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Abstract: The space environment consists of a complex mixture of different types of ionizing radia-
tion and altered gravity that represents a threat to humans during space missions. In particular,
individual radiation sensitivity is strictly related to the risk of space radiation carcinogenesis. There-
fore, in view of future missions to the Moon and Mars, there is an urgent need to estimate as accu-
rately as possible the individual risk from space exposure to improve the safety of space exploration.
In this review, we survey the combined effects from the two main physical components of the space
environment, ionizing radiation and microgravity, to alter the genetics and epigenetics of human
cells, considering both real and simulated space conditions. Data collected from studies on human
cells are discussed for their potential use to estimate individual radiation carcinogenesis risk from
space exposure.
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1. Introduction

The space environment represents a substantial hazard for human transit and per-
manent settlement outside the protective magnetosphere. In the last sixty years of human
spaceflight, cellular and tissue alterations have been reported because of human exposure
to the space environment. The first evidence of human body alterations comes from epi-
demiological data collected from astronauts showing muscle weakness, loss of body mass,
bone deterioration, cardiovascular disease, and immune suppression [1]. Further data has
been collected from more recent space missions [2-4] and are visible on the National Aer-
onautics and Space  Administration (NASA) website (https://humanre-
searchroadmap.nasa.gov/). NASA’s Human Research Program (HRP) has classified haz-
ards for astronauts into five categories: space radiation, isolation, distance from Earth,
gravity fields, and hostile/closed environments. Since all of these hazards are present to-
gether during a space journey, the risk due to space exposure is complicated to define.
According to NASA’s HRP, radiation carcinogenesis risk assessment is considered a re-
search priority for future space missions that aims at long term establishment of humans
on Mars and the Moon. Radiation carcinogenesis derived from spaceflight represents a
“big” risk that needs to be assessed before starting deep space missions. Such a risk in-
cludes cancer occurrence that would manifest in the subsequent years after a space mis-
sion. At present, the level of risk acceptance is set by NASA at 3% [5]. However, several
individual genetic factors may predispose astronauts to a higher risk of radiation-induced
reactive oxygen species (ROS) formation and DNA damage beyond the accepted level of
radiation risk. Factors of individual-radiation sensitivity include genotype, age, dietary,
diabetes, etc. [6, 7]. On the other hand, studies about the effects of space conditions on
human molecular pathways are still limited as are data about space radiation effects on
the human genetic and epigenetic landscape. Genomic alterations in the form of chromo-
some damage were found in peripheral blood lymphocytes (PBLs) from astronauts on 3-
6 month-long missions [8]. However, data from long-duration missions are limited result-
ing in a limited number of studies on genetic alterations in space flown human cells.
Among these, the NASA Twins Study was carried out in two monozygotic twin astro-
nauts and reported gene expression changes in the astronaut that spent a 340 day-mission
onboard the International Space Station compared with his Earth-bound twin [3]. Re-
cently, Malkani et al. [9] identified a spaceflight associated miRNA signature in mamma-
lian cells. This underlies the great potential of genomic studies in evaluating the cellular
response to a space environment. Nevertheless, space risk prediction deals with many
uncertainties, among which are primary due to cosmic radiation and altered gravity
fields. Taking into account these two parameters, here we summarize the knowledge on
genetic and epigenetic pathway modulation in human cells exposed to real or simulated
space conditions.

2. Space radiation environment

The space radiation environment is one of the major risk factors in long-term human
exploration. In Low-Earth Orbit (LEO), such as for the International Space Station (ISS)
with an altitude of approximately 400 km and an orbital inclination of 51.6°, astronauts
and cosmonauts are exposed to a variety of radiation sources. This includes high-energy
radiation from protons to high-atomic number iron nuclei (peak energies of 0.1-1 GeV/n)
termed galactic cosmic rays (GCR), low-energy (mostly 50 MeV/n) protons from solar en-
ergetic particles (SEP), and medium-energy (< 250 MeV/n) protons trapped in the Van
Allen Belts [10, 11]. Roughly half of the dose in LEO is expected to come from GCRs and
trapped protons; all these sources are affected by the Earth’s magnetic field. In addition,
these particles combine to produce a complex radiation environment in and around a
LEO. The complexity of these radiations is dependent on orbital parameters (orbital incli-
nation and altitude), the solar cycle, and shielding of the spacecraft. The dose rates inside
of the ISS are about 0.3 to 0.4 mSv/day at the solar maximum and minimum, respectively
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[12]. These dose rates are about a few hundred times higher than that at sea level on Earth. 95
Beyond the Earth’s magnetic field, high-energy charged particles of SEPs and GCRs 96
strongly affect the dosimetry of astronauts and cosmonauts. The cosmic-ray dose rates 97
during interplanetary travel, on the lunar surface, or on the Martian surface are about 0.4, 98
0.3, or 0.2 mSv/day at the solar maximum, respectively, and 1.1, 0.9, or 0.5 mSv/day at the 99
solar minimum, respectively [12]. Although higher solar activity significantly reduces the 100
dose from cosmic rays, the potentially large risk of a solar particle event (SPE) becomes 101
higher during the solar maximum period. 102

Although the effects of GCRs are greatly concerning, space-based studies to 103
investigate the health effects of space radiation have severe limitations. Ground-based 104
studies have an important role in order to obtain statistically significant data. High-energy 105
ion beams at ground-based accelerators such as the BEVALAC at Lawrence Berkeley 106
National Laboratory (LBNL), the Helmholtz Center for Heavy Ion Research (GSI), 107
NASA'’s Space Radiation Laboratory (NSRL) at Brookhaven National Laboratory (BNL), 108
and the Heavy Ion Medical Accelerator (HIMAC) at the National Institute of Radiological 109
Sciences (NIRS) have been used to perform extensive research with a single beam or beam 110
combinations. Recently, the NSRL has developed SPE and GCR simulated beams by using 111
a rapid switching technology for various ion species and energies [13]. In addition, 112
neutrons from a panoramic Californium-252 source in a concrete-shielded building on the 113
campus of Colorado State University [14] offers a low-dose-rate exposure (1 mGy/day) to 114
animals. Long-term exposure to neutrons is a potential health hazard when astronauts 115
encounter GCRs during their missions outside the Earth’s magnetosphere. While 116
neutrons constitute a small proportion of GCRs, secondary neutrons ejected owing to the 117
interaction between GCRs and shielding elements are significant [15, 16]. 118

High-LET radiation effects on cells and animals have been studied extensively in 119
ground-based facilities, however these conditions lack microgravity which is another 120
major environmental stressor in space. In order to understand the effects of space 121
radiation combined with microgravity conditions, a unique system has been developed 122
by Takahashi’s group [17-19]. With these systems, samples can be exposed to X-rays, 123

Carbon-ions or neutrons simultaneously with simulated microgravity. 124
125
3. Oxidative stress and Damage (OsaD) generation in the space environment 126

Cell exposure to ionizing radiation (IR) elicits a complex response which is driven 127
by many proteins from different biological pathways that cooperate to defend cells from 128
the cytotoxic and genotoxic insult. The biological response of IR is strictly related to 129
physical variables of radiation, such as energy, LET, dose-rate, final dose, exposure-time 130
[20], and also to the cellular context (cell type and proliferation status) [21]. The mixed 131
nature of space radiation causes different forms of cellular damage, related to both the 132
direct and indirect effects of IR. GCRs are comprised of high-energy protons as well as 133
high charge (Z) and energy (E) nuclei (HZE) [5] that have a high ionizing power and cause 134
severe damage to DNA molecules. When IR hits the DNA molecule, single-strand breaks 135
(5SBs) and double-strand breaks (DSBs) arise. Once radiation passes throughout the cell 136
and generates DSBs, the upstream signalling protein kinase ataxia telangiectasia mutated 137
(ATM) is activated to trigger chromatin remodelling and a cascade of protein 138
phosphorylation called the DNA-Damage Response (DDR). The ultimate goal of the DDR 139
pathway is to overcome DNA lesions assuring cell survival and maintaining genome 140
stability. This is hard work considering the dangerous power of space radiation. The DDR 141
pathway relies on the activity of many different proteins that, once phosphorylated by 142
ATM, take part in sensing/transducing the DNA damage signal to effector proteins in 143
control of the DNA-repair machinery, cell cycle checkpoints (if cells are proliferating), and 144
cell death by apoptosis [22-24]. In addition, ATM mediates DNA damage-induced 145
changes in RNA metabolic pathways, including mRNA synthesis [25] and miRNA 146
biogenesis [26]. DNA repair is activated by proteins of the PARP family that bind to DNA 147
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SSBs and DSBs and catalyze the ADP-ribosylation of chromatin proteins [22]. However, 148
being that cells are mainly composed of water, many reactive oxygen species (ROS) are 149
formed due to water radiolysis. This gives rise to high levels of free radicals (such as 150
hydrogen peroxide, hydroxyl radical, and superoxide anion) that cause oxidative damage 151
to many organic molecules including lipids, proteins, and nucleic acids. The same cellular 152
targets are also damaged by highly reactive nitrogen species (RNS) that are a consequence 153
of the early activation of nitric oxide synthases in irradiated cells [27]. The extent of 154
oxidative DNA damage depends on the yield of ROS and RNS and is related to the quality, 155
dose, and dose-rate of radiation. 156

The radiation-induced increase in oxygen and nitrogen reactive species alters the 157
physiological equilibrium between reduction and oxidation giving rise to a condition 158
called “Oxidative stress and Damage” (OsaD) [28] (Figure 1). The presence of OsaD 159
induces a highly regulated defence response that on the one hand activates antioxidant 160
enzymes (i.e. superoxide dismutase, catalase, and glutathione s-transferase) and low 161
molecular weight antioxidants [29] while it cooperates with the DDR pathway. Indeed, 162
ATM activation occurs not only in response to direct radiation-induced DNA damage, but 163
also in response to indirect oxidative DNA damage [30], although only few proteins are 164
shared by the OsaD and DDR pathways [31, 32]. 165
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Figure 1. Scheme of the OsaD response in the space environment. The space environment is char- 167
acterized by a mixture of ionizing radiation of different quality and by reduced gravity (micrograv- 168
ity). Under these conditions, reactive oxygen species (ROS) are generated by radiation-induced wa- 169
ter radiolysis and by microgravity causing oxidative stress leading to cellular damage in the form 170
of oxidative DNA/RNA damage, lipid peroxidation, protein oxidation, and impairment of antioxi- 171
dant activity. Reactive nitrogen species (RNS) induced by radiation also participate in the increase 172
of oxidative stress. Once activated, the OsaD response interfaces with the DNA-Damage Response 173
pathway to counteract the combined effects of radiation and microgravity. “Created with BioRen- 174
der.com”. 175

Oxidative DNA damage consists mainly of oxidized bases, among which 8-Oxo-7,8-dihy- 176
dro-2’-deoxyguanosine (8-oxodGuo) is the most frequent and is used as a cellular bi- 177
omarker of oxidative stress [33]. In addition to purines, pyrimidines are also damaged by 178
ROS, leading to oxidized pyrimidine derivatives such as thymine glycol (Tg) and 5,6 179
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dihydrouracil (DHU) that can block DNA and RNA polymerases [33]. The presence of 180
ROS also creates oxidized base-derived apurinic/apyrimidinic sites and SSBs [34], 181
whereas RNS mainly causes protein modifications in the form of tyrosine nitration and S- 182
nitrosylation of cysteine that alter the normal activity of proteins [29]. Reactive oxygen 183
and nitrogen species take part in intracellular signaling cascades regulating several phys- 184
iological functions [35]. In this regard, several transcription factors are sensitive to changes 185
in ROS/RNS levels and can activate specific signaling pathways [29]. The amount of direct 186
and indirect DNA damage is strictly related to the radiation quality and dose but may also 187
be observed in cells that were not directly irradiated giving rise to a non-targeted (by- 188
stander) effect [27, 36]. Not only DNA but also ribosomal RNA undergoes oxidative dam- 189
age in the presence of oxidative stress [37]. Notably, mitochondria, by generating mito- 190
chondrial ROS during cellular respiration, contribute to an increase in oxidative stress. 191
Different studies have demonstrated that OsaD has a significant impact on human phys- 192
iology as the changes in oxidative levels of irradiated cells may remain for days after ex- 193
posure leading to long-term effects [38] in addition to serving as a plasma biomarker [39]. 194

Apart from radiation, the space environment is characterized by reduced gravity that 195
acts as additional stress. Many studies reported that microgravity, real or simulated on 19
ground, affects the physiological level of redox metabolism which in turn causes oxidative 197
stress [40]. Therefore, the effects of space radiation can be exacerbated by a condition of 198
reduced gravity, real or simulated, affecting the OsaD response. The combination of the 199
two stressors can enhance detrimental effects of the space environment, particularly for 200
long-duration missions, where a condition of chronic exposure exists. In this regard, stud- 201
ies derived from cell samples of cosmonauts and space-flown rats have shown an increase 202
in oxidative stress, inflammation, lipid peroxidation, and a decrease of several blood an- 203
tioxidants [4, 41, 42]. Alterations in the transcriptional profile of the human immune sys- 204
tem were detected in cells such as macrophages and T cells when exposed to an altered 205
gravitational environment [43]. The authors identified a relevant number of oxidative 206
stress-induced gene expression changes between microgravity/hypergravity samples and 207
their respective control cells. Similarly, Overbay et al. [44] found gene expression changes 208
and oxidative damage in the retina of space-flown mice that remained aboard the ISS for 209
35 days. Persistence of DDR activation, including mitochondrial and oxidative stress, 210
chromosomal aberrations, and telomere elongation has been observed in three unrelated 211
astronauts employed for two-6 month spaceflight missions [4, 42]. Loss of function or im- 212
balance in DDR proteins leads to several human diseases including cancer, a risk for 213

spaceflight members exposed to space radiation. 214
215
3.1. Repair of DNA damage originated in the space environment 216

In space flown cell nuclei, DNA damage was detected using the TdT post-labeling 217
assay and was dependent on the length of the spaceflight [45] and the tracks of double 218
strand breaks were observed by the y-H2AX foci formation assay [46, 47]. The different 219
types of DNA damage induced by space radiation and altered gravity are properly re- 220
paired according to their features (Figure 2). For nuclear DNA, different repair pathways 221
are active and well known [3]. Non-homologous end joining (NHE]) is the predominant = 222
pathway to repair radiation-induced DSBs throughout all cell cycle phases (G1-5-G2) and 223
it is employed by non-proliferating (Go) cells. In mammalian cells, NHE] is sub-divided 224
into canonical NHE] (c-NHE]) and alternative NHE] (alt-NHE]) that rely on the activity 225
of different specific proteins. Although NHE] is overall a non-conservative pathway, c- 226
NHE] generally restores sequence integrity, whereas alt-NHE] has low fidelity end-join- 227
ing activity with frequent microhomologies [48]. Homologous recombination (HR) pre- 228
dominates in the mid-S and mid-G2 cell cycle phases of proliferating cells when the sister 229
chromatid is available to repair DSBs in a conservative manner [49]. SSBs originated di- 230
rectly by radiation, or indirectly by reactive oxygen species, are repaired by base excision 231
repair (BER), whose activity uses DNA glycosylases to remove damaged bases producing 232
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abasic sites that are filled and repaired by DNA polymerase beta and DNA ligase Illa 233
(reviewed in [50]). BER also intervenes in repairing oxidative DNA damage together with 234
the mismatch repair (MMR) system [34, 51-53]. Interestingly, oxidized DNA base damage 235
and BER activation promote the formation of G4 structures that, by regulating gene ex- 236
pression, have a role in transcription, replication and other important biological processes 237
[54]. 238

In the space environment, the occurrence of chromosomal translocations in Drosoph- 239
ila melanogaster [55] and larval malformations in Carausius morosus [56] was dramatically 240
increased in response to microgravity and radiation exposure. Although it has been hy- 241
pothesized that these synergistic effects might be caused by an interference of micrograv- 242
ity with DNA repair processes, recent studies on bacteria, yeast cells, and human fibro- 243
blasts suggest that a disturbance of cellular repair processes in the microgravity environ- 244
ment might not be a complete explanation for the reported synergism of radiation and 245
microgravity [57-60]. Alternative explanations for the impact of microgravity should be 246
considered due to changes in signal transduction, metabolic/physiological states, chroma- 247
tin structure at the cellular level, modification of self-assembly, intercellular communica- 248
tion, cell migration, pattern formation, or differentiation at the tissue and organ level [61]. 249

Mitochondrial DNA (mtDNA) is also damaged by the direct and indirect action of 250
radiation and it undergoes repair, although mtDNA repair mechanisms are less charac- 251
terized. Evidence has shown that BER activity, carried out by the same proteins active in 252
the nucleus, is also predominant in mitochondria to repair oxidized bases and AP sites 253
[62]. Mammalian mitochondria also contain proteins for nucleotide excision repair (NER), 254
the NHE] and HR repair pathways, but the repair activities of these pathways are not 255
clearly demonstrated and are still under investigation. The presence of MMR proteins has 256
been reported in mammalian mitochondria, but the activity of this pathway remains elu- 257
sive [63]. 258
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Figure 2. DNA repair pathways associated with DNA damage originated in space envi- 260
ronment. The different types of DNA damage induced by ionizing radiation and altered 261
gravity are repaired by components of Base Excision Repair (BER), Mismatch Mediated 262
Repair (MMR), Homologous Recombination (HR) and Non-Homologous End Joining 263
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(NHE], canonical and alternative) pathways. Oxidative DNA damage in the form of oxi- 264
dized bases, oxidized pyrimidine derivatives, oxidized base-derived apurinic/apyrim- 265
idinic sites are repaired by BER and MMR systems. SSBs and DSBs, originated directly by 266
radiation or indirectly by oxidative DNA damage, are repaired respectively by BER and 267

HR/NHE] pathways. “Created with BioRender.com”. 268
269
4. Genetic and epigenetic changes in space-flown human cells 270

The direct effects of IR combined with indirect effects originated from the OsaD con- 271
dition experienced during space missions can alter the genetic landscape. OsaD is a well- 272
known factor contributing to the dysregulation of several cellular processes such as the 273
immune system, cardiovascular system, endothelial system, bone maintenance, and me- 274
tabolism [28], however the molecular basis of OsaD pathway regulation under space con- 275
ditions are poorly understood. Human cells exposed to the space environment undergo 276
genetic changes and alterations to epigenetic factors such as chromatin structure, DNA 277
methylation, histone post-translation modifications (PTMs), and non-coding RNAs 278
(ncRNAs) which can have an impact on gene regulation putting the maintenance of the 279
human epigenome at risk. Here we review genomic alterations detected in human space- 280
flown cells, that are summarized in Table 1. 281

4.1. Genetic polymorphism 282

Genetic polymorphism in the form of single nucleotide polymorphisms (SNP) in 283
genes of the DDR pathway can affect an individual’s response to genotoxic stress. Genetic 284
changes induced by short-term spaceflight conditions were observed in Staphylococcus au- 285
reus [64] and other studies [65]. The NASA Twin study revealed specific SNPs to have 286
been effected during spaceflight which has one component of space radiation damage. 287
Specifically, in relationship to Neuro-ocular issues that occur during spaceflight, it has 288
been shown in the clinic that five SNPs found in risk alleles can predict potential onset of 289
ophthalmic issues [66]. From the NASA Twin study, it was found that six out of the nine 290
risk alleles were present [67]. This is one example of the potential impact of space radiation 291
on genetic polymorphisms and the need to consider mitigation against it. 292

4.2. Chromatin structure 293

Chromatin is a dynamic structure whose changes are driven by the action of various 294
factors including chromatin remodelers, chromatin modifying/binding enzymes, and 295
non-coding RNAs as recently reviewed [68]. Mechanical forces applied at the cell surface 296
might act at a distance to promote mechanochemical conversion in the nucleus [69], thus 297
it is expected that space microgravity can affect nuclear shape and chromatin organization = 298
with important consequences on gene expression regulation. Under conditions of space 299
weightlessness, chromatin structure of human breast carcinoma cells showed larger and 300
more numerous areas of low density compared with 1-g inflight and ground controls [70]. 301
Although the time was relatively short (48 hours after launching), it is indicative of struc- 302
tural changes that inevitably are linked to genome organization. 303

The yield of chromosome aberrations have been known to increase in lymphocytes 304
from astronauts and cosmonauts after long-duration missions of several months in space 305
[71-75]. Although individual radiosensitivity and background chromosome aberration 306
rates are highly variable, an ex vivo dose-response in pre-flight blood samples from astro- 307
nauts can be used to predict the chromosome aberration rate during the mission [76]. Since 308
chromosome exchanges, especially translocations, are positively correlated with many 309
cancers [77, 78], it is a good biomarker to assess cancer risk for the astronauts. Ground- 310
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based studies also showed increased chromosome aberrations with simultaneously ex- 311
posed to radiation and simulated microgravity [79-81]. 312

The ends of human chromosomes are capped by telomeres which preserve genome 313
stability. Telomere-length has been studied with lymphocytes from astronauts’ blood. Te- 314
lomeres were longer during spaceflight irrespective of mission duration and telomere 315
length shortened rapidly upon return to Earth. Overall astronauts had shorter telomeres 316
after spaceflight than they did before [3, 4, 42]. Although the definitive mechanism and 317
health effects of telomere length dynamics are not yet determined, there are potential risks 318

of aging as well as general health and disease. 319
320
4.3. DNA methylation and histone PTMs 321

DNA methylation is the major epigenetic mechanism in regulating gene expression 322
but also histone post-translation modifications (PTMs) are involved in the epigenetic con- 323
trol of gene function. Changes in methylation of histone H3 were detected in human 324
blood-derived stem cells (BDSCs) that remained aboard the ISS for 48-72 hours under low 325
gravity [82]. In particular, epigenetic modifications at H3K4me3, H3K27me2/3, and 326
H3K9me2/3 residues, that are involved in gene expression regulation and cellular repro- 327
gramming, occur in ground-based incubated cells but not in space-flown cells. Histone 328
H3 acetylation was reduced in human T lymphocytes experiencing hypergravity during 329
the launch phase [83]. In the one-year NASA twin study mission, DNA methylation of 330
blood lymphocytes were examined. Although genome-wide changes were shown to be 331
minimal, DNA methylation changes in immune and oxidative stress-related pathways 332
were observed [3]. In space flown (37 days) mouse retina, a large number of genes were 333
differentially methylated with spaceflight. Particularly profound effects in two important 334
biological processes were found in the ECM/cell junction and for cell proliferation/apop- 335
tosis signaling in the retina [84]. 336

4.4. Non-coding RNAs (ncRNAs) 337

Non-coding RNAs (ncRNAs) are essential factors that contribute to epigenetic 338
maintenance by interacting with histone-modifying complexes as well as act as scaffolds 339
for chromatin-modifying complexes taking part in the DDR pathway [68]. Typically, 340
ncRNAs are small RNAs which can range from 16 nt up to 400 nt. Some nRNAs will be 341
larger in size. There are a variety of ncRNAs with difference sizes that have been discov- 342
ered which includes: ribosomal RNA (rRNA) ranging from 120—4,500 nt, transfer RNA 343
(tRNA) ranging from 76-90 nt, small nuclear RNA (snRNA) ranging from 100-300 nt, 344
small nucleolar RNA (snoRNA) ranging from 60-400, telomerase RNA (TERC), tRNA- 345
Derived Fragments (tRF) ranging from 16-28 nt, tRNA halves (tiRNA) ranging from 29— 346
50 nt, microRNA (miRNA) ranging from 18-25 nt, small interfering RNA (siRNA) ranging 347
from 20-25 nt, piwi-interacting RNA (piRNA) ranging from 26-32 nt, enhancer RNA 348
(eRNA) ranging from 50-2,000 nt, long non-coding RNAs (IncRNA) greater than 200 nt, 349
circular RNA (circRNA) ranging from 100-10,000 nt, and Y RNA [85]. In general, although 350
many of these ncRNAs are being studied in diseases, there is limited knowledge on how 351
these ncRNAs are impacted in space and more specifically with space radiation. 352

Among ncRNAs, microRNAs (miRNAs) modulate post-transcriptional gene expres- 353
sion by physically interacting with target mRNAs, repressing their translation and/or in- 354
ducing their destabilization and decay [86, 87]. Among all the ncRNAs, miRNAs are the 355
most studied related to space biology. Many human miRNAs have been found to be 356
dysregulated in human space-flown cells [2, 88] and the first evidence that the space en- 357
vironment regulates miRNA expression comes from the study by Hughes-Fulford et al. = 358
[89] carried out in human T cells stimulated with mitogens. During the 11 days in space, 359
the expression of miRNAs involved in immune function and the expression of 85 genes 360
associated with T-cell activation were dysregulated. In another short-duration (>1 month) 361
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mission onboard the ISS, human fibroblasts did not show alterations in gene and miRNA 362
expression patterns compared to ground controls [90]. 363

Alterations of miRNA expression in the space environment have however been stud- 364
ied together with gene expression analyses to obtain more informative data. Beheshti et 365
al. [91] identified a spaceflight miRNA signature predicted from utilizing transcriptomic 366
data available from NASA’s GeneLab platform. In this work, they analyzed tran- 367
scriptomic data on multiple tissues from mice flown to the space in multiple missions 368
which included both space shuttle legacy missions and more recent ISS experiments. From 369
this work they predicted a set of 13 miRNAs were involved with space environment dam- 370
age and increased health risks. In addition, TGFf was found to be the central target to the 371
miRNAs. In Malkani et al. [9], further experiments were performed to validate the pres- 372
ence of these circulating miRNAs in both rodents and humans exposed to the space envi- 373
ronment. They also inhibited the portion of the miRNAs associated with cardiovascular 374
health risks in space and were able to mitigate space radiation damage, indicating that 375
these miRNAs will not only be a good biomarker to assess health risks in space, but also 376
factors that can be developed into potential countermeasures. 377

Zhang et al. [90] reported that the space environment, experienced for 3 or 14 days, 378
has a little impact on gene expression changes in human normal non-dividing fibroblasts 379
with respect to ground controls. As observed for gene expression, miRNA expression pro- 380
filing was affected little in human non-proliferating fibroblasts after being cultured 381
aboard the ISS for 3 and 14 days. The only changes were observed at day 3, with let-7a 382
and miR-29, both down-regulated. Interestingly, let-7a also overlaps with the spaceflight 383

miRNA signature identified and validated in Malkani et al. [9]. 384
385
4.5. General Transcriptomic Changes 386

Gene expression of human cells is affected by the space environment and these ob- 387
served changes are unique [92]. Transcripts found to be significantly altered belong to 388
many essential biological processes including immune response, endothelial function, car- 389
diovascular function, bone and muscle dynamics, cell growth, cell death, and oxidative 390
stress response. In HUVEC cells cultured for 10 days on the ISS, Versari et al. [93] identi- 391
fied alterations in focal adhesion, over-expression of TXNIP gene, coding for the thiore- 392
doxin-interacting protein, and oxidative phosphorylation, that lead to a condition of oxi- 393
dative stress that promotes DNA damage and inflammation. By transcriptomic analyses 394
carried out in human adult and neonatal cardiovascular progenitors cultured 30 days 395
aboard the ISS, Camberos et al. [94] detected significant alterations in genes belonging to 396
oxidative stress, with the superoxide dismutase 2 (SOD2) gene significantly induced. 397
Pathways for cell proliferation and survival, stemness, senescence, and cardiovascular de- 398
velopment were also enriched. Differential gene expression has also been observed in the 399
human myelomonocytic cell line U937 during the 19th DLR Parabolic Flight Campaign 400
[95] where the component of cosmic radiation is limited with respect to that of deep space. 401
Chang et al. [96] demonstrated the downregulation of genes involved in the activation of 402
human T cells which is attributable to the typical immunosuppression observed in astro- 403
nauts returning on Earth. The transcriptional profiling of selected stress response genes 404
in whole blood from six astronauts that remained in a space shuttle for 10-13 days [97], 405
showed significant gene changes in oxidative stress (GPX1, coding for glutathione perox- 406
idase), DNA repair (XRCC1, HHR23A) and chaperones (HSP27, HSP90ABI), compared to 407
pre-flight samples. In the study of Grosse et al. [98], the PRKAA1 gene was significantly 408
upregulated in human endothelial cells experiencing weightlessness from 31 parabolic 409
flights. This may have a protective role as this gene encodes for a protein involved in the 410
antioxidant status of endothelial cells. The SOD gene was induced by 4-fold in real space 411
conditions with respect to 1.2-fold under simulated microgravity [99]. Expression changes 412
in genes in pathways for the oxidative stress response, DNA repair pathways, cell cycle, 413
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apoptosis, and energy metabolism were detected in space-flown human fibroblasts after 414
the conclusion of a ~5-day long spaceflight [100]. 415
The effects of longer space missions (> 4 months) on molecular dysregulation of hu- 416
man cells derives from the results of the NASA Twin Study [3]. In this study, gene expres- 417
sion profiles resulted significant changes in peripheral blood cells of the twin astronautat 418
the end of the 1 year-long mission onboard the ISS compared to his twin brother on Earth. 419
Many immune-related pathways were significantly changed (i.e. adaptive immune sys- 420
tem, innate immune response, and natural killer cell-mediated immunity) in addition to 421
alterations in inflammatory pathways (higher levels of cytokines that remained elevated 422
during the 6-months after return to Earth). Interestingly, ~91% of differentially expressed 423
genes returned to normal ranges within 6 months post-flight. In this study, higher levels 424
of mitochondrial RNA inflight, as compared with pre- and post-flight, emerged from RNA 425
sequencing. By pathway analyses carried out on multi-omics datasets from NASA’s Gen- 426
eLab platform derived from space-flown human cells, da Silveira et al. [32] demonstrated = 427
that mitochondrial dysregulation was the key common pathway being dysregulated in 428
space. Further analysis in this work demonstrated that this mitochondrial dysfunctionhad 429
a downstream impact on immune suppression and dysfunction, fatty acid metabolism, 430
cell cycle, and oxidative stress. This might indicate that the observations made from other 431
studies described above potentially is driven by the upstream mitochondrial dysfunction 432
reported in this study. 433
434

435
436
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Space Duration Type of cells Methods Molecular Pathway References
environment alterations
International 1 year Human Whole MiRNA Immune/Inflammation- [3]
Space Station peripheral blood genome expression related pathways
(ISS) mononuclear sequencing Gene DNA-damage response
cells (PBMCs) (WGBS) expression
International 3-14 Human normal ~ Microarray MiRNA NF-kB pathway [90]
Space Station days foreskin expression Growth-related
(ISS) fibroblasts Gene pathways
(AG1522) expression
International 1 month Human normal ~ Microarray Gene DNA-damage response [46]
Space Station foreskin expression pathway
(ISS) fibroblasts
(AG1522)
Spaceflight 4 days Human normal cDNA Gene Apoptosis, senescence [100]
(STS-93 and 23 h  fibroblasts (WI- libraries expression
mission) 38)
Soyuz 13S 11 days Human T cells Microarray MiRNA Immune system [89]
(TMA-09) + expression
ISS Gene
expression
Space 6 days Primary human  Microarray Gene Transcription factors [99]
transportation renal cell cultures expression
system flight
STS-90
Soyuz 13S 11 days Human T cells ~ Microarray Gene Rel-NF-kB pathway [96]
(TMA-09) + expression
ISS
SpaceX CRS- 30 days  Human adult and RNA MiRNA Senescence, stemness, [94]
11 +1ISS neonatal sequencing  expression cell proliferation,
cardiovascular Gene survival, oxidative
progenitors expression stress
International 5.5 Human induced RNA Gene Mitochondrial [101]
Space Station weeks pluripotent stem  sequencing  expression metabolism; DNA

(ISS)

cell-derived
cardiomyocytes
(hiPSC-CMs)

damage and repair
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International 10 days  Human Umbilical Microarray Gene Cell adhesion, [93]
Space Station Vein Endothelial expression oxidative
(ISS) Cells (HUVECs:) phosphorylation, stress
responses, cell cycle,
apoptosis
Parabolic Human ROS metabolism, [43, 83]
flight and myelomonocytic antioxidative systems,
suborbital cells (U937), oxidative stress
ballistic rocket Jurkat T cells, response
experiments primary T
lymphocytes
Parabolic 22's Human Microarray Gene [98]
flight endothelial cells  and qRT- expression
(EA.hy926) PCR
Space shuttle 10-13 Human whole Microarray Gene [97]
days blood expression
International 48-72 h Human blood- Histone H3 Cell differentiation [82]
Space Station derived stem PTMs
(ISS) cells (BDSCs)

VEGEF, Vascular Endothelial Growth Factor; MAPK, Mitogen-Activated Protein Kinase; PAM, PI3K/AKT/mTOR. RPM, Random
Positioning Machine; RCCS, Rotating Cell Culture System. NGS, Next Generation Sequencing.

5. Genomic alterations in human cells cultured in simulated space conditions

Due to the limits of performing experiments in true space conditions, many laboratories
around the World have carried out experiments by simulating microgravity on Earth.
Data on the combination of simulated microgravity and ionizing radiation with human
cells are however limited and most studies considered the effects of microgravity alone.
Here we make an overview of current data on genetic and epigenetic alterations detected
in human cells under the influence of simulated microgravity, alone or combined with IR,
by looking at the relationship with the OsaD response. Data discussed throughout the text
are summarized in Table 2.

5.1. Nucleotide structure variation

Genetic variation is usually generated by mutation. The relative contribution of sim-
ulated weightlessness to the generation of mutation has been analyzed for the first time
in human T-lymphocytes from monozygotic twins [102] by assessing the in vivo mutant
frequency at the hypoxanthine-guanine phosphoribosyl transferase (HPRT) locus. Alt-
hough the effects of simulated weightlessness did not affect the mutant frequency, the
authors demonstrated the contribution of individual genetics as a substantial factor in de-
termining mutation frequencies. The mutant frequency at HPRT locus increased signifi-
cantly in human PBLs incubated in MMG during the repair time after 1 Gy and 2 Gy of y-
or X-irradiation compared with those cultured in 1g [103]. HPRT mutant frequency also
increased significantly up to 4 Gy in y-irradiated TK6 cells incubated in MMG compared
to 1g [104]. Notably, the HPRT mutant frequency was 2-5-fold higher in cosmonauts of
different space missions than in healthy unexposed subjects ([105], Table 1).
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Another factor contributing to genetic variation is single nucleotide polymorphisms 468
(SNPs). A small number of recent studies evidenced important findings on genetic poly- 469
morphism related to a DNA damage response. Niazi et al. [106] studied the association of 470
DNA repair gene polymorphisms with chromosome aberrations in a healthy population 471
with occupational and personal exposure to genotoxic agents including radiation. The re- 472
sults from a total of 153 DNA repair genes tested in 607 individuals showed SNP associa- 473
tions with chromosome aberration frequency within 14 genes having key roles in main- 474
taining genomic stability. All SNPs were located at a site of strong transcription and 10 of 475
the 14 SNPs influenced the expression of the target DNA repair gene. Therefore, it is ex- 476
pected that a relationship between SNPs and gene expression exists. SNPs in DNA repair = 477
genes for HR and MMR pathways involved in repairing IR-induced DNA damage are 478
significantly associated with DNA damage in the form of micronuclei formation in pa- 479
tients treated with radioiodine therapy [107]. Correlation analyses of SNPs in the BER 480
pathway with DNA damage, DNA repair, and mRNA expression in healthy donors also 481
supported a relationship between BER gene polymorphisms and individual radiosensi- 482
tivity [108]. Based on these results it is expected that individual genetic features will affect 483

the DDR following space radiation exposure. 484
485
5.2. Chromatin and histone PTMs changes 486

Chromatin architecture influences the accessibility to different proteins such as tran- 487
scription factors and DNA repair proteins and also has consequences for gene expression 488
and cellular signaling pathways. The DNA sequence and local structure surrounding the 489
8-0x0G lesion, primarily induced by ROS, has an impact on the competence of repair pro- 490
teins in the BER and NER systems [109]. Changes in chromatin accessibility for the differ- 491
ent proteins involved in the DDR pathway can induce differential activity of the OsaD 492
response. Chromatin condensation and margination associated with expression changes 493
for genes in the Bcl2-apoptosis pathway and for proteins in the PI3K/Akt pathway have 494
been observed in human endothelial cells incubated for 72 hours in simulated micrograv- 495
ity [110]. Moreover, genes whose expression is dependent on the linker of the nucleoskel- 496
eton and cytoskeleton (LINC) complex, connecting chromatin with the nuclear surface, 497
were altered in human breast epithelial cells cultured under simulated microgravity [111]. 498

Histone PMTs are important epigenetic modifications that control chromatin archi- 499
tecture and gene expression. Wang et al. [112] reported that histone H2B acetylation is 500
induced in human embryonic cells exposed in vitro to shear flow, regulating chromatin 501
dynamics. Moreover, several histone PTMs have been altered by oxidative stress [82, 113] 502
and thus it is expected that simulated microgravity, which generates oxidative and me- 503
chanic stress, can affect histone PTMs. Analysis of histone H3 methylation at promoter = 504
regions of selected genes in the neuronal lineage of human mesenchymal stem cells incu- 505
bated in simulated microgravity displayed a decrease of H3K27me3 [114]. 506

The activity of chromatin remodelers, such as histone acetyltransferase (HAT) p300, 507
is altered by oxidative stress [113]. Alterations in the expression of histone deacetylase 508
(HDAC) genes under microgravity can have consequences at chromatin level. In human 509
T lymphocytes incubated in simulated microgravity, the expression of HDAC1 showed a 510
decrease at 7 days and correlated with the genome-wide DNA hypomethylation [115]. 511
Dysregulation of HDAC1 (downregulation) and HDAC3 (upregulation) genes were de- 512
tected in human cancer cells incubated in simulated microgravity for 24-72 hours [116]. 513

Telomeric DNA and mitochondrial DNA, based on their physical structure, should 514
be more susceptible to oxidative stress and damage [117]. Under simulated microgravity, 515
transcripts for the telomerase reverse transcriptase (Tert) gene, whose protein is responsi- 516
ble for maintaining telomere ends, and RAD50, whose protein plays a critical role in telo- 517
mere maintenance, were increased in neonatal cardiac progenitors [118]. 518

Recently, chromatin and epitope changes were mapped at a single-cell resolution in 519
bulk blood and sorted cells from two astronauts (Gertz et al., 2020). These multi-omic (100- 520
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plex epitope profile, ATAC-seq, and gene expression) data on PBMCs showed changesin 521
blood cell composition and gene expression post-flight, specifically for monocytes and 522
dendritic cell precursors. These were consistent with flight-induced cytokine and immune 523
system stress, followed by skeletal muscle regeneration in response to gravity. These data 524
also provide a framework for high-resolution immune cell function after spaceflight [119]. 525

526
5.3. DNA methylation alterations 527

Alterations in DNA methylation patterns and in histone PTMs can have a strong im- 528
pact on gene expression modulation. DNA methylation and histone acetylation were 529
found altered in human T lymphocytes incubated in simulated microgravity [115]. In par- 530
ticular, the expression level of DNMT1, DNMT3a, and DNMT3b genes were time-depend- 531
ent, increasing when cells were incubated for 72 hours in simulated microgravity and de- 532
creasing when cells were incubated for 7 days compared with 1g-incubated controls. The 533
study by Chowdhury et al. [120] analyzed the correlation of changes in DNA methylation 534
patterns induced by simulated microgravity with gene expression in human lymphoblas- 535
toid TK6 cells. A high number of genomic regions showed alterations in methylation (ei- 536
ther increase or decrease) for cells incubated for 48 hours in simulated microgravity com- 537
pared with static controls. In particular, hypermethylation was detected in differentially = 538
expressed genes that enriched for the p53 pathway, P13-kinase pathway, and T/B cell path- 539
way activation, whereas hypomethylation was found in differentially expressed genes for 540
the EGF receptor signaling pathway, apoptosis, and FGF signaling. Although the authors 541
did not find a global trend correlating changes in the genome-wide pattern of 5-methyl- 542
cytosine (5-mC) and 5-hydroxymethylcytosine (5ShmC) with gene expression alterations 543
induced by simulated microgravity, they were able to profile the DNA methylation status 544
of individual transcriptionally up- or down-regulated genes. For example, three genes 545
(PLIN2, MAP3K13, FBXO1, all down-regulated) and two genes (ISPAN5 and SPG20, both ~ 546
up-regulated) were associated with loss-of-5mC at their promoter. This indicates that the 547
relationship between transcriptional activity and DNA methylation is furthermore com- 548
plicated than expected given the traditional theory that decreases in promoter methyla- 549
tion induce gene activity. These differentially expressed genes were implicated in the 550
mechano-stress response, although the expression of PLIN2 gene, which codifies for the 551
Perilipin-2 protein related to the production of lipid droplets, has been found to be signif- 552
icantly increased in human HepG2 cells experiencing oxidative stress induced by H202 553
[121]. The downregulation of PLIN2 observed in Chowdhury et al. [120] could be related 554
to a lower level of oxidative stress induced by microgravity compared to H20O: as well as 555
influenced by the different cell type. 556

5.4. Non-coding RNAs and gene expression changes 557

Most data on the dysregulation of ncRNAs under simulated microgravity with or 558
without radiation exposure refers to miRNAs. To gain insight on gene expression altera- 559
tions, many studies have integrated the microRNAome and transcriptome from the same 560
type of cells derived from normal or tumor samples. In human peripheral blood lympho- 561
cytes (PBLs) cultured in normal gravity (1g) or modelled microgravity (MMG) the miRNA 562
expression profiles were significantly altered during the repair time after y-irradiation (2 563
Gy) [122]. In particular, a number of radiation-responsive miRNAs decreased in MMG 564
compared with 1g conditions (32 vs. 52 miRNAs, respectively) and several miRNAs (let- 565
7i, miR-7, miR-7-1, miR-27a, miR-144, miR-200a, miR-598, and miR-650) were dysregu- 566
lated by the combined action of radiation and MMG. Significant alterations emerged in 567
the DDR pathway including the p53-pathway. Significantly enriched Gene Ontology (GO) 568
terms included biological categories of “response to DNA damage stimulus”, “DNA dam- 569
age response”, and “apoptotic mitochondrial changes” that were enriched only in 1g but 570
not in MMG conditions for PBLs. These results are in accordance with the biological 571
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response observed in MMG-incubated PBLs in terms of increased apoptosis, delay in DSB 572
repair, and increase in mutant frequency [103, 123]. In the study of Fu et al. [124], human 573
lymphoblastoid TK6 cells were irradiated with the same dose (2 Gy) of gamma rays and 574
incubated for 24 hours in simulated microgravity. They showed stressor-specific altera- 575
tions in the number of differentially expressed long-ncRNAs (IncRNAs) that were associ- 576
ated with differentially expressed genes in the immune/inflammatory response and apop- 577
totic process. In contrast, miRNA profiles were affected very little and the discrepancy is 578
probably related to the normal and tumoral status of the analyzed cells, which reflects 579
different genomic responses towards genotoxic agents. For this study, it is important to 580
note that the low LET (i.e. gamma) irradiation was used for this assessment with micro- 581
gravity. In Malkani et al. [9], it was shown that miRNAs related specifically to high-LET 582
space radiation response behave vastly different compared to low-LET. The differences 583
with low- and high-LET irradiation might be one explanation for the differences observed 584
with the miRNAs and should be kept in mind when designing future experiments to 585
study space radiation effects. 586

Significant alterations have emerged when looking at the action of only simulated 587
microgravity on miRNA and gene expression profiles in human cells. According to the 588
cell type, the altered miRNA-mRNA pairs enriched similar biological pathways, although 589
the oxidative stress response seems to manifest after an incubation time >24 hours in sim- 590
ulated microgravity. In lymphoblastoid TK6 cells incubated for 72 hours in simulated mi- 591
crogravity, Mangala et al. [125] identified seven miRNAs whose expression was signifi- 592
cantly changed with respect to control cells incubated in 1g. The genes targeted by these = 593
miRNAs were mainly enriched for biological categories of the immune response such as 594
the NF-kB pathway, apoptosis, and survival. MiRNAs targeting genes belonging to cell 595
cycle and proliferation, DNA repair, apoptosis, and the Notch signaling pathway were 59
found to be significantly altered in human colorectal cancer cells and lymphoblast leuke- 597
mic cells incubated for 72 hours in simulated microgravity with respect to the counterpart 598
cultured cells in static 1g [116]. A group of miRNA-mRNA pairs related to immunity, cell 599
proliferation, and apoptosis were also identified in human PBLs incubated for 24 hoursin 600
MMG [126]. Many of the genes and miRNAs found to be dysregulated are involved in 601
biological processes of the immune/inflammatory response, signal transduction, regula- 602
tion of response to stress, regulation of programmed cell death/proliferation, and the NF- 603
kB pathway. Notably, gene and miRNA expression changes enriching, among others, 604
pathways of NF-kB, cell proliferation, inflammation were also identified in HUVEC cells 605
incubated in simulated microgravity for a very short time (i.e. 2 h) [127]. When the same 606
cells were cultured in microgravity for a longer period (i.e. 48 h) dysregulated miRNAs 607
targeted apoptotic genes [128]. One-week incubation in microgravity altered the expres- 608
sion of tissue-specific genes and genes related to apoptosis, cell survival, and proliferation 609
in human mesenchymal stem cells [129]. 610

In the genome-wide study carried out on human lymphoblastoid TK6 cells exposed 611
for 48 hours to simulated microgravity, Chowdhury et al. [120] evidenced 370 differen- 612
tially expressed genes mainly involved in the biological categories of “oxidative stress re- 613
sponse”, “carbohydrate metabolism”, and “regulation of transcription”. Prostate cancer 614
cells incubated in simulated microgravity for 3-5 days showed alterations in genes for the 615
VEGF, MAPK, and PAM signaling pathways [130]. 616

Even if gene expression changes observed in real microgravity are unique, genes 617
found to be differentially expressed in human cells that are incubated in simulated micro- 618
gravity are, in many cases, altered also in real microgravity. However, this is not valid for 619
all cell types, as observed in human neural crest stem cells cultured in real or simulated 620
microgravity where dysregulated genes belong to markedly different pathways [131]. 621
Generally, cells exposed both to real or simulated space conditions reported less marked 622
gene expression changes in simulated than in space conditions, as for the superoxide dis- 623
mutase (SOD) gene which resulted in a 4.1-fold upregulation in space microgravity re- 624
spect to 1.2-fold in a rotating wall vessel (RWV) [99]. 625
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Table 2. Genomic alterations in human cells incubated in simulated space conditions.
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Condition Dura  Type of cells Methods Molecular Signalling Pathway References
tion alterations
y-irradiation Human Microarray MiRNA DNA-damage [122]
(0.2-2Gy)+  4and peripheral expression response, p53
microgravity 24 h blood Gene expression pathway
(simulated lymphocytes
with the (PBLs)
RWV)
y-irradiation (2 24 h Human Microarray ~ Gene expression Apoptosis, [124]
Gy) + lymphoblastoi NcRNAs immune/inflammator
microgravity d cells (TK6) expression y response, NF-kB
(simulated MiRNA pathway, p53
with the expression pathway
RWV)
y-irradiation (2 24h  Human PBLs; T-cell Mutant frequency Hypoxanthine- [103, 104]
Gy) + human clonal phosphorybosil
microgravity lymphoblastoi assay transferase gene
(simulated d cells (TK6)
with the
RWV)
Microgravity 72 h Human Microarray MiRNA Immune response, [125]
(simulated lymphoblastoi expression NF-kB pathway,
with the d cells (TK6) apoptosis, survival
HARV
bioreactor)
Microgravity Human Microarray MiRNA Immune [126]
(simulated 24 h peripheral expression system/Inflammation
with the blood Gene expression
RWYV) lymphocytes
(PBLs)
Microgravity 6 Primary Microarray ~ Gene expression  Shear stress response, [99]
(simulated days human renal adhesion, apoptosis,
with the cell cultures cytoskeleton,
RWV) differentiation,
Microgravity 2h Human Next- MiRNA NF-kB pathway, [127]
(simulated endothelial Generation expression inflammation, cell
with a cells Sequencin  Gene expression cycle, proliferation,
Clinostat) (HUVEC) g (NGS) angiogenesis
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Microgravity 3-5 Human gRT-PCR Gene expression VEGF, MAPK and [130]
(simulated days prostate PAM signalling
with a RPM) cancer cells pathways
Microgravity 72 h- Human T- gRT-PCR Gene expression DNA methylation, [115]
(simulated 7 lymphocyte histone acetylation
with a RCCS)  days cells
Microgravity — 24-48 Human Microarray ~ Gene expression  Cell cycle regulation, [116]
(simulated h colorectal apoptosis, Notch
with a RCCS) cancer cells signalling pathway
Human
lymphoblast
leukemia cells
Microgravity 3 Human qRT-PCR  Gene expression; Apoptosis, [110]
(simulated days choroidal TEM chromatin PI3K/AKT pathway
with a RCCS) vascular condensation/mar
endothelial gination;
cells mitochondria
vacuolization
Microgravity 48 h Human RNA seq MiRNA Apoptosis [128]
(simulated HUVEC cells  qRT-PCR expression
with a 2D- Gene expression
clinostat)
Microgravity ~ 2-20  Human breast =~ RNA seq Gene expression Cell cycle, cell [111]
(simulated h epithelial cells adhesion,
with a 3D- cytoskeleton
clinostat)
Microgravity 48 h Human Next- DNA Response to oxidative [120]
(simulated lymphoblastoi ~ Generation methylation; gene  stress, ion transport,
with a RCCS) d cells (TK6)  Sequencin expression DNA-dependent
g (NGS) transcription,
carbohydrate
metabolic processes
Microgravity 1 Human Microarray ~ Gene expression Osteogenic [129]
(simulated week  mesenchymal differentiation, cell
with a RCCS) stem cells adhesion/communicat
ion, cell cycle,
cytoskeleton, immune
response
Microgravity 6-7 Human RT-PCR Gene expression Telomerase [118]
(simulated days cardiac maintenance
with a 2D- progenitors

clinostat)
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Microgravity
(simulated
with a 3D
Clinostat)

7
days

Human Western Histone Cytoskeleton, histone [114]

mesenchymal blotting modification modification
stem cells gRT-PCR

TEM, Transmission Electron Microscopy. RCCS, Rotating Cell Culture System. RWV, Rotating Wall Vessel. NGS, Next Generation

Sequencing.

6. Genetic and epigenetic changes associated with radiation carcinogenesis risk

Exposure to the space environment is at the root of the onset for different health
problems, among which radiation carcinogenesis is one of the greatest. Such risk is due to
the high damaging power of cosmic radiation and the individual genetic landscape, which
can influence the radiation response. The radiation carcinogenesis risk associated with
deep-space exposure depends, among different factors, on the physical characteristics of
cosmic rays. GCRs are constituted by high-LET radiation (protons and HZE ions) that
induce direct DNA damage in the form of clustered and complex lesions that are difficult
to repair [5, 132] and cause chromosome aberrations such as intrachromosomal inversions
that continue to rise post-flight [3]. Together, the complex DNA lesions and oxidative
DNA damage induced by space radiation and the non-targeted effects of ionizing radia-
tion contribute to the carcinogenesis risk. Importantly, genomic changes are related not
only to the spaceflight environment but also to individual genetic features that influence
the efficiency of DDR pathway. Thanks to genome-wide studies, new data has emerged
in the last few years on genetic and epigenetic alterations human cells face when are ex-
posed to radiation. High variability in the expression of XRCC1 and HHR23A genes, cod-
ing for DNA repair proteins, and the GPX1 gene important for oxidative stress, was ob-
served in whole blood from astronauts [97]. Similarly, the expression of many genes in
the DDR pathway were significantly changed in y-irradiated single donor-derived PBLs
incubated in MMG [122], but several of the same genes were unaffected when PBLs were
analysed as pools of different donors [123]. This confirms the existence of an individual
DDR to IR as reported in other works. Pariset et al. [133] found that individuals with a
low basal level of DNA damage are, on the one hand less sensitive to side effects of radi-
otherapy, on the other more sensitive and show higher number of repair foci towards
radiation-induced DNA damage. These two characteristics confer a better clinical out-
come and a stronger DNA repair capacity. Other studies reported differences at the DNA
repair capacity that are linked to an individual genotype at four SNPs of the BER genes
hOGG1, APEi, XRCC1, and LIGASE1 [108]. Despite the limitation of a small sample size,
the results demonstrate a correlation between gene polymorphism and DNA damage ca-
pacity, discriminating radiosensitive donors from those with a radio-adaptive response.
The correlation between individual radiosensitivity and SNPs in the BER genes (LIG1 and
NEILI) or DNA repair genes in the NHE] pathway (XRCC5, XRCC6 and XRCC7) was re-
ported in human peripheral blood cells of a population exposed to chronic low-level ra-
diation [134]. Notably, a genomic destabilization has been observed in mouse embryonic
fibroblasts after the repair of radiation-induced DSBs due to replication stress-induced
DSB accumulation caused by oxidative DNA damage [135]. Under this condition, cells
were more prone to develop single nucleotide variants (SNV), including radiation-associ-
ated SNVs. A similar mutagenic effect would have detrimental consequences on human
cells exposed to space radiation, where however an increase in mutant frequency at HPRT
gene has been reported in cosmonauts [105]. It is also therefore expected that genes re-
sponsible for the carcinogenic process might undergo mutation under the combined ac-
tion of radiation and microgravity.
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Assessment of cancer risk in space missions has been historically estimated based on 676
the space radiation quality and quantity. An attempt to assess the risk of human radiation- 677
induced leukaemia has been made in the study of Cucinotta and Smirnova [136]. The au- 678
thors developed a dynamic model of radiogenic leukaemia by using a radiation dose and 679
dose rate that coincided with the mean dose rates of continuous irradiation of nuclear 680
workers and patients treated with radiotherapy. The modeling results demonstrate the 681
predictive power of the model, however, it might underestimate the potential risk to as- 682
tronauts when ignoring the effects of microgravity. In specific, immune system aberra- 683
tions caused by stressors associated with space travel should be included when estimating 684
risk of cancer mortality [137]. It was reported that normal mice demonstrated significantly 685
increased splenic and thymic atrophy, tumor growth, and metastasis during hind-limb 686
unloading (HU) compared with controls [138, 139]. Although HU was developed to ena- 687
ble the study of the adverse consequences of spaceflight, HU may not represent a perfect 688
model of microgravity. Therefore, it will be necessary to verify these results in space-based 689
experiments. 690

One of the most promising avenues of research on longitudinal and continual esti- 691
mates of risk for hematological malignancies or cardiovascular disease is with measure- 692
ment of clonal hematopoiesis (CH), which was reported in astronauts for the first timein 693
2020 [140]. Here, data from the NASA Twins Study [3] showed that mutations in known 694
CH genes were found to decrease during the year-long mission, but then showed a 3-4% 695
increase in the variant allele frequency (VAF) upon return to Earth of certain clones. Of 696
note, both astronauts showed CH, and even though they were twins, they each showed 697
distinct CH VAF dynamics in different genes (DNMT3A vs. TET2). These data show the 698
unique responses to somatic mutations that may be related to spaceflight, even among 699
identical twins, and also provide a new means by which to track the dynamics of muta- 700

tions’ clone size over time and potential impact on long-term astronaut health. 701
702
7. Countermeasures development 703

The reduction of oxidative stress caused by RNS and ROS has been widely re- 704
searched as a means to protect critical targets such as DNA, RNA, and other cellular com- 705
ponents. A number of dietary supplements aimed at reducing oxidative stress have been 706
examined in animal models for a number of biological endpoints [141, 142]. These include 707
supplements such as N-acetyl cysteine (NAC), ascorbic acid (vitamin C), vitamin E suc- 708
cinate, coenzyme Q10, folic acid, glutathione, alpha-lipoic acid, selenomethionine, a soy- 709
bean-derived protease inhibitor (Bowman-Birk inhibitor, BBI). Treatment with alpha-li- 710
poic acid reduced the impairment of spatial memory retention in C57BL/6] male mice ex- 711
posed to 56Fe brain irradiation [143]. Vitamin A inhibited the expression of inflammation- 712
related genes and significantly reduced neoplasms in a Sprague-Dawley skin model fol- 713
lowing 56Fe ion irradiation [144]. A diet of selenomethionine with or without sodium 714
ascorbate, NAC, alpha-lipoic acid, vitamin E, and coenzyme Q10 reversed the decrease of 715
serum or plasma levels of total antioxidants following gamma-ray or 1GeV/n of 56Fe ion 716
exposure [145]. A reduction of 56Fe radiation-induced cataracts measured by lens opaci- 717
fication was demonstrated in CBA/JCrHsd mice fed with a BBI concentrate or an antioxi- 718
dant combination of selenomethionine, NAC, ascorbic acid, coenzyme Q10, alpha-lipoic 719
acid and vitamin E succinate [146]. A new examination of dietary supplementation with 720
25% dried plum by weight protected mice from gamma-ray or sequential irradiation of 721
proton and 56Fe ions by reducing the expression of genes related to bone resorption and 722
reducing cancellous bone loss presumably due to its high antioxidant capacity and high 723
polyphenolic content [147]. In addition, this study was extended to examine the combined 724
effect of reduced gravity through hind-limb unloading with exposure to ionizing radia- 725
tion. Hind-limb unloaded C57BL/6] mice treated with 137Cs gamma-ray irradiation and 726
fed a diet supplemented with dried plum prevented increases in markers for bone resorp- 727
tion, inflammation, and oxidative stress [148]. Results such as these suggest dietary 728
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supplementation may protect against the negative effects of oxidative stress during space- 729
flight. In addition, physiological countermeasures due to microgravity have long been 730
implemented for pre-, in-, and post-flight space missions [149]. In a recent review of 22 731
studies, exercise was also shown to have a mitigating effect on 68 of 72 relevant outcomes 732
that decreased DNA-damage, oxidative stress, and inflammation from radiation exposure 733
[150]. 734

While the risk of occurrence is low, radiation exposure from a solar particle event 735
(SPE) may lead to acute radiation syndromes (ARS) and require intervention with medical 736
countermeasures (reviewed by [151]). A potentially lethal exposure in the lowest dose 737
ranges is attributed to haematopoietic failure (H-ARS). An effective strategy to protect 738
against these levels of exposure is primarily provided by physical shielding. However, 739
should a radiation exposure occur, the early symptoms or prodromal stages of H-ARS 740
include nausea, vomiting, anorexia, and diarrhea. Medical countermeasures are available 741
to reduce these symptoms such as 5-HT3 serotonin antagonists to reduce nausea or 742
Imodium® to prevent diarrhea. Currently, three drugs have been developed and have 743
FDA-approval to increase survival in patients exposed to acute myelosuppressive doses 744
of radiation. Filgrastim (Neupogen® from Amgen) and the sustained release version peg- 745
filgastrim or Peg-G-CSF (Neulasta® from Amgen) are made of recombinant granulocyte 746
colony stimulating factor (G-CSF) which successfully reduced neutropenia from SPE-like 747
proton irradiation in a mouse-model [152]. Lastly, Sargramostim (Leukine® from Partner 748
Therapeutics) is a recombinant human granulocyte macrophage colony stimulating factor 749
(rhGM-CSF) used to treat both adult and pediatric patients exposed to myelosuppressive 750
radiation doses [153]. 751

The combined effects of oxidative stress due to microgravity and space radiation ex- 752
posure have gained multiple experimental considerations for distinct tissue types such as 753
the cardiovascular system [154, 155], central nervous system [156], and immune system 754
[157]. Post-flight carotid arterial stiffness has been previously observed in astronauts [158]. 755
While there is limited research in pharmaceutical countermeasures, beneficial effects have 756
been observed in a rat model of radiation-induced heart disease through treatment with 757
pentoxifylline, a phosphodiesterase inhibitor, and a-tocopherol (vitamin E). This treat- 758
ment improved myocardial fibrosis and left ventricular function that may reduce cardiac = 759
injury [159]. Protection against immune system deregulation presents an important chal- 760
lenge to maintain astronauts' health. Potential countermeasures including pharmaceuti- 761
cal, probiotic, prebiotic, and medical treatment strategies using antibiotics or antivirals are 762
an active and ongoing area of research. For long-duration spaceflights, the successful 763
identification and implementation of novel dietary as well as pharmaceutical counter- 764
measures will aid in lowering the overall risk associated with exposure to the space envi- 765

ronment. 766
767
8. Conclusions 768

Individual genetic features are strictly linked to the cellular response to radiationand 769

the risk of developing cancer or other diseases. Genetic polymorphisms in DNA repair 770
genes of healthy individuals affect the capacity in repairing DNA damage putting radio- 771
sensitive individuals at higher carcinogenesis risk when exposed to space radiation. Also, 772
the extent of epigenetic changes drive by space environment should depend on individual 773
genomic features. Therefore, one of the research priorities is to set up the best methodo- 774
logical approach to identify the molecular signatures of those individuals that are more 775
prone to develop radiation sensitivity, before their employment in long-term space mis- 776
sions. Based on the recent important findings derived from multi-omics data from astro- 777
nauts employed in space missions long-duration mission on ISS, it appears evident that 778
next-generation genomics and integrative analyses are the most useful strategy to assess 779
inter-individual variations in the physiological response to space environment. 780
781
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