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Abstract 

Approximately half of all cancer patients will receive radiation as part of their 

treatment regimen in either a palliative or curative setting. Conventionally, radiation 

therapy has been administered to patients in small 1.8-2 Gy daily fractions over the span 

of 1 to 2 months. However, advances in treatment planning and radiation delivery 

methods have enabled tumors to be irradiated with a small number of large radiation 

doses between 15 and 24 Gy. This innovative radiation delivery method has been 

employed for the treatment of various cancers, resulting in improved rates of local 

control. However, the mechanism mediating enhanced tumor eradication with high 

dose radiation therapy remains elusive. Some studies have suggested that the tumor 

vasculature is functionally damaged or destroyed following high doses of radiation, 

resulting in a second wave of tumor cell killing due to the depletion of nutrients. Other 

studies suggest that although high doses of radiation may disrupt the tumor 

vasculature, this phenotype is not a critical regulator of the enhanced rates of local 

control obtained with high dose radiation therapy. A better understanding of the 

mechanisms by which high radiation dose per fraction improves the efficacy of radiation 

therapy will help to develop strategies to improve patient outcomes.  

To dissect the critical cellular target(s) of radiation therapy that regulates tumor 

response, we utilized genetically engineered mouse models of soft tissue sarcoma, non-
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small cell lung cancer, and brainstem glioma to manipulate the radiosensitivity of 

various cellular compartments. Dual recombinase technology enabled the deletion of the 

DNA damage response gene Atm in tumor endothelial cells. In primary sarcomas, 

radiosensitization of the tumor vasculature by disruption of ATM signaling resulted in 

improved tumor growth delay, but not rates of local control in response to radiation. 

The radiosensitization of endothelial cells did not improve tumor radiation responses in 

primary models of lung cancer and brainstem glioma. In stark contrast, deletion of Atm 

within the tumor parenchymal cells specifically resulted in improved radiation therapy 

outcomes in all three mouse models. Interestingly, loss of Atm was only able to improve 

tumor outcome after radiotherapy in brainstem gliomas lacking p53 which has potential 

significance for the translation of ATM inhibitors into the clinic. Together, these results 

identify tumor parenchymal cells, rather than endothelial cells, as the critical targets that 

promote tumor response to radiation therapy.  
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1. Introduction  

Human cancer develops in an intricate tissue environment, consisting of many 

stromal cells including endothelial cells, fibroblasts, and immune cells. The tumor 

microenvironment is defined by interactions between tumor parenchymal cells and non-

transformed stromal cells, many of which are pro-tumorigenic (1). These critical 

interactions regulate many aspects of tumor biology, including disease progression, 

response to therapy, and metastasis (2). Thus, genetically engineered mouse models are 

essential for the study of cancer biology, radiation biology, and the preclinical 

assessment of cancer therapeutics, as tumors develop in the native microenvironment in 

concert with stromal cells and an intact immune system (3).  

Approximately half of all cancer patients receive radiation as part of their 

treatment regimen and many are treated with curative intent (4). However, normal 

tissue toxicity often limits the radiation dose that can be safely delivered to the tumor, 

thereby reducing the probability of achieving tumor eradication (5). Numerous 

strategies for improving tumor cell radiosensitivity have been tested in preclinical 

models and the clinic in an attempt to widen the therapeutic window for radiation 

therapy (6).  Although stromal cells, such as the tumor vasculature, contribute to normal 

tissue toxicity (7), their role in the response of tumors to radiation remains controversial 

(8-10).  
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1.1 Factors Regulating Cellular Radiosensitivity 

In order to improve the efficacy of radiation therapy by sensitizing tumor cells or 

protecting normal tissue, it is essential to understand the various factors that contribute 

to radiation response. Physical variables, including the radiation dose deposited, the 

type of radiation, dose fractionation, and even temperature play a critical role in 

regulating radiation-induced cell killing. Additionally, chemical factors can modulate 

radiosensitivity, enabling the use of pharmacological agents to radiosensitize or protect 

specific tissues. Furthermore, the contribution of oxygen to the radiation response has 

been well studied as it is required for the generation of reactive oxygen species (ROS). 

Because ROS make a significant contribution to the DNA damage induced by radiation, 

hypoxic cells are more resistant to low linear energy transfer (LET) radiation, including 

X-rays. Despite the role that physical and chemical factors play in the radiation 

response, different individuals or tissues within the same individual often respond 

differently to radiation. Such differences highlight the fact that biological characteristics, 

including the efficiency of DNA repair and the status of cellular proliferation, are critical 

regulators of cellular radiosensitivity.   

1.1.1 DNA Damage Response Pathway 

As damage to DNA is the primary cause of cell death by radiation (11), DNA 

repair mechanisms that maintain genomic stability play an essential role in regulating 



 

 

3 

radiation response. Although radiation can induce several types of DNA damage, 

double-strand breaks (DSBs) are the most likely to cause lethality (12, 13). Cells can 

repair radiation-induced DSBs through two distinct DNA repair pathways: non-

homologous end joining or homologous recombination. Non-homologous end joining is 

an error-prone pathway that culminates in ligation of broken DNA ends. In contrast, 

homologous recombination utilizes a homologous sequence on a sister chromatid as a 

template for DNA repair, resulting in maintenance of genomic integrity. While 

homologous recombination is the predominant repair pathway for efficient repair of 

DSBs, non-homologous end joining is essential during stages of the cell cycle when a 

homologous chromosome is not present.  

Ataxia telangiectasia mutated (ATM) is a key mediator of homologous 

recombination. Upon detection of DSBs by the MRN complex, ATM is recruited to sites 

of damage and activated through autophosphorylation (14-16). As a member of the 

phosphatidylinositol 3-kinase-related kinase (PIKK) family, ATM phosphorylates 

numerous downstream effector proteins to mediate DNA repair. ATM directly 

phosphorylates members of the DNA damage response pathway (e.g. p53, MRE11, 

RAD50, BRCA1) (17) and contributes indirectly to DNA repair by phosphorylating 

proteins that facilitate cell cycle arrest (e.g. CHK2) (18-20) and chromatin relaxation (e.g. 

KAP1) (21).         
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Due to the critical role of ATM as a regulator of DNA damage response to 

radiation, ataxia-telangiectasia patients with inherited mutations in Atm are 

hypersensitive to radiation (22). This phenotype was first observed in 1967 when a 10 

year-old boy with ataxia-telangiectasia died of complications following a routine 

administration of 30 Gy radiation therapy (23). Similarly, cell lines isolated from ataxia-

telangiectasia patients display enhanced radiosensitivity (24) and Atm knockout mice 

die when exposed to sublethal radiation doses (25). Inherited mutations in other DNA 

repair genes can also cause radiation sensitivity syndromes, including Nijmegan 

Breakage Syndrome and Fanconi Anemia (25), highlighting the role of DNA repair in 

regulating cellular radiation response.   

1.1.2 Cellular Proliferation 

A second biological factor that contributes to the radiation response is cellular 

proliferation, with quiescent cells generally being more radioresistant than proliferating 

cells. This principle has been recently examined in relatively radioresistant cancer stem 

cell populations (26). Several investigators have shown that the rare population of cancer 

cells capable of propagating a tumor was quiescent, which may contribute to its 

radiation resistance (27, 28). Therefore approaches to trigger re-entry of these cancer 

stem cells into the cell cycle are being investigated in an attempt to improve tumor 

response to radiation. However, the cell cycle stage also plays a major role in radiation 
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resistance, with cells in S phase being the most radioresistant and cells in G2/M being 

the most radiosensitive. This principle has been instrumental in explaining the clinical 

benefits associated with fractionation of radiation therapy (29). Upon administration of a 

single dose of radiation, a large percentage of cells are expected to reside in S phase and 

therefore be resistant to radiation-induced cell killing. When subsequent radiation doses 

are administered over a period of time, there is an increased likelihood that the 

previously radioresistant tumor cells will be in a more sensitive phase of the cell cycle, 

enabling enhanced cell killing. Thus the status of proliferation is also a critical regulator 

of cellular radiosensitivity. 

1.2 Response of the Tumor Vasculature to Radiation 

Numerous studies have characterized the impact of radiation on the tumor 

vasculature, although the response varied significantly based on radiation dose, 

fractionation, and various aspects of tumor biology. Dose-dependent destruction of 

blood vessels occurs following radiation and primarily affects the microvasculature (30). 

In syngeneic and xenograft tumor models, radiation exposure triggered either no change 

or a modest increase in blood flow within the first few days post irradiation (31). In a 

genetically engineered mouse model of soft-tissue sarcoma, fractional blood volume 

increased 24 hours post radiation although the microvascular density remained constant 

(32). Similarly, an increase in vascular permeability was detected in the primary 
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sarcomas following focal irradiation with 20 Gy (32, 33). Other investigators have 

observed enhanced permeability following 15 Gy in a rat model of mammary 

adenocarcinoma and a syngeneic mouse model of breast cancer (34, 35). This window of 

increased vascular permeability may be exploited to bolster the delivery of 

chemotherapeutic agents to tumor cells post radiation therapy.  

On the cellular level, radiation triggered a decrease in endothelial cell 

proliferation in a xenograft tumor model (36) and in biopsy samples from patients with 

rectal carcinoma (37). This cell cycle arrest is likely mediated by p53 as the disruption of 

p53 signaling specifically in tumor stromal cells enhanced cell death in the vasculature 

and in turn increased the radiosensitivity of tumors (38). Burdelya et al. suggested that 

p53 deficient endothelial cells underwent mitotic catastrophe due to their inability to 

arrest post radiation. In a parallel study, tumors implanted in acid-sphingomyelinase 

null mice, which are resistant to ceramide-induced apoptosis, were resistant to radiation 

therapy when compared to wild type controls (8). The poor tumor response to radiation 

was correlated with a decrease in endothelial cell apoptosis (8). However, the relative 

importance of endothelial cell apoptosis compared to tumor cell death in mediating 

tumor response to radiation was challenged (9, 10). Although increased endothelial cell 

death was observed in a primary mouse model of sarcoma, it peaked 24 hours post 

radiation therapy suggesting that the cells were dying by mitotic catastrophe rather than 
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apoptosis (39). In this model, endothelial cell death also facilitated the death of 

neighboring tumor cells (39).   

In summary, radiation induces disruption of vascular function in primary 

tumors and some transplanted tumor models. This impaired function may be regulated 

by the reduction in endothelial cell proliferation and increase in endothelial cell death 

following radiation. Although death of cells within the vasculature can cause the 

subsequent death of tumor parenchymal cells in response to radiation (40-43), the role of 

endothelial cell death in mediating the overall response of tumors to radiation therapy 

remains controversial. 

1.3 The Role of Endothelial Cell Death in High-Dose Radiation 
Therapy 

Conventionally, radiation therapy has been administered to patients in small 1.8-

2 Gy daily fractions over the span of 1 to 2 months. However, advances in treatment 

planning and radiation delivery methods have enabled tumors to be irradiated with a 

small number of large radiation doses between 15 and 24 Gy (44). This innovative 

delivery method is termed stereotactic body radiation therapy (SBRT) and relies on 

precise imaging techniques to focus high doses of radiation on the tumor tissue, while 

sparing surrounding normal tissue. In recent years, SBRT has been employed for the 

treatment of various cancers and has achieved improved rates of local control (45-49). 

However, the mechanism through which SBRT improves the rate of local control in 
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cancer patients remains elusive. There are two predominate theories on the biological 

basis for improved efficacy with SBRT: (1) destruction of tumor vascular beds leads to 

indirect tumor cell death or (2) an increase in the biologically effective dose results in 

more direct tumor cell killing. 

1.3.1 The Efficacy of SBRT Requires Indirect Tumor Cell Killing 

The first theory specifies that indirect tumor cell death is necessary to achieve 

local control with SBRT because the radiation doses typically used in SBRT may not be 

large enough to eradicate all of the tumor cells within the target tissue (50-56). An 

assessment of in vitro radiation survival in a panel of approximately 200 human tumor 

cell lines revealed that doses between 22 and 36 Gy were required to eradicate the 

number of cells expected to reside in a 3 cm tumor (57). If 20% of the cells within the 

tumor were assumed to be hypoxic, the dose required to kill all of the tumor cells 

increased by a factor of 2.6-2.8 (57). As these predicted doses exceed the doses routinely 

used in the clinic, it was concluded that SBRT kills tumor cells directly and indirectly 

through vascular damage (58).   

Garcia-Barros et al. have reported that radiation doses of 8-10 Gy are required to 

induce endothelial cell death (8), implying that the high doses of radiation associated 

with SBRT are capable of killing endothelial cells while the 1.8-2 Gy doses associated 

with conventional radiation therapy are not sufficient. Irradiation of subcutaneous 
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tumor allografts in rats with low radiation doses (< 5 Gy) resulted in a temporary decline 

in vascular function that recovered within 24 hours (59). In contrast, irradiation with 10 

Gy rapidly decreased the circulating blood volume in tumors and this phenotype 

persisted several days post radiation (59, 60). These studies show short-term vascular 

damage in tumors irradiated with low doses and persistent functional defects in tumors 

irradiated with high doses. Furthermore, a link between vascular damage and indirect 

tumor cell death has been well established (40-43). For example, the survival of cells in a 

fibrosarcoma xenograft 3 days post irradiation was less than that observed immediately 

post irradiation, suggesting the occurrence of secondary cell death (54). Collectively, 

these data reveal that high doses of radiation can trigger endothelial cell death and 

suggest that this “new biology” induces vascular damage and indirect tumor cell killing. 

   Proponents of the first theory of indirect tumor cell killing argue that the linear 

quadratic model for radiation-induced cell death underestimates cell death at high doses 

because it doesn’t account for secondary cell death mediated by vascular damage.  

Incorporating indirect cell killing into the model causes the dose response curve to bend 

downward at doses higher than 10 Gy (58). This adapted dose response curve would 

predict that the total cell death caused by SBRT is higher than would be predicted by the 

standard linear quadratic model.  
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1.3.2 Direct Tumor Cell Killing is Sufficient for Local Control with 
SBRT 

The second theory argues that a “new biology” is not necessary to explain the 

efficacy of SBRT as the considerable dose escalation associated with SBRT mediates 

increased tumor cell killing (61, 62). A recent analysis of local control data for non-small 

cell lung cancer patients treated with SBRT or conventional radiation therapy showed 

that the ability to achieve local control increased as the biologically effective dose (BED) 

increased (63). The BED is an estimate of the equivalent biological dose, adjusted for 

dose fractionation (64). Therefore, when the clinical data is corrected for BED, there is no 

indication that SBRT enhances the rate of local control when compared to conventional 

radiation therapy (61). This analysis would suggest that the higher rates of local control 

associated with SBRT can be completely explained by the delivery of higher BEDs to 

tumors, which directly kills more tumor cells. 

Furthermore, there is evidence that the linear-quadratic model for predicting 

radiation-induced cell death is accurate at the high doses associated with SBRT (65). In 

vivo endpoints in irradiated rat spinal cord, mouse skin, and mouse small intestine fit the 

linear-quadratic model over a large dose range (66-68). An analysis of clinical local 

control data from patients with lung or brain tumors treated with SBRT showed that the 

linear-quadratic model provided a better fit for the data than did any adjusted model 

which assumed indirect tumor cell killing at high doses (69). Thus, proponents of the 
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second theory find no justification for replacing the linear quadratic model with an 

adjusted model that accounts for indirect cell killing. 

In summary, the direct cell killing theory is supported by clinical data showing 

that the increased BED delivered with SBRT is sufficient to cause increased tumor cell 

death that leads to enhanced tumor control observed with this treatment modality. 

Furthermore, numerous in vitro and in vivo studies support the accuracy of the linear 

quadratic model at high radiation doses. Importantly, this theory does not exclude the 

possibility that radiation induces vascular damage or some indirect tumor cell killing 

with high doses. It merely argues that this “new biology” is not required to explain the 

enhanced efficacy of SBRT in achieving local control.  

1.3.3 Conclusion 

In summary, the mechanism through which SBRT achieves an enhanced rate of 

local control as compared to conventional radiation therapy remains elusive. Some 

investigators argue that the radiation doses associated with SBRT are not sufficient to 

kill all of the tumor parenchymal cells and conclude that the vascular damage observed 

at high doses induces secondary tumor cell killing that is essential for the efficacy of 

SBRT.   Other investigators propose that the improved clinical outcomes for patients 

treated with SBRT are consistent with the increased BED delivered to tumors, which is 

sufficient to cause increased tumor cell death and therefore enhanced local control. 
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Thus, secondary cell killing is not a critical mediator of the tumor control probability in 

patients. To address this controversy, additional studies investigating the role of 

endothelial cell death in radiation-induced local control are needed and have the 

potential to lead to novel approaches to radiosensitize cancers.   

1.4 Targeting the Tumor Vasculature in Radiation Therapy  

Despite an established role for the tumor vasculature in tumor progression, the 

effect of vascular collapse on tumor response to radiation therapy remains highly 

debated (31). Some of this controversy may be explained by the dual role that 

endothelial cells play in radiation therapy (31). A stable tumor vasculature is necessary 

for the re-oxygenation of tumors throughout the course of radiation therapy, which 

promotes tumor response to radiation. On the other hand, endothelial cells that survive 

during radiation therapy may promote the growth of surviving tumor parenchymal 

cells, thus driving tumor recurrence. Both of these factors may contribute to the response 

of tumors to treatment with drugs targeting the tumor vasculature in combination with 

radiation.     

Regardless of the extent of vascular impairment post radiation therapy, 

neovascularization must occur after radiation to facilitate tumor regrowth (70). 

However, little is understood about the source of neovessels in recurrent tumors, as the 

vasculature may be reestablished from surviving tumor endothelial cells through local 
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sprouting (angiogenesis) or through infiltration of progenitor cells from the bone 

marrow (vasculogenesis) (71).  

To assess the role of vasculogenesis in tumor neovascularization, several 

investigators employed transgenic mouse models and intricate bone marrow transplant 

studies. Many of these studies report that the generation of new tumor vasculature relies 

on the recruitment of endothelial progenitor cells from the bone marrow (72-74). In a 

similar study, however, Purhonen et al. observed extensive recruitment of perivascular 

cells to the blood vessel walls but these recruited cells did not contribute to the vascular 

endothelium (75). Although some discrepancy remains over the source of 

neovascularization in tumor development in the absence of radiation, no reports have 

clearly identified an increase in bone marrow-derived progenitor cells in the tumor 

vasculature post radiation when compared with unirradiated controls (76-79). One 

study actually concluded that the recruitment of endothelial progenitor cells from 

outside the radiation field did not regulate revascularization or tumor growth post 

radiation (79). The recruitment of various myeloid cells has been demonstrated 

following radiation, and these cells may facilitate tumor revascularization through 

paracrine mechanisms but do not incorporate into the vasculature (77-80). Inhibition of 

the stromal cell-derived factor 1 (SDF-1)/chemokine receptor type 4 (CXCR4) signaling 

pathway with AMD3100 has shown promise in preclinical tumor models as it blocks the 
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recruitment of myeloid cells, resulting in impaired vascular recovery post radiation (78, 

81).   

An alternative to regeneration of tumor vasculature by vasculogenesis post 

radiation is angiogenesis, mediated by the survival of local endothelial cells. We do not 

know of any data showing a direct role for angiogenesis in the early stages of tumor 

regrowth (31). One report suggests that although angiogenesis occurs in the late stages 

of tumor regrowth, it is defective; a reduction in functional tumor vessels was detected 

in recurrent tumors despite an increase in endothelial cell proliferation (82). If the ability 

of surviving endothelial cells within the radiation field to promote angiogenesis is 

compromised, it is possible that angiogenesis is mediated by endothelial cells in adjacent 

unirradiated tissue, though this possibility has not been extensively explored. 

Numerous studies have attempted to block angiogenesis in order to enhance 

tumor radiation response by targeting various proteins that regulate angiogenesis, 

including vascular endothelial growth factor (VEGF), basic fibroblast growth factor, 

transforming growth factor β, and thrombospondin-1. In addition to causing vascular 

damage, radiation can induce the expression of VEGF and other pro-angiogenic factors 

(82-84), highlighting the potential benefit of using anti-angiogenic therapies in 

combination with radiation therapy. Supporting this hypothesis, many preclinical 

studies in mice or rats demonstrated the efficacy of treating tumors with angiogenesis 
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inhibitors and radiation (85-89).  Some of these investigators also reported an increase in 

tumor oxygenation after treatment, suggesting that there may be a precise window in 

which radiation therapy would be most effective (85, 86, 90). Efficacy was suggested in 

several clinical trials testing bevacizumab, a VEGF-A inhibitor, in combination with 

chemoradiation (91-96). However, the introduction of an anti-angiogenic therapy to 

conventional treatment schedules resulted in some unexpected toxicity (91, 94). To 

maximize tumor response to anti-angiogenic therapies, additional studies are necessary 

to determine the proper dose-scheduling for combination therapy and to optimize 

which agents are used in combination therapy.   

1.5 The Importance of Using Genetically Engineered Mouse 
Models to Study Cancer Therapy 

Although mouse models are often used to evaluate the response of tumors to 

various therapeutic interventions, approximately 85% of clinical trials for novel drugs 

fail with less than 8% of drugs being ultimately approved for use in the clinic (97). Some 

of the discrepancy between tumor responses in mice and patients may be attributed to 

the routine use of xenograft models, in which human tumors are grown in 

immunocompromised mice and are typically implanted subcutaneously rather than in 

the tissue of origin. Genetically engineered mouse models (GEMMs) may more reliably 

predict patient outcomes, as tumors develop in the native microenvironment in concert 

with an intact immune system (3). Previous studies have demonstrated that the tumor 
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microenvironment in GEMMs more accurately reflects the contribution of stromal cells 

to human cancers than do xenograft models (98-100).  More impressively, GEMMs 

closely phenocopy the response of serval types of human cancer to therapy in the clinic 

(101-103).  Although like all model systems GEMMs have limitations, including 

differences in pharmacology and cell signaling between species, autochthonous tumor 

models have transformed our understanding of cancer and may improve our ability to 

predict clinical responses in human tumors. 

The advantages inherent in GEMMs compared to in vitro and in vivo transplant 

models are compounded in preclinical radiobiology research for several reasons. (1) 

GEMMs can accurately and robustly recapitulate primary cancers anatomically, 

histopathologically, and genetically. Tumor models can be initiated by the same driver 

mutations observed in human tumors of the same type being studied. Primary tumors 

can also resemble human tumors anatomically and histologically with classic 

histopathological features used for diagnosis. (2) Additionally, GEMMs preserve the 

tumor microenvironment, including the immune, vascular, and stromal compartments, 

which enable the study of radiobiology at a systems biology level. The importance of the 

microenvironment has been demonstrated most strikingly in studies showing that the 

tumor vasculature and regions of hypoxia in transplanted models differ from 

spontaneous models (3, 104, 105). This consideration is especially relevant for studying 
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how the response to ionizing radiation is impacted by the tumor microenvironment and 

immune system. (3) Finally, GEMMs enable exquisite control over the genetics and 

kinetics of tumor initiation, which facilitates the study of specific gene mutations on 

radiation response and functional genomics in vivo. Precise control over tumor initiation 

is important for experimental reproducibility and feasibility. Taken together, these facets 

allow researchers to utilize GEMMs for rigorous and reproducible preclinical research.  

Xenograft models are relatively simple to implement in a research pipeline and 

remain a workhorse model in research and industry (106). However, xenografts only 

satisfy some of the ideal features of a model system to study tumor biology, and it is 

therefore not surprising that xenografts may lack predictive value for clinical outcome 

(3, 106, 107). In contrast, GEMMs provide many if not all of these necessary features for 

modeling human tumors. Thus, GEMMs enable creative, rigorous, and reproducible 

experimental designs for studying radiobiology. 

In the three decades since the generation of the first GEMMs of cancer (108-113), 

advancements in modeling approaches have rapidly progressed and expanded the 

mouse modeling toolbox with techniques such as site-specific recombinases, dual 

recombinase technology, and in vivo retroviral gene transfer. Our lab and many others 

have utilized these tools to study cancer and radiobiology. 
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1.5.1 Dual Recombinase Technology 

The bacteriophage P1-derived Cre/loxP system was first introduced in the 1980s 

and can be used to carry out site-specific deletions, insertions, and translocations within 

genomic DNA (114, 115). The enzyme Cre recombinase recombines a pair of short 

palindromic sequences called loxP sites, which are inserted into genomic DNA to flank a 

target (floxed) locus. Similarly, the Flp-FRT system was adapted from Saccharomyces 

cerevisiae in 1995 and relies on the ability of flippase (Flp) recombinase to recognize and 

recombine DNA flanked by a pair of Flp recombinase target (FRT) sequences (116). A 

mouse codon optimized version of Flp, referred to as FlpO, was developed to increase 

the FRT recombination efficiency thereby enabling the use of Flp-FRT technology in 

mammalian cells (117). Activity of either Cre or FlpO recombinase can be controlled by 

various mechanisms, including ubiquitous expression, expression under a cell-type 

specific promoter, use of a ligand-inducible system, such as tamoxifen, or viral 

packaging for targeted injection and delivery. Through these various mechanisms, one 

can spatially and temporally restrict genetic recombination by Cre and FlpO at loxP and 

FRT sites respectively in order to investigate mechanisms of tumor formation, 

progression, and response to radiation therapy (118).  

The efficiency and relative simplicity of Cre-loxP technology have led to its 

widespread use to study cancer and radiation biology. Because most primary GEMMs of 
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cancer utilize Cre-loxP technology to initiate carcinogenesis, the utility of Cre 

recombinase in subsequent modification of either tumor or stromal cells is limited. In 

contrast to the growing number of floxed alleles and tissue-specific Cre drivers, the Flp-

FRT system has been utilized less frequently than the Cre-loxP system to modify genes 

in somatic tissues in mice. The limitation of these single recombinase models is that they 

are often used to generate the driver mutations for tumorigenesis, but they are limited in 

their ability to ask more complex questions regarding the mechanisms of radiation 

response and radiation resistance. For example, the response of tumors to radiation 

therapy is mediated by a complex interaction between immune cells, stroma, and tumor 

cells. GEMMs present a unique opportunity to dissect the role of specific cellular 

compartments in tumor response to radiation therapy. However, to harness the full 

potential of site-specific recombinase technology to dissect mechanisms of radiation 

response, more than one recombinase is needed to not only initiate tumorigenesis but 

also to manipulate other cellular compartments to examine their role in the radiation 

response. Therefore, utilization of additional FRT-flanked alleles (FRTed) alleles in 

concert with floxed alleles enables dual recombinase technology to direct distinct gene 

mutations to different cell types when Cre and FlpO recombinases are employed 

simultaneously.  
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Dual recombinase technology was first employed in the late 1990s as a means to 

remove the positive selection cassette (i.e. FRTed neomycin cassette) from a gene-

targeting construct utilized in the generation of a conditional, floxed allele (119). In 

recent years, Cre and FlpO recombinases have been utilized in a primary tumor model 

of soft-tissue sarcoma to sequentially activate expression of oncogenic Kras and disrupt 

the p53 tumor suppressor, thus revealing a critical role for timing of gene mutations in 

tumor development (120).  More recently, the development of novel FRT-STOP-FRT-

CreER mice enabled the sequential mutation of genes within the same cell (121). In this 

system, CreER is expressed only in cells exposed to FlpO. Therefore, FlpO recombinase 

can mutate a FRTed gene(s) of interest, while CreER, a tamoxifen-activatable form of Cre 

(122), can recombine floxed genes at a later time point within the same cell. This 

sophisticated mouse model will facilitate the study of multistep carcinogenesis and the 

role of genes in tumor maintenance. Additionally, dual recombinase technology enables 

the study of tumor stromal cell populations by employing one recombinase to initiate 

primary tumorigenesis, while using a second recombinase to manipulate gene 

expression in stromal cells, such as endothelial cells (39, 123). Therefore, it is possible to 

utilize GEMMs of cancer to address the role of various stromal cell populations in 

mediating tumor response to radiotherapy. This capability gains increasing importance 

in the field of radiation biology because of the potential role of manipulating the 
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immune system during radiotherapy to not only optimize local control, but to cause 

abscopal responses in distant sites of metastatic disease (124-128).  

1.5.2 RCAS/TVA System 

Although genetic engineering in mice through the use of site-specific 

recombinase technology has facilitated numerous advances in the field of radiation 

biology, these studies are often expensive and time-consuming. In vivo retroviral gene 

transfer represents a practical alternative for generating mouse models of cancer and 

evaluating the function of genes that regulate radiation response. The stable delivery of 

genes to somatic cells has been optimized using the RCAS (replication competent avian 

sarcoma-leukosis virus long terminal repeat with splice acceptor) viral vector, which 

was derived from the Rous sarcoma virus-A. In order to generate the RCAS vector, the 

oncogenic v-src was replaced with a multiple cloning site to accommodate genes of 

interest (129). The RCAS virus maintains expression of the subgroup A envelope 

glycoprotein and can therefore infect only cells expressing the cognate tumor virus A 

(TVA) receptor. Although the TVA receptor is naturally expressed only in avian cells, a 

host of genetically engineered mice expressing TVA under the control of a variety of 

tissue-specific promoters have been generated (130). Either virus-producing avian cells 

or the virus itself can be injected into transgenic mice that harbor the TVA receptor in 

order to manipulate gene expression in a spatiotemporal manner.  
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 The RCAS/TVA system has been widely utilized to generate mouse models of 

cancer due to the ease through which mutant genes can be expressed and oncogenes can 

be stably overexpressed in a tissue-specific manner. Furthermore, mammalian cells that 

have been infected by an RCAS virus remain susceptible to reinfection, enabling the 

simultaneous or sequential manipulation of several genes. Therefore, the RCAS/TVA 

system has made it possible to model the complex mutational landscape and the clonal 

evolution of primary tumors. 

Although the RCAS/TVA system is primarily used to induce stable gene 

expression, when utilized in combination with site-specific recombinase technology, it 

can mediate the deletion of various genes. Generation of an RCAS construct expressing 

Cre recombinase facilitates the deletion of floxed tumor suppressor genes in mouse 

models of cancer (131). Additionally, the development of a transgenic mouse with Cre-

inducible expression of TVA provides a more intricate level of control over the cell 

type(s) that are susceptible to gene transfer (132). Such tools enable the generation of 

primary tumor models and the investigation of tumor stromal cells using the 

RCAS/TVA system. 

 The first models of cancer using the TVA receptor-mediated delivery of RCAS 

were developed by targeting glial cells within the mouse brain (133-135). These original 

models of gliomagenesis have been adapted over the last two decades to reflect the 
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newly discovered landscape of genetic alterations that occur in human brain tumors 

(136). For example, a recent study utilized an RCAS construct carrying platelet derived 

growth factor-B (PDGFB) to drive the initiation of brainstem gliomas in mice expressing 

TVA under the control of the glial precursor cell-specific Nestin promoter (137). To more 

effectively model the alterations commonly observed in cell cycle regulatory genes in 

patients with brainstem gliomas, this NestinTVA mouse was crossed to an Ink4a/ARF null 

strain. The resulting GEMM was then utilized in a preclinical trial to evaluate the 

efficacy of inhibiting the cyclin/cyclin-dependent kinase/retinoblastoma signaling 

pathway in combination with radiotherapy (137). Treatment with a cyclin-dependent 

kinase 4/6 inhibitor following whole brain irradiation induced cell cycle arrest and 

significantly prolonged the survival of mice with Ink4a/ARF deficient brainstem 

gliomas. The effectiveness of the CDK4/6 inhibitor in this preclinical study also led to the 

initiation of a clinical trial for pediatric patients with brainstem gliomas (NCT02255461). 

The RCAS/TVA system for mouse modeling has enabled many other preclinical trials to 

test drugs that improve the effectiveness of radiation therapy. Gemcitabine, a drug that 

inhibits the synthesis of nucleic acids, significantly extended survival in an Ink4a/ARF 

and PTEN deficient mouse model of glioblastoma when administered concurrently with 

radiation (138). In this same model, concomitant treatment with a poly (ADP-ribose) 

polymerase (PARP) inhibitor, temozolomide, and radiotherapy led to an improved 
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tumor growth delay and overall survival when compared with temozolomide and 

radiation alone, the current standard-of-care (139).    

 In addition to facilitating preclinical trials, the RCAS/TVA system has been 

elegantly used to begin dissecting the mechanisms of radioresistance in gliomas. In 

primary models of medulloblastoma and glioblastoma, researchers identified the 

nucleus dense, bulk tumor region as preferentially undergoing apoptosis in response to 

radiotherapy, while cells in the perivascular regions appeared more radioresistant (140, 

141). Brain tumor stem cells and supporting stromal cell populations have been shown 

to reside in the perivascular niche, highlighting the need for autochthonous tumor 

models when evaluating the radiation response of tumors. Hambardzumyan et al. went 

on to show that perivascular cells staining positively for various stem cell markers 

underwent p53-mediated cell cycle arrest following radiation. This cancer stem cell 

population ultimately survived the radiotherapy and re-entered the cell cycle 72 hours 

post radiation. Additional mechanistic insight into the radioresistant nature of gliomas 

was elucidated by studying the defects in the DNA-damage response pathway 

commonly found in human tumors. The genetic loss of Chk2 in a mouse model of 

glioblastoma, for example, protected tumor cells from radiation-induced apoptosis and 

attenuated the survival benefit following radiotherapy (142). Additional studies are 
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required to determine whether the role of CHK2 in the radioresistance of glioblastomas 

can be generalized to other components of the DNA-damage response pathway. 

In summary, in vivo retroviral gene transfer via the RCAS-TVA system can be 

easily utilized for the generation of primary tumor models containing a wide variety of 

genetic alterations that occur in human cancer. Such models are useful for characterizing 

signaling pathways and small molecules that regulate tumor response to radiation 

therapy. 

1.6 Conclusion 

As the majority of cancer patients are treated with radiation therapy either alone 

or in combination with surgery or chemotherapy (4), a comprehensive understanding of 

the biological mechanisms regulating tumor response to radiation is critical. Exploiting 

our understanding of the cellular target of radiation therapy will enable the 

development of specific drugs to enhance patient outcomes following radiation therapy. 

Studies investigating the effect of the tumor microenvironment on the efficacy of 

radiation therapy have historically centered on the tumor vasculature. Radiation has 

been shown to trigger proliferative defects and cell death within endothelial cells, 

resulting in increases in vascular permeability (8, 36, 37, 39). Some investigators have 

suggested that functional impairment of vasculature post radiation regulates the 

response of tumors to radiation (8, 143, 144). Other groups have utilized mathematical 
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models to show that death of endothelial cells does not impact clinical outcomes in 

patients treated with radiation therapy (145-147). Regardless, a large number of 

therapeutic agents have been designed to block angiogenesis in tumors, which may 

prevent their revascularization following radiation. Clinical trials testing these anti-

angiogenic agents have shown some efficacy when used with concurrent 

chemoradiotherapy. Importantly, recent advances in mouse modeling technology 

facilitate the manipulation of stromal cell populations in primary tumors, which can be 

used to carefully dissect the role of endothelial cells in tumor response to radiation. 

Furthermore, the use of autochthonous tumor models for the preclinical assessment of 

cancer therapeutics that modify the response of tumors to radiation may identify 

approaches to improve local control and overall survival of patients with cancer.  
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2. Methods and Experimental Procedures 

2.1 Mouse Strains 

All animal studies used in this thesis were approved by the Institutional Animal 

Care and Use Committee (IACUC) at Duke University. The objective of these studies 

was to utilize sophisticated GEMMs to interrogate the critical cellular target of radiation 

therapy in a variety of primary tumor types. All of the mouse strains used in this thesis 

have been described previously, including FSF-KrasG12D, p53FRT, VE-Cadherin-Cre, ATMFL, 

Pax7-CreER, LSL-KrasG12D, p53FL, NestinTVA, and Ink4a/ARFFL mice (120, 148-155). FSF-

KrasG12D and LSL-KrasG12D mice were provided by Tyler Jacks, ATMFL mice were provided 

by Frederick Alt, Pax7-CreER mice were provided by Chen-Ming Fan, p53FL mice were 

provided by Anton Berns, NestinTVA mice were provided by Oren Becher, and 

Ink4a/ARFFL mice were provided by Ronald DePinho. VE-Cadherin-Cre mice were 

purchased from the Jackson Laboratory. All mouse strains were maintained on a mixed 

genetic background. Age-matched littermate controls (both males and females) were 

utilized in all experiments to minimize the effect of differences in genetic background 

and environment on the experimental endpoint.   

2.2 Primary Tumor Induction  

Primary sarcomas were induced by injecting an adenovirus expressing FlpO 

recombinase (Ad5CMVFlpO, University of Iowa Viral Vector Core) in the hind limb of 

FSF-KrasG12D; p53FRT/FRT; VE-Cadherin-Cre; ATMFL/+ and FSF-KrasG12D; p53FRT/FRT; VE-
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Cadherin-Cre; ATMFL/FL mice. The viral injection cocktail was prepared by mixing 600 µL 

Minimum Essential Media (MEM), 25 µL adenovirus, and 3 µL 2M CaCl2. The mixture 

was incubated for at least 15 minutes, but less than 60 minutes, prior to injection in order 

to allow the viral precipitates to reach a size large enough to traverse the plasma 

membrane. Approximately 50 µL of the viral cocktail was injected into the 

gastrocnemius of mice between 6-10 weeks of age as described previously (156, 157). 

Similarly, sarcomas were generated in Pax7-CreER; LSL-KrasG12D; p53FL/FL; ATMFL/+ and 

Pax7-CreER; LSL-KrasG12D; p53FL/FL; ATMFL/FL mice by injecting 50 µL of 5 mg/ml 4-hydoxy-

tamoxifen (Sigma Aldrich) in DMSO into the hind leg.  

An adenovirus expressing FlpO recombinase was used to initiate primary lung 

tumor development in FSF-KrasG12D; p53FRT/FRT; VE-Cadherin-Cre; ATMFL/+ and FSF-

KrasG12D; p53FRT/FRT; VE-Cadherin-Cre; ATMFL/FL mice by pipetting 30 µL of the viral cocktail 

(described above) onto the nostrils. Immediately following intranasal inhalation of the 

virus, the mice were given 30 µL of a chaser (containing only MEM and CaCl2) to inhale 

as previously described (158). To induce tumorigenesis in LSL-KrasG12D; p53FL/FL; ATMFL/+ 

and LSL-KrasG12D; p53FL/FL; ATMFL/FL mice, a lentivirus expressing Cre recombinase 

(FIVCMVCre VSVG, University of Iowa Viral Vector Core) was delivered intranasally. 

The viral injection cocktail was prepared by mixing 725 µL MEM with 25 µL of the 

lentivirus. Approximately 30 µL of the viral cocktail was delivered via intranasal 

inhalation, followed immediately by 30 µL of the chaser (containing only MEM).    
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Primary brainstem gliomagenesis was induced in genetically engineered mice by 

injecting neonatal mice with approximately 105 DF1 chicken fibroblast cells (trypsinized 

and resuspended in 1 µL cell culture media) that expressed various replication-

competent retroviruses (RCAS). A Hamilton syringe with a custom needle was used to 

inject the DF1 cells into the brainstem (2mm posterior to the bregma, along the midline) 

of postnatal day 4 mice as previously described (159). Neonates were anesthetized by 

hypothermia prior to injection. To initiate tumorigenesis in NestinTVA; p53FL/FL mice, 

NestinTVA; p53FL/FL; ATMFL/+ mice, NestinTVA; p53FL/FL; ATMFL/FL mice, NestinTVA; Ink4a/ARFFL/FL 

mice, NestinTVA; Ink4a/ARFFL/FL; ATMFL/+ mice, and NestinTVA; Ink4a/ARFFL/FL; ATMFL/FL mice, 

neonates were injected with DF1 cells expressing RCAS-PDGFB, RCAS-Cre, and RCAS-

Luciferase at a 1:1:1 ratio. To initiate tumorigenesis in NestinTVA; p53FRT/FRT; VE-Cadherin-

Cre; ATMFL/+ and NestinTVA; p53FRT/FRT; VE-Cadherin-Cre; ATMFL/FL mice, neonates were 

injected with DF1 cells expressing RCAS-PDGFB, RCAS-FlpOmut, and RCAS-Luciferase 

at a 1:1:1 ratio. 

2.3 Radiation Treatment 

All primary tumor irradiations were performed with the X-RAD 225Cx small 

animal image-guided irradiator (Precision X-Ray). Mice were placed in a prone position 

and anaesthetized with isoflurane for all procedures. Fluoroscopy with 40 kVp, 2.5 mA 

X-rays filtered through 2 mm aluminum was utilized to center the radiation field on the 

target. Mice were irradiated with 225 kVp, 13 mA X-rays filtered through 0.3 mm 
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copper. Hind-limb sarcomas were irradiated with parallel-opposed anterior and 

posterior fields using a 40 x 40 mm square radiation field with an average dose rate of 

300 cGy/min at treatment isocenter (Figure 1A). Radiation therapy was initiated when 

primary sarcomas were between approximately 50 and 250 mm3 as determined by 

caliper measurement. To treat lung tumors, whole thorax irradiation was performed 

with parallel-opposed anterior and posterior fields using a 20 x 20 mm square collimator 

with an average dose rate of ~280 cGy/min prescribed to mid-plane (Figure 1B). Lung-

tumor bearing mice were stratified to receive radiation therapy after the detection of 

growing lesions within the lung by micro-computed tomography (micro-CT). Upon 

detection of brainstem gliomas through bioluminescence imaging, gliomas were treated 

using whole brain irradiation. The brains were irradiated with right and left lateral fields 

using a 15 x 40 mm rectangular radiation field with an average dose rate of ~280 

cGy/min (Figure 1C). Dose rates were calculated by the Radiation Safety Division at 

Duke University. 

Following radiation treatment, sarcomas were measured three times weekly for 

growth delay endpoints and once weekly for local control endpoints until they tripled in 

size from the volume at the time of irradiation. For a tumor cell with a diameter of 25 

µm and a doubling time of 4 days, it would only take a single surviving tumor cell 

approximately 14 weeks to reach 300 mm3.  Therefore, tumor eradication was defined as 

a failure to triple in size within 18 weeks post radiation treatment. Mice that died prior 
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to tumor tripling were censored at the time of death. Mice that developed secondary 

tumors outside of the injection site were also censored at the time of tumor detection. 

Lung tumor and brainstem glioma-bearing mice were followed for tumor growth or 

survival post radiation until they became moribund, had difficulty breathing or 

ambulating, or developed substantial weight loss.  

Primary tumor cell lines were irradiated in vitro using the X-RAD 320 Biological 

Irradiator (Precision X-ray Inc.). Cells were treated 50 cm from the radiation source with 

320 kVP, 10 mA X-rays at a dose rate of 1.96 Gy/min, using a 2 mm aluminum filter. 

Dose rates were calculated by the Radiation Safety Division at Duke University.  

 

Figure 1: Radiation Fields for Primary Tumor Treatment  

Representative fluoroscopy images of the radiation field for treatment of (A) a hind limb 

sarcoma using a 40 x 40 mm square collimator, (B) lung tumors using a 20 x 20 mm 

square collimator to irradiate the whole thorax, and (C) a brainstem glioma using a 15 x 

40 mm rectangular collimator to irradiate lateral fields. 

2.4 Histological Analysis 

Hematoxylin and eosin (H&E) staining and immunohistochemistry were 

performed on paraffin-embedded sections. Tissues were fixed in 10% neutralized 
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formalin overnight and preserved in 70% ethanol until embedding in paraffin. Prior to 

staining, 5 µm tissue sections were deparaffinized in xylene and rehydrated in a graded 

series of ethanol and water washes. For immunohistochemistry, endogenous peroxidase 

activity was blocked by treating sections with 3% H2O2 and antigens were retrieved with 

Antigen Unmasking Solution (Vector Laboratories). Tissues were blocked in 10% serum 

with 0.25% Tween 20 (Sigma Aldrich) prior to incubation in primary antibody overnight. 

The following primary antibodies were used: rabbit polyclonal to HA-probe (1:250, 

Santa Cruz, sc-805), rabbit anti-mouse CD31 (1:50, Abcam, ab28364), mouse monoclonal 

to Ser1981 phosphorylated ATM (1:200, Millipore Sigma, 05-740), and rabbit anti-mouse 

Ser824 phosporylated Kap1 (1:200, Bethyl Laboratories, #A300-767A).  The tissues were 

incubated in biotinylated secondary antibodies for 30 minutes at room temperature and 

treated with VECTASTAIN Elite ABC Reagent (Vector Laboratories) per manufacturer’s 

instructions. The DAB Peroxidase Substrate Kit (Vector Laboratories) was utilized to 

visualize positive staining prior to counterstaining with Mayer’s hematoxylin and 

dehydrating in a graded series of ethanol and water.  

Immunofluorescence was performed on frozen-tissue sections. Sarcoma samples 

were snap frozen directly in OCT compound (Sakura Finetek) using a dry ice and 

isopentane slurry and sections were fixed in 4% paraformaldehyde prior to staining. 

Specimens from the lung and brain were fixed in 4% paraformaldehyde for 2 hours or 24 

hours respectively, transferred to a 30% sucrose solution for 24-48 hours for 
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cryoprotection, and snap frozen in OCT compound as described above. For the detection 

of intracellular antigens, 10 µm sections were permeabilized in a 0.1% Triton X-100 and 

0.1% sodium citrate solution and blocked in 10% donkey serum (Sigma Aldrich) with 0.3 

M glycine. For immunofluorescence staining, we utilized the rat anti-mouse CD31 

(1:250, BD Pharmingen, #553370) primary antibody and the Alexa Fluor 488-conjugated 

donkey anti-rat IgG (1:500, Invitrogen, #A21208) secondary antibody. To perform 

TUNEL staining, we used the In Situ Cell Death Detection Kit (TMR Red, Roche) per the 

manufacturer’s instructions. Nuclear labeling was performed with 10 μM Hoechst 33342 

nucleic acid stain (Sigma Aldrich). 

Representative images were acquired with a Leica DFC340 FX fluorescence 

microscope or a DFC450 brightfield microscope using Leica Suite software (Leica 

Microsystems). ImageJ (NIH) was utilized to quantify positively stained cells or 

fractional areas by a single, blinded observer. 

2.5 Isolation of Primary Tumor Cell Lines 

All in vitro experiments were conducted using cell lines isolated from primary 

tumors in genetically engineered mice. Bulk sarcoma samples were homogenized and 

then digested at 37°C for 1 hour in Dissociation Solution containing phosphate buffered 

saline (PBS), 5 mg/mL type IV collagenase, 2.4 U/mL dispase, and 0.05% trypsin. ACK 

lysing buffer (Lonza) was utilized to deplete red blood cells. The sarcoma cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) with high glucose and 
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pyruvate (Gibco) supplemented with 10% heat-inactivated fetal bovine serum and 1% 

antibiotic-antimycotic (Gibco). Cells were passaged at least five times to enrich for tumor 

cells and deplete stromal cells. 

Bulk lung tumors were homogenized and then digested at 37°C for 1 hour in 

Dissociation Solution containing PBS, 200 U/mL type I collagenase, and 2.4 U/mL 

dispase. ACK lysing buffer (Lonza) was utilized to deplete red blood cells. The lung 

tumor cells were cultured in DMEM with high glucose and pyruvate (Gibco) 

supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic (Gibco). The 

cell suspension was plated on mouse embryonic fibroblasts inactivated by radiation 

(Gibco) and the tissue culture medium was supplemented with 10 µM of the ROCK 

inhibitor Y-27632 (Sigma Aldrich). Cells were passaged at least five times to enrich for 

tumor cells and deplete stromal cells. 

Primary brainstem gliomas were digested at 37°C for 15 minutes in Dissociation 

Solution containing Earle’s Balanced Salt Solution (EBSS), 0.94 mg/mL papain 

(Worthington), 0.18 mg/mL EDTA, 0.18 mg/mL cysteine, and 0.06 mg/mL 

deoxyribonuclease I (DNase). Following extensive trituration, the glioma cells were 

pelleted and resuspended in an Ovomucoid Solution, containing 0.7 mg/mL ovomucoid 

(Worthington) and 0.01 mg/mL DNase in NeuroCult basal medium (StemCell), in order 

to inhibit papain activity. Intact cells were separated from cell debris by centrifugation. 

The glioma cells were cultured in DMEM with high glucose and pyruvate (Gibco) 
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supplemented with 10% fetal bovine serum, 2mM L-glutamine, and 1% antibiotic-

antimycotic (Gibco). Cells were passaged at least five times to enrich for tumor cells and 

deplete stromal cells. 

Upon obtaining a pure tumor cell population, genomic DNA was isolated from 

cells (DNeasy Blood & Tissue Kit, Qiagen) to verify recombination of floxed or FRTed 

alleles in vitro by PCR genotyping. 

2.6 PCR Genotyping 

To examine recombination of p53FL alleles, the following primers were used: 5'-

CACAAAAACAGGTTAAACCCAG-3' and 5'-GAAGACAGAAAAGGGGAGGG-3' 

(cycling at 94°C for 30 sec, 58°C for 30 sec, 72°C for 30 sec). To detect unrecombined 

p53FL alleles, the following primers were used: 5'-AAGGGGTATGAGGGACAAGG-3' 

and 5'-GAAGACAGAAAAGGGGAGGG-3' (cycling at 94°C for 30 sec, 58°C for 30 sec, 

72°C for 30 sec). 

To examine recombination of p53FRT alleles, the following primers were used: 

sense 5'-CAAGAGAACTGTGCCTAAGAG-3' and anti-sense 5'-

ACTCGTGGAACAGAAACAGGCAGA-3' (cycling at 94°C for 30 sec, 55°C for 45 sec, 

72°C for 2 min). To detect unrecombined p53FRT alleles, the following primers were used: 

sense 5'-CAAGAGAACTGTGCCTAAGAG-3' and anti-sense 5'-

CTTTCTAACAGCAAAGGCAAGC-3' (cycling at 94°C for 30 sec, 57°C for 30 sec, 72°C 

for 40 sec). 
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To examine recombination of Ink4a/ARFFL alleles, the following primers were 

used: 5'-TTGTTGGCCCAGGATGCCGACATC-3' and 5'-

GTTTCCATTGCGAGGCTGCTCCGTAAGC-3' (cycling at 94°C for 20 sec, 62°C for 20 

sec, 72°C for 50 sec). To detect unrecombined Ink4a/ARFFL alleles, the following primers 

were used: 5'-TTGTTGGCCCAGGATGCCGACATC-3' and 5'-

CCAAGTGTGCAAACCCAGGCTCC-3' (cycling at 94°C for 20 sec, 62°C for 20 sec, 72°C 

for 50 sec). 

To examine recombination of ATMFL alleles, the following primers were used: 

sense 5'-TGAGTTCAAATCCCAGGAGCCAG-3' and anti-sense 5'-

CTTCCCCTGTTCAAAAGCCACTC-3' (cycling at 94°C for 30 sec, 57°C for 30 sec, 72°C 

for 30 sec).  To detect unrecombined ATMFL alleles, the following primers were used: 

sense 5'-GGGCTACGAAATGAGACACACAC-3' and anti-sense 5'-

CTTCCCCTGTTCAAAAGCCACTC-3' (cycling at 94°C for 30 sec, 60°C for 30 sec, 72°C 

for 30 sec).  

2.7 Clonogenic Survival Assays 

Tumor cells were plated in triplicate at two different cell densities and allowed to 

adhere overnight. For experiments with ATM inhibitors, cells were treated with either 3 

µM Ku-60019 (dissolved in DMSO), 3 µM AZ32 (dissolved in N-Methyl-2-Pyrrolidone 

or NMP), or the appropriate vehicle one hour prior to irradiation. The cell culture media 

was replaced 16-18 hours post irradiation to remove the drug. After irradiation, cells 
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were incubated 1-2 weeks until colonies were detected in the unirradiated controls. The 

cells were washed with PBS, fixed with 70% ethanol, stained with Coomassie Brilliant 

Blue (Bio-Rad), and rinsed with deionized water. Colonies, defined as collections of at 

least 50 adjacent cells, were quantified by a single observer in order to calculate 

surviving fractions relative to unirradiated controls.   

2.8 Micro-CT Imaging of Primary Lung Tumors  

Lung tumor development was monitored in mice by serial micro-computed 

tomography (micro-CT) every 2-weeks beginning 8 weeks post-infection. All micro-CT 

imaging was performed with the X-RAD 225Cx small animal image-guided irradiator 

(Precision X-Ray). The lungs were imaged with 40 kVp, 2.5 mA X-rays filtered through 2 

mm aluminum. To calculate lung tumor volume, images generated through CT 

acquisition were analyzed with the Amira 3D visualization and analysis software suite 

(FEI, Thermo Fisher Scientific) as previously described (160).  

Individual lesions within the lung were contoured in every slice of the 

reconstructed CT scans by a blinded observer. A lung tumor was defined as a lesion that 

increased in volume between consecutive scans. In the majority of mice, multiple target 

lung tumors were identified and monitored beginning 10-14 weeks post infection. 

Within a particular genotype, mice were randomly assigned to unirradiated or 

irradiated cohorts and were stratified by tumor number and size. Relative changes in 

tumor volume post radiation treatment were calculated by normalizing the target tumor 
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volume (measured biweekly) to the tumor volume in the baseline scan. New tumors that 

arose after the baseline scan were excluded from the analysis. Additionally, target lung 

tumors that were not able to be effectively contoured due to disease progression or 

anatomical changes were also excluded. 

2.9 In vitro Recombination in MEFs 

Primary mouse embryonic fibroblasts (MEFs) were isolated from pregnant 

p53FRT/FRT female mice between days 13.5 and 14.5 in gestation. The embryo’s head and 

the tissue within the body cavity were removed prior to homogenization and 

dissociation in 2.5% trypsin for five minutes. MEFs were cultured in DMEM 

supplemented with 10% fetal bovine serum, 2mM L-glutamine, 1% non-essential amino 

acids, 1% antibiotic-antimycotic, and 0.1% 2-mercaptoethanol. Primary MEFs were 

transfected with RCAS-FlpOmut using Lipofectamine 2000 (Invitrogen) or infected with 

an adenovirus expressing FlpO recombinase (Ad5CMVFlpO) or an adenovirus 

expressing Cre recombinase (Ad5CMV Cre, University of Iowa Viral Vector Core). Cells 

were harvested 24 hours post transfection/infection and genomic DNA was isolated 

(DNeasy Blood & Tissue Kit, Qiagen) to examine recombination of the p53FRT allele by 

PCR, as described above. 

2.10 DF1 Cell Culture 

DF1 chicken fibroblast cells (ATCC) were incubated at 39°C and 5% CO2 and 

cultured in DMEM with high glucose (ATCC) supplemented with 10% fetal bovine 
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serum, 2mM L-glutamine, and 1% antibiotic-antimycotic. Cells were subcultured at 

ratios of 1:6 (for 2 days), 1:12 (for 3 days), or 1:24 (for 4 days) in order to prevent the 

DF1s from reaching 100% confluency. The cells were transfected with various RCAS 

plasmids (RCAS-PDGFB, RCAS-Cre, RCAS-FlpOmut, RCAS-Luciferase, or RCAS-Empty) 

using X-TremeGENE 9 (Roche). Between passages 3 and 20 post transfection, the RCAS-

expressing DF1 cells were injected into the brainstem of various mouse strains 

containing the NestinTVA allele.  

To prepare the RCAS-expressing DF1s for injection into mice, confluent cells in 

T-25 flasks were washed with PBS, incubated in trypsin, and quenched with culture 

medium. The cells expressing various RCAS plasmids were combined (ex: cells 

expressing RCAS- PDGFB, RCAS-Cre, and RCAS-Luciferase), centrifuged at 1200 rpm, 

and resuspended in approximately 40-50 µL of culture medium. The cells were placed 

on ice and injected into mice within 1 hour.     

2.11 In vivo Imaging of Primary Brainstem Gliomas  

Infection of NestinTVA-expressing mice with RCAS-Luciferase enabled the use of 

in vivo bioluminescence imaging to identify mice with primary brainstem gliomas. Prior 

to bioluminescence imaging, mice were subjected to chemical hair removal on their 

heads using Nair. Mice were injected intraperitoneally with 150 mg/kg D-luciferin, 

which is converted to oxyluciferin by the firefly luciferase enzyme in a reaction that 

emits 560 nm light. The bioluminescent signal peaked within the brain approximately 10 
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minutes following injection of D-luciferin, as determined by a kinetic curve. Luciferase 

activity was monitored biweekly beginning 4.5 weeks post tumor initiation using the 

IVIS Lumina III (PerkinElmer). Mice were anesthetized in a chamber with 2-3% 

isoflurane in oxygen for the duration of the imaging session. Luciferase activity was 

calculated using Living Image Software and specific signal was identified as the ratio of 

bioluminescence in the region of interest to the signal in a region without tumor.   

Magnetic resonance imaging (MRI) was performed on a subset of mice using a 7 

Tesla preclinical scanner (Bruker BioSpec 7/20, Bruker, Ettlingen, Germany) equipped 

with cryogenic receivers (Cryoprobe, Bruker). Mice were anaesthetized with isoflurane 

(2-3%) using a nose cone delivery system and placed onto a customized animal bed 

compatible with MRI. The brain was imaged three-dimensionally at 0.15mm isotropic 

resolution using a T2-weighted acquisition, with parameters fg-gr, a. T1-weighted 

acquisition, and an angiographic acquisition showing brain vasculature. Imaging took 

place prior to and following injection with a gadolinium-based contrast agent 

(Magnevist, DOSE) through a tail-vein catheter. The location and size of the brainstem 

gliomas were determined by manual segmentation. 

2.12 Immunoblotting 

Primary tumor cells or tumor tissue were lysed in cold RIPA buffer (Sigma 

Aldrich) supplemented with Aprotinin (Sigma Aldrich), PhosStop tablet (Sigma 

Aldrich), cOmplete mini protease inhibitor cocktail tablet (Sigma Aldrich), and 1mM 
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PMSF. Soluble proteins were quantified and equal amounts of protein were resolved by 

SDS-PAGE. Proteins were transferred to nitrocellulose membranes and immunoblotted 

with specific antibodies for p19ARF (Novus Biologicals, NB200-174, 1:250), p53 (Cell 

Signaling Technology, #2524, 1:250), Ser15 phosphorylated p53 (Cell Signaling 

Technology, #9284, 1:250), p21 (Santa Cruz, sc-471, 1:250), KAP-1 (Bethyl, A300-275A, 

1:1000), Ser824 phosphorylated KAP-1 (Bethyl, A300-767A, 1:1000), or GAPDH 

(ProteinTech, 60004-1-IgG, 1:1000). Proteins were visualized using the infrared 

fluorophore labeled secondary antibodies, anti-rabbit IRDye800 (Li-Cor Biosciences) and 

anti-mouse IRDye680 (Li-Cor Biosciences), and imaged with the Odyssey imaging 

system (Li-Cor Biosciences).  

2.13 Study Design and Statistics 

All data are presented as means ± s.e.m. Student’s t test (two-tailed) was utilized 

to compare the mean of two groups. One-way analysis of variance (ANOVA) followed 

by Tukey’s post hoc tests was utilized to compare the means of more than two groups. 

Two-way ANOVA was utilized to examine the interaction between genotype and 

radiation or time point followed by Bonferroni’s multiple comparisons test for pairwise 

comparisons. Linear regression was utilized to examine the correlation between average 

radiance and brainstem glioma area. Kaplan-Meier analysis was performed for all of the 

survival studies, followed by the log-rank test for statistical significance. A P value less 
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than 0.05 indicated significance. Prism 7 (GraphPad Software, Inc.) was used for the 

statistical analysis. 
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3. Interrogating the Cellular Target of Radiation Therapy 
in Primary Sarcomas 

The majority of patients diagnosed with soft tissue sarcoma receive radiation 

therapy during the course of their treatment, often with the intent to achieve long-term 

local control. Within this patient population, radiation can be employed prior to or 

following surgical resection of the primary tumor or for the management of metastatic 

disease (161). In recent years, SBRT has been employed for the treatment of various 

cancers, including metastatic sarcomas, and has achieved improved rates of local control 

(45-49). However, the mechanism through which SBRT improves the rate of local control 

in cancer patients remains controversial. Some investigators argue that the vascular 

dysfunction associated with tumors after a single high dose of radiation mediates the 

enhanced radiation response, while others conclude that the increased dose per fraction 

used in SBRT simply kills more tumor cells. Previous attempts to elucidate the role of 

endothelial cell death in the response of tumors to SBRT have largely been conducted 

using xenograft or allograft tumor models. As the tumor microenvironment contributes 

to tumor development, growth, and response to therapy (2), it is essential to study 

tumor stromal cells within the context of autochthonous tumor models in 

immunocompetent mice.     

Therefore, we utilized GEMMs to generate primary sarcomas in order to dissect 

the critical cellular target of radiation therapy. Dual recombinase technology enabled the 
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modulation of radiosensitivity in specific cellular targets, including tumor endothelial 

cells and tumor parenchymal cells.  Thus, we investigated the role of tumor and 

endothelial cell death in mediating the response of primary sarcomas to a single, large 

fraction of radiation therapy. 

3.1 Genetic Manipulation of Atm in Stromal or Sarcoma Cells 

In order to define the critical cellular target that mediates tumor response to 

radiation therapy, we utilized GEMMs of soft tissue sarcoma to manipulate the 

radiosensitivity of various cellular compartments. The serine/threonine kinase ataxia 

telangiectasia mutated is a critical mediator of the DNA damage response pathway that 

facilitates both cell cycle arrest and DNA repair (162, 163). Patients with inherited 

mutations in Atm display hypersensitivity to radiation (22) and many human tumor cell 

lines exhibit radiosensitivity after inhibition of ATM in vitro (164, 165). Therefore, we 

utilized genetic engineering to manipulate the expression of ATM within either tumor 

cell or stromal cell populations.   

To selectively modulate the radiosensitivity of tumor stromal cells, we employed 

dual recombinase technology. This sophisticated mouse modeling approach utilizes one 

site-specific DNA recombinase to initiate primary tumor development, while using a 

second site-specific recombinase in the same mouse to manipulate gene expression in a 

tissue-specific manner (39, 123, 166). In our primary model of soft-tissue sarcoma, we 

utilized Cre recombinase to delete genomic sequences flanked by loxP sites (floxed) and 
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FlpO recombinase to delete sequences located between two FRT sites (FRTed). To 

specifically radiosensitize vascular endothelial cells, we used mice expressing the 

endothelial cell-specific Cre-driver, VE-Cadherin-Cre, to delete floxed alleles of Atm 

(AtmFL). In these mice, FlpO recombinase initiated primary tumor development by 

deleting two FRTed alleles of p53 (p53FRT) and recombining a FRTed STOP cassette 

upstream of oncogenic KrasG12D (FRT-STOP-FRT-KrasG12D or FSF-KrasG12D), thereby 

driving expression of the oncogene. An adenovirus expressing FlpO was injected into 

the hind limb of genetically engineered mice in order to promote the transformation of 

muscle cells. By initiating sarcoma development in FSF-KrasG12D; p53FRT/FRT; VE-Cadherin-

Cre; AtmFL/+ (KPVAFL/+) and FSF-KrasG12D; p53FRT/FRT; VE-Cadherin-Cre; AtmFL/FL (KPVAFL/FL) 

mice, we were able to compare the radiation response of genetically identical tumors 

that differed only in the radiosensitivity of the tumor vasculature (Table 1).  

Table 1: Using Dual Recombinase Technology to Independently Manipulate 

Tumor and Stromal Cell Populations  

FSF-KrasG12D; p53FRT/FRT;          

VE-Cadherin-Cre; AtmFL/+ 

FSF-KrasG12D; p53FRT/FRT;          

VE-Cadherin-Cre; AtmFL/FL 

Tumor Vasculature Tumor Vasculature 

+FlpO (Viral) 
Mutant Kras 

p53 null 
- 

Mutant Kras 

p53 null 
- 

+ Cre (VE-Cadherin) - Atm retained - Atm null 

Radiosensitivity of 

Vasculature 
N/A Control N/A Sensitive 
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To selectively modulate the radiosensitivity of sarcoma parenchymal cells, we 

employed Cre-loxP technology. Pax7-CreER mice express a tamoxifen-inducible version 

of Cre recombinase specifically in muscle satellite cells. Injection of 4-hydoxy-tamoxifen 

into the hind limb initiated tumor development by facilitating the Cre-mediated 

recombination of two floxed alleles of p53 (p53FL) and a floxed STOP cassette upstream of 

oncogenic KrasG12D (loxP-STOP-loxP-KrasG12D or LSL-KrasG12D). In addition to deleting two 

tumor suppressor alleles and activating expression of an oncogene, the Cre recombinase 

also deleted either one or two floxed alleles of Atm in order to modulate the 

radiosensitivity of sarcoma cells. By initiating sarcoma development in Pax7-CreER; LSL-

KrasG12D; p53FL/FL; AtmFL/+ (P7KPAFL/+) and Pax7-CreER; LSL-KrasG12D; p53FL/FL; AtmFL/FL 

(P7KPAFL/FL) mice, we were able to compare the radiation response of tumors with 

different levels of radiosensitivity (Table 2).  

Table 2: Using CreER to Manipulate Tumor Cell Radiosensitivity 

Pax7-CreER; LSL-KrasG12D; 

p53FL/FL; AtmFL/+ 

Pax7-CreER; LSL-KrasG12D; 

p53FL/FL; AtmFL/FL 

Tumor Vasculature Tumor Vasculature 

+ Cre (Pax7) 

Mutant Kras 

p53 null 

Atm retained 

- 

Mutant Kras 

p53 null 

Atm null 

- 

Radiosensitivity 

of Tumor Cells 
Control N/A Sensitive N/A 
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3.2 Radiosensitization of Endothelial Cells does not Promote 
Sarcoma Eradication Following Radiation Therapy 

In order to modulate the radiosensitivity of the tumor vasculature, we utilized 

dual recombinase technology to generate sarcomas in KPVAFL/+ and KPVAFL/FL mice. To 

characterize ATM signaling in the tumor vasculature following radiation exposure, 

sarcomas were irradiated with 20 Gy focal irradiation and harvested 4 hours post 

radiation exposure. Previous reports have shown that 20 Gy is sufficient to induce 

endothelial cell death in both normal tissues (167) and tumor tissues (8). We co-stained 

these irradiated sarcoma sections with antibodies against CD31, a highly-expressed 

endothelial cell glycoprotein, and antibodies against phosphorylated ATM (pATM) or 

phosphorylated KAP1 (pKAP1), a downstream target of ATM kinase that is 

phosphorylated in response to DNA damage (21).  Following irradiation, tumor 

endothelial cells in KPVAFL/FL mice exhibited a significant decrease in pATM and pKAP1 

when compared to KPVAFL/+ mice (39). The disruption of ATM signaling in the tumor 

vasculature in response to radiation also resulted in increased endothelial cell death 24 

hours post 20 Gy irradiation, as detected by CD31 and TUNEL co-staining (Figure 2A). 

We also detected an increase in the total amount of cell death within the tumor when 

both alleles of Atm were deleted in endothelial cells, suggesting that endothelial cell 

death can facilitate the death of neighboring cells (Figure 2B). Collectively, these data 

show that VE-Cadherin-Cre deletes floxed alleles of Atm within endothelial cells, 

resulting in their radiosensitization. 
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Contrary to data generated using a melanoma allograft model (168), deletion of 

Atm in VE-Cadherin-expressing endothelial cells did not impact tumor initiation, growth, 

or vascularization in a primary tumor model (39). To assess whether endothelial cell 

death regulates the response of primary sarcomas to irradiation, we treated tumor-

bearing KPVAFL/+ and KPVAFL/FL mice with 20 Gy focal irradiation. Mice were monitored 

for tumor growth until the sarcomas tripled in size following radiation therapy. Tumors 

with both alleles of Atm deleted in the vasculature took almost twice as long to triple in 

size following radiation therapy, resulting in a significantly increased growth delay 

(Figure 2C-D). These data further confirm that the sarcoma vasculature in KPVAFL/FL mice 

had increased radiosensitivity and demonstrate that death of endothelial cells can 

improve tumor radiation response. Clinically, local control endpoints rather than 

growth delay endpoints are used to assess sarcoma response to therapy. However, 

several reports have shown that improved growth delay following radiation therapy 

does not necessarily result in improved tumor eradication or local control (145, 169, 170). 

To examine whether endothelial cell radiosensitivity contributed to local control in our 

primary mouse model, we treated sarcomas in KPVAFL/+ and KPVAFL/FL mice with 50 Gy. 

We selected 50 Gy for the local control studies because it was the highest dose tolerated 

by mice and it resulted in tumor eradication in approximately 5-10% of mice (Figure 2E-

F). No significant difference was detected in the rate of local control between the 

irradiated KPVAFL/+ and KPVAFL/FL mice (Figure 2F). Furthermore, there was no difference 
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in the radiation-induced tumor growth delay following a curative dose of 50 Gy (Figure 

2E). These findings reveal that although endothelial cell death triggers a delay in 

sarcoma regrowth following a non-curative radiation dose, it is not the critical regulator 

of primary tumor eradication following curative doses of radiation therapy. 

 

Figure 2: Radiosensitization of Sarcoma Endothelial Cells Promotes Tumor 

Growth Delay rather than Local Control in Response to Radiation 
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Quantification of (A) CD31 and TUNEL co-stained cells and (B) TUNEL positive cells in 

KPVAFL/+ and KPVAFL/FL sarcomas harvested 24 hours post 20 Gy focal irradiation. (C) 

Tumor volume at various time points post treatment with 20 Gy normalized to tumor 

volume at the time of irradiation. (D) Quantification of time to tumor tripling post 20 Gy 

irradiation in KPVAFL/+ and KPVAFL/FL sarcomas. (E) Tumor volume at various time points 

post a curative radiation dose of 50 Gy normalized to tumor volume at the time of 

irradiation. (F) Kaplan-Meier plot of local control (defined as the absence of tumor 

tripling) in KPVAFL/+ and KPVAFL/FL sarcomas post 50 Gy focal irradiation. Completed in 

collaboration with Everett Moding. 

3.3 Radiosensitization of Tumor Cells Mediates Sarcoma 
Eradication Following Radiation Therapy  

In order to modulate the radiosensitivity of the sarcoma parenchymal cells, we 

generated hind limb tumors in P7KPAFL/+ and P7KPAFL/FL mice. We detected no difference 

in the sarcoma growth rate between the two genotypes, as determined by the time for 

tumors to reach 75 mm3 post injection with an adenovirus expressing Cre recombinase 

(Figure 3A).  Cell lines isolated from the primary sarcomas exhibited recombination of 

floxed alleles of Atm, and tumor cells lacking Atm had elevated radiosensitivity in an in 

vitro clonogenic survial assay when compared to cells retaining one wild type copy of 

Atm (Figure 3B). To examine whether tumor cell radiosensitivity contributed to local 

control in our primary mouse model, we treated sarcomas in P7KPAFL/+ and P7KPAFL/FL 

mice with a curative dose of 50 Gy. The elevated radiosensitivity of sarcoma cells in 

P7KPAFL/FL mice translated into a significant increase in time to tumor recurrence and 

rate of local control when tumor-bearing mice were treated with radiation therapy 

(Figure 3C-D). These results show that tumor cell radiosensitivity regulates the response 

of primary sarcomas to curative doses of radiation therapy.  
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Figure 3: Radiosensitization of Sarcoma Cells Mediates Local Control in 

Response to Radiation 

(A) Quantification of the time for sarcomas in P7KPAFL/+ and P7KPAFL/FL mice to reach 75 

mm3 post injection with an adenovirus expressing Cre recombinase. (B) Clonogenic 

survival assay using stroma-depleted sarcoma cell lines (n=3 cell lines per genotype). (C) 

Tumor volume at various time points post a curative radiation dose of 50 Gy normalized 

to tumor volume at the time of irradiation. (D) Kaplan-Meier plot of local control 

(defined as the absence of tumor tripling) in P7KPAFL/+ and P7KPAFL/FL sarcomas post 50 

Gy focal irradiation. Completed in collaboration with Everett Moding. 

3.4 Conclusion 

Although tumor endothelial cells regulate many aspects of tumor growth and 

development (171, 172), there is not a consensus within the scientific community on 

whether the tumor vasculature can be targeted pharmacologically to improve radiation 

therapy. Implantation of tumor cells in mice with radioresistant stromal cells resulted in 
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improved tumor growth delay following radiation therapy, which correlated with a 

decrease in endothelial cell death (8). To the contrary, implantation of tumor cells in 

mice with radiosensitive stromal cells did not impact rates of radiation-induced local 

control, suggesting that stromal cell death does not regulate tumor cure (145). This 

unresolved controversy highlights the need for autochthonous tumor models to dissect 

the role of various stromal cells in the tumor response to radiation therapy. 

To examine whether endothelial cell death regulates the tumor response to high 

dose radiation therapy in a primary model, we utilized dual recombinase technology to 

generate genetically identical sarcomas that differed only in endothelial cell 

radiosensitivity. An increase in endothelial cell death significantly improved sarcoma 

growth delay post 20 Gy focal irradiation. When primary sarcomas were treated with a 

higher, curative dose of 50 Gy, endothelial cell radiosensitization did not alter tumor 

growth delay or the rate of sarcoma eradication. These data argue that endothelial cell 

death is not a rate-limiting regulator of local control in primary sarcomas in response to 

radiation.  

In order to characterize whether sarcoma cell death regulates tumor eradication 

following curative radiation doses, we utilized Cre-loxP technology to generate tumors 

that differed in tumor parenchymal cell radiosensitivity. We detected an extended tumor 

growth delay and significantly increased local control post 50 Gy irradiation in the more 

radiosensitive tumors. Collectively, these studies suggest that tumor cell death, rather 
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than endothelial cell death, is the critical regulator of sarcoma response to the high doses 

of radiation associated with SBRT.  
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4. Interrogating the Cellular Target of Radiation Therapy 
in Primary Lung Tumors 

Lung cancer accounts for approximately 14% of the new cancer cases diagnosed 

each year and is the leading cause of cancer mortality in the United States (173). 

Radiation therapy is routinely utilized in the clinic to treat lung cancer, but therapeutic 

advances are necessary to improve patient outcomes. In recent years, SBRT has been 

employed for the treatment of lung cancer and has shown efficacy in patients with 

inoperable, early-stage non-small cell lung cancer (174). However, the mechanism 

through which SBRT improves the rate of local control in cancer patients remains 

controversial. Some investigators argue that the vascular dysfunction associated with 

tumors after a single high dose of radiation mediates an enhanced radiation response, 

while others conclude that the increased dose per fraction used in SBRT simply kills 

more tumor cells.  

To dissect the critical cellular target of radiation therapy, we utilized GEMMs to 

generate primary tumors that arise in their native microenvironment in 

immunocompetent mice. Dual recombinase technology enabled the modulation of 

radiosensitivity in specific cellular targets, including tumor endothelial cells and tumor 

parenchymal cells. In a mouse model of sarcoma, we showed that endothelial cell death 

contributed to tumor growth delay following a non-curative dose of radiation, but did 

not regulate local control rates following a curative radiation dose. In stark contrast, 
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radiosensitization of sarcoma parenchymal cells extended tumor growth delay and 

increased tumor eradication. However, it remains unclear whether these results extend 

beyond sarcomas. We therefore employed dual recombinase technology to investigate 

the role of tumor and endothelial cell radiosensitivity in mediating the response of 

primary lung tumors to a single, large fraction of radiation therapy. 

4.1 Genetic Manipulation of Atm in Stromal or Lung Tumor Cells 

In order to define the critical cellular target that mediates lung tumor response to 

radiation therapy, we utilized GEMMs of non-small cell lung cancer to manipulate 

radiosensitivity in various cellular compartments. As ATM is a critical mediator of the 

DNA damage response pathway and regulates radiosensitivity in patients and tumor 

cell lines (22, 164, 165), we utilized genetic engineering to manipulate the expression of 

ATM within either tumor cell or stromal cell populations.   

To selectively modulate the radiosensitivity of tumor stromal cells, we employed 

dual recombinase technology (Figure 4). The vascular endothelial cells were 

radiosensitized by using the endothelial cell-specific Cre-driver, VE-Cadherin-Cre, to 

delete floxed alleles of Atm. In these mice, FlpO recombinase initiated primary tumor 

development by deleting two FRTed alleles of p53 and activating expression of 

oncogenic KrasG12D. An adenovirus expressing FlpO was administered to genetically 

engineered mice via intranasal inhalation to promote the transformation of lung 

epithelial cells. By initiating lung tumor development in FSF-KrasG12D; p53FRT/FRT; VE-
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Cadherin-Cre; AtmFL/+ (KPVAFL/+) and FSF-KrasG12D; p53FRT/FRT; VE-Cadherin-Cre; AtmFL/FL 

(KPVAFL/FL) mice, we were able to compare the radiation response of genetically identical 

tumors that differed only in the radiosensitivity of the tumor vasculature (Table 1). 

To selectively modulate the radiosensitivity of lung tumor cells, we employed 

Cre-loxP technology (Figure 4). Administration of a lentivirus expressing Cre 

recombinase via intranasal inhalation initiated tumor development by recombining two 

floxed alleles of p53 and activating oncogenic KrasG12D. In addition to deleting two tumor 

suppressor alleles and activating expression of an oncogene, the Cre recombinase also 

deleted either one or two floxed alleles of Atm in order to modulate the radiosensitivity 

of tumor parenchymal cells. By initiating lung tumor development in LSL-KrasG12D; 

p53FL/FL; AtmFL/+ (KPAFL/+) and LSL-KrasG12D; p53FL/FL; AtmFL/FL (KPAFL/FL) mice, we were able 

to compare the radiation response of tumors with different levels of radiosensitivity 

(Table 3).  

Table 3: Using Cre-loxP Technology to Manipulate Tumor Cell 

Radiosensitivity 

LSL-KrasG12D; p53FL/FL;  

AtmFL/+ 

LSL-KrasG12D; p53FL/FL; 

AtmFL/FL 

Tumor Vasculature Tumor Vasculature 

+ Cre (Viral) 

Mutant Kras 

p53 null 

Atm retained 

- 

Mutant Kras 

p53 null 

Atm null 

- 

Radiosensitivity 

of Tumor Cells 
Control N/A Sensitive N/A 
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Figure 4: Dual Recombinase Technology Enables Cre-Mediated 

Recombination in Primary Lung Tumor Endothelial Cells 

Schematic of recombinase expression (A) in KPAFL/+ and KPAFL/FL mice infected 

with a lentivirus expressing Cre recombinase and (B) in KPVAFL/+ and KPVAFL/FL mice 

infected with an adenovirus expressing FlpO recombinase to initiate primary lung 

cancer development. 

4.2 Radiosensitization of Endothelial Cells does not Promote 
Lung Tumor Response to Radiation Therapy 

In order to modulate the radiosensitivity of the tumor vasculature, we utilized 

dual recombinase technology to generate primary lung tumors in KPVAFL/+ and KPVAFL/FL 

mice (Figure 5). Upon detection of lung tumors by micro-CT imaging, we left mice 

unirradiated and performed serial imaging biweekly. We detected no difference in the 

number of tumors or the volume of tumors at baseline between the two genotypes 
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(Figure 6A-B). Individual lesions within the lungs were contoured to assess tumor 

growth. Contrary to data generated in a melanoma allograft model (168), deletion of 

Atm in VE-Cadherin-expressing endothelial cells did not impact primary lung tumor 

growth in the absence of radiation (Figure 6C-D). Lung tumors in both KPVAFL/+ and 

KPVAFL/FL mice increased approximately 6-fold in volume within 6 weeks post tumor 

detection (Figure 6C). These results suggest that deletion of Atm within the primary 

tumor vasculature does not impact tumor initiation or growth rate in the absence of 

radiation. 

To examine whether lung endothelial cells lacking Atm had an increased 

radiosensitivity, we irradiated mice with 15 Gy to the whole thorax and harvested the 

lungs 24 hours post radiation. The disruption of ATM signaling in the tumor vasculature 

of KPVAFL/FL mice increased endothelial cell death post irradiation, as detected by CD31 

and TUNEL co-staining (Figure 7A-B). These results show that VE-Cadherin-Cre deletes 

floxed alleles of Atm within endothelial cells, resulting in their radiosensitization. To 

determine whether the radiosensitization of endothelial cells regulates the response of 

primary lung tumors to irradiation, we treated tumor-bearing KPVAFL/+ and KPVAFL/FL 

mice with 15 Gy whole thorax irradiation and imaged them biweekly by micro-CT. 

Tumors with both alleles of Atm deleted in the vasculature did not exhibit an improved 

growth delay 2 to 6 weeks following radiation therapy (Figure 7C-D). At 8 weeks post 

irradiation, we detected a modest, although not significant, difference in tumor growth 
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in the KPVAFL/+ (12 fold increase) and KPVAFL/FL (8 fold increase) mice (Figure 7D). 

Collectively, these findings suggest that an increase in endothelial cell death does not 

significantly affect lung tumor response to radiation.  

 

 

Figure 5: Experimental Timeline for the Initiation and Assessment of Primary 

Lung Tumorigenesis 

To initiation lung tumorigenesis, KPVAFL/+ and KPVAFL/FL mice were infected with 

an adenovirus expressing FlpO (Adeno-Flp) via intranasal inhalation. Primary lung 

tumors were detected through micro-CT scans beginning 8 weeks post injection. Target 

lesions were defined as tumors that had increased in volume by the 10-12 week scans. 

Upon detection of at least one target lesion, mice were irradiated with 15 Gy radiation 

therapy (RT) to the whole thorax. Biweekly micro-CT scans were collected after RT to 

assess tumor growth delay.   
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Figure 6: Genetic Deletion of Atm in Endothelial Cells does not Impact 

Primary Lung Tumor Growth  

Quantification of (A) the number of lung tumors per mouse and (B) the volume of 

individual lung tumors detected in the baseline micro-CT scan of KPVAFL/+ and KPVAFL/FL 

mice. (C) Tumor volume at various time points post detection normalized to the volume 

in the baseline scan. (D) Representative serial micro-CT scans demonstrating lung tumor 

growth 2, 4, and 6 weeks post tumor detection in KPVAFL/+ and KPVAFL/FL mice. Target 

lesions are marked by white arrows. Completed in collaboration with Patrick Oh and 

Jordan Torok.  
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Figure 7: Radiosensitization of Endothelial Cells does not Significantly 

Improve Lung Tumor Growth Delay in Response to Radiation 

(A) Representative immunofluorescence of CD31 and TUNEL in primary lung tumors 

harvested 24 hours post 15 Gy whole thorax irradiation. (B) Quantification of CD31 and 

TUNEL co-stained cells in KPVAFL/+ and KPVAFL/FL tumors. (C) Representative serial 

micro-CT scans demonstrating lung tumor growth 4, 6, and 8 weeks post radiation 

therapy. Target lesions are marked by white arrows. (D) Tumor volume at various time 

points post 15 Gy irradiation normalized to the volume at the time of radiation therapy 

Completed in collaboration with Patrick Oh and Jordan Torok. 

4.3 Radiosensitization of Tumor Cells Mediates Lung Tumor 
Response to Radiation Therapy 

In order to modulate the radiosensitivity of the tumor parenchymal cells, we 

generated lung tumors in KPAFL/+ and KPAFL/FL mice. Cell lines isolated from the primary 

lung tumors exhibited complete recombination of floxed alleles of Atm (Figure 8A). We 
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detected no difference in the number of tumors or the volume of tumors at baseline 

between the two genotypes (Figure 8B-C). Likewise, the loss of ATM in the tumor cells 

did not impact baseline tumor growth rate, with both KPAFL/+ and KPAFL/FL tumors 

increasing approximately 5-fold in volume within 6 weeks post detection (Figure 8D-E). 

These results show that deletion of Atm within primary lung tumor cells does not impact 

tumor initiation or growth in the absence of radiation. 

Primary tumor cells lacking Atm displayed heightened radiosensitivity in an in 

vitro clonogenic survial assay when compared to cells retaining one wild type copy of 

Atm (Figure 9A). To examine whether tumor cell radiosensitivity contributed to tumor 

growth delay in our primary mouse model, we treated lung tumor-bearing KPAFL/+ and 

KPAFL/FL mice with 15 Gy to the whole thorax. The elevated radiosensitivity of lung 

tumor cells in KPAFL/FL mice translated into a significantly extended delay in tumor 

regrowth following radiation therapy (Figure 9B-C). At 8 weeks following irradiation, 

lung tumors in KPAFL/FL mice had only increased by 1.4-fold in volume, as compared to 

the 5.9-fold increase in KPAFL/+ mice (Figure 9B). These data show that tumor cell 

radiosensitivity regulates the response of primary lung tumors to radiation therapy.  
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Figure 8: Genetic Deletion of Atm in Lung Tumor Cells does not Impact 

Primary Tumor Growth 
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(A) PCR analysis of genomic DNA from stroma-depleted KPAFL/FL tumor cell lines 

demonstrating the absence of unrecombined AtmFL alleles (ATM FL) and the presence of 

recombined AtmFL alleles (ATM ∆). Quantification of (B) the number of lung tumors per 

mouse and (C) the volume of individual lung tumors detected in the baseline micro-CT 

scan of KPAFL/+ and KPAFL/FL mice. (D) Tumor volume at various time points post 

detection normalized to the volume in the baseline scan. (E) Representative serial micro-

CT scans demonstrating lung tumor growth 2, 4, and 6 weeks post tumor detection in 

KPAFL/+ and KPAFL/FL mice. Target lesions are marked by white arrows. Completed in 

collaboration with Patrick Oh and Jordan Torok. 

 

 

Figure 9: Radiosensitization of Primary Lung Tumor Cells Significantly 

Improves Tumor Response to Radiation 

(A) Clonogenic survival assay using stroma-depleted KPAFL/+ and KPAFL/FL tumor cell 

lines (n=3 cell lines per genotype). (B) Tumor volume at various time points post 15 Gy 
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whole thorax irradiation normalized to the tumor volume at the time of radiation 

therapy (C) Representative serial micro-CT scans demonstrating lung tumor growth 2, 4, 

6, and 8 weeks post radiation therapy. Target lesions are marked by white arrows. 

Completed in collaboration with Patrick Oh and Jordan Torok. 

4.4 Conclusion 

The tumor vasculature is an important regulator of tumor growth and metastasis 

(171, 172), which has driven extensive research into the development of therapeutic 

agents that inhibit angiogenesis. However, the contribution of endothelial cell death to 

the tumor response to radiation therapy remains an area of controversy (55, 62).  

Previous studies have shown that mice with endothelial cell-specific deficiency 

of Atm have impaired neoangiogenesis, resulting in the suppression of tumor growth in 

a melanoma allograft (168). In contrast, we did not identify any effect of deleting Atm 

specifically in endothelial cells on the growth or initiation of primary lung tumors. These 

data are consistent with results obtained in an autochthonous sarcoma model, which 

showed no impact of Atm expression on primary tumor growth (39). As transplanted 

tumor models display variability in vascular perfusion and hypoxia when compared to 

primary tumors (175), it is possible that disruption of ATM signaling in the vasculature 

could inhibit the growth of an allograft tumor without affecting tumor growth in 

autochthonous models of sarcoma or lung cancer (39).  

Studies conducted with allograft tumor models have suggested that endothelial 

cell death regulates tumor response to high dose radiation. Transplanted tumors grown 

in acid-sphingomyelinase null mice, which are resistant to ceramide-induced apoptosis, 
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were resistant to radiation therapy when compared to wild type controls (8). The poor 

tumor response to radiation was correlated with a decrease in endothelial cell apoptosis 

in this study (8). Other investigators showed a reduction in clonogenic survival when 

cells were isolated from fibrosarcoma xenografts 5 days post high-dose irradiation as 

compared to cells isolated immediately after irradiation (53). The reduction in the 

surviving fraction of tumor cells harvested 5 days post radiation was attributed to 

vascular damage-induced tumor cell killing (53).  

To examine whether endothelial cell death regulates the tumor response to high-

dose radiation therapy in a primary model, we utilized dual recombinase technology to 

generate genetically identical lung tumors that differed only in endothelial cell 

radiosensitivity. An increase in endothelial cell death post 15 Gy irradiation did not 

significantly improve lung tumor growth delay. These data argue that endothelial cell 

death is not a rate-limiting regulator of lung tumor response to radiation. In contrast, 

when we generated genetically identical lung tumors that differed in tumor 

parenchymal cell radiosensitivity, we detected a significant radiation-induced growth 

delay in the more radiosensitive tumors. These findings agree with data we collected 

using a primary mouse model of sarcoma, which showed that tumor cells rather than 

endothelial cells were the critical targets for tumor eradication following high-dose 

radiation therapy (123). Collectively, these studies suggest that tumor cell death may be 

a more reliable regulator of the overall tumor response to the high doses of radiation 
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associated with SBRT than endothelial cell death. Additional studies are necessary to 

characterize whether small molecule radiosensitizers, such as ATM inhibitors, can 

improve primary lung tumor response to high dose radiation therapy by targeting the 

bulk tumor cells.  
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5. Interrogating the Cellular Target of Radiation Therapy 
in Primary Brainstem Gliomas 

Diffuse intrinsic pontine glioma (DIPG), which is also referred to as high-grade 

brainstem glioma, is an incurable cancer that originates in the pons and occurs primarily 

in children. Radiation therapy is the standard of care for DIPG, as the anatomic location 

of the tumor precludes surgery. Furthermore, no chemotherapeutic agents have 

improved outcome over radiation therapy alone. Despite routine treatment with 

radiation therapy, the median survival for children with DIPG is less than one year and 

fewer than 10% of patients survive two years from diagnosis (176, 177). Therefore, DIPG 

is the major cause of brain cancer-related deaths in children (176). To begin developing 

an approach to improve survival of children with DIPG, it is critical to characterize the 

critical cellular target that mediates improved survival following radiation therapy.  

Therefore, we utilized GEMMs to generate primary tumors that arise in their 

native microenvironment in immunocompetent mice. Dual recombinase technology 

enabled the modulation of radiosensitivity in specific cellular targets, including tumor 

endothelial cells and tumor parenchymal cells. In primary mouse models of sarcoma 

and lung cancer, we showed that endothelial cell death did not significantly improve 

local control or tumor growth delay respectively following high dose radiation therapy. 

However, radiosensitization of tumor parenchymal cells extended tumor response to 

radiation in both primary models. It remains unclear whether these results will extend to 
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radiation-resistant brainstem gliomas. We therefore employed dual recombinase 

technology and RCAS-TVA technology to investigate the role of tumor and endothelial 

cell radiosensitivity in mediating the response of primary gliomas to radiation therapy. 

5.1 Genetic Manipulation of Atm in Stromal or Glioma Cells 

Several large-scale analyses of patient samples have revealed that mutations in 

the tumor suppressor p53 occur in 50-77% of DIPGs (136, 178). Likewise, molecular 

alterations in platelet-derived growth factor receptor (PDGFR) are well documented 

(179-181). To efficiently model primary DIPGs, we utilized the avian retrovirus, RCAS, 

to alter the expression of relevant genes in progenitor cells of the mouse brainstem. The 

Nestin-expressing progenitor cells within the mouse brain have been engineered to 

express the RCAS cognate tumor virus A (TVA) receptor, which enables infection by 

RCAS. To initiate tumorigenesis in the mouse brainstem, we injected DF1 chicken 

fibroblast cells expressing various RCAS viruses into the brainstem of neonatal mice 

(Figure 10). Using the RCAS-TVA system in combination with the site-specific DNA 

recombinases Cre or FlpO, we initiated brainstem glioma development by 

overexpressing an oncogene (PDGF-B) and deleting both alleles of the tumor suppressor 

p53 (p53 deficient) or Ink4a/ARF (p53 wild type) (137).  

In order to define the critical cellular target that mediates the response of 

brainstem gliomas to radiation therapy, we utilized GEMMs to manipulate 

radiosensitivity in various cellular compartments. As ATM is a critical mediator of the 
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DNA damage response pathway and regulates radiosensitivity in patients and human 

tumor cell lines (22, 164, 165), we utilized genetic engineering to manipulate the 

expression of ATM within either tumor cell or stromal cell populations.   

To selectively modulate the radiosensitivity of tumor stromal cells, we employed 

dual recombinase technology. The vascular endothelial cells were radiosensitized by 

using the endothelial cell-specific Cre-driver, VE-Cadherin-Cre, to delete floxed alleles of 

Atm. In these mice, RCAS viruses expressing FlpO recombinase and PDGFB were used 

to initiate primary tumor development by deleting two FRTed alleles of p53 and 

overexpressing PDGFB. By initiating brainstem glioma development in NestinTVA; 

p53FRT/FRT; VE-Cadherin-Cre; AtmFL/+ (nPVAFL/+) and NestinTVA; p53FRT/FRT; VE-Cadherin-Cre; 

AtmFL/FL (nPVAFL/FL) mice, we were able to compare the radiation response of genetically 

identical tumors that differed only in the radiosensitivity of the tumor vasculature 

(Table 4).  

Table 4: Using Dual Recombinase Technology in the RCAS-TVA System to 

Independently Manipulate Tumor and Stromal Cell Populations 

NestinTVA; p53FRT/FRT;          

VE-Cadherin-Cre; AtmFL/+ 

NestinTVA; p53FRT/FRT;          

VE-Cadherin-Cre; AtmFL/FL 

Tumor Vasculature Tumor Vasculature 

+FlpO (Viral) p53 null - p53 null - 

+ Cre (VE-Cadherin) - Atm retained - Atm null 

Radiosensitivity of 

Vasculature 
N/A Control N/A Sensitive 
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To selectively modulate the radiosensitivity of brainstem glioma cells, we 

employed Cre-loxP technology. RCAS viruses expressing Cre recombinase and PDGFB 

initiated gliomagenesis by recombining two floxed alleles of either p53 or Ink4a/ARF and 

overexpressing PDGFB. In addition to deleting two tumor suppressor alleles, the Cre 

recombinase also deleted either one or two floxed alleles of Atm in order to modulate the 

radiosensitivity of tumor parenchymal cells. To model p53 deficient brainstem gliomas, 

we initiated tumor development in NestinTVA; p53FL/FL; AtmFL/+ (nPAFL/+) and NestinTVA; 

p53FL/FL; AtmFL/FL (nPAFL/FL) mice (Table 5). A similar modeling approach was utilized to 

generate p53 wild type brainstem gliomas. We initiated tumor development in NestinTVA; 

Ink4a/ARFFL/FL; AtmFL/+ (nIAFL/+) and NestinTVA; Ink4a/ARFFL/FL; AtmFL/FL (nIAFL/FL) mice. Thus, 

we utilized two distinct genetically engineered mouse models to compare the radiation 

response of tumors with different levels of radiosensitivity.  

Table 5: Using Cre-loxP Technology in the RCAS-TVA System to Manipulate 

Tumor Cell Radiosensitivity 

NestinTVA; p53FL/FL;  AtmFL/+ NestinTVA; p53FL/FL; AtmFL/FL 

Tumor Vasculature Tumor Vasculature 

+ Cre (Viral) 
p53 null 

Atm retained 
- 

p53 null 

Atm null 
- 

Radiosensitivity 

of Tumor Cells 
Control N/A Sensitive N/A 
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Figure 10: Experimental Timeline for the Initiation and Detection of Primary 

Brainstem Gliomas 

DF1 chicken fibroblast cells were transfected with RCAS constructs expressing 

Luciferase, PDGFB, and either Cre or FlpOmut. The virus-producing DF1 cells were 

injected into the brainstem of postnatal day 4 mice at a 1:1:1 ratio. Mice were subjected to 

biweekly bioluminescence imaging beginning 4.5 weeks post injection to confirm the 

presence of a brainstem glioma. Upon tumor detection, mice were stratified to various 

treatment cohorts. 

5.1.1 Generation of Primary Gliomas with RCAS-FlpOmut  

In order to employ dual recombinase technology for the generation of primary 

brainstem gliomas, we needed to generate an RCAS virus expressing FlpO recombinase. 

After performing multiple rounds of cloning, we generated an RCAS-FlpO construct 

with one base deletion immediately before the stop codon (FlpOmut). To assess whether 

the mutant form of FlpO retained recombinase activity, we isolated primary MEFs from 

p53FRT/FRT mice and transfected them with the RCAS-FlpOmut construct. PCR analysis 

revealed recombination of FRTed alleles of p53 in the transfected cell lines (Figure 11A).  
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As the RCAS-FlpOmut demonstrated recombinase activity in vitro, we injected 

NestinTVA; p53FRT/FRT mice with avian cells expressing RCAS-PDGFB and RCAS-FlpOmut to 

initiate tumorigenesis. High-grade brainstem gliomas developed in approximately 63% 

of injected mice, while no tumors were detected in littermate control mice injected with 

cells expressing RCAS-PDGFB and RCAS-Empty (Figure11B). Furthermore, cell lines 

isolated from these primary brainstem gliomas demonstrated complete recombination of 

FRTed alleles of p53 (Figure 11C). These data confirm that RCAS-FlpOmut retains 

sufficient recombinase activity in vivo to initiate tumor development. To verify that the 

mutant form of FlpO does not possess gain-of-function activity that drives brainstem 

gliomagenesis independent of its recombinase activity, we injected NestinTVA; p53FRT/FRT 

mice with avian cells expressing only RCAS-FlpOmut. As PDGFB overexpression is 

essential for tumorigenesis in this mouse model (159), we did not detect any brainstem 

glioma development (Figure 11D). This result suggests that tumorigenesis is driven by 

the recombinase activity of FlpOmut, rather than a gain-of-function activity. 
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Figure 11: RCAS-FlpOmut Recombines FRTed alleles of p53 to Induce 

Gliomagenesis 

(A) PCR analysis of genomic DNA from primary p53FRT/FRT MEFs transfected with RCAS-

FlpOmut or infected with an adenovirus expressing FlpO (Ad-FlpO) or Cre recombinase 

(Ad-Cre), demonstrating the recombination of p53FRT alleles (p53 ∆). (B) Kaplan-Meier 

plot of overall survival in NestinTVA; p53FRT/FRT mice following injection with avian cells 

expressing RCAS-PDGFB and either RCAS-Empty or RCAS-FlpOmut. (C) PCR analysis of 

genomic DNA from stroma-depleted glioma cell lines showing complete recombination 

of FRTed alleles of p53, as defined by the absence of p53FRT (p53 FRT) alleles and the 

presence of recombined p53 alleles (p53 ∆). (D) Kaplan-Meier plot of overall survival in 

NestinTVA; p53FRT/FRT mice following injection with avian cells expressing RCAS- FlpOmut 

alone. 

5.1.2 In vivo Imaging of Primary Gliomas 

To detect the presence of a primary brainstem glioma in NestinTVA; p53FRT/FRT mice, 

we utilized in vivo bioluminescence imaging. Although we detected bioluminescence 

within the brains of injected mice as early as 3.5 weeks post injection, we did not observe 
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a strong correlation between average radiance and tumor size (Figure 12A). 

Furthermore, we did not detect consistent increases in bioluminescence within 

individual tumor-bearing mice over time (Figure 12B). Various factors, including depth 

of the tumor within the brainstem, tumor vascularization, tumor oxygenation, and skin 

pigmentation, influence bioluminescent signal in vivo (182). The intracellular 

concentration of luciferase is also a critical regulator of bioluminescence. As the 

expression of luciferase is not necessary for tumorigenesis in our mouse model, there 

may be populations of tumor cells that lack any luciferase activity. The number of 

RCAS-Luciferase constructs incorporated into an individual tumor cell and the site of 

integration within the genome may also result in heterogeneous expression of luciferase. 

Consistent with this hypothesis, a small percentage of injected mice developed 

brainstem gliomas as determined by histological analysis without detectable 

bioluminescence. Therefore, we utilized in vivo bioluminescence imaging as a qualitative 

tool to determine whether a tumor was present, rather than a quantitative measure of 

tumor growth.  

In order to verify that bioluminescence in the brain was indicative of a well-

defined tumor, we performed MRIs on a subset of mice with detectable luciferase 

activity. Although we observed bioluminescence in mice 3.5 weeks post injection, the 

corresponding gliomas were too small to be detected by MRI (Figure 13). However, mice 

with bioluminescence signal in the brain 4.5 weeks post injection had detectable tumors 
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within the brainstem visualized through MRI (Figure 14A-B). The tumors were 

enhanced with gadolinium contrast, indicating that the blood-brain-barrier was 

compromised (Figure 14C-D). Furthermore, the tumors were vascularized, as 

determined through angiography, at this time point (Figure 14E). Therefore, we chose to 

begin in vivo bioluminescence imaging 4.5 weeks post injection to evaluate whether a 

brainstem glioma was present. Imaging was repeated biweekly until bioluminescence 

was detected, at which point mice were stratified to various treatment cohorts.    

 

Figure 12: In Vivo Bioluminescence does not Reliably Predict Glioma Size 

(A) Correlation of average radiance with tumor area, as determined by histological 

analysis. (B) Average radiance within an individual mouse at various time points post 

injection.  
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Figure 13: Brainstem Gliomas are Detectable by Bioluminescence Imaging but 

not MRI 3.5 Weeks Post Injection 

(A) Representative bioluminescence and (B) MRI in a brainstem glioma-bearing mouse 

3.5 weeks post injection. 

 

 

Figure 14: Brainstem Gliomas are Detectable by Bioluminescence Imaging and 

MRI 4.5 Weeks Post Injection 
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(A) Representative bioluminescence and (B) pre-contrast MRI in a brainstem glioma-

bearing mouse 4.5 weeks post injection. (C) Superior and (D) lateral view of the glioma 

enhanced with gadolinium contrast by MRI. (E) Vascularization of the brainstem glioma 

as detected by angiography. 

5.2 Radiosensitization of Endothelial Cells does not Improve 
Survival of Mice with Brainstem Gliomas Following Radiation 
Therapy 

In order to modulate the radiosensitivity of the tumor vasculature, we utilized a 

combination of RCAS-TVA technology and dual recombinase technology to generate 

primary brainstem gliomas in nPVAFL/+ and nPVAFL/FL mice. Histological analysis of the 

tumors confirmed overexpression of HA-tagged PDGFB and tumor vascularization 

(Figure 15A-C). Upon detection of gliomas through in vivo bioluminescence imaging, we 

left mice unirradiated to characterize overall survival. We detected no difference in the 

time to tumor detection by bioluminescence imaging between the two genotypes (Figure 

15D). Likewise, deletion of Atm in the endothelial cells did not impact overall survival of 

tumor-bearing mice (Figure 15E).  These results suggest that disruption of ATM 

signaling within the primary brainstem glioma vasculature does not impact tumor 

initiation or progression in the absence of radiation. 

To examine whether brainstem glioma endothelial cells lacking Atm displayed 

enhanced radiosensitivity, we irradiated mice with the highest tolerated radiation dose 

of 10 Gy to the whole brain and harvested the brains 24 hours post radiation. The loss of 

ATM signaling in the tumor vasculature of nPVAFL/FL mice significantly increased 

endothelial cell death post irradiation, as detected by CD31 and TUNEL co-staining 
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(Figure 16A). These results confirm that VE-Cadherin-Cre deletes floxed alleles of Atm 

within glioma endothelial cells, resulting in their radiosensitization. To determine 

whether the radiosensitization of endothelial cells regulates the response of primary 

brainstem gliomas to radiation therapy, we treated tumor-bearing nPVAFL/+ and 

nPVAFL/FL mice with either 2 or 3 daily fractions of 10 Gy whole brain irradiation and 

followed them for overall survival. Although radiation therapy increased the median 

survival by approximately 30 days in the 10 Gy x 2 cohort and 50 days in the 10 Gy x 3 

cohort, tumors with both alleles of Atm deleted in the vasculature did not exhibit 

improved survival following radiation therapy when compared to mice retaining one 

wild type Atm allele (Figure 16B-C). Collectively, these findings suggest that an increase 

in endothelial cell death does not significantly affect the response of primary brainstem 

gliomas to radiation. 
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Figure 15: Genetic Deletion of Atm in Endothelial Cells does not Impact 

Primary Tumor Initiation or Overall Survival in Tumor-Bearing Mice 

Representative histological analysis of NestinTVA; p53FRT/FRT brainstem gliomas showing 

(A) hematoxylin and eosin staining, (B) staining for HA-tagged PDGFB, and (C) staining 

for the CD31 endothelial cell marker. (D) Quantification of the time to tumor 

development post injection in nPVAFL/+ and nPVAFL/FL mice, as detected through in vivo 

bioluminescence imaging. (E) Kaplan-Meier plot of overall survival in tumor-bearing 

mice post tumor detection. Completed in collaboration with Joshua Mercer and Bryce 

Starr. 
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Figure 16: Radiosensitization of Glioma Endothelial Cells does not Improve 

Survival Following Radiation Therapy in Tumor-Bearing Mice 

(A) Quantification of CD31 and TUNEL co-stained cells in nPVAFL/+ and nPVAFL/FL tumors 

24 hours post 10 Gy whole brain irradiation. Kaplan-Meier plot of overall survival in 

nPVAFL/+ and nPVAFL/FL tumor-bearing mice following either (B) 2 daily fractions or (C) 3 

daily fractions of 10 Gy radiation therapy. Completed in collaboration with Joshua 

Mercer and Bryce Starr.  

5.3 Radiosensitization of Tumor Cells Mediates Survival of Mice 
with Brainstem Gliomas Following Radiation Therapy 

In order to modulate the radiosensitivity of tumor parenchymal cells, we utilized 

a combination of RCAS-TVA technology and Cre-loxP technology to generate brainstem 

gliomas that lack one or two alleles of Atm. As only 50-77% of DIPGs in humans have 
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mutations in p53 (136, 178), we utilized both a p53 deficient and a p53 wild type glioma 

model to assess the impact of Atm loss on the radiation response of tumors.  

5.3.1 Deletion of Atm in p53 Deficient Glioma Cells Significantly 
Improves Survival of Tumor-Bearing Mice Treated with Radiation 
Therapy  

To investigate whether radiosensitization of p53 deficient tumor cells improves 

the radiation response of primary gliomas, we initiated tumor development in nPAFL/+ 

and nPAFL/FL mice. We detected no difference in the time to tumor detection by in vivo 

bioluminescence imaging between the two genotypes (Figure 17A). Likewise, deletion of 

Atm in the glioma parenchymal cells did not impact overall survival of tumor-bearing 

mice in the absence of radiation (Figure 17B). To ensure that both p53 and Atm were 

recombined in the primary brainstem gliomas, we isolated tumor cell lines and passaged 

them in vitro to deplete the stromal cells. Although we detected complete recombination 

of the floxed allele of Atm in stroma-depleted cell lines isolated from nPAFL/+ gliomas, we 

observed varying degrees of recombination in nPAFL/FL cell lines (Figure 17C). We 

hypothesize that tumor cells with incomplete recombination of Atm have a growth 

advantage and are selected for in vitro. Therefore, we utilized immunohistochemistry to 

directly investigate whether ATM signaling was disrupted in the tumor tissue post 

radiation. The number of cells staining positively for the activated and phosphorylated 

form of ATM (pATM) was significantly diminished 2 hours post 10 Gy radiation 

exposure in nPAFL/FL gliomas when compared to nPAFL/+ gliomas (Figure 17D). These data 
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suggest that recombination of Atm occurred in brainstem glioma cells in vivo and 

resulted in disruption of ATM signaling in response to radiation.  

As expected, p53 deficient glioma cells lacking both Atm alleles also displayed 

heightened radiosensitivity. The disruption of ATM signaling in the tumor parenchymal 

cells resulted in enhanced cell death 24 hours post 10 Gy whole brain irradiation, as 

detected by TUNEL staining (Figure 18A-B). Similarly, primary nPAFL/FL tumor cells were 

significantly more sensitive to radiation than nPAFL/+ cells in an in vitro clonogenic 

survival assay despite having incomplete recombination of Atm (Figure 18C). To 

investigate whether tumor cell radiosensitivity regulates the response of primary 

brainstem gliomas to radiation therapy, we treated glioma-bearing nPAFL/+ and nPAFL/FL 

mice with 3 daily fractions of 10 Gy to the brain. The elevated radiosensitivity of glioma 

cells in nPAFL/FL mice translated into a significantly extended overall survival following 

radiation therapy (Figure 18D). These data show that tumor cell radiosensitivity 

regulates the response of primary brainstem gliomas to radiation therapy. 
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Figure 17: Genetic Deletion of Atm in p53 Deficient Glioma Cells does not 

Impact Primary Tumor Initiation or Overall Survival in Tumor-Bearing Mice 

(A) Quantification of the time to tumor development post injection in nPAFL/+ and 

nPAFL/FL mice, as detected through in vivo bioluminescence imaging. (B) Kaplan-Meier 

plot of overall survival in tumor-bearing mice post tumor detection. (C) PCR analysis of 

genomic DNA from stroma-depleted glioma cell lines showing complete recombination 

of floxed alleles of p53 (as defined by the absence of a p53 FL band and the presence of a 

recombined p53 Δ band) and incomplete recombination of floxed alleles of Atm (as 

defined by the retention of ATM FL bands in the nPAFL/FL cell lines). (D) Quantification of 

the fractional area of positive staining for phosphorylated ATM (pATM) in primary 

brainstem gliomas. Completed in collaboration with Joshua Mercer and Jovita 

Byemerwa.  
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Figure 18: Radiosensitization of p53 Deficient Glioma Cells Significantly 

Increases Survival in Tumor-Bearing Mice Following Radiation Therapy 

(A) Quantification of TUNEL-stained cells in nPAFL/+ and nPAFL/FL tumors 24 hours post 

10 Gy whole brain irradiation. (B) Representative immunofluorescence of TUNEL in 

primary brainstem gliomas. (C) Clonogenic survival assay using stroma-depleted nPAFL/+ 

and nPAFL/FL tumor cell lines (n=2 cell lines per genotype). (D) Kaplan-Meier plot of 

overall survival in tumor-bearing mice following 3 daily fractions of 10 Gy radiation 

therapy. Completed in collaboration with Joshua Mercer and Bryce Starr. 

5.3.2 Deletion of Atm in p53 Wild type Glioma Cells does not Improve 
Survival of Tumor-Bearing Mice Treated with Radiation Therapy  

To investigate whether radiosensitization of p53 wild type tumor cells improves 

the radiation response of primary gliomas, we initiated tumor development in nIAFL/+ 

and nIAFL/FL mice. We confirmed that p53 signaling was intact in the Ink4a/ARF deficient 

brainstem gliomas by isolating protein from tumor cell lines at various time points post 
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irradiation with 4 Gy. The stabilization and phosphorylation of p53 was induced in the 

Ink4a/ARF deficient tumor cells but not in p53 deficient control cells (Figure 19A). 

Likewise, p53 induced the transcription of p21 exclusively in the irradiated NestinTVA; 

Ink4a/ARFFL/FL cells (Figure 19A). After verifying that the Ink4a/ARF deficient cells were 

functionally p53 wild type, we characterized brainstem glioma development in nIAFL/+ 

and nIAFL/FL mice. We detected no difference in the time to tumor detection by in vivo 

bioluminescence imaging between the two genotypes (Figure 19B). Similarly, deletion of 

Atm in the glioma parenchymal cells did not impact overall survival of tumor-bearing 

mice in the absence of radiation (Figure 19C). To ensure that both Ink4a/ARF and Atm 

were recombined in the primary brainstem gliomas, we isolated tumor cell lines and 

passaged them in vitro to deplete the stromal cells. However, we did not observe 

complete recombination of the floxed alleles of Atm in the stroma-depleted cell lines 

(Figure 19D). We hypothesize that p53 wild type tumor cells with incomplete 

recombination of Atm have a growth advantage and are selected for in vitro. Therefore, 

we utilized immunohistochemistry to directly investigate whether ATM signaling was 

disrupted in the tumor tissue post radiation. The number of cells staining positively for 

phosphorylated ATM (pATM) and phosphorylated KAP1 (pKAP1) were reduced 

significantly 2 hours post 10 Gy radiation exposure in nIAFL/FL gliomas when compared 

to nIAFL/+ gliomas (Figure 19E-F). These results suggest that recombination of Atm 

occurred in brainstem glioma cells in vivo and resulted in disruption of ATM signaling 
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in response to radiation. Furthermore, loss of Atm within p53 wild type glioma cells did 

not impact primary tumor initiation or progression.  

To investigate whether disruption of ATM signaling regulates the response of 

p53 wild type brainstem gliomas to radiation therapy, we treated glioma-bearing nIAFL/+ 

and nIAFL/FL mice with 3 daily fractions of 10 Gy to the brain. In stark contrast to the p53 

deficient model, deletion of Atm in p53 wild type glioma cells did not translate into 

improved survival following radiation therapy (Figure 20). These findings reveal that 

loss of Atm regulates the response of primary gliomas to radiation therapy in a p53-

dependent manner.  
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Figure 19: Genetic Deletion of Atm in p53 Wild Type Glioma Cells does not 

Impact Primary Tumor Initiation or Overall Survival in Tumor-Bearing Mice 

(A) Western blot of protein extracted from nI and nP tumor cell lines at various time 

points post 4 Gy radiation exposure. (B) Quantification of the time to tumor 

development post injection in nIAFL/+ and nIAFL/FL mice, as detected through in vivo 

bioluminescence imaging. (C) Kaplan-Meier plot of overall survival in tumor-bearing 

mice post tumor detection. (D) PCR analysis of genomic DNA from stroma-depleted 

glioma cell lines showing complete recombination of floxed alleles of Ink4a/ARF (as 

defined by the absence of a Ink4a/ARF FL band and the presence of a recombined 

Ink4a/ARF Δ band) and incomplete recombination of floxed alleles of Atm (as defined by 

the retention of ATM FL bands). Quantification of the fractional area of positive staining 

for (E) phosphorylated ATM (pATM) or (F) phosphorylated KAP1 (pKAP1) in p53 wild 
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type brainstem gliomas. Completed in collaboration with Bryce Starr and Jovita 

Byemerwa. 

 

 

Figure 20: Disruption of ATM Signaling in p53 Wild Type Gliomas does not 

Improve Survival Following Radiation Therapy 

Kaplan-Meier plot of overall survival in nIAFL/+ and nIAFL/FL tumor-bearing mice 

following 3 daily fractions of 10 Gy irradiation to the whole brain. Completed in 

collaboration with Joshua Mercer and Bryce Starr. 

5.4 Pharmacological Inhibition of ATM Radiosensitizes Primary 
Brainstem Glioma Cells 

To evaluate whether the response of primary brainstem gliomas to radiation 

therapy could be modulated by pharmacological inhibition of ATM in addition to 

genetic deletion of Atm, we acquired two ATM kinase-specific inhibitors, Ku-60019 and 

AZ32. Ku-60019 is an analogue of the ATM inhibitor Ku-55933 that possesses a 10-fold 

higher ability to block phosphorylation of ATM target proteins than its predecessor 

(183). Although Ku-60019 radiosensitizes malignant human glioma cells in vitro, it does 

not penetrate the blood-brain barrier, limiting its application in preclinical studies (183). 
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In contrast, AZ32 is a novel ATM inhibitor that penetrates the blood-brain barrier when 

administered through oral gavage. In order to confirm that these two ATM inhibitors 

radiosensitize tumor cells in an ATM-dependent manner, we treated P7KPAFL/+ sarcoma 

cells that retain one wild type allele of Atm and P7KPAFL/FL sarcoma cells that have 

complete recombination of Atm with an ATM inhibitor or vehicle 1 hour before 

irradiation. As expected, sarcoma cells with intact ATM signaling were radiosensitized 

by treatment with 3 μM Ku-60019 or AZ32, as determined through an in vitro clonogenic 

survival assay (Figure 21A,C). However, treatment with either Ku-60019 or AZ32 prior 

to radiation did not affect the surviving fraction of P7KPAFL/FL sarcoma cells lacking Atm 

(Figure 21B,D). These results suggest that the ability of both Ku-60019 and AZ32 to 

radiosensitize tumor cells is dependent on their ability to inhibit ATM.      
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Figure 21: Pharmacological Inhibition of ATM Only Radiosensitizes ATM 

Wild Type Cells 

Clonogenic survival of stroma-depleted (A) P7KPAFL/+ sarcoma cells retaining one wild 

type allele of Atm or (B) P7KPAFL/FL sarcoma cells lacking both alleles of Atm treated with 

either 3 µM Ku-60019 (dissolved in DMSO) or vehicle 1 hour prior to irradiation. 

Clonogenic survival of (C) P7KPAFL/+ or (D) P7KPAFL/FL sarcoma cells treated with either 

3 µM AZ32 (dissolved in NMP) or vehicle 1 hour prior to irradiation. Completed in 

collaboration with Joshua Mercer and Bryce Starr. 

5.4.1 Inhibition of ATM Radiosensitizes p53 Deficient Glioma Cells in 
vitro 

To determine whether the radiosensitizing effects of Atm deletion in p53 

deficient tumors in vivo translate into enhanced radiosensitivity when ATM is inhibited 

pharmacologically, we isolated primary tumor cell lines from NestinTVA; p53FL/FL (nP) 
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mice. As expected, irradiation with 4 Gy induced phosphorylation of the ATM target, 

Kap1 in glioma cells within 1 hour post radiation exposure (Figure 22A). Treatment with 

either Ku-60019 or AZ32 abrogated the phosphorylation of Kap1, as determined by 

western blot (Figure 22A). These data confirm that Ku-60019 and AZ32 inhibit ATM and 

disrupt downstream signaling in response to radiation. In order to investigate the effect 

of ATM inhibition on the radiosensitivity of primary glioma cells, we performed a 

clonogenic survival assay using nP cell lines treated with Ku-60019 or vehicle. A 

significant reduction in tumor cell survival was observed in the cells treated with 3 μM 

Ku-60019 1 hour before irradiation (Figure 22B). Likewise, we detected a significant 

reduction in the surviving fraction of nP cells treated with 3 μM AZ32 1 hour before 

irradiation with 4 Gy, when compared to vehicle treated controls (Figure 22C). 

Collectively, these findings reveal that pharmacological inhibition of ATM 

radiosensitizes p53 deficient glioma cells in vitro, which is consistent with the enhanced 

tumor response to radiation observed when Atm was genetically deleted in tumor cells 

in vivo. 
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Figure 22: Pharmacological Inhibition of ATM Radiosensitizes p53 Deficient 

Brainstem Glioma Cells in vitro 

(A) Western blot of protein extracted from nP tumor cell lines treated with vehicle, 3 μM 

AZ32 (dissolved in NMP), or 3 μM Ku-60019 (dissolved in DMSO) 1 hour prior to 

irradiation with 4 Gy. Protein was isolated 1 hour post irradiation and membranes were 

blotted for KAP1 or pKAP1. (B) Clonogenic survival assay using stroma-depleted nP 

tumor cell lines treated with vehicle or 3 μM Ku-60019 1 hour prior to irradiation (n=3 

cell lines per experimental condition). (C) Clonogenic survival assay in nP tumor cell 

lines treated with vehicle or 3 μM AZ32 1 hour prior to irradiation (n=2 cell lines per 

experimental condition). Completed in collaboration with Joshua Mercer and Bryce 

Starr. 

5.4.2 Inhibition of ATM Radiosensitizes p53 Wild Type Glioma Cells in 
vitro 

Although genetic disruption of Atm signaling in p53 wild type tumor cells did 

not improve the radiation response of gliomas in vivo, we characterized the effect of 
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pharmacological inhibition of ATM in primary tumor cell lines from NestinTVA; 

Ink4a/ARFFL/FL (nI) mice. We confirmed that p53 signaling was intact in the Ink4a/ARF 

deficient glioma cells by isolating protein from tumor cell lines at various time points 

post 4 Gy radiation exposure. The stabilization and phosphorylation of the ATM target, 

p53, was induced in the Ink4a/ARF deficient tumor cells, resulting in the accumulation 

of p21 protein post irradiation (Figure 23A). In contrast, we did not detect an increase in 

phosphorylated p53 or induction of p21 after radiation exposure in nI glioma cells 

treated with 3 μM Ku-60019 (Figure 23A).  Similarly, radiation induced phosphorylation 

of the ATM target, Kap1, in glioma cells but this phosphorylation was abrogated in cells 

treated with either Ku-60019 or AZ32 (Figure 23B). These data confirm that 

pharmacological inhibition of ATM disrupts downstream ATM signaling in response to 

radiation. In order to investigate the effect of ATM inhibition on the radiosensitivity of 

p53 wild type glioma cells, we performed a clonogenic survival assay using nI cell lines 

treated with Ku-60019 or vehicle. A significant reduction in tumor cell survival was 

observed in the cells treated with 3 μM Ku-60019 1 hour before irradiation (Figure 23C). 

Likewise, we detected a reduction in the surviving fraction of nI cells treated with 3 μM 

AZ32 1 hour before irradiation with 4 Gy, when compared to vehicle treated controls 

(Figure 23D). Collectively, these findings reveal that pharmacological inhibition of ATM 

radiosensitizes p53 wild type glioma cells in vitro.  
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Figure 23: Pharmacological Inhibition of ATM Radiosensitizes p53 Wild Type 

Brainstem Glioma Cells in vitro 

(A) Western blot of protein extracted from nI tumor cells treated with vehicle or 3 μM 

Ku-60019 (dissolved in DMSO) in vitro 1 hour prior to irradiation with 4 Gy. Protein was 

isolated at various time points post radiation exposure and membranes were blotted for 

p53, phosphorylated p53, p21, or Gapdh. (B) Western blot of protein extracted from nI 

tumor cell lines treated with vehicle, 3 μM AZ32 (dissolved in NMP), or 3 μM Ku-60019 

(dissolved in DMSO) 1 hour prior to irradiation with 4 Gy. Protein was isolated 1 hour 

post irradiation and membranes were blotted for KAP1 or pKAP1. (C) Clonogenic 

survival assay using stroma-depleted nI tumor cell lines treated with vehicle or 3 μM 

Ku-60019 1 hour prior to irradiation (n=3 cell lines per experimental condition). (D) 

Clonogenic survival assay in nI tumor cell lines treated with vehicle or 3 μM AZ32 1 

hour prior to irradiation (n=2 cell lines per experimental condition). Completed in 

collaboration with Joshua Mercer and Bryce Starr. 
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5.5 Conclusion 

While endothelial cells play a critical role in regulating tumor growth, it remains 

controversial whether endothelial cell death regulates the response of tumors to 

radiation therapy (55, 62). To characterize the role of tumor vasculature in the radiation 

response of primary tumors, we utilized dual recombinase technology to generate 

brainstem gliomas lacking Atm within the endothelial cells. In contrast with a previous 

tumor allograft study showing that disruption of ATM signaling in endothelial cells 

suppressed tumor growth (168), we did not identify any effect of deleting Atm 

specifically in endothelial cells on the initiation of primary brainstem gliomas.  Likewise, 

loss of ATM function in the vasculature did not diminish the survival of tumor-bearing 

mice, suggesting that the primary tumor growth rate was unaffected. These data are 

consistent with results obtained in autochthonous sarcoma and lung tumor models, 

which showed no impact of Atm expression on primary tumor growth (39). Although 

deletion of Atm in tumor endothelial cells increased death within the vasculature in 

response to radiation, we observed no improvement in the survival of these brainstem 

glioma-bearing mice post radiation therapy. In summary, endothelial cell death does not 

regulate long-term response of autochthonous brainstem gliomas to radiation. 

In order to determine whether manipulation of tumor cell radiosensitivity can 

modulate survival of tumor-bearing mice treated with radiation, we disrupted ATM 

signaling in primary glioma parenchymal cells. A recent report showed that knocking 
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out ATM in tumor cells decreases their ability to form colonies in soft agar and slows 

tumor growth in immunocompromised mice (184). However, we did not find a role for 

ATM in regulating primary glioma growth in vivo, as determined by the time to tumor 

detection and the survival of tumor-bearing mice following detection. Although we 

observed significant attenuation of ATM signaling in the brainstem gliomas, we 

detected incomplete recombination of Atm in primary tumor cell lines passaged in vitro. 

These results suggest that cells lacking Atm may be selected against in vitro, which may 

be mediated by a reduction in tumor cell growth rate, thus highlighting the necessity of 

autochthonous mouse models in the study of cancer biology.  

Consistent with data we obtained using primary mouse models of sarcoma and 

lung cancer (123), p53 deficient brainstem glioma cells that lacked Atm exhibited 

enhanced radiosensitivity. This enhanced rate of cell death in response to radiation 

resulted in significantly improved overall survival of glioma-bearing mice treated with 

radiation therapy. Together, these studies suggest that tumor cell, rather than 

endothelial cell, death is the critical mediator of primary tumor response to radiation.  

Surprisingly, mice with Ink4a/ARF deficient (p53 wild type) brainstem gliomas 

that lacked Atm did not have increased survival following radiation therapy, when 

compared to mice with tumors that retained one wild type allele of Atm. Previous 

studies in our lab demonstrated that deletion of Atm in normal tissue is not always 

sufficient for radiosensitization; however simultaneous loss of p53 and Atm facilitates 
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the radiosensitization of those normal tissues (39). Likewise, mutations in p53 were 

required for radiosensitization by ATM inhibition in an orthotopic xenograft model 

using genetically matched human glioma cell lines (185). Collectively, this body of work 

suggests that in specific tissues and tumor types, p53 can compensate for loss of Atm by 

preventing radiation-induced cell death. Interestingly, p53 wild type glioma cell lines 

treated with pharmacological inhibitors of ATM displayed elevated radiosensitivity. It is 

possible, therefore, that the tumor microenvironment contributes to ATM-mediated 

radioprotection. Alternatively, pharmacological inhibition of ATM may regulate tumor 

cell death in response to radiation through a different mechanism than genetic deletion 

of Atm. Additional studies are needed to distinguish between the different phenotypes 

observed in p53 wild type tumors in vitro and in vivo.    

As p53 deficient tumors lacking Atm had an enhanced response to radiation 

therapy, we hypothesized that pharmacological inhibition of ATM would also regulate 

the radiosensitivity of brainstem gliomas. Primary glioma cell lines were exquisitely 

sensitive to ATM inhibition and concurrent radiation exposure. Further studies are 

necessary to characterize whether ATM inhibition can improve survival of glioma-

bearing mice treated with radiation therapy.  
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6. Discussion 

Using GEMMs of soft-tissue sarcoma, non-small cell lung cancer, and brainstem 

glioma, we investigated the critical cellular regulator of radiation. Dual recombinase 

technology enabled the deletion of Atm specifically in VE-Cadherin-expressing 

endothelial cells, resulting in their radiosensitization. Thus we were able to assess the 

contribution of endothelial cell death in the overall response of primary tumors to 

radiation therapy. Similarly, traditional Cre-loxP technology was used to generate tumor 

parenchymal cells lacking Atm to confirm that inherent tumor cell radiosensitivity could 

mediate improved tumor responses to radiation. In addition to deleting Atm in various 

cellular compartments, two independent inhibitors Ku-60019 and AZ32 were used to 

evaluate the effect of pharmacological inhibition of ATM on the radiosensitization of 

primary brainstem glioma cells in vitro.  

6.1 Tumor Cells as the Critical Mediators of the Response to 
Radiation Therapy 

In recent years, SBRT has been successfully employed for the treatment of 

various cancers. The large doses per fraction used in SBRT have resulted in improved 

rates of local control when compared to conventional radiotherapy that delivers 2 Gy 

fractions per day for several weeks (45-49). However, the mechanism through which 

SBRT improves the rate of local control in cancer patients is highly debated among 

radiation biologists and physicists. The controversy surrounding SBRT can be simplified 
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to the following question: are the radiation doses delivered by SBRT sufficient to kill all 

of the parenchymal cells within a tumor? Traditional in vitro clonogenic survival assays 

would predict that doses of 80-90 Gy are necessary to kill all of the cells within a hypoxic 

3 cm tumor (57). Therefore, many investigators believe that vascular dysfunction after 

radiation causes indirect tumor cell death, which explains the efficacy of SBRT. They 

argue that SBRT is uniquely capable of causing this vascular collapse as doses higher 

than 8-10 Gy are required to kill endothelial cells (8). In this debate, the counter-

argument is that the traditional linear quadratic model for predicting cell death 

sufficiently models clinical outcomes from SBRT when the BED is taken into account 

(63). Thus, the increase in tumor eradication with SBRT (as compared to conventional 

radiotherapy) is explained by the higher equivalent dose being delivered, which results 

in more tumor cell death.  

We believe that our primary tumor models elegantly address this controversy. 

To evaluate the role of vascular damage in the response of tumors to radiation therapy, 

we employed dual recombinase technology to delete Atm specifically in endothelial 

cells. In three distinct tumor models (sarcoma, lung cancer, and brainstem glioma), 

disruption of ATM signaling resulted in an increase in endothelial cell death following 

radiation. Enhanced death of endothelial cells in the primary sarcoma model also 

disrupted vascular function, as determined by a decrease in AngioSense accumulation 

and blood flow to tumors after radiation exposure (39). The permeability of primary 
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tumor vasculature to liposomal iodine was increased in a radiation dose-dependent 

manner (33). In the soft-tissue sarcoma model, vascular damage induced by radiation 

also increased the death of adjacent tumor cells (39). Therefore, data from our primary 

tumors suggest that the high radiation doses associated with SBRT can cause endothelial 

cell death, impairment of vascular function, and indirect tumor cell killing.  

However, proponents of the indirect cell killing hypothesis not only argue that 

radiation induces vascular damage but also claim that this vascular damage is 

responsible for the increased local control rates obtained with SBRT. To determine 

whether an increase in endothelial cell death can improve tumor responses to radiation 

therapy, we irradiated mice with high radiation doses (20 Gy for sarcomas, 15 G for lung 

tumors, and 10 Gy x 3 for brainstem gliomas). Radiosensitization of the tumor 

vasculature did not significantly affect the tumor radiation response in our models of 

lung cancer and brainstem glioma. However, the time for sarcomas to recur following 20 

Gy was increased in the tumors with radiosensitive vasculature. To determine whether 

this enhanced tumor growth delay would translate into improved rates of tumor 

eradication following curative doses of radiation, we irradiated sarcomas with 50 Gy. 

Although this escalated radiation dose resulted in a small rate of tumor cure, local 

control was not elevated in mice with radiosensitive vasculature. Collectively, these 

results in three distinct tumor models show that endothelial cell death is not a critical 
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regulator of tumor response to radiation as measured through local control in sarcomas, 

growth delay in lung tumors, and survival in brainstem gliomas.   

  To confirm that tumor cell radiosensitivity regulates the response of tumors to 

radiation therapy, we employed Cre-loxP technology to delete Atm specifically in tumor 

parenchymal cells. In the sarcoma, lung cancer, and brainstem glioma models, 

disruption of ATM signaling resulted in an increase in cell death in p53 deficient tumor 

cells following radiation. This heightened radiosensitivity significantly improved the 

overall response of tumors to radiation therapy. Primary sarcomas lacking Atm were 

cured more frequently, lung tumors with deletion of Atm grew more slowly, and 

brainstem glioma-bearing mice with disruption of ATM in the glioma cells survived 

longer post high-dose radiation therapy. These findings suggest that tumor cell death is 

the primary cellular regulator of tumor response to radiation.  

  Thus, data generated in three primary tumor models agree that although 

radiation induces vascular damage, a “new biology” is not needed to explain the efficacy 

of high dose radiation therapy. Our findings also provide a rationale for testing ATM 

inhibitors or other tumor cell radiosensitizers in the clinic. However, these data do not 

rule out the possibility that anti-angiogenic agents will benefit cancer patients treated 

with radiation therapy. In the primary tumor models we utilized, the vasculature was 

sensitized to radiation, resulting in short-term increases in endothelial cell death and 

vascular permeability. In contrast, anti-angiogenic agents used in the clinic are often 
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delivered throughout the course of tumor treatment, for many weeks or months. These 

prolonged treatment regimens may impact not only endothelial cell survival in response 

to radiation but may also impair vascular regeneration by inhibiting either angiogenesis 

directly or blocking the recruitment of cells from the bone marrow. The vascular 

normalization effect observed with anti-angiogenic therapies results in enhanced 

delivery of chemotherapeutics to the tumor and increases tumor oxygenation, which 

subsequently improves tumor response to radiation. Thus the benefits associated with 

anti-angiogenic agents used in combination with radiation therapy and/or 

chemotherapy likely extend beyond endothelial cell survival. Therefore, our 

experiments using three distinct primary tumor models do not test whether anti-

angiogenic therapies may improve tumor response to radiation therapy. Instead, we 

investigated the contribution of radiation-induced endothelial cell death on tumor 

response to high dose radiation therapy. In these models, tumor cell death rather than 

endothelial cell death was the critical mediator of long-term response to radiation. 

6.2 Deletion of Atm Selectively Radiosensitizes p53 Deficient 
Tumor Cells 

Consistent with the classical role of ATM as a regulator of DNA damage 

response, genetic deletion of Atm in p53 deficient tumor cells resulted in their 

radiosensitization. This phenotype was observed in vitro and in vivo in primary 

sarcomas, lung cancers, and brainstem gliomas. Surprisingly, mice with p53 wild type 

tumors (driven by loss of Ink4a/ARF) lacking expression of Atm did not survive longer 
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following radiation therapy, when compared to mice with tumors that retained one wild 

type allele of Atm. As survival correlates with tumor progression in this mouse model, 

these data suggest that the p53 wild type brainstem glioma cells were not 

radiosensitized by loss of ATM signaling. 

The selective radiosensitization of p53 deficient glioma cells by Atm deletion will 

not likely be generalizable to all cell and tissue types. It is well documented that ataxia-

telangiectasia patients with inherited mutations in Atm are exquisitely sensitive to 

radiation (22). However, p53 signaling should be intact in the majority of cells in these 

patients. Similarly, Atm null mice are sensitized to radiation despite expressing wild 

type p53 (25, 186, 187). Furthermore, deletion of Atm alone successfully radiosensitized 

VE-Cadherin-expressing endothelial cells in our primary mouse models of sarcoma, lung 

cancer, and brainstem glioma. These reports suggest that in many cell types, disruption 

of ATM signaling is sufficient to increase radiosensitivity without simultaneous loss of 

p53. 

Nevertheless, several other groups have reported that p53 status can regulate 

radiosensitization by ATM inhibition. This phenotype was first documented in the 1990s 

when p53 wildtype and null MEFs were treated with caffeine, which inhibits ATM 

activity (188). Only the p53 null MEFs treated with caffeine were sensitized to radiation 

in a clonogenic survival assay (188). The p53 status of a panel of human tumor cells also 

regulated sensitivity to DNA damaging chemotherapies by ATM knockdown (189). 
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Biddlestone-Thorpe et al. conducted an elegant preclinical study in which genetically 

matched glioma cell lines that differed only in p53 status were implanted orthotopically 

into athymic mice. Tumors were irradiated with 3 fractions of 3 Gy and were 

concurrently treated with Ku-60019. Only the p53 mutant tumors responded to the 

combination of radiation and ATM inhibition (185). We have also shown that deletion of 

Atm in VE-Cadherin-expressing cardiac endothelial cells was not sufficient to induce 

myocardial necrosis in mice treated with whole heart irradiation (39). However, the 

simultaneous deletion of p53 and Atm in cardiac endothelial cells accelerated the 

occurrence of myocardial necrosis in irradiated mice as compared to mice that retained 

one wild type allele of Atm (39). Together, these data argue that in select normal tissues 

and in many human tumor cells, disruption of ATM signaling preferentially sensitizes 

cells lacking functional p53.           

A clear mechanism for the preferential sensitization of p53 deficient cells by 

ATM disruption has not yet been elucidated. In an attempt to further characterize this 

phenotype in vitro, we isolated primary tumor cell lines from p53 wild type brainstem 

gliomas. Interestingly, p53 wild type glioma cells were radiosensitized by treatment 

with two independent inhibitors of ATM. As these same tumor cells were not 

radiosensitized by deletion of Atm in vivo, it is possible that the tumor 

microenvironment contributes to ATM-mediated radioprotection. Alternatively, 

pharmacological inhibition of ATM may regulate tumor cell death in response to 



 

106 

radiation through a different mechanism than genetic deletion of Atm. Additional 

studies are needed to distinguish between the different phenotypes observed in p53 

wild type tumors in vitro and in vivo. We plan to test pharmacological inhibitors of ATM 

in p53 wild type tumors in vivo and test radiosensitization of p53 wild type tumor cells 

genetically lacking Atm expression in vitro in order to determine which experimental 

condition enables the radiosensitization of these brainstem glioma cells. 

There are several possible explanations for the preferential radiosensitization of 

p53 deficient tumors from deletion of Atm in our primary brainstem glioma model. We 

have noted incomplete recombination of floxed alleles of Atm in both the p53 deficient 

and p53 wild type tumor models. It is therefore conceivable that the two brainstem 

glioma models have different recombination efficiencies, resulting in different degrees of 

tumor cell radiosensitization. We do not believe this is a likely explanation for our data, 

as the p53 deficient and wild type models displayed similar impairment of ATM 

signaling after radiation, as determined by a reduction in the phosphorylation of ATM. 

Nevertheless, we are designing a droplet digital PCR assay to rigorously quantify the 

percentage of floxed Atm alleles that undergo recombination in brainstem glioma cells. 

This assay will enable us to determine the recombination efficiency in both tumor 

models at early time points post tumor detection and will also enable us to examine 

whether various factors, such as radiation exposure or in vitro passaging, select for cells 

with incomplete recombination of Atm.   
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A second possible explanation for the radiosensitization of p53 deficient but not 

p53 wild type gliomas by Atm deletion is that cells lacking Ink4a/ARF may have a 

heightened resistance to radiation. Several reports have shown that the role of ARF 

extends beyond its canonical function of suppressing MDM2-mediated p53 degradation 

in response to oncogene-induced stress (190-192). For example, ARF can repress the 

transactivation of NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells), 

thus inhibiting its anti-apoptotic activity in a p53- independent manner (193, 194). 

Likewise, ARF negatively regulates NRF2 (nuclear factor erythroid 2-related factor) 

which results in a reduced expression of endogenous antioxidants (195). As both of these 

signaling pathways play a critical role in facilitating cell survival in response to 

radiation, tumor cells lacking Ink4a/ARF may be resistant to radiation-induced cell 

death. To assess whether p53 status is the critical regulator of radiosensitivity in the 

absence of Atm, we will generate a second p53 wild type tumor model that is driven by 

deletion of floxed alleles of Pten (196). If tumor-bearing NestinTVA; PtenFL/FL; ATMFL/FL mice 

are also resistant to radiation therapy when compared to NestinTVA; PtenFL/FL; ATMFL/+ 

littermate controls, it is likely that the p53 status rather than the Ink4a/ARF status 

regulates radiation response in cells lacking Atm. To directly assess whether retention of 

p53 or deletion of Ink4a/ARF is the critical factor mediating cell survival in response to 

concurrent radiation therapy and Atm deletion, we will also generate gliomas that lack 

both tumor suppressors. If tumor-bearing NestinTVA; p53FL/FL; Ink4a/ARFFL/FL; ATMFL/FL mice 
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are sensitized to radiation therapy when compared to littermate controls that retain one 

wild type allele of Atm, we can conclude that the p53 status plays a larger role than the 

Ink4a/ARF status in protecting ATM deficient cells from radiation. However, data 

showing that these tumor-bearing mice do not have improved survival following 

radiation exposure would suggest that loss of Ink4a/ARF promotes radiation resistance 

in a p53-independent manner. Either outcome will provide necessary insight for the 

translation of ATM inhibitors into the clinic for treatment of children with p53 mutant or 

wild type DIPGs.  

One final explanation for the radiation resistance of p53 wild type gliomas is that 

p53 can mediate cell cycle arrest in the absence of functional ATM. By undergoing cell 

cycle arrest in response to radiation, p53 wild type tumor cells may repair radiation-

induced DNA damage prior to entering mitosis. Without sufficient DNA repair, cells 

that enter mitosis may die a delayed death termed mitotic catastrophe. As ATM 

signaling is essential for homologous recombination, p53 wild type tumor cells lacking 

Atm may repair DNA damage via non-homologous end joining to avoid mitotic 

catastrophe. To evaluate whether p53 wild type tumors are uniquely capable of 

undergoing cell cycle arrest and DNA repair post radiation exposure, we will perform 

cell cycle analysis by flow cytometry and quantify micronuclei formation. To further 

assess whether p53 deficient gliomas lacking Atm preferentially undergo mitotic 

catastrophe, we will identify TUNEL positive cells that do not harbor cleaved caspase-3. 
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If cell cycle arrest prevents mitotic catastrophe in p53 wild type tumor cells, we will 

cross a p21 knockout mouse (197) into our p53 wild type and ATM deficient glioma 

model to determine whether the abrogation of cell cycle arrest post radiation exposure is 

sufficient to radiosensitize glioma cells with intact p53 signaling. Additionally, we will 

test inhibitors of p21 or DNA-dependent protein kinase (DNA-PK), a mediator of non-

homologous end joining, with concurrent radiotherapy in our p53 wild type glioma 

model. If these small molecule inhibitors effectively radiosensitize p53 wild type gliomas 

that lack Atm, we will gain valuable mechanistic insight into the preferential 

radiosensitization of p53 deficient tumors from deletion of Atm, which will inform the 

development of clinical trials to treat patients with DIPGs.       

6.3 A Therapeutic Window for Concurrent ATM Inhibition and 
Radiation Therapy 

In primary mouse models of sarcoma, lung cancer, and brainstem glioma, we 

demonstrated that loss of Atm could significantly radiosensitize tumor cells, resulting in 

improved tumor responses to radiation therapy. These data suggest that 

radiosensitizers, such as ATM inhibitors, could improve tumor growth delay and local 

control in human cancers. One potential concern in the treatment of patients with an 

ATM inhibitor is that the normal tissue may also be sensitized to radiation, thus 

increasing acute toxicity. For example, cardiac endothelial cells lacking p53, a protein 

that is activated by ATM in response to DNA damage, are sensitized to radiation 

induced myocardial necrosis (198). Likewise, deletion of p53 in gastrointestinal epithelial 
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cells promoted the gastrointestinal acute radiation syndrome in mice (199). However, 

there are several studies suggesting that normal tissue toxicity may be minimal with 

ATM inhibitors. 

Our lab and others have shown that in normal tissue (39, 188) and tumor cells 

(185, 189), the status of p53 determines whether cells can be radiosensitized by 

disruption of ATM signaling. As the majority of human tumors contain p53 mutations 

(200), there may be a therapeutic window for treatment with ATM inhibitors. The p53 

mutant tumor cells would be expected to be sensitive to radiation, while the p53 wild 

type stromal cells and adjacent normal tissue would be resistant to the radiosensitizing 

effects of an ATM inhibitor. Results in Atm null mouse models of ataxia-telangiectasia 

also support the hypothesis that many normal tissue cells are not radiosensitized by 

disruption of ATM signaling. The radiosensitivity observed in Atm null mice is 

mediated primarily by toxicity to intestinal cells, while most other tissue types appear 

normal after radiation (25, 186, 187). Furthermore, one study showed that Atm null mice 

were actually resistant to radiation-induced cell death in many regions of the central 

nervous system, including the dentate gyrus, cerebellum, and cerebral cortex (201). This 

study suggests that ATM inhibitors could simultaneously radiosensitize a p53 mutant 

brain tumor while protecting the surrounding normal tissue.   

Several studies have also suggested that proliferative tissues may be 

preferentially sensitized by disruption of ATM signaling. The highly proliferative 
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intestinal cells in Atm null mice were uniquely radiosensitized, for example (25, 186, 

187). Furthermore, loss of the p21 cyclin-dependent kinase inhibitor in Atm null mice 

increased their susceptibility to radiation-induced gastrointestinal injury (202). We have 

previously shown that deletion of Atm in tumor endothelial cells results in their 

radiosensitization, but loss of Atm alone is not sufficient for the radiosensitization of 

cardiac endothelial cells (39). As tumor endothelial cells proliferate at a much higher rate 

than normal tissue endothelial cells (203, 204), we treated the cardiac endothelial cells 

with a cyclin dependent kinase inhibitor. The inhibition of cell cycle progression in ATM 

deficient cells protected them from radiation (39), suggesting that relatively quiescent 

normal tissue may not be radiosensitized to same extent as hyperproliferative tumor 

cells or normal tissues. Therefore, ATM inhibitors may have the best efficacy when used 

to treat tumors residing in a relatively quiescent tissue, such as the muscle or brain.   

We plan to rigorously test the safety and efficacy of concurrent ATM inhibition 

and radiation therapy in preclinical trials of brainstem glioma-bearing mice. We are 

currently testing a blood-brain-barrier penetratable ATM inhibitor, which is delivered to 

mice by oral gavage prior to whole brain irradiation. We are simultaneously assessing 

the ability of Ku-60019 to radiosensitize primary gliomas that were subcutaneously 

allografted into the flank of nude mice when the drug is delivered by intraperitoneal 

injection prior to irradiation. In addition to evaluating tumor response to radiation when 

combined with ATM inhibition, we will also assess cell death in tumor and surrounding 
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normal tissue in these two experimental models. If extensive toxicity, cell death, or 

changes in brain architecture are observed, we will conduct behavioral tests in mice 

treated with a combination of ATM inhibitors and whole brain irradiation to examine 

whether the concurrent therapy results in cognitive deficits. Alternatively, tissue-specific 

Cre drivers could be utilized to delete floxed alleles of Atm within specific cell types of 

the normal brain to determine whether loss of functional ATM radiosensitizes normal 

brain cells that retain wild type p53 signaling and are not aberrantly proliferating.  
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7. Conclusion 

In summary, we utilized dual recombinase technology to examine the 

contribution of endothelial cell death to the radiation response of primary soft-tissue 

sarcomas, non-small cell lung cancer, and brainstem gliomas. This sophisticated 

technology enabled the deletion of one or two alleles of Atm specifically within the 

vasculature of a primary tumor. Loss of Atm signaling resulted in the radiosensitization 

of tumor endothelial cells in all of the mouse models. The increased rate of endothelial 

cell death in sarcomas treated with radiation improved tumor growth delay. However, 

radiosensitization of the tumor vasculature could not improve rates of local control 

when sarcomas were treated with curative radiation doses. Despite the increase in 

endothelial cell death when Atm was deleted in the vasculature, lung tumors did not 

have an improved growth delay post radiation and glioma-bearing mice did not have 

enhanced survive in response to radiation therapy. These data suggest that endothelial 

cells are not the critical cellular targets that mediate the success of high dose radiation 

therapy. 

Using a similar approach, we generated primary tumors in which Atm was 

deleted in the tumor parenchymal cells. Sarcomas, lung tumors, and gliomas lacking 

Atm displayed heightened tumor cell radiosensitivity, which mediated improved tumor 

responses to radiation therapy. Sarcomas with deletion of Atm exhibited a higher rate of 

local control. Radiosensitive lung tumors recurred more slowly and mice with ATM 
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deficient gliomas survived longer after irradiation. Furthermore, inhibition of ATM with 

two independent drugs radiosensitized primary brainstem glioma cells in vitro. 

Together, these results show that tumor cell death is the critical regulator of tumor 

response to high dose radiation therapy. They also suggest that ATM could be a 

promising therapeutic target to improve clinical outcomes in cancer patients treated 

with radiation. 

Interestingly, we found that deletion of Atm in p53 wild type gliomas (driven by 

loss of Ink4a/ARF) did not improve tumor response to radiation therapy. These data are 

consistent with the work of several groups, who have reported that p53 status regulates 

radiosensitization by ATM inhibition. Although a mechanism for the selective 

radiosensitization of p53 deficient cells by ATM disruption has not yet been identified, 

these data argue that in specific normal tissues and in many human tumor cells, 

disruption of ATM signaling preferentially radiosensitizes cells lacking p53 signaling. 

As the majority of human tumors contain p53 mutations, our data suggests that there 

may be a therapeutic window for treatment with ATM inhibitors to selectively 

radiosensitize p53 mutant tumor cells without impacting the radiosensitivity of adjacent 

p53 wild type stromal cells and normal tissue.   
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