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A B S T R A C T   

Exposure to ionizing radiation is considered by NASA to be a major health hazard for deep space exploration 
missions. Ionizing radiation sensitivity is modulated by both genomic and environmental factors. Understanding 
their contributions is crucial for designing experiments in model organisms, evaluating the risk of deep space (i.e. 
high-linear energy transfer, or LET, particle) radiation exposure in astronauts, and also selecting therapeutic 
irradiation regimes for cancer patients. We identified single nucleotide polymorphisms in 15 strains of mice, 
including 10 collaborative cross model strains and 5 founder strains, associated with spontaneous and ionizing 
radiation-induced in vitro DNA damage quantified based on immunofluorescent tumor protein p53 binding 
protein (53BP1) positive nuclear foci. Statistical analysis suggested an association with pathways primarily 
related to cellular signaling, metabolism, tumorigenesis and nervous system damage. We observed different 
genomic associations in early (4 and 8 h) responses to different LET radiation, while later (24 hour) DNA damage 
responses showed a stronger overlap across all LETs. Furthermore, a subset of pathways was associated with 
spontaneous DNA damage, suggesting 53BP1 positive foci as a potential biomarker for DNA integrity in mouse 
models. Our results suggest several mouse strains as new models to further study the impact of ionizing radiation 
and validate the identified genetic loci. We also highlight the importance of future human in vitro studies to refine 
the association of genes and pathways with the DNA damage response to ionizing radiation and identify targets 
for space travel countermeasures.   

1. Introduction 

Interest in human deep space exploration has increased significantly 
over the last decade, especially focusing on detrimental health effects 
caused by ionizing radiation beyond the protective magnetic field of the 
Earth (Durante and Cucinotta, 2008). For example, a Mars mission 
estimated to last nearly three years will expose astronauts to radiation 
doses of up to 1 Sv, which is considered to increase cancer risk signifi-
cantly (Cucinotta and Durante, 2006). The most biologically concerning 

source of ionizing radiation beyond the Earth’s magnetosphere is 
galactic cosmic rays (GCRs), composed of 90% energetic protons, 9% 
4He nuclei and 1% high mass-high charge (HZE) particles. HZE particles 
are ions between 4He and 56Fe that induce significant biological damage 
due to their high linear energy transfer (LET), and are only partially 
mitigated by protective shielding (Cucinotta and Durante, 2006; 
Durante and Cucinotta, 2008). Therefore, understanding the biological 
effects of HZE particles is essential for identifying biomarkers for indi-
vidual sensitivity and resistance and developing countermeasures to 
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reduce astronaut health risks. 
One of the main adverse effects of exposure to ionizing radiation, 

especially HZE particles, is DNA damage (Cardis et al., 1995, 2007; 
National Research, 2006), which leads to carcinogenesis, central ner-
vous system impairments(Azizova et al., 2020; Pasqual et al., 2021), 
immune dysregulation (Braganza et al., 2012; Gasser et al., 2005) and 
circulatory system effects (Tapio et al., 2021; Wang et al., 2016). An 
early mouse experiment has shown that HZE particles have a relative 
biological effectiveness (RBE) as high as 40 for 600 MeV/n 56Fe particles 
causing Harderian gland tumors (Alpen et al., 1993, 1994). Because 
these studies only used one mouse strain, the scientific community has 
not been able to infer whether the effect was associated with 
strain-dependent radiosensitivity. In addition, such gland does not exist 
in humans, making it difficult to assess the relevance of the findings for 
cancer risks for astronauts. 

Although the carcinogenic and DNA damage-related effects of HZE 
particles in animal models and human cells are the focus of numerous 
studies, the genomic and environmental factors that contribute to indi-
vidual sensitivity among subjects remain elusive (Barcellos-Hoff et al., 
2015; Cucinotta et al., 2017). In addition, radiogenic tumors have been 
shown to depend on the strain of mice (Kaplan et al., 1956), as well as 
the histotype of the tumor (Edmondson et al., 2020) and tissue speci-
ficity and exclusivity. Thus, understanding the genes and pathways 
linked with HZE particle sensitivity may suggest mechanisms to be 
targeted for developing countermeasures to avoid the radiation hazards 
during prolonged space travel. 

In order to identify mouse genes associated with space radiation 
risks, we used the collaborative cross (CC) mice (Churchill et al., 2004), a 
panel of recombinant inbred strains that captures 90% of the known 
variation among laboratory mice. This system allows high-resolution 
mapping of genomic associations with different phenotypes, including 
diseases and reactions to various environmental stressors, due to their 
genomic diversity and long-term genetic stability. The U.S. Department 
of Energy Low Dose Scientific Focus Area utilized CC mouse model due 
to the high levels of genetic variation distributed randomly across the 
strain genomes (Snijders et al., 2016). This model enhances the proba-
bility of genomic associations to phenotypes using a relatively small 
number of strains and permits other investigators to study the pheno-
types of interest further by replicating the same specific, individual 
genotypes of mouse strains. 

In this work, we utilized the CC model to identify genetic associa-
tions with in vitro DNA damage responses. We and others have previ-
ously reported that biomarkers labeling DNA double strand breaks are 
suitable surrogate markers of sensitivity to ionizing radiation (Ochola 
et al., 2019; Pariset et al., 2020b; Penninckx et al., 2019, 2020; Rube 
et al., 2008). More recently, our group used in vitro samples from a 
combination of 15 mouse strains (5 inbred and 10 CC) to demonstrate 
that both their baseline levels of spontaneous DNA damage and their 
dose responses to ionizing radiation were highly variable among 
different strains based on quantification of immunofluorescent foci of 
tumor suppressor p53-binding protein 1 (53BP1) (Pariset et al., 2020b; 
Penninckx et al., 2019), which is a key component of DNA 
double-stranded break repair. Here we followed up on this result by 
conducting an exploratory low-coverage genome-wide association study 
(GWAS) using the same 15 mouse strains to identify single nucleotide 
polymorphisms (SNPs) and pathways associated with spontaneous DNA 
damage, as well as DNA damage responses to different types of ionizing 
radiation. Specifically, we compared the responses to low-LET X-rays 
and two types of HZE particle irradiation (350 MeV/n 40Ar at 104 
keV/μm LET; and 600 MeV/n 56Fe at 170 keV/μm LET) at different doses 
and post-irradiation time points. We further evaluated the pathways 
associated with responses to HZE particles due to their relevance to 
health risks during deep space exploration. 

By identifying candidate genes and pathways related to space health 
risks, we provide new directions for selecting the appropriate mouse 
models for space biology and space radiation studies: different mouse 

strains might be more suitable for analyzing high- vs. low-LET responses 
and different aspects of DNA damage and repair kinetics. Our results also 
suggest targets for evaluating and mitigating DNA damage caused by 
deep space radiation at the level of an individual subject, opening the 
door for precision space medicine. All raw data and associated geno-
types for each animal are available in the Open Science NASA platform 
GeneLab, a life science database focused on spaceflight- relevant ex-
periments with the highest standards for rich metadata (Berrios et al., 
2021) and curated radiation dosimetry information (Beheshti et al., 
2018), which are essential features to enable further mining of these 
data by the scientific community. 

2. Materials and methods 

2.1. Mouse strains 

Collaborative Cross (CC) mice are inbred mice designed by the 
Jackson Laboratory (Bar Harbor, ME) and developed at University of 
North Carolina, Chapel Hill (Srivastava et al., 2017) that are derived 
from five classic inbred strains (A/J, C57BL/6, 129S1/SvImJ, NOD/-
ShiltJ and NZO/H1LtJ) and three wild-derived sub-strains (CAST/EiJ, 
PWK/PhJ and WSB/EiJ). 10 mouse strains from the CC panel - CC002, 
CC011, CC013, CC019, CC032, CC037, CC040, CC042, CC051 and 
CC061 - were chosen for our experiment. In addition to CC mice strains, 
five inbred reference strains: C57BL/6 J, BALB/cByJ, B6C3F, 
C3H/HeMsNsrf and CBA/CaJ were also included in this study. In total, 
72 animals were used, with 37 females and 35 males. 

2.2. Irradiation 

Detailed experimental methods for cell extraction and irradiation are 
described in our previous work (Penninckx et al., 2019). All experiments 
were performed following IACUC protocol no. 306,002; Lawrence Ber-
keley National Laboratory (LBNL), Berkeley, CA according to National 
Research Council guide for care and use of laboratory animals. X-ray 
experiments were conducted at LBNL using a 160-kVp Faxitron X-ray 
machine (Lincolnshire, IL), while particle irradiation experiments were 
conducted at NASA Space Radiation Laboratory (NSRL) beam line at 
Brookhaven National Laboratory (Upton, NY). 

Briefly, skin fibroblasts from ear punches were collected from mice at 
10–12 weeks of age, grown as primary cell cultures and frozen at 
different passages. Cells were thawed and grown for 24 – 48 h before 
being irradiated with X-rays or two different HZE particles: 350 MeV/n 
40Ar and 600 MeV/n 56Fe, which have 104 and 170 keV/μm LET, 
respectively. At the time of irradiation, fibroblasts were 80% confluent 
for 40Ar and 90% confluent for 56Fe. For particle irradiations, two flu-
ences (1.1 and 3 particles/100 μm2) were used, corresponding to four 
distinct doses depending on their respective LET (0.30 and 0.82 Gy for 
600 MeV/n 56Fe; 0.18 and 0.50 Gy for 350 MeV/n 40Ar). For X-ray 
irradiation, 0.1 and 1 Gy doses were used instead. The dose rate for both 
X-ray and particle irradiations was 1 Gy/min. 

2.3. Immunocytochemistry 

At 4, 24 and 48 h post-irradiation, with an additional time point at 8 
h for 600 MeV/n 56Fe particle irradiations, cells were fixed with 4% 
paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in 
phosphate buffered saline (PBS) for 15 min at room temperature. After 
the incubation period, cells were washed with PBS 3 times, 5 min each 
for the total of 15 min. Plates were then filled with PBS (300 μl/well), 
sealed and kept at 4◦C until immunostaining. All experiments were 
performed in duplicate. 

For immunostaining 53BP1 to quantify DNA double strand breaks, 
cells were washed with PBS, permeabilized with 0.1% Triton-X for 20 
min and blocked with 3% BSA in PBS for 1 hour. Cells were then incu-
bated in a rabbit polyclonal anti-53BP1 primary antibody (Bethyl Labs 

E. Cekanaviciute et al.                                                                                                                                                                                                                         



Life Sciences in Space Research xxx (xxxx) xxx

3

#IHC-00,001) at 1:400 in blocking buffer (3% BSA in PBS) for 1 hour, 
followed by 2 washes in 0.1% Tween-20 in PBS and a subsequent in-
cubation with Alexa Fluor 488 goat anti-rabbit secondary antibody 
(ThermoFisher Scientific #A11034) at 1:400 in blocking buffer for 1 
hour, followed by 2 washes in 0.1% Tween-20 in PBS. Nuclear staining 
was performed with DAPI at 1:1000 in PBS for 5 min (ThermoFisher 
Scientific, #D1306), followed by 2 final washes in 0.1% Tween-20 in 
PBS and resuspension in PBS. 

2.4. Imaging 

After staining, cells were imaged and quantified using a high- 
throughput semi-automated microscope developed in-house by our 
group (40 × 0.95 NA dry lens, Nikon), and images were analyzed using 
an automated nuclear foci quantification MATLAB® algorithm previ-
ously published by our group (Pariset et al., 2020a; Penninckx et al., 
2019). The foci quantification was set at a target of at least 800 cells per 
sample based on previous publications (Costes et al., 2007). All raw data 
are available online (see Data Availability), while images and quantifi-
cation algorithm are available upon request. 

2.5. Genotyping 

Genomic DNA was extracted from fibroblasts obtained from each 
individual mouse from each of the five non-CC inbred strains using 
AllPrep DNA/RNA Mini kit (Qiagen, #80,204). The concentration and 
purity of extracted DNA was determined using a NanoDrop 2000 UV–vis 
spectrophotometer (ThermoFisher Scientific) based on 260 nm/280 nm 
and 260 nm/230 nm ratios. All DNA samples contained a minimal 
concentration of 20 ng/µL and were shipped to GeneSeek (Neogen Ge-
nomics, Lincoln, NE, USA). SNP analysis was conducted using Mega-
Mouse Universal Genotyping Array (MegaMUGA platform). The original 
MUGA array was developed on Illumina Infinium platform in coopera-
tion with Neogen Inc and contained 7851 SNP markers all spaced uni-
formly approximately ~325 kb across the mouse reference genome. The 
MegaMUGA SNP array that was used provided a 10-fold higher marker 
density than MUGA (77,808 markers) and additional 14,000 probes 
detecting variants segregating in wild-derived strains. Collaborative 
cross genotypes were obtained from the GigaMUGA database (Morgan 
et al., 2015). Only the overlapping SNPs that were found in both plat-
forms were used for all analysis. 

2.6. Radiosensitivity and DNA repair phenotypes 

As published previously (Pariset et al., 2020b; Penninckx et al., 
2019), spontaneous DNA damage (Background; BGD) phenotype for 
each mouse strain was defined as the average number of 53BP1+ foci per 
nucleus in the control group (0 Gy sham irradiation), assessed at 4 
different time points: 4, 8, 24 and 48 h for all three radiation qualities, 
averaged across all analyses after removing statistical outlier values (2 
standard deviations above or below the mean for each strain). 

Radiation-induced DNA damage (Foci per Gray; FPG) phenotype was 
defined as the average increase in 53BP1+ foci per nucleus, per 1 Gy of 
irradiation. The FPG phenotype was quantified in response to irradiation 
by X-rays and HZE particles (350 MeV/n 40Ar, 600 MeV/n 56Fe), aver-
aged per mouse strain, separately for each radiation quality and time 
point. 

2.7. Genotype-phenotype associations 

The significance of SNP-phenotype associations was determined 
using the R qtl2 package (Broman et al., 2019) that includes kinship 
information between samples. For FPG calculation in response to each 
radiation quality, time points were used as covariates. The following 
linear model was used to infer the relationship between phenotype and 
genotype:  

num_foci_irradiated_i ~ genotype_i + kinship_adjustment_i + time_point_i 
+ error_i,                                                                                             

where i indexes the mouse. 
The output of this calculation is the LOD (limit of detection) score for 

each SNP. LOD scores can be converted to p-value using:  

P(LOD)=0.5*(χ2>2*log10(LOD))                                                            

where 2*log10(LOD) follows the chi-square distribution with degree of 
freedom = 1 (Nyholt, 2000). 

2.8. SNP annotation and pathway analysis 

Supplementary Figure 1 shows the overall workflow of pathway 
analysis. The p values for each SNP were calculated using qtl2 R package 
and serve as an input of the workflow. Bioconductor package BiomaRt 
v.105 (Durinck et al., 2005, 2009) was used to get gene annotations and 
positions, mapping SNPs within 25,000 bp of a gene. Reactome v.78 
(Jassal et al., 2020) was used to get pathway information. 

For each gene, the p-values of the SNPs were merged using two 
different methods: Fisher and the additive method addCLT (Nguyen 
et al., 2016). The Fisher method produces a list of p values, one value per 
gene. These p values are subsequently used either to create a pre-ranked 
gene list using fast gene set enrichment analysis FGSEA (Korotkevich 
et al., 2021) or correct them using False Discovery Rate (FDR) with a 
threshold of 0.05 to select differentially expressed genes for hypergeo-
metric test using over representation analysis (ORA), and both FGSEA 
and ORA are used for pathway analysis. Thus, our analysis results in 4 
lists of pathway p values, generated by the following combinations of 
methods: Fisher/FGSEA, Fisher/ORA, addCLT/FGSEA, addCLT/ORA. 

For each pathway, these 4 p values are combined using addCLT to 
produce a single additive p value per pathway. The additive p-values of 
all pathways are then corrected using FDR. The final pathways with 
FDR-corrected p-values <0.05 are considered significantly associated 
with the phenotype (either BGD, or FPG for each radiation type and time 
point). Our main motivations behind combining p values at the end of 
the pipeline are a) accounting for multiple sources of weak but consis-
tent evidence and b) combining the evidence generated by different 
methods to prevent the flaws of any individual method from compro-
mising the results. All pathway graphs were created using R packages 
ggplot2, ggraph, igraph and UpSetR. 

All code used for the analysis will be available in Supplementary 
Materials (see Data and Code Availability section) upon publication. 

3. Results 

3.1. Experimental approach 

Our study aimed to identify the genetic differences and biological 
mechanisms responsible for the variability of DNA damage responses to 
ionizing radiation established in previous investigations of 15 mouse 
strains (5 inbred, 10 CC) that had been established in previous in-
vestigations (Penninckx et al., 2019). DNA damage response patterns 
were defined by quantifying 53BP1+ radiation-induced foci between 4 h 
and 48 h post-irradiation in mouse skin fibroblasts irradiated in vitro. We 
used two doses of low-LET X-rays (0.1 and 1 Gy), and two fluences of 
high-LET 350 MeV/n 40Ar and 600 MeV/n 56Fe ions (1.1 and 3 parti-
cles/100μm2, which respectively correspond to 0.18 and 0.5 Gy for 350 
MeV/n 40Ar, and 0.3 and 0.82 Gy for 600 MeV/n 56Fe). The experi-
mental design is depicted in Fig. 1A. 

Our experimental design allowed us to evaluate two aspects of DNA 
damage responses to ionizing radiation: the severity of initial damage 
and the speed and effectiveness of subsequent repair. The time course of 
DNA double strand break repair depends on the pathway involved: non- 
homologous end joining takes up to 2 h after irradiation, while homol-
ogous recombination requires at least 8 h (Ingram et al., 2019; Kim et al., 
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2005; Penninckx et al., 2021). Thus, 4 and 8 hour timepoints include 
both repair processes that involve 53BP1 accumulation at DNA damage 
sites (Shibata and Jeggo, 2020). Although double strand breaks are 
formed earlier than 4 h after irradiation, earlier quantification was not 
feasible given experimental limitations. DNA double strand breaks are 
repaired over the next 24 – 48 h, and the damage that remains after-
wards is considered persistent. Notably, unrepaired DNA damage in vitro 
at 24 h post irradiation has previously been associated with in vivo 
carcinogenesis in mouse models, making 24 h a relevant timepoint to 
examine as a potential biomarker of mouse strain radioresistance 
(Ochola et al., 2019; Pariset et al., 2020b). 

We used two radiation response-relevant phenotypes for GWAS 
(Fig. 1B.) The first is Foci Per Gray (FPG), a quantification of the irra-
diation response using the average number of 53BP1+ DNA repair foci 
per nucleus, per radiation dose (in Gy), measured at each time point for 
each radiation quality and mouse strain. FPG numbers followed previ-
ously reported kinetics of increasing at early time points (4 h and 8 h) 
post-irradiation that reflects ionizing radiation-induced DNA damage, 
followed by a gradual decrease at later time points (24 h and 48 h) due to 
ongoing DNA repair (Pariset et al., 2020b). FPG differences between 
strains for early time points also reflect the amount of double-strand 
break DSB clustering into DNA repair domains, a phenotype critical 
for high-LET radiation risk (Neumaier et al.; Vadhavkar et al., 2014), 
since increased clustering is associated with lower repair and worse 
physiological outcomes. Representative images from in vitro irradiated 
fibroblasts from two mouse strains with low and high FPG, CC019 and 
CBA, respectively, are shown in Fig. 1C at 4 h and 24 h after 600 MeV/n 
56Fe irradiation and in sham conditions. 

The second measured phenotype is Background (BGD), which is the 
average number of 53BP1+ foci at sham irradiation conditions, and re-
flects the amount of spontaneous DSBs. BGD was averaged for each 
strain across all irradiation experiments and all time points, after 
excluding statistical outliers (>2 standard deviations above or below the 
mean for the strain). Notably, although both male and female mice were 
used as a source of in vitro cells, we did not observe sexual dimorphism in 
any FPG or BGD values. 

To identify SNPs associated with FPG and BGD phenotypes, we 
performed a GWAS based on sequencing the five inbred strains and 
known genotypes from the ten CC strains, accounting for kinship 
(described in Materials and Methods). Fig. 2 shows representative 
Manhattan plots depicting the p values of the associations between SNPs 
and FPG 4 h post-irradiation with X-rays, 350 MeV/n 40Ar and 600 MeV/ 
n 56Fe, as well as background DNA repair foci. All SNP-phenotype as-
sociations are listed in Suppl. Table 1. 

3.2. Genes and pathways associated with background DNA repair and 
responses to ionizing radiation 

We characterized the quantitative trait loci (QTLs) linked with the 
SNPs identified by our GWAS analysis. SNPs were mapped to a gene if 
they fell within 25,000 base pairs of the gene. The resulting set of genes 
was analyzed using an additive approach of the Fisher method and 
addCLT to identify the genes with FDR-adjusted p values below 0.05, 
which were then mapped to pathways using the Reactome database. 
Significantly enriched pathways were identified using FGSEA and ORA 
test, and p values from each method were combined using addCLT to 

Fig. 1. Quantification of radiation-induced DNA damage in 15 mouse strains. A. Experimental design. B. Representative graph showing Foci Per Gray (FPG) and 
Background (BGD) phenotypes in two mouse strains (CBA and CC019) at two time points (4 h and 24 h) post-irradiation as a function of 600 MeV/n 56Fe radiation 
fluence (data points at 1.1 and 3 particles/100μm2). C. Representative images showing 53BP1+ DNA double stranded break repair foci in the same mouse strains at 4 
h and 24 h post-irradiation with 600 MeV/n 56Fe particles at the fluence of 3 particles/100μm2 and in sham-irradiated control. 
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produce a single additive p value per pathway (see Suppl. Figure 1 and 
Materials and Methods for a more detailed explanation). The key 
biologically significant genes and pathways significantly associated with 
FPG or BGD phenotypes are summarized in Fig. 3 and Table 1, while the 
p-values for each gene and pathway are available in Suppl. Tables 2–9). 

Some of the same genes and pathways were associated with both 
spontaneous and radiation-induced DNA repair (i.e. both BGD and FPG 
phenotypes). Out of 63 genes that were significantly associated with FPG 
induced by all three radiation qualities, 44 genes were also linked with 
BGD, while 19 genes were specific to FPG and 343 genes specific to BGD. 
This high overlap is consistent with our previous results that sponta-
neous DNA repair can be used as a biomarker of radiation sensitivity 
observed in radiotherapy patients (Pariset et al., 2020a), just like FPG is 
a biomarker for radiation sensitivity in mice in vivo (Pariset et al., 
2020b). In addition, the high number of genes associated with BGD 
compared to FPG phenotype indicates that background DNA repair is 
determined by a wide variety of genetic factors, while DNA repair in 
response to an environmental stressor is regulated by comparatively few 

genes. 
The shared genes that were associated with both FPG and BGD pri-

marily fell into pathways associated with cell signal transduction and 
metabolism, as well as the nervous system (Fig. 3B). Meanwhile, the 
pathways linked with transport and chromatin organization were spe-
cific to radiation responses (FPG) and not spontaneous DNA damage 
(BGD), likely influenced by the fact that ionizing radiation leads to 
chromatin remodeling (Costes et al., 2010). On the other hand, cellular 
development and hemostasis as well as extracellular matrix organization 
(both of which are clusters of pathways involved in immune/hemato-
poietic responses) were linked with background (BGD) DNA repair. 

3.3. Comparing early and late DNA damage responses 

In addition to quantifying the genes and pathways that were signif-
icantly associated with DNA repair across all time points, we split the 
time points into early (4 and 8 h after irradiation) and late (24 and 48 h 
after irradiation), representing initial DNA repair and persistent DNA 
damage and repair respectively. 

The genes and pathways associated with early and late responses 
(Fig. 4 and Suppl. Tables 4–9) partially overlapped: out of the 56 genes 
shared between all radiation qualities early and 94 late, 24 overlapped 
(Fig. 4A) with the main functions including DNA damage and tumori-
genesis (Cables1, Chst9, Dpysl3, Prkcb, Prkn), the nervous system (Dpysl3, 
Gls, Kcnn2, Mcph1, Ncald, Prkn) and the immune/hematopoietic systems 
(Flt3, Fut10, Il1rapl2, Rab7b, Stat4, Taf4b, Vps45). Thus, these genes may 
be described as associated with a persistent phenotype of ionizing 
radiation. 

Out of the 4 pathways shared between all radiation qualities early 
and 8 late, only 1 (“Neuronal system”) overlapped (Fig. 4A, Suppl. 
Tables 8–9). In addition, both time points also involved either glycos-
aminoglycan (late) or heparan sulfate (a specific type of glycosamino-
glycan; early) metabolism. Glycosaminoglycans are expressed on most 
mammalian cells and are involved in cell signaling during carcinogen-
esis, including in the nervous system, as well as inflammation (Afratis 
et al., 2012; Morla, 2019). Out of the non-overlapping pathways and 
genes, early responses primarily involved nervous system functions, 
while late response pathways were involved in cell signaling and cellular 
metabolism. 

3.4. Comparing responses to high and low LET radiation 

Comparing the genes and pathways associated with FPG responses 
across all irradiation qualities, the strongest overlap was later after 
irradiation (Fig. 4A): 94 genes / 8 pathways compared to 56 genes / 4 
pathways, indicating that radiation quality is more likely to affect initial, 
but not persistent DNA damage. 

At early time points after irradiation the strongest overlap was be-
tween 600 MeV/n 56Fe and X-rays, possibly associated with the fact that 
these two qualities resulted in the highest doses: up to 0.82 Gy 600 MeV/ 
n 56Fe, up to 4 Gy X-ray, compared to 0.5 Gy 350 MeV/n 40Ar. These 
pathways primarily involved cell signaling via MAP kinases, which have 
a wide range of pro-inflammatory and tumorigenic functions, as well as 
RHO GTPases (Fig. 4C, D). RHO GTPases regulate cellular dynamics, 
including cell cycle and cellular migration (Hodge and Ridley, 2016). 
They are involved in adverse cancer responses to therapeutic radiation, 
specifically, the formation of radiation-induced metastases (Burrows 
et al., 2013; Zhai et al., 2006), therefore are promising cellular targets 
for cancer treatment. 

Other overlapping pathways between 600 MeV/n 56Fe and X-ray 
irradiation included cell death signaling via NRAGE, NRAGE plays a role 
in homologous recombination, which is the primary repair mechanism 
of double-stranded DNA breaks (Yang et al., 2016), and has a complex 
role in carcinogenesis: it suppresses metastasis, but also increases radi-
ation resistance, which is harmful in the context of therapeutic radiation 
(though advantageous in the context of space radiation). In contrast, the 

Fig. 2. SNPs associated with DNA repair after irradiation and spontaneous 
DNA damage. Quantification was performed 4 h post-irradiation by X-rays and 
high-LET particles (40Ar, 56Fe). X-axis, chromosome. Y-axis, -log10(p), p values 
converted from qtl2 LOD score. Rectangles mark regions with multiple genes of 
interest defined in Results. 
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pathways at early time points that were shared by high-LET particle, but 
not X-ray irradiation, were primarily focused on nervous system func-
tions and glycosaminoglycan metabolism. 

At later time points after irradiation we observed increased overlap 
in genes and pathways that were involved in high-LET particle radiation 
responses (600 MeV/n 56Fe and 350 MeV/n 40Ar), but were not shared 
with low-LET X-ray responses (Fig. 4A, B), likely due to the clustering 
and persistence of RIFs that are characteristic of high-LET particle 
irradiation (Penninckx et al., 2019). The high LET-specific pathways 
primarily regulate cell signaling via G alpha proteins and p75 receptors 
(Fig. 4C, E), indicating them as suitable targets for high LET radiopro-
tection and reduction of persistent DNA damage. Both G proteins and 
p75 signaling are associated with tumorigenesis (Johnston et al., 2007; 
Maziarz et al., 2020; Suzuki et al., 2009), and p75 is also involved in 
neurodegeneration (Knowles et al., 2009). 

Finally, we uncovered multiple gene and pathway-level associations 
between radiation-induced DNA damage and the nervous system. 
Ionizing radiation is a major neurotoxic factor: high-LET particles have 
been shown to cause neuroinflammation, neurodegeneration and 
behavioral deficits in inbred C57BL/6 J and transgenic Tg(Thy1-EGFP) 
MJrsJ mice (Krukowski et al., 2021; Parihar et al., 2016). However, our 
results suggest that different mouse strains might not be equally sus-
ceptible to ionizing radiation-induced neurotoxicity. 

Most of the genes (e.g. Dpysl, Prkn, Gls) that were associated with in 
vitro radiosensitivity have systemic functions in regulating oxidative 
stress, mitochondrial functions and carcinogenesis (Kang et al., 2019; 
Matsunuma et al., 2018; Wang et al., 2010), in addition to their 
involvement in neurodegeneration (Lynch et al., 2018; Manivannan 
et al., 2013; Yoshino et al., 2022). The variety of functions might explain 
why these genes were identified in fibroblast radiation responses in vitro 
and suggests them as peripheral biomarkers of neurological risk for 
future experimental validation. 

3.5. Comparative radiosensitivity of 15 mouse strains 

The majority of mouse studies on spaceflight and simulated space 
radiation have been conducted using only a few inbred strains, primarily 
C57BL/6 and BALB/c, or transgenic mouse lines with these strains as a 
background. However, our results indicate major differences in radio-
sensitivity between mouse strains and suggest deliberately selecting 
them based on experimental goals instead. 

A representative comparison between mouse strains is presented in 
Fig. 5. In this figure, all 15 strains are ranked based on the phenotype of 
interest, which is selected to be the average FPG at all time points and in 
response to all radiation qualities. In addition, the SNPs that mapped to 
selected carcinogenic and neurodegenerative genes (Mcph, Ncald, 
Kcnn2, Gls, Dpysl3, Prkn, Cables1, Chst9, Prkcb) that were significantly 
associated with FPG in the same conditions (i.e. shared by all time points 
and all radiation qualities) are listed for each mouse strain. The nucle-
otides are colored blue to match the one found in the most radioresistant 
strain (CC019) and yellow to match the most radiosensitive strain 
(CBA). 

This representative example shows the wide variability between 
mouse strains both in radiation-induced DNA damage responses and in 
the genotypes associated with it. Specifically, multiple CC strains 
(CC019, CC051 CC040, CC013) are comparatively radioresistant, while 
CC002, CH3 and CBA are particularly radiosensitive. Thus, using a 
combination of these strains in an experiment would be beneficial by 
covering a broader range of radiation responses, in this way reducing the 
probability of a response that does not reach a threshold or the opposite 
confounding factor of a response that is too strong and saturates the 
measurement. Furthermore, individual mouse strains might be selected 
based on interest in a specific gene or a group of genes with shared 
functions (e.g. neurodegeneration) or a particular radiation quality, dose 
or timepoint. 

Fig. 3. SNP, gene and pathway associations with DNA damage among radiation qualities. A, B. Diagrams of overlapping pathways among different radiation 
qualities. C. Bar graph of significantly enriched pathways in response to different radiation qualities and time points. Major pathway groups are listed on the X axis. 
D. UpSet diagram of overlapping pathways among radiation qualities across all time points. Pathways that overlap among multiple radiation qualities are listed in 
text insets shaded with matching color to the bars (teal: X-ray and 600 MeV/n 56Fe, orange: 350 MeV/n 40Ar and X-ray, purple: 350 MeV/n 40Ar and 600 MeV/n 56Fe, 
gray: all three radiation qualities). Radiation qualities: X-rays, 350 MeV/n 40Ar and 600 MeV/n 56Fe. 
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Table 1 
Pathways significantly associated with FPG and BGD phenotypes.  

PATHWAY NAME P VALUE FDR- 
ADJUSTED P 
VALUE 

FUNCTION 

FPG, 350 MeV/n 40Ar 
O-linked glycosylation 6.33E-07 0.000535 Metabolism 
RAC1 GTPase cycle 3.60E-07 0.000535 Cell signaling 
RHO GTPase cycle 1.73E-06 0.000978 Cell signaling 
Rab regulation of trafficking 3.44E-06 0.001455 Transport 
Signaling by Rho GTPases 6.82E-06 0.001923 Cell signaling 
Signaling by Rho GTPases, Miro 

GTPases and RHOBTB3 
5.88E-06 0.001923 Cell signaling 

Protein-protein interactions at 
synapses 

1.61E-05 0.003883 Nervous system 

Cell junction organization 2.38E-05 0.005033 Cell structure 
Phase II - Conjugation of 

compounds 
9.06E-05 0.013942 Metabolism 

RAC2 GTPase cycle 9.03E-05 0.013942 Immune system 
RAB GEFs exchange GTP for 

GDP on RABs 
8.75E-05 0.013942 Transport 

CDC42 GTPase cycle 0.000248 0.034939 Transport 
Neuronal System 0.000278 0.036148 Nervous system 
Transport of bile salts and 

organic acids, metal ions and 
amine compounds 

0.000302 0.036442 Transport 

Metabolism of amino acids and 
derivatives 

0.000393 0.044387 Metabolism 

FPG, 600 MeV/n 56Fe 
Protein-protein interactions at 

synapses 
1.22E-16 2.06E-13 Nervous system 

Neuronal System 9.42E-14 7.97E-11 Nervous system 
Neurexins and neuroligins 9.64E-10 5.44E-07 Nervous system 
Trafficking of AMPA receptors 1.40E-08 4.73E-06 Nervous system 
Glutamate binding, activation 

of AMPA receptors and 
synaptic plasticity 

1.40E-08 4.73E-06 Nervous system 

Transmission across Chemical 
Synapses 

4.45E-06 0.001255 Nervous system 

Nuclear Envelope Breakdown 9.11E-06 0.001933 Cell division 
Cell junction organization 9.14E-06 0.001933 Cell structure 
RAC1 GTPase cycle 1.12E-05 0.00211 Cell signaling 
CDC42 GTPase cycle 1.85E-05 0.002609 Transport 
Glycolysis 1.79E-05 0.002609 Metabolism 
Nervous system development 1.68E-05 0.002609 Nervous system 
Synthesis of PIPs at the plasma 

membrane 
2.03E-05 0.002638 Cell structure 

Signaling by MET 3.97E-05 0.004795 Cell signaling 
RHO GTPase cycle 4.26E-05 0.004805 Cell signaling 
Neurotransmitter receptors and 

postsynaptic signal 
transmission 

5.53E-05 0.005848 Nervous system 

Cell-Cell communication 6.82E-05 0.006789 Cell signaling 
Axon guidance 8.37E-05 0.007872 Nervous system 

Ce 
Mitotic Prophase 0.00011 0.009794 Cell division 
Signaling by Rho GTPases 0.00017 0.014363 Cell signaling 
Signaling by Rho GTPases, Miro 

GTPases and RHOBTB3 
0.000248 0.020014 Cell signaling 

RAC3 GTPase cycle 0.000392 0.030156 Nervous system 
GPCR downstream signaling 0.000522 0.038371 Cell signaling 
NRAGE signals death through 

JNK 
0.000623 0.043912 Cell death 

FPG, X-ray 
Neuronal System 1.83E-15 3.09E-12 Nervous system 
Protein-protein interactions at 

synapses 
6.59E-12 5.58E-09 Nervous system 

Transmission across Chemical 
Synapses 

6.57E-10 3.71E-07 Nervous system 

RHO GTPase cycle 4.71E-09 1.60E-06 Cell signaling 
Activation of kainate receptors 

upon glutamate binding 
4.74E-09 1.60E-06 Nervous system 

Neurotransmitter receptors and 
postsynaptic signal 
transmission 

8.15E-09 2.30E-06 Nervous system 

GPCR downstream signaling 1.69E-08 4.08E-06 Cell signaling 
Opioid Signalling 5.21E-08 9.89E-06 Nervous system  

Table 1 (continued ) 

PATHWAY NAME P VALUE FDR- 
ADJUSTED P 
VALUE 

FUNCTION 

Neurexins and neuroligins 5.26E-08 9.89E-06 Nervous system 
G alpha (q) signaling events 2.05E-07 3.46E-05 Cell signaling 
Signaling by GPCR 2.87E-07 4.41E-05 Cell signaling 
Signaling by Rho GTPases, Miro 

GTPases and RHOBTB3 
1.85E-06 0.000241 Cell signaling 

Heparan sulfate/heparin (HS- 
GAG) metabolism 

1.82E-06 0.000241 Cell metabolism 

Signaling by Rho GTPases 3.13E-06 0.000353 Cell signaling 
Integration of energy 

metabolism 
3.09E-06 0.000353 Cell metabolism 

G alpha (s) signaling events 2.66E-05 0.002496 Cell signaling 
PI5P, PP2A and IER3 Regulate 

PI3K/AKT Signaling 
2.53E-05 0.002496 Cell signaling 

RHOC GTPase cycle 2.50E-05 0.002496 Cell signaling 
PLC beta mediated events 3.39E-05 0.00302 Cell signaling 
RAC1 GTPase cycle 3.65E-05 0.003088 Cell signaling 
Platelet homeostasis 3.90E-05 0.003139 Hematopoietic 

system 
Negative regulation of the 

PI3K/AKT network 
4.23E-05 0.003254 Cell signaling 

Phase 0 - rapid depolarization 4.45E-05 0.003272 Cardiac 
functions 

Cardiac conduction 7.88E-05 0.005552 Cardiac 
functions 

G-protein mediated events 9.10E-05 0.00616 Cell signaling 
G alpha (12/13) signaling 

events 
0.000107 0.006994 Cell signaling 

Regulation of insulin secretion 0.000112 0.006999 Metabolism 
RHOG GTPase cycle 0.000123 0.007445 Cell signaling 
G alpha (i) signaling events 0.000146 0.008547 Cell signaling 
Glycosaminoglycan metabolism 0.000171 0.009656 Metabolism 
RAC3 GTPase cycle 0.000214 0.011691 Nervous system 
O-linked glycosylation 0.000277 0.014659 Metabolism 
Metabolism of carbohydrates 0.000293 0.015046 Metabolism 
Nervous system development 0.00031 0.015432 Nervous system 
CDC42 GTPase cycle 0.00035 0.016908 Transport 
Clathrin-mediated endocytosis 0.000381 0.017888 Nervous system 
Axon guidance 0.000426 0.019461 Nervous system 
RHOA GTPase cycle 0.000814 0.03624 Cell signaling 
Potassium Channels 0.000859 0.037272 Nervous system 
NRAGE signals death through 

JNK 
0.000978 0.041353 Cell death 

Regulation of actin dynamics 
for phagocytic cup formation 

0.001043 0.043048 Cell signaling 

Background 
Axon guidance 1.84E-10 1.55E-07 Nervous system 
Nervous system development 9.88E-11 1.55E-07 Nervous system 
RAC1 GTPase cycle 4.22E-09 1.74E-06 Nervous system 
Neurotransmitter receptors and 

postsynaptic signal 
transmission 

5.16E-09 1.74E-06 Nervous system 

Cell-cell junction organization 3.22E-09 1.74E-06 Cell adhesion 
MET promotes cell motility 1.75E-08 4.93E-06 Cell motility 
Hemostasis 2.11E-08 5.10E-06 Hematopoietic 

system 
Neuronal System 1.56E-07 3.31E-05 Nervous system 
Cell junction organization 6.66E-07 0.000125 Cell adhesion 
Developmental Biology 1.74E-06 0.00026 Cell 

development 
Factors involved in 

megakaryocyte development 
and platelet production 

2.30E-06 0.00026 Hematopoietic 
system 

RHO GTPase cycle 2.09E-06 0.00026 Cell signaling 
Transmission across Chemical 

Synapses 
1.96E-06 0.00026 Nervous system 

Protein-protein interactions at 
synapses 

2.22E-06 0.00026 Nervous system 

Cell-Cell communication 1.77E-06 0.00026 Cell signaling 
Opioid Signalling 3.20E-06 0.000339 Nervous system 
Platelet homeostasis 3.78E-06 0.000376 Hematopoietic 

system 
Inwardly rectifying K+

channels 
4.33E-06 0.000407 Nervous system 

1.01E-05 0.000898 Metabolism 

(continued on next page) 
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4. Discussion 

Currently the health risk from ionizing radiation exposure is typi-
cally estimated using health records of survivors of the atomic bombs in 
Japan and nuclear reactor workers (Cardis et al., 1995, 2007; Preston 

et al., 2004, 2003a, 2007; Preston et al., 2003b), who have been exposed 
mainly to low-LET gamma radiation. However, the translatability of 
health effects induced by low-LET radiation to predictions of high-LET 
radiation-induced risks is limited (Cucinotta, 2015), because some 
forms of physiological damage, for example, impairments in angiogen-
esis and immune responses, are unique to high-LET radiation (Paul et al., 
2020; Wuu et al., 2020). As a result, model organisms are essential tools 
to understand space-relevant radiation responses in vivo (Barcellos-Hoff 
et al., 2015). 

In particular, mice are commonly used to model genotype-phenotype 
associations in human diseases due to high similarities between ge-
nomes (Mouse Genome Sequencing et al., 2002). A recent study used 
genetically diverse HS/Npt stock mice to characterize high-LET parti-
cle-induced tumor formation in vivo (Edmondson et al., 2020) and 
compared them to spontaneous and gamma-ray-induced tumors. The 
tumor histotypes developed by the mice were strongly heritable, how-
ever, neither high-LET particles nor low-LET gamma radiation were 
shown to have a specific histotype signature. Thus, we may conclude 
that there is low correlation between low and high LET responses across 
the population, but high correlation between the responses of an indi-
vidual with the same genetic background to both low and high LET ra-
diation. Therefore, it is important to account for genetic background 
when attempting to predict the high LET responses from low LET re-
sponses. In addition, individual differences in radiation responses are 
governed by epigenetic and environmental factors, e.g., sex, age (e.g., 
age at exposure, attained age), lifestyle (smoking, alcohol, diet), co-
morbidity and coexposures (Locke and Weil, 2016). 

There are several discrepancies between space radiation encountered 

Table 1 (continued ) 

PATHWAY NAME P VALUE FDR- 
ADJUSTED P 
VALUE 

FUNCTION 

Heparan sulfate/heparin (HS- 
GAG) metabolism 

VEGFA-VEGFR2 Pathway 1.46E-05 0.001233 Angiogenesis 
Integrin cell surface 

interactions 
1.68E-05 0.001351 Cell adhesion 

Metabolism of lipids 6.67E-05 0.005124 Metabolism 
Metabolism of steroids 6.97E-05 0.005124 Metabolism 
Phospholipid metabolism 9.27E-05 0.006535 Metabolism 
Glycosaminoglycan metabolism 0.000101 0.00686 Metabolism 
Signaling by VEGF 0.000136 0.008881 Angiogenesis 
RAC2 GTPase cycle 0.000205 0.012873 Cell signaling 
Integration of energy 

metabolism 
0.000302 0.018242 Metabolism 

Signaling by MET 0.000481 0.028063 Cell motility 
RAC3 GTPase cycle 0.000603 0.033999 Nervous system 
Cardiac conduction 0.000721 0.038117 Cardiac 

functions 
RHOG GTPase cycle 0.000701 0.038117 Cell signaling 
EPH-Ephrin signaling 0.000925 0.047418 Cell 

development  

Fig. 4. SNP, gene and pathway associations with DNA damage at different time points after irradiation. A, B. Diagrams of overlapping pathways among 
different radiation qualities. C. Bar graph of significantly enriched pathways in response to different radiation qualities and time points. Major pathway groups are 
listed on the X axis. D, E. UpSet diagram of overlapping pathways among radiation qualities early (D, 4 – 8 h) and late (E, 24 – 48 h) after irradiation. Pathways that 
overlap among multiple radiation qualities are listed in text insets shaded with matching color to the bars (teal: X-ray and 600 MeV/n 56Fe, orange: 350 MeV/n 40Ar 
and X-ray, purple: 350 MeV/n 40Ar and 600 MeV/n 56Fe, gray: all three radiation qualities). Radiation qualities: X-rays, 350 MeV/n 40Ar and 600 MeV/n 56Fe. 
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in the space environment and our experimental design. For example, the 
dose rate of 1 Gy/min is much higher than the dose rate for animal 
experiments conducted on the ISS, which is 0.2 - 0.4 mGy/day, as re-
ported on the GeneLab portal (Berrios et al., 2021). Similarly, the time 
course of a few hours to 48 h post-exposure does not reflect the constant 
chronic exposure to space radiation. However, we have previously 
shown that persistent DNA damage foci observed 24 h post-exposure are 
a robust surrogate marker of in vivo lung cancer risk in mice (Ochola 
et al., 2019), indicating that our short-term endpoints are relevant to 

long-term cancer risks. 
In addition, one specific distinction of high-LET HZE particles used in 

this study, such as 56Fe 600 MeV/n, is that these particles can lead to 
doses as high as 1 Gy for cells being traversed, depending on the total 
volume, geometry and orientation of the cell with respect to the particle 
trajectory (Neumaier et al., 2012). One could therefore hypothesize that 
the dose rate of high-LET particles is not a critical factor to interpret the 
DNA damage response, because we are observing independent cellular 
events, primarily driven by the subcellular microdosimetry profile 

Fig. 5. A representative example of comparative radiosensitivity of 15 mouse strains. Top table, FPG in response to different radiation qualities and time 
points. Strains are ranked by average FPG. Bottom table, SNPs mapped to selected genes with neurological and carcinogenic functions that were significantly 
associated with FPG across all radiation qualities and time points. Only SNPs with different nucleotides in the most radiosensitive and the most radioresistant strains 
listed. Blue, nucleotides matching the most radioresistant strain (CC019). Yellow, nucleotides matching the most radiosensitive strain (CBA). 
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(Vadhavkar et al., 2014). Specifically, at a fluence of 1.1 particles/100 
μm2, roughly one-third of the cells do not receive direct traversal of a 
single particle, whereas another one-third may receive two particles. In 
the case of space environment, these traversals will be even more sparse 
in the tissue, but when occurring will have the same microdosimetry 
profile. Finally, it has been shown by others how DNA damage persistent 
measured in one tissue correlate across all other tissues for the same 
strain (Rube et al., 2008). In addition, we have previously used this 
dataset to demonstrate that DNA repair kinetic in skin measured across 
the 10 CC strains correlate significantly with published in vivo data on 
white blood cell death rate measured in the same strains after 0.1 Gy 
whole body doses (Pariset et al., 2020b). 

Some of our observed mouse strain differences in vitro radiosensi-
tivity have been previously reported in vivo as well. For example, BALB/ 
c has higher in vitro radiosensitivity than C57BL/6 in our study, and 
BALB/c mice are also known to be more susceptible to radiation-induced 
cancers in vivo than C57BL/6 (Storer et al., 1988). However, when 
assessed within the entire range of the 15 mouse strains used in this 
investigation, C57BL/6 and BALB/c are much more phenotypically and 
genotypically similar to each other than some of the CC strains (for 
example CC019 and CC032), suggesting CC as a better model to un-
derstand relative cancer susceptibility because they show more extreme 
differences in radiation responses. 

In addition, our results suggest selecting different strains for inves-
tigating initial vs. persistent DNA damage, and for comparing sensitivity 
to low- and high-LET ionizing radiation. For initial DNA damage, pick-
ing one of the most radioresistant mouse strains (CC019/CC061) 
together with one the most radiosensitive strains (CC002/CH3/CBA) 
could be used to maximize the variability between strains independent 
of radiation quality. Similarly, CC019 and CH3/CBA strains would be a 
suitable combination for investigating LET-independent differences in 
residual DNA damage 24 – 48 h post irradiation. Finally, C57BL/6 J 
strain shows persistent DNA damage only in response to high-LET par-
ticles, as opposed to CC032 being particularly sensitive to low-LET X- 
rays, therefore, a combination of C57BL/6 J and CC032 could be used to 
evaluate the effects of LET on DNA damage and repair. 

Although in vivo studies on CC mouse strains have been limited, 
similarly high variability between strains has been observed in a trans-
genic melanoma model (Ferguson et al., 2015), where the CC19 mouse 
strain, which was particularly radioresistant in our study, consistently 
showed little melanoma progression. On the other hand, spontaneous 
tumor development in non-transgenic CC mice (Wang et al., 2019) was 
not associated with our results of either in vitro radiosensitivity or 
spontaneous (background) in vitro DNA damage, indicating its limita-
tions as a biomarker. Furthermore, a study on the cardiotoxic side effects 
of doxorubicin, a DNA double strand-break inducing agent used in 
chemotherapy, showed that some of the CC strains that developed the 
most doxorubicin cardiotoxicity in vivo were among the most radio-
resistant in vitro in our study (Zeiss et al., 2019), suggesting separate 
genomic associations with DNA damage and with tissue degeneration. 

5. Conclusion 

In conclusion, we performed a genome-wide association study of in 
vitro DNA damage responses to ionizing radiation in fibroblasts isolated 
from 15 collaborative cross and inbred mouse strains. We identified 
multiple SNPs, genes and pathways associated with spontaneous DNA 
damage and DNA damage responses to simulated deep space radiation 
(350 MeV/n 40Ar and 600 MeV/n 56Fe particles) and X-rays, which may 
underlie the differences in susceptibility to ionizing radiation among 
mouse strains. The genes and pathways were primarily linked to cellular 
signaling and metabolism as well as neurological impairments, and 
indicated different signaling cascades as suitable targets for limiting 
particle and X-ray radiation-induced DNA damage. Overall, this work 
shows how cell culture of different individuals can be used with the 
53BP1+radiation-induced foci assay to identify genes associated to 

radiation sensitivity. In light of the biomarker study we previously 
published on human blood cells exposed to radiation in vitro (Pariset 
et al., 2020a), we suggest more GWAS studies should be conducted with 
similar assay to directly address this question in humans. 

Our work serves as the first step in identifying the genes and path-
ways, which, following validation, will expand the application of 
genomic analysis to evaluate potential risk outcomes and therapeutic 
targets of ionizing radiation exposure during deep space travel. The 
availability of all 53BP1 expression-based DNA damage data for each in 
vitro culture, radiation condition and time point combined with the 
genomics data in the NASA GeneLab -omics database provides a new 
tool for our community to further dive into radiation-relevant genotype- 
phenotype associations. More generally, our results and our publicly 
accessible data could be used to select mouse strains based on their 
radiation-relevant genomic characteristics for space radiation studies 
and countermeasure development. 

Data and code availability 

All phenotypic and genomic data from this study are stored in the 
NASA GeneLab repository under GLDS-366, https://genelab-data.ndc. 
nasa.gov/genelab/accession/GLDS-366/ All code will be added to 
Supplementary Materials for reviewer access, and will be available on 
Github (https://github.com/duct317/Space-Radiation-Mouse-GWAS) 
upon publication. Raw image files are available upon request. 
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