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A B S T R A C T

Purpose: Space exploration poses unique challenges to astronauts, especially the effects of space
radiation and microgravity (μG). Understanding molecular responses to these factors is crucial for
ensuring astronaut health, and this study aimed to identify transcriptomic changes in mouse
hypothalamic cell line N38 (mHypoE-N38) caused by simulated space environments.
Method: Four experimental groups were established, namely, a ground condition group (GC; the
control group), a proton irradiated group (the space radiation group), a simulated μG group, and a
proton irradiated × simulated μG group (the combination group). RNA sequencing and quanti-
tative real-time polymerase chain reaction were performed to investigate key altered genes and to
validate them.
Results: Three hundred and fifty-five differentially expressed genes were identified. Notably, the
expressions of UCN2 and UGT1A5 genes were upregulated in all three experimental groups,
suggesting a shared regulatory mechanism with potential consequences for brain function during
space missions. Moreover, the study revealed significant alterations in genes belonging to the
USP17 and ZSCAN4 families, indicating active response to DNA damage and telomere mainte-
nance. PCR results validated that UGT1A5, USP17 family, and ZSCAN4 families (ZSCAN4C,
ZSCAN4D, and ZSCAN4F) were significantly upregulated at the mRNA level in the combination
group, while UCN2, ZSCAN4A, and ZSCAN4B were not reproduced.
Conclusion: The present study on mHypoE-N38 cells exposed to space environments revealed a
complex molecular narrative with disease-oriented implications. The knowledge gained might
serve as a cornerstone for developing strategies to mitigate potential health risks associated with
extended exposure to space-related stressors.
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1. Introduction

The challenges posed by space radiation and microgravity (μG) present formidable obstacles to human health and well-being
during extended space travel [1,2]. Space radiation consists of high-energy particles emanating from the sun and cosmic sources
that can penetrate spacecraft shielding and human tissue, and thus, poses risks of DNA damage and cellular mutation [3–5]. Moreover,
μG alters physiological processes by removing the influence of Earth’s gravity, and leads to changes in bone density, muscle mass,
cardiovascular function, and other bodily systems [6,7]. These two stressors induce a cascade of biological responses at the genomic,
epigenomic, and transcriptomic levels, triggering adaptive mechanisms to maintain homeostasis in the face of environmental per-
turbations [4]. Understanding the intricacies of these molecular adaptations is crucial for mitigating the health risks associated with
space travel and ensuring the safety and well-being of astronauts during prolonged missions.

Genes lie at the core of molecular mechanisms, and the intricate interplay of genomic expressions underlies these mechanisms.
Transcriptomics, comprehensive examinations of genetic expression changes, serves as a powerful tool for identifying potential al-
terations in molecular mechanisms. In the context of our study, transcriptomic analysis under simulated space conditions was utilized
to explore mechanisms at the molecular level and enable a detailed examination of the effects of simulated space radiation and/or μG
[8]. By scrutinizing transcriptomic changes, we aimed to gain insight into how these stressors impact gene expression patterns and
elucidate resulting molecular responses induce by space-related challenges.

The present study was performed using embryonic mouse hypothalamic cell line N38 mHypoE-N38. This cell line was chosen
because the hypothalamus is responsible for regulating the endocrine system, and thus, influences overall physiological processes,
including hormone release, reproductive function, growth, fluid balance, and milk production [9]. Thus, understanding how the space
environment, including μG and space radiation, affects the hypothalamus is crucial. Although this study was performed using a cell
line, it provides a valuable approach for investigating the mechanisms whereby spaceflight stressors disrupt essential regulatory
functions. Additionally, cell lines provide a controlled environment and enable cellular responses to μG and space radiation to be
isolated and analyzed with greater precision than whole-animal studies. Finally, this focused approach enabled mechanisms possibly
responsible for the disruption of the critical regulatory functions of the hypothalamus to be identified.

Our objective was to investigate genetic expressional changes induced by space radiation and/or μG using transcriptomic tech-
nology at the cellular level. Based on an understanding of how simulated space environments influence hypothalamic gene expres-
sions, it is expected to provide noble insight into the potential health challenges faced by astronauts and contribute to the development
of effective strategies that ensure their well-being during extended space endeavors.

2. Materials and methods

2.1. Cell culture and the study groups

mHypoE-N38 cells (Cedarlane Lab, Burlington, Canada) were seeded at a density of 1 × 105 cells in T25 flasks and cultured in
Dulbecco Modified Eagle Medium (DMEM, high glucose; Gibco, Grand Island, NY, USA) supplemented with 10 % (v/v) heat-
inactivated fetal bovine serum (FBS; HyClone, Logan, UT, USA) and 1 % (v/v) of penicillin-streptomycin (Gibco, Grand Island, NY,
USA) in a humidified 5 % CO2 atmosphere 37 ◦C. The medium was changed routinely every other day. Cells were divided into four
groups: a ground condition group (GC; the control group), a proton irradiated group (the space radiation group), a simulated μG group,
and a proton irradiated × simulated μG group (the combination group) (Fig. S1). For each group, cells were prepared in triplicate for
each experiment (three T25 flasks per group for each experiment).

2.2. Exposure to simulated space radiation, μG, and combined conditions

Protons account for over 87 % of the radiation that astronauts are exposed to in space [10]. In the present study, T25 flasks (at a
density of 1 × 105 cells) were irradiated with 1 Gy (Gy) of protons using a 100 MeV proton accelerator (TR102; Korea Multi-Purpose
Accelerator Complex, Korea Atomic Energy Research Institute, Gyeongju-si, Republic of Korea). Since the effects of exposure were not
immediately apparent, cells were subsequently cultured for 3 days, then cell pellets were obtained.

For μG simulation, a gravity controller, Gravite® (Space Bio-Laboratories Co., Ltd., Hiroshima, Japan), was used. This patented
machine [patent no.: 623009 (JP) and US9494949B2 (US)] creates conditions similar to outer space (10− 3 G) by rotating samples in 3D
around two axes (inner and outer shaft), integrating the gravity vector with the temporal axis [11]. That is, μG is simulated at the
center of the device when gravity vectors in a spherical space are added up. The machine offers preset rotation speeds with constant
speed according to four modes (A to D). In this study, the recommended mode for cell culture (mode C) was used. Note that, real-time
simulated μG values are displayed on the machine controller, allowing us to monitor the μG levels generated by the machine (Fig. S2).
T25 flasks seeded with a cell density of 1 × 105 were securely fitted in the center of the machine, exposed to simulated μG for 3 days,
and then cell pellets were collected.

To mimic the combined stress experienced by astronauts during spaceflight, we exposed mHypoE-N38 cells in T25 flasks (cell
density 1 × 10⁵) to a proton beam first, then, subjecting them to simulated μG for 3 days. This sequence enabled us to investigate how
radiation damage and μG interact as the μG effect may diminish during post-irradiation incubation if μG exposure precedes radiation
exposure. Same as other conditions, cell pellets were obtained after finishing the exposure to simulated space environment.
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Fig. 1. Schematic of the experimental workflow.
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2.3. RNA sequencing (RNA-seq)

A schematic of RNA sequencing (RNA-seq) workflow is provided in Fig. 1. Total RNA was extracted from cells in 25T flasks, and
RNA integrity was confirmed using an Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA). DNA contaminants were removed
using DNase, and the RNA was then treated with a Ribo-Zero rRNA Removal Kit (Illumina, San Diego, CA, USA) to isolate the RNA for
sequencing. Isolated and fragmented RNA were used to generate cDNA fragments by reverse transcription. For high-throughput
sequencing, libraries were constructed using the TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Human/Mouse/Rat
(Illumina, San Diego, CA, USA). Library qualities and quantities were confirmed using the NovaSeq platform (Illumina, San Diego, CA,
USA). Paired-end sequencing was performed using the Illumina platform (Illumina, San Diego, CA, USA), and sequencing reads were
then mapped to the Mus musculus (mouse) reference genome (mm10) using HISAT2 software (http://www.ccb.jhu.edu/software/
hisat). Transcript assembly was conducted using StringTie software (https://ccb.jhu.edu/software/stringtie), and expression values
of transcriptomic profiles were obtained for each sample. The total number of reads generated by high-throughput sequencing and the
percentage of those reads successfully mapped to the reference genome or transcriptome for each experimental condition are presented
in Table S1. Mapping percentages ranged from 95.7 % to 97.4 %, indicating high overall data quality.

2.4. Quantitative real-time polymerase chain reaction (qRT-PCR)

To validate key gene expression changes, qRT-PCR was conducted. Given the high sequence similarities among some gene families,
there is a possible risk of cross-mapping between genes, which could lead to over-counting during RNA-seq. To minimized this risk and
ensure accurate validation of gene expression changes through qRT-PCR, the primer sequences for the target genes were designed and
further validated using the NCBI website (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). The specificity verification of the
primers was then performed through melt curve analysis. By implementing these stringent primer design and validation steps, it was
aimed to ensure that the primers: 1) bind uniquely to the desired target sequence within the gene family, and 2) avoid amplifying
unintended sequences (cross-priming). The primer sequences are presented in Table S2. Total RNAs were extracted from mHypoE-N38
cells using Trizol reagent (Thermo Fisher, Waltham, MA, USA), and qRT-PCR was performed using a TB SensiFAST™ SYBR® Hi-ROX
One-Step Kit (Meridian Bioscience Inc., Cincinnati, OH, USA) and a StepOne™ Real-Time PCR system (Thermo Fisher, Waltham, MA,
USA). The PCR conditions used were 95 ◦C for 30 s followed by 40 cycles of 95 ◦C for 5 s, 60 ◦C for 30 s, and 72 ◦C for 30 s, followed by a
final extension at 72 ◦C for 10 min. Melting curve analysis was performed at 95 ◦C for 15 s, 60 ◦C for 1 min, and 95 ◦C for 15 s. The
relative mRNA expressions of differentially expressed genes (DEGs) were calculated using the 2− ΔΔCT method.

2.5. Western blot analysis for γ-H2AX detection

After performing RNA-seq and qRT-PCR experiment, the remaining sample were used to detect γ-H2AX (Fig. S1). Total proteins
from the cell pellets were extracted using RIPA Lysis Buffer (Thermo Fisher, Waltham, MA, USA), with a protease inhibitor cocktail
(GenDEPOT, Baker, TX, USA). The supernatant was collected after centrifugation at 13,000 g for 10 min at 4 ◦C. The total protein
concentration was measured using a bicinchoninic acid (BCA) assay, with bovine serum albumin (BSA) (MP biomedicals, North
Harbour, AUK, New Zealand) as the standard. The supernatant (protein sample) was then diluted with 5 × loading buffer and de-
natured at 95 ◦C for 10 min. Equal amounts of protein from each group (30 μg) and protein markers (iNtRON biotechnology,
Seongnam-si, Republic of Korea) were separated using a 15 % SDS-PAGE gel. Proteins were then transferred to polyvinylidene fluoride
(PVDF) membranes (Bio-rad, Hercules, CA, USA). After transfer, the membranes were blocked with Tris-buffered saline with Tween
solution (TBST) (Biosesang, Seongnam-si, Republic of Korea) containing 5 % skimmed milk for 2 h at room temperature (RT). The
membrane was then incubated overnight at 4 ◦C with primary antibodies against γ-H2AX (PA5-28778; Invitrogen, Waltham, MA, USA)
and β-actin (AC004; ABclonal, Woburn, MA, USA), diluted in TBST containing 5 % BSA. The following day, the membranes were rinsed
3 times with TBST (10 min each) and again incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (7074S;
Cell signaling technology, Danvers, MA, USA, and 7076P2; Cell signaling technology, Danvers, MA, USA), diluted in TBST containing
5 % skimmed milk for 2 h at RT. After completing the incubation, the membranes were rinsed three times with TBST (10 min each).
Target proteins were detected using HRP substrate (Thermo Fisher, Waltham, MA, USA) and the signal were captured with blue
sensitive X-ray film (Agfa, Septestraat, Mortsel, Belgium). Band quantification was performed using Image J (NIH, Bethesda, MD,
USA).

2.6. Statistical analysis

RNA-seq data were analyzed using DESeq2, and differences between groups were identified using principal component analysis
(PCA). Pearson’s correlation coefficient analysis was performed to confirm the reproducibility of triplicate samples, and results were
plotted as a heat map. Subsequently, volcano plot analysis was conducted to identify significant changes in gene expressions (DEGs)
across groups using a |fold change| of ≥2 and a p-value of <0.05. Another heat map was created using Pearson’s correlation coefficient
analysis with hierarchical clustering to visualize intergroup correlations of DEGs. In addition, Database for Annotation, Visualization,
and Integrated Discovery (DAVID; https://david.ncifcrf.gov), a web-based software package, was used to perform gene enrichment
and functional analyses to understand biological processes and molecular functions associated with DEGs. Finally, qRT-PCR experi-
ments were conducted, and the data obtained were analyzed using one-way ANOVA with Tukey’s post-hoc test.
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3. Results

3.1. Group similarity and data reproducibility

The PCA plot revealed distinct group-wise clustering (Fig. 2A), and thus, provided a visual representation of group similarities.
Pearson’s correlation coefficient analysis was conducted to confirm data reliability, and a heat map was generated (Fig. 2B). The high
inter-sample similarity observed underscored the reproducibility of triplicate samples, thus strengthening the robustness of our
dataset.

3.2. Global transcriptomic changes under simulated space conditions

RNA-seq data analysis revealed a comprehensive landscape of DEGs responses to the proton radiation, simulated μG, and combined
treatment. Stringent criteria of a |fold change| ≥ 2 and a p-value of <0.05 were employed across the six pairwise group comparisons of
the four study groups. Volcano plots of the six comparisons were generated to visualize significant differences in gene expressions
across groups (Fig. 3A). As a result, 355 DEGs were identified. A heatmap of the 355 DEGs across the four study groups was generated
to provide a visual representation of transcriptomic alterations (Fig. 3B). The distinct gene expression patterns observed underscored
the influence of the three space-mimicked conditions. DEGs were classified by Venn-diagram analysis (Fig. 3C). Compared to the GC
group, 82 were associated with simulated space radiation condition, 80 with simulated μG condition, and 118 with combined con-
dition (Fig. 3C). Numbers of up- and down-regulated DEGs in the three experimental groups are shown in Fig. S3. This Venn-diagram
analysis revealed four genes, UCN2, UGT1A5, GM41693, and GM18983 were commonly affected, suggesting shared regulatory
mechanisms (Fig. 3C). Among these genes, GM41693 and GM18983 are non-coding genes, while, intriguingly, UCN2 and UGT1A5 are
associated with brain function. Therefore, UCN2 and UGT1A5 were viewed as key candidates for further investigation.

3.3. Functional annotation analysis and the key functional roles of the UPS17 and ZSCAN4 gene families

Since the effects of radiation and μG cannot be separated in space, we focused on comparing DEGs that were upregulated and
downregulated in the combination and GC groups for the functional analysis. The comparison revealed that 76 genes were upregulated
and 42 were down-regulated in the combination group (Fig. S3). Both up- and down-regulated DEGs were included in the analysis. The
biological processes contributed to by DEGs were most significantly associated with protein deubiquitination (p = 4.4 × 10− 5), with
the USP17 family being predominantly involved (Fig. 4A). This gene family is also related to the regulation of apoptosis (p = 0.002),
ubiquitin-dependent protein catabolic processes (p = 0.011), and proteolysis (p = 0.013) (Fig. 4A). In addition, the second most DEG
involvement was with telomere maintenance via telomere lengthening, particularly that associated with the ZSCAN4 family (Fig. 4A).
Interestingly, unlike USP17, ZSCAN4 was exclusively associated with biological processes in the combination group (Fig. 4A and
Fig. S4A), suggesting the combined treatment had a distinctive impact compared to the individual effects of space radiation or
simulated μG.

Fig. 2. Quality of RNA sequencing (RNA-seq) (A) PCA analysis. (B) Correlation matrix derived from Pearson’s correlation coefficient [-1≤ r
(correlation coefficient) ≤1] analysis. Blue indicates a positive correlation between samples, and pink indicates a negative correlation. An r value
near 0 denotes a lack of linear association between variables (white). (For interpretation of the references to colour in this figure legend, the reader
is referred to the Web version of this article.)
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In addition to biological processes, molecular function analysis revealed that the USP17 family is notably involved in cysteine-type
endopeptidase activity (p= 4.8 × 10− 5) and thio-dependent ubiquitin-specific protease activity (p= 9.5 × 10− 5) (Fig. 4B). In addition,
USP17 was related with other peptidase activities as well; cysteine-type peptidase activity (p= 4.8 × 10− 3) and peptidase activity (p=
0.036) (Fig. 4B). On the other hand, ZSCAN4 was uniquely associated with RNA polymerase II transcription factor activity and
sequence-specific DNA binding (p = 0.017) (Fig. 4B). These findings highlight the contribution of USP17 to crucial cellular biological
and molecular functions, and ZSCAN4 that only appears particularly in the combination condition, as well. Other biological processes
and molecular functions revealed by examinations of DEGs in the space radiation and simulated μG groups are provided in supple-
mentary information (Fig. S4).

Fig. 3. Global transcriptomic changes under space-like conditions (A) Volcano plots displaying genes up- or down-regulated across group
comparisons. (B) A heatmap of the 355 DEGs across groups. (C) Classification of the DEGs by Venn-diagram analysis.
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Fig. 4. DAVID functional analysis of gene ontology (A) Biological processes and (B) Molecular functions were analyzed based on the 118 DEGs
identified in the combination group.
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3.4. Genetic expression comparisons of the UCN2, UGT1A5, USP17 family and ZSCAN4 family in the study groups

The RNA expressions of UCN2 and UGT1A5 were significantly increased in the three experimental groups, especially in the
simulated μG group (by 2.8- and 7.5-fold, respectively) (Fig. 5A and B). UCN2 showed 2.2- and 2.4-fold increase in the space radiation
and combination groups, respectively, and UGT1A5 exhibited 5.19- and 5.5-fold increases in the space radiation and combination
groups, respectively (Fig. 5A and B). For USP17 family members (USP17LA, USP17LB, USP17LC, USP17LD, and USP17LE), upregu-
lations were mostly observed in the simulated μG and space radiation groups, and especially, a significant increase was observed in the
combination group (Fig. 5C). The expressions of ZSCAN4 family members (ZSCAN4A, ZSCAN4B, ZSCAN4C, ZSCAN4D, and ZSCAN4F)
were similarly influenced in the three experimental groups; however, ZSCAN4A did not show a significant upregulation in the
combination group, unlike the other members (Fig. 5D).

3.5. Validation of key candidate DEGs and mRNA expressions

To validate RNA-seq data, qRT-PCR was performed on key candidate DEGs, including UCN2, UGT1A5, USP17 family members, and
ZSCAN4 family members. The specificity of the primers for the genes of interest was validated using a melting curve with a single sharp
peak (Fig. S5). While RNA-seq results demonstrated increased expressions of UCN2 and UGT1A5 under the simulated μG, space ra-
diation, and combination groups, outcomes as determined by qRT-PCR analysis differed. Specifically, the combination group elicited a
2.41-fold increase in UCN2 expression and a significant 3.5-fold increase in UGT1A5 expression, whereas the simulated μG and space
radiation groups failed to induce significant alterations (Fig. 6A and B). Regarding the USP17 family, qRT-PCR revealed significant
upregulations of USP17LA, USP17LB, USP17LC, USP17LD, and USP17LE genes specifically in the combination group (Fig. 6C–G),
which concurred with RNA-seq results. Furthermore, a discernible trend was observed within the ZSCAN4 family, showing significant
2.245-, 2.25-, and 1.79-fold increases in ZSCAN4C, ZSCAN4D, and ZSCAN4F, respectively, in the combination group. Unexpectedly,

Fig. 5. Gene expressions of the key four genes, including UCN2, UGT1A5, USP17 family, and ZSCAN4 family, in the experimental groups
(A) The relative transcript number of UCN2. (B) The relative transcript number of UGT1A5. (C) The relative transcript number of the USP17 family.
(D) The relative transcript number of ZSCAN4 family. *p < 0.05, **p < 0.01, and ***p < 0.001.
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the expressional change of ZSCAN4B in the combination group disappeared in the qRT-PCR analysis compared to the results of RNA-
seq (Fig. 6H–L). Despite potential discrepancies that could have been attributed to batch variations, qRT-PCR results indicated that the
combined effects of simulated μG and space radiation significantly amplified the differential expressions of the key DEGs, particularly
in UGT1A5, USP17 family members, ZSCAN4C, ZSCAN4D, and ZSCAN4F.

3.6. Degree of DNA damage under mimicked space environments

γ-H2AX is a well-known marker for DNA double-strand breaks (DSBs), which are induced by ionizing radiation such as space
radiation. In the present study, the effects of proton irradiation at day 3 needed to be confirmed due to concerns about mitigating its
effects compared to those observed immediately after irradiation (at day 1). Therefore, Western blot analysis for detecting γ-H2AX was
additionally performed using the remaining samples. Unfortunately, the samples from the GC and simulated μG groups were not
remained, and only one sample per remaining group left (Fig. S1). Consequently, the space radiation group at day 1 was set as a
reference group, and statistical analysis could not be performed. Despite the limitations, as shown in Fig. S6, the protein expression of
γ-H2AX in the space radiation group at day 3 exhibited a 1.65-fold increase. Although statistical significance could not be determined
due to limited number of samples in each group, this result suggests that DNA damage worsens by day 3. Thus, the day-3 time point is
deemed appropriate for assessing the effects of radiation. Meanwhile, the combination group at day 3 showed the highest γ-H2AX

Fig. 6. Validation of the expression of UCN2, UGT1A5, USP17 family, and ZSCAN4 family under space-like conditions via qRT-PCR
analysis The mRNA expression levels of (A) UCN2, (B) UGT1A5, (C–G) USP17 family, and (H–L) ZSCAN4 family under the ground condition
(GC), simulated microgravity (μG), space radiation, and combination (μG × space radiation) conditions were validated in the independent
experimental set.
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levels, indicating synergistic effects of the combined conditions on DNA damage compared to the isolated space environment.

4. Discussion

This study identified 355 significant DEGs based on six group comparisons after exposing mHypoE-N38 cells to high-energy protons
and/or simulated μG. Notably, each condition displayed distinct subsets of DEGs, underscoring the specificity of molecular responses
to different stressors in outer space. In other words, the distinctions in DEGs between space radiation and simulated μG imply the
complexity of biological responses in each space environment. In addition, the unique set of DEGs observed after combined treatment
suggests an interaction effect not induced by individual stressors. In particular, two key coding DEGs, UCN2 and UGT1A5, and two key
functional gene families, USP17 and ZSCAN4, were induced under the combination condition. Additionally, it is speculated that there
are synergistic effects of the combined space condition as γ-H2AX, a marker for DSBs, exhibited the highest levels in the combination
group compared to each individual space environment. This suggests that the increased expression of these genes in the combination
group may reflect and associated with DNA damage under the given condition. Nevertheless, results involving UCN2, ZSCAN4A and
ZSCAN4B should be carefully considered, as they were not fully reproduced in the PCR analysis.

UCN2 is a gene encoding urocortin-2, a member of corticotropin-releasing factor (CRF) family (CRF-peptides: CRF, UCN1, UCN2,
and UCN3). This family plays a pivotal role in stress response mechanisms, with the activation of the hypothalamic-pituitary-adrenal
(HPA) axis during stress being a fundamental function [12]. Thus, the induction of UCN2 implies heightened sensitivity to stressors.
Inflammation is a response to biological stress, and CRF-peptides have been reported to directly contribute to the modulation of the
inflammatory response [13]. Tsatsanis C et al. revealed that CRF, UCN1, and UCN2 act as anti-inflammatory factors by suppressing
tumor necrosis factor (TNF)-α at the early stage of the inflammation; whereas, they increase TNF-α production when the inflammation
is prolonged, thereby inducing pro-inflammatory response. Similarly, Crucian BE et al. [14] reported that astronauts’ plasma cyto-
kines, including TNF-α, were elevated during long-duration spaceflight on the International Space Station (ISS). Additionally, a study
claimed that UCN2 leads to macrophage apoptosis via a pro-apoptotic mechanism involving Bax and Bad proteins, ultimately sug-
gesting an anti-inflammatory action of UCN2 [15]. Meanwhile, in behavioral aspects, an in vivo study demonstrated that UCN2 is
related to anxiety and depression [16]. The study showed the potential of UCN2 as an anxiolytic and antidepressant drugs via its
intracerebroventricularly treatment in mice [16]. During long-duration space missions, astronauts’ anxiety and depression are sig-
nificant risks that need to be addressed [17]. Therefore, this psychological function of UCN2 is noteworthy. Taken together, the in-
crease in UCN2 expression under the combined space environments may represent a natural biological countermeasure against
inflammation, although the present study did not evaluate cytokine levels. Furthermore, careful consideration is needed to determine
whether the elevation of UCN2 expression can be utilized as an additional beneficial strategy for preventing anxiety and depression
among astronauts.

UGT1A5 belongs to the UGT1A family and encodes a uridine diphosphate (UDP)-glucuronosyltransferase (UGT). Up to 22 UGT
isoforms have been reported to be expressed in a tissue-specific manner in human [18]. In the brain, UGTs are mostly expressed in
endothelial cells and astrocytes, which are the main components of the blood-brain barrier (BBB) [18]. They play a role in the
detoxification barrier and modulation of endogenous compounds within the brain. In other words, the roles of UGTs in the BBB, where
they participate in the transformation and elimination of various substances, are noteworthy. The regulation of compounds at the BBB
is crucial for maintaining homeostasis within the central nervous system. However, BBB dysfunctions occur during spaceflight due to
μG-induced fluid shifts toward the head and the susceptibility of the vasculature to radiation [19]. Thus, the induction of UGT1A5 in
response to the space environment suggests a potential adaptive response aimed at preserving the integrity of the internal environment
of the brain in the presence of these unique stressors [18]. Note that, to the best of our knowledge, the present study is the first report of
the in vitro expression of UGT1A5 isoform in a hypothalamic cell line using RNA-seq and qRT-PCR. Moreover, UGT1A4, UGT1A6, and
UGT2B7 expression have been reported in the human brain [20], whereas expression of UGT1A5 in this region has not been docu-
mented. Although the presence of UGT isoforms in the brain may vary between species, the basic function of UGTs responsible for the
glucuronidation to increase the hydrophilic properties of diverse substances remains consistent. Therefore, further studies on the
interaction between human brain UGTs and exposure to space radiation and μG are warranted in the field of space science.

It is well-known that radiation in space, which primarily consist of heavy ions from galactic cosmic rays (GCRs) and solar cosmic
radiation (SCR), has high energy [21]. GCRs and SCR are ionizing radiation [21,22] that cause DNA damage, especially DSBs [23–26].
In the body, the DNA repair system is activated in the presence of DNA damage, and USP17 contributes to DNA repair by regulating the
deubiquitination of the key DNA repair molecule, defective chorion-1 (DEC-1) [27]. In the present study, the 100 MeV proton beam
was used for 1 Gy irradiation, which had enough energy to cause genomic damage [26]. Consequently, the upregulation of USP17
family members observed in the space radiation group (Fig. 5C) might be a complementary reaction of DNA damage. Notably, both
RNA-seq and qRT-PCR data consistently showed that the expression of USP17 family members was much higher in the combination
group compared to the other groups (Fig. 5C, 6C-6G), possibly indicating that μG had a synergistic effect on USP17 expression. In
addition, USP17 is known to have both oncogenic and tumor-suppressive effects by controlling various molecular pathways [27–30].
Given the known carcinogenic risks associated with space exploration [31], our findings also suggest a link between USP17 and cancer
risk.

ZSCAN4 is a well-established protein with a pivotal role in maintaining telomeres, which are essential for genomic stability as they
protect chromosomes from being recognized as damaged DNA and inappropriate DNA damage responses [32–34]. Luxton et al. [35]
revealed that telomere lengths were longer during spaceflights but shortened after spaceflight compared to their lengths before
spaceflight. This suggests that telomere maintenance mechanisms are modulated by space environments, which agrees with our study
observation of increased ZSCAN4 expression in the combination group. In addition to telomere preservation, ZSCAN4 also promotes
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DNA repair by regulating poly (ADP-ribose) polymerase 1 (PARP1), a key member of the alternative non-homologous end joining
(alt-NHEJ) pathway and primarily implicated in DSB repair system [36,37]. Indeed, in the combination group, ZSACN4C, ZSCAN4D,
and ZSCAN4F exhibited significant increase in both RNA-seq and qRT-PCR analyses. As the combination group showed the highest
levels of γ-H2AX (Fig. S6), indicating the induction of DSBs, the increase in these gene members may reflect a compensatory response
to the DNA damage induced by the combined space environment. Meanwhile, the ZSCAN4 family has been shown to be highly
transiently expressed, particularly at the 2-cell stage and in mouse embryonic stem cells (mESC), with predominant expression of
ZSCAN4C and ZSCAN4D [38]. Despite this transient expression, the three ZSCAN4 members–ZSCAN4C, ZSCAN4D, ZSCAN4F–showed
significantly increased expression in the E15~17 mouse embryo, from which the cell line used in this study was derived, under the
combined space condition. This may suggest a response to DNA damage. Finally, given the low expression of ZSCAN4B [38], the loss of
significance of it in the combination group may be unlikely to impact the overall function of the ZSCAN4 family. Although the
expression result of all ZSCAN4 members in RNA-seq were not perfectly replicated in qRT-PCR, our findings partially validated the
increased expression of ZSCAN4 in the combination group and supported the changes observed alongside the γ-H2AX result.

5. Conclusion

Our investigation into the single and combined impacts of high-energy protons and simulated μG on the mHypoE-N38 cell line
unraveled a complex molecular narrative with potential disease-oriented implications. Particularly under the combined conditions, all
DEGs except for UCN2, ZSCAN4A, and ZSCAN4B increased expression, suggesting a synergistic effect of space radiation and μG on
transcriptomic changes. Notably, increased DSBs were also observed in the combination group; however, this finding requires re-
validation due to the limited sample size and the lack of statistical analysis between the groups in this study. Nonetheless, the
insight gained from this research may serve as a cornerstone for developing strategies aimed at mitigating the potential health risks
associated with prolonged exposure to space-related stressors.
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Key points

● During missions, astronauts are exposed to harsh environments such as various types of radiation and huge gravity differences,
which are primary stressors in space.

● The hypothalamus serves as the central regulator of physiological functions and thus is a focus of research associated with space
environments.

● This is the first transcriptomic study on the effects of proton radiation and/or simulated microgravity on mHypoE-N38 cells (a
hypothalamus cell line).

● The expressions of the UCN2, UGT1A5, USP17, and ZSCAN4 genes were altered by exposure to simulated space environments
(RNA-seq).

● These expressional changes suggest potential loss of functions related to genomic instability and stress response following exposure
to space environments.
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