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A B S T R A C T

Long-duration spaceflight beyond Earth’s magnetosphere poses serious health risks, including muscle atrophy, bone loss, liver and kidney damage, and the
Spaceflight-Associated Neuro-ocular Syndrome (SANS). RNA-seq of mice aboard the International Space Station (ISS) for 37 days revealed extraordinary hyper-
mutation in tissue-specific genes, with guanine base conversion predominating, potentially contributing to spaceflight-associated health risks. Our results suggest that
the genome-wide accelerated mutation that we measured, seemingly independent of radiation dose, was induced by oxidative damage from higher atmospheric
carbon dioxide (CO2) levels and increased reactive oxygen species (ROS) on the ISS. This accelerated mutation, faster via RNA transcription than replication and more
numerous than by radiation alone, unveils novel hotspots in the mammalian proteome. Notably, these hotspots correlate with commonly mutated genes across
various human cancers, highlighting the ISS as a crucial platform for studying accelerated mutation, genome instability, and the induction of disease-causing
mutations in model organisms. Our results suggest that metabolic processes can contribute to somatic mutation, and thus may play a role in the development of
cancer. A metabolic link to genetic instability potentially has far-reaching implications for various diseases, with implications for human health on Earth and in space.

1. Introduction

There is growing appreciation that subtle changes in the genomemay
have an impact on human health and disease [1]. Single nucleotide
polymorphisms (SNPs), for example, may be relevant to some
spaceflight-induced health risks, which include radiation susceptibility,
changes in bone density, muscle loss and drug metabolism [2]. Somatic
mutations – also called single nucleotide variants (SNVs) or single base
substitutions (SBSs) – low frequency post-zygotic somatic mutations
leading to somatic mosaicism—are another type of genetic alteration
that could impact space physiology as well [3]. Next Generation
Sequencing (NGS) data (from RNA-Seq data) from animals flown to the
International Space Station (ISS) have become available to enable
analysis of somatic mutation which may shed light on this fundamental
genetic process that occurs across species that may have clinical rele-
vance for astronauts.

A wide range of physiological changes occur in astronauts during
spaceflight, many of which can be attributed to the physiological effects
of weightlessness [4]. Acute changes include a headward redistribution
of blood volume, resulting in a puffy face and fullness of the upper torso.

Over time, there is a net reduction in total blood volume and a reduction
in red cell mass. Weightlessness is associated with decreased mechanical
loading of the skeleton and reduction in bone calcium, as well as muscle
atrophy. Weightlessness and fluid redistribution are associated with
swelling in the back of the eye (Spaceflight-Associated Neuro-ocular
Syndrome (SANS). Other changes include disruption of inner ear func-
tion, termed space motion sickness. An additional stressor of spaceflight
is space radiation, which will become significant as astronauts embark
on deep space missions. Current missions to the ISS do not expose space
travelers to significant space radiation because of the protection pro-
vided by the Earth’s magnetosphere.

While spaceflight induced changes in humans can be explained by
physics and physiology, at least in part, there has been little attention
paid to the topic of somatic mutation (single nucleotide var-
iants—SNVs), which may contribute to alterations in the biology of
mammalian systems via changes in the proteome and may affect the
ability of individuals to adapt to space.

We report, herein, the first study of somatic mutation in mice in Low
Earth Orbit, a space environment where radiation is not a major factor.
This study was made possible by the availability of gene expression data
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from validation experiments involving mice that spent 5–6 weeks on the
ISS. While many forms of genetic analysis have been applied to the study
of model organisms in space [5], including gene expression studies, DNA
methylation studies, RNA methylation studies, proteomics, and metab-
olomics (in humans, in model organisms and even in plants) [6], this is
the first study that looks specifically at the topic of somatic mutation. In
the biomedical literature, most studies of somatic mutation are focused
on the genomic changes that accompany the development of cancer [3].
This study is more broadly framed, consisting of an examination of so-
matic mutations in normal tissues. Findings presented here may have
implications for degenerative diseases and inflammatory conditions
associated with spaceflight, in addition to carcinogenesis. This investi-
gation opens a whole new arena of scientific inquiry that may lead to
better understanding of the health risks of spaceflight.

2. Material and methods

2.1. Protocol

A cohort of 18-week-old female BALB/c and C57BL/6J mice were
flown to the ISS and housed in the Rodent Habitat and were subjected to
microgravity for 37 days. Mice of similar age, sex and the same strain
were used for ground controls housed in identical hardware and simu-
lating, but not exactly matching ISS environmental conditions (i.e.,
simulating temperature, humidity, and gas atmosphere). Notably, the
ISS displayed the highest PaCO2 compared to ground controls, exhibit-
ing an average fractional deviation of 0.08 during spaceflight, along
with a transient 40 % increase for 1.5 h (telemetry data not shown). In
contrast, vivariummice were housed in the Earth’s ambient atmosphere.
Mice from the same cohort were dissected at time of launch and used as
basal controls. At the end of the mission, spaceflight and ground controls
were euthanized and whole carcasses were stored at − 80◦C until BSP
(Biospecimen Sharing Program) dissection on earth. Tissues of BALB/c
and C57Bl/6J mice were dissected and preserved at various time points
post-euthanasia and stored at − 80 ◦C for up to 11 months. In some ex-
periments, tissues were recovered from frozen carcasses which had been
stored at − 80 ◦C for up to 7 months. RNA quantity and quality were
assessed by measuring RNA Integrity Number (RIN) values using an
Agilent Bioanalyzer. Additionally, the quality of tissues was assessed by
measuring activities of hepatic enzymes (catalase, glutathione reductase
and GAPDH).

2.2. Samples

Mouse carcasses were removed from − 80◦C storage and thawed at
room temperature for 15–20 min for dissection. Each carcass dissection
time was no longer than 1 h from collection of the first tissue. Multiple
tissues, including the eye, quadriceps muscle, kidney, and liver tissues,
were collected from each carcass. Tissues were harvested and snap
frozen in liquid nitrogen, then stored separately in − 80 ◦C freezer for
sample processing. GeneLab Sample Processing Lab processed all tissues
from spaceflight, ground control, and basal control groups for
transcriptomics.

2.3. Nucleic acid sequencing

RNA sequencing performed on Illumina HiSeq 4000. Paired end,
150bp. DNA sequencing performed on Illumina HiSeq 4000. Single-end
read, 150bp. Performed by UC Davis Genome Center.

2.4. Nucleic acid extraction

RNA was extracted using the AllPrep DNA/RNA Mini Kit (Qiagen,
Valencia, CA). Briefly, homogenization buffer for RNA purification was
made by adding 1:100 vol of beta-mercaptoethanol to Buffer RLT
(Qiagen, Valencia, CA) and kept on ice until use. Tissues were

immediately placed in 600 μL of the Buffer RLT solution. Each sample
was then homogenized for approximately 20 s at 21,000 RPM using a
Polytron PT1300D handheld homogenizer with a 5 mm standard
dispersing aggregate tip (Kinematica, Bohemia, NY). Homogenates were
centrifuged for 3 min at room temperature at 21,300 g to remove cell
debris. Following the manufacturer protocol, RNA was isolated and
purified from the supernatant. RNA was eluted in 40 μL RNase-free H2O
and concentration measured using Qubit 3.0 Fluorometer (Thermo
Fisher Scientific, Waltham, MA). RNA quality was assessed using the
Agilent 2100 Bioanalyzer with the Agilent RNA 6000 Nano Kit or Agi-
lent RNA 6000 Pico Kit (Agilent Technologies, Santa Clara, CA).

2.5. RNA sequencing data processing protocol

All single nucleotide variants (SNVs) were identified against the
Genome Reference ConsortiumMouse Build 38, GRCm38 in eye, kidney,
quad muscle, and liver tissues using the GATK and MuTect, which are
accurate and reliable methods for identifying somatic point mutations in
next generation sequencing (NGS) data. The used pipeline was tested by
tools and data downloaded from the precision FDA website, showing
variant calling precision 98.31 % and sensitivity 99.30 % for SNVs
calling [7–9]. Approximately 5 Tb of deep RNA sequencing data from
the NASA GeneLab database [https://genelab.nasa.gov/] were used at
up to 10x sequencing depth coverage per tissue sample. The set included
472 transcriptomes and compared 236 flight and 236 ground samples
with 71 sample pairs, i.e., 142 samples per tissue (except 24 sample-pairs
for liver tissue, i.e., 48 samples for liver). The selection criteria for in-
clusion of sequence variants in mutations versus expressions analysis
(Fig. 5A–D) required that single-nucleotide variant (SNV), each de novo
induced during spaceflight, had to be present in at least 20 % of the
samples for each included gene.

2.6. Somatic mutation calling

Somatic mutations were called using GATK MuTect2 pipeline.
Briefly, somatic SNVs were called from flight samples using its corre-
sponding ground as control. First, calling was performed by GATK
Haplotypecaller for each flight and ground samples separately. Low
quality SNVs calls from Haplotypecaller were filtered out. For MuTect2,
aligned bam file of flight sample was input as ’tumor’ and ground
control sample as ’normal’. The reference genome was included in its
input parameters and all other parameters were set as default. SNVs
identified as ‘Novel’ and passed default filters by MuTect2 with mini-
mum sequencing depth of 20 in both flight and ground sample were used
for further filtration.

The final vcf files were then annotated by Annovar [10] and analysed
by VEP (Variant Effect Predictor from Ensemble) via the Ensembl
Representational State Transfer (REST) application program interface
(API) [11]. The results from all files were then accumulated and sum-
marized by in-house Python scripts and processed by Excel Visual Basic
for graph presentations. Filtering out of variant artifacts was performed
for controls (ground samples) when ALT/REF ratio exceeded 9%. On the
other hand, flight variants were removed when ALT/REF was less than 2
%. This ensured avoidance of spurious ALTs in both sample groups. All
samples from all tissues were treated with the same filtering protocol.

2.7. Differential expression analysis (DEA)

For differential expression analysis (DEA), TPM (Transcripts Per
Million) values gathered by Kallisto [12] were used to consider the
distribution of transcript lengths in the samples and thus quantify RNA
transcript amounts consistently between samples [13]. For DEA, we first
used median of ratios normalization method, followed by Standard
Student’s t-test calculation of P-values for each gene in both groups i.e.,
flight vs ground. Statistical significance was considered at P < 0.05 in
follow-up bioinformatics analyses.
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2.8. Calculation of mutation frequency

For the calculation of mutation frequency (number of mutations per
base pair) we used a calculation as previously described [14]. It is
assumed that each mutation reflects an independent event that has a
small probability of occurring and has an infinitesimal probability of
occurring twice at the same position. Thus, each base pair could be
considered an independent Bernoulli trial with an output of either
mutated or not mutated and the average number of mutations in a gene
could be calculated by the zero order of the Poisson process. The average
frequency of mutations (N0/N, where N0 is the number of unaltered
positions and N the total number of bases sequenced) thus equals ê− λ
and from this λ = − ln(N0/N), where λ represents the average number of
mutations per base pair, i.e., frequency of mutation.

2.8.1. Data availability
RNA-seq data generated in this study are deposited to the NASA

GeneLab database [https://genelab.nasa.gov/]. All analyses were con-
ducted using standard software. The settings of software used for ana-
lyses are described in the Methods. Source data are provided with this
paper.

2.8.2. Source data
GLDS-102: Rodent Research-1 (RR1) NASA Validation Flight: Mouse

kidney transcriptomic, proteomic, and epigenomic data.
GLDS-103: Rodent Research-1 (RR1) NASA Validation Flight: Mouse

quadriceps muscle transcriptomic, proteomic, and epigenomic data.
GLDS-137: Rodent Research-3-CASIS: Mouse liver transcriptomic,

proteomic, and epigenomic data.
GLDS-162: Rodent Research-3-CASIS: Mouse eye transcriptomic and

proteomic data.

3. Results

3.1. Spaceflight induced tissue specific mutations in mice

A high precision variant calling pipeline using GATK and MuTect [7,
10,11], which has previously been shown to be appropriate for variant
analysis of RNA-Seq data [15–17], was used to identify and map the
chromosomal coordinates for all somatic mutations from RNA-Seq data
of 18-week-old female BALB/c and C57BL/6J mice that were flown for a
short period of time (5–6 weeks) on the ISS. This was done by comparing
ISS flight animals to simultaneous ground controls animals housed in the
same habitats and in ambient vivarium. The computational analysis was
done for each corresponding pair of RNA data sets (Supplementary Ta-
bles 1–8), using the NASA GeneLab Data Systems files referenced in the
Source Data. All somatic mutation determinations were performed using
the reference genome GRCm38, which is a composite of multiple strains,
including the BALB/c and C57BL/6J strains [18]. Combining results
from all tissues examined–eye, kidney, liver and skeletal muscle
(quadriceps muscle)—we observed an exonic mutation frequency of
5.55 x 10− 6 per base pair (bp) for all differentially expressed genes for
mice on board the ISS, as compared to the previously established value
of 5.3 × 10− 9 mutations per bp (1.7 mutations per genome per gener-
ation) [18,19], which is well-established for mice. Data from a total
18140 genes with expressions in at least 3 samples in each ground and
ISS mouse tissue (see Supplementary Tables 5–8) was identified in the
experimental animals that were flown in space. For any multicellular
organism, this represents an exceptionally high genome-wide “hyper-
mutation rate.” Interestingly, the average exonic mutation frequency of
6.69 x 10− 6 per bp on the ISS relative to the value for ground controls
3.79 x 10− 7 was identified in genes that were significantly differentially
expressed on the ISS (total 3520 genes, P-value <0.05), which is about
18 times higher average mutation frequency on the ISS. Exonic mutation
frequency for all mutated genes (18140 genes) was about 27 times
higher on the ISS. This result shows that there is a higher mutation

frequency in genes transcribed on the ISS.
Fig. 1 shows the statistical distribution of somatic mutation rates for

each of the four tissue types examined in this study. Table 1A shows a
summary of identified genes for each tissue and calculations of average
frequency of mutation per bp. The lowest average frequency of somatic
mutation was seen in the kidney and skeletal muscle (5.30e-6, 5.40e-6,
respectively) but these values, nonetheless, represent substantial
hypermutation. Liver and eye tissues showed the highest average rate of
somatic mutation (6.87e-6 and 7.89e-6), with eye about 1.3–1.5 times
higher than kidney and skeletal muscle. Published studies for humans
indicate that the rate of somatic mutation is tissue-specific (with somatic
mutation rate for liver reported as being higher than that for skeletal
muscle) [20], but no such study in mice has previously been reported.
Few studies of somatic mutation in eye tissue exist in any species.
Table 1B shows a summary of differentially expressed genes that met
significance (P-value<0.05) and the calculatedmutation frequencies for
tissues in exons on the ISS, ground, and vivarium. The mutation fre-
quency exhibited a consistent pattern, with approximately 6–7 times
higher rates on the ISS compared to ground controls across individual
mouse tissues, except for eye tissue where it was about 17.5 times
higher. The findings reveal distinct mutation rates in different tissues,
which we hypothesize may be attributable to variations in reactive ox-
ygen species (ROS) stemming from tissue-specific metabolic rates. These
findings also implicate elevated CO2 levels on the ISS, relative to ground
controls (in which simulated ISS CO2 levels were targeted) and vivarium
controls (with Earth’s ambient CO2 levels), in conjunction possibly with
other spaceflight factors, as contributing to heightened somatic muta-
tion. The relationship between CO2 and somatic rate is discussed in more
detail below.

Fig. 2 provides an easy visualization of the numbers of mutated genes
that are unique to the four tissue types examined, as well as mutated
genes in common between the various tissues. The overlapping zones of

Fig. 1. Box plot graph of statistical distribution of the average number of
mutations per base pair (mutation frequency) for different mouse tissues
on the ISS (blue) relative to ground controls. Medians (bar between dark
blue and light boxes) for kidney, quad muscle, liver, and eye tissues are 8.63e-6,
7.11e-6, 7.47e-6 and 8.92e-6, respectively. Box lengths correspond to the
interquartile range (IQR) representing values between 75th and 25th percen-
tiles. The frequency values were calculated for the significantly induced genes
exhibiting mutations in at least 20 % of samples (with a P-value <0.05) with
exonic mutations for different tissues (kidney: 171 genes, quad muscle: 237
genes, liver: 246 genes, eye: 364 genes). Medians for ground controls kidney,
quad muscle, liver, and eye are 1.58e-6, 1.45e-6, 2.23e-6 and 8.50e-7 for the
related number of mutated genes 151, 171, 166 and 223 respectively. (Non-
mutated ground genes cannot be displayed due to boxplot limitation collapsing
when values are 0). Supplementary Tables 5A–8A contain all values used for the
statistical calculation.
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the Venn diagram represent comparison in a pairwise fashion (6 com-
parisons), comparison amongst three tissue types (4 comparisons), and
comparison amongst four tissue types (1). Overall, most mutated genes
were specific to the individual tissue types studied; there was little
overlap. Only a single gene (Eukaryotic Translation Elongation Factor 2)
was mutated across all four types of tissue.

The Venn diagram in Fig. 3 shows the number of total numbers of
somatic mutations within the mutated genes, with the data organized
according to tissue type. In addition to exhibiting the greatest number of
induced andmutated genes by spaceflight (data shown in Fig. 2), the eye
exhibited the greatest total number of somatic mutations, with multiple
somatic mutations for many genes (Fig. 3).

The Venn diagram in Fig. 4 shows the number of tissue specific genes
mutated with non-synonymous mutations on the ISS relative to ground
controls.

To address the question Does the extent of somatic mutation in space-
flight correlate with the degree of gene expression? the protein coding genes
were categorized according to degree of gene expression, establishing
four quartiles, Q4: 75–100 % (highest quartile of gene expression), Q3:
50–75 %, Q2: 25–50 %, Q1: 0–25 % (lowest quartile of gene expression).
RNA transcript levels were normalized as transcripts per million (tpm), i.
e., we used a scaling factor, which means that for every 1,000,000 RNA
molecules in the RNA-sequence sample, x came from a particular gene/
transcript. The selection criteria for inclusion of sequence variants
required that single-nucleotide variant (SNV) had to be present in at
least 20 % of the samples for each gene. A statistically significant rela-
tionship was identified between gene mutations expressed as SNVs for
different tissues, with 920 unique SNVs per sample in eye tissue from
BALB/c mice (GLDS-162), 421 unique SNVs per sample in kidney tissue
from C57BL/6J mice (GLDS-102), 494 unique SNVs per sample in quad
muscle from C57BL/6J mice (GLDS-103), and 1114 unique SNVs per
sample in liver tissue from BALB/c mice (GLDS-137), and spaceflight
induced RNA expression levels divided into four quartiles of gene
expression, Q4: 75–100 %, Q3: 50–75 %, Q2: 25–50 %, Q1: 0–25 %. The
results are shown in Fig. 5A–D. For each of the four tissue types, somatic

mutation rate was highest for the top two quartile of gene expression,
except eye, where somatic mutation rate was highest in just the top
quartile. The significant increase of spaceflight mutation frequency
versus ground was confirmed with P-values<0.05 for all gene expression
quartiles in all tissues. The frequency values were calculated again (see
Fig. 1) for significantly induced genes exhibiting mutations in at least 20
% of samples.

Remarkably, some of the ISS induced unique SNVs were present in
greater than 50 % of the sequenced traces per tissue samples, and
represent 10.5 %, 6.2 %, 9 %, 7.3 % of all SNVs in eye, kidney, quad
muscle, and liver tissue, respectively (Supplementary Tables 1–4).
Another remarkable result is that the ground control mice, which were
also exposed to elevated CO2 levels, showed a rate of somatic mutation
accumulation that was intermediate between the mice flown on the ISS
and what was identified for ground control mice (known as the baseline,
BSL, or vivarium samples) in the absence of excess CO2 exposure (Fig. 5
and Table 1B).

To shed light on the mechanism of somatic mutation, the relative
proportion of each type of somatic mutation base substitution was
determined, as shown in Fig. 6. In the experimental animals flown to the
ISS, guanine was the most frequently substituted base (Fig. 6, bars 7–9),
most often involving conversion to adenine. This result is consistent with
adenine being most efficiently inserted when abasic sites are bypassed
by DNA polymerases [24]. In fact, adenine was the least substituted base
(Fig. 6, bars 1–3) (see Supplementary Table 18). This finding helps to
confirm that the guanine substitutions that we did see (inferred from
analysis of the RNA-Seq data) were indeed the result of somatic muta-
tions in the DNA, as opposed to changes in RNA due to RNA editing.
With RNA editing, we would have expected predominantly A > G con-
version, which we did not see Ref. [25]. The substitutions that we
inferred from analysis of the RNA-Seq data (Supplementary Table 18)
show all the unique relative counts for each SNV, in eye, kidney, liver,
and skeletal muscle tissues.

The predominance of guanine base substitution suggests that gua-
nine oxidation may be playing a significant role in the process of somatic

Table 1A
Summary of found differentially expressed genes and calculated mutation frequencies for all tissues and all samples on the ISS. Frequency calculations were performed
according to Balin [14].

Tissue Number of differentially
expressed genes

Number of significantly differentially
expressed genes (p < 0.05)

Mutation frequencies for all
differentially expressed genes

Mutation frequencies for significantly
differentially expressed genes

GLDS-137 (liver) 4234 430 6.69E-06 6.87E-06
GLDS-162 (eye) 7149 1683 6.18E-06 7.89E-06
GLDS-102
(kidney)

3842 786 4.41E-06 5.30E-06

GLDS-103 (quad
muscle)

2915 621 4.97E-06 5.40E-06

Total 18140 3520 5.55E-06 6.69E-06

Table 1B
Summary of identified significantly differentially expressed genes (P-value <0.05) and calculated mutation frequencies for tissues in exons on the ISS, ground and
vivarium. The frequency values were calculated for the significantly expressed genes exhibiting mutations in at least 20 % of samples.

Tissue Group
(Mutect2)

Number of significantly differentially expressed genes with exonic
mutations (p < 0.05)

Mutation frequencies for significantly differentially
expressed genes

Fold
change

GLDS-137 (liver) ground/
vivarium

312/305 1.27E-05/2.47E-06 5.14

GLDS-137 (liver) flight/ground 274/168 7.24E-06/1.18E-06 6.13
GLDS-137 (liver) flight/

vivarium
866/503 2.54E-05/2.57E-06 9.91

GLDS-162 (eye) ground/
vivarium

305/164 1.12E-05/1.62E-06 6.94

GLDS-162 (eye) flight/ground 558/298 8.44E-06/4.83E-07 17.48
GLDS-162 (eye) flight/

vivarium
410/206 1.34E-05/1.25E-06 10.71

GLDS-102 (kidney) flight/ground 267/210 7.03E-06/9.87E-07 7.12
GLDS-103 (quad
muscle)

flight/ground 278/189 6.24E-06/8.93E-07 6.99
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mutation on board the ISS. Of all the nucleotide bases, guanine is the
most readily oxidized [26,27]. Guanine oxidation may occur because of
endogenous production of reactive oxygen species (ROS) inside cells
[27]. Cytosine base substitutions were also seen commonly (C > T
transitions). Our finding of C > T transitions is consistent with findings
in E. coli in which the C > T transition via an oxidative deamination
pathway has been well documented in [28]. Taken together, these re-
sults point to ROS being responsible for genome-wide sequence varia-
tion during RNA transcription in the oxidative phase of the redox cycle,
rather than during DNA replication, which is restricted to the reductive
phase when ROS are neutralized [29].

While some of the G-to-A mutations at the DNA level may be cor-
rected by post-transcriptional A-to-I RNA editing, which is the most
prevalent type of RNA editing known in the animal kingdom [25,30],
the vast majority (about 97 %) of A-to-I editing events occur in the
noncoding regions (5′- or 3′-untranslated regions (UTRs) and introns)
[31], rather than in the coding sequences (exons) of mRNAs, as mapped
in tissue samples on the ISS relative to the ground controls
(Supplementary Tables 17 and 19). These results show that guanine is
the most oxidized base, likely by carbonate radical (CO3•-) derived from
the reaction of CO2 and ROS, in agreement with guanine having the
lowest standard reduction potential of the other three bases [32]. With
tissue-specific data in mind, it appears that ROS seem to be produced at
the highest relative concentrations in eye, kidney, quad muscle, and
liver tissues, respectively. Indeed, the light-sensitive photoreceptors in
the retina are, metabolically, extremely demanding and have the highest
density of ROS-producing mitochondria of any cell in the body [33], and
most mitochondrial diseases exhibit some form of visual impairment

[34].

3.2. Hypoxia-associated genomic instability in mice on the ISS

Spaceflight factors on the ISS, such as reduced O2 and elevated CO2
may be relevant to some of the known spaceflight health risks, including
hypoxia-induced red blood cell membrane fragility that results in he-
molysis in astronauts [35]. As hypoxia is strongly associated with
mutational density and genome instability in human tumors [36,37],
gene mutations previously identified as driver mutations across 1188
tumors spanning 27 cancer types were mapped in SNVs and in
non-synonymous mutations (NSMs), i.e., mutations that change the
amino acid identity in proteins, induced in mice on the ISS relative to
ground controls. ISS-associated mutations were indeed found in 9 out of
10 driver genes common to all human cancers associated with hypoxia
(Supplementary Tables 1–4). Specifically, ISS induced mutations in the
mouse oncogene MYC, tumor suppressors TP53, PTEN, CREBBP, SGK1,
apoptosis inhibitor BCL2 and in STAT6, VHL, RAF1 were identified,
tracking the total relative unique mutations on the ISS relative to ground
controls for the four mouse tissues per sample.

As hypoxic cells acquire a mutator phenotype that consists of
decreased DNA repair and increased mutation rate [38], these results
indicate that hypoxia due to an increased partial pressure of CO2
(PaCO2) may have caused the increased mutational load on the ISS
relative to ground controls. Additionally, cellular response to hypoxia is
mainly controlled by the hypoxia-inducible factor 1 (HIF-1), which had
multiple SNVs and NSMs induced by the ISS environment in each of the
four tissues. Mutations in HIF-1 likely impaired its means of controlling
gene expression by changes in oxygen tension [39,40].

Up to 17 % of all genes mutated on the ISS are found in regions of
hyperactive chromatin, which encode super active enhancers and pro-
moters of RNA transcription [41]. For example, micro-RNA, Mir5098,
encoded in different species of vertebrates by an orthologous region of
hyperactive chromatin, was mutated in all mouse tissues on the ISS

Fig. 2. A Venn diagram showing the number of tissue-specific genes from
Tables 1–4 with significantly induced RNA expressions and highest
number of mutations per gene on the ISS relative to ground controls.
Tissue-specific genes with significantly induced RNA expressions (with a P-
value <0.05) on the ISS (39 in kidney, 47 in muscle, 51 in liver, and 104 in eye)
that have the highest number of mutations in top expression quartile (>75 %), i.
e., at least 15 SNVs per gene in each tissue. One such mutated gene common in
all mouse tissues is EEF2, encoding the Eukaryotic Translation Elongation
Factor 2, which is hypermutated at various positions, including by insertion of
adenine at a single, identical position in all tissues, i.e., at chromosome 10,
position 81,179,400 in the Genome Reference Consortium Mouse Build 38,
GRCm38. The EEF2 gene also showed variable tissue specific unique number of
mutations, i.e., 57 SNVs in eye, 27 SNVs in kidney, 22 SNVs in quad muscle, and
13 SNVs in liver tissues, tracking the total relative unique mutations for the four
tissues per sample, i.e., eye > kidney > quad muscle > liver. The human EEF2 is
also a tumor-associated antigen overexpressed in various types of cancers,
suggesting susceptibility to hypermutation [21]. Table 9 shows the names of all
genes in the Venn diagram.

Fig. 3. A Venn diagram showing the number of tissue specific single
nucleotide variants (SNVs) from Tables 1–4 that were mutated on the ISS
relative to ground controls. Surprisingly, there were 332 genome-wide SNV
hotspots in common to all mouse tissues that were mutated on the ISS. The
corresponding genes (249) that were mapped to the common SNV hotspots are
shown in Table 14. One of the commonly mutated genes is a small RNA,
Gm15441, which suppresses its antisense transcript, encoding thioredoxin
interacting protein (TXNIP) and multiple mutations in this gene likely increased
ROS accumulation in all tissues on the ISS by inhibiting the antioxidative
function of thioredoxin (TXN). In comparison, deletion of TXN increased the
mutation rate by 2000 % in microorganisms [22].
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relative to ground controls. Also, miR-21, which is one of the most
frequently induced miRNAs in solid tumors and has been experimentally
validated as targeting the tumor suppressors PTEN and BCL2 [42,43]
(found to be mutated in all mouse tissues on the ISS), was identified as
one of the most mutated small RNAs by the ISS environment, but not
equally in every tissue (Supplementary Tables 1–4). These results indi-
cate that transcriptionally hyperactive regions of the mouse genome are
susceptible to tissue specific mutation rates on the ISS.

3.3. Non-synonymous mutations (NSMs) induced by the ISS can pose
potential health hazards

The likelihood of having more than one NSM per gene is excep-
tionally low, approximated by [1/1500 * 2/3]ˆN, where 1500 denotes
the average protein-coding gene length in bases, 2/3 represents the
proportion of bases governing distinct amino acids due to the variable
base-pairing rules at the third position of each codon, and N signifies the
count of NSMs. Interestingly, spaceflight on the ISS induced up to 60, 33,
31, and 23 NSMs per single genes in eye, kidney, quad muscle, and liver
tissues, respectively (Supplementary Tables 5–8). The probability of a
single gene being mutated randomly at up to 60 NSMs is incredibly
small, indicating an environmentally induced rate of mutation previ-
ously undescribed for any organism. Most of the mutated genes with
multiple NSMs are tissue-specific, with the highest number of NSMs in
the eye tissue (Supplementary Tables 5–8). Non-random, genome wide
hypermutation is evident in NSMs representing about one third of all
SNVs. Additionally, most of the SNVs were tissue-specific, showing
significant differences in mutational statistics with a P-value <0.05 for
the top three RNA expression quartiles (Q2-Q4) (Supplementary Tables

1–4). There was no significant difference between the Q1 and Q2
quartiles, indicating that the rate of RNA transcription is coupled with
the frequency of mutation in mice on the ISS, as was already shown to
occur during ROS coupled oscillation of RNA transcription in yeast [29].

SNVs induced by accelerated mutation during spaceflight on the ISS

Fig. 4. A Venn diagram showing the number of tissue specific non-
synonymous mutations (NSMs), compared as 15-mer peptides with NSM
in the middle of the peptide, from Tables 5A–8A shows the number of
tissue specific genes mutated on the ISS relative to ground controls. Two
NSMs are identical to the common mutated hotspots in all tissues. One of the
common hypermutated positions in all tissues was identified in the SON gene,
which functions in DNA and RNA binding activities involved in promoting
efficient splicing of transcripts that possess weak splice sites and is associated in
several human health disorders. The second common hypermutated position in
all tissues was found in the NDUFA1 gene [23], which encodes a subunit of
NADH dehydrogenase (ubiquinone) with respiratory chain complex I deficiency
that presents with highly variable morbidity due to exercise intolerance and
muscle wasting and is involved in several human health disorders. The corre-
sponding NSM in NDUFA1 is a pathogenic mutation that leads to a progressive
mitochondrial complex I-specific neurodegenerative disease and a severe
muscle defect [23]. All NSMs are listed in Tables 5A–8A

Fig. 5A. Tissue-specific mutation associated with RNA transcription during
spaceflight on the ISS relative to ground controls—Kidney. Box plot graph of
the statistical distribution of exonic mutation frequency (log10 of frequency of
mutation) vs. significant differential gene expressions in different gene
expression quartiles for GLDS-102 (kidney) samples on the ISS (blue) relative to
ground controls (red). The length of each box is the interquartile range (IQR)
that represents values between the 75th and 25th percentiles (blue boxes).
Medians (bar in between dark blue and light blue boxes) for spaceflight gene
expression quartiles Q4, Q3, Q2 and Q1 are 1.21e-5, 6.89e-6, 7.00e-6 and
6.62e-6 for number of genes 56, 57, 39 and 19 respectively. Medians for ground
control gene expression quartiles Q4, Q3, Q2 and Q1 are 5.72e-6, 9.63e-7,
2.79e-7 and 8.43e-8 for the related number of mutated genes 56, 51, 33 and 10
respectively. (Non-mutated ground genes cannot be displayed due to boxplot
limitation collapsing when values are 0).

Fig. 5B. Tissue-specific mutation associated with RNA transcription during
spaceflight on the ISS relative to ground controls—Skeletal Muscle (quadri-
ceps). Box plot graph of the statistical distribution of exonic mutation frequency
(log10 of frequency of mutation) vs. significant differential gene expression in
different gene expression quartiles for GLDS-103 (quad. muscle) samples on the
ISS (blue) relative to ground controls (red). Medians (bar in between dark blue
and light blue boxes) for spaceflight gene expression quartiles Q4, Q3, Q2 and
Q1 are 7.17e-6, 7.28e-6, 7.52e-6 and 5.22e-6 for number of genes 58, 63, 38
and 13 respectively. Medians for ground control gene expression quartiles Q4,
Q3, Q2 and Q1 are 2.82e-6, 1.549e-6, 2.61e-7 and 1.83e-7 for the related
number of mutated genes 58, 63, 38 and 13 respectively.
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likely decrease tissue functions and cause associated health detriments.
Supplementary Table 14 shows SNVs in 249 commonly mutated genes in
eye, kidney, quad muscle, and liver tissues that represent hotspots of
hypermutation induced on the ISS. These results agree with the previ-
ously described RNA–DNA sequence differences (RDDs) in mRNAs,
which functionally diversified the proteome beyond DNA encoded
functions [44].

Therefore, spaceflight induced NSMs were evaluated for their likely
effect on protein function based on sequence homology and on the

physical properties of amino acids using the SIFT algorithm [45]. This
analysis can distinguish between tolerant and intolerant amino acid
substitutions in protein functions. Intriguingly, several
spaceflight-induced NSMs can account for some of the common
spaceflight-associated risks defined by NASA’s Human Research Pro-
gram (HRP), including muscle atrophy, the SANS, increased risk for
kidney stone formation, as well as liver damage and bone density loss
[4]. Some genes accumulated several NSMs with intolerant amino acid
substitutions, which were mapped in up to 100 % of all tissue samples
and encoded functions relevant to the NASA HRP risks (Supplementary
Tables 5A–8A). In comparison to the human transcriptome, where
peptide sequences that correspond to RNA variant sequences, but not the
DNA coding sequences, were found by mass spectrometry, showed that
the variants are translated into proteins [46].

The correlation of NSMs to possible causation of health phenotypes
on the ISS is additionally corroborated by the evidence of changes in
mice stress behavior [47], blood chemistry (e.g., lipidosis, which
resulted from direct oxidative damage of lipids) [48], and muscle atro-
phy [49]. Moreover, hyperactive movements of mice lacking diurnal
activity on the ISS in comparison to ground controls also showed evi-
dence of sleeplessness, which is likely due to neurons responsible for
arousal that are directly triggered by CO2 and cause mice to wake up and
maintain vigilance on the ISS relative to ground controls [50]. In
humans, the retention of CO2 in the blood is linked with sleep disorders
that affect breathing, especially sleep apnea, central hypoventilation
syndrome and obesity hypoventilation syndrome [51].

As shown in Supplemental Tables 5–8, NSMs that indicate
spaceflight-associated health risks in eye tissue map to known genes,
such as AQP (encoding the aquaporin pore channel), involved in intra-
ocular pressure regulation by transporting water along an osmotic
gradient, which –when defective – can cause an imbalance in the ocular
fluid movement and the SANS. Similarly, muscle specific NSMs map to
genes that encode the molecular mechanism of muscle contraction, such
as ACTA1 (encoding actin) and MSTN and MYO (encoding myostatin
and myosin), which – when defective – can cause muscle loss and at-
rophy [52], while kidney specific NSMs map to genes that cause a defect
in kidney size and glomerular podocyte morphology, such as TNS1,
NPNT and CLDN2, strongly correlated with pathogenic processes in the
kidney, including renal stone formation. Also, consistent with the
increased liver specific NSMs, such as in SCP2 and PLPPR1, induced in
the BALB/c and C57BL/6J mouse strains on the ISS, previous spaceflight
studies have found liver damage in both strains of mice within less than
2 weeks aboard the space shuttle and on the ISS [53]. The spaceflight
induced liver damage included defects in several affected gene expres-
sion pathways that resulted in altered lipid metabolism, fatty acid
metabolism, lipid and fatty acid processing, lipid catabolic processing,
and lipid localization [52]. Remarkably, liver damage affecting the
retinol biosynthesis can also lead to bone demineralization and fractures
in animals and in humans [54], while long-term treatment with syn-
thetic retinoids has been linked with decreased bone density and oste-
oporosis [48]. Consistently, some of the genes that control the
availability of retinol in liver [52] were also identified to have multiple
NSMs induced in mice on the ISS relative to ground controls
(Supplementary Tables 5A–8A).

Also, SNVs were mapped to the ribosomal RNA gene, Rn45s
(Supplementary Table 15). For example, eye tissue from the ISS had
about 2 times more unique SNVs (on average per sample) than in liver
tissue, and about 3 times more unique SNVs (on average per sample)
than in the muscle tissue relative to ground controls. This additionally
confirms tissue-specific, varied mutation rates catalyzed by unique
metabolic processes and varied effects of the increased partial pressure
of CO2 on the ISS.

Functional and pathway analysis of the ISS mutated genes relative to
ground controls in eye tissue identified enriched cellular processes that
are consistent with a growing number of studies that implicate endo-
plasmic reticulum (ER) stress in the trabecular meshwork of the eye as a

Fig. 5C. Tissue-specific mutation associated with RNA transcription during
spaceflight on the ISS relative to ground controls—Liver. Box plot graph of the
statistical distribution of exonic mutation frequency (log10 of frequency of
mutation) vs. significant differential gene expression in different gene expres-
sion quartiles for GLDS-137 (liver) samples on the ISS (blue) relative to ground
controls (red). Medians for spaceflight gene expression quartiles Q4, Q3, Q2
and Q1 are 8.05e-6, 8.56e-6. 6.14e-6 and 7.39e-6 for number of genes 61, 61,
53 and 71 respectively. Medians for ground control gene expression quartiles
Q4, Q3, Q2 and Q1 are 4.66e-6, 3.29e-6, 7.35e-7 and 3.16e-7 for the related
number of mutated genes respectively.

Fig. 5D. Tissue-specific mutation associated with RNA transcription during
spaceflight on the ISS relative to ground controls—Eye. Box plot graph of the
statistical distribution of exonic mutation frequency (log10 of frequency of
mutation) vs. significant differential gene expression in different gene expres-
sion quartiles for GLDS-162 (eye) samples on the ISS (blue) relative to ground
controls (red). Medians (bar in between dark blue and light blue boxes) for
spaceflight gene expression quartiles Q4, Q3, Q2 and Q1 1.15e-5, 8.357e-6,
8.37e-6 and 8.24e-6 for number of genes 132, 91, 75 and 66, respectively.
Medians for ground control gene expression quartiles Q4, Q3, Q2 and Q1 are
2.69e-6, 2.19e-7, 3.96e-7 and 1.253e-7 for the related number of mutated genes
128, 57, 24 and 14 respectively.
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cause for increase in IOP, and found corresponding genes involved in
reduction of ER stress that can prevent ocular pathologies in glaucoma
mouse models as well as in lipid biosynthesis. Lipids are energy sub-
strates for mitochondria in photoreceptors and eye dyslipidemia is
characterized by an abnormal circulating lipid profile including tri-
glycerides, cholesterol, low-density lipoproteins, high-density lipopro-
teins, or polyunsaturated fatty acids, which contribute to the
development and progression of retinal dysfunction in many eye dis-
eases and age-related macular degeneration. Also, the biological
meaning of the ISS mutated genes that encode structural constituents of
eye lens was identified as significantly enriched using the DAVID algo-
rithm. Similarly, functional and pathway analysis of the ISS mutated
genes in kidney, quad muscle, and liver tissues identified their corre-
sponding tissue specific enriched cellular processes (Supplementary
Tables 10–12).

Additionally, up to 4.2 % of SNVs induced by ISS relative to ground
controls in the BALB/c and C57BL/6J mouse strains, depending on the
tissue type, were found at identical genome-wide coordinates in other
mouse strains that never flew in space (Supplementary Table 13). This
concordance was observed in the mouse dbSNP, i.e., in the dbSNP142
version, which is a high-quality single nucleotide polymorphism (SNP)
database with more than 80 million SNVs mapped in DNA from 36
inbred strains of laboratory mice, drawn from several sources [55]. The
improbability of mutating the BALB/c or C57BL/6J strains on the ISS at
some of the same genome-wide coordinates as found in other inbred
mouse strains that never flew in space is extremely small, suggesting
hotspots of sequence variation in the mouse genome. These results are
like the identical RDD sites in yeast mRNAs, which functionally diver-
sified the proteome beyond DNA encoded functions in several wild-type
yeast strain [44].

Fig. 6A–D. The relative proportion of each type of base substitution in SNVs (somatic mutations) in mRNAs induced on the ISS relative to ground controls is similar
in each tissue - GLDS162-eye (A), GLDS102-kidney (B), GLDS137-liver (C) and GLDS103-skeletal muscle (quadriceps) (D). Guanine base substitutions were the most
common. By comparison, RNA editing-type base substitutions (in humans) are known to involve primarily adenine substitution.
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Interestingly, most mutations induced on the ISS mapped to the mice
coding-rather than non-coding sequences (Supplementary Table 17).
This coding specificity of the ISS induced mutations is in contrast with
the results of the Catalogue Of Somatic Mutations In Cancer v86, which
mapped most mutations (77 %) in the non-coding sequences [56]. This
incongruent result suggests that altered chromatin in spaceflight fails to
protect the exome against mutation by losing its known highest pro-
tective coverage of nucleosomes in the exons [57]. Therefore, on the ISS
relative to ground controls, the dynamic re-positioning of nucleosomes
during transcription likely fails to protect the exome from mutation
induced by metabolically generated ROS. This view of altered chromatin
exposing genes to ROS is also consistent with studies that identified
strand specific accumulation of mutations in actively transcribed yeast
and human genes, where hypermutation via multiple simultaneous
changes in ssDNA along the same strand has been identified [58,59].

4. Discussion

Our study of somatic mutation in mice flown to the ISS is the first
comprehensive assessment of somatic mutation accumulation in any
mammalian system in space. Our study takes advantage of the avail-
ability of gene expression data inmice obtained as part of four validation
studies, conducted several years ago, that were some of the first in-
vestigations to employ next generation sequencing onmammalian tissue
specimens from space. Unexpectedly, we identified a high rate of
genome-wide somatic mutation (single nucleotide variants) in the
experimental animals flown on the ISS. It should be emphasized that
physiological endpoints, or endpoints related to the development of
malignancies, were not part of the study design. Therefore, the conse-
quences of these somatic mutations cannot be addressed. Nonetheless,
the tissue specificity of the mutations and their mapping to mammalian
genes with spaceflight relevant function suggests that induction of so-
matic mutation in space may contribute to spaceflight pathophysiology,
although a human study of somatic mutation during spaceflight has not

Fig. 6A–D. (continued).

V. Stolc et al. Redox Biology 78 (2024) 103398 

9 



yet been carried out. Our results are specifically relevant to spaceflight
aboard the ISS, an environment with elevated carbon dioxide levels.
Within the ISS, which is located in a Low Earth Orbit, ionizing radiation
is also increased, as a result of decreased shielding by the Earth’s
magnetosphere. Daily ionization radiation exposure (effective dose) on
the ISS is approximately 0.5 mSv per day, compared to 0.006 mSv on
Earth [60].

The phenomenon of somatic mutation has been appreciated for de-
cades, primarily in cancer cells. In the last 15 years, with the advent of
next generation sequencing, it has become much easier to examine so-
matic mutation quantitatively, and to look at somatic mutation in
normal cells and tissues, not just in malignant cells. It is now well un-
derstood that somatic mutations accumulate gradually over time, in all
tissues. For reasons that are not entirely clear, the rate of somatic mu-
tation accumulation varies more than 10-fold across the full range of
tissue types [61,62].

Various exogenous factors can lead to an increase in the rate of so-
matic mutation accumulation in mammalian tissue, and it is worthwhile
to briefly review this topic. Broadly speaking, ionizing radiation, expo-
sure to certain chemical compounds, and intracellular processes gener-
ating free radicals are stressors placed on the cell that can cause
mutations within DNA [63]. Mice irradiated with X-rays, for example,
show a modest increase in single nucleotide variants (27 %) per 1 Gy of
radiation, in hematopoietic stem cells [64]. Certain chemotherapy
agents are among the most powerful inducers of somatic mutation.
While chemotherapy-induced somatic mutation can be seen in cancer
cells themselves (resulting in the acquisition of mutations that lead to
resistance to chemotherapy), somatic mutation is also observed in
normal tissues in patients who are undergoing chemotherapy [65].
Platinum-containing chemotherapy agents are the most potent inducers
of somatic mutation, capable of increasing the rate of somatic mutation
more than 100-fold. The effect seems to be strongly correlated with
guanine oxidation [66]. Unsurprisingly, in mutant Drosophila mela-
nogaster that are oxidant sensitive (urate-null Drosophila), both chemical
clastogens and radiation (X-rays) cause somatic mutation at rates higher
than in wild-type Drosophila. This result suggests that common final
pathways involving oxidative stress are involved in both radiation and
chemical-induced somatic mutation [67].

Because the mice in our study were exposed to only modestly
elevated levels of ionizing radiation—not enough to account for the
greatly increased rate of somatic mutation accumulation we observ-
ed—we considered the possibility that significantly elevated levels of
carbon dioxide on board the ISS may have contributed to the develop-
ment somatic mutations. On the ISS, carbon dioxide levels are increased
significantly. Expressed as partial pressures, CO2 levels are approxi-
mately 3.41± 0.93 mmHg on the ISS [68], compared to terrestrial levels
of approximately 0.32 mm Hg. It is well known that in cells, CO2 is an
important byproduct of metabolism. Carbon dioxide, in equilibrium
with bicarbonate anion (HCO3− ) in aqueous environments, is also an
important pH buffer. Less well known, however, is the fact that CO2
plays an important role in reactive oxygen species (ROS) reactions with
macromolecules. The main ROS, superoxide anion (O2•-), hydrogen
peroxide (H2O2) and the hydroxyl radical (HO•), can all oxidize bio-
logical macromolecules, such as proteins, amino acids, cell membranes
and nucleic acids. Some of these reactions, however, are dependent on
the presence of bicarbonate anion (HCO3− ) [69–71]. In a recent study,
Ezraty and co-workers demonstrated that CO2 increases HO• toxicity
and increases H2O2-dependent mutation frequency in E. coli [72]. CO2
also increases H2O2-dependent 8-oxo-guanine DNA damage. The
mechanism may involve the formation of the carbonate radical anion
(CO3•-) from bicarbonate anion and hydroxyl radicals [73], since car-
bonate radical is a strong oxidant that can oxidize guanine [74,75]. The
formation of peroxymonocarbonate (HCO4− ) may also be involved, as
peroxymonocarbonate can be formed from bicarbonate and hydrogen
peroxide [76]. Peroxymonocarbonate is another strong oxidant that can
react with a variety of organic compounds [77].

The DNA base substitution pattern that we determined from analysis
of the RNA-Seq data allows us to make several important conclusions,
although, ultimately, the story is incomplete. First and foremost, we did
not see a strong pattern of adenine substitution (A > C or A > T trans-
versions, or A > G transition). A predominance of adenine substitution,
inferred from RNA-Seq data, would have suggested that we were looking
at RNA editing via adenosine deaminase, not direct changes in the DNA
sequence [78]. That pattern was not seen. Instead, we saw a predomi-
nance of G > A transitions and C > T transitions. These observations are
consistent with oxidative mutagenesis involving guanine oxidation and
oxidative deamination of cytosine. In addition to G > A and C > T
transitions, T > C transitions were also seen in high numbers. An
explanation for the T > C transitions, however, is not readily available.
Transversions (purine to pyrimidine substitutions, and pyrimidine to
purine substitutions) happened much less frequently.

In summary, this is the first documented experimental evidence for
increased somatic mutation in a mammalian species in the space envi-
ronment, although several ground-based experimental systems have
hinted at this possibility [79]. Importantly, none of the ground-based
analog investigations probing the topic of genome instability, thus far,
have included elevated carbon dioxide levels as part of the experimental
conditions. Since the levels of ionizing radiation aboard the ISS are only
slightly elevated versus conditions on Earth, we favor an explanation for
the accelerated mutation on the ISS based on oxidant reactions involving
elevated CO2 levels. Our analysis of the spectrum of base substitutions,
which shows a predominance of guanine transitions and cytosine tran-
sitions, is consistent with this explanation, although we acknowledge
that the exact molecular mechanisms cannot yet be determined. We
acknowledge that physiological effects related to weightlessness may
contribute to the oxidant environment that leads to somatic mutation.
While the significance of these somatic mutations cannot be gauged at
this time, our findings in mice provide compelling motivation for a study
of somatic mutation in astronauts in the space environment.
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paper. The data underlying this article are available in the article and in
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Source data

GLDS-102: Rodent Research-1 (RR1) NASA Validation Flight: Mouse
kidney transcriptomic, proteomic, and epigenomic data.

GLDS-103: Rodent Research-1 (RR1) NASA Validation Flight: Mouse
quadriceps muscle transcriptomic, proteomic, and epigenomic data.
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