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Abstract 
Approximately 50% of all patients with cancer receive radiation therapy at some 

point during the course of their illness.  Despite advances in radiation delivery and 

treatment planning, normal tissue toxicity often limits the ability of radiation to 

eradicate tumors.  The tumor microenvironment consists of tumor cells and stromal cells 

such as endothelial cells that contribute to tumor initiation, progression and response to 

therapy.  Although endothelial cells can contribute to normal tissue injury following 

radiation, the contribution of stromal cells to tumor response to radiation therapy 

remains controversial.  To investigate the contribution of endothelial cells to the 

radiation response of primary tumors, we have developed the technology to 

contemporaneously mutate different genes in the tumor cells and stromal cells of a 

genetically engineered mouse model of soft tissue sarcoma.  Using this dual 

recombinase technology, we deleted the DNA damage response gene Atm in sarcoma 

and heart endothelial cells.  Although deletion of Atm increased cell death of 

proliferating tumor endothelial cells, Atm deletion in quiescent endothelial cells of the 

heart did not sensitize mice to radiation-induced myocardial necrosis.  In addition, the 

ATM inhibitor NVP-BEZ235 selectively radiosensitized primary sarcomas, 

demonstrating a therapeutic window for inhibiting ATM during radiation therapy.  

Sensitizing tumor endothelial cells to radiation by deleting Atm prolonged tumor 
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growth delay following a non-curative dose of radiation, but failed to increase local 

control.  In contrast, deletion of Atm in tumor parenchymal cells increased the 

probability of tumor eradication.  These results demonstrate that tumor parenchymal 

cells rather than endothelial cells are the critical targets that regulate tumor eradicaiton 

by radiation therapy. 
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1. Introduction 
Ionizing radiation is a common modality used to treat cancers.  The majority of 

patients are treated with external beam radiation therapy, in which a radiation source 

external to the patient generates ionizing radiation that is directed toward the tumor.  

Modern radiation therapy is delivered mainly via linear accelerators that generate high 

energy x-rays that can be collimated to selectively shape the treatment field.  Intensity 

modulated radiation therapy (IMRT) uses non-uniform, computer-optimized radiation 

fields to deliver a high dose to the tumor while limiting the dose to normal tissues (1). 

With IMRT, the high dose region conforms better to the tumor, but a larger volume of 

normal tissue is exposed to low dose radiation.  The long-term effects of this dose on 

normal tissues are not known. 

Patients are typically treated with small 1.8-2 Gy fractions over the course of four 

to eight weeks to limit normal tissue toxicity.  However, advances in treatment planning 

and delivery have made it possible to safely deliver a small number of high doses (15-20 

Gy) to tumors.  This treatment modality has been termed stereotactic body radiation 

therapy (SBRT) or radiosurgery.  SBRT, which is currently being used clinically for some 

early stage cancers and oligometastatic disease, may be more effective than standard 

radiation therapy for some cancers (2).  While normal tissue toxicity limits the use of 

SBRT in certain anatomical locations (3-5), it has been successfully utilized for many 
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cancer types including non-small cell lung cancer, prostate cancer, renal-cell carcinoma, 

and hepatocellular carcinoma (6-9). 

An emerging technique in radiation oncology is the use of high-energy charged 

particles to treat tumors (10).  Particle therapy offers a physical advantage over x-ray 

irradiation (11).  Unlike X-rays that deposit radiation distal to the tumor target as they 

exit the patient, charged particles stop abruptly within tissue and deposit the majority of 

their energy within a small area called the Bragg peak.  This dose profile delivers 

radiation to the tumor while sparing normal tissues from exit irradiation.  This may be 

especially useful for treating tumors adjacent to dose-limiting structures, such as the 

brainstem, or for treating children with cancer, who may be at a relatively high risk for 

radiation-induced cancers.  Protons are the most commonly used particle therapy (11).  

While protons are roughly equivalent to x-rays in terms of biological effectiveness, they 

have a Bragg peak that offers improved sparing of normal tissues.  Protons are currently 

utilized for a wide range of tumors, including pediatric tumors, uveal melanomas, skull 

base tumors, and prostate cancers (12).  Recently, a retrospective study of Surveillance, 

Epidemiology, and End Results-Medicare-linked data suggested increased 

gastrointestinal side effects in patients treated with protons (13).  A randomized trial at 

Massachusetts General Hospital and the University of Pennsylvania is currently 

underway to compare protons and IMRT for prostate cancer. 
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Carbon ions, which are used to treat cancer patients in Japan and Germany, are 

also charged and therefore deposit energy with a Bragg peak.  However, these larger 

particles cause concentrated damage that is more lethal to irradiated cells.  Thus, for a 

given dose, carbon ions have a greater relative biological effectiveness (RBE).  In 

addition, the cellular damage caused by carbon ions may be less dependent on oxygen 

to stabilize free radicals within cells.  As a result, the oxygen enhancement ratio (OER) 

for heavy particles is less than for x-rays.   

In contrast to external beam radiation therapy, brachytherapy involves the 

implantation of a radiation source temporarily or permanently into the tumor site.  

Because the radiation exposure decreases with the square of the distance from the 

source, brachytherapy is a highly conformal therapy. Therefore, this approach may be 

particularly useful in combination with radiosensitizing drugs because the entrance and 

exit dose to normal tissues associated with external beam radiation therapy is 

eliminated.  Brachytherapy has been used commonly to treat prostate, breast and 

gynecological cancers.  Recent changes in source availability and the implementation of 

remote afterloaders have brought high dose rate brachytherapy into routine clinical 

practice at many institutions (14).  Unlike traditional low to medium dose rate 

brachytherapy delivered via permanent implants, high dose rate systems utilize sources 

with dose rates similar to linear accelerators.  As a result, the sources are implanted 

temporarily, and the doses are often fractionated.  New approaches to deliver radiation 
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selectively to tumors via isotope-conjugated antibodies or nanoparticles are under 

development. 

Advances in all aspects of radiation oncology make the possibility of combining 

radiation treatment with targeted drugs more feasible.  Limiting normal tissue toxicity 

starts with treatment planning and optimized dose distributions (15).  Imaging tumors 

before, during and after radiation delivery makes it possible to make adjustments to 

account for changes in tumor position, size and shape (16).  More precise patient 

immobilization and localization on the treatment couch and online x-ray, ultrasound, 

and infrared imaging to ensure patient positioning limit treatment errors and allow 

radiation to be delivered with smaller margins (17).  As normal tissue doses are limited, 

radiation oncologists can focus more on sensitizing tumors than sparing normal tissues. 

 

1.1 History of radiation modulators 

The potential for concurrent therapies to enhance local control by radiation 

therapy has long been recognized and numerous approaches have been attempted.  

Initial experiments in the 1960s and prospective trials in the 1970s investigated 

sequential and concurrent chemotherapy and radiation with the hypothesis that 

chemotherapy-mediated inhibition of DNA-repair mechanisms that would lead to 

synergistic effects (18).  Since then, continued experiments have demonstrated that 

drugs such as cisplatin, 5-FU and mitomycin C radiosensitize tumors including head 
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and neck, lung and gastrointestinal cancers (19).  Although these concurrent 

chemotherapies increase rates of local control and in some cases overall survival, 

because the chemotherapies are not specific for tumor cells, they increase normal tissue 

radiation toxicity as well (20).  Improved radiosensitizers will need to selectively 

increase tumor cell killing and local control while minimally affecting normal tissues. 

1.1.1 Hypoxia: an example of selective tumor targeting 

Historically, one of the most frequently targeted characteristics of tumors to 

improve the efficacy of radiation is tumor hypoxia.  Unlike most normal tissues, tumors 

experience significant hypoxia due to fluctuations in blood flow and increased metabolic 

demand (21).  Low oxygen availability decreases the efficacy of radiation and adversely 

affects the prognosis of cancer patients (22, 23).  Hypoxic sensitizers have long been 

recognized as potential radiosensitizers (24), and numerous attempts have been made to 

decrease the negative effect of hypoxia on radiation therapy outcomes. 

 Generally, hypoxic drugs can be divided into three categories: drugs that 

increase delivery of oxygen to tumors, hypoxic cell radiosensitizers, and direct hypoxic 

cell cytotoxins (25).  Approaches to increase oxygen delivery to tumors include 

breathing oxygen under normobaric and hyperbaric pressure, blood transfusions, 

nicotinamide administration, and the use of erythropoietin.  While there is some 

evidence that these approaches may improve local control, additional studies are needed 

to justify implementing cumbersome treatment techniques such as hyperbaric oxygen 
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administration into clinical practice (26). Notably, combination of erythropoietin 

treatment with radiation therapy for head and neck cancers led to significantly worse 

outcomes for patients presumably because the erythropoietin receptor is also expressed 

on squamous cell carcinoma tumor cells (27, 28).  Therefore, in addition to promoting 

the production of red blood cells, erythropoietin may also cause proliferation of head 

and neck cancer cells and/or protect them from cell death.  

 The nitroimidazoles are a family of electron-affinic drugs that mimic the effect of 

oxygen by reacting with DNA free radicals, which sensitizes hypoxic cells to radiation.  

Nimorazole has been shown to improve the effect of radiation therapy for supraglottic 

and pharynx tumors in a Danish head and neck cancer study (29) and is commonly used 

in Danish clinics.  However, another nitroimidazole, etanidazole, was tested in a 

Radiation Therapy Oncology Group (RTOG) trial, but did not significantly improve 

outcomes (30).  As a result, the use of nitroimidazoles is not common in clinical practice 

in the United States. 

  A theoretical study suggested that hypoxic-cell cytotoxins might be the best way 

to target hypoxic cells during radiation therapy (31).  Tirapazamine showed promise in 

early clinical trials, but no therapeutic benefit was observed in a recent phase III clinical 

trial of unselected patients with head and neck cancers (32). The idea that tirapazamine 

may be more effective in patients with hypoxic tumors led to attempts to retrospectively 

identify biomarkers of patients with hypoxic tumors.  A subgroup of patients with 
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elevated plasma HGF and IL-8 levels seemed to benefit more from tirapazamine (33), 

but prospective studies will be required to determine whether plasma biomarkers or 

functional imaging (34) can identify patients with hypoxic tumors that may benefit from 

hypoxic-cell cytotoxins. 

 Numerous clinical trials have been completed to evaluate the effect of hypoxia 

modification on treatment outcome.  Many of these trials have been inconclusive 

because they were small and underpowered.  In a systematic review incorporating all of 

these trials, modification of hypoxia was shown to significantly improve locoregional 

control and overall survival without affecting radiation-related complications (25).  

Therefore, further work to identify biomarkers of hypoxia will be important to enrich for 

patients who may benefit from hypoxia modification in future clinical trials of radiation 

therapy.  

1.1.2 Amifostine: a clinical success story 

Despite the development and clinical testing of numerous drugs that modify 

radiation response, amifostine is one of the few modifiers of radiation response, which 

has received FDA approval.  This thiol drug acts as a free radical scavenger and 

radioprotector (35).  Amifostine concentrates more rapidly in normal tissues than 

tumors (36), and is not taken into cells until it is dephosphorylated by alkaline 

phosphatase (37).  As a result, amifostine preferentially protects normal tissues from 

radiation damage compared to tumors (38). 
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Amifostine has been tested in phase III clinical trials for head and neck, non-

small cell lung cancer, and pelvic malignancies (39-41).  Numerous randomized 

controlled studies suggest that amifostine may protect against radiation-induced toxicity 

in head and neck cancer patients (35), leading the American Society of Clinical Oncology 

to recommend that amifostine be considered for the prevention of xerostomia during 

fractionated radiotherapy.  However, amifostine has not been recommended to prevent 

mucositis during concurrent platinum-based chemoradiotherapy for head and neck 

cancer (42).  Since concurrent chemoradiotherapy is the standard of treatment, this has 

limited the clinical application of amifostine as a radioprotector.  However, amifostine 

has also been shown to decrease the incidence of nephrotoxicity (43), ototoxicity (44), 

and neurotoxicity (45) in patients receiving cisplatin-based chemotherapy regimens in 

the absence of radiation therapy. 

1.1.3 Limitations of current radiation modulators 

To date, one of the major limitations of the implementation of radiosensitizers 

and radioprotectors to clinical care has been the nonspecific mechanism of action of 

many radiation modulators.  Drugs that affect radiosensitivity by targeting key cell 

survival pathways are likely to affect both tumors and normal tissues.  Thus, an 

important goal for designing improved radiation modulators is selectivity.  As our 

knowledge about the genes that are altered in cancer grows and as we gain further 

insights into the signaling pathways that mediate the DNA damage response after 
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radiation in tumor and normal tissues, it may become more feasible to select drug 

targets that regulate radiosensitivity specifically in tumor cells or normal tissues.  

However, the response of different cell types to radiation varies (46).  Therefore, 

identifying a target of radiosensitivity in one tumor type may not translate to all clinical 

situations.  Tumors arising in different tissues show a variation in radiation response 

(47, 48), and this should be considered when testing radiation modulators in the clinic. 

 Most radiation modulators are developed initially in preclinical models.  

However, all preclinical models may not recapitulate human disease to the same extent 

(49).  It is important to account for the limitation of each preclinical model when 

therapies are translated from cells to animals and ultimately to human patients.  For 

example, the tumor microenvironment has been shown to contribute to tumor initiation, 

progression and response to therapy (50).  Moreover, the tumor microenvironment can 

also impact the radiation response of tumors (51) and the immune system specifically 

may be important in clearing tumors following radiation therapy (52-54).  Thus, cell 

culture models, xenografts established in immunocompromised mice, and even 

syngeneic implantation of tumors may not accurately capture all of the important 

components of human tumors that regulate the response to radiation. 

A solution may be to test radiation modulators in genetically engineered mouse 

models (GEMMs) that develop primary cancers in the native tumor microenvironment 

in immunocompetent mice (55).  Numerous studies suggest that GEMMs may more 
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faithfully recapitulate the tumor stroma and microenvironment of human cancer than 

xenograft models (56-58).  Importantly, GEMMs have been shown to closely model the 

response of human cancers to systemic therapy in clinical trials (59, 60).  However, even 

with GEMMs, the limitations of testing drugs on mouse tumors must still be taken into 

account.  The pharmacology of drugs and the role of therapeutic targets may not be 

conserved across species.  Nevertheless, as primary tumor models improve, it is likely 

that the success of translating promising preclinical data of radiation modulators into 

successful clinical trials will improve. 

 

1.2 New insights into tumor biology 

1.2.1 Tumor heterogeneity and cancer stem cells 

 Recent discoveries in cancer biology have suggested new mechanisms by which 

tumors recur after radiation therapy.  Tumor heterogeneity has long been recognized as 

a mechanism by which tumors evade radiation therapy (61).  Heterogeneity from 

differences in the type of cancer (i.e. sarcoma, carcinoma, glioma, etc) can alter the 

response of individual tumors to radiation therapy (47, 48).  Even amongst tumors of the 

same histological subtype, radiation response can vary greatly from patient to patient.  

Such differences between patients may be due to the mutations within each tumor as 

tumor genotype may influence the response to radiation therapy and the effectiveness of 

radiosensitizers (62-64).  This observation should be considered when radiation 
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modulators are tested in heterogeneous patient and tumor populations.  Even at the 

level of an individual tumor, heterogeneity can be quite extensive.  Single-cell 

sequencing has demonstrated that a given tumor contains many distinct clones with 

diverse mutations (65).  Each of these mutations has the potential to modify radiation 

responsiveness, so it is possible that to sensitize an entire tumor to radiation therapy 

multiple radiation modulators may be necessary. 

 Within a tumor, individual cells vary in their ability to contribute to tumor 

regrowth following radiation therapy.  Indeed, lineage-tracing experiments suggest that 

a small subset of tumor cells drives tumors growth and regrowth following therapy (66-

68).  These tumor propagating cells or cancer stem cells, which have been identified in 

several different types of tumors, appear to be maintained in a stem-cell like state by 

their niche within tumors (69).  While these cells must be eliminated for a cancer to be 

cured, accumulating evidence suggests that cancer stem cells may be inherently 

radioresistant (70-72).  Like hematopoietic stem cells (73), cancer stem cells may reside in 

hypoxic niches.  Moreover, these cells are generally quiescent and may have increased 

activation of the DNA damage response(74).  However, by understanding the unique 

properties of these cells, it may be possible to design drugs that sensitize cancer stem 

cells to radiation therapy.  For example, drugs that disrupt the stem cell niche or force 

these cells out of quiescence and into the cell cycle have the potential to act as 

radiosensitizers (75).   
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1.2.2 Synthetic lethality 

 Targeting pathways that are required for cellular survival will likely be toxic to 

normal tissues.  However, many important pathways, including the DNA damage 

response pathway, exhibit redundancy in normal cells.    Growing evidence suggests 

that many tumors have mutations that cause loss of a signaling pathway, which may 

remove this redundancy.  As a result, targeting the remaining pathway in the tumor cell 

can induce synthetic lethality (Figure 1).  Because the normal cells retain the redundant 

signaling pathway, this approach can provide a therapeutic window to kill cancer cells 

while sparing normal tissues (76).  Because DNA is the main target for radiation-

induced cell killing (77), and there is significant redundancy in the ability of cells to 

repair DNA damage (78), targeting the DNA damage response pathway is a promising 

approach for selective radiosensitization of tumor cells (79). 

 The application of poly (ADP-ribose) polymerase (PARP) inhibitors to tumors 

with BRCA1 and BRCA2 mutations demonstrates the potential of synthetic lethality to 

be used to selectively target cancer cells.  PARP1 plays an important role in base excision 

repair of single-strand DNA breaks (80).  PARP inhibition may increase the number of 

endogenous and radiation-induced double-strand DNA breaks due to the impaired 

repair of single-strand breaks (81).  In normal cells, these double-strand breaks can be 

repaired via homologous recombination and non-homologous end joining.  However, 

many familial breast cancers have mutations in the BRCA1 or BRCA2 genes, which are 
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required for efficient repair of double-strand DNA breaks by homologous 

recombination (82).  Therefore, many BRCA1 and BRCA2 mutant breast cancers are 

profoundly sensitive to PARP inhibition (83-85), which appears to be due to defective 

homologous recombination specifically in the tumor cells (86).  As a result, PARP 

inhibition may also be useful in tumors with other mutations in homologous 

recombination (87, 88).  Moreover, there is evidence that other mutations in DNA 

damage response pathways can also sensitize cells to synthetic lethality.  For example, 

cells with a mutated Fanconi anemia pathway have increased sensitivity to ATM 

inhibition (89). 

Since the harsh tumor microenvironment can present unique challenges for 

cellular survival, drugs could also trigger synthetic lethality by targeting the pathways 

that cells use to withstand the stresses found in the tumor microenvironment, such as 

hypoxia, oxidative stress, or cell-cell contact abnormalities.  Tumor cells exposed to these 

environmental stresses, but not normal cells which exist in a less harsh 

microenvironment, should be preferentially killed by inhibitors blocking stress survival 

signaling pathways.  These examples demonstrate the feasibility of targeting loss of 

pathway redundancy to cause synthetic lethality and selectively target cancer cells. 
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Figure 1: Selectively targeting tumor cells through synthetic lethality. 

A) Ionizing radiation causes single-strand and double-strand DNA breaks.  Some single-

strand DNA breaks can be repaired by base excision repair (black arrows).  PARP 

inhibitors block base excision repair causing some single-strand breaks to become 

double strand breaks.  In normal cells, BRCA-mediated homologous recombination can 

repair these breaks (green arrows).  However, cancer cells with mutations in BRCA1 or 

BRCA2 are unable to repair this damage, allowing for PARP inhibitors to radiosensitize 

these cells via synthetic lethality (red arrows). B) Similarly, synthetic lethality could 

potentially be used to sensitize cells in the harsh tumor microenvironment.  Drugs that 

block stress survival signaling pathways should preferentially kill tumor cells that are 

exposed to stresses such as hypoxia, oxidative stress, or cell-cell contact abnormalities 

(red arrows) but not normal cells in a less harsh microenvironment (black arrows). These 

drugs have the potential to kill tumor cells in the absence of radiation, but radiation 

provides an additional stress that could enhance the probability of tumor cure. 
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1.3 Promising Radiosensitization Targets 

 Numerous approaches to radiosensitize tumors have shown promise using in 

vitro assays.  Before these therapies can move into the clinic, the safety and efficacy of 

these drugs should be shown in relevant in vivo models.  Targets for radiosensitization 

can be grouped into two broad categories: targets within the tumor cell and targets 

within the tumor microenvironment. 

1.3.1 PI3K-like kinases 

 The PI3K-like kinase (PI3KK) family, which includes mTOR, DNA-PKCS, ATM 

and ATR, contains several serine/threonine kinases with highly conserved catalytic 

domains that have homology to PI3K (90).  Following radiation, these proteins play 

critical roles in responding to DNA damage, orchestrating DNA repair, and promoting 

cellular survival.  Selective inhibition of ATM, the gene mutated in the radiation 

hypersensitivity syndrome ataxia telangiectasia, has been shown to sensitize human 

tumor cell lines to radiation in vitro (91, 92).  Importantly, ATM loss sensitizes both p53 

null and p53 wild-type tissues (93), and cancer stem cells may be particularly sensitive to 

ATM inhibition (94). Small molecule inhibitors designed against one member of the 

PI3KK family may also inhibit other family members, thereby leading to synergistic 

radiosensitization (Figure 2).  While inhibition of some PI3KK family members in 

normal tissues can be tolerated, inhibition of all of the PI3KK inhibitors may cause 
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toxicity in normal cells.  For example, cells lacking ATR are generally non-viable (95, 96) 

because ATR is critical for resolving stalled DNA replication forks to allow efficient 

progression through S phase (97).  However, cells under oncogene-induced replicative 

stress may be more sensitive to ATR inhibition than normal cells (98), and a small 

molecule ATR inhibitor prolonged the growth delay of pancreatic cancer xenografts 

without affecting normal tissue toxicity (99).  Nevertheless, to minimize toxicity to 

normal tissues, it will likely be important to design small molecules that inhibit some, 

but not all members of the PI3KK family. 

 NVP-BEZ235 was designed as a combined PI3K/mTOR inhibitor that 

demonstrated potent anticancer activity as a monotherapeutic agent (100).  The drug is 

currently in phase II clinical trials for advanced solid tumors and has shown efficacy as a 

radiosensitizer in preclinical models (101).  Recent studies have demonstrated that the 

radiosensitizing effect is partially mediated via inhibition of the DNA damage response 

proteins ATM and DNA-PKCS (102).  However, there is evidence that PI3K activation 

alone can lead to radiation resistance (103).  Additional benefit may be derived from 

delivery of NVP-BEZ235 prior to irradiation due to normalization of the tumor 

vasculature (104).  However, NVP-BEZ235 may be a non-specific inhibitor of the PI3KK 

family because it has also been shown to inhibit ATR (98), which may limit its utility 

because of toxicity related to ATR inhibition.  
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Figure 2: Inhibiting PI3K and the PI3K-like protein kinase family. 

A) The PI3K-like protein kinase family includes several cellular kinases with catalytic 

domains that are homologous to PI3K.  This protein family coordinates diverse cellular 

responses that are critical to the response to ionizing radiation.  B) PI3K and mTOR are 

activated by numerous growth factors to stimulate cellular growth, survival and 

proliferation.  C) DNAPKCS, ATM, and ATR respond to DNA damage by activating cell 

cycle arrest and engaging distinct DNA repair programs.  Because the catalytic domain 

is conserved across these diverse kinases, it is possible that a single drug could target 

multiple family members, thereby inhibiting some or all of these DNA repair and cell 

survival pathways. 



 

18 

1.3.2 Survival pathways 

Several survival pathways have been shown to be activated following ionizing 

radiation including PI3K, MAPK, nuclear factor-κB (NF-κB), and transforming growth 

factor-β (TGF-β) (105, 106).  In addition to regulating cell death, many of these pathways 

can also affect the tumor microenvironment and activate DNA damage repair (104, 107-

109).  As a result, inhibition of these pathways has the potential to increase the 

radiosensitivity of cancer cells through multiple mechanisms.  However, inhibition of 

cellular survival could affect normal tissue radiosensitivity as well, decreasing the 

therapeutic index of radiation. 

The PI3K-AKT pathway is activated by a number of mutations commonly found 

in cancer including receptor tyrosine kinase activation, activating mutations in PI3K, loss 

of the tumor suppressor PTEN, and activating RAS mutations (110).  Importantly, 

activation of this pathway contributes to radiation resistance (111, 112).  As a result, 

selective inhibitors of this pathway increase the radiosensitivity of cancer cells, and 

many drugs targeting this pathway are currently in preclinical development or in 

clinical trials (113).  The specific activating mutation in tumors needs to be taken into 

account when targeting PI3K-AKT signaling, since drugs that block signaling upstream 

of the mutant protein may not be effective.  For example, EGFR is a tyrosine kinase that 

is commonly over-expressed in squamous cell carcinomas of the head and neck.  The 

EGFR-specific antibody cetuximab significantly improved local regional control and 
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overall survival by radiotherapy in a phase III clinical trial of patients with head and 

neck cancers (114, 115).  However, addition of EGFR inhibitors to chemotherapy in 

patients with KRAS-mutant non-small-cell lung cancers actually led to worse clinical 

outcomes compared to patients treated with chemotherapy alone (116). Similarly, 

patients with colon cancers will respond to cetuximab, but not if their tumors contain 

KRAS mutations (117). 

The intracellular kinases ERK1 and ERK2 are activated downstream of RAS 

signaling following exposure of cells to radiation (118).  Since ERK signaling can 

promote growth and survival, several studies have attempted to inhibit ERK to enhance 

radiation-induced cell killing.  Interestingly, the effect of inhibiting ERK1/2 signaling 

depends on the cell type and timing of inhibition (105).  Although ERK inhibition has the 

potential to radiosensitize tumor cells, some cells are not affected by ERK inhibition and 

others actually appear to be protected from radiation following ERK inhibition. 

As many tumors develop resistance to apoptosis during progression, 

programmed cell death has been shown to play only a modest role in the treatment 

response of most solid tumors with radiation therapy (119).  However, antagonism of 

anti-apoptotic proteins may reactivate cellular apoptosis machinery and sensitize 

tumors to radiation-induced apoptosis (120).  As with PI3KK inhibitors, combined 

inhibition of multiple anti-apoptotic proteins may more effectively radiosensitize tumor 

cells.  ABT-737, a combined BCL2, BCL2L1, and BCL2L2 inhibitor, synergized with 
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radiation to kill cancer cells in xenograft tumors (121).  Phase I studies of ABT-263, a 

more orally available analogue of ABT-737 (122), demonstrated safety and encouraging 

efficacy for small-cell lung cancer and lymphoid malignancies (123, 124).  

Another anti-apoptotic protein, MCL1, has been shown to block radiation 

induced apoptosis in some cell types and may be more important than BCL2 for 

sensitizing hematopoietic tumors, since many hematopoietic cells require MCL1 for 

survival (125, 126).  Antisense nucleotides to MCL1 synergize with radiation to increase 

cell death (127) and the combination of MCL1 inhibition together with ABT-737 

potentiates tumor cell apoptosis (128).  In addition, AT-101, a BH3 mimetic that targets 

MCL1 and other BCL2 proteins, radiosensitized small cell lung cancer cell lines in vitro 

(129) and enhanced growth delay after radiation therapy in a prostate cancer xenograft 

model (130).  Similarly, the pan-BCL2 inhibitor obatoclax increased radiation-induced 

apoptosis in breast cancer cell lines with elevated expression of BCL2 family mRNA 

(131). 

Approximately half of all human cancers have alterations in the Trp53 gene that 

result in loss or inactivation of tumor suppressor p53 protein (132).  In tumors with wild-

type p53, p53 function is generally inhibited through other mutations in the p53 

pathway.  HDM2 (MDM2 in mice) is an E3 ubiquitin ligase that binds directly to p53, 

blocking its transcriptional activity and leading to its degradation (133).  Since HDM2 

tightly regulates p53 activity, small molecule HDM2 inhibitors have been designed to 
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reactivate the p53 pathway in cancer cells with wild-type p53 (134).  This approach 

could be used to reactivate p53-mediated cell death pathways that can be triggered by 

radiation. 

1.3.3 Checkpoint inhibitors 

 Activation of cell cycle checkpoints are an important consequence of the DNA 

damage response because the cell cycle arrest may prevent mitosis with double strand 

breaks, which can lead to loss of critical chromosomal material in a process termed 

mitotic catastrophe (135).  In vitro, abrogation of a single cell cycle checkpoint does not 

alter cellular radiosensitivity as measured by clonogenic survival after radiation.  For 

example, the radiosensitivity of BRCA1 mutant cancer cells, which are incapable of 

triggering an S phase checkpoint, can be rescued with a mutant BRCA1 incapable of 

triggering the S phase checkpoint (136).  This suggests that BRCA1-mediated 

radiosensitivity is not due to loss of the S phase checkpoint.  Complimentary 

experiments demonstrated that cells with mutant BRCA1 incapable of triggering the 

early G2/M checkpoint have the same radiosensitivity as wild-type cells as measured by 

clonogenic survival (137). 

The cyclin-dependent kinase inhibitor p21 is required for the radiation-induced 

G1 cell cycle checkpoint and, at least in some cells, is also required for a sustained G2 

checkpoint (138).  Interestingly, loss of CDKN2A, which encodes for p21, does not 

impact clonogenic survival for cells irradiated in vitro. However, when these same cells 
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are grown as xenografts, tumors lacking p21 are sensitized to radiation therapy in vivo 

(139, 140).  Similarly, deletion of p21 sensitizes mice to injury of some normal tissues.  

For example, mice lacking p21 are sensitized to the radiation-induced gastrointestinal 

syndrome (141-143) and to radiation-induced cardiac injury (144).  Taken together these 

studies underscore the importance of studying radiation response using both in vitro 

and in vivo systems. 

WEE1 is a protein kinase that prevents cells from entering mitosis following 

radiation by phosphorylating CDK1 (145).  Multiple studies have shown that inhibiting 

WEE1 increases mitotic catastrophe following radiation and can sensitize tumor cells to 

radiation in vitro and in vivo (146-148).  However, these inhibitors also target other 

kinases that could affect cellular radiosensitivity (149). 

Simultaneously targeting multiple cell cycle checkpoints may increase 

radiosensitivity.  For example, it is possible that combined loss of the S and G2 

checkpoints may cause premature mitotic entry (150).  The dual CHK1 and CHK2 

inhibitor AZD7762 has been shown to radiosensitize human cancer cells and xenografts 

(151).  However, this effect may be due to direct effects on homologous recombination 

(152).  In addition, inhibitors of ATM and downstream targets such as CDC25 may 

potentiate radiosensitivity in part by targeting cell cycle checkpoints (153). 
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1.3.4 Tumor microenvironment 

 Most attempts to sensitize tumors via manipulation of the tumor 

microenvironment have focused on tumor vasculature (Figure 3).  However, through the 

utilization of more complex model systems, the potential benefit of targeting the 

immune system is also beginning to be better appreciated.  Vasculature is essential for 

tumor growth, and numerous groups have demonstrated that tumor vasculature is 

structurally and functionally abnormal (154).  Despite extensive evidence of the 

contribution of the vasculature to tumor development, the amount of vascular 

disruption following radiation therapy and the contribution of vascular collapse to 

tumor cure by radiation therapy remains controversial (155).   

Detailed experiments using syngeneic tumors have suggested that microvascular 

collapse due to endothelial cell apoptosis may contribute to tumor response to radiation 

therapy (156-158).  Unlike typical radiation-induced cell death which is dependent on 

DNA damage, endothelial cell apoptosis has been reported to be triggered by membrane 

damage which leads to ceramide-mediated apoptosis (159).  Interestingly, endothelial 

cells may be particularly sensitive at higher doses (160), so this mechanism of 

endothelial cell death may be most pertinent to hypofractionated regimens in SBRT and 

radiosurgery.  While other groups have suggested that endothelial cells do not 

contribute to tumor cure (161-163), drugs that trigger endothelial cell apoptosis could 

potentially increase tumor radiosensitivity. 
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Regardless of the amount of vascular damage caused by radiation, vascular 

function must be reestablished for a tumor to regrow following radiation therapy (164).  

Endothelial cells may be established through local sprouting of existing blood vessels or 

by recruitment of vascular progenitor cells from outside of the irradiated field (165).  

While several studies have reported that endothelial progenitor cells contribute to the 

formation of tumor vasculature (166-168), other studies have emphasized that bone 

marrow-derived cells do not contribute to vascular endothelium (169).  Similarly, the 

contribution of each of these mechanisms after radiation remains controversial (170) 

with no studies definitively demonstrating that vascular progenitor cells contribute to 

vessels after radiation and one study emphasizing that bone marrow-derived cells do 

not contribute to revascularization following radiation (171). 

Multiple studies have suggested that myeloid cell recruitment after radiation 

contributes to vascular regrowth (171-173).  Recruitment of myeloid cells appears to be 

dependent on SDF-1/CXCR4 signaling in many tumors (171, 172, 174), and inhibition of 

this signaling axis with AMD3100 represents a promising therapeutic target post-

irradiation (175).  Notch signaling also regulates tumor angiogenesis, and an anti-Notch 

ligand delta-like ligand 4 (DLL4) antibody impaired tumor regrowth by promoting 

nonfunctional tumor angiogenesis (176). 

Vascular normalization via anti-VEGF therapies has long been championed as a 

mechanism to enhance tumor radiation response (154).  Preclinical experiments have 
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demonstrated that anti-VEGF therapies can enhance tumor radiation response in animal 

models (177).  Notably, there may be a tumor oxygenation window after anti-

angiogenesis therapy during which radiation therapy is most effective (178).  However, 

clinical studies have not compared different treatment schedules, which may be 

important for therapies that normalize the vasculature to have maximum efficacy (179).   

Anti-VEGF therapies have measurable effects on human tumors (180) and are 

currently being investigated for combination with radiation therapy in clinical trials.  A 

phase II trial of bevacizumab, radiation therapy, and fluorouracil in rectal cancer 

demonstrated promising efficacy (181).  More recently, a phase II study combining 

bevacizumab with radiation therapy and temozolomide for newly diagnosed 

glioblastoma demonstrated improved progression free survival without improved 

overall survival (182).  Of note, small molecules can be designed to target both VEGF 

signaling and cell survival pathways.  For example, vandetanib is a dual VEGFR2 and 

EGFR inhibitor currently in phase II clinical trials for glioblastomas (183). 

As described above, TRP53 encodes a transcription factor, p53, that responds to 

ionizing radiation by initiating a spectrum of cell-type specific responses including cell 

cycle arrest, senescence, apoptosis, and DNA damage repair (184).  As a result of these 

functions, p53 is a key molecule for determining cellular responses to ionizing radiation 

(185).  The function of p53 is complex and tissue dependent (Figure 4) (186, 187).  While 

p53 protects the gut and cardiac endothelial cells from radiation (141, 142, 144), it can 
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trigger apoptosis in hematopoietic and lymphoid tissues (188, 189).  Since TRP53 is one 

of the most commonly mutated genes in cancer (190), it may be possible to inhibit p53 in 

tumor stromal cells without affecting the radiation response of tumor parenchymal cells, 

which already have mutant p53.  For example, one study reported that p53 inhibition in 

the tumor stroma increases the sensitivity of transplanted syngeneic tumors to radiation, 

likely due to increased sensitivity of endothelial cells to radiation (191). 

Immunomodulation is an emerging approach to increase the probability of 

tumor cure following radiation therapy (192).  Accumulating evidence suggests that the 

immune system is capable of recognizing tumors and shapes cancer development (193-

195).  As tumors develop in immunocompetent animals, they evolve to avoid cell death 

from immunosurveillance (196).  However, radiation treatment may present a unique 

opportunity to prime the immune system against tumors. 

There have been anecdotal reports that local irradiation to a tumor can reduce 

tumor growth outside of the field of radiation.  This abscopal effect is rare, but it has 

been reported for many malignancies (197-201).  The immune system appears to be the 

main driver of this effect since radiation of primary tumors in combination with a 

growth factor that stimulates dendritic cell production resulted in the regression of 

unirradiated tumors (202).  Importantly, this effect was shown to be dependent on T 

cells. 
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Immunologic mechanisms can also contribute to the regression of primary 

tumors after radiation therapy.  It is well established that radiation increases the release 

of proinflammatory cytokines (203-205) and tumor-associated antigens (206, 207).  These 

immune cues may trigger the immune system to eliminate surviving cancer cells 

following radiation therapy.  Indeed, it has been demonstrated that tumor-antigen 

specific immune responses develop during radiation treatment (208).  In addition, CD8 

T-cell depletion largely diminishes the therapeutic effect of radiation in mouse tumor 

models (54).  Notably, fractionated therapy was less effective than hypofractionated 

therapy in mice with T cells, but not in Rag knockout mice, suggesting that SBRT may be 

more effective at stimulating immune responses than standard fractionated 

radiotherapy. 

Many tumors have been shown to recruit regulatory T cells to inhibit the 

development of pro-inflammatory tumor immune responses (209).  This subset of T cells 

may be an important therapeutic target because anti-CD25 and anti-CTLA-4 antibodies, 

which target regulatory T cells, enhance the efficacy of radiation therapy (210, 211).  

Therefore, combining immunomodulators with radiation treatment optimized to prime 

the immune system represents a promising approach to improve local control after 

radiation therapy and potentially impact the development of cancer at distant sites. 
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Figure 3: Enhancing tumor cure by modulating the tumor microenvironment. 

A) The tumor microenvironment can regulate tumor response to radiation by altering 

tumor oxygenation, vascular rebuilding, and regulating clearance of surviving cells by 

the immune system.  Targeted drugs can alter the interaction between tumor cells and 

their microenvironment, which may lead to enhanced tumor cure (green).  Anti-

angiogenic therapies can cause vascular normalization, leading to a window of 

increased tumor oxygenation.  Myeloid cells are recruited to irradiated tumors by 

cytokines such as SDF-1.  Blocking their recruitment may impair vascular regrowth.  

Irradiated tumors release antigens that can be recognized by the immune system, 

leading to destruction of tumor cells by cytotoxic T cells.  Regulatory T cells can abrogate 

this response, so targeting these cells with anti-CD25 and anti-CTLA-4 antibodies may 

enhance tumor cure by radiation. 
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Figure 4: The tissue-dependent role of p53 in the response of cells to radiation. 

A) In unstressed cells, HDM2 ubiquinates p53 leading to its degradation.  Numerous 

cellular stresses increase translation of p53 mRNA and phosphorylation of p53 protein, 

increasing its stability.  p53 acts predominantly as a transcription factor to upregulate 

expression of target genes to arrest cell growth or lead to cellular senescence and 

apoptosis depending on the cellular context.  B) The consequence of p53 loss on cellular 

radiation response varies depending on the type of tissue.  As a result, p53 inhibitors 

may be useful as both radiosensitizers and radioprotectors. 
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1.4 Radiation protectors and mitigators 

 Radiation causes both acute and late toxicity to normal tissues, which often limits 

the radiation dose that can be delivered to tumors.  Thus, a complimentary approach to 

sensitizing tumors to radiation is the use of radiation protectors to selectively protect 

normal tissues (Figure 5), which may allow more cancers to be cured by treating them to 

higher doses of radiation.  In addition to the clinical setting of treating patients with 

cancer, radioprotectors could also be useful as countermeasures against radiological 

attacks and in other pathophysiological settings to protect against normal tissue 

damage.  For example, during reperfusion injury after ischemia, reactive oxygen species 

are generated that damage cells and activate cell death pathways using mechanisms 

similar to ionizing radiation (212).  Thus, radioprotectors may prove useful to protect 

normal tissues from insults other than radiation therapy. 

 When describing radiation countermeasures, a National Cancer Institute 

Workshop recommended distinguishing between radiation protectors, radiation 

mitigators and treatments for radiation injury (213).  These terms are defined by the 

timing of administration of the drug in relation to the radiation exposure and the 

development of symptoms from radiation injury.  Protectors are given before radiation 

exposure, mitigators are given during or after exposure, but before the appearance of 

symptoms, and treatments are administered after symptoms from radiation injury 
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develop.  While all of these classes of drugs would potentially be useful for treating 

patients in the clinic, the United States government is actively seeking mitigators, which 

are effective when administered at least 24 hours after radiation exposure for the 

national stockpile for use in the event of a nuclear or radiological attack.  Because 

cellular responses to radiation begin almost instantaneously with radiation exposure 

(214) and because radiosensitive organs, such as the bone marrow and the 

gastrointestinal tract, already have a significant amount of cell death within the first 24 

hours, for mitigators to have activity when administered after this time point, they will 

likely need to promote regeneration of surviving cells or prevent the life-threatening 

sequelae of cell loss over the first day. 

The ability of stem cells and oligopotent progenitors to maintain tissue function 

by replacing damaged cells determines the onset and severity of radiation effects (215), 

so strategies to mitigate normal tissue injury must increase the survival and 

functionality of these cells.  Increasing evidence suggests that stem and progenitor cell 

populations respond differently to DNA damage than more differentiated cells (216).  

Thus, mitigation strategies that alter the homeostasis of tissue-specific stem cells and 

progenitor cells could enhance their fitness and regenerative capacity. 
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Figure 5: Strategies to protect and mitigate normal tissues from radiation damage. 

A) Antioxidants can scavenge free radicals that damage DNA.  B) Hormones and 

cytokines can be administered prior to or shortly after radiation to enhance cellular 

survival and facilitate tissue repopulation.  C) Anti-inflammatory drugs can be used to 

reduce auto-inflammatory responses and vascular damage that results in late radiation 

effects.  D)  Stem cells can be used to reconstitute radiation-damaged tissues. 
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1.4.1 Antioxidants 

 In addition to amifostine, several other antioxidants have been used to protect 

cells and tissues from radiation injury.  The nitroxides are recycling antioxidants that 

protect cells exposed to oxidative stress (217).  A phase I clinical trial in whole-brain 

radiotherapy patients suggested that one nitroxide, tempol, may be effective at 

preventing radiation-induced alopecia (218).  Antioxidant vitamins have also been 

suggested to be effective at reducing xerostomia, mucositis, pulmonary fibrosis, cystitis, 

and alopecia during radiation therapy (219).  However, antioxidant vitamins taken 

during radiation therapy have also been associated with decreased tumor control, 

limiting their clinical use (220, 221). 

In addition to the rapid production of reactive oxygen species (ROS) caused by 

radiation, cells can exhibit chronic increases in ROS following radiation exposure (222).  

There is evidence that elevated ROS, which may be a by-product of inflammatory 

cytokines, such as TGF- e months after irradiation 

(223-225).  Inducing superoxide dismutase (SOD) appears to protect against ROS 

damage (226).  Indeed, SOD can mitigate radiation-induced fibrosis in a porcine model 

(227) and in humans (228).  Similar results have been observed using tocopherol and 

pentoxifylline (229, 230). 
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1.4.2 p53 modulation 

 In contrast to the radiosensitizing effect of inhibiting p53 in endothelial cells, p53 

inhibition has been proposed as a mechanism to protect other normal tissues such as 

hematopoietic cells against radiation injury (185).  The development of pifithrin-α, a 

small molecule inhibitor of p53, has led to accumulating evidence that p53 inhibition can 

protect some normal tissues from radiation-induced apoptosis without affecting tumor 

radionsensitivity (231).  Since p53 is induced by DNA damage in part via RPL26-

mediated increases in TRP53 mRNA translation (232), oligonucleotides binding to 

TRP53 mRNA blunt p53 induction after radiation and could potentially be used as 

therapeutics to block the p53 response to radiation (233). 

Importantly, the p53 DNA damage response does not appear to contribute to 

tumor suppression (234-236).  Thus, transient inhibition of p53 during radiation therapy 

may be used to protect some normal tissues from radiation without increasing the 

probability of radiation-induced tumorigenesis.  Moreover, the transcriptional programs 

involved in acute DNA damage responses and tumor suppression can be separated, 

suggesting that the acute p53 response can be targeted selectively without affecting 

tumor suppression (235, 236).  Despite the evidence supporting the safe use of p53 

inhibitors in animal models, to our knowledge, pifithrin-α and other drugs targeting p53 

have not been tested in the clinic. 
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1.4.3 Hormones, cytokines, and cell signaling pathways 

Several hormones and cytokines have been utilized to support cellular survival 

and promote proliferation of normal tissue stem cells before, during, and after radiation 

exposure.  Care must be taken when using hormone and cytokines during cancer 

therapy, because tumors commonly express the receptors for cytokines and growth 

factors.  Melatonin is a hormone that increases the expression of antioxidant enzymes 

within cells (237). Due to its additional anti-tumor effects (238), it has been tested as a 

neurological protector in patients with brain metastases.  However, a phase II clinical 

trial of melatonin during brain radiation therapy showed no difference in survival time 

or neurologic function (239). 

 Various growth factors have been utilized to directly affect stem cell survival and 

recovery.  Granulocyte colony-stimulating factor has been established to promote bone 

marrow recovery and can reduce the lethality of total body radiation exposure when 

given 6 hours after radiation exposure in non-human primates (240). Notably, this 

approach was not effective when given 24 hours after radiation in mice (241). 

Keratinocyte growth factor (KGF) stimulates DNA repair, cell proliferation, survival, 

differentiation, and reduction of ROS, making it potentially useful as a mitigator (242).  

KGF has been shown to prevent radiation-induced xerostomia (243) and mucositis (244) 

in animal models.  A recombinant human KGF, palifermin, is currently in clinical trials 

for head and neck cancer patients.  Phase II clinical trials of palifermin for patients 
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receiving hyperfractionated radiation therapy showed lower incidence and shorter 

duration of mucositis (245). 

 In addition to triggering microvascular collapse in tumors after radiation, 

ceramide-mediated endothelial cell apoptosis has also been suggested to mediate acute 

radiation gastrointestinal (GI) syndrome (246).  However, other groups have not 

observed similar levels of endothelial cell apoptosis and have suggested that intestinal 

crypt stem cells are the main target of radiation GI syndrome (141, 247).  Basic fibroblast 

growth factor (bFGF) inhibits endothelial cell apoptosis and protects the GI tract from 

radiation injury (246, 248).  In addition, an anti-ceramide antibody to prevent ceramide 

platform formation in endothelial cells has been reported to protect against the GI 

syndrome (249).  Another group has shown that a peptide derived from the receptor 

binding domain of fibroblast growth factor 2 (FGF2) given to mice four hours after a 

lethal dose of sub-total body irradiation increased survival by preventing the 

gastrointestinal syndrome (250).  However, the mechanism of mitigation may not be 

through inhibition of apoptosis, because radiation-inuduced apoptosis has already 

started to peak four hours after radiation exposure (246). 

 NF-κB signaling appears to be important for intestinal crypt survival following 

radiation exposure (251).  The TLR5 agonist CBLB502 activates NF-κB to protect mice 

and rhesus monkeys from the acute radiation syndrome when given prior to or after 

lethal total body irradiation (252). 
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 Many of the late effects of radiation are due to normal tissue fibrosis.  Because 

TGF-β drives smooth muscle cell proliferation and collagen production in fibroblasts 

that can lead to fibrosis (253), TGF-β inhibition may protect or mitigate against late 

radiation tissue injury.  Experiments in animal models have shown that reduction of 

TGF-β signaling decreases fibrosis in the lung (254, 255) and intestine (256) following 

radiation exposure. 

1.4.4 Anti-inflammatory drugs 

 The most efficacious drugs for mitigation of normal tissue toxicity are anti-

inflammatory drugs.  Many different inflammatory pathways have been targeted with 

the same goal of reducing auto-inflammatory responses and vascular damage that can 

lead to catastrophic late effects.  Directly inhibiting coagulation can block microvascular 

damage and reduce radiation-induced nephropathy (257), small intestine toxicity (258, 

259), and nervous system injury (260) in animal models. 

 Activated protein C is a potent anti-coagulant and cytoprotectant that inhibits 

blood clotting through the proteolysis of factors V and VII, promotes fibrinolysis, and 

exerts potent anti-inflammatory and cytoprotective effects on endothelial cells, neurons, 

and innate immune cell populations (261).  It has significant promise as a radiation 

mitigator, because systemic administration of activated protein C as late as 24 hours 

after exposure to radiation can mitigate radiation-induced mortality in mice after total 

body irradiation (262). 
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 The statins are HMG-CoA reductase inhibitors originally developed as lipid-

lowering agents.  However, they have also been demonstrated to have potent anti-

inflammatory and anti-thrombotic properties (263).  Statins have shown potential as 

mitigators of late radiation damage by decreasing lung fibrosis and increasing survival 

when started 8 weeks post-irradiation (264).  In addition, statins can ameliorate delayed 

radiation damage in the intestine when started 2 weeks before radiation (265).  They 

have potential for use in radiation oncology, since they are relatively safe and can 

mitigate radiation-induced enteropathy when given 14 days after radiation without 

affecting the efficacy of radiation on tumors (266). 

The peroxisome proliferator-activated receptor (PPAR) inhibitors are another 

family of drugs currently in clinical use that may be useful to protect against normal 

tissue injury after radiation therapy.  PPAR inhibitors are currently used to treat 

diabetes, but they can inhibit proinflammatory responses in a variety of cell types(267).  

One PPAR inhibitor, fenofibrate, improved neurogenesis after whole brain irradiation 

(268), suggesting PPAR inhibitors could decrease neurologic side effects in patients 

receiving irradiation for brain tumors. 

ACE inhibitors have been shown to mitigate lung (269), renal (270) and 

neurological injuries (271) following irradiation, presumably by protecting the 

vasculature.  However, the mechanism of action is unclear because there is not 

substantial evidence that the renin-angiotensin system is activated by radiation (272). 
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1.4.5 Stem cell therapies 

 Since damage to stem cells appears to be a major cause of normal tissue injury 

following radiation exposure, stem cell therapy could potentially alleviate many of the 

adverse effects of radiation on normal tissues (215).  Tissue-specific stem cells have been 

identified in many tissues (215), however very few stem cells have been demonstrated to 

reconstitute normal tissues via transplant after radiation.  Bone-marrow transplant has 

been well established as a mitigation strategy for the hematopoietic syndrome and is 

recommended if resources allow by the Strategic National Stockpile Radiation Working 

Group (273).  In addition, the salivary gland is an example of a solid tissue in which 

adult stem cell transplant has been demonstrated to contribute to tissue function after 

radiation (274). 

Bone marrow-derived cells may contribute to the recovery of several organs 

outside of the bone marrow (275).  These cells can be stimulated by G-CSF to reduce 

radiation damage in salivary glands (276).  Stromal cells in the bone marrow, which are 

referred to as mesenchymal stem cells, contribute to the hematopoietic stem cell niche 

and can differentiate into multiple lineages in vitro (277).  These cells may contribute to 

the fibrotic response of irradiated tissues, (278) but may also help repair radiation 

damage in the esophagus (278). 

Finally, induced pluripotent stem cells can differentiate into all cell lineages in a 

living organism (279) and have tremendous potential for regenerative medicine in 
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situations of normal tissue damage.  However, these cells have not been used 

successfully in the clinic.  While it will require a significant amount of effort to translate 

the use of stem cells to the clinic, the potential of these cells to repopulate and restore 

function to normal tissues makes them a promising future therapeutic for mitigation of 

radiation injury. 

 

1.5 Conclusion 

Tremendous progress has been made towards understanding the hallmarks of 

cancer.  Likewise, elucidating the mechanisms through which tumors evade radiation 

therapy has led to the development of a new generation of targeted radiosensitizers and 

radioprotectors that have the potential to selectively increase the killing of tumor cells 

during radiation therapy.  While few of these approaches have been successfully 

translated to the clinic, triggering synthetic lethality, targeting cancer stem cells, and 

inhibiting multiple kinases that mediate the DNA damage response are promising 

approaches to improve local control with radiation therapy in the clinic.  Although 

tumors are heterogeneous and may contain regions of hypoxia or harbor tumor cells 

with mutations that promote resistance to radiation therapy, this heterogeneity offers 

opportunities to employ drugs that target hypoxic cells or specific mutant proteins to 

sensitize tumors to radiation therapy.  Furthermore, with a greater understanding of the 

mechanism by which the microenvironment and particularly the immune system 



 

41 

impacts tumor cure by radiation therapy, there will be new opportunities to try to 

improve tumor cure by manipulating the tumor microenvironment with targeted drugs 

that block tumor recurrence by inhibiting angiogenesis or triggering the immune 

response to eliminate surviving cancer cells.  As radiation therapy is utilized to treat 

over half of all patients with cancer, translating our growing understanding of cancer 

and radiation biology into effective radiosensitizers of tumors or radioprotectors of 

normal tissues has the potential to improve the outcome for many patients with cancer. 
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2. Methods and Experimental Procedures 
 

2.1 Mouse strains and tumor induction 

All animal studies were performed in accordance with protocols approved by the 

Duke University Institutional Animal Care and Use Committee. LSL-KrasG12D, p53FL, 

Meox2-Cre, p53-/-, FSF-KrasG12D, VE-Cadherin-Cre, ATMFL, mTmG, LSL-eYFP, BaxFL, and 

Pax7-CreER mice have been described previously (280-290). LSL-KrasG12D, FSF-KrasG12D, 

and p53-/- mice were provided by Tyler Jacks, ATMFL mice were provided by Frederick 

Alt, p53FL mice were provided by Anton Berns, BaxFL mice were provided by Stanley 

Korsmeyer, and Pax7-CreER mice were provided by Chen-Ming Fan.  Meox2-Cre, VE-

Cadherin-Cre, mTmG and LSL-eYFP mice were obtained from the Jackson Laboratory.  

Primary sarcomas and lung tumors were generated by injecting an adenovirus 

expressing Cre or FlpO recombinase (University of Iowa Vector Core) in the right hind 

leg or intranasally into KPloxP or KPFRT mice between 6 and 10 weeks of age as described 

previously (291, 292). Tamoxifen-induced primary sarcomas were generated by injecting 

50 µl of 5 mg/ml 4-hydoxy-tamoxifen (Sigma) in DMSO into the right hind leg of 

P7KPloxP mice.  Whole-heart irradiation experiments were carried out with mice between 

6 and 10 weeks of age. All mice were on a mixed genetic background. To minimize the 

effect of genetic background, age-matched littermate controls were used for every 
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experiment so that potential genetic modifiers would be randomly distributed between 

the experimental and control groups. 

 

2.2 Radiation treatment 

Sarcoma and whole-heart irradiations were performed using the X-RAD 225Cx 

small animal image-guided irradiator (Precision X-Ray). The irradiation field was 

centered on the target via fluoroscopy with 40 kVp, 2.5 mA X-rays using a 2 mm Al 

filter. Mice were irradiated with parallel-opposed anterior and posterior fields with an 

average dose rate of 300 cGy/min prescribed to mid-plane with 225 kVp, 13 mA X-rays 

using a 0.3 mm Cu filter.  Sarcomas were irradiated at ~250 mm3 by caliper measurement 

for growth delay and histological endpoints and ~100 mm3 for local control endpoints 

using a collimator with a 40 x 40 mm square radiation field at treatment isocenter.  

Whole-heart irradiation was performed using a collimator to produce a 15 mm circular 

radiation field at treatment isocenter.  Following irradiation, sarcomas were measured 

three times per week for growth delay and once per week for local control experiments 

until they tripled in size from the initial volume measured at the time of radiation. 

Tumor cure was assumed if a tumor failed to triple in size 18 weeks after radiation 

treatment.  Assuming a constant tumor doubling time of 4 days and tumor cell diameter 

of 25 µm (volume = 8.18 x 10-6 mm3), it would take a single tumor cell 100 days (~14 

weeks) to reach 300 mm3.  In addition, no tumors recurred more than 13 weeks after 
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irradiation. Mice that died prior to tumor tripling due to metastasis or sarcoma 

development at a distant site were censored at the time of death and were analyzed as 

local controls until this point.  Endothelial cells were irradiated in vitro with an X-RAD 

320 biological irradiator (Precision X-Ray). Cells were placed 50 cm from the radiation 

source and were irradiated with a dose rate of 161 cGy/min using 320 kVp, 10 mA X-

rays and a 2 mm Al filter.  Dose rates were measured with an ion chamber by the 

Radiation Safety Division at Duke University.   

 

2.3 Fabrication of liposomal CT contrast agent  

Liposomal-iodinated CT contrast agent was prepared using methods described 

previously (293).  The size distribution of liposomes in the final formulation was 

determined by dynamic light scattering (DLS) using a Malvern Zetasizer Nanoseries 

(Malvern Instruments, Worcestershire, UK) at 25 °C. The iodine concentration in the 

final liposomal solution was quantified by spectrophotometry (Abs at 245 nm). The final 

iodine concentration in the PEGylated liposomal-iodine formulation was 110 mg/mL. 

The average liposome size was 140 nm and the poly-dispersity index was less than 0.15. 

 

2.4 Dual energy micro-CT setup and imaging 

The treated mice were irradiated on day 0. DE micro-CT scanning was 

performed at day 1 and day 4. Mice were intravenously injected with liposomal-
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iodinated contrast agent (dose 0.4 ml/25 g mouse) on day 1, just prior to imaging. The 

free-breathing animals were scanned while under anesthesia induced with 1% isoflurane 

delivered by nose-cone. All scans were performed on the custom-built dual source 

micro-CT system (294) using 40 kVp, 250mA, and 16 ms per exposure for one X-ray 

source and 80 kVp, 160mA, and 10 ms for the second X-ray source. Both x-ray tubes 

were triggered simultaneously. Each acquisition consisted of 360 projections per x-ray 

source/detector. A single scan required approximately 5 minutes to complete. CT 

reconstructions were performed with the Feldkamp algorithm (295) and resulted in 

reconstructed 40 and 80 kVp volumes with isotropic, 88 microns voxels. The estimated 

cumulative radiation dose associated with our longitudinal in vivo studies was 0.26 Gy. 

 

2.5 Image post-processing 

Affine registration was performed to improve registration between 

corresponding 40 and 80 kVp reconstructed volumes using ANTs, an open-source, ITK-

based registration toolkit (Advanced Normalization Tools, http://picsl.upenn.edu/ANTS/; 

ITK rev. 4.0.0). Affine registration in ANTs optimized mutual information (296). Tests 

with subjects scanned consecutively have shown a registration accuracy of half a voxel 

along each spatial dimension. Registration between each pair of 40 and 80 kVp data  

generally completed in less than two minutes using a Mac OS X workstation with dual 

2.66 GHz, quad-core Xeon processors and 16 GB of RAM.  

http://picsl.upenn.edu/ANTS/
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To improve the decomposition, each data set was de-noised using bilateral 

filtration (BF). BF is a well-characterized edge-preserving smoothing filter that considers 

both the distribution of neighboring voxels in space and intensity. BF was implemented 

using MATLAB (MathWorks), and generally was completed within 15-20 minutes per 

volume. Details of the application of (“classic”) BF to murine CT data (297) and a 

quantitative evaluation of the application of BF to DE micro-CT (298) have been 

described previously. 

 

2.6 Dual energy decomposition of CT images 

Since tumors developed on a hind limb containing bones, a DE decomposition of 

calcium and iodine was performed after registration and filtration, using corresponding 

80 and 40 kVp data by solving the following linear system at each voxel: 

 

Expanding the linear system: 

 

In this formulation, x was the least squares solution for the concentration of the 

iodine (CI) and calcium (CCa) in mg/mL in the voxel under consideration. A was a 

constant sensitivity matrix measured in HU/mg/mL for iodine (CTI,40, CTI,80) and calcium 



 

47 

(CTCa,40, CTCa,80) at 40 and 80 kVp, respectively. Finally, b was the intensity of the voxel 

under consideration at 40 kVp (CT40) and 80 kVp (CT80) in Hounsfield Units (HU). 

Values for CTI,40, CTI,80, CTCa,40, and CTCa,80 were determined empirically using a 

calibration phantom and were 31.52, 44.61, 25.61, and 19.13 HU/mg/mL, respectively. 

Voxels with negative concentrations of both materials were set to zero.  

To isolate tumors from surrounding muscle and bone for analysis and to enable 

measurements of tumor volume, masks were manually defined for each 40 and 80 kVp 

set using Avizo (Visualization Sciences Group). 

For visualization, we used Maximum Intensity Projection (MIP), a rendering 

technique that simulates the process of sending rays though an object and keeping the 

maximum attenuating voxel along the path. Since the continuity of the vessels is difficult 

to visualize in the thin micro-CT slices, the MIP allows a better volumetric inspection of 

the whole tumor and its vasculature. 

 

2.7 Analysis 

 After masking the DE decomposition to isolate the tumor volume, several 

metrics were computed using the iodine concentration map to compare the treated and 

untreated tumors. FBV characterized the degree of tumor vascularity.  Due to the long 

circulating nature of the liposomal contrast agent (t1/2 ~40 hours) (293), the signal 

enhancement obtained immediately after injection of liposomal-iodine is truly 
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proportional to the tumor FBV.  Assessment of FBV was done one day after radiation 

treatment for the treated group and on the corresponding day for the control group. To 

compensate for the apparent iodine concentration of muscle in the decomposed data 

(CI,Muscle, empirically determined to be 2.24 mg/mL), a hard threshold was applied to CI,n, 

yielding C’I,n.  

 

 was next computed as: 

 

where N1 was the total number of tumor voxels on day 1, MAXI,1 was the iodine 

concentration within the blood (measured per animal in the lumen of descending aorta), 

and C’I,n was the iodine concentration in tumor voxel n (mg/mL).  

To assess changes in vascular permeability, we computed the accumulated mass 

of iodine in tumors.  The accumulated mass at day 4 (AM4, measured in mg) 

characterized the mass of extravasated iodine in each tumor four days after the date of 

radiation treatment: 
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where v was the voxel volume and CI,n was the iodine concentration in tumor 

voxel n (mg/mL) on day 4. Because the iodine extravasated from the vasculature to the 

surrounding tissue, CI,Muscle was subtracted from each CI,n value, with negative values set 

to zero before summation. Due to the long blood half-life of the liposomal-iodine, 

residual blood pool signal was observed on day 4. To remove residual blood pool 

enhancement, a corrected, accumulated mass (CAM4) was computed: 

 

The correction term subtracted from AM4 assumed that the FBV measured on 

day 1 was roughly equivalent to the FBV on day 4. TV4 was the tumor volume, and 

MAXI,4 was the iodine concentration in the blood pool at day 4 measured using C’I,n for 

each animal. Normalizing the CAM4 for each tumor by the volume at day 4 yielded an 

average accumulated concentration (AC4) which was used to compare treated and 

untreated tumors: 

 

2.8 Histological analysis 

Sarcoma histology was performed on frozen tissue sections. Tumor and heart 

frozen specimens were embedded directly in OCT compound (Sakura Fintek) by snap 
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freezing in a dry ice/isopentane slurry and stored at -80°C until sectioning. Ten micron 

sections were fixed in 4% paraformaldehyde prior to immunofluorescence staining. For 

intracellular antigens, cells were permeabilized with 0.5% Tween 20 (Sigma). The 

primary antibodies used were rat anti-mouse CD31 (1:250, BD Pharmingen, #553370), 

rabbit anti-mouse Ser824 phosporylated Kap1 (1:250, Bethyl Laboratories, #A300-767A), 

polyclonal rabbit anti-mouse Ser1987 phosphorylated Atm (1:500) provided by Michael 

Kastan and described previously (299), rat anti-mouse VE-Cadherin (1:250, BD 

Pharmingen, #555289), rat anti-mouse CD34 (1:250, #553731), rat anti-mouse CD11b 

(1:250, eBioscience, #14-0112-81), and rabbit anti-mouse cleaved caspase 3 (1:250, Cell 

Signaling, #9661S). The secondary antibodies used were Alexa Fluor 488-conjugated 

donkey anti-rat IgG (1:500, Invitrogen, #A21208), Alexa Fluor 488-conjugated goat anti-

rat IgG (1:500, Invitrogen, #A11006), Alexa Fluor 555-conjugated goat anti-rabbit IgG 

(1:250, Invitrogen, #A21429), and Alexa Fluor 647-conjugated goat anti-rat IgG (1:250, 

Invitrogen, #A21247). Nuclear staining was performed using Hoechst 33342 (10 μM, 

Sigma). 

Vascular permeability was assesses histologically by injecting 1 mg lysine-fixable 

tetramethylrhodamine (TMR)-conjugated 2 x 106 Da dextrans (Invitrogen) intravenously 

at the time of liposomal-iodine injection. After scanning on day 4, mice were euthanized 

and the sarcoma and contralateral gastrocnemius were collected for frozen sections.  

Dextran fractional areas were quantified using ImageJ (NIH).  In order to account for 
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variation in dextran injection and mouse weight, fractional area of dextran in tumor was 

normalized to fractional area of dextran in normal muscle. 

Hypoxia was detected using the 2-nitroimidazole agent EF5. Ten mM EF5 in 

phosphate-buffered saline (PBS) was administered through intraperitoneal injection at a 

volume of 26.5 μl/g body weight three hours prior to euthanasia and tissue collection. 

EF5 was detected by staining frozen sections with Cy3-conjugated anti-EF5 

immunoglobulin G (IgG). EF5 and Cy3-EF5 IgG were provided by Cameron Koch.  

Perfusion was detected by injecting 20 mg/kg Hoechst 33342 intravascularly one minute 

before tumor excision and snap freezing in OCT. 

With the exception of CD31 and TUNEL staining, heart and lung histology was 

performed on paraffin-embedded tissue sections. Tissue specimens were fixed in 10% 

neutralized formalin overnight and preserved in 70% ethanol until paraffin embedding. 

Five micron sections were deparaffinized with xylene and rehydrated with a graded 

series of ethanol and water washes prior to performing hematoxylin and eosin, Masson’s 

trichrome or immunofluorescence staining. Antigens were retrieved using Antigen 

Unmasking Solution (Vector Laboratories) according to the manufacturer’s instructions. 

Wheat germ agglutinin (WGA) and Griffonia simplicifolia-IB4 lectin (GS-IB4) staining was 

performed by incubating sections in 5 μg/ml Alexa Fluor 488-conjugated WGA 

(Invitrogen) and 10 μg/ml Alexa Fluor 647-conjugated GS-IB4 (Invitrogen) for 2 hours at 

room temperature. 



 

52 

TUNEL staining was performed with the In Situ Cell Death Detection Kit, TMR 

Red (Roche) according to the manufacturer’s instructions. 

Pictures were acquired with a Leica DFC340 FX fluorescence microscope (Leica 

Microsystems) using Leica Suite software (Leica Microsystems). Quantification of cells 

or fractional areas was performed by an observer blinded to genotype and treatment 

using ImageJ (NIH). Each data point represents the average of 10 randomly selected 

200X fields per sample. 

 

2.9 Construction of p53FRT-neo targeting vector and generation of 
mice 

Genomic DNA of mouse p53 was provided by Tyler Jacks and was used to make 

the targeting construct. We used an NdeI site in intron 1 and a BamHI site in intron 6 to 

insert a single FRT site before exon 2 and exon 7, respectively. A loxP-flanked PGK-neo 

cassette was inserted into intron 6 before the FRT site as a positive selectable marker and 

a PGK-DTA was inserted into the targeting vector after exon 11 as a negative marker. 

The targeting vector was linearized with PacI and electroporated into ES cells using 

standard conditions. Diagnostic PCR was performed to identify ES clones with 

successful homologous recombination using primers flanking the PGK-neo cassette 

(sense primer 5’-TGCTCCTGCCGAGAAAGTAT-3’ and anti-sense primer 5’-

CACCATGAGACAGGGTCTTG-3’) and primers flanking the 5’ FRT site (sense 5’- 

CAAGAGAACTGTGCCTAAGAG -3’ and anti-sense 5’-
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CTTTCTAACAGCAAAGGCAAGC-3’). Two out of 800 ES cells were positive at both 

sites. Genomic DNA of these two clones was digested by ScaI and successful 

homologous recombination of the p53FRT-neo allele was determined by Southern blot using 

probes binding to either neo or exon 11. One clone was used to derive male germ line 

p53FRT-neo chimeras, which were bred with Meox2-Cre females to delete the floxed neo in 

the germ line. Deletion of neo was verified by PCR using primers flanking the 

recombined loxP site and 3’ FRT site: sense 5’-TGAGCCACCCGAGGTCTGTAATTT-3’ 

and anti-sense 5’-ACTCGTGGAACAGAAACAGGCAGA-3’.  Both FRT sites, the 

recombined loxP site and all exons of p53, including intron-exon splice sites, were 

sequenced to confirm that no mutations were present in p53FRT/FRT mice.  These mice will 

be donated to Jackson Laboratory. 

 

2.10 PCR genotyping 

Tissue genotyping and amplification conditions were as follows: p53FRT allele, 5’ 

FRT sense primer 5’-CAAGAGAACTGTGCCTAAGAG-3’ and 5’ FRT anti-sense primer 

5’-CTTTCTAACAGCAAAGGCAAGC-3’, cycling at 94°C for 30 sec, 57°C for 30 sec, 72°C 

for 40 sec; recombined p53Δ2-6 allele, 5’ FRT sense primer 5’- 

CAAGAGAACTGTGCCTAAGAG-3’ and 3’ FRT anti-sense primer 5’-

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

72°C for 2 min. 
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2.11 In vitro recombination in MEFs 

Primary MEFs were isolated from pregnant female mice between 12.5-14.5 days 

of gestation.  PCR genotyping was performed on DNA isolated from the embryo heads.  

MEFs were cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% 

fetal bovine serum, 2-mercaptoethanol, glutamine and non-essential amino acids.  

Passage 4 MEFs were infected with 100 MOI Ad5GFP or Ad5FlpO (University of Iowa 

Gene Transfer Vector Core, Iowa City, Iowa) in MEF media for 24 hours.  Recombination 

was confirmed by PCR. 

 

2.12 Immunoblotting 

Induction of p53 and p21 in MEFs was achieved by treatment of passage 5 MEFs 

with 0.5 ug/ml doxorubicin (Sigma-Aldrich, St. Louis, MO) for 18 hours.  MEFs were 

washed with PBS and protein was harvested with RIPA buffer (Sigma-Aldrich, St. Louis, 

MO).  Twenty-five µg of total protein were loaded for electrophoresis into 10% sodium 

dodecyl sulfate polyacrylamide gels.  Separated proteins were transferred to a PVDF 

membrane.  Membranes were blocked with 5% nonfat dry milk in TBS with 0.1% Tween 

20.  Proteins levels were detected using antibodies against p53 (IMX25 clone, Vector 

Labs, Burlingame, CA, final dilution 1:1000), p21 (F-5 clone, Santa Cruz, Santa Cruz, CA, 

final dilution 1:1000) and actin (C4 clone, BD Biosciences, Franklin Lakes, NJ, final 
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dilution 1:5000) followed by secondary goat anti-mouse IgG horseradish peroxidase-

conjugated antibody (Invitrogen, Carlsbad, CA, final dilution 1:2000).  Bands were 

visualized using ECL Plus Western Blotting Detection Reagents (Amersham, Pittsburgh, 

PA). 

 

2.13 3T3 senescence assay 

Primary MEFs were plated at a density of 300,000 cells per six cm dish and 

allowed to grow for three days.  Cells were harvested, counted using a Z1 Coulter 

Particle Counter (Beckman Coulter, Brea, CA), and replated at 300,000 cells per six cm 

dish for a total of 10 passages.  DNA content of early and late passage MEFs was 

measured after staining with 50 µg/ml propidium iodide by flow cytometry using a 

FACSCanto analyzer (Becton Dickinson, U.K.). 

  

2.14 Flow sorting of tumor, heart, and lung endothelial cells  

Tumors, hearts, and lungs were dissected, washed in PBS, and homogenized. 

Tumors were digested in 5 mg/ml type IV collagenase (Gibco) and 1.3 mg/ml dispase 

(Gibco), and hearts and lungs were digested in 0.8 mg/ml type I collagenase 

(Worthington) for one hour at 37°C. Digested tissues were filtered and red blood cells 

were lysed with ACK lysing buffer (Lonza). Total number of cells was counted by 

Coulter counter (Beckman Coulter). Three million cells were stained with PE-conjugated 
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anti-mouse CD31 (Biolegend, # 102407), PE-Cy5-conjugated anti-mouse CD45 

(eBioscience, # 15-0451) and eFluor 660-conjugated anti-mouse CD34 (eBioscience, # 50-

0341) antibodies. Dead cells were excluded by staining with 7-AAD (BD Pharmingen). 

Viable CD45 negative and CD31 and CD34 double positive cells were sorted by 

FACSVantage (BD Pharmingen) and used for RNA isolation. 

 

2.15 Quantitative RT-PCR analysis 

Total RNA was extracted from sorted heart, tumor and lung endothelial cells 

with the RNAqueous-Micro Kit (Ambion), and reverse transcription was performed 

with the iScript cDNA Synthesis Kit (Bio-Rad). Quantitative reverse transcription-

polymerase chain reaction (qRT-PCR) was performed using Taqman universal PCR 

master mix (Applied Biosystems) and TaqMan Gene Expression Assay Mix (Applied 

Biosystems) for Atm (Mm01177459_m1), p53 (Mm01731290_g1), p21 (Mm00432448_m1), 

Cyclin D1 (Mm00432359_m1), Cyclin B1 (Mm03053893_gH), Bax (Mm00432050_m1)  or 

Hprt (Mm0446968_m1). Hprt was used as an internal control to correct for the 

concentration of cDNA in different samples. Each experiment was performed with three 

replicates from each sample, and the results were averaged. 
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2.16 Fluorescence molecular tomography 

Baseline angiosense accumulation was measured prior to irradiation by injecting 

150 μl Angiosense 680EX (Perkin Elmer) via tail vein injection. After 24 hours, mice were 

imaged with an FMT2500LX (Perkin Elmer) molecular imaging device using the 680 nm 

laser channel. Accumulated angiosense within the sarcoma was quantified using 

TrueQuant Imaging Software (Perkin Elmer) and normalized to normal muscle in the 

contralateral limb. Twenty-four hours following irradiation of the sarcoma with 20 Gy, 

mice were re-injected with Angiosense 750EX (Perkin Elmer) and imaged after 24 hours 

using the 750 nm laser channel to quantify the change in angiosense accumulation. 

 

2.17 Echocardiography and respiratory rate measurement 

Transthoracic echocardiography was performed on conscious mice for all groups 

with a Vevo 2100 high-resolution image system (VisualSonics) as described previously 

(144).  Respiratory rate was counted visually using high-speed video recordings. 

 

2.18 Cell cycle analysis of tumor and heart endothelial cells 

Mice were injected intraperitoneally with 200 ul of 5 mg/ml BrdU in PBS. After 

four hours or at the indicated time point, tumors and hearts were harvested and 

dissociated as described above. Three million cells were stained with PE-conjugated 

anti-mouse CD31 (Biolegend, # 102407), PE-Cy5-conjugated anti-mouse CD45 
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(eBioscience, # 15-0451) and eFluor 660-conjugated anti-mouse CD34 (eBioscience, # 50-

0341) antibodies. Cells were then fixed in 2% paraformaldehyde overnight at 4°C. Fixed 

cells were permeabilized using the Cytofix/Cytoperm Fixation/Permeabilization Kit (BD 

Pharmingen) according to the manufacturer’s instructions. Cells were then incubated in 

300 μg/ml DNase I (Sigma) for one hour at 37°C followed by staining with a FITC-

conjugated anti-BrdU antibody (eBioscience, #11-5071) according to the manufacturer’s 

instructions. Cells were resuspended in 20 μg/ml Hoechst 33323 (Sigma) and data was 

collected by FACSCanto (BD Pharmingen) and analyzed with Flowjo (Tree Star Inc.). 

 

2.19 Primary endothelial cell culture 

Cardiac endothelial cells were isolated as described previously (144) and 

cultured in Dulbecco’s modified Eagle’s medium with 25 mM Hepes and 2 mM L-

glutamine (Gibco) supplemented with 20% fetal bovine serum, 100 μg/ml heparin, 

antibiotic-antimycotic, nonessential amino acids, sodium pyruvate, and 100 μg/ml 

endothelial cell growth stimulant (Biomedical Technologies) on cell culture dishes 

coated with 0.1% gelatin (Sigma). The purity of cardiac endothelial cells was assessed by 

flow cytometry with FITC-conjugated anti-mouse CD31 (eBioscience, #11-0311) and PE-

conjugated anti-mouse CD105 (eBioscience, #12-1051) antibodies. Cardiac endothelial 

cells from passage 1 to 4 after purification were used for experiments. 
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2.20 Clonogenic survival, tubule formation, and cell migration 

For clonogenic survival assays, cells were plated in triplicate and allowed to 

adhere overnight prior to irradiation.  Following development of colonies, cells were 

fixed with 70% ethanol, stained with Coomassie Brilliant Blue (Bio-Rad), rinsed with 

deionized water, and dried.  Populations of greater than 50 cells were counted as one 

colony, and surviving fractions were calculated relative to unirradiated controls. 

For tube formation assays, primary cardiac endothelial cells were irradiated at 

approximately 80% confluency.  Immediately after radiation, cells were harvested and 

plated at a density of 20,000 cells per well in a 96-well plate coated with 100 μl of 

Matrigel (BD Pharmingen) per well.  After incubating for four hours, three 100x pictures 

were taken of each well.  The number of tubules per field was quantified and averaged 

for each well. 

For cell migration assays, primary cardiac endothelial cells were plated on 

gelatin-coated six-well plates and allowed to reach 80% confluency.  Three linear 

wounds were created per well using a 200 μl pipette tip and the cells were irradiated.  

After 48 hours, cells were fixed with 70% ethanol and stained with Coomassie Brilliant 

Blue.  The amount of closure was scored on a 0 to 100 scale for three areas of each 

wound and values were averages for each well. 
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2.21 Quantification of cell death by flow cytometry 

Primary cardiac endothelial cells were irradiated at approximately 60% 

confluency and harvested at the indicated time points after irradiation. Cells were 

washed with PBS and stained with 5 μg/ml propidium iodide (Sigma) and FITC-

conjugated annexin V (BD Pharmingen, #556420) according to the manufacturer's 

instructions. Data were collected by FACSCanto (BD Pharmingen) and analyzed with 

FlowJo (Tree Star Inc.). Cell death was determined by quantifying the percentage of 

annexin V positive cells relative to unirradiated controls. 

 

2.22 SCH727965 and BEZ235 treatment 

Primary cardiac endothelial cells at 60% confluency were treated with DMSO or 

500 nM SCH727965 (Selleckchem) for 24 hours. Cells were harvested and fixed with cold 

70% ethanol. Cells were stained with rabbit anti-mouse phosphorylated histone H3 

(pHH3) IgG (1:500, Abcam, #ab5176) followed by Alexa Fluor 488-conjugated goat anti-

rabbit IgG (1:1000, Invitrogen, #A11008). DNA content was determined by staining cells 

with 50 μg/ml propidium iodide.  Flow analysis for phosphorylated Rb was performed 

using rabbit anti-Rb phosphorylated at Ser807 and Ser811 primary antibody (1:400, Cell 

Signaling, # 8516S) and Alexa Fluor 488-conjugated goat anti-rabbit IgG secondary 

antibody to stain primary cardiac endothelial cells fixed and permeabilized using the 
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Cytofix/Cytoperm Fixation/Permeabilization Kit (BD Pharmingen) according to the 

manufacturer’s instructions. 

For radiation experiments, cells were treated with DMSO or 500 nM SCH727965 

immediately prior to radiation and harvested at 24 hours for analysis of cell death by 

flow cytometry or micronuclei quantification. Relative cell death or micronuclei 

formation was quantified by normalizing irradiated cells to unirradiated cells of the 

same genotype and drug treatment. Data were collected by FACSCanto (BD 

Pharmingen) and analyzed with FlowJo (Tree Star Inc.).  Micronuclei were counted as 

described previously (144).   

For in vivo experiments, mice were treated with 40 mg/kg SCH727965 in 20% (2-

hydroxypropyl)-beta-cyclodextran via intraperitoneal injection immediately prior to 

irradiation.  Mice were treated by oral gavage with a single dose of 50 mg/kg BEZ235 

(Novartis) dissolved in 10% N-methyl-2-pyrrolidone/90% polyethylene glycol 300 

(Sigma) two hours prior to radiation therapy. 

 

2.23 Isolation of sarcoma cell lines  

Cell lines were isolated by digestion of primary sarcomas with trypsin, type IV 

collagenase, and dispase (Invitrogen).  Cells were cultured in Dulbecco's modified 

Eagle's medium with high glucose and pyruvate (Gibco) supplemented with 10% fetal 

bovine serum.  Cells were passaged five times to deplete stromal cells prior to isolation 
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of genomic DNA for PCR or clonogenic survival assays.  Deletion of Atm was verified by 

PCR using primers flanking the 3' loxP site: sense 5'-

GGGCTACGAAATGAGACACACAC-3' and anti-sense 5'-

CTTCCCCTGTTCAAAAGCCACTC-3' and primers flanking the recombined loxP site: 

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

CTTCCCCTGTTCAAAAGCCACTC-3'.  

 

2.24 Statistics 

Results are presented as means ± SEM.  Two-tailed student’s t test was 

performed to compare the means of two groups, and one-way analysis of variance 

(ANOVA) followed by Bonferroni’s post hoc tests were performed to compare the 

means of three or more groups. Two-way ANOVA was performed to examine the 

interaction between genotypes and treatments followed by Bonferroni’s post hoc tests 

for pairwise comparisons of individual treatments or genotypes. Correlations between 

histological and micro-CT findings were calculated by linear regression.  Non-normally 

distributed data were log-transformed before applying statistical tests. For survival 

studies, Kaplan-Meier analysis was performed followed by the log-rank test for 

statistical significance. Significance was assumed at P<0.05. All calculations were 

performed using Prism 5 (GraphPad).
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3. Dual-Energy Micro-CT Imaging of Radiation-Induced 
Vascular Changes 

Approximately 50% of all human tumors are treated with radiation therapy.  In 

the clinic, patients are typically treated with fractionated therapy delivered in 1.8-2 Gy 

daily doses over 4-8 weeks to limit long-term side effects in normal tissues.  However, 

advances in the delivery of radiation therapy have recently made it possible to safely 

deliver large dose-per-fraction (15-20 Gy) therapy (300).  Early results suggest that this 

method of radiation delivery, termed stereotactic body radiation therapy (SBRT) or 

radiosurgery, may be more effective than standard radiation therapy for some cancers 

(2).  Because vascular damage may contribute to tumor cure in this dose range (158), it is 

important to develop non-invasive imaging approaches to quantify effects of radiation 

therapy on tumor vasculature.  While a number of studies have investigated alterations 

in tumor perfusion following high-dose radiation therapy, few have measured vascular 

permeability post-irradiation (155, 301, 302).  Moreover, all of these pre-clinical studies 

have utilized xenograft or syngeneic model systems that may not adequately reflect the 

vasculature of primary tumors. 

Non-invasive functional imaging methods that assess tumor perfusion and 

vascular permeability provide particularly appealing approaches to develop cancer 

biomarkers. In clinical trials, dynamic contrast-enhanced (DCE)-CT and DCE-MRI 

correlated well with histological parameters of tumor angiogenesis such as 
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microvascular density (MVD) or expression of angiogenic markers (303). The clinical 

availability of dual-energy computed tomography (DE-CT) imaging enables quantitative 

functional imaging in oncology. DE-CT is a technique that allows the quantification of 

iodinated contrast material by applying different x-ray spectra and analyzing the 

differences in attenuation. Several recent clinical studies have applied DE-CT to assess 

treatment response in renal cancer, hepatic cancer or gastrointestinal stromal tumors 

(304-306). 

While DE-CT is gaining momentum in the clinic, it is largely absent in the pre-

clinical domain. However, such non-invasive and quantitative imaging techniques may 

be useful to improve our understanding of the mechanisms of cancer therapies tested in 

animal models.  We have built a pre-clinical dual source micro-CT system (294) that 

enables not only faster dynamic imaging but also allows dual energy (DE) micro-

computed tomography (micro-CT) studies (298). This study represents our first 

application of DE micro-CT to assess effects of radiation treatment in soft tissue 

sarcomas. 

In this study, we investigated changes in tumor perfusion and vascular 

permeability in primary sarcomas after single high-dose radiation therapy using DE 

micro-CT and a nanoparticle contrast agent.  Our results indicate that this imaging 

technique will be useful to study the role of the vasculature in mediating tumor 

response to radiation therapy. 
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3.1 Tumor imaging and radiation 

 The average tumor volume (Figure 6A) was larger in unirradiated tumors on day 

1 (1.826 vs. 1.187 cm3), but this was not statistically significant (P=0.23). The irradiated 

tumors grew significantly less (Figure 6B), growing 0.067 cm3 on average from day 1 to 

day 4 compared to 0.558 cm3 for unirradiated tumors (P<0.05).  DE micro-CT enabled the 

separation and quantification of iodine concentration within the tumors at day 1 and 

day 4 (Figure 6C).  MIPs over the whole tumor illustrated increased accumulation of 

iodine at day 4 in treated tumors. 

 

Figure 6: Comparison of mouse sarcomas treated with 20 Gy (IR) and untreated 

controls (Control). 
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A) CT-derived tumor volumes on day 1 of imaging. B) Tumor growth from day 1 to day 

4 measured by micro-CT.  *P<0.05 by Student’s t test.  C) 40 and 80 kVp data at day 1 

and day 4. DE micro-CT allows separation and quantification of the iodine concentration 

(red maps, measured in mg/ml). MIPs over the whole tumor show vascular architecture 

at day 1 and illustrate increased accumulation of iodine at day 4 in the treated group.  

For all graphs, n=6 per group. Completed in collaboration with Darin Clark. 

 

3.2 Tumor vascularity after radiation 

 The MVD measured histologically by CD31 staining on day 4 was not 

significantly different between the treated and control tumors (Figure 7A).  FBV 

measured by DE micro-CT on day 1 was significantly higher in irradiated tumors (FBV = 

0.091) than control tumors (FBV = 0.070) (Figure 7B).  Linear regression demonstrated a 

positive correlation between FBV measured on day 1 by DE micro-CT and MVD 

measured on day 4 (R2=0.53) (Figure 7C). 

 

Figure 7: Histological and DE micro-CT analysis of tumor vascularity for unirradiated 

sarcomas (Control) and sarcomas treated with 20 Gy (IR). 
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A) Average MVD measured by CD31 fractional area at day 4 post-irradiation. B) FBV 

measured by DE micro-CT at day 1 post-irradiation. *P<0.05 by Student’s t test.  C) 

Correlation by linear regression of DE micro-CT-measured FBV and MVD measured by 

histology (R2=0.53).  For all graphs, n=6 per group. 

 

3.3 Tumor vascular permeability after radiation 

 Irradiated sarcomas had more dextran accumulation on day 4 than unirradiated 

tumors (7.257 vs. 1.393, P<0.05) (Figure 8A and B). Iodine accumulation measured at day 

4 was also significantly greater in treated tumors (Figure 8C).  After accounting for 

residual blood pool enhancement, radiation treatment increased the average 

accumulated iodine concentration in tumors from 0.634 to 2.521 mg/mL (P<0.05).  Linear 

regression demonstrated a positive correlation between average accumulated iodine 

concentration and dextran accumulation (R2=0.63) (Figure 8D). 

 

Figure 8: Histological and DE micro-CT analysis of tumor vascular permeability for 

unirradiated sarcomas and sarcomas treated with 20 Gy. 
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A) Representative fluorescence images from CD31 (green) and Hoechst 33324 (blue) 

stained frozen sections of unirradiated and irradiated sarcomas from mice injected with 

TMR-conjugated dextran (red) on day 1 and euthanized on day 4. Scale bar=100 µm. B) 

Sarcoma average dextran fractional area normalized to average dextran fractional area 

of normal muscle in the contralateral leg.  *P<0.05 by Student’s t test, n=4 per group.  C) 

Accumulated concentration of iodine corrected for residual blood pool enhancement 

measured by DE micro-CT for sarcomas injected with liposomal-iodine on day 1 and 

imaged on day 4 post-irradiation.  *P<0.05 by Student’s t test, n=6 per group.  D) 

Correlation by linear regression of dextran accumulation measured by histology and 

iodine accumulation measured by DE micro-CT (R2=0.63). 

 

3.4 Conclusion 

In conclusion, we have shown that DE micro-CT is a powerful tool for 

monitoring vascular changes after radiation therapy.  We have used this technology to 

demonstrate an increase in tumor FBV and vascular permeability one day following 

irradiation in a primary mouse sarcoma model.  DE micro-CT could be a very effective 

method to monitor the effects of a variety of cancer therapies, including radiation 

therapy, anti-angiogenic drugs or their combination.  DE micro-CT may be used to gain 

new insights into the mechanisms of these treatments, which may enable the 

development of more effective cancer therapies. Due to similarities between our dual 

source micro-CT and the dual source CT systems available in the hospital, we believe 

that our imaging methods can be translated into the clinic. 
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4. Dual Recombinase Technology for Genetic 
Manipulation of Stromal Cells in Primary Tumors 

The transformation related protein p53 gene, Trp53, is the most frequently 

mutated gene in human cancer, altered in approximately 50% of human malignancies 

(307).  The p53 nuclear phosphoprotein functions as a transcription factor that responds 

to cellular stress by initiating multiple signaling pathways.  The p53 response varies 

across cell and tissue types and involves a spectrum from transient cell cycle arrest to 

senescence and apoptosis (184).  Mice deficient for p53 generally develop normally, but 

are predisposed to cancer at a young age (283, 308). 

 The site-specific recombinases Cre and Flp allow for spatially and temporally 

regulated mutation of a target gene in the somatic tissues of mice (309).  Conditional 

recombination of p53 using the Cre-loxP system has been utilized to delete or mutate 

p53 in a tissue-specific manner or to delete p53 at a specific time during development 

(310).  This technology has led to the development of multiple mouse models of primary 

cancer (291, 311-314).  Genetically engineered mouse models (GEMMs) may offer an 

advantage over xenograft and chemically-induced cancer models by providing an 

opportunity to study mechanisms of autochthonous cancer development and response 

to treatment in an anatomically restricted manner in mice that are neither tumor-prone 

or immunosuppressed (55).  However, most GEMMs use Cre-loxP technology to initiate 
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cancer, limiting the availability of Cre recombinase to modify genes in tumor stromal 

cells. 

Because Cre and Flp recombine distinct DNA target sites, loxP and FRT, 

respectively (309), these two highly efficient site-specific recombinase systems (Cre-loxP 

and Flp-FRT) have been utilized to create genetically engineered mice with a targeting 

construct with a removable positive selection cassette (315).  More recently, dual 

recombinase technology was used to sequentially delete p53 and activate the Kras 

oncogene, revealing the importance of timing of Kras and p53 mutations in 

tumorigenesis (284).  Despite the growing abundance of loxP-flanked (“floxed”) alleles 

and tissue specific Cre drivers, the Flp-FRT system has been utilized less frequently to 

modify genes in the somatic tissues in mice.  Generating additional FRT-flanked 

(“frted”) alleles will enable dual recombinase technology so that distinct gene mutations 

can be directed to different cell types with Cre and Flp recombinases. Here, we generate 

p53FRT mice in which the endogenous p53 allele is flanked by FRT sites so that it can be 

deleted by Flp recombinase. 

 

4.1 Generation of p53FRT mice 

To generate a frted p53 mouse, we constructed a targeting vector in which exons 

2 through 6 of p53 genomic DNA are flanked by FRT sites (Figure 9A).  Exons 2 through 

6 encode for the DNA binding domain that is required for p53-dependent tumor 
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suppression (316).  The 5’ FRT site was inserted between exons 1 and 2, and a loxP-

flanked (floxed) PGK-neo cassette (neo) followed by a 3’ FRT site was inserted between 

exons 6 and 7. A PGK-diphtheria toxin A (DTA) cassette was placed following exon 11 

as a negative selectable marker. The targeting vector was linearized and eletroporated 

into embryonic stem (ES) cells. Following selection by G418, 2 out of 800 colonies had 

correctly undergone homologous recombination as demonstrated by PCR (Figure 9B). 

Successful homologous recombination of the p53FRT-neo allele into the endogenous p53 

locus was confirmed by Southern blot. As shown in Figure 9A and 9C, a ScaI digested 

DNA fragment of 6.7 kb, which includes genomic DNA outside the targeting construct, 

was detected in these two ES cell clones using probes binding either neo or exon 11 of 

p53. ES cell line 8-8B was used to derive germline transmitting chimeric mice. Male 

chimeric mice were then bred to Meox2-Cre females to delete the floxed PGK-neo cassette 

in germ line cells. Germ line transmission of the targeted allele after deletion of the neo 

cassette (p53FRT allele as shown in Figure 9A) was confirmed by PCR (Figure 9D). 
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Figure 9: Generation of p53FRT/FRT mice by gene targeting. 

A) Schematic representation of the wild type p53 locus, the targeting construct, the 

p53FRT-neo, p53FRT, and p53Δ2-6 alleles. The 5’FRT site (yellow triangle) was inserted between 

exons 1 and 2, whereas the 3’FRT site (yellow triangle) and a loxP-flanked (red 

diamonds) PGK-neo cassette (neo) were inserted between exons 6 and 7 of p53. A PGK-

DTA (DTA) cassette was placed following exon 11 as a negative selectable marker. B) 

PCR amplicons including the 5’FRT site (292 bp) as well as the PGK-neo cassette (2.5 kb) 

were detected in two ES cell clones (7-9H and 8-8B) electroporated with the targeting 

vector, whereas only one amplicon of the wild type p53 allele (258 bp) was present in ES 

cells without transfection (WT). C) Genomic DNA from aforementioned ES cells was 

digested by ScaI and hybridized with DNA probes that bind to either the PGK-neo 

cassette or p53 exon 11. A DNA fragment of ~6.7 kb that includes the PGK-neo cassette 

was detected in ES cells 7-9H and 8-8B using either probe, but was absent in WT ES cells. 

In contrast, a ScaI digested fragment of ~5 kb from the WT p53 allele was detected in all 

ES cells using the probe binding to exon 11. D) Transmission of the p53FRT allele was 

shown by PCR using tails of p53FRT/FRT, p53FRT/+ and WT mice. PCR amplicons including 

the 5’FRT site (292 bp) as well as the 3’FRT site and recombined loxP site (685 bp) were 

detected in p53FRT/FRT and p53FRT/+ mice, but were absent in WT littermates.  Completed in 

collaboration with Chang-Lung Lee. 
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4.2 Characterization of p53FRT MEFs 

To study FlpO-mediated recombination of the p53FRT allele, mouse embryonic 

fibroblasts (MEFs) were isolated from p53FRT mice and infected with an adenovirus 

expressing FlpO (Ad-FlpO) or eGFP (Ad-GFP).  FlpO is a Flp recombinase with codons 

optimized for recombination in mammalian systems(317).  Successful recombination of 

the p53FRT allele was confirmed by PCR (Figure 10A).  Doxorubicin is a commonly used 

chemotherapeutic that is known to induce p53-mediated cell cycle arrest at the G1 

checkpoint by increasing p21 protein levels (318).  To demonstrate that recombination of 

the p53FRT gene by Flp impairs the p53 response to genotoxic stress, MEFs infected with 

Ad-FlpO or Ad-eGFP were treated with 0.5 ug/ml doxorubicin for 18 hours.  Protein 

levels measured by western blot demonstrated decreased p53 in p53FRT/- MEFs infected 

with Ad-FlpO when compared with p53FRT/- MEFs infected with Ad-eGFP (Figure 10B).  

In addition, FlpO mediated recombination decreased p21 induction after exposure to 

doxorubicin.   Levels of p53 and p21 in Ad-FlpO infected p53FRT/- MEFs were slightly 

greater than control p53 null (p53-/-) MEFs, which likely reflects incomplete infection of 

the MEFs with adenovirus. 

Primary mammalian cells such as MEFs have a limited life span in vitro due to 

p53-mediated senescence and are transformed by loss of p53 (319). We investigated if 

cell culture induced senescence occurs in p53FRT/- MEFs after FlpO-mediated 
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recombination by assessing population doubling of cells in vitro. Similar to p53-/- MEFs, 

p53FRT/- MEFs infected with Ad-FlpO do not show p53-mediated senescence and 

proliferate faster than p53FRT/- MEFs infected with Ad-eGFP (Figure 10C).  Additionally, 

FlpO recombined p53FRT/- MEFs are genetically unstable compared to p53WT MEFs, 

demonstrated by their markedly increased DNA content at later passages 4 and 10 

(Figure 10D). 

 

Figure 10: Characterization of p53FRT MEFs.  

A) PCR primers flanking the 5’FRT site and the recombined FRT site (Δ2-6) demonstrate 

recombination of the p53FRT allele in p53FRT/- MEFs infected with 100 MOI FlpO-

expressing adenovirus (Ad-FlpO), but not p53FRT/- MEFs infected with eGFP-expressing 

adenovirus (Ad-eGFP). B) Western blot of passage 5 MEFs treated with 0.5 ug/ml 

doxorubicin for 18 hours after infection with Ad-FlpO or Ad-eGFP.  C) 3T3 protocol on 

p53-/- and p53FRT/- MEFs infected with 100 MOI Ad-FlpO and p53FRT/- MEFs infected with 

100 MOI Ad-eGFP.  D) Relative DNA content based on propidium iodide staining 

measured by flow cytometry of passage 4 and passage 10 MEFs infected with 100 MOI 

Ad-FlpO. 
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4.3 Generation of FlpO-driven tumors 

To study Flp-mediated recombination of the p53FRT allele in vivo, we crossed the 

p53FRT mice with mice carrying a Flp-activated allele of oncogenic Kras to generate FSF-

KrasG12D/+; p53FRT/FRT (KPFRT) compound conditional mutant mice.  It has been shown that 

activation of KrasG12D and deletion of p53 in LSL-KrasG12D/+; p53FL/FL mice via intramuscular 

(IM) and intranasal (IN) infection with Ad-Cre is sufficient to initiate high-grade soft-

tissue sarcomas and lung adenocarcinomas (291, 312).  However, activation of KrasG12D 

via IM Ad-Cre does not initiate soft-tissue sarcomas and IN Ad-Cre generates only lung 

adenomas and low-grade adenocarcinomas.  We infected KPFRT mice with IM and IN 

adeno-FlpO, and extremity sarcomas and high-grade lung adenocarcinomas developed 

as early as eight weeks after infection (Figure 11A-D). The time frame of tumor 

development is similar to tumors generated in LSL-KrasG12D/+; p53FL/FL mice by Ad-Cre 

infection (291, 312).   
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Figure 11: Generation of primary cancers in FSF-KrasG12D/+; p53FRT/FRT mice by Flp 

recombinase.  

A) Intramuscular injection of Ad-FlpO into FSF-KrasG12D/+; p53FRT/FRT mice caused soft 

tissue sarcomas at the site of injection in the lower extremity 2 months post-injection. B) 

Hematoxylin and eosin stained sections of the sarcomas show high-grade spindle cells. 

C) Intranasal infection of Ad-FlpO into FSF-KrasG12D/+; p53FRT/FRT mice caused lung 

adenocarcinomas 2 months post-infection. D) Higher magnification of lung tumors 

demonstrates pleomorphic nuclei, prominent nucleoli, and nuclear molding 

characteristic of high-grade adenocarcinoma.   Scale bars, 100 µm.  Complete in 

collaboration with Chang-Lung Lee. 
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4.4 Conclusion 

In summary, we have generated a conditional p53 mouse allele regulated by Flp 

recombinase.  When used in combination with the FSF-KrasG12D allele, the p53FRT mouse 

can be used to generate primary sarcomas and lung cancers with Flp recombinase.  

When combined with the growing number of loxP-flanked alleles and tissue-specific Cre 

drivers (Figure 12), this novel mouse model will enable dual recombinase technology to 

be employed to investigate the mechanism by which stromal cells contribute to cancer 

development, progression, and response to therapy. 
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Figure 12: Rationale for dual recombinase technology.  

A) Ad-Cre infection generates tumors by expressing Cre recombinase in tumor-initiating 

cells.  Only tumor parenchymal cells express oncogenes and mutate tumor suppressor 

genes.  B) Combining Ad-Cre infection with a tissue-specific “stromal Cre” leads to Cre 

expression in both tumor parenchymal and stromal cells.  C) Dual recombinase 

technology combines Ad-Flp infection with a stromal-specific Cre driver.  Tumors 

develop from Flp expression in tumor-initiating cells and only tumor parenchymal cells 

express oncogenes and mutate tumor suppressor genes.  Only stromal cells express Cre 

and floxed genes are deleted specifically in stromal cells. 
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5. Atm Deletion Radiosensitizes Proliferating Tumor 
Endothelial Cells, but Not Quiescent Heart Endothelial 
Cells 

Approximately 50 percent of all cancer patients receive radiation therapy at some 

point during the course of their illness (320). Despite recent advances in treatment 

planning and delivery, normal tissue toxicity often limits the ability of radiation to 

control tumors locally. However, targeted drugs have the potential to increase the 

probability of tumor cure by selectively sensitizing tumor cells to radiation (321, 322). 

Ataxia telangiectasia mutated (ATM) is a serine/threonine protein kinase that senses 

DNA double-strand breaks and phosphorylates several key proteins to initiate the DNA 

damage response, leading to cell cycle arrest, DNA repair or apoptosis (323, 324). Cells 

isolated from patients with ataxia telangiectasia, which lack functional ATM, are 

exquisitely sensitive to ionizing radiation (325). Based on this observation, ATM 

inhibitors have been developed to sensitize tumors to radiation therapy (91, 92). Though 

these inhibitors have been shown to radiosensitize tumor cell lines and xenografts (326), 

concern over radiosensitization of normal tissues may limit their clinical application. For 

example, we have previously demonstrated that cell type-specific deletion of the ATM 

phosphorylation target p53 sensitizes mice to radiation-induced gastrointestinal injury 

(141) and myocardial necrosis (144). 

Human cancers develop in a complex environment composed of blood vessels, 

fibroblasts, and immune cells. The tumor microenvironment contributes to cancer 
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development, progression, and response to therapy (50). However, it remains 

controversial whether stromal cells, such as endothelial cells, can be targeted by 

radiosensitizers to enhance the efficacy of radiation therapy (156, 327, 328). It has been 

reported that deletion of Atm in endothelial cells impairs the development of tumor 

vasculature and slows the growth of transplanted melanoma cell lines (329). However, 

transplanted tumor models may not fully recapitulate the vasculature of autochthonous 

tumors (330). To clarify the function of endothelial cell ATM in tumor development and 

radiation response, we have developed novel dual recombinase technology to mutate 

Atm specifically in the endothelial cells of primary tumors (331). We demonstrate that 

loss of Atm in endothelial cells does not affect tumor initiation or growth of primary soft 

tissue sarcomas. However, deletion of Atm specifically in proliferating tumor endothelial 

cells increases radiation-induced endothelial cell death and delays tumor regrowth 

following radiation therapy. In contrast, deletion of Atm in quiescent cardiac endothelial 

cells does not sensitize mice to radiation-induced myocardial necrosis. Although loss of 

Atm sensitizes p53-null endothelial cells to radiation in vitro, radiosensitization is 

reversed by pretreatment with a cyclin-dependent kinase inhibitor. Furthermore, the 

ATM inhibitor NVP-BEZ235 (BEZ235) selectively sensitizes primary sarcomas but not 

hearts to radiation therapy.  These results suggest that the impact of Atm loss on 

radiosensitivity depends on the state of cellular proliferation. Based on these 
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observations, we propose a therapeutic window for ATM inhibitors to radiosensitize 

tumors, but not slowly proliferating normal tissues. 

 

5.1 Deletion of Atm in endothelial cells of primary tumors 

It has recently been reported that Atm is activated in the endothelial cells of 

transplanted melanoma cell lines, and that deletion of Atm in endothelial cells decreases 

tumor angiogenesis and slows tumor growth (329). To investigate Atm activity in the 

endothelial cells of primary soft tissue sarcomas, we generated sarcomas in conditional 

LSL-KrasG12D; p53FL/FL (KPloxP) mice (291) and collected unirradiated tumors and tumors 4 

hours after irradiation of the sarcoma with 20 Gy (Figure 13A).  We selected 20 Gy for 

our studies because this dose of radiation has been reported to trigger radiation-induced 

endothelial cell death in normal tissues (246) and tumors (156).  20 Gy is also a radiation 

dose used to treat cancers in the clinic.  We stained sections from these tumors with 

antibodies against the endothelial cell surface marker CD31 and Atm phosphorylated at 

Ser1987 (pAtm) or Kap1 phosphorylated at Ser824 (pKap1) (Kap1 is phosphorylated by 

Atm in response to DNA damage (332)). Consistent with the previous report, we 

detected Atm activation in unirradiated sarcoma endothelial cells. In addition, pAtm 

and pKap1 levels in tumor endothelial cells were significantly increased following 20 Gy 

focal irradiation (Figure 13B-E). 
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To investigate the role of Atm in the endothelial cells of primary tumors, we used 

dual recombinase technology to initiate sarcomas in conditional FSF-KrasG12D; p53FRT/FRT 

(KPFRT) mice with an adenovirus expressing FlpO (adeno-FlpO) (331) and deleted Atm 

floxed alleles (AtmFL) (286) in endothelial cells with VE-Cadherin-Cre (285) (Figure 14A). 

We evaluated the efficiency of Cre recombination in tumor endothelial cells by crossing 

KPFRT; VE-Cadherin-Cre mice to membrane-Tomato/membrane-GFP (mTmG) reporter 

mice (287). In mTmG mice, cells expressing Cre are labeled with enhanced green 

fluorescent protein (eGFP), and cells that do not express Cre are labeled with tdTomato 

protein (Figure 14B). To determine if eGFP is expressed in endothelial cells, we stained 

sarcomas from KPFRT; VE-Cadherin-Cre; mTmG mice with the endothelial cell markers 

CD31, VE-Cadherin, and CD34 and the myeloid cell marker CD11b.  The majority of 

eGFP expressing cells also expressed the endothelial cell markers, and very few myeloid 

cells were expressed eGFP (Figure 14C and Figure 15A-C). 

To confirm that tumors initiated by intramuscular injection of adenovirus only 

have Kras and p53 mutated in tumor cells, we generated sarcomas with an adenovirus 

expressing Cre recombinase in KPloxP mice with a Cre-activated eYFP reporter (LSL-

eYFP) (288). Staining with Griffonia simplicifolia-IB4 lectin (GS-IB4) to label endothelial 

cells (333) and macrophages (334) confirmed that tumor cells had recombined the eYFP 

reporter, while the stromal cells were not infected by the adenovirus (Figure 14D). 
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To evaluate the efficiency of deleting the AtmFL allele in primary sarcoma 

endothelial cells with VE-Cadherin-Cre, we generated sarcomas in KPFRT; VE-Cadherin-Cre; 

AtmFL/FL (KPFRTVAtmFL/FL) mice and KPFRT; VE-Cadherin-Cre; AtmFL/+ (KPFRTVAtmFL/+) 

littermates with only one allele of Atm deleted in endothelial cells as a control (Figure 

14E). We isolated endothelial cells from sarcomas in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL 

mice by fluorescence-activated cell sorting (FACS) (Figure 15D) and measured Atm 

mRNA levels by quantitative real time polymerase chain reaction (qRT-PCR). Tumor 

endothelial cells from KPFRTVAtmFL/FL mice had significantly less Atm mRNA than tumor 

endothelial cells from KPFRTVAtmFL/+mice (Figure 14F).  In addition, pAtm and pKap1 

were significantly reduced in CD31 positive cells following 20 Gy focal irradiation of 

primary sarcomas in KPFRTVAtmFL/FL mice (Figure 14G and H and Figure 15E and F), 

suggesting VE-Cadherin-Cre functionally deletes Atm in sarcoma endothelial cells. 

We next investigated the effect of Atm deletion in tumor endothelial cells on 

tumor initiation and growth. In contrast to transplanted melanomas (329), there was no 

change in primary sarcoma initiation (Figure 16A and Figure 17A) or sarcoma growth 

(Figure 16B and C and Figure 17B and C) following deletion of Atm in endothelial cells. 

Moreover, microvascular density (Figure 16D and E and Figure 17D and E) and tumor 

hypoxia (Figure 16F and G) in primary sarcomas were not affected by deletion of Atm in 

tumor endothelial cells, suggesting that Atm in endothelial cells is not essential for 

angiogenesis in primary soft tissue sarcomas. 
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Figure 13: Atm is activated in endothelial cells of primary sarcomas following 

radiation. 

A) Representative fluoroscopy image of the radiation field for a sarcoma treated with 

ionizing radiation using a 40 mm x 40 mm square collimator. B-E) Immunofluorescence 

and quantification of CD31 and pAtm double positive cells B and C) or CD31 and 

pKap1 double positive cells D and E) in unirradiated primary soft tissue sarcomas from 

KPloxP mice (No IR) and sarcomas 4 hours after irradiation with 20 Gy (20 Gy) (n=3 mice 

per group). High magnification images are shown in the insets. All data are represented 

as mean ± SEM. Scale bars, 100 µm. 
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Figure 14: Dual recombinase technology enables VE-Cadherin-Cre to delete Atm in 

primary sarcoma endothelial cells. 

A) Schematic of recombinase expression in KPFRT;VE-Cadherin-Cre mice injected with 

adeno-FlpO to generate soft tissue sarcomas. FlpO activates KrasG12D and deletes p53 in 

tumor cells. VE-Cadherin-Cre expresses Cre recombinase specifically in endothelial cells. 

B) Schematic of reporter expression in KPFRT; VE-Cadherin-Cre; mTmG mice. All cells 

initially express tdTomato, and VE-Cadherin-Cre deletes tdTomato and turns on eGFP 

expression in endothelial cells. C) Representative fluorescence images of CD31-stained 

soft tissue sarcomas initiated with adeno-FlpO in KPFRT;VE-Cadherin-Cre; mTmG mice in 

the absence of radiation (No IR) and two weeks following irradiation with 20 Gy (20 

Gy). Images represent three mice per group. D) Representative immunofluorescence 

images of a sarcoma in a KPloxP; LSL-eYFP mouse initiated with adeno-Cre and stained 

with Griffonia simplicifolia-IB4 lectin (GS-IB4) to label endothelial cells and macrophages.  

E) Genetic strategy to activate Kras and delete p53 in tumor cells and delete Atm in 

endothelial cells.  Control mice have only one allele of Atm deleted in endothelial cells.  

F) Expression of Atm mRNA measured by qRT-PCR in FACS isolated tumor endothelial 

cells (CD45- CD34+ CD31+) from mice with the indicated genotype (n=3 mice per group). 

G) Immunofluorescence and H) quantification of CD31 and pAtm double positive cells 

in sarcomas from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 4 hours following irradiation 

with 20 Gy (n=4 mice per group). An endothelial cell positive for pAtm in the sarcoma 

from a KPFRTVAtmFL/+ mouse (arrows) and an endothelial cell negative for pAtm in the 
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sarcoma from a KPFRTVAtmFL/FL mouse (arrowheads) are indicated and shown at higher 

magnification in the insets.  Data are represented as mean ± SEM. Scale bars, 100 µm. 

 

Figure 15: Dual recombinase technology enables Cre to recombine alleles in the 

endothelial cells of primary sarcomas. 

A-C) Representative fluorescence images soft tissue sarcomas initiated with adeno-FlpO 

in KPFRT;VE-Cadherin-Cre; mTmG mice in the absence of radiation (No IR) and two weeks 

following irradiation with 20 Gy (20 Gy) stained for VE-Cadherin A), CD34 (B), and 

CD11b C). Images represent three mice per group. D) Representative flow cytometry 

plots and gates used for isolation of tumor and heart endothelial cells by FACS and flow 

cytometry analysis of endothelial cell cycle progression. E) Immunofluorescence and F) 

quantification of CD31 and pKap1 double positive cells in sarcomas from KPFRTVAtmFL/+ 

and KPFRTVAtmFL/FL mice 4 hours following irradiation with 20 Gy (n=4 mice per group). 

An endothelial cell positive for pKap1 in the sarcoma from a KPFRTVAtmFL/+ mouse 

(arrows) and an endothelial cell negative for pKap1 in the sarcoma from a KPFRTVAtmFL/FL 

mouse (arrowheads) are indicated and shown at higher magnification in the insets.  Data 

are represented as mean ± SEM. Scale bars, 100 µm.  Completed in collaboration with 

Patrick Oh and Katherine Castle. 
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Figure 16: Deletion of Atm in endothelial cells does not affect tumor growth or 

vascular development of primary soft tissue sarcomas. 

A) Time for sarcomas in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice to reach 200 mm3 

following intramuscular injection of adeno-FlpO (n=25 mice per group). B) Tumor 

growth curves and C) time to tripling for unirradiated sarcomas in KPFRTVAtmFL/+ and 

KPFRTVAtmFL/FL mice (n=10 mice per group). D) Immunofluorescence images and E) 

quantification of endothelial cell marker CD31 in sarcomas from KPFRTVAtmFL/+ and 

KPFRTVAtmFL/FL mice (n=10 mice per group). F) Immunofluorescence images and G) 

quantification of hypoxia marker EF5 in sarcomas from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL 

mice (n=10 mice per group).  Regions of low and high hypoxia are shown for both 

genotypes. All data are represented as mean ± SEM. Scale bars, 100 µm. 
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Figure 17: Deletion of Atm in endothelial cells does not affect primary 

sarcomagenesis. 

A) Time for sarcomas in KPFRT and KPFRTVAtmFL/FL mice to reach 200 mm3 following 

intramuscular injection of adeno-FlpO (n=25 mice per group). B) Tumor growth curves 

and C) time to tripling for unirradiated sarcomas in KPFRT and KPFRTVAtmFL/FL mice (n=10 

mice per group). D) Immunofluorescence images and E) quantification of endothelial 

cell marker CD31 in sarcomas from KPFRT and KPFRTVAtmFL/FL mice (n=10 mice per 

group). Data are from an independent cohort of KPFRT mice.  KPFRTVAtmFL/FL mice are 

reproduced from Figure 16 for comparison.  All data are represented as mean ± SEM. 

Scale bar, 100 µm. 

 

5.2 Loss of Atm sensitizes tumor endothelial cells to radiation 
therapy 

To determine the effect of Atm deletion in endothelial cells on tumor radiation 

response, we irradiated sarcomas in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice with a single 

dose of 20 Gy using fluoroscopy-guided radiation therapy. Deletion of Atm significantly 
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increased the number of dead endothelial cells 24 hours following radiation therapy, 

indicated by CD31 and TUNEL double staining (Figure 18A and B), but did not affect 

endothelial cell apoptosis 4 hours after radiation therapy (Figure 19A). In addition, loss 

of Atm in endothelial cells increased the total number of cells within the sarcoma 

positive for TUNEL at 24 hours after irradiation (Figure 18C), suggesting that 

endothelial cell death in primary sarcomas may trigger death of adjacent cells. Because 

the timing of endothelial cell death in sarcomas from KPFRTVAtmFL/FL mice was consistent 

with the endothelial cells undergoing mitotic catastrophe and because cells undergoing 

mitotic catastrophe can trigger the cellular apoptotic machinery (135), we also stained 

the sarcomas from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice with cleaved caspase 3.  

Deletion of Atm significantly increased the number of cleaved caspase 3 and CD31 

double positive cells 24 hours following radiation therapy (Figure 18D and Figure 19B), 

suggesting that loss of Atm radiosensitizes tumor endothelial cells. 

To investigate functional changes in tumor vasculature following radiation, we 

imaged sarcomas in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice using fluorescence molecular 

tomography (FMT) with AngioSense, a blood pool imaging agent (335). Prior to 

irradiation and 24 hours following treatment with 20 Gy, AngioSense was injected 

intravenously and the concentration of accumulated probe within each sarcoma was 

measured after 24 hours. In contrast to tumors in KPFRTVAtmFL/+ mice, which had an 

increase in AngioSense accumulation following irradiation, AngioSense accumulation 
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decreased in tumors from KPFRTVAtmFL/FL mice (Figure 18D and E), suggesting a decrease 

in vascular function.  To determine if the increased radiation-induced endothelial cell 

death in tumors from KPFRTVAtmFL/FL mice resulted in decreased blood flow to tumors, 

we injected Hoechst 33342 intravascularly and quantified tumor perfusion.  Hoechst 

33342 perfusion was significantly decreased in sarcomas in KPFRTVAtmFL/FL mice 24 hours 

following irradiation with 20 Gy (Figure 18G and Figure 19C). 

We next evaluated whether endothelial cell death contributes to radiation 

response of primary sarcomas by irradiating tumors in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL 

mice with 20 Gy or 10 daily fractions of 3 Gy to model a radiation dose and schedule 

used in the clinic.  Following initiation of radiation, we monitored tumor growth until 

the tumors tripled in size. Tumors lacking Atm in endothelial cells had a significantly 

longer growth delay following both single dose and fractionated radiation than control 

tumors (Figure 18F-K), taking 55% longer to triple in size following 20 Gy. These 

findings further indicate that Atm deletion sensitizes tumor endothelial cells to radiation 

in vivo and demonstrate that endothelial cell death can contribute to the growth delay of 

primary tumors following radiation therapy. 
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Figure 18: Loss of Atm sensitizes tumor endothelial cells to ionizing radiation 

and increases the radiation response of primary sarcomas. 

A) Immunofluorescence for CD31 and TUNEL in sarcomas from KPFRTVAtmFL/+ and 

KPFRTVAtmFL/FL mice 24 hours following irradiation with 20 Gy. Examples of dead 

endothelial cells are marked by white arrows and shown at higher magnification in the 

insets. B and C) Quantification of CD31 and TUNEL double positive cells B) and total 

TUNEL positive cells C) in sarcomas from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice at 

various time points following irradiation with 20 Gy (n=5 mice per group). D) 

Quantification of CD31 and cleaved caspase 3 (CC3) double positive cells in sarcomas 

from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 24 hours following irradiation with 20 Gy 

(n=5 mice per group). E) Fluorescence molecular tomography of the blood pool imaging 

agent AngioSense injected 24 hours following irradiation of sarcomas from 

KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice with 20 Gy. F) Quantification of the change in 

AngioSense accumulation following irradiation of sarcomas in KPFRTVAtmFL/+ and 

KPFRTVAtmFL/FL mice with 20 Gy (n=5 mice per group). G) Quantification of Hoechst 

33342 perfusion in sarcomas from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 24 hours 

following irradiation with 20 Gy (n=5 mice per group). H) Tumor growth curves and (I) 
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time to tripling for sarcomas in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice following 

irradiation with 20 Gy (n=8 mice per group). J) Tumor growth curves and K) time to 

tripling for sarcomas in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice following irradiation with 

10 daily fractions of 3 Gy (n=8 mice per group). All data are represented as mean ± SEM. 

Scale bars, 100 µm.  Completed in collaboration with Katherine Castle. 

 

Figure 19: Representative immunofluorescence images from KPFRTVAtmFL/+ and 

KPFRTVAtmFL/FL mice.  
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A) Representative immunofluorescence for CD31 and TUNEL in sarcomas from 

KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 4 hours following irradiation with 20 Gy. 

Quantification is shown in Figure 18B. B) Representative immunofluorescence for CD31 

and Cleaved Caspase 3 in sarcomas from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 24 hours 

following irradiation with 20 Gy.  Quantification is shown in Figure 18D. C) 

Representative immunofluorescence of Hoechst 33342 perfusion in sarcomas from 

KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 24 hours following irradiation with 20 Gy.  Cell 

membranes were counterstained with wheat germ agglutinin (WGA).  Quantification is 

shown in Figure 18G. Scale bars, 100 µm.   

 

5.3 Deletion of Atm in endothelial cells does not sensitize mice 
to radiation-induced myocardial necrosis 

Damage to the vasculature of the heart after irradiation precedes pathological 

changes to the myocardium and contributes to radiation-induced cardiac injury (336). In 

response to ionizing radiation, ATM activates the transcription factor p53 through 

several mechanisms to stabilize p53 mRNA and protein (324), which leads to increased 

transcription of p53 target genes including the cyclin-dependent kinase inhibitor p21. 

p21 is required for the radiation-induced G1 cell cycle checkpoint and for a sustained G2 

checkpoint in some cells (138). Because we have previously demonstrated that p21 null 

mice or mice with VE-Cadherin-Cre mediated deletion of p53 are sensitized to radiation-

induced myocardial necrosis within 4 months of radiation exposure (144), we 

hypothesized that VE-Cadherin-Cre; ATMFL/FL (VAtmFL/FL) mice would also succumb to 

myocardial necrosis following whole-heart irradiation. 

To confirm that VE-Cadherin-Cre deletes Atm in heart endothelial cells, we 

isolated endothelial cells from VE-Cadherin-Cre; ATMFL/+ (VAtmFL/+) and VAtmFL/FL mice by 
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FACS and measured Atm mRNA levels by qRT-PCR. Cardiac endothelial cells from 

VAtmFL/FL mice had significantly less Atm mRNA than cardiac endothelial cells from 

VAtmFL/+ mice (Figure 20A).  We then irradiated VAtmFL/FL mice and VAtmFL/+ littermate 

controls with 12 Gy whole-heart irradiation (Figure 20B).  In contrast to tumor 

endothelial cells, deletion of Atm in heart endothelial cells did not increase the number 

of dead endothelial cells 24 hours following irradiation (Figure 20C and D). 

Next, we irradiated VAtmFL/+ and VAtmFL/FL mice with a single dose of 12 Gy or 10 

daily fractions of 3 Gy whole-heart irradiation and monitored them for the development 

of myocardial necrosis (Figure 21A and B). Remarkably, mice with deletion of Atm in 

endothelial cells did not die until 15 months following 12 Gy whole-heart irradiation 

(Figure 21A). Histopathological examination of the heart and lungs from both VAtmFL/+ 

and VAtmFL/FL mice demonstrated focal regions of myocardial fibrosis and extensive 

pulmonary fibrosis, but no evidence of myocardial necrosis following both single dose 

and fractionated radiation exposure (Figure 21D-F and Figure 22A-H, M and N). To 

confirm that the difference in endothelial cell radiation sensitivity between tumors and 

heart was not due to a difference in radiation dose, we also irradiated VAtmFL/+ and 

VAtmFL/FL mice with 20 Gy whole-heart irradiation. There was no difference in overall 

survival between the two genotypes (Supplementary Figure 23A). Histopathological 

examination demonstrated pulmonary hemorrhage and inflammation following 20 Gy 
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whole-heart irradiation of both VAtmFL/+ and VAtmFL/FL mice, but no evidence of 

myocardial necrosis (Supplementary Figure 23B-E). 

Because VE-Cadherin-Cre; p53FL/FL mice are sensitized to radiation-induced 

myocardial necrosis, as a control, we next investigated whether loss of Atm in 

endothelial cells could further sensitize these mice to radiation-induced heart disease. 

We irradiated VE-Cadherin-Cre; p53FL/FL; AtmFL/+ (VPFL/FLAtmFL/+) and VE-Cadherin-Cre; 

p53FL/FL; AtmFL/FL (VPFL/FLAtmFL/FL) littermates with a single dose of 12 Gy or 8 Gy or 10 

daily fractions of 3 Gy whole-heart irradiation and monitored them for the development 

of myocardial necrosis. Loss of both Atm and p53 in endothelial cells significantly 

accelerated the development of myocardial necrosis compared with loss of p53 alone 

following all radiation exposures (Figure 21A-C). Histopathological examination of the 

hearts from both VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice showed multi-focal myocardial 

necrosis (Figure 21G-I and Figure 22I-L). These results suggest that Atm deletion 

sensitizes p53 null cardiac endothelial cells, but not cardiac endothelial cells with intact 

p53, to radiation therapy. 

To determine if deletion of Atm in endothelial cells affects cardiac function 

following whole heart irradiation we performed echocardiography of VAtmFL/+ and 

VAtmFL/FL mice prior to irradiation and 6 weeks and 1 year following whole heart 

irradiation with 12 Gy.  In contrast to mice with p53 deleted in endothelial cells, which 

developed systolic dysfunction within two months following whole-heart irradiation 



 

96 

(144), VAtmFL/+ and VAtmFL/FL mice maintained normal cardiac function 6 weeks following 

irradiation (Figure 24A-D).  At one year following whole-heart irradiation, both VAtmFL/+ 

and VAtmFL/FL mice began to develop cardiac dysfunction manifest by decreased 

fractional shortening, increased left ventricular mass, and increased left ventricular end-

systolic dimensions.  However, there was not a significant difference in cardiac function 

between the two genotypes.  Consistent with the pulmonary fibrosis observed 

histologically, both VAtmFL/+ and VAtmFL/FL mice had a significantly elevated respiratory 

rate (Figure 24E).  Taken in combination with the histology studies, these results suggest 

that a combination of myocardial and pulmonary fibrosis contribute to the morbidity of 

both VAtmFL/+ and VAtmFL/FL mice.  In addition, deletion of Atm in endothelial cells does 

not affect the development of myocardial necrosis following whole-heart irradiation. 
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Figure 20: Deletion of Atm does not radiosensitize heart endothelial cells. 

A) Expression of Atm mRNA measured by qRT-PCR in FACS isolated cardiac 

endothelial cells (CD45- CD34+ CD31+) from mice with the indicated genotype (n=3 mice 

per group). Data are represented as mean ± SEM. B) Representative fluoroscopy image 

of the radiation field for a mouse treated with whole-heart irradiation using a 15 mm 

circular collimator. C) Immunofluorescence for CD31 and TUNEL in hearts from 

VAtmFL/+ and VAtmFL/FL mice 24 hours following irradiation with 12 Gy. D) Quantification 

of CD31 and TUNEL double positive cells in hearts from VAtmFL/+ and VAtmFL/FL mice 24 

hours following irradiation with 12 Gy and in unirradiated controls (n=5 mice per 

group).  All data are represented as mean ± SEM. Scale bar, 100 µm.  Completed in 

collaboration with Patrick Oh. 
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Figure 21: Deletion of Atm in endothelial cells does not sensitize mice to radiation-

induced myocardial necrosis. 

A) Kaplan-Meier plots of myocardial necrosis-free survival for VAtmFL/+, VAtmFL/FL, 

VPFL/FLAtmFL/+, and VPFL/FLAtmFL/FL mice following 12 Gy whole-heart irradiation. B) 

Kaplan-Meier plots of myocardial necrosis-free survival for VAtmFL/+, VAtmFL/FL, 

VPFL/FLAtmFL/+, and VPFL/FLAtmFL/FL mice following whole-heart irradiation with 10 daily 

fractions of 3 Gy.  One VPFL/FLAtmFL/FL mouse died prior to finishing irradiation and was 

censored. C) Kaplan-Meier plots of myocardial necrosis-free survival for VPFL/FLAtmFL/+ 

and VPFL/FLAtmFL/FL mice following 8 Gy whole-heart irradiation. Mice of both genotypes 

were censored due to the development of thymic lymphomas prior to heart disease.  D-

F) Representative sections of the myocardium of a VAtmFL/FL mouse 469 days after whole-

heart irradiation stained with hematoxylin and eosin (H&E) D), Masson's trichrome E) 

or immunofluorescence for wheat germ agglutinin (WGA), TUNEL, and Griffonia 

simplicifolia-IB4 lectin (GS-IB4) F). G-I) Representative sections of the myocardium of a 

VPFL/FLAtmFL/+ mouse 56 days after whole-heart irradiation stained with H&E G), 

Masson's trichrome H) or immunofluorescence for WGA, TUNEL, and GS-IB4 I). Scale 

bars, 100 µm. 
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Figure 22: VAtmFL/+ and VAtmFL/FL mice develop lung fibrosis following whole-

heart irradiation with 12 Gy. 

A-D) Representative sections from VAtmFL/+ mice after whole-heart irradiation with 12 

Gy.  Hematoxylin and eosin (H&E) staining of the myocardium A) and lungs B).  Lungs 

stained with Masson's trichrome C) or immunofluorescence for wheat germ agglutinin 

(WGA) and Griffonia simplicifolia-IB4 lectin (GS-IB4) D).  E-H) Representative sections 

from VAtmFL/FL mice after whole-heart irradiation with 12 Gy.  H&E staining of the 

myocardium E) and lungs F).  Lungs stained with Masson's trichrome G) or 

immunofluorescence for WGA and GS-IB4 H).  I-L) Representative sections from 

VPFL/FLAtmFL/FL mice after whole-heart irradiation with 12 Gy.  H&E staining of the 

myocardium I) and lungs J).  Lungs stained with Masson's trichrome K) or 

immunofluorescence for WGA and GS-IB4 L).  M and N) Quantification of myocardial 

fibrosis M) and pulmonary fibrosis N) in VAtmFL/+ and VAtmFL/FL mice at the time of death 

following whole-heart irradiation with 12 Gy (n=6 and 4 mice respectively). All data are 
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represented as mean ± SEM. Scale bars, 100 µm. Panel E) is reproduced here from Figure 

21D for comparison. 

 

Figure 23: VAtmFL/+ and VAtmFL/FL mice develop pulmonary hemorrhage and 

inflammation following whole-heart irradiation with 20 Gy. 

A) Kaplan-Meier plots of overall survival for VAtmFL/+ and VAtmFL/FL mice following 20 

Gy whole-heart irradiation.  B and C) Hematoxylin and eosin (H&E) stained sections of 

the myocardium B) and lungs C) from a VAtmFL/+ mouse 89 days after whole-heart 

irradiation with 20 Gy.  D and E) H&E stained sections of the myocardium D) and lungs 

E) from a VAtmFL/FL mouse 67 days after whole-heart irradiation with 20 Gy.  Scale bars, 

100 µm. 
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Figure 24: Deletion of Atm in endothelial cells does not affect cardiac function 

following whole-heart irradiation. 

A) Representative echocardiography recordings from VAtmFL/+ and VAtmFL/FL mice six 

weeks and one year following 12 Gy whole-heart irradiation and in unirradiated 

controls (No IR). B-D) Changes in fractional shortening B), left-ventricular mass C), and 

left ventricular end-systolic dimension (LVDs) D) in VAtmFL/+ and VAtmFL/FL mice six 

weeks and one year following 12 Gy whole-heart irradiation. E) Respiratory rate in 

VAtmFL/+ and VAtmFL/FL mice one year following 12 Gy whole-heart irradiation and in 

unirradiated controls (n=5 mice per group).  All data are represented as mean ± SEM.  

Completed in collaboration with Lan Mao. 

 

5.4 Loss of Atm sensitizes proliferating, but not quiescent, 
endothelial cells to radiation  

Previous studies in mice demonstrated that deletion of Atm radiosensitizes 

proliferating normal tissues, such as the intestinal epithelium (337) and skin (338). We 

observed that although Atm deletion was sufficient to sensitize tumor endothelial cells 

to radiation, Atm deletion in cardiac endothelial cells with intact p53 was not sufficient to 
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sensitize mice to radiation-induced myocardial necrosis. Therefore, we hypothesized 

that the proliferative status of the endothelial cells might affect the impact of Atm loss on 

radiosensitivity. 

Previous studies have demonstrated that tumor endothelial cells proliferate 

much more rapidly than endothelial cells in normal tissues (339, 340). To determine if 

endothelial cells proliferate more in primary sarcomas than in the heart, we compared 

the cell cycle distribution of endothelial cells in hearts and sarcomas in KPFRT mice. We 

observed significantly more endothelial cells in the S and G2-M phases and significantly 

fewer endothelial cells in G0-G1 in sarcomas compared with hearts (Figure 25A and B).  

In addition, BrdU pulse-chase analysis demonstrated that unlike heart endothelial cells 

which do not undergo successive cell divisions within 48 hours, BrdU labeled tumor 

endothelial cell reenter the cell cycle within 24 hours (Supplementary Figure 26A).  

Deletion of Atm in endothelial cells did not affect the baseline proliferation of heart or 

sarcoma endothelial cells (Figure 25C and Figure 26B).  However, unlike sarcoma 

endothelial cells in KPFRTVAtmFL/+ mice, sarcoma endothelial cells in KPFRTVAtmFL/FL mice 

did not arrest following irradiation (Figure 25C).  Taken together with our findings that 

deletion of Atm sensitizes tumor but not cardiac endothelial cells to radiation, these 

results are consistent with a model in which proliferating endothelial cells are 

preferentially radiosensitized by Atm deletion. 
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To determine why sarcoma endothelial cells proliferate more rapidly than heart 

endothelial cells, we performed qRT-PCR on FACS isolated heart and sarcoma 

endothelial cells to determine mRNA levels of Atm, p53, p21, Cyclin D1, and Cyclin B1 

(Figure 26C-G).  Sarcoma endothelial cells had significantly less p21 mRNA than heart 

endothelial cells.  Moreover, although both heart and sarcoma endothelial cells lacking 

Atm were able to significantly upregulate p21 following radiation, p21 mRNA levels in 

sarcoma endothelial cells following irradiation with 20 Gy were less than in unirradiated 

heart endothelial cells (Figure 26H and I). 

To more directly assess the impact of proliferation on how Atm deletion affects 

endothelial cell death following radiation, we isolated primary cardiac endothelial cells 

from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice for in vitro studies (Figure 27A). We also 

attempted to culture endothelial cells from VAtmFL/FL (i.e. p53+/+) mice, but primary 

cardiac endothelial cells without Atm failed to grow well in vitro. Therefore, our in vitro 

studies focused on p53 null endothelial cells. Cardiac endothelial cells from 

VPFL/FLAtmFL/FL mice were significantly more radiosensitive than cardiac endothelial cells 

from VPFL/FLAtmFL/+ mice measured by clonogenic survival (Figure 25D) and flow 

cytometry for cell death (Figure 27B).  Furthermore, deletion of Atm in cardiac 

endothelial cells significantly decreased in vitro tube formation and cell migration 

following irradiation (Figure 27C-F). 
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To investigate whether blocking cell cycle progression could protect these 

cardiac endothelial cells from the increased radiation sensitivity of Atm deletion, we 

treated the cells with the cyclin-dependent kinase (CDK) 1, 2, 5 and 9 inhibitor 

SCH727965 (341). SCH727965 treatment for 24 hours significantly inhibited CDK activity 

measured by phosphorylation of Retinoblastoma (Rb) (342, 343) (Figure 27G) and 

significantly decreased the progression of cardiac endothelial cells from both 

VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice into mitosis (Figure 25E and Figure 27H). 

Although vehicle-treated cardiac endothelial cells from VPFL/FLAtmFL/FL mice underwent 

significantly more radiation-induced cell death 24 hours following radiation, there was 

not a significant change in cell death for cardiac endothelial cells from VPFL/FLAtmFL/+ and 

VPFL/FLAtmFL/FL mice treated with SCH727965 immediately prior to radiation exposure 

(Figure 25F). To determine if the increased cell death in cardiac endothelial cells from 

VPFL/FLAtmFL/FL mice was due to entry into mitosis with unrepaired DNA damage and 

subsequent mitotic catastrophe, we quantified micronuclei formation 24 hours following 

radiation of cardiac endothelial cells from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice with and 

without treatment with SCH727965.  Vehicle-treated cardiac endothelial cells from 

VPFL/FLAtmFL/FL mice had significantly more micronuclei following irradiation with 12 Gy, 

but there was not a significant change in micronuclei formation for cardiac endothelial 

cells from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice treated with SCH727965 immediately 

prior to radiation (Figure 25G). 
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To investigate whether deletion of Atm selectively radiosensitizes proliferating 

tumor endothelial cells to radiation in vivo, we stained sarcoma sections from 

KPFRTVAtmFL/FL mice 24 hours following radiation with CD31, TUNEL, and Ki67 to mark 

proliferating cells (344).  There were significantly more TUNEL positive endothelial cells 

in the Ki67 positive population (Figure 25H).  Next, we treated tumor-bearing 

KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice with vehicle or SCH727965 via intraperitoneal 

injection.  SCH727965 treatment significantly decreased the number of BrdU positive 

endothelial cells after 24 hours in both genotypes (Figure 25I).  To determine if blocking 

cell cycle progression could decrease the effect of Atm loss on tumor endothelial cell 

radiosensitivity in vivo, we quantified sarcoma endothelial cell death 24 hours following 

treatment of KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice with vehicle or SCH727965 

immediately prior to irradiation of the sarcomas with 20 Gy.  Consistent with our 

previous observations, there was significantly more sarcoma endothelial cell death in 

KPFRTVAtmFL/FL mice following treatment with vehicle but not SCH727965 (Figure 25J).  

Taken together, these results demonstrate that progression through the cell cycle is 

necessary for loss of Atm to radiosensitize endothelial cells. 
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Figure 25: Atm deletion sensitizes proliferating endothelial cells to radiation. 

A) Flow cytometry analysis of BrdU incorporation and DNA content (Hoechst 33324) of 

heart and sarcoma endothelial cells (CD45- CD34+ CD31+) from KPFRT mice. B) 

Quantification of the percentage of heart and sarcoma endothelial cells in each phase of 

the cell cycle (n=5 mice). C) Flow cytometry quantification of BrdU incorporation into 

tumor endothelial cells from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice one hour after 

sarcoma irradiation with 20 Gy or in unirradiated controls (No IR) (n=4 mice per group). 

D) Clonogenic assay of primary cardiac endothelial cells from VPFL/FLAtmFL/+ and 

VPFL/FLAtmFL/FL mice (n=3 independent experiments). E) Flow cytometry quantification of 

mitosis marker phosphorylated histone H3 (pHH3) for primary cardiac endothelial cells 

isolated from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice and then treated with DMSO 

(Vehicle) or 500 nM SCH727965, a cyclin-dependent kinase inhibitor, for 24 hours. F and 

G) Relative cell death F) and micronuclei formation G) 24 hours after irradiation of 

primary cardiac endothelial cells from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice treated with 

DMSO (vehicle) or 500 nM SCH727965 immediately before irradiation with 12 Gy (n=3 

independent experiments). H) Quantification of TUNEL staining in Ki67 positive and 

negative endothelial cells (CD31 positive) from tumors in KPFRTVAtmFL/FL mice 24 hours 

following irradiation with 20 Gy (n=5 mice). I) Flow cytometry quantification of BrdU 

incorporation into sarcoma endothelial cells from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 

24 hours after intraperitoneal injection with vehicle or 40 mg/kg SCH727965 (n=4 mice 
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per group).  J) Quantification of CD31 and TUNEL double positive cells in sarcomas 

from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 24 hours following treatment with vehicle or 

SCH727965 and irradiation with 20 Gy (n=4 mice per group).  All data are represented as 

mean ± SEM. 

 

Figure 26: Sarcoma endothelial cells proliferate more rapidly than heart endothelial 

cells.  

A) Representative flow cytometry analysis of BrdU incorporation and DNA content 

(Hoechst 33324) of heart and sarcoma endothelial cells (CD45- CD34+ CD31+) at the 

indicated time points following BrdU injection. B) Flow cytometry quantification of 

BrdU incorporation into heart endothelial cells from VAtmFL/+ and VAtmFL/FL mice 

following 7 daily injections of BrdU (n=5 mice per group). C-G) Expression of Atm C), 

p53 D), p21 E), Cyclin D1 F), and Cyclin B1 G) mRNA measured by qRT-PCR in FACS 

isolated heart and primary sarcoma endothelial cells (CD45- CD34+ CD31+) (n=3 mice per 

group).  H) qRT-PCR measurement of p21 mRNA expression in FACS isolated cardiac 

endothelial cells from VAtmFL/+, VAtmFL/FL, VPFL/FLAtmFL/+, and VPFL/FLAtmFL/FL mice 4 hours 



 

108 

after whole-heart irradiation with 12 Gy (12 Gy) or in unirradiated controls (No IR) (n=4 

mice per group). I) qRT-PCR measurement of p21 mRNA expression in FACS isolated 

sarcoma endothelial cells from KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 4 hours after 

sarcoma irradiation with 20 Gy (20 Gy) or in unirradiated controls (No IR) (n=3 mice per 

group).  Values normalized to heart endothelial cells from unirradiated VAtmFL/+ mice. 

All data are represented as mean ± SEM. 

 

Figure 27: Deletion of Atm radiosensitizes cardiac endothelial cells in vitro. 

A) Flow cytometry analysis of CD31 and CD105 expression to assess the purity of 

primary cardiac endothelial cells isolated from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice 

using antibody-coated magnetic beads and grown in vitro. B) Relative cell death of 

primary cardiac endothelial cells from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice assessed by 

annexin V staining at various time points after irradiation with 12 Gy (n=3 independent 

experiments).  C and D) Representative images C) and quantification D) of tube 

formation for primary cardiac endothelial cells from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL 

mice following no irradiation (0 Gy) or irradiation with 12 Gy (12 Gy) (n=3 independent 

experiments).  E and F) Representative images E) and quantification F) of cell migration 

for primary cardiac endothelial cells from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice 

following no irradiation (0 Gy) or irradiation with 12 Gy (12 Gy) (n=3 independent 

experiments). G) Flow cytometry quantification of Rb phosphorylation in primary 

cardiac endothelial cells from VPFL/FLAtmFL/+ and VPFL/FLAtmFL/FL mice treated with DMSO 

(Vehicle) or 500 nM SCH727965 for 24 hours. H) Flow cytometry analysis of mitosis 

marker phosphorylated histone H3 (pHH3) for primary cardiac endothelial cells treated 

with DMSO (Vehicle) or 500 nM SCH727965, a cyclin-dependent kinase inhibitor, for 24 

hours.  All data are represented as mean ± SEM. 
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5.5 The PI3KK inhibitor BEZ235 selectively radiosensitizes 
primary sarcomas 

ATM is a member of the PI3K-like kinase (PI3KK) family which contains several 

kinases with catalytic domains with homology to PI3K (90).  As a result, drugs designed 

to inhibit one member of the PI3KK family often have activity against multiple proteins.  

BEZ235 is a combined PI3K and mTOR inhibitor that is currently in phase II clinical 

trials (100) and has been shown to radiosensitize xenograft tumors in vivo (104).  

Recently, BEZ235 was shown to be a potent inhibitor of ATM (102).  To determine if 

BEZ235 can block Atm signaling in primary sarcomas, we treated KPloxP mice with 

primary sarcomas with a single dose of 50 mg/kg BEZ235 by oral gavage two hours 

prior to radiation.  Treatment with BEZ235 significantly decreased phosphorylation of 

Atm and Kap1 in primary sarcomas four hours following radiation (Figure 28A and B 

and Figure 29A and B). 

To investigate whether BEZ235 can selectively radiosensitize sarcomas, we 

collected hearts and primary sarcomas from vehicle and BEZ235-treated KPloxP mice 24 

hours following whole body irradiation with 20 Gy.  Treatment with BEZ235 

significantly increased cell death in sarcomas but not hearts (Figure 28C and Figure 

29C).  Next, we monitored tumor growth in KPloxP mice treated with BEZ235 alone or in 

combination with 20 Gy.  Although a single dose of BEZ235 alone did not delay tumor 

growth (Figure 28D and E), BEZ235 treatment significantly delayed primary sarcoma 

regrowth following radiation (Figure 28F and G). 
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We next investigated the effect of BEZ235 treatment on the development of 

radiation-induced heart disease.  We treated VPFL/+ mice with one allele of p53 deleted in 

endothelial cells and VPFL/FL mice with two alleles of p53 deleted in endothelial cells with 

vehicle or BEZ235 two hours prior to whole-heart irradiation with 12 Gy and monitored 

the mice for the development of radiation-induced heart disease.  Consistent with our 

observations in mice with deletion of Atm using VE-Cadherin-Cre (Figure 21), BEZ235 

shifts the myocardial necrosis-free survival curve to the left in VPFL/FL mice but does not 

promote the development of radiation-induced myocardial necrosis in VPFL/+ mice 

(Figure 28H).  Taken together, these results demonstrate that ATM inhibitors 

preferentially radiosensitize sarcomas rather than hearts with intact p53. 
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Figure 28: The Atm inhibitor BEZ235 selectively radiosensitizes primary sarcomas. 

A and B) Immunofluorescence A) and quantification B) of pAtm staining 4 hours after 

irradiation of sarcomas in KPloxP mice treated with vehicle or 50 mg/kg BEZ235 two 

hours prior to irradiation with 20 Gy (n=3 mice per group). C) Quantification of TUNEL 

positive cells in hearts and sarcomas from vehicle or BEZ235-treated KPloxP mice 24 hours 

following irradiation with 20 Gy (n=5 mice per group). D) Tumor growth curves and E) 

time to volume tripling of primary KPloxP sarcomas treated with vehicle or 50 mg/kg 

BEZ235 on day 0.  F) Tumor growth curves and G) time to volume tripling of primary 

KPloxP sarcomas treated with vehicle or a single dose of 50 mg/kg BEZ235 two hours prior 

to irradiation with 20 Gy on day 0. H) Kaplan-Meier plots of myocardial necrosis-free 

survival for VPFL/+ and VPFL/FL treated with vehicle or 50 mg/kg BEZ235 two hours prior 

to whole-heart irradiation with 12 Gy. Two VPFL/FL mice treated with vehicle were 

censored because they developed tumors prior to developing myocardial necrosis.  All 

other tick marks represent mice that are still being followed. All data are represented as 

mean ± SEM. 
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Figure 29: The Atm inhibitor BEZ235 increases cell death following radiation in 

tumors, but not hearts.  

A and B) Immunofluorescence A) and quantification B) of pKap1 staining 4 hours after 

irradiation of sarcomas in KPloxP mice treated with vehicle or 50 mg/kg BEZ235 two 

hours prior to irradiation with 20 Gy (n=3 mice per group).  Data are represented as 

mean ± SEM.  C) Representative immunofluorescence of TUNEL stained sections of 

hearts and sarcomas from vehicle or BEZ235-treated KPloxP mice 24 hours following 

irradiation with 20 Gy. Scale bars, 100 µm. 

 

5.6 Conclusion 

In this study, we used novel dual recombinase technology to compare the impact 

of Atm deletion on the response of the same cell type (endothelial cells) to radiation 

under different physiological states: proliferation and quiescence. We found that 

deletion of Atm in proliferating tumor endothelial cells enhances the response of 

primary sarcomas to radiation, but deletion of Atm in quiescent endothelial cells of the 
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heart does not sensitize mice to radiation-induced myocardial necrosis. The preferential 

radiosensitization of proliferating endothelial cells has important clinical implications 

for combining ATM inhibitors with radiation therapy for the treatment of human 

cancers. Our results define a therapeutic window for targeting ATM to selectively 

sensitize tumors to radiation therapy (Figure 30). Because proliferating normal cells are 

also sensitized by Atm deletion, the therapeutic window for ATM inhibitors will likely 

be larger for tumors located in or adjacent to quiescent normal tissues, such as extremity 

sarcomas and brain tumors. 
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Figure 30: Proposed model for the clinical application of ATM inhibitors to 

selectively sensitize proliferating tumor endothelial cells and tumor cells to radiation 

therapy. 

A) Irradiation (IR) causes potentially lethal DNA damage (white stars) to normal cells 

and tumor cells. Quiescent normal cells maintain cell cycle arrest and repair DNA 

damage prior to dividing to maintain the function of normal tissues. Proliferating 

normal cells and tumor cells that fail to repair potentially lethal damage prior to entering 

mitosis undergo cell death (red X). Proliferating normal cells and tumors that repair 

potentially lethal damage prior to entering mitosis undergo successful cell division 

(green arrow). B) ATM inhibitors impair DNA repair following irradiation, prolonging 

the duration of potentially lethal damage. Quiescent normal cells maintain cell cycle 

arrest and may not divide until the ATM inhibitor has been removed and DNA damage 

has been repaired. In proliferating normal cells and tumor cells, which may lack cell 

cycle checkpoints, ATM inhibitors increase the probability of cell death following 

irradiation. As a result, ATM inhibitors selectively sensitize proliferating normal tissues 

and tumors to ionizing radiation.
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6. Tumor Cells, Not Endothelial Cells, Mediate the 
Eradication of Primary Cancers by Radiation Therapy  

Approximately 50 percent of all cancer patients receive radiation therapy at some 

point during the course of their illness (320).  Radiation therapy may be given with 

palliative intent, in which case a delay in tumor regrowth (growth delay) can be 

clinically meaningful.  However, the majority of cancers treated with radiation therapy 

are treated with the intent to cure, where the goal of radiation therapy is to achieve 

complete and permanent tumor regression (local control). 

Human cancers develop in a complex environment composed of blood vessels, 

fibroblasts, and immune cells. The tumor microenvironment contributes to cancer 

development, progression, and response to therapy (50). However, it remains 

controversial whether stromal cells, such as endothelial cells, can be targeted by 

radiosensitizers to enhance the efficacy of radiation therapy.  Indeed, experiments using 

transplanted tumors in mice with radiosensitive stroma have suggested that tumor 

stromal cells do not contribute to local control (161). 

Recently, it has been reported that endothelial cell apoptosis and microvascular 

collapse contribute to the radiation response of transplanted melanoma and 

fibrosarcoma cell lines (156). Endothelial cell apoptosis has been reported to be 

dependent on membrane damage, which triggers rapid ceramide-mediated apoptosis 

following high doses of radiation exposure (159, 160).  As a result, transplanted tumors 

with Acid sphingomyelinase or Bax-deficient stroma grow 200-400% faster than 
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transplanted tumors with wild-type stroma and have a decreased growth delay 

following radiation doses up to 20 Gy (156).  However, the conclusion that 

microvascular damage regulates tumor response to radiation has been challenged (327, 

328), and additional experiments using transplant model systems have failed to resolve 

the controversy (157, 162, 163, 345).   

Unlike transplanted tumor models, which may not fully recapitulate the 

vasculature and immune surveillance of autochthonous tumors (196, 330), genetically 

engineered mouse models (GEMMs) develop within the native tumor 

microenvironment in immunocompetent mice (55) and may more faithfully recapitulate 

the tumor stroma and microenvironment of human cancer (56). Additionally, the 

response of these primary mouse cancer models to therapeutics mimics the response of 

human cancers in clinical trials (59, 60).  

 

6.1 Deletion of Bax does not affect the response of tumor 
endothelial cells to radiation therapy 

In primary soft tissue sarcomas, we did not observe substantial endothelial cell 

apoptosis at early time points following radiation exposure. Instead, endothelial cell 

death peaked at 24 hours after radiation in sarcomas from KPFRTVAtmFL/FL mice and 48 

hours after radiation in sarcomas from KPFRTVAtmFL/+ mice, suggesting that in primary 

soft tissue sarcomas, tumor endothelial cells die predominantly by a delayed mitotic cell 

death. To further investigate if ceramide-mediated apoptosis contributes endothelial cell 
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death and radiation response of primary tumors, we generated primary sarcomas in 

KPFRT; VE-Cadherin-Cre; BaxFL/+ (KPFRTVBaxFL/+) and KPFRT; VE-Cadherin-Cre; BaxFL/FL 

(KPFRTVBaxFL/FL) mice. In contrast to previous reports with tumor cells transplanted into 

mice with Bax null endothelial cells(156, 329), there was no change in primary sarcoma 

initiation or growth following deletion of Bax specifically in endothelial cells (Figure 

31A-C). 

To determine the effect of Bax deletion on tumor endothelial cell radiosensitivity, 

we irradiated sarcomas in KPFRTVBaxFL/+, and KPFRTVBaxFL/FL mice with a single dose of 20 

Gy using fluoroscopy-guided radiation therapy and examined endothelial cell death via 

TUNEL staining.  In transplanted tumor models, tumor endothelial cell apoptosis peaks 

4-6 hours following radiation exposure(156).  In primary soft tissue sarcomas, we did not 

observe a significant change in endothelial cell death 4 hours following irradiation, and 

deletion of Bax did not affect endothelial cell death (Figure 31D and E).   Moreover, in 

contrast to transplanted tumors in Bax null mice (156), primary tumors in KPFRT; VE-

Cadherin-Cre; BaxFL/+ (KPFRTVBaxFL/+) and KPFRT; VE-Cadherin-Cre; BaxFL/FL (KPFRTVBaxFL/FL) 

mice had similar growth delays following irradiation with 20 Gy (Figure 31 F and G), 

suggesting that ceramide-mediated endothelial cell apoptosis does not contribute to the 

radiation response of primary sarcomas. 
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Figure 31: Deletion of Bax in endothelial cells does not affect tumor regrowth 

following radiation therapy. 

A) Time for sarcomas in KPFRTVBaxFL/+ and KPFRTVBaxFL/FL mice to reach 200 mm3 

following intramuscular injection of adeno-FlpO (n=25 mice per group). B) Tumor 

growth curves and C) time to tripling for unirradiated sarcomas in KPFRTVBaxFL/+ and 

KPFRTVBaxFL/FL mice (n=5 mice per group). D) Representative immunofluorescence for 

CD31 and TUNEL in sarcomas from KPFRTVBaxFL/+ and KPFRTVBaxFL/FL mice 4 hours 

following irradiation with 20 Gy. E) Quantification of CD31 and TUNEL double positive 

cells in sarcomas from KPFRTVBaxFL/+ and KPFRTVBaxFL/FL mice prior to irradiation and 4 

hours following irradiation with 20 Gy (n=4 mice per group).  Scale bar, 100 µm.  F) 

Tumor growth curves and G) time to tripling for sarcomas in KPFRTVBaxFL/+ and 

KPFRTVBaxFL/FL mice following irradiation with 20 Gy (n=8 mice per group). 
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6.2 Endothelial cell death does not contribute to tumor 
eradication by radiation therapy 

Interestingly, the increased endothelial cell death in sarcomas from 

KPFRTVAtmFL/FL mice prolonged tumor growth delay following radiation therapy. 

Therefore, our results support a model where enhanced endothelial cell sensitivity to 

radiation increases tumor radiation response. However, an increase in growth delay 

following radiation therapy does not necessarily translate into improved local control 

(161, 346, 347). To define the contribution of endothelial cells to local control following 

radiation therapy in this system, we irradiated tumors in KPFRTVAtmFL/+ and 

KPFRTVAtmFL/FL mice with 50 Gy, which we determined to be the maximally tolerated 

dose for local control experiments in our system.  Although 50 Gy was able to cure 

primary tumors in both KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice, there was no difference 

in local control between the two genotypes (Figure 32A and B).  Moreover, at the 

curative dose of 50 Gy, there was no difference in growth delay for primary tumors in 

KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice (Figure 32C).  These results demonstrate that 

although endothelial cell death can delay the regrowth of primary tumors at non-

curative doses of radiation, endothelial cell death is not rate-limiting for tumor regrowth 

following curative doses of radiation and does not contribute to local control of primary 

soft tissue sarcomas. 
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Figure 32: Deletion of Atm in endothelial cells does not affect primary tumor 

regrowth following irradiation with 50 Gy. 

A) Tumor growth curves for sarcomas in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice 

following irradiation with 50 Gy.  B) Kaplan-Meier plot of local tumor control and C) 

time to tripling for sarcomas in KPFRTVAtmFL/+ and KPFRTVAtmFL/FL mice following 

irradiation with 50 Gy.  One KPFRTVAtmFL/FL mouse developed an abdominal metastasis 8 

weeks following irradiation with 50 Gy and died prior to tumor tripling.  Thus, this 

mouse was scored as locally controlled until this time point. 

 

6.3 Tumor cells are the critical target for tumor eradication by 
radiation therapy 

As a control, we also deleted Atm in tumor cells.  First, we injected the muscle of 

LSL-KrasG12D; p53FL/FL; AtmFL/+ (KPloxPAtmFL/+) and LSL-KrasG12D; p53FL/FL; AtmFL/FL 

(KPloxPAtmFL/FL) mice with adeno-Cre.  However, the sarcomas that developed did not 

reliably delete both alleles of Atm (Figure 33A).  Therefore, we crossed KPloxPAtmFL/+ and 

KPloxPAtmFL/FL mice to Pax7-CreER (P7) mice, which express a tamoxifen-inducible Cre 

recombinase in muscle satellite cells(290).   P7KPloxP mice develop sarcomas following 

administration of systemic tamoxifen(348).  In contrast to the KPloxPAtmFL/FL mice injected 

with adeno-Cre, intramuscular injection of P7KPloxPAtmFL/FL mice with 4-hydroxy-
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tamoxifen generated primary sarcomas at the site of injection with efficient deletion of 

both alleles of Atm (Figure 33B).  Cell lines derived from sarcomas in P7KPloxPAtmFL/FL 

mice were more sensitive to radiation in clonogenic survival assays compared to 

sarcomas from P7KPloxPAtmFL/+ control mice that retained one allele of Atm (Figure 33C).  

In addition, compared to primary sarcomas in P7KPloxPAtmFL/+ mice, primary sarcomas 

with both alleles of Atm deleted in tumor parenchymal cells had an increased response 

to a curative dose of radiation therapy (Figure 33D-G). 

 

Figure 33: Sensitizing tumor parenchymal cells to radiation increases the response of 

primary tumors to a curative dose of radiation therapy. 

A) PCR of genomic DNA for Cre-mediated recombination of Atm (Atm Δ) in stroma-

depleted primary sarcoma cell lines from KPloxPAtmFL/+ and KPloxPAtmFL/FL mice in which 

tumors were initiated by intramuscular injection of adeno-Cre.  * indicates the one of 

five sarcomas with recombination of both AtmFL alleles.  B) PCR of genomic DNA for 

Cre-mediated recombination of Atm (Atm Δ) in stroma-depleted primary sarcoma cell 

lines from P7KPloxPAtmFL/+ and P7KPloxPAtmFL/FL mice in which tumors were initiated by 

intramuscular injection of 4-hydroxy-tamoxifen. C) Clonogenic survival of primary 

sarcoma cell lines from P7KPloxPAtmFL/+ and P7KPloxPAtmFL/FL mice (n=3 independent cells 

lines per genotype). D) Tumor growth curves and E) Kaplan-Meier plot of local tumor 
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control for primary sarcomas in P7KPloxPAtmFL/+ and P7KPloxPAtmFL/FL mice following 

irradiation with 50 Gy.  F) Hematoxylin and eosin stained section of a second tumor that 

developed prior to tripling of the primary tumor due to systemic tamoxifen-mediated 

Cre recombination.  G) Hematoxylin and eosin stained section from the location of a 

primary tumor demonstrating fibrosis and the absence of tumor cells.  Following the 

development of a second tumor, mice were scored as locally controlled if no tumor cells 

were observed by histological examination of the primary tumor site.  Scale bars, 100 

µm. 

 

6.4 Conclusion 

In summary, we have observed that although endothelial cells contribute to 

tumor growth delay following radiation therapy, they do not contribute to tumor 

eradication.  Deletion of Bax in endothelial cells did not affect tumor growth in the 

absence or presence of radiation, suggesting that ceramide-mediated apoptosis does not 

contribute to endothelial cell death in primary sarcomas.  In contrast, deletion of Atm in 

tumor cells increased local control of primary sarcomas.  These results demonstrate that 

tumor cells are the critical targets that regulate tumor eradication by radiation therapy. 
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7. Discussion 
We have investigated the contribution of endothelial cells to tumor response to 

radiation therapy in a primary mouse model of soft tissue sarcoma.  Using dual energy 

micro-CT, we have observed significant functional changes to tumor vasculature 

following high-dose radiation therapy.  To determine if these changes contribute to 

tumor response to radiation, we have developed dual recombinase technology to 

genetically manipulate the microenvironment of primary tumors.  Using this 

technology, we deleted Atm in tumor endothelial cells.  Although Atm deletion 

radiosensitized proliferating tumor endothelial cells, quiescent heart endothelial cells 

were not radiosensitized by Atm deletion.  In addition, the ATM inhibitor NVP-BEZ235 

selectively radiosensitized primary sarcomas to radiation therapy.  Radiosensitizing 

endothelial cells prolonged tumor growth delay following irradiation, but did not affect 

tumor eradication by radiation therapy.  In contrast, deletion of Atm in tumor cells 

increased tumor local control by radiation therapy. 

7.1 Radiation-induced vascular changes 

Numerous studies have investigated changes in tumor blood volume and 

perfusion following radiation therapy using xenograft and syngeneic models (155).  

Vascular changes varied between studies, but most groups observed either no change or 

an increase in blood flow shortly after radiation.  In our study, FBV of primary sarcomas 

significantly increased on day 1 after radiation therapy. While we observed an increased 
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FBV measured by DE micro-CT on day 1, there was not a significant change in MVD 

determined by CD31 staining on day 4.  CD31 staining identifies the presence of blood 

vessels, but it does not assess vascular function. In addition, CD31 staining was 

performed on frozen sections collected on day 4, whereas FBV analysis was performed 

on day 1.  Furthermore, FBV measurements are performed on the entire tumor whereas 

MVD measurements are performed on random but limited 2D sections. Due to dose-

restrictions imposed by in vivo imaging, the resolution of DE micro-CT was lower than 

histology. Despite these limitations, a positive correlation was shown between MVD and 

FBV measured by DE micro-CT. 

Vascular permeability following radiation has not been evaluated previously as 

thoroughly as tumor blood volume.  Using contrast-enhanced MRI, Schwickert et al. 

observed a 2.1-fold increase in capillary permeability one day after radiation treatment 

(15 Gy) in a rat model of mammary adenocarcinoma (302).  More recently, Giustini et al. 

demonstrated a two-fold increase in the tumor accumulation of nanoparticles following 

irradiation with 15 Gy, which they attributed to an increase in vascular permeability 

(301).  In our study, dextran accumulation increased 5.2-fold following radiation and 

correlated well with accumulation of liposomal-iodine measured by DE micro-CT, 

which increased 4.0-fold.  Note that the liposomes (~140 nm) are ~60 times larger than 

the dextrans (2x106 Da), which may explain the difference in accumulation.  

Nonetheless, the increased accumulation of dextran and liposomal-iodine observed in 
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this study demonstrates that vascular permeability increases one day after irradiation of 

primary tumors.  This period of increased permeability might be utilized to increase 

delivery of anti-cancer drugs.  

A possible limitation of our DE micro-CT method for measuring permeability is 

the assumption of equal FBV on days 1 and 4 to correct for residual blood pool 

enhancement.  Building on previous work (349), we hope to avoid this assumption in the 

future by using both gold and iodine-based nanoparticles to allow simultaneous 

computation of FBV and permeability.  Additional limitations of the study include the 

small number of animals analyzed, the single large dose of irradiation used, and the 

limited number of time points observed.  It is unclear whether similar changes in tumor 

vasculature would be observed with traditional fractionation treatment schemes and 

how long the vascular changes persist after radiation.  In the future, we plan to use DE 

micro-CT to investigate vascular changes after alternative fractionation schemes (for 

example, 10 daily fractions of 2 Gy) and at later time points. 

CT is a fast, quantitative, and high-resolution volumetric imaging technique. 

However, high resolution demands scan times on the order of a few minutes for micro-

CT, resulting in a need for contrast agents with long blood half-lives such as our 

liposomal-based contrast agent.  DE micro-CT allows better separation of potential 

equally enhancing regions of bone and vessels than single energy micro-CT, and it 

provides quantification of iodine concentrations.  Furthermore, DE micro-CT can 
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measure FBV and permeability without pre-contrast scans and no penalty in sampling 

time by acquiring two sets simultaneously. Though the use of ionizing radiation has the 

potential to affect the tumor, the cumulative imaging dose of 0.26 Gy represents only 

1.3% of the treatment dose (20 Gy).  Therefore, it is unlikely to affect the results of this 

study. 

 

7.2 Dual recombinase technology 

In contrast to transplanted melanoma cell lines (329), deletion of Atm in the 

endothelial cells of primary soft tissue sarcomas did not affect vascular development or 

tumor growth. These discordant results may reflect differences between melanomas and 

sarcomas or differences in the tumor vasculature between tumors derived from cell lines 

and autochthonous tumors. Previous studies have demonstrated that the structure, 

oxygenation, perfusion and response to therapy of tumor vasculature changes with 

transplantation (330, 350, 351). Genetically engineered mouse models (GEMMs), such as 

the soft tissue sarcoma model used in this study, develop within the native tumor 

microenvironment in immunocompetent mice (55) and may more faithfully recapitulate 

the tumor stroma and microenvironment of human cancer compared to xenograft 

models (56). Additionally, the response of these primary mouse cancer models to 

therapeutics has been shown to closely model the response of human cancers in clinical 
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trials (59, 60). Taken together, these findings illustrate the importance of studying the 

tumor microenvironment using multiple complementary models, including GEMMs.  

Most GEMMs use Cre recombinase to initiate cancer, making it challenging to 

simultaneously manipulate genes in tumor stromal cells. In this study, we used FlpO to 

initiate tumors, enabling VE-Cadherin-Cre to recombine Atm floxed alleles in endothelial 

cells. Although FlpO and Cre have been used together previously to sequentially mutate 

genes in tumor cells (284), this is the first application of dual recombinase technology 

(FlpO and Cre) to simultaneously mutate genes in both tumor and stromal cells. 

Combining this dual recombinase technology with the many available floxed alleles and 

tissue-specific Cre drivers will be a powerful approach to investigate the contribution of 

stromal cells to cancer development, progression, and response to therapy. 

 

7.3 A therapeutic window for ATM inhibitors 

Previous studies have reported that loss of ATM does not affect the 

radiosensitivity of all cells and tissues equally.  For example, most tissues in Atm null 

mice appear histologically normal shortly after irradiation, but the rapidly proliferating 

cells in the intestine display severe radiation toxicity (337, 338, 352). Interestingly, loss of 

p21 further sensitizes Atm null mice to radiation-induced gastrointestinal injury (353). 

Therefore, even in proliferative tissues, loss of cell cycle checkpoints may further 

increase the impact of Atm deletion on radiosensitization. Our results now suggest that 
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the abrogation of cell cycle checkpoints allows quiescent cells to be sensitized to 

radiation as a consequence of Atm deletion. Recently, we reported that cardiac 

endothelial cells lacking p53 or p21 are sensitized to radiation (144). Furthermore, mice 

lacking p21 or mice lacking p53 specifically in endothelial cells were sensitized to 

radiation-induced myocardial necrosis (144). Here, we find that deletion of p53 in 

endothelial cells not only permits Atm deletion to sensitize endothelial cells to radiation 

in vitro, but also allows Atm deletion to accelerate radiation-induced myocardial necrosis 

in vivo.  Previous studies have reported that Atm deletion can sensitize other p53 null 

cells and tissues to radiation (93, 354). By treating p53 null endothelial cells in vitro or 

sarcoma endothelial cells in vivo with a cyclin-dependent kinase inhibitor prior to 

irradiation, we were able to block the cells from undergoing mitotic catastrophe and 

limit the ability of Atm deletion to promote radiosensitivity. Taken together, these 

observations suggest that normal tissues can be radiosensitized by ATM inhibition 

either because they are proliferating or because they have lost cell cycle checkpoints. 

Indeed, ATM knockdown or inhibition has been shown to preferentially sensitize p53 

null tumor cells to radiation or genotoxic chemotherapy (63, 326). 

In this study, we extended our genetic observations to the pharmacological 

inhibitor BEZ235, which selectively radiosensitized primary sarcomas but not hearts 

with intact p53.  Because BEZ235 has also been shown to inhibit DNA-PKCS (102) and 
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ATR (98), the state of cellular proliferation may also influence whether other inhibitors 

of the DNA damage response increase radiosensitivity. 

It should be noted that the mice used in this study were young at healthy at the 

time of whole heart irradiation, and the effect of Atm deficiency may be different in mice 

predisposed to develop heart disease.  For example, vascular smooth muscle proliferate 

in atherosclerotic vessels (355), and ATM inhibitors may increase the sensitivity of these 

cells to radiation.  As a result, ATM inhibitors could increase normal tissue toxicity in 

patients with established vascular disease.  Moreover, although our experiments have 

shown that endothelial cell damage is sufficient to cause radiation-induced myocardial 

necrosis, it is likely that other cell types can also contribute to radiation heart disease. 

 

7.4 Tumor eradication by radiation therapy 

It has been reported that endothelial cell apoptosis and microvascular collapse 

contribute to the response to radiation therapy of transplanted tumors (156). Endothelial 

cell apoptosis has been reported to be dependent on membrane damage, which triggers 

rapid ceramide-mediated apoptosis following high doses of radiation exposure (159, 

160). In our study, we did not observe substantial endothelial cell apoptosis at early time 

points following radiation exposure. Instead, endothelial cell death peaked at 24 hours 

after radiation in sarcomas from KPFRTVAtmFL/FL mice and 48 hours after radiation in 

sarcomas from KPFRTVAtmFL/+ mice, suggesting that in primary soft tissue sarcomas, 
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tumor endothelial cells die predominantly by a delayed mitotic cell death. Interestingly, 

the increased endothelial cell death in sarcomas from KPFRTVAtmFL/FL mice prolonged 

tumor growth delay following 20 Gy radiation therapy, but did not affect tumor 

eradication at 50 Gy.  Other studies have also observed that an increase in growth delay 

following radiation therapy does not necessarily translate into improved local control 

(161, 346, 347), emphasizing the importance of studying both growth delay and local 

control endpoints. 

Our finding that endothelial cells contribute to tumor growth delay, but not 

eradication by radiation therapy has important clinical implications.  When patients 

with cancer are treated with radiation therapy, they usually receive relatively small 1.8-2 

Gy daily fractions over 1 to 2 months.  Recently, advances in radiation treatment 

planning and delivery have made it possible to safely deliver a small number of high 

radiation doses (15-24 Gy) to improve the local control of some tumors (2).  Our results 

show that although endothelial cells can act as a target of high-dose radiation to modify 

growth delay endpoints, they do not act as a critical target to mediate tumor eradication 

of primary sarcomas.   

Although most patients are treated with curative intent, for patients receiving 

palliative radiation therapy, an increased growth delay can be clinically meaningful.  For 

example, radiation therapy is the standard of care for children with diffuse intrinsic 

brainstem gliomas and provides many months of relief from severe neurological 
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symptoms (356).  Targeting tumor endothelial cells during radiation therapy could 

prolong the time that these patients remain neurologically intact.  However, our results 

indicate that this approach is unlikely to achieve tumor eradication.  Instead, targeting 

tumor parenchymal cells with radiosensitizers, such as inhibitors of ATM, is a more 

promising treatment approach. 

 

7.5 Conclusion 

In summary, we have developed the technology to contemporaneously mutate 

different genes in tumor cells and stromal cells of primary tumors.  Using this dual 

recombinase technology, we have dissected the contribution of endothelial cells to 

tumor response to radiation therapy and demonstrated a therapeutic window for ATM 

inhibitors to selectively radiosensitize tumors adjacent to quiescent normal tissues.  Our 

results demonstrate that tumor cells, but not endothelial cells, are the critical targets that 

regulate tumor eradication by radiation therapy.  Taken together, these results 

emphasize the importance of using primary models of cancer to study the role of 

stromal cells in tumor development and response to therapy. 

We have shown that Atm deletion preferentially radiosensitizes proliferating 

cells.  Although deleting Atm in tumor cells increased local control of primary tumors, it 

is possible that subpopulations of tumor cells are not sensitized by Atm deletion because 

they are relatively quiescent.  Dual recombinase technology would enable Cre-mediated 
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labeling of subpopulations of tumor cells.  This approach could be used to identify the 

clonogens responsible for primary tumor regrowth following radiation therapy and Atm 

inhibition so that combinational therapies can be developed. 

Our results indicate that ATM inhibitors will have the greatest therapeutic 

window for tumors located adjacent to quiescent normal tissues.  Drugs that engage cell 

cycle checkpoints in normal tissues but not tumors could extend the application of ATM 

inhibitors.  For example, triggering p53-mediated cell cycle arrest may protect 

proliferating normal tissues but not tumors with mutated p53 when radiation therapy is 

combined with ATM inhibitors. 

Our findings suggest that anti-cancer therapies designed to enhance endothelial 

cell death will not increase tumor eradication.  However, reestablishing the vasculature 

following radiation therapy is likely critical for continued tumor growth.  It is 

conceivable that endothelial cells or endothelial progenitor cells are recruited from 

outside of the irradiation field to rebuild tumor vasculature.  Future studies using 

lineage tracing should focus on the source of primary tumor endothelial cells after high 

doses of radiation therapy and the mechanisms that regulate this process.  These 

signaling pathways would make promising targets for future therapies. 

Our results do not exclude a contribution of other stromal cells to tumor cure 

with radiation therapy.  A growing body of data suggests that the immune system can 

contribute to killing tumor cells following radiation therapy in some settings (52, 54).  
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Dual recombinase technology could be used to determine the critical cell types and 

pathways that coordinate anti-tumor immune responses following radiation therapy in 

primary tumors.  Enhancing this response could tip the scales in favor of the immune 

system and lead to durable anti-cancer therapies. 
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