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ABSTRACT 

 

DETERMINING THE CANCER RISKS PRESENTED BY SPACE RADIATION:  

GENOMIC MAPPING IN OUTBRED MICE REVEALS OVERLAP IN GENETIC 

SUSCEPTIBILITY FOR HZE ION AND -RAY INDUCED TUMORS  

 

Carcinogenesis following space radiation exposures is considered the primary 

impediment to human space exploration. Calculating the actual risks confronted by spaceflight 

crews is complicated by our limited understanding of the carcinogenic effects of high charge, 

high energy (HZE) ions—a radiation type for which no human exposure data exists. The current 

NASA model to calculate cancer risk from space radiation exposures is built largely upon 

epidemiological data from the survivors of the Hiroshima and Nagasaki atomic bombings, a 

cohort of individuals exposed predominantly to -rays. This dissertation examines some of the 

assumptions underpinning the current NASA model used to assess space radiation cancer risk.  

In assessing cancer risks to astronauts, the premise that HZE ion exposures increase the 

risk for the same types of tumors that arise in studied human populations exposed to -rays is 

supported by the few animal studies of HZE ion carcinogenesis conducted to date. So far, these 

studies have found that the tumor types that arise in HZE ion irradiated animals are the same as 

those that occur spontaneously in these animals or following exposure to sparsely ionizing 

radiation. However, all of the data have been derived from either inbred mice or rats, F1 hybrid 

mice, or rat stocks with limited genetic heterogeneity. Experimental designs employing 

genetically identical animals are well suited to compare the relative effectiveness of various 

radiation qualities for inducing specific types of tumors. But since the tumor types that arise in 
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inbred animals are determined, in very large part, by their genetic background, the spectrum of 

tumors that might arise in a diverse population exposed to HZE ions is unknown.  

With the emergence of multi-parent outbreeding strategies that produce highly 

recombinant mouse populations with allelic variants from multiple founder strains, it is possible 

to model the effects of population diversity in carcinogenesis studies by minimizing the 

overwhelming effects of genetic background and increasing the phenotypic repertoire available 

within a test population. Such populations also allow for high precision genomic mapping. 

Quantitative trait locus (QTL) mapping is a powerful forward-genetics approach that allows for 

unbiased testing of genetic variants that may influence gene-environment interactions for 

radiation effects. Highly recombinant populations are designed for genetic mapping; therefore, 

QTL can be resolved to megabase resolution and subsequently compared between exposure 

groups. Further, complete sequence information can be utilized on genotyped individuals by 

imputing the genomic resources available for the fully sequenced founder strains. Studying 

tumors that arise in irradiated, highly recombinant mouse populations presents a unique 

opportunity: the ability to determine whether the same QTL that make individuals within a 

population susceptible to specific -ray induced tumors also make them susceptible to those 

tumor types following HZE ion exposures. If  so, extrapolation of human epidemiological data 

from individuals exposed to -rays would be a valid approach for risk calculation in the space 

radiation environment. 

Through a genetics approach using carcinogenesis data from a mouse model of 

population diversity, we find that not only is the spectrum of tumors induced by accelerator 

produced HZE ions similar to the spectra of spontaneous and  ray-induced tumors, but that the 

QTL controlling susceptibilities often overlap between groups. This overlap indicates shared 
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tumorigenesis mechanisms between -ray and HZE ion exposures and supports the use of human 

epidemiological data from -ray exposures to predict cancer risk from galactic cosmic rays.  

Permissible exposure limits for astronauts are based on the risk of death from cancer 

rather than cancer incidence. Because the incidence to mortality conversion used in current risk 

calculations is based on mortality from background cancers in the U.S. population, there is an 

assumption that radiogenic tumors are no more lethal than spontaneous tumors. We find that 

malignancy, as measured by metastases endpoints, is comparable for spontaneous tumors and 

tumor induced following HZE ion or -ray exposures.  

To efficiently utilize the vast genetic resources produced in this study, cataractogenesis 

endpoints are characterized and QTL mapping is performed. The progression of radiation-

induced ocular changes is followed by dilated slit lamp biomicroscopy, with each mouse being 

examined up to seven times post-irradiation. Progressive, radiation-associated lens changes are 

noted in both HZE ion and -ray exposed populations. QTL controlling latencies for radiation-

induced cataracts are identified and overlap in susceptibility loci are observed for mice exposed 

to HZE ion and -ray radiation. 

Finally, because sufficiently powered lifetime carcinogenesis studies have not been 

previously undertaken in highly recombinant outbred mouse populations, many of the QTL 

presented here are novel. QTL are described for 11 tumor histotypes, radiation-induced 

cataractogenesis, and neurobehavioral endpoints. For tumor incidence, 51 QTL are presented 

with an average confidence interval of 3.4 megabases and effect sizes averaging 3.7% (range: 

0.75 - 7.46%).  Commonly for these endpoints, the genetic architecture of the phenotypic 

variance is complex with multiple QTL individually explaining only a small proportion of the 
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total variance. Although loci with moderate effects on the phenotype were most common, 11 

large effect QTL are described for 7 tumor histotypes, with effect sizes greater than 5%. 

Ground-based studies using accelerator produced HZE ions present the best opportunities 

for estimating the effects of space radiation. However, due to technical limitations, protracted 

exposures within particle accelerators are not feasible. This technical limitation presents a key 

concern for the translatability of all studies of space radiation performed on Earth. The doses 

studied experimentally occur over the course of minutes, while exposures in space are received 

continuously over the course of a mission. Although experimental studies can match the total 

doses received in space, estimating the effects of dose rate remain a challenge. To demonstrate 

that changes in radiation dose rate can produce differences in the tumors produced, we present a 

large-scale carcinogenesis study utilizing two inbred mouse strains exposed to fractionated or 

single dose -rays. This study demonstrates that variation in dose rate, while maintaining the 

total dose received, can result in distinct tumor histotypes. 

The results presented in this dissertation indicate that cancer risks following space 

radiation exposures are largely determined by genetic background and can be calculated based 

on epidemiologic data from terrestrial radiation exposures. Therefore, the subpopulations at 

increased risk for radiation-induced tumors on Earth are likely to substantially overlap with 

subpopulations at increased risk in the space radiation environment. These findings support the 

assumptions underlying the current model used by NASA to estimate fatal cancer risks from 

space radiation exposures. Additionally, this work indicates that individualized cancer risk 

assessment may be warranted to mitigate cancer and health risks from space radiation exposures. 
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Chapter One 

 

Biological Threats of the Space Radiation Environment  

 

THE SPACE RADIATION ENVIRONMENT 

 Radiation is energy emitted in the form of electromagnetic waves or atomic particles. 

Some radiation carries enough energy to fragment or destabilize atoms. Radiation that can 

dislodge the electrons from atoms is deemed ionizing. And when ionizing radiation dislodges the 

electrons from the atoms of living organisms, the radicalized molecules can disrupt biological 

structures and threaten the molecular organization of life. Humans became aware of these 

invisible forms of energy starting in the 1890’s and early radiation scientists were eager to 

characterize the properties and sources of this mysterious physical phenomenon. Wilhelm 

Röntgen is credited with first producing electromagnetic radiation, now known as X-rays, at a 

wavelength that could penetrate material and activate film1. Around the same time, radioactive 

minerals were discovered by Henri Becquerel and his student Marie Curie2. The original 

paradigm was that radiation originated from the unstable elements of Earth. However, over the 

next few decades, evidence began to build corroborating the existence of extraterrestrial 

radiation sources3, including the observance of higher levels of radiation atop the Eiffel Tower 

compared to its base4 and increasing radiation densities in balloon flights at elevations of 3.35 

and 5.66 miles above sea level. The ionization rates observed at these elevations was found to be 

four times higher than the levels found on Earth’s surface5. In 1925, the term “cosmic rays” was 

coined to describe this high-energy form of celestial radiation7. Cosmic radiation has since been  
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well characterized and can be broadly separated into two categories according to source: solar 

and galactic (Figure 1.1)8. 

 

 

Figure 1.1: The interplanetary space radiation environment and the Earth’s magnetosphere. 
[http://www.nasa.gov/] 
 

 Solar energetic particles (SEP) are produced at the surface of the Sun and are 

predominantly composed of low and medium-energy protons and electrons9. These SEPs are 

referred to as the solar wind, which is predominantly low linear energy transfer (LET) radiation. 

When the Sun experiences magnetic perturbations, solar particle events can occur. Solar particle 

events are phenomena in which dense clouds of SEP create abnormally large fluxes of radiation. 

Two types of solar particle events are recognized: solar flares and coronal mass ejections. Flares 

are local events that emit radiation across the electromagnetic spectrum, including ionizing 

radiation like X- and -rays, and non-ionizing radiation like radiowaves and white light. Solar 
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flares are often accompanied by coronal mass ejections. Coronal mass ejections are large coronal 

eruptions in which the ejected coronal material moves through the solar wind, reaching Earth 

within days. The radiation from these events can deform Earth’s geomagnetic field, disrupt 

terrestrial communications, and represent a potential threat to unshielded astronauts10. Both the 

energy spectra and time profiles of solar particle events are highly variable. Events with a 

relatively fast onset of high-energy particles may pose potential problems for activities and can 

result in acute illness or death in the absence of shielding. However, SEP are relatively easy to 

shield with conventional spacecraft materials; a 10-15 g/cm2 shelter is adequate for typical 

events9. Similarly, the electrons present in SEP are easily shielded. Although high energy and 

charge (HZE) ions can originate from the Sun during solar particle events, they are uncommon 

and the energies at which they occur are lower than those for HZE ions originating outside of the 

solar system. 

 Galactic cosmic radiation (GCR) originates outside of our solar system and is the 

component of space radiation that is of highest concern for manned missions in deep space8. The 

constituency of GCR is approximately 87% protons, 12% helium, and 1-2% heavier particles and 

the particle radiation exists within a wide range of energy distributions, peaking at approximately 

1GeV/nucleon8,11. The heavier particles of GCR consist of HZE nuclei with atomic numbers 

ranging from Z = 3 (lithium) to Z = 28 (nickel)12. The relative abundance of heavier particles 

predominantly decreases as atomic number increases, with a notable peak Z = 26 (iron) (Figure 

1.2)8. GCR nuclei travel at relativistic speeds and contain sufficient energies to penetrate 

spacecraft material such that no reasonable amount of shielding will prevent radiation exposures 

to crew members13. Further, secondary particles and neutrons resulting from HZE ion collisions  
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with shielding material can produce dramatic increases in the radiation experienced within a 

spacecraft. 

 

 

Figure 1.2: Relative abundance of GCR nuclei from hydrogen (Z = 1) to iron (Z = 26)14. 
 

 Because of the profound effect of the solar system’s magnetic environment on the fluence 

of both SEP and GCR, the solar cycle must be considered. The solar magnetic activity cycle—

which has been recorded as far back as 1745—is defined by phases of solar maximum and solar 

minimum, corresponding to the maximum and minimum number of observable sunspots, 

respectively. The solar cycle is approximately 22 years, and involves two reversals of the Sun’s 

magnetic field. The frequency of solar particle events is directly proportional to sunspot activity; 

therefore, periods of solar maximum are associated with increased energetic solar events8. In 

contrast, the fluence of HZE ions of GCR is inversely proportional to the solar cycle8.  

 It is important to emphasize the distinction between deep space missions and missions in 

low Earth orbit (LEO), where the majority of human space activities have occurred to date. In 
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LEO, the Earth’s magnetosphere markedly attenuates cosmic radiation. Missions into deep space 

not only require prolonged travel times, but also involve exposures to an environment where 

radiation doses are much higher than previous LEO missions. Precise GCR spectrum, fluence, 

and doses have been obtained for a Mars mission by the Mars Science Laboratory spacecraft 

during the period of December 2011 through July 201215. This radiation data provides very 

accurate estimates for the radiation exposures astronauts on a Mars mission will receive; 

however, the biologic significance of these exposures remains unclear. Of all the potential health 

effects following space radiation, among the most concerning is the risk of carcinogenesis. 

 

CANCER RISK ASSESSMENTS FOR SPACE RADIATION EXPOSURES 

 Cancer risk from exposures to cosmic radiation is considered one of the primary barriers 

to interplanetary travel8,13. Risk of cancer from space radiation exposures must be accurately 

estimated and, if  possible, radiation countermeasures developed prior to human exploration of 

deep space17. Calculating these risks is complicated by a number of factors. First, in the absence 

of human data from space radiation exposures, risk must be extrapolated from epidemiological 

data from acute exposure to terrestrial radiation. Second, as HZE ion exposures result in unique 

ionization patterns for molecules, cells, and tissues18, the effect of radiation quality on late 

biologic effects is unclear and the possibility for fundamental differences of carcinogenesis based 

on radiation quality exist. Third, radiation exposures during prolonged missions occur at low 

dose rates; this is in contrast to the acute doses for which increased cancer rates have been 

demonstrated in human populations. These key issues must be addressed in order to most 

accurately estimate cancer risks for interplanetary space travel. 

 



 6 

 Our understanding of the risks presented by space radiation and potential countermeasures 

are informed by consensus reports assembled by expert panels, including The National Council 

on Radiation Protection and Measurements (NCRP)19-22 and the International Commission on 

Radiological Protections (ICRP)23,24. As an external review of these NCRP reports, the National 

Research Council (NRC) have also released additional consensus documents25,26; these 

documents examine all potential risks involved with deep space travel and have identified the 

“lack of knowledge about the biological effects of, and responses to, space radiation as the single 

most important factor limiting the prediction of radiation risk associated with human space 

exploration”26. The NCRP has comprehensively summarized evidence for radiation-induced 

health risks in a report entitled “Information Needed to Make Radiation Protection 

Recommendations for Space Missions Beyond Low-Earth Orbit”27. This report outlines 

recommendations for areas in which further investigation is needed, including the identification 

of genetic differences that result in increased susceptibility or resistance to radiation-induced 

cancer for an individual astronaut. These consensus documents from the NCRP, ICRP, and NRC 

have been implemented in the current National Aeronautics and Space Administration (NASA) 

radiation protection program. NASA has defined the primary categories of risk for astronauts 

following radiation exposures, foremost of which is carcinogenesis followed by various 

degenerative diseases, including pathologies of the central nervous, ocular, and cardiovascular 

systems28-30. Of these, only carcinogenesis is considered a type I risk, which is defined as a 

demonstrated, serious problem with no available mitigation and represents a potential 

“showstopper” for interplanetary spaceflight31,32. The NASA Space Cancer Risk Model 

(NSCR)33 is the periodically revised amalgamation of estimated cancer risks from space 

radiation and is built on previous iterations with the goal of systematically identifying and 
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addressing knowledge gaps. The most current revisions are based on expert opinions in the areas 

of space physics, radiobiology, epidemiology, and risk assessment; these revisions were 

prioritized and sanctioned by the National Research Council’s Space Science Board25. Reducing 

uncertainties for carcinogenesis following space radiation exposures is an essential part of 

moving forward with deep space exploration. Among the major uncertainties for carcinogenesis 

in deep space are the effects of HZE particle radiation, a form of ionizing radiation that is poorly 

understood in context of health risks, as well as the effects of protracted exposures at low dose 

rates. 

  NASA policy requires that, over an astronaut’s career, the radiation exposures obtained 

are not to exceed a 3% risk of exposure-induced death (REID) from fatal cancer. Further, these 

REID estimates must be valid at 95% confidence28,34. Because human data for tumor induction 

following HZE particle exposure is essentially nonexistent—aside from the sparse human data 

for alpha particle (Z = 2) exposures—cancer risks are predominantly derived from the life span 

study (LSS) of Nagasaki and Hiroshima atomic bomb survivors35,36. This LSS follows a Japanese 

population of approximately 86,000 atomic bomb survivors. These individuals were exposed to 

acute doses of predominantly low LET radiation, although small components of neutron 

radiation were additionally present. This data serves as the basis for life-tables, constructed by 

age group and gender, which guide mortality rate estimates for specific tumor types.  Scaling this 

human epidemiological data to spaceflight crews relies on the following assumptions:  

 

1. That the atomic bomb survivor population is representative of 

the average U.S. population 

2. That the acute dose-rates received by the atomic bomb survivors 

are applicable to the prolonged dose-rates encountered in space 
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3. That the low LET, photon radiation experienced by atomic 

bomb survivors is applicable to high LET, particle radiation in 

space  

 

 To account for these assumptions, the NASA model uses factors which estimate multiple 

parameters for the extrapolation of risks from atomic bomb survivors, including a radiation 

quality factor to estimate the effects of unique forms of radiation in space and factors to account 

for differences in total doses and dose-rate effectiveness33. The extrapolation parameters with the 

highest uncertainty levels are the radiation quality factor and the dose and dose-rate effectiveness 

factors (Figure 1.3).  

 

 

Figure 1.3: Uncertainties in space and terrestrial radiation exposures. Left: Estimate of 
uncertainties in projecting cancer risk for space from terrestrial exposures. Right: Current 
estimates of cancer risk and 95% confidence intervals for adults of age 4017.  
 

 In addition to cancer risks, certain degenerative risks are of particular concern to NASA. 

Although not the focus of this dissertation, degenerative effects of the ocular system will be 

characterized. Cataractogenesis following exposure to radiation is a well-established 

phenomenon in the LSS of atomic bomb survivors, as well as radiation workers30. Although not 

fatal, the potential differences in cataractogenesis between space and terrestrial radiation 
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exposures could create significant life quality complications for aging astronauts. It is estimated 

that, in traveling to Mars, every cell nucleus in an astronauts body will be traversed by an HZE 

ion every few months37.  

 The NASA Space Radiation Laboratory at Brookhaven National Laboratory provides a 

key resource for exploring the uncertainties surrounding radiation quality. The particle 

accelerators there allow for ground based experimentation that provide crucial tools for 

elucidating the effects of HZE ion exposures in model systems for cancer research17. Utilizing 

these accelerator-produced ions to determine the biologic effect of HZE ions on humans will 

depend predominantly on model organisms, such as the mouse. Although in vitro, cell based 

experiments can provide insight into the mechanisms of HZE ion induced cell damage, in vivo 

experiments offer many advantages for modeling of the late effects of radiation, such as cancer. 

Laboratory mice represent one of the best animals to model carcinogenesis. 

 

ANIMAL MODELS 
 
Animal Models of Radiogenic Cancer  
 
 It is estimated that most mammals, including humans and mice, descend from a common 

ancestor that existed approximately 80 million years ago38-40. The genome of this common 

ancestor served as the template for accumulated genetic changes that have resulted in the distinct 

organisms we know today. Despite the clear phenotypic differences between mice and humans, 

the genomes of each remain fundamentally similar (Figure 1.4). Each contain approximately 3 

billion base pairs, about 5% of which codes for proteins, and comparison of the protein-coding 

sequences between the two species reveals that the DNA encoding proteins are approximately 

85% identical. Of the thousands of genes that have been carefully studied, greater than 99% 
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contain homologs in both species. These genetic similarities (between human and mouse) are not 

unique—similar findings would likely be observed for the majority of mammals—but unlike 

other species, the mouse has several features which allow for efficient comparisons between 

genomes. Foremost among these advantages is that the mouse is a well-established research 

model, with decades of characterization and abundant shared genetic and phenotype resources. 

The fact that the mouse has become such a well-studied mammalian model is likely due to the 

following physical and behavioral characteristics: mice are relatively small, require minimal 

husbandry demand, have short generation times, and are easily bred in captivity. 

 

 

Figure 1.4: Synteny between the mouse and human genomes. The physical location of each 
human chromosomal segment, indicated by color, is transposed to regions of the mouse genome 
in which similar segments are present39. 
 

 Animal models have been used for over a century to study radiation carcinogenesis.  The 

results of these studies have contributed to our understanding of how radiation causes cancer, 

how to assess cancer risk in humans from radiation exposures, and how and why individuals 

differ in their susceptibilities. The preferred species have been mice and rats, as these animals 

provide the most realistic in vivo models of tumor formation that can be manipulated 
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experimentally. Radiation investigators have utilized a variety of inbred strains of mice to model 

and characterize the complex process of radiation-induced carcinogenesis. Additionally, as 

research techniques have advanced, the research community has taken advantage of genetically 

engineered mice (GEM) to focus on precise steps in the carcinogenesis process. This section will 

begin with a general discussion of the laboratory mouse, followed by a review of inbred strains 

and GEM models used in radiation research. Mouse models of genetic diversity will be covered 

in a dedicated section.  

 Inbred strains are a practical choice for examining alternative carcinogenesis mechanisms 

that may occur following irradiation of various doses, dose rate, or qualities. Unlike GEM 

models, which are predestined to follow precise carcinogenesis pathways, inbred strains allow 

for the holistic induction and progression of a tumor; therefore, more general conclusions can be 

drawn when characterizing radiation carcinogenesis. The susceptibility of certain inbred strains 

of Mus musculus to specific radiation-induced tumors has a long history41-44. This is not 

surprising considering many of the common inbred strains used today were originally developed 

to study the genetic basis of cancer45. Examples of strains selectively bred to study specific 

tumors histotypes include C3H/He mice (mammary tumors), BALB/c mice (multicentric 

lymphomas), and AKR mice (thymic lymphomas)45.  By chance, some inbred strains that were 

not bred for a given tumor were incidentally discovered to be inherently prone to certain cancer 

histotypes, such as the DBA strain, which happen to have a high incidence of hepatocellular 

carcinomas. Also interesting is the unexpected susceptibility to second tumor types in strains 

bred for a given tumor; strain A mice were bred as a mammary tumor model and also happen to 

develop pulmonary adenomas at high incidences. Of the hundreds of inbred strains commercially 

available, relatively few have been characterized for extensive periods of time following 
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irradiation for tumor incidence; strains of Mus musculus that have been characterized include RF, 

CBA, C3H, BALB/c, C57BL/6, and STS. In addition, F1 crosses of C57BL/6—a relatively 

cancer resistant strain—with C3H or BALB/c have been observed for radiation-induced tumors. 

It is important to acknowledge that the tumors that are induced from radiation in a given strain 

often mirror those that arise spontaneously46,47. Among the common post-irradiation tumor types 

observed are lymphomas, acute myeloid leukemias, pulmonary tumors, Harderian gland tumors, 

ovarian tumors, and mammary gland tumors. Radiation-induced acute myeloid leukemia (rAML) 

is an example of what can be learned from using mouse models of radiogenic cancer. 

 rAML is among the first cancers to be associated with radiation. Although first suggested 

in 1944, as many early radiation investigators were diagnosed with this highly fatal disease48, the 

link between radiation and leukemia was not widely acknowledged until further studies 

corroborated the first reports. Epidemiological evidence for the efficiency of radiation to induce 

AML was clear in studies of atomic bomb survivors35, patients exposed to radiation for cancer 

treatment49,50, and patients treated with radiation for non-malignant diseases such as fungal 

infections51 and chronic inflammatory diseases52-54. Notably, more than a decade before 

published accounts of human rAML, radiation-induced leukemia was described in laboratory 

mice 55.  

 Radiation is a fundamental part of modern cancer therapy and improvements in cancer 

treatment have resulted in longer survival times for patients. Because of this, the risk of 

secondary tumors induced by therapeutic radiation are steadily increasing. Since secondary 

malignancies from therapeutic radiation, such as rAML, can be more consequential than the 

original tumors treated49,50, survival rates for cancer patients is highly dependent on our 

understanding of radiation-induced tumors and development of mitigation efforts. Multiple 
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mouse strains, including inbred RF56,57, SJL/J58, CBA59,60, and C3H/He61, have been essential for 

understanding the mechanisms of radiation-induced leukemogenesis. As is desirable for a mouse 

model of a radiation-induced tumor, the spontaneous AML frequencies in each of these strains is 

relatively low. RF mice have the highest spontaneous AML rate, at 2-4% between the ages of 18-

24 months62,63; CBA, SJL/J, and C3H/He each have an incidence of less than one percent. 

Despite the low spontaneous rates, a single 3 to 5 Gray dose of -rays produces frequencies of 

25% in CBA, SJL/J, and C3H/He mice and up to 90% for RF mice. Much has been learned from 

these mouse models of rAML; one such example is C3H mice. Using C3H/He mice, caloric 

restriction has been identified as an effective method of decreasing the incidence of rAML61,64. 

Further investigation into the protective mechanisms of caloric restrictions in C3H mice suggests 

the suppression of insulin activated pro-growth signaling is likely involved65. 

 Mouse models of rAML have also shed light on the genetic mechanisms that occur 

during leukemogenesis. Karyotype analysis of rAML in all of the previously mentioned strains 

reveals a common chromosomal lesion: the partial deletion of chromosome 266-68. The deletion 

can be observed in susceptible cell populations as early as the first metaphase following 

irradiation69, which indicates that radiation is directly responsible for the initiating events of 

leukemogenesis. Characterization of the common regions in which loss of heterozygosity occurs 

in these mouse models identifies Sfpi1, a gene which encodes the PU.1 transcription factor70, as 

the best candidate for the deleted gene that is most significant for leukemogenesis71,72. PU.1 is a 

normal regulator of hematopoiesis, important for terminal differentiation73,74, and lack of this 

transcription factor may remove important signals which limit  cellular replication. The Human 

SPI1 gene is present on chromosome 1175 and the PU.1 protein is expressed in the majority of 

AML cases76. Unlike the mouse models, SPI1 is only rarely deleted in human rAML77,78. This 
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does not exclude the possibility of epigenetic silencing of SPI1, inactivation via interaction with 

other proteins, such as Flt3, or decreased PU.1 expression due to aberrant miRNA 

expression70,79. The mouse models of rAML have contributed significantly to understanding of 

the human disease and are a powerful tool to develop potential mitigation therapies for radiation-

induced tumors. 

 Genetically engineered mouse (GEM) models have also been used to investigate 

radiation tumorigenesis. GEM models represent a powerful tool to investigate precise steps in the 

complex carcinogenesis pathways. By investigating mice with specific genetic perturbations, the 

understanding of specific radiation-induced diseases, such as lung80,81, skin82, and colon cancer83 

have been advanced.  Specific examples of genetic perturbations used for radiation research 

include mice with activating K-ras mutations, which develop lung tumors80,81, ApcMin/+ mice, 

which are susceptible to intestinal tumors84, and Ptch+/- knockout mice82, which are susceptible 

to basal cell carcinomas and medulloblastoma. Radiation studies using GEM models have often 

focused on understanding the role of radiation in inducing specific tumor types or enhancing 

malignancy. For example, through the use of GEM models, there is accumulating evidence that 

certain radiation qualities, specifically HZE ions, can produce tumors with increased malignant 

properties in mouse models47,85,86. 

 

Rodent Studies of HZE ion exposure 

 To assess the risk of cancer for spaceflight crews, in vivo models of tumor induction are 

essential to most closely model carcinogenesis in humans. To date, relatively few animal studies 

have been conducted to analyze tumor incidence following HZE ion exposures. The studies that 

have performed have involved either inbred mice87,88 or rats89, F1 hybrid mice90-94, or rat stocks 
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with limited genetic heterogeneity89,95-98. Experimental designs employing inbred strains have 

shed light on the relative biologic effectiveness of various radiation qualities for inducing 

specific types of tumor types, including skin46,95,96 and mammary tumors89,97,98 in the rat and 

hepatocellular carcinomas47,88, Harderian gland tumors91,93,99, acute myeloid leukemia in the 

mouse47,88. From these studies, it appears that the tumor types that arise in HZE ion irradiated 

rodents are the same as those that arise spontaneously or following exposures to low LET 

radiation.  

 In one large-scale study utilizing whole-body irradiations with 1 GeV/ nucleon Fe ions, 

multiple tumor types were analyzed and animals were monitored for 800 days88.   

In this study, male CBA/CaJ mice exposed to 0.4 Gy HZE ions were found to have a much 

higher incidence of hepatocellular carcinoma, with an approximate relative biologic 

effectiveness of 50 compared to -ray exposures In the same study, Fe ions were found to be no 

more effective at producing AML than -rays. 

 Harderian gland tumors were the endpoint of interest for multiple early studies using 

B6CF1 mice and a variety of HZE ions, including helium, carbon, neon, argon, and iron91,93. The 

results of these studies serve as the foundation for understanding of the effect of LET on the 

efficacy of tumorigenesis. It is important to mention that these studies utilized pituitary isografts 

to enhance Harderian gland tumorigenesis and a relatively limited post-radiation monitoring 

period.  

 Although not typical of human exposures in space, which will be whole body exposures 

of low doses, one study examined the effects of local irradiation with high doses of HZE ions87. 

In this study, the hindlimbs of C3H/HeMsNrsf mice were irradiated with 5 to 65 Gy of carbon 

ions or 45 to 95 Gray -rays to detect differences in skin reactions. For carbon ions, two different 
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LETs were used, 290 MeV/n and 135 MeV/n. Notably, the doses analyzed in this study are much 

higher than previously mentioned experimental studies in this section and such high doses are 

not relevant for spaceflight crews. Further, as the primary goal of this study was to assess early 

radiation effects (skin reactions), relatively small groups of mice were used. Despite this, 

significant numbers of tumors were observed, most commonly sarcomas (malignant fibrous 

histiocytomas, fibrosarcomas, and osteosarcomas) and less frequent incidences of carcinomas. 

No difference in latency was observed following carbon ion and -ray exposures and both 

radiation types had linear dose responses without saturation for tumor induction.  

 GEM models have also been used for HZE ion exposure studies. ATM is a central protein 

involved in many pathways, including DNA repair, apoptosis, and cell cycle regulation. Since 

radiation is thought to affect carcinogenesis via damage to DNA, proteins such as ATM are 

theoretically important for radiation effects. Consistent with this line of thought, genetic 

mutations in the gene for ATM have been demonstrated to increase susceptibility to radiation 

carcinogenesis in humans100. A GEM model that recapitulates the human ATM 7636del9 

mutation with a knock-in allele was used to study the effects of HZE ions on the genetic 

susceptibility to radiation100. Homozygous and heterozygous mice deficient in Atm activity were 

exposed to 1 Gy of 1 GeV/n 56Fe ions and compared to unirradiated mice. No differences were 

observed in tumor incidence for these mice, however, only a small number of mice were 

necropsied. GEM models have also been used to analyze whether HZE ions modulate the 

malignancy of tumors. Evidence in GEM models appears to support the notion that HZE ions 

produce tumors with higher malignancy. Following HZE ion exposure, transgenic models of 

mammary cancer develop more aggressive tumor subtypes47,85,86. In APCmin/+ mice, a GEM 

model of intestinal tumors, heavy ions increase the number of tumors as well as the invasiveness 
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in comparison to -ray irradiation mice. Also, it should be noted here that in one lifetime 

carcinogenesis study with C3H/HeNCrl mice, these mice appear to have higher incidences of 

metastatic hepatocellular carcinomas46, although this study was not designed to quantify 

metastatic disease.  

 Adequate HZE ion carcinogenesis studies performed in mammalian models are limited 

and, therefore, generalizing the results of these studies must be done with caution. However, 

given the data from the experiments performed to date, it appears that HZE ions are highly 

efficient at producing certain tumor types, such as HCC, while relatively inefficient at producing 

others, such as AML. One key concern—that is addressable—with all previously conducted 

studies on HZE ion carcinogenesis is the lack of genetic diversity in the various rodent test 

populations. Just as GEM models focus the analysis of tumorigenesis endpoints in a way that is 

considered a drawback to investigating more general questions about tumor formation62, inbred 

mice limit the phenotypic repertoire available to study in comparison to outbred mice. Therefore, 

the tumor spectrum that results in a given inbred strain is determined predominantly by the 

genetics of that strain, not by differences in exposure to a given carcinogen. In genetically 

diverse populations of mice, where there is a wide range of tumor susceptibilities, it is possible to 

test the effects of radiation quality on tumorigenesis. And these genetically diverse populations 

of mice offer a better model human genetic diversity. 

 

Modeling Population Diversity with Highly Recombinant Mice 

 It is important to recall that, from a historical perspective, the goal of murine model 

development was to entirely remove the genetic complexity present in outbred animals. Consider 

the legacy of C. C. Little, a fundamental figure in the history of the laboratory mouse101. Little 
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was interested in the genetic basis of cancer. He championed the use of mice for this work and 

was convinced that the best method of studying genetics was by creating inbred strains101. 

Presumably, reproducing Gregor Mendel’s work in a mouse model of tumorigenesis would 

require minimization of the independently acting Mendelian factors. Little founded Jackson 

Laboratories in 1929—prior to the identification of DNA as hereditary material—with the 

concept that cancer was a genetic disorder and with the inbred mouse as the engine of discovery. 

It has been stated that Little’s greatest scientific accomplishment was “seeing the potential value 

of inbred lines for genetic and cancer research”102. Indeed, inbred mice have revolutionized the 

understanding of essentially all areas of biological research, not just cancer. Furthermore, inbred 

strains allow for testing the effects of an environmental variable, such as exposure to a 

therapeutic or radiation, and can be accomplished with relatively few animals due to the 

minimization of genetic and phenotypic variability. Despite the advantages to genetically 

identical test populations, there are also drawbacks. Strain specific responses to a given 

environmental agent, such as exposure to a therapeutic or radiation, may obscure the variability 

we might expect in a genetically diverse population. Additionally, identifying the genetic 

variants that contribute to a given phenotype is impossible using only a single inbred strain. Even 

examining panels of inbred strains, while useful to determine which genetic regions controls a 

given phenotype, does not allow for the segregation of genetic elements. For these reasons, 

crosses of mice have been utilized to dissect the genetic regions, or loci, responsible for a give 

quantifiable trait; mapping the location of these quantitative trait loci, referred to as QTL, has 

since been the goal of many scientists. 

 QTL mapping is a field that has benefitted tremendously from crosses of inbred mice. 

Much of the success in genetic mapping in mice was necessarily preceded by the extensive 
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phenotyping efforts of the mouse genetics community. In 1999, a meeting occurred at Jackson 

Laboratories to consider the value of systematically and consistently phenotyping a large number 

of inbred strains103; ten years following this consensus meeting, 178 mouse strains were 

evaluated in 105 phenotyping projects, yielding over 2000 unique measurements104. These 

collective results, referred to as the mouse phenome project, are publically available at 

(http://phenome.jax.org/) and can be utilized by the research community to determine the 

expected variability in a given trait. Further, the mouse phenome project allows for accurate 

predictions of the heritability of a given trait by calculating the ratio of the variation between 

strains to the total variation. Heritability provides a starting point for investigators who may be 

interested in genetic mapping of a given phenotype. 

 Initial QTL mapping studies utilized an F2 intercross approach, which involve selecting 

two strains on opposite ends of the phenotype spectrum and crossing them (Figure 1.5). The F2 

progeny of such a cross are phenotyped, and the genetic markers—relatively few were needed to 

capture the few recombination events—that most significantly associate with the phenotype are 

identified. Although this method is remarkably effective and has identified thousands of QTL105, 

the identified regions are broad (30 – 60 Mb) and often contain hundreds of genes. Multiple 

methods have been subsequently developed with the goal of narrowing the QTL window. One 

such method is to create congenic strains, whereby the susceptibility QTL is bred to a disease 

resistant background strain so that progressively smaller portions of the QTL are maintained. 

This congenic approach has been successfully used to isolate QTL106-109. However, during this 

backcross procedure, which is designed to narrow a given locus, it is frequently observed that a 

single QTL segregating in such a cross can fractionate and disappear, presumably into multiple 

QTL of smaller effects110,111. Extending the concept of the F2 cross, QTL can be further 

http://phenome.jax.org/
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narrowed by creating advanced intercross lines by adding additional generations of outbreeding 

(Figure 1.5), but the phenotypic variability will still be somewhat limited by the use of only two 

founder strains. Another approach is to create an outbred population of mice with multiple 

founder strains. Such populations have many benefits including increased phenotypic variability 

and the ability to reconstruct the genomes of individual mice into genomic blocks of known 

ancestry, thereby gaining haplotype information which can be used to determine which genomic 

blocks are most important for a given phenotype. By allowing the passage of many generations, 

such crosses benefit from the accumulation of meiotic recombination events, thereby reducing 

the size of haplotype blocks and increasing the resolution for QTL mapping. Examples of these 

multiparent crosses include the Heterogeneous Stock (HS) mice and, more recently, the Diversity 

Outbred (DO) mice (Figure 1.5). The primary obstacle precluding such an approach in previous 

decades was technological. The ability to densely genotype large numbers of mice is a product of 

the genomics age. In addition to the need for dense genotyping, generating information from 

studies with genetically diverse populations demand very large numbers of mice. Compared to 

an inbred strain cross, analyzing an outbred population requires an estimated 10x more animals 

to achieve statistical power in a population with such genetic and phenotypic diversity in 

addition to the 100x more markers necessary to adequately capture the genetic diversity111. As a 

result of the valiant collaborative efforts of mouse genetics community104,112-115, populations of 

highly recombinant mice derived from inbred strains have been developed and maintained with 

the goal of finely mapping the genomic regions that effect complex diseases and traits. The most 

notable are the two distinct HS population and the DO, all of which are distinct multi-parent 

populations created with circular or randomized breeding starting with eight inbred strains116.  

 



 21 

 

Figure 1.5: Breeding schemes to detect quantitative trait loci in mouse populations116.  

 

 The first HS population was developed in the 1970s by McClearn114. The eight founder 

strains were C57BL/6, BALB/c, RIII, AKR, DBA/2, I, A/J and C3H. Originally, this HS was 

created as a source for selection studies and only decades later was utilized for QTL mapping. 

Because of the initial breeding designs, the resulting population was estimated to be somewhat 

unbalanced, meaning that the founder contributions were not equally represented on all 

chromosomes for all mice116. There was potential for complete loss of a given founder strain in 

particular regions of the genome. Despite the unbalanced allele frequencies in the HS, these mice 

demonstrated the utility of such a cross by narrowing a QTL previously identified in F2 

intercross117 to only 0.8 centimorgans118 and paved the way for the subsequent HS.  

 The second HS, designated HS/Npt, was created by Hitzemann, et al. using A/J, AKR/J, 

BALBc/J, CBA/J, C3H/HeJ, C57BL/6J, DBA/2J and LP/J113. Unlike the original HS created in 

the 1970s, all of the progenitor strains are currently available. The HS/Npt have since been 

utilized in numerous high-resolution mapping studies and have helped identify hundreds of QTL 
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for a wide variety of phenotypes111. As predicted, QTL windows were much smaller than those 

previously identified in F2 crosses, averaging only 2.7 Mb111. HS/Npt mice have been used to 

determine the genetic contributions to a wide variety of phenotypic traits, including the 

susceptibility to degenerative diseases such as arthritis119, the susceptibility to toxicity effects 

such as ethanol effects on motor abilities120, and genetic effects on behavior and cognition such 

as fear conditioning121. One of the major drawbacks to the HS mouse population is that, because 

of the genetic diversity, for each new study involving a new test population, the entire group of 

animals must be fully genotyped and phenotyped. Because such large numbers of mice are 

needed to achieve statistical power and high-throughput SNP arrays are required, these studies 

can be cost-prohibitive and therefore reproducibility suffers. For carcinogenesis studies—which 

have not been previously attempted—the added cost of maintaining such large populations for 

over two years to allow for tumor development is a significant consideration. Therefore, when 

studying highly recombinant mouse populations, the benefit to collecting as many phenotypes as 

possible on the same group of mice is significant and can significantly defray the initial costs by 

generating information for multiple traits. Mapping in the HS can aid in discovery by revealing 

novel QTL containing only a small number of candidate genes. However, one drawback to the 

HS population as it exists today is the difficulty in performing functional follow-up studies on 

these identified genetic variants116. 

 The Diversity Outbred (DO) population is the most recently developed stock and was 

created in an effort to address the previously identified shortcomings of the HS populations. 

First, in an attempt to further increase the phenotypic diversity, the DO is composed of 

representative strains from three major Mus musculus subspecies (M. m. musculus, M. m. 

domesticus, and M. m. castaneous): A/J, C57BL/6J, 129Sv/ImJ, NOD/LtJ, NZO/H1J, CAST/EiJ, 
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PWK/PhJ, and WSB/EiJ, the latter three being recently derived from wild mice. Second, the DO 

is maintained with the use of multiple funnels and 175 breeding pairs122; in comparison, the HS 

mice were developed using a single funnel (combining the founder genomes only once) and is 

maintained with 40 to 50 breeding pairs123. Third, an extensive panel of recombinant inbred (RI) 

lines was created from individuals of the DO population; these RI strains serve as a genetic 

reference population to improve the functional follow-up capabilities on candidate genes 

identified in DO mapping studies. These RI strains require only a single round of genotyping 

and, because they are a product of the same DO founders, they contain the same genetic variants 

that could be identified by QTL mapping in the DO. This panel of RI lines is collectively 

referred to as the Collaborative Cross (CC) and, in addition to improving strategies for high-

resolution QTL mapping, aims to offer a unique resource to integrate phenotypic, genetic, and 

genomic data. 

 The Collaborative Cross Consortium115 is a network of mouse geneticists with the 

common goal of creating a resource to support systems level genetic studies112. The CC is a 

shared resource in which RI panels from DO mice are developed and characterized at many 

institutions, including The Jackson Laboratories, University of North Carolina, Tel Aviv 

University, and Geniad in Western Australia115. The overarching goal of this undertaking is to 

characterize—and make publically available—the phenotypes, genotype, transcriptome, 

proteome, and metabolome for each CC strain. Currently, hundreds of genetically independent 

CC lines have been characterized115. Inbreeding of the CC lines began with DO individuals at 

generation 22124. Therefore, panels of CC lines themselves could be potentially used for mapping 

QTL; however, because only 22 generations of outbreeding were performed prior to inbreeding 

the RI panels125, mapping with CC lines would not provide the high resolution that is achievable 
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with the HS or DO, in which the haplotype blocks from the founders become smaller with each 

generation that passes. To demonstrate the utility that the CC will possess, multiple studies have 

been conducted on the partially inbred, pre-CC lines; these studies have allowed for the 

elucidation of genetic regions controlling hematological parameters such as white blood cell 

count126, the susceptibility to influenza127, and genetic determinants of body weight125. As of 

2012, 42 fully inbred lines were available and this number is expected to increase 

significantly124. 

  Multiparent mouse crosses have ameliorated many of the problems that originally limited 

traditional genetic mapping studies: they dramatically increase mapping resolution by increasing 

the density of recombination events and they widen phenotypic variability by introducing allelic 

variants from multiple founder strains. It is important to discuss the new analytical opportunities 

presented by populations that result from multiparent crosses. The combination of (1) high 

throughput genotyping, (2) multiparent populations, and (3) fully sequenced founders can result 

in a population of mice that are essentially completely sequenced using only genotyping. To 

accomplish this, each mouse’s genome must be reconstructed according to parental strain; these 

genome reconstructions can then serve as a scaffold for the imputation of full sequencing 

information. The statistical approaches used to achieve such results are discussed. 

 Genotyping most commonly involves determining an individual’s constellation of single 

nucleotide polymorphisms (SNP); this is the most common form of genetic variation—a single 

base pair error that occurs during replication, subsequently passed along to all descendants. SNPs 

at any individual location are typically one of two possibilities (e.g. an “A” or a “G”). Even 

though it is technically possible to have a SNP region in which up to four possibilities (e.g. A, G, 

T, or C), this is statistically unlikely as this would mean that the same exact base pair—out of the 
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3.1 billion in a mouse or human—was involved in more than one replication error.  Therefore, 

fewer SNP possibilities—two—are quantified than haplotypes—eight—for HS or DO mice. 

However, the eight haplotype states can be calculated from dense SNP arrays by matching the 

linear SNP information present along a chromosome with that of the founder strains. For 

multiparent highly recombinant mice, the heterozygous and mosaic haplotypes that make up an 

individual’s genome can be calculated using a hidden Markov model to uncover the probability 

of hidden states128. There are a total of 36 possible diplotypes, including 8 homozygous and 28 

heterozygous haplotype combinations. A hidden Markov model consisting of a Markov chain 

with 36 states can be utilized to define the probability of transitioning from one state to 

another128-130. In this case, the estimated transition represents a meiotic recombination event. By 

reconstructing the genomes of each mouse of known parentage, the information from SNP 

genotyping increases from two allelic possibilities to eight haplotype possibilities.  

 Many complex diseases have been successfully mapped using mouse models of 

population diversity, however there is one notable exception: carcinogenesis. This may be 

surprising as the laboratory mouse was initially championed as a model to study genetics of 

cancer102. A likely reason for the absence of carcinogenesis endpoints in the HS or DO mice, to 

date, is the abundant added cost of such a lengthy study. Mouse carcinogenesis studies require 

prolonged tumor development periods and thereby demand sizeable housing costs in addition to 

the need for close monitoring. If  each mouse is not monitored closely for the entire duration of 

the study, death may go unnoticed and the resultant autolysis may rapidly obscure the detection 

of any potential disease process that may have occurred. Because such large numbers of outbred 

mice are needed to sufficiently power a QTL mapping study116, these housing and observation 

costs are magnified. Additionally, carcinogenesis is a binomially distributed trait and there is the 
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potential of low cancer incidence, which can compromise the statistical power needed to perform 

association studies. Although carcinogenesis has not been previously analyzed in highly 

recombinant mice to date, the high heritability rate for cancer incidence among inbred strains 

suggests that mapping in such populations will be fruitful. This is especially true for the HS/Npt 

population, which is derived from founder stains with high spontaneous rates of cancer. For the 

DO, which is composed partially of cancer resistant wild derived strains, lifetime carcinogenesis 

studies may present the additional challenge of requiring a higher number of mice to achieve 

tumor incidence rates that provide adequate power to detect QTL. Utilizing carcinogens, such as 

radiation exposures, would theoretically improve QTL mapping for a variety of reasons 

discussed in the following section.  

 

MAPPING GENETIC SUSCEPTIBILITY TO RADIOGENIC CANCER 

 Genome wide association studies (GWAS) utilizing tumor endpoints can be complicated 

by the (1) inherent stochastic nature of tumorigenesis, (2) confounding causes of death, and (3) 

incomplete penetrance of a potential susceptibility allele. Furthermore, (4) tumorigenesis can 

occur by a variety of molecular mechanisms, each of which may be controlled by a unique set of 

genetic pathways, even in tumors that appear identical histologically and originate from the same 

population of cells. In other words, two tumors that are classified identically based on histology 

may indeed be the result of two distinct molecular pathways. Although all of the tumor entities 

that are grouped under a single diagnosis may indeed share common susceptibility alleles in 

tumorigenesis pathways, ideally, each entity would be carefully defined and mapped as a 

separate disease. Tumorigenesis is complex and typically involves the combination of numerous 

pathways, each of which may be affected by numerous potential candidate gene variants. These 
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observations may explain why GWAS of spontaneous cancers often yield modest results. 

Although, to some degree, these challenges are inherent to cancer GWAS, focusing on radiation 

induced cancers may mitigate some of these effects for multiple reasons131. First, QTL mapping 

is improved when the phenotype is more rigorously defined. Radiation exposures, whether 

intentional or not, improve the definition of a tumor phenotype in that tumors that arise following 

radiation exposures are thought to utilize only a subset of potential oncogenic pathways. 

Therefore, radiogenic tumors should provide increased statistical associations with genetic 

variants in comparison to spontaneously arising cancers. Second, the effect of a single strong 

environmental factor (such as radiation) on a phenotype can potentially decrease the background 

of the myriad additional environmental factors that may act as confounders. This is supported by 

the observation that GWAS of adverse drug reactions often yield significant results despite 

having relatively few cases132.  

 Identifying the specific genetic variations that underlie susceptibility to radiation-induced 

cancer in mice is complex. Known deficiencies in specific mouse genes (Apc, Ptch, Trp53, and 

Pten) have been associated with dramatic increases in susceptibility to radiation-induced cancer; 

however, these genetic defects are rare133,134. At a population level, genetic susceptibility to 

radiogenic cancer is likely much more complex and the result of many interacting polymorphic 

genes.  

 An advantage for using outbred mice in tumorigenesis studies is that the diversity of 

tumor phenotypes available to study will likely be larger than the sum of the tumor types 

common to the founder strains. Highly recombinant mice provide the capacity to analyze the 

phenotypic variability that results from the myriad genetic combinations produced in outbred 

mice135. For tumorigenesis studies, the mosaic of founder haplotypes present in each mouse 
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creates a wide range of susceptibilities at a population level and allows the possibility of 

evaluating the effect of a given carcinogen on a range of tumor types. Further, this phenotypic 

variability can be leveraged in carcinogenesis studies to determine whether a given carcinogen 

will produce the same spectrum of tumor phenotypes as second carcinogen. In other words, such 

a population can be utilized to determine whether tumors that occur following exposure to -rays 

also occur following HZE ion exposures. Carcinogenesis is a complex process and tumors—even 

those belonging to the same histotype—may arise via unique tumorigenesis events. As an 

example in mice, consider AML. AML is a broad diagnosis given to a group of malignancies that 

may arise via multiple distinct molecular aberrations44. Therefore, by mapping populations of 

outbred mice for susceptibility to distinct forms of radiation (HZE ions and -rays), it is possible 

to determine whether these unique forms of radiation induce tumors via the same oncogenic 

pathways.  

 The HS/Npt stock has several advantages for radiation carcinogenesis studies. Three of 

the progenitor stains, BALB/c, C3H/HeJ and C57BL/6J, have been previously characterized in 

radiation carcinogenesis studies. Strain specific increases in hepatocellular carcinoma, lung 

adenoma, AML, mammary tumors, or ovarian tumors have been documented. In contrast, the 

DO mice have certain limitations when considering carcinogenesis as an endpoint. Although the 

founder strains provide the DO with extensive genetic diversity, of these founders, only 

C57BL/6J has been well characterized for radiogenic cancers. And it should be mentioned that 

C57BL/6J is widely considered a relatively tumor resistant strain. Of the additional DO founders, 

A/J and 129S1/Sv have also been well characterized for spontaneous tumors, but the remaining 

five strains have not. Additionally, there is a possibility that this population may be genetically 

resistant to some tumor types. Part of this concern arises from the fact that the DO population is 



 29 

created from three strains recently derived from wild mice (WSB/EiJ, CAST/EiJ and PWK/PhJ). 

These strains are likely to be relatively cancer-resistant and, therefore, confer some level of 

tumor resistance to the population at large. Indeed, two of these strains, CAST/EiJ136 and 

PWK/Rbrc137, have been used as the tumor resistant strain in mapping crosses to detect tumor 

QTL. Since tumor incidence in a population will dictate the total number of animals needed, and 

since estimates for tumor incidence for the DO are not readily available at this point, the use of 

DO for carcinogenesis studies presents large uncertainties. This may change over time, 

particularly if  spontaneous tumor phenotypes are observed and characterized in the DO; 

however, currently these uncertainties make HS mice the most reasonable choice for cancer QTL 

discovery.  

 One feature of HS or DO mice that is also highly relevant to the deficiencies currently 

present in the NASA space cancer risk model is the following: highly recombinant mouse 

populations are uniquely suited to compare the similarity of multiple carcinogens at a genetic 

level. Specifically, this risk model lacks knowledge on whether -rays are similar to HZE ions 

during tumorigenesis. Comparative QTL mapping in HS mice represents an excellent approach 

to determining the significance of space radiation by determining if  HZE ions produce the same 

types of tumors, molecularly and histologically, as -rays. Comparative QTL mapping in highly 

recombinant mice has not been previously reported; therefore, comparing QTL between groups 

presents additional analytical challenges when contrasted with the typical use of the DO or HS 

studies, which aim to identify the genetic basis of a given phenotype rather than potential 

similarities between QTL. Below, two additional statistical procedures are discussed that can be 

adopted to compare genome wide association data between radiation exposure groups: resample  
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model averaging to compare individual QTL and unsupervised hierarchical clustering to 

compare entire genome scans. 

 

CO-OPTING STATISTICAL TOOLS TO COMPARE GENETIC SUSCEPTIBILITY 

Resample Model Averaging for Comparative QTL Analysis 

 Bootstrap aggregation is a resample model averaging procedure which has been 

demonstrated to produce highly accurate estimates of QTL in structured populations111,138. The 

procedure is relatively simple: for a GWAS of n individuals, a sampling of n draws is obtained, 

with replacement, from the observed individuals to form a new data set in which some 

individuals are omitted and some appear multiple times. For each new data set created in this 

way, an estimate of the QTL location is calculated. This process is repeated many times and is 

the basis for determining a confidence interval for a given result. The use of bootstrap procedures 

is commonly utilized in this way to estimate QTL support intervals in experimental crosses 

130,138-142; however, this statistical method can potentially be applied to a variety of questions, 

including comparative QTL mapping.  

 An example of the variety of uses for resample model averaging is presented by Quarrie, 

et al140. This group suggested the use of nonparametric bootstrapping to differentiate pleiotropy 

from close linkage in QTL mapping140. When an identical QTL is observed for two distinct 

traits, one explanation is that a single gene is involved for two distinct biologic processes, also 

known as pleiotropy. This was sometimes assumed143,144 in early mouse QTL studies that 

resulted in coincident loci for distinct traits. Another possibility, however, is that two distinct 

genetic variants are present in close proximity, each independently contributing to the two 

phenotypes. Because the two hypothetical genetic variants happen to be in close proximity, they 
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are difficult to distinguish in low resolution mapping studies140. Using resample model averaging 

in these situations was suggested to best differentiate precise locations of the QTL; if  the same 

markers were repeatedly identified, the case for pleiotropy was strengthened.  

 For comparative QTL mapping in tumorigenesis studies, nonparametric resample model 

averaging could similarly be leveraged to identify whether the same QTL renders an individual 

susceptible to distinct environmental carcinogens. One significant advantage to using bootstrap 

procedures to detect potential coincident loci is that comparisons can be made between groups 

based on the identification of a highly significant QTL identified in only one exposure group 

(e.g. at a false positive rate of 1 per 20 scans). This QTL may be present in the alternative 

exposure group, but at lower confidence (e.g. at a false positive rate of 1 per 10 scans), and 

therefore discarded in a typical GWAS. A diagrammatic representation of the comparative QTL 

bootstrap procedure is presented in Figure 1.6. Because the resultant genetic positions derived 

from bootstrapping are composed of the most significant locus for each resampling regardless of 

the significance level for the mapping procedure, comparisons can be drawn between QTL that 

might have been discarded based on the stringent statistical demands of an assay involving 

hundreds of thousands of independent tests.  

 Using the comparative QTL procedure described, it can be determined whether an 

individual’s cancer risk from one carcinogen will be predictive of that individual’s cancer risk to 

another carcinogen. The application of this procedure is well-illustrated by the space radiation 

problem, where much is known about -ray exposures and little is known about space radiation 

exposures. 
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Figure 1.6: Diagram of a nonparametric resample model averaging procedure for comparative 
QTL mapping. 

 

 

Clustering Procedures for Genome Wide Association Scans 

 Clustering is a common analysis procedure for high-dimensional data. It can be a useful 

method for identifying structure in a dataset by identifying groups based on the similarity of their 

components. Numerous clustering algorithms have been described and implemented over the 

past 50 years145-147. Important aspects of the clustering algorithm include the distance metric used 

to compare samples and the linkage criteria between sets of observations. Because any clustering 

procedure can be applied to any dataset, care must be taken to select the appropriate algorithm so 

that the information present within a given dataset is best utilized. 
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 Clustering was widely adopted by the genetics community in an effort to interpret the 

dramatic increases in gene expression data that accompanied the “omics” revolution. Consensus 

methods were developed for algorithm selection so that the data was most appropriately 

utilized148,149. The data sets created for gene expression experiments are hundreds or thousands 

of measurements that are independently measured. This is in contrast to genotype data, which 

consists of numerous data points along a linear structure—the chromosome. These unique 

aspects require unique distance measures, which is the underlying comparison made during 

clustering. Several distance metrics are available for cluster analysis; however, these methods 

can be broadly separated into two families: Euclidean distances and correlations (Figure 1.7).  

 

 

Figure 1.7: The results of clustering on a hypothetical dataset using two distinct distance 
metrics: correlation and Euclidean distances. 
 
 
 Euclidean distance calculations are based on the magnitude of difference between two 

samples. This distance measure is well suited to make comparisons between samples that contain 

large numbers of unrelated observations. Euclidean distances are the most appropriate measure 

for clustering gene expression data, where each value represents a single gene and no linear 

structure is present between given data points. However, when dealing with linearly arranged 
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data, such as the results of a genome scan, each successive data point is inherently associated 

with its neighbors. Therefore, shape should be considered during cluster analysis.  

 Correlation calculations are better able to detect shape or trends in a dataset. This is true, 

in part, because correlation measures are unit independent. If  all the values of one object in a 

cluster analysis were scaled one hundred times, the correlation results would remain unaffected 

but the Euclidean distance results would be remarkably different150. Because of the capability for 

correlation analysis to capture similarities between linear trends or shapes in a dataset, this 

distance measure is best suited to detect similarities between genome scans.  

 Unlike other statistic procedures, such as regression models, clustering lacks a response 

variable and is not routinely performed as a formal hypothesis test. Therefore, determining the 

significance of a clustering result can be problematic as no consensus method exists for cluster 

validation146. Permutation analysis simply provides the distribution of clustering results that will 

randomly occur from a given dataset; this can then be used as a baseline from which to 

determine a significance level on a given dendrogram tree. While the overall validity of a given 

cluster can be accomplished by cluster permutation analysis, no method is identified to estimate 

the number of clusters that should be present in a dataset146. Further, methods to determine the 

significance of specific subset of objects clustering together do not exist; in such cases, the 

permutation threshold is likely overly stringent. 
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Project Rationale  

 

 There are a number of possibilities that could lead to the extinction of life on Earth, 

including asteroid collision, nuclear war, or global environmental changes that render the planet 

inhospitable. The future of humanity is best safeguarded from such catastrophe by establishing 

independence from Earth, thereby defending the future of all that has evolved terrestrially by 

subsidizing life on other planets. Of the many challenges associated with the pursuit of a multi-

planetary existence, this dissertation addresses the interplanetary space radiation environment. 

Despite the growing understanding of the physical properties of the space radiation environment, 

the biological effects of such an environment remain unclear. These biological effects, 

particularly cancer risks, are considered the most significant impediment to space travel. Further, 

understanding the significance of space radiation is highly limited by the lack of human 

epidemiological data for such exposures and will continue to rely on experimental animal 

studies. The overarching goal of these projects is to examine some of the uncertainties 

surrounding the risks that face humans exposed to galactic cosmic radiation. 

 Cancer risk from galactic cosmic radiation exposure is considered a potential 

"showstopper" for a manned mission to Mars. Protected by Earth’s magnetosphere, life has 

evolved in the absence of HZE ions, a biologically important element of the space radiation 

environment. In the absence of human exposures to HZE ions, risk estimates for humans are 

necessarily derived from a combination of the observed effects of humans exposed to -rays and 

the experimental studies analyzing the comparability of HZE ion and -ray exposures. In 

Chapter 2 (Characterization of the Tumor Spectrum Arising in HZE ion Irradiated 

Outbred Mice), we characterize the spectrum of tumors that arise in a heterogeneous stock of 
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mice irradiated with HZE nuclei and compare it to the spectra of tumors arising in similar 

populations of -ray irradiated or unirradiated mice. This heterogeneous stock of mice presents 

the best available method to study radiation effects on a genetically diverse population, such as 

humans, and allows the comparison of a wide variety of tumor types. These tumor types are 

characterized histologically by board certified veterinary pathologists and further characterized 

molecularly as appropriate to most rigorously define tumor entities. Lymphomas, the most 

common tumor observed for HS mice, are immunophenotyped using tissue microarrays and 

subtyped using the Bethesda protocols27,28. Additionally, acute myeloid leukemias are classified 

according to specific chromosomal deletions and hepatocellular carcinomas are classified 

according to the presence or absence of a known fusion gene. Tumor malignancy is also assessed 

in these mice. Metastasis surveillance is accomplished by histologically examining all lung lobes 

in mice with an observable primary tumor. Further, metastatic density is quantified to determine 

potential differences between exposures groups.  

 Genetic susceptibility to the development of radiogenic tumors is also explored to 

determine overlap in susceptibility for spontaneous tumors as well as tumors arising in -ray and 

HZE ion exposed mice. The capability of identifying individuals at risk for radiogenic tumors 

could valuably inform crew selection protocols and minimize the effects of radiation exposures 

on astronauts. Through a genetics approach using carcinogenesis data from a mouse model of 

genetic diversity, as outlined in Chapter 3 (Genome mapping identifies overlap in 

susceptibility for HZE ion and γ-ray induced tumors), we investigate the genetic regions that 

are involved with susceptibility to -ray and HZE ion induced tumors. The combination of the 

methodical and balanced accumulation of genetic recombination paired with genotyping arrays 

that are sufficiently dense to capture these recombination events allows for gene level resolution 
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for QTL affecting tumor susceptibility. We identify and characterize the moderate and large 

effect QTL that underlie susceptibility to spontaneous, -ray-induced, and HZE ion-induced 

tumors and determine if  the QTL overlap between the groups. With the current availability of 

novel mouse models of genetic diversity, there is abundant potential to discover mechanisms of 

genetic susceptibility to cancer risk. Comparative QTL analysis can also be employed for 

different exposures groups. In addition to cancer susceptibility, other endpoints are of concern 

for astronauts. The same mice from the carcinogenesis study described above are also 

phenotyped for cataractogenesis as described in Chapter 4 (Overlap in genetic susceptibility to 

cataractogenesis following HZE ion and γ-ray exposures). Susceptibility to cataractogenesis, 

while likely not fatal, could result in significant health risks for astronauts. Further, utilizing the 

genetically characterized mouse resources produced in the carcinogenesis study for additional 

phenotypes represents a conservative strategy to maximize biologic information obtained. 

 One central limitation for all ground-based studies involving HZE ions produced in 

particle accelerators is dose rate. Chronic exposures to accelerator produced HZE ions over 

weeks to months is not technologically feasible; however, exposures in the space radiation 

environment are received over the duration of a mission at continuous low dose rates. In 

Chapter 5 (Dose rate effects on carcinogenesis: differences in tumor histotype and genetic 

susceptibility), we examine whether differences in radiation dose rate, achieved via dose 

fractionation, can affect tumor histotype. In addition, we demonstrate that genetic background 

can affect an individual’s response to radiation at different dose-rates by utilizing two different 

strains of mice. As one would expect, individuals at increased risk for tumors at acute dose rates 

are also at increased risk when the same total dose is delivered over a protracted time period.  
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 This dissertation has two principal goals, each of which aim to reduce the uncertainty of 

carcinogenesis risk assessment from exposures to the interplanetary space radiation environment. 

The first is to determine whether HZE ion exposures, the most concerning constituent of the 

space radiation environment, produce the same types of tumors as those that occur following -

rays exposures in a genetically diverse population. The second is to determine the genetics of 

tumor susceptibility for each exposure group and determine whether overlap occurs. This work is 

not based on an assumption that the tumors observed in HZE ion irradiated mice will likely also 

occur in humans. Rather, it is based on the likelihood that if  mice develop the same tumors 

regardless of exposure to HZE ions or -rays, humans will as well. And if  the genetic 

susceptibilities to tumors are the same for mice exposed to HZE ions or -rays, known genetic 

susceptibilities for humans exposed to -ray can be extrapolated to space radiation exposures.  
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Chapter Two 

 

Characterization of the tumor spectrum arising in HZE ion irradiated outbred mice 

 

SUMMARY 

 In the absence of human data for high charge, high energy (HZE) ion exposures, 

calculating the risk of carcinogenesis for the space radiation environment will continue to rely on 

animal studies of HZE ion exposures and human epidemiologic data for -ray induced tumors. If  

animals develop the same tumor spectra—histologically and molecularly—whether exposed to 

HZE ions or -rays, the similarities in tumorigenesis should also apply to human populations. 

Extrapolation of the data from human -ray exposures to HZE ion carcinogenesis risk is 

supported by a small number of experimental studies, in which HZE ions were shown to induce 

the same tumors in mice that arise following -ray exposure. However, only a small number of 

HZE ion carcinogenesis studies have been performed to date and all of these studies have 

utilized animal populations composed of genetically identical, or nearly genetically identical, 

individuals. Genetically homogeneous populations are predisposed to specific tumor types, 

regardless of carcinogen exposure, and may therefore obscure the variability that would be 

observed in a genetically diverse population, such as humans.  

 To compare the spectra of tumors that arise in a genetically diverse population, three 

groups of male and female HS/Npt mice, derived from the same outbreeding generation, were 

established. The first group (n = 622) was exposed to either a 0.4 Gy dose of 240 MeV/n 28Si 

ions or 600 MeV/n 56Fe ions; these two HZE nuclei have been demonstrated in the space 

radiation environment. The second group (n = 615) was exposed to a 3.0 Gy dose of 137Cs -rays 
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and serve as a reference population for the HZE ion carcinogenesis data. Although at face value 

the doses for each group seem disparate, preliminary studies indicate that 0.4 Gy of HZE ions 

and 3.0 Gy of -rays are each maximally tumorigenic. Because this study aims to identify 

differences in the tumor spectra between the two radiation qualities, maximally tumorigenic 

doses are desirable. The third group (n = 613) was exposed to all the same conditions as the 

aforementioned groups, but was sham irradiated (placed in radiation chambers and facilities in 

the absence of radiation). This unirradiated control group also serves as reference population so 

that the tumor spectrum that occurs spontaneously in HS/Npt can be best differentiated from the 

tumor spectra induced following HZE ion and -ray exposures. The mice were monitored for 

cancer development until they reached 800 days of age or became moribund. Comprehensive 

necropsies were performed on each mouse and on all organ systems. Each detected macroscopic 

lesion was characterized histologically. Lymphomas, the most commonly diagnosed tumor for 

all exposure groups, were subcategorized according to immunophenotype and Bethesda 

protocols for lymphoid neoplasms. Acute myeloid leukemias were analyzed for the presence of 

characteristic, radiation-induced deletions in chromosome 2. Hepatocellular carcinomas were 

characterized for the presence or absence of a specific fusion gene transcript. Lung lobes were 

examined for the presence of metastases for mice with solid tumors and metastatic densities were 

quantified using whole slide imaging.  

 Tumors were the predominant cause of morbidity and mortality in all groups. HZE ion 

irradiated mice survived longer than -ray irradiated mice, but not as long as unirradiated 

controls. The reduced life spans of irradiated mice resulted partly from increased tumor 

incidences as well as decreased tumor latencies. -ray irradiated mice were at greater risk for 

hematological malignancies, pituitary tumors, and ovarian tumors than unirradiated mice; HZE 
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ion irradiated mice demonstrated an intermediate susceptibility to these histotypes. For Harderian 

gland tumors, thyroid tumors, hepatocellular carcinomas, and sarcomas, HZE ion and -ray 

irradiated mice were at a similarly and significantly increased risk compared to unirradiated 

controls. Radiation-induced acute myeloid leukemias, whether following HZE ion or -ray 

exposures, had increased incidences of a commonly deleted region in chromosome 2 compared 

to spontaneous myeloid leukemias. Malignancy, as defined by metastatic incidence and density, 

was not significantly different between unirradiated and irradiated mice. These results support 

the current NASA model used to predict carcinogenesis risk from space radiation exposures.  

 

INTRODUCTION 

 Risk is inherent to exploration and acceptable levels of risk must be defined by a society 

based on the potential costs and benefits of exploration. Estimating the risks involved with space 

exploration is complicated by the uncertainty surrounding the biologic effects of the unique 

forms of radiation present only in space: high energy, high charge (HZE) ions. The HZE ions 

present in space can be replicated in particle accelerators and studied in attempts to predict space 

radiation associated risks for astronauts. For cancer, which is already the second most common 

cause of death for Americans, NASA defines risk as the amount of excess cancer deaths 

attributable to radiation exposures. This acceptable risk is established as a 3% increased risk of 

exposure-induced death (REID)1. The current NASA model to calculate cancer risk from space 

radiation exposures is built largely upon epidemiological data from the survivors of the 

Hiroshima and Nagasaki atomic bombings, a cohort of individuals exposed predominantly to -

rays2-4. One key assumption in this model is that the spectra of tumor types, and their biologic 

behaviors, will be similar for individuals exposed to different forms of ionizing radiation. 
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However, notable physical differences exist between terrestrial radiation such as -rays—which 

are composed of sparsely ionizing photons—and the densely ionizing particle radiation found in 

space. Missions to a near Earth asteroid or Mars currently exceed NASA’s 3% REID for fatal 

cancer5. Even the duration of International Space Station (ISS) missions are restricted by the risk 

for fatal cancer. Male astronauts are limited to 24 months on ISS by the 3% REID for radiation 

carcinogenesis6. Female astronauts achieve the same level of risk much sooner than their male 

crewmates, at approximately 18 months6. This difference is supported by physical dosimetry and 

epidemiological data, which indicates that women are at greater risk for radiogenic cancers than 

men due to their longer lifespans, smaller body size, and susceptibility to specific cancer types, 

such as ovarian and breast carcinomas.  

 As the 3% REID is derived from the upper 95% confidence interval for the risk estimate1, 

decreasing the uncertainty for space radiation-induced cancers can significantly alter what 

missions NASA will support. The 95% confidence interval surrounding the risk estimates is 

primarily a reflection of the uncertainties of the biologic effects of HZE ions, a high energy 

radiation type not naturally found on Earth, but also includes uncertainties surrounding the 

effects of dose-rate and dosimetry in space, the translatability of risk between different human 

populations and errors in the current human data, and other concomitant space phenomena, such 

as the contributory effects of microgravity to biologic effects in astronauts7,8.  

 In assessing cancer risks to astronauts, the premise that HZE ion exposures increase the 

risk for the same types of tumors that arise in human populations exposed to -rays is supported 

by the few animal studies of HZE ion carcinogenesis conducted to date. So far, these studies 

have found that the tumor types that arise in HZE ion irradiated animals are the same as those 

that occur spontaneously in these animals or following exposure to sparsely ionizing radiation9. 
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However, all of the data are from either inbred mice10,11 or rats12, F1 hybrid mice13-17, or rat 

stocks with limited genetic heterogeneity12,18-21. Experimental designs employing inbred strains 

are well suited to compare the relative effectiveness of various radiation qualities for inducing 

specific types of tumors. But since the tumor types that arise in inbred mice are determined, in 

very large part, by their genetic background, the spectrum of tumors that might arise in a 

genetically diverse population exposed to HZE ions is unknown.  

 To more closely model the genetic diversity present in human populations and to 

minimize the overwhelming effects of genetic background present in previous rodent HZE ion 

carcinogenesis studies, a mouse model of genetic diversity known as the HS/Npt is utilized. 

HS/Npt mice are a highly recombinant, genetically heterogeneous stock of mice derived from the 

systematic outbreeding of eight inbred founder strains22. This population is composed of 

genetically and phenotypically diverse mice, each of which has a unique constellation of the 

tumor susceptibility alleles present in the founder stains. HS/Npt mice have been utilized 

extensively for QTL mapping23-26 and are derived from eight founder strains, each of which is 

prone to unique tumor histotypes. 

 To determine whether the tumor spectrum observed in -ray irradiated population, such 

as the atomic bomb survivors, can be extrapolated to similar populations exposed to HZE ions, 

such as astronauts, populations of HS/Npt mice are exposed to each. Although it is unlikely that 

the specific tumor types observed in mice will also occur in humans, if  the same spectra of 

tumors occur following exposure to HZE ions and -rays in mice, this provides strong evidence 

that the human epidemiological data for -ray exposures can be extrapolated for HZE ion 

exposures risks in astronauts. 
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METHODS 

Animals and radiation exposures 

 Male and female HS/Npt mice (n = 1850) were generated from breeding pairs obtained 

from Oregon Health & Sciences University (Portland, OR). These outbred mice were generated 

via circular outbreeding procedure involving 48 families. All the mice for this study were 

produced in generation 71. Founder strains for the HS/Npt include A/J, AKR/J, BALB/cJ, 

C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and LP/J (Figure 2.1)22. The mice were group housed (5 

mice of the same sex per cage) in a climate-controlled facility with free access to food and sterile 

water, and a 12-hour light cycle. Mice were shipped to Brookhaven National Laboratories 

(Upton, NY) where they were exposed to accelerator produced HZE ions, -rays, or shame 

irradiated at the NASA Space Radiation Laboratory at 3 to 4 weeks of age. HS/Npt stock mice of 

both sexes were exposed to 0.4 Gy of 240 MeV/n 28Si ions (n = 308) or 600 MeV/n 56Fe ions (n 

= 314), 3 Gy of 137Cs -rays (n = 615), or sham irradiated (n = 622). Following irradiation 

exposure or sham irradiation, mice were returned to Colorado State University Research 

Innovation Center (Fort Collins, CO) and monitored twice daily for the duration of the study. 

The mice were phenotyped for cataractogenesis by slit lamp biomicroscopy, cognitive deficits, 

and cancer development until they reached 800 days of age or became moribund. Moribund mice 

were euthanized with CO2 according to the Colorado State University Animal Care and Use 

committee guidelines. A laboratory technician was trained to systematically evaluate all organ 

systems and thorough necropsy and tissue collection procedures were performed for each mouse. 

For cases of splenomegaly, thymic masses, mammary masses, and liver masses, fresh sections of 

tumor were frozen at negative 80 degrees Celsius and small sections were mixed in RNA 

stabilization solutions (RNAlater®). All gross lesions were formalin-fixed and paraffin 



 54 

embedded for histologic evaluation. Five coronal sections were grossly evaluated on each mouse 

following 48 hours of cranial decalcification. 

 

 

Figure 2.1: Heterogeneous stock mice founder strains and a cartoon depiction of a single 
chromosome following multiple generations of outbreeding. The chromosome has numerous 
accumulated meiotic events resulting in a mosaic of founder haplotypes and a large degree of 
heterozygosity. 
 

Pathology examination for HS/Npt mice 

 For this lifetime carcinogenesis study, all disease-states were interpreted within the 

context of a systematic pathologic evaluation directed by board certified veterinary pathologists. 

Structured necropsy and tissue collection protocols were followed for each mouse and involved 

the photo-documentation of gross lesions. In order to evaluate brain tissues and bilateral 

Harderian glands, craniums were decalcified for 48 hours and five coronal sections of the skull 

were reviewed for each mouse. In the event of a solid tumor, all lung fields were examined 

histologically to detect the presence or absence of micro-metastases. Tumor nomenclature was 

based on consensus statements (https://www.toxpath.org/inhand.asp).  Representative gross and 

microscopic pathology for select tumors are presented in Figures 2.2, 2.3, and 2.4. 

https://www.toxpath.org/inhand.asp
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Figure 2.2: Representative gross and histologic pathology for a. thyroid adenoma, b. Harderian 
gland adenocarcinoma with pulmonary metastasis, c. hepatocellular carcinoma with pulmonary 
metastasis, d. splenomegaly with acute myeloid leukemia, e. pituitary adenoma f. pituitary 
adenoma.  
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Figure 2.3: Representative histologic images for a. pulmonary metastases from a hepatocellular 
carcinoma, b. thyroid adenoma, c. Harderian gland adenocarcinoma (left) and adenoma (right), d. 
adrenal pheochromocytoma (left) adjacent to kidney, e, renal lymphoma.  
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Figure 2.4: Gross, histologic, and immunohistochemical features of precursor T-cell 
lymphomblastic lymphoma: a. grossly enlarged thymus, b. effacement of the thymus by 
neoplastic lymphocytes, and c. uniform neoplastic lymphocytes with numerous mitotic figures, 
d. immunopositivity for CD3. 
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Figure 2.5: Lymphoma subtype data: a. distribution of lymphoma subtype by treatment group, b. 
Kaplan-Meier survival for mice diagnosed with each lymphoma subtype, including B-cell 
lymphoblastic lymphoma (BLL), Diffuse large B-cell lymphoma (DLBCL), follicular B cell 
lymphoma (FBL), Precursor T cell lymphoblastic lymphoma (PreT LL), and all other observed 
lymphomas combined.  
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Immunophenotyping lymphoid neoplasms 

 Tissue microarray constructions were utilized to immunophenotype and subcategorize 

lymphoid neoplasms, which were the most commonly diagnosed tumors in irradiated and 

unirradiated HS/Npt mice. Tissue microarray recipient blocks were constructed using the 

Arraymold® 150 x 1.5mm mold using Paraplast X-TRA® paraffin (Sigma Aldrich). Tissue 

identification and verification was performed for all cases by histologically analyzing 

Hematoxylin and Eosin stained sections along with the matching paraffin blocks. Identification 

of tissue sampling regions was performed by a veterinary pathologist. For each case, duplicate 

tissue cores were taken from multiple anatomic locations. Thirteen tissue microarrays were 

created, each of which contained six cores of normal tissue at one corner of the array (haired 

skin, spleen, thymus, or liver); these control tissues were present in a unique combination and 

allowed for (1) orientation of the resulting sections, (2) verification that the slide matched the 

block, and (3) positive controls for immunohistochemistry.  Figure 2.6 illustrates one tissue 

microarray as well as the resulting immunohistochemistry results for one thymic lymphoma and 

a core containing normal spleen. Immunohistochemistry for T-cell identification was performed 

using a rabbit monoclonal, anti-CD3 [SP7] antibody obtained from Abcam®  (ab16669); this 

antibody was used at a concentration of 1:300. Immunohistochemistry for B-cell identification 

was performed using two rabbit monoclonal antibodies: an anti-CD45 antibody (ab10558) at a 

dilution of 1:1000 and an anti-PAX5 antibody (ab140341) at 1:50 dilution. All 

immunohistochemistry was performed on a Leica Bond-Max autostainer with the Leica bond 

polymer refine red detection system (Leica DS9390, Newcastle Upon Tyne, United Kingdom). 

In addition to defining the immunophenotype, lymphomas were characterized according to the 

Mouse Model of Human Cancer Consortium’s (MMHCC) Bethesda protocols27,28. For these 
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protocols, anatomic location is important for the final diagnosis and, therefore, lymph node 

involvement was utilized from necropsy reports when necessary. Additional features included 

cell size, nuclear size, chromatic organization, mitotic figure frequency, and the presence or 

absence of a leukemic phase was defined by bone marrow involvement within the sternum or 

femur. 

 

Figure 2.6: Immunophenotyping lymphoid neoplasms using Tissue microarrays (TMA) and 
immunohistochemistry for CD3 and Cd45r. Each core in the tissue microarray had an 
examination area of 1770 micrometers and all cases of lymphoma were examined in duplicate.  
 

 Histologic criteria for the most commonly diagnosed forms of lymphoma in HS/Npt—

which are summarized in Table 2.1—are discussed briefly. Follicular B cell lymphoma (FBL) 

often involved the spleen, less commonly the mesenteric lymph nodes, and characteristically had 

increased numbers of infiltrating small T-cells. The nuclei within neoplastic cells in FBL were 

typically large, vesicular, and cleaved and mitotic figures were infrequent (less than one per 400x 

field). Diffuse large B cell lymphoma (DLBCL) had a similar anatomic distribution as FBL 

(typically involving the spleen and abdominal lymph nodes) and often also involved other 

organs, such as the thymus and mediastinal lymph nodes. The mitotic rate is higher for DLBCL, 

particularly in comparison to FBL, and mitotic figures often number three or more per 400x 
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field. DLBCL is composed of medium-sized cells with scant cytoplasm and round vesicular 

nuclei often containing a prominent nucleoli adherent to the nuclear membrane. B-cell 

lymphoblastic lymphoma (BLL) have very high mitotic activities, typically involve and wide 

variety of lymph nodes (mesenteric, mediastinal, mandibular, popliteal, etc), and are composed 

of uniform lymphoblastic cells with round nuclei and centrally located nucleoli. The most 

common form of T cell lymphoma, precursor T cell lymphoblastic lymphoma (Pre-T LL), 

invariably presented as markedly enlarged thymic tumors and were often the cause of morbidity-

induced sacrifice in relatively young mice. These tumors often have up to 10 mitotic figures per 

400x field and are composed of uniform, medium-sized cells with round nuclei.  

 

Table 2.1. Lymphoma subtypes for HS/Npt mice in each radiation exposure group.  

 

 

Molecular characterization of AML 

 Droplet digital PCR was performed on cases of acute myeloid leukemia (AML) to assess 

deletion status via copy number variation for two genes: Sfpi1 and Asxl1. These genes are both 

located on chromosome 2 at base pair locations 91,082,390–91,115,756 for Sfpi1 and 
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153,345,845–153,404,007 for Asxl1. To establish a reference for normal diploid copy number in 

each AML sample, the copy number of H2afx was also determined. H2afx is located on 

chromosome 9 and deletions in this region have not been reported in murine acute myeloid 

leukemia. BioRad PrimePCR™ probes were used for all assays as follows: Asxl1 ddPCR™ probe 

(dMmuCPE5100268), Sfpi1 ddPCR™ probe (dMmuCPE5094900), and H2afx ddPCR™ probe 

(dMmuCPE5104287).  

 Ratios were created between the test gene and the reference gene (Sfpi1:H2afx and 

Asxl1:H2afx) to determine copy number with the assumption that the reference gene would not 

be deleted or amplified. Ideally, ratios of 1:1 represent equal copy numbers for both the test gene 

and the reference gene and ratios of 1:2 represent a deletion in one copy of the test gene. 

However, since the tumor samples contained neoplastic cells as well as stromal cells and other 

cells, the ideal 1:2 ratio was not commonly observed. This is because stromal cells, which occur 

at unknown proportions in each tumor and which should not have chromosomal deletions, 

artificially increase ratios for tumor samples in which a deletion is indeed present. To account for 

stromal cell contamination, a cutoff ratio of 3:4 was established. Tumor samples with ratios 

below 3:4 were considered to have a deletion in one copy of the test gene. 

 

Metastatic disease quantification 

 For cases in which a solid tumor was identified, a standard section containing all lung 

lobes was processed and evaluated histologically (Figure 2.7). In cases where pulmonary 

metastases were observed, whole slide scanning was performed at 200x magnification using an 

Olympus VS120-S5 and the Olyvia software suite (http://www.olympusamerica.com/) to 

generate images for quantification of metastatic density. Analysis software, ImageJ 

http://www.olympusamerica.com/
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(https://imagej.nih.gov/ij/), was utilized to quantify the total area of normal lung as well as the 

total area of metastatic foci (Figure 2.7). Metastatic density is reported as a percentage of the 

total metastasis area divided by the total lung area.  

 

 

Figure 2.7: Metastatic densities were highly variable between individual mice. Quantifying 
metastatic densities was accomplished with whole slide image analysis. 
 

RESULTS 

 Tumors were the predominant cause of morbidity and mortality for both HZE ion and -

ray irradiated populations as well as for the population of unirradiated mice (Figure 2.8). 

Neoplasia was the cause of death for more than three out of every four mice and a wide variety 

of tumor diagnoses—82 neoplastic histotypes (Appendix 1)—were observed. This is consistent 

with the prediction that a population composed of individuals, each with a unique mosaic of 

susceptibility alleles from 8 inbred strains, will have a wider range of tumor phenotypes than the 

sum of each of the parental inbred strains. Although numerous tumor histotypes were observed, 

the majority of these tumor types were rare, occurring in less than 1% of the population.  

 Overall, the spectra of tumor histotypes produced in HZE ion irradiated and -ray 

irradiated populations is essentially identical; further, tumor types induced by radiation are 

mostly similar to those arising spontaneously (Figure 2.8). Tumor incidence in a lifetime 

https://imagej.nih.gov/ij/
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carcinogenesis study such as this must be interpreted as function of time-at-risk to acknowledge 

competing mortalities. Irradiated mice had significantly decreased overall survival times, and 

therefore decreased time at risk, compared to unirradiated controls (Figure 2.9a). Further, mice 

exposed to 0.4 Gy HZE ions had significantly increased median survival times than mice 

exposed to 3.0 Gy of -rays. Though these doses—at face value—seem disparate, their selection 

is based on preliminary dose-response studies which reveal that 0.4 Gy of HZE ions and 3.0 Gy 

-rays are each maximally tumorigenic in mouse carcinogenesis studies29. The reduced life spans 

for irradiated mice are at least partially the result of decreased tumor latencies and increased 

tumor incidences. Further, evidence to support the heritability in overall survival is provided by 

comparing the variability in survival between families (Figure 2.9b), which demonstrates that 

certain families have significantly shorter survival times as a group than others. HS/Npt mice are 

maintained in families so that individuals of the same family number are more closely related to 

one another than members from other families.  
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Figure 2.8. Burden of malignant tumors for each radiation exposure group: tumor types 
observed in gamma-irradiated mice also appear in HZE ion irradiated mice.  
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Figure 2.9:  Overall survival for a. each radiation group of HS/Npt mice and b. overall survival 
for each HS/Npt family.  

 

 Although the tumor spectra are similar for each irradiated population, the different 

radiation qualities demonstrate varied efficiencies for producing specific tumor histotypes. -ray 

irradiated mice were at greater risk for hematological malignancies, pituitary tumors, and ovarian 

granulosa cell tumors than unirradiated mice; HZE ion irradiated mice demonstrated an 

intermediate susceptibility to these histotypes. For Harderian gland tumors, thyroid tumors, 

hepatocellular carcinomas, and sarcomas, HZE ion and -ray irradiated mice were at a similarly 

and significantly increased risk compared to unirradiated controls (supplementary materials).   
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 Overall survival for females is significantly increased compared to males (p = 2.7e-6) 

with unirradiated females experiencing median survival times 56 days longer than males.  In 

contrast, no significant difference is observed between -ray irradiated females and males (p = 

0.51) or HZE ion irradiated females and males (p = 0.056).  Irradiated female mice had 

significantly increased incidences of (1) malignant ovarian tumors, (2) mammary 

adenocarcinomas, (3) central nervous system tumors (pituitary adenomas, choroid plexus tumors, 

and ependymomas), (4) specific lymphoma subtypes (Diffuse Large B-cell Lymphomas, 

Lymphoblastic B cell lymphomas), and (5) certain sarcomas (osteosarcomas, leiomyosarcomas). 

 Although the tumor spectra observed, from a tumor histologic perspective, are similar for 

all groups of mice, the molecular events that occur in each tumor histotype can potentially be 

specific for each exposure group. The molecular events occurring in acute myeloid leukemias 

(AML) are discussed below.  

 

Molecular characterization of acute myeloid leukemia 

 Radiation-induced acute myeloid leukemia (AML) is a well-characterized disease in 

mice11,30,31, and is most commonly the result of a radiation-induced minimally deleted region on 

chromosome 2 containing the Spi1 and a recurrent point mutation that inactivates the remaining 

Spi1 allele32. To test the hypothesis that HZE ion-induced AML will contain the same molecular 

aberrations as -ray induced AML, Spi1 copy number was investigated. As expected, the 

majority of AML cases in the -ray exposure group have a deletion in one copy of Spi1, which is 

distinct from the spontaneously occurring AML cases, in which a deletion was rare (Figure 

2.10).  Similar to -ray irradiated mice, mice exposed to HZE ions also have a significantly 

increased proportion of AML cases in which one copy of Spi1 was deleted. We found that Asxl1 
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was not deleted in any sample in which Spi1 was not also deleted, however, in 69% of cases with 

a Spi1 deletion, Asxl1 was also deleted (Figure 2.10). These results indicate that AML arises by 

similar molecular mechanisms following exposures to -rays or HZE ions. 

 

Figure 2.10: Copy number variation results derived from ratios of two test genes on 
chromosome 2, Spi1 and Asxl1, compared to a housekeeping gene (gH2AX) for each exposure 
groups. Cases of AML that arise spontaneously commonly have 2 copies of each gene (a ratio of 
approximately 1:1). In contrast, for groups exposed to radiation, AMLs more commonly contain 
deletions in both genes (ratios of 0.5:1 are consistent with loss of one copy of the test gene). A 
cutoff ratio of 0.75 was utilized to designate deletion status.  
 

Incidence of metastases are following to HZE ion or γ-ray exposure 

 To determine whether tumors that arise following HZE ion exposure are more likely to 

metastasize than their counterparts arising in unirradiated or -ray irradiated mice, two measures 
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were characterized and compared: metastatic events and metastatic density. The most common 

metastasizing tumor for all groups was hepatocellular carcinoma and comparisons are made 

between groups separately for this tumor type. In addition, comparisons are made between 

groups for all metastatic tumors types, which include hepatocellular carcinoma, Harderian gland 

adenocarcinoma, thyroid carcinoma, hemangiosarcoma, soft tissue sarcoma, renal cell 

carcinoma, osteosarcoma, ovarian granulosa cell tumor, and intestinal adenocarcinoma.  

 

Figure 2.11: Metastatic characterization: a. Incidence of metastases in mice diagnosed with 
hepatocellular carcinoma for each exposure group (HZE, n = 100; Gamma, n = 66; Unirradiated, 
n = 85). No significant difference in incidence of metastatic disease was observed in populations 
bearing hepatocellular carcinomas. b. Examples of varying in metastatic densities for individual 
mice with hepatocellular carcinoma (lung, whole slide imaging), c. Hepatocellular carcinoma 
metastatic densities for each exposure group (Unirradiated, n = 15; HZE, n = 11; Gamma, n = 
10). d Metastatic density for all neoplasms for each exposure group (Unirradiated, n = 19; HZE, 
n = 28; Gamma, n = 25).  
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 Pulmonary metastases were observed in cases of hepatocellular carcinoma, Harderian 

gland adenocarcinoma, osteosarcoma, and ovarian granulosa cell tumor. Metastases were no 

more frequent in irradiated animals than in controls and there was no significant difference in 

metastatic incidence between HZE ion irradiated mice and -ray irradiated mice (Figure 2.11a). 

To further characterize colonization abilities for circulating tumor cells in different radiation 

exposure groups, pulmonary metastatic densities were calculated for each animal by utilizing 

whole-slide image analysis of all lung lobes to determine the pulmonary area occupied by 

metastatic cells. Individuals with pulmonary metastasis had a wide range of metastatic densities 

(Figure 2.11b) however, no significant difference in pulmonary metastatic density was observed 

between exposure groups for either hepatocellular carcinoma metastatic events (Figure 2.11c) or 

metastatic events for all tumor types (2.11d). 

 Tumor latency following irradiation was also analyzed using Kaplan-Meir survival 

statistics. As expected, tumors arising in both HZE ion and -ray irradiated mice show 

significantly decreased latencies in comparison to the unirradiated population (Appendix 2). 

However, HZE ions did not further decrease latencies when compared to -ray irradiated mice. 

Differences in tumor latency in this context indicate a decrease in time for tumor initiation or 

promotion. Since radiation is known to be efficient at both initiation and promotion, decreased 

latencies are expected for irradiated population. Tumor progression is not evaluated, however, 

using tumor latency, and our results do not demonstrate whether tumors arising in irradiated 

individuals are more likely to progress rapidly than those arising spontaneously. 
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DISCUSSION 

 Carcinogenesis following space radiation exposures is considered the primary 

impediment to human space exploration7. Compared to terrestrial radiation (including X-rays, -

rays, and  particles), HZE ions have distinct ionization patterns that cluster along dense track 

structures as described by Dudley, et al15. resulting in unique forms of cell and tissue damage. 

Further, HZE particles travel at relativistic speeds and are highly penetrating, therefore, shielding 

such particles within spacecraft is essentially impossible7.  

 Using genetically heterogeneous stock mice, we have demonstrated that the tumor types 

induced by -ray exposure are also induced by HZE ion exposures. Our results do not indicate 

that tumors arising in HZE ion exposed individuals are more malignant than spontaneous tumors 

of the same histotype, or tumors arising following -ray exposures. Finally, we find that female 

mice are at greater risk for radiogenic cancers—HZE ion or -ray induced—than males. These 

results are consistent with the current NASA model to calculate cancer risk from space radiation 

exposures4. 

 Additionally, we present evidence that the molecular events that occur during 

tumorigenesis can be similar for HZE ion and -ray induced tumors. For AML, radiation of 

either type significantly increased the incidence of chromosomal 2 deletions compared to 

spontaneously arising tumors. This provides direct evidence that ionizing radiation, whether 

photon or particle, can increase the risk for hematological malignancies by inducing the same 

types of genomic lesions.  

 Historically, radiation carcinogenesis studies have employed genetically inbred mice.  

Due to the fact that radiation effects depend in part on how radiation and genes interact, 

genetically inbred mice tend to respond similarly regardless of the physical differences in track 
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structure and energy deposition between radiation types. Advantages to inbred mice include the 

fact that strains produce lower phenotypic variance and thus fewer mice are needed to detect 

statistical differences in radiation effects.  However, disadvantages of using inbred mice include 

the fact that strain-specific responses may obscure the variability we expect in a genetically 

diverse population such as humans. With greater diversity within a screening population, the 

likelihood of identifying a genetically susceptible subpopulation is increased.  

 There are limitations to a mouse carcinogenesis study comparing acute -ray and HZE 

ion exposures.  First, for cost-efficiency and logistics reasons, a single dose was employed for 

each radiation quality: 3.0 Gy for -ray exposures and 0.4 Gy for HZE ion exposures. 

Preliminary studies have demonstrated that these doses produce the maximum tumor incidence 

in inbred strains29. Because tumor susceptibility and association mapping were the primary goals 

of this study, doses were chosen with the goal of generating the greatest tumor incidences, and 

therefore the greatest power to detect significant QTL. But caution must be taken when 

comparing the two single dose groups, as it is impossible to untangle dose responses with such 

data. An additional benefit of the selected doses is that 0.4 Gy of HZE ions represents a realistic 

dose, received over 600 to 900 days, for a flight crew traveling to Mars. Second, the applicability 

of these findings to human populations is limited as mice serve only as models of carcinogenesis.   

 Permissible exposure limits for astronauts are based on the risk of death from cancer 

rather than cancer incidence. The incidence to mortality conversion used in the risk calculation is 

based on mortality from background cancers in the U.S. population. Thus, there is an assumption 

that radiogenic tumors are no more lethal than spontaneous tumors. However, there is 

accumulating evidence that HZE ion radiation can produce tumors with increased malignant  
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properties in mouse models29,33,34; this increase in malignancy following HZE ion exposures is 

not demonstrated in the present study. 
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Chapter Three 

 

Genomic mapping reveals overlap in genetic  

susceptibility for HZE ion and γ-ray induced tumors  

 

SUMMARY 

 Cancer risk from galactic cosmic radiation exposure is considered a potential 

"showstopper" for a manned mission to Mars. Calculating the actual risks confronted by 

astronauts is complicated by our limited understanding of the carcinogenic effects of high 

charge, high energy (HZE) ions—a radiation type for which no human exposure data exists. The 

validity of applying human carcinogenesis data from -ray exposures to predict carcinogenesis 

from HZE ion exposures is unproven in genetically diverse populations, however, such human 

epidemiologic data currently presents the best estimates for radiation carcinogenesis and forms 

the basis for NASA cancer risk models. In this chapter, the results of genome wide association 

studies (GWAS) to identify quantitative trait loci (QTL) for neoplasia in HS/Npt mice are 

presented and compared for -ray exposed, HZE ion exposed, and unirradiated populations. 

Through a genetics approach using tumorigenesis data from a mouse model of population 

diversity, 51 QTL are identified for 11 tumor histotypes with a 95% confidence interval of 3.4 

Mb and biologic effect sizes ranging from 0.75 – 7.68%. Comparative QTL analysis and QTL 

confidence intervals are determined using nonparametric resample model averaging. Genome-

wide significance thresholds are derived from permutation analysis. For acute myeloid leukemia 

and hepatocellular carcinomas, tumor samples are molecularly characterized and, in combination 

with GWAS, this characterization provides insights into the molecular events of tumorigenesis 
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following radiation exposures. Finally, clustering procedures are utilized to compare whole 

genome scans to determine whether similarities exist between the genetic variants that 

predispose individuals to specific tumor histotypes or radiation induced tumors. We demonstrate 

that QTL controlling tumor susceptibilities following HZE ion exposures often overlap with the 

QTL for -ray induced tumors. This overlap indicates shared tumorigenesis mechanisms 

following -ray and HZE ion exposures and supports the use of human epidemiological data 

from -ray exposures to predict cancer risk from galactic cosmic rays. 

    

INTRODUCTION 

 Interplanetary space is populated by densely ionizing particle radiation not naturally 

present on Earth1. Life on our planet has evolved under the protection of a geomagnetic field, 

which deflects the vast majority of high charge, high energy (HZE) ions. In the absence of 

human epidemiological data for exposures to this radiation type, uncertainties surround the 

estimates used to determine cancer risk for space flight crews that venture beyond low Earth 

orbit2. The current NASA model to calculate cancer risk from space radiation exposures is built 

predominantly upon epidemiological data from the Atomic bomb survivors, individuals who 

were exposed predominantly to -rays3-5. One key assumption in this model is that the molecular 

characteristics of the tumors will be similar for individuals exposed to different forms of ionizing 

radiation. However, notable physical differences exist between terrestrial radiation such as -

rays—which are composed of sparsely ionizing photons—and the densely ionizing particle 

radiation found in space. The physical differences between space and terrestrial radiation raises 

the possibility that tumorigenesis following these distinct exposures may follow unique 

molecular pathways. If  so, the resulting tumors would likely have variable biologic behaviors 
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and introduce distinctive biologic threats to astronauts. The best approximation for tumorigenesis 

in the space radiation environment is achieved with laboratory animals exposed to accelerator-

produced HZE ions.  

 Previous HZE ion rodent carcinogenesis studies have informed our understanding of the 

relative effectiveness of HZE ions to produce tumors. In these studies, it has been noted that the 

tumors types that arise in HZE ion irradiated animals are the same as those that arise 

spontaneously or following -ray exposures for a given animal model6. Although this may seem 

to indicate that HZE ions produce the same tumors as -rays, potentially via the same molecular 

mechanisms, these studies have utilized inbred animals which are predisposed to particular 

tumor types7-14. These laboratory animals have been deliberately inbred in attempts to remove 

the confounding genetic variability present in natural populations. Inbred mouse and rat strains 

improve the statistical power of detecting significant differences in toxicity studies by reducing 

phenotypic variance. Because HZE ion carcinogenesis studies have only been performed on 

genetically homogeneous animals, the tumor spectra that might arise in genetically diverse 

populations is unknown. Modeling population diversity can be desirable for carcinogenesis 

studies which aim to differentiate the effects of distinct radiation types because strain-specific 

responses following radiation can obscure the variability we expect in a genetically diverse 

population, such as humans.  

 With the emergence of multi-parent outbreeding strategies that produce highly 

recombinant mouse populations with allelic variants from multiple founder strains15-17, it is 

possible to model the effects of population diversity in carcinogenesis studies by minimizing the 

overwhelming effects of genetic background and increasing the phenotypic repertoire available 

within a test population. Such populations also allow for high precision genomic mapping16,18. 



 80 

Quantitative trait locus (QTL) mapping is a powerful forward-genetics approach that allows for 

unbiased testing of genetic variants that may influence gene-environment interactions for 

radiation effects19,20. Highly recombinant populations are designed for genetic mapping, 

therefore, QTL can be resolved to single megabase (Mb) resolution and complete sequence 

information can be utilized on genotyped individuals by imputing the genomic resources 

available for the founder strains.  

 Studying tumors that arise in irradiated, highly recombinant mouse populations presents a 

unique opportunity: the ability to determine whether the same QTL that make individuals within 

a population susceptible to a specific -ray induced tumors also make them susceptible to those 

tumor types following HZE ion exposures.  If  so, extrapolation of human epidemiological data 

from individuals exposed to -rays would be a realistic approach for risk calculation in the space 

radiation environment.  

 

METHODS 

Animals, phenotyping and radiation exposures 

 A workflow for the radiation exposures, phenotyping, and bioinformatics procedures is 

present in Figure 3.1. Male and female HS/Npt mice (n = 1850) were generated from breeding 

trios obtained from Oregon Health & Sciences University (Portland, OR). These outbred mice 

were generated via circular outbreeding procedure involving 48 families. All the mice for this 

study were produced in generation 71. Founder strains for the HS/Npt include A/J, AKR/J, 

BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and LP/J 21. The mice were group housed (5 

mice of the same sex per cage) in a climate-controlled facility with free access to food and sterile 

water, and a 12-hour light cycle. Mice were shipped to Brookhaven National Laboratories 
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(Upton, NY) where they were exposed to accelerator produced HZE ions, -rays, or sham 

irradiated at the NASA Space Radiation Laboratory at 7 to 12 weeks of age. Mice of both sexes 

were exposed to 0.4 Gy of 240 MeV/n 28Si ions (n = 308) or 600 MeV/n 56Fe ions (n = 314), 3 

Gy of 137Cs -rays (n = 615), or sham irradiated (n = 622). Following radiation exposure or sham 

irradiation, mice were shipped back to and housed in a vivarium in the Research Innovation 

Center at Colorado State University (Fort Collins, CO) and monitored twice daily for the 

duration of the study. The mice were phenotyped for cataractogenesis by slit lamp 

biomicroscopy and cancer development until they reached 800 days of age or became moribund. 

Moribund mice were euthanized with CO2 according to the Colorado State University animal 

care and use committee guidelines. A laboratory technician was trained to systematically 

evaluate all organ systems and thorough necropsy and tissue collection procedures were 

performed on each mouse. For cases of splenomegaly, thymic masses, mammary masses, and 

li ver masses, fresh sections of tumor were frozen at negative 80 degrees Celsius and small 

sections were mixed in RNA stabilization solutions (RNAlater®). All gross lesions were 

formalin-fixed, trimmed, and submitted for routine tissue processing (paraffin embedded, 

sectioned, and stained with hematolxylin and eosin) for histologic evaluation. Five coronal 

sections were grossly evaluated for each mouse following 48 hours of cranial decalcification. 
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Figure 3.1: Workflow for mapping radiogenic QTL in Heterogeneous stock mice. 

 

Genotyping  

 DNA was isolated from tail biopsies taken from each mouse at 3 to 4 weeks of age. DNA 

was extracted and purified using QIAGEN DNA extraction kit according to the manufacturer’s 

instructions. GeneSeek (Lincoln, NE) performed genotyping assays using the Mega Mouse 

Universal Genotyping Array (MegaMUGA)22 for a total of 1,878 mice. Nineteen 96 well plates 

were used for genotyping the 1,850 study mice. In addition, 28 inbred founder strain samples 

were scattered randomly within each plate for quality control. The MegaMUGA is built on the 
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Illumina Infinitum platform and consists of 77,808 single nucleotide polymorphic markers that 

are distributed throughout the genome with an average spacing of 33 kb (Figure 3.2). The 

marker density is sufficiently dense to capture the number of recombination events occurring in 

the HS/Npt population at generation 71. 

 

 

Figure 3.2: Genotyping: a. the MegaMUGA SNP array, b. the distribution of marker densities, 
and c. an example of genome reconstruction for a single HS/Npt mouse. Chromosomes are 
labeled along the horizontal axis and each color indicates one of the eight founder strains, which 
contributes to the mosaic of haplotypes; this mouse has a high degree of heterozygosity.  
 

Genome reconstruction as mosaics of founder haplotypes 

 The heterogeneous stock mice are descendants of 8 inbred founder strains. For each 

mouse, allele calls from the MegaMUGA array are utilized to calculate descent probabilities 

using a hidden Markov model (HMM), in which the hidden states are the founder strains and the 

observed data are the genotypes. The HMM generates probabilistic estimates of the diplotype 

state(s) for each marker locus and produces a unique founder haplotype mosaic for each mouse16. 

A sample genome reconstruction is presented in Figure 3.2; these reconstructions serve as the 

scaffolding for imputing full sequencing information (mm10) from each founder strain. 
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Genome scans and QTL mapping 

 Association mapping was performed with mixed regression models using sex and cohort 

as covariates and adjusting for relatedness within the stock of mice by computing a matrix of 

expected allele sharing of founder haplotypes for each pair of mice 16. Three statistical models 

were fit to account for the wide range of trait distributions in this study.  A generalized linear 

regression model was fit for binomial distributions, such as neoplasia. Cox regression analysis 

was incorporated to model time-to-event distributions, such as cataract development and tumor 

latencies. Linear regression was utilized for normally distributed traits, such as neurobehavioral 

assays. Following genome wide association analyses, resample model averaging methods were 

utilized to identify QTL that are consistently reproduced within subsamples of the mapping 

population. 

 

QTL significance thresholds, confidence intervals, effect sizes 

 Thresholds were determined using a permutation procedure in which the genotypes were 

fixed and the phenotype values were rearranged randomly within each sex. The distribution of 

the maximum negative log p-value of association under the null hypothesis that no associations 

exist (null model) was determined for each genome scan with permuted data. 1000 permutations 

were performed for each phenotype in each radiation exposure group, simulating effects arising 

from covariates, the linkage disequilibrium structure of the genome, and effects due to phenotype 

distribution. A threshold is determined as an estimate of the genome wide significance for which 

a type I statistical error will occur at a given frequency. Confidence intervals for each QTL were 

determined by nonparametric resample model averaging procedures using bootstrap aggregation 

with replacement. In this procedure, the mapping population is sampled to create a new data set 
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in which some individuals may be omitted and some may appear multiple times 23 and the locus 

with peak significance is recorded.  Resampling is repeated 200 times for each phenotype to 

determine a 95% confidence interval for a given QTL.  Effect sizes were calculated using the 

Tjur method for association mapping with logistic regression and pseudo-R2 for mapping with 

Cox PH regression. Statistical significance for each model was assessed using a permutation 

strategy to randomize genotypes via resampling without replacement and maintaining covariates. 

Permutation analysis was performed (1000 tests) for each trait and exposure group to generate 

estimations of genome-wide significance thresholds. As genome scans with hundreds of 

thousands of imputed SNPs are computationally intensive, parallel computing was essential and 

accomplished using spot instances of resizable Elastic Compute Cloud (EC2) hosting resources. 

 

Droplet digital PCR for copy number variation of Spi1 and Asxl1 in myeloid leukemia cells 

 Droplet digital PCR was performed on cases of acute myeloid leukemia (AML) to assess 

deletion status via copy number variation for two genes: Sfpi1 and Asxl1. These genes are both 

located on chromosome 2 at base pair locations 91,082,390–91,115,756 for Sfpi1 and 

153,345,845–153,404,007 for Asxl1 (mm10 reference genome). To establish a reference for 

normal diploid copy number in each AML sample, the copy number of H2afx was also 

determined with the assumption that each cell would contain two copies of this reference gene. 

H2afx is located on chromosome 9 and deletions in this region have not been reported in murine 

acute myeloid leukemia. BioRad PrimePCR™ probes were used for all assays as follows: Asxl1 

ddPCR™ probe (dMmuCPE5100268), Sfpi1 ddPCR™ probe (dMmuCPE5094900), and H2afx 

ddPCR™ probe (dMmuCPE5104287). Ratios were created between the test gene and the 

reference gene (Sfpi1:H2afx and Asxl1:H2afx) to determine copy number with the assumption 
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that the reference gene would not be deleted or amplified. Ideally, ratios of 1:1 represent equal 

copy numbers for both the test gene and the reference gene and ratios of 1:2 represent a deletion 

in one copy of the test gene. However, since the tumor samples contained neoplastic cells as well 

as stromal cells and other cells, the ideal 1:2 ratio was not commonly observed. This is because 

stromal cells, which occur at unknown proportions in each tumor and which should not have 

chromosomal deletions, artificially increase ratios for tumor samples in which a deletion is 

indeed present. To account for stromal cell contamination, a cutoff ratio of 3:4 was established. 

Tumor samples with ratios below 3:4 were considered to have a deletion in one copy of the test 

gene. 

 

Utilizing clustering procedures with whole genome scans 

 Comparisons were made between whole genome scans using Pearson correlations as a 

similarity measure with clustering based on average linkage. Significance of clustering results 

was estimated with 10,000 random permutations of the dataset. Each permutated data set 

simulates a null distribution of the maximally significant clustering based on a randomly assorted 

set of p-values for each genomic locus.  

 

RESULTS 

QTL mapping  

 To determine whether the genetic variants that increase tumor susceptibility following -

ray irradiation also increase tumor susceptibility following HZE ion irradiation, genome-wide 

association mapping was performed for 18 tumor types. Only tumor types that occurred with an 

incidence of at least 1% were included for association mapping. Genomes were reconstructed for 
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each mouse using a probabilistic model to predict founder haplotypes from high-density 

genotype data16. Reconstructed genomes represent the unique accumulation of meiotic events for 

each individual and form a scaffold for the imputation of known sequencing information from 

the eight parental strains. Polygenic covariance among related individuals is of significant 

concern in multi-parent crosses and is corrected for during QTL mapping with a kinship 

term16,24. Mapping was performed using a linear mixed-effects model with the aforementioned 

kinship term to adjust for polygenic covariance between related mice. To determine the 

significance thresholds for a model in which no QTL is present, permutation analysis was 

performed for multiple phenotypes using each regression model. The 95% significance threshold 

was minimally variable between phenotypes with a mean threshold of –log(p) > 5.8.  This is 

consistent with the estimated 0.05 Bonferroni genome-wide corrected threshold of –log(p) > 6.0, 

which is considered overly conservative for QTL mapping25. We use a significance threshold of 

p ≤ 0.05 to select significant mapping associations.  

 At least one QTL was identified for 11 of the 18 tumor phenotypes examined, 

summarized in Appendix 3.  For tumor incidence, 51 QTL were identified with an average 

confidence interval of 3.4 Mb. For QTL at the 95% confidence threshold, effect sizes average 

3.7% with a range of 0.75 - 7.46%. For the majority of tumors, the genetic architecture of the 

phenotypic variance was complex with multiple QTL individually explaining only a small 

proportion of the total variance. Although loci with moderate effects on the phenotype were most 

common, 11 large effect QTL were observed for 7 tumor histotypes, with effect sizes greater 

than 5%.  

 To determine potential effects of genetic variants on tumor latency, mapping was also 

performed using proportional hazards regression; 39 QTL were identified for tumor latency 
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(Appendix 4), however QTL associated with latency predominantly mirrored the QTL already 

identified for tumor incidence, indicating that the genetic variants that control susceptibility to 

radiation induced tumors also affect latencies.  

 Neoplasia is a binomially distributed trait and, therefore, the power to detect significant 

associations is primarily dependent on tumor incidence and the QTL effect size. This leads to 

important considerations for the ultimate goal of this analysis: to determine similarities between 

QTL for specific neoplasms following unique radiation exposures. For some association 

mapping results, a significant peak was observed in one exposure group while only a suggestive 

peak present at the same locus in the alternative exposure group.  In these cases, if  the peak was 

more significant when combining radiation groups, the QTL was considered significant for all 

irradiated animals regardless of radiation quality.  We speculate that the reason certain radiation 

qualities produce only suggestive QTL for certain tumor phenotypes is likely a function of 

decreased mapping power as a result of the variation in incidence between groups. 

 

Comparing QTLs: Thyroid tumors following HZE ion and γ-ray exposures 

 To demonstrate the results contained within this dataset, we will now focus on a single 

tumor type. Thyroid tumors (Figure 3.3a) are a well-known radiation-induced entity for both 

humans and mice, however relatively little is known about genetic variants that increase 

susceptibility to this disease following radiation in mice. In HS/Npt mice, spontaneous thyroid 

adenomas occur at relatively low frequencies and have a uniformly late-onset, with tumors 

occurring between 700 and 800 days of age (Figure 3.3b).  In contrast, thyroid tumors (including 

both adenomas and carcinomas) arising in HZE ion or -ray exposed mice occur at significantly 

increased incidences and with significantly earlier onsets, with tumors arising as early as 250 
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days of age (Figure 3.3b). Association mapping reveals a significant 3.4 Mb interval on 

chromosome 2 for HZE ion exposed animals (Figure 3.3c and 3.3d).  The same locus is 

identified in the -ray irradiated population if  the significance threshold is decreased to a level in 

which 30% of identified QTL will be false positives.  Combining both irradiated populations and 

repeating genome-wide association mapping markedly increases the significance of the QTL 

identified on chromosome 2 (Figure 3.3c and 3.3d).  This indicates that the susceptibility alleles 

present at this locus confer increased risk following exposure to either radiation quality. The 

protein-coding genes present within the QTL support interval on chromosome 2 are listed in 

Figure 3.3e, along with the strain specific SNP distributions. 
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Figure 3.3: Thyroid adenoma bioinformatics results: a. gross image of an enlarged thyroid in 
HS/Npt mice, b. Kaplan-Meier survival for mice diagnosed with thyroid tumors by radiation 
exposure group, c. genome-wide association plots for each exposure group, d. an enlarged panel 
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demonstrating significant and suggestive chromosome 2 peaks for various exposures groups, e. 
the genes and founder SNP patterns present in the QTL support interval on chromosome 2 for all 
irradiated mice, f. resample model averaging procedure to demonstrate similarly significant 
chromosomal regions for each exposure group.  
 

 To further explore the possibility that the QTL identified on chromosome 2 controls 

susceptibility following -ray and HZE ion exposures, we utilized a nonparametric resample 

model averaging procedure23 across the entire chromosome to identify genomic loci that 

consistently reappear in resampled populations. Briefly, genome scans are repeated for each new 

dataset created, in which some individuals will be sampled more than once and some not at all23.  

Resample model averaging consistently identifies the same locus for all groups of mice, 

regardless of radiation exposure (Figure 3.3f). Further, the resample model averaging procedure 

identifies the same locus for tumors arising spontaneously (Figure 3.3f). This indicates that 

germline genetic variants are more consequential for an individual’s risk of developing thyroid 

cancer than whether or not an individual is exposed to radiation, of either quality. 

 

Leukemogenic events are similar following HZE ion or γ-ray exposure 

 Acute myeloid leukemia (AML) is also a common radiation-induced tumor in both mice 

and humans26,27. In HS/Npt mice, myeloid leukemia often presented with splenomegaly (Figure 

3.4a) and large numbers of circulating tumor cells. In concordance with previous studies in 

inbred strains28, -ray exposures in HS/Npt mice are decidedly more efficient at inducing AML 

than HZE ion exposures, however AML was increased in both radiation groups when compared 

to the spontaneous incidence and survival times were similar for all groups (Figure 3.4b). 

Association mapping revealed a narrow QTL for AML incidence on chromosome 2 with a 95% 

confidence interval of 0.48 Mb (Figure 3.4c and 3.4e). This locus was observed in -ray 
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irradiated mice and significantly bolstered when grouping all irradiated animals together (Figure 

3.4c).  

 

Figure 3.4: Acute myeloid leukemia: a. gross splenomegaly in an HS/Npt mouse diagnosed with 
splenic AML, b. Kaplan-Meier survival analysis for each exposure group, c. genome-wide 
association mapping results for chromosome 2 for each exposure group, d. copy number 
variation in AML samples expressed as Spi1:gH2AX and Asxl1:gH2AX demonstrating an 
increase in AML cases with each deletion for groups of HS/Npt mice exposed to radiation, e. the 
genes and founder SNP patterns present in the QTL support interval on chromosome 2 for all 
irradiated mice. 

  

 Radiation-induced AML is a well-characterized disease in mice8,29,30, and is most 

commonly the result of a radiation-induced minimally deleted region, also on chromosome 2, 
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containing the Spi1 gene and a recurrent point mutation that inactivates the remaining Spi1 

allele31. To test the hypothesis that HZE ion-induced AML will contain the same molecular 

aberrations as -ray induced AML, Spi1 copy number was investigated. As expected, the 

majority of AML cases in the -ray exposure group had a deletion in one copy of Spi1, which 

was distinct from spontaneously occurring AML cases in which a deletion was rare (Figure 

3.4d).  Similar to -ray irradiated mice, mice exposed to HZE ions also have a significantly 

increased proportion of AML cases in which one copy of Spi1 was deleted. This further supports 

the QTL data and indicates that AML arises by similar molecular mechanisms following 

exposures to sparsely or densely ionizing radiation.  

 Because the QTL identified on chromosome 2 is 62 Mb from Spi1 and because radiation-

induced deletions can be quite large, we considered the possibility that the chromosome 2 QTL 

was also deleted in many of the leukemias, leading to a loss of one copy of the susceptibility 

region.  To test this hypothesis, we determined the copy number for a gene located at the distal 

end of the QTL support interval, Asxl1.  We found that Asxl1 was not deleted in any sample in 

which Spi1 was not deleted, however, in 69% of cases with a Spi1 deletion, Asxl1—and 

presumably the entire QTL region—was also deleted (Figure 3.4d).  Thus, for the majority of 

cases, the AMLs that arise in irradiated animals are haploinsufficient for the entire QTL region. 

 

Hierarchical clustering of genome scans  

 In addition to looking for similarities between individual selected QTL for HZE ion and 

-ray exposed populations, we also sought a more holistic method in which entire genome scans 

could be compared between groups in an unsupervised process. By using entire genome scans, 

we submit for comparison not only highly significant regions, but also the numerous loci 



 94 

detected with lower confidence. To determine similarity of genetic associations profiles for all 

phenotypes and to detect possible coincident QTL, clustering procedures were utilized to 

compare genome-wide association scans between different radiation exposure groups.   

 To demonstrate and validate the methodology of QTL clustering, genome wide scans for 

coat colors in each treatment group are evaluated (Figure 3.5). As expected, genome wide scans 

for coat color are unaffected by radiation exposures, and therefore clustering is based entirely on 

coat phenotype rather than radiation exposure group. Utilizing the same procedure for neoplasia 

indicates that tumor types often clustered together as well, regardless of radiation exposure 

(Figure 3.6). Radiation-induced thyroid adenomas and mammary adenocarcinomas and all 

hepatocellular carcinoma genome scans cluster together. This finding supports the hypothesis 

that host genetic factors are more important in determining neoplasm incidence than radiation 

exposure type. 

 

 



 95 

 

Figure 3.5: Coat color clustering. Unsupervised hierarchical clustering of genome wide 
association scans using Pearson’s correlations. Indicated by a green line is the 95% confidence 
level of minimum dendrogram heights, estimated using permutation of p-values and marker 
positions.  
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Figure 3.6: Tumor clustering. Unsupervised hierarchical clustering of genome wide association 
scans using Pearson’s correlations. Indicated by a green line is the 95% confidence level of 
minimum dendrogram heights, estimated using permutation of p-values and marker positions. 
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DISCUSSION 
 

 Forward-genetics approaches allow for a hypothesis-free (unbiased) search of the entire 

genome for multiple genetic associations within a given phenotype.  In contrast, common 

genetically engineered mouse models rely on a reverse-genetics approach in which a given gene 

is mutated and the resulting phenotypes are then described.  Forward-genetics is only possible 

with a mouse model that contains abundant genetic and phenotypic diversity, which has been 

goal of research communities creating highly recombinant mouse populations such as the 

Heterogeneous Stock and Diversity Outbred mice.16,18,32-35  As the shortest interval into which a 

QTL can be mapped is equal to the distance between the closest pair of recombinants 

surrounding the causal variant in the mapping population, highly recombinant outbred mouse 

populations such as the HS/Npt enable much higher resolution QTL mapping by decreasing that 

distance. Personalized approaches to cancer risk assessments may eventually allow for greater 

reductions in uncertainties when generating space radiation cancer risk estimates36. 

 The combination of GWAS and molecular characterization of tumors has produced 

insights into tumorigenesis pathways for irradiated HS/Npt mice. -ray exposures are known to 

predispose certain strains of mice to acute myeloid leukemia (AML) by producing a deletion—

sometimes a very large deletion—that commonly involves Spi1. To determine whether HZE ions 

produce similar molecular lesions, AML samples from all exposure groups were molecularly 

characterized to detect deletions in Spi1. Although HZE ions are found to be less efficient than -

rays, radiation of either quality increases AML incidence and significantly increases the 

proportion of AML with Spi1 deletions in comparison to spontaneously arising AML. GWAS in 

AML identified a QTL approximately 62 Mb distal to Spi1, establishing the possibility that the 

QTL region may be deleted along with Spi1. We demonstrate that this entire 62 Mb region, 
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including the entire QTL, is often deleted in radiation-induced AML, thus implicating QTL 

haploinsufficiency as a step during leukemogenesis for heterozygous outbred mice.  

 Applying clustering methods with Pearson correlation distance measures, we compare 

genome wide association scans for tumor phenotypes between exposure groups and find that 

tumor histotypes often cluster together regardless of radiation exposures. These results indicate 

shared tumorigenesis mechanisms following -ray and HZE ion exposures and support the use of 

human epidemiological data from -ray exposures to predict cancer risk from galactic cosmic 

rays. 

 In broader terms, to our knowledge this work is the first of its kind in that highly 

recombinant mouse models created for genetic mapping have not been previously utilized in 

lifetime carcinogenesis studies.  Mapping QTL for carcinogenesis provides inherent challenges 

due to the structure of the binomial data, potential confounding causes of death following 

irradiation, the fundamental stochastic nature of radiation tumorigenesis, and incomplete 

penetrance of a potential allelic variant.  Despite these challenges, we were able to map 51 QTL 

for 11 neoplastic subtypes and many of the identified loci are novel.  

 The results presented here indicate that host genetic factors dictate risk for tumor 

development following radiation exposures, regardless of radiation quality.  Therefore, 

subpopulations at increased cancer risk following terrestrial radiation exposures are likely to 

substantially overlap with subpopulations at increased cancer risk following exposures to the 

space radiation environment.   
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Chapter Four 

 

Overlap in genetic susceptibility to cataractogenesis following HZE ion and γ-ray exposures 

 

SUMMARY 

 Cataractogenesis in the space radiation environment poses a significant health risk for 

astronauts, as the lens of the eye is known to be one of the most sensitive areas of the body to 

radiation-induced late effects. Cataractogenesis has been documented in numerous human 

populations exposed to the types of radiation found on Earth. In assessing cataractogenesis risk 

for astronauts, the unique forms of ionizing radiation in space must be characterized. The forms 

of radiation present in space, known as high energy and high charge (HZE) ions, deposit energy 

along dense linear tracks. This high linear energy transfer (LET) particle radiation is in contrast 

to the low LET photon radiation that currently forms the bulk of our understanding for radiation 

cataractogenesis. Populations exposed to low LET radiation, such as -rays, have provided 

epidemiologic data that has informed dose limits for cataractogenesis. Limited cataractogenesis 

data is also available for astronauts exposed to space radiation, and these data demonstrate that 

relatively low levels of space radiation are capable of producing increased incidences of and 

decreased latencies for cataract formation. Genetic susceptibility is a known risk factor for 

cataractogenesis following low LET exposures and likely also plays a role in high LET 

exposures, however, sufficient data is not available to analyze the role of genetic susceptibility 

for cataractogenesis following high LET exposures in humans.  

 To determine whether genetic susceptibility to cataracts is similar for high and low LET 

radiation exposures, we utilize genome wide association mapping (GWAS) in an animal model 
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of genetic diversity to compare quantitative trait loci (QTL) for cataractogenesis following high 

or low LET irradiations. 1,850 HS/Npt stock mice of both sexes are irradiated with 0.4 Gy of 240 

MeV/n 28Si or 600 MeV/n 56Fe ions or 3.0 Gy of 137Cs -rays, or sham irradiated at Brookhaven 

National Laboratories, NASA Space Radiation Laboratory (NSRL) facility. Each mouse is 

genotyped for 77,808 single nucleotide polymorphisms (SNP) and genomes are reconstructed for 

sequencing imputation using a hidden Markov chain for founder probabilities at each defined 

SNP. The progression of radiation-induced ocular changes is followed by dilated slit lamp 

biomicroscopy and each mouse is examined up to seven times post-irradiation. Tumors are the 

predominant cause of morbidity and mortality for both exposure groups; therefore, time-at-risk 

for cataracts is corrected for using proportional hazards regression models during GWAS. 

 Progressive, radiation-associated lens changes, consistent with posterior subcapsular 

cataract (PSC), are noted in both HZE ion and -ray exposed populations. Prevalence and 

severity of PSCs in irradiated animals increases significantly in comparison to unirradiated 

controls, which, have very mild to no posterior lens changes. 14 QTL were identified for 

radiation-induced cataracts and substantial overlap is identified between HZE ion and -ray 

exposed populations. In addition, 4 QTL were identified for spontaneous cataractogenesis. These 

results indicate that the susceptibility to radiation-induced cataractogenesis is highly heritable 

and that individuals within a population that are sensitive to cataractogenesis following low LET 

irradiation are also sensitive following high LET exposures.  

 

INTRODUCTION 

The lens is a transparent and avascular tissue that derives nutrients from the aqueous 

humor and vitreous1 and refracts light to a point source on the retina in the normal eye2. The lens 
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is enveloped by a basement membrane and has only a single epithelial cell layer on the anterior 

surface. This anterior epithelium contains the progenitors of the lens fiber cells3. At the 

peripheral germinative zone, epithelial cells differentiate into mature lens fiber cells throughout 

life. This maturation process involves shedding of organelles, including the nucleus, to achieve 

translucency. As these lens fiber cells lack nuclei and mitochondria, they depend on the 

overlying epithelial cells for nutrient transport and energy2. Lens transparency is influenced by 

cytoplasmic hydration, intracellular ionic strength, and other metabolic functions within the 

lens2,4,5. The initial event of cataract formation is thought to be damage to the lens epithelial 

cells6-8. 

 The development of cataracts is a complex biological phenomenon that results in vision 

deficits due to alterations in the proteins that compose the lens. The World Health Organization 

estimates that there are 285 million visually impaired individuals worldwide—39 million of 

whom are blind—and an estimated 33% of these cases are the result of cataracts9. Cataract 

formation is remarkably common with age—96% of humans greater than 60 years develop 

cataracts10—however, several risk factors have been identified that accelerate cataract 

formation11. These risk factors include genetic predisposition12,13, co-morbidities such as diabetes 

mellitus, adverse reactions to certain drugs, dietary deficiencies, uveitis, trauma, and exposure to 

ionizing or non-ionizing radiation2,14. For astronaut risk prediction, ionizing radiation exposure is 

the most significant factor increasing risk over the general population. 

 Cataractogenesis following exposure to ionizing radiation was recognized soon after the 

discovery of X-rays15 and radiation was demonstrated to produce lens changes in experimental 

animals as early as 189716. Since that time, researchers have been aware that ionizing radiation 

exposure can accelerate cataract formation17-24. Ionizing radiation is remarkably efficient at 
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producing lens opacities, which is evidenced by multiple studies of radiation-exposed 

populations. These studies include Chernobyl accident liquidators25, atomic bomb survivors26, 

cyclotron workers27, interventional medical personnel28-31, patients undergoing CT scans32 or 

receiving radiotherapy for cancer treatment or bone marrow transplantation33-38, and 

astronauts39,40. Data from medical exposure studies have helped establish thresholds for cataract 

formation; however, it is important to mention that cataractogenesis is likely a stochastic event 

without a single threshold. Independent studies have demonstrated that all patients receiving a 

single 10 Gy dose38, 7.5 Gy dose33, or 14 Gy dose34 developed cataracts, indicating the threshold 

dose for cataracts is somewhere below these levels. Furthermore, cataract latency has been found 

to be inversely related to dose, meaning that cataracts developed more rapidly for individuals 

exposed to higher doses41. Atomic bomb data indicate a clear relationship between cataract 

incidence and dose42 and estimated thresholds have been reported as low as 0.6 to 1.5 Gy43,44. 

Together, these observations have been utilized to establish dose limits for the lens45-47 and it 

appears that a single dose of 2 Gy or more is definitively cataractogenic for exposed 

populations48. However, individual susceptibility to radiation-induced cataractogenesis is widely 

variable12 and no single dose limit can be defined for a single individual.  

 The risk of cataract formation for astronauts exposed to the space radiation environment 

is of particular concern, as space radiation exposures has been demonstrated to increase 

cataractogenesis49,50. Astronaut data (n = 295) spanning over 3 decades indicates that relatively 

low doses of space radiation can result in increased cataract incidence as well as a decrease in 

latency for cataract formation39. These astronaut studies indicate a significant association 

between cataract formation and radiation quality, however estimating the effects of contributory 

risk factors, such as genetic predisposition, is difficult with such a small sample size. 
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Experimental studies using mouse models have indicated that genetics play a significant role in 

exposures to both low and high LET radiation, but these studies have utilized inbred, genetically 

engineered mouse (GEM) models23,50-52. Such GEM models indicate that similar genetic 

pathways play a role in spontaneous and radiation-induced cataractogenesis and that radiation 

can worsen and hasten cataractogenesis, however, GEM mice on the same genetic backgrounds 

are highly predisposed to a specific set of phenotypes.  

 This study aims to utilize genetic diverse populations of mice in cataract GWAS to 

determine whether genetic susceptibilities to cataractogenesis overlap in populations exposed to 

qualitatively distinct radiation types.  

 

METHODS 

Animals, phenotyping, and radiation exposures 

 A workflow for the radiation exposures, phenotyping, and bioinformatics procedures is 

presented in Figure 3.1. Male and female HS/Npt mice (n = 1850) were generated from breeding 

pairs obtained from Oregon Health & Sciences University (Portland, OR). These outbred mice 

were generated via circular outbreeding procedure involving 48 families. All the mice for this 

study were produced in generation 71. Founder strains for the HS/Npt include A/J, AKR/J, 

BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and LP/J53. The mice were group housed (5 

mice of the same sex per cage) in a climate-controlled facility with free access to food and sterile 

water, and a 12-hour light cycle. Mice were shipped to Brookhaven National Laboratories 

(Upton, NY) where they were exposed to accelerator produced HZE ions, -rays, or sham 

irradiated at the NASA Space Radiation Laboratory at 7 to 12 weeks of age. HS/Npt stock mice 

of both sexes were exposed to 0.4 Gy of 240 MeV/n 28Si ions (n = 308) or 600 MeV/n 56Fe ions 
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(n = 314), 3 Gy of 137Cs -rays (n = 615), or sham irradiated (n = 622). Following radiation 

exposure or sham irradiation, mice were returned to Colorado State University Research 

Innovation Center vivarium (Fort Collins, CO) and monitored twice daily for the duration of the 

study. Mice were cared for in accordance with the recommendations of the Guide for the Care 

and Use of Laboratory Animals.  The Colorado State University (CSU) and the Brookhaven 

National Laboratory Institutional Animal Care and Use Committees (IACUC) approved 

experimental protocols and animal handling and care. 

  Mice were examined approximately every two months, for more than 100 weeks post-

irradiation, or until animals died or were euthanized due to comorbid conditions. Irradiation 

status and genotype were blinded to observers until the completion of the study. Radiation 

associated lens changes were monitored by slit-lamp biomicroscopy and analyzed using a 

modified version of the Merriam-Focht scoring criteria (Merriam and Focht, 1962). This 0-4 

scoring range depends upon the fact that radiation- associated lens changes develop in a 

characteristically sequential fashion with the earliest changes, stage 0.5, consisting of less than 

four dots, vacuoles or diffuse opacities around the central suture in the posterior subcapsular 

region, and progressing, over time, to stage 4, when there is a complete opacification of the lens.  

A score of 2.0 or higher is thought to be vision impairing. As animals were not examined 

weekly, values for weeks where no assessment was made were filled in using the score obtained 

at the last observation. Approximately 5-10 min prior to the dilated slit lamp exam, one to two 

drops each of 1% cyclopentolate and 2.5% phenylephrine HCl were placed in each eye.  

Examinations were performed roughly every two months on each mouse by one of two 

veterinary ophthalmology residents. Interobserver variability was minimal and a third expert 

observer was utilized to regularly compare findings from the two primary ophthalmologists. 
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 To account for co-morbidities and time at risk, cataractogenesis endpoints were analyzed 

using time-to-event procedures and genome wide mapping was performed with proportional 

hazards regression models  

 

Genotyping  

 DNA was isolated from tail biopsies taken from each mouse at 4 to 5 weeks of age. DNA 

was extracted and purified using a QIAGEN DNA extraction kit according to the manufacturer’s 

instructions. GeneSeek (Lincoln, NE) performed genotyping assays using the Mega Mouse 

Universal Genotyping Array (MegaMUGA) for a total of 1,878 mice. The MegaMUGA is built 

on the Illumina Infinitum platform and consists of 77,808 single nucleotide polymorphic markers 

that are distributed throughout the genome with an average spacing of 33 kb. The marker density 

is sufficiently dense to capture the number of recombination events occurring in the HS/Npt 

population at generation 71. 

 

Genome reconstruction as mosaics of founder haplotypes 

 The heterogeneous stock mice are descendants of 8 inbred founder strains. For each 

mouse, allele calls from the MegaMUGA array are utilized to calculate descent probabilities 

using a hidden Markov model (HMM), in which the hidden states are the founder strains and the 

observed data are the genotypes. The HMM generates probabilistic estimates of the diplotype 

state(s) for each marker locus and produces a unique founder haplotype mosaic for each mouse. 

A sample genome reconstruction is presented in Figure 3.2; these reconstructions serve as the 

scaffolding for imputing full sequencing information (mm10 reference genome) from each 

founder strain. 
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Genome scans and QTL mapping 

 Association mapping was performed with mixed regression models using sex and cohort 

as covariates and adjusting for relatedness within the stock of mice by computing a matrix of 

expected allele sharing of founder haplotypes for each pair of mice 54. Three statistical models 

were fit to account for the wide range of trait distributions in this study.  A generalized linear 

regression model was fit for binomial distributions, such as neoplasia. Cox regression analysis 

was incorporated to model time-to-event distributions, such as cataract development and tumor 

latencies. Linear regression was utilized for normally distributed traits, such as neurobehavioral 

assays. Following genome wide association analyses, resample model averaging methods were 

utilized to identify QTL that are consistently reproduced within subsamples of the mapping 

population. 

 

QTL significance thresholds, confidence intervals, effect sizes 

 Thresholds were determined using a permutation procedure in which the genotypes were 

fixed and the phenotype values were rearranged randomly within each sex. The distribution of 

the maximum negative log p-value of association under the null hypothesis that no associations 

exist (null model) was determined for each genome scan with permuted data. 1000 permutations 

were performed for each phenotype in each radiation exposure group, simulating effects arising 

from covariates, the linkage disequilibrium structure of the genome, and effects due to phenotype 

distribution. A threshold is determined as an estimate of the genome wide significance for which 

a type I statistical error will occur at a given frequency. Confidence intervals for each QTL were 

determined by nonparametric resample model averaging procedures using bootstrap aggregation 

with replacement. In this procedure, the mapping population is sampled to create a new data set 
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in which some individuals may be omitted and some may appear multiple times and the locus 

with peak significance is recorded.  Resampling is repeated 200 times for each phenotype to 

determine a 95% confidence interval for a given QTL.  Effect sizes were calculated using the 

Tjur method for association mapping with logistic regression and pseudo-R2 for mapping with 

Cox PH regression. Statistical significance for each model was assessed using a permutation 

strategy to randomize genotypes via resampling without replacement and maintaining covariates. 

Permutation analysis was performed (1000 tests) for each trait and exposure group to generate 

estimations of genome-wide significance thresholds. As genome scans with hundreds of 

thousands of imputed SNPs are computationally intensive, parallel computing was essential and 

accomplished using spot instances of resizable Elastic Compute Cloud (EC2) hosting resources. 

 

RESULTS 

 Cataract latency is significantly decreased for HS/Npt mice exposed to either HZE ions 

or -rays in comparison to unirradiated controls (Figure 4.1). No significant difference was 

observed between onset for cataracts following 0.4 Gy of HZE ion irradiation or 3.0 Gy of -ray 

irradiation, however, these two doses may not be equivalent for cataract induction. Though these 

doses seem disparate, their selection was optimized to produce maximum tumorigenesis, as the 

primary phenotyping goal for this project was tumorigenesis. Preliminary dose-response studies 

indicate that 0.4 Gy of HZE ions and 3.0 Gy -rays are each maximally tumorigenic in mouse 

carcinogenesis studies55, however the maximally cataractogenic dose for HS/Npt mice has not 

been established. Nevertheless, ionizing radiation of either type produced significantly increased 

cataract incidence, as well as earlier cataract onset, compared to spontaneously occurring  
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cataracts; this indicates that radiation-induced cataract GWAS have the potential to map 

radiation-specific cataractogenesis susceptibility loci. 

 

Figure 4.1: Kaplan-Meier analysis for latency of cataract formation (Merriam Focht score of 2.0 
or higher).  
 

 Variable survival times are observed for individual HS/Npt mice for this study, from 94 

to 800 days. This survival variability has the potential to skew binomial incidence data; e.g., if  a 

cataract susceptible mouse dies prior to developing cataracts, this mouse may erroneously be 

considered cataract free using a binomial count analysis. To best control survival variability, 

proportional hazards regression analysis with censoring is utilized during cataract QTL mapping. 

In Figure 4.2, the genome wide association mapping results for HZE ion exposed  
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(n = 622), -ray exposed (n = 615), HZE ion and -ray exposed (n = 1,237), unirradiated (n = 

613), and all mice (n = 1,850) are presented.  

 

 

Figure 4.2: Genome wide association mapping with proportional hazards regression for 
cataractogenesis in each exposure group. Significance thresholds were developed using 
permutation analysis and the 95% confidence threshold is demarcated with a grey line for each 
panel.  
 

 Cataractogenesis in HS/Npt mice is a complex, highly heritable trait with a total of 18 

QTL identified at 95% significance and an average QTL effect size of 2.7% (range: 1.3 – 5.2%). 

Detailed information on location, QTL support intervals, significance, and effects can be found 

in Appendix 5. Of these QTL, four appear to be predominantly associated with radiation 

(chromosomes 4, 13, 17, and 18), three are most significantly associated with cataracts arising 

spontaneously (chromosomes 2, 3, and 9), and the remaining genomic loci appear to confer risk  
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for all mice, regardless of radiation exposure. For simplicity, results will be presented for a single 

QTL, and similar information is provided for all additional QTL in Appendix 5.  

 The most significant cataractogenesis QTL is observed on chromosome 13 when 

grouping all irradiated mice (-log10 p-value = 9.1) (Figure 4.3a); this locus is identified in HZE 

ion irradiated mice and approaches significance in -ray exposed mice. When grouping all 

irradiated mice together, this locus is significantly bolstered, indicating that this genomic region 

is confers susceptibility to cataractogenesis following radiation of either quality. The support 

interval for the chromosome 13 QTL is 3.61 Mb and is located at basepairs 64314474 – 

67923771 (mm10 reference genome). The QTL support interval contains one gene previously 

identified as having contributory effects for human and murine cataractogenesis: Cdc14b24. This 

gene is a strong candidate for radiation-induced cataractogenesis, as Cdc14b is involved in 

defective DNA damage response, which is widely accepted as a likely mechanism of radiation 

induced cataractogenesis24. 

 

 

Figure 4.3: Genome wide association chromosome 13 results for cataractogenesis in HS/Npt 
mice.  
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 To further investigate whether overlap is present for genomic loci controlling 

susceptibility to cataractogenesis in distinct exposure groups, a resample model averaging 

procedure was employed for each exposure group to identify a distribution of the most 

significant genetic loci in resampled populations. Results of these procedures for chromosome 13 

are illustrated as histograms (Figure 4.4), with bin sizes of 150 SNPs. Overlap in HZE ion and -

ray irradiated mice is observable as an overrepresentation of SNPs near 64 Mb region. For the all 

irradiated group, nearly all resampled populations produced a SNP within 5 Mb the 64 Mb 

region. Mapping peak SNPs for spontaneous arising cataracts produced a wide variety of loci.  

 

Figure 4.4: Results of QTL mapping with resample modeling averaging to determine the 
distribution of the genomic loci that are most significantly related to cataractogenesis for each 
exposure group. 
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DISCUSSION 

 The precise mechanism of radiation cataractogenesis is unclear, but genomic damage 

resulting in altered cell division, RNA transcription, and abnormal cell differentiation is 

considered to be the principal injury56. Populations are composed of individuals with a range in 

sensitivity for different radiation late effects, including the risk for cataract development57. In 

genetically diverse populations, such as humans, polymorphism and heterozygosity for genes 

involved in cell cycle checkpoint control, DNA damage recognition, or DNA repair may 

contribute to cataractogenesis susceptibility58. The work presented here indicates that some 

overlap exists for genetic susceptibility to cataracts following HZE ion and -ray irradiation; 

however, because unique QTL were identified in each radiation group—chromosome 18 QTL 

for HZE ion exposures and chromosome 17 QTL for -ray exposures—the possibility that 

distinct genetic polymorphisms control susceptibility for different radiation qualities exists. 

 Cataractogenesis following irradiation likely involves oxidative stress resulting in DNA 

damage, protein damage, or lipid peroxidation, however the mechanisms are not fully 

understood. Radiation-induced cataracts were originally thought to represent a deterministic 

effect; once a deterministic threshold dose is achieved cataract incidence increases as a function 

of increasing dose. Cataractogenesis can be the result of lens protein aggregation 59 or due to 

cellular pathology within the lens epithelium, lens germinal epithelium, or lens fiber cells60,61. In 

a deterministic model, cataractogenesis presumably arises following radiation-induced cell death, 

which requires a minimum killing dose (threshold) and severity is a consequence of the extent of 

cell loss. However, there is reason to believe that radiation-induced cataracts actually represent a 

stochastic effect, whereby no threshold exists. For stochastic phenomena, the probability of an 

effect within an exposed population increases with increasing dose, and any dose—no matter 
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how small—can increase the probability of an effect. Radiation carcinogenesis is considered 

stochastic as the radiation presumably increases the mutation rate in cells, leading to an increased 

probability of cancerous transformation. Interestingly, neoplasia of the lens has not been 

reported62,63 and the lens responds to carcinogenic agents with opacification63. Genetic 

susceptibility effects are also regarded as stochastic effects.  

Cataracts can be classified according to the anatomic location of opacities within the lens. 

Posterior subcapsular cataracts (PSC) are historically associated with radiation exposure in 

humans and are also induced by radiation consistently across species41. Following irradiation, 

there is an initial formation of opacities on the posterior lens capsule followed by small vacuoles 

and diffuse punctate opacities on the posterior lens sutures. Over time, these opacities and 

vacuoles coalesce into a posterior subcapsular cataract21. Eventually, progression of the cataract 

extends to the anterior subcapsular and cortical regions, resulting in vision loss. Rate of 

progression is shown to be affected by dose, age, environment, genetics, sex, and sex hormone 

while time of onset is inversely related to dose20,23,64-69. Cataract progression can be documented 

by serial slit-lamp biomicroscopy exams. The Merriam-Focht classification system that was 

initially described in 1962 depends on the assumption of a sequential progression to radiation 

cataracts. The system has been widely used by many researchers in both animal models 

20,21,23,25,57,70 as well as in human populations25,29,57,70. Though many species have been used as 

animal models to study radiation cataracts, rodents have been used most commonly.  

It should be noted that, of the strains that contributed to the HS/Npt population, several 

founder strains are predisposed to specific ocular diseases that could result in cataract 

development. C57BL/6J strain is known to have microphthalmia 

(https://www.jax.org/strain/000664), which could be associated with other ocular abnormalities. 
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The C3H/HeJ strain is homozygous for a retinal degeneration allele 

(https://www.jax.org/strain/000659), which has been associated with cataractogenesis due to 

toxic lenticular changes2. The CBA/J strain is also known for being affected by retinal 

degeneration as well (https://www.jax.org/strain/000656). The DBA/2J strain is known to 

develop pigmentary dispersion, iris atrophy, anterior synechia, and increased intraocular pressure 

(https://www.jax.org/strain/000671), which can be responsible for cataractogenesis2. 

Astronauts face not only acute risks during space missions, but also long-term late effects 

such as cancer and cataracts from exposure to space radiation. There are important differences in 

the energy deposition patterns between terrestrial low LET radiation (X rays or -rays) and high 

LET heavy ions in space39. The present study demonstrates that susceptibility to radiation-

induced cataracts is highly heritable and indicates that individuals genetically predisposed to 

radiation-induced cataracts on Earth are also more susceptible in the space radiation 

environment. These results indicate that epidemiologic data from humans exposed to terrestrial 

radiation can be extrapolated to risk predictions in for cataractogenesis in the space radiation 

environment. 
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Chapter Five 

 

Determining Dose Rate Effects on Carcinogenesis: Differences in the  

Tumor Spectrum Following Single or Fractionated Radiation Exposures 

 

SUMMARY 

 In this study, we demonstrate that repeated 2-Gy fractions of -ray radiation more 

commonly produce neoplasms arising from endothelial or osteocyte precursors, in contrast to 

single large-dose exposures, which more commonly produce fibrosarcomas or malignant fibrous 

histiocytomas. There is a general lack of in vivo data describing differences in second cancer 

histotype, incidence, and latency after fractionated irradiation in comparison with single large-

dose exposures. These results indicate that different cell types respond differently to radiation, 

depending on delivery schedule.  

 To investigate differences in tumor histotype, incidence, latency, and strain susceptibility 

in mice exposed to single-dose or clinically relevant, fractioned-dose -ray radiation, C3Hf/Kam 

and C57BL/6J mice were locally irradiated to the right hindlimb with either single large doses 

between 10 and 70 Gy or fractionated doses totaling 40 to 80 Gy delivered at 2-Gy/d fractions, 5 

d/wk, for 4 to 8 weeks. The mice were closely evaluated for tumor development in the irradiated 

field for 800 days after irradiation, and all tumors were characterized histologically.  

 A total of 210 tumors were induced within the radiation field in 788 mice. An overall 

decrease in tumor incidence was observed after fractionated irradiation (16.4%) in comparison 

with single-dose irradiation (36.1%). Sarcomas were the pre- dominant postirradiation tumor 

observed (n = 201), with carcinomas occurring less frequently (n = 9). The proportion of mice 
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developing tumors increased significantly with total dose for both single-dose and fractionated 

schedules, and latencies were significantly decreased in mice exposed to larger total doses. 

C3Hf/Kam mice were more susceptible to tumor induction than C57BL/6J mice after single-dose 

irradiation; however, significant differences in tumor susceptibilities after fractionated radiation 

were not observed. For both strains of mice, osteosarcomas and hemangiosarcomas were 

significantly more common after fractionated irradiation, whereas fibrosarcomas and malignant 

fibrous histiocytomas were significantly more common after single- dose irradiation.  

 This study investigated the tumorigenic effect of acute large doses in comparison with 

fractionated radiation in which both the dose and delivery schedule were similar to those used in 

clinical radiation therapy. Differences in tumor histotype after single-dose or fractionated 

radiation exposures provide novel in vivo evidence for differences in tumor susceptibility among 

stromal cell populations. 

 

INTRODUCTION 

 Inbred mouse strains differ in their susceptibilities to various radiogenic tumors, 

including thymic lymphoma, myeloid leukemia, mammary tumors, pulmonary adenocarcinoma, 

hepatocellular carcinoma, and osteosarcoma1-9. The strain differences in susceptibilities are 

thought to be due to the differing genetic backgrounds of the strains, and in some cases specific 

genetic polymorphisms have been identified that may be responsible7,10-13. Most of these studies 

on strain differences involve single, acute, whole-body exposures, although there are exceptions 

such as the use of internal emitters in the study of osteosarcoma and the use of dose fractionation 

to induce thymic lymphomas. The total doses in most, but not all, studies are 3 Gy or less. To the 

best of our knowledge, research into mouse strain and tumor histotype differences involving 
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fractionated exposures to high total doses, similar to those experienced by radiation therapy 

patients, have not been reported.  

 Here we report on tumorigenesis in 2 inbred murine strains, C3Hf/Kam and C57BL/6J, 

exposed to single-dose or fractionated irradiation of -rays up to 70 or 80 Gy delivered to a 

hindlimb.  

 

METHODS 

Mice  

 C57BL/6J and C3Hf/Kam male mice, bred and maintained in the Experimental Radiation 

Oncology specific-pathogen- free mouse colony, were 3 to 4 months old at the beginning of 

experiments. The mice, housed 5 per cage, were exposed to 12-hour light/dark cycles and given 

free access to sterilized pelleted food (Prolab Animal Diet; Purina, Indianapolis, IN) and 

sterilized water. The facilities were approved by the Association for Assessment and 

Accreditation of Laboratory Animal Care and in accordance with current regulations of the US 

Department of Agriculture and Department of Health and Human Services, and the experimental 

protocol was approved by and in accordance with guidelines established by the University of 

Texas MD Anderson Cancer Center Institutional Animal Care and Use Committee.  

 

Irradiation  

 A preclinical model consisting of development of solid tumors in the limbs of C3H mice 

exposed locally to ionizing radiation was used to study radiation-induced tumorigenesis14-17. 

Right hindlimbs of mice were exposed to local irradiation in air with single doses of -rays 

ranging from 10 to 70 Gy, or with 2-Gy fractions given daily for 5 days per week for a total of 



 125 

40, 50, 60, 70, and 80 Gy. For single-dose radiation, mice were grouped for analysis according to 

exposures as follows: 10 to 29 Gy, 30 to 39 Gy, 40 to 49 Gy, 50 to 59 Gy, and 60 to 70 Gy, as 

detailed in Table E1 (available at www.redjournal.org). Only C3Hf/Kam mice were exposed to 

single-dose radiation from 60 to 70 Gy, therefore the results from this dose range were not 

included in the statistical analysis comparing tumor incidence be- tween strains. Radiation was 

delivered from a small-animal irradiator with 2 parallel-opposed 137Cs sources at a dose rate of 

6.4 to 8 Gy/min. During irradiation, unanesthetized mice were immobilized in a jig, and the right 

rear thigh was centered in a circular radiation field 3 cm in diameter.  

 

Assessment of hindlimb tumors  

 Mice were observed for development of tumors in the irradiated limbs at 2-week intervals 

until 800 days after irradiation. Tumor incidence was defined as the proportion of mice 

developing hindlimb tumors out of the total number of mice receiving a given dose of radiation. 

All tumors were analyzed histologically by a veterinary pathologist (blinded to treatment and 

mouse strain) using 5-mm sections from formalin-fixed, paraffin-embedded tissues routinely 

processed and stained with hematoxylin and eosin. Osteosarcomas were characterized as 

tumors composed of malignant mesenchymal cells associated with brightly eosinophilic, fibrillar 

to homogeneous, tumor osteoid matrix (Figure 5.1A). Hemangiosarcomas were composed of 

atypical, plump endothelial cells forming irregularly anastomosing vascular spaces containing 

erythrocytes (Fig. 5.1B). Fibrosarcomas were composed of spindle-shaped cells separated by 

variable amounts of lightly eosinophilic collagenous stroma; spindle- shaped cells were arranged 

in interweaving fascicles forming a characteristic herringbone pattern (Fig. 5.1C). Malignant 

fibrous histiocytomas were pleomorphic with fusiform to rounded cells and typically contained 
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Figure 5.1: Representative tumor histopathology, hematoxylin and eosin. (A) Osteosarcoma. 
Neoplastic osteocytes surround and are encased in brightly eosinophilic tumor osteoid 
(arrowhead), which progressively transitions to immature woven bone. Multinucleated 
osteoclasts are scattered throughout the tumor. (B) Hemangiosarcoma. Atypical endothelial cells 
form irregularly anastomosing vascular channels containing erythrocytes, and nuclei of 
neoplastic cells often bulge into vascular channels (arrowhead). (C) Fibrosarcoma. Neoplastic 
spindle cells are arranged in fascicles that interweave to form a herringbone pattern. Cells are 
separated by variable amounts of lightly eosinophilic, collagenous stroma, and mitotic figures are 
common (arrowhead). (D) Malignant fibrous histiocytoma. Pleomorphic cells with fibroblastic 
and histiocytic differentiation are separated by sparse eosinophilic, collagenous stroma. 
Moderate to marked anisocytosis and anisokaryosis is observed, and multinucleated giant cells 
are frequent (arrowhead). 
 

numerous multinucleated giant cells (Fig. 5.1D). Representative histopathology for additional 

tumor histotypes can be found in Figures E1 and E2 (available online at www.redjournal.org). 
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Sarcomas lacking diagnostic features of the previously mentioned subtypes were assigned the 

diagnosis of undifferentiated sarcoma.  

 

Statistical analysis  

 Comparisons were made between tumor histotype, radiation dosing schedule, tumor-free 

survival times, tumor latencies, and mouse strain. Chi-squared tests were used to compare 

categorical variables. Logistic regression was used to compare proportions of tumors induced by 

increasing doses for single-dose or fractionated radiation. Kaplan-Meier survival analyses were 

used to determine differences in tumor-specific survival between strains and differences in 

tumor-specific survival between tumor histotypes and radiation delivery. Tumor latencies 

between mouse strains, radiation dose groups, and tumor histotypes were compared using 

analysis of variance. Statistical analyses were per- formed using STATA software (version 11.2; 

StataCorp, College Station, TX) and Graphpad Prism (version 6.0d; GraphPad Software, La 

Jolla, CA). All values were considered significant at P < 0.05.  

 

RESULTS 

Tumor incidence  

 After single-dose exposures between 10 and 70 Gy, 163 of 451 mice (36.1%) developed 

hindlimb tumors. Tumor incidences showed a similar increase for each increasing dose group 

when combining C3Hf/Kam and C57BL/6J mice (Figure 2A; P < 0.001). Single-dose exposures 

were significantly more effective at inducing hindlimb tumors in comparison with similar total 

doses received in 2-Gy fractions (P < 0.001). For hindlimbs irradiated with fractionated 

exposures, 55 tumors were induced in 335 mice (16.4%). The 5 fractionated dosing groups each 
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showed a consecutive increase in tumor incidence with increasing dose (Figure 5.2A), to 

culminate in a 38% tumor incidence for the 80-Gy group. Over the dose ranges investigated for 

single-dose irradiation, increases in tumor incidences were observed up to 50 Gy for C57BL/6J 

mice and up to 60 Gy for C3Hf/Kam mice, with evidence of a plateau in the dose response for 

larger doses (Figure 2B). Over the dose ranges investigated for fractionated irradiation, no 

evidence for a plateau in the dose response was observed (Figure 5.2 A, B).  

 

Tumor latency  

 Latency was defined as the number of days between the date of irradiation and tumor 

development. For fractionated irradiation, the day of the final fraction was defined as day 0. For 

single-dose irradiation, the first tumors appeared at 216 days after irradiation for C3Hf/KAM and 

at 348 days for C57BL/6J. For fractionated irradiation, the first tumors appeared at 256 days 

after the last fraction for C3Hf/KAM and at 384 days for C57BL/6J. A decrease in latency was 

observed with increasing dose for both single-dose (Figure 5.3A; P = 0.024) and fractionated 

dosing schedules (Figure 5.3B; P = 0.026). After single-dose irradiation, the mean tumor latency 

time for C3Hf/Kam mice was significantly decreased compared with C57BL/6J mice (Figure 

5.4A; P = 0.002); no significant difference in latency was observed between the 2 strains after 

fractionated radiation (Figure 5.4B; P = 0.858). The latencies for different sarcoma histotypes 

were not significantly different (Figure 5.5A, B); however, the latency for carcinomas was 

significantly prolonged in comparison with the latencies for sarcomas as a group (Figure E3). 
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Figure 5.2: Incidence of hindlimb tumors by radiation dose. (A) Incidences of hindlimb tumors 
are significantly increased in mice exposed to a single large dose of radiation in comparison with 
mice exposed to fractionated radiation (P < 0.001). (B) Incidences of hindlimb tumors by 
radiation dose and mouse strain. C3Hf/Kam mice have a significantly higher incidence of 
hindlimb tumors after single-dose exposures than C57BL/6J mice (P < 0.001). No significant 
difference in tumor incidence is observed between C3Hf/Kam and C57BL/6J mice after 
fractionated exposures. Single doses are grouped as 10 to 29, 30 to 39, 40 to 49, and 50 to 59 Gy. 
Fractionated doses were given as 2 Gy/d, 5 d/wk for 4 to 8 weeks and are listed as total doses of 
40, 50, 60, 70, and 80 Gy. 
 

Tumor histotype  

 All 210 tumors observed were categorized histologically, as summarized in Table 1. 

After fractionated exposures, both C57BL/6J and C3Hf/Kam mice were more likely to develop 

osteosarcoma (P < 0.001) and hemangiosarcomas (P < 0.001) than other tumor types (Figure 

5.5C). Of the tumors produced by fractionated radiation, 63% were osteosarcoma or 

hemangiosarcoma; in comparison, these tumor types constituted only 8% of all tumors after 

single-dose exposures. The most common tumors induced by single- dose radiation were 

fibrosarcoma and malignant fibrous histiocytoma, each of which was significantly more common 

after single-dose irradiation (P < 0.001). Fibrosarcomas and malignant fibrous histiocytomas 

constituted 59% of the tumors after single-dose exposures, in comparison with 7% after  
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fractionated exposures. Additionally, squamous cell carcinomas were more commonly observed 

in mice given 2-Gy fractions than in mice given single large doses (P = 0.036).  

 

 

Figure 5.3: Decreasing tumor latencies with increasing dose after (A) single exposures of 10 to 
70 Gy or (B) fractionated exposure of 2 Gy/day fractions given 5 days/week for 4 to 8 weeks. 
Mice receiving higher total single doses have significantly decreased tumor latencies (P = 
0.024), measured as the number of days between irradiation and tumor development. Mice 
receiving higher total fractionated doses also have significantly decreased tumor latencies (P = 
0.026). 
 

Strain susceptibility  

 After single-dose exposure, significant differences in tumor incidences (Figure 5.2B; P < 

0.001) and tumor latencies (Figure 4A; P = 0.002) were observed between C3Hf/Kam and 

C57BL/ 6J mice. For fractionated exposures, tumor incidences and latencies were similarly 

increased and decreased, respectively; however, these changes were not statistically significant 

(Figure 2B and 4B). For both strains of mice, osteosarcomas and hemangiosarcomas were 

significantly more common after fractionated irradiation, whereas fibrosarcomas and malignant 

fibrous histiocytomas were significantly more common after single-dose irradiation.  
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Figure 5.4: Tumor latencies after (A) single exposures of 10 to 70 Gy or (B) fractionated 
exposure of 2-Gy/d fractions given 5 d/wk for 4 to 8 weeks separated by mouse strain 
(C3Hf/Kam or C57BL/6J). C3Hf/Kam mice have significantly decreased tumor latencies in 
comparison with C57BL/6J mice after single-dose exposures (P = .002) but not after fractionated 
exposures (P = 0.858). 
 

DISCUSSION 

 In this study we demonstrate that repeated 2-Gy fractions more commonly produce 

neoplasms arising from endothelial or osteocyte precursors, in contrast to single large-dose 

exposures, which more commonly produce fibrosarcomas or malignant fibrous histiocytomas. 

Differences in tumor histotypes after single-dose and fractionated radiation exposures provide 

novel in vivo evidence for variability in susceptibility amongst stromal cell populations. 

Investigations into the cell of origin for sarcomas have identified progenitor cells for the 

development of specific sarcoma subtypes18,19; our work suggests that certain histotype-specific 

progenitor cells may have differential susceptibilities to the late effects of radiation based on 

dose fractionation.  
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Figure 5.5: Tumor histotypes arising in locally -irradiated hindlimbs compared by dose 
schedule. Latency of tumors separated by histotype after (A) single exposures of 10 to 70 Gy or 
(B) fractionated exposures of 2-Gy/d fractions given 5 d/wk for 4 to 8 weeks and (C) tumor 
incidences separated by dose scheduling. Osteosarcomas (P<.001), hemangiosarcomas (P<.001), 
and squamous cell carcinomas (P=.036) were significantly more common after fractionated 
irradiation, whereas fibrosarcomas (P<.001) and malignant fibrous histiocytomas (P<.001) were 
significantly more common after single large-dose irradiation. FSA = fibrosarcoma; 
HAS = hemangiosarcoma; MFH = malignant fibrous histiocytoma; OSA = osteosarcoma; 
RhSA = rhabdomyosarcoma; SCC = squamous cell carcinoma; US = undifferentiated sarcoma. 
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Table 5.1: Histology of -irradiation–induced tumors of the hindlimbs of locally irradiated mice, 
separated by radiation dose scheduling 
 

 

 

 Sarcomas were one of the original solid tumors to be associated with radiation therapy in 

the 1920s20,21 and continue to be a rare but highly fatal hazard of modern radiation therapy22. 

Conventionally, radiation therapy is delivered as 2- to 2.5-Gy fractions (Monday-Friday) for 1 to 

7 weeks23, which is similar to the fractionation schedule used in our study (2 Gy/d, 5 d/wk, for 4-

8 weeks). Radiation fractionation is thought to increase the efficacy of tumor cell killing by 

increasing the number of tumor cells irradiated during radiosensitive phases of the cell cycle and 

by allowing tumor reoxygenation between each fraction, which increases the accumulated non-
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repairable damage in tumor cells per unit dose24,25. Fractionated radiation therapy also has the 

advantage of allowing non-neoplastic cells time to repair24,25; however, accumulated damage to 

non-targeted cells may lead to a second primary neoplasm. In addition, the protracted time period 

between fractionated doses allows for the replenishment of radiation-depleted cells, including 

potential target cells for neoplastic transformation, thereby expanding the number of cells at risk. 

Because of the increased success of cancer therapies, increasing numbers of cancer survivors are 

at risk for developing second primary malignancies within radiation treatment fields, which 

include post-irradiation sarcomas22. However, uncertainties surrounding post-irradiation 

sarcomas exist owing to their relative rarity. These uncertainties include the variation in risk by 

sarcoma histotype, the shape of the dose response curve, and potential genetic susceptibility.  

 In the present study, osteosarcomas and hemangiosarcomas were significantly more 

common after clinically relevant fractionated radiation, whereas fibrosarcomas and malignant 

fibrous histiocytomas were significantly more common after single large doses of radiation. 

These results are consistent with previous studies in which mice exposed to single or 

hypofractionated large doses of -rays were most commonly diagnosed with fibrosarcomas and 

malignant fibrous histiocytomas26,27. Potential explanations for the observed differences in tumor 

cell-of-origin after fractionated or single-dose irradiation include: (1) differential cell type 

susceptibility to apoptosis, necrosis, or senescence after irradiation; (2) differential cell type 

repair capabilities; (3) differential post-irradiation immune- modulatory effects on different cell 

types; or (4) differential cell type responses to growth factors, cytokines, or hormones after 

fractionated or single-dose irradiation. In vitro, changes in transcription in normal human 

coronary artery endothelial cells exposed to single-dose or fractionated radiation have been 

examined28,29. Palayoor et al.29 demonstrated that exposure of endothelial cell cultures to 5 2-Gy 
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fractions resulted in robust transcriptional changes in comparison with a single 10-Gy dose. 

Genes regulating cell cycle, DNA replication, DNA damage stimulus, DNA repair, and genes 

related to immune response were significantly altered after exposure to fractionated radiation in 

comparison with single-dose radiation29.  

 Similar to the mice in this study, tumor histotypes arising in humans exposed to 

fractionated radiation are commonly osteosarcoma and angiosarcoma (angiosarcoma is a 

category that includes hemangiosarcoma and lymphangiosarcoma). Studies of childhood post-

irradiation sarcomas reveal that the most frequent second solid cancer occurring in children 

treated with radiation therapy is osteosarcoma30. In adult breast cancer patients treated with 

fractionated radiation therapy (2 Gy/d, 5 weekly fractions) with median doses of 50-55 Gy, the 

most common tumor was angiosarcoma, followed by undifferentiated sarcoma and 

osteosarcoma31.  

 In our study the risk of post-irradiation sarcoma after clinically relevant fractionated 

exposures increased with total doses up to 80 Gy, with no evidence of a plateau. Similarly, in 

humans, studies of childhood post-irradiation sarcomas provide clear evidence of increased risks 

with no evidence of a decrease in slope with doses up to 60 Gy30,32,33. For breast cancer patients 

in adulthood, increased risk of post-irradiation sarcomas is also associated with increasing 

dose34. After single-dose irradiation, evidence of a plateau in tumor incidence was observed at 

doses higher than 50 Gy for C57BL/6J mice and at doses higher than 60 Gy for C3Hf/Kam mice. 

The risk of developing sarcomas is influenced by genetic susceptibility in humans and mice; 

however, only a few specific examples of a genetic susceptibility to radiation-related sarcomas 

are present in the literature13,35,36. Susceptibility to radiation-induced osteosarcoma has been 

associated with a common promoter variant in Rb1 in mice13. In humans treated for 
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retinoblastoma with radiation therapy, there is an increased risk of sarcomas in the radiation 

field35,36. Additional evidence for genetic susceptibility to sarcoma can be observed in the 

differential solid object tumorigenesis in different strains of mice, in which there is a marked 

difference in tumorigenesis after implanted foreign bodies37. Genetic susceptibility to radiation-

induced sarcoma in mice was revealed in the present study as an increased incidence and 

decreased latencies of post-irradiation sarcomas in the C3Hf/Kam strain compared with 

C57BL/6 after single-dose irradiation. No significant differences were observed between these 2 

strains after fractionated irradiation; however, fewer tumors and different histotypes were 

induced after fractionated exposures, which decreased the power of the statistical analysis; and 

although not significant, the incidences of tumors were similarly increased in C3Hf/Kam mice 

compared with C57BL/6 mice (Figure 1B).  

 

Conclusions  

 Osteosarcoma, hemangiosarcoma, and squamous cell carcinoma are significantly more 

common in mice after exposure to radiation in fractions of 2 Gy/d. In contrast, fibrosarcomas and 

malignant fibrous histiocytomas are significantly more common after single large doses of 

radiation (10-70 Gy). Genetic susceptibility to radiation- induced sarcomas was observed as a 

difference in tumor incidences and latencies between C3Hf/Kam and C57BL/ 6J mice.  
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Chapter Six 

 

Significance  

 

 The future of space exploration for humankind is dependent on developing an 

understanding of the space radiation environment and creating sound estimates of the biologic 

threats that are posed in such an untested environment. Carcinogenesis from exposures to 

galactic cosmic rays is considered one of the most significant barriers to a manned mission in 

deep space. NASA dictates a ceiling for cancer risk and that ceiling is defined by the upper 95% 

confidence interval of the risk estimate. By decreasing uncertainties surrounding cancer risk 

assessments in space, that 95% confidence interval can be diminished and risks can be more 

accurately estimated. The most significant component of uncertainty in the current estimates for 

cancer risk in the space radiation environment is the unclear carcinogenesis effects of HZE ions. 

The work presented in this dissertation attempts to address the uncertainties surrounding HZE 

ion exposures.  

 In order to provide a meaningful prediction of the carcinogenic effects of space radiation 

on humans, epidemiologic data from human populations exposed to ionizing radiation is utilized 

as a baseline. This human data is not perfect, however, most notably because the ionizing 

radiation in studied human populations is composed of photons, which produces sparse, isolated 

ionization events. The ionizing radiation in space is physically very different: it is composed of 

particles, or HZE ions, traveling at relativistic speeds, likely accelerated from supernova 

explosions. The ionization events that result from HZE ion interactions are focused and produce 

dense tracks through biologic material; this type of radiation is much more efficient at producing 
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clustered and complex damage within a cell. Because of the physical differences in the photon 

radiation for which there exists human epidemiologic data and the particle radiation present in 

space, the validity of utilizing such human data is unproven. Ground-based studies utilizing 

accelerator produced HZE ions and animal models provides the best strategy to test the validity 

of using terrestrial radiation carcinogenesis data as a surrogate for space radiation 

carcinogenesis. However, the animal model must be carefully chosen to avoid specific pitfalls in 

such validity assessments. As the majority of animal models of cancer are composed of 

populations of genetically identical individuals, the individuals of such a population have a 

narrow phenotypic window and, therefore, tend to produce the same tumor type regardless of 

carcinogen exposure. The genetic homogeneity obscures the variability that may exist in a 

genetically diverse population, such as humans. For this reason, a mouse model of population 

diversity was utilized in a lifetime carcinogenesis study to determine the tumor spectra that 

would occur following exposure to photon radiation and high-energy particle radiation. The 

results indicate that, although the two radiation types are differently efficient at producing 

specific tumor histotypes via specific mechanisms, the tumor spectra are essentially the same and 

both forms of ionizing radiation are capable of producing tumors via similar mechanisms. 

 Determining the genetics of susceptibility and resistance to radiation-induced tumors 

could represent a method to decrease the risks faced by individuals. It is well known that genetic 

susceptibility plays a significant role for human susceptibility to radiogenic tumors following 

exposure to low LET radiation; however, determining genetic susceptibility to high LET 

radiation is complicated by the lack of human exposures. If  the same genetic loci that predispose 

an individual to tumors following low LET exposures also predispose that individual to the same 

tumors following high LET exposures, extrapolating the genetics of susceptibility would present 
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an accurate way to predict which individuals in a population will face increased cancer risk in 

space. This dissertation provides novel evidence for this concept in the form of genome-wide 

association studies in outbred mouse population exposed to HZE ions and -rays. A high degree 

of overlap in QTL are observed between exposure groups, indicating that the extrapolation of 

human terrestrial radiation data to space radiation cancer risk predictions represents a valid 

approach to cancer risk estimates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 143 

Appendix 1 

 

Table. Tumors arising in HS/Npt mice following exposure to HZE ions (600 MeV/n 56Fe or 240 MeV/n 
28Si) or -ray irradiation compared to the background incidence of the same tumors in unirradiated 
HS/Npt mice. 
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Appendix 2 

 

Kaplan-Meier survival analysis for tumors arising in HS/Npt mice following exposure to HZE ions (600 

MeV/n 56Fe or 240 MeV/n 28Si) or -ray irradiation compared to the background incidence of the same 

tumors in unirradiated HS/Npt mice. 
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Appendix 3 

 

Genome-wide association mapping results for tumor incidence. 
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Appendix 4 

 

Genome-wide association mapping results for tumor latency. 
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Appendix 5 

 

Genome-wide association mapping results for cataract latency. 
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