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Space radiation and microgravity are two major environmental stressors for human in space travel. One of the
fundamental questions in space biology research is whether the combined effects of microgravity and exposure to
cosmic radiation are synergistic. While studies addressing this question have been carried out for half a century in space
or using simulated microgravity on the ground, the reported results are conflicting. Although the reason for the variation
in results is not known, it is possible that it may be due to the diversity of biological systems used but more importantly
to the experimental designs and hardware used in these studies. For the assessment and management of human health
risks in future Moon and Mars Missions, it is necessary to obtain more basic data on the molecular and cellular responses
to combined effects of radiation and microgravity.

To establish a firm baseline database, we propose to undertake a systematic study on cultured mammalian cells'
responses to the simultaneous insult of radiation and microgravity (both immediate and long term) to elucidate the
molecular signaling pathways that lead to these biological effects. The results of the study will provide cellular and
molecular biological bases for the assessment and management of human health risks in space.

Recently Dr. Takahashi, co-investigator of this proposal, has developed microgravity-irradiation systems consisting of a
3D clinostat synchronized to the carbon-ion or X-ray irradiation systems. Our new experimental setup allows us to avoid
stopping clinostat rotation during irradiation, which was required in all other previous experiments. Gunma University
Heavy Ion Medical Center is the only facility in the world where we can expose samples to high-linear energy transfer
(LET) irradiation as well as low-LET irradiation under the simulated microgravity condition (i.e., without interrupting
clinostat rotation).

Our preliminary data obtained from the use of this new device on gene expression in human fibroblasts show that
splicing cycle-related genes and cell cycle related genes are significantly up-regulated and S-phase DNA replication and
DNA repair-related genes were down-regulated with C-ion irradiation under simulated microgravity.

In this proposal we will investigate 3 different endpoints from early to late responses in 2 human cell lines using our
new devices to study combined effects of microgravity and space radiation. Human fibroblasts and epithelial cells will
be exposed to X-rays and C-ions under the simulated microgravity condition (rotated with 3-D clinostat). Control cells
will be irradiated in 1G environment (with the static stage). We will investigate the extent of expression of specific
proteins and of the post-translational modification states of signaling proteins (Aim 1), gene expressions and the
pathways involved (Aim 2), and the extent of chromosome aberrations (Aim 3) caused by the combined effects of
simulated microgravity and radiation. To investigate from the early to late endpoints in the same cell types will provide
cellular and molecular biological data that are needed to understand the impact of combined effects of simulated
microgravity and space radiation on human health. One of the selected endpoints is chromosome aberration, which is a
well-established biomarker for cancer risk and has been used by NASA for the risk assessment of astronauts. Studying
this endpoint allows us to compare our results to the astronauts' data after their International Space Station missions.

Completion of this proposal will allow us to determine how the combination of microgravity and radiation will affect the
transcriptomic, metabolomic, and proteomic states of cells as well as heritable changes in DNA. These finding will
allow us to help develop the countermeasures for the future space missions.

Completion of this proposal will allow us to determine how the combination of microgravity and radiation will affect the
transcriptomic, metabolomic, and proteomic states of cells as well as heritable changes in DNA. These findings will
allow us to help develop the countermeasure for the future space missions.

Post-translational modification of proteins. Gravity is a vector, having both directionality and magnitude. During the
2nd year of investigation, we studied cellular response to uG. Under the pG condition, the gravity vector becomes
virtually 0, losing both directionality and magnitude. In the 3rd year, we studied whether cells are able to respond only
to changes in the gravity directionality. To answer this question, we cultured mammalian cells (mouse 3T3 cells and
human and bovine endothelial cells) in tissue culture dishes and then the dishes were flipped upside down for up to 2
hours. We studied the upside down cells by microscopy and reverse-phase protein array (RPPA). Cultured cells were
harvested after 0 (no flipping), 10, and 30 min of being upside down, and cell lysates were made. These lysates were
then submitted to the MD Anderson’s Proteomics Core for RPPA analyses using the standard array consisting of 488
antibodies. These data are now being analyzed. A manuscript preparation is under way.

Gene expressions

On the basis of our RNA-seq results, we are proceeding data analysis focusing on human aging-related genes. Nine
genes (ARIDIA, CIS, COL1A1, COL3A1, PHF3, SMAD2, TPP1, TXNIP, ZFR) were calculated by considering the
effect of simulated uG alone.

Chromosome aberrations

Using pG-irradiation system, human whole blood was exposed to X-rays and carbon ions under the simulated pG
condition, and chromosomes of lymphocytes were collected with the premature chromosome condensation method in the
first mitosis. Chromosome aberrations (CA) were quantified by the 3-color fluorescent in situ hybridization method.
Cells exposed to irradiation under the simulated pG condition showed a higher frequency of both simple and complex
type of CA compared to cells irradiated under the static condition by either X-rays or carbon-ions. Manuscript has been
published with these results (See Biol Sci Space listing in Bibliography section below).
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