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Abstract
Military and NATO personnel can potentially be exposed to external and internal radiation during military operations. The external radiation can occur via a nuclear weapons explosion or via the use of a “dirty bomb” by terrorists. Nuclear weapons exposure is a significant health hazard; while the damage due to radiation from a dirty bomb could be significantly lower, there is still a threat of some type of “late” radiation injury.
High-dose radiation exposure can cause significant acute health effects including radiation syndrome and potentially death. Late health effects caused by radiation are also a significant health hazard. These late effects include cancer, leukemia, fibrosis, cytogenetic effects, and transgenerational effects to offspring. While there is significant human and animal data regarding the induction of high-dose radiation-induced cancers, less attention has been paid to whether the unique military radiation exposures like internalized DU or low-dose radiation potentially from dirty bombs can cause late health effects like cancer and genetic effects. New biological models and a mechanistic understanding describing the role of genetic and epigenetic factors and cancer susceptibility in individuals are needed for improving radiation carcinogenesis risk estimates and countermeasure development in a low-dose scenario. 

One of our goals is the development of new cutting edge approaches to biological countermeasures for cancer risks for these military and NATO relevant exposures. To achieve this goal our laboratory emphasizes the application of mechanistic understanding to mammalian models to achieve significant reductions in the uncertainties in risk projections for cancer and to develop more effective late effects countermeasures. For example, we use an in vivo leukemia model to study non-targeted radiation effects, epigenetic, and genetic effects. With this mechanistic information, the leukemia model is used to identify and test mechanism-responsive countermeasures like the epigenetic effecter, phenylbutyrate (PB). 

This mechanistic and multi-parametric strategic research approach involving the progression from cellular studies to animal models has been applied to radiation and heavy-metal studies in our laboratory. Several in vivo models are used including transgenic and specialized non-targeted radiation effects models to answer questions regarding transgenerational and cancer risk. These models are critical to improving the development of radiation protection strategies for NATO personnel. 

 1.0 
Introduction

Military and NATO personnel can potentially be exposed to external and internal radiation during military operations. The external radiation can occur via a nuclear weapons explosion; another scenario is the use of a “dirty bomb” by terrorists. Nuclear weapons exposure can be a significant health hazard causing development of the acute radiation syndrome (ARS) or even possibly death. While the damage due to radiation from a dirty bomb could be significantly lower, there is still a threat of some type of radiation injury. In terms of internal radiation exposure to military personnel, the radioactive heavy metal depleted uranium (DU), used in military munitions is one possible type of exposure. Additionally, internalization of radioactive fallout could occur after the use of nuclear weapons or a nuclear incident like Fukushima.  These types of “battlefield” radiation exposures are unique to military personnel and are different than the high dose fractionated therapeutic exposures that the average civilian might be exposed to during their lifetime. 

High dose radiation exposure can cause significant acute health effects including radiation syndrome and potentially death.  Late health effects caused by radiation are also a significant health hazard. These late effects include cancer, leukemia, cytogenetic effects, and transgenerational effects to offspring. It is well known that radiation exposure can lead to cancer development and in particular to development of leukemia [1-4]. While there is significant human and animal data regarding the induction of high dose radiation-induced cancers, less attention has been paid to whether the unique military radiation exposures like internalized DU or low dose radiation potentially from dirty bombs can cause late health effects like cancer and genetic effects. The recent nuclear event in Fukushima Japan highlighted the need for more information in the area of low dose radiations exposures and induced health effects. The extent of the health effect of low dose radiation exposures is a debated topic within the radiation biology community. 

New biological models and a mechanistic understanding describing the role of genetic and epigenetic factors and cancer susceptibility in individuals are needed for improving radiation carcinogenesis risk estimates and countermeasure development in a low-dose scenario. To achieve this goal our approach is to emphasize the application of a mechanistic understanding to the mammalian models used in our laboratory to study cancer risk and the development of late-effects countermeasures. For example, we use an in vivo leukemia model to study non-targeted radiation effects, epigenetic, and genetic effects. With this mechanistic information, the leukemia model is then used to identify and test mechanism-responsive countermeasures like the epigenetic effecter, phenylbutyrate (PB). 
To better study the carcinogenic or leukemogenic effects induced by the unique military radiation exposures, a multi-parametric approach has also been used in our laboratory at AFRRI. Implementation of cell- and animal-based multi-parametric assays can provide predictive information and be a guide as to whether human studies should be pursued. This strategic research approach involving the progression from cellular studies to animal model has been applied to radiation and heavy metal studies in our laboratory (Figure 1).
	Figure 1
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	Figure 1.


2.0 
Long-term Goals
One of our goals in our laboratory is the employ new cutting edge approaches to the development of biological countermeasures for cancer risks for these military and NATO relevant exposures. The initial steps are to determine the mechanisms involved in radiation-leukemia development followed by the targeting of these mechanisms with potential late effects countermeasures.

Similarly, the long-term research goals and benefits using the multi-parametirc approach to understanding radiation cancer or leukemia risk are multi-fold. First, the evaluation of unique and potential carcinogenic exposures i.e. radiation, DU, relevant to military personnel can be evaluated.  Secondly, the development of nontoxic countermeasures to these radiation-induced cancers can be undertaken using multiple approaches. Thirdly, the potential discovery of biomarkers of exposure and disease development should be conducted simultaneously to the in vitro and in vivo cancer studies. The technical objectives of this approach include 1) development of in vitro models to study radiation-induced late effects and radiobiology mechanisms and 2) development of in vivo models to study radiation-induced late effects and evaluate efficacy of pharmacological countermeasures that are targeted to the newly-discovered specific radiation-induced mechanisms.
3. 0 
MULTI-PARAMETRIC RESEARCH APPROACH REVIEW


The in vitro models that we have developed in our laboratory (Figure 2) can be applied to several research questions related to radiation late effects: 1) neoplastic transformation models using human cells have been used to assess radiation- or DU- induced transformation; 2) the same transformation models have been used for rapid screening of pharmacological countermeasures; 3) A mutagenesis assay, the HPRT mutation assay (hypoxanthine guanine phosphoribosyl transferase) to measure mutagenesis has been established; 4) Chromosomal aberration assays to measure chromosomal damage and genomic instability (potentially involved in carcinogenesis) have been  developed; and 5) Clonal cell assays to measure radiobiology mechanisms, i.e., uranium “bystander” effects have been established.
	Figure 2
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	Figure 2.


Several of these assays can be used in combination to address the question as to whether a particular type of exposure is potentially carcinogenic. For example, our laboratory at AFRRI has used these in vitro assays to evaluate whether DU is carcinogenic. As shown in Figure 3, neoplastic transformation, mutagenicity, genotoxicity, and genomic instability were used to assay potential DU carcinogenicity. A human osteoblast cell (HOS) model system and DU-uranium nitrate were used to evaluate four carcinogenesis-related endpoints which included mutagenicity, genotoxicity, neoplastic transformation, and genomic instability. For this study a comparison was made to the non-radioactive heavy metal nickel and to external alpha particles generated by a broad beam. These studies were the first to show that DU could transform human cells into the malignant phenotype and thus demonstrate the carcinogenic potential of DU. The additional assays including mutagenicity, genotoxicity, and genomic instability, conducted with this uranium compound further supported the finding the DU had carcinogenic potential even before animal or human studies were conducted. These in vitro models are an effective means to evaluate the carcinogenic potential of a particular type of exposure because they will enable the investigation to study a range of carcinogenic endpoints and provide rapid results. 
	Figure 3
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	Figure 3.


This use of this multi-parametric approach is also effective for evaluating potential countermeasures to the late effects of radiation or internal emitters like DU. In particular the neoplastic transformation endpoint has been used to study potential radiation countermeasures. For example, as shown in figure 4, our laboratory was able to preliminarily assess the efficacy of several pharmacological agents. In this assay we assessed the ability of these candidate drugs to inhibit malignant transformation in vitro. Data (transformation frequency) are shown in this figure for radiation (60Co) followed by a 15 day incubation with the candidate agents. We tested ketone ester, (KE) and phenylbutyrate-bisphophonate, (PB-BP) which were selected based on mechanistic considerations i.e. anti-oxidant properties, etc and low toxicity in vitro. Suppression of radiation-induced transformation was observed in cells treated with KE and PB-BP in comparison to irradiated controls (no drug). A comparison to the know radiation protector, amifostine was done and results indicated that amifostine had only a minor effect on radiation transformation. A comparison of the radiation-induced transformation frequency and the suppression of that process by each agent demonstrated that PB-BP and KE significantly inhibited radiation transformation. These data confirmed that the in vitro transformation model can be used to screen for efficacy of potential radiation-chemopreventive agents and specifically indicate which of these agents should be next tested in the more laborious and extensive in vivo assays.
	Figure 4

Radiation Induced Neoplastic Transformation
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Figure 4.




To evaluate potential late effects of radiation exposures to military personnel, in vivo models are also used in our laboratory. A multi-parametric approach, similar to the in vitro approach, has been developed using several different animal models to study radiation carcinogenic effects.  The types of studies conducted in our laboratory with in vivo models include, leukemogenesis, transgenerational carcinogenesis, genetic susceptibility, chemoprevention (late effects countermeasures), and biomarker discovery (figure 5).  

A murine leukemia model is being used to address several questions in radiation-late  effects. The model has been used to evaluate leukemia mechanisms, assess the role of non-targeted radiation effects, develop leukemia countermeasures, and identify new radiation biomarkers. A recent goal in our laboratory has been to characterize the 60Co- and depleted uranium (DU)- induced leukemia mouse models used to address those research questions. It is well known that external radiation exposure i.e., 60Co, causes leukemia [1]. Dr. Miller’s laboratory at AFRRI was the first to show that internalized exposure to the alpha-emitter, DU, caused leukemia in a murine model [5]. These murine models (external vs. internal exposure to radiation) have been used to conduct studies to understand the mechanisms involved in either radiation- or DU- induced leukemia. Secondly, these in vivo models are also used to develop and evaluate countermeasures to radiation- or DU- induced leukemia. To characterize these models we are examining two possible mechanisms, i.e. epigenetic (DNA methylation) and genetic (genomic instability). Epigenetics is the study of heritable changes in gene expression or cellular phenotype caused by mechanisms other than changes in the underlying DNA sequence In contrast genetic changes involve heritable changes in gene expression caused by direct alteration in the DNA sequence. To characterize these models, our goals are to examine DNA methylation in mouse hematopoiesis before and after in vivo exposure to a leukemogenic exposure of 60Co gamma radiation or internalized DU exposure; and to assess genomic instability by examining chromosomal aberrations in mouse 60Co radiation- and DU- induced leukemia’s and the clonal descendents of 60Co- irradiated and DU-exposed bone marrow hematopoietic stem cells. 
	Figure 5
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	Figure 5.


Epigenetic disturbances, such as aberrant promoter hypermethylation and covalent histone modifications, have been implicated in the pathogenesis of acute myeloid leukemia (AML) in rodent and human studies [6-9] and as such make an excellent target for evaluation in radiation leukemogenesis. Signaling pathways such as the Wnt and CDK pathways are also involved in hematopoietic malignancies. The Wnt signaling pathway has a key function in stem cell maintenance and differentiation of hematopoietic progenitors. Aberrant methylation in human AML involves the cyclin dependent kinase inhibitor pathway with the cycle inhibitors p16 (CDKN2A or p16INK4a) and p15 (CDKN2B or p15INK4b) (10). The purpose of this work has been to determine if the induction of leukemia by 60Co radiation or DU (embedded exposure) in this murine model is associated with altered DNA methylation status in spleen and bone marrow tissues.  The methylation studies for 60Co- and DU- leukemia have been divided into two parts, a) evaluate the global genomic content of 5-methylcytosine (measurement of methylation) and b) to examine the methylation status of specific genes (Wnt family antagonists, SFRP1, -2, -4, -5, p15, p16), in exposed mice. Global DNA methylation was measured by direct analysis of the 5-methylcytosine content of DNA and by Southern blot analysis of genomic repeat sequences.  Dysregulation of the Wnt signalling antagonists also known as secreted frizzled-related proteins (SFRPs) and cyclin-dependent kinase pathway proteins, p15Ink4b and p16Ink4b was examined using real-time reverse transcription PCR (RT-PCR) in the same samples analyzed for methylation. 
 Following an exposure which induced leukemia (60Co – 3.5 Gy; DU implants 5 months), the incidence of leukemia was monitored in each murine model (Figure 6.).

	Figure 6.

Figure 6A
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Figure 6B
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Figure 6A. Development of AML in mice exposed to 60Co gamma radiation or internalized DU.  AML was determined via hematology parameter changes, gross necropsy, and immunogenotyping.

Figure 6B. Alterations in Global DNA Methylation in spleen of exposed mice during development of AML. Gamma Rad (black bars); Internalized DU (diagonal stripes); Control (solid line)




Data shown in Figure 6a illustrate the increase in leukemia incidence with increasing time post -radiation or -DU exposure. AML was determined via hematology parameter changes, gross necropsy, and immunogenotyping. Spleen tissues were processed and global DNA methylation was measured by direct analysis of the 5-methylcytosine content of DNA. 
The results demonstrate that during leukemogenesis following exposure to 60Co (Figure 6b) global DNA methylation in spleen increased steadily over time. While global DNA methylation in spleen obtained from DU-exposed mice (Figure 6b), increased over time as well, there was a rapid increase in methylation at day 60 followed by a moderate decrease at days 120 and 180.However at 350 days post DU exposure, global DNA methylation was at its highest level. Another epigenetic process involving cell cycle proteins and Wnt signaling was evaluated. Dysregulation of the cyclin-dependent kinase pathway proteins, p15Ink4b and p16Ink4b and the Wnt signaling antagonists also known as secreted frizzled-related proteins (SFRPs) was also examined using real-time reverse transcription PCR (RT-PCR) in the same samples analyzed for methylation. Samples were analyzed and the data are shown in figures 7 and 8. A lack of expression of p15Ink4b mRNA in the spleens of 60Co-exposed mice is depicted in Figure 7. Lanes 1-6 are 60Co-exposed mice with leukemia and lane 7 is from a control mouse (no leukemia). The results show that in AML mice there was either a complete lack of p15Ink4b expression or a significant reduction in comparison to unexposed controls. Analysis of the DU samples is not yet completed. 

	Figure 7. Loss of p15Ink4b mRNA Expression.

Figure 7
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Figure 7. Loss of p15Ink4b mRNA expression in mice with AML (180 days post-exposure) as demonstrated by RT–PCR. Expression of p15Ink4b RNA in the spleen tissue of leukemic (lanes 1-6) and control (lane 7) mice. β-actin was used as a control for the integrity and quantity of analyzed samples. These data will be compared to new data being collected from mice at 30 days post exposure. 



Due to the functional importance of the Wnt pathway in myeloid differentiation and AML, we investigated the methylation status of the SFRP promoter regions in bone marrow (BM) from 10 primary AML samples obtained at diagnosis. Representative MSP results from 4 animals are shown in Fig 8. These results demonstrate that methylation of the promoter region of SFRP1, SRFP2, SFRP 4, and SFRP5 occurred in mice with AML but these promoter regions were unaltered in control mice (no AML). Results at additional time points during leukemogenesis are being analyzed and will provide additional information. 

	Figure 8. Epigenetic Analysis of Wnt Signaling Pathway
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Figure 8. Representative SFRP1, -2, -4 and -5 methylation-specific polymerase chain reaction (MSP) analysis of AML mouse samples (day 180 post-exposure). Lane U, amplified product with primers recognizing unmethylated SFRP1, -2, -4 and -5 sequences. Lane M, amplified product recognizing methylated SFRP1, -2, -4and -5 sequences. Due to the functional importance of the Wnt pathway in myeloid differentiation and AML, we investigated the methylation status of the SFRP promoter regions in BM from 10 primary AML samples obtained at diagnosis. Representative MSP results are shown in Fig 8. 



These results demonstrate that epigenetic damage occurs during both 60Co- and DU- leukemogenesis in this murine model. An understanding of this type of molecular mechanism underlying hematological malignancies can facilitate the development of new classes of targeted drugs. This type of information will help in the development of better chemoprevention strategies for soldiers to reduce their risk of developing radiation- or DU- induced leukemia.
These findings have significant implications for the military personnel and the development of radiation or DU late effects. The nuclear incident at Fukushima, Japan in 2011 increased the importance of low dose radiation studies and whether that type of exposure can increase cancer risk for adults and children. This work involves a low dose radiation leukemia model and an attempt to understand the mechanisms involved in this process. This information can be useful in several ways. First an understanding of the genetic and epigenetic changes that occur during radiation-induced disease development can assist with the design of prognostic biomarkers and radiation risk stratification. The low-dose radiation field is searching for new ways to define increased cancer/leukemia risk and the information collected in this project will assist in that endeavor. Secondly, knowledge of the genetic and epigenetic mechanisms during radiation- or DU- leukemia development can facilitate the development of new classes of targeted drugs to leukemia. The combination of this information on molecular biomarkers during leukemogenesis and risk assessment could substantially increase our ability to develop non-toxic pre-treatments or chemoprevention agents that could reduce the development of cancer following radiation exposure in military personnel or their dependents. 

4.0 Summary and Conclusions 
To better study the radiation late effects induced by the unique military radiation exposures this multi-parametric approach has been used in our laboratory at AFRRI. Implementation of cell- and animal-based multi-parametric assays can provide predictive information and be a guide as to whether human studies should be pursued. This strategic research approach involving the progression from cellular studies to animal model has been applied to radiation and heavy metal studies in our laboratory and has provided a rapid and effective research approach to evaluating radiation risks for NATO and military personnel.
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Development of AML Following Gamma Radiation or Internalized DU Exposure: Alterations of Global DNA Methylation in Spleen
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Neoplastic transformation models using human cells to assess transformation and for rapid screening of pharmacological countermeasures.
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Slide 5. The in vitro models that we are using can be applied to several research questions: 1) Neoplastic transformation models using human cells to assess transformation and for rapid screening of pharmacological countermeasures. 2) HPRT mutation assay (hypoxanthine guanine phosphoribosyl transferase) to measure mutagenesis. 3) Chromosomal aberration assays to measure genomic instability. 4) Clonal assays to measure uranium “bystander” effects. 
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Radiation or Depleted uranium- induced leukemia model in mice to study carcinogenesis and test late-effects countermeasures.



“Big blue” transgenic mouse model to study transgenerational radiation or DU effects on unexposed offspring.



Transplanted S-180 mouse tumor to rapidly screen pharmacological countermeasures rapidly (within 45 days).  
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Slide 6. The long-term health hazards of external radiation exposure are well known for high dose radiation (>20 cGy). Radiation is a known carcinogen. Radiation is believed to cause damage by hitting the “target” which is generally DNA and causes direct damage. However, the risks associated with low-dose radiation (<20 cGy) are extrapolated from high dose radiation studies. Furthermore recent studies have shown that low-dose radiation may involve non-targeted damage which is manifested by genomic instability and radiation bystander effects. Our in vitro model system allows us to characterize low dose radiation using several endpoints including neoplastic transformation, mutagenicity, genotoxicity, and genomic instability.
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Slide 6. This slide contains data from our DU studies using human osteoblast cells (HOS) as our model system. Four endpoints were examined. These include mutagenicity, genotoxicity, neoplastic transformation, and genomic instability. A comparison was made to nickel and to external alpha particles. The DU exposure resulted in 17% of the cell nuclei being traversed by an alpha particle as measured by microdosimetry.  Data demonstrate that DU is mutagenic, genotoxic, transforming, and induces genomic instability.  DU exposure resulted in responses similar to alpha particles. Results with nickel were similar to DU but to a significantly less magnitude. While these results characterize the effects of DU on human cells, they do not answer the question whether the effects were due to radiation, heavy metal effects or both. 
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