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ABSTRACT 

Glioblastoma multiforme (GBM) are highly lethal brain tumors for which 

exposure to ionizing radiation is the only known risk factor. GBM is 

characterized by alterations in three core signaling pathways: 1) RTK-PI3K-Akt, 

2) ARF-MDM2-p53, and 3) Ink4a-RB1. We have developed in vitro and in vivo 

models in order to objectively evaluate the risk of developing malignant gliomas 

from exposure to ionizing radiation (IR). DNA double-strand breaks (DSBs) are 

the most deleterious lesion inflicted by IR. We hypothesize that DSBs cooperate 

with pre-existing tumor suppressor loss to trigger IR-induced transformation. We 

demonstrate that complex DSBs induced by high linear-energy transfer (LET) Fe 
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ions are repaired slowly and incompletely, while those induced by low-LET 

gamma rays are repaired efficiently by mammalian cells. The incomplete repair 

of Fe-induced damage results in persistent DNA damage signaling and 

culminates in high levels of senescence and increased cell killing. 

To examine long-term carcinogenic consequences, we used ‘sensitized’ 

Ink4a/Arf-knockout astrocytes, which are immortal but not tumorigenic. We find 

that Fe ions are potently tumorigenic when directed to these astrocytes, 

generating tumors with much higher frequency and shorter latency compared to 

tumors generated by gamma-rays. Tumor formation by Fe-irradiated cells is 

accompanied by rampant genomic instability and multiple genomic changes, the 

most interesting of which is loss of the p15/Ink4b tumor suppressor due to 

deletion of the chromosomal region harboring the CDKN2A and CDKN2B loci 

(the former codes for the p16/Ink4a and p19/Arf tumor suppressors and the latter 

for p15/Ink4b). The additional loss of p15/Ink4b in tumors derived from cells 

that are inherently deficient in p16/Ink4a bolsters the hypothesis that p15 plays 

an important role in tumor suppression, especially in the absence of p16. Indeed, 

we find that re-expression of p15/Ink4b in tumor-derived cells significantly 

attenuates the tumorigenic potential of these cells and results in delayed tumor 

formation and progression. 

Based on our in vitro results, we then used transgenic mouse models with 

brain-specific deletions of these three key tumor suppressors (Ink4a/Ink4b/Arf) 
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to evaluate radiation-induced gliomagenesis in vivo. We find that loss of these 

three tumor suppressors efficiently cooperates with DNA DSBs to induce high 

grade gliomas, irrespective of whether the initial damage was simple or complex. 

Genomic analysis revealed that recurrent amplifications of the receptor tyrosine 

kinase MET is a frequent event in radiation-induced gliomagenesis. We found 

that MET expression correlated with high levels of Sox2 and associated with a 

stem cell-like phenotype. As MET is found to be amplified in approximately 4% 

of human GBM, it is likely that its activation, through amplification or mutation, 

is an important event in tumorigenesis triggered by DNA DSBs in this mouse 

model. 
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Glioblastoma Multiforme 
 

Glioblastoma Multiforme (GBM) is the most common and malignant type 

of primary brain tumor in adults.  Even though GBM is a relatively rare type of 

tumor, occuring with highest incidence in the older population and with only 2-3 

cases per 100,000 people in North America, it is invariably fatal (Wechsler-Reya 

and Scott, 2001; Wee et al., 2011, Ohgaki and Kleihues, 2007). Despite 

significant advancements made in the treatment of many cancers, GBM patients 

still face extremely poor prognosis. Multimodal aggressive treatment comprising 

of maximal surgical resection, radiotherapy and chemotherapy, has only been 

able to extend the median survival time after diagnosis to approximately 15 

months (Wee et al., 2011; Krex et al., 2007). Although radiation offers only 

moderate benefits in the treatment of this inherently radioresistant tumor type, it 

remains the mainstay of therapy. With an overall 5-year survival rate of only 3% 

(Sutter et al., 2007, Behin et al., 2003; Gilbert, 2010), GBM remains as one of the 

most devastating and deadly of all cancers.  

GBM is classified as a grade IV diffuse astrocytic tumor by the World 

Health Organization (WHO grade IV astrocytoma). Traditionally, the 

classification of brain tumors has been based on the histological resemblance of 

tumor cells to normal cells present in the adult brain, but although GBM is 

classified as astrocytic, these tumors are characteristically highly complex and 

heterogeneous, as indicated by the term ‘multiforme’ (Holland, 2000; Sutter et al., 
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2007; Wechsler-Reya and Scott, 2001; Westphal and Lamszus, 2011). 

Heterogeneity is observed at many levels: macroscopically, GBM shows regions 

of necrosis and hemorrhage, while microscopically they exhibit pseudopalisading 

necrosis, cellular pleomorphism, microvascular proliferation, high mitotic activity, 

and diffuse infiltration of tumor cells into normal tissue. Most importantly, there 

is heterogeneity observed at the genetic level, with various mutations (discussed 

below) contributing not only to specific subtypes of GBM, but also to intratumor 

genetic heterogeneity (Holland, 2000; Maher et al., 2001) 

Glioblastomas are divided into two subtypes, primary or secondary 

glioblastomas. Primary GBM arises de novo, without any clinical or 

histopathological evidence of a pre-existing, less-malignant precursor lesion. On 

the other hand, secondary GBM is first diagnosed as lower-grade astrocytomas 

(grade II or III) that over time, through the step-wise acquisition of multiple 

genetic mutations, manifest as glioblastoma (Fig 1.1). At a population level, more 

than 90% of cases are primary GBM, arising in patients with a mean age of 62 

years, whereas secondary GBM is rarer and tends to develop in younger patients, 

approximately 45 years mean age. These two subtypes also develop through 

different genetic pathways, where primary GBM is characterized by epidermal 

growth factor receptor (EGFR) amplifications/mutations, while p53 mutations are 

dominant in secondary GBM (details outlined below). Despite this conceptual 
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distinction, it is important to point out that these subtypes are histopathologically 

indistinguishable (Rankin et al., 2011, Ohgaki and Kleihues, 2007). 

 

 

 

 

 

 
 
Figure 1.1 Genetic pathways involved in GBM development. Several 
pathways are frequently disrupted in the initiation and progression of GBM. 
Disruption of p53 occurs through mutations, MDM2 amplification, or ARF 
deletion. Disruption of the RB pathway by loss of CDKN2A/B or RB loss are 
frequently observed. Activation of growth factor signaling through receptor 
tyrosine kinase mutation or amplfication (EGFR and/or PDGFR) or PTEN loss is 
also common (Image by Endersby and Baker, 2008). 
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Key signaling Pathways Disrupted in GBM 

Over the last two decades, significant insights into the molecular mechanisms 

underlying gliomagenesis and pathogenesis have been gained. Due to the high 

lethality associated with GBM, it is not surprising that it was the first cancer type 

to undergo comprehensive genomic characterization by The Cancer Genome 

Atlas (TCGA) Research Network. This large-scale integrated genomic analysis of 

hundreds of GBM specimens confirmed the importance of key genetic events 

occurring in three distinct signaling pathways commonly disrupted in human 

GBM: the receptor tyrosine kinase (RTK)/ phosphoinositide-3-kinase (PI3K) 

pathway, the p53 pathway and the retinoblastoma (RB)  pathway (TCGA, 2008; 

Cerami et al., 2010). 

1) Receptor tyrosine kinase (RTK)/ phosphoinositide-3-kinase (PI3K) 

pathway: Dysregulation of growth factor signaling is commonly achieved 

through amplification or mutational activation of various RTKs, most 

prominent being the epidermal growth factor receptor (EGFR). EGFR is 

membrane-bound and becomes activated upon binding of growth factors 

(epidermal growth factor [EGF], transforming growth factor-α [TGF-α], 

heparin-binding EGF, amphiregulin, epiregulin, betacellulin or decorin) to its 

extracellular domain. Ligand binding drives dimerization of receptor 

monomers, leading to reciprocal tyrosine phosphorylations which serve as 

docking sites for an array of signaling molecules, such as PI3K. PI3K 
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phosphorylates phosphatidylinositol-4,5-bisphosphate (PIP2) to 

phosphatidylinositol-3,4,5-trisphosphate (PIP3), activating downstream 

effector molecules such as AKT (thymoma viral oncogene homolog 1) and 

mTOR (mammalian target of rapamycin). Signaling through this pathway 

results in pro-proliferative and pro-survival cues, which are the driving forces 

of malignant cellular transformation (Lorimer, 2002; Maher et al., 2001; 

Ohgaki and Kleihues, 2007, Halatsch et al., 2006). Counteracting this 

signaling is the tumor suppressor PTEN (phosphatase and tensin homolog). 

PTEN functions primarily as a lipid phosphatase that dephosphorylates PIP3 

to PIP2, leading to signal attenuation (Fig 1.2). Deletion of PTEN through 

loss of heterzygosity (LOH) of chromosome 10q and mutations in its 

phosphatase domain are common mechanisms of inactivation in GBM, found 

in up to 80% of cases (Cully et al., 2006; Salmena et al., 2008; Endersby and 

Baker, 2008). EGFR is often overexpressed in a variety of cancers due to 

amplification, and plays an important role in primary GBM. Approximately 

50% of glioblastomas exhibit EGFR alterations (amplification or mutation), 

and half of those concurrently express a mutant variant form called EGFRvIII, 

a mutation specific to glioblastomas (TCGA, 2008; Maher et al, 2001; Zhang 

et al., 2007; Bublil and Yarden, 2007; Ohgaki and Kleihues, 2007). EGFRvIII 

harbors a large deletion of exons 2 through 7. This truncated form of EGFR 
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lacks the extracellular binding domain, but is however constitutively 

activated; it has been shown to dramatically enhance  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.2. Receptor tyrosine kinase (RTK)/ phosphoinositide-3-kinase 
(PI3K) pathway. A simplified shematic depicting RTK/PI3K signaling. 
Membrane-bound EGFR binds its ligands (such as EGF and TGF-α), dimerizes 
and is activated by reciprocal tyrosine phosphorylations. PI3K is recruited to 
membrane, phosphorylating PIP2 to PIP3, activating downstream effectors such 
as AKT. PTEN dephosphorylated PIP3 to PIP2, attenuating the signal. 
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tumorigenesis in vivo when expressed in glioma cells by increasing 

proliferation and reducing apoptosis (Ekstrand et al., 1994; Nagane et al., 

1996). EGFRvIII expression has been associated with worse prognosis and 

shorter life expectancy (Shinojima et al., 2003; Brandes et al., 2008). Studies 

have shown that EGFR translocates into the nucleus in response to radiation, 

where it directly interacts with and enhances the activity of the DNA-repair 

enzyme DNA-PKcs (Dittmann et al., 2005). In the context of GBM, it has 

also been shown that EGFRvIII can hyperactive DNA-PKcs, providing a 

molecular basis for the inherent radioresistance of this tumor type. 

(Mukherjee et al., 2009; Mukherjee et al., 2011; Golding et al., 2009; Raizer 

2005; Milas et al., 2004; Weppler et al., 2007). The high frequency of EGFR 

associated alterations has made it an important target of inhibition in the 

treatment of GBM. Unfortunately, single-agent targeted therapies have not 

had significant improvements in the overall survival of patients, primarily due 

to concomitant activation of multiple RTKs. Other important RTKs also 

found to be altered in GBM, although at a much lower frequency, are the 

platelet derived growth factor receptors α and β (PDGFRα and PDGFRβ), and 

the hepatocyte growth factor receptor (MET) amplified in 13% and 4% of 

glioblastomas respectively. Interestingly, recent studies have shown that MET 

gene amplification is a mechanism by which tumors acquire resistance EGFR 

inhibitors (Engelman et al., 2007). Amplification of MET, with consequent 
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protein overexpression, can be a feature required to maintain the primary 

transformed phenotype or a secondary occurrence that serves to aggravate the 

malignant phenotype, by promoting metastasis for example (Trusolino et al., 

2010; Comoglio et al., 2008). Targeted therapies against MET could therefore 

be effective as a means of treating MET-addicted tumors, or blocking tumor 

progression and metastatic spread; multiple drugs are currently in early phase 

clinical trials (Comoglio et al., 2008).  

2)  p53 pathway: In order to abrogate p53 signaling, multiple components of this 

pathway are also found to be altered. The tumor suppressor p53 is a 

transcription factor which positively or negatively regulates the expression of 

a large set of target genes involved in various cellular processes. Activation of 

p53 in response to DNA damage, oncogenic signaling, and metabolic stress to 

name a few, results in a number of distinct responses, including cell cycle 

arrest, senescence, cell death, and DNA repair (Fuster et al., 2007; Horn and 

Vousden, 2007; Maher et al., 2001; Lozano, 2007). One important 

transcriptional target of p53 is the cyclin-dependent kinase (CDK) inhibitor 

p21 Waf/Cip1. As CDKs drive the progression of the cell through the cell 

cycle, activation of p53 and consequent upregulation of p21 results in cell 

cycle arrest. For example, in response to DNA damage, this transient cell 

cycle arrest allows the cell time to repair the DNA damage and prevents 

expansion of damaged or mutated cells. If the initial damage cannot be 
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repaired, p53 can promote permanent cell cycle arrest (senescence) or trigger 

programmed cell death (apoptosis) by transcriptional upregulation of Puma, 

Noxa, BAX (BCL2-associated X protein) or induce apoptosis by directly 

binding to anti-apoptotic proteins like Bcl-2 (B-cell lymphoma 2) and Bcl-XL 

(B-cell lymphoma-extra large) (Bode and Dong, 2004). A key regulator of 

p53 function is the murine double minute 2 (MDM2) oncoprotein. MDM2 

inhibits p53 activity by two mechanisms: it can directly bind to the 

transcriptional activation domain of p53 and thereby block its ability to 

interact with the basic transcriptional machinery, or it can act as a p53-

specific E3 ubiquitin ligase, targeting p53 for nuclear export and degradation 

by the proteasome (Toledo and Wahl, 2006; Kim and Sharpless, 2006; 

Wawrzynow et al., 2007). Another component of this pathway is the tumor 

suppressor p14/ARF (alternate reading frame of CDKN2A; p19/ARF in 

mouse). In response to oncogenic signaling, ARF can bind to MDM2 and 

block its E3 ubiquitin ligase activity, thereby allowing stabilization of p53 

and hence activation of its targets (Fig 1.3A) (Kim and Sharpless, 2006; 

Fuster et al., 2007). Mutations in p53 are the most frequent (>60%) and 

earliest detectable genetic alterations in secondary GBM. On the other hand, 

amplification of MDM2 is present in 14% of GBM, and is found almost 

exclusively in glioblastomas that lack p53 mutations. Finally, abrogation of 

ARF expression in both GBM subtypes (approximately 52%) is attained 



  11  

through homozygous deletion of the CDKN2A/CDKN2B locus (discussed in 

detail below) or promoter methylation (Brennan, 2011; TCGA, 2008; Ohgaki 

and Kleihues, 2007; Kim and Sharpless, 2006). 

3)  Retinoblastoma (RB)  pathway: The retinoblastoma protein (pRB) is also a 

major regulator of cell cycle progression. In a quiescent, non-dividing cell, 

pRB remains in its hypophosphorylated state, bound to the transcription 

factor E2F. Binding of pRB to E2F prevents progression through the G1/S 

checkpoint, promoting a G1 cell cycle arrest. In response to proliferative 

signals, complexes of cyclin D1 and CDKs 4 and 6 initiate phosphorylation of 

pRB, releasing E2F and allowing for transcription and activation of genes 

involved in the G1 to S transition. The INK4 class of cell cycle inhibitors 

p16/Ink4a, p15/Ink4b, p18/Ink4c and p19/Ink4d bind to and inhibit CDKs by 

abrogating binding to the D-type cyclins, in turn preventing CDK-mediated 

phosphorylation of pRB, culminating in G1 arrest. Interestingly, the three 

tumor suppressors p15/Ink4b, p16/Ink4a and p19/ARF (discussed above) all 

reside in a small 35 kilobase stretch within the genome. Whereas p15/Ink4b 

has its own open reading frame, p16/Ink4b and p19/ARF have different first 

exons that are spliced to a common second and third exon (Sharpless, 2004) 

(Fig 1.3B). Homozygous deletion of this entire locus (Ink4a/ARF/Ink4b, also 

known as CDKN2A and CDKN2B) is a common event in GBM and thus 

forms the basis of the models used in this body of work. Coupled with 
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mutations and methylation, this component of the RB pathway is altered in 

52% of cases. CDK4 is found amplified in nearly 18%, while pRB is 

inactivated by homozygous deletion, mutation, or methylation in 11% of 

GBMs (Brennan, 2011; TCGA, 2008; Ohgaki and Kleihues, 2007; Maher et 

al., 2001; Kim and Sharpless, 2006). 

 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 1.3. Regulation of RB and p53 pathways. The Ink4a/ARF/Ink4b locus 
encodes three genes with 35 kilobases: p16/Ink4a, ARF and p15/Ink4b. (A) ARF 
inhibits MDM2, resulting in p53 stabilization. (B) Members of the INK4 family 
of CDK inhibitors bind to and inactivate CDK4/6, maintaining Rb-family 
proteins in a hypophosphorylated state, resulting in G1 arrest. 
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Mouse Models of Gliomagenesis 

The development of mouse models has allowed for systematic evaluation 

of the contribution of each specific pathway known to be disrupted in human 

GBM (as discussed above) to the initiation, promotion, progression and 

maintenance of gliomas. Various strategies have been employed in an effort to 

generate a mouse model that closely resembles the human disease.  

Transplantation models using human glioma cell lines injected 

subcutaneously or orthotopically into immunocompromised mice are 

advantageous because they are highly reproducible, with high tumor growth rates 

and incidence. However, they lack in one very important aspect, and that is that 

these tumors grow in an inaccurate microenvironment and do not mimic the 

invasive nature of the disease (Hambardzumyan et al., 2011; Rankin et al., 2011; 

Maher et al., 2001; Wee et al., 2011). Other drawbacks include the use of glioma 

cell lines cultured in vitro that have been shown to poorly represent the genomic 

changes and gene expression profiles of primary human gliomas (Li et al., 2008). 

Also, given the importance of immune surveillance in recognizing and 

eliminating incipient cancer cells, the normal course of tumor progression cannot 

be fully recapitulated in an immunocompromised model system (Hanahan and 

Weinberg, 2011).  

Over the years, more sophisticated techniques have resulted in multiple 

genetically engineered mouse models, in which glioma-relevant alterations have 
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been conditionally targeted to the brain, or specific cell-types of the brain, 

through the use of the Cre-Lox system. In this system, Cre (Causes 

recombination) expression is driven by a tissue-specific promoter, mediating 

deletion of target genes that are flanked by LoxP (locus of crossover P1) 

sequences (Hambardzumyan et al., 2011; Cheon and Orsulic, 2010; Wee et al., 

2011). The most popular drivers of Cre recombinase used in glioma modeling are 

the nestin promoter, directing expression in neural progenitor cells, or GFAP 

(glial fibrillary acidic protein) promoter, targeting mature astrocytes and a 

subpopulation of progenitor cells in the subventricular zone (SVZ) (Gaveriaux-

Ruff and Kieffer, 2007). Spatial activation of cre recombinase has been further 

refined by use of an inducible Cre system which allows for temporal regulation of 

Cre activity, hence gene deletion or oncogene activation. This has been achieved 

through the fusion of Cre to a mutated estrogen receptor ligand binding domain 

(Cre-ER). Upon tamoxifen administration, the Cre-ER fusion protein is able to 

translocate to the nucleus and mediate recombination (Rankin et al., 2011; Cheon 

and Orsulic, 2010, Wee et al., 2011; Holland, 2001). Examples include GFAP-

Cre/K-rasG12D mice, which develop bilateral, multifocal, infiltrating glioma with 

100% penetrance in and Ink4a/ARF-deficient background (Abel et al., 2009; 

deVries et al., 2010), hGFAP-Cre; NF1f/f/p53-/-  and Nestin-Cre-ERT2; 

NF1f/+;p53f/f;PTENf/+ mice, which develop high-grade, diffusely infiltrating 

astrocytomas or GBM (Zhu et al., 2005; Kwon et al., 2008; Alcantara-Llaguno et 
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al., 2009), and hGFAP-Cre/ p53f/f;PTENf/+ mice which develop high-grade 

astrocytomas or GBM (Zheng et al., 2008). 

In order to mimic tumor initiation which presumably takes place in a 

single cell through step-wise accrual of various mutations resulting in a growth 

advantage and clonal expansion, somatic gene transfer strategies have also been 

widely used. Strategies involving viral delivery of oncogenes use primarily the 

RCAS/tv-a system. First, the retrovirus RCAS (replication-competent avian 

sarcoma –leukosis virus) in engineered to encode powerful oncogenes, such as 

EGFR, Akt, K-ras, etc. Infection of cells by the retrovirus is accomplished by 

engineering mice that express the viral receptor tv-a (tumor virus A) under tissue-

specific promoters, such as Nestin (Ntv-a) and GFAP (Gtv-a). Other non-targeted 

approaches involve the use of lentiviruses or adenoviruses for delivery of the 

desired oncogene (Hambardzumyan et al., 2011; Hambardzumyan et al., 2009; 

Wee et al., 2011; Cheon and Orsulic, 2010; Holland, 2001). Examples include the 

RCAS-EGFR*/Gtv-a or Ntv-a system, which induces glioma-like lesions in 

Ink4a/ARF deficient mice (Holland et al., 1998), RCAS-K-ras+Akt/Gtv-a or Ntv-

a, which results in the formation of gliomas with variable astrocytic character in 

Ink4a/ARF deficient mice (Uhrbom et al., 2002; Uhrbom et al., 2005), and the 

RCAS-BRAFV600E or RCAS-MEK/Ntv-a system, which induces highly invasive 

and necrotic gliomas also in the context of Ink4a/ARF deficiency (Robinson et al., 

2010a; Robinson et al., 2010b), and combined delivery of pTomo-Flag H-
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RasV12 and Akt lentiviral vectors in GFAP-Cre; p53+/- mice resulting in  the 

formation of high-grade gliomas (Marumoto et al., 2008).  

 

Radiation and Gliomagenesis 

Even though a substantial amount of progress has been made in 

understanding and modeling the critical genetic alterations underlying 

gliomagenesis, very little is known about the etiology of GBM and other central 

nervous system tumors in general. With few exceptions, most glioblastomas 

appear to be sporadic, without any known genetic predispositions (Krex et al., 

2007). Multiple studies have tried to evaluate and link specific risk factors to 

glioblastoma, such as smoking (Zheng et al., 2001), diet (Lee et al., 1997), 

ionizing radiation (Neglia et al., 1991), electromagnetic fields (Theriault et al., 

1994), medical risk factors such as allergies (Weimels et al., 2002) and viral 

infections (Vilchez et al., 2003) to name a few. To date, the only established risk 

factor clearly and unequivocally linked to glioblastoma is ionizing radiation (IR). 

Extensive epidemiological evidence exists, primarily from pediatric and 

adolescent populations that have been exposed to IR, showing elevated risk and 

incidence of brain tumors (Salvati et al., 2003; Cavin et al., 1990; Shapiro et al., 

1989). Examples include children given therapeutic irradiation to the scalp for the 

treatment of tinea capitis (Sadetzki et al., 2005; Ron et al., 1988), and pediatric 

patients receiving prophylactic cranial irradiation for treatment of leukemia or 
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lymphoma (Neglia et al., 1991; Brustle et al., 1992). Importantly, a study carried 

out at the Ames Research Center showed that 3 out of 10 monkeys exposed to 

high-energy protons and surviving 3-5 years post-IR developed glioblastomas 

(Haymaker et al., 1972). A report also exists of a single monkey developing 

glioblastoma 2.8 years after receiving irradiation to the spinal cord (Price et al., 

1996). With substantial epidemiological evidence, radiation is accepted as the 

only known risk factor for developing GBM. 

 
Radiation Carcinogenesis 

The association between radiation and carcinogenesis was recognized 

soon after the discovery of X-Rays in 1985. Within a few years, the first 

radiation-induced cancer was identified arising in an ulcerated area of the skin, 

followed by multiple cases of skin cancers and leukemias occurring in radiation 

workers (Samet, 2011; Williams, 2008; Little, 2000; Wakeford, 2004). To date, 

evidence supporting the carcinogenic potential of IR stems from various 

epidemiological studies on human populations that have been exposed to 

radiation from occupational, medical and accidental sources. The largest body of 

supporting evidence comes from the ongoing Life Span Study (LSS), a cohort of 

120,000 atomic bomb survivors from the Hiroshima and Nagasaki nuclear blasts 

(Samet, 2011; Little, 2000).  



  18  

Ionizing radiation refers to radiation that has sufficient energy to eject one 

or more orbital electrons from the atoms of exposed materials. Radiation is 

classified as electromagnetic or particulate. Electromagnetic radiation (X- or 

gamma-rays) is composed of photons, which deposit their energy in a uniform 

and sparse fashion (low linear-energy transfer [LET]) (Fig 1.4A). Particulate 

radiation on the other hand, refers to physical particles such as electrons, protons, 

α-particles, neutrons, and heavy charged particles. Particulate radiation differs 

significantly from photons in the manner in which it spatially ionizes its target. 

Heavy particles cause dense tracks of ionization along their trajectories (high- 

LET) (Hall, 2006) (Fig 1.4B). In either case, radiation can interact directly or 

indirectly with the target material, that is the DNA of mammalian cells. Direct 

action means that the atoms of the target itself may be ionized or excited, 

resulting in a chain of events that leads to a biological effect. This is the dominant 

form of interaction for high-LET radiations. Indirect action, on the other hand, 

means that radiation interacts with other atoms or molecules, such as water in the 

cell, to produce free radicals that are then able to cause damage to the target 

material. This process is most dominant with sparsely ionizing radiation (Hall, 

2006). 

A unique feature of high-LET particles is the ability to efficiently induce 

complex or clustered DNA lesions. These lesions consist of multiple closely 

spaced damages, such as single-strand breaks (SSBs), double-strand breaks 
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(DSBs), oxidized bases and apurinic-apyrimidinic (AP) sites, within a short 

segment of DNA (Hada and Georgakilas, 2008). This feature of heavy particles 

enhances the biological effect per unit dose absorbed when compared to X- or 

gamma-rays (Hall, 2006). Carcinogenesis is a complex process, requiring 

multiple steps to initiate, promote, progress and maintain tumorigenesis. In the 

case of radiation-induced carcinogenesis, very little is known about the 

underlying mechanisms. The damaging effects of ionizing radiation are based on 

its ability to directly or indirectly break chemical bonds in a target material, such 

as a cell. Within a cell, the critical target which results in a biological effect (cell 

killing, mutation, and carcinogenesis), is DNA. One way in which DNA can be 

damaged by radiation is through the induction of strand breaks; single-strand 

breaks (SSBs) are readily repaired, and hence have negligent biological 

consequences. However, if the single-strand breaks occur in close proximity and 

on opposing strands, they result in double-strand breaks (DSBs), the most toxic of 

all DNA lesions (Hall, 2006). DSBs are extremely effective at promoting cell 

death, but breaks that are illegitimately repaired allowing cell survival, are 

responsible for chromosomal abnormalities and gene mutations, important events 

in the initiation of cancer (Wakeford, 2004; Little, 2000). 

Radiation is an indispensable tool for effective cell-killing during 

treatment of many cancers. However, it is the nonlethal DNA modifications that 

are the root of an emerging problem in radiotherapy. Over the years, advances 
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made in screening, early detection and treatment modalities have allowed for 

cancer patients to live much longer. Unfortunately, coupled with longer survival 

is the increased risk of developing secondary cancers as a late consequence of 

radiation exposure for the treatment of the initial primary tumor (Morton and 

Chanok, 2011; Newhauser and Durante, 2011). The more recent clinical use of 

protons and heavier ions in the treatment of non-small cell lung cancer (NSCLC), 

prostate, head and neck cancers to name a few, raises concerns about safety of 

these particles. With the increased use of particle therapy, it is speculated that the 

risks, as well as the benefits, will greatly increase (Newhauser and Durante, 2011; 

Schulz-Ertner and Tsujii, 2007). Outside the clinic, space radiation, composed of 

high-energy protons and HZE (high charge [Z] and energy [E]) particles, poses a 

significant cancer risk to astronauts during prolonged missions (Durante and 

Cucinotta, 2008). Currently though, significant uncertainties exist in estimates of 

cancer risks from exposure to heavy ion particles given that there is no 

epidemiological data from human populations that have been exposed to such 

radiation quality (Newhauser and Durante, 2011; Maalouf et al., 2011; Durante 

and Cucinotta, 2008).  
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Figure 1.4. Induction of DNA damage by ionizing radiation. Radiation can be 
directly or indirectly ionizing (A). Electromagnetic radiation causing ionization at 
low density (low LET radiation) creates randomly isolated damage (A), whereas 
particulate radiation, ionizing in high density (high LET radiation) induces 
clustered DNA damage, which is defined as multiple lesions (SSBs, DSBs, and/or 
AP site)  within a few nanometers in a DNA molecule (B) (Image modified from 
Urushibara et al., 2008).  
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Modeling Radiation-Induced Gliomagenesis 

The work presented here sets out to gain a better understanding of the 

molecular mechanisms of radiation-induced gliomagenesis by testing the 

hypothesis that DSBs cooperate with tumor suppressor loss to initiate 

gliomagenesis in a sensitized model system. Importantly, the question of whether 

complex lesions induced by particle irradiation are more tumorigenic when 

compared to gamma-rays, which induce breaks that are more easily repaired is 

carefully addressed. Finally, a critical analysis of the genomic and gene 

expression changes underlying radiation-induced transformation in our model 

systems has been carried out. This work can thus be summarized as follows: 

1) Short-term biological responses to two very different qualities of radiation, 

gamma- and particle- irradiation (representing transient vs persistent DNA 

lesions) were examined in vitro using normal human skin fibroblasts 

(Chapter II).   

2) A simple yet sensitive in vitro model system, CDKN2A- knockout 

astrocytes, was used to evaluate long-term biological responses to 

ionizing radiation, namely transformation and tumorigenesis. This 

mutation (CDKN2A-loss) and cell type (astrocytes) are both relevant to 

GBM given that loss of CDKN2A is thought to be one of the earliest 

events in gliomagenesis, and provide a useful system to quickly examine 

transformation in vitro (Chapter III).  
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3) Based on in vitro results, a mouse model with targeted CDKN2A/B 

deletions to the brain was used to evaluate gliomagenesis and underlying 

genomic changes in a fully in vivo system (Chapter IV).  
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CHAPTER II 
 

DNA damage responses to gamma- versus particle irradiation 
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INTRODUCTION 
 

High atomic number and high energy (HZE) particles are the most 

damaging component of galactic cosmic rays (GCR) and a serious health risk for 

humans in space, especially outside the protective effects of the Earth’s magnetic 

field (NAS, 2006; Setlow, 2003). Originating in cataclysmic astronomical events 

such as supernova explosions, the GCR is composed of protons (85%), alpha 

particles (14%) and HZE particles (about 1%) (Simpson et al., 1983). HZE 

particles, while relatively small in number, are highly ionizing and penetrating. It 

is accepted that they have a higher relative biological effectiveness (RBE) 

compared to gamma-rays and must pose a significant cancer risk to humans in 

space (ICRP, 1991). Heavy ions are also being increasingly used in targeted 

cancer therapy because of their higher RBE and because particle beams can be 

focused so as to deliver a much greater dose to the tumor while sparing normal 

tissue (Halperin, 2006).  

From a biological standpoint, large uncertainties exist in estimates of 

cancer risks from HZE particles because of limited data on their biological 

effects (Cucinotta et al., 2001; Esposito et al., 2005). Previous attempts to 

directly evaluate the biological effects of these particles at the cellular level 

involved relatively late end points such as chromosome aberrations and cell 

survival and transformation (Brooks et al., 2001; George et al., 2001; Durante et 

al., 2005; Alpen et al., 1993; Yang et al., 1985; Yang et al., 1997). The major 
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damage inflicted by ionizing radiation, whether gamma-rays or high-Z ions, is 

DSBs; an inadequate or improper response to these breaks will promote 

carcinogenesis (Bartkova et al., 2006; Burma et al., 2006; Di Micco et al., 2006; 

Gorgoulis et al., 2005; Halazonetis, 2004; Khanna and Jackson, 2001). The 

mammalian DNA damage response (DDR) involves orchestration of multiple 

events including recruitment of kinases/adaptors/substrates to DNA breaks, 

phosphorylation of chromosomal/recruited proteins at these breaks and 

implementation of DNA repair/cell cycle arrest/apoptosis (Shiloh, 2006). The 

goal of the work presented here is to evaluate the long-term carcinogenic and 

transforming potential of heavy particles when compared to gamma-rays, both in 

vitro (Chapter III) and in vivo (Chapter IV). However, understanding short-term 

biological responses to these breaks is a necessary foundation for examining 

long-term consequences. For this initial stage of my project, I worked closely 

with Dr Bipasha Mukherjee, a senior member of the laboratory, to examine 

pertinent DDR events in order to understand the short-term biological 

consequences of heavy ion irradiation, whether in space or in the clinic. 

 

MATERIALS AND METHODS 

 Irradiation, dosimetry, and LET spectrum calculation. Particle 

beams were provided by the NASA Space Radiation Laboratory (NSRL) at 

Brookhaven National Laboratory. After acceleration in the AGS Booster 
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synchrotron, particles are extracted and transported to an irradiation station on 

which dose monitoring and beam characterization devices and experimental 

samples are mounted. The dose is measured by ionization chambers—which 

have very low mass and affect the beam energy and composition only slightly—

and monitored by a computer-controlled dosimetry system that automatically 

cuts off the beam when the specified dose is reached. For these experiments, the 

linear-energy transfer (LET) spectrum of radiation incident on the targets was 

measured by silicon solid-state detectors with areas similar to that of the 

biological samples. Energy lost by a charged particle in the silicon is converted 

into a voltage signal that is digitized and converted to an energy loss or LET 

spectrum. This system is similar to the beam characterization method described 

in (Zeitlin et al., 1998). For gamma-ray irradiation, a 137Cs source (JL Shepherd 

and Associates, CA) was used.  

Cell culture, immunostaining, and microscopy. Low passage (4 to 6 

population doublings), primary human skin fibroblasts (HSFs) (Ding et al., 2005) 

and primary ATM-deficient fibroblasts (AT2052)(Sasai et al., 1994) were 

maintained in alpha-MEM media supplemented with 10% fetal bovine serum in a 

humidified 37◦C incubator in the presence of 5% CO2. Cells were seeded in glass 

chamber slides 48 hours before irradiation such that they were approximately 

70% confluent at the time of irradiation. Cells were irradiated with a total dose of 

1 Gy, fixed at the indicated time points, and co-immunostained with anti-γH2AX 
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(clone JBW301; Upstate) and anti-53BP1 (Cell Signaling) primary antibodies 

and Rhodamine Red-conjugated goat anti-mouse and FITC-conjugated goat anti-

rabbit secondary antibodies (Molecular Probes) as described in (Mukherjee et al., 

2006). For imaging particle-generated damage tracks, cells were irradiated 

parallel to the particle beams, fixed at 0.5 h post-irradiation, and immunostained. 

A stack of images along the Z-axis (ten image slices at intervals of 0.38 µm) was 

obtained with a Zeiss LSM 510 META laser scanning confocal microscope. Z-

stacks obtained were used to generate 3D reconstructions of nuclear regions with 

DNA damage using Imaris software. To obtain DNA repair kinetics, cells were 

irradiated vertical to the particle beams, fixed at time points ranging from 0.5 to 

24 h post irradiation, and immunostained. The number of γH2AX or 53BP1 foci 

was determined for each time point (average of 100 nuclei) and, after subtracting 

background (number of foci in unirradiated nuclei), the percentage foci 

remaining was plotted against repair time to obtain DNA repair kinetics. 

Treatment with ATM or DNA-PKcs inhibitors. Where indicated, cells 

were pre-treated for 1h with the DNA-PKcs inhibitor NU7026 (Veuger et al., 

2006) or with the ATM inhibitor KU55933 (Hickson et al., 2004), both at 10 μM, 

prior to irradiation. 

Western blotting. HSFs were mock-irradiated or irradiated with a total 

dose of 4 Gy and protein extraction and Western blotting were carried out as 

described before (Mukherjee et al., 2006). The antibodies used were anti-DNA-
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PKcs (phospho-serine2056) (Abcam), anti-DNA-PKcs (clone25-4) 

(Neomarkers), anti-Ku80 (kind gift from David Chen), anti-ATM (phospho-

serine1981) (GenScript Corporation), anti-ATM (clone 2C1) (Santa Cruz 

Biotechnology), anti-SMC1 (phospho-serine966) (Bethyl Laboratories), anti-

SMC1 (Bethyl Laboratories), anti-p53(phospho-serine15) (Cell Signaling 

Technology), anti-p53(clone DO-1) (Santa Cruz Biotechnology), anti-p21 (Santa 

Cruz Biotechnology), anti-p16 (Calbiochem), and anti-actin (Sigma).  

Senescence-associated β-galactosidase activity assay. HSFs were 

mock-irradiated or irradiated (4 Gy), fixed after 10 days and stained with an X-

gal-containing reaction mixture using a Senescent Cell Staining Kit (Sigma). The 

proportion of senescence-associated β-galactosidase (SA β-Gal)-positive cells 

was quantified using an Olympus microscope with 20X objective. Flasks were 

stained in triplicate with about 1000 cells scored per flask. 

Radiation survival assay. To determine radiation survival, cells were 

plated in T25 flasks and irradiated with radiation doses ranging from 0-4 Gy. 

After 10-14 days, surviving colonies were stained with crystal violet, colonies 

with more than 50 cells scored and mean values for triplicate counts determined 

as described in (Kurimasa et al., 1999). Cell survival was normalized to plating 

efficiency of untreated controls.  
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RESULTS 

Human cells are incapable of completely repairing DNA damage 

inflicted by Fe ions. Iron ions are the most densely ionizing particles that are 

present in significant numbers in the GCR (Miller et al., 2005). Therefore, in this 

study, we used 56Fe ions with a kinetic energy of approximately 1 GeV/nucleon 

at the NASA Space Radiation Laboratory (NSRL) at Brookhaven National 

Laboratory. 1 GeV/nucleon is near the peak of the GCR energy spectrum 

(Simpson et al., 1983). The ionization energy loss per unit path length of charged 

particles is conventionally expressed as linear energy transfer (LET) in water. 

For 1 GeV/nucleon Fe ions, the LET in water is approximately 150 keV/µm 

(Zeitlin et al., 1998). Gamma rays from a 137Cs source, which have an LET of 

about 0.8 keV/µm, were used for comparison. Very early passage (4 to 6 

population doublings) human skin fibroblasts (HSFs) (Ding et al., 2005) were 

used in this study as they, unlike established cell lines, exhibit very low levels of 

background DNA damage (Fig 2.1A). Two end points were used to visualize 

DSBs and to quantify repair: 1) the extensive phosphorylation of histone H2AX 

at the sites of DSBs resulting in discrete γ-H2AX “foci” that constitute the “gold 

standard” for measuring rates of DSB repair (Burma et al., 2001; Fernandez-

Capetillo et al., 2004) and 2) the rapid recruitment of 53BP1 to DSBs that occurs 

in a γ-H2AX-dependent manner (Mochan et al., 2004). HSFs growing on glass 
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slides were irradiated with Fe ions at the NSRL as described in materials and 

methods.  

Gamma rays result in diffuse DNA damage as is evident from the 3D 

reconstructions derived from Z-stack images (Fig 2.1B). In striking contrast, a 

single Fe ion leaves in its wake a well-defined track of DNA damage consisting 

of voluminous areas of H2AX phosphorylation and 53BP1 accumulation. Such 

γH2AX tracks have been reported before (Desai et al., 2005; Jakob et al., 2003; 

Asaithamby et al., 2008) and are entirely consistent with the unique pattern of 

energy deposition associated with heavy ions (Magee and Chatterjee, 1980). 

Cells irradiated with 1 Gy of gamma-rays are mostly able to complete DSB 

repair by 12 h as has been demonstrated before (Kuhne et al., 2004) (Fig 2.1C, D 

and E). In contrast, cells irradiated with 1 Gy of Fe ions are unable to repair 

approximately 30 percent of the initial DNA damage incurred by 12 h; no 

evidence of further repair is seen after 12 h. Similar results obtained with both 

γH2AX and 53BP1 (which co-localize at the sites of DSBs as is evident from the 

merged images) attest to the accuracy of these findings. These results corroborate 

the impaired repair of HZE-inflicted DNA damage reported previously (Desai et 

al., 2005; Asaithamby et al., 2008; Karlsson and Stenerlow et al., 2004).  
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Figure 2.1. DNA damage responses to high Z particles. (A) Early passage, 
primary HSFs were co-immunostained with anti-γH2AX (red) and anti-53BP1 
(green) antibodies. Nuclei were stained with 4,6-diamidino-2-phenylindole 
(DAPI) (blue). The majority of nuclei (approximately 90%) display no 
background DNA damage as evidenced by the absence of γH2AX or 53BP1 foci 
(top panel). The remaining nuclei display an average of one focus per nucleus 
(bottom panel). (B) For imaging particle-generated damage tracks, cells were 
irradiated parallel to the particle beam, fixed at 0.5 h post irradiation, and 
immunostained. A stack of images along the Z-axis (ten image slices at intervals 
of 0.38 µm) was obtained and used to generate 3D reconstructions using Imaris 
software. Please note a discrete track of DNA damage in the nucleus traversed by 
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a Fe particle in sharp contrast to the diffuse areas of DNA damage induced by 
gamma-rays. (C) HSFs were irradiated with 1 Gy of γ-rays or with 1 Gy of 1 
GeV/nucleon Fe and co-immunostained at time points ranging from 0.5 to 24 h 
post irradiation. The pictures depict the initial DNA damage (0.5 h) and the 
residual DNA damage (24 h). (D, E) γH2AX or 53BP1 foci were scored at 0.5, 2, 
4, 12 and 24 h post-irradiation. The number of γH2AX or 53BP1 foci was 
determined for each time point (average of 100 nuclei) and, after subtracting 
background (number of foci in unirradiated nuclei), the percentage foci 
remaining was plotted against repair time to obtain DNA repair kinetics. Error 
bars represent standard error of the mean. Please note nearly complete repair in 
cells irradiated with γ-rays and incomplete repair in cells irradiated with Fe 
particles. The difference in percent foci remaining at 24 h post-irradiation was 
determined to be statistically significant by a two-tailed t test (P value < 0.0001). 
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Both DNA-PKcs and ATM are required for the repair of Fe ion-

induced DNA damage. Non-homologous end-joining (NHEJ) is the 

predominant repair pathway in mammalian cells that responds to gamma ray-

induced DSBs (Burma et al., 2006). NHEJ occurs in two phases: 1) an initial 

rapid phase (dependent on DNA-PKcs and core NHEJ components) when simple 

lesions are repaired and 2) a slower phase (dependent on ATM and the MRN 

complex) when more complex breaks are resolved (Nussenzweig and 

Nussenzweig, 2007). In order to assess the relative contributions of DNA-PKcs 

and ATM to the repair of Fe ion-induced DNA damage, HSFs were pre-treated 

with NU7026 or KU55933, specific and potent inhibitors of DNA-PKcs or ATM, 

respectively (Veuger et al., 2003; Hickson et al., 2004) or with the solvent 

(DMSO) as control. Activation of DNA-PKcs and ATM upon irradiation with 1 

GeV/nucleon Fe ions was assayed by Western blotting with antibodies 

recognizing autophosphorylated sites on these kinases, serine2056 on DNA-PKcs 

(Mukherjee et al., 2006) and serine1981 on ATM (Bakkenist and Kastan, 2003) 

(Fig 2.2A). DNA-PKcs autophosphorylation was abrogated in cells treated with 

NU7026 while ATM autophosphorylation was abrogated in cells treated with 

KU55933 confirming the efficacy of the small-molecule inhibitors. Cells treated 

with NU7026 carried out DNA repair with significantly slower kinetics, 

indicating that DNA-PKcs is the major enzyme involved in the repair of DSBs 

after Fe-irradiation (Fig 2.1E). Cells treated with KU55933 were also impaired 
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in repair, though to a lesser extent. The requirement of ATM for repair is 

presumably due to the complexity of Fe-induced DNA damage as ATM is 

involved in the repair of complex breaks (Kuhne et al., 2004; Jeggo and Lobrich, 

2005; Lobrich and Jeggo 2005; Riballo et al., 2004). Interestingly, NU7026-

treated cells were able to carry out DNA repair to the same extent as untreated 

cells, albeit with much slower kinetics. The slow repair upon DNA-PKcs 

inhibition could possibly be attributed to backup-NHEJ, a slow and error prone 

pathway that operates in the absence of DNA-PKcs (Rosidi et al., 2008) or to 

homologous recombination repair (HRR) (Weinstock et al., 2006). Both 

pathways have been recently reported to be functional in HZE-irradiated cells 

(Wang et al., 2008). 



  36 

-    +    -     +    -    +    IR 
DMSO     NU7026  KU55933 

pATM 
ATM 
pDNA-PK 
DNA-PK 
Ku80 

γH2AX

A 

B 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Requirement of DNA-PKcs and ATM for repair of Fe-induced 
DNA damage. (A) HSFs were pre-treated with a DNA-PK inhibitor (NU7026) 
or with an ATM inhibitor (KU55933) or with the solvent (DMSO) and irradiated 
with 4 Gy of 1 GeV/nucleon Fe. Activation of DNA-PKcs and ATM was assayed 
at 1 h post-irradiation by Western blotting with phospho-specific antibodies as 
indicated. (B) HSFs were pre-treated with inhibitors as indicated and irradiated 
with 1 Gy of 1 GeV/nucleon Fe. DSB repair kinetics were obtained by scoring 
γH2AX foci. Please note further impairment of repair in cells pre-treated with 
inhibitors. The differences in percent foci remaining at 4 h post-irradiation were 
determined to be statistically significant by a two-tailed t test (P value < 0.0001). 
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Cells irradiated with Fe ions display biphasic p53 and p21 induction 

and high levels of senescence. Unrepaired DNA lesions, such as those observed 

in response to Fe ions, would presumably result in persistent DNA-damage 

signaling culminating in senescence or apoptosis, both processes constituting 

bona fide barriers to carcinogenesis (Bartkova et al., 2006; Burma et al., 2006; Di 

Micco et al., 2006; Gorgoulis et al., 2005; Halazonetis, 2004; Khanna and 

Jackson, 2001. In response to DSBs, the tumor suppressor p53 is phosphorylated 

at serine 15 by ATM (Banin et al., 1998; Canman et al., 1998) and enforces 

either cell cycle arrest or apoptosis depending upon the cell type (Bargonetti and 

Manfredi, 2002; Shiloh, 2003). We examined the activation of p53 as a first step 

towards understanding the long-term consequences of the failure to repair Fe-

induced DNA damage. HSFs irradiated with gamma-rays display rapid and 

transient p53 accumulation and phosphorylation at serine 15 (Fig 2.3A). The 

reduction in p53 signals at 4 h post-irradiation correlates with the rapid repair of 

DSBs observed in these cells. The transient p53 activation correlates with 

transient induction of the cyclin-dependent kinase (CDK) inhibitor p21 

(Waf1/Cip1), a downstream target of p53 (Fei and El-Deiry, 2003). 

Phosphorylation of SMC1 (at serine 966), an ATM substrate that is involved in 

both checkpoint activation (Kim et al., 2002; Yazdi et al., 2002) and DSB repair 

(Lehmann, 2005; Strom et al., 2004), also follows a similar transient pattern. In 

contrast, cells irradiated with Fe ions display a biphasic response with an initial 
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transient response similar to that seen with gamma-rays and a second sustained 

response starting at about 3 days post-irradiation and lasting for at least 10 days. 

The second response results in the induction of high levels of p21. A high level 

of the CDK inhibitor p16 (INK4a), that independently arrests cell proliferation in 

response to stress (Campisi, 2007), is also induced during this stage. The 

sustained induction of p21 and p16 in fibroblasts would be expected to result in 

damage-induced premature senescence (Campisi, 2007). We, therefore, 

quantified the proportion of senescent (β-gal-positive) (Dimri et al., 1995) HSFs 

in irradiated cultures at 10 d post-irradiation. Mock-irradiated cells display very 

low levels of SA β-Gal-positive cells (~3%) while gamma ray-irradiated cells 

display increased levels of senescence (~24%) (Fig 2.3B). In sharp contrast, Fe-

irradiated cells display a very high percentage of intensely-staining SA β -Gal-

positive cells at 10 d post-irradiation (~84%). This is clearly a consequence of 

the sustained p53 activation and p21/p16 induction observed in these cells. 
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Figure 2.3. Activation of p53 and induction of senescence in response to Fe 
ions. (A) Human skin fibroblasts were irradiated with 4 Gy of γ-rays or 1 
GeV/nucleon Fe. Cells were harvested at the indicated time points and analyzed 
by Western blotting. Note the biphasic phosphorylation p53/SMC1 and 
accumulation of p53/p21/p16 in Fe-irradiated cultures. (B) HSFs were mock-
irradiated or irradiated with 4 Gy as indicated and stained after 10 days for 
senescene-associated β-galactosidase activity (blue). The approximate 
percentages of senescent cells are given: Mock-irradiation (3%); gamma rays 
(24%); Fe ions (84%). 
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ATM is dispensable for the accumulation of p53 and induction of 

senescence in response to Fe ions. ATM is the primary kinase responding to 

radiation-induced DSBs (Shiloh, 2006; Lavin, 2007) while ATR responds to 

single-stranded DNA regions generated by resection of DSBs or stalling of 

replication forks (Cuadrado et al., 2006; Jazayeri et al., 2006; Paulsen and 

Cimprich, 2007). In order to examine if ATM is essential for the biphasic p53 

response seen in Fe-irradiated cells, we irradiated primary ATM-deficient 

fibroblasts (AT2052) (Sasai et al., 1994) with gamma-rays or Fe ions and 

assayed for p53 induction and downstream events by Western blotting. As has 

been reported previously (Banin et al., 1998; Canman et al., 1998), 

phosphorylation of p53 at serine 15 was completely abrogated in these cells (Fig 

2.4A). The accumulation of p53 and p21 in response to gamma-rays was 

attenuated in AT cells compared to HSFs but followed a transient pattern. 

Interestingly, despite the absence of ATM, p53/p21 accumulation in response to 

Fe ions was quite robust and followed a biphasic pattern similar to that seen in 

wild type fibroblasts (Fig 2.4A). The induction of p21 and p16 in these cells was 

clearly responsible for the high levels of Fe-induced senescence (81%) observed 

by SA β-Gal staining (Fig 2.4B). Taken together, these results imply that the 

sustained p53/p21 induction and high levels of senescence triggered by Fe ions 

do not necessarily require ATM and could, therefore, possibly be mediated by 

ATR (Cuadrado et al., 2006; Jazayeri et al., 2006; Paulsen and Cimprich, 2007). 
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Figure 2.4. Activation of p53 and induction of senescence in ATM-deficient 
fibroblasts. (A) ATM-deficient human fibroblasts (AT2052) (Sasai et al., 1994) 
were irradiated with 4 Gy of γ-rays or 1 GeV/nucleon Fe. Cells were harvested at 
the indicated time points and analyzed by Western blotting. Please note the late 
induction of p53, p21, and p16 in Fe-irradiated AT cultures. (B) AT cells were 
mock-irradiated or irradiated with 4 Gy as indicated and stained after 10 days for 
senescence-associated β-galactosidase activity (blue). The approximate 
percentages of senescent cells are given in parentheses: Mock-irradiation (7%); 
gamma rays (38%); Fe ions (81%).  
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Enhanced cell killing in response to Fe ions. Finally, we wanted to 

comprehensively evaluate the effect of radiation on the survival of HSFs by a 

colony forming assay. HSFs are extremely sensitive to Fe ions as compared to 

gamma-rays (Fig 2.5), as would be expected as a consequence of the incomplete 

repair, enhanced DDR and increased senescence observed in cells after Fe ion 

irradiation. These results provide a biological basis for the efficacy of cell killing 

by Fe ions. They also underscore the need for understanding the effects of 

particle irradiation in human tissue during radiotherapy with heavy ions. The 

survival of a small percentage of cells after Fe- or gamma- irradiation increases 

the potential of cells eventually acquiring cancer promoting mutations. 

Therefore, it is important as a next step to evaluate and better understand the 

tumorigenic potential of heavy ions (Chapters III and IV). 
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Figure 2.5. Cell survival in response to Fe ions or γ-rays. Radiation survival 
of HSFs was quantified by the colony formation assay. The fraction of surviving 
colonies (Y-axis) was plotted against the corresponding radiation dose. Error 
bars represent standard error of the mean. Please note the reduced survival with 
Fe-ions, with an RBE of 4 at approximately 15% survival. 
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DISCUSSION 
 
 An understanding of the DNA damage response (DDR) to HZE 

particles is very important not only because of cancer risks to astronauts but also 

because of increasing use of protons and carbon ions for targeted cancer therapy 

Schulz-Ertner et al., 2006). Clearly, the capacity of a human cell to repair DSBs 

is severely limited when the damage is inflicted by a high-Z particle possibly 

because of multiple ionization sites in close proximity (Antonelli et al., 2004). It 

is apparent that the total absorbed energy or dose is not as important a 

determinant of repair as the LET of the charged particle imparting that dose. 

While DSBs induced by 1 Gy of gamma-rays or protons are almost completely 

repaired, the cell is unable to repair a significant fraction of the evidently more 

complex damage inflicted by 1 Gy of 1 GeV/nucleon Fe. The observed inability 

to repair DSBs to completion clearly plays a major role in the increased 

chromosome aberrations, cell killing and tumor induction reported earlier for 

high Z particles (Brooks et al., 2001; George et al., 2001; Durante et al., 2005; 

Alpen et al., 1993; Yang et al., 1985). We find that DNA-PKcs, the key kinase 

involved in NHEJ (Burma et al., 2004), is required for the repair, albeit 

incomplete, of Fe-induced DNA damage. In addition, we find that HSFs treated 

with an ATM inhibitor also display a pronounced defect in the repair of Fe-

induced DNA damage. As ATM is required for the repair of a subset of complex 

lesions (Kuhne et al., 2004; Jeggo and Lobrich, 2005; Lobrich and Jeggo, 2005; 
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Riballo et al., 2004), our observations indicate that Fe ions inflict more complex 

DNA damage compared to gamma-rays. Blocking DNA-PK or ATM with small-

molecule inhibitors does not abrogate repair but merely slows it down. 

Presumably, therefore, other pathways of repair such as backup-NHEJ (Rosidi et 

al., 2008) or HRR (Weinstock et al., 2006) can partly compensate for the 

inactivation of DNA-PKcs or ATM. 

 As expected from the DSB repair kinetics, we find that the induction 

of p53 and p21 is transient in gamma-irradiated HSFs. In contrast, a sustained, 

second-phase induction of p53, p21 and p16 is observed in response to Fe ions. 

This is clearly a consequence of unrepaired DNA lesions in these cells though it 

is not yet understood why a biphasic response is seen. The high levels of p21 and 

p16 in Fe-irradiated cells are evidently responsible for the high levels of 

senescence observed in these cells. Senescence or permanent cell cycle arrest 

serves as a barrier to tumorigenesis by preventing the propagation of cells with 

unrepaired DNA lesions (Campisi, 2007). Interestingly, though ATM is the 

primary kinase responding to gamma-radiation induced DSBs (Shiloh, 2006; 

Lavin, 2007), it appears to be dispensable for the late accumulation of p53 and 

p21 and induction of senescence in response to Fe ions. ATM is backed up by the 

related kinase ATR that responds to single-stranded regions generated by 

resection of DSBs or stalling of replication forks (Cuadrado et al., 2006; Jazayeri 

et al., 2006; Paulsen and Cimprich, 2007). Ectopic activation of ATR, even in the 
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absence of DNA breaks, can drive cells into senescence (Toledo et al., 2008). 

Conversely, a small molecule inhibitor of ATR can reverse senescence in 

fibroblasts (Won et al., 2006). It is quite plausible then that ATR may be 

activated by the more complex DNA damage inflicted by Fe ions and could drive 

these cells into senescence even in the absence of ATM. 

Since a direct link exists between persistent DNA damage and cancer 

(Bartkova et al., 2006; Burma et al., 2006; Di Micco et al., 2006; Gorgoulis et al., 

2005; Halazonetis, 2004; Khanna and Jackson, 2001), the cancer risk to 

astronauts could, possibly, be much greater than that estimated from 

extrapolation of the human database for low LET exposures (Cucinotta et al., 

2001). The risk of cancer could be even more significant for crewmembers of 

long-duration missions outside the geomagnetosphere, such as planned Mars 

missions. The ability or inability of a cell to repair DSBs and the resulting 

damage responses are excellent end points for examining the short-term 

biological effects of heavy ions. The persistence of DNA breaks and damage 

signaling influence subsequent outcomes, whether it be chromosome aberrations, 

cell death or cancer (Chapter III and IV).  
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CHAPTER III 

 
Loss of p15/Ink4b accompanies tumorigenesis triggered by complex DNA 

double-strand breaks 
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INTRODUCTION 
 

IR has long been recognized as a carcinogen, although the exact 

mechanisms underlying radiation-induced carcinogenesis remain largely 

unknown (Little, 2000; Wakeford, 2004). The carcinogenic effects of radiation 

are attributed to its clastogenic and mutagenic effects, although unique radiation-

induced genetic alterations have yet to be identified in humans except in the case 

of thyroid cancers (Volpato et al., 2008; Hamatani et al., 2008). The most 

deleterious lesion inflicted by IR is the DNA double-strand break (DSB). A 

causal relationship between DSBs and cancer is clear from the cancer-

predisposition of humans (and knock-out mice) with deficiencies in proteins 

responding to DSBs (O’Driscoll et al., 2006). While DNA breaks can be 

potentially carcinogenic, it is not clear whether complex DSBs that are refractory 

to repair are more potently tumorigenic than simple breaks that can be rapidly 

repaired, correctly or incorrectly, by mammalian cells.  

Although DSBs induced by gamma rays (i.e., low-linear energy transfer 

[LET] radiation) are amenable to repair, the same does not necessarily hold true 

for damage induced by high atomic number and energy (HZE) particles (i.e., 

high-LET radiation) that inflict complex DNA lesions (Hada and Sutherland et 

al., 2006). HZE particles are an important component of galactic cosmic rays and 

are of serious concern to astronauts on long-duration space missions due to their 

proposed higher carcinogenic potential; however, considerable uncertainties exist 
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regarding the estimation of cancer risks from these particles (Durante et al., 

2008). Importantly, heavy ion beams are being increasingly and effectively used 

for targeted cancer therapy; therefore, it is critical to understand the potential for 

induction of secondary cancers from these ions (Cucinotta et al., 2006; Schulz-

Ertner and Tsujii, 2007). We previously demonstrated that DSBs induced by 1 

GeV/nucleon Fe ions are slowly and incompletely repaired, triggering persistent 

DNA damage signaling events and senescence in primary human skin fibroblasts 

while DSBs induced by gamma rays are rapidly and completely repaired by these 

cells (Mukherjee et al., 2008).  

To investigate whether complex DNA breaks that are slowly and 

incompletely repaired are more potently tumorigenic compared to breaks that are 

efficiently repaired, we used a very simple and sensitive paradigm of cellular 

transformation. We previously demonstrated that primary Ink4a/Arf-/- astrocytes 

are immortal but not tumorigenic (Bachoo et al., 2002). However, these 

“sensitized” cells can be potently transformed by a single oncogenic event, such 

as expression of kRas, myrAkt, or EGFRvIII. By assessing the tumor-forming 

abilities of irradiated Ink4a/Arf-/- astrocytes, we directly investigated the 

transforming potential of Fe ions compared to gamma rays with the goal of 

identifying Fe-induced genomic changes responsible for triggering tumorigenesis 

in this model system. We show here that Fe ions are potently tumorigenic when 

directed to these sensitized astrocytes, generating tumors with significantly 
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higher frequency and shorter latency compared to tumors generated by gamma 

rays. Tumor formation by Fe-irradiated cells is accompanied by rampant 

genomic instability and multiple genomic changes, the most significant of which 

is loss of the p15/Ink4b tumor suppressor due to deletion of the chromosomal 

region harboring the CDKN2A and CDKN2B loci. The additional loss of 

p15/Ink4b in tumors derived from p16/Ink4a-null astrocytes is interesting and 

bolsters the hypothesis that p15 has a critical ‘back-up’ function in p16-mediated 

tumor suppression (Krimpenfort et al., 2007). Indeed, we find that re-expression 

of p15/Ink4b in tumor-derived cells delays tumor progression thereby confirming 

the importance of p15 loss in particle-induced cellular transformation. In sum, 

this work reports detailed analyses of genomic changes occurring after HZE-

particle irradiation that possibly underlie cellular transformation and 

tumorigenesis. Our data provide a greater understanding of the link between 

complex DNA damage induced by charged particles and the resultant genomic 

changes triggering radiation-induced carcinogenesis.  

 

MATERIALS AND METHODS 

Cell culture. Primary murine astrocytes were isolated from Ink4a/Arf-/- 

five day old pups as described (Bachoo et al., 2002). Primary mouse astrocytes 

and ex vivo tumor cultures were all maintained in α-MEM media containing 10% 
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FBS in a humidified 37◦C incubator in the presence of 5% CO2. All cells were 

mycoplasma free. 

Irradiations. Fe-ions with a kinetic energy of 1 GeV/nucleon were 

provided by the NASA Space Radiation Laboratory (NSRL) at Brookhaven 

National Laboratory as described (Mukherjee et al., 2008). For gamma-

irradiation, a 137Cs source (JL Shepherd and Associates, CA) was used. 

Colony formation assays. For colony formation assays, 300 cells were 

plated in triplicate 60 mm dishes, irradiated with graded doses of radiation (high 

or low LET, as indicated) and surviving colonies stained with crystal violet 6-8 

days post-irradiation as described (Mukherjee et al., 2008). 

Immunofluorescence staining, immunoprecipitations, and Western 

blotting. Immunofluorescence staining of cells and tissue sections and Western 

blotting of whole-cell extracts were performed as described (Mukherjee et al., 

2009). Antibodies used were anti-actin (Sigma, St Louis, MO), anti-Ki67 

(Novocastra, Wetzlar, Germany), anti-p53BP1, anti-phospho-Akt(Ser473), anti-

phospho-Erk1/2(Thr202/Tyr204), anti-CDK4, anti-CDK6 (Cell Signaling, 

Beverly, MA), anti-p15 (Santa Cruz, Santa Cruz, CA), anti-V5, anti-V5-

fluorescein isothiocyanate (FITC) (Invitrogen, Carlsbad, CA), and rhodamine 

red-conjugated goat anti-mouse and FITC-conjugated goat anti-rabbit (Molecular 

Probes, Eugene, OR). Anti-V5 antibody (Invitrogen) and Dynabeads® sheep anti-

mouse IgG (Invitrogen) were used for immunoprecipitations.  
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DSB repair assay. DSB repair rates were assessed by quantifying the 

time-dependent dissolution of γH2AX and 53BP1 foci as described (Mukherjee 

et al., 2008). 

 Metaphase spreads, Multicolor fluorescence in situ hybridization (M-

FISH), and Telomere fluorescence in situ hybridization (T-FISH). Metaphase 

chromosome spreads were prepared after treatment with 1µg/ml colcemid 

(Sigma) using standard procedures. M-FISH was performed using the 21XMouse 

M-FISH probe kit according to manufacturer’s specifications (MetaSystems, 

Altlussheim, Germany). For T-FISH, a Cy3-labeled peptide nucleic acid (PNA) 

probe was used and hybridization was performed as described (Zijlmans et al., 

1997). 

Subcutaneous injections. Cells (as indicated) were suspended in Hank’s 

Buffered Salt Solution and 106 cells were subcutaneously injected into the flanks 

of six weeks old Nu/Nu nude mice (Charles River Laboratories International, 

Wilmington, MA). Mice were monitored daily for tumor formation and growth 

over a span of 8 weeks. All animal studies were performed under protocols 

approved by the Institutional Animal Care and Use Committee (IACUC) of UT 

Southwestern Medical Center. 

 Polymerase chain reaction (PCR), quantitative PCR, and 

quantitative reverse transcriptase-PCR. DNA was isolated using the DNeasy 

Blood & Tissue Kit (Qiagen, Germantown, MD). RNA was extracted using 
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RNeasy Mini Kit (Qiagen) and complementary DNA synthesized using 

SuperScriptIII First Strand Synthesis System (Invitrogen). qPCR and qRT- PCR 

was carried out using the LightCycler-FastStart DNA Master SYBR-Green I kit 

(Applied Biosystems, Foster City, CA). Standard curves were established 

following serial sample dilutions and data normalized to the housekeeping gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH).   

Array comparative genomic hybridization (aCGH). Genomic DNA 

from two mock-irradiated parental cells and two ex vivo tumor cultures were 

extracted using the DNeasy Blood & Tissue Kit (Qiagen) and, after quality 

check, 2.5µg of DNA for each sample was sent to the NimbleGen Inc. (Madison, 

WI) mouse aCGH hybridization service. The NimbleGen MM8 WG CGH array, 

which spans the entire non-repetitive regions of the mouse genome in a single 

array, was used.  Normalization and segmentation of raw signals were processed 

by NimbleGen and subsequently loaded into Nexus Copy Number Analysis 

software (Biodiscovery, El Segundo, CA) for rank segmentation analysis and 

generation of ratios of DNA copy number changes. 

Generation of tumor cells re-expressing p15/Ink4b. Human 

p15/Ink4b/CDKN2B cDNA was obtained from Addgene, Cambridge, MA 

(pCRII-p15; 16454) and sequentially cloned into pLenti6.3/V5-DEST by BP and 

LR clonase reactions (Invitrogen). Final vector was confirmed by sequencing. 

pLenti6.3/p15-V5/DEST vector was transfected into Fe-derived tumor cells 
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using Lipofectamine 2000 (Invitrogen) as per manufacturer’s protocol. To 

establish stable clones expressing p15/Ink4b, transfected cells were selected with 

5µg/ml Blasticidin (Invitrogen), and screened for expression of p15-V5 by 

Western blotting. 

  Statistical analyses.  Frequencies of tumor formation by Fe- and 

gamma-irradiated cells were compared using Fisher’s exact test. Tumor growth 

curves for these two irradiation conditions were compared using the Generalized 

Estimating Equations (GEE) method with AR(1) correlation structure used. All 

the statistical analyses were performed with SAS 9.1.3 Service Pack 3. 

 

RESULTS 

DSBs induced by Fe ions are refractory to repair. For these studies, 

we used a very simple and sensitive paradigm of cellular transformation – 

‘sensitized’ Ink4a/Arf-/- astrocytes that can be potently transformed by a single 

oncogenic event (Bachoo et al., 2002). We previously reported that DSBs 

induced in human fibroblasts by 1 GeV/nucleon Fe ions are repaired slowly and 

incompletely compared to those induced by gamma rays (Mukherjee et al,. 

2008). We first confirmed that this difference in DSB repair is also manifested in 

the primary murine Ink4a/Arf-/- astrocytes used in this study. Fe-irradiated cells 

exhibited slower DSB repair kinetics, as well as persistent DNA lesions at 24 h. 

In contrast, gamma-irradiated cells completely repaired their DNA by 8 h (Fig 
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3.1A). The higher relative biological effectiveness (RBE) of Fe ions compared to 

gamma rays (Durante et al., 2008) was confirmed by colony formation assays 

(Fig 3.1B). On the basis of these results, cells were either mock-irradiated or 

irradiated with 1 Gy of Fe ions or with 1 Gy (equal dose) or 4 Gy (‘equal-

survival’ dose) of gamma rays. After approximately 14 days of recovery, 

surviving cells were assayed in vitro as well as subcutaneously injected into nude 

mice. Metaphase chromosome spreads revealed that cells irradiated with Fe ions 

(but not those irradiated with gamma rays) exhibited a significant increase in 

Robertsonian fusions (50% of metaphase spreads, with an average of 8 fusions 

per metaphase) (Fig 3.1C and D). These fusions, resulting from centromeric 

breakage by IR followed by fusion of two chromosomes at breakage points, are a 

reliable indicator for the assessment of radiation-induced genomic instability 

(Boei et al., 1996). These data strongly suggest that inefficiently repaired DNA 

damage induced by Fe ions caused significantly more genomic instability 

compared to damage induced by gamma rays.  
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Figure 3.1. DSBs induced by Fe ions are refractory to repair. (A) Primary 
Ink4a/Arf-/- astrocytes were irradiated with 1 Gy of γ-rays or with 1 Gy of 1 
GeV/nucleon Fe ions and co-immunostained with anti-γH2AX and anti-
53BP1 antibodies. Initial damage (0.5 h) and residual damage (24 h) is 
depicted as γH2AX foci (red); nuclei are stained with 4’,6-diamidino-2-
phenylindole (DAPI; blue). γH2AX or 53BP1 foci were scored at different 
times post-irradiation to obtain DSB repair kinetics. Percentage of foci 
remaining (y-axis) was plotted against repair time (x-axis). (B) Radiation 
survival was measured by colony formation assays. Fraction of surviving 
colonies (y-axis) was plotted against the corresponding radiation dose (x-
axis). Dotted lines mark equal survival doses. (C) Metaphase chromosome 
spreads were prepared from mock or Fe-irradiated cells. Note increased 
frequency of Robertsonian fusions upon Fe irradiation (D) Frequency of 
chromosome aberrations (Frag, Fragments; RF, Robertsonian fusions; DM, 
double minutes; representative images in Figure 3.3) were scored from 
metaphase spreads of mock- or γ- or Fe-irradiated cells (average of 50 
metaphases). Note significant increase in frequency of Robertsonian fusions 
in Fe-irradiated cells with an average of 8 fusions per metaphase. Error bars 
represent standard error of the mean for all plots. 
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Ink4a/Arf-/- astrocytes irradiated with Fe ions are potently 

tumorigenic. We wanted to determine if some of the genomic changes wrought 

by Fe-irradiation might have significant tumorigenic consequences, and whether 

the degree of cellular transformation might be greater in magnitude after Fe 

exposure compared to gamma irradiation. Upon subcutaneous injection of 

surviving irradiated cells into nude mice, we found that mock-irradiated 

Ink4a/Arf-/- astrocytes consistently failed to generate tumors, confirming their 

lack of tumorigenic potential (0/8 for mock-gamma irradiation and 0/8 for mock-

Fe irradiation). Significantly, cells irradiated with Fe ions rapidly and 

consistently generated tumors 100% of the time (12/12) (Fig 3.2A). Cells 

irradiated with 1 Gy of gamma rays failed to form tumors (0/8) while those 

irradiated with a higher dose of 4 Gy formed tumors but only with a low 

frequency (2/8). The difference in frequency of tumor formation between Fe- and 

gamma-irradiated cells was determined to be statistically significant using 

Fisher’s exact test (P value= 0.0007). A striking difference was also observed in 

the latency of tumor formation between Fe- and gamma-irradiated cells. On 

average, Fe-derived tumors first became palpable after 10.67 ± 2.7 days (mean ± 

s.d.) while the two gamma-derived tumors first became palpable only after 46.5 

± 0.7 days. The difference in tumor growth curves for these two irradiation 

conditions was determined to be statistically significant using the Generalized 

Estimating Equations method (P value = 0.001). Tumors derived from the Fe-
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irradiated cells stained positive for Ki67, pAkt, and pErk, clearly indicating the 

activation of pro-proliferative pathways commonly upregulated in most cancers 

(Altomare et al., 2005; Roberts et al., 2007) (Fig 3.2B). 
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Figure 3.2. Fe-irradiated Ink4a/Arf-/- astrocytes are potently 
tumorigenic. (A) Tumor development was monitored after subcutaneous 
injection (1x106 cells) of mock- or γ- or Fe-irradiated astrocytes into nude 
mice. Representative pictures of tumor-bearing mice are shown (please note 
that only the left flank of Gamma 4 Gy mouse shows tumor development; 
dashed circle). Tumor volume (y-axis) was plotted against days post-
inoculation (x-axis). Tumor development frequencies are indicated as “total 
tumors/total injections” (box). Differences in tumor frequency and growth 
were determined to be statistically significant using Fisher’s exact test (P 
value= 0.0007) and Generalized Estimating Equations method (P value= 
0.001), respectively. Note rapid tumor development with Fe-irradiated 
astrocytes and slow and infrequent tumor formation with γ-irradiated 
astrocytes. Error bars represent standard error of the mean. (B) Excised Fe-
derived tumors were sectioned and stained with hematoxylin and eosin 
(H&E) or with the indicated antibodies. Nuclei are stained with DAPI (blue).  
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Ex-vivo cultures of Fe-derived tumors exhibit rampant genomic 

instability. Ex vivo cultures of Fe-derived tumors displayed evidence of rampant 

genomic instability with high levels of Robertsonian fusions (100% of metaphase 

spreads and with an average of 8 fusions per metaphase) and other gross 

chromosomal aberrations (such as double minutes and dicentric chromosomes) 

(Fig 3.3A). In order to identify the chromosomes participating in the 

Robertsonian fusions, we employed M-FISH staining, which allows 

simultaneous labeling of each mouse chromosome with a different color (Bayani 

et al., 2004) (Fig 3.3B). M-FISH revealed that the Robertsonian fusions observed 

in Fe-derived tumor cells were random, inolving almost all chromosomes (Fig 

3.3C). These fusions were not seen at such high frequencies in the gamma-

derived tumor cells, though very low frequencies of simple and reciprocal 

translocations were observed in these cells. In order to investigate telomere 

integrity, both at the chromosome ends as well as at the fusion points, we 

employed T-FISH staining, which specifically labels the telomeric sequences 

(Scherthan et al., 2002). T-FISH revealed the loss of telomeric signals, as 

expected (Boei et al., 1996), at the Robertsonian fusion points confirming that 

these fusions arose from centromeric breakage resulting in loss of telomeres at 

the short arms of acrocentric chromosomes (Fig 3.3B). Loss of telomeric signals 

was also observed at the ends of some chromosomes, only in Fe-derived tumors, 
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which would presumably perpetuate genomic instability through chromosome 

end-to-end fusions and repeated breakage-fusion-bridge cycles (Murnane, 2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Chromosomal aberrations showing rampant genomic 
instability. (A) Frequency of chromosome aberrations (Frag, Fragments; RF, 
Robertsonian fusions; DM, double minutes) observed in metaphase spreads 
from mock-irradiated or tumor-derived cells (average of 50 metaphases). 
Representative aberrations are shown. (B) For M-FISH, metaphase spreads 
from Fe-derived tumor cultures were hybridized with M-FISH probes 
comprising of a cocktail of DNA labeling all mouse chromosomes. 
Representative metaphase shows Robertsonian fusions occurring randomly 
between multiple chromosomes. For T-FISH, metaphase spreads from mock-
irradiated or Fe-derived tumor cells were hybridized to a Cy3-PNA probe 
and counterstained with DAPI. Representative metaphase from tumor cells 
shows chromosomes with loss of telomeric signal at fusion points or at 
chromosome ends highlighted by arrows. Inset shows magnified image of 
Robertsonian chromosome with loss of telomeric signal at the fusion point. 
(C) Representative M-FISH staining shows Robertsonian fusions occurring 
randomly between multiple chromosomes in Fe-derived tumors. 
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Fe-derived tumors exhibit common patterns of chromosomal copy 

number variation. Clearly, the tumor-derived cells were significantly altered 

compared to mock-irradiated cells due to stochastic genomic changes induced by 

Fe ions, some of which, logically, were conducive to rapid tumor growth. Cells 

with such transforming genomic changes should have been selected for upon 

subcutaneous injection. We analyzed tumor-derived ex vivo cultures by array 

comparative genomic hybridization (aCGH) with the goal of identifying the 

common regions of deletion or amplification that would presumably harbor 

changes critical for tumorigenesis. Chromosomal copy number variation (CNV) 

within the tumor isolates is shown, with green bars representing amplifications 

and red bars representing deletions (Fig 3.4). Although both tumors had unique 

regions of deletion/amplification, there were also regions of CNV that were 

shared between the tumor samples and that might harbor genes important for 

particle-induced transformation: (i) a 13.9 megabase amplification of 

chromosome 2 (2qH1-qH3) harboring 160 genes, of which at least 17 are 

potential oncogenes; (ii) a 17.3 megabase amplification of chromosome 4 (4qD3-

qE2) harboring 268 genes, of which 8 are potential oncogenes; (iii) a 190 

kilobase deletion on chromosome 5 (5qA3) harboring a single gene with no 

reported role in tumor suppression; (iv) a 250 kilobase amplification of 

chromosome 8 (8qA2) harboring 4 genes, with no known oncogenes; (v) a 1.8 

megabase amplification of chromosome 9 (9qA5.1) harboring 10 genes, with one 
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potential oncogene; (vi) a 489 kilobase amplification of chromosome 17 (17qA1) 

harboring 6 genes, with no known oncogenes; and (vii) a 276 kilobase deletion 

on chromosome 4 (4qC4-qC5) harboring 2 genes, both with critical tumor-

suppressor functions  (see Appendix A for potential oncogenes in the amplified 

regions). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Common patterns of chromosomal copy number variation. 
Chromosomal map of regions of copy number variation (CNV) in tumor 
samples vs mock-irradiated cells derived by array comparative genomic 
hybridization (aCGH) and analyzed for DNA copy number changes using 
Nexus Copy Number Analysis software. The colored bands represent regions 
of amplification (green) or deletion (red) along each chromosome. The width 
of the band represents changes in either one or both samples. Red arrow 
marks the CDKN2A/CDKN2B locus. 
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Loss of p15/Ink4b is seen in tumors derived from Fe-irradiated 

Ink4a/Arf-/- astrocytes. Of these genomic alterations, we were particularly 

intrigued by the deleted region of chromosome 4 (4qC4-qC5) as there are only 2 

genes mapping to this region, CDKN2A and CDKN2B (Fig 3.5A) and our 

experiments involved irradiation of astrocytes derived from CDKN2A knockout 

mice (Serrano et al., 1996). Clearly, deletion of the entire region must have 

provided the cells with an additional tumorigenic advantage over and above that 

conferred by the loss of CDKN2A alone. The only other gene in the deleted 

region, CDKN2B, codes for the p15/Ink4b tumor suppressor protein that has been 

reported to assume a greater role in tumor suppression in the absence of 

p16/Ink4a (Krimpenfort et al., 2007). We obtained evidence for loss of the 

p15/Ink4b locus in all 12 ex vivo tumor cultures by PCR and this was confirmed 

by qPCR analyses of four tumor-derived cultures (Fig 3.5B). Loss of p15/Ink4b 

transcript and protein was confirmed by qRT-PCR (Fig 3.5B) and western 

analyses (Fig 3.5C), respectively, of four tumor-derived cultures. 

Immunofluorescent staining of four Fe-derived tumors showed major areas that 

were negative for p15/Ink4b staining (Fig 3.5C). Interestingly, the two gamma-

derived tumors were positive for p15/Ink4b and exhibited intense nuclear 

staining for this protein (Fig 3.5C). Retention of p15/Ink4b in the gamma-

derived tumors was confirmed by PCR and Western analyses (Fig 3.5B and C). 

These results independently confirm the importance of p15/Ink4b in tumor 
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suppression, especially in the absence of p16/Ink4a, and help explain why the 

entire CDKN2A/CDKN2B region is lost in many cancers (Cannon-Albright et al., 

1992; Lukas et al., 1995; Nobori et al., 1994). Given the striking differences in 

latency and frequency between high LET Fe- and low LET gamma-derived 

tumors, it is tempting to speculate that loss of p15/Ink4b might contribute to the 

reduced latency and increased frequency of Fe-derived tumors.  
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Figure 3.5. Loss of p15/Ink4b in tumors derived from Fe-irradiated cells. 
(A) Schematic of the CDKN2A/CDKN2B genomic region which encodes three 
tumor suppressors: p16/Ink4a, p19/Arf, and p15/Ink4b. Map represents the 
deleted region of chromosome 4 for two tumor samples (derived by aCGH 
and analyzed using Nexus software) showing the locations of CDKN2A and 
CDKN2B loci. (B) Loss of p15/CDKN2B locus was analyzed by PCR in 12 
different ex-vivo Fe-derived tumor cultures and the two γ-derived tumor 
cultures; PCR analysis of the PTEN tumor suppressor locus was carried out 
for comparison. Loss of p15/CDKN2B locus was confirmed by qPCR using 
genomic DNA from 4 different ex-vivo tumor cultures. Loss of p15/Ink4b 
transcript was quantified by qRT-PCR. Data was normalized to GAPDH 
levels. Error bars represent standard error of the mean. (C) Loss of p15/Ink4b 
protein was analyzed by western blotting of whole cells extracts from ex-vivo 
tumor cultures and by staining tumor sections with anti-p15/Ink4b antibody. 
Note intense nuclear staining of p15/Ink4b in γ-derived tumors and lack 
thereof in Fe-derived tumors. 

A 

B C 
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Re-expression of p15/Ink4b results in inhibition of tumor growth. In 

order to investigate the possible effects of p15/Ink4b on tumor growth, we re-

expressed V5-tagged human p15 in ex vivo cultures of Fe-derived, p15-null 

tumors (Fig 3.6A).  Tumor cells were transfected with pLenti6.3/p15-V5/DEST 

or with pLenti6.3/V5-GW/lacZ as a control. The Ink4 cell-cycle inhibitors exert 

their functions by binding to the cyclin-dependent kinases, CDK4 and CDK6 

(Kim et al., 2006). We first confirmed that the ectopically expressed p15 was 

functional and capable of binding both CDK4 and CDK6 by co-

immunoprecipitation (Fig 3.6B). Tumor cells (parental or p15-expressing) were 

then injected subcutaneously into nude mice and monitored for tumor formation. 

Although we did not observe a difference in tumor frequency, we observed a 

significant delay in the onset of tumor formation upon p15 re-expression (Fig 

3.6C). On average, tumors generated from the parental cells first became 

palpable after 6.58 ± 1.5 days (mean ± s.d.) whereas tumors from p15-expressing 

cells became palpable only after 19.17 ± 1.12 days. The difference in tumor 

growth curves was determined to be statistically significant using the 

Generalized Estimating Equations method (P value = 0.0039). Expression of p15 

in tumors derived from p15-expressing cells was confirmed by 

immunofluorescence staining (Fig 3.6D). In sum, these results indicate that p15 

loss may be a critical event in particle-induced tumorigenesis. 
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Figure 3.6. Inhibition of tumor growth upon re-expression of p15/Ink4b. 
(A) Ex-vivo cultures from Fe-derived, p15-null tumors were transfected with a 
lentiviral vector expressing V5-tagged human p15. Immunofluorescent 
images of parental and p15 re-expressing cells show negative and positive 
staining, respectively, using anti-V5-FITC conjugated antibody (green). 
Nuclei are stained with DAPI (blue). P15-null tumor cells are designated 
“parental” and tumor cells re-expressing p15 are designated “p15”. (B) 
Binding of ectopically-expressed p15 to CDK4/6 was demonstrated by 
immunoprecipitating p15 with an anti-V5 antibody and Western blotting the 
immunoprecipitates with anti-CDK4 and anti-CDK6 antibodies. Note co-IP of 
CDK4/6 from tumor cells re-expressing p15 but not from parental tumor cells. 
(C) Tumor development was monitored after subcutaneous injection of 
parental or p15-expressing tumor cells into nude mice. Representative picture 
of tumor-bearing mouse is shown. Note significant difference in tumor 
volume between “parental” and “p15” tumors at 23 days post-injection. 
Tumor volume (y-axis) was plotted against days post-inoculation (x-axis). 
Differences in tumor growth were determined to be statistically significant 
using the Generalized Estimating Equations method (P value= 0.001).  Tumor 
development frequencies show no difference and are indicated as “total 
tumors/total injections” (box). (D) Excised tumors were sectioned and stained 
with anti-p15 antibody. Note positive p15 staining in tumors derived from 
p15-expressing cells and lack thereof in tumors derived from parental cells.  
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DISCUSSION 

In this study, we evaluated whether complex DSBs that are repaired 

slowly and incompletely (those induced by high LET Fe ions) are more potently 

tumorigenic than simple breaks that can be repaired rapidly and completely 

(those induced by low LET gamma rays).  We hypothesized that Fe ions might 

generate a greater repertoire of genomic alterations compared to gamma rays 

that, in turn, might increase the likelihood of transforming genetic changes in the 

surviving cells. As wild type cells usually harbor a number of fail-safe 

mechanisms to prevent tumorigenesis, we used “sensitized” Ink4a/Arf-/- 

astrocytes (Serrano et al., 1996) that might be rapidly transformed by IR thus 

providing a simple yet sensitive paradigm for direct comparison of Fe ions with 

gamma rays. HZE particles are known to be more clastogenic than gamma rays 

(Durante et al., 2008), and a number of in vitro studies are testament to the 

transforming potential of these ions (Borek et al., 1978; Hei et al., 2001; Li et al., 

2007; Yang et al., 1997; Zhao et al., 2004). Yet, very few studies have directly 

assessed the tumorigenic potential of these ions except for the mouse Harderian 

gland studies carried out at the Lawrence Berkeley and Oak Ridge National 

Laboratories (Alpen et al., 1993; Fry et al., 1985); however, these studies did not 

analyze the genomic changes underlying tumor formation. In fact, genomic 

changes underlying IR-induced tumors are, in general, not well understood, 

except for radiation-induced thyroid cancers, where very specific gene 
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rearrangements involving the RET (rearranged during transfection) proto-

oncogene have been identified in humans (Volpato et al., 2008), and for IR-

induced medulloblastomas in Ptch+/- mice caused by loss of heterozygosity at 

the Ptch locus (Pazzaglia et al., 2006).    

Our study is a careful analysis of genetic events that might play a causal 

role in particle-induced tumorigenesis. Using our model system, we show that Fe 

ions are potently tumorigenic compared to gamma rays, and that the tumor-

derived cells are significantly genetically altered compared to the parental mock-

irradiated cells. Copy number variation analyses of the Fe-derived tumor samples 

by aCGH revealed common areas of amplifications and deletions. The amplified 

regions harbored a number of potential oncogenes (Appendix A), some of which 

could have contributed to cellular transformation in our model system, and these 

will be analyzed in future studies. In this study, we focused on a small deletion in 

chromosome 4 resulting in loss of p15/Ink4b. Corresponding deletions in humans 

(in chromosome 9p21) are very common in many cancers including 

glioblastomas, which are tumors originating from astrocytes (Cannon-Albright et 

al., 1992; Lukas et al., 1995; Nobori et al., 1994). The deleted region harbors the 

CDKN2A gene that codes for two very important tumor suppressors via alternate 

reading frames, Ink4a and Arf, which regulate the Rb and p53 tumor suppressor 

pathways, respectively (Fig 3.5A) (Kim et al., 2006). Deletion of this region in 

our model system was particularly intriguing as this occurred in cells that were 
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CDKN2A-/- to begin with, thereby indicating the importance of a second tumor 

suppressor gene in the deleted region, CDKN2B. In fact, it was first proposed by 

Bert Vogelstein that deletions in the 9p21 region are significantly more common 

than intragenic mutations in CDKN2A because of the presence of the neighboring 

gene CDKN2B, whose product (p15/Ink4b) might also play an important role in 

tumor suppression (Jen et al., 1994). Although the role of p16 as a bona fide 

tumor suppressor is well documented, the importance of p15 in tumor 

suppression remains less well understood. Indeed, it was only recently 

demonstrated that p15 performs a critical backup function for p16 and that cells 

compensate for loss of p16 by increasing the levels of p15 protein under 

conditions of stress (Krimpenfort et al., 2007). Our results provide independent 

verification of the important tumor suppressor function of p15/Ink4b, especially 

in the context of p16/Ink4a loss, by demonstrating that (i) additional loss of 

p15/Ink4b upon Fe irradiation provides a tumorigenic advantage to cells already 

deficient in p16/Ink4a, and (ii) re-expression of p15/Ink4b in tumor cells 

significantly delays tumor progression. The overall importance of the 

CDKN2A/2B locus is underscored by the following: (i) this region is deleted in 

many cancers including gliomas (Cannon-Albright et al., 1992; Lukas et al., 

1995; Nobori et al., 1994), (ii) common variations (single nucleotide 

polymorphisms; SNPs) in the CDKN2A/2B genes contribute to glioma 

susceptibility (Shete et al., 2009), and (iii) this locus is completely silenced in 
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induced pluripotent stem cells and embryonic stem cells (Li et al., 2009). Our 

results indicate that the CDKN2A/2B locus may be susceptible to deletion during 

particle-induced tumorigenesis thereby bolstering the role of this locus as an 

important barrier to carcinogenesis.  
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CHAPTER IV 
 

DNA double-strand breaks cooperate with Ink4a/Ink4b/Arf loss to generate 
high grade gliomas in transgenic mouse models  
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INTRODUCTION 
 

Glioblastoma multiforme (GBM; WHO grade IV astrocytoma) is a highly 

aggressive tumor, with extremely poor prognosis. Over the last two decades, 

significant insights into the molecular events underlying gliomagenesis have 

been gained. Most recently, large-scale integrated genomic analyses of GBM 

specimens by The Cancer Genome Atlas (TCGA) Research Network confirmed 

the importance of key genetic events occurring in three distinct signaling 

pathways commonly disrupted in human GBM: 1) receptor tyrosine kinase 

(RTK)/ phosphoinositide-3-kinase (PI3K) pathway, 2) p53 pathway, and 3) 

retinoblastoma (RB) pathway (TCGA, 2008; Cerami et al., 2010).  

More than 90% of human glioblastomas appear to be sporadic, without 

any known genetic predispositions (Krex et al., 2007, Louis et al., 2007). To date, 

the only established risk factor clearly and unequivocally linked to glioblastoma 

is ionizing radiation (IR). Extensive epidemiological evidence exists, primarily 

from pediatric and adolescent populations that have been exposed to therapeutic 

IR, showing elevated risk and incidence of brain tumors (Salvati et al., 2003; 

Cavin et al., 1990; Shapiro et al., 1989). Examples include children given 

irradiation to the scalp for the treatment of tinea capitis (Sadetzki et al., 2005; 

Ron et al., 1988), and pediatric patients receiving prophylactic cranial irradiation 

for treatment of leukemia or lymphoma (Neglia et al., 1991; Brustle et al., 1991). 

Importantly, a study carried out at the Ames Research Center showed that 3 out 
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of 10 monkeys exposed to high-energy protons and surviving 3-5 years post-IR 

developed glioblastomas (Haymaker et al., 1971). A report also exists of a single 

monkey developing glioblastoma 2.8 years after receiving irradiation to the 

spinal cord (Price et al., 1996). Based on substantial epidemiological evidence, 

radiation is accepted as the only known risk factor for developing GBM.  

 The genetic changes underlying radiation-induced transformation are not 

well understood in general. An exception is the case of radiation-induced thyroid 

cancers, where specific gene rearrangements involving the RET (rearranged 

during transfection) proto-oncogene have been identified (Volpato et al., 2008), 

and for radiation-induced medulloblastomas, modeled in Ptch+/- mice, where 

loss of the remaining allele is sufficient for tumorigenesis (Pazzaglia et al., 2006). 

Using Ink4a/Arf-null astrocytes in vitro, we previously demonstrated that 

complex DSBs induced by heavy particle-irradiation (high-LET) are refractory to 

repair and are more potently tumorigenic compared to simple breaks induced by 

gamma-rays (low-LET) that can be rapidly repaired, correctly or incorrectly, by 

mammalian cells. Importantly, we found Ink4b loss to be a critical event in 

tumorigenesis triggered by complex DSBs (Camacho et al., 2010). Here, we have 

used the Nestin-Cre (Isaka et al., 1999) transgenic mouse line to study the tumor 

suppressor functions of Ink4a/Ink4b/Arf and/or PTEN in logical combinations 

representing progressive steps towards gliomagenesis. We have elucidated how 
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the different tumor suppressor backgrounds cooperate with complex and 

persistent versus simple and transient DSBs in the development of GBM. 

 

MATERIALS AND METHODS 

Mice, tissue collection and tumor analyses. Mice were obtained from 

the Mouse Cancer Models Consortium and  maintained in a FVB/NJ and 

C57BL6 mixed background. Nestin-Cre, Ink4a/Arff/f, Ink4ab-/-;Arff/f and PTENf/f 

lines have all been previously described (Isaka et al., 1999; Krimpenfort et al., 

2001, Krimpenfort et al., 2007; Podsypanina et al., 1999). All procedures for 

mouse experiments were performed under protocols approved by the Institutional 

Animal Care and Use Committee of University of Texas Southwestern Medical 

Center. Irradiated mice were monitored daily and euthanized upon presentation 

of neurological symptoms. Symptomatic mice were perfused with 1X phosphate 

buffered saline (PBS). Brain tissue was sectioned coronally, tumor tissue isolated 

and immediately flash frozen for subsequent DNA/RNA preparations. When 

possible, tissue was also processed to generate ex vivo cultures. Tissue was also 

fixed by immersion in 4% paraformaldehyde (PFA), and either embedded in 

paraffin, or frozen for cryosectioning. Tumor classifications were assigned by a 

resident neuropathologist. 

Irradiations. Fe ions with a kinetic energy of 600 MeV/nucleon were 

provided by the National Aeronautics and Space Administration  Space 
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Radiation Laboratory at Brookhaven National Laboratory as previously 

described (Mukherjee et al., 2008). X-ray irradiations  were carried out using an 

X-RAD 320 irradiator (Precision X-Ray). Animals were anesthetized for 

immobilization using 240mg/kg Avertin and placed in beamline or irradiation 

chamber with collimators in place for head only irradiations.  

Immunofluorescence staining and western blotting. 

 Immunofluorescence staining of cells or tissue sections and western 

blotting of whole-cell extracts was performed as described (Mukherjee et al., 

2009). Antibodies used were anti-actin (Sigma, St Louis, MO), anti-γH2AX, 

anti-Olig2, anti-NeuN (Millipore, Billerica, MA), anti-Ki67 (Novocastra, 

Wetzlar, Germany), anti-Nestin (BD Pharmingen, San Diego, CA), anti-GFAP 

(Biocare Medical, Concord, CA), anti-phospho- Akt (Ser473), anti- phospho-

Erk1/Erk2(Thr202/Tyr204), anti-phospho-MET (Tyr1234/1235), anti-MET, anti-

phospho-S6-ribosomal protein (Ser235/235) (Cell Signaling, Beverly, MA), and 

anti-Sox2 (Abcam, Cambridge, MA). 

TUNEL staining. Peroxidase-based terminal deoxyribonucleotidyl 

transferase-mediated dUTP-digoxigenin nick and labeling (TUNEL) assay was 

performed according to the manufacturer's instructions using  FragEL DNA 

Fragmentation Kit  with colorimetric TdT-Enzyme (Calbiochem, Darmstadt, 

Germany) to detect fragmentation of DNA associated with apoptosis on 

formalin-fixed paraffin embedded tissue sections. 
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Nucleic acid preparation, quantitative PCR and quantitative reverse 

transcription-PCR. DNA or RNA were isolated from frozen tissues using the 

DNeasy Blood and Tissue Kit or RNeasy Mini Kit (Qiagen, Germantown, MD) 

following manufacturer’s protocol. For qRT-PCR, complementary DNA was 

synthesized using SuperScriptIII First Strand Synthesis System (Invitrogen, 

Carlsbad, CA). qPCR and qRT-PCR were carried out as described (Camacho et 

al., 2010).  

Array comparative genomic hybridization (aCGH). aCGH was carried 

out as previously described (Camacho et al., 2010) and data analyzed using 

Nexus Copy Number Analysis software (Biodiscovery, El Segundo, CA). To 

identify meaningful copy number variation (CNV) events, a systematic method 

called Genomic Identification of Significant Targets in Cancer (GISTIC) was 

used (Beroukhim et al., 2007). This method calculates a statistic (G score) that 

takes into account frequency of the occurrence and amplitude of the aberration, 

and also calculates statistical significance of each aberration. 

Fluorescence in situ hybridization (FISH). FISH was performed on 

formalin-fixed paraffin-embedded sections using standard slide preparation, 

protease treatment, permeabilization and hybridization methods at the Institute of 

Cancer Genetics, Irving Cancer Research Center, Columbia University Medical 

Center (Zijlmans et al., 1997). Bacterial artificial chromosome clone RP23-

73G15, which covers the mouse MET gene was used. 
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Cell culture. Primary murine astrocytes were isolated from Nestin-Cre; 

Ink4ab-/-/Arff/f 5-day old pups as described (Bachoo et al., 2002). Primary mouse 

astrocytes and ex vivo tumor cultures were all maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) containing 10% of a fetal bovine/newborn 

calf serum mixture or DMEM/F12 (with L-Glutamine, Invitrogen) medium 

containing glucose (0.3%), penicillin/streptomycin (50 mg/ml), Apo-Transferrin 

(0.1mg/ml), Progesterone (20 nM), sodium selenite (30 nM), putrescine (60mM), 

insulin (25 mg/ml),and 20 ng/ml EGF (all reagents from Sigma). Recombinant 

human HGF (R&D Systems, Minneapolis, MN) was used for activation of MET 

in ex vivo cultures. Cells were incubated at normal oxygen levels in a humidified 

37◦C incubator in the presence of 5% CO2.  

shRNA lentivirus production and infection. pLKO.1- scramble was a 

gift from David Sabatini (Addgene, Cambridge, MA; plasmid #1864), and 

pLKO.1-shMET was obtained from Open Biosystems (Hunstville, AL). Virus 

production was carried out using ViraPower Lentiviral Packaging Mix 

(Invitrogen, Carlsbad, CA), as specified by manufacturer. Cells were transduced 

with viral particles at a multiplicity of infection (MOI) of 2 with 4µg/ml 

polybrene. Cells were kept under selection using 2µg/ml puromycin. 
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RESULTS 
 

Generation and irradiation of transgenic mice. We generated 3 

transgenic mouse lines for this study. We crossed Nestin-Cre (Isaka et al., 1999) 

mice with previously described transgenic mouse lines, Ink4a/Arf f/f (Krimpenfort 

et al., 2001) or Ink4ab-/-;Arf f/f, which harbors germline inactivation of Ink4a and 

Ink4b, and conditional Arf alleles (Krimpenfort et al., 2007). Additional 

heterozygosity of PTEN (f/+) (Podsypanina et al., 1999) was bred into the 

Ink4ab-/-;Arff/f background. These three models, in a minimalistic way, represent 

progressive steps in gliomagenesis and based on our previously published work, 

we hypothesize that they may have heightened sensitivity to transformation by 

DNA double-strand breaks (Fig 4.1). Mice were irradiated with a single acute 

dose of 1 Gy Fe ions or 4 Gy X-rays. These doses were chosen based on our 

previously published in vitro data showing equal survival at these doses (Chapter 

III). Given the presence of germline mutations in our model systems, we 

irradiated the head only using special collimators to avoid possible 

transformation and tumorigenesis in more sensitive tissues. 
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Figure 4.1. Schematic of mouse models. Transgenic mouse lines were 
generated that harbor combinations of Ink4a/Ink4b/Arf and/or PTEN in logical 
combinations representing progressive steps towards gliomagenesis, with 
hypothesized heightened sensitivity to IR-induced transformation. 
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Persistent DNA damage abolishes proliferating cells in the SVZ. 

Nestin-Cre; Ink4ab-/-; Arf f/f mice, were irradiated with a single dose of 1 Gy Fe 

ions or 4 Gy X-rays, equitoxic doses based on in vitro colony formation assay 

(Chapter III). Short-term responses to these two qualities of radiation were 

examined. DNA damage was quantified in the two neurogenic niches, the 

subgranular zone (SGZ) and subventricular zone (SVZ), in the cortex and in 

astrocytes by looking at GFAP-positive cells. We find that DNA double-strand 

breaks induced by Fe particles are persistent in all regions of the mouse brain, 

with approximately 13% of cells harboring at least one γH2AX focus up to 1 

month post-IR.  In contrast, breaks induced after X-ray irradiation are efficiently 

repaired by 24 hrs, with only 3% of cells harboring DSBs at 1 month (Fig 4.2A 

and B). Although the cell-of-origin for GBM remains a matter of debate, many 

studies imply neural stem cells as the cell-of-origin. For that reason, we next 

examined the effect of radiation on proliferating cells of the SVZ.  High levels of 

apoptosis, as measured by TUNEL staining, were evident in both Fe- and X-ray 

irradiated brains 12 hrs post-irradiation. After 24 hrs, apoptotic cells were still 

detectable with both qualities of radiation, although higher levels after X-ray 

irradiation were noted (Fig 4.3A). Irradiation with Fe ions results in a significant 

decrease in the number of proliferating cells, as examined by immunostaining for 

Ki67, a proliferative marker. This decrease is permanent, evident by significant 
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loss of proliferation observed at 1 month post-IR and is in stark contrast to X-

rays, where proliferation resumes by day 7 (Fig 4.3B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 4.2. DNA damage in the adult mouse brain in response to Fe ions or 
X-rays. (A) Nestin-Cre; Ink4ab-/-; Arf f/f mice were irradiated with 1 Gy Fe ions 
or 4 Gy X-rays and DNA damage examined at indicated timepoints. DNA 
damage was visualized by staining for γH2AX (red); nuclei stained with DAPI 
(blue). (B) DNA damage was quantified in the cortex, SGZ, SVZ, and astrocytes 
(GFAP+) by counting the percentage of nuclei with at least 1 γH2AX focus (y-
axis) up to 1 month post-IR (x-axis). Note persistent lesions and higher 
percentage of γH2AX foci in Fe-irradiated brains. 
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Figure 4.3. Apoptosis and proliferation in the SVZ in response to Fe ions or 
X-rays. (A) Peroxidase-based TUNEL staining performed on brains at 12- and 
24 hr post-IR. High levels of apoptosis observed in the SVZ at 12hr in response 
to both Fe- and X-ray irradiation. At 24 hr, higher levels of apoptosis are 
observed after X-ray irradiation. (B) 1 Gy Fe or 4 Gy X-ray irradiated mice were 
sacrificed at indicated timepoints. Proliferation of cells in the SVZ was 
visualized by staining for Ki67 (green) and DNA damage visualized by γH2AX 
(red). Note the permanent loss of Ki67-positive cells after irradiation with Fe 
ions. 
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Combined inactivation of Ink4a/Ink4ab/Arf cooperates with DSBs 

inducing high-grade gliomas. Mice from all 3 tumor suppressor backgrounds, at 

6-10 weeks of age, were irradiated with a single dose of 1 Gy Fe ions or 4 Gy X-

rays. Mice were monitored post-irradiation for brain tumor development by 

examining clasp reflex, weight loss, and neurological symptoms such as seizure, 

ataxia, and/or paralysis. Brain tumor incidence observed at 8 months with loss of 

Ink4a and Arf alone was low after exposure to X-rays- 7.5% with an average 

latency of 180 days (Fig 4.4). No brain tumors have been observed thus far at 

approximately  5 months post-exposure to Fe ions. Importantly, the incidence of 

brain tumors increased significantly with additional loss of Ink4b, when 

monitored up to 9 months post-IR. Surprisingly though, high-grade gliomas (Fig 

4.5A) were induced in the Ink4a/Ink4b/Arf-null suppressor background with an 

incidence of 25% irrespective of the radiation quality (Fig 4.4). The average 

latency to acute-onset of neurological symptoms was very similar for Fe- and X-

ray irradiation, approximately 165 and 171 days. Animals with additional 

heterozygosity of PTEN have been observed up to 5 months post-irradiation. 

While loss of Ink4a/Ink4b/Arf alone was not enough to induce spontaneous brain 

tumors in mock-irradiated animals, additional PTEN heterozygosity results in a 

very low incidence of spontaneous tumors (2.5%). This incidence increases after 

X-ray irradiation, and more significantly upon exposure to Fe ions, although the 

final frequencies will be determined only after completion of the 9-month 
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observation period. Also, additional heterozygosity of PTEN appears to reduce 

the average tumor latency, especially after Fe ion irradiation. We conclude that 

the Ink4a/Ink4b/Arf tumor suppressor background is the most sensitive to 

radiation-induced gliomas, irrespective of the radiation quality. 

 All tumors were classified as high-grade gliomas (Grade III or IV), based 

on a range of histopathological features (Figure 4.5B). Tumors were highly 

infiltrative, and exhibited high mitotic activity, pleomorphic nuclei, apoptotic 

cells with some cases showing necrosis and/or microvascular proliferation (Fig 

4.5C). Tumors also stained positive for Nestin, GFAP and Olig2 (Fig 4.5D), 

classical human glioma markers, and showed elevated levels of phospho-Akt, p-

Erk, and Ki67, all indicative of oncogenic and pro-proliferative signaling (Fig 

4.5E). To rule out occult lesions, all brains from asymptomatic mice were 

screened by serial sectioning and examination of H&Es. No early lesions or 

hyperproliferative clusters of cells were identified. We here on focus primarily 

on analysis of tumors from Ink4a/Ink4b/Arf background since it resulted in the 

most significant incidence of tumor development with minimal extent of tumor 

suppressor loss. 
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Figure 4.4. Incidence of high-grade gliomas. (A) Table summary of glioma 
incidence and latency in different mouse models used. No tumors were observed 
in WT background, or in mock-irradiated Ink4a/Arf and Ink4a/Ink4b/Arf mice 
(n/a= not applicable). Note low incidence of tumor formation in the absence 
Ink4a/Arf alone while additional loss of Ink4b significantly raises the incidence 
to 25%, irrespective of IR quality (ND: Not determined; cohort has not reached 
9-month examination period) (B) Kaplan-Meier curves showing tumor free 
survival of mice from different genetic backgrounds; n= total number of mice 
irradiated; numbers in red indicate total number of gliomas observed. 
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Figure 4.5. Histopathological features of high-grade gliomas. (A) 
Representative Fe-irradiation induced brain tumor from mouse that became 
symptomatic 2 months post-IR compared to a normal mock-irradiated brain (also 
2 months post-IR). (B) Hematoxylin and eosin (H&E) section of representative 
brain harboring a glioma showing infiltrative nature and hypercellularity. (C) 
Tumors were classified as high-grade gliomas based on histopathological 
features including (i) high mitotic index, (ii) pleomorphic nuclei, (iii) apoptotic 
cells, (iv) necrosis and/or (v) microvascular proliferation. (D) 
Immunofluorescence staining of tumors for classical human glioma markers, 
Nestin, GFAP, NeuN and Olig2. (E) Tumors were also highly positive for pErk, 
pAkt and Ki67. 
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High frequency of MET amplification in radiation-induced gliomas. 

Analysis was carried out on 16 Fe- and 2 X-ray induced tumors by array 

comparative genomic hybridization (aCGH), which revealed complex patterns of 

copy number variations (CNVs). To identify the regions of CNV that are most 

likely to drive cancer pathogenesis, we applied the GISTIC statistical method to 

our collection of 18 tumor samples (Beroukhim et al., 2007). We identified 121 

genes with GISTIC scores >5 (see Appendix B). The most significant and 

frequent amplification (G score= 38.04), found present in 72.2% (13/18) of 

tumors examined, including Fe- and X-ray derived tumors, localized to a small 

region on Chr6A2, where MET was the only gene spanned by the peak of the 

CNV (Fig 4.6A). Of these, 61.5% (8/13) had amplifications spanning the entire 

MET locus, with log2 ratios typically above 3, implying more than 8 gene copies 

per cell (Fig 4.6B). Amplification of MET was verified by qPCR in 5 

representative tumors compared to tumors which showed no amplification (Fig 

4.6C). Other amplifications spanning RTKs implicated in glioma development 

were PDGFRβ and EGFR, found in  31.6% (6/18) and 16.6% (3/18) of tumors 

respectively. Log2 ratios for these two genes generally were between 0.5 and 1, 

indicating low copy amplification. Interestingly, we identified tumors with RTK 

co-amplification: 3/8 MET-amplified tumors harbored amplifications of 

PDGFRβ, including 1 tumor which also contained EGFR amplification (Fig 

4.7A). FISH was performed to evaluate extent of RTK amplification and tumor 
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heterogeneity. FISH analysis highly correlated with results obtained from aCGH, 

with exception of 1 case in which MET amplification could not be verified by 

FISH, and 1 in which amplification was not detected by aCGH. The pattern of 

amplification was predominantly of extrachromosomal double minute form (Fig 

4.7B). In most cases examined, the amplification of MET was uniform, with 

every tumor cell showing evidence of amplification. There were examples, 

however, of heterogeneous tumors, where only a subpopulation of tumor cells 

harbored the amplifications. Immunofluorescence staining of MET amplified 

tumors revealed focal regions of high MET expression, which did not always 

coincide with higher levels of phospho-ERK, phospho-AKT, or phospho-S6, 

again corroborating the existence of subclones with different RTK-dependencies 

(Fig 4.7C).  
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Figure 4.6. Frequent and significant amplification of MET in radiation-
induced gliomas. (A) aCGH schematic of MET locus showing region of 
amplification (blue lines) across 18 tumor samples examined. (B) Representative 
probe view of region neighboring MET locus showing log2 ratios (y-axis) of 
individual probes along the chromosome (x-axis). (C) MET amplification was 
verified in 5 representative tumors by qPCR compared to 3 non-amplified 
samples.  
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Figure 4.7. Co-amplification of RTKs. (A) Venn diagram showing the status of 
receptor co-amplification in 13 tumors. (B) FISH analysis showing amplification 
levels of MET (red). (C) Immunofluorescence staining of representative MET 
amplified tumor showing expression of MET and EGFR within the same tumor. 
Survey of downstream pathway activation by staining for pAkt, pS6, and pErk.  
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MET overexpression correlates with stem cell-like phenotype. We 

established ex vivo cultures of tumors from X-ray or Fe- irradiated Nestin-Cre; 

Ink4ab-/-;Arff/f mice. We screened the tumor cultures by examining protein levels 

of MET relative to primary Ink4ab/Arf-null astrocytes. We were unable to find a 

significant correlation between MET amplification and overexpression in culture. 

In fact, even though tissue sections were highly positive for MET (Fig 4.7C), 

most cultures showed barely detectable levels, indicating absence of selection 

pressure under in vitro culture conditions, similar to what is seen with EGFR and 

EGFRvIII in human samples (Bigner et al., 1990). Early passage cells from one 

representative tumor (ID #256) were injected subcutaneously into the flank of a 

nude mouse. The subcutaneous tumor obtained (#256 subcu) was found to have 

elevated levels of MET. We proceeded to generate a culture with high MET 

expression, which we infected with lentivirus expressing a scramble shRNA or 

an shRNA against MET (Fig 4.8A). Knockdown of MET correlated with 

significantly decreased levels of Sox2 (Fig 4.8A and B). Based on the essential 

role of Sox2 in sustaining growth and self-renewal of embryonic stem cells, we 

examined the ability of these cultures to grow in neural stem cell media. We 

found that high expression of MET associated with growth as an adherent culture 

in NSC media (Pollard et al., 2009), which was lost upon MET knockdown, 

indicative of MET supporting a stem cell-like phenotype (Fig 4.8C).  
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Figure 4.8. MET expression is associated with stem-like phenotype. (A) 
Western analysis of MET expression in cells infected with scramble shRNA (scr) 
or an shRNA against MET (shMET). (B) Immunofluorescent staining for MET 
(red) and Sox2 (green) in scramble versus MET knockdown cells. Note higher 
expression of MET in scramble cells and association with high levels of Sox2. 
(C)  Brightfield images of scr or shMET cells growing under full serum, NSC 
media, or in soft-agar. Note rounded morphology of scr cells in full serum, their 
growth as adherent culture in NSC media, and formation of spheres in soft-agar. 
(D) Immunofluorescent staining of MET-amplified tumor showing Nestin and 
Sox2 expression. 
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This high-expressing MET cell line was also capable of anchorage- independent 

growth, indicating that MET is also responsible for enhancing tumorigenicity of  

cells (Fig 4.8C). Immunostaining of MET positive tumor sections also revealed 

positive staining for Nestin, a stem cell marker, and Sox2 (Fig 4.8C). We 

conclude that MET expression in radiation-induced tumors may be responsible 

for maintaining a stem cell-like phenotype, which has important clinical 

implications. 

 

DISCUSSION 

Carcinogenesis is known to be a complex process, requiring multiple 

steps to initiate, promote, progress and maintain tumorigenesis. Ionizing 

radiation, through the induction of DNA DSBs, is extremely effective at 

promoting cell death, but breaks that are illegitimately repaired allowing cell 

survival, are responsible for chromosomal abnormalities and gene mutations, 

important events in the initiation of cancer (Wakeford, 2004; Little, 2000). 

In this study, we have examined the role of simple versus complex DNA 

double-strand breaks in the induction of high-grade gliomas, using genetically 

accurate tumor suppressor mouse models. Observations from our lab and others 

have shown that densely ionizing radiation (Fe ions) is more cytotoxic than 

sparsely ionizing radiation (X-rays or gamma-rays), due to more severe and 

complex chromosomal damage. However, difficulty in repairing high-LET 
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induced damage also results in larger proportions of persistent/unrepaired DSBs, 

or misrepaired DSBs, which can presumably increase the tumorigenic potential 

of irradiated cells (Camacho et al., 2010; Sage and Harrison, 2010). In vitro 

studies have clearly shown that limiting the persistence of a DSB reduces the 

frequency of repair pathways that lead to significant genetic loss, diminishing its 

mutagenic potential (Bennardo et al., 2009). 

Radiation-induced carcinogenesis in the context of GBM is extremely 

significant, given that IR is the only known risk factor for developing these lethal 

brain tumors. Loss of CDKN2A/B is speculated to be one of the earliest events in 

gliomagenesis (Attolini et al., 2010). Our results indicate that loss of these three 

tumor suppressors, Ink4a/Ink4b/Arf, is insufficient for gliomagenesis, but 

cooperate with DNA double-strand breaks to efficiently induce high-grade 

gliomas. Additional heterozygous loss of PTEN does not affect the incidence of 

brain tumors, but does shorten the latency to tumor formation, in agreement with 

other models suggesting a role for PTEN in tumor progression (Kwon et al., 

2008; Wei et al., 2006; Xiao et al., 2002). Importantly, we observe a significantly 

lower incidence of gliomas with loss of Ink4a and Arf alone, corroborating our 

previous work showing that loss of p15/Ink4b is a critical event in radiation-

induced transformation. Most surprising is the result that DSBs, whether simple 

or complex (resulting from X-ray or Fe- irradiation), are capable of generating 

high-grade gliomas after exposure to an acute, clinically-relevant dose in our 
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model systems. The results suggest the need to take greater caution when 

exposing an already susceptible population, such as cancer patients to radiation 

therapy. Indeed, the appearance of secondary malignancies in patients that have 

undergone radiation treatment is an emerging problem. 

A great advantage to our model is the fact that radiation-induced 

aberrations are stochastic. Radiation creates genomic instability allowing us to 

identify the key genetic changes which are most advantageous for transformation 

to take place. Without bias towards a particular oncogene, we have identified 

genomic aberrations with strong selective pressure in Ink4a/Ink4b/Arf- knockout 

tumors. Most striking of all is the recurrent amplification of the receptor tyrosine 

kinase MET, which has been observed in other mouse models of gliomagenesis 

(Chow et al., 2011) and is a well-known target of amplification and/or mutation 

in human GBM. MET amplification and/or mutation, causing protein 

overexpression has been reported in a number of human primary tumors and has 

strong clinical implications. Studies have demonstrated that only cell lines with 

amplification of MET gene are responsive to MET inhibition and early clinical 

trials using MET inhibitors are currently underway (Comoglio et al., 2008; 

Smolen et al., 2006; McDermott et al., 2007). Interestingly, recent studies have 

also shown that MET gene amplification is a mechanism by which tumors 

acquire resistance EGFR inhibitors (Engelman et al., 2007). This is the case in  

non-small cell lung cancer, where MET expression plays a key role in mediating 
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acquired resistance to EGFR inhibitors, suggesting the need for combined 

therapies to provide therapeutic benefit (Jun et al., 2011; Turke et al., 2010). 

Combination therapy may be especially important in GBM, which has an innate 

ability to develop resistance to targeted drug therapies, very likely due to the 

presence of tumor subclones harboring different gene amplifications that allow 

for diverse RTK-dependencies, as observed in our model.  

GBM resistance to drug therapies and recurrence has also been attributed 

to the presence of neoplastic stem-like cells, better known as glioblastoma stem 

cells. While the bulk of the tumor can be targeted with conventional therapies, a 

resistant stem-like population of tumor cells survive that are responsible for 

tumor repopulation (Wee et al., 2011, Dirks, 2006). Studies have shown that 

MET activation enhances both resistance to DNA damage and tumor-initiating 

capacity of human glioma lines, properties of stem cells (Li et al., 2005; Laterra 

et al., 1997; Koochekour et al., 1997). Notably, a recent study has implicated that 

MET signaling induces a reprogramming network that supports the glioblastoma 

stem-like phenotype (Li et al., 2011). Li et al., showed that MET signaling is 

activated in GBM-derived neurospheres, and is capable of regulating Sox2, c-

Myc, Klf4, Oct4, and Nanog expression, expanding the population of stem-like 

cells. Our observations that MET expression correlates with high expression of 

Sox2 and the ability to grow in neural stem cell media and as anchorage-

independent colonies (properties of stemmness) are in line with these studies. 
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The clinical implication is that inhibitors of MET signaling might be useful in 

targeting these so called glioblastoma stem cells. 

In conclusion, the mouse models of radiation-induced gliomagenesis 

presented here are genetically accurate models, where stochastically acquired 

mutations lead to a spectrum of genomic aberrations and histopathological 

features commonly observed in human GBM, making them a useful tool for 

testing preclinical therapeutics. 
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CONCLUSIONS AND FUTURE DIRECTIONS 

 

The work presented here is the first attempt to systematically evaluate the 

cooperativity between simple or complex DSBs and tumor suppressor loss that 

results in cellular transformation and ultimately, tumorigenesis. Carcinogenesis is 

known to be a complex process, requiring multiple steps to initiate, promote, 

progress and maintain tumorigenesis. Ionizing radiation, through the induction of 

DSBs, is extremely effective at promoting cell death, but breaks that are 

illegitimately repaired allowing cell survival, are responsible for chromosomal 

abnormalities, gene mutations and rearrangements, important events in the 

initiation of cancer (Wakeford, 2004; Little, 2000). In essence, this work 

demonstrates that radiation-induced DNA double-strand breaks can cooperate 

with pre-existing tumor suppressor loss to trigger high-grade gliomas in 

‘sensitized’ mouse models that are not normally prone to gliomagenesis.  The use 

of these ‘sensitized’ models allows for rapid evaluation of how loss of specific 

tumor suppressors contributes to tumor initiation in combination with DNA 

damage. 

In response to DSBs, mammalian cells activate a network of signaling 

pathways that collectively execute the so called DNA damage response (DDR). 

Activation of this pathway results in transient cell cycle arrest, allowing time for 

the cell to repair the damage. However, if the damage is too severe, the cell can 

undergo programmed cell death (apoptosis) or enter permanent cell cycle arrest, 
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termed senescence. Activation of the DDR has therefore been postulated to be an 

anti-cancer barrier (Zhou and Elledge, 2000; Bartkova et al., 2005). Proper repair 

of DSBs is essential to ensure faithful transmission of the genetic material and 

maintenance of genomic stability. The presence of complex DSBs, such as those 

induced by heavy particles, increases the risk of mutagenic events. Even if the 

cell is able to process and repair complex lesions, misrepair can be more 

detrimental to the cell in terms of tumorigenesis than unrepaired lesions, which 

would result in cell death or senescence. The misrepair of complex DSBs might 

allow for cell cycle to resume and mitosis to take place, facilitating genome 

instability in the progeny of irradiated cells. This may account for the secondary 

phase of activation of the DDR observed in normal human skin fibroblasts at 3 

days post heavy particle irradiation (Chapter II). Based on this study and 

published reports, the initial fast kinetics of repair observed within the first 30 

minutes of irradiation rely on the NHEJ pathway for repair (Mladenov and Iliakis, 

2011). More complex DSBs are repaired with slower kinetics and have been 

shown to rely heavily on ATM (Goodarzi et al, 2008; Magnander and Elmroth, 

2012). Blocking ATM or DNA-PK however, does not abrogate repair completely, 

suggesting the involvement of the signaling kinase ATR, and other repair 

pathways, such as HRR or back-up NHEJ. The increased chromosomal 

instability and tumorigenic potential of cells irradiated with heavy particles 

favors NHEJ and or back-up NHEJ, the most error-prone repair processes.  
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A significant discrepancy was observed between our in vitro and in vivo 

models in terms of transformation rates observed after gamma (or X-ray) 

irradiation or Fe irradiation (Chapters III and IV). While the tumorigenic 

potential of Fe ions was greater compared to gamma-rays in an in vitro system 

(refer to Fig 3.2), no difference was observed in our Ink4a/Ink4b/Arf mouse 

model (refer to Fig 4.4). For transformation to take place in these “sensitized” 

model systems, there are two basic requirements: a mutagenic event and cell 

viability. In other words, there has to be a balance between a mutagenic event 

that enhances fitness/confers selective advantage and cell survival (cell must be 

able to propagate the genetic alterations). In the case of Fe ions, there is a 

possibility that with such a high burden of complex DNA damage, the repair 

machineries become saturated. With the inability to repair the damage the 

balance tips toward cell death or cell cycle arrest. Indeed, proliferation is more 

severely reduced in response to Fe ions in the SVZ when compared to X-ray 

irradiation (refer to Fig 4.3). Transformation then might be described by a 

normal distribution curve, with transformation rate on the y-axis and radiation 

dose on the x-axis. As the dose increases, so does transformation rate, leading to 

a peak at which point higher doses tip the balance towards cell death and/or cell 

cycle arrest and transformation rate decreases. I speculate therefore, that at 1 Gy 

of Fe ions, we may be past the peak of transformation rate. Examining the 
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transformation rates with lower doses of Fe ions would help to clarify these 

conflicting observations. 

The Ink4-Arf locus encompasses a short stretch of only 35 kilobases in 

the mouse and human genome. It encodes three very important tumor 

suppressors: Ink4a, Ink4b and Arf. Given their significant roles in regulating RB 

and p53 (genes with important functions in carcinogenesis), it is not surprising 

that the entire locus is commonly deleted in many cancers. In fact, it is postulated 

that loss of this locus is an early event in multi-step process of cancer (Yasaei et 

al., 2012; Attolini et al., 2010). Loss of all three genes by a single deletion event 

has raised questions about the role of each in tumor suppression. Inactivating 

point mutations in Ink4a have been identified in human cancers, and germline 

deletion predisposes mice to spontaneous tumors, making Ink4a a bona fide 

tumor suppressor (Kim and Sharpless, 2006; Sharpless et al., 2001). Mutations 

targeting Ink4b though, are far less common and very few studies have examined 

the effect of Ink4b loss on tumorigenesis. Notably, a recent study carried out by 

Krimpenfort et al., clearly shows that Ink4b compensates for Ink4a loss, playing 

a very crucial ‘back-up’ role for Ink4a (2007). 

Using our models with different combinations of these tumor suppressors, 

we reinforce the role of Ink4b in tumor suppression. In vitro, loss of Ink4b 

accompanies tumorigenesis triggered by complex DSBs in the context of 

Ink4a/Arf-null astrocytes. In vivo, we find that irrespective of the radiation 
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quality, the incidence of gliomas with loss of Ink4a and Arf alone is significantly 

lower when compared to the incidence in Ink4a, Ink4b and Arf-deficient mice. It 

is important to clarify, however, that loss of Ink4b alone is not a transforming 

event, given that our Ink4a/Ink4b/Arf mouse model does not spontaneously 

develop gliomas. Also supporting this point is the observation that re-expression 

of Ink4b in tumors is not sufficient to block tumorigenic potential of cells, rather 

it only serves to modulate tumor growth (refer to Fig 3.6). More accurately, loss 

of Ink4b facilitates initiation, creating an environment that is permissive to 

transformation by an oncogenic insult (refer to potential oncogenes in 

Appendices A and B). It remains to be seen if Ink4b loss occurs in Ink4a/Arf-

null tumors in vivo.  

An interesting observation regarding Ink4-Arf regulation is the fact that 

this locus is silenced in stem cells, but becomes more responsive in differentiated 

progenitors (He et al., 2009). The locus is also silenced in somatic cells through 

induced iPS (induced pluripotent stem) reprogramming (Li et al., 2009). The 

implication is that with loss of these tumor suppressors, cells gain a greater 

potential for ‘stemmness.’ In fact, one important question remains as to the cell-

of-origin for gliomas in our model system. The specific cell-of-origin in human 

gliomas is unclear. There are three plausible candidates, a differentiated glial cell, 

a restricted progenitor cell, or an adult neural stem cell, either one acquiring 

genetic mutations that allow for transformation and tumor initiation and 
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progression (Rankin et al., 2011; Wee et al., 2011). Although many of the tumors 

obtained from the various genetic backgrounds were adjacent to proliferative 

niches (Fig 4.5B), we cannot say with certainty that these tumors generated from 

a true stem cell. In order to identify the cell-of-origin, more sophisticated mouse 

models must be employed. By using Nestin-Cre (Isaka et al., 1999) for targeting 

gene deletion, we have induced widespread tumor suppressor loss, maximizing 

the number of targets for radiation-induced transformation. Ideally, spatial and 

temporal conditional targeting using inducible Cre expression would facilitate a 

more accurate identification of the cell-of-origin.  

We can conclude that loss of Ink4a/Ink4b/Arf is an important initiating 

event (further confirmed by recently published work by Yasaei et al., 2012) and 

exposure to ionizing radiation promotes the acquisition of secondary mutations 

needed to drive tumorigenesis. This goal of this work was to identify those 

secondary events by using genomic and gene-expression analyses. These 

methods generate a substantial amount of data, but the biggest challenge is to 

carefully distinguish the ‘driver’ mutations, those that confer a biological 

advantage, from ‘passenger’ mutations, the random somatic events that confer no 

selective advantage (Beroukhim et al., 2007). A secondary driver mutation would 

be the activation of an oncogene, such as the receptor tyrosine kinase MET, 

which we observe in our mouse models. MET was found to have transforming 

potential when it was first identified in an osteosarcoma cell line as a fusion 
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protein with TRP (Translocated Promoter Region) (Cooper et al., 1984). 

Constitutive MET activation (by gene amplification, activating mutations, or 

transcriptional upregulation) has now been reported in variety of human primary 

tumors. In some cases, MET amplification is found to be required to maintain the 

transformed phenotype, in others MET appears to be a secondary event that 

influences later stages of neoplastic progression (Comoglio et al., 2008; 

Trusolino et al., 2010). In our model systems, amplification of MET was 

identified in tumors that were analyzed at the time of morbidity (late-stage), so 

we can only speculate on the sequence of events in the cancer’s natural history. 

It’s interesting that in some of our radiation-induced gliomas, the pattern of 

amplification is heterogeneous, with only a subset of tumor cells showing 

evidence of amplification, indicating that it was a late event. However, tumors 

with very uniform patterns of amplification, indicating an early event were also 

obtained.  

High-level amplification of MET has been observed in a Brca1/Trp53 

mouse model of mammary tumorigenesis (Smolen et al., 2006), and in a GFAP-

CreERTM; PTEN
f/f

; p53
f/f

; RB
f/f

 model of gliomagenesis (Chow et al., 2011). In 

the case of breast cancer, upon examination of 100 sporadic human breast cancer 

samples, no high-level MET amplification was found (Smolen et al., 2006). 

Amplification of MET is a very relevant genetic event occurring in 

approximately 4% of human glioblastomas, granted a much lower frequency 
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when compared to other RTKs such as EGFR and PDGFRα.(TCGA, 2008). 

Again, there is a discrepancy between the human data and mouse models of 

gliomagenesis in regards to the amplitude of MET amplification. Apart from the 

lower frequency observed in human GBM samples, these amplifications do not 

occur at such high amplitudes as that observed in our mouse models. These 

differences may be due to the exposure to ionizing radiation, although this would 

not explain why such high levels of amplification are also observed in the GFAP-

CreERTM; PTEN
f/f

; p53
f/f

; RB
f/f

 model (Chow et al., 2011). Most likely, this is 

attributed to species-specific susceptibilities of MET locus to rearrangements. 

This is a limitation with using mouse models, and the results suggest that caution 

be used in extrapolating genetic pathways from mouse to human. Regardless, the 

amplitude and frequency of MET amplification in our model argues for a 

prominent role of MET in radiation-induced gliomagenesis. It is plausible that 

the number of human glioblastomas with MET amplification is underrepresented 

given the genetic heterogeneity that is characteristic of this tumor type. A tumor 

may harbor a small subpopulation of cells with MET amplification that would 

fail to be detected by SNP (single nucleotide polymorphism) arrays due to 

dilution of the sample. Careful functional studies should be carried out in the 

future to examine the role MET in tumorigenesis. For example, in vitro 

experiments should be carried out to test the transforming potential of MET in 

Ink4a/Ink4b/Arf- null astrocytes. Our preliminary results (Fig 4.8) indicate that 
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MET signaling is playing an important role in maintaining a stem-cell like state, 

and enhancing tumorigenesis which has clinical implications. On the other hand, 

with many early phase clinical trials currently underway, the effects of MET loss 

of function, either by knockdown or chemical inhibition, on tumor growth should 

also be carefully studied. The models presented here accurately recapitulate the 

pathogenesis of GBM, making them a useful tool for testing these preclinical 

therapeutics. 

 With the available genomic and gene-expression data that has 

been gathered from these radiation-induced tumors, a next step would be to 

compare to what extent these tumors recapitulate gene expression subclasses of 

human glioblastoma. Two groups, using whole transcriptome analysis, identified 

four subclasses of GBM, classical, neural, proneural, and mesenchymal (Phillips 

et al., 2006; Verhaak et al., 2010). Comparing gene-expression signatures from 

our models to these subclasses, will allow us to understand whether radiation-

induced gliomagenesis is fundamentally similar to that occurring spontaneously, 

both in mouse models and in human patients. 
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APPENDIX A 
 

Candidate oncogenes in common regions of CNV  
 
Chrom 2 Gain: (qH1-qH3)    Length of amplification: 13866346bp                

Gene 
Symbol 

Name Reference 

Src  Rous sarcoma oncogene  Activation promotes tumor progression 
and invasion (Lu et al, Kim et al)  

Nnat  neuronatin  Overexpression increases proliferation 
and soft agar colony formation and size 

(Siu et al)  
Mafb  v-maf musculoaponeurotic 

fibrosarcoma oncogene 
family, protein B (avian)  

Overexpressed in human cancers 
(Eychene et al)  

Serinc3  serine incorporator 3  TDE1: accelerates tumor formation 
(Bossolasco et al)  

Ada  adenosine deaminase  Increased activity in gastric cancer tissue 
(Gocmen et al)  

Tomm3
4  

translocase of outer 
mitochondrial membrane 34 

Upregulated in colorectal tumors 
(Shimokawa et al)  

Slpi  secretory leukocyte 
peptidase inhibitor  

Overexpression associated with 
aggressive, hish-risk, or metastatic cancer 

(Bouchard et al)  
Wfdc2  WAP four-disulfide core 

domain 2  
Gene amplified in ovarian carcinomas 

(Hellstrom et al)  
Ube2c  ubiquitin-conjugating 

enzyme E2C  
Overexpressed in astrocytic tumors (Jiang 

et al)  
Mmp9  matrix metallopeptidase 9  Expression correlates with glioma 

progression (Levicar et al)  
Cdh22  cadherin 22  Overexpression is associated with tumor 

progression (Zhou et al)  
Eya2  eyes absent 2 homolog 

(Drosophila)  
Increased expression in lung 
adenocarcinoma (Guo et al)  

Ncoa3  nuclear receptor coactivator 
3  

Frequently overexpressed in human 
cancers;Involved in cell cycle deregulation 

(Louie et al)  
Prex1  phosphatidylinositol-3,4,5-tr

isphosphate-dependent 
Rac exchange factor 1  

Promotes prostate cancer metastasis (Qin 
et al)  

Ptpn1  protein tyrosine 
phosphatase, non-receptor 

type 1  

Promotes transformation (Stuible et al) 

Sall4  sal-like 4 (Drosophila)  Constitutively expression in acute 
lymphoblastic leukemia (Cui et al)  
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Cyp24a
1  

cytochrome P450, family 
24, subfamily a, polypeptide 

1  

Overexpressed in colorectal cancer 
(Horvath et al)  

  
  
  
Chrom 4 Gain: (qD3-qE2)        Length of Amplification: 17296787bp           
Gene 
Symbol  

Name  Reference  

Epha2  Eph receptor A2  RTK: overexpression in high grade glioma 
(Liu et al, Wykosky et al)  

Spen/Sharp  SPEN homolog, 
transcriptional 

regulator (Drosophila) 

Positive regulator of Wnt-dependent 
signaling; elevated in cancer  

(Feng et al)  
Ptchd2  patched domain 

containing 2  
DISP3: Expressed in brain tumor   

(Katoh et al)  
Angptl7  angiopoietin-like 7  Target of Wnt signaling; upregulate 

angiogenesis (Katoh et al)  
Mtor  mechanistic target of 

rapamycin 
(serine/threonine 

kinase)  

Involved in regulation of cell growth and 
proliferation (Liu et al, Engelman)  

Pik3cd  phosphatidylinositol 
3-kinase catalytic delta 

polypeptide  

Induces transformation in cultured 
cells;constitutively activates Akt signaling 

pathway  
 (Kang et al, Wee et al)  

Ski  ski sarcoma viral 
oncogene homolog 

(avian)  

Induces transformation upon 
over-expression (Deheuninck and Lou)  

Dvl1  dishevelled, dsh 
homolog 1 (Drosophila) 

Component of Wnt signaling pathway  
 (Wharton, Wei et al)  

 
 
 
Chrom 9 Gain: (qA5.1)   Length of Amplification: 1811504bp  
Gene 
Symbol  

Name  Reference  

Trim29  tripartite 
motif-containing 29  

Elevated expression in invasive pancreatic 
cancers and precursor lesions (Wang et al)  
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APPENDIX B 
 

GISTIC Genes With G-Score >5 
 

Gene Symbol Chromosome Name 
BC145376 chr1   
Itln1 chr1 intelectin 1 (galactofuranose binding) 
Cd244 chr1 CD244 natural killer cell receptor 2B4 
Ttn chr2 titin 
AK086312 chr2   
Ttn chr2 titin 
Olfr1036 chr2 olfactory receptor 1036 
Gm14403 chr2 predicted gene 14403 
Sprr2a1 chr3 small proline-rich protein 2A1 
Sprr2a2 chr3 small proline-rich protein 2A2 
DQ697944 chr4   
DQ568775 chr4   
DQ550824 chr4   
Skint4 chr4 selection and upkeep of intraepithelial T cells 4 
Skint3 chr4 selection and upkeep of intraepithelial T cells 3 
Skint9 chr4 selection and upkeep of intraepithelial T cells 9 
Skint5 chr4 selection and upkeep of intraepithelial T cells 5 
2610528J11Rik chr4 RIKEN cDNA 2610528J11 gene 
Tmem125 chr4 transmembrane protein 125 
Wdr65 chr4 WD repeat domain 65 
Gm17019 chr5 predicted gene 17019 
Gm9758 chr5 predicted gene 9758 
Speer8-ps1 chr5 spermatogenesis associated glutamate (E)-rich 

protein 8, pseudogene 1 
Speer7-ps1 chr5 spermatogenesis associated glutamate (E)-rich 

protein 7, pseudogene 1 
Speer4d chr5 spermatogenesis associated glutamate (E)-rich 

protein 4d 
BC061212 chr5 cDNA sequence BC061212 
AU018829 chr5 expressed sequence AU018829 
Met chr6 met proto-oncogene 
TCRB13-1-1 chr6   
Tcrb chr6 T-cell receptor beta chain 
TCRB chr6 T-cell receptor beta chain 
TCR-beta chain chr6   
Z12226 chr6   
Cntnap2 chr6 contactin associated protein-like 2 
AK018905 chr6   
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AK019592 chr6   
Klra5 chr6 killer cell lectin-like receptor, subfamily A, 

member 5 
Klra21 chr6 killer cell lectin-like receptor subfamily A, 

member 21 
Klra8 chr6 killer cell lectin-like receptor, subfamily A, 

member 8 
CH29-493D4.3 chr6   
Klra14 chr6 killer cell lectin-like receptor subfamily A, 

member 14 
Klra9 chr6 killer cell lectin-like receptor subfamily A, 

member 9 
Ly-49W chr6   
Klra12 chr6 killer cell lectin-like receptor subfamily A, 

member 12 
Klra18 chr6 killer cell lectin-like receptor, subfamily A, 

member 18 
Ly49A chr6   
Klra22 chr6 killer cell lectin-like receptor subfamily A, 

member 22 
Klra15 chr6 killer cell lectin-like receptor, subfamily A, 

member 15 
Lilrb3 chr7 leukocyte immunoglobulin-like receptor, 

subfamily B (with TM and ITIM domains), 
member 3 

Pirb chr7   
Pira2 chr7 paired-Ig-like receptor A2 
AK137448 chr7   
Pira7 chr7 paired-Ig-like receptor A7 
Gm14548 chr7 predicted gene 14548 
Pira4 chr7 paired-Ig-like receptor A4 
Pira11 chr7 paired-Ig-like receptor A11 
Pira1 chr7 paired-Ig-like receptor A1 
Cyp2b13 chr7 cytochrome P450, family 2, subfamily b, 

polypeptide 13 
Ipw chr7 imprinted gene in the Prader-Willi syndrome 

region 
Snord116 chr7 small nucleolar RNA, C/D box 116 cluster 
Snord116l1 chr7 small nucleolar RNA, C/D box 116-like 1 
Snord116l2 chr7 small nucleolar RNA, C/D box 116-like 2 
Snord116 chr7 small nucleolar RNA, C/D box 116 cluster 
Trim34 chr7 tripartite motif-containing 34A 
Trim34a chr7 tripartite motif-containing 34A 
Trim5 chr7 tripartite motif-containing 5 
Trim12a chr7 tripartite motif-containing 12A 
Trim12 chr7 tripartite motif-containing 12A 
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AK085986 chr7   
Trim30d chr7 tripartite motif-containing 30D 
Trim30e-ps1 chr7 tripartite motif-containing 30E, pseudogene 1 
EG625321 chr7 tripartite motif-containing 30E, pseudogene 1 
Mrgprf chr7 MAS-related GPR, member F 
Mrgprd chr7 MAS-related GPR, member D 
Gm15308 chr8 predicted gene 15308 
AK006380 chr8   
Wwox chr8 WW domain-containing oxidoreductase 
H60b chr10 histocompatibility 60b 
Raet1a chr10 retinoic acid early transcript 1, alpha 
Raet1b chr10 retinoic acid early transcript beta 
Raet1c chr10 retinoic acid early transcript gamma 
AK080063 chr10   
AK153639 chr10   
C920009B18Rik chr10 RIKEN cDNA C920009B18 gene 
Raet1d chr10 retinoic acid early transcript delta 
Nlrp1b chr11 NLR family, pyrin domain containing 1B 
Tmem92 chr11 transmembrane protein 92, pseudogene 
Tmem92-ps chr11 transmembrane protein 92, pseudogene 
abParts chr12   
X73024 chr12   
Gm10324 chr13 predicted gene 10324 
AK041589 chr14   
AK086039 chr14   
AK202488 chr14   
Gm10394 chr14 predicted gene 10394 
Ang3 chr14 angiogenin, ribonuclease A family, member 3 
Ang5 chr14 angiogenin, ribonuclease A family, member 5 
Ang6 chr14 angiogenin, ribonuclease A family, member 6 
Gm5622 chr14 predicted gene 5622 
BC117090 chr16 cDNA sequence BC1179090 
Tmem181a chr17 transmembrane protein 181A 
Dynlt1e chr17 dynein light chain Tctex-type 1E 
Tulp4 chr17 tubby like protein 4 
H2-T22 chr17 histocompatibility 2, T region locus 22 
H2-T10 chr17 histocompatibility 2, T region locus 10 
H2-t9 chr17 histocompatibility 2, T region locus 9 
Gm6034 chr17 predicted gene 6034 
Gm7030 chr17 predicted gene 7030 
AK161769 chr17   
2410017I17Rik chr17 RIKEN cDNA 2410017I17 gene 
Gm8909 chr17 predicted gene 8909 
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Gm6623 chr17 akirin 1 pseudogene 
Olfr137 chr17 olfactory receptor 137 
Olfr136 chr17 olfactory receptor 136 
Mir717 chrX microRNA 717 
Gpc3 chrX glypican 3 
Gm15127 chrX predicted gene 15127 
Cnksr2 chrX connector enhancer of kinase suppressor of Ras 

2 
Ube1y1 chrY ubiquitin-activating enzyme E1, Chr Y 1 
Zfy1 chrY zinc finger protein 1, Y linked 
Rbmy1a1 chrY RNA binding motif protein, Y chromosome, 

family 1, member A1 
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