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ABSTRACT

DETERMINING THE CANCER RISKS PRESENTEBY SPACE RADIATION:
GENOMIC MAPPINGIN OUTBRED MICE REVEALS OVERLARN GENETIC

SUSCEPTIBILITY FOR HZE IONAND y-RAY INDUCED TUMORS

Carcinogenesis following space radiation exposigresnsidered the primary
impedimento human space exploration. Calculating the actual risks confronted by spaceflight
crewsis complicated by oulimited understanding of the carcinogenic effects of high charge,
high energy (HZE) ions-a radiation typdor which no human exposure data exists. The current
NASA modelto calculate cancer riskom space radiation exposurisduilt largely upon
epidemiological datirom the survivorf the Hiroshima and Nagasaki atomic bombings, a
cohort of individuals exposed predominaritlyy-rays. This dissertation examines some of the
assumptions underpinning the current NASA model tsedsess space radiation cancer risk.

In assessing cancesksto astronauts, the premise that HZE ion exposures increase the
risk for the same types of tumors that arrsstudied human populations exposedg-raysis
supportedy the few animal studies of HZE ion carcinogenesis conduotddte Sofar, these
studies havéoundthat the tumor types that ariseHZE ion irradiated animals are the saase
those that occur spontaneousiythese animals or following exposugesparsely ionizing
radiation. Howeverall of the data have been deriviedm either inbred mice or rats 1 hybrid
mice, or rat stocks with limited genetic heterogeneity. Experimental nkesignploying
genetically identical animals are well suiteccompare the relative effectiveness of various

radiation qualitiesor inducing specifidypes of tumors. But since the tumor types that amise



inbred animals are determined very large parthy their genetic background, the spectrum of
tumors that might aris@ a diverse population exposedHZE ionsis unknown.

With the emergence ofulti-parent outbreeding strategies that produce highly
recombinant mouse populations with allelic varidrdsn multiple founder strainst is possible
to model the effects of population diversitycarcinogenesis studi®y minimizing the
overwhelmingeffects of genetic background and increasing the phenotypic repertoire available
within a test population. Such populations also alflomhigh precision genomic mapping.
Quantitative trait locus (QTL) mappinga powerful forward-genetics approach tawwsfor
unbiased testing of genetic variants that may influence gene-environmerdtiotesfar
radiation effects. Highly recombinant populations are desifpregenetic mapping; therefore,
QTL canbe resolvedo megabase resolution and subsequently compared between exposure
groups. Further, complete sequence informatembe utilized on genotyped individuals by
imputing the genomic resources availafolethe fully sequenced founder strains. Studying
tumors that arisen irradiated, highly recombinant mouse populations presents a unique
opportunity: the abilityo determine whether the same QTL that make individuals within a
population susceptibl® specificy-ray induced tumors also make them susceptibtbose
tumor types following HZE ion exposurdk so, extrapolation of human epidemiological data
from individuals exposetb y-rays would be a valid approatdr risk calculationn the space
radiation environment.

Through a genetics approach using carcinogenesidrdataa mouse model of
population diversityye find that not onlyis the spectrum of tumors induced by accelerator
produced HZE ions similao the spectra of spontaneous amdy-induced tumors, but that the

QTL controlling susceptibilities often overlap between groups. This overtagates shared



tumorigenesis mechanisms betwgemy and HZE ion exposures and supports the use of human
epidemiological dat&rom y-ray exposureto predict cancer riskom galactic cosmic rays.

Permissible exposure limifer astronauts are based on the risk of dé&atin cancer
rather than cancer incidence. Because the incidenoertality conversion used current risk
calculationgs based on mortalitirom background canceis the U.S. population, thersan
assumption that radiogenic tumors are no more lethal than spontaneous Waiond. that
malignancyasmeasuredby metastases endpoiniscomparabldéor spontaneous tumors and
tumor induced following HZE ion oy-ray exposures.

To efficiently utilize the vast genetic resources produndtis study, cataractogenesis
endpoints are characterized and QTL mappsmerformed. The progression of radiation-
induced ocular changeésfollowed by dilated slit lamp biomicroscopy, wita@hmouse being
examined upo seven times post-irradiation. Progressive, radiation-associatedHanges are
notedin both HZE ion andg-ray exposed populations. QTL controlling latend@sadiation-
induced cataracts are identified and oventagusceptibility loci are observddr mice exposed
to HZE ion andy-ray radiation.

Finally, because sufficiently powered lifetime carcinogenesis studiebabeen
previously undertakem highly recombinant outbred mouse populations, many of the QTL
presented here are novel. QTL are describedl tumor histotypes, radiation-induced
cataractogenesis, and neurobehavioral endpoints. For tumor incidence, 51 QTLearegres
with anaverage confidence interval of 3.4 megabases and sifestaveraging 3.7% (range:
0.75 - 7.46%). Commonlfpr these endpoints, the genetic architecture of the phenotypic

varianceis complex with multiple QTL individually explaining only a small proportion of the



total variance. Although loci with moderate effects on the phenotype wereamston, 11
large effect QTL are describéar 7 tumor histotypes, with effect sizes greater than 5%.

Ground-based studies using accelerator produced HZE ions present the best oggortuniti
for estimating the effects of space radiation. However tatechnical limitations, protracted
exposures within particle accelerators are not feasible. This technicatiimipresents a key
concernfor the translatability o&ll studies of space radiation performedeath. The doses
studied experimentally occur over the course of minutes, while expasigesce are received
continuously over the course of a mission. Although experimental sttahesatch the total
doses receivenh space, estimating the effects of dose rate remain a challemgemonstrate
that changes radiation dose rate can produce differenngbe tumors producede present a
large-scale carcinogenesis study utilizing two inbred mouse strains dxpdsectionated or
single dose-rays. This study demonstrates that variatiodose rate, while maintaining the
total dose receive@anresultin distinct tumor histotypes.

The results presented this dissertation indicate that cancer risks following space
radiation exposures are largely determibgdenetic background amménbe calculated based
on epidemiologic datiiom terrestrial radiation exposures. Therefore, the subpopulattons
increased riskor radiation-induced tumors on Earth are likidysubstantially overlap with
subpopulationatincreased riskn the space radiation environment. These findings support the
assumptions underlying the current model useNASA to estimate fatal cancer risk®m
space radiation exposures. Additionally, this work indicates that individdalemcer risk

assessmemhaybe warrantedio mitigate cancer and health riskem space radiation exposures.
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Chapter One

Biological Threats of the Space Radiation Environment

THE SPACE RADIATION ENVIRONMENT

Radiationis energy emittedh theform of electromagnetic waves or atomic particles.
Some radiation carries enough enei@fragment or destabilize atoms. Radiation trat
dislodge the electrorfsom atomsis deemed ionizing. And when ionizing radiation dislodges the
electronsfrom the atoms of living organisms, the radicalized moleccéeslisrupt biological
structures and threaten the molecular organization of life. Humans becamneechthese
invisible forms of energy startirig the 1890°s and early radiation scientists were edager
characterize the properties and sources of this mysterious physical phenowigineim
Rontgenis credited with first producing electromagnetic radiation, now knasi-rays,at a
wavelength that could penetrate material and activaté. finound the same time, radioactive
minerals were discovered by Henri Becquerel and his student Mari€.Qimeeoriginal
paradigm was that radiation originated from the unstable elements of Earthvefpaeer the
next few decades, evidence began to build corroborating the existence of estratkrre
radiation sourcésincluding the observance of higher levels of radiation atop the Eiffel Tower
comparedo its basé and increasing radiation densitiasalloon flightsat elevations of 3.3
and 5.6 miles above sea level. The ionization rates obseatkse elevations wésundto be
four timeshigher than the levefsund onEarth’s surfacé. In 1925, the terrficosmic rays” was

coinedto describe this high-enerdgrm of celestial radiatioh Cosmic radiation has since been



well characterized anchnbe broadly separated into two categories accotgisgurce: solar

and galacticKigure 1.1)%.

Solar Energetic Particles

(Solar Particle Events or
Coronal Mass Ejections)

Figure 1.1: The interplanetary space radiation environment ané4tt&’s magnetosphere.
[http://www.nasa.gov/]

Solar energetic particles (SEP) are prodwatgte surface of the Sun and are
predominantly composed of low and medium-energy protons and elécffbase SEPs are
referredto asthe solar wind, whicks predominantly low linear energy transfer (LET) radiation.
When the Sun experiences magnetic perturbations, solar particle eveatsur. Solar particle
events are phenomemawhich dense clouds of SEP create abnormally large fluxes of radiation.
Two types of solar particle everdage recognized: solar flares and coronal mass ejections. Flares
are local events that emit radiation across the electromagnetic specicluding ionizing

radiation like X- and-rays, and non-ionizing radiation like radiowaves and white light. Solar



flares are often accompanied by coronal mass ejections. Coronal mass egretiange coronal
eruptionsin which the ejected coronal mat@mnmoves through the solar wind, reaching Earth
within days. The radiation from these everdsadeformEarth’s geomagnetic field, disrupt
terrestrial communications, and represent a potential ttreashielded astronadfsBoth the
energy spectra and time profiles of solar particle eveatsighly variable. Events with a
relatively fast onset of high-energy particleay pose potential problenfer activities andcan
resultin acute illness or @dghin the absence of shielding. However, SEP are relativelyteasy
shield with conventional spacecraft materials; a 10-15 ggtralteris adequatdor typical

eventS. Similarly, the electrons presantSEP are easily shielded. Although high energy and
charge (HZE) ionsanoriginatefrom the Sun during solar particle events, they are uncommon
and the energiest which they occur are lower than thdee HZE ions originating outside of the
solar system.

Galactic cosmic radiation (GCR) originates outside of our solamsyatelis the
component of space radiation tigof highest concerfor manned missions deep spadeThe
constituency of GCHs approximately 87% protons, 12% helium, and 1-2% heavier particles and
the particle radiation exists within a wide range of energy distributions, gestkapproximately
1GeV/nucleof!™ The heavier particles of GCR consist of HZE nuclei with atomic numbers
rangingfrom Z = 3 (lithium)to Z = 28 (nickel}2. The relative abundance of heavier particles
predominantly decreasasatomic number increases, with a notable peak Z = 26 (iFogdie
1.2)8. GCR nuclei traveht relativistic speeds and contain sufficient enertpgsenetrate
spacecraft material such that no reasonable amount of shielding wilhpragetion exposures

to crew memberS. Further, secondary particles and neutrons resuttomg HZE ion collisions



with shielding material can produce dramatic increasése radiation experienced within a

spacecratft.
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Figure 1.2: Relative abundance of GCR nuclei from hydro@@r 1)to iron (Z = 26).

Because of the profound effect of the solar sy&emagnetic environment on the fluence
of both SEP and GCR, the solar cycle must be considered. The solar magnetacgcle—
which has been recordedfar backas1745—is defined by phases of solar maximum and solar
minimum, corresponding the maximum and minimum number of observable sunspots,
respectively. The solar cycigapproximately 22 years, and involves two reversathe Sun’s
magnetic field. The frequency of solar particle evénthrectly proportionato sunspot activity;
therefore, periods of solar maximum are associated with increased ernsotgtevents In
contrast, the fluence of HZE ions of G@&Rnversely proportionalo the solar cyclé

It is importantto emphasize the distinction between deep space missions and niissions

low Earth orbit (LEO), where the majority of human space activities hagrecito date.In



LEO, theEarth’s magnetosphere markedly attenuates cosmic radiation. Missions into deep spa
not only require prolonged travel times, llgoinvolve exposuret anenvironment where
radiation doses are much higher than previous LEO missions. Precisep&&iris, fluence,

and doses have been obtaifi@da Mars missioiby the Mars Science Laboratory spacecraft
during the period of December 2011 through July 230 This radiation data provides very
accurate estimatder the radiation exposures astronauts on a Mars mission will receive;
however, the biologic significance of these exposures remains ur@fedthe potential health

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

CANCER RISK ASSESSMENTS FOR SPACE RADIATION EXPOSURES

Cancer riskrom exposureso cosmic radiatiorns considered onef the primary barriers
to interplanetary trav@f3 Risk of cancefrom space radiation exposures mosticcurately
estimated andf possible, radiation countermeasures developed forlmiman exploration of
deep spacé. Calculating these risks complicated by a number of factors. Fiisttheabsence
of human datérom space radiation exposures, risk must be extrapolated from epidemiological
datafrom acute exposurn® terrestrial radiation. SeconaisHZE ion exposures restutt unique
ionization patterngor molecules, cells, and tissd&ghe effect of radiation qualiyn late
biologic effectds unclear and the possibilifgr fundamental differences of carcinogenesis based
on radiation quality exist. Third, radiation exposures during prolonged missionsabtmur
dose rates; this in contrastto the acute dosder which increased cancer rates have been
demonstrateth human populations. These key issues must be addiessettrto most

accuratly estimate cancer risksr interplanetary space travel.



Our understanding of the risks presergdpace radiation and potential countermeasures
are informed by consensus reports assembled by expert panels, including The Ratiocdl
on Radiation Protection and Measurements (NERPand the International Commission on
Radiological Protections (ICRPY* As anexternal review of treeNCRP reports, the National
Research Council (NRC) have also released additional consensus doéuthehese
documents examine all potential risks involved with deep space travel andlbatified the
“lack of knowledge about the biological effects of, and responses to, space raa#tiesingle
most important factor limiting the prediction of radiation risk associatédwiman space
exploratior’?®. The NCRP has comprehensively summarized evidiemeadiation-induced
health risksn a report entitled¢Information Neededo Make Radiation Protection
Recommendation®r Space Missions Beyond Low-Eadhbit?’. This report outlines
recommendationfor areasn which further investigatiors needed, including the identification
of genetic differences that resirtincreased susceptibility or resistartoeadiation-induced
cancerfor anindividual astronaut. These consensus docunismtsthe NCRP, ICRP, and NRC
have been implementaal the current National Aeronautics and Space Administration (NASA)
radiation protection program. NASA has defined the primary categories dbriaktronauts
following radiation exposures, foremadtwhichis carcinogenesis followed by various
degenerative diseases, including pathologies of the central nervous, oculardamhscular
system&=3C Of these, only carcinogenesisconsidered a type | risk, whighdefinedasa
demonstrated, serious problem with no available mitigation and represetensal
“showstopper” for interplanetary spaceflight®> The NASA Space Cancer Risk Model
(NSCR)®is the periodically revised amalgamation of estimated cancerfrisksspace

radiation ands built on previous iterations with the goal of systematically identifying and



addressing knowledge gaps. The most current revisions are based on expert impiheaseas
of space physics, radiobiology, epidemiology, and risk assessment; thesmsewisie
prioritized and sanctioned by the National Research Cdsisplace Science BogrdReducing
uncertaintiegor carcinogenesis following space radiation exposisras essential part of
moving forward with deep space exploration. Among the major uncertdmtiearcinogenesis
in deep space are the effects of HZE particle radiatitornaof ionizing radiation thaits poorly
understoodn context of health risk@swell asthe effects of protracted exposuedtow dose
rates.

NASA policy requires that, ovemnastronaut’s career, the radiation exposures obtained
are notto exceed a 3% risk of exposure-induced death (REWM) fatal cancer. Further, these
REID estimates must be vakd 95% confidenc&3* Because human dafa tumor induction
following HZE particle exposuris essentially nonexistentaside from the sparse human data
for alpha particldZ = 2) exposures-cancer risks are predominantly deriieain the life span
study (LSS) of Nagasaki and Hiroshima atomic bomb suni¥étsThis LSS follows a Japanese
population of approximately 86,000 atomic bomb survivors. These individuals were @&ipose
acute doses of predominantly low LET radiation, although small components@imeu
radiation were additionally present. This data seagtke basidor life-tables, constructed by
age group and gender, whigbhide mortality rate estimatder specific tumor typesScaling this

human epidemiological data spaceflight crews relies on the following assumpsion

1. That the atomic bomb survivor populati@representative of
the average U.S. population
2. That the acute dose-rates received by the atomic bomb survivors

are applicableo the prolonged dose-rates encountenegspace



3. That helow LET, photon radiation experienced by atomic
bomb survivorss applicableto high LET, particle radiatiom

space

To account for these assumption$igNASA model uses factors which estimate multiple
parameter$or the extrapolation of risks from atomic bomb survivors, including a radiation
gualty factorto estimate the effésof unique forms of radiatiom space and factote account
for differencesn total doses and dose-rate effectivefiedhe extrapolation parameters with the
highest uncertainty levels are the radiation quality factor and the dose aacht¥psffectiveness

factors Figure 1.3).
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Figure 1.3: Uncertaintiesn space and terrestrial radiation exposures. Left: Estimate of
uncertaintiesn projecting cancer risfor spacdrom terrestrial exposures. Right: Current
estimates of cancer risk and 95% confidence intefealsdults of age 40.

In additionto cancer risks, certain degenerative risks are of particular coracHARSA.
Although not the focus of this dissertation, degenerative effects of the ogstmswill be
characterized. Cataractogenesis following expouradiationis a well-established

phenomenoin the LSS of atomic bomb survivomswell asradiation worlers®®. Although not

fatal, the potential differencés cataractogenesis between space and terrestrial radiation



exposures could create significant life quality complicationsging astronautét is estimated
that,in travelingto Mars, everycell nucleusn anastronauts body will be traversedan HZE
ion every few montHs,

The NASA Space Radiation Laborat@tyBrookhaven National Laboratory provides a
key resourcdor exploring the uncertainties surrounding radiation quality. The particle
accelerators there allofer ground based experimentation that provide crucial fools
elucidating the effects of HZE ion exposuiesnodel systemfr cancer researéh Utilizing
these accelerator-produced idogletermine the biologic effect of HZE ions on humans will
depend predominantly on model organsssuchasthe mouse. Althougim vitro, cell based
experiments can provide insight into the mechanisms of HZE ion induced malgd@n vivo
experiments offer many advantagesmodeling of the late effects of radiation, sasitancer.

Laboratorymice represent one of the best animalsnodel carcinogenesis.

ANIMAL MODELS

Animal Models of Radiogenic Cancer

It is estimated that most mammals, including humangwind, descendrom a common
ancestor that existed approximately 80 million years®§oThe genome of this common
ancestor serveasthe templatdéor accumulated genetic changes that have reswultiénd distinct
organismave knowtoday. Despite the clear phenotypic differences between mice and humans,
the genomes of each remain fundamentally simitegur e 1.4). Each contain approximately 3
billion base pairs, about 5% of which codesproteins, and comparison of the protein-coding
sequences between the two species reveals thBtNAeesncoding proteins are approximately

85% identical Of the thousands of genes that have been carefully studied, greater than 99%



contain homolog# both species. These genetic similarities (between human and raceisex
uniqgue—similar findings would likely be observddr the majority ofmammals—but unlike

other species, the mouse has several features whichfall@fficient comparisons between
genomes. Foremost among these advaniagkat the mouses a well-established research

model, with decagsof characterization and abundant shared genetic and phenotype resources.
The fact that the mouse has become suchklastudied mammalian modi likely dueto the
following physical and behavioral characteristitsce are relatively small, require minimal

husbandry demand, have short generation times, and are easily bagtivity.
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Figure 1.4: Synteny between the mouse and human genomes. The physical locatioh of e
human chromosomal segment, indicabgaolor,is transposedbo regions of the mouse genome
in which similar segments are presént

Animal models have been usked over a centuryo study radiation carcinogenesis. The
results of these studies have contributedur understanding of how radiation causes cancer,
howto assess cancer rigkhumandrom radiation exposures, and how and why individuals

differ in their susceptibilities. The preferred species have been mice arakthtse animals

provide the most realistia vivo modelsof tumor formation that can be manipulated
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experimentally. Radiation investigators have utilized a variety of inbramstof miceo model
and characterize the complex process of radiation-induced carcinogenedienatgjas
research techniques have advanced, the research community has taken edvaetaetically
engineered mice (GEMY focus on precise stepsthe carcinogenesis prose$his section will
begin with a general discussion of the laboratory mouse, folltwedeview of inbred strains
and GEM models &slin radiation research. Mouse models of genetic diversity will be covered
in a dedicated section.

Inbred strains are a practical chofoe examining alternative carcinogenesis mechanisms
that may occur following irradiation of various doses, dose rate, or qualities. (ke
models, which are predestinexifollow precise carcinogenesis pathways, inbred strains allow
for the holistic induction and progression of a tumor; therefore, more general comstasibe
drawn when characterizing radiation carcinogenesis. The susceptibilititaihdabred strains
of Mus musculugo specific radiation-induced tumors has a long hiétd¥y Thisis not
surprising considering many of the common inbred strains used today were lyrdgvaloped
to study the genetic basis of canteExamples of strains selectively briedstudy specific
tumors histotypes include C3H/Ha&ce (mammary tumors), BALB/mice (multicentric
lymphomas), and AKRnice (thymic lymphomagy. By chance, some inbred strains that were
not bredfor a given tumor were incidentally discovetede inherently pronto certain cancer
histotypes, suchsthe DBA strain, which happén have a high incidence of hepatocediul
carcinomas. Also interestingthe unexpected susceptibility second tumor types strains
bredfor a given tumor; stia A mice were brechsa mammary tumor model and also hapfmen
develop pulmonary adenomashigh incidencesOf the hundreds of inbred strains commercially

available, relatively few have been characteripeadxtensive periods of time following

11



irradiationfor tumor incidence; strains 8us musculughat have been characterized include RF,
CBA, C3H, BALB/c, C57BL/6, and ST3n addition,F1 crosses of C57BL{6-a relatively

cancer resistant straiwith C3H or BALB/c have been observéar radiation-induced tumors.

It is importantto acknowledge that the tumors that are induoeih radiationin a given strain

often mirror those that arise spontaneatisiyy Among the common postradiation tumor types
observed are lymphomas, acute myeloid leukemias, pulmonary tumors, Hardendtughors,
ovarian tumors, and mammary gland tumors. Radiation-induced acute myeloiahite (kML)

is anexample of whatanbe learnedrom using mouse models of radiogenic cancer.

rAML is among the first cancets be associated with radiation. Although first suggested
in 1944,asmany early radiation investigators were diagnosed with this highly fatds#®, the
link between radiation and leukemia was not widely acknowledged until furtltke st
corroborated the first reports. Epidemiological eviddiocghe efficiency of radiatioto induce
AML was clearin studies of atomic bomb survivdrspatients exposet radiationfor cancer
treatmerft®>® and patients treated with radiatifam non-malignant diseases sua$fungal
infection$! and chronic inflammatory diseas€¥. Notably, more than a decade before
published accounts of human rAMradiation-induced leukemia was descriliethboratory
mice .

Radiation is a fundamental part of modern cancer therapy and improvemesmser
treatment have resultéd longer survivatimesfor patients. Because of this, the risk of
secondary tumors inducéy therapeutic radiation are steadily increasing. Since secondary
malignanciegrom therapeutic radiation, suasrAML, canbe more consequential than the
original tumors treaté@°, survival rates for cancer patieigshighly dependent on our

understanding of radiation-induced tumors and development of mitigation effortgl&ul
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mouse strains, including inbré&F%°7, SJL/38 CBA>*® andC3H/He®!, have been essential
understanding the mechanisms of radiation-indleddemogenesisAs is desirabldor a mouse
model of a radiation-induced tumohgetspontaneous AML frequencie@seachof these strains
relatively low.RFmice have the highest spontaneous AML rat€2-4% between the ages of 18-
24 month&%3 CBA, SJL/J, and C3H/Heachhaveanincidence of less than one percent.
Despite the low spontaneous rates, a singte53Gray dose of-rays produces frequencies of
25%in CBA, SJL/J, and C3H/Hmice and upto 90%for RF mice.Much has been learnéam
thesemouse models of rAML; one such examigl€3Hmice. Using C3H/Hemice, caloric
restriction has been identifiean effective method of decreasing the incidence of r&Nr
Further investigation into the protective mechanisms of caloric restrseti C3H mice suggests
the suppression of insulin activated pro-growth signastigely involved®.

Mouse models of rAML have also shed light on the genetic mechanisms that occ
during leukemogenesis. Karyotype analysis of rAMall of the previously mentioned strains
reveals a common chromosomal lesion: the partial deletion of chromo$&fRerpe deletion
canbe observeth susceptible cell populatiorsearlyasthe first metaphase following
irradiatiorf®, which indicates that radiatiés directly responsibléor the initiating events of
leukemogenesis. Characterization of the common regionkich loss of heterozygosity occurs
in these mouse models ideregiSfpil, a gene which encodes the PU.1 transcription fécas
the best candidafer the deleted gene thistmost significanfor leukemogenesis’? PU.1is a
normal regulatoof hematopoiesis, importafar terminal differentiatiof®’# and lack of this
transcription factor may remove important signals whiitiit cellular replication. The Human
SPI1geneis present on chromosome’¥ &and the PU.1 proteis expressedh the majority of

AML caseg®. Unlike the mouse modelSPI1is only rarely deleteéh human rAML""8 This
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does not exclude the possibility of epigenetic silencing of SPI1, inactivadiontgraction with
other proteins, sucasFIt3, or decreased PU.1 expression tugberrant miRNA
expressioff'’®. The mouse models of rAML have contributed significattlynderstanding of
the human disease and are a powerfultmdevelop potential mitigation therapifes radiation-
induced tumors.

Genetically engineered mouse (GEM) models have also beetousedstigate
radiation tumorigenesis. GEM models represent a powerfutdoevestigate precise stepsthe
complex carcinogenesis pathwaRy. investigatingmice with specific genetic perturbations, the
understanding of specific radiation-induced diseases,aslang?®8% skirf2 and colon cancgt
have been advanced. Specific exampfagenetic perturbations uséat radiation research
include mice with activating(-ras mutations, which develop lung tumégft&., ApcMin/+ mice,
which are susceptibk® intestinal tumor¥, andPtch+/- knockout nice®?, which are susceptible
to basal cell carcinomas and medulloblastoma. Radiation studies using G&#lsrhave often
focused on understanding the role of radiatiorinducing specific tumor types or enhancing
malignancy. For example, through the use of GEM models, ihaceumulating evidence that
certain radiation qualities, specifically HZE iosanproduce tumors with increased malignant

propertiesn mouse modefé8°86

Rodent Studies of HZE ion exposure

To assess the risk of cander spaceflight crewsn vivo models of tumor induction are
essentiato most closely model carcinogenesisiumansTo date, relatively few animal studies
have been conducted analyze tumor incidence following HZE ion exposures. The studies that

have performed have involved either inbreide®”# or rat§®, F1 hybrid mice®®®* or rat stocks
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with limited genetic heterogenef}?>°8 Experimental designs employing inbred strains have
shed light on the relative biologic effectiveness of various radiation ggéditiinducing

specific types of tumor types, including s¥if**°*and mammaryumor$®°7:%8in the rat and
hepatocellular carcinom¥$® Harderian gland tumots®° acute myeloid leukemia the
mousé’®8 From these studie,appears that the tumor types that ainseZE ion irradiated
rodents are the samasthose that arise spontaneously or following exposorEsv LET
radiation.

In one large-scale study utilizing whole-body irradiations with 1 GeMVeond-eions,
multiple tumor types were analyzed and animals were monifore&3D0 day?®,

In this study, mle CBA/CaJmice exposedo 0.4Gy HZE ions were fountb have a much
higher incidence of hepatocellular carcinoma, wathapproximate relative biologic
effectiveness of 50 comparaaly-ray exposuref the same studyeions wergoundto be no
more effectiveat producing AML thany-rays.

Harderian gland tumors were the endpoint of intdmsiultiple early studies using
B6CF1miceand a variety of HZE ias)including helium, carbon, neon, argon, arwhi*®3 The
results of these studies seagthe foundatiorfor understanding of the effect of LET on the
efficacy of tumorigenesist is importantto mention that these studies utilized pituitary isografts
to enhance Harderian gland tumorigenesis and a relatir@ted post-radiation monitoring
period

Although not typical of human exposuiiesspace, which will be whole body exposures
of low doses, one study examined the effects of local irradiation withdoiggs of HZE iorfS,

In this study, the hindlimbs of C3H/HeMsNrsice were irradiated with ¥0 65 Gy of carbon

ions or 450 95 Grayy-raysto detect differencesm skin reactions. For carbon ions, two different
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LETs were used, 290 MeV/n and 135 MeV/n. Notably, the doses anafyited study are much
higher than previously mentioned experimental studi¢isis section and such high doses are
not relevantor spaceflight crews. Further, as the primary goal of this studyoassess early
radiation effects (skin reactions), relatively small groupsiick were used. Despite this,
significant numbers of tumors were observed, most commonly sar¢omabgnant fibrous
histiocytomas, fibrosarcomas, and osteosarcomas) and less frequent incideaceis@inas.
No differencein latency was observed following carbon ion andy exposures and both
radiation types had linear dose responses without satufatitumor induction.

GEM models have also been usedHZE ion exposure studies. AT a central protein
involvedin many pathways, including DNA repair, apoptosis, and cell cycle regulatime Si
radiationis thoughtto affect carcinogenesis via damageédNA, proteins suclasATM are
theoretically importantor radiation effects. Consistent with this line of thought, genetic
mutationsin the gendor ATM have been demonstratealincrease susceptibility radiation
carcinogenesis human$®. A GEM model that recapitulates the hurn#eFM 7636del9
mutation with a knockn allele was usetb study the effects of HZE ions on the genetic
susceptibilityto radiatiort®®>. Homozygous and heterozygausce deficientin Atm activity were
exposedo 1 Gy of 1 GeV/n 56Fe ions and compatedinirradiated micelNo differences were
observedn tumor incidencdor these mice, however, only a small number of mice were
necropsied. GEM models have also been tsatalyzewhether HZE ions modulate the
malignancy of tumors. Evidenae GEM models appeats support the notion that HZE ions
produce tumors with higher malignancy. Following HZE ion exposure, transgedilsrof
mammary cancer develop more aggressive tumor sedtyp In APCmin/+ mice, a GEM

model of intestinal tumors, heavy ions increase the number of t@soel asthe invasiveness
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in comparisorto y-ray irradiation mice. Alsat should be noted here thatone lifetime
carcinogenesis study with C3H/HeNCrl mice, these mice appd&anve higher incidences of
metastatic hepatocellular carcinorffaalthough this study was not designedjuantify
metastatic disease.

Adequate HZE ion carcinogenesis studies perfonrm@mmalian models are limited
and, therefore, generalizing the results of these studies must be done with ¢kviever,
given the data from the experiments perforriedate it appears that HZE ions are highly
efficientat producing certain tumor types, sumdHCC, while relatively inefficienat producing
others, suclasAML. One key concern-thatis addressable-with all previously conducted
studies on HZE ion carcinogenesshe lack of genetic diversity the various rodent test
populations. JusisGEM models focus the analysis of tumorigenesis endpibirtsvay thais
considered a drawbatk investigating more general questions about tumor fornfatimred
micelimit the phenotypic repertoire availatitestudyin comparisorto outbred mice. Therefore,
the tumor spectrum that resultsa given inbred straiis determined predominantlyy the
genetics of that strain, not by differenaegxposureo a given carcinogern genetically
diverse populations of mice, where thexra wide range of tumor susceptibilitiésis possibleto
test the effects of radiation quality on tumorigenesis. And these genetica@ise populations

of mice offer a better model human genetic diversity.

Modeling Population Diversity with Highly Recombinant Mice
It is importantto recall that, from a historat perspective, the goal of murine model
development wak entirely remove the genetic complexity presardutbred animals. Consider

the legacy ofC. C. Little, a fundamental figuri the history of the laboratory mou8e Little
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was interesteth the genetic basis of cancete championed the use of mita this work and
was convinced that the best method of studying geneticbyaegating inbred strait&.
Presumably, reproducing Gregor Mehda&vorkin a mouse model of tumorigenesis would
require minimization of the independently acting Mendelian factors. Edttleded Jackson
Laboratoriesn 1929—prior to the identification oDNA ashereditary material-with the
concept that cancer was a genetic disorder and with the inbred astbse=ngine of discovery.
It has been stated thaittle’s greatest scientific accomplishment Waseing the potential value
of inbred linedfor genetic anaancerresearch”% Indeed, inbred mice have revolutionized the
understanding of essentialyl areas of biological research, not just cancer. Furthermore, inbred
strains allowfor testing the effects @nenvironmental variable, suesexposurdo a
therapeutior radiation, anedanbe accomplished with relatively few animals doghe
minimization ofgenetic and phenotypic variability. Despite the advantaggenetically
identical test populations, there are also drawbacks. Strain specific resjpomgjiven
environmental agent, suelsexposurdo a therapeutic or radiatiomayobscure the variability
we might expectn a genetically diverse population. Additionally, identifying the genetic
variants that contribut® a given phenotypis impossible using only a single inbred strain. Even
examining panels of inbred strains, while uséfudetermine which genetic regions controls a
given phenotype, does not alldar the segregation of genetic elements. For these reasons,
crosses ofmice have been utilizetb dissect the genetic regions, or loci, respondina give
guantifiable trait; mapping the location of these quantitative trait lef@rrecto asQTL, has
since been the goal of many scientists.

QTL mappings a field that has benefitted tremendoustyn crosses of inbred mice.

Much of the succesa genetic mappingh mice was necessarily precedegthe extensive
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phenotyping efforts of the mouse genetics commuhit§999, a meeting occurred Jackson
Laboratoriego consider the value of systematically and consistently phenotyping a largpemum
of inbred strain®?, tenyears following this consensus meeting, 178 mouse strains were
evaluatedn 105 phenotyping projects, yielding over 2000 unique measurefifefitsese
collective results, referred asthe mouse phenome project, are publically available

(http://phenome.jax.org/) armanbe utilizedby the research community determine the

expected variabilityn a given trait. Further, the mouse phenome project allomaccurate
predictions of the heritability of a given trait by calculating the ratithefvariation between
strainsto the total variation. Heritability provides a starting pdortinvestigators whaonaybe
interestedn genetic mapping of a given phenotype.

Initial QTL mapping studies utilizean F2 intercross approach, which involve selecting
two strains on opposite ends of the phenotype spectrum and crossindripare 1.5). TheF2
progeny of such a cssare phenotyped, and the genetic markeedatively few were needed
capture the few recombination eventthat most significantly associate with the phenotype are
identified. Although this methoid remarkably effective and has identified thousands of ‘&TL
the identified regions are bro§80—- 60 Mb) and often contain hundreds of genes. Multiple
methods have been subsequently developed with the goal of narrowing the QTL wiraow
such methodks to create congenic strains, whereby the susceptibility 3 Dbkedto a disease
resistant background straso that progressively smaller portions of the QTL are maintained.
This congenic approach has been successfullytodedlate QTE-1% However, during this
backcross procedure, whichdesignedo narrow a given locugt, is frequently observed that a
single QTL segregatinip such a cross can fractionate and disappear, presumably into multiple

QTL of smaller effectd®!! Extending the concept of ti cross, QTLcanbe further
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narrowedoy 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 tvib
founder strains. Another approaisto createan outbred population of mice with multiple
founder strains. Such populations have many benefits including increased phenatgpibttya
and the abilityto reconstruct the genomes of individual mice into genomic blocks of known
ancestry, thereby gaining haplotype information witiahbe usedto determine which genomic
blocks are most importafdr a given phenotype. By allowing the passage of many generations,
such crossshbenefit from the accumulation of meiotic recombination events, thereby mgduci
the size of haplotype blocks and increasing the resoltaroQTL mapping. Examples of these
multiparent crosses include the Heterogeneous Stockn(iit®)and, more recently, the Diversity
Outbred (DO)mice (Figure 1.5). The primary obstacle precluding suahapproachn previous
decades was technological. The abiidylensely genotype large numbers of nigca product of
the genomics agén additionto the need for dense genotyping, generating informétaon

studies with genetically diverse populations demand very large numbrarseofComparedo
aninbred strain cross, analyziag outbred population requires estimated 10x more animals

to achieve statistical powan a population with such genetic and phenotypic divemity
additionto the 100x more markers necessargdequately capture the genetic diversityAs a
result of the valiant collaborative efforts of mouse genetics commfity 1> populations of
highly recombinant mice derivdtbm inbred strains have been developed and maintained with
the goal of finely mapping the genomic regions that effect complex diseabési&. The most
notable are the two distinElS population and thBO, all of which are distinct multi-parent

populations created with circular or randomized breeding starting withiefiret strains®.
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Figure 1.5: Breeding schemds detect quantitative trait loah mouse populatiod’.

The firstHS population was developéd the 1970y McClearrt**. The eight founder
strains were C57BL/6, BALB/c, RIll, AKR, DBA/3, A/J and C3H. Originally, thislS was
createdasa sourcdor selection studies and only decades later was utf@e@QTL mapping.
Because of the initial breeding designs, the resulting population was estimbé somewhat
unbalanced, meaning that the founder contributions were not equally represealfed on
chromosometor all mice''®. There was potenti&r complete loss of a given founder strain
particular regions of the genome. Destliie unbalanced allele frequenciagheHS, these mice
demonstrated the utility of such a crbgsnarrowing a QTL previously identified F2
intercross’ to only 0.8 centimorgan® and paved the wagr the subsequent HS.

The second HS, designated HS/Npt, was created by Hitzeetainyusing A/J, AKR/J,
BALBc/J, CBA/J,C3H/HeJ, C57BL/6J, DBA/2J and LB Unlike the originaHS createdn
the 1970sall of the progenitor strains are currently available. The HS/Npt have siane be

utilized in numerous high-resolution mapping studies and have helped identify hundreds of QTL
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for a wide variety of phenotyp¥s As predicted, QTL windows were much smaller than those
previously identifiedn F2 crosses, averaging only Vb, HS/Nptmice have been used
determine the genetic contributiotwsa wide variety of phenotypic traits, including the
susceptibilityto degenerative diseases sastarthritis!®, the susceptibilityo toxicity effects
suchasethanol effects on motor abilitf€§ and genetic effects on behavior and cognition such
asfear conditioningft. One of the major drawbacksthe HS mouse populatiois that, because
of the genetic diversitypr eachnew study involving a new test population, the entire group of
animals must be fully genotyped and phenotyped. Because such large numbeesaseémic
neededo achieve statistical power and high-throughphiParrays are required, these studies
canbe cost-prohibitive and therefore reproducibility suffers. For carcinogenesis stuchéesh
have not been previously attemptethe added cost of maintaining such large populafions
over two yearso allow for tumor developmeris a significant consideration. Therefore, when
studying highly recombinant mouse populations, the betoaefibllectingasmany phenotypess
possible on the same grouproiceis significant and can significantly defray the initial costs by
generating informatiofor multiple traits. Mappingn theHS canaidin discoveryby revealing
novel QTL containing only a small number of candidate genes. However, one drawback
HS populationasit exists todays the difficultyin performing functional follow-up studies on
these identified genetic variaht%

The Diversity Outbred (DO) populatiesthe most recently developed stock arasw
createdn aneffortto address the previously identified shortcomings oHBegopulations.
First,in anattemptto further increase the phenotypic diversity, @ is composed of
representative strairisom three majoMus musculusubspecie@M. m. musculusM. m.

domesticus, anifl. m. castaneous): A/J, C57BL/6J, 129Sv/ImJ, NOD/LtJ, NZO/H1J, CAST/Ei
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PWK/PhJ, and WSBJ/EIiJ, the latter three being recently defieedwild mice. Second, thBO
is maintained with the use of multiple funnels and 175 breeding'ffairscomparison, thelS
mice were developed using a single funnel (combining the founder genomes only onise) and
maintained with 4@ 50 breeding paité®. Third, an extensive panel of recombinant inbred (RI)
lines was created from individuals of th® population; thes®l strains servasa genetic
reference populatioto improve the functional follow-up capabilities on candidate genes
identifiedin DO mapping studies. The&d strains require only a singteundof genotyping
and, because they are a product of the da@éunders, they contain the same genetic variants
that could be identified by QTL mappiimgtheDO. This panel oRI linesis collectively
referredto asthe Collaborative Crog€C) and,in additionto improving strategieor high-
resolution QTL mappingimsto offer a unique resourde integrate phenotypic, genetic, and
genomic data.

The Collaborative Cross Consortitihis a network of mouse geneticists with the
common goal of creating a resoutoesupport systems level genetic stutfiesTheCCis a
shared resourde whichRI panelsrom DO mice are developed and characterizéchany
institutions, including The Jackson Laboratories, University of North Cardielaviv
University, and Geniath Western Australid®. The overarching goal of this undertakiago
characterize-and make publically availablethe phenotypes, genotype, transcriptome,
proteome, and metabolonfm eachCC strain. Currently, hundreds of genetically independent
CCllines have been characteriz€dinbreeding of th€C lines began witlDO individualsat
generation 224 Therefore, panels @C lines themselves could be potentially usadmapping
QTL; however, because only 22 generations of outbreeding were performeit primeeding

the Rl panel$?®, mapping withCC lines would not provide the high resolution tisaéchievable
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with theHS or DO, in which the haplotype blocksom the founders become smaller weach
generation that pass@® demonstrate the utility that ti@&C will possess, multiple studies have
been conducted on the partially inbred, @@1ines; these studies have allowfedthe
elucidation of genetic regions controlling hematological parametersasudfite bloodcell
count?®, the susceptibilityo influenza?’, and genetic determinants of body wetghtAs of

2012, 42 fully inbred lines were available and this nunexpectedo increase

significantly*?4,

Multiparent mouse crosses have ameliorated many of the problems that grigmedt
traditional genetic mapping studies: they dramatically increase ngapsolutiorby increasing
the density of recombination events and they widen phenotypic varidyilityroducing allelic
variantsfrom multiple founder straingt is importantto discuss the new analytical opportunities
presented by populations that regtdim multiparent crosses. The combination of (1) high
throughput genotyping?2) multiparent populations, ar{@) fully sequenced foundecanresult
in a population of mice that are essentially completely sequenced usingeantygng.To
accomplish this, eaalouse’s genome must be reconstructed accorttingarental strain; these
genome reconstructiomanthen servasa scaffoldfor the imputation of full sequencing
information. The statistical approaches usedchieve such results are discussed.

Genotyping most commonly involves determinargndividual’s constellation of single
nucleotide polymorphisms (SNP); thssthe most commoform of genetic variation-a single
base pair error that occurs during replication, subsequently passedoceddirdpscendantSNPs
atany individwal location are typically one of two possibilities (eag.“A” or a“G”). Even
thoughit is technically possibléo have e&SNPregionin which upto four possibilities (e.gA, G,

T, or C), thisis statistically unlikelyasthis wouldmeanthat the same exact base paaut of the
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3.1 billionin a mouse or humanwas involvedn more than one replication error. Therefore,
fewer SNPpossibilities—two—are quantified than haplotypesight—for HS or DO mice.
However, the eight haplotype statasbe calculated from denseNParraysby matching the
linear SNPinformation present along a chromosome with that of the founder strains. For
multiparent highly recombinant mice, the heterozygous and mosaic hapltitgpesake u@n
individual’'s genomeanbe calculated using a hidden Markov motielincover the probability

of hidden staté$®. 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 utilizéd define the probability of transitionirfgom one statéo

anothet?®139 |n this case, the estimated transition represents a meiotic béation eventBy
reconstructing the genomesed#chmouse of known parentage, the information fi9NP
genotyping increasdsom two allelic possibilitieso eight haplotype possibilities.

Many complex diseases have been successfully mapped using mouse models of
population diversity, however thei®one notable exception: carcinogenesis. This may be
surprisingasthe laboratory mouse was initially champiormesd modelko study genetics of
cancet®? A likely reasorfor the absence of carcinogenesis endpamtse HS or DO mice, to
date,is the abundant added cost of such a lengthy study. Mouse carcinogenesgsrsiyuie
prolonged tumor development periods and thereby demand sizeable housing addisonto
the needor close monitoringlf eachmouses not monitored closelfor the entire duration of
the study, death mago unnoticed and the resultant autolysiaymapidly obscure the detection
of any potential disease process tiaty have occurred. Because such large numbers of outbred
miceare needetb sufficiently power a QTL mapping stull§; these housing and observation

costs are magnified. Additionally, carcinogenésis binomially distributed trait and theiethe
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potential of low cancer incidence, which can compromise the statisticat peagedo perform
association studies. Although carcinogenesis has not been previously amalyigidly
recombinant mic¢o date, the high heritability rater cancer incidence among inbred strains
suggests that mappimg such populations will be fruitful. This especially trudor the HS/Npt
population, whichs derivedfrom founder stains with high spontaneous rates of cancer. For the
DO, whichis composed partially of cancer resistant wild derived strains, liéet@ancinogenesis
studiesmaypresent the additional challenge of requiring a higher number oftcahieve

tumor incidence rates that provide adequate pooveetect QTL. Utilizing carcinogens, suah
radiation exposures, would theoretically improve QTL mapfon@ variety of reasons

discussedn the following section.

MAPPING GENETIC SUSCEPTIBILITY TO RADIOGENIC CANCER

Genome wide association studies (GWAS) utilizing tumor endpcamtse complicated
by the (1) inherent stochastic nature of tumorigeng&@sconfounding causes of death, 483
incomplete penetrance of a potential susceptilaligie. Furthermore(4) tumorigenesisan
occur by a variety of molecular mechaniseaschof whichmaybe controlled by a unique set of
genetic pathways, evenm tumors that appear identical histologically and originate from the same
population of cellsln other words, two tumors that are classified identically basddstology
mayindeed be the result of two distinct molecular pathways. Althallgif the tumor entities
that are grouped under a single diagnosyindeed share common susceptibility alletes
tumorigenesis pathways, idealgachentity would be carefully defined and map@ec
separate disease. Tumorigenésisomplex and typically involves the combinati@imumerous

pathwaysgeachof which may be affecteloly numerous potential candidate gene variants. These
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observations may explain why GWAS of spontaneous cancers often yield modkst res
Although,to some degree, these challenges are inh&eseatncer GWAS, focusing on radiation
induced cancemmaymitigate some of trse effectsfor multiple reasons®. First, QTL mapping

is improved when the phenotypemore rigorously defined. Radiation exposures, whether
intentional or not, improve the definition of a tumor phenoiypthat tumors that arise following
radiation exposures are thougbtilize only a subset of potential oncogenic pathways.
Therefore, radiogenic tumors should provide increased statistical associattogenetic
variantsin comparisorio spontaneously arising cancers. Second, the effect of a single strong
environmental factor (sudmsradiation)on a phenotypeanpotentially decrease the background
of the myriad additional environmental factors timaty actasconfounders. This supportedy
the observation that GWAS of adverse drug reactions often yield significans ssiite

having relatively few cas&¥.

Identifying the specific genetic variations that underlie suscaptibil radiation-indeed
cancerin miceis complex. Known deficienciga specific mouse genesc, Ptch, Trp53and
Pten have been associated with dramatic increesssgsceptibity to radiation-induced cancer;
however, these genetic defects are'faré* At a population level, genetic susceptibility
radiogenic cancas likely much more complex and the result of many interacting polymorphic
genes.

An advantagéor using outbred mican tumorigenesis studies that the diversity of
tumor phenotypes availabie study will likely be larger than the sum of the tumor types
commonto thefounder strains. Highly recombinant mice provide the captwiéynalyze the
phenotypic variability that resulfsom the myriad genetic combinations produgedutbred

micet®. For tumorigenesis studies, the mosaic of founder haplotypes piresastmouse
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creates a wide range of susceptibilig¢a population level and allows the possibility of
evaluating the effect of a given carcinogen on a range of tumor types. Firihehenotypic
variability canbe leverageth carcinogenesis studigés determine whether a given carcinogen
will produce the same spectrum of tumor phenotgssecond carcinogeim other words, such
a populatiorcanbe utilized to determine whether tumors that occur following exposugerays
also occur following HZE ion exposures. Carcinogenissascomplex process and tumersven
those belongingp the same histotypemay arise va unique tumorigenesis even#ss an
examplein mice, consider AML. AMLis a broad diagnosigivento a group of malignancies that
mayarise via multiple distinct molecular aberratitfn¥ herefore, by mapping populations of
outbred micdor susceptibilityto distinct forms of radiation (HZE ions amperays),it is possible
to determine whether these unique forms of radiation induce tumors via the samgemoc
pathways.

The HS/Npt stock has several advantdgesadiation carcinogenesis studies. Three of
the progenitor stains, BALB/c, C3H/HeJ and C57BL/6J, have been previously ehasatn
radiation carcinogenesis studies. Strain specific increasegpatocellular carcinoma, lung
adenoma, AML, mammary tumors, or ovarian tumors have been docuniantedtrast, the
DO mice have certaifi mitations when considering carcinogenesan endpoint. Although the
founder strains provide tH2O with extensive genetic diversity, of gefounders, only
C57BL/6J has been well characteriZedradiogenic cancers. Antishould be mentioned that
C57BL/6Jis widely considered a relatively tumor resistant str@ihthe additionaDO founders,
A/J and 129S1/Sv have also been well charactefaespontaneous tumors, but the remaining
five strains have not. Additionally, theisea possibility that this population may be genetically

resistanto some tumor types. Part of this concern arfig@s the fact that th®O populationis
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createdrom three strains recently derivé@m wild mice (WSB/EiJ, CAST/EiJ and PWK/PhJ).
These strains are liketg berelatively cancer-resistant and, therefore, confer some level of
tumor resistancto the populatiorat large. Indeed, two of these strains, CAST¥&idnd
PWK/Rbrc?’, have been useasthe tumor resistant strain mapping crosses detect tumor

QTL. Since tumor incidend@a a population will dictate the total number of animals needed, and
since estimatef®r tumor incidencdor theDO are not readily availablat this point, the use of

DO for carcinogenesis studies presents large uncertaintiesmalishange ovetime,

particularlyif spontaneous tumor phenotypes are oleskamd characterizeid theDO;

however, currently these uncertainties mei&mice the most reasonable choice for cancer QTL
discovery.

One feature ofiS or DO micethatis also highly relevanto the deficiencies currently
presenin the NASA space cancer risk modiethe following: highly recombinant mouse
populations are uniquely suitéolcompare the similarity of multiple carcinogeats genetic
level. Specifically, this risk model lacks knowledge on whetheys are similato HZE ions
during tumorigenesis. Comparative QTL mappméiS mice representanexcellent approach
to determining the significance of space radiation by determihiHgE ions produce the same
types of tumors, molecularly and histologicallgy-rays. Comparative QTL mappitg highly
recombinant mice has not been previously reported; therefore, comparing QTL betougen
presents additional analytical challenges when contrasted with thal typecof thédO or HS
studies, which ainto identify the genetic basis of a given phenotype rather than potential
similarities between QTL. Below, two additional statistical proceslare discussed that can be

adoptedo compare genome wide association data between radiation exposure groupseresampl
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model averagingp compare individual QTL and unsupervised hierarchical clustésing

compare entire genome scans.

CO-OPTING STATISTICAL TOOLSTO COMPARE GENETIC SUSCEPTIBILITY

Resample Model Averaging for Comparative QTL Analysis

Bootstrap aggregatias a resample model averaging procedure which has been
demonstratetb produce highlyaccurate estimates of QTih structured populatiohs 138 The
proceduras relatively simplefor a GWAS ofn individuals, a sampling of drawsis obtained,
with replacement, from the observed individualform a new data séh which some
individuals are omitted and some appear multiple timese&chnew data set creatéathis
way, an estimateof the QTL locations calculated. This processrepeated manymesandis
the basigor determining a confidence intervar a given result. The use of bootstrap procedures
is commonly utilizedn this wayto estimate QTL support intervails experimental crosses
130.138-142 however, this statistical methednpotentially be applietb a variety of questions,
including comparative QTL mapping.

An example of the variety afsesfor resample model averagirgpresented by Quarrie,
etal’*®, This group suggested the use of nonparametric bootstrapiifterentiate pleiotropy
from close linkagen QTL mapping*°. Whenanidentical QTLis observedor two distinct
traits, one explanatiois that a single genis involvedfor two distinct biologic processes, also
knownaspleiotropy. This vassometimes assum¥&d!*4in early mouse QTL studies that
resultedn coincident locifor distinct traits. Another possibility, howevés that two distinct
genetic variants are presemiclose proximityeachindependently contributini the two

phenotypes. Because the two hypothetical genatiants happeio bein close proximity, they
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are difficultto distinguishin low resolution mapping studi¢8 Using resample model averaging
in these situations was suggestetest differentiate precise locations of the Qiflthe same
markers were repeatedly identified, the daseleiotropy was strengthened.

For comparative QTL mapping tumorigenesis studies, nonparametric resample model
averaging could similarly be leveragexidentify whether the same QTL rendarsindividual
susceptibleo distinct environmental carcinogens. One significant advarnitaggng bootstrap
procedureso detect potential coincident loisi that comparisonsanbe made between groups
based on the identification of a highly significant QTL identifirednly one exposure group
(e.g.ata false positive rate of 1 per 20 scans). This QTL may be priesiet alternative
exposure group, bt lower confidence (e.gt a false positive rate of 1 per 10 scans), and
therefore discardeith a typical GWAS. A diagrammatic representation of the comparafite Q
bootstrap proceduiie presentedn Figure 1.6. Because the resultant genetic positions derived
from bootstrapping are composed of the most significant lfmrusach resampling regardless of
the significance levdbr the mapping procedure, comparisgcasbe drawn between QTL that
might have been discarded based on the stringent statistical demandssdy involving
hundreds of thousands of independent tests.

Using the comparative QTL procedure descrilitechnbe determined whethem
individual’s cancer riskrom one carcinogen will be predictive of thatlividual’s cancer risko
another carcinogen. The application of this procedimesll-illustrated by the space radiation
problem, where mucis known abouy-ray exposures ardtle is known about space radiation

exposures.
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Figure 1.6: Diagram of a nonparametric resample model averaging prockxwemparative
QTL mapping.

Clustering Procedures for Genome Wide Association Scans

Clusteringis a common analysis proceddog high-dimensioal data.lt canbe a useful
methodfor identifying structuren a dataset by identifying groups based on the siityilaf their
components. Numerous clustering algorithms have been described and implewentbd
past 50 yeat§>14” Important aspects of the clustering algorithm include the distance mstdl
to compare samples and the linkage criteria between sets of observaticasse any clustering
procedurecanbe appliedo any dataset, care must be takeselect the appropriate algoritisa

that the information present within a given dataseest utilized.
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Clustering was widely adoptdxy the genetics commugiin aneffortto interpret the
dramatic increasan gene expression data that accompanietdhmcs” revolution. Consensus
methods were developéal algorithm selectiosothat the data was most appropriately
utilized®14® The data sets creatat gene expression experiments are hundreds or thousands
of measurements that are independently measuredisihisontrasto genotype data, which
consists of numerousathpoints along a linear structureahe chromosome. These unique
aspects require unique distance measures, whtble underlying comparison made during
clustering. Several distance metrics are availadleluster analysis; however, these methods

canbe broadly separated into two families: Euclidean distances anthtons Figure 1.7).

ety

A B C
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.”/"_‘\‘ (_' :\ B (w
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Figure 1.7: The results of clustering on a hypothetical dataset using two didistahce
metrics: correlation and Euclidean distances.

Euclidean distance calculations are based on the magnitude of diffessnezn two
samples. This distance measisgreell suitedto make comparisons between samples that contain
large numbers of unrelated observations. Euclidean distances are the mostapprgasure
for clustering gene expression data, whesaehvalue represents a single gene nadinear

structureis present between given data points. However, when dealing with lineahgad
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data, suclasthe results of a genome scaachsuccessive data poiistinherently associated
with its neighbors. Therefore, shape should be considered during cluster analysis.

Correlation calculations are better atdeletect shape or trenasa dataset. This true,
in part, because correlation measures are unit indepeifdaihthe values of one objert a
cluster analysis were scaled one hundred times, the correlation vesulisremain unaffected
but the Euclidean distance results wobddemarkably differeff®. Because of the capabilityr
correlation analysi® capture similarities between linear trends or shapagataset, this
distance measuis best suitedo detect similarities between genome scans.

Unlike other statistic procedures, swdregression models, clustering lacks a response
variable ands not routinely performedsa formal hypothesis test. Therefore, determining the
significance of a clustering resainbe problematicasno consensus method exigis cluster
validationt*®, Permutation analysis simply provides the distribution of clustering setbalt will
randomly occufrom a given dataset; thisanthenbe usedasa baselindrom whichto
determine a significance level on a given dendrogram tree. While the ovediti\afla given
cluster can be accomplished by cluster permutation analysis, hodieidentifiedto estimate
the number of clusters that shobelpresenin a datasét®. Further, method® determine the
significance of specific subset of objects clustering together do notiaxgsich cases, the

permutation thresholis likely overly stringent.
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Project Rationale

There are a number of possibilities that cdektlto the extinctiorof life on Earth,
including asteroid collision, nuclear war, or global environmakstianges that render the planet
inhospitable. The future of humanig/best safeguardddom such catastrophe by establishing
independence from Earth, thereby defending the futuadl tfat has evolved terrestrialby
subsidizing life on other planetdf the many challenges associated with the pursuit of a multi-
planetary existence, this dissertation addresses the interplanetary spdimaraaiéronment.
Despite the growing understanding of the physical properties of the spaceragiatironmet)
the biological effects of sua@menvironment remain unclear. These biolagjeffects,
particularly cancer risks, are considered the most significant impediongwace travel. Further,
understanding the significance of space radiatidnghly limited by thelack of human
epidemiologi@l datafor such exposures and will contintgerely on experimental animal
studies. The overarching goal of these projexis examine some of the uncertainties
surrounding the risks that face humans exposealactic cosmic radiation.

Cancer riskrom galactic cosmic radiation exposuseonsidered a potential
"showstopperfor a manned missioio Mars. Protected blarth’s magnetosphere, life has
evolvedin the absence of HZE ions, a biologically important eleméthe space radiation
environmentln the absence of human exposureslZE ions, risk estimateger humans are
necessarily deriveftom a combination of the observed effects of humans exgoserhys and
the experimental studies analyzing the comparability of HZE iory-aiag exposuredn
Chapter 2 (Characterization of the Tumor Spectrum Arisingin HZE ion Irradiated

Outbred Mice), we characterize the spectrum of tumors that ariseheterogeneous stock of
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miceirradiated with HZE nuclei and compateo the spectra of tumors arisingsimilar
populations ofy-ray irradiated or unirradiated mice. This heterogeneous stock of mice presents
the best available methad study radiation effects on a genetically diverse population, asich
humans, and allows the comparison of a wide variety of tumor types. These tpesoairy
characterized histologicallyy board certified veterinary pathologists and further characterized
molecularlyasapproprateto most rigorously define tumor entities. Lymphomas, the most
common tumor observddr HS mice,are immunophenotyped using tissue microarrays and
subtyped using the Bethesda proto€a® Additionally, acute myeloid leukemias are classified
accordingo specific chromosomal deletions and hepatocellular carcinomas are ethssifi
accordingo the presence or absence of a known fusion gene. Tmalignancyis also assessed
in these mice. Metastasis surveillameaccomplished by histologically examiniatj lung lobes

in mice with an observable primary tumor. Further, metastatic dessgjiyantifiedto determine
potential differences between exposures groups.

Genetic susceptibilitio the development of radiogenic tumasslso exploredo
determine overlam susceptibilityfor spontaneous tumoeswell astumors arisingn y-ray and
HZE ion exposednice.The capability of identifying individua at risk for radiogenic tumors
could valuably inform crew selection protocols and minimize the effectsliaitian exposures
on astronauts. Through a genetics approach using carcinogenes$isrdatanouse model of
genetic diversityasoutlinedin Chapter 3 (Genome mapping identifies overlap in
susceptibility for HZE ion and y-ray induced tumor s), we investigate the genetic regions that
are involved with susceptibilityp y-ray and HZE ion induced tumorsh&combination of the
methodical and balanced accumulation of genetic recombination paitedemibtyping arrays

that are sufficiently denge capture these recombination events alltavgene level resolution

36



for QTL affecting tumor susceptibility. We identify and characterize the medaral large
effect QTL that underlie susceptibility spontaneoug;ray-inducedand HZE ion-induced
tumors and determinié the QTL overlap between the groups. With the current availability of
novel mouse models of genetic diversity, ther@bundant potentiab discover mechanisms of
genetic susceptibilityo cancer risk. Comparative QTL analysanalso be employefbr
different exposures groups additionto cancer susceptibility, other endpoints are of concern
for astronauts. The same mitem the carcinogenesis study described above are also
phenotypedor cataractogenesasdescribedn Chapter 4 (Overlap in genetic susceptibility to
catar actogenesis following HZE ion and y-ray exposur es). Susceptibilityto cataractogenesis,
while likely not fatal, could resuin significant health risk&r astronauts. Further, utilizirtge
genetically characterized mouse resources produacde carcinogenesis stutty additional
phenotypes represents a conservative strategyaximize biologic information obtained.
Onecentral limitationfor all ground-based studies involving HZE ions produeced
particle acceleratoiis dose rate. Chronic exposutesaccelerator produced HZE ions over
weeksto monthsis not technologically feasible; however, exposunethe space radiation
environment are received over the duration of a missicontinuous low dose ratds.
Chapter 5 (Doser ate effects on carcinogenesis. differencesin tumor histotype and genetic
susceptibility), we examine whether differencasradiation dose rate, achieved via dose
fractionation canaffect tumor histotypdn addition,we demonstrate that genetic background
canaffectanindividual’s responséo radiationat different dose-rates by utilizing two different
strains of miceAs one would expect, individuadg increased riskor tumorsat acute dose rates

are alsatincreased risk when the same total desielivered over a protracted time period.
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This dissertation has two principal goaagchof which aimto reduce the uncertainty of
carcinogenesis risk assessment from exposarta® interplanetary spacadiation environment.
The firstis to determine whether HZE ion exposures, the most concerning constituent of the
space radiation environment, produce the same types of tastbisse that occur following
rays exposureis a genetically diverse population. The secstd determine the genetics of
tumor susceptibilityor eachexposure group and determine whether overlap occurs. Thigsvork
not based oanassumption that the tumors obserire#iZE ion irradiated mice will likely also
occurin humans. Ratheitt, is based on the likelihood thé&tmice develop the same tumors
regardless of exposute HZE ions ory-rays, humans wilhswell. Andif the genetic
susceptibilitiego tumors are the saniier mice exposedo HZE ions ory-rays, known genetic

susceptibilitiedor humans exposdd y-ray canbe extrapolatetb space radiation exposures.
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Chapter Two

Characterization of thetumor spectrum arisingin HZE ion irradiated outbred mice

SUMMARY

In the absence of human dé&ba high charge, high energy (HZE) ion exposures,
calculating the risk of carcinogenefis the space radiation environment will contiriaeely on
animal studies of HZE ion exposures and human epidemiologidatgtaay induced tumordf
animals develop the same tumor speetigstologically and molecularywhether exposetb
HZE ions ory-rays, the similaritiegn tumorigenesis should also appdyhuman populations.
Extrapolation of the data from humgmay exposureto HZE ion carcinogenesis ris&
supportedy a small number of experimental studiaswhich HZE ions were showio induce
the same tumolis mice that arise following-ray exposure. However, only a small number of
HZE ion carcinogenesis studies have been perfotmddte andll of thesestudies have
utilized animal populations composed of genetically identical, or ngarlgtically identical,
individuals. Genetically homogeneous populations are predisposedcific tumor types,
regardless of carcinogen exposure, and may therefore obscure the variability tkiabevoul
observedn a genetically diverse population, stashumans.

To compare the spectra of tumors that ainsa genetically diverse population, three
groups ofmaleand female HS/Nphice, derivedfrom the same outbreeding generation, were
established. The first group = 622) was exposed either a 0.45y dose of 240 MeV/R®Si
ions or 600 MeV/ri®Feions; these two HZE nuclei have been demonstiatéte space

radiation environment. The second grgnp= 615) was exposed a 3.0Gy dose of-*'Csy-rays
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and serveasa reference populatidor the HZE ion carcinogenesis data. Althowglface value
the dosegor each group seem disparate, preliminary studies indicate thay@#HZE ions

and 3.0Gy of y-rays areeachmaximally tumorigenic. Because this stuadgnsto identify
differencesn the tumor spectra between the two radiation qualities, maximally tusnasig
doses are desirable. The third grgop- 613) was exposdd all the same conditiorasthe
aforementioned groups, but was sham irradiated (placedliation chambers and facilities

the absence of radiation). This unirradiated control group also sesteference populatioso
that the tumor spectrum that occurs spontaneansts/Nptcanbe best differentiatelom the
tumor spectra induced following HZE ion apday exposures. Thaice were monitoredor
cancer development until they reached 800 days of age anbewaribund. Comprehensive
necropsies were performed eachmouse and oall organ system$&achdetected macroscopic
lesion was characterized histologically. Lymphomas, the most commagiyatied tumdior

all exposure groups, were subcategorized accotdimgmunophenotype and Bethesda
protocolsfor lymphoid neoplasms. Acute myeloid leukemias were analgretie presence of
characteristic, radiation-induced deletiamg€hromosome 2. Hepatocellular carcinomas were
characterizedor the presence @bsence of a specific fusion gene transcript. Lung lobes were
examinedor the presence of metastasesnfioce with solid tumors and metastatic densities were
guantified using whole slide imaging.

Tumors were the predominant cause of morbidity and mortalél} groups. HZE ion
irradiated mice survived longer thasray irradiated mice, but naslongasunirradiated
controls. The reduced life spans of irradiated mice resulted jfranthincreased tumor
incidencesaswell asdecreased tumor latencigsiay irradiated mice werat greater riskor

hematological malignancies, pituitary tumors, and ovarian tumors than uaiechdiice; HZE
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ion irradiated mice demonstratad intermediate susceptibility these histotypes. For Harderian
gland tumors, thyroid tumors, hepatocellular carcinomas, and sarcomagnHaidy-ray
irradiated mice werat a similarly and significantly increased risk compa@dnirradiated
controls. Radiation-induced acute myeloid leukemias, whether followingibtZ&ry-ray
exposures, had increased incidences of a commonly deleted ireglmomosome 2 compared
to spontaneous myeloid leukemias. Malignarasdefinedby metastatic incidence and density,
was not significantly different between unirradiated and irradiated miheselresults support

the current NASA model used predict carcinogenesis rifom space radiation exposures.

INTRODUCTION

Riskis inherento exploration and acceptable levels of risk must be defined by a society
based on the potential costs and benefiexploration. Estimating the risks involved with space
explorationis complicated by the uncertainty surrounding the biologic effects of the unique
forms of radiation present oniy space: high energy, high charge (HZE) ions. The HZE ions
present in space can be replicategarticle accelerators and studiachttemptgo predict space
radiation associated risksr astronauts. For cancer, whictalready the second most common
cause of deatfor Americans, NASA defines risksthe amount of exascancer deaths
attributableto radiation exposures. This acceptable issistablishedsa 3% increased risk of
exposure-induced death (REIDYhe current NASA modeb calculate cancer risk from space
radiation exposureis built largely upon epidemiological data from the survivors of the
Hiroshima and Nagasaki atomic bombings, a cohort of individixpissed predominanthyp y-
rays“. One key assumptidn this modeis that the spectra of tumor types, and their biologic

behaviors, will be similafor individuals exposetb different forms of ionizing radiation.
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However, notable physical differences exist between terrestriati@isuchasy-rays—which
are composed of sparsely ionizing photesd the densely ionizing particle radiatfonndin
space. Mission® a near Earth asteroid or Mars currently exdéadA’s 3% REIDfor fatal
cancet. Even the duration of International Space Station (ISS) missions are eestyithe risk
for fatal cancer. Male astronauts are limite@4 months oSS by the 3% REID for radiation
carcinogenesfs Femaleastronauts achieve the same level of risk much sooner than their male
crewmatesat approximately 18 monthsThis differencés supported by physical dosimetry and
epidemiological data, which indicates that womenaaigreater riskor radiogenic cancers than
mendueto their longer lifespans, smaller body size, and susceptitolgpecific cancer types,
suchasovarian and breast carcinomas.

As the 3% REIDis derivedfrom the upper 95% confidence intervat the risk estimate
decreasing the uncertairftyr space radiation-induced canceasnsignificantlyalterwhat
missions NASA will support. The 95% confideringerval surrounding the risk estimaiss
primarily a reflection of the uncertainties of the biologic effects of HZE ions, agmgigy
radiation type not naturalfpundon Earth, but also includes uncertainties surrounding the
effects of dose-rate and dosimeimyspace, the translatability of risk between different human
populations aneérrorsin the current human data, and other concomitant space phenomena, such
asthe contributory effects of microgravity biologic effectsn astronauts?,

In assessing cancer risksastronauts, the premise that HZE ion exposures increase the
risk for the same types of tumors that airs@uman populations expostaly-raysis supported
by the few animal studies of HZE ion carcinogenesis conduotddte . Sofar, these studies
havefoundthat the tumotypes that arisan HZE ion irradiated animals are the saas¢hose

that occur spontaneoustythese animals or following exposutesparsely ionizing radiatidn
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However,all of the data arrom either inbred mic€** or rat$? F1 hybrid mice™®'’, or rat
stocks with limited genetic heterogenéiti?2t Experimental designs employing inbred strains
are well suitedo compare the relative effectiveness of various radiation qudbtiesducing
specific types of tumors. But since the tumor types that erisdred mice are determindd,
very large partby their genetic background, the spectrum of tumors that mightiarsse
genetically diverse population expogedHZE ionsis unknown.

To more closely model the genetic diversity presefiuman populations ard
minimize the overwhelming effects of genetic background presegmevious rodent HZE ion
carcinogenesis studies, a mouse model of genetic diversity kastiva HS/Npts utilized.
HS/Nptmice are a highly recombinant, genetically heterogeneous stock of mice dieonethe
systematic outbreeding of eight inbred founder stfaifi$is populatioris composed of
genetically and phenotypically diversece, each of which has a unique constellation of the
tumor susceptibilityallelespresentn the founder stains. HS/Nptice have been utilized
extensivelyfor QTL mapping®2?®and are derivettom eight founder straingachof whichis
proneto unique tumor histotypes.

To determine whether the tumor spectrum obsemveeray irradiated population, such
asthe atomic bomb survivorsanbe extrapolatetb similar populations exposed HZE ions,
suchasastronauts, populations of HS/Npice are exposetb each. Althoughit is unlikely that
the specific tumor types obsexdin micewill also occurin humansif the same spectra of
tumors occur following exposute HZE ions and-raysin mice, this provides strong evidence
that the human epidemiological d&ba y-ray exposuresanbe extrapolatetbr HZE ion

exposures riskm astronauts.
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METHODS

Animals and radiation exposures

Male and female HS/Nmhice (n = 1850) were generated from breeding pairs obtained
from Oregon Health & Sciences University (Portla@®R). These outbred mice were generated
via circular outbreeding procedure involving 48 families. All the nfocehis study were
producedn generation 71. Founder strafios the HS/Npt include A/J, AKR/J, BALB/cJ,
C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and LPRdure 2.1)?2 The mice were group hous¢si
mice of the same sex per cage)a climae-controlled facility with free access food and sterile
water, and a 12-hour light cycle. Mice were shipfmeBrookhaven National Laboratories
(Upton,NY) where they were exposéalaccelerator produced HZE ionstays, or shame
irradiatedatthe NASA Space Radiation Laborataty to 4 weeks of age. HS/Npt stock mice of
both sexes were expostd0.4 Gy of 240 MeV/n?8Si ions(n = 308) or 600 MeV/R°Feions(n
= 314), 3Gy of ¥'Csy-rays(n = 615), or sham irradiat€d = 622). Following irradiation
exposure or sham irradiation, mice were retuioe@olorado State University Research
Innovation Center (Fort Collins, CO) and monitored twice daityhe duration of the study.
The mice were phenotypéor cataractogenesksy slit lamp biomicroscopy, cognitive deficits,
and cancer development until they reached 800 days of age or became moribund. Moribund mice
were euthanized wit@O, accordingo the Colorado State University Animal Care &g
committee guidelines. A laboratory technician was tratnesystematically evaluatl organ
systems and thorough necropsy and tissue collection procedures were peffomaestimouse.
For cases of splenomegaly, thymic masses, mammary masseseantblsses, fresh sections of
tumor were frozemat negatve 80 degrees Celsius and small sections were niixBHNA

stabilization solutions (RNAlater®All gross lesions were formalin-fixed and paraffin
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embeddedor histologic evaluation. Five coronal sections were grossly evaloategchmouse

following 48 hours of cranial decalcification.
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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 resultinga mosic of founder haplotypes and a large degree of
heterozygosity.
Pathology examination for HS/Npt mice

For this lifetime carcinogenesis stu@yl, disease-states were interpreted within the
context of a systematic pathologic evaluation directed by board certitiexdinaey pathologists.
Structured necropsy and tissue collection protocols were follfovezhch mouse and involved
the photo-documentation of gross lesidnsorderto evaluate brain tissues and bilateral
Harderian glands, craniums were decalcif@d48 hours and five coronal sectiasfshe skull
were reviewedor each mousdn the event of a solid tumor, all lung fields were examined

histologicallyto detect the presence or absence of micro-metastases. Tumor nomne edest

based on consensus statements (https://www.toxpath.org/inhgndRegpesentative gross and

microscopic pathologfor select tumors are preseniadrigures 2.2, 2.3, and2.4.
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Figure 2.2: Representative gross and histologic pathofogw. thyroid adenoma, b. Harderian
gland adenocarcinoma with pulmonary metastastsepatocellular carcinoma with pulmonary
metastasis, d. splenomegaly with acute myeloid leukeamtuitary adenomé pituitary
adenoma.
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Figure 2.3: Representative histologic images a. pulmonary metastasé®m a hepatocellular
carcinoma, b. thyroid adenonm@a Harderian gland adenocarcinoma (left) and adenoma (right), d.
adrenal pheochromocytoma (left) adjacerkidney,e, renal lymphoma.
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IHC CD3

Figure 2.4: Gross, histologic, and immunohistochemical features of precursor T-cell
lymphomblastic lymphomaa. grossly enlarged thymus, b. effacement of the thyloyus
neoplastic lymphocytes, amduniform neoplastic lymphocytes with numerous mitotic figures,

d. immunopositivityfor CD3.
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Figure 2.5: Lymphoma subtype data: distribution of lymphoma subtygey treatment group, b.
Kaplan-Meier survivafor mice diagnosed witeachlymphoma subtype, including &ell
lymphoblastic lymphoma (BLL), Diffselarge Beell lymphoma (DLBCL), follicular Becell
lymphoma (FBL), Precursor dell lymphoblastic lymphoma (PreT LL), aadl other observed
lymphomas combined.
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| mmunophenotyping lymphoid neoplasms

Tissue microarray constructions were utilizedmmunophenotype and subcategorize
lymphoid neoplasms, which were the most commonly diagnsealsin irradiated and
unirradiated HS/Npinice. Tissue microarray recipient blocks were constructed using the
Arraymold® 150 x 1.5mm mold using Paraplast X-TRgaraffin (Sigma Aldrich). Tissue
identification and verification was performéat all casedy histologically analyzing
Hematoxylin and Eosin stained sections along with the matching paraiftiksbldentification
of tissue sampling regions was perfornigdh veterinary pathologist. Feachcase, duplicate
tissue cores were taken from multiple anatomic locations. Thirteee tisEroarrays were
created, each of which contained six cores of normal tessuge corner of the array (haired
skin, spleen, thymus, or liver); these control tissues were priesgninique combination and
allowedfor (1) orientation of the resulting sectiori2) verification that the slide matched the
block, and(3) positive controlgor immunohistochemistryFigure 2.6 illustrates one tissue
microarrayaswell asthe resulting immunohistochemistry restitisone thymic lymphoma and
a core containing normal spleen. Immunohistochemistry -cell identification was performed
using a rabbit monoclonal, anti-CD3 [SP7] antibody obtafrat Abcan® (ab16669); this
antibody was usedt a concentration of 1:300. ImmunohistochemigbryB-cell identification
was performed using two rabbit monoclonal antibodiesinti-CD45 antibody (ab10558j a
dilution of 1:1000 anénantiPAX5 artibody (ab140341at 1:50 dilution. All
immunohistochemistry was performed on a Leica Bond-Max autostainer witkeiteebond
polymerrefine red detection system (Leica DS9390, Newcastle Upon Tyne, Unitgdd).
In additionto defining the immunophenotype, lymphomas were characterized accturdireg

Mouse Model of Human Canc€onsortium’s (MMHCC) Bethesda protocdis?® For these
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protocols, anatomic locatias important for the final diagnosis and, therefore, lymph node
involvement was utilizeérom necropsy reports when necessary. Additional features included
cell size, nuclear size, chromatic organization, mitotic figure frequency, amigbence or

absence of a leukemic phase was deflmedone marrow involvement within the sternum or

femur.
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Figure 2.6: Immunophenotyping lymphoid neoplasms using Tissue microarrays (TMA) and
immunohistochemistrjor CD3 andCd45r.Eachcore in the tissuamicroarray hadn
examination area of 1770 micrometers aflidcases of lymphoma were examinedluplicate.
Histologic criteriafor the most commadwy diagnosed forms of lymphonia HS/Npt—
which are summarizeid Table 2.1—are discussed briefly. Follicular &Il lymphoma (FBL)
often involved the spleen, less commonly the mesenteric lymph node$aadteristically had
increased numbers of infiltrating small T-cells. The nuclei withimpfeestic cellsn FBL were
typically large, vesicular, and cleaved and mitotic figures weredognt (less than one per 400x
field). Diffuse large Bcell lymphoma (DLBCL) had a similar anatomic distributesFBL
(typically involving the spleen and abdominal lymph nodes) and ofterraislved other
organs, suchsthe thymus and mediastinal lymph nodes. The mitoticisdtegher for DLBCL,

particularlyin comparisorto FBL, and mitotic figures often number three or more per 400x

60



field. DLBCL is composed of medium-sized cells with scant cytoplasnr@untvesicular
nuclei often containing a prominent nucleoli adheterihe nuclear membrane. dll
lymphoblastic lymphoma (BLL) have very high mitotic activities, ¢gly involve and wide
variety of lymph nodes (mesenteric, mediastinal, mandibular, popétealand are composed
of uniform lymphoblastic cells withoundnuclei and centrally located nucleoli. The most
commonform of T cell lymphoma, precursor @ell lymphoblastic lymphoma (Pre-T LL),
invariably presentedsmarkedly enlarged thymic tumors and wefeenthe causef morbidity-
induced sacrificén relatively youngmice. These tumors often have tg10 mitotic figures per

400x field and are composed of uniform, medium-szts with roundnuclei.

Table 2.1. Lymphoma subtype®r HS/Npt micein each radiation exposure group.

Total HZE ¥ Unirradiated HZE Fe HZE Si
=934 ‘=312 =313 = 309 ' =161 =151 M:E
¢ =916 ;=310 =302 = 304 ;=153 ;=157
n=1850 n=622 n=615 n=613 n=314 n =308
Lymphoid 570 172 195 203 84 88 274:307
Follicular B cell 209 66 59 84 34 32 101:108
Diffuse Large B cell 120 39 38 43 20 19 56:64
Lymphoblastic B cell 81 24 16 41 12 12 38:43
Histiocyte Associated B cell 13 3 3 7 1 2 3:10
Anaplasstic Plasmacytoma 4 1 2 1 0 1 2:2
Small B cell 13 6 4 3 2 4 6:7
Marginal Zone B cell 5 3 1 1 2 1 3.2
Precursor T cell 82 13 61 8 6 7 40:42
Small T cell 5 2 1 2 2 0 1:4
Anaplastic T cell 9 4 5 0 0 4 3:6
Other 29 1 5 13 5 6 14:15

Molecular characterization of AML
Droplet digital PCR was performed on cases of acute myeloid leukemia (#Nk}ess
deletion status via copy number variatfontwo genesSfpilandAsxI1l These genes are both

located on chromosomea2base pair locations 91,082,391,115,75Gor Sfpiland
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153,345,845153,404,0070r AsxI1 To establish a referendéer normal diploid copy numben
eachAML sample, the copy number bi2afx was also determine#i2afxis located on
chromosome 9 and deletiomsthis region have not been reportednurine acute myeloid
leukemia. BioRadPrimePCR™ probes were usddr all assayssfollows: Asxl1ddPCR" probe
(dMmuCPE5100268 SfpilddPCR" probe (dMmuCPE50949)0andH2afx ddPCR" probe
(dMmuCPE5104287

Ratios were created between the test gene and the referenc8fpetiddafxand
AsxIIH2afX) 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 nufabbath the test gene
and the reference gene and ratios of 1:2 represent a détetioe copy of the test gene.
However, since the tumor samples contained neoplasticassiisll asstromal cells and other
cells, the ideal 1:2 ratio was not commonly observed. iSHiscause stromal cells, which occur
atunknown proportions1 each tumor and which should not have chromosomal deletions,
artificially increase ratiofor tumor sampleg which a deletions indeed present.o accountor
stromal cell contamination, a cutoff ratio of 3:4 was establishechof samples with ratios

below 3:4 were considereéd have a deletiom one copy of the test gene.

Metastatic disease quantification

For casesn which a solid tumor was identified, a standard section contaatiihgng
lobes was processed and evaluated histologidailtyufe 2.7). In cases where pulmonary
metastases were observed, whole slide scanning was perfar@@k magnification usingn

Olympus VS12085and the Olyvia software suite (http://www.olympusamerica.ctmn/)

generate imagdsr quantification of metastatic density. Analysis software, ImageJ
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(https://imagej.nih.goVv/i)) was utilizedto quantify the total area of normal luagwell asthe

total areaof metastatic fociKigure 2.7). Metastatic densitis reportedasa percentage of the

total metastasis area divided by the total lung area.
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Figure 2.7: Metastatic densities were highlgriable between individual mice. Quantifying
metastatic densities was accomplished with whole slide image analysi
RESULTS

Tumors were the predominant cause of morbidity and mortatityoth HZE ion ang-
ray irradiated populatiorsswell asfor the population of unirradiated miceigure 2.8).
Neoplasia was the cause of defmthmore than three out of eveigur mice and a wide variety
of tumor diagnoses-82 neoplastic histotype# ppendix 1)—were observed. This consistent
with the prediction that a population composed of individwedshwith a unique mosaic of
susceptibilityallelesfrom 8 inbred strains, will have a wider range of tumor phenotypes than the
sum ofeachof the parental inbred strairAlthough numerous tumor histotypes were observed,
the majority of these tumor types were rare, occuiiriigss than 1% of the population.

Overall, the spectra of tumor histotypes produogdZE ion irradiated ang-ray
irradiated populationis essentially identical; further, tumor types indubgdadiation are

mostly similarto those arising spontaneoushidur e 2.8). Tumor incidencen a lifetime
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carcinogenesis study sualthis must be interpreteasfunction of timeatrisk to acknowledge
competing mortalities. Irradiated mice had significantly decreasedllosenaval times, and
therefore decreased timérisk, comparedo unirradiated controldjgur e 2.9a). Further, mice
exposedo 0.4Gy HZE ions had significantly increased median survivaésthanmice
exposedo 3.0Gy of y-rays. Though these doseatface value-seem disparate, their selection
is based on preliminary dose-response studies which reveal tlay 6f4HZE ions and 3.Gy
y-rays areeachmaximally tumorigenién mouse carcinogenesis studfe3he reduced life spans
for irradiated mice arat least partially the result of decreased tumor latencies and indrease
tumor incidences. Further, evidertoesupport the heritabilitin overall survivals providedby
comparing the variabilityn survival between families=(gure 2.9b), which demonstrates that
certain families have significantly shorter survitislesasa group than others. HS/Npmiice are
maintainedn familiessothat individuals of the same family number are more closely refated

one another than membdrem other families.
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Figure 2.8. Burden of malignant tumors feachradiation exposure group: tumor types
observedn gamma-irradiated mice also appeaHZE ion irradiated mice.
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Figure 2.9: Overall survivafor a. eachradiation group of HS/Nphice andb. overall survival
for eachHS/Npt family.

Although the tumor spectra are simifar eachirradiated population, the different
radiation qualities demonstrate varied efficienésrgproducing specific tumor histotypesray
irradiated mice werat greater riskor hematological malignancies, pituitary tumors, and ovarian
granulosaell tumors than unirradiated mice; HZE ion irradiated mice demonstiated
intermediate susceptibility these histotypes. For Harderian gland tumors, thyroid tumors,
hepatocellular carcinomas, and sarcomas, HZE iory-aiag irradiated mice werat a similarly

and significantly increased risk compatedinirradiated controls (supplementary materials).
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Overall survivalfor femaleds significantly increased compareaimales(p = 2.7e-6)
with unirradiated females experiencing median suntivaés56 days longer than malek
contrast, no significant differenceobserved betweepray irradiated females amdales(p =
0.51) or HZE ion irradiated females and mdjes 0.056). Irradiated female mice had
significantly increased incidences(d) malignant ovarian tumor§2) mammary
adenocarcinomag3) central nervous system tumors (pituitary adenomas, choroid plexus tumors,
and ependymomag}y) specific lymphoma subtypes (Diffuse Large@&! Lymphomas,
Lymphoblastic Bcell ymphomas), an¢b) certain sarcomas (osteosarcomas, leiomyosarcomas).
Although the tumor spectra observédm a tumor histologic perspective, are simfiar
all groups ofmice,the molecular events that océnreach tumor histotypeanpotentially be
specificfor each exposure group. The molecular events occurriagute myeloid leukemias

(AML) are discussed below.

Molecular characterization of acute myeloid leukemia

Radiation-induced acute myeloid leukemia (AM$_a well-characterized diseaise
micet3%3! andis most commonly the result of a radiation-induced minimally deletgion on
chromosome 2 containing ti$piland a recurrent point mutation that inactivates the remaining
Spilallele®® To test the hypothesis that HZE ion-in@dAML will contain the same molecular
aberrationasy-ray induced AML,Spilcopy number was investigatelks expected, the
majority of AML casesn they-ray exposure group have a deletiorone copy oSpil, whichis
distinct from the spontaneously occurring AML casesyhich a deletion was rar€igure
2.10). Similarto y-ray irradiated mice, mice exposeHZE ions also have a significantly

increased proportion of AML caseswhich one copy o6pilwas deletedWe found thatAsxI1
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was not deleteth any samplén which Spilwas not also deleted, howevir 69% of cases with
aSpildeletion,Asxllwas also deletedr{gure 2.10). These results indicate that AML arisgs

similar molecular mechanisms following exposueg-rays or HZE ions.
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Figure 2.10: Copy number variation results deriviedm ratios of two test genes on

chromosome 25pilandAsxll, comparedo a housekeeping gengH2AX for eachexposure
groups. Cases of AML that arise spontaneously commonly have 2 copi@shgkne(arato of
approximately 1:1)In contrastfor groups exposetb radiation, AMLs more commonly contain
deletionsin 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 utilizetb designate deletiosiatus.

I ncidence of metastases are following to HZE ion or y-ray exposure
To determine whether tumors that arise following HZE ion exposure are morettikely

metastasize than their counterparts arigingnirradiated oy-ray irradiated mice, two measures
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were characterized and compared: metastatic events and metistattg. The most common
metastasizing tumdor all groups was hepatocellular carcinoma and comparisons are made
between groups separatédy this tumor typeln addition, comparisons are made between
groupsfor all metastatic tumors types, which include hepatocellular carcinoma, Hard&ral
adenocarcinoma, thyroid carcinoma, hemangiosarcoma, soft tissue sarc@aheglte

carcinoma, osteosarcoma, ovarian granubestumor, and intestinal adenocarcinoma.
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Figure 2.11: Metastatic characterizatioa: Incidence of metastasgsmice diagnosed with
hepatocellular carcinonfar eachexposure group (HZE, n = 100; Gamma, n = 66; Unirradiated,
n = 85).No significant differencen incidence of metastatic disease was observedpulations
bearing hepatocellular carcinomas. b. Examples of vaigingetastatic densities for individual
mice with hepatocellular carcinoma (lung, whole slide imagingHepatocellular carcinoma
metastatic densitigsr each exposure group (Unirradiated, n = 15; HZE, n = 11; Gamma, n =
10). d Metastatic densifgr all neoplasm$or eachexposure group (Unirradiated, n = 19; HZE,

n = 28; Gamma, n = 25).
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Pulmonary metastases were obseiwerhses of hepatocellular carcinoma, Harderian
gland adenocarcinoma, osteosarcoma, and ovarian gracelbsanor. Metastases were no
more frequenin irradiated animals than controls and there was no significant differemce
metastatic incidence between HZE ion irradiated miceyamad irradiated miceHigure 2.11a).
To further characterize colonization abilitis circulating tumor cellgn different radiation
exposure groups, pulmonary metastatic densities were calctdateatch animal by utilizing
whole-slide image analysis afl lung lobedo determine the pulmonary area occugigd
metastatic cells. Individuals with pulmonary metastasis had arardge of metastatic densities
(Figure 2.11b) however, no significant differen@e pulmonary metastatic density was observed
between exposure groufus either hepatocellular carcinoma metastatic evédtitgie 2.11c) or
metastatic event®r all tumor typesZ.11d).

Tumor latency following irradiation was also analyzed using Kaplan-8deuival
statistics As expected, tumors arising both HZE ion ang-ray irradiated mice show
significantly decreased latenciescomparisorto the unirradiated populatiodppendix 2).
However, HZE ions did not further decrease latencies when comparedy irradiated mice.
Differencesn tumor latencyn this context indicate a decreasdime for tumor initiation or
promotion. Since radiatioils knownto be efficientat both initiation and promotion, decreased
latencies are expectéar irradiated population. Tumor progressiemot evaluated, however,
using tumor latency, and our results do not demonstrate whether tumorsiarisiagiated

individuals are more likelyo progress rapidly than those arising spontaneously.
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DISCUSSION

Carcinogenesis following spacagiation exposuress considered the primary
impedimentto human space exploratibrComparedo terrestrial radiation (including X-rayg;
rays, and particles), HZE ions have distinct ionization patterns that cluster alorsg deck
structuresasdescribed by Dudletal*®. resultingin unique forms of cell and tissue damage.
Further, HZE patrticles travek relativistic speeds and are highly penetrating, therefore, shielding
such particles within spacecrigtessentially impossibfe

Using genetically heterogeneous stock mieehave demonstrated that the tumor types
induced byy-ray exposure are also indudegHZE ion exposures. Our results do not indicate
that tumors arisingh HZE ion exposed individuals are more malignant than spontaneous tumors
of the same histotype, or tumors arising followyagay exposures. Finallyye find that female
mice areat greaer risk for radiogenic cancersHZE ion ory-ray induced-than males. These
results are consistent with the current NASA mddelalculate cancer ridkom space radiation
exposureb

Additionally, we present evidence that the molecular events that occur during
tumorigenesiganbe similarfor HZE ion andy-ray induced tumors. For AML, radiation of
either type significantly increased the incidence of chromosomal 2aesletomparedo
spontaneously arising tumors. This provides diesittence that ionizing radiation, whether
photon or particlegcanincrease the ristor hematological malignancies by inducing the same
types of genomic lesions.

Historically, radiation carcinogenesis studies have employed gdheitiaied mice.
Dueto the fact that radiation effects depengart on how radiation and genes interact,

genetically inbrednice tendto respond similarly regardless of the physical differemcésack
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structure and energy deposition between radiation types. Advamtagbsedmiceinclude the
fact that strains produce lower phenotypic variance and thus fewer mice are toasetect
statistical differencem radiation effects. However, disadvantages of using infmiedinclude
the fact that strain-specific responsesy obscure the variabilitwe expectn a genetically
diverse population sucshumans. With greater diversity within a screening population, the
likelihood of identifying a genetically susceptible subpopulaisancreased.

There are limitation® amouse carcinogenesis study comparing agutey and HZE
ion exposures. Firstpr cost-efficiency and logistics reasons, a single dose was emgtoyed
eachradiation quality: 3.@y for y-ray exposures and 0@y for HZE ion exposures.
Preliminary studies have demonstrated that these doses produce the maximnumdui@nce
in inbred strain®. Because tumor susceptibility and association mapping were the prioasy g
of this study, doses were chosen with the goal of generatimggeagest tumor incidences, and
therefore the greatest powerdetect significant QTL. But caution must be taken when
comparing the two single dose grouasit is impossibleto untangle dose responses with such
data.An additional benefit of the selected dosethat 0.4Gy of HZE ions represents a realistic
dose, received over 6@0 900 daysfor a flight crew travelingo Mars. Second, the applicability
of these finding$o human populationss limited asmice serve onlpsmodels of carcinogenesis.

Permissible exposure limitsr astronauts are based on the risk of déati cancer
rather than cancer incidence. The incidetoamortality conversion used the risk calculatioms
based on mortalitfrom background cancems the U.S. population. Ttethereis anassumption
that radiogenic tumors are no more lethal than spontaneous tumors. Howeves, there

accumulating evidence that HZE ion radiatcamproduce tumors with increased malignant
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propertiesn mouse modet&3334 this increasén malignancy following HZE ion exposures

not demonstratenh the present study.
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Chapter Three

Genomic mapping reveals overlap in genetic

susceptibility for HZE ion and y-ray induced tumor s

SUMMARY

Cancer riskrom galactic cosmic radiation exposuseconsidered a potential
"showstopperfor a manned missioi® Mars. Calculating the actual risks confronisd
astronautss complicated by our limited understanding of the carcinogenic effects of high
charge, high energy (HZE) ionsa radiation typdor which no human exposure data exists. The
validity of applying human carcinogenesis ditam y-ray exposures predict carcinogenesis
from HZE ion exposureis unprovenn genetically diverse populations, however, such human
epidemiologic data currently presents the best estif@ateadiation carcinogenesis and forms
the basigor NASA cancer risk model$n this chapter, the results of genome wide association
studies (GWASJo identify quantitative trait loci (QTLjor neoplasian HS/Nptmice are
presented and compartx y-ray exposed, HZE ion exposed, and unirradiated populations.
Through a genetics approach using tumorigenesisfidatea mouse model of population
diversity, 51 QTL are identifietbr 11 tumor histotypes with a 95% confidence interval of 3.4
Mb and biologic effect sizes rangifrpm 0.75- 7.68%.Comparative QTL analysis and QTL
confidence intervals are determined using nonparametric resample model avésagmge-
wide significance thresholds are derived from permutation analysis. Fomaygeit@d leukemia
and hepatocellular carcinomas, tumor skempare molecularly characterized amdcombination

with GWAS, this characterization provides insights into the molecutate of tumorigenesis

77



following radiation exposures. Finally, clustering procedures are utiiizedmpare whole
genome scan® determine whether similarities exist between the genetic vsutiaat

predispose individual® specific tumor histotypes or radiation induced tumdre.demonstrate
that QTL controlling tumor susceptibilities following HZE ion exposures oftenayavith the
QTL for y-ray induced tumors. This overlap indicates shared tumorigenesis meachanis
following y-ray and HZE ion exposures and supports the use of human epidemiological data

from y-ray exposureto predict cancer riskom galactic cosmic rays.

INTRODUCTION

Interplanetary spads populated by densely ionizing particle radiation not naturally
present on EarthLife on our planet has evolved under the protection of a geomagnetic field,
which deflects the vast majority of high charge, high energy (HZE) inonke absence of
human epidemiological datar exposureso this radiation type, uncertainties surround the
estimates usetb determine cancer risk for space flight crews that venture beyond low Earth
orbit?. The current NASA modeb calculate cancer riskom space radiation exposuriedbuilt
predominantly upon epidemiological d&tam the Atomic bomb survivors, individuals who
were exposed predominantlyy-rays . One key assumptidn this modeis that the molecular
characteristics of the tumors will be simifar individuals exposetb different forms of ionizing
radiation. However, notable physical differences exist between terrestigtion suchasy-
rays—which are composed of sparsely ionizing photeasd the densely ionizing particle
radiationfoundin space. The physical differences between space and terrestriabrachates
the possibility that tumorigenesis following these distinct exposures may follow unique

molecular pathwaysf so, the resulting tumors would likely have variable biologic behaviors
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and introduce distinctive biologic threatsastronauts. The best approximatfontumorigenesis
in the space radiation environmeésichieved with laboratory animals exposedccelerator-
produced HZE ions.

Previous HZE ion rodent carcinogenesis studies have informed our understanding of the
relative effectiveness of HZE ioms produce tumordn these studies, has been noted that the
tumors types that arise HZE ion irradiated animals are the saas¢hose that arise
spontaneously or followingrray exposurefor a given animal mod&lAlthough this may seem
to indicate that HZE ions produce the same turasgsrays, potentially via the same molecular
mechanisms, these studies have utilized inbred animals which argpsedis particular
tumor type$'* These laboratory animals have been deliberately irbratiemptgo remove
the confounding genetic variability presémnatural populations. Inbred mouse and rat strains
improve the statistical power of detecting significant differemeégxicity studies by reducing
phenotypic variance. Because HZE ion carcinogenesis studies have onpebieemed on
genetically homogeneous animals, the tumor spectra that mighinegiseetically diverse
populationss unknown. Modeling population diversitgnbe desirabléor carcinogenesis
studies which ainto differentiate the effects of distinct radiation types because stradifispe
responses following radiatiaranobscure the variabilitwe expectin a genetically diverse
population, suclashumans.

With the emergence of multi-parent outbreeding strategies that produce highly
recombinant mouse populations with allelic varigrasn multiple founder strairt™’, it is
possibleto model the effects of population diversitycarcinogenesis studies by minimizing the
overwhelming effects of genetic background and increasing the phenotypic repeddaklav

within a test population. Such populations also allemhigh precision genomic mappig®
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Quantitative trait locus (QTL) mappinga powerful forward-genetics approach that alléovs
unbiased testing of genetic variants that may influence gene-environmerdtiotesfar
radiation effects"?° Highly recombinant populations are desigf@dgenetic mapping,
therefore, QTlcanbe resolvedo single megabase (Mb) resolution and complete sequence
informationcanbe utilized on genotyped individuals imputing the genomic resources
available or the founder strains.

Studying tumors that arise irradiated, highly recombinant mouse populations presents a
unique opportunity: the abilityp determine whether the same QTL that make individuals within
a population susceptibte a specificy-ray induced tumors also make them suscepttthose
tumor types following HZE ion exposurel. so, extrapolation of human epidemiological data
from individuals exposetb y-rays would be a realistic approafch risk calculatiorin the space

radiation environment.

METHODS

Animals, phenotyping and radiation exposures

A workflow for the radiation exposures, phenotyping, and bioinformatics procdadures
presenin Figure 3.1. Male and female HS/Nmhice (n = 1850) were generated from breeding
trios obtainedrom Oregon Health & Sciences University (Portla@dR). These outbred mice
were generated via circular outbreeding procedure involving 48 families. Alliteganthis
study were produceid generation 71. Founder strafios the HS/Npt include A/J, AKR/J,
BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and LPYJThe mice wergroup housed5
mice of the same sex per cage)a climate-controlled facility with free accessdood and sterile

water, and a 12-hour light cycle. Mice were shipfieBrookhaven National Laboratories
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(Upton,NY) where they were exposéalaccelerator produced HZE ionstays, or sham
irradiatedatthe NASA Space Radiation Laborataty7 to 12 weeks of age. ide of both sexes
were exposetb 0.4 Gy of 240 MeV/n?Si ions(n = 308) or 600 MeV/RFeions(n = 314), 3
Gy of 1¥'Csy-rays(n = 615), or sham irradiatdd = 622). Following radiation exposure or sham
irradiation, mice were shipped baitkand houseth a vivariumin the Research Innovation
Centerat Colorado State University (Fort Collins, CO) and monitored twice daily for the
duration of the study. Thaice were phenotypetbr cataractogenesis by dimp
biomicroscopy and cancer development until they reached 800 days of age o bewdound.
Moribund mice were euthanized witE O, accordingo the Colorado State University animal
care and use committee guidelines. A laboratory technician was ttaisgstematically
evaluateall organ systems and thorough necropsy and tissue collection procedures were
performed on each mouse. For cases of splenomegaly, thymic massesamamsses, and
liver masses, fresh sections of tumor were frageegative 80 degrees Celsius and small
sections were mixeith RNA stabilization solutions (RNAlaten®All gross lesions were
formalin-fixed, trimmed, and submitted for routine tissue processing (paraffin enthedde
sectioned, and stained with hematolxylin and edsinhistologic evaluation. Five coronal

sections were grossly evaluatied each mouse following 48 hours of cranial decalcification.
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4. SNP genotyping
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Figure 3.1: Workflow for mapping radiogenic QTin Heterogeneous stock mice.

Genotyping

DNA was isolatedrom tail biopsies takefrom eachmouseat 3to 4 weeks of age. DNA
was extracted and purified using QIAGEN DNA extractigindccordingo themanufacturer’s
instructions. GeneSeek (Lincoln, NE) performed genotyping assays usinggaevidase
Universal Genotyping Array (MegaMUGZ)for a total of 1,878 mice. Nineteen 96 well plates
were usedor genotyping the 1,850 studhyice.In addition, 28 inbred founder strain samples

were scattered randomly witheachplatefor quality control. The MegaMUG#s built on the
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lllumina Infinitum platform and consists 77,808 single nucleotide polymorphic markers that
are distributed throughout the genome veittaverage spacing of 33 kbigure 3.2). The
marker densitys sufficiently denséo capture the number of recombination events occumming

the HS/Npt populatioat generation 71.
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Figure 3.2: Genotypinga. the MegaMUGA SNP arra, the distribution of marker densities,
andc. anexample of genome reconstruction a single HS/Npt mouse. Chromosomes are
labeled along the horizontal axis and each color indicates one of the eightrfsaihs, which
contributego 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 straaashFor
mouse, allele callsom the MegaMUGA array are utilized calculate descent probabilities
using a hidden Markov model (HMM)) which the hidden states are the founder strains and the
observed data are the genotypes. The HMM generates probabilistic estifthgediplotype
state(sfor each marker locus and produces a unique founder haplotype rfoossiach mousé.

A sample genome reconstructispresentedn Figure 3.2; these reconstructions serasthe

scaffoldingfor imputing full sequencing information (mm1@»m each founder strain.
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Genome scans and QTL mapping

Association mapping was performed with mixed regression models using seshannid c
ascovariates and adjustirigr relatedness within the stock of mice by computing a matrix of
expected allele sharing of founder haplotyfaesachpair of mice'®. Three statistical models
were fitto accounfor the wide range of trait distributioms this study. A generalized linear
regression model was fior binomial distributions, suchsneoplasiaCox regression analysis
was incorporatetb model timeto-event distributions, suchscataract development and tumor
latencies. Linear regression was utilized for normally distributgtst sucrasneurobehavioral
assays. Following genome wide association analyses, resampleaveidging methods were
utilizedto 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 procadwurieich the genotypes were
fixed and the phenotype values were rearranged randomly within each sejstiibetidn of
the maximum negative log p-value of association under the null hypothatiso associations
exist (null model) was determindéor each genome scan with permuted data. 1000 permutations
were performedor each phenotypm each radiation exposure group, simulating effects arising
from covariates, the linkage disequilibrium structure of the genome, and effedtsphenotype
distribution. A thresholds determinedasan estimate of the genome wide significafaewhich
a type | statistical error will occat a given frequency. Confidence intervlds each QTL were
determined by nonparametric resample model averaging procedures using bootstrafi@ygrega

with replacementn this procedure, the mapping populatissampledo create a new data set
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in which some individualmaybe omitted and sommaayappear multiple time% and the locus

with peak significances recorded. Resamplingrepeated 200 timdsr each phenotyp®
determine a 95% confidence interfal a givenQTL. Effect sizes were calculated using the

Tjur methodfor association mapping with logistic regression and pseddorRnapping with
CoxPHregression. Statistical significanfe each model was assessed using a permutation
strategyto randomize genotysvia resampling without replacement and maintaining covariates.
Permutation analysis was perform@@00tests)or eachtrait and exposure group generate
estimations of genome-wide significance threshaddsggenome scans with hundreds of
thousands of imputeSNPsare computationally intensive, parallel computing was essential and

accomplished using spot instances of resizable Elastic Compute Cloud (EC2) ressiurces.

Droplet digital PCR for copy number variation of Spil and Asxl1in myeloid leukemia cells
Droplet digital PCR was performed on cases of acute myeloid leukemia (#\kyess
deletion status via copy number variatfontwo genesSfpilandAsxI1l These genes are both
located on chromosomea2base pair locations 91,082,391,115,756or Sfpiland
153,345,845153,404,007or Asxl1(mm10 reference genomd)o establish a referender
normal diploid copy numben each AML sample, the copy numberttfafx was also
determined with the assumption that eaelwould contain two copies of this reference gene.
H2afxis located on chromosome 9 and deletionthis region have not been reportednurine
acute myeloid leukemia. BioR&timePCR™ probes were usddr all assayssfollows: Asx|1
ddPCR" probe (dAMmuCPE51002585fpi1ddPCR" probe (dMmuCPE5094990andH2afx
ddPCR" probe (dAMmuCPE510428Ratios were created between the test gene and the

reference geneSfpilH2afxandAsxItH2afX) to determine copy humber with the assumption
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that the reference gene would not be deleted or amplified. Ideally, ratiosrepiesent equal

copy numbersor both the test gene and the reference gene and ratios of 1:2 represendra delet
in one copy of the test gene. However, since the tumor samples containedtreagllaaswell
asstromal cells and other cells, the ideal 1:2 ratio was not commonlgeldsé&hisis because
stromal cells, which occwat unknown proportions each tumor and which should not have
chromosomal deletions, artificially increase rafmstumor samples which a deletions

indeed present.o accountfor stromal cell contamination, a cutoff ratio of 3:4 was established.
Tumor samples with ratios below 3:4 were considévdthve a deletiom one copy of the test

gene.

Utilizing clustering procedures with whole genome scans

Comparisons were made between whole genome scans using Pearson coraskations
similarity measure with clustering based on average linkage. $@mie of clustering results
was estimated with 10,000 random permutations of the dataset. Each pesirdatatset
simulates a null distribution of the maximally significant clustering tb@sea randomly assorted

set of p-value$or eachgenomic locus.

RESULTS
QTL mapping
To determine whether the genetic variants that increase tumor suditeptilbowing -
ray irradiation also increase tumor susceptibility following HZE iordieton, genome-wide
association mapping was perfornfed 18 tumor types. Only tumor types that occurred vaith

incidence ofat least 1% were includedr association mapping. Genomes were reconstridicted
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eachmouse using a probabilistic modelpredict founder haplotypésom high-density

genotype datd Reconstructed genomes represent the unique accumulation of meiotidavents
eachindividual and form a scaffoltbr the imputation of known sequencing informatfoom

the eight parental strains. Polygenic covariance among related indivigloaisgnificant

concernin multi-parent crosses amsicorrectedor during QTL mapping vh a kinship

termt®24 Mapping was performed using a linear mixed-effects model with the afolienesht
kinship termto adjustfor polygenic covariance between related micedetermine the
significance threshold®r a modelin which no QTLis present, permutation analysis was
performedfor multiple phenotypes usirgachregression model. The 95% significance threshold
was minimally variable between phenotypes with a mean thresheldggp) > 5.8. Thiss
consistent with the estimated 0.05 Bonferroni genome-wide corrected threshlolg(pj > 6.0,
whichis considered overly conservative for QTL mappm@ve use a significance threddaof

p < 0.05to select significant mapping associations.

At least one QTL was identifidr 11 of the 18 tumor phenotypes examined,
summarizedn Appendix 3. For tumor incidence, 51 QTL were identified wathaverage
confidence interval of 3.4 Mb. For QTdt the 95% confidence threshold, effect sizes average
3.7% with a range of 0.75 - 7.46%. For the majority of tumors, the genetic architediuee of
phenotypic variance was complex with multiple QTL individually explaining argynall
proportion of the total variance. Although loci with moderate effects on the ppenoere most
common, 11 large effect QTL were obserfed7 tumor histotypes, with effect sizes greater
than 5%.

To determine potential effects of genetic variants on tumor latency, mappsglso

performed using proportional hazards regression; 39 QTL were iderftifiesmor latency
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(Appendix 4), however QTL associated with latency predominantly mirrored the QTL already
identifiedfor tumor incidence, indicating that the genetic variants that control simslitgpto
radiation induced tumors also affect latencies.

Neoplasias a binomially distributed trait and, therefore, the poteatetect significant
associationss primarily dependent on tumor incidence and the QTL effect size. Thistkeads
important consideratiorfer the ultimate goal of this analysie:determine similarities between
QTL for specific neoplasms following unique radiation exposures. For some association
mapping results, a significant peak was obsemeaxhe exposure group while only a suggestive
peak preserdtthe same locuis the alternative exposure grouln these cased, the peak was
more significant when combining radiation groups, the QTL was considereficsigt for all
irradiated animals regardless of radiation qualitye speculate that the reason certain radiation
gualities produce only suggestive Qfidr certain tumor phenotypéslikely a function of

decreased mapping powasa result of the variatiom incidence between groups.

Comparing QTLs: Thyroid tumorsfollowing HZE ion and p-ray exposures

To demonstrate the results contained within this datesatill now focus on a single
tumor type. Thyroid tumord={gure 3.3a) are a well-known radiation-induced entity both
humans and mice, however relativitite is known about genetic variants that increase
susceptibilityto this disease following radiation mice.In HS/Nptmice, spontaneous thyroid
adenomas occuat relatively low frequencies and have a uniforiale-onset, vith tumors
occurring between 700 and 800 days of &ggure 3.3b). In contrast, thyroid tumors (including
both adenomas and carcinomas) arignigZE ion ory-ray exposednice occurat significantly

increased incidences and with significantly earlier onsets, witbraiarisingasearlyas250
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days of ageRigure 3.3b). Association mapping reveals a significant Bl interval on
chromosome 2or HZE ion exposed animal&igure 3.3c and 3.3d). The same locus
identifiedin they-ray irradiated populatiorfi the significance threshold decreasetb a levelin
which 30% of identified QTL will be false positives. Combining both irredi@opulations and
repeating genome-wide association mapping markedly increases the sigeiftcddhe QTL
identified on chromosome FiQure 3.3c and 3.3d). This indicates that the susceptibilaleles
presengatthis locus confer increased risk following expodoreither radiation quality. The
protein-coding genes present within the QTL support interval on chromosome 2 arna listed

Figure 3.3e, along with the strain specifisNPdistributions.
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Figure 3.3: Thyroid adenoma bioinformatics resubisgross image odinenlarged thyroidn
HS/Nptmice, b. Kaplan-Meier survival fomice diagnosed with thyroid tumolsy radiation
exposure grougs. genome-wide association pldts eachexposure group, é@nenlarged panel
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demonstrating significant and suggestive chromosome 2 paakarious exposures groufes,
the genes and found8NP patterns preseim the QTL support interval on chromosom#Rall
irradiated micef. resample model averaging procediorédemonstrate similarly significant
chromosomal regionf®r eachexposure group.

To further explore the possibility that the QTL identified on chromosome 2 controls
susceptibility followingy-ray and HZE ion exposuresg utilized a nonparametric resample
model averaging procedifeacross the entire chromosomoeddentify genomic loci that
consistently reappear resampled populations. Briefly, genome scans are repeateacianew
dataset created) which some individuals will be sampled more than once and sonae aitst,
Resample model averaging consistently identifies the sameftwcails groups oimice,
regardless of radiation exposuFedur e 3.3f). Further, the resample model averaging procedure
identifies the same locdsr tumors arising spontaneoushigur e 3.3f). This indicates that

germline genetic variants are more consequeifatianindividual’s risk of developing thyroid

cancer than whether or na individualis exposed to radiation, of either quality.

Leukemogenic events are similar following HZE ion or p-ray exposure

Acute myeloid leukemia (AMLJjs also a common radiation-induced tunmobothmice
and humarf$-?”. In HS/Nptmice, myeloid leukemia often presented with splenomedailgur e
3.4a) and large numbers of circulating tumor cdllsconcordance with previous studias
inbred strain€, y-ray exposures HS/Npt mice are decidedly more efficietinducing AML
than HZE ion exposures, however AML was increasdibth radiation groups when compared
to the spontaneous incidence and survivaeswere similarfor all groups Figure 3.4b).
Association mapping revealed a narrow @t AML incidence on chromosome 2 with a 95%

confidence interval of 0.48Ib (Figure 3.4c and 3.4€). This locus was observéal y-ray
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irradiated mice and significantly bolstered when groupithgradiated animia together Figure

3.4c).
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Figure 3.4: Acute myeloid leukemiaa. gross splenomegalg an HS/Npt mouse diagnosed with
splenic AML, b. Kaplan-Meier survival analysfer eachexposure groug,. genome-wide
association mapping resufts chromosome for each exposure groug, copy number
variationin AML samples expresseasSpil:gH2AXandAsxI1:gH2AXdemonstratingin
increasen AML cases witheachdeletionfor groups of HS/Npimice exposedo radiation.e. the
genes and found@NP patterns present in the QTL support interval on chromosdioresad
irradiated mice.

Radiation-induced AMlis a well-characterized diseasemice®?°3° andis most

commonly the result of a radiation-induced minimally dedeegion, also on chromosome 2,
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containing theSpilgene and a recurrent point mutation that inactivates the rem&ping
allele’™. To test the hypothesis that HZE ion-induced AML will contain the sameaular
aberrationgsy-ray induced AML,Spilcopy number was investigatelks expected, the

majority of AML casesn they-ray exposure group had a deletinrone copy of5pil, which

was distinctfrom spontaneously occurring AML casesvhich a deletion was rar€igure

3.4d). Similartoy-ray irradiated mice, mice exposerHZE ions also have a significantly
increased proportion of AML caseswhich one copy o6pilwas deleted. This further supports
the QTL data and indicates that AML arigsssimilar molecular mechanisms following
exposureso sparsely or densely ionizing radiation.

Because the QTL identified on chromosome @ Mb from Spiland because radiation-
induced deletionsanbe quite largewe considered the possibility that the chromosome 2 QTL
was also deleteth many of the leukemias, leaditma loss of one copy of the susceptibility
region. To test this hypothesisye determined the copy numbfer a gene locatedt the distal
end of the QTL support intervahsxll We foundthatAsxl1was not deleteth any sampleén
which Spilwas not deleted, howeven,69% of cases with &pildeletion, Asxlt—and
presumably the entire QTL regierwas also deleted~{gure 3.4d). Thus,for the majority of

cases, the AMLs that arigeirradiated animals are haploinsufficidat the entire QTL region.

Hierarchical clustering of genome scans

In additionto looking for similarities between individual selected Qftlt HZE ion and
y-ray exposed populationse also sought a more holistic methiadvhich entire genome scans
could be compared between groupanunsupervised procedBy using entie genome scans,

we submitfor comparison not only highly significant regions, but also the numerous loci
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detected with lower confidenc&o determine similarity of genetic associations profitesall
phenotypes antb detect possible coincident QTalustering procedures were utilizénl
compare genome-wide association scans between different radiation exposure groups

To demonstrate and validate the methodology of QTL clustering, genome widdacan
coat colorsn each treatment group are evaluatédre 3.5). As expected, genome wide scans
for coat color are unaffected by radiation exposures, and therefore clugtdrasgd entirely on
coat phenotype rather than radiation exposure group. Utilizing the same proceduoplasiae
indicates that tumor types often clustered togediserell, regardless of radiation exposure
(Figure 3.6). Radiation-induced thyroid adenomas and mammary adenocarcinoma$ and
hepatocellular carcinoma genome scans cluster together. This finding stippdrypothesis
that host genetic factors are more importardetermining neoplasm incidence than radiation

exposure type.
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Figure 3.5: Coat color clustering. Unsupervised hierarchical clustering of genome wide
association scans usiftgarson’s correlations. Indid@dby a green linas the 95% confidence
level of minimum dendrogram heights, estimated using permutation ofipsvahd marker
positions.
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Figure 3.6: Tumor clustering. Unsupervised hierarchical clustering of genome wideiatssn
scans using Peansa correlations. Indicatedy a green lings the 95% confidence level of
minimum dendrogram heights, estimated using permutation of p-values st p@sitions.
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DISCUSSION

Forward-genetics approaches allfmwva hypothesis-free (unbiased) search of the entire
genomeor multiple genetic associations within a given phenotypecontrast, common
genetically engineered mouse models rely on a reverse-genetics appnaath a given gene
is mutated and the resulting phenotypes are then described. Forward-gsmetizpossible
with a mouse model that contains abundant genetic and phenotypic divensity,has been
goal of research communities creating highly recombinant mouse populatiorastueh
Heterogeneous Stock and Diversity Outbred nfid&323° As the shortest interval into which a
QTL can be mappeds equalto the distance between the closest pair of recombinants
surrounding the causal variantthe mapping population, highly recombinant outbred mouse
populations suchsthe HS/Npt enable much higher resolution QTL mappwdecreasing that
distance. Personalized approactesancer risk assessmentay eventually allowfor greater
reductiondn uncertainties when generating space radiation cancer risk estfinates

The combination of GWAS and molecular characterization of tumors has produced
insights into tumorigenesis pathwdygs irradiated HS/Npinice.y-ray exposures are knowo
predispose certain strains of miceacute myeloid leukemia (AMLW)y producing a deletion-
sometimes a very large deletiethat commonly involve$pil.To determine whether HZE ions
produce similar molecular lesions, AML sampilesn all exposure groups were molecularly
characterizedo detect deletions Spil Although HZE ions aréoundto be less efficient thap
rays, radiation of either quality increases AML incidence and significardigases the
proportion of AML withSpildeletiongn comparisorio spontaneously arising AML. GWAS
AML identified a QTL approximately 6®1b distalto Spil, establishing the possibility that the

QTL region may be deleted along wiipil We demonstrate that this entire B region,
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including the entire QTLis often deletedh radiation-induced AML, thus implicating QTL
haploinsufficiencyasa step during leukemogene®s heterozygous outbradice.

Applying clustering methods with Pearson correlation distance measeresmpare
genome wide association scdastumor phenotypes between exposure groups and find that
tumor histotypes often cluster together regardless of radiation exposuresr@$dss indicate
shared tumorigenesis mechanisms followjfrgy and HZE ion exposures and support the use of
human epidemiological data froyrray exposureto predict cancer riskom galactic cosmic
rays.

In broader termdp our knowledge this woris the first of its kindn that highly
recombinant mouse models createddgenetic mapping have not been previously utilired
lifetime carcinogenesis studies. Mapping QfdL.carcinogenesis provides inherent challenges
dueto the structuref the binomial data, potential confounding causes of death following
irradiation, the fundamental stochastic nature of radiation tumorigenesis cantpiete
penetrance of a potential allelic variant. Despite these challemg@gre abldo map 51 QTL
for 11 neoplastic subtypes and many of the identified loci arelnov

The results presented here indicate that host genetic factors didtdbe tisnor
development following radiation exposures, regardless of radiation quality. Therefore,
subpopulationatincreased cancer risk following terrestrial radiation exposures aretliikely
substantially overlap with subpopulatictsncreased cancer risk following exposutethe

space radiation environment.
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Chapter Four

Overlap in genetic susceptibility to catar actogenesis following HZE ion and y-ray exposur es

SUMMARY

Cataractogenesis the space radiation environment poses a significant health risk for
astronautsasthe lens of the eyis knownto be one of the most sensitive areas of the hody
radiation-induced late effects. Cataractogenesis has been documemniaterous human
populations exposetd the types of radiatiofoundon Earthln assessingaaractogenesis risk
for astronauts, the unique forms of ionizing radiatioepace mudbe characterized. The forms
of radiation presenh space, knowmashigh energy and high charge (HZE) ions, deposit energy
along dense linear tracks. This high linear energy transfer (LET) paetdibgionis in contrast
to the low LET photon radiation that currently forms the bulk of our understafatingdiation
cataractogenesis. Populations expdsddw LET radiation, suchsy-rays, have provided
epidemiologic data that has informed dose lifatscataractogenesis. Limited cataractogenesis
datais also availabldor astronauts exposéd space radiation, and these data demonstrate that
relatively low levels of space radiation are capable of producing increasgehices of and
decreased latenciésr cataract formation. Genetic susceptibilgy known risk factofor
cataractogenesis following low LET exposures and likely also plays anroigh LET
exposures, however, sufficient d&anot availabldo analyze the role of genetic susceptibility
for cataractogenesis following high LET exposuresumans.

To determine whether genetic susceptibildycataractss similarfor high and low LET

radiation exposuresye utilize genome wide association mapping (GWASnanimal model

102



of genetic diversityo compare quantitative trait loci (QTEQr cataractogenesis following high

or low LET irradiations. 1,850 HS/Npt stock mice of both sexes are irradiatedwGy of 240

MeV/n 28Si or 600 MeV/r®Feions or 3.0Gy of 1¥'Csy-rays, or sham irradiateat Brookhaven

NationalLaboratories, NASA Space Radiation Laboratory (NSRL) facigchmouses

genotypedor 77,808 single nucleotide polymorphisms (SNP) and genomes are recondtucted

sequencing imputation using a hidden Markov cli@irfounder probabilitiesat each defined

SNP.The progression obdiation-induced ocular changessfollowed by dilated slitamp

biomicroscopy andachmousds examined upo severtimespost-irradiation. Tumors atbe

predominant cause of morbidity and mortafay both exposure groups; therefore, tiataisk

for cataractss correctedor using proportional hazards regression models during GWAS.
Progressive, radiation-associated lens changes, consistent withqoastedapsular

cataract (PSC), are notedboth HZE ion ang-ray exposed populations. Prevalence and

severity of PSCs irradiated animals increases significamtl}comparisorto unirradiated

controls, which, have vemyild to no posterior lens chaag 14 QTL were identifiedor

radiation-induced cataracts and substantial oveslagentified between HZE ion andray

exposed population addition, 4 QTL were identifiefbr spontaneous cataractogenesis. These

results indicate that the suscepitlgito radiation-induced cataractogendsibighly heritable

and that individuals within a population that are senstbveataractogenesis following low LET

irradiation are also sensitive following high LET exposures.

INTRODUCTION

The lends a transparent and avascular tissue that derives nufiemishe aqueous

humor and vitreodsand refracts lighto a point source on the retiirathe normal eye The lens
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is envelopedy a basement membrane and has only a single epithelial cell layer onethera
surface. This anterior epithelium contains the progenitors of the lens filsér Aethe
peripheral germinative zone, epithelial cells differentiate into mature legsdells throughout
life. This maturation process involves shedding of organelles, includinguthets, to achieve
translucencyAs these lens fiber cells lack nuclei and mitochondria, they depend on the
overlying epithelial cell§or nutrient transport and enefgy.ens transparendgy influenced by
cytoplasmic hydration, intracellular ionic strength, and other metabolatiéuns within the
leng*°. The initial event of cataract formatigthoughtto be damageo the lens epithelial
cell?,

The development of cataracssa complex biological phenomenon that resutgision
deficits dueto alterationsn the proteins that compose the lens. The World Health Organization
estimates that there are 285 million visually impaired individuals waatk—39 million of
whom are blind-andanestimated 33%f these cases are the result of catataCataract
formationis remarkably common with age96% of humans greatdran 60 years develop
cataract?—however, several risk factors have been identified that acceleratactatar
formation'’. These risk factors include genetic predisposttiGhco-morbidities suctasdiabetes
mellitus, adverse reactiots certain drugs, dietary deficiencies, uveitis, trauma, and exptusure
ionizing or non-ionizing radiaticrt® For astronaut risk prediction, ionizing radiation expossire
the most significant factor increasing risk over the general population.

Cataractogenesis following expostmaonizing radiation was recognized soon after the
discovery of X-ray® and radiation was demonstratecproduce lens changesexperimental
animalsasearlyas1897°. Since that time, researchers have been aware that ionizing radiation

exposureanaccelerate cataract formattéi® lonizing radiatioris remarkably efficienat
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producing lens opacities, whichevidencedy multiple studies of radiation-exposed
populations. These studies include Chernobyl accident liquidatatsmic bomb survivof§
cyclotron worker$', interventional medical person®&t?, patients undergoinGT scan? or
receiving radiotherapfpr cancer treatment or bone marrow transplanttitiand
astronaut®4% Data from medical exposure studies have helped establish threfsimadtaract
formation; howeverit is importantto mention that cataractogenesisikely a stochastic event
without a single threshold. Independent studies have demonstrated thtéatspaceiving a
single 10Gy dosé?®, 7.5 Gy dos®, or 14Gy dosé* developed cataracts, indicating the threshold
dosefor cataractss somewhere below these levels. Furthermore, cataract latency hdeuran
to be inversely relateth dose, meaning that cataracts developed more rdpidiydividuals
exposedo higher dos€es. Atomic bomb data indicate a clear relationship between cataract
incidence and do$eand estimated thresholds have been repagémlv as0.6to 1.5Gy*>44
Together, these observations have been utitizedtablish dose limit®r the leng>*’ andit
appears that a single dose d& or moreis definitively cataractogenifor exposed
population&. However, individual susceptibility radiation-induced cataractogendsisidely
variablé? and no single dose limitiabe definedfor a single individual.

The risk of cataract formatidor astronauts exposed the space radiation environment
is of particular concerrgsspace radiation exposures has been demonstcatettease
cataractogenesis®® Astronaut datén = 295) spanning over 3 decades indicates that relatively
low doses of space radiatioanresultin increased cataract incideragwell asa decreasm
latencyfor cataract formatioff. These astronaut studies indicate a significant association
between cataract formation and radiation quality, however estimbhgrgffects of contributory

risk factors, suclasgenetic predisposition, is difficult with such a small sample size.
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Experimental studies using mouse models have indicated that geneticsiglafiGast rolein
exposureso both low and high LET radiation, but these studies have utilized inbrediagdiye
engineered moug&EM) model€3°%>2 Such GEM models indicate that similar genetic
pathways play a rolie spontaneous and radiation-induced cataractogenesis and that radiation
canworsen and hasten cataractogenesis, however, BEEMon the same genetic backgrounds
are highly predisposed a specific set of phenotypes.

This studyaimsto utilize genetic diverse populations of mioecataract GWASo
determine whether genetic susceptibilitesataractogenesis overlappopulations exposead

qualitatively distinct radiation types.

METHODS

Animals, phenotyping, and radiation exposures

A workflow for the radiation exposures, phenotyping, and bioinformatics procdadures
presenedin Figure 3.1. Male and female HS/Nphice (n = 1850) were generated from breeding
pairs obtainedrom Oregon Health & Sciences University (Portla®®R). Theseoutbred mice
were generated via circular outbreeding procedure involving 48 families. Allideganthis
study were produceid generation 71. Founder strafios the HS/Npt include A/J, AKR/J,
BALB/cJ, C3H/HeJ, C57BL/6J, CBA/J, DBA/2J, and L¥/The mice were group hous¢si
mice of the same sex per cage)a climate-controlled facility with free accessdood and sterile
water, and a 12-hour light cycle. Mice were shipfmeBrookhaven National Laboratories
(Upton,NY) where they were exposeéalaccelerator produced HZE ionstays, or sham
irradiatedatthe NASA Space Radiation Laborataty7 to 12 weeks of age. HS/Npt stock mice

of both sexes were exposted).4 Gy of 240 MeV/n?Si ions(n = 308) or 600 MeV/f[°Feions
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(n = 314), 3Gy of 1*"Csy-rays(n = 615), or sham irradiatgd = 622). Following radiation
exposure or sham irradiation, mice were retutioedolorado State University Research
Innovation Center vivarium (Fort Collins, CO) and monitored twice dailyhe duration of the
study. Mice were carefdr in accordance with the recommendations of the Guide for the Care
andUseof LaboratoryAnimals. The Colorado State University (CSU) and the Brookhaven
National Laboratory Institutional Animal Care adde Committees (IACUC) approved
experimental protocols and animal handling and care.

Mice were examined approximately every two merfibr more than 100 weeks post-
irradiation, or until animals died or were euthanized tdummorbid conditions. Irradiation
status and genotype were blindedbservers untithe completion of the study. Radiation
associated lens changes were monitdmeslit-lamp biomicroscopy and analyzed using a
modified version of the Merriam-Focht scoring criteria (Merriam and Focht, 1962)0¥his
scoring range depends upon the fact that radiation- associated lens changgsrdavel
characteristically sequential fashion with the earliest changeg 6t5, consistingf less than
four dots, vacuoles or diffuse opacities around the central suatthie posterior subcapsular
region, and progressing, owime, to stage 4, when therga complete opacification of the lens.
A score of 2.0 or highas thoughtto be vision impairingAs animals were not examined
weekly, valuegor weeks where no assessment was made wereifillesing the score obtained
atthe last observation. Approximatelyl®min prior to the dilated slitampexam, ondo two
dropseachof 1% cyclopentolate and 2.5% phenylephrine HCI were plaxcedch eye.
Examinations were performed roughly every two montheash mouse by one of two
veterinary ophthalmology residents. Interobserver variability was minimal miai @xpert

observer was utilizetb regularly compare findingsom the two primary ophthalmologists.
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To accounffor co-morbiditesand timeatrisk, cataractogenesis endpoints were analyzed
usingtime-to-event procedures and genome wide mapping was performed with proportional

hazards regression models

Genotyping

DNA was isolatedrom tail biopsies takefrom eachmouseat4to 5 weeks of age. DNA
was extracted and purified using a QIAGEN DNA extractidgrakcordingo themanufacturer’s
instructions. GeneSeek (Lincoln, NE) performed genotyping assays usinggaevidase
Universal Genotyping Array (MegaMUGA9r a total of 1,878 mice. The MegaMUGA is built
on the lllumina Infinitum platform and consists of 77,808 single nucleotide polymorgainiers
that are distributed throughout the genome \ailaverage spacing of 33 kb. The marker density
is sufficiently denséo capture the number of recombination events occuminige HS/Npt

populationat generation 71.

Genome reconstruction as mosaics of founder haplotypes

The heterogeneous stock mice are descendants of 8 inbred founder straaashFor
mouse, allele callsom the MegaMUGA array are utilized calculate descent probabilities
using a hidden Markov model (HMM)) which the hidden states are the founder strains and the
observed data are the genotypes. The HMM generates probabilistic estifriie diplotype
state(sYor each marker locus and produces a unique founder haplotype ruossach mouse.
A sample genome reconstructi@mpresentedn Figure 3.2; these reconstructions sersthe
scaffoldingfor imputing full sequencing information (mm210 reference genome) é&ach

founderstrain.
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Genome scans and QTL mapping

Association mapping was performed with mixed regression models using seshannid c
ascovariates and adjustirigr relatedness within the stock of mice by computing a matrix of
expected allele sharing of founder haplotyfsesachpair of mice®®. Three statistical models
were fitto accounfor the wide range of trait distributioms this study. A generalized linear
regression model was fior binomial distributions, suchsneoplasia. Cox regression analysis
was incorporatetb model timeto-event distributions, suchscataract development and tumor
latencies. Linear regression was utilized for normally distributétd tsaichasneurobehavioral
assays. Following genome wide association analyses, resampleaveiding methods were
utilizedto 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 procadurieich the genotypes were
fixed and the phenotype values were rearranged randomly within each sejstiibetidn of
the maximum negative log p-value of association under the null hypothassiso associations
exist (null model) vasdeterminedor each genome scan with permuted data. 1000 permutations
were performedor each phenotypm each radiation exposure group, simulating effects arising
from covariates, the linkage disequilibrium structure of the genome, and effedtsphenotype
distribution. A thresholds determinedasan estimate of the genome wide significafaewhich
a type | statistical error will occat a given frequency. Confidence intervlds each QTL were
determined by nonparametric resample model averaging procedures using bootstrafi@ygrega

with replacementn this procedure, the mapping populatissampledo create a new data set
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in which some individualmaybe omitted and sonmaayappear multiple times and the locus
with peak significances recorded. Resamplinig repeated 200 timdsr each phenotyp®
determine a 95% confidence interfal a given QTL. Effect sizes were calculated using the
Tjur methodfor association mapping with logistic regression and pseddorRnapping with
CoxPHregression. Statistical significanfe each model was assessed using a permutation
strategyto randomize genotypes via resampling without replacement and maintainingateszari
Permutation analysis was perform@@00tests)or eachtrait and exposure group generate
estimations of genome-wide significance threshaddsggyenome scans with hundreds of
thousands of imputeSNPsare computationally intensive, parallel computing was essential and

accomplished using spot instances of resizable Elastic Compute Cloud (EQ®) hesturces.

RESULTS

Cataract latencig significantly decreasefdr HS/Nptmice exposedo either HZE ions
or y-raysin comparisorto unirradiated controldsjgur e 4.1). No significant difference was
observed between ondet cataracts following 0.6y of HZE ion irradiatioror 3.0Gy of y-ray
irradiation, however, these two doseaynot be equivalerfor cataract induction. Though these
doses seem disparate, their selection was optintizeebduce maximum tumorigenesasthe
primary phenotyping godbr this project was tumorigenesis. Preliminary dose-response studies
indicate that 0.45y of HZE ions and 3.Gy y-rays areeachmaximally tumorigenién mouse
carcinogenesis studifshowever the maximallgataactogenic doséor HS/Nptmice has not
been established. Nevertheless, ionizing radiation of either type progigndatantly increased

cataract incidenc@swell asearlier cataract onset, compatedgpontaneously occurring
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cataracts; this indicates that radiation-induced cataract GWASthapotentialo map

radiation-specific cataractogenesis susceptibility loci.
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Figure 4.1: Kaplan-Meier analysifor latency of cataract formation (Merriam Focht score of 2.0
or higher).

Variable survivatimesare observetbr individual HS/Nptmicefor this study, from 94
to 800 days. This survival variability has the poterttiadkew binomial incidence data; ei§.a
cataract susceptible mouse dies ptiodeveloping cataracts, this mouse may erroneously be
considered cataract free using a binomial count analysisest control survival variability,
proportional hazards regression analysis with censaintjized during cataract QTL mapping.

In Figure 4.2, the genome wide association mapping regalt$iZE ion exposed
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(n=622),y-ray exposedn = 615), HZE ion ang-ray exposedn = 1,237), unirradiateth =

613), andall mice(n = 1,850) are presented.
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Figure 4.2: Genome wide association mapping with proportional hazards regréssion
cataractogenesia eachexposure group. Significance thresholds were developed using
permutation analysis and the 95% confidence thresbdleimarcated with a grey lifer each
panel.

Cataractogenesis HS/Nptmiceis a complex, highly heritable trait with a total 18

QTL identifiedat 95% significance andnaverage QTL effect size of 2.7% (range:-152%).

Detailed information on location, QTL support intervals, significance géfiedts can béound

in Appendix 5. Of these QTLfour appeato be predominantly associated with radiation

(chromosomes 4, 13, 17, and 18), three are most significantly associated wébtsa@asing

spontaneously (chromosomes 2, 3, and 9), and the remaining genomic locitappe#er risk
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for all mice, regardless of radiation exposure. For simplicity, results will benpeeder a single
QTL, and similar informatioms providedfor all additional QTLn Appendix 5.

The most significant cataractogenesis Q9 bbserved on chromosome 13 when
groupingall irradiated mice (-log10 p-value = 9.Bi@ure 4.3a); this locuss identifiedin HZE
ion irradiated mice and approaches significanceray exposednice. When groupingll
irradiated mice together, this locisssignificantly bolstered, indicating that this genomic region
is confers susceptibilitjo cataractogenesis following radiation of either quality. The support
intervalfor the chromosome 13 QTi& 3.61Mb andis locatedat basepairs 64314474
67923771 (mm210 reference genome). The QTL support interval contains one gene previously
identified ashaving contributory effect®r human and murine cataractogeneSigc145% This
geneis a strong candidatier radiation-induced cataractogenesisCdcl4hbis involvedin
defective DNA damage response, whiskvidely acceptea@sa likely mechanism of radiation

induced cataractogene¥is

a. b.

HZE lon Irradiated Chr 13 (Mb)
42 63 e 645

Figure 4.3: Genome wide association chromosome 13 refltsataractogenesis HS/Npt
mice.
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To further investigate whether overlegypresentor genomic loci controlling
susceptibilityto cataractogenesin distinct exposure groups, a resample model averaging
procedure was employddr eachexposure groupo identify a distribution of the most
significant genetic lodn resampled populations. Results of these procedoretfiromosome 13
are illustratecashistogramsKigure 4.4), with bin sizes of 158NPs.Overlapin HZE ion andy-
ray irradiated micés observabl@asan overrepresentation &NPsnear 64Vib region. For theill
irradiated group, nearlgll resampled populations produce8dPwithin 5Mb the 64Mb

region. Mapping peak SNRasr spontaneous arising cataracts produced a wide variety of loci.
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Figure 4.4: Results of QTL mapping with resample modeling averagrgtermine the
distribution of the genomic loci that are most significanghatedto cataractogenesfer each
exposure group.
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DISCUSSION

The precise mechanism of radiation cataractogersasiglear, but genomic damage
resultingin altered cell division, RNA transcription, and abnormal cell differentiation
consideredo bethe principal injury®. Populations are composetlindividuals with a rangi
sensitivityfor different radiation late effects, including the rfsk cataract developmetitin
genetically diverse populations, suzdhumans, polymorphism and heterozygositygenes
involvedin cell cycle checkpoint control, DNA damage recognition, or DNA rejpay
contributeto cataractogenesis susceptibiiftyThe work presented here indicates that some
overlap existsfor genetic susceptibilito cataracts following HZE ion andray irradiation;
however, because unique QTL were identifieéach radiation groupchromosome 18 QTL
for HZE ion exposures and chromosoieQTL for y-ray exposures-the possibility that
distinct genetic polymorphisms control susceptibiidydifferent radiation qualities exists.

Cataractogenesis following irradiation likely involves oxidative stressltingin DNA
damage, protein damage, or lipid peroxidation, however the mechanisnut &uky
understood. Radiation-induced cataracts were originally thaaglpresent a deterministic

effect; once a deterministic threshold dssachieved cataract incidence increoses function

of increasing dose. Cataractogenesisbe the result of lens protein aggregatiSmor dueto

cellular pathology within the lens epithelium, lens germinal epitiglar lens fibecell£26L In

a deterministic model, cataractogenesis presumably arises followingaadirettuced cell death,
which requires a minimum killing dose (threshold) and sevierdyconsequence of the extent of
cell loss. However, theris reasorto believe that radiation-induced cataracts actually represent a
stochastic effect, whereby no threshold exists. For stochastic phenomena, étdifyrathan

effect withinanexposed population increases with increasing dose, and any-doseatter
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how small—canincrease the probabiligf aneffect. Radiation carcinogenesis is considered
stochasti@asthe radiation presumably increases the mutationnmatells, leadingo anincreased
probability of cancerous transformation. Interestingly, neoplasia of the lens hasmot bee
reported?®3and the lens respontiscarcinogenic agents with opacificat{énGenetic
susceptibility effects are also regardesstochastic effects.

Cataracts can be classified accordimghe anatomic location of opacities within the lens.
Posterior subcapsular cataracts (PSC) are historically associateddidtiion exposura
humans and are also induced by radiation consistently across $pé&cibswing irradiation,
thereis aninitial formation of opacities on the posterior lens capsule followed by saalioles
and diffuse punctate opacities on the posterior lens suturesti@eethese opacities and
vacuoles coalesce into a posterior subcapsular c&faietntually, progression of the cataract
extendgo the anterior subcapsular and cortical regions, restittingsion loss. Rate of
progressions shownto be affected by dose, age, environment, genetics, sex, and sex hormone
while time of onseis inversely relatedio dos&®23%45° Cataract progressiaanbe documented
by serial slittampbiomicroscopy exams. The Merriam-Focht classification system that was
initially describedn 1962 depends on the assumption of a sequential progréssamiation
cataracts. The system has been widely byadany researchems both animal models
20.21,23,2557. 7% swell asin human populatior8?®°":’° Though many species have been w=ed
animal modelso study radiation cataracts, rodents have been used most commonly.

It should be noted that, of the strains that contribtdekde HS/Npt population, several
founder strains are predispogedpecific ocular diseases that could resuttataract
development. C57BL/6J straimknownto have microphthalmia

(https:/www.jax.org/strain/000664), which could be associated with other ocolamadiities.
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The C3H/HeJ strairs homozygoudor a retinal degeneration allele
(https:/www.jax.org/strain/000659), which has been associated with cataresizggueo
toxic lenticular changésThe CBA/J straitis also knowrfor being affected by retinal
degeneratiomaswell (https://www.jax.org/strain/000656). The DBA/2J strigiknownto
develop pigmentary dispersion, iris atrophy, anterior synechia, and increaseclilairgressure
(https://www.jax.org/strain/0006J lwhich canbe responsibléor cataractogenesis

Astronauts face not only acute risks during space missions, but also lorngteeffects
suchascancer and cataradt®m exposurdo space radiation. There are important differernces
the energy deposition patterns between terrestrial low LET radigtioays ory-rays) and high
LET heavy ionsn spacé’. The present study demonstrates that susceptitailigdiation-
induced cataracis highly heritable and indicates that individuals genetically predisgosed
radiation-induced cataracts on Earth are also more susceptihiespace radiation
environment. These results indicate that epidemiologic data from humans eixptesesktrial
radiationcanbe extrapolatedo risk predictionsn for cataractogenesis the space radiation

environment.
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Chapter Five

Deter mining Dose Rate Effects on Car cinogenesis. Differencesin the

Tumor Spectrum Following Single or Fractionated Radiation Exposures

SUMMARY

In this studywe demonstrate that repeatedg-fractions ofy-ray radiation more
commonly produce neoplasms arisingm endothelial or osteocyte precursamnsgontrasto
single large-dose exposures, which more commonly prdulicesarcomas or malignant fibrous
histiocytomas. Theres a general lack ah vivo data describing differencé@s second cancer
histotype, incidence, and latency after fractionated irradiaieomparison with single large-
dose exposures. These results indicate that different cell types respond diftereadigtion,
depending on delivery schedule.

To investigate differencaa tumor histotype, incidence, latency, and strain susceptibility
in mice exposetb single-dose or clinically relevant, fractioned-dgsay radiation, C3Hf/Kam
and C57BL/6dnicewere locally irradiatedb the right hindlimb witreithersingle large doses
between 10 and 78y or fractionated doses totaling &80 Gy deliveredat 2-Gy/d fractions, 5
d/wk, for 4to 8 weeks. The mice were closely evaludtedumor developmenht the irradiated
field for 800 days after irradiation, and all tumors were characterized histologically

A total of 210 tumors were induced within the radiation field88 mice An overall
decreasén tumor incidence was observed after fractionated irradi&li6@%)in comparison
with single-dose irradiatio(86.1%).Sarcomas were the pre- dominant postirradiation tumor

observedn = 201), with carcinomsoccurring less frequentfy = 9). The proportion amice
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developing tumors increased significantly with total dosdéoth single-dose and fractionated
schedules, and latencies were significantly decreiasmice exposetb larger total doses.
C3Hf/Kammice were more susceptibte tumor induction than C57BL/Gdice after single-dose
irradiation; however, significant differencestumor susceptibilities after fractionated radiation
were not observed. For both strains of mice, osteosarcomas and hemangiosarcomas were
significantly more common after fractionated irradiation, whereas fibrosarcmdasalignant
fibrous histiocytomas were significantly marenmon after single- dose irradiation.

This study investigated the tumorigenic effect of acute large dosesnparison with
fractionated radiatiom which both the dose and delivery schedule were sitaldrose useth
clinical radiation therapy. Differenc&stumor histotype after single-dose or fractionated
radiation exposures provide nowelvivo evidencdor differencesn tumor susceptibility among

stromal cell populations.

INTRODUCTION

Inbred mouse strains differ their susceptibilitie$o various radiogenic tumors,
including thymic lymphoma, myeloid leukemia, mammary tumors, pulmonary aaeirmama,
hepatocelludr carcinoma, and osteosarcdmarhe strain differencea susceptibilities are
thoughtto be dueto the differing genetic backgundsof the strains, anith some cases specific
genetic polymorphisms have been identified thaybe responsibfe®!3 Most of these studies
on strain differences involve single, acute, whole-body exposures, althoughrexeeptions
suchasthe use ofnternal emittersn the study of osteosarcoma and the use of dose fractionation
to induce thymic lymphomas. The total dogesost, but not all, studies areés¥ or less.To the

best of our knowledge, research into mouse strain and tumor histotype diffarsoténg
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fractionated exposurds high total doses, simildo those experienced by radiation therapy
patients, have not been reported.

Herewe report on tumorigenesis 2 inbred murine strains, C3Hf/Kam and C57BL/6J,
exposedo single-dseor fractionated irradiation gfrays upto 70 or 80Gy deliveredto a

hindlimb.

METHODS

Mice

C57BL/6J and C3Hf/Kamrmalemice, bred and maintainéad the Experimental Radiation
Oncology specific-pathogen- free mouse colony, wedre43months oldatthe beginning of
experiments. The mice, housed 5 per cage, were expm&@ehour light/dark cycles and given
free accest sterilized pelletedood (Prolab Animal Diet; Purina, Indianapolis, IN) and
sterilized water. The facilities were approv®dthe Associatiorior Assessment and
Accreditationof Laboratory Animal Care and accordance with current regulations of tfe
Department of Agriculture and Department of Health and Human Sersitéshe experimental
protocol was approveloly andin accordance with guidelines established by the University of

TexasMD Anderson Cancer Center Institutional Animal Care dadCommittee.

Irradiation

A preclinical model consisting of development of solid tuniotsie limbs ofC3H mice
exposed locallyo ionizing radiation was used study radiation-induced tumorigenééis.
Right hindlimbs of mice were exposamlocal irradiationin air with single doses of-rays

rangingfrom 10to 70 Gy, or with 2Gy fractions given dailyor 5 days per weefor a total of
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40, 50, 60, 70, and 80 Gy. For single-dose radiation, mice were grimr@edhlysis accordingp
exposuresasfollows: 10to 29 Gy, 30to 39 Gy, 40to 49 Gy, 500 59 Gy, and 6@ 70 Gy,as
detailedin Table E1 (availableat www.redjournal.org). Only C3Hf/Karmmice were exposetb
single-dose radiation from @0 70 Gy, therefore the resuftom this dose range were not
includedin the statistical analyscomparing tumor incidence be- tween strains. Radiation was
deliveredfrom a small-animal irradiator with 2 parallel-opposétCs sourcesat a dose rate of
6.4to 8 Gy/min. During irradiation, unanesthetized mice were immobilizedjig, and the right

rear thigh was centerad a circular radiation field 8min diameter.

Assessment of hindlimb tumors

Mice were observefbr development of tumoris the irradiated limbat 2-week intervis
until 800 days after irradiation. Tumor incidence was defasttie proportion of mice
developing hindlimb tumors out of the total number of mice receiving a givenadeadiation.
All tumors were analyzed histologicalby a veterinary pathologist (blinded treatment and
mouse strain) using BHn sectiondrom formalin-fixed, paraffin-embedded tissues routinely
processed and stained with hematoxylin and eosin. Osteosarcormashaecterizeds
tumors composed of malignant mesenchymal cells associated with begsitthpphilic, fibrillar
to homogeneous, tumor osteoid matifxgure 5.1A). Hemangiosarcomas were composed of
atypical, plump endothelial cells forming irregularly anastomosing vasspiéeres containing
erythrocytesKig. 5.1B). Fibrosarcomas were composed of spindle-shaped cells separated by
variade amounts of lightly eosinophilic collagenous stroma; spindle- shaped cellawanged
in interweaving fascicle®rming a characteristic herringbone patteffig(5.1C). Malignant

fibrous histiocytomas were pleomorphic with fusifolmrounded cells and typically contained
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Figure5.1: Representative tumor histopathology, hematoxylin and eosin. (A) Osteosarcoma.
Neoplastic osteocytes surround and are endadaaghtly eosinophilic tumor osteoid
(arrowhead), which progressively transitidasmmature woven bone. Multinucleated
osteoclasts are scattered throughout the tumor. (B) Hemangiosarcomaalfgyicthelial cells
form irregularly anastomosing vascular channels containing erythrocytes, anidofiucle
neoplastic cells often bulge into vascular channels (arrowh@dyibrosarcoma. Neoplastic
spindle cells are arrang@ufascicles that interweawe form a herringbone pattern. Cells are
separated by variable amounts of lightly eosinophilic, collagenous strathajitotic figures are
common (arrowhead). (D) Malignant fibrous histiocytoma. Pleomorphic cells Wwrthbfastic
and histiocytic differentiation are separabgdsparse eosinophilic, collagenous stroma.
Moderateto marked anisocytosis and anisokaryasisbserved, and multinucleatgantcells
are frequent (arrowhead).

numerous multinucleated giant celisd. 5.1D). Representative histopatholofyy additional

tumor histotypesanbefoundin Figures E1 and E2 (available onlineat www.redjournal.org).
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Sarcomas lacking diagnosteatures of the previously mentioned subtypes were assigned the

diagnosis of undifferentiated sarcoma.

Statistical analysis

Comparisons were made between tumor histotype, radiation dosing schedutdyeemo
survival times, tumolatencies, and mousdrain. Chi-squared tests were usgdcompare
categorical variables. Logistic regression was us@dmpare proportions of tumors induced by
increasing dose®r single-dose or fractionated radiation. Kaplan-Meier survival aralysee
usedto determine differencaa tumor-specific survival between strains and differemces
tumor-specific survival between tumor histotypes and radiation deliveryoiMiatencies
between mouse strains, radiation dose groups, and tumor histotypes wergedamspay
analysis of variance. Statistical analyses were per- formed usig/Ssoftware (version 11.2;
StataCorp, College Station, TX) and Graphpad Prism (version 6.0d; GraphPad Safaware,

Jolla, CA). All values were considered significahP < 0.05.

RESULTS
Tumor incidence
After single-dose exposures between 10 and 70 Gy, 163 ohi#®136.1%)developed
hindlimb tumors. Tumor incidences showed a similar incré@aseach increasing dose group
when combining C3Hf/Kam and C57BL/6J mi¢edure 2A; P < 0.001)Single-dose exposures
were significantly more effectivat inducing hindlimb tumorg comparison with similar total
doses receivenh 2-Gy fractions(P < 0.001). For hindlimbs irradiated with fractionated

exposures, 55 tumors were indute®35mice (16.4%).The 5 fractionated dosing groupach
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showed a consecutive increaseumor incidence with increasing dosedure 5.2A), to
culminatein a 38% tumor incidender the 80Gy group. Over the dose ranges investigdted
single-dose irradiation, increasegumor incidences were observedta0 Gy for C57BL/6J
miceand upto 60 Gy for C3Hf/Kam mice, with evidence of a plateauhe dose respons$er
larger dosesHigure 2B). Over the dose ranges investigatedfractionated irradiation, no

evidence for a platedn the dose response was obsenfdure 5.2 A, B).

Tumor latency

Latency was definedsthe number of days between the date of irradiation and tumor
development. For fractionated irradiation, the day of the final fraction was defdeag 0. For
single-dose irradiation, the first tumors appea&2il6 days after irradiaticior C3Hf/KAM and
at 348 daydor C57BL/6J. For fractionated irradiation, the first tumors appeatr286 days
after the last fractiofor C3Hf/KAM andat 384 daygor C57BL/6J. A decreada latency was
observed with increasing dose for both single-désgu¢e 5.3A; P = 0.024) and fractionad
dosing schedules$-{gure 5.3B; P = 0.026). After single-dose irradiation, the mean tumor latency
time for C3Hf/Kammice was significantly decreased compared with C57BL/6J niitge
5.4A; P = 0.002); no significant differenaelatency was observed between the 2 strains after
fractionated radiationHigure 5.4B; P = 0.858). The latencidsr different sarcoma histotypes
were not significantly differentHigur e 5.5A, B); however, the latendpr carcinomas was

significantly prolongedn comparison with the latenciés sarcomassa group Figure E3).
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Figure 5.2: Incidence of hindlimb tumorsy radiation dose. (A) Incideesof hindlimb tumors
are significantly increasad mice exposetb a single large dose of radiatisncomparison with
mice exposedo fractionated radiatiorP(< 0.001). (B) Incidences of hindlimb tumdrg
radiation dose and mouse strain. C3Hf/Kiaance have a significantly higher incidence of
hindlimb tumors after single-dose exposures than C57Bhiéd (P < 0.001).No significant
differencein tumor incidences observed between C3Hf/Kam and C57BL/6J mice after
fractionated exposures. Single doaesgroupedas10to 29, 30to 39, 40to 49, and 5Q@o0 59 Gy.
Fractionated doses were gives2 Gy/d, 5 d/wkior 4 to 8 weeks and are listestotal doses of
40, 50, 60, 70, and 80 Gy.
Tumor histotype

All 210 tumors observed were categorized histologicabgummarizedn Table 1.
After fractionated exposures, both C57BL/6J and C3Hf/lkaice were more likelyto develop
osteosarcoméP < 0.001) and hemangiosarconf®s< 0.001) than other tumor typdsigure
5.5C). Of the tumors produced by fractionated radiation, 63% were osteosarcoma or
hemangiosarcoma) comparison, these tumor types constituted only 8&8l dfimors after
single-dose exposures. The most common tumors induced by single- dose radiegion
fibrosarcoma and malignant fibrous histioayi, each ofwhich was significantly more common

after single-dose irradiatigi® < 0.001). Fibrosarcomas and malignant fibrous histiocytomas

constituted 59% of the tumors after single-dose exposaresmparison with 7% after
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fractionated exposure&dditionally, squamousell carcinomas were more commonly observed

in mice given 25y fractions thann mice given single large dos@3= 0.036).

1000+ 1000+ .
Single Large Dose Latency Fractionated Doses Latency

(from 10 to 70 Gy) (2 Gy/day, 5 Days/week)

8004 “o v . 200

Days
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Figure 5.3: Decreasing tumor latencies with increasing dose after (A) single expadur@to
70 Gy or (B) fractionated exposure of 2 Gy/day fractions given 5 days/faeekto 8 weeks.
Mice receiving higher total single doses have significantly decreased tat@nciesk =
0.024), measureasthe number of days between irradiation and tumor developmésg. M
receiving higher total fractionated doses also have significantly dedraasor latencied(=
0.026).
Strain susceptibility

After single-dose exposure, significant differenicesimor incidencesHigure 5.2B; P <
0.001) and tumor latencieBigure 4A; P = 0.002) were observed between C3Hf/Kam and
C57BL/ 6Jmice. For fractionated exposures, tumor incidences and latencies were similarly
increased and decreased, respectively; however, these changes w&atstioally significant
(Figure 2B and 4B). For both strains ahice,osteosarcomas and hemangiosarcomas were

significantly more common after fractionated irradiation, whefidmesarcomas and malignant

fibrous histiocytomas were significantly more common after single-dose ircadiat
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Figure 5.4: Tumor latencies after (A) single exposures ofd @0 Gy or (B) fractionated
exposure of 2-Gy/d fractions given 5 d/¥dt 4 to 8 weeks separated by mouse strain
(C3Hf/Kam or C57BL/6J). C3Hf/Kammice have significantly decreased tumor latenanes
comparison with C57BL/6thice after single-dose exposurds% .002) but not after fractionated
exposuresK = 0.858).

DISCUSSION

In this studywe demonstrate that repeatedg-fractions more commonly prode
neoplasms arisinfjom endothelial or osteocyte precursamsgontrasto single large-dose
exposures, which more commonly prod@icrosarcomas or malignant fibrous histiocytomas.
Differencedn tumor histotypes after single-dose and fractionated radiation exposuregeprovi
novelin vivo evidencdor variability in susceptibility amongst stromegll populations.
Investigations into the cell of origfior sarcomas have identified progenitor cédisthe
development o$pecific sarcoma subtyp¥s® our work suggests that certain histotype-specif
progenitorcells may have differential susceptibilitiesthe late effects of radiation based on

dose fractionation.
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Figure 5.5: Tumor histotypes arising locally y-irradiated hindlimbs compared by dose
schedule. Latency of tumors separated by histotype after (A) single exposurde 860Gy or
(B) fractionated exposures of 2-Gy/d fractions given 5 diwld to 8 weeks and (C) tumor
incidences separated by dose scheduling. OsteosarcBm@61), hemangiosarcomda3<(001),
and squamous cell carcinom&s=(036) were significantly more common after fractionated
irradiation, whereas fibrosarcomad<(001) and malignant fibrous histiocytom&s(001) were
significantly more common after single large-dose irradiation. FSA = fibrosarcom

HAS = hemangiosarcoma; MFH = malignant fibrous histiocytoma; OSA = ostensa;

RhSA = rhabdomyosarcoma; SCC = squanualiscarcinomalJS = undifferentiated sarcoma.
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Table 5.1: Histology ofy-irradiation-induced tumors of the hindlimbs of locally irradiated mice,
separated by radiation dose scheduling

Table 1 Histology of y-irradiation—induced tumors of the
hindlimbs of locally irradiated mice, separated by radiation
dose scheduling

Multifractionated  Single

Histologic diagnosis dose dose xz P
Osteosarcoma 22 9 <001
Hemangiosarcoma 12 4 <.001
Squamous cell 5 4 036
carcinoma
Myxosarcoma 1 1 430
Rhabdomyosarcoma 2 13 235
Undifferentiated 8 32 358
sarcoma

Carcinosarcoma 0 1 -

Malignant fibrous 2 40 <.001
histiocytoma

Fibrosarcoma 2 52 <.001

Mice developing 54 156 <.001
tumors

Total no. of mice 337 452
C3Hf/Kam 236 304
C57BL/6J 101 148

Values are n. Multifractionated dose given as 2-Gy/d fractions, 5 d/
wk for 4 to 8 weeks. Single-dose irradiation includes acute doses from
10 to 70 Gy. All doses used in each radiation dose schedule are
included.

Sarcomas were one of the original solid tumonse associated with radiation therapy
the 1920%2*and continudo be a rare but highly fatal hazard of modern radiation théfapy
Conventionally, radiation therapydeliveredas2-to 2.5-Gy fractions (Monay-Friday)for 1to
7 week$®, whichis similarto the fractionation schedule usiedour study(2 Gy/d, 5 d/wk for 4-
8 weeks). Radiation fractionatiamthoughtto increase the efficacy of tumoell killing by
increasing the number of tumor cells irradiated during radiosensitive pifabescell cycle and

by allowing tumor reoxygenation betweeachfraction, which increases the accumulated non-
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repairable damage tumor cells per unit dod&?. Fractionated radiation therapy also has the
advantage of allowing non-neopliastellstime to repaif*% however, accumulated damage
non-targetedellsmayleadto a second primary neoplasm.addition, the protractetiime period
between fractionated dosaltows for the replenishment of radiation-depleted cells, including
potential target cell®r neoplastic transformation, thereby expanding the numbexlisfat risk.
Because of the increased success of cancer therapies, increasing nurcdnees sfirvivors are
atrisk for developing second primary malignancies within radiation treatment fietaish w
include post-irradiation sarconfdsHowever, uncertainties surrounding post-irradiation
sarcomas exist owing their relative rarity. These gaitainties include the variatian risk by
sarcoma histotype, the shape of the dose response curve, and potential geeetibisitisc

In the present study, osteosarcomas and hemangiosarcomas were significeantly m
common after clinically relevarfitactionated radiation, whereas fibrosarcomas and malignant
fibrous histiocytomas were significantly more common after single large dbsadiation.
These results are consistent with previous studiedich mice exposetb single or
hypofractionated large dosesyafays were most commonly diagnosed with fibrosarcomas and
malignant fibrous histiocytoma%?’. Potential explanatiorfer the observed differencéstumor
cell-of-origin after fractionated or single-dose irradiation incldgdifferertial cell type
susceptibilityto apoptosis, necrosis, or senescence after irradig@pdifferentialcell type
repair capabilities(3) differential post-irradiation immune- modulatory effects on different cell
types; or(4) differential cell type responsésgrowth factors, cytokines, or hormones after
fractionated or single-dose irradiatidn.vitro, change# transcriptionn normal human
coronary artery endothelial cells exposedingle-dose or fractionateddiation have been

examined®?®. Palayooretal.?® demonstrated that exposure of endothelial cell cultor82-Gy
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fractions resultedh robust transcriptional changescomparison with a single 1Gy dose.
Genes regulatingell cycle, DNA replication, DNA damage stimulus, DNA repair, and genes
relatedto immune response were significantly altere@radixposurdo fractionatedadiationin
comparison with single-dose radiatfén

Similarto the micein this study, tumor histotypes arisimghumans exposetd
fractionated radiation are commonly osteosarcoma and angiosarcoma (@ognassa
category that includes hemangiosarcoma and lymphangiosarcoma). Studiéthobchpost-
irradiation sarcomas reveal that the most frequent second solid cancer odgowhihdyen
treated with radiation theragpy osteosarcomé In adult breast cancer patients treated with
fractionated radiation thera$g Gy/d, 5 weekly fractions) with median doses of 50-55 Gy, the
most common tumor was angiosarcoma, followed by undifferentiated sarcoma and
osteosaroma®™.

In our study the risk of post-irradiation sarcoma after clinically relefvantionated
exposures increased with total dosesa@0 Gy, with no evidence of a plateau. Similaity,
humans, studies of childhood post-irradiation sarcomas proddeewidence of increased risks
with no evidence of a decreaseslope with doses ujp 60 Gy3**2:33 For breast cancer patients
in adulthood, increased risk of post-irradiation sarcasiaso associated with increasing
dosé”. After single-dose irradiation, evidence of a plat@awmor incidence was observet
doses higher than 3By for C57BL/6J mice andt doses higher than @By for C3Hf/Kammice.
The risk of developing sarcomasnfluenced bygenetic susceptibilityn humans and mice;
howeve, only a few specific examples of a genetic susceptiltditadiation-related sarcomas
are presenn the literaturé>3>3¢ Susceptibity to radiation-induced osteosarcoma has been

associated with a common promoter variarRb1in mice'3. In humans treatefbr
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retinoblastoma with radiation therapy, thesanincreased risk of saromasin the radiation
field®>3¢ Additional evidencdor genetic susceptibilitto sarcomacanbe observedn the

differential solid object tumorigenesis differentstrains of micejn which theras a marked
differencein tumorigenesis after implanted foreign bodie&enetic susceptibilitio radiation-
induced sarcomia mice was revealeid the present studysanincreased incidence and
decreased latencies of post-irradiation sarcaméee C3Hf/Kam strain compared with

C57BL/6 after single-dose irradiatioNo significant differences were observed between these 2
strains after fractionated irradiation; howevewer tumors and different histotypes were
inducedafter fractionated exposures, which decreased the power of the statistigalsgraid
although not significant, the incidences of tumors were similarly increasg8Hf/Kammice

compared with C57BL/énice (Figure 1B).

Conclusions

Osteosarcoma, hemaagarcoma, and squamous cell carcinoma are significantly more
commonin mice after exposur® radiationin fractions of 2 Gy/dIn contrast, fibrosarcomas and
malignant fibrous histiocytomas are significantly more common after singledasgs of
radiation(10-70 Gy). Genetic susceptibilitp radiation- induced sarcomas was obseasa

differencein tumor incidences and latencies between C3Hf/Kam and C57Bhic&]
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Chapter Six

Significance

The future of space exploratibor humankinds dependent on developia
understanding of the space radiation environment and creating sound estintfadsabyic
threats that are pos@dsuchanuntested environment. Carcinogendgisn exposures$o
galactic cosmic rays considered one of the most significant barriera manned missioim
deep space. NASA dictates a ceiliogcancerrisk and that ceilings defined by the upper 95%
confidence interval of the risk estimaBy. decreasing uncertainties surrounding cancer risk
assessments space, that 95% confidence intergahbe diminished and risksanbe more
accurately estimated. The most significant component of uncenaitity current estimatder
cancer riskn the space radiation environmésthe unclear carcinogenesis effects of HZE ions.
The work presentenh this dissertation attempts address the uncertainties surrounding HZE
ion exposures.

In orderto provide a meaningful prediction of the carcinogenic effects of space radiation
on humans, epidemiologic data from human populations exposewizing radiations utilized
asa baseline. This human dasanot perfect, however, most notably because the ionizing
radiationin studied human populatiomscomposed of photons, which produces sparse, isolated
ionization events. The ionizing radiationspaces physically very differentit is composed of
particles, or HZE ions, travelirgf relativistic speeds, likely accelerated from supernova
explosionsThe ionization events that resédom HZE ion interactions are focused and produce

dense tracks through biologic material; this type of radiasiomuch more efficienat producing
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clustered and complex damage within a cell. Because of the physiestncesn the photon
radiationfor which there exists human epidemiologic data and the particle radiaéisenin
space, the validity of utilizing such human d&tanproven. Ground-based studies utilizing
accelerator produced HZE ions and animal models provides the best divaesgyhe validity
of using terrestrial radiation carcinogenesis @ata surrogatéor space radiation
carcinogenesis. However, the animal model must be carefully ctmaeaid specific pitfallsn
such validity assessmentss the majority of animal models of cancer are composed of
populations of genetically identical individuals, the individuals of susbpaulation have a
narrow phenotypic window and, therefore, témgroduce the same tumor type regardless of
carcinogen exposure. The genetic homogeneity obscures the variabilityaghaxtistin a
genetically diverse population, suaBhumans. For this reason, a mouse model of population
diversity was utilizedn a lifetime carcinogenesis stuttydetermine the tumor spectra that
would occur following exposure photon radiation and high-energy particle radiation. The
results indicate that, although the two radiation typeslifferently efficientat producing
specific tumor histotypes via specific mechanisms, the tumor s@eetessentially the same and
both forms of ionizing radiation are capable of producing tumors via similar meotsni
Determining the genetics efsceptibility and resistande radiation-induced tumors
could represent a methtaldecrease the risks faced by individuétlss well known that genetic
susceptibility plays a significant rofer human susceptibilitto radiogenic tumors following
exposureo low LET radiation; however, determining genetic susceptiliityigh LET
radiationis complicated by thé&ack of human exposureH.the same genetic loci that predispose
anindividualto tumors following low LET exposures also predispose that indiviguhle same

tumors following high LET exposures, extrapolating the genetics of suscepiimlitlg present
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anaccurate wayo predict which individualgn a population will face increased cancer iisk
space. This dissertation provides novel eviddacéhis concepin theform of genome-wide
association studias outbred mouse population exposediZE ions and-rays. A high degree

of overlapin QTL are observed between exposure groups, indicating that the extrapolation of
human terrestriadadiation dateto space radiation cancer risk predictions represents a valid

approacho cancer risk estimates.
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Appendix 1

Table. Tumors arisingn HS/Npt mice following exposur® HZE ions (600 MeV/n 56Fer 240MeV/n
28Si)or y-ray irradiation comparetb the background incidena# the same tumoig unirradiated
HS/Npt mice.
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Total HZE ¥ Unirradiated HZEFe  HZESi
4=934 d=312 4 =313 4= 309 (,?‘:161 4 =151 M:F
@ =916 Q=310 Q=302 Q=304 Q=153 Q=157
n=1850 n=622 n=615 n=613 n=314 n=308
Epithelial
Thyroid
Follicular Adenoma 43 21 13 9 12 9 21:22
Follicular Carcinoma 5 2 2 1 2 0 2:3
Parathyroid Adenoma 2 0 2 0 0 0 1:1
Ovary
Granulosa Cell Tumor 45 3 42 0 3 0 0:45
Tubulostromal Adenoma 15 0 15 0 0 0 0:13
Tubulostromal Adenocarcinoma 2 0 2 0 0 0 0:2
Ovarian Carcinoma 2 0 0 2 0 0 0:2
Luteoma 2 1 1 0 0 1 0:2
Thecoma 1 1 0 0 0 1 0:1
Ovarian Cystadenoma 1 0 1 0 0 0 0:1
Dysgerminoma 1 1 0 0 1 0 0:1
Uterus
Uterine Stromal Sarcoma 6 3 3 0 1 2 0:6
Endometrial Papillary Adenoma 1 0 0 1 0 0 0:1
Endometrial Stromal Polyp 16 12 2 2 4 8 0:16
Mammary Gland
Adenocarcinoma 28 11 12 S 3 8 2:26
Adenoacanthoma 4 1 0 3 0 1 0:4
Carcinosarcoma 1 0 1 0 0 0 0:1
Pulmonary
Pulmonary Adenoma 228 60 88 80 34 26 151:77
Pulmonary Adenocarcinoma 353 128 110 115 64 64 243:110
Hepatic
Hepatocellular Adenoma 314 126 94 94 68 58 218:96
Hepatocellular Carcinoma 251 100 66 85 57 43 187:64
Hepatoblastoma 6 1 4 1 0 1 5:1
Biliary Cystadenoma 9 5 4 0 2 3 9:0
Cholangiocellular Carcinoma 2 0 1 1 0 1 2:0
Harderian Gland
Adenoma 219 121 77 21 67 54 124:95
Adenocarcinoma 41 20 17 4 10 10 20:21
Unilateral Neoplasm 209 109 80 20 57 52 117:92
Bilateral Neoplasms 51 32 14 5 20 12 27:24
Gastrointestinal Tract
Adenocarcinoma 3 1 1 1 0 1 0:3
Gastric SCC 2 2 0 0 1 1 1:1
Duodenal Polyp 12 8 3 1 6 2 8:4
Colonic Polyp 1 0 1 0 0 0 1:0
Gastric Adenocarcinoma 1 0 0 1 0 0 1:0
1



Total HZE ¥ Unirradiated HZE Fe HZE Si

4=934 3=312 =313 d =309 g =161 d=151 M-F
Q=916 Q=310 Q Q=304 Q=153 Q=157 .
n=1850 n=0622 n=615 n=613 n=314 n=308
Gastric Polyp 1 0 1 0 0 0 0:1
Other
Salivary Gland Carcinoma 1 0 1 0 0 0 1:0
g:lllx:rr;lr(:gesa(l:)ell Carcinoma (lingual 3 1 1 1 1 0 12
SSl?illxlz;mous Cell Carcinoma (haired 3 1 5 0 1 0 3.0
Adrenocortical Carcinoma 3 3 0 0 2 1 2:1
Pheochromocytoma 3 3 0 0 2 1 0:3
Renal Cell Carcinoma 3 1 1 1 0 1 3:0
Renal Adenoma 1 0 1 0 0 0 1:0
Islet Cell Carcinoma 2 2 0 0 1 1 1:1
Odontogenic Tumor 2 1 1 0 1 0 0:2
Mesothelioma 2 1 1 0 0 1 0:2
Pilomatricoma 1 0 1 0 0 0 1:0
Papillary Adenoma (gall bladder) 1 0 0 1 0 0 1:0
Sebaceous adenoma (skin) 2 1 1 0 0 1 2:0
Basal Cell Carcinoma (skin) 3 1 1 0 1 0 2:1
Nervous
Pituitary Adenoma 40 15 22 3 10 5 9:31
Pituitary Adenocarcinoma 1 1 0 0 1 0 1:0
Meningioma 2 0 1 1 0 0 1:1
Astrocytoma 1 1 0 0 1 0 1:0
Choroid Plexus Tumor 3 1 2 0 1 0 0:3
Glial Tumor, Olfactory Lobe 1 0 1 0 0 0 1:0
Ependymoma 2 1 1 0 1 0 0:2
Messenchymal
Hematopoietic System
Lymphoid 570 172 195 203 84 88 274:307
Follicular B cell 209 66 59 84 34 32 101:108
Diffuse Large B cell 120 39 38 43 20 19 56:64
Lymphoblastic B cell 81 24 16 41 12 12 38:43
Histiocyte Associated B cell 13 3 3 7 1 2 3:10
Anaplasstic Plasmacytoma 4 1 2 1 0 1 2:2
Small B cell 13 6 4 3 2 4 6:7
Marginal Zone B cell 5 3 1 1 2 1 3:2
Precursor T cell 82 13 61 8 6 7 40:42
Small T cell 5 2 1 2 2 0 1:4
Anaplastic T cell 9 4 5 0 0 4 3:6
Other 29 11 5 13 5 6 14:15
Myeloid leukemia 124 18 96 10 5 13 86:38
Histiocytic Sarcoma 37 12 11 14 4 8 21:16
Osteosarcoma 19 12 6 1 8 4 4:14
Osteoma 7 1 3 3 1 0 2:6
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Total HZE +  Unirradiated HZEFe  HZESi
4=934 d=312 d =309 C d=151 M-F
Q=916 Q=310 Q=304 Q=153 Q=157 .
n=1850 n=0622 n=613 n=314 n=308
Soft Tissue Sarcoma
Rhabdomyosarcoma 14 4 4 6 2 2 4:10
Fibrosarcoma 4 2 1 1 2 0 3:1
Hemangiosarcoma 76 32 18 26 16 16 42:34
Hemangioma 22 14 4 4 7 7 31:9
Undifferentiated 29 14 4 11 5 9 5:24
Myxosarcoma 6 1 2 3 0 1 0:6
Myxoma 1 0 0 1 0 0 0:1
Leiomyosarcoma 11 6 2 3 3 3 3:8
Leiomyoma 1 1 0 0 0 1 0:1
Nerve Sheath Tumor 1 1 0 0 1 0 1:0
GIST 4 2 1 1 1 1 3:1
Liposarcoma 1 1 0 0 0 1 1:0
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Appendix 2

Kaplan-Meier survival analysis for tumors arisingHS/Npt mice following exposurte HZE ions (600
MeV/n 56Feor 240 MeV/n 28Sipr y-ray irradiation comparetb the background incidena# the same

tumorsin unirradiated HS/Npt mice.
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Appendix 3

Genome-wide association mapping restdtsumor incidence.
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Phenotype

B-cell Lymphoma
BLL Lymphoma
Thyroid adenoma
Becell Lymphoma
Thyroid adenoma
AML
Hepatocellular Carcinoma
Thyroid adenoma
B-cell Lymphoma
Hepatocellular Carcinoma
Thyroid adenoma
B-cell Lymphoma
PreT Lymphoma
B-cell Lymphoma
PreT Lymphoma
PreT Lymphoma
PreT Lymphoma
PreT Lymphoma
PreT Lymphoma
BLL Lymphoma
Thyroid adenoma.
B-cell Lymphoma
Thyroid adenoma.
B-cell Lymphoma
BLL Lymphoma
Pulmonary adenocarcinoma
Amyloidosis
Becell Lymphoma
Hepatocellular Carcinoma
Amyloidosis
B-cell Lymphoma
FBL Lymphoma
Thyroid adenoma
Harderian adenocarcinoma
B-cell Lymphoma
Thyroid adenoma.
Mammary adenocarcinoma
Becell Lymphoma
Pulmonary adenocarcinoma
B-cell Lymphoma
AML
Hepatocellular Carcinoma
B-cell Lymphoma
Osteosarcoma
FBL Lymphoma
Osteosarcoma
DLBCL Lymphoma
PreT Lymphoma
Harderian adenoma

DLBCL Lymphoma

Group

All mice
All mice
All mice

Unirradiated

All Irradiated

All Irradiated

All Trradiated
All mice
All mice
All mice

HZE

Unirradiated
All mice

Unirradiated

All Irradiated
All mice
Gamma
Gamma
Gamma

All Irradiated

All Irradiated
All mice
All mice

Unirradiated

All Irradiated

All Irradiated
All mice
All mice
All mice

All Irradiated
All mice
All mice
All mice

HZE

Unirradiated

HZE

All Irradiated
Gamma
All mice
All mice
All mice
All mice

Unirradiated

All Irradiated

All Irradiated
All mice
Gamma
Gamma

HZE

Gamma

Chr

Max LOD

10.999

6.420

6079

6318

10.836

6.995

6386

11204

8300

6291

7.803

6495

6.095

7436

7.085

6814

8413

8413

8131

6.848

5.850

6.020

5.986

5.848

6428

6050

5.780

6.665

6.546

6.162

7.860

6.581

5.801

6.018

6.903

5777

6.175

6.286

6249

7.901

6312

6.146

6814

5962

5.805

6013

6.744

6.154

5976

6.530

QTL

73732062.5
74343073
73078474
74938971
122584526
147914389
123223410
121483195
155646718
117964768
123357336.5
152492554
29822410
33476536
82878119
82878119
89196864
96173703
82622022
107760474
142141592
107350502
142141592
7075383
116924770
148261935
136702296
724790165
30794428
35893111
624526015
122891663
3455888
102809143
75346491
477112875
111549311
88759037
97084001
98143056
91425908
94246099
98556922
71019344
86662315
70394500
83589501
48674981
45427448

82809869

QTL95% Confidence Interval

Position (BP)

73494384
73443080
71335224

73640888.9625
120236421

1478280688375
119805949
120236421

151758335.85
115943082.975
120345725
152492554
28532178.6
32159146
82243458
82098201
85649328
96168780
82622922
106744777.375
142141592
105230836.5
142050181
5683053
115490532.1
146889257.5
134007207
70639782.6
299843373
337391921875
61606150.875
122867671.575
3455888
101334669.45
74206387.6375
46090331.85
110639949.5
86219353
94070480
95982213.7
88406017.6
909196808875
95073624.6
69377022
85568114.525
69377022
83534674
48649945
440810802125

802440315

152

74262978.7

78299617

74931530

77001094.4125

124006948

148316130

124476777.9625

124006948

159294061825

120564786

124006948

155646718

33271823 8375

3378173045

86141326

859532082125

903870545

98871254

§5884363.4

107900411

144401281.675

1080622735625

144399143

8167587775

120212740

149577033

136963345

74664266

332527474

36832676

62993849.175

122891663

4254190.5

105635973

77507836

50595803

113855208

90177534

998940155375

98755939

94424358.6

97184622

98745723575

71474706

88783444

71474706

85336592

531881045

4566199015

86347428.35

Confidence
Interval (Mb)

077

474

270

326

226

283

235

Percent

Variance

Explained
(Tjur)

Model

glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)

ghm(binomial, link = “logit”)

ghm(binomial, link = “logit”)
gim(binomial, link = “logi”)
gim(binomial, link = “logit”)
glm(binomial, link = “logit”)

glm(binomial, link = “logit”)

ghm(binomial, link = “logit”)

glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
ghm(binomial, link = “logit”)
gim(binomial, link = “logit”)
gim(binomial, link = “logit”)
ghm(binomial, link = “logit”)
glm(binomial, link = “logit”)
gim(binomial, link = “logit”)
glm(binomial, link = “logit")
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)

glm(binomial, link

logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
gim(binomial, link = “logit”)
glm(binomial, link = “logit”)
gim(binomial, link = “logit”)

glm(binomial, link

logit”)
glm(binomial, link = “logit”)
gim(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit™)
ghm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
gim(binomial, link = “logit”)
gim(binomial, link = “logit”)
glm(binomial, link = “logit”)
ghm(binomial, link = “logit”)
glm(binomial, link = “logit”)
glm(binomial, link = “logit”)
ghm(binomial, link = “logit”)
glm(binomial, link = “logit”)

gim(binomial, link = “logit”)

Covariates

Sex.



Appendix 4

Genome-wide associationagping resultdor tumor latency.
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Appendix 5

Genome-wide association mapping residtscataract latency.
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Phenotype
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cataract
cataract
cataract
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Poak (2p)
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954 Confidence Interval
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103585515

Cataract QTL

Percent.
variance
Explained

5.194
2,83
1.796
1648
a.453
1,845
1617
1.648
2.478

1.298

1.433
272
2.553
4303
1.867
3812
3651

3.967
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Hazard for BB compared to AA Genotype
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A
A
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0.000
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ALARA

AML

ATM

CC

DO

DNA

GCR

GEM

GWAS

HCC

HS

ICRP

LEO

LET

LSS

MB

MUGA

NASA

NCRP

NRC

List of Abbreviations

As Low As Reasonably Achievable

Acute Myeloid Leukemia

Ataxia-Telangiectasia Mutated

Collaborative Cross

Diversity Outbred

Deoxyribonucleic Acid

Galactic Cosmic Rays

Genetically Engineered Mouse

Genome Wide Association Study

Hepatocellular Carcinoma

Heterogenous Stock

International Commission on Radiological Protections
lonizing Radiation

Low Earth Orbit

Linear Energy Transfer

Life Span Study of the atomic bomb survivors
MegaBase

Mouse Universal Genotyping Array

National Aeronautics and Space Administration
National Council on Radiation Protection and Measurements

National Research Council
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NSCR
NSRL
PSC
rAML
REID
RI
RNA
SEP
SNP

QTL

NASA Space Cancer Risk model

The NASA Space Radiation Laboratory
Posterior Subcapsular Cataract
Radiation-induced AML

Risk of Exposures Induced Death
Recombinant Inbred

Ribonucleic Acid

Solar Energetic Particles

Single Nucleotide Polymorphism
Quantitative Trait Loci

Atomic Number
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