 2.

Additionally, while most treatment schemes look to eliminate tumor cells, data in
Chapter 3 suggests that simply kiling Tu-OPCs might not be advantageous as once
thought. Because both PreT and Tu-OPCs eliminate all the WT OPCs in the brain, there
is not competition from other OPCs to halt their growth. Thus, finding drugs that either
decrease the ability of PreT and Tu-OPCs to out-compete WT OPCs or increase the
competitive fitness of WT OPCs, as shown in Chapter 3.3, may be the next step in
glioma treatment. Although our model incorporates two TSGs, our data strongly suggest
that not only is NF1 the gene that increases the competitive fithess of OPCs but that the
GAP domain of NF1 is critical for OPC competition. This makes it clear that in order to
start the design of anti-competition drugs, we should start at this place.

In this thesis, | have presented data that reveals distinct biological roles of p53
and NF1 in the progression of gliomagenesis in OPCs, the cell of origin. Future studies
should investigate the in vivo functional impacts of TSG restoration in OPCs as potential
therapeutic interventions. Additionally, | have also shown that during the progression
towards malignancy, mutant OPCs progressively out-compete WT OPCs to create a
precancerous field, which most likely contributes to gliomagenesis. By blocking this
competition process, | showed that we could successfully block gliomagenesis despite
having the same mutant cells that always usually form tumors. Future studies are
needed to investigate how this competition takes place, either through cell-cell mediated
contact, release of signals, or both. Insight into both of these functional contributions in
Tu-OPCs will undoubtedly generate novel platforms to develop therapies with greater

anti-tumor efficacy for glioma patients.
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4.5 Broad Implications on the Glioma Field

In this thesis, | have presented work that demonstrates the distinct roles of
individual tumor suppressor genes in suppressing gliomagenesis and the role of cell
competition in gliomagenesis. First, we showed that the loss of p53 had no detectable
effect on OPC biology in vivo while the loss of NF1 led to deficiencies in OPC
differentiation properties. However, upon further analysis, loss of p53 led to increases in
OPC senescence in vitro. This unique analysis of OPC biology in vivo led us to ask
whether restoration of tumor suppressor genes in vitro could restore OPC differentiation
functions. However, the effect of individual tumor suppressor gene restoration has never
been shown in the cell of origin in glioma. Here we have looked at the restoration of
tumor suppressor genes in a unique fashion by looking at the effects on OPC biology
rather than simply cell death or proliferation.

The restoration of NF1-GAP activity had the expected effect of inhibiting
proliferation in Tu-OPCs but also led to a substantial increase in OPC differentiation, a
phenotype that has not been reported in previous glioma studies. This suggests that
future glioma therapies may be efficacious in promoting Tu-OPC differentiation, which
would be a completely novel readout for glioma treatment paradigms. However, the
effect of increased oligodendrocytes in the brain has not been extensively studied and
may result in unforeseen side effects. However, the fact that Tu-OPCs still have the
capability to differentiate suggests that studying OPC differentiation pathways and how
these are altered following NF1 deletion seems advantageous for future clinical
research. This suggests that understanding the basic biology of OPCs could have an
immediate affect on glioma therapies and possibly that the transformative properties of

glioma cells may simply come from being an OPC.
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Additionally, while mTOR has long been studied in cancer biology, no

previous studies have addressed the necessity of mTOR in OPC transformation. Here
we showed that while mTOR is dispensable for the reactivation of PreT-OPCS, it is
absolutely necessary for OPC transformation. This reaffiims the idea that mTOR
inhibitors should be pursued for glioma treatments. Recent work has shown that while
previous mTOR inhibitors have failed in the clinic, the ability of inhibitors to reach target
tumor cells is the key to therapeutic efficacy (Fan et al., 2017). This recent work
demonstrates that mTOR inhibitors are efficacious and that the lack of inhibitor
penetration is what limits efficacy.

The restoration of p53 in Tu-OPCs led to increases in both cell-cycle arrest and
cell death. This data suggests that Tu-OPCs do in fact have a strong response to both
TSGs and that both could be therapeutically beneficial for patients. Because drugs
similar to Prima-1, which restores normal function to mutant p53, are growing in number,
the efficacy of newer generation drugs should be tested glioma patients. A large reason
for the lack of studies is most likely due to blood-brain barrier penetration, but with the
advent of novel delivery methods, such as nanoparticles, it seems perfectly plausible to
have these inhibitors show efficacy in vivo.

Furthermore, the ability to analyze pre-malignant phenotypes of OPCs in vivo
allowed us to ascertain how the process of gliomagenesis unfolds. First, there is
alteration of mutant OPC proliferation, differentiation, and cell numbers, which would
have been missed had conventional mouse models been used. By using MADM, we
were able to readily mimic the human disease more closely since cancer is a clonal
disease, as is MADM labeling. Additionally, without the ability to distinguish between WT
and mutant OPCs throughout the pre-malignant phase, we would have completely

missed the progressive change in the OPC population that eventually ends in GFP+
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OPCs taking over the total OPC population. Conventional tumor models either label

all cells or they inject tumor cells into at later stages, which limits the ability to study the
entire process. More models should be developed that allow for early stage studies
during tumor progression, since vital aspects of this process may have yet to be
revealed. Also, it may be beneficial to patients if more early prognostic tests or exams
could be developed in patients who are at a higher risk for glioma, such as patients with
Li-Fraumeni disease. Being able to identify PreT-OPCs in patients would be
advantageous so that clinicians could better determine whether early treatments could
block the inevitability of mutant cells undergoing transformation. This may prove an
invaluable tool for doctors and patients alike, since if we find drugs that can slow or
inhibit early growth or differentiation defects, they may be dispensed to patients who are
diagnosed before a full-blown tumor is found.

The second part of the thesis presented data that revealed a novel process
during gliomagenesis that is critical for tumor formation. While developmental biologists
have long studied cell competition, we presented the first evidence that not only do
various populations of OPCs compete with one another, but that this process may be the
cornerstone of OPC transformation during gliomagenesis. Glioma researchers have long
thought that the ability of cells to transform is due to the overgrowth of one cell in the
brain that leads to an overall increase in cell density. However, we show that the key to
this process is the hostile take-over of the OPC population by a tiny fraction of OPCs
with increased competitive fitness. This may explain why glioma formation occurs later in
life, as this process may take years to occur from a single cell in a human.

Furthermore, our data showing that by increasing the competitive fitness of non-
GFP+ OPCs, malignant transformation is completely blocked, a result that is almost

unheard of in glioma biology. Since cell competition sets up an evolutionary paradigm in
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glioma, the killing of less fit glioma cells would lead to increased availability of

resources/space for more fit/resistant glioma cells, in effect this would promote the
overall fitness/malignancy of the tumor as a whole. Therefore, we would have to
reconsider treatment paradigms. Our data suggest that unique therapies tailored to
addressing the competitive fitness differences in different populations may be
advantageous. In addition, another paradigm shift would be the idea that by mutant
OPCs that cannot transform but have increased competitive fithess, one would be able
to effectively block Tu-OPC growth. This would completely shift the notion that mutant
cells are the problem, to the notion that mutant cells may be the answer to effective
glioma treatment. This would require more studies into the effect of single NF1 deletion
in OPCs in humans but one piece of data gives a glimmer of hope. While NF patients
are known to form various tumors, very few actually develop malignant gliomas, which
may be a consequence of the global increased competitive fitness that we saw in the
MADM-AC mice. It also makes sense that patients with germ line mutations in p53
almost always form malignant tumors, since we saw no change in competitive fitness in
these mice.

Furthermore, because we observed such a low level of mTOR in PreT-OPCs
compared to Tu-OPCs, it seems paradoxical that mTOR inhibition could block the early
expansion of PreT-OPCs in vivo. One explanation is that the inhibition of mTOR has a
non-cell autonomous effect and that the observed phenotype is due to inhibition in
neurons or astrocytes, with previous work demonstrating that neurons are heavily
regulated by mTOR. If this is the case, then neuronal signaling to OPCs could be one
avenue by which we target OPC competitive fitness. A second explanation is that the
level of mTOR observed in PreT-OPCs compared to Tu-OPCs may be enough to

increase the competitive fitness of these cells, just not to the point of Tu-OPCs. This
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would make sense since mTOR is known to regulate and be invaluable for OPC

development. A third explanation is that mTOR inhibition may be having a dual effect on
WT and PreT-OPCs. Perhaps mTOR inhibition not only decreases PreT-OPC
competitive fitness but at the same time it increases WT OPC competitive fitness.
Perhaps in a WT OPC, mTOR at this age plays a more suppressive role in OPC
activation and that by blocking it, WT OPCs become more like PreT-OPCs in their
activity levels. This would suggest that clinically, it may be beneficial to look at both the
effect of mTOR inhibitors on tumor cells and also the surrounding WT environment.

The last part of my thesis gave evidence that OPCs are naturally more resistant
to conventional ablation than previously thought. Because WT OPCs were able to
bounce back from a relatively high level of population ablation and repopulate the brain
to normal levels by 4 weeks, it seems like OPC properties and not tumor properties may
be the underlying root of the problems with tumor therapies. While the loss of different
tumor suppressor genes like NF1 and p53 may increase specific properties of the OPCs,
OPCs have an innate mechanism of density sensing that allows for rapid growth in a
short period of time. One thing that needs to be addressed is if NF7-null OPCs have an
increased rate of repopulation compared to WT OPCs. Perhaps using focused injury
either through the use of ultrasound, irradiation, or a genetic tool such as DTA, would
allow for analysis of the recovery rate of NF71-null vs. WT OPCs. If NF1-null OPCs do in
fact recover at a faster rate, this suggests that NF71 deletion gives an even larger
competitive advantage over WT cells since following resection or ablation of Tu-OPCs
would allow for NF7-null OPCs to take over the empty space. However, if NF1-null and
WT OPCs have similar rates of recovery, then this suggests that more emphasis should
be put on OPC biology then tumor biology to understand the mechanisms in place for

this process. While this latter result may seem grim, it may be the data needed to shift
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the glioma paradigm to more of an OPC biology focus, which may be needed to truly

understand the basis of the disease.
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Chapter 5: Methods and Materials:

5.1 Mouse lines and genotyping

All animal procedures were based on animal care guidelines approved by the
Institutional Animal Care and Use Committee at the University of Virginia. The following
mouse strains were used to obtain experimental and control mice: TGML/GTML
(generated by H.Z.), hGFAP-Cre (stock no. 004600, JAX), NG2-Cre (stock no. 008533;
JAX), NG2-CreER (stock no. 008538, JAX), p53%° (stock no. 002101; JAX), Rosa-
tdTomato (stock no. 007908; JAX), neurofibromin 1 (NF1)™°* (strain no. 01XM4; NCI)
and p53™* (strain no. 01XC2; NCI), mTOR™™ (stock no. 011009, JAX). Mice used for
single TSG studies were MADM (TGML11/GTML11), NF1 Flox or p53KO. Mice used for
glioma generation and purification of OPC-like tumor cells were MADM mice
(TG11/GT11), hGFAP-Cre, p53KO, NF1 flox. Mice used for purification of p53 null, NF1
null OPCs were p53<°, NF1"/p53™"* NF1"*; hGFAP-Cre; Rosa-tdT. Wild type OPCs
were generated from mice carrying no p53 or NF1 allele and no Cre. Mice used for
mTOR studies were p53"™ NF1"*/p53"* NF1"*: Rosa-tdT; mTOR"™ (either single or
double); NG2-CreER. All genotyping was performed as previously described (Galvao et

al., 2014; Liu et al., 2011a).

5.2 Tamoxifen administration

For all adult mice, tamoxifen citrate tablets (20mg/tablet; Mylan) were ground and
dissolved at 20mg/mL and delivered via oral gavage (150mg/kg; final concentration). For
perinatal mice, tamoxifen (Sigma (T5648) was dissolved in 100% ethanol at 200mg/mL
in 37° water bath and then further diluted in oil to 20mg/mL. Solution was injected

subcutaneously at the nape.
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5.3 5-Bromo-2’-deoxyuridine administration

5-Bromo-2’-deoxyuridine (BrdU) was given by i.p. injection at 50mg/kg. Mice
were given one injection per day for 3hrs (MADM p10), 4 days (MADM p60 and p240),

or 7 days (CKO) and killed 24hrs after the last injection for adult mice.

5.4 Tissue Collection

To dissect brains, mice were transcardially perfused with PBS supplemented with
procaine and heparin (Sigma), followed by 4% (wt/vol) paraformaldehyde. Brains were
then dissected and postfixed in 4% (wt/vol) paraformaldehyde O/N at 4°C. Brains were
then washed in PBS 3x at RT and cryoprotected in 30% (wt/vol) sucrose O/N at 4°C.

Brains were then embedded in OCT and stored at -80°C until sectioned.

5.5 Immuno-staining

Brains were cut as 25um-thick sections on glass slides. Brain slices were allowed
to dry at RT for 1hr prior to staining. Brains were washed 3 times with PBS for 10
minutes each. Brains were then incubated in blocking/permeabilization buffer (5%NDS in
PBS with 0.3% triton X-100) for 20 minutes at RT. Primary antibody incubation was
performed at 4° C overnight in the same blocking/permeabilization buffer. Secondary
antibody incubation was performed for 2 to 4 hours at RT in blocking/permeabilization
buffer. DAPI solution was added for 20 minutes for tissue as the last step before
mounting. Secondary antibodies were from the Alexa Fluor® family, purchased from

Invitrogen.
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Antigen Species | Dilution Source Catalog no.

APC-CC1 | Mouse 1:100 Millipore OP80

BrdU Rat 1:250 AbD Serotec OBT0030G

GFP Chicken | 1:500 Aves Lab GFP-1020

c-myc Goat 1:200 Novus NB600-338

MBP Mouse 1:500 (TC) Covance SMI-99P

NG2 Rabbit 1:250 Millipore AB5320

PDGFRa Goat 1:200 (1:400 | R&D Systems AF1062
TC)

tdTomato | Rabbit 1:100 Clontech 632496

For BrdU immunostaining, brain slices were washed 3 times with PBS and then
post-fixed at RT with 4% PFA for 20 minutes. Slices were then treated with freshly
prepared 2 N HCI prepared in PBS at 37° C for 30 minutes. Sections were then washed
4 times with PBS for 7 minutes each and then normal immunostaining steps were
followed

When Edu (5-ethynyl-2’-deoxyuridine, Invitrogen, cat. #10044) reaction was
performed, it was added to media and cells were incubated for 3 hours. Cells were fixed
with 4% PFA, permeabilized with 0.1% PBT and Alexa Fluor® 647 azide (Invitrogen, cat.
#A10277) was used for the detection reaction using a Click-iT reaction.

For in vitro work, cells were grown on 12 mm glass coverslips coated with poly-
D-lysine (Sigma). Cultured cells were fixed by the addition of 0.5 mL 4%
paraformaldehyde (PFA) for 30 minutes at room temperature, followed by 3 washes with
PBS. Slides were allowed to air dry for at least 30 minutes to allow cells to tightly attach

onto the coverslips. Cells were incubated in blocking/permeabilization buffer (10%
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normal donkey serum — NDS — in PBS with 0.1% triton X-100) for 30 minutes at RR

prior to primary antibody incubation for 1hr at RT. All primary antibodies were diluted in
the blocking/permeabilization buffer. Incubation with appropriate secondary antibodies
diluted in 10% NDS in PBS was performed for 30 minutes at RT. When DAPI was
performed, cells were incubated in DAPI solution (Sigma, cat. # 32670-25MG-F) 0.001
ug/uL for 5 minutes, and then coverslips were mounted on slides with anti-fade gel

mounting media (EMS, cat. # 17985-10).

5.6 Cell culture conditions

Wild type OPCs and p53-null, NF1-null mouse OPCs were purified from P8 mice,
and OPC-like tumor cells were purified from fresh glioma tissues through PDGFRA-
immunopanning as previously described (Liu et al., 2011a). Cells were maintained in
Neurobasal (NB) media (Gibco 21103-049) supplemented with B27 (50X, Gibco 17504-
044), GlutaMAX (100X, Gibco 35050-061), Penicilin/Streptomycin (100X, Gibco
15140122), plus 10 ng/mL PDGF-AA (Peprotech 100-13A) for tumor OPC experiments.
For all experiments in this paper, Tu-OPC cell lines used were between passages 2 to
10. The viral packaging line HEK 293T was maintained in DMEM media with High
Glucose (Gibco, 11995-065) supplemented with 10% fetal bovine serum (FBS - GIBCO,
16000-044), and switched to NB media supplemented with B27, GlutaMAX and
Penicilin/Streptomycin (without growth factors) after lentiviral vector transfection (see

Viral production and infection). All cells were kept in a 5% CO, incubator at 37°C.

5.7 Lenti virus production and cell infection
Lenti virus production was performed through calcium phosphate transfection of

HEK 293T cell line with a 3™ generation packaging system (3 packaging plasmids +
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vector plasmid). 6-12 hours after transfection, HEK 293T cells were switched to NB

media supplemented with B27 and Glutamax as described above. Media was collected
daily for 3-4 days, and filtered through a 0.22 um pore syringe filter membrane before it
was added to the target cells. The media added to the target cells was then
supplemented with the respective growth factors. Two rounds of infection were

performed, with 24 hours for each round of infection.

5.8 Quantitative real time PCR

Total RNA was extracted by TRI Reagent® (Sigma, cat. # T9494-200ML). RNA
samples were then treated with DNAse | (New England Biolabs Inc., cat. # M0303) and
cDNA was synthesized using iScript Reverse Transcription Supermix (Bio-Rad, 170-
8841). qPCR was performed in an Applied Biosystems StepOnePlus™ Real-Time PCR
System for 40 cycles (denaturation: 95°C C, 3 seconds; annealing: 60°C, 30 seconds),
followed by a default Melting Curve program. PCR amplification was performed in KAPA
SYBR FAST ABI Prism gPCR Kit (KAPA Biosystems, KK4605). For normalization of
gene expression, beta-actin control primers were used. Ct values were averaged for

triplicate reactions and measured within the geometric amplification phase.

5.9 Western blotting

Cells were lysed in cold lysis buffer 17 (R&D, 895943), supplemented with
protease inhibitor cocktail tablets (Roche, 11836153001 — 1 tablet for 10 mL of Lysis
buffer) and Halt Phosphatase Inhibitor (100X, Thermo Scientific, 1862495). Total protein
was adjusted according to concentration measured by Pierce® BCA Protein Assay Kit
(Thermo Scientific, cat. # 23227), and Beta-Actin antibody (Sigma, cat. # A5441) was

used for normalization as internal control. Samples were run in Mini-PROTEAN® TGX™
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Gels (Bio-Rad, cat. # 456-9033). Transfer was performed with Nitrocellulose

membranes (Amersham, cat. # RPN 2020 D), and membranes were blocked in 5% BSA
solution for 1 hour at RT. Primary antibody incubation was performed O/N at 4°C.
Primary antibodies used are below. Membranes were washed with TBST and then
secondary incubation was performed at RT for 1 hr. Secondary antibodies used were all
purchased from Li-Cor® or Jackson and detection was performed in an Odyssey

Infrared Imaging System or Gel Doc.

Antigen Species | Dilution Source Catalog no.
Total Rabbit 1:1000 Cell Signaling 9452
4EBP1

p-4EBP1 Rabbit 1:500 Cell Signaling 2855
Total AKT | Mouse 1:1000 Cell Signaling 2920
p-AKT Rabbit 1:500 Cell Signaling 9275
Total ERK | Mouse 1:1000 Cell Signaling 9107
p-ERK Rabbit 1:500 Cell Signaling 4370
Total Rabbit 1:1000 PMID # 17967879 -
70S6K

p-70S6K Mouse 1:500 Cell Signaling 9206

5.10 MTT assay
MTT solution (Invitrogen, M-6494) 5 mg/mL was added to cell media in a 1:10

dilution, and incubated in the dark at 37°C, 5% CO, for 3 hours. Media was then
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aspirated and formazan crystals were dissolved in DMSO. Absorbance was read on

a plate reader at 570 nm wavelength.

5.11 Drug assays

PreT-OPC and Tu-OPC cells were plated in 96-well plates at the same density,
and then treated with different concentrations of Temsirolimus (Selleckchem, cat. #
S1044), BEZ235 (Selleckchem, cat. # S1105), or PD0325901 (Selleckchem cat. #

S1036) 72 hours after treatment, cell viability was accessed by MTT assay.

5.12 Radiation
After anesthesia, mice were submitted to 15Gy irradiation at a rate of 3 Gy per
minute using an Xstrahl RS320 X-ray irradiator, courtesy of the department of Radiation

Oncology.

5.13 Imaging
Fluorescent images were acquired on a Zeiss LSM 710 at the Advanced

Microscope Facility at the University of Virginia. All images were processed with ImageJ.

5.14 Quantifications and Statistics

For all in vivo quantifications, images were systematically taken throughout the
entire brain including a dorsal to ventral analysis and medial to lateral. All quantifications
are representative of >200 cells positive for each marker/mouse analyzed. For p53™ and
WT brains, quantifications are representative of at least 50 cells/marker/mouse since
labeling efficiency using MADM is significantly lower. For in vitro quantifications, >300

cells/marker were counted per experiment to obtain quantifications. Data are shown as
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an average of 3 (in vitro) or >5 (in vivo) independent experiments + standard

deviation (SD) or standard error of the mean (SEM). Significance was determined by P

value from the Student t Test.
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