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During spaceflight, astronauts are exposed to multiple unique environmental factors, particularly microgravity and ionizing radiation, that can cause a range of harmful health consequences. Over the past decades, increasing evidence demonstrates that the space environment can induce changes in gene expression and RNA processing. Long non-coding RNA (lncRNA) represent an emerging area of focus in molecular biology as they modulate chromatin structure and function, the transcription of neighboring genes, and affect RNA splicing, stability, and translation. They have been implicated in cancer development and associated with diverse cardiovascular conditions and associated risk factors. However, their role on astronauts’ health after spaceflight remains poorly understood. In this perspective article, we provide new insights into the potential role of exosomal lncRNA after spaceflight. We analyzed the transcriptional profile of exosomes isolated from peripheral blood plasma of three astronauts who flew on various Shuttle missions between 1998–2001 by RNA-sequencing. Computational analysis of the transcriptome of these exosomes identified 27 differentially expressed lncRNAs with a Log2 fold change, with molecular, cellular, and clinical implications.
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INTRODUCTION
Astronauts are exposed to various unique environmental factors during spaceflight, including isolation, confinement, acceleration at launch, sleep deprivation, microgravity, and space radiation, which have been associated with a variety of biological changes and a range of harmful health consequences. These adverse effects include: neurological disorders (neurovestibular impairment, vision alteration, cognitive, and behavioral alterations) (Payne et al., 2007; Lawley et al., 2017; Garrett-Bakelman et al., 2019), gastrointestinal complications (alteration of the gut microbiome, reduced gastrointestinal motility) (Amidon et al., 1991; Siddiqui et al., 2021), immune disorders (impaired immune response, reactivation of the latent viruses, rheumatoid arthritis) (Sonnenfeld, 2002; Mehta et al., 2018), adverse renal manifestations (formation of kidney stones, acute renal retention) (Okada et al., 2011), cardiovascular events (Bisserier et al., 2021), and body composition disorders (bone demineralization, fluid redistribution muscle atrophy) (Zobel et al., 2012; Tanaka et al., 2017; Vernice et al., 2020). Retrospective studies suggest that, compared to non-flight and low Earth orbit (LEO) astronauts, the lifetime risks associated with cardiovascular morbidity/mortality are 4-5 fold higher in Apollo lunar astronauts that traveled into deep space (Delp et al., 2016). As of today, only 12 astronauts have traveled beyond the Earth’s protective geomagnetic Van Allen radiation belt. Over the past decades, increasing studies have highlighted the importance of further investigating the effects of space travel-associated stressors on astronauts’ health.
A large body of evidence from studies conducted on the International Space Station (ISS) in prokaryotic or eukaryotic cells and fruit flies suggests that the space environment may negatively impact astronauts’ health. On Earth and in LEO onboard the ISS, the human body is protected from high-energy particles (protons, electrons, and most nuclei of the periodic table of elements) by Earth’s geomagnetic sphere. However, outside of LEO, astronauts can be exposed to high levels of Solar Particle Events (SPEs) and Galactic Cosmic Rays (GCRs) (Chancellor et al., 2014), which represent two primary sources of ionizing radiation in space (Chancellor et al., 2014). SPEs consist of highly energized particles (primarily protons) emitted by the Sun during a solar flare. In contrast, GCRs have multiple sources of origin (the Sun, outside the Solar System, and distant galaxies) and are composed of 87% hydrogen ions, 12% helium ions, and 1–2% are particles with high atomic numbers and high energy nuclei (HZE) (Mewaldt, 1994; Moreno-Villanueva et al., 2017). Both SPEs and GCRs represent a significant radiation hazard to astronauts. Previous studies showed that ionizing radiation in space might be associated with adverse effects such as flashing lights from retinal exposure (Budinger et al., 1972), early-onset cataracts (Cucinotta et al., 2001), and maladaptive behavior from central nervous system damage (Cekanaviciute et al., 2018). In addition to space radiation, astronauts are also exposed to microgravity, which is also associated with health effects such as bone mineral loss (Grimm et al., 2016), changes in cerebral hemodynamics (Du et al., 2021), redistribution of blood toward the head (Shen and Frishman, 2019), and reduction in muscle mass (Tanaka et al., 2017).
Previous studies suggested that spaceflight may modulate gene expression in the whole blood of astronauts (Barrila et al., 2016). Our group and others have previously demonstrated that exposure to ionizing radiation or microgravity significantly affects the transcriptomic profile in human cells and mouse heart tissue (Carmeliet and Bouillon, 1999; Taylor et al., 2002; Coleman et al., 2015; Barrila et al., 2016; Garikipati et al., 2021). Similarly, previous microarray analysis revealed variations in the gene-expression patterns across individual crew members, partly due to the temporal variability in gene-expression patterns in human blood (Whitney et al., 2003; Barrila et al., 2016). Further studies in mice and human cells (peripheral blood mononuclear cells, lymphoblastoid TK6 cells) have shown increases in reactive oxygen species (ROS)-induced DNA damage and significant changes in the transcriptome profile due to microgravity and radiation (Yatagai et al., 2019; Fu et al., 2020; Bisserier et al., 2021). More recently, the National Aeronautics and Space Administration’s Twin Study revealed a constellation of effects from microgravity and space radiation on the human genome. Comparison of the genomes of monozygotic twins revealed 481 genes were differentially expressed post-spaceflight compared to pre-flight (Garrett-Bakelman et al., 2019). The authors also found increased circulating cell‐free mtDNA (cf‐mtDNA) levels, which was associated with higher mitochondrial gene expression and an increase in two urinary markers of oxidative stress during the flight. Our group extended this analysis to 14 astronauts who flew relatively short ∼5‐ to 13‐days Shuttle missions and confirmed the increase of cf‐mtDNA abundance in the plasma of astronauts on the day of return and 3 days after return. Our study also suggests that the release of cf‐mtDNA from mitochondria is associated with the activation of multiple pathways related to inflammation, oxidative stress, and DNA damage. Emerging evidence shows that extracellular vesicles, named exosomes, play a critical role in intercellular communication and regulation of various biological processes, such as proliferation, invasion, metastasis, immune response, and angiogenesis (Regev-Rudzki et al., 2013; Roy et al., 2017; Ohyashiki et al., 2018). Collectively, an increasing body of evidence highlights the importance of exosomes in regulating gene expression.
EXOSOMAL LONG-NON-CODING RNA IN HUMAN DISEASE
Exosomes are structures defined as small extracellular vesicles measuring 30–140 nm. They are secreted by eukaryotic cells upon fusion of multivesicular bodies with the plasma membrane (Théry et al., 2002). The exosomal cargo contains all types of biomolecules, including bioactive lipids, metabolites, proteins, DNA, messenger RNA (mRNA), and non-coding RNAs such as microRNA and long non-coding RNA (lncRNA) (Jeppesen et al., 2019). Long non-coding RNA (lncRNA) are non-coding transcripts, usually longer than 200 nucleotides, and represent the largest transcript class in the mouse and human transcriptomes. At the molecular level, lncRNA can modulate chromatin structure and function, transcription of neighboring genes, and affect RNA splicing, stability, and translation (Jathar et al., 2017). LncRNAs are also known to activate or repress the transcription of neighboring (cis) or distal (trans) protein-coding genes. Their essential roles in regulating critical molecular and cellular functions make them great candidates for potential clinical biomarkers (Devaux et al., 2015). LncRNAs are implicated in a variety of disease processes, including neurocognitive, cardiovascular diseases, and cancers. In cardiovascular disease, lncRNAs play a role in cardiac hypertrophy, myocardial infarction, heart failure, and pulmonary hypertension (Lozano-Vidal et al., 2019; Bisserier et al., 2020) and have been described as potential biomarkers or therapeutic agents for heart disease, including myocardial infarction, coronary artery disease, heart failure, and diabetic cardiomyopathy (Yang et al., 2014; Rizki and Boyer, 2015). Regarding cancer, several lncRNAs are differentially expressed in breast, colorectal, and colon cancer, as well as melanoma (Kino et al., 2010; Poliseno et al., 2010; Marín-Béjar et al., 2013; Huarte, 2015). Importantly, previous studies showed that exosomal lncRNAs might represent valuable diagnostic markers for any type of cancer. A panel of 21 differentially expressed lncRNAs has been found in exosomes of colorectal cancer (CRC) patients (Dong et al., 2016). Similarly, Zhang et al. found significant upregulation of the lncRNA, Metastasis-associated lung adenocarcinoma transcript 1 (MALAT-1), in exosome isolated from the serum of non-small cell lung cancer (NSCLC) patients (Zhang et al., 2017). Therefore, profiling the exosomal lncRNAs can lead to the identification of promising biomarkers.
Considering their noted implications in various diseases, it is worthwhile to investigate lncRNAs and their role as potential subclinical biomarkers of spaceflight-associated stress. In this context, we analyzed the expression of exosomal lncRNA content by RNA-sequencing (RNA-seq) of exosomes isolated from the blood plasma of three astronauts who flew Shuttle missions between 1998–2001.
NEW INSIGHTS INTO THE ROLE OF LNCRNA AFTER SPACEFLIGHT
Detailed methodology related to astronauts’ samples (spaceflight duration, age, mission ID, storage condition), exosome isolation and characterization, RNA extraction, RNA-sequencing, and bioinformatics pipelines for computational analysis and data visualization is provided in the Supplementary Material.
Blood was sampled at two different time points: 10 days before launch (L-10) and 3 days after return (R+3) from three different astronauts who flew relatively short ISS missions (∼5–13-days) between 1998–2001 (Figure 1). Exosomes were isolated from blood plasma at each time point using the ExoQuick® method, as previously described (Bisserier et al., 2021). Exosomes were characterized by nanoparticle tracking analysis for size distribution and concentration, and analyzed using an exosome-specific antibody array. Nanosight and Exo-Check Antibody Array data for the exosomes used in this study were recently published by Bisserier et al. (Bisserier et al., 2021).
[image: Figure 1]FIGURE 1 | Identification of 27 differentially regulated lncRNA in exosomes from astronauts 3-days post-landing. (A) Schematic representation of the experimental design. Blood was sampled at two different time points: 10 days before launch (L-10) and 3 days after return (R+3) from three different astronauts. Exosomes were isolated from blood plasma, and purified exosomal RNA was analyzed by RNA-Sequencing. (B) Computational analysis identified 27 differentially regulated lncRNA with a Log2 fold change >2, p < 0.001, and FDR <0.05, compared to baseline L-10. (C) Volcano plots showing Log2-fold changes for the 27 differentially regulated lncRNA and the statistical significance of each gene calculated after DEG analysis. Red points indicate significantly down-regulated genes; green points indicate up-regulated genes. (D) Chromosomal location of the lncRNA is shown. (E) Normalized counts, or the number of reads that align to a particular feature after correcting for sequencing depth and transcriptome composition bias, are shown for the top 5 up-regulated and down-regulated lncRNA in astronauts at L-10 and R+3.
We assessed the transcriptome changes associated with spaceflight in the same astronauts at each time point using purified exosomal RNA by RNA-seq, as previously described (Bisserier et al., 2021). Analysis of the RNA-seq datasets identified 27 differentially expressed lncRNAs with a Log2 fold change (FC) (p < 0.001, and FDR<0.05), with possible molecular and cellular functions, as well as clinical implications (Figure 1B). Of the 27 differentially expressed genes (DEGs), 15 were up-regulated while 12 were down-regulated in R+3 (Figure 1C). Seven of the lncRNA were found on chromosome 1, with the rest being spread evenly across 14 other chromosomes with about 1-2 lncRNA per chromosome (Figure 1D). Normalized counts (i.e., counts per million mapped reads) for the top 5 up-regulated lncRNA genes were LINC02049 (Log2FC = 4.29), AL031767.1 (Log2FC = 4.22), AC244131.2 (Log2FC = 4.14), LINC01954 (Log2FC = 3.72), and AL732292.2 (Log2FC = 3.63), and the top 5 down-regulated lncRNA genes were AC129926.1 (Log2FC = −4.38), AC024651.2 (Log2FC = −3.74), LINC02022 (Log2FC = 0.00016), AC026469.1 (Log2FC = −3.13), and LINC00324 (Log2FC = −3.06) (Figure 1E).
To gain further insight into the function of the identified lncRNAs, we identified the cis- and trans-regulatory target genes of the differentially expressed lncRNAs and performed pathway enrichment analysis using the ENRICHR resource (http://amp.pharm.mssm.edu/Enrichr/, accessed 09/2020), an integrative web-based gene list enrichment analysis tool that includes the 2021 Kyoto Encyclopedia of Genes and Genomes (KEGG) Human database, Elsevier Pathway Collection, BioPlanel 2019, and the Molecular Signatures Database 2020 (MsigDB) (Chen et al., 2013; Kuleshov et al., 2016; Xie et al., 2021). Our computational analysis suggested that pathways associated with cancer, neurodegeneration (Alzheimer’s and Huntington’s disease, amyotrophic lateral sclerosis), and cardiovascular disease (myocarditis and atherosclerosis) may be dysregulated (Figure 2A). Interestingly, genes associated with hypoxia, oxidative phosphorylation, glycolysis, p53 pathway, and G2-M checkpoint were also enriched in exosomes isolated at R+3. Next, we used the eXpression2Kinases Network (X2K) Web platform to understand upstream regulatory networks from signatures of differentially expressed genes (Clarke et al., 2018). By combining transcription factor enrichment analysis and protein-protein interaction network expansion with kinase enrichment analysis, we generated inferred networks of transcription factors, proteins, and kinases predicted to regulate the expression of the identified lncRNA-targeted genes. Transcription factor enrichment analysis identified the following top 5 transcriptional regulators - ZKSCAN1, KAT2A, GATA2, TCF3, and ATF3 (Figure 2B, left panel). Similarly, kinase enrichment analysis identified MAPK1, ERK1, CDK4, MAPK14, and CDK1 (top 5) (Figure 2B, right panel). Integration of the TFEA and KEA analysis allowed us to build the eXpression2Kinases Network (Figure 2C) and displays the inferred upstream regulatory network predicted to regulate the lncRNA-targeted “Cis” and “Trans” genes (Clarke et al., 2018). Next, we used a human lncRNA database called LncSEA, to screen for lncRNAs related to prognosis. Each cancer survival-related lncRNA was characterized using clinical data from The Cancer Genome Atlas project and univariate Cox regression (Table 1). Further analysis of the 27-differentially regulated lncRNAs revealed only LINC00324, LINC00891, LINC01783, LINC01954, LINC02022, LINC02049, and LINC02511 might have prognostic survival value in cancer patients. Given lncRNAs often function as competing endogenous RNAs-binding miRNA family members, lncRNA-miRNA interactions play a critical role in regulating gene expression and biological processes. Through integrating miRNA-target interactions in large-scale CLIP-Seq (HITS-CLIP, PAR-CLIP, iCLIP, CLASH) data from StarBase2.0 and LncBase2.0, our result showed that only LINC00324 might potentially interact with a broad range of miRNA (Table 2).
[image: Figure 2]FIGURE 2 | Pathway enrichment analysis and eXpression2Kinases network. (A) A comprehensive gene set enrichment analysis for the cis- and trans-regulatory target genes of differentially expressed lncRNAs was performed using EnrichR 2021 and the 2021 Kyoto Encyclopedia of Genes and Genomes (KEGG) Human database, Elsevier Pathway Collection, BioPlanet 2019, and the Molecular Signatures Database 2020 (MsigDB). (B) Transcription factor enrichment analysis (left panel) and kinase enrichment (right panel) analyses are shown for all the cis- and trans-regulatory target genes of differentially expressed lncRNAs. (C) The eXpression2Kinases (X2K) network displays the inferred upstream regulatory network predicted to regulate the input list of genes by integrating the results from the TFEA, the network expansion, and the kinase enrichment. Pink nodes represent the top transcription factors predicted to regulate the expression of the input gene list; blue nodes represent the top predicted protein kinases known to phosphorylate the proteins within the expanded subnetwork. Green network edges/links represent kinase-substrate phosphorylation interactions between kinases and their substrates, while grey network edges represent physical protein-protein interactions.
TABLE 1 | LncRNA related to prognosis using TCGA project. Differentially regulated lncRNAs in astronauts’ exosomes at R+3 were further analyzed using the LncSEA database that integrates clinical data from The Cancer Genome Atlas project to screen for lncRNAs related to prognosis after univariate Cox regression analysis.
[image: Table 1]TABLE 2 | Predicted LncRNA-miRNA interactions. miRNA-target interactions were analyzed for the 27 lncRNA using large-scale CLIP-Seq (HITS-CLIP, PAR-CLIP, iCLIP, CLASH) data from StarBase2.0 and LncBase2.0. Only LINC00324 was identified and predicted to interact with other miRNAs.
[image: Table 2]DISCUSSION
Ongoing research aims to better understand and define the spaceflight-related health risks in astronauts. In this context, identifying new non-invasive screening tools and methods such as new biomarkers for early detection and prognostication for cancer, neurodegenerative, and cardiovascular diseases is of great clinical value. Over the past years, lncRNAs have emerged as promising diagnostic or prognostic biomarkers for various diseases (Sun et al., 2016; Bolha et al., 2017). Here, we identified 27 differentially expressed lncRNAs by RNA-seq in exosomes isolated from the blood plasma of three astronauts who flew short ISS missions as early as 3 days post-landing. Interestingly, our computational analysis indicates that the lncRNA-target genes may regulate critical biological functions and have clinical implications. Furthermore, 7 out of the 27 initially identified lncRNAs may have a prognostic value in cancer. These lncRNAs are dysregulated as early as 3 days after landing (R+3). Therefore, our result may lay a foundation for identifying new biomarkers associated with space travel, which may allow for early therapeutic interventions that may improve astronauts’ quality of life and life expectancy. In addition, a large body of scientific evidence suggests that lncRNAs regulate various cell processes, including transcription, intracellular trafficking, and chromosome remodeling (Rinn and Chang, 2012; Quinn and Chang, 2016). As a result, lncRNA dysregulation may induce aberrant gene expression and trigger the development of cancer, which emphasizes the urgent need to characterize the functional role of these lncRNAs. Consistent with our results, a few recent reports showed that lncRNA expression is affected by irradiation and microgravity (Hu et al., 2017; Fu et al., 2020). In the study conducted by Fu et al., specific lncRNAs were significantly down- or up-regulated in human lymphoblastoid TK6 cells exposed to static or rotating conditions to simulate microgravity in space or 2-Gy γ-ray irradiation. In the group exposed to both microgravity and radiation, 21.4% of lncRNAs were down-regulated and 78.6% were up-regulated (Fu et al., 2020). Further analysis of the transcriptome profile identified increased expression of differentially expressed genes associated with inflammatory (LPS/TLR, TNF, NF-κB) and p53 signaling pathways (Fu et al., 2020). Overall, their data showed that genes involved in inflammatory response were almost all up-regulated under microgravity and radiation conditions. Given the critical role of lncRNA in the transcriptional and post-transcriptional regulation of protein-coding genes, they represent an emerging area of focus in molecular biology.
There are a few limitations worth mentioning. First, we used a stringent cutoff threshold (Log2FC > 2, p < 0.001), which could exclude other lncRNAs with a p-value between 0.001 and 0.05 that may also have an important role in cancer, as well as neurocognitive and cardiovascular diseases. Second, our analysis was performed using exosomal RNA isolated only from three astronauts due to the exceptionally rare availability of such samples. Finally, the very restricted access to the clinical data from these astronauts does not allow us to extrapolate possible short-term post-flight correlations (weeks and months) and, more importantly, longitudinal (1–20 years) clinical follow-up studies, as the blood samples were collected more than 20 years ago. Therefore, further investigations using a controlled environment that experimentally replicates the multiple stressors of the space environment, such as space radiation or microgravity, are required to better characterize the role and prognostic value of lncRNAs on adverse health risks. Overall, we aimed to provide new insights into the diagnostic and prognostic value of astronauts-derived exosomal lncRNAs as emerging biomarkers and highlight the potential role of exosomal lncRNA in health risks associated with spaceflight.
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