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‘国際宇宙ステーションにおける宇宙放射線の生物学的影響が明らかに’. 大阪公立大学. 
https://www.omu.ac.jp/info/research_news/entry-02237.html  (参照 2022-09-28) 

概要 

宇宙空間には多種類の放射線粒子が飛び交っており、低線量で絶え間なく被ばくしま

す。これまで、物理学的線量により宇宙放射線の人体への影響が推定されてきましたが、

実際に宇宙と全く同じ環境を地上で再現できないことから人体など生物への影響を定量的

に測定することはできませんでした。 
研究グループは、宇宙放射線による生物への影響を定量的に測定し、物理学的線量計に

よる予測値と生物学的測定値がほぼ一致することを明らかにしました。 
今回、研究グループは、放射線に対する感受性を高めたマウス胚性幹細胞（ES 細胞）

を凍結し、2013 年 3 月に Space X-2 のドラゴン宇宙船により ISS に打ち上げて 1,584 日

間 MELFI と呼ばれる-95℃の冷凍庫に保管させて宇宙放射線を被ばくさせました。その

後、約 1 年ごとに 4 回にわたって細胞を地上に回収し染色体異常等を解析するとともに地

上での加速器による陽子線の影響と比較しました。その結果、ISS の冷凍庫内で測定した

物理学的線量から予測された宇宙放射線の影響の強さ（線質係数）は、陽子線の 1.48 倍

になりました。一方、ISS 内で宇宙放射線が細胞に直接与えた影響（染色体異常）は陽子

線の 1.54 倍であることから、両方の値がほぼ一致することを世界で初めて示すことがで

きました。このことから、宇宙放射線は、未知の複合的な効果で生物学的影響が非常に大

きくなる、あるいは小さくなる可能性は低く、物理学的な測定と推定によるリスク評価が

信用できることが示されました。本研究成果は、今後、月や火星など、より強い宇宙放射

線の影響が予想される深宇宙空間における有人長期滞在の安全につながることが期待され

ます。 

Description 

＜研究の背景＞  
現在、民間人が宇宙へ行くことも可能になり月探査を行うアルテミス計画、さらに火星

探査など、深宇宙への長期有人飛行が必要となっています。一方、宇宙放射線の人体への

影響は、多くの地上実験や宇宙での物理学的な線量の計測から予測されていました。しか

し、宇宙放射線は、地上ではあまり受けない種々のエネルギーを持つ多種類の荷電粒子線

を含み、低線量で長期間に絶え間なく被ばくするため、実際に宇宙放射線がどれぐらいの

影響を人体に与えるかは明らかではありませんでした。 そこで本研究グループは、凍結

したマウス ES 細胞を国際宇宙ステーション（ISS）に打ち上げて、直接宇宙放射線に長

期間被ばくさせ、その影響を生物学的指標（染色体異常）で定量しました。 
 
＜研究の内容＞  
本研究グループは、DNA 損傷の修復に関与するヒストン H2AX 遺伝子を欠損させ放射

線に対する感受性を高めたマウス ES 細胞を作製し国際宇宙ステーションに打ち上げまし

た。 
ES 細胞を入れた容器には物理学的線量を計測する PADLES 線量計を直接取付けまし

た。PADLES の解析の結果、MELFI 内に最長保存期間（1,584 日）で細胞が受けた放射

線エネルギーである全吸収線量は 560 mGy（グレイ）であり、1 日あたりの吸収線量率

https://www.omu.ac.jp/info/research_news/entry-02237.html


は 0.36 mGy/day でした。さらに PADLES で検出された各荷電粒子の軌跡上に与えるエ

ネルギー値（線エネルギー付与[LET]と呼ばれる）をもとに国際放射線防護委員会の

1990 年勧告（ICRP60）で定められた線質係数をかけ合わせて合計すると生物学的影響を

予測する全線量当量は 830 mSv (シーベルト)と推定され、生物学的影響の強さを表す線

質係数は 1.48 と推定されました。また、ＭELFI 内の線量当量率は 0.53 mSv/day となり

地上約 100 倍であることも確かめられました。 
 地上で回収した凍結マウス ES 細胞は、融解、培養した後、染色体を展開し in situ 
hybridization 方法で第 1 染色体を緑、第 2 染色体を赤、第 4 染色体を黄色で染色し、染

色体の転座などの異常を調べました。その結果、ISS 内の MELFI で保存したヒストン

H2AX 遺伝子欠損細胞では保存期間が長くなるにつれ染色体異常の割合が増加しているこ

とが明らかとなりました。一方、地上で保存した細胞には、染色体異常の増加はみられま

せんでした。凍結した細胞では、宇宙放射線による DNA 損傷の修復がないと考えられる

ことから、検出された染色体異常は、長期間にわたる宇宙放射線の被ばくにより蓄積した

DNA 損傷を反映していると考えられます。 
 研究グループは量子科学技術研究開発機構（千葉）の重粒子線がん治療装置（利用研究

によりマウスヒストン H 2AX 遺伝子 HIMAC）の共同欠損細胞に陽子線と鉄イオン線を

照射し染色体異常をコントロールとして測定しました。異常の頻度を示しましたその結果

を横軸には照射した吸収線量を、縦軸には染色体。宇宙サンプルについても、P ADLES
で測定した吸収線量を横軸にプロットしました。その結果、生物学的影響の強い鉄イオン

線照射では、吸収線量の増加にしたがって染色体異常の割合が急激に増加していきます。

一方、陽子線でも増加しますが、その割合は低いことがわかります。MELFI で保存し宇

宙放射線を被ばくした細胞は、陽子線よりやや急な傾斜を示しました。このように、吸収

線量に対する染色体異常頻度の増加の傾斜は、それぞれの放射線のもつ生物学的影響の強

さの目安、すなわち線質係数に相当すると考えられます。そこで陽子線を基準の 1.0 とす

ると、ISS 内の MELFI での染色体異常はその 1.54 倍になることが明らかになりまし

た。この値は PADLES による予測値である 1.48 とほぼ等しい（1.04 倍）値であり、宇

宙放射線の物理学計測に基づく予測と生物学的測定がほぼ一致することを世界で初めて示

すことができました。 
 
＜今後の展開＞ 
今回のような宇宙実験は、凍結した細胞や動物個体を宇宙で長期間保存・飼育すること

が必要ですが、今後、月や火星など、より強い宇宙放射線の影響が予想される未知の深宇

宙の空間における有人長期滞在の安全性を確かめるために役立つと考えられます。 
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A B S T R A C T

Nowadays, ordinary people can travel in space, and the possibility of extended durations in an environment such
as moon of the Earth and Mars with higher space radiation exposures compared to past missions, is increasing.
Until now, the physical doses of space radiation have been measured, but measurement of direct biological effects
has been hampered by its low dose and low dose-rate effect. To assess the biological effects of space radiation, we
launched and kept frozen mouse embryonic stem (ES) cells in minus eighty degree Celsius freezer in ISS (MELFI)
on the International Space Station (ISS) for a maximum of 1,584 days. The passive dosimeter for life science
experiments in space (PADLES) was attached on the surface of the sample case of the ES cells. The physical
dosimeter measured the absorbed dose in water. After return, the frozen cells were thawed and cultured and their
chromosome aberrations were analyzed. Comparative experiments with proton and iron ion irradiation were
performed at particle accelerators on Earth. The wild-type ES cells showed no differences in chromosomal aber-
rations between the ground control and ISS exposures. However, we detected an increase of chromosome aber-
rations in radio-sensitized histone H2AX heterozygous-deficient mouse ES cells and found that the rate of increase
against the absorbed dose was 1.54-fold of proton irradiation at an accelerator. On the other hand, we estimated
the quality factor of space radiation as 1.48 � 0.2. using formulas of International Commission of Radiation
Protection (ICRP) 60. The relative biological effectiveness (RBE) observed from our experiments (1.54-fold of
proton) was almost equal (1.04-fold) to the physical estimation (1.48 � 0.2). It should be important to clarify the
relation between biological effect and physical estimates of space radiation. This comparative study paves a way
to reveal the complex radiation environments to reduce the uncertainty for risk assessment of human stay in
space.
1. Introduction

In space, various types of radiation exist. In particular, the galactic
cosmic rays (GCRs), which contain high charge and energy (HZE) par-
ticles, the solar energetic particles (SEPs), which mainly contain high
energy protons from solar activity, and the trapped particles of protons
18 June 2022; Accepted 8 Augu
evier Ltd. This is an open access a
and electrons in the magnetic field of the Earth are significant (Durante
et al., 2008; Goodhead, 2018). Space radiation and microgravity is a
limiting factor for manned exploration in the Moon of the earth andMars.
Though intensive studies have been carried out using animal cells and
individual animals as cancer model to clarify the effect of space radiation,
most of the experiments were done on the ground as simulation using
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X-ray, gamma-ray or heavy ions at accelerators. So, the results inevitably
included the uncertainty comparing with the real space radiation. Several
space experiments using frozen mammalian cells were performed. The
increase of mutation or DNA damages were detected, but they did not
lead to quantitative analyses because of low dose of space radiation
(Ohnishi 2016). The chromosome aberration analyses of the astronauts
were performed to investigate the DNA damage responses around the
flight time on the ISS, revealing the personal difference of pre- and after
flight responses and risk of cancers (Cucinotta et al., 2008; George et al.,
2013). In 2019, the monozygotic twin astronauts were compared with
the effects of 1-year stay on the ISS and on the ground (Garrett-Bakelman
et al., 2019). On the ISS, the astronaut had a physical dose of 76.18 mGy
and dose equivalent of 146.34 mSv (quality factor ¼ 1.92). The chro-
mosome aberration analyses revealed increased inversions and trans-
locations compared to that on the ground. However, the results were not
statistically significant. In 2020, the comprehensive multi-omic analyses
revealed unique results of mitochondrial stress by spaceflight effects
(Silveira et al., 2020). Our study was for the first time showed the bio-
logical effects of space radiation quantitatively, by using radiation
sensitized histone H2AX-deficient mouse ES cells and for more than 4
years on the ISS in frozen state. So far, physical measurements of galactic
cosmic ray (GCR) were analyzed (Simpson, 1983; Mewaldt, 1994; Berger
et al., 2020). Nagamatsu et al. (2013) measured the absorbed dose rate
(in water) of space radiation in the Japanese experimental module “Kibo”
using PADLES (TLD and CD-39) detector (Nagamatsu et al., 2000). The
average absorbed dose rate was 0.319 mGy/day from 12 locations of the
Japanese module “Kibo” during the time of June 1, 2008 ~ March 29,
2009 at the time between cycle 23 and cycle 24 of the solar cycle. During
Mars exploration, the Radiation Assessment Detector (RAD) dosimeter
mounted on the rover Curiosity detected the absorbed dose rate of 0.210
mGy/day on the surface of Mars and 0.464 mGy/day during the transit
(Zeitlin et al., 2013). From these physical measurements, the risk on
living organisms (such as cell-death, organ failure, chromosome aberra-
tion, mutation, cancer) can be estimated based on the quality factor<Q>
defined by the ICRP60 (ICRP, 1991) as a dose equivalent (Sv). The
quality factor (Q) of radiation in water was specified depending on the
linear energy transfer (LET; L) by ICRP60 (1991) as formulas of Q (L)¼ 1
(L � 10 keV/μm), Q (L) ¼ 1 þ 0.32L-2.2(10 � L � 100 keV/μm), Q (L) ¼
300/L1/2 (�100 keV/μm).

However, space radiation is composed of many kinds of particles with
different energies and astronauts are continuously irradiated with low
dose rates. As such, the space environment cannot be precisely repro-
duced on the ground, including potential interactions of many kinds of
radiations and interactions with microgravity. Thus, the risk from space
radiation on living organisms are difficult to evaluate experimentally
with ground-based analogs. Our experiment was absolutely different
from the other animal model attempt to quantify RBE. We did the direct
quantitative measurement of biological effect of space radiation on the
ISS. Our purpose is to determine whether the real biological effect is the
same as ground-based experiment using ICRP60 quality factors or not in
order to exclude the uncertainty of risk assessment. In our experiment we
analyzed chromosome aberrations using fluorescent in situ hybridization
(FISH) method (Gall and Pardue, 1969) that is known as golden standard
related to carcinogenesis. We quantified the biological effects of space
radiation using frozen mouse cells in space and compare with physical
estimates, which would contribute to the reduction of the uncertainty of
risk evaluation of human space flights (Yoshida et al., 2010).

2. Materials and methods

2.1. Mouse ES cells

To produce histone H2AX gene-deficient mouse ES cells, male and
female histone H2AX heterologous-deficient mice were mated. The 2-cell
embryos were collected from superovulated mice at 1.5 day of pregnancy
and cultured in KSOM medium (EmbryoMax®, Merck Millipore,
2

Germany) for 2.5 days. Expanded blastocysts were cultured in the
Knockout DMEM supplemented with 20% Knockout Serum Replacement
(KSR, Life technologies, USA), 0.2mM L-glutamine (Thermo Fisher Sci-
entific, Waltham, USA), 0.1mM nonessential amino acids (Thermo Fisher
Scientific), 1000 U/ml ESGRO (Merck Millipore), and 0.1 mM 2-mercap-
toethanol (Thermo Fisher Scientific) for 7 days. Founder colonies were
isolated and cultured on mouse embryonic fibroblast (MEF) feeder cells
in 24-well plates, and evaluated the genotypes by PCR using H2AX-K14
(50-CCAGGTGGGCTTGTAGCFCTC-30) and H2AX-PCR2 (50-
GGATCTTCGTGGATTACATAGCC-30) for H2AX-deficient alleles with a
product of about 400 bp, and H2AX-PCR2 and H2AX-PCR3 (50-
GAGACTCTTACCGGCCTGTGGAC-30) for H2AX wild-type alleles with a
product of about 450 bp. Wild-type, heterozygous-deficient ES cells were
selected and used for analyses.

All studies utilizing mice were approved by the Osaka City University
(Graduate School of Medicine) Animal Care and Use Committee by Prof.
Ogura H. as a chief board under Protocols 08063 and 10020. According
to relevant ethical regulation of Osaka City University (Graduate School
of Medicine) Animal Care and Use Committee, the animal studies were
performed. This study is reported in accordance with ARRIVE
guidelines.

2.2. Preparation of space samples

After culturing wild-type and histone H2AX gene-deficient mouse ES
cells, the cells were suspended in a cell cryopreservation solution,
CELLBANKER (Zenoaq Resource, Japan), dispensed into a cryotube at a
concentration of 2 � 106 cells/tube, and cryopreserved (�150 �C). These
tubes were launched on March 2, 2013 as a “Stem Cells” project from the
NASA Kennedy Space Center in a freezer aboard the SpaceX-2 Dragon.
After arriving at the ISS, cells were stored in a minus eighty degree
Celsius laboratory freezer (MELFI) in the Japanese experiment module
“Kibo”. The measured temperature in the MELFI was about �95 �C. A
physical dosimeters, PADLES were attached to the package of cell
samples.

2.3. Irradiation by accelerator

Using an accelerator, the Heavy Ion Medical Accelerator in Chiba
(HIMAC) at NIRS, mouse ES cells were irradiated by proton and Fe-ion
particle beams in a frozen state on dry ice as references of single beam
irradiation. The proton beam had a kinetic energy of 230 MeV and the
LET was 0.415 keV/μm. The Fe-ion beam was 500 MeV/n and the LET
was 218 keV/μm.

2.4. Chromosome analyses

The cells cryopreserved and stored on the ground or on the ISS were
thawed at 37 �C and suspended in KSR medium for evaluation of cell
survival. The ES cells were cultured in KSR medium for 17 h at 37 �C in a
CO2 incubator. Then, Colcemid (KaryoMAX, Thermo Fisher Scientific,
Waltham, USA) was added to halt the cells in metaphase and after 4.5 h
of incubation, Calyculin A (Fuji-Wako, Tokyo, Japan) was added and
cultured for 30 min to condense the G2-phase chromosomes (Premature
chromosome condensation; PCC) (Gotoh, 2009; Kawata et al., 2004).
After treatment with 0.075 M KCl at 37 �C for 30 min, cells were fixed
with Carnoir fixative and spread onto glass slides. The chromosomes
were analyzed by three-color FISH method. The FISH probes (Meta-
systems, Oberkochen, Germany) were hybridized (chromosome 1 was
stained with FITC, chromosome 2 was stained with Spectrum Orange,
and chromosome 4 was stained yellow using a 1:1 combination of FITC
and Spectrum Orange). Chromosome spread was counterstained with 4,
6-diamidino-2-phenylindole (DAPI). Analysis was performed using
Cytovision software (LEICA Microsystems, Wetzlar, Germany). The
chromosome aberrations were classified as normal, apparently simple
translocation (AST), complex translocation (COM), incomplete
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translocation (IT), dicentric (DIC), and incomplete dicentric (ID) (George
et al., 2015; Hada et al., 2007).

2.5. Statistical analyses

The frequency of chromosome aberrations was analyzed from several
glass slides made from the same sample of cells. The frequency of chro-
mosomal aberrations observed as painted chromosomeswas calculated as
the ratio between aberrations counted and total cell numbers analyzed.
On average, about 1,000 cells were analyzed. For Fe-ion irradiated cells,
about 500 samples were examined, because enough aberration samples
were found to calculate the frequency. The exchange frequencies in in-
dividual chromosomes were extrapolated to whole-genome equivalents
using a modified version of the method developed (Lucas et al., 1992).
Standard errors for aberration frequencies were estimated assuming
Poisson statistics. Error bars in each figure show SEs of themean values. A
linear regression model was used to fit dose-responses for chromosome
aberrations of low doses. Using the least square method, the linear co-
efficients were calculated as slopes with Correlation coefficients (R2) in
Figure 2. The y-intercepts were not fixed to 0.

3. Results

3.1. Launching of mouse ES cells to ISS and physical dosimetry

The frozen mouse ES cells were launched to the ISS and stored for
long periods of time (with a maximum of 1,584 days) in the MELFI
freezer to analyze chromosome aberrations (Yoshida et al., 2010). In this
experiment, wild-type and histone H2AX gene heterozygous-deficient ES
cells were used. It is because histone H2AX is involved in DNA
double-strand break repair, and defects in this gene have been reported
to increase radiosensitivity (Bassing et al., 2002; Yoshida and Morita,
2004; Franco et al., 2006). The cell samples were stored for periods of
443 days, 711 days, 1,167 days, and 1,584 days. The PADLES dosimeter
was attached on the surface of the ES cell sample case containing 25
tubes. Two cases were packaged by paper and stocked in MELFI (Morita
et al., 2021). The PADLES used a CR-39 plastic nuclear track detector and
thermoluminescent dosimeter (TLD). PADLES measured the absorbed
dose including the influence of all particles of primary and secondary
radiation from GCR, SEPs and trapped radiation received during the
stock time in the ISS. Particles above 10 keV/μm were measured by
CR-39, and those below 10 keV/μmwere measured by TLD. The database
of fading and aging of CR-39 and TLD in the installation temperature
(�80 to 60 �C) of the PADLES was obtained from the ground irradiation
test using the heavy particle accelerator. The correction was applied
according to the installation temperature history in our experiments. The
details of distributions of the flux of particles detected by PADLES are
shown (Morita et al., 2021). The total absorbed dose in water of radiation
during each period was 174.4� 15.9 mGy (443 days), 289.1� 18.4 mGy
Table 1. Physical measurement of the space radiation in MELFI on the ISS by Bio PA

Bio PADLES data 443 days #1, #6 (Av)

Total Absorbed Dose [mGy in water] 174.4 � 15.9

Total Dose Equivalent [mSv]* 247.15 � 26.3

Absorbed Dose Rate [mGy/day] 0.39 � 0.03

Dose Equivalent Rate [mSv/day]* 0.6 � 0.06

Absorbed Dose (�10keV/um)[mGy] 164.3 � 16.0

Absorbed Dose (>10keV/um)[mGy] 10.1 � 1.39

Dose Equivalent (>10keV/um) [mSv]* 100.9 � 20.9

Mean QF 1.52 � 0.20

From the launch on March 2, 2013 to July 3, 2017, the mouse ES cell samples were co
measured values shown here are from the PADLES dosimeter installed at the time of t

* Calculated using quality factors defined by ICRP60.
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(711 days), 412.9 � 22.2 mGy (1,167 days), and 560.05 � 59.0 mGy (1,
584 days), respectively (Table 1). The absorbed dose for 1,584 days
showed that particles with low LET of 10 keV/μm or less gave 537.1 �
59.1mGy (95.9%), while those with high LETmore than 10 keV/μmgave
22.95 � 3.11 mGy (4.10%). The dose equivalents that showed the bio-
logical effectiveness considering quality of irradiation source were
calculated by application of the LET dependent quality factor formulas
(ICRP60, 1991). The total dose equivalent was 830.4 � 74 mSv and the
dose equivalent of high LET particles (>10 keV/μm) was 293.25 � 44.7
mSv. So, high LET particles having only 4.10% of the total absorbed dose
have possibly 35.3% of biological effect. We suppose that large (several
or more cells) number of cells in the track of radiation will be impacted
by the high dose rate events, while the low LET particles may have a
chance to hit to a single cell. The absorbed dose rate from data of 1,584
days was 0.355 � 0.04 mGy/day and the dose equivalent rate was 0.525
� 0.05 mSv/day, indicating that the quality factor of space radiation in
MELFI on the ISS was 1.48 � 0.2.

3.2. Chromosome aberrations of ES cells from ISS and ground control

The frozen wild-type and histone H2AX heterozygous-deficient ES
cells were retrieved from the ISS, thawed and cultured for 22 h on the
ground along with the frozen cell samples stored at JAXA (Ibaragi, Japan)
as the ground controls designated backup (BU). The chromosomes of
cells were analyzed by FISH. The results are shown in Table 2. For wild-
type ES cells stored on the ISS as well as BU on the ground, the rates of
total chromosome aberrations from 443 days to 1,584 days were almost
at basal levels. Thus, an increase in chromosome aberration due to the
number of storage days on the ISS was not detected (Figure 1). In
contrast, in histone H2AX gene heterozygous-deficient ES cells stored on
the ISS, increases in the rates of chromosome aberrations were observed,
while in the same cells on the ground (BU) were not (Figure 1). Since
DNA repair was thought not to occur in the cells while they were frozen,
DNA damage induced by space radiation would be accumulated equally
both in wild-type cells and histone H2AX gene heterozygous-deficient
cells. As the chromosome aberrations were formed during the culture
of cells after thawing on the ground, their difference in yield showed the
capability of the repair process of each cell type of H2AX gene. In other
words, the wild-type cells could repair all DNA damage normally in post-
thaw culture, but the H2AX heterozygous-deficient cells were unable to
fully repair damage, resulting in abnormal chromosomes. These results,
did not indicate that normal man could repair all damage accumulated
for more than 4 years within a day and he is unaffected, while histone
H2AX gene heterozygous-deficient man would be affected. This was an
experiment using frozen cells, and not living bodies. What was most
important was that by using frozen histone H2AX gene heterozygous-
deficient cells, we could biologically detect accumulated chronic dam-
ages by low-dose, and low dose-rate space radiation as acute effects of
chromosome aberrations. Then we could compare them to the effects of
DLES dosimeters.

711 days #3 1167 days #4 1584 days #2, #5 (Av)

289.1 � 18.4 412.9 � 22.2 560.05 � 59.0

374.1 � 21.1 575.2 � 31.9 830.4 � 74.0

0.41 � 0.03 0.35 � 0.02 0.355 � 0.04

0.53 � 0.03 0.49 � 0.03 0.525 � 0.05

280.4 � 18.4 398.5 � 22.3 537.1 � 59.1

8.64 � 0.77 14.4 � 1.5 22.95 � 3.11

93.7 � 10.3 176.7 � 22.8 293.25 � 44.7

1.29 � 0.11 1.39 � 0.11 1.48 � 0.2

llected in four batches with PADLES dosimeters in MELFI freezer on the ISS. The
he first launch. The values calculated as average from two data are shown as Av.
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standard proton beams obtained on the ground by accelerator, using the
same type of cells and the same method.
3.3. Chromosome aberrations by ion beams

Using an accelerator, the histone H2AX gene heterozygous-deficient
ES cells were irradiated by protons and Fe-ion particle beams in a
frozen state as references of single beam irradiation. In our experiment,
we used proton of high energy of 230MeV/n and very low LET (0.415
keV/μm). The quality factor of the high energy proton is defined as 1 in
ICRP60 and the recent comparative data indicated that quality factor of
both high energy proton and gamma-ray was the same as low LET radi-
ations (Willers et al., 2018; Kowalska et al., 2019). The Fe ion was used as
reference of high LET particle beam (500 MeV/n, LET 218 keV/μm). The
results are shown in Table 2 and Figure 2. When the rate of chromosome
aberrations by proton and Fe-ion beam (both dose rates; approximately
300 mGy/min) was plotted on the axis of absorbed doses (Gy), it became
clear that the chromosome aberrations increased depending on the
absorbed doses (Figure 2). The rates of chromosome aberration of
ISS-stocked ES cells were corrected by subtracting associated
ground-based aberration values (BU) as control. The physical dose of ISS
in MELFI were also subtracted ground-based aberration as controls. Also,
the rates of chromosome aberration of the proton and Fe ion irradiations
were subtracted from non-irradiated values. The values of chromosome
aberration were plotted against the absorbed doses as shown in Table1
Then, the regression lines were drawn. Because the chromosome aber-
ration rates were subtracted respective control values, the y-intercepts
were not fixed at 0 (Figure 2) to gain the slopes of lines. The coefficients
of the slopes for Fe-ion beam, proton beam, and space radiation in the ISS
(MELFI) were 0.0667 � 0.0086, 0.0085� 0.0022, and 0.0131� 0.0030,
respectively, as shown in Figure 2. We indicated the R2 coefficient of
determination showing the goodness of fit of the regression prediction.
Table 2. Chromosomal aberration rates in wild-type and histone H2AX gene heterozy

ES cells Days Total spread
scored

Apparently simple
translocation

Com
trans

H2AX þ/þ BU 443 1018 0 0

711 1002 0 0

1167 1049 0 0

1584 1027 0 0

ISS 443 1004 0.001 � 0.001 0

711 1013 0 0

1167 1295 0 0

1584 1016 0 0

H2AX þ/- BU 443 1240 0 0

711 1253 0 0.00

1167 1290 0.001 � 0.001 0

1584 1032 0 0

ISS 443 1042 0 0.00

711 1277 0.002 � 0.001 0

1167 1205 0 0

1584 1060 0.002 � 0.001 0

H2AX þ/- Control 0 Gy 1017 0 0

HIMAC Proton 0.2 Gy 1725 0.001 � 0.001 0

0.5 Gy 866 0.001 � 0.001 0

1.0 Gy 594 0 0.00

HIMAC Fe-ion 0.2 Gy 1064 0.003 � 0.002 0.00

0.5 Gy 595 0.003 � 0.002 0.01

1.0 Gy 586 0.009 � 0.004 0.02

Chromosome aberrations were analyzed by FISH. Chromosomes were classified as
incomplete translocation (IT), dicentric (DIC), and incomplete dicentric (ID). The rat
described in Methods. BU indicates the results frommouse ES cells as backup controls s
ISS for indicated periods.
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The R2 value for Fe was 0.96, 0.86 for ISS (MELFI) and 0.88 for proton,
respectively. Each slope was thought to reflect the relative biological
effectiveness of the radiation source, such as quality factor <Q> for
specified irradiation type. Thus, the RBE surrogating a quality factor of
space radiation in the ISS (MELFI) was calculated to be 1.54-fold that of
proton beam regarded as <Q>¼1.0. The slope of the Fe beam was found
to be 7.85-fold that of proton beam.

In Table 2, types of chromosome aberrations are shown. They were
classified as normal, apparently simple translocation (AST), complex
translocation (COM), incomplete translocation (IT), dicentric (DIC), and
incomplete dicentric (ID). The aberration of AST is most popular chro-
mosome aberrations having apparently simple translocation of the
chromosome. The incomplete translocation is also single exchange, but
chromosome identification is not possible because of restriction of FISH
probes. These chromosome translocations are stably transmitted through
the cell division. The complex chromosome aberration having more than
two translocations is thought to occur by high LET particles and unstable.
The dicentrics and incomplete dicentrics are also unstable chromosome
aberration. As we made chromosome samples within one cycle of cells,
we should be able to observe even unstable chromosome aberration such
as dicentric and complex type of aberration.

The chromosomal aberrations in the histone H2AX heterozygous-
deficient cells caused by 0.5 Gy (near the absorbed dose for 1,584
days exposure by space radiation) proton beam included AST (12.5%),
ID (12.5%), and many of IT (75%). They did not show COM that had
more than two translocations. The 0.5 Gy of Fe ion beam induced a
relatively large amount of COM (29%) in addition to IT (52%). The
histone H2AX heterozygous-deficient ES cells in MELFI on the ISS
exposed to 0.56 Gy of space radiation during 1,584 days revealed
aberrations with many IT (75%) and AST (25%), but no COM, indi-
cating qualitative similarity to the results by proton irradiation rather
than Fe ions.
gous-deficient mouse ES cells.

plex
location

Incomplete
translocation

Dicentric Incomplete
dicentric

Total

0 0 0.001 � 0.001 0.001 � 0.001

0 0 0.001 � 0.001 0.001 � 0.001

0 0 0 0

0 0 0 0

0 0 0 0.001 � 0.001

0.001 � 0.001 0 0 0.001 � 0.001

0 0 0 0

0.001 � 0.001 0 0 0.001 � 0.001

0 0 0.001 � 0.001 0.001 � 0.001

1 � 0.001 0 0 0.001 � 0.001 0.002 � 0.001

0 0 0 0.001 � 0.001

0 0 0.001 � 0.001 0.001 � 0.001

1 � 0.001 0 0 0.001 � 0.001 0.002 � 0.001

0 0 0.001 � 0.001 0.003 � 0.002

0.002 � 0.001 0.001 � 0.001 0.003 � 0.002 0.006 � 0.002

0.006 � 0.002 0.001 � 0.001 0 0.008 � 0.003

0 0 0.001 � 0.001 0.001 � 0.001

0.002 � 0.001 0 0.002 � 0.001 0.005 � 0.002

0.006 � 0.003 0 0.001 � 0.001 0.008 � 0.003

2 � 0.002 0.005 � 0.003 0 0.003 � 0.002 0.010 � 0.004

1 � 0.001 0.003 � 0.002 0 0.004 � 0.002 0.010 � 0.003

2 � 0.004 0.022 � 0.006 0 0.005 � 0.003 0.042 � 0.008

6 � 0.007 0.020 � 0.006 0.003 � 0.002 0.007 � 0.003 0.065 � 0.011

normal, complex translocation (COM), apparently simple translocation (AST),
es of chromosome exchanges were extrapolated to whole genome equivalents as
tocked on the ground. ISS indicates the results frommouse ES cells stocked on the



Figure 1. Comparison of the incidence of chromosomal aberrations of wild-type
and histone H2AX gene heterozygous-deficient ES cells on the ground (BU) and
on the ISS (MELFI). The frozen wild-type and histone H2AX gene heterozygous-
deficient ES cells stocked on the ground (BU) and in MELFI freezer on the ISS
were thawed, cultured on the ground and the chromosomes were analyzed by
FISH method. The frequencies of chromosome aberrations were extrapolated to
whole genome equivalents as described in Methods.

Figure 2. Relationship between absorbed dose and chromosomal aberration
rate of histone H2AX gene heterozygous-deficient ES cells. The vertical axis
represents the rates of chromosomal aberrations and the horizontal axis repre-
sents the absorbed doses. Chromosome aberrations of histone H2AX gene
heterozygous-deficient ES cells by Fe-ion beam (500 MeV/n, LET; 218 keV/μm)
and proton beam (230 MeV, LET; 0.415 keV/μm) were plotted. Chromosome
aberrations of ISS-stocked (in MELFI freezer) ES cells subtracted those on the
ground were plotted against their absorbed doses measured by sample-attached
PADLES dosimeters. The slope of the linear approximation line reflects the
biological effects of each source of radiation as quality factor <Q>.
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3.4. Comparison of quality factors

In this study, chronically accumulated DNA damage to frozen mouse
histone H2AX heterozygous-deficient ES cells was measured as acute
effects. As shown in Figure 2, assuming that the low LET proton (LET ¼
0.415 keV/μm) was defined as a unit of the quality factor < Q > ¼ 1
(ICRP60), the RBE in MELFI on the ISS was estimated to be 1.54 acting as
a surrogate for quality factor of space radiation. This value was almost
equal or slightly higher (þ4%) than the quality factor of 1.48 � 0.2
derived from PADLES data (1,584 days) and ICRP60 formulas. Thus, the
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biological effect of space radiation in MELFI on the ISS from our result
was not significantly different from expectation by physical estimates.

4. Discussion

We launched the mouse ES cells from the ground to the ISS and after
storage in the MELFI freezer, they were retrieved to the ground. So the
influence of the stress of high gravity of launching and return, micro-
gravity on ISS and magnetosphere should be considered. As the histone
H2AX heterozygous-deficient mouse ES cells on the ISS for the shortest
period of stock of 443 days showed chromosome aberration frequency as
0.002 þ 0.001, while the same cells on the ground showed 0.001 þ
0.001. Since the difference was small and the frozen cells are thought to
not be affected by gravity, the effect of gravity would not be significant.
We note that possibility of effects of stresses of gravity or magnetic fields
have not been suggested in prior studies of chromosomal aberrations.

In our study, we measured the biological effect of space radiation to
the ES cells in MELFI on the ISS as 1.54-fold that of the proton beam. On
the other hand, the physical dosimeter PADLES kept in MELFI showed
the quality factor as 1.48 for 1,584 days sample. So, we concluded that
the biologically measured quality factor was 1.04-fold of the physical
estimate using ICRP60 quality factors. The value of the quality factor as
1.54 in MELFI was lower than those measured in many points in the ISS.
The quality factor in the “Kibo” module measured by Nagamatsu et al.
were 1.95–2.22. The ES cells were contained in MELFI freezer, so that the
position of the MELFI on the ISS or MELFI's aluminumwall may lower the
quality factor. Though the quality factor in MELFI was low, the stable
environment in MELFI might be better to the comparative study of bio-
logical and physical effect of space radiation for more than 4 years.

We applied our comparative result of biological and physical esti-
mates of space radiation from MELFI to the living area in the ISS. The
average absorbed dose rate from 12 monitoring points of living area in
the “Kibo”module was 0.319 mGy/day (June 1. 2008~March 29, 2009)
(Nagamatsu et al., 2013) and the averaged quality factor was calculated
as 1.95 defined by ICRP60. From the data, the averaged absorbed dose
rate was 0.319 mGy/day in “Kibo” module as it was. But the quality
factor must be corrected 1.04-fold to reflect the real biological effec-
tiveness from this study. Then, corrected quality factor would become
1.95 � 1.04 ¼ 2.03. Then the averaged dose equivalent rate in “Kibo”
would become 0.319 mGy/day x 2.03 ¼ 0.648 mSv/day. The result was
very close to and consistent with the physical estimate by Nagamatsu
et al. (2013) before (0.618 þ 0.102 mSv/day).

Our result estimated 4% increase of biological effect comparing with
the PADLES physical estimate. On the other hand, the biological effec-
tiveness of high LET particle, Fe-ion (LET ¼ 218 keV/μm) was estimated
to be 7.85-fold that of proton in this experiment. It is much lower than the
value of <Q>¼20.3 calculated by ICRP60 formula. The biological
effectiveness of radiation and quality factor may deviate for high LET like
Fe-ions (>200 keV/μm) depending on the biological endpoint (Cacao
et al., 2016). Our result suggests that ICRP60 formulas may possibly
overestimate the biological effects of higher LET particles when we
consider the risks of humans in deep space. In addition, it may be
necessary to reconsider the dependence of the quality factor on the
particle track structure (Goodhead, 2018; Cucinotta et al., 2015a; Cuci-
notta, 2015b) as introduced by Cucinotta and used as NASA (Cucinotta
et al., 2013; Cucinotta et al., 2020). The quality factor, QFNASA is estab-
lished to fit a large number of experimental results based on a track
structure model, and is used for cancer risk predictions (Goodhead, 2018;
Cucinotta et al., 2015a, 2017). The space radiation QF developed from
track structure concepts by Cucinotta allows for an uncertainty assess-
ment which is not possible in the ICRP approach. The weighted average
of the NASA QF for solid cancer and leukemia are very similar to the ICRP
60 average QF as shown by Cucinotta et al. (2013). In the case of leu-
kemia as endpoint, the QF of the high LET particles about 200 keV/μm
was estimated to be about 9.
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In this study, wemeasured the accumulated effect of space radiation as
acute one. However, in human space exploration, astronauts are exposed to
space radiation at low-dose rates for long periods of time. As the human
cells have DNA repair and apoptosis systems, the effects of space radiation
should be reduced by dose and dose-rate effectiveness factors (DDREF). By
ICRP60, the value of DDREF is recommended as 2, meaning a 50% reduc-
tion of effects by low dose-rate irradiation compared with acute effects. In
experiments on mouse tumor induction, DDREF values were found to be
from 1 to >4 (Cucinotta et al., 2017; Tanaka et al., 2013). However, the
DDREF used in radiation protection is for gamma-rays. The measurements
in space may provide information on dose-rate modification for space ra-
diation, and possibly decrease the risk assessment of space radiation.

The method described here may be applied to other space environ-
ments. The comparisons of similarity and differences of our QF estimates
in relation to those used in radiation protection on Earth based on ICRP
recommendations suggest the importance of flight radiobiology experi-
ments. For future work, we think it should be better to use frozen H2AX-
heterozygous deficient human ES cells rather than mouse ES cells. The
human cells are much suited for human risk assessment and easier to
analyze chromosome aberration because of their variety of lengths.
Furthermore, to elucidate the dose and dose-rate effect factors in space,
we must launch individual mice or experimental animals to analyze the
chromosome aberrations in space. Such experiments in deep space as on
the Moon's surface can contribute to reduce the uncertainty of the risk
assessment of human prolonged journeys and stay in space.
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