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Abstract

Cardiovascular disease constitutes an important threat to humans after space missions beyond the
Earth’s magnetosphere. Epigenetic alterations have an important role in the etiology and
pathogenesis of cardiovascular disease. Previous research in animal models has shown that protons
and %6Fe ions cause long-term changes in DNA methylation and expression of repetitive elements
in the heart. However, astronauts will be exposed to a variety of ions, including the smaller
fragmented products of heavy ions after they interact with the walls of the space craft. Here, we
investigated the effects of 160 on the cardiac methylome and one-carbon metabolism in male
C57BL/6J mice. Left ventricles were examined 14 and 90 days after exposure to space-relevant
doses of 0.1, 0.25, or 1 Gy of 160 (600 MeV/n). At 14 days, the two higher radiation doses elicited
global DNA hypomethylation in the 5’-UTR of Long Interspersed Nuclear Elements 1 (LINE-1)
compared to unirradiated, sham-treated mice, whereas specific LINE-1 elements exhibited
hypermethylation at day 90. The pericentromeric major satellites were affected both at the DNA
methylation and expression levels at the lowest radiation dose. DNA methylation was elevated,
particularly after 90 days, while expression showed first a decrease followed by an increase in
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transcript abundance. Metabolomics analysis revealed that metabolites involved in homocysteine
remethylation, central to DNA methylation, were unaffected by radiation, but the transsulfuration
pathway was impacted after 90 days, with a large increase in cystathione levels at the lowest dose.
In summary, we observed dynamic changes in the cardiac epigenome and metabolome three
months after exposure to a single low dose of oxygen ions.
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INTRODUCTION

The potential health hazards associated with space radiation are a major obstacle preventing
deep space exploration [Chancellor et al., 2014]. Beyond the protective magnetosphere of
the Earth, astronauts are exposed to radiation from galactic cosmic rays and solar flares. For
even the shortest round-trip to Mars, exposure for the crew is estimated to reach 0.66 Sv (or
Gy) [Zeitlin et al., 2013]. Furthermore, contrary to terrestrial radiation, current technology
does not provide effective shielding against the type of high energy particles encountered in
space. It is therefore crucial to learn more about the types of long-term biological changes
associated with exploration beyond the orbit of the Earth.

Experimental evidence suggests cardiac remodeling, as well as apoptotic and inflammatory
responses in the mouse heart as a result of exposure to high-LET radiation [Boerma et al.,
2016; Ramadan et al., 2016; Tungjai et al., 2013; Boerma et al., 2015; Hughson et al., 2018].
Studies of cancer survivors indicate that cardiac injury due to exposure to ionizing radiation
increases linearly with mean dose of radiation to the heart, and progresses very slowly, with
onset observed decades after exposure [Darby et al., 2013]. Recent studies indicate that
epigenetic and metabolic alterations may substantially contribute to pathogenesis of
cardiovascular disease [Stenvinkel et al., 2007; Sharma et al., 2008]. DNA methylation is
one of the key epigenetic mechanisms for the regulation of genetic information. It is
responsive to environmental exposures, providing a possible mechanism linking radiation
exposure and late-onset injury to the heart.

Methyl groups for DNA methylation are supplied through the methyl donor methionine,
with homocysteine as a byproduct. The methionine cycle is critical for normal heart
development, and folic acid supplementation during pregnancy is associated with a
decreased incidence of congenital heart defects [Feng et al., 2015; Liu et al., 2016]. Beyond
the development period, an elevated level of homocysteine is an independent risk factor for
cardiovascular disease [Perry et al., 1995; Wald et al., 2011], highlighting the importance of
the methionine cycle in cardiac health throughout life.

Studies report that radiation-induced changes in DNA methylation stem primarily from the
repetitive elements rather than individual genes [Nzabarushimana et al., 2014; Miousse et
al., 2017b; Koturbash et al., 2016]. Of particular interest are two subtypes of repetitive
elements; LINE-1 retrotransposons and satellite DNA. LINE-1 repeats cover about 20% of
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the murine genome and are heavily methylated within their 5’-untranslated regions (UTRS)
[Miousse and Koturbash, 2015]. Satellite DNA repeats are characteristic of the
pericentromeric regions. It is a less abundant, but still heavily methylated type of repetitive
element. DNA methylation is a critical regulator of aberrant transcription for both elements,
and DNA hypomethylation is associated with their reactivation and insertional mutagenesis
(for LINE-1 elements) and chromosomal aberrations (for satellite DNA) [Miousse and
Koturbash, 2015; Miousse et al., 2015b; Koturbash et al., 2007; Miousse et al., 2015a; Qu et
al., 1999; Ji et al., 1997]. Recent studies demonstrated alterations in DNA methylation
during the pathogenesis of a number of heart diseases [Baccarelli et al., 2010; Kim et al.,
2010; Gilsbach et al., 2014; Fiorito et al., 2014], DNA hypomethylation and accumulation of
satellite DNA transcripts has also been observed in humans diagnosed with heart failure
[Haider et al., 2012]. Effects of high-LET irradiation on DNA methylation of those two
types of repetitive elements in the mouse heart, as well as alterations to one-carbon
metabolism, were reported [Koturbash et al., 2016].

In this study, we investigate the short- and long-term (14 and 90 days post exposure,
respectively) effects of exposure to one of the under-investigated heavy ions yet relevant for
the radiation environment inside a space craft, oxygen (160), on the mouse cardiac
methionine cycle using epigenetic and metabolomic approaches. The most biologically
relevant radiation source in free space is °Fe [Cucinotta et al., 2003], and we previously
reported epigenetic changes in the heart associated with this type of radiation [Koturbash et
al., 2016]. However, interaction with the hull of the spacecraft and space suit materials also
creates ions of smaller masses, such as 160 [Walker et al., 2013]. Previous results from our
group and others indicate a distinctly large cardiovascular toxicity associated with exposure
to 160, which prompted us to take a closer look at the epigenetic signature of 160 in the
heart [Ramadan et al., 2016; Yan et al., 2014; Seawright et al., 2019]. Levels of radiation
exposure have been estimated for different types of charged particles in outer space and on
the surface of Mars [Nelson, 2016; Cucinotta et al., 2003; Zeitlin et al., 2013]. Several
Russian, European and Canadian space agencies have proposed 1 Sv (or 1 Gy) as the
astronaut career exposure limit, a dose only slightly above the high estimates for the
cumulative exposure associated with a round trip mission to Mars. Based on these estimates,
we analyzed doses of 0.1, 0.25, and 1 Gy of 160 radiation (600 MeV/n) in an effort to
replicate the most current estimation of exposures associated with a round trip to Mars, but
with all of the dose coming from a single particle species.

MATERIALS AND METHODS

Animals and whole body irradiation

Four to 8 week-old male C57BL/6J mice purchased from the Jackson Laboratory (Bar
Harbor, ME) were housed 5 per cage at the University of Arkansas for Medical Sciences
(UAMS). At 6 months of age, mice were shipped to the NASA Space Radiation Laboratory
(NSRL) at Brookhaven National Laboratories (BNL) in Upton, NY. Two cages, each with 5
mice, were assigned to one of the 8 groups (/7=10/group) for a total of 80 mice in this study.
After a one-week acclimation period, the mice received a single dose of 0.1 Gy, 0.25 Gy, or
1.0 Gy 160 (600 MeV/n) at a dose rate of 0.25-0.26 Gy/min during NSRL run 15A. We
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selected 600 MeV/n as a representative single energy value for the most abundant subset of
ions in galactic cosmic rays (100-1000 MeV/n), as reported previously [Nelson, 2016], For
each exposure, animals were individually placed into clear Lucite cubes (3 in x 1% in x 1%
in) with breathing holes, and 4 — 5 unanesthetized mice were placed in the radiation beam.
The total field of exposure is 15 xI5 cm?, with typical beam uniformities of +2%. The Lucite
cubes represent the minimal amount of shielding for any biological sample irradiated at the
NSRL beam line, amounting to approximately 1:10 (0.1 g/cm?) of the amount of matter
provided by air (1.12 g/cm?) in the ion path between the accelerator vacuum environment
and the animal (see dosimetry below). Unirradiated control mice were placed into the same
enclosures for the same amount of time, but were not exposed to radiation. One day after
irradiation, the mice were shipped to the University of Arkansas for Medical Sciences
(UAMS), where they were housed under a constant 12 h light:dark cycle. A standard soy-
protein free rodent diet (2020X, Harlan Teklad, Indianapolis, IN) and water were provided
ad libitum. During the entire experiment, control mice were not housed together in the same
cage with irradiated mice. Tissue harvest was performed as previously described by
Seawright et al.[Seawright et al., 2019]. Briefly, mice were anesthetized and blood collected
through the vena cava. The left ventricle was cut into four sections and flash-frozen.
Unirradiated controls were sacrificed at both time points. The time points were chosen to
represent short term (2 weeks) and long term (90 days) effects. All procedures in this study
were approved by the Institutional Animal Care and Use Committees of the University of
Arkansas for Medical Sciences and Brookhaven National Laboratory.

Dosimetry was performed by the NASA Space Radiation Laboratory physics dosimetry
group at BNL to ensure the quality of exposure. Briefly, The NASA Space Radiation
Laboratory beamline at BNL recorded the charge delivered to a transmission ion chamber
placed just in front of the animals. The transmission ion chamber was calibrated against a
National Institute of Standards and Technology (NIST)-traceable 1.0 cm?3 thimble ion
chamber (EG&G, Inc.) which was placed at the target position. The doses indicated in the
present study were thus the absorbed doses by the animals in the ion chamber at the target
surface location on the beamline. Based on calculations for the NSRL beamline performed
with the GCR Event-Based Risk Model (GERMCode) Code software (https://
software.nasa.gov/software/MSC-24760-1), the total particle range is in the order of 30 cm,
ensuring a uniform exposure of the entire animal during irradiation [Cucinotta et al., 2011].

Analysis of LINE-1 and major satellites DNA methylation

DNA and RNA were extracted simultaneously from flash-frozen left ventricular tissue
specimens using the AllPrep extraction kit (Qiagen, Germantown, MD). Nucleic acid quality
and concentration was assessed by spectrophotometry (Nanodrop 2000, ThermoFisher
Scientific, Waltham, MA). Analysis of the DNA methylation was performed from 250 ng of
genomic DNA digested with a 5-enzyme digestion protocol using 1 U each of Smal, Hpall,
Hhal, Acil, and BstUI (New England Biolabs, Ipswitch, MA) as described before [Miousse
et al., 2015b]. Digested DNA was then analyzed with intercalating dye (SYBR Select,
ThermoFisher Scientific) by gRT-PCR on a ViiA 7 Real-Time PCR System (Applied
Biosystems, Foster City, CA). Assays for determination of 5’-UTR LINE-1 and satellite
DNA methylation are provided in Supplementary Table S1. Fold changes were calculated

Life Sci Space Res (Amst). Author manuscript; available in PMC 2020 August 01.


https://software.nasa.gov/software/MSC-24760-1
https://software.nasa.gov/software/MSC-24760-1

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miousse et al.

Page 5

using the AACt method and normalized towards readings from a LINE-1 element ORF1
region that lacks CpG sites.

Gene expression analysis

cDNA was synthesized from 500 ng RNA using the Superscript ViLO reverse transcriptase
kit (Life Technologies) according to the manufacturer’s protocol. Quantitative realtime PCR
(QRT-PCR) was performed with Tagman Universal Master Mix (ThermoFisher Scientific)
according to the manufacturer’s protocol. Expression of Dnmt1, Dnmit3a, Uhrfl1, and
repetitive elements was normalized to the internal control gene AHprtand expressed as fold
change according to the AACT method. Primers are listed in Supplementary Table S1.

Analysis of one-carbon metabolism pathway

The tissue samples were homogenized in 200 pl of extraction buffer (methanol: Water
[70:30]) containing the internal standards (metabolite standards labeled with stable isotope).
Subsequently, 500 uL of ACN: MEOH (50:50) was added to the mixture to facilitate protein
precipitation. The tubes were vortexed and incubated for 20 min on ice followed by
centrifugation at 13,000 rpm for 20 min at 4°C.

The supernatant was transferred to another Eppendorf tube and are dried using speed vac
and reconstituted in 100 pL of Methanol: Water (50:50) for MS analysis. Targeted
quantification of metabolites participating in single carbon metabolism pathway was
performed using stable-isotope labeled multiple reaction monitoring mass spectrometry
(SID-MRM-MS). The samples were resolved on an Acquity UPLC BEH Amide 1.7um, 2.1
x 100 mm column online with a triple quadrupole mass spectrometer (Xevo-TQ-S, Waters
Corporation, USA) operating in the multiple reaction monitoring (MRM) mode. The sample
cone voltage and collision energies were optimized for each metabolite to obtain maximum
ion intensity for parent and daughter ions using “IntelliStart” feature of MassLynx software
(Waters Corporation, USA). The instrument parameters were optimized to gain maximum
specificity and sensitivity of ionization for the parent and daughter ions. Signal intensities
from all MRM Q1/Q3 ion pairs were ranked to ensure selection of the most intense
precursor and fragment ion pair for MRM-based quantitation. This approach resulted in
selection of cone voltages and collision energies that maximized the generation of each
fragment ion species.

Statistical analysis

For both DNA methylation and expression, values for each LINE-1 element family were
expressed as fold-change from the mean of control animals. Each animal provided a value
for each of the 18 LINE-1 elements. The values from a single animal are like repeated
measures for longitudinal data, where evolutionary age of the LINE-1 element is the
“longitudinal” factor. We thus used a repeated measures ANOVA having dose, LINE-1
element, and their interaction as factors. The dose factor was among-animal, the other two
were within-animal. We analyzed values taken at 14 days separate from values taken at 90
days because the variances differed. We used the Bayesian Information Criterion to choose
the best-fitting (within-animal) covariance structure. The structures we considered were
exchangeable, 15t order autoregressive, Toeplitz, and general. We then compared each non-0
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dose to control averaged over all LINE-1 elements and within a LINE-1 element, and
present 95% confidence intervals (Cls) for a difference from control. In so doing, we made
57 comparisons within a repeated measures ANOVA. Since each LINE-1 element is of
interest, we do not adjust the significance level for multiple comparisons, but rather provide
the positive false discovery rates (pFDR) estimated with Storey’s 3" algorithm [Storey,
2002]. The positive false discovery rate is the proportion of Type I errors (i.e., false
discoveries), given at least one significant result. We used SAS/STAT software, version 9.4,
SAS System for Windows (SAS Institute, Cary, NC) for the repeated measures ANOVAS;
specifically, using the MIXED procedure, employing the Kenward-Roger method for
estimating error degrees of freedom. For determination of pFDR, we used internally created
code in R version 3.2.2; available upon request to RDL.

In Figures 1 and 2, we present error bars which are half the width of 95% confidence
intervals for a difference from the control (for the given LINE-1 repetitive element). These
error bars include variability from both the unirradiated control and the radiation group to
which the control is compared. To obtain a 95% confidence interval for a difference, subtract
the control’s mean from the lower and upper bound of the error bar. For example, if the
control’s mean is 1.0 and the error bars start and end at 0.8 and 1.6, the 95% ClI for a
difference is (0.2, 0.6).

Sample size considerations

RESULTS

The sample sizes for dosexday groups were based on primary outcomes from a larger study
not reported here [Wang et al., 2017]. Based on these sample sizes and variances estimates
from a prior experiment (described below), we computed effect sizes detectable with 0.80
power using 0.05 significance level #tests conducted within the aforementioned repeated
measures ANOVA framework. We first estimated error variances and within-mouse
correlations (in an exchangeable covariance structure) with methylation values reported in
Miousse et al. [Miousse et al., 2017c]. Variances ranged from 0.06 to 0.13 (SDs from 0.24 to
0.36) and within-mouse correlations ranged from 0.24 to 0.58. We assumed a correlation of
0.40. With 10 mice per dosexday group, 1.62 SD was the detectable difference in means
between control and a non-0 radiation dose for any given LINE-1 element. This 1.62 SDs
translates to mean differences between 0.39 and 0.58 units depending on the SD. For
example, if a non-0 radiation dose truly causes methylation for a given LINE-1 element to
be 1.39 compared to control’s standardized 1.0, then this difference would be detectable at
0.80 power. We wrote code particular to these calculations in SAS/STAT® (available upon
request to RDL).

Repetitive element DNA methylation

To investigate the effect of 160 radiation on the cardiac epigenome, DNA methylation at
LINE-1 elements and satellite DNA was first measured. DNA methylation status of 18 most
represented LINE-1 elements that evolved in the murine genome during the last 13 million
years (Myr) was measured. At the 14 day time point, exposure to two doses of 160 (0.25 and
1 Gy) led to significant global DNA hypomethylation of LINE-1 elements within their 5°-
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UTRs, independently of evolutionary age (Fig.1A). Comparing the irradiated groups to
control in each of the 18 LINE-1 families showed either an estimated decrease or a
significant decrease in DNA methylation with radiation at the 0.25 and 1 Gy doses. Among
the 57 comparisons made within the 14 day time point, 7 were significant. The positive false
discovery rate (pFDR) was 16%, and its 95% upper confidence bound was 50%. This means
the estimated number of false discoveries was likely 1 of 7, but could have been as high as 4
out of 7.

At the 90 day time point, the variability was greater than that observed in the 14 day values.
Across the LINE-1 families, DNA methylation experienced in irradiated animals differed
little from that in control animals (Fig 1B). Comparing the exposed groups to control in each
of the 18 LINE-1 families, the LLMdA_V family (2.84 Myr) experienced significant DNA
hypermethylation after exposure to the lowest dose, 0.1 Gy (Figure S1). This was the only
significant comparison among 57; the pFDR was over 100% indicating this significant result
could be a false discovery.

Repetitive element expression

Along with DNA methylation, the levels of transcript coding for LINE-1 elements and major
satellite were also assessed. Exposure to 160 tended to decrease overall expression of the
LINE-1 families at the 14 day time point, but not significantly so for the 3 dose groups (&
values of 0.14, 0.41, and 0.14 for doses 0.10, 0.25, and 1.0 Gy, respectively). Among the 57
comparisons, 2 were significant. The pFDR was 91%, indicating both could be false
discoveries.

For the 90 day time point, overall expression was estimated to be increased after 160
exposure (Fig. 2A). However, these increases in the 90 day time points were not significant
(p-values of 0.13, 0.10, 0.16 for doses 0.10, 0.25, and 1.0 Gy, respectively). Comparing the
non-0 radiation dose groups to control for each of the 18 LINE-1 families, the L1Lx_IlI
family (10.23 Myr) was significantly overexpressed for the 0.25 and 1.0 Gy groups.
Expression of the LIMdA_VI family (4.7 Myr) was also higher than that for the control
group in animals exposed to 0.1 Gy. Expression in other LINE-1 families was little affected.
The pFDR for the 3 significant comparisons among the 57 was 36%. This means that we
expect one false discovery among these 3. We did not observe any correlation between
methylation and expression in LINE-1 elements.

Pericentromeric satellite

DNA methylation was then measured at the pericentromeric major satellite DNA. Contrary
to LINE-1, we did not observe hypomethylation of major satellites 14 days after irradiation
(Fig.3A). Interestingly, an upward, near-significant trend towards hypermethylation was
identified at the lowest dose (0.1 Gy, p=0.07). The same trend was found to be significant at
90 days (Fig.3B, p= 0.009), similar to what was identified in the LINE-1 families at the
same low dose and late time point. Of particular interest are the effects of 160 on the
expression at these regions. In this study, a four-fold decrease was observed in major satellite
expression 14 days after exposure to 0.1 Gy of 160 (p= 0.006) (Fig. 3C). This was followed
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at the 90 day time point by a four-fold increase (o= 0.04) of major satellites, once again
limited to the lowest radiation dose (Fig.3D).

Gene expression in the DNA methylation machinery

Exposure to 160 also significantly affected the DNA methylation machinery. The expression
of major maintenance DNA (cytosine-5)-methyltransferase 1 (DnmtI) showed a 2-fold
increase (p= 0.004) in response to 1 Gy 14 days after irradiation (Fig. 4A). Similarly, the
accessory protein E3 ubiquitin-protein ligase (UhrfI) mimicked the patterns of Dnmt1
expression, with a nearly three-fold increase after 1 Gy of irradiation (p<0.001). At the same
time, expression of the de novo methyltransferase Dnmt3a was affected primarily by lower
doses (0.1 and 0.25 Gy; p=0.01 and 0.02, respectively). Elevation of the expression of the
DNA demethylase, methylcytosine dioxygenase ( 7etZ) 14 days after 0.25 Gy of 160 was
also found (1.25 fold, p=0.03). The observed effects were limited to an early time point only
and were completely resolved by the 90 day time point (Fig. 4B).

Metabolites in the one-carbon pathway

Given the changes observed in DNA methylation, the levels of six different metabolites in
the one-carbon metabolism were analyzed in the hearts of mice exposed to 180 radiation.
The specific targets were the methyl donors methionine and betaine, the by-products of
DNA methylation S-adenosylhomocysteine (SAH) and homocysteine, and the metabolic
product of homocysteine through the transsulfuration pathway, cystathione. S-
adenosylmethionine was below the detection limit in these samples. Further down the
transsulfuration pathway, glutathione (GSH), an antioxidant, was also measured, as well as
its oxidized form GSSG. Fourteen days after exposure, there was no significant change in
any of the metabolites measured in left ventricular tissue specimens of mice exposed to
either 0.1, 0.25, or 1 Gy of 160. Interestingly, it is at the later time point, 90 days post
exposure, that effects were visible. An increase in cystathione levels was measured
compared to control for the 0.1 and 0.25 Gy doses (Table 1 and Supplementary Table S2).
The fold change compared to control was the largest after exposure to the lowest dose of 0.1
Gy (12 fold, p< 0.0001), and was still significant although lower for the 0.25 Gy dose (6
fold, p=0.06). We also saw a decrease in GSH for the 0.25 Gy dose. Our observations
indicate that there is a non-linear response in the levels of metabolites in the transsulfuration
branch of one-carbon metabolism.

DISCUSSION

The present study investigated the short and long term effects of exposure to space-relevant
doses of high energy 160 ions on DNA methylation and methyl group metabolism in the
heart. Previous studies indicated changes in DNA methylation, repetitive element repression,
and expression of methylation-related genes in this organ caused by exposure to two other
types of charged particles, protons and 56Fe [Koturbash et al., 2016]. This new study
confirms and expands these findings. In addition, the epigenetic changes described here are
associated with functional alterations suggesting a reduced systolic function, with no
indication of fibrosis, in these same animals [Seawright et al., 2019].
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A limitation of our study is the use of a single exposure to a single type of radiation. By
comparison, a more constant rate of exposure to many types of heavy ion with short bursts
of high energy particles is expected for travel beyond the orbit of the Earth. While models
are emerging for continuous exposure to low-LET radiation [Mao et al., 2016], the reliance
on synchrotron-generated particles for the study of high-LET radiation remains a challenge.
Therefore, we utilized the best available yet imperfect exposure model provided by the
NASA Space Radiation Laboratory at the Brookhaven National Laboratory at the time of the
study. Future experiments may take advantage of the implementation of galactic cosmic ray
simulation, that is now enabling researchers to study multiple ion beams simultaneously. The
analysis was also performed on whole left ventricles, composed of a heterogeneous mix of
cell types. We expect that the composition of the tissue is predominantly of muscular origin,
with a smaller vascular contribution. Future studies may address potential differences in the
response of these different tissue types within the heart.

In concordance with many others studying DNA methylation and radiation exposure
[Koturbash et al., 2016; Miousse et al., 2017a; Aypar et al., 2011], we observed overall DNA
hypomethylation in the 5’UTR of the retrotransposon LINE-1 14 days after exposure. This
region of LINE-1 is particularly important as it contains the regulatory elements involved in
transcription. An inverse relationship between DNA methylation within the CpG-rich 5°-
UTR and LINE-1 expression is typically expected. However, in this experiment, both DNA
methylation and expression of LINE-1 decreased. Only one family, LIMdA _Il, showed
changes in both DNA methylation and expression.

A different pattern emerged in samples collected 90 days after exposure. At this later time
point, there was no global change in LINE-1 DNA methylation, and two specific LINE-1
families showed a significant DNA hypermethylation. This effect was restricted to the
lowest, 0.1 Gy dose. This same hypermethylation was observed after the lowest dose and at
the late time point in major satellite. A low-dose effect was also observed at both 14 and 90
days for the expression of major satellite. In our previous study on protons and %6Fe
irradiation, a decrease in satellites expression was observed 1 week after irradiation,
followed by the accumulation of their mMRNA transcripts at day 90 post exposure [Koturbash
et al., 2016]. This pattern of early decrease followed by an increase was thus replicated in
the current study. Interestingly, an overall increase in LINE-1 expression was observed at the
90 day time point, although for this element, the increase was found evenly throughout the
three doses tested.

The disconnect observed between DNA methylation and expected responses in transcript
levels may be indicative of additional and possible compensatory mechanisms of expression
regulation, histone modifications for example. For instance, in our previous study, we
reported histone-mediated reactivation of LINE-1 after exposure to protons and >®Fe despite
DNA hypermethylation observed at the 5’-UTRs of the elements [Prior et al., 2016], It is
also possible that the expression of Dnmt1 and Urhf1 is a compensatory mechanism/
response activated under the highest radiation dose at the early time point. This activation
may contribute to successfully prevent loss of DNA methylation, providing an explanation
for the lack of a dose-response relationship. Some studies support a role for Dnmt1 and
Uhrfl in the silencing of LINE-1 [Sharif et al., 2007] and of Uhrf1 in the silencing of major
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satellite [Papait et al., 2007]. Alternatively, the increase in Dnmtl and Uhrfl expression may
be related to their role in DNA repair [Ha et al., 2011; Tian et al., 2015], independent of their
effect on DNA methylation. Indeed, increases in DNA damage was noted in hematopoietic
stem cells isolated from these same animals [Chang et al., 2016]. The expression of the de
novo methyltransferase Dnmt3a and the methylcytosine dioxygenase 7etZ, neither of which
is known to have a direct role in DNA repair, showed some increase at the low and/or middle
dose at the early time point, but none of these effects on the DNA methylation machinery
genes were found by the later time point. These early changes in gene expression parallel the
decrease in LINE-1 DNA methylation identified at the 14 day time point.

Lastly, the levels of the different metabolites in the one-carbon metabolism that provides and
recycles methyl groups to transfer to DNA were measured. Methionine, in addition to its
role in protein synthesis, is an important source of methyl groups, and contributes to the
maintenance of the normal redox status via synthesis of cysteine and glutathione. Other
groups have identified alterations in the stability and absorption of one-carbon intermediates
and cofactors induced by radiation [Batra et al., 2004; Guren et al., 2004; Kesavan et al.,
2003]. Furthermore, multifaceted interactions between ionizing radiation and one-carbon
metabolism is proposed as a pivotal trigger in health effects from radiation exposure
[Miousse et al., 2017d]. Our results also indicate that effects of radiation on these
metabolites, instead of subsiding, rather amplify over time. This effect was restricted to
lower doses of 160, and affected the transsulfuration pathway. Cystathione and glutathione
bridge the gap between one-carbon metabolism and oxidative stress, with glutathione being
a major cellular antioxidant. This accumulation of cystathione, to a certain degree to the
expense of GSH, indicates a possible long-term impact on the redox state of the heart and
warrants further investigations. Our results further indicate that effects on metabolites in the
remethylation pathway and DNA methylation may primarily occur within a few weeks after
exposure, revealing a need for additional time points to investigate that early period. In
humans, a common polymorphism in a gene involved in the remethylation of homocysteine
to methionine, methylene tetrahydrofolate reductase (MTHFR) C677T, has been associated
with an increased risk of ischemic stroke [Cronin Simon et al., 2005]. In the light of our
results, this polymorphism may also be associated with a greater sensitivity to cardiac effects
of radiation.

In conclusion, our findings suggest that exposure to higher doses of 160 result in profound
epigenetic short-term reprogramming. Importantly, long-term consequences of exposure
were also observed three months after exposure. Of particular concern, the long term
response displayed a non-linear behavior, with effects on the DNA methylation and the
methylation cycle primarily associated with the lowest dose (0.1 Gy) of 160 exposure. This
suggests that unexpected adverse consequences may arise at doses previously considered
safe, warranting more research on the effects of low doses of radiation during mission
beyond the Earth’s protective magnetosphere.
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Highlights:
. Space-relevant doses of radiation lead to long-lasting changes in DNA
methylation.
. Major satellites are particularly affected, at the methylation and expression
levels.
. Transsulfuration of methionine is impacted at low dose.
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Figure 1:

Effects of 160 exposure on methylation of different families of LINE-1 repetitive elements,
ordered by evolutionary age. Measured (A) 14 days and (B) 90 days after irradiation. The
means for control animals are indicated with a horizontal black bar; means for non-0
radiation groups are in color. Error bars that do not cover the control mean indicate a
statistical difference at p< 0.05 (see Statistical Analysis for more details), as do asterisks.
Each radiation group had 10 mice (40 total).
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Figure 2:
Effects of 160 exposure on expression of different families of LINE-1 repetitive elements,

ordered by evolutionary age. Measured (A) 14 days and (B) 90 days after irradiation. The
means for control animals are indicated with a horizontal black bar; means for non-0
radiation groups are in color. Error bars that do not cover the control mean indicate a
statistical difference at p< 0.05 (see Statistical Analysis for more details), as do asterisks.
Each radiation group had 10 mice (40 total).
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Figure 3:

Effects of radiation on methylation (A,B) and expression (C,D) of the pericentromeric major
satellite. Values for 14 (A,C) and 90 (B, D) days after IR. Bars indicate average and SEM,
N=10. *: Dunnett's multiple comparisons test, p< 0.05, **: Dunnett's multiple comparisons
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Expression of genes involved in DNA methylation, 14 (A) and 90 (B) days after radiation.
Bars indicate average and SEM, N=10. *: Dunnett's multiple comparisons test, p< 0.05, **;
Dunnett's multiple comparisons test, p< 0.01, ***: Dunnett's multiple comparisons test, p<

0.001
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TABLE 1:
Heart Metabolites
METABOLITES 160- 14 DAYS
0.1 Gy 0.25 Gy 1Gy
FC Sb FC SD FC SD
BETAINE 154 105 238 251 126 034
L-METHIONINE 126 029 118 027 113 017
SAH 097 007 097 011 097 006
L-HOMOCYSTEINE 188 170 159 117 131 1.02
CYSTATHIONE 128 106 142 152 1.00 0.88
GSH 092 018 095 027 108 046
GSSG 100 129 087 085 105 0.60
GSH/GSSG 100 059 141 092 107 061
METABOLITES 160- 90 DAYS
0.1 Gy 0.25 Gy 1Gy
FC Sb FC SD FC SD
BETAINE 323 293 089 050 082 037
L-METHIONINE 101 042 079 041 068 028
SAH 105 006 102 007 104 006
L-HOMOCYSTEINE 060 024 112 060 083 035
CYSTATHIONE 129777 533 6377 488 125 093
GSH 087 038 056" 018 077 033
GSSG 049 024 120 086 056 041
GSHIGSSG 141 123 052 054 141 1.08

FC: Fold change compared to control

.

‘Dunn's multiple comparisons test, p< 0.001

wH: . .
Dunn's multiple comparisons test, p< 0.01

Aok

Life Sci Space Res (Amst). Author manuscript; available in PMC 2020 August 01.
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