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Glioblastomas (GBM) are devastating brain tumors refractory to any available
treatment. Exposure to ionizing radiation (IR) is the only known GBM risk factor. The link
between low-linear energy transfer (LET) IR and gliomagenesis has been clearly
demonstrated by epidemiological studies of human patients receiving diagnostic or
therapeutic radiation. Whether such risk exists with particle radiation exposure, which is
more densely ionizing, has not been evaluated. Particle radiation is increasingly used in

radiotherapy and is also an occupational hazard for astronauts in space. With no human data
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available, animal models mimicking the process of radiation carcinogenesis are essential for
risk assessment. Through a large scale systematic interrogation of multi-allele transgenic
mice with brain-restricted deletions of GBM-relevant tumor suppressor genes we identified
two complementary genotypes (NeC"eInk4ab”Arf™" and NesCrep53*+F;pten*’F). We irradiated
both models intra-cranially with equal doses of a range of charged particles with different
LETs. Interestingly, we found an increase in gliomagenesis with LET until a peak frequency
was reached with silicon ions (LET of 79.3 KeV/um) following which tumor frequencies
declined with heavier particles with higher LETs. These radiation-induced mouse tumors
phenocopy the histopathological features of human GBM, including infiltrative growth,
pseudopalisading necrosis, high mitotic index, and positivity for glial (Gfap, Olig2) and
stem/progenitor markers (Sox2). Ex-vivo cultures derived from these tumors showed features
of glioma stem-like cells underscoring the undifferentiated nature of the parental tumors.
Integrated genomic and functional analyses revealed the driving oncogenic changes in
tumors from the NeC®p53*F:Pten*’t model. Regardless of radiation quality, all tumors had
genomic deletions of the wild-type alleles of both p53 and Pten. Such concomitant loss
signifies the crucial roles that p53 and Pten together play as barriers to radiation-induced
transformation. Over-expression of the receptor tyrosine kinase Met following a genomic
amplification event harbored by 40% of tumors was similarly observed across all radiation
qualities. Met overexpression enhanced the stemness phenotype in the context of p53 loss,
and additionally conferred radioresistance. These combinatorial effects illustrate the
importance of evaluating GBM drivers as integrated nodes in an oncogenic signaling

network. In sum, the identification of two mouse models carrying deletions of independent
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TSGs has allowed us to establish the universal role of radiation as a genotoxic agent capable
of inducing high grade gliomas. These models and the identified key molecular changes
accompanying radiation-induced gliomagenesis can be used in the design of therapeutic

strategies for patients with secondary glioma who are currently limited in their options.
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CHAPTER I

Introduction



Glioblastoma multiforme is the most aggressive primary brain tumor

Malignant gliomas are the most common primary tumors of the adult central nervous
system. The annual incidence of malignant glioma in the USA is approximately 6 per
100,000 individuals (Ostrom et al., 2015; Reifenberger, Wirsching, Knobbe-Thomsen, &
Weller, 2016) Although the median age at diagnosis is 64 years, these aggressive, therapy-
resistant tumors also occur in children, making them a leading cause of cancer-related deaths
in both adult and pediatric patients (International Cancer Genome Consortium PedBrain
Tumor, 2016; Stiles & Rowitch, 2008). Grade IV glioma, also known as glioblastoma
multioforme (GBM), is classified histopathologically by the presence of mitotic figures,
cellular atypia, pseudopalisading necrosis, and diffuse infiltration into the surrounding brain
parenchyma (Aldape, Zadeh, Mansouri, Reifenberger, & von Deimling, 2015; David N.
Louis et al., 2014). The majority of GBMs (90%) occur “de novo”, in the absence of clinical,
radiological, or histopathological evidence of a low-grade precursor tumor (Ohgaki &
Kleihues, 2007). Most patients have a clinical history of less than 3 months, and an average
survival of less than 2 years, despite aggressive therapy regimens. Very little is known about
the pathological progression of these cancers or what causes them. The remaining 10% of
cases represent “secondary” GBMs developing from less malignant lesions over the course of
5-7 years (Ohgaki & Kleihues, 2007). Regardless of clinical presentation, however, GBM

remains incurable, and thus presents a major challenge for basic and translational science.



GBMs share a common genomic landscape

Traditionally, glial tumors have been classified based on a set of histopathological
characteristics and cell morphology (e.g. astrocytoma versus oligodendroglioma). The recent
onco-omics revolution, commenced by the comprehensive sequencing of the glioma genome
by The Cancer Genome Atlas Network (TCGA), has revealed distinct mutational landscapes
for all major types of adult and pediatric gliomas (Reifenberger et al., 2016). These genome
and transcriptome studies have identified common, non-overlapping patterns of
abnormalities, leading to the classification of high-grade glioma into molecular subtypes with
distinct clinical relevance (Frattini et al., 2013) (Brennan et al., 2013; Cancer Genome Atlas
Research, 2008; Verhaak et al., 2010). For example, although most Grade I1I/1V gliomas
have consistent aberrations in the receptor tyrosine kinase (RTK), TP53, and retinoblastoma
(RB) pathways (Fig. 1.1), the specific genes affected stratify them as Proneural
(PDGFRA/IDH1), Classical (EGFR/CDKN2A), Mesenchymal (NF1), or Neural (expressing
neuronal markers) (Cancer Genome Atlas Research, 2008; Parsons et al., 2008; Verhaak et
al., 2010). Additional biomarkers, like IDH1/2 mutations or MGMT-promoter methylation
have been shown to correlate with disease progression and response to alkylating therapy
(Wick et al., 2014; Yan et al., 2009). Based on their proven reproducibility and predictive
value, the most recent report by the World Health Organization strongly recommends the
inclusion these omics features in an “integrated diagnosis” of diffuse glioma (D. N. Louis et

al., 2016; Phillips et al., 2006).
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Figure 1.1. Oncogenes and tumor suppressors most commonly abrogated in GBM.
Sequencing data from 251 human GBMs reveal consistent aberrations in the RTK, TP53, and
RB pathways. Copy number gains are shown in red; deletions are shown in blue (Image
modified from Brennan et al., 2013)

Receptor tyrosine kinases are the most frequently amplified genes in GBM

The comprehensive analysis of more than 500 glioma samples by the TCGA led to the
identification of the most commonly abrogated proto-oncogenes: genes with pro-proliferative
functions, hijacked by the cancer to drive uncontrolled growth, survival, and migration (Fig.
1.1). Aberrant activation of RTKs plays a crucial role in gliomagenesis through the activation
of the Phosphatidylinositol 3-kinase (PI3K) and Mitogen-activated protein kinase (MAPK)
pathways (Snuderl et al., 2011). EGFR is the most commonly amplified RTK (57%),
followed by PDGFRA (10%), FGFR (4%), and MET (1.6%). In addition to amplifications,

these genes are often mutated to express constitutively active kinases (e.g. EGFR vllI

mutant) or upregulated at the mRNA or protein level without underlying copy number gains



5
(e.g. PDGFRA), thus decreasing the dependence on exogenous growth factors (A. P. Patel et

al., 2014).

RTKs share a common molecular architecture, with extracellular ligand-binding
domain, single transmembrane o helix, and a conserved protein tyrosine kinase domain at the
cytosolic side (Schlessinger, 2000). Signaling is initiated by binding of the ligand to an
inactive RTK monomer and the subsequent receptor dimerization. This results in intracellular
reciprocal tyrosine trans-autophosphorylations which activate the receptor (Lemmon &
Schlessinger, 2010). Additional cytosolic tyrosines are autophosphorylated and serve as
binding sites for SH2 (Src homology 2) or PTB (phosphotyrosine binding) domains of
downstream docking or signaling complexes, such as PI3K (Phosphatidylinositol 3-kinase)
and RAS (rat sarcoma virus oncogene) (Fig 1.2). Subsequently, PI3K activates AKT
serine/threonine kinase and mTOR (mammalian target of rapamycin) through the
phosphorylation of phosphatidylinositol-4,5-biphosphate (PIP2) to phosphatidylinositol-
3,4,5-triphosphate (PIP3). Activation of RAS initiates signaling through the MAPK pathway.
Ultimately, these cascades stimulate cell survival, transcription (also controlled by RTK-
mediated activation of STATS), protein synthesis, and proliferation (Schlessinger, 2000).
Collectively, these downstream pathways position RTKSs at the apex of an interconnected and

dynamic signaling network utilized by the majority of GBMs.



PIP3] \P#2—> P'IP:i — Targets

Targets Targets

}Sosl-»

s

Y
Targets Targets

Figure 1.2. Receptor tyrosine kinase signaling pathway. Extracellular ligand binding induces
receptor dimerization and subsequent trans-autophosphorylations of the protein tyrosine
kinase domains. Additional tyrosines are autophosphorylated and bound by docking and
signaling complexes through their phosphotyrosine biding domains. These activate a host of
downstream signaling molecules including PI3K and RAS. (Image modified from Lemmon
& Schlessinger, 2010)

Signaling components of the TP53 and RB pathways (described below) are also
amplified, albeit at a lower frequency. MDM2 (7.6%) and MDM4 (7.2%) are negative
regulators of TP53. Through direct binding to the N-terminal of TP53, MDM2 and MDM4
inhibit the transcriptional activation function of TP53 (Francoz et al., 2006; Kruse & Gu,
2009). Additionally, MDM2 possesses an E3 ubiquitin ligase activity towards TP53
(Manfredi, 2010). Modification of TP53 by MDM2 targets it for proteasomal degradation,
alleviating the cell cycle arrest imposed by active TP53. Progression through the cell cycle is
also stimulated by CDK4 (mutated in 14% of GBMs), CDK6 (1.6%), and Cyclin D (2%) -
negative regulators of the RB1 (Sherr & McCormick, 2002). The presence of mitogens

stimulates the accumulation of CDK-Cyclin complexes which phosphorylate RB1 to induce
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the release of the E2F transcription factor. Unbound E2F then stimulates the transcription of

genes involved in the transition from G1 to S phase.

PTEN, TP53, and CDKN2A are the most frequently abrogated tumor suppressor genes
PTEN

PTEN (phosphatase and tensin homolog deleted on chromosome 10) is a dual lipid
and protein phosphatase. PTEN converts PIP3 to PIP2 by dephoshorylating the 3' position
and thus, directly antagonizes PI3K signaling (Fig 1.3) (Carracedo, Alimonti, & Pandolfi,
2011). By preventing the unregulated activation of the PI3K pathway (described above),
PTEN controls cell proliferation, survival, metabolism, and motility. In addition to growth
factor-mediated PI3K signaling, PTEN inhibits integrin-mediated signal transduction
upstream of the MAPK pathway (Gu, Tamura, & Yamada, 1998). PTEN dephosphorylates
the focal adhesion kinase (FAK) and negatively regulates cell interactions with the
extracellular matrix, essential for migration (Tamura et al., 1998). In addition to the
phosphatase activity at the cell membrane, PTEN also exerts tumor suppression in the
nucleus. Nuclear PTEN activity regulates genomic stability, cell cycle progression, and gene
expression (Worby & Dixon, 2014).

The identification of PTEN was the result of a search for a tumor suppressor on
chromosome 1023, which is frequently deleted in advanced cancers (J. Li et al., 1997; Steck
et al., 1997). This high frequency of PTEN inactivation may in part be attributed to a lack of
functional redundancy in terms of PIP3 dephosphorylation (Chalhoub & Baker, 2009). PTEN

is disabled though deletions, mutations, transcriptional silencing, and posttranslational
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modifications. In mice PTEN has been shown to be haploinsufficient: one functional allele is

not enough to maintain the wild-type condition (Alimonti et al., 2010). GBM patients have
PTEN deletions 42% of the time, while loss of one copy of chromosome (chr) 10, which
harbors PTEN is seen in >70% of cases. Computational analysis of TCGA data identified
loss of chrl0 (together with gain of chr7) as an initial event in gliomagenesis, regardless of
molecular subtype. The primary driver for loss of chrl0 is reduced expression of PTEN
(Ozawa et al., 2014). Gain of PDGFA (on chr7) and reduced expression of PTEN are
sufficient to drive the formation of Proneural GBM in mice. Acquisition of additional

mutations can then shift the profile towards the Mesenchymal subtype (Ozawa et al., 2014).
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Figure 1.3. PTEN antagonzies PI3K activity. Through its lipid phosphatase activity PTEN
converts PIP3 to PIP2, negatively regulating cell proliferation, survival, metabolism, and
invasiveness (Image modified from Worby & Dixon, 2014).



TP53

TP53 controls the cellular response to number of stressors (DNA damage, oncogenic
signaling, metabolic stress) and thus, serves as a master tumor suppressor gene (TSG). In the
absence of stress, TP53 is inhibited by MDM2 and MDM4, and unbiquitinated for
proteasomal degradation (Fig 1.4A). Under unfavorable conditions, stress sensors like ATM,
ATR, DNA-PK, and CHKZ1/2 phosphorylate residues at the N-terminus of TP53 which
disrupts the inhibitory binding to MDM2. Additionally, in response to oncogenic stress the
steady-state level of p14”RF is increased dramatically (Fig 1.5). p14~RF can directly bind to
the central domain of MDM2, disrupting the MDM2-TP53 interaction (Kruse & Gu, 2009).
The stress response is further enhanced by TP53 acetylation events, which also contribute to
target specificity (Brooks & Gu, 2003; Luo, Su, Chen, Shiloh, & Gu, 2000). Post-
translationally modified TP53 binds to response elements in the promoters of downstream
target genes. The nature of the transcribed TP53 targets determines whether the cell responds
to a given assault with cell cycle arrest (p21), senescence, DNA repair, apoptosis (BAX,
PUMA, NOXA), or autophagy (Fig 1.4B). Since MDM2 is a transcriptional target of TP53,
once the cellular stress has been resolved, a MDM2-TP53 negative feedback loop decreases
TP53 levels back to steady-state. MDM2 and TP53 are part of another regulatory network
connecting the TP53 and PI3K pathways. Activated AKT phosphorylates MDM2 and
enhances TP53 degradation. PTEN-mediated inhibition of PI3K enables the transcriptional
activity of TP53, which can lead to the upregulation of PTEN, as TP53 binds to the promoter

region of PTEN (Mayo & Donner, 2002).



10
Given the central role of TP53 in coordinating transcriptional programs that

contribute to tumor suppression it is not surprising that mutations in TP53 or disruptions of
the TP53 regulatory network (MDM2, MDM4, p14”RF) have been found in more than half of
human cancers, and are also linked to familial cancer predisposition syndromes (Kruse & Gu,
2009). Frameshift and nonsense mutations result in loss of protein expression. More
frequently, tumor TP53 carries missense mutations, leading to single amino acid substitutions
in a stably expressed protein (Muller & Vousden, 2014). The majority of cancer associated
substitutions occur in the DNA-binding domain, disrupting the transcriptional activity of
TP53 (Hainaut & Hollstein, 2000). Since the protein is a homotetramer in the active state, a
monoallelic mutation can exert a dominant-negative effect on the remaining wild-type copy
monomers. Furthermore, mutant TP53 has been shown to have novel oncogenic functions.
Gain-of-function TP53 mutants have been reported to promote survival, proliferation, and
chemo-resistance in glioma cells (lwadate et al., 1996; Lin, Liang, Zhu, Zhang, & Zhong,
2012). In GBM the protein is mutated/deleted in 28% of the cases, while the pathway is
disrupted 85% of the time (Brennan et al., 2013). This leads to loss of oncogene-induced

senescence, p21-driven cell cycle arrest, and apoptotic signaling.
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Figure 1.4. Stress-induced activation of TP53. (A) TP53 signaling is initiated by the stress

sensors ATM, ATR, DNA-PK, and CHKZ1/2. Phosphorylation of TP53 causes protein
stabilization, DNA binding, and the induction of transcription of TP53 target genes. (B) TP53
target specificity is determined by posttranslational modifications and transcription cofactors
(Image modified from Kruse & Gu, 2009).
RB1 and CDKN2A

The RB pathway is another barrier to uncontrolled growth that glioma cells must
overcome (Hanahan & Weinberg, 2011). Whereas p53 enforces control over the cell cycle
based on intracellular stress signals, RB imposes a G1 arrest largely based on extracellular
cues. In the absence of environmental mitogens RB is hypophosphorylated (active state).
Hypophosphorylated RB binds to the transcription factor E2F and imposes repression on E2F
targets - genes required for DNA replication and mitosis. Sustained mitogen signaling,
indicating growth-favorable conditions, allows for the assembly of CDK-Cyclin complexes
which exert an inhibitory phosphorylation of RB (Sage, 2012). This leads to the release of
E2F from the inhibitory complex with RB and the subsequent transition to S phase. CDK-
Cyclin complexes are under the control of the INK4 family of CDK inhibitors. The p16"™NK4A,
p15NK48 p18INKAC “and p19'NK4P CDK inhibitors can disrupt the binding of CDKSs to Cyclins,
prevent mitogen-induced cell-cycle progression, and induce senescence (Knudsen &
Knudsen, 2008). INK4 proteins exert strong tumor suppression and loss of one component of
the INK4 family can be ameliorated by the compensatory action of another member
(Camacho et al., 2010; Krimpenfort et al., 2007). However, deletion of p16™K*A (seen in
62% of GBM cases) is particularly advantageous for malignant growth, as p14”RF is

transcribed from an alternative reading frame of the p16™K*A gene (also known as CDKN2A

locus) resulting in the loss of two critical tumor suppressors (Quelle, Zindy, Ashmun, &
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Sherr, 1995). Additionally, p15™ 4B is located in close proximity to CDKN2A and is often

deleted in tandem with p16™NK4 and p14”RF (Krimpenfort et al., 2007). Thus, a focal
homozygous deletion can amount to the combined loss of TP53- and RB-mediated oncogene-

induced cell-cycle arrest (Fig. 1.5).

Oncogenes > pMF i MDMz\j
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Figure 1.5. Deletion of the CDKN2A locus results in the simultaneous loss of p14*RF and
p16'™NK4A (Image modified from Negrini, Gorgoulis, & Halazonetis, 2010).
Mutual exclusivity among alterations affecting components of the same pathway

Another important result from the sequencing of the glioma genome is the recognition
that there is a mutual exclusivity among alterations affecting the same pathway. PI3K
mutations were found to be mutually exclusive of PTEN mutations/deletions. In the TP53
pathway TP53 deletions/mutations were mutually exclusive with amplifications of MDM2 or
MDM4, or deletions of p14”RF (Negrini, Gorgoulis, & Halazonetis, 2010; Shchors et al.,
2013). Similarly, in the RB pathway, mutation or deletion of CDKNZ2A did not co-occur with
CDK4/6 amplification or RB1 deletion (Brennan et al., 2013; Sherr & McCormick, 2002;
Verhaak et al., 2010; Vitucci, Hayes, & Miller, 2011). Thus, although there is a selection
pressure to disable all three pathways, there appears to be no advantage in altering multiple

nodes within the same signaling cascade.
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GBMs are characterized by intratumoral heterogeneity

The malignancy and therapy resistance of glioma is attributed to intratumoral
heterogeneity - the presence of clonal populations with distinct mutational profiles,
differentiation states, and biological properties. Studies examining different regions within
individual tumors by genome sequencing, fluorescence in situ hybridization, and single-cell
RNA sequencing have revealed a spatial mosaicism of genomic alterations and transcriptome
profiles (A. P. Patel et al., 2014; Snuderl et al., 2011). Existence of intermingled clones
bearing different focal RTK amplifications (EGFR, PDGFRA, MET) or cell populations with
multiple RTK co-amplifications has been shown to render tumor cultures resistant to single-
RTK inhibition, providing a possible explanation for the therapeutic failure of small
molecule inhibitors (Stommel et al., 2007; Szerlip et al., 2012). RTK co-activation reduces
the tumor dependence on any single upstream activator of the PI3K and MAPK pathways
and allows it to adapt rapidly to a dynamic microenvironment and pharmacological
challenge.

In addition to this lateral heterogeneity, there appears to be heterogeneity in terms of
differentiation state. A tumor hierarchy, where a small set of glioma-propagating stem-like
cells (GPSCs) are responsible for tumor repopulation after therapy has been proposed (Bao et
al., 2006; Baumann, Krause, & Hill, 2008; Bleau et al., 2009). Such cells can be isolated
from resected tumors and grown in serum-free culture conditions as tumor neurospheres.
These tumor neurospheres preserve the parental tumor genetic content more faithfully than
conventional monolayer cultures (Lee et al., 2006). Like neural stem cells, GPSCs have

unlimited replicative potential and diversity of progeny, giving rise to the heterogeneous bulk
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of non-GPSCs differentiated cells and recapitulating the histology and global gene

expression patterns when injected in immunocompromised mice (Alcantara Llaguno et al.,
2009; Chen, McKay, & Parada, 2012; Lathia, Mack, Mulkearns-Hubert, Valentim, & Rich,
2015). Poorly differentiated tumors, which have a worse prognosis, have transcriptional
profiles resembling those of human embryonic stem cells (ESCs). Similar to ESCs GBM
samples show under-expression of Polycomb target genes (responsible for differentiation)
and over-expression of ES genes (Sox2, Nanog, Oct3/4) and targets of IPS factors (Ben-
Porath et al., 2008). Whether these GSCs originate from the normal neural stem cells,
oligodendrocyte progenitor cells, or mature astrocytes undergoing de-differentiation remains

a question of debate (Bachoo et al., 2002; Dunn et al., 2012; Liu et al., 2011)

RTK amplifications and TSG deletions drive gliomagenesis in mouse models

Although in vitro experiments have greatly enhanced our understanding of tumor
biology, as a systems disease, cancer is most accurately modeled in vivo.
Immunocompromised mice have been used as a tool to propagate patient derived xenografts,
avoiding any confounding effects of cell culture. Alternatively, the genes most commonly
altered in GBM (Fig. 1.1) have been utilized to develop genetically engineered mouse
models. Majority of these employ a conditional expression of oncogenes or deletion of TSGs
using the Cre-Lox system. This tool allows for Cre recombinase-mediated excision of target
genes flanked by loxP sequences. The use of cell type-specific Cre promoters has furthered
our understanding of glioma cell of origin. Nestin-mediated expression of Cre targets neural

stem and progenitor cells, while GFAP-Cre (glial fibrillary acidic protein) targets mature



15
astrocytes and progenitor cells in the sub-ventricular zone (SVZ) (Mignone, Kukekov,

Chiang, Steindler, & Enikolopov, 2004; Zhuo et al., 2001). The fusion of Cre to a mutated
estrogen receptor ligand binding domain (Cre-ER) has added a temporal control of Cre
induction via the administration of tamoxifen. Variations in the genetic configurations of
tumor suppressor allele deletions and oncogene activation including TP53, PTEN, NF1,
CDKNZ2A, RB1, RAS, and EGFR/EGFRVIII, have generated mouse models that faithfully
recapitulate human gliomas (Alcantara Llaguno et al., 2009; Chow et al., 2011; Kwon et al.,
2008; Zheng et al., 2008; H. Zhu et al., 2009). These mice have been extensively adopted for
preclinical testing of potential chemotherapy drugs. However, these models merely
recapitulate the genomic landscape of a grade IV disease. There is an urgent need for the
development of additional models and tools to evaluate GBM predisposition, initiation, and

risk factors.

The standard of care combines surgery with chemoradiotherapy

Unfortunately, high-grade glioma remains a terminal disease, as our improved
understanding of the molecular landscape is yet to be translated effectively into personalized
treatment. Current targeted therapies have had a marginal effect and the 5-year survival of
GBM patients still falls under 10% (Bondy et al., 2008; Cloughesy, Cavenee, & Mischel,
2014). The mainstay of glioma therapy remains a combination of de-bulking surgery and
radiotherapy (RT), with adjuvant Temozolomide (TMZ) as a chemotherapeutic agent (Stupp
et al., 2009). Gross total resection is followed by chemoradiotherapy consisting of up to 60

Gy of ionizing radiation (IR) and daily TMZ. Additional six cycles of TMZ are administered
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as maintenance therapy (Weller et al.,, 2014). Nonetheless, tumors invariably recur,

oftentimes presenting with a different molecular landscape and acquired resistance to
therapy, attributed to a population of glioma stem cells and the selection pressure exerted by
TMZ and IR (Cloughesy et al., 2014; Negrini et al., 2010; Phillips et al., 2006; J. Wang et al.,

2016)

lonizing radiation is the only known cause of sporadic GBM

Although a lot has been discovered about the genomics of GBM, the etiology of the
disease remains poorly understood. IR, which is received by a majority of glioma patients, is
paradoxically the only known risk factor for sporadic gliomagenesis (Bondy et al., 2008;
Pearce et al., 2012). The role of IR as a carcinogen is most strongly supported by the Life
Span Study, the largest epidemiology study on the effects of radiation exposure on human
health (Kamiya et al., 2015). The study has followed over 100,000 atomic bomb survivors
from the Hiroshima and Nagasaki bombings. Key findings show that survivors have a clear
radiation-related excess risk of cancer (including brain) throughout life, which becomes
statistically significant at doses above 0.1 Gy.

Radiation induced malignant gliomas (R1Gs) develop in non-human primates exposed
to electromagnetic or particle radiation (Kent & Pickering, 1957; Krupp, 1976; Lonser et al.,
2002). In humans, exposure to radiation for medical diagnostics (e.g. CT scans) increases the
relative risk of de novo brain tumors, while adult and pediatric patients undergoing radiation
treatment for non-related malignancies present with therapy-induced gliomas later in life

(Elsamadicy, Babu, Kirkpatrick, & Adamson, 2015; Pearce et al., 2012; Salvati et al., 2008;
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Ward, DeSantis, Robbins, Kohler, & Jemal, 2014; Yamanaka, Hayano, & Kanayama, 2016).

Doses received during treatment of the initial condition are in the vicinity of 30-60 Gy but
patients irradiated with as little as 3 Gy for tinea capitis treatment also present with RIG
(Paulino, Mai, Chintagumpala, Taher, & Teh, 2008; Salvati et al., 2008). Stereotactic
radiosurgery, while better preserving the surrounding normal tissue, has been linked to the
development of radiation-induced neoplasms, of which gliomas are the most common (T. R.
Patel & Chiang, 2014; Shamisa et al., 2001). The advent of particle therapy further
necessitates the evaluation of effect of radiation quality on gliomagenesis. Particle therapy,
unlike conventional X-rays therapy, utilizes accelerated charged proton (H) and carbon (C)
nuclei capable of delivering the dose precisely to the tumor while sparing the surrounding
normal tissue (Durante & Loeffler, 2010). Although promising, particle therapy should be
approached with caution, as very little is known about the organismal effects of exposure to
charged nuclei. The use of IR in modern medicine is steadily growing and now comprises
48% of all sources of human exposure (Fig. 1.6). This warrants a critical evaluation of the

cancer risks associated with IR.
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Figure 1.6. Sources of radiation exposure. Radiation for medical purposes amounts to 48%
of the pie chart.

lonizing radiation is a genotoxic agent

Radiation is widely used as for cancer treatment due to its cytotoxic and mutagenic
properties. The efficacy in cell killing has made it a standard treatment modality and high
doses are received by majority of cancer patients irrespective of malignancy type or
demographics. However, cells that undergo IR-induced sub-lethal mutagenic DNA damage
are a detriment to secondary cancer-free survival (discussed above).

Radiation is considered “ionizing” if it has sufficient energy to eject orbital electrons.
Based on physical properties IR is classified as electromagnetic (X-rays and gamma-rays)
and particulate. The extent of DNA damage and subsequent genomic instability depend on
the ionization density of the type of radiation, with more densely ionizing radiation causing

more damage per unit absorbed dose (Kamiya et al., 2015). The distribution of energy
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deposited per distance traveled is also known as linear-energy transfer (LET).

Electromagnetic photons are mostly absorbed by outer shell electrons in the ionized tissue.
Expulsed electrons can react with surrounding water molecules and create reactive oxygen
species that attack DNA, generating simple, uniformly distributed DSBs. Charged particles,
by virtue of size (Z), can directly collide with the DNA molecule causing clustered double
strand breaks as they transverse the cell (Desai, Durante, Lin, Cucinotta, & Wu, 2005;
Moore, Stanley, & Goodarzi, 2014). Clustered DNA damage is defined as a DSB
accompanied by another DBS, a single-strand break, or base damage within several base pair
distance (Asaithamby & Chen, 2011; Durante & Loeffler, 2010; Mladenov & lliakis, 2011).
Even a single heavy particle radiation track can induce such clustered DNA damage (Fig.
1.7) (Hada & Georgakilas, 2008b). Heavy particles are encountered in space, where the
radiation environment consist of high-LET protons (85%), alpha particles (14%), and high
atomic number, high energy (HZE) nuclei. The exposure of astronauts to HZE radiation was
realized during the Apollo missions as crew members reported seeing flashes of light with
their eyes closed (Fazio, Jelley, & Charman, 1970). These flashes were caused by the passage
of heavy cosmic ray nuclei through the astronauts’ eyes. Due to their high energy, such
particles cannot be shielded by current spacecraft materials and present an occupational
radiation hazard. More recently, a radiation detector aboard the Curiosity Rover measured the
cumulative dose of radiation from galactic cosmic radiation (GCR) and solar particle events
(SPEs) an astronaut will receive inside the spacecraft during a trip to Mars (~0.5 Gy) (Zeitlin

etal., 2013).
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Figure 1.7. DNA damage resulting from exposure to ionizing radiation. 3D reconstruction of
53BP1 and *-H2AX foci (surrogate markers of DSBs) in cells irradiated with gamma-rays
(left) or Fe ions (right) 0.5 h following exposure. (Image modified from Mukherjee et al.,
2008)

The complexity of IR-induced damage and the inability of the cell to fully repair its
DNA increases directly with LET (the amount of energy deposited) and the atomic number
(the cross-sectional ionization pattern) due to the confined nature of energy deposition and
the proximity of the lesions (Desai, Durante, et al., 2005; Little, 2000) (Fig 1.8). The
longitudinal track structure (the map of ionization events along the trajectory) of heavier
particles is further complicated by the generation of energetic secondary electrons projecting
tens of micrometers radially from the core (Ballarini, Alloni, Facoetti, & Ottolenghi, 2008).
Although the same type of lesions results from low-LET radiation, the sparse nature of the
damage allows for more efficient repair and lower frequency of long term effects. Animal
studies have corroborated the differential biological effects of low- and high-LET radiation
seen in vitro. Elevated cancer incidence following exposure to HZE compared to reference

electromagnetic radiation has been demonstrated in mice or rats for skin tumors, Harderian

and mammary gland tumors, hepatocellular carcinoma, and malignant glioma (Alpen,



21

Powers-Risius, Curtis, & DeGuzman, 1993; Camacho et al., 2015; Dicello et al., 2004; Weil

et al., 2009).
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Knowledge gap

Although the underlying mechanisms have not been elucidated, a clear link between
exposure to IR and gliomagenesis exists. Given the increased use of IR for medical
diagnostics, the rise in cancer incidence (and correspondingly in radiotherapy use), and the
existence of unmitigated occupational radiation hazards (including space travel), there is an
imperative, yet unaddressed need for animal models of RIGs. The goal of this project is to
evaluate the risk of developing RIG, and examine what role radiation quality (atomic size,
ionization density, biological effectiveness) plays in gliomagenesis. This task requires
appropriate model systems that can faithfully recapitulate the process in vivo. The only such
mouse model currently in existence was developed by our group (Camacho et al., 2015). By
comparing tumorigenesis after X-rays and iron ions exposure we presented the first
experimental evidence showing that HZE radiation is more gliomagenic. The effects of
protons and carbon ions on gliomagenesis have never been evaluated, and yet, there is a
growing number of people undergoing hadron therapy. This project aims to advance our

knowledge of radiation-induced gliomagenesis, and has the following aims:

1. To identify a second, independent RIG mouse model (Chapter I11)

2. To evaluate the effect of radiation quality on gliomagenesis using two complementary
mouse models (Chapter I11)

3. To determine the molecular changes driving the process of radiation-induced

gliomagenesis (Chapter 1V)
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Our first mouse model elucidated the role Cdkn2a and Cdkn2b loss plays in radiation-

induced gliomagenesis. For the second model we chose to employ deletions of p53 and Pten,
collectively exploring all major TSG pathways implicated in GBM by the TCGA (Fig 1.1).
To maximize the clinical relevance of this study we compared conventional RT
electromagnetic radiation (250 kV X-rays), therapy grade proton (150 MeV/n 2H) and carbon
(290 MeV/n 12C), and space-exploration pertinent heavy particles such as silicon and iron
(238 MeV/n 32Si and 600 MeV/n °°Fe). Integrated multi-dimensional analysis of tumor
samples shed light on the major barriers of transformation and oncogenic events important
for the process of radiation-induced gliomagenesis. The results described in the following
chapters present an important contribution to the field of heavy particle radiobiology with

potential implications to hadron therapy and astronaut safety during space exploration.
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Methodology

24



Irradiation

Particle beams of hydrogen, carbon, neon silicon, titanium, and iron were provided by
the National Aeronautics and Space Administration (NASA) Space Radiation Laboratory at
Brookhaven National Laboratory (BNL) as described (La Tessa, Sivertz, Chiang,
Lowenstein, & Rusek, 2016; Mukherjee, Camacho, Tomimatsu, Miller, & Burma, 2008).
Briefly, particles are accelerated in the AGS Booster synchrotron, extracted and transported
to an irradiation station on which dose monitoring and beam characterization devices and
experimental samples are mounted (Fig 2.1). The dose is measured by ionization chambers
and monitored by a computer-controlled dosimetry system that automatically cuts off the
beam when the specified dose is reached. For these experiments, the LET spectrum of
radiation incident on the targets is measured by silicon solid-state detectors with areas similar
to that of the biological samples. Low-LET reference radiation was delivered at the
University of Texas Southwestern Medical Center (UTSW): for y-ray irradiation, a **'Cs
source was used (JL Shepherd and Associates, San Fernando, CA); X-ray irradiation was
performed using an X-RAD 320 device (Precision X-ray, North Branford, CT). Radiation
energy and LET values are shown in Table 2.1. We used conventional RT electromagnetic
radiation (250 kV X-rays), therapy grade proton (150 MeV/n 2H) and carbon (290 MeV/n
12C), and space-exploration pertinent heavy silicon and iron particles (238 MeV/n %Si and
600 MeV/n *°Fe). This choice allowed for the investigation of a range of sizes (Z from 1 to

26) and LETs (0.5 to 174 keV/um).
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Flgure 2.1. Particle beam irradiation station at the NASA Space Radiation Laboratory at
Brookhaven National Laboratory. Prior irradiation mice placed in a head-only irradiation box
(left panel). The box is mounted at the beam line where the delivered dose is measured by
ionization chambers and monitored by a computer-controlled dosimetry system.

Table 2.1. Radiation type, energy, LET, and dose used in Chapter III.

0.5GtIR X-rays H C Ne Si Ti Fe

A NA 1 6 10 14 22 26
Energy 250 kv 150 MeV/n | 293 MeV/n | 255 MeV/n | 238 MeV/n | 664 MeV/n | 600 MeV/n

LET(keV/um) 2 0.5 13 39 79 120 174

Animal studies

All animal studies were performed under protocols approved by the Institutional

Animal Care and Use Committees of UTSW and BNL. Cohorts of 4-8 weeks old mixed

gender, mixed strain of mice (FVB/NJ and C57BL6 mixed background) with brain-specific

Nestin-Cre (NeC™) driven LoxP-excision of p53 (exons 2-10) and Pten (exon 5) alleles were

irradiated at BNL (particle beams) and UTSW (X-rays beam). A second complimentary

mouse model with germline deletions of Ink4a and Ink4b, and brain-specific Nestin-Cre

driven LoxP-excision of Arf (designated NeC'¢Ink4ab”-Arf™F) was used for radiation quality
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effects assessment. This model was published by our group and is described elsewhere

(Camacho et al., 2015). All animals received a single intracranial dose of 0.5 Gy of the
corresponding radiation (Fig. 2.1). Following irradiation, the mice were monitored daily for
neurological morbidity. Symptomatic mice were euthanized and the tumors were harvested
for histopathological, immunological and molecular analyses. Hematoxylin and eosin (H&E)
stained sections of gliomas were examined by the study neuropathologist for tumor grade
assessment; tumor grade was assigned based on the World Health Organization (WHO)
criteria (D. N. Louis et al., 2007). All surviving mice were euthanized 9 (NsCInk4ab™ Arf™F)
or 15 (p53/Pten cohorts) months post-irradiation; serial brain sections were examined to
determine the presence of asymptomatic disease.
PCR

Genomic DNA was extracted from tail snips using Direct PCR Lysis Reagent
(Viagen Biotechnology) or flash-frozen kidney, pancreas, brain, and tumor tissues using the
DNeasy Blood and Tissue Kit (Qiagen). Polymerase Chain Reactions (PCR) were performed
using the DreamTaq Green PCR Master Mix (2X) (Thermo Scientific). Each sample was
amplified with primers to synthetize the wild-type (WT) and floxed (F) variants of p53 and
Pten. Total RNA was extracted from flash-frozen tissue or cultured cells using the RNeasy
Mini Kit (Qiagen). Reverse Transcription Polymerase Chain Reactions (RT-PCR) were
performed using the Superscript 11l 1st Strand Kit (Thermo Fisher) and Quantitative
Polymerase Chain Reaction (qPCR) was performed with a Bio-Rad CFX 96 Touch Real-

Time PCR Detection system (Bio-Rad) using the SYBR Green detection system (Applied
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Biosystems). All samples were amplified in triplicate. Relative expression of each gene was

normalized to 18s mRNA. All primers are listed in Table 2.2.

Table 2.2. Primers used for PCR and quantitative real-time PCR

List of primers
Method  Gene Primer direction Primer sequence
PCR Cre Fw atttgcctgcattaccggte
Rv atcaacgttttcttttcgg
p53 Fw cacaaaaacaggttaaacccag
Rv agcacataggaggcagagac
Pten Fw aagcactctgcgaactgage
Rv ttgccagacatgctccgaag
RT-PCR | NeuN | pyy ttttatggtgctgagatttatgga
Rv cagcggcatagactctacca
Gfap Fw acagactttctccaacctccag
Rv ccttctgacacggatttggt
Olig2 | Fw tacagaccgagecaacace
RV getctcgaatgatccttcttttt
Sox2 | Fw tgctgectetttaagactaggg
Rv cgggctccaaacttctete
p21 Fw gtacttcctctgeectge
Rv agagtgcaagacagcgacaa
Mdm2 | pw agggcacgagctctcagat
Rv tctccttcaaaagagtctgtateg
Pten Fw tgaagaccataacccaccaca
Rv tcattacaccagtccgtccgteect
18s Fw aaacggctaccacatccaag
Rv cctccaatggatcctegtta
Fw = Forward

Rv = Reverse
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Adherent cell culture and colony formation assay

Primary murine astrocytes were isolated from 2-day old NesC®Ink4ab”Arf™" and
NesCren53*/F: Pten*Fpups and maintained in DMEM containing 10% fetal bovine serum in a
humidified incubator at 37°C in the presence of 5% CO.. For colony formation assays, 300
cells were plated in triplicate T25 flasks and irradiated with graded doses of radiation (0-4
Gy of y-rays, P, C, Si, and Fe). Surviving colonies were stained with crystal violet 11-12
days post-irradiation and quantified as described (Mukherjee et al., 2008). For repair kinetics
studies, cells received a dose of 1 Gy of y-rays, P, C, Si, or Fe and were fixed at set time-
points throughout the course of 24h. DNA damage was detected by 53BP1 staining and
quantified. To visualize track of DNA damage along the trajectories of traversing nuclei,
cells were irradiated parallel to the beam. DAPI counterstain (Vector Labs) was used to
visualize nuclei.

Tumor neurosphere cell cultures

Brains of tumor-bearing mice were micro-dissected and glioma tissue was
mechanically and chemically digested for the generation of ex-vivo cultures. The cultures
were plated as single cells in DMEM/F-12 1:1 media (Life Technologies) supplemented with
B27 without Vitamin A (Life Technologies), 10 ng/mL EGF, and 10 ng/mL basic FGF
(Peprotech), and grown as non-adherent spherical clusters. Every 4-6 days the cells were
dissociated by titrating in Accutase (Sigma-Aldrich) and sub-cultured (Gil del Alcazar et al.,
2014). For serum-induced differentiation studies the spherical cultures were dissociated into
single cells and the growth media was switched to DMEM supplemented with 10% FBS. The

cells were grown under these conditions for 7 days and assessed for differentiation markers.
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For sphere formation and radioresistance assays cells were dissociated and plated at 1.5

cells/well density in Nunclon Sphera Surface ultra-low adhesion 96-well plates (Thermo
Fisher) in DMEM/F-12 1:1 media. Sphere number per 96-well plate was quantified after 12
days. All sphere formation assays were performed in triplicates and represented as mean and
SD values.
Subcutaneous injections

Cells (as indicated) were suspended in equal volumes of phosphate buffered saline
(PBS, Fisher Scientific) and Matrigel (Corning) and injected subcutaneously into the flanks
of six- week old Nu/Nu nude mice (Charles River Laboratories International). Mice were
monitored daily for tumor formation and measured with digital calipers to establish growth
curves. Tumor volume was calculated as follows: length x width x height x 0.5. All animal
studies were performed under protocols approved by the Institutional Animal Care and Use
Committee (IACUC) of UT Southwestern Medical Center.
Immunohistochemistry and immunofluorescence

Following mouse cardiac perfusion with cold PBS, brain and tumor tissues were
dissected and fixed in 4% paraformaldehyde overnight, embedded in paraffin, and sectioned
at 5 um thickness. Tumor tissue sections were de-paraffinized, rehydrated, and stained using
standard immunohistochemistry and immunofluorescence protocols. The following
antibodies were used: phospho-Erk (Thr202/Tyr204), Ki67/Mib-1, Met, phospho-Met
(Tyr1234/1235), Pten, phospho-S6 ribosomal protein (Ser235/236) (Cell Signaling
Technology), GFAP (Biocare Medical), Sox2 (Abcam), 53BP1 (Santa Cruz Biotechnology),

and YH2AX, Olig2, NeuN (Millipore). For immunofluorescence, DAPI counterstain (\Vector
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Labs) was used to visualize nuclei. Ki67 indices were quantified by manually counting at

least 500 nuclei in the regions of greatest staining.
Immunoblotting

Whole-cell SDS extracts were prepared and assayed as previously described
(Mukherjee et al., 2006). The following antibodies were used: Actin (Sigma-Aldrich); Akt,
phospho-Akt (Ser473), Met, phospho-Met (Tyr1234/1235), p53, phospho-p53 (Serl5), Pten
(Cell Signaling Technology); p19Arf (A kind gift from Dr. David Kirsch), Sox2 (Abcam);
V5 (Thermo Fisher); and horseradish peroxidase (HRP)-conjugated secondary antibodies
(Bio-Rad).
Array comparative genomic hybridization

Genomic DNA was extracted from flash-frozen normal brain or glioma tissue from
NesCren53*/F:Pten*F animals using the DNeasy Blood and Tissue Kit (Qiagen). Tumor and
control DNA samples were hybridized to Sure Print G3 Mouse CGH Microarray 1 X 1M
(Agilent); the probes were annotated against the NBCI Build 37 (USSC mm9). Hybridization
was automated using an Agilent Hybridization SureHyb chamber kit and gasket slide kit
(Agilent), and the arrays were scanned at 2 um resolution using a fluorescence scanner
(Tecan). Feature extraction of raw signals was performed using the ImaGene 9.0 program.
Raw signals were imported in Partek (Partek Inc.) and raw copy number calls from Partek
were used as input for cghFlasso R package. cghFlassso uses fused lasso regression method
to smoothen the raw calls and defines hotspots within the data. This CNV data was merged
into segments using circular binary segmentation (CBS) algorithm. Regions of the genome

that were significantly amplified or deleted, and the likely gene targets within those regions
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were identified by the GISTIC2.0 module (q value< 0.05 and G-score > 1.5). The raw CN

calls were visualized using circos (v. 0.69.3).
Whole genome sequencing

Genomic DNA was extracted from flash-frozen normal brain or glioma tissue using
the DNeasy Blood and Tissue Kit (Qiagen). Whole genome sequencing was carried out by
the Next Generation Sequencing Core at the McDermott Center at UTSW. Sequencing reads
were aligned to mm10 build using BWA (v0.7.15) and aligned reads were sorted and filtered
for low quality reads using samtools (v.0.0.19). Duplicates were removed using picard tools
(v 1.131). Read depth values per 10000 bp were calculated by in house perl script using
Bio::DB::Sam perl module and plotted using circos (v.0.69.3). CNV calls were made on this
WGS data using Cnvnator (v0.3.3). The minimum length of each predicted CNV should be
>=5000bp.
Lentiviral transduction

Human Met cDNA was obtained from Addgene (gift from Joan Brugge; Addgene,
Cambridge, MA, USA,; plasmid no. 17493) and sequentially cloned into pLenti6.3/VV5-DEST
using the Gateway Cloning system (Invitrogen). Virus production was carried out using
ViraPower Lentiviral Packaging Mix (Invitrogen), as specified by the manufacturer. Cells
were infected with viral particles at a multiplicity of infection (MOI) of 10 with 4 pg/ml
polybrene. Cells were maintained under selection with 5 pg/ml blasticidin and screened for

expression of Met-V5 by Western blotting.
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Statistical Analysis

Kaplan-Meier analyses were used to illustrate glioma-free survival. Glioma
frequencies were compared using a chi-square test. Sphere formation assays were analyzed
by unpaired, 2-tailed t tests with Welch correction. The p21 and Mdm2 induction and tumor
neurosphere radioresistance assays were analyzed by multiple t-tests. A p-value <0.05 was
considered to statistically significant. Significance was indicated as follows: *P<0.05, **
P<0.005, ***P<0.0005. All statistical analyses were performed with GraphPad Prism

Version 7.
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3.1 INTRODUCTION

The link between exposure to low LET radiation (X-rays and gamma-rays) and
carcinogenesis is evident from human epidemiological data from Hiroshima and Nagasaki
and various nuclear accidents, as well as from patients exposed to diagnostic or therapeutic
radiation (Abboud et al., 2015; Braganza et al., 2012; Christodouleas et al., 2011; Pearce et
al.,, 2012; Preston, Shimizu, Pierce, Suyama, & Mabuchi, 2003). Since there is no
epidemiological data on human populations exposed to HZE particle radiation, cancer
patients undergoing hadron therapy suffer an unevaluated and potentially heightened risk of
secondary cancers. Occupational hazards for astronauts — another population exposed to high
LET radiation, are currently extrapolated from low-LET data. However, due to the different
physical properties and biological effects of space radiation such extrapolations are ridden
with a considerable uncertainty (Cucinotta et al., 2001; Zeitlin et al., 2013)

Unlike gamma rays, HZE particles are directly ionizing, causing clustered double
strand breaks (DSBs) in the DNA molecule (Blakely & Chang, 2009; Tabocchini, Campa, &
Dini, 2012). The complexity of this damage and the inability of the cell to fully repair its
genome are due to the confined nature of energy deposition and the proximity of the DSBs.
Consequently, in cell-based studies, HZE particles have been shown to be more clastogenic
and more efficient in transformation in comparison to low-LET radiation (Camacho et al.,
2010; Durante & Cucinotta, 2008; Loucas, Durante, Bailey, & Cornforth, 2013; Maalouf,
Durante, & Foray, 2011; Mukherjee et al., 2008). Complimentary animal studies have shown
that the differential biological effects of low- and high-LET radiation result in a difference in

their tumorigenic potential, with HZE nuclei having a higher carcinogenic effect (Blakely &
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Chang, 2009). This increased tumor incidence with HZE radiation renders risk-assessment

approaches based on human epidemiological data from X-ray and gamma-ray exposure
insufficient and emphasizes the need for further-finessed animal models. Moreover,
individual HZE particles produce quantitatively different cellular effects depending on their
LETSs (the amount of energy deposited) and the atomic number (the cross-sectional ionization
pattern), further contributing to the uncertainty (Ding et al., 2013; Tabocchini et al., 2012).
This chapter provides empirical evidence on the differential in vivo effects of HZE
radiation. We have identified the first two mouse models that faithfully capture the process of
radiation-induced gliomagenesis. The characterization of the first model is described in detail
here. The second model was published recently and will only be used in Sections 3.2.3 and
on (Camacho et al., 2015). Using a comprehensive set of electromagnetic and particulate
radiation we sought to determine a relationship between LET and transformation and

improve our understanding of the risks from exposure.

3.2 RESULTS
3.2.1 Mice deficient in one copy of p53 and one copy of Pten are highly susceptible to
iron ion-induced tumorigenesis

In order to identify an optimal RIG in vivo model, we examined transgenic mice
bearing floxes alleles of one or both copies of p53 and/or Pten genes. We crossed these mice
with a Nestin-Cre mouse (Isaka et al) to achieve Cre-mediated excision of floxed alleles
during early embryonal development in all CNS lineages, including glia, neurons, and adult

neural stem cells. Cohorts of 40 Nestin-Cre positive (NesCre) mice with combinations of p53
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and Pten allele deletions were irradiated intracranially and monitored for tumor development.

All experimental p53/Pten genotypes and the corresponding glioma frequencies are listed in

Table 3.1.

Table 3.1. List of experimental genotypes with cumulative deletions of p53 and Pten alleles

Glioma frequency WT p53+/- Pten+/- p53+/-;Pten+/- | p53-/-;Pten+/-
Mock IR (%) 0 0 0 2.5 >50
Fe ions IR (%) 0 8.1 2.5 27.5 ND*

*ND = not determined
For brevity “-* denotes floxed alleles excised by Cre recombinase

For this experiment, we used 0.5 Gy of iron ions beam (**Fe 600 MeV/u), as we
previously showed that iron radiation is a potent inducer of RIGs (Camacho et al., 2015).
Although WT mice (NC®p53**:Pten**) did not form brain tumors following irradiation,
mono-allelic deletion of either tumor suppressor, in combination with iron irradiation, was
sufficient to drive tumorigenesis (8.1% and 2.5% in the NeC®p53*/F and NesC®pten*’F cohorts
respectively). The frequency of radiogenic malignancies was enhanced to 27.5% upon
excision of one copy each of both tumor suppressors, with the other allele still intact
(NesCrep53*F-pten*™)  (Fig.  3.1A). Importantly, only one non-irradiated control
NesCren53*/F:Pten*F animal developed brain tumor spontaneously (2.5%) at 15 months post
mock-IR , underscoring that this genotype is indeed relevant, but the transforming effect of
radiation is a necessary driver of tumorigenesis (Fig. 3.1B). Targeted Cre-mediated excision
of floxed p53 and Pten alleles was achieved in the brain, but not in the kidney and pancreas
(Fig. 3.1C). H&E sections of NesCp53*F-pten*F animals revealed enlarged brains bearing
extensive cortical lesions, the mass effect of which distorted normal anatomical structures

(Fig. 3.1D). In our most TSG- depleted genotype the complete loss of p53 resulted in the
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frequent formation of spontaneous tumors, as previously reported (Zheng et al., 2008).

Therefore, the NesCp53FF:pten*F genotype was excluded from further analysis and the

NesCren53*/F:Pten*’F model was chosen for all subsequent studies.
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Figure 3.1. Frequent induction of brain tumors in Ne¢®p53*F:Pten* mice exposed to iron
ions. A. Kaplan-Meier curves showing glioma-free survival of mice with different
combinations of p53 and Pten allelic deletions exposed to 0.5 Gy of Fe ions. Per genotype,
40 mice were irradiated. B. Kaplan-Meier curves showing glioma-free survival of control
mice that were not irradiated. C. Genomic PCR on kidney, pancreas, and brain DNA
extracted from NesCep53*+/F:pten*’F mice was performed to confirm the brain-targeted deletion

of floxed alleles. D. Panoramic views of H&E sections of tumor bearing and control
NesCren53+/F-Pten*’ brains.
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3.2.2 Murine astrocytes irradiated with heavier, more energetic particles are more

susceptible to cell killing

We next wanted to use the NesC®p537F;Pten*F model to evaluate the transforming
effects of a range of charge particles relevant to hadron therapy and space exploration.
Before carrying out these studies, we first determined the effects of these ions in vitro on
primary murine astrocyte cultures derived from pups. Astrocytes derived from
NesCren53*+/F:Pten*’t mice grow for only 2-3 passages and cannot be used effectively in a
colony formation assay — a standard tool to evaluate cell survival (Mukherjee et al., 2008).
Instead, we used p537 and Ink4ab”Arf’ immortalized astrocytes. Since Nestin is expressed
during embryonal development, the Cre-mediated excision of floxed alleles occurs in utero
(Dahlstrand, Lardelli, & Lendahl, 1995; Mignone et al., 2004). We irradiated astrocytes
cultures grown in monolayer with 0.5 Gy of y-rays or H, C, Si, and Fe ions and fixed them
0.5h post IR. The resulting DSBs were visualized by 53BP1 staining. Gamma-rays and
lighter particles (H, C) induced multiple punctate foci of damage, while transversal by Si and
Fe left clustered “tracks” of DSB along their trajectories (Fig. 3.2A). Colony survival assays
showed increased cell killing with increasing Z, iron ions being most efficient (Fig. 3.2B).
The same dependency between Z/LET and survival was demonstrated with both genotypes,

suggesting a generalized enhanced biological effectiveness of heavy particles.
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Figure 3.2 Radiation quality effects on murine astrocyte survival. A. Ink4ab” Arf’ astrocytes
irradiated with 1 Gy of y-rays or H, C, Si, or Fe ions were fixed at 0.5h post exposure. DSBs
were visualized by 53BP1 staining. Nuclei were counterstained with DAPI B. Primary
Ink4ab”Arf” and p537 astrocytes were irradiated with increasing doses of ionizing
radiation. The surviving fraction of cells that formed colonies were quantified and plotted
against IR dose.
3.2.3 Silicon ions are more gliomagenic than heavier, more energetic iron ions

Once we had identified an optimal genotype that is independent but complimentary to
the NesCInk4ab™”Arf”F model we wanted establish the effect of radiation quality on

gliomagenesis. We exposed cohorts of NesCInkdab”ArfF and NesCp53*F:Pten*’F mice

(n=40) to a single intracranial dose of 0.5 Gy of X-rays, hydrogen, carbon, silicon, or iron
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ions (Table 2.1). Initial DNA damage was observed in mouse brains 1h following exposure

(Fig. 3.3). X-rays and lighter ions (hydrogen and carbon) induced DSBs in a diffused,
scattered manner. Irradiations with silicon and iron produced track-like patterns of 53BP1
signal resulting from the dense ionization along the trajectories of traversing particles, as

captured in vitro (Fig. 3.2A).

Cerebellum
(granule cell layer)

Cerebrum

X-rays

Figure 3.3. DNA DSBs in the mouse brain in response to different types of radiation. DSBs
induced by 0.5 Gy of X-rays, H, C, Si, or Fe ions were visualized by 53BP1 staining 1h after
exposure. Nuclei were counterstained with DAPI. Representative images of neurons in the
cerebrum and the granule cell layer of the cerebellum are shown. Scale bar = 50 pum.
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RIGs were observed in all 10 experimental cohorts (Fig 3.4A). Chi-square tests

performed on the frequencies of each genotype yielded highly significant p-values (0.0013
and <0.0001 for the NesCrp53*F.pten*’F and NeCeInkdab”Arf”™ models respectively).
Overall, the NeCp53*F-Pten*’F mouse appeared to be more susceptible to transformation,
however, the same trends were observed regardless of genotype. While the tumorigenic
potential of hydrogen was similar to that of X-rays, we observed an increase of brain tumor
incidence with increasing Z and LET (Fig 3.4B). In the case of the NsCInk4ab™Arf™F model
the maximum RIG frequency was observed with Si and plateaued at higher LET (Si vs Fe p-
value=0.478) Fig 3.4C). The RIG frequency in the more sensitive NCp53*F:pten*’t model
actually decreased significantly between the Si and Fe cohorts (p-value=0.0389) indicating
thata Z of 14 and an LET of 79 keV/um may have the worst biological outcomes, at least in

terms of carcinogenesis.
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Figure 3.4. Gliomagenesis following exposure to IR. A. Kaplan-Meier curves showing
glioma-free survival after exposure to 0.5 Gy of IR. B. Tabulated frequencies of RIG
formation in the NeC®Ink4ab™Arf™F and NesCep53+F:Pten*’F models. C. Relationship between
LET and RIG frequency. Maximal frequency was observed with Si (LET=79 MeV/n)
regardless of model genotype.
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3.2.4 Further evaluation of the relation between LET and gliomagenesis confirms Si as

the most tumorigenic ion

Although the same results in terms of peak gliomagenesis were obtained with both
models, there was a substantial gap in the Z and LET values between Si and the other species
we tested. Thus, additional ions with Z and LET values that fall in between C and Si and
between Si and Fe were selected to determine if Si with LET of ~79 keV/um is one of the
most detrimental ions in terms of cancer risk. We exposed two cohorts of NeC"e|nk4ab’Arf*
mice to neon (Ne; Z=10; LET=39 keV/um) and titanium (Ti; Z=22; LET=120 keV/um)
(Table 2.1). The glioma frequency following exposure to Ne was 27.5%, which was
comparable to the frequencies observed with Si and Fe ions. This result suggest that the
glioma frequency may start to plateau at LET lower than 79 keV/um. Data collection from

the Ti cohort is currently ongoing.

3.2.5 All RIGs phenocopy the histopathological features of high-grade human glioma
Grade IV gliomas (GBM) are defined by the presence of mitotic figures, cellular
atypia, pseudopalisading necrosis, and diffuse infiltration into the surrounding brain
parenchyma (Aldape et al., 2015; David N. Louis et al., 2014). After examining serial
sections of all irradiated brains we found no histological evidence of less malignant tumors or
precursor lesions, suggesting that this model recapitulates primary GBM (Ohgaki &
Kleihues, 2007). H&E staining revealed single unilateral masses in the forebrain with no
distinct borders, oftentimes infiltrating through the corpus callosum (Fig. 3.5A).

Microscopically, the tumors showed pseudopalisading necrosis (Fig. 3.5B) and profound
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nuclear atypia (Fig. 3.5C). All mouse RIGs were highly proliferative (Ki67 index >25%).

There was no significant difference in the proliferative index between radiation types.
Examination of serial coronal sections showed unilateral spread through the subarachnoid
space (Fig. 3.6A), secondary structures of Scherer (perivascular and perineuronal satellitosis)
(Fig. 3.6B and C) and prominent mitotic figures (Fig. 3.6D). Although invasion was
frequent, we did not find brains bearing two or more independent tumors. Collectively, all
mouse tumors were histopathologically indistinguishable from human grade 111/IV disease

regardless of radiation type, Z, or LET.

Fig featu e

brain sections reveal massive unilateral tumors spreading contralaterally through the corpus
callosum. Radiation type is indicated above each tumor. B. Examples of GBM-characteristic
pseudopalisading necrosis. “N” indicates necrotic area. C. Tumor cells exhibit notable
nuclear atypia. D. Ki67 staining demarcates proliferating cells. Scale bar = 50 pm.
Representative tumors derived from the NsCep53*/F:pten*F model; NeC"eInk4ab™Arf™F tumors
display the same histopathology.




46

- A
s st

.‘N - l
x

e

us g £ — - ‘.x.i“, - —
Figure 3.6. Histopathological features of mouse RIGs. A. Tumor cells infiltrating the
subarachnoid space is indicated by arrows. B. High density of glioma cells surrounding a
blood vessel (*) as an example of perivascular satelitosis. C. Tumor cells growing adjacent to
neuronal bodies (perineuronal satelitosis, arrowheads). D. Glioma cells undergoing mitosis.
Scale bar = 50 pm.

3.2.6 RIGs express cell lineage markers of glial origin

We used gene expression and immunological assays to further confirm the glial nature of the
radiation-induced tumors. In a sample of C-, Si-, and Fe-induced tumors from the
NesCren53*F:Pten*’F model we found decreased expression of NeuN (a neuronal marker), and
elevated mRNA levels of the classical glial markers Gfap and Olig2, and the progenitor cell
marker Sox2 (a transcription factor important for induction of pluripotency and glioma cell
de-differentiation) (Singh et al.,, 2017; Suva et al., 2014), as compared to control
NesCren53+F:Pten*’F brain tissue (Fig 3.7). Accordingly, the tumors were non-reactive for

NeuN, but stained positive for Gfap and, particularly, for Olig2 and Sox2, as determined by
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IHC staining (Fig 3.8). Tumors originating from the NeC"Ink4ab”Arf”" model showed an

identical pattern of cell lineage marker immunoreactivity (data not shown).
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Figure 3.7. Expression of cell lineage markers in RIGs. The relative expression levels of
NeuN, Gfap, Olig2, and Sox2 mRNA were determined by qPCR in five RIGs (one C-, two
Fe-, and two Si-induced tumors) and compared to expression in N¢p53*/F;Pten*’F normal
brain. All measurements were normalized to 18s mRNA levels. Error bars represent technical
triplicates.
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Figure 3.8. Immunoreactivity of RIGs for cell lineage markers. RIGs were negative for
NeuN, showed patchy expression of Gfap, and ubiquitous staining for Olig2 and Sox2.
Representative images are shown. Nuclei were counterstained with hematoxylin. Scale bar =
50 um. Representative tumors derived from the NesCp53*/F:pten*F model; NsC¢Ink4ab™
Arf7F tumors display the same immunoreactivity pattern.
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3.2.7 Tumor neurospheres from RIGs possess glioma-propagating stem-like cell

(GPSC) qualities

Consistent with the expression on the stem/progenitor marker Sox2, freshly resected
NesCren53*F:Pten* tumors were capable of growing in serum-free media as tumor
neurospheres. These glioma lines (GLs) maintained Sox2 expression, as determined by IF
staining and immunoblotting (Fig 3.9A and B). To test whether the tumor neurospheres
contained cells with cancer stem-like cell properties we assessed self-renewal, lineage
differentiation, and tumor reconstitution in vivo. In vitro experiments confirmed the ability of
RIG cultures to self-renew, as shown by single cell sphere formation assay. Over 35% of the
single cells plated in 96-well plates were capable of forming secondary tumor neurospheres
(Fig. 3.9C). Following a short exposure to serum the GLs switched to adherent growth,
exhibited a morphology change, and underwent differentiation programs giving rise to
heterogeneous lineages of cancer cells (Fig. 3.10). Lastly, upon subcutaneous injections in
immunocompromised mice, as few as 500 tumor neurosphere cells were capable of
reconstituting tumors (data not shown). All these properties are attributed to human GPSC,
and therefore support the conclusion that RIGs contain a population of Sox2-positive cancer

stem-like cells (Chen et al., 2012).
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Figure 3.9. Populations of glioma-propagating stem-like cells in RIGs. A. Resected RIGs
were cultured as tumor neurospheres that maintained Sox2 expression. Nuclei were
counterstained with DAPI. Scale bar = 50 um. B. Expression of Sox2 was confirmed in a
panel of mouse radiation-induced glioma lines (GLs). The self-renewing capacity of GLs was
confirmed by a sphere formation assay. Three representative lines are shown. Error bars
represent SD from three independent experiments.

Gfap Tuj1
Figure 3.10. Serum-induced differentiation of RIG stem-like cells. GLs established from
resected RIGs have a limited capacity to differentiated into astrocytic and neuronal lineages.
Upon exposure to serum tumor neurosphere cells exhibited a marked morphology change and

expressed Gfap (astrocyte lineage marker) and Tujl (neuronal lineage marker). Nuclei were
counterstained with DAPI. Scale bar = 50 um.
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3.3 Discussion

Before hadron therapy can be adopted widely and manned deep-space exploration can
be executed safely, outstanding questions about the connection between radiation quality and
tumorigenesis, including the individual contribution of specific HZE particles, the effect of
LET, and the frequency and grade of radiation induced tumors need to be answered. To
elucidate the process of IR-induced gliomagenesis we developed two mouse models, which,
in the absence of confounding occurrence of spontaneous tumors, are readily transformed by
IR. The high prevalence of p53, Pten, and CDKNZ2A alterations in GBM patients (Cancer
Genome Atlas Research, 2008; Parsons et al., 2008; Verhaak et al., 2010) makes both the
NesCren53+/F:Pten*’F and NesCreInk4ab-ArfF models highly clinically relevant.

Our studies aiming to determine the transforming potential of an array of HZE particles
demonstrated gliomagenesis following exposure to iron, silicon, carbon, and hydrogen (and
X-rays). We used both models to exclude the possibility of genotype-specific effects and
better understand the risk of radiation-induced gliomagenesis. Mice exposed to low-LET
radiation (0.5 Gy of protons or carbon) formed tumors 5-20% of the time. This frequency
increased to 37.5% (NesC'Ink4ab”Arf™F) and 50% (NsC*p53*F:Pten*’F) following exposure to
silicon but then decreased with further increases in Z and LET. The observed tumorigenesis
frequencies are suggestive of a positive association between atomic number and transforming
potential for a Z of up to 14 and an LET of up to 79 KeV/um. Our findings indicate that Si is
the most detrimental with respect to carcinogenesis out of all the ions we tested. The
observed plateau (N*C¢Ink4ab™Arf”F) or even decrease (N*C"*p53*F:Pten*’r) in frequency

with LETs higher than 79 keV/um may reflect a balance between mutagenesis
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(transformation) and cytotoxicity occurring at very high LET. As reported here and

elsewhere, there is an increase in cell killing with increasing LET in vitro (Asaithamby et al.,
2008; X. Wang et al., 2015). The fraction of surviving (colony-forming) cells decreases by
orders of magnitude following exposure to Fe ions compared to silicon. Additionally, Fe
ions have been shown to induce more apoptosis in 3D human vessel models and mouse bone
marrow, compared to protons or equitoxic doses of gamma-rays, respectively (Datta et al.,
2012; Grabham, Hu, Sharma, & Geard, 2011), suggesting that the increase in cell killing with
increasing LET may be relevant in vivo. Thus Fe-induced apoptosis in genetically unstable
cells following exposure may serve an anti-carcinogenic effect, ultimately diminishing the
transforming effect of very high LET by decreasing the possibility of carcinogenic mutations
being passed on. Importantly, the results with Si are in agreement with recent acute myeloid
leukemia and lung carcinogenesis (X. Wang et al., 2015; Weil et al., 2014) as well as CNS
studies (Raber, Marzulla, Stewart, Kronenberg, & Turker, 2015) and certainly warrant further
investigation into the mechanistic reasons for the peak observed with Si.

In addition to direct DNA damage, the effects of IR may be exacerbated by ensuing
changes in the extracellular matrix (ECM). Irradiated mammary ECM has been shown to be
pro-tumorigenic (llla-Bochaca et al., 2014; Nguyen et al., 2011). In the breast, IR, and in
particular HZE radiation has been shown to cause extracellular matrix remodeling that
persists over 14 days (Ehrhart, Gillette, & Barcellos-Hoff, 1996). Thus, it is possible that an
irradiated cell that has suffered complex but sub-lethal damage can re-enter the cell cycle in

the context of an altered ECM environment.
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An intriguing conclusion of the work presented in this chapter is that all radiation

induced mouse tumors were high grade — corresponding to human grade 111/1V disease. None
of the 51 tumors arising from all ten cohorts of irradiated mice were classified as grade | or
[1. The majority of human IR-induced gliomas also present as grade 1V, with no radiological
evidence of precursor lesions (Broniscer et al., 2004; Yamanaka et al., 2016). Further,
clinical studies which compared human RIGs to spontaneous GBMs failed to determine a
distinctive histopathology (Brat et al., 1999; Donson et al., 2007; Kleinschmidt-Demasters,
Kang, & Lillehei, 2006). Similarly, the mouse RIGs described here are histopathologically
indistinguishable from published grade I1I/IV glioma mouse models employing RTKSs
overexpression and/or TSG deletions (Alcantara Llaguno et al., 2009; Kwon et al., 2008; Y.
Wang et al., 2009; Zheng et al., 2008; H. Zhu et al., 2009). Although X-rays and protons
induced tumors less frequently than silicon, their pathological presentations were identical.
This suggests that radiation quality affects frequency but not glioma malignancy. One
potential explanation for this quantitative difference may stem from the differential kinetics
and degree of DSB repair after exposure to low- and high-LET radiation. It has been shown
that an inability to faithfully repair DSBs leads to genomic instability, which promotes
carcinogenesis (Khanna & Jackson, 2001; Pierce et al., 2001). In this context, Si- or Fe-
induced complex breaks which persist longer and are repaired poorly, can contribute to
gliomagenesis through the induction of genomic instability (Asaithamby et al., 2011,
Asaithamby et al., 2008; Costes et al., 2006; Desai, Davis, et al., 2005; Hada & Georgakilas,

2008a; Leatherbarrow, Harper, Cucinotta, & O'Neill, 2006; H. Wang, Wang, Zhang, &
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Wang, 2008). On the other hand, a smaller fraction of the X-rays- and H-induced damage is

complex, decreasing the chance of genomic instability induction.

The identification of two mouse models carrying deletions of independent TSGs has
allowed us to confirm the universal role of particle radiation as a genotoxic agent capable of
inducing high grade gliomas in vivo. These models of RIG can be further used to address
radiobiology questions seminal to human space exploration (e.g. about the efficacy of
countermeasures, the effects of shielding or the exposure to mixed-beam resulting from

nuclear fragmentation) or inform the particle choice in hadron therapy.



CHAPTER IV

The genomic landscape of radiation-induced malignant gliomas

derived from the NeCrep53+F: Pten*F model
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4.1 INTRODUCTION

High doses of ionizing radiation are received by the majority of cancer patients
irrespective of malignancy type or patient demographics. An unfavorable side effect of
radiotherapy is the development of secondary cancers (Diallo et al., 2009; Elsamadicy et al.,
2015; Salvati et al., 2008; Yamanaka et al., 2016). The adult and pediatric central nervous
systems (CNS) are particularly susceptible to radiation-induced malignancies. Exposure to
ionizing radiation (IR) is, in fact, the only known risk factor for the development of
malignant gliomas - aggressive, therapy-resistant brain tumors, leading to death within 15
months of diagnosis (Bondy et al., 2008; Pearce et al., 2012; Stupp et al., 2009). Exposure to
radiation for medical diagnostics increases the relative risk of de novo brain tumors, while
adult and pediatric patients undergoing CNS radiation treatment for non-related malignancies
present with radiation-induced malignant gliomas (RIGs) later in life (Elsamadicy et al.,
2015; Pearce et al., 2012; Salvati et al., 2008; Ward et al., 2014; Yamanaka et al., 2016).
Clinical reports describe cases of RIG after acute lymphocytic leukemia (ALL) and brain
tumor treatment, the clinical course of which may be more aggressive than that of
“spontaneous” GBM (Broniscer et al., 2004; Carret et al., 2006; Donson et al., 2007; Paulino
et al., 2008; Yamanaka et al., 2016). Although several groups have attempted molecular
analysis of RIG, conclusive findings remain scant due a small patient population spread over
multiple institutions (Brat et al., 1999; Broniscer et al., 2004; Donson et al., 2007). These
limitations necessitate the experimental modeling and comprehensive analysis of the process

of radiation-induced gliomagenesis.
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IR is widely used as an anti-cancer treatment due to its cytotoxic and mutagenic

properties. In Chapter 111 we used sparsely ionizing (low LET) and densely ionizing (high
LET) radiation to model RIG in mice and study the effect of radiation quality on
gliomagenesis. Mouse models with Nestin-Cre driven brain-targeted deletions of p53 and
Pten alleles (N*sC¢p53*/F:Pten*F) were exposed to X ray or particle radiation (hydrogen,
carbon, silicon or iron; ions of increasing size and LET). We found that these mice, even in
the absence of engineered activating oncogenes, are susceptible to transformation by IR. The
resulting RIGs faithfully phenocopied the histopathological features of human high-grade
gliomas. By applying multidimensional analysis on tumor tissue and ex vivo cultures
generated from this mouse model we sought to determine what the molecular changes are

that orchestrate the process of radiation-induced gliomagenesis.

4.2 RESULTS
4.2.1 The wild-type allele of p53 is lost in RIG

Deletion of a single copy of p53 sensitized mice to iron ion radiation-induced gliomas
(Fig 3.1). Tumor frequency was increased from 8.1 to 27.5% (p-value=0.0275) upon
additional monoallelic deletion of Pten. Since in GBM patients p53 is frequently disabled by
mutations or deletions (Brennan et al., 2013; Cancer Genome Atlas Research, 2008) we
wanted to determine whether the wild type (WT) p53 allele is retained in the case of mouse
RIGs. To test the status of the WT allele we performed PCR analysis on tumor DNA. All six
tumors tested (one X-rays, one H, three Si, and one Fe-induced tumors) revealed loss of the

p53 WT amplification product, compared to control NeC®p53*F;Pten*/* pancreas and brain
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(Fig. 4.1). As expected, Cre-mediated excision of floxed (F) alleles was observed in gliomas

and control brain but not in the pancreas.
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Figure 4.1. RIGs show loss of wild type p53 allele. Genomic DNA was extracted from tumor
tissues and tested for amplification of the WT and floxed p53 alleles by PCR. Pancreas and
brain tissue were included as controls.
4.2.2. Glioma neurospheres are incapable of activating transcriptional targets of p53
The primers used to detect the WT p53 allele hybridize to a region between exons 1
and 2. To exclude the possibility of a truncated version of p53 being expressed and retaining
activity we used assays to assess p53 functionality. DNA damage induced by ionizing
radiation is detected by ATM and ATR, which phosphorylate p53 at serine 15 to induce its
transcriptional activity (Kruse & Gu, 2009). Exposure of glioma neurosphere cultures to 10
Gy of gamma-rays failed to induce p53 phosphorylation (Fig. 4.2A). While irradiation
triggered stabilization of p53 in p53*:Pten*" control cells, evident by the increase of total
p53 signal, no protein was detected in the GLs or the p53”7 cells. Additionally, no DNA
damage-mediated induction of p21 and Mdm2 (transcriptional targets of p53) was observed
at 2 and 4 hours post IR, confirming the abrogation of the p53 signaling pathway (Fig. 4.2B
and C) (Harris & Levine, 2005; Macleod et al., 1995; Millau, Bastien, Bouchard, & Drouin,

2009).
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Figure 4.2. Functional inactivation of the p53 pathway in RIGs. A. Protein lysates extracted
from RIG GLs at 2 and 4h after exposure to 10 Gy of gamma-rays were probed for total and
phosphorylated p53. Actin was used as a loading control. B. Relative levels of p21 mRNA
following exposure to 10 Gy of gamma rays. C. Relative expression of Mdm2 following
exposure to 10 Gy of gamma rays. All measurements were normalized to 18s mRNA levels.
Error bars represent SD from three independent experiments.
4.2.3 Loss of Pten is observed in all RIGs

In GBM patients the most common route to PTEN inactivation is through deletion
(Brennan et al., 2013). To determine the status of the WT Pten allele we performed PCR
analysis on tumor DNA extracted from the same six tumors tested for p53 (Fig. 4.1). A PCR
assay identified the loss of WT Pten allele (Fig. 4.3A). Cre-mediated excision of floxed (F)
alleles was observed in gliomas and control brain but not in the pancreas. The observed loss

of WT Pten was further validated by looking at Pten mRNA expression in five tumors (Fig

4.3B). Further, immunohistochemical analysis of a comprehensive panel of 33 RIG induced
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by low- or high-LET radiation showed that all tumors tested were non-reactive for Pten

protein (Appendix A). A limited number of RIGs arising in the NC®p53*F mice irradiated
with Fe ions were also found to be negative for Pten by IHC (data not shown). Pten loss was
accompanied by activation of ribosomal protein S6 kinase, Erk, and Akt — downstream
components of signaling pathways, inhibited by functional Pten (Fig. 4.4) (Gu et al., 1998;
Worby & Dixon, 2014). In summary, we demonstrated a concomitant loss of Pten and p53 in
all tumors tested, across all radiation qualities. The ubiquitous nature of these events suggests
that Pten and p53 may function independently as barriers to radiation-induced gliomagenesis,

and that there is a selective advantage for the concurrent loss of both wild-type alleles.
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Figure 4.3. Loss of Pten in radiation-induced gliomas. A. Genomic DNA from tumor tissues
was tested for amplification of the WT and floxed Pten alleles by PCR. Pancreas and brain
DNA were included as controls.
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Figure 4.4. Activation of signaling pathways downstream of Pten. A. Immunoreacitivity of
tumor and normal brain tissues from NeCp53*F:Pten*’F animals for Pten, phospho-S6, and
phospho-Erk. Scale bar =50 um. B. Protein lysates extracted from RIG GLs were probed for
Pten and total and phosphorylated Akt. Actin was used as a loading control.
4.2.4 The genomic region containing the Met RTK is commonly amplified in RIG
Having established the concomitant loss of p53 and Pten, we wanted to determine
whether there were additional oncogenic changes in the mouse RIGs. Human gliomas bear
multiple copy number alterations in the PI3K, p53, and RB pathways, and amplification of
RTKSs is collectively observed in over 70% of cases (Brennan et al., 2013). We analyzed the

genomes of 7 HZE-induced tumors by array comparative genomic hybridization (aCGH)

(Fig 4.5A; Appendix B). To detect significantly reoccurring focal and broad copy number
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(CN) changes we used the Genomic Identification of Significant Targets in Cancer

(GISTIC2.0) algorithm (Mermel et al., 2011). Events with g-value <0.05 were considered
significant. This cut-off generated a list of 35 genes falling within the narrow GISTIC peaks
(Appendix C). A small region on Chr6 containing the RTK Met (g-value=1.15x107°) was
present in 43% (3/7) of tumors tested (Fig 4.5A&B). The homologous region containing
human MET is located on chr7 and is amplified focally in 1.6% of GBM patients (Brennan et
al., 2013). One mouse sample had a single copy gain, while the remaining two samples had
high CN gain (approximately 6 and 50 copies). Met amplification correlated with robust
protein expression and activation, as observed in matched tumor sections (Fig 4.6).
Met/pMet IHC analysis was extended to a panel of 33 RIG induced by low- or high-LET
radiation (Appendix A). Met positivity was found in 48.5% of samples, while the protein

was phosphorylated in 36.4%.
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Figure 4.5. Regions of genomic amplifications or deletions in RIGs. A. Circos plots of the
genomes of two RIG samples. Green color represents gain of CN and red represents CN loss.
A black border indicates a CN change of 1 or more. Magnified views of the boxed regions
containing chromosome 6 are shown below each circos plot. B. Genomic tracks of the Met-
containing region on chr6. The three samples with CN gain are shown together with one non-

amplified sample. Arrows indicate the borders of the amplified regions. Log2 ratios of CN
are plotted on the y-axis.
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Figure 4.6. Expressbn of Met |n.‘RIGs W|thor W|thoufocal 'arﬁ‘pllfl'catlon o:‘-c;er The same
tumors (560 amplified, 561 non-amplified) shown in Figure 4.5 were stained for phospho-
and total Met. Scale bar = 50 pm.

The region containing the Met locus was the only CN gain event considered
significant by GISTIC. Egfr amplification, occurring in 60% of GBM patients, was present in
one sample, where a single-copy gain had occurred (Brennan et al., 2013). Pdgfr-o
amplifications were not detected. However, as previously reported in p53”;Pten” mouse
GBM, all RIGs over-expressed Pdgfr-o (Appendix A) suggesting that Pdgfr-a signaling is
common in p53/Pten-mediated gliomagenesis, (Chow et al., 2011; Y. Wang et al., 2009).
Similarly, transgenic mouse models and human GBM patients often overexpress PDGFR-a

without an underlying genomic amplification (Chow et al., 2011; Furnari et al., 2007; Zheng

et al., 2008).

4.2.5 Ectopic expression of Met in p53”;Pten”- astrocytes confers the ability to grow
under serum-free conditions
Besides orchestrating growth factor-mediated proliferative signaling, the Met RTK

has also been linked to the induction and maintenance of a “stemness” phenotype in glioma
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cells (Camacho et al., 2015; Kyeung Min Joo et al., 2012; Y. Li et al., 2011). To determine

the effect of Met in the context of p53 and Pten losses (as seen in the RIGs), p537;Pten”
primary astrocytes were transfected with lentiviral vectors expressing V5-tagged B-Gal
(control) or human MET. The presence of V5-tagged proteins was confirmed in protein
lysates (Fig 4.7 A). Expression of MET did not confer additional growth advantage, as these
cells are already rapidly proliferating (data not shown). However, p537;Pten” MET cells
were able to grow in serum-free conditions as neurospheres. The ability of these cells to self-
renew was assessed via single cell sphere formation assay; more than half of the single cells
had formed spheres 12 days after plating (Fig 4.7 B). B-Gal transfected cells were incapable
of forming spheres or self-renew under these conditions (p-value=0.0002). The functionality
of MET in the generated neurospheres was confirmed by the ability of HGF supplementation

to the growth media to induce phosphorylation (Fig 4.7 C).
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Figure 4.7. Ectopic expression of MET in p537;Pten” astrocytes. A. Expression of V5-
tagged proteins was assessed by immunoblotting. Whole-cell lysates were probed for Met
and V5. Actin served as a loading control. B. Expression of MET conferred the ability to
form neurospheres from single cells. Images below the graph show representative spheres 12
days after plating. Error bars derived from standard deviation from three independent
experiments are shown. Scale bar = 200 um. C. Supplementation of the growth medium with
HGF induced robust phosphorylation of MET. Cell lysates were generated at indicated time-
points following treatment with 50 ng/mL HGF and probed for phospho-MET. Actin served
as a loading control.

4.2.6 Ectopic expression of MET in a tumor neurosphere culture confers
radioresistance

Through its role in GBM stem-like cell maintenance Met may be contributing to the
therapeutic resistance ascribed to this subpopulation (Bao et al., 2006; Baumann et al., 2008;
Bleau et al., 2009). Stem-like cells extracted from GBM patients have been shown to be more
radioresistant compared to bulk tumor cells, and the status of MET expression has been
linked to the observed survival benefit (Bao et al., 2006; De Bacco et al., 2016; Kyeung Min
Joo et al., 2012). To determine whether Met expression would confer radioresistance to GLs
generated from RIGs we expressed human MET or B-Gal in a tumor neurosphere culture
(Fig. 4.8A). Similar to the p537;Pten” astrocytes, the tumor cells expressing ectopic MET
did not gain a proliferative advantage (data not shown). Self-renewal was also unaffected by
MET expression (Fig 4.8B 0 Gy dose). However, the self-renewing capacity was
significantly increased in MET-positive cells exposed to 2 of 4 Gy of IR, compared to the
isogenic B-Gal groups. Even at the highest dose (6 Gy) more spheres were observed in the

MET-expressing cells although the trend did not reach statistical significance.
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Figure 4.8. Ectopic expression of MET in a RIG neurosphere culture. A. Expression of V5-
tagged proteins was confirmed by immunoblotting. Whole-cell lysates were probed for Met
and V5. Actin served as a loading control. B. The self-renewing capacity of MET- and B-Gal-
expressing GL2089 cells following exposure to gamma-rays was assessed by single sphere
formation assay. Error bars represent standard deviation from three independent experiments.
4.2.7 Radiation quality dictates a distinct mutational signature

lonizing radiation has been shown to generate distinctive mutational signatures in
secondary non-CNS cancers (Behjati et al., 2016). Whole genome sequencing of 12
radiation-associated secondary tumors revealed a highly significant enrichment of small-
scale deletions. Similarly, we wanted to determine whether radiation quality could contribute
to a distinction in the mutational signatures of mouse RIGs derived from different LETS.
Using whole genome sequencing we analyzed 2 X-rays (low-LET electromagnetic radiation),
2 H (low-LET particulate radiation) and 2 Si (high-LET particulate radiation) —induced
tumors. A non-tumor genome was included to control for mouse strain-specific genomic
variation. The majority of significant events detected in all tumors regardless of radiation
quality were deletions. Genome-wide there was a qualitative difference in the scale of

deletions between electromagnetic and particulate radiation-induced GBMs (Fig. 4.9A). The

median event lengths in the X-ray tumors were in the range of 5000-10 000 base pairs (bp).
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In contrast, the lengths of significant events in the particle-induced tumors ranged from 65

000 to 20x10° bp, often resulting in whole chromosome monosomies (Fig. 4.9A&B).

Further, X-rays tumors carried a higher number of non-contiguous significant events (Fig.

4.B).
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Figure 4.9. Whole-genome sequencing RIGs. A. A circos plot comparing the genomes of
representative Si (blue) and an X-rays (red) induced RIGs. A non-tumor genotype-matched
control genome is shown in green. Blue arrows indicate large-scale deletions in the Si tumor;
red arrow indicates a region of focal amplification on chrl2 in the X-ray tumor. B. The
length of all significantly deleted or amplified regions (y-axis) was plotted along the genome
(x-axis). Each open circle represents an event. Red arrow indicates the region of focal

amplification on chrl2 in the X-ray tumor. Please note the difference in scale along the x-
axis.
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4.3 DISCUSSION

As the success rate of managing malignancies increases, the need to understand and
prevent RIGs becomes pressing, particularly for childhood cancer survivors with long life
expectancy. The 5-year survival rate of “standard risk” pediatric patients with brain and CNS
tumors and acute lymphocytic leukemia (ALL), which together amount to 47% of all
childhood cancers, is 75% and 90% respectively (Hunger & Mullighan, 2015; Ward et al.,
2014). Although these numbers are very encouraging, the successful treatment frequently
involves irradiation of the CNS, which is particularly susceptible to secondary, radiation
induced malignancies (Crawford, MacDonald, & Packer, 2007; Massimino et al., 2016; Ward
et al., 2014). Existing reports describing cases of RIG after brain and CNS tumor and ALL
treatment are suggestive of a more aggressive phenotype with average survival of only few
months (Donson et al., 2007; Paulino et al., 2008; Yamanaka et al., 2016). A comprehensive
genomic landscape of RIG has not been obtained due to a limited availability of patient
samples distributed over multiple institutions (Broniscer et al., 2004; Donson et al., 2007).
Past studies have mostly focused on examining a small set of GBM-relevant genes including
TP53 and EGFR through IHC or exon-targeted sequencing. Thus far, somatic p53 mutations
resulting in single amino acid substitutions have been identified in human RIGs (Brat et al.,
1999; Gessi et al., 2008; Tada, Sawamura, Abe, & Iggo, 1997; Yang et al., 2005). A PubMed
database search on clinical cases points to a lower frequency of EGFR amplification and
immunoreactivity compared to spontaneous GBM (Alexiou et al., 2010; Brat et al., 1999;

Gessi et al., 2008; Yang et al., 2005). The most in-depth molecular analysis of RIG published
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up to date examined 5 samples from pediatric patients by genome-wide gene expression

microarray (Donson et al., 2007). The authors identified a higher number of conserved
signature genes with more tightly defined gene expression profiles within the RIGs as
compared to de novo pediatric GBMs. Among the highest-expressed genes were PDGFR-a,
OLIG1, and OLIG2. None of the RIG cases reported displayed unique mutations not seen in
spontaneous GBMs.

In the absence of sufficient human samples, our ultimate goal behind identifying
animal RIG models was to elucidate the genomic changes accompanying the process of
radiation-induced tumorigenesis. The experiments described in this chapter utilized a set of
RIGs, driven by different radiation qualities, in mice with monoallelic deletions of floxed
p53 and Pten copies. Through genomic and functional assays, we established the universal
loss of the remaining wild-type alleles. Unlike the mutual exclusivity of events targeting
genes converging on the same downstream pathway observed in GBM, losses of p53 and
Pten were concomitant. This signifies the crucial role p53 and Pten together play as barriers
to radiation-induced transformation. The importance of combined tumor suppressor loss was
further demonstrated in tumors arising in Pten-wild type NesC®p53*/F;Pten** mice irradiated
with Fe ions where Pten was not detected immunologically.

Overall, the molecular events we identified (Pten loss, Met amplification, Pdgfr-a
over-expression) match known abrogations occurring in human RT-induced and spontaneous
GBMs, establishing the clinical utility of the NeC"*p53*F:pten*’F model. One discrepancy
between our results and the limited human RIG molecular data was the ubiquitous

occurrence of p53 deletions rather than mutations. Germline missense mutations in TP53 are
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the cause of a cancer predisposition syndrome called Li-Fraumeni (McBride et al., 2014).

Among other malignancies, Li-Fraumeni patients present with gliomas, underscoring the
importance of p53 in the epidemiology of familial GBM. In sporadic cancers missense
mutations constitute 80% of the p53 mutations (Royds & lacopetta, 2006). Such alterations
usually affect the DNA-binding domain and lead to the synthesis of a full-length stable
protein monomers (Muller & Vousden, 2014). Since the activity of p53 requires the assembly
of a homotetramer, a mutated monomer in a complex with three wild-type units can exert a
dominant-negative effect. Thus, a single amino acid substitution can effectively result in p53
functional nullizygosity and be more tumorigenic than a heterozygous deletion. In primary
and radiation-induced human gliomas TP53 missense mutations are more common than
deletions (Cancer Genome Atlas Research, 2008). This is in stark contrast with the observed
genomic loss in the NeCp53*F:pten*’F RIGs. One possible explanation for this discrepancy
may stem from the fact that the cells of origin in the mouse model have only one functional
p53 copy. Therefore, a monoallelic deletion is sufficient to disable the p53 pathway. This
preponderance of allelic deletion over mutation is seen in another transgenic mouse model of
glioma. Zhu et al., utilized a Cre-mediated deletion of NF1 using the hGFAP promoter in a
germline heterozygous p53 background (Y. Zhu et al., 2005). hGFAP-Cre drives embryonal
excision of floxed alleles leading to recombinase-mediated deletions in adult neural
progenitor cells, neurons, astrocytes, and oligodendrocytes - populations targeted by the
Nestin-Cre model used in our study. These mice formed spontaneous tumors which

recapitulated human GBM and lost WT p53 by means of genomic deletion.
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Additional mouse models with embryonic (all CNS lineages) or inducible (astrocytes

and neural precursor cells) targeted homozygous deletions further validate the gliomagenic
effect of compound p53 and Pten loss (Chow et al., 2011; Jacques et al., 2010; Zheng et al.,
2008). Nullizigosity of p53 combined with Pten heterozygosity (or homozygosity when
utilizing the Cre-ER recombinase) is sufficient to generate a penetrant acute-onset high grade
malignant glioma phenotype which recapitulates human primary GBM. Interestingly, Chow
et al., subjected GFAP-CreER™ p53™F;Pten™" tumors to aCGH analysis and found the Met-
containing region on chr6 to be the most common focal amplification (24%) (Chow et al.,
2011). Compared to their results, we found higher frequency of Met amplification (43%).
Although our aCGH sample size was small, existing evidence suggest that Met
overexpression correlates with gene amplification, and Met immunolabeling has been used
successfully as a predictive tool for gene amplification in GBM (Burel-Vandenbos et al.,
2017; Ohshima et al., 2017; Santarius, Shipley, Brewer, Stratton, & Cooper, 2010). Thus,
based on the panel of 33 samples stained for phospho- and total Met it is plausible to assume
the frequency of Met amplification in RIG approximates 40% (Appendix A). The elevated
frequency of chr6 amplification in RIG may indicate a direct or an indirect, (DNA damage-
induced) genomic instability-mediated effect of IR, combined with positive selection
pressure for clones expressing Met.

MET signaling activates the PI3K-AKT and RAS-MAPK pathways and affects gene
expression and cell cycle progression through the action of downstream transcription factors,
such as the ETS family members (Fig. 1.2) (Gherardi, Birchmeier, Birchmeier, & Vande

Woude, 2012). Physiologically, MET is important for epithelial-to-mesenchymal transition
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and cell migration during embryogenesis, tissue regeneration, and wound healing (Trusolino,

Bertotti, & Comoglio, 2010). These roles are hijacked by cancer cells, in which aberrant
MET activation is key for cell survival, invasion, and metastasis (Gherardi et al., 2012).
MET has been implicated in renal, hepatocellular, gastric, and colorectal carcinomas, and
basal-like breast cancer. In GBM, MET is focally amplified in 1.6% of cases. Despite relative
rarity, overexpression of MET has been associated to a shorter survival and poorer response
to treatment (Kong et al., 2009). Several laboratories have shown expression of MET in
GBM ex-vivo cultures, where it plays a role in the maintenance of a stemness phenotype,
possibly through the indirect induction of reprogramming transcription factors (Bazzoli et al.,
2012; De Bacco et al., 2012; K. M. Joo et al., 2012; Laterra et al., 1997). Additionally, a role
in radioresistance mediated by the activation of the DNA damage response (DDR) machinery
has been ascribed to MET expressed at high levels in GBM stem-like cells (De Bacco et al.,
2016). MET could also contribute to radioresistance indirectly through the induction and
maintenance of cancer stem-like cells which are inherently more radioresistant (Bao et al.,
2006; Baumann et al., 2008). Importantly, inhibition of MET has been shown to have clinical
benefits, providing a viable therapeutic target in GBM patients with MET amplifications (Chi
et al., 2012; International Cancer Genome Consortium PedBrain Tumor, 2016).

In accordance with a role in stemness phenotype maintenance, ectopic MET
expressed in p537;Pten”" murine astrocytes conferred the ability to grow in serum free
conditions and propagate spheres from single cells. The high efficiency with which self-
renewing tumor neurospheres were generated may have been driven by a synergistic effect of

MET expression and p53 loss. Established de-differentiation paradigms involve the forced
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expression of the Sox2, cMyc, Oct3/4, and KIf4 transcription factors (Takahashi &

Yamanaka, 2006). The efficacy of induced pluripotent stem (iPS) cell induction is limited by
p53 which exerts inhibition in a dose-dependent manner (Hong et al., 2009; Kawamura et al.,
2009). Complete loss of p53 increases iPS cell induction efficiency significantly. Expression
of two out of the four factors (Sox2 and Oct4) in p53”7 mouse and human embryonic
fibroblasts is sufficient for reprogramming (Kawamura et al., 2009). MET, which is not a
bona fide iPS factor, has been linked to induction of stemness through the upregulation of
such factors (Y. Li et al., 2011). Thus, ectopic expression of MET in murine astrocytes which
are “primed” for reprogramming by p53 deletion could be sufficient to drive the reported
acquisition of tumor neurosphere phenotype. Such cooperativity between p53 and Met in the
induction of stemness was recently described in a mouse model of basal-like breast cancer
(Chiche et al., 2017). Patients with basal-like breast cancer, which is characteristically poorly
differentiated and contains breast cancer stem-like cells, present with TP53 abrogation 80%
of the time (Sorlie et al., 2001). Such TP53-mutated cancers often overexpress MET. p53
deletion in a Wnt/B-Catenin-driven mouse model of basal-like breast cancer resulted in the
expansion of a cell population with stem-like properties. The functionality of these stem-like
cells was enhanced by HGF and decreased by volitinib, a Met-specific inhibitor (Chiche et
al., 2017).

Not all tumorsphere cultures described here were derived from Met upregulating
tumors, as determined by aCGH and IHC. It is possible that in those cases alternative
oncogenes collaborate with the loss of p53 to induce stemness. In addition to Met, RIG

showed overexpression of Pdgfr-a, another RTK also expressed in patients and mouse



74
models of GBM (Chow et al., 2011; Furnari et al., 2007; Zheng et al., 2008). Pdgfr-a

signaling impinges on many of the pathways activated by Met and thus may serve a
synonymous function in the induction of stemness in the context of p53 loss. Alternatively,
Myc signaling may also collaborate with p53 loss. Myc is a known oncogene and one of the
four Yamanaka factors used in the somatic reprogramming of iPS cells. Zgeng et al., reported
a p53/Pten nullizygosity-driven activation of Myc in a hGFAP-Cre p537F;Pten*’t GBM
model. Accordingly, we also observed an upregulation of Myc in tumor neurosphere cultures
in the context of p53 and Pten loss (data not shown).

Finally, we showed that a tumor neurosphere culture expressing MET ectopically
acquired resistance to gamma radiation. Since these cells possessed a stem cell-like
phenotype prior to transduction, it is likely that ectopic MET contributed to resistance
through upregulation of the DDR signaling, as recently proposed by De Bacco et al., (De
Bacco et al., 2016). Preliminary experiments demonstrated that cell lysates from tumor
neurosphere cultures had increased levels of DDR proteins compared to serum-differentiated
matched glioma lines. However, additional assays are required to elucidate the exact
contribution of MET to radioresistance with the goal of designing multi-pronged treatment
approaches eliminating the GBM bulk and stem cell populations simultaneously and
permanently.

The identification of distinct mutational signatures in the electromagnetic and
particulate radiation-induced tumors is of interest, as it could conceivably be attributed to the
initial DNA damage and repair (extensively discussed in Section 3.3), and could represent a

radiation quality effect. A recent effort to distinguish a mutational signature of IR in



75
secondary tumors utilized whole-genome sequencing of 12 radiation-associated secondary

malignancies of four different types (osteosarcoma, spindle cell sarcoma, angiosarcoma, and
breast cancer) (Behjati et al., 2016). Although the observed driver mutations were similar
between matched spontaneous and radiation-associated tumors, the authors identified two
radiation-specific signatures that transcended tumor type: excess small deletions and
balanced inversions. Although we have not examined our data for the presence of balanced
inversions, in the X-rays induced tumors we observed abundant, uniformly distributed small
deletions, reminiscent of the reported mutational signatures of human radiation-associated
tumors. Interestingly, deletions in the particulate radiation induced tumors were longer but
fewer in number. The validity of this result may be limited by the number of tumors
sequenced; additional studies would be required to establish if a radiation-quality mutational
signature exists. However, given the clustered nature of ionization (and subsequent DNA
damage, Figs. 1.7 and 1.8) characteristic of particulate radiation, our results certainly

warrant further investigation.
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Knowledge gap narrowed

The work presented in this dissertation establishes the role of both terrestrial and
space radiation in gliomagenesis. Through the use of animal models validated in the course
of this dissertation (NeC"Ink4ab™Arf™" and NsCep53*F:pten*F) we have provided evidence
of the potent ability of IR to induce high grade GBMs in specific mouse model susceptible to
glioma initiation. Further, using these two complimentary but independent models which
faithfully recapitulate the process of radiation-induced gliomagenesis we have established a
relationship between LET and glioma frequency. Following a systematic analysis of large
mouse cohorts, we determined the carcinogenic effects of conventional RT electromagnetic
radiation (250 kV X-rays), therapy grade proton (150 MeV/n 2H) and carbon (290 MeV/n
12C), as well as space-exploration pertinent heavy silicon and iron particles (238 MeV/n 32Si
and 600 MeV/n *°Fe). Data on the effects of particle size and LET on radiation induced
glioma (RIG) frequency illustrate the importance of using animal models in the evaluation of
the carcinogenic effects of IR. The shape of the LET versus gliomagenesis curve (Fig 3.4),
with a peak at Si (Z of 14 and an LET of 79 keV/um) and subsequent plateau, differs from
the linearity observed between LET and biological effects in vitro, likely reflecting a balance
in mutagenesis and cytotoxicity required for maximal glioma induction.

All radiogenic gliomas, regardless of radiation quality recapitulated the clinical
course of primary GBM. Tumors presented classical GBM histopathological features and cell
lineage markers. The observed driver mutations in the RIGs followed the pattern seen in
spontaneous mouse GBM models and human patients. Similar with published data we

observed abrogations in the GBM-relevant PI3K and TP53 pathways (Brennan et al., 2013).
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This establishes the clinical utility of our models and suggests a broader use of radiation in

glioma pre-clinical modeling. We did, however, observe certain events (Met amplification,
concomitant loss of p53 and Pten) that are not typically seen in human tumor formation,
while other frequently targeted genes were generally unaffected (EGFR, CDKNZ2a)
(discussed in Section 4.3). These observations may be interpreted to suggest that some
aspects of radiation-induced glioma may be considered a separate pathological entity with
distinct clinical progression, requiring tailored treatment (Brat et al., 1999; Donson et al.,
2007; Prasad & Haas-Kogan, 2009).

Our complementary in vitro assays emphasize the importance of evaluating GBM
drivers as integrated nodes in an oncogenic signaling network, rather than simply targets for
monotherapy. For example, expression of MET in the context of p53 loss was sufficient to
confer a stemness phenotype to adherent murine astrocytes. Similarly, the observed enhanced
radioresistance of p53-negative MET-overexpressing tumor neurospheres could have been
mediated by the simultaneous effects of MET on stemness and on DDR-mediated IR damage
resolution as postulated by De Bacco et al., (discussed in Section 4.3). All these findings
should be taken into consideration if we are to develop treatment approaches eliminating

GBM bulk and stem cell populations simultaneously and permanently.
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Future directions

To further estimate the transforming potential of charged particles in terms of their atomic
numbers, LETSs, and dose

As demonstrated, our transgenic model systems are “primed” to be tumorigenic and
are ideal for rapidly and quantifiably evaluating the tumorigenic potential of HZE particle
radiation. Through systematic analysis we observed an increase of gliomagenesis with
increasing Z and LET, with a peak at Si, past which lower frequencies were seen. The ions
we chose provided incremental increases in nuclear size and ionization potential. Going
forward, additional experiments can be designed to further dissect the individual
contributions of Z and LET. This can be achieved in at least two complementary ways. First,
by keeping Z constant, while manipulating the energy (the speed with which the ions will
pass through the brain), we can expose mouse cohorts to Si ions of different LET.
Alternatively, we can manipulate the energy of three different particles (e.g. C, Si, and Fe) to
achieve constant LET, and then compare the relationship between atomic size and
gliomagenesis.

The fact that both models developed RIGs with high frequency provides a window of
opportunity to evaluate the effect of dose on GBM risk. Although risk estimates based on
epidemiological studies on human populations exposed to high doses of IR are dependable, it
is harder to distinguish between radiation-induced and spontaneous tumors when the
absorbed doses are low. By using large cohorts of NesC€Ink4ab” Arf™F and NesCep53+/F:pten*F

mice we may be able to determine if there is a safe dose that does not contribute to extra
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cancer risk, or whether the relationship between absorbed dose and carcinogenesis is truly

linear.

To understand how specific DNA repair pathways act as barriers to HZE-induced
carcinogenesis

As discussed in Chapter 11, the observed variation in RIG frequency with radiation
quality may be attributed to the nature of the underlying radiogenic damage, and to how
proficient the cell is in DSB repair. Two major pathways have evolved to repair these breaks
— non-homologous end joining (NHEJ) and homologous recombination (HR) (Heyer,
Ehmsen, & Liu, 2010; Lieber, 2010; Wyman & Kanaar, 2006). A number of studies have
investigated the relative usage of these pathways in the repair of complex DSBs induced by
particle radiation in vitro. An emerging consensus is that HR may be more critical in the
cellular response to particle radiation, as NHEJ may not be able to repair clustered DSBs
inflicted by high LET radiation (Moore et al., 2014). Since our mouse models are “primed”
for radiation-induced gliomagenesis by the deletion of key TSGs, we can evaluate the
importance of DNA repair pathway at the organismal level, by incorporating deletions of
DDR genes, and selectively disabling HR or NHEJ. A comparison of the gliomagenesis
frequency between these models will elucidate the relative importance of each pathway in the

brain and potentially inform mitigation strategies.
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Conclusion

The work presented here is timely, given the increased use of IR for medical
diagnostics, the rise in cancer incidence (and correspondingly in RT use), the diversification
of both low and high LET treatment modalities, and the concerted push for prolonged space
missions. By identifying and validating two mouse models of RIG we have provided the
tools needed for the development of effective therapeutic strategies for radiation-induced and
sporadic malignant glioma treatment. We hope that this work will contribute to the increased
understanding of radiation carcinogenesis, the beneficiaries of which would be countless
cancer patients and their families. Additionally, we are confident that the knowledge we have
provided on the effects of LET on gliomagenesis will have broad implications for space
exploration and the design of a safer work environment for astronauts. The two approaches
described above exemplify some of the many potential uses of the mouse models
characterized in this dissertation. Further applications in the fields of radioprotection, drug
testing, and tumor biomarkers can be envisioned. The unique features of these models
(readily inducible GBMs in a tumor-free background, short latency of tumor formation, low
burden of engineered genetic modifications) position them as versatile tools that can be

further modified to serve the ever-evolving needs of the scientific community.
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APPENDIX A
IHC staining on a panel of 33 RIG samples
Sample
IR ID Pten Met pMet Pdgfra
X-rays | p53#1808 Neg Neg Neg Pos
p53#1804 Neg Neg Neg Pos
p53#2378 Neg Neg Neg Pos
H p53#2601 Neg Neg Neg Pos
p53#2634 Neg Pos Pos Pos
p53#2668 Neg Pos Pos Pos
C p53#1361 Neg Pos Neg Pos
p53#2534 Neg Neg Neg Pos
p53#2556 Neg Neg Neg Pos
p53#2686 Neg Neg Pos Pos
p53#2694 Neg Pos Pos Pos
Si p53#2108 Neg Neg Neg Pos
p53#2160 Neg Pos Pos Pos
p53#2090 Neg Pos Pos Pos
p53#2085 Neg Neg Neg Pos
p53#2089 Neg Neg Neg Pos
p53#2103 Neg Neg Neg Pos
p53#2262 Neg Pos Pos Pos
p53#2267 Neg Pos Pos Pos
p53#2271 Neg Neg Neg Pos
p53#2274 Neg Pos Pos Pos
p53#2290 Neg Neg Neg Pos
p53#2300 Neg Pos Neg Pos
Fe p53#124 Neg Neg Neg Pos
p53#1023 Neg Pos Neg Pos
p53#961 Neg Pos Neg Pos
p53#1035 Neg Neg Neg Pos
p53#966 Neg Neg Neg Pos
p53#975 Neg Pos Pos Pos
p53#1022 Neg Pos Neg Pos
p53#999 Neg Neg Neg Pos
p53#980 Neg Pos Pos Pos
p53#1679 Neg Pos Pos Pos

83



APPENDIX B
Additional circos plots of aCGH data

A. Met amplified B. Met non-
amplified
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APPENDIX C
List of the significant genomic events determined by GISTIC

Chromosome |Type Q-Bound |G-Score |Gene Symbol |[Name

chrll CN Loss | 5.38E-06| 3.85920|NIrplc-ps NLR family, pyrin domain containing 1C, pseudogene
chré CN Gain | 1.15E-05| 9.73900(Met met proto-oncogene

chrl8 CN Loss | 0.00203| 2.93620|1700011103Rik |RIKEN cDNA 1700011103 gene

chrl6 CN Loss | 0.00288| 2.66260|Hunk hormonally upregulated Neu-associated kinase

chrll CN Loss | 0.00288| 2.43665|Sfil Sfil homolog, spindle assembly associated (yeast)

chré CN Loss | 0.00288| 2.28050|Slc4a5 solute carrier family 4, sodium bicarbonate cotransporter, member 5
Chrl CN Loss | 0.00288| 2.21793|Kansl1l KAT8 regulatory NSL complex subunit 1-like

chr7 CN Loss | 0.00288| 2.19671|Agbl1 ATP/GTP binding protein-like 1

chr19 CN Loss | 0.00288| 2.12582|Vwa2 von Willebrand factor A domain containing 2

chr19 CN Loss | 0.00288| 2.12582|Afap1l2 actin filament associated protein 1-like 2

Chrl CN Loss | 0.00408| 1.94080(Hhat hedgehog acyltransferase

chr9 CN Loss | 0.01282| 1.74398|Npsrl neuropeptide S receptor 1

chrl3 CN Loss | 0.01407| 1.72735|Phactrl phosphatase and actin regulator 1

chri2 CN Loss | 0.01889| 1.67337|Adcy3 adenylate cyclase 3

chri2 CN Loss | 0.01889| 1.67337|Cenpo centromere protein O

chrl2 CN Loss | 0.01889| 1.67337|Ptrhd1 peptidyl-tRNA hydrolase domain containing 1

chri4 CN Loss | 0.02007| 1.66654|Rnase2a ribonuclease, RNase A family, 2A (liver, eosinophil-derived neurotoxin)
chr7 CN Loss | 0.02124| 1.65229|1600014C10Rik |RIKEN cDNA 1600014C10 gene

Chrl CN Loss | 0.02251| 1.64038|Ugt1al0 UDP glycosyltransferase 1 family, polypeptide A10
Chrl CN Loss | 0.02251| 1.64038|Ugt1a9 UDP glucuronosyltransferase 1 family, polypeptide A9
Chrl CN Loss | 0.02251| 1.64038|Ugtla7c UDP glucuronosyltransferase 1 family, polypeptide A7C
Chrl CN Loss | 0.02251| 1.64038|Ugtla6bb UDP glucuronosyltransferase 1 family, polypeptide A6B
Chrl CN Loss | 0.02251| 1.64038|Ugtlaba UDP glucuronosyltransferase 1 family, polypeptide A6A
Chrl CN Loss | 0.02251| 1.64038|Ugt1a5 UDP glucuronosyltransferase 1 family, polypeptide A5
Chrl CN Loss | 0.02251| 1.64038|Ugtl1a2 UDP glucuronosyltransferase 1 family, polypeptide A2
Chrl CN Loss | 0.02251| 1.64038|Ugtlal UDP glucuronosyltransferase 1 family, polypeptide Al
Chrl CN Loss | 0.02251| 1.64038|Mroh2a maestro heat-like repeat family member 2A

Chrl CN Loss | 0.02251 1.64038|6430706D22Rik |RIKEN cDNA 6430706D22 gene

Chrl CN Loss | 0.02251| 1.64038|Hjurp Holliday junction recognition protein

Chrl CN Loss | 0.02251| 1.64038|A730008H23Rik |RIKEN cDNA A730008H23 gene

Chrl CN Loss | 0.02251| 1.64038|Trpm8 transient receptor potential cation channel, subfamily M, member 8
chr10 CN Loss | 0.02874| 1.60322|Mir5615-1 microRNA 5615-1

chr10 CN Loss | 0.02874| 1.60322|Mir5615-2 microRNA 5615-2

chr10 CN Loss | 0.02874| 1.60322|Map2k2 mitogen-activated protein kinase kinase 2

chr10 CN Loss | 0.04512| 1.52856|Esrl estrogen receptor 1 (alpha)
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