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Abstract

Interest in deep space exploration underlines the needs to investigate the effects of exposure to
combined sources of space radiation. The lung is a target organ for radiation, and exposure to
protons and heavy ions as radiation sources may lead to the development of degenerative disease
and cancer. In this study, we evaluated the pro-fibrotic and epigenetic effects of exposure to
protons (150 MeV/nucleon, 0.1 Gy) and heavy iron ions (°°Fe, 600 MeV/nucleon, 0.5 Gy) alone
or in combination (protons on Day 1 and 56Fe on Day 2) in C57BL/6 male mice 4 weeks after
irradiation). Exposure to >6Fe, proton or in combination, did not result in histopathological
changes in the murine lung. At the same time, combined exposure to protons and °6Fe resulted in
pronounced molecular alterations in comparison with either source of radiation alone. Specifically,
we observed a substantial increase in the expression of cytokine 1113, loss of expression of DNA
methyltransferase Dnmt1, and reactivation of LINE-1, SINE B1 retrotransposons, and major and
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minor satellites. Given the deleterious potential of the observed effects that may lead to
development of chronic lung injury, pulmonary fibrosis, and cancer, future studies devoted to the
investigation of the long-term effects of combined exposures to proton and heavy ions are clearly
needed.
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1. Introduction

Understanding the health effects of exposure to space radiation is of particular importance
because of the mounting interest in deep space exploration. Two main sources of radiation
exposure to astronauts are the solar particle events (SPE) and galactic cosmic rays (GCR).
High-energy protons constitute ~85% of space radiation with the high-energy charged
nuclear particles, such as heavy ions, comprising the rest [1]. While previous studies have
been devoted primarily to the effects of single source irradiation, there is an imperative need
to utilize exposures to two or more sources to better simulate the occupational exposure that
will be encountered by astronauts.

The lung is a target organ for ionizing radiation, and exposure to it may result in pulmonary
fibrosis and cancer [2,3]. The latter is considered as one of the largest potential risks for
astronauts [4]. This consideration was further substantiated by a recent study reporting that
exposure to relatively low doses of protons and heavy ions (°°Fe or 28Si) led to the
development of chronic lung injury and lung tumors in mice [5].

Epigenetics define somatically heritable changes in the expression of genetic information
without alterations in the DNA sequence. DNA methylation is the most studied epigenetic
event. It plays a critical role during development, in the maintenance of cellular
homeostasis, and is one of the primary regulators of the proper expression of genetic
information in a sex-, tissue-, and cell type-dependent manner. DNA methylation also serves
as a key mechanism in the silencing of repetitive elements - the most highly methylated
sequences in mammalian genomes, and are represented as transposable elements and
satellite repeats [6,7]. Long Interspersed Nucleotide Element 1 (LINE-1), Short Interspersed
Nucleotide Element B1 (SINE B1) and Endogenous Retroviruses (ERV) are the most
abundant transposable elements in mammalian genomes and comprise 23%, 5%, and 10% of
the mouse genome, respectively [8]. Satellite repeats are the centromere-associated
repetitive sequences that in the mouse are represented as major satellites (6 Mb of 234 bp
units located primarily at the pericentromeric regions) and minor satellites (~600 Kb of 120
bp units, located at centromeres) [9].

It has become increasingly evident that exposure to protons or heavy ions, aside from their
strong genotoxic potential, can also affect the cellular epigenome, DNA methylation, in
particular [10-15]. Alterations in global DNA methylation caused by exposure to radiation
primarily originate from the repetitive elements rather than from specific genes [13] and
may result in the aberrant expression of the former. Loss of repetitive elements-associated
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DNA methylation and their reactivation leads to genomic instability and is currently
considered not only as a hallmark of cancer, but as one of the driving forces of
carcinogenesis [16-18]. Furthermore, the role of epigenetic events in radiation-induced
pulmonary fibrosis has been recently recognized [19].

In this study, we aimed to investigate the pro-fibrotic and epigenetic effects of exposure to
protons and/or >6Fe ions in the dose range relevant to a space mission in the mouse lung 1
month after irradiation. Previous studies showed that this time-point is sufficient to eliminate
the residual damage induced by total body irradiation [12]. On the other hand, this time-
point is characteristic of a pneumatic phase in pulmonary fibrosis development and also
enables evaluation of the persistence of alterations in DNA methylation and expression of
repetitive elements in the radiation target tissue.

2. Materials and Methods

2.1. Animals and radiation exposures

Six-month-old male C57BL/6J mice (n = 64) purchased from the Jackson Laboratory (Bar
Harbor, ME) were shipped to Brookhaven National Laboratories (BNL) in Upton, NY. After
a one-week acclimation period, the mice were either sham irradiated or received whole-body
irradiation [protons 0.1 Gy, 150 MeV/n, %6Fe 600 MeV/n; 0.5 Gy, or combined sequential
exposure to 0.1 Gy of protons (Day 1) and 0.5 Gy of 56Fe (Day 2); n = 16 mice per group] at
the dose rate of 0.5 Gy/min. The dose of protons was chosen as likely during an SPE. The
energy of 150 MeV is commonly used in a therapeutic setting and also represents energy
near the maximum abundance of protons expected in most SPEs [20]. The dose of 6Fe was
selected as the lowest dose previously shown to cause cell loss of neural precursor cells in
the hippocampus [21]. Sequential irradiation with protons before iron reflects the likely
exposure of cells in the space environment where daily traversals by protons are
accompanied by infrequent traversals by heavy ions. At the selected energy of 600 MeV/n,
thorough penetration of the animals with a relatively flat Bragg peak entrance region is
expected. Dosimetry was performed by the NASA Space Radiation Laboratory physics
dosimetry group at BNL to ensure the quality of exposure. During the entire experiment,
sham-irradiated mice were not housed together with irradiated mice. For each exposure,
animals were individually placed into clear Lucite cubes (3 in x 1% in x 1% in) with
breathing holes. The focused beam of high-energy °6Fe particles was generated by the
Booster accelerator at BNL and transferred to the experimental beam line at the NSRL
facility. Dose calibration was performed with three parallel plate ion chambers that were
positioned upstream of the target and a NIST traceable Far West thimble chamber. The
values of the thimble chamber were then compared with the upstream ion chambers so that
the desired dose could be delivered to the samples based on upstream ion chamber
measurements. Sham irradiated mice served as controls and were placed into the same
enclosures and for the same amount of time, since previous studies report no effect of sham
irradiation on molecular end-points [12]. One week after irradiation, the mice were shipped
to Oregon Health and Science University (OHSU) for hippocampus-dependent cognitive
testing and biochemical markers of hippocampal function [22]. At BNL and OHSU, the
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mice were housed under a constant 12 h light:dark cycle. Food (PicoLab Rodent Diet 20, no.
5053; PMI Nutrition International, St. Louis, MO) and water were provided ad libitum.

All animals were killed by cervical dislocation 4 weeks after irradiation; lungs were excised
and immediately frozen in liquid nitrogen for further molecular analysis or fixed in 4% PFA
for immunohistochemical analysis. All procedures were approved by the Institutional
Animal Care and Use Committee at OHSU and BNL.

2.2. Sample coding

The researchers were blinded throughout all phases of the experiments; decoding only
occurred after the final analyses were performed.

2.3. Immunohistochemistry

Lungs were inflated in situ with neutral buffered formalin using a 25 gauge needle via the
trachea, and the trachea was tied off with suture to retain the formalin. The perfused lungs
were then placed into a container containing formalin at a 1:10 ratio of tissue:formalin by
volume. Tissues were fixed for 24 hours and sliced for immunohistochemical analysis. Lung
samples were stained with hematoxylin/eosin (H&E) and Masson’s Trichrome at the
University of Arkansas for Medical Sciences Pathology Core Facility.

2.4. Nucleic Acids Extraction

RNA and DNA were extracted simultaneously from flash-frozen tissue using the AllPrep
DNA/RNA extraction kit (Qiagen, Valencia, CA, USA) according to the manufacturer’s
protocol. DNA concentrations and integrity were analyzed by the Nanodrop 2000 (Thermo
Scientific, Waltham, MA) and 1% agarose gel.

2.5. Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Total RNA was extracted from frozen lung tissue using the AllPrep DNA/RNA extraction
kit (QIAGEN) according to the manufacturer’s protocol. RNA concentrations and integrity
were analyzed by the Nanodrop 2000 (ThermoScientific). Only RNA samples with the
260/280 ratios between 1.95 and 2.05 and the 260/230 ratios above 1.5 were considered for
further molecular analyses. cDNA was synthesized using random primers and a High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) according
to the manufacturer’s protocol (Life Technologies). The levels of gene transcripts were
determined by quantitative Real Time PCR (gRT-PCR) using TagMan Gene Expression
Assays (Life Technologies). Assays for determination of mRNA abundance are provided in
Supplementary Table 1. Assays for determination of expression of repetitive elements are
provided in Supplementary Table 2. Each plate contained one experimental gene and a
housekeeping gene. The cycle threshold (Ct) for each sample was determined from the
linear region of the amplification plot. The ACt values for all genes were determined relative
to the control gene Gapdh (Mm 99999915 g1, Life Technologies). The AACt were
calculated using each exposed group means relative to control group means. The fold
change data were calculated from the AACt values. All qRT-PCR reactions were conducted
in triplicate and repeated twice.
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2.6. Methylation analysis of repetitive elements

The methylation status of repetitive elements was analyzed by methylation sensitive
quantitative polymerase chain reaction (MS-qPCR) as previously described. Briefly, 1 ug of
genomic DNA was digested with 1 U of Smal enzyme in 1X CutSmart buffer at 25°C for 2
h. This was followed by a 16 h digestion at 37°C in the presence of 1 U of the enzymes
Hpall, Hhal, and Acil in 1X CutSmart buffer. The digestion was finalized by adding 0.5 U
of BstUI enzyme in 1X CutSmart buffer for 4 h at 60°C. All enzymes were purchased from
New England Biolabs (Ipswich, MA, USA). Digested DNA was then analyzed by qRT-PCR
on a ViiA 7 Real-Time PCR System (Applied Biosystems, Forrest City, CA, USA). DNA
samples not digested with the restriction enzyme mix served as positive control, while
samples 1) lacking the specific primers for DNA amplification and/or DNA template and 2)
RAW264.7 murine macrophage-derived DNA pre-treated with 5-azacytidine, a potent
demethylating agent, served as negative controls. The threshold cycle (Ct) was defined as
the fractional cycle number that passes the fixed threshold. The Ct values were converted
into the absolute amount of input DNA using the absolute standard curve method and further
normalized towards rDNA readings. Assays for determination of repetitive elements
methylation are provided in Supplementary Table 2.

2.7. LINE-1 copy numbers analysis

LINE-1 copy number was assessed as previously described [12]. Briefly, LINE-1 ORF1 was
amplified by real-time quantitative PCR from 10 ng of gDNA. Relative abundance of the
target in gDNA was normalized to 5S ribosomal DNA using the AACt method. The FAM/
ZEN-conjugated primers with the probe sequence are shown in Supplementary Table 2
(Integrated DNA Technologies, Coralville, IA) and were used at a final concentration of 5
uM. Amplification was performed for 40 cycles using conditions for the 2X Tagman
Universal Master Mix as recommended by the manufacturer (Life Technologies). The total
reaction volume was 20 pL.

2.8. Statistical analysis

All data are presented as mean + standard error of mean(s). All assessed parameters were
measured within the same batch of animals. Statistically significant differences for each
treatment compared to the control (at a=95%) were assessed using one-way ANOVAs
followed by Dunnett’s or Tukey’s posthoc tests. Statistical analyses were performed using
GraphPad Prism 6 (GraphPad Software Inc. LaJolla, CA).

3. Results

3.1. Histopathological evaluation

First, histopathological evaluation under the light microscope was performed on the control
and exposed to protons, %Fe, and protons+56Fe lungs stained with H&E. Figure 1 illustrates
normal lung parenchyma with various structural elements, including bronchioles, alveolar
ducts, alveolar sacks, and thin walled alveoli that were not disturbed by irradiation.

Life Sci Space Res (Amst). Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nzabarushimana et al. Page 6

3.2. Assessment of pulmonary fibrosis by Mason’s trichrome staining

Taking into account pro-fibrotic changes observed in mice after a 13-day space mission [23]
and 5 months after exposure to low mean absorbed doses of 56Fe [13], next we addressed
the collagen deposition in the lungs of control and exposed mice. As demonstrated in Figure
2, no evidence of Masson’s trichrome stain in the alveolar walls of the lung was observed,
suggesting absence of pulmonary fibrosis-associated events characteristic of the pneumonic
phase of the disease.

3.3. Analysis of molecular pro-fibrotic biomarkers

Molecular biomarkers may have higher sensitivity to pro-fibrotic changes than
histopathological, especially at early phases. Therefore, next we analyzed the expression of a
panel of genes that were previously reported to be deregulated in the pneumatic phase of
radiation-induced pulmonary fibrosis.

We identified a significant increase in the expression of the Tgff1 gene after exposure to
protons (1.5-fold, p<0.05) (Figure 3). The most pronounced changes were identified in the
expression of 1113, where a 4.1-fold increase was observed after combined exposures to
protons and %6Fe (p<0.01) and non-significant 2.2- and 2.3-fold increases after exposure
to °6Fe and protons, respectively. An insignificant decrease in the mRNA levels of the
matrix metalloproteinase, Mmp9, was identified after exposure to °6Fe or protons+°6Fe.

3.4. Analysis of DNA methyltransferases expression

lonizing radiation is a potent epigenotoxic stressor that targets DNA methyltransferases,
genes involved in the maintenance of DNA methylation. Accumulating evidence also
indicates involvement of Dnmt1, the major maintenance DNA methyltransferase, in
pulmonary fibrosis [19,24]. Expression of Dnmt1 was significantly decreased in the lungs of
mice exposed to combined protons+26Fe irradiation (—1.4-fold, p<0.05) (Figure 4). No
changes were detected in the expression of Dnmt3a and Dnmt3b de novo methyltransferases.

3.5. Analysis of repetitive elements-associated DNA methylation

Loss in expression of Dnmt1 may lead to the loss of global DNA methylation. Repetitive
elements comprise up to two-thirds of mammalian genomes and are considered as surrogate
biomarkers of alterations in DNA methylation. Previous studies confirmed that exposure to
space radiation leads to alterations in the methylation of repetitive elements rather than
alterations in gene-specific methylation [13]. Therefore, we analyzed the methylation status
in a panel of the most abundant repetitive elements in mammalian genomes:
retrotransposons LINE-1, SINE B1, ERV1, ERV2, and major and minor satellites. We did
not identify significant changes in the methylation status in any of the evaluated repetitive
elements in response to space radiation, except for the weak hypermethylation of major
satellites after exposure to protons+°6Fe (1.35-fold, p<0.01) and weak hypomethylation of
minor satellites in response to protons irradiation (—1.2-fold, p<0.05) (Figure 5).
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3.6. Analysis of expression of repetitive elements

Exposure to environmental stressors, including radiation, may lead to reactivation of
repetitive elements [18]. In this study, we observed a substantial increase in the mMRNA
levels of LINE-1 (2.2-fold, p<0.05), and SINE B1 (1.7-fold, p<0.05), associated with
combined exposure to protons and %6Fe (Figure 6). The most pronounced effects were
observed in the satellite DNA, where exposure to protons+°6Fe led to a 5-fold increase in
the expression of major satellites (p<0.05) and an 8.9-fold increase in the expression of
minor satellites (p=0.065). Exposure to protons alone led to a 2.2-fold increase in ERV1
expression (p<0.05), while exposure to 56Fe alone or to protons+°6Fe was characterized by
reactivation of ERV2, although insignificant (Figure 6).

3.7. Analysis of LINE-1 repetitive element copy number

Reactivation of repetitive elements capable of transposition, such as LINE-1
retrotransposon, may lead to their aberrant activity and insertional mutagenesis in a “copy-
paste” manner [18]. Therefore, as a final step in this study, we addressed the copy number of
LINE-1 in the lungs of control and exposed animals. We did not identify any significant
changes in copy number in any of the experimental groups (Supplementary Figure 1).

4. Discussion

In this study, we address the pro-fibrotic and epigenetic effects in the murine lung 1 month
after space trip-relevant exposure to protons, >Fe, or protons+°6Fe irradiation. This is the
first study, to our knowledge, reporting the effects of combined irradiation in the lung tissue
using the in vivo model.

In our study, exposure to protons, >Fe or a combination of protons and °6Fe did not lead to
detectable histopathological changes, including an absence of pro-fibrotic alterations, in the
lung tissue. The recent study by Christofidou-Solomidou et al. also reported an absence of
fibrotic changes in response to %Fe irradiation, but reported significant structural changes,
such as air space enlargement [5]. The discrepancies, observed between these studies can be
explained by differences in the age at which mice were irradiated (2.5 months vs 6 months
in our study), differences at time-points at which mice were evaluated (23.5 months vs 1
month in our study) and different mouse strains utilized (C3H/HeNCrl vs C57BL/6 in our
study).

Transforming growth factor-beta 1 Tgff1 is a cytokine and one of the major drivers of
radiation-induced fibrosis [2]. In our study, we found increased expression of Tgf/L after
exposure to protons. This finding is in good agreement with the earlier study that reported
increased TgfAL mRNA levels in the lungs of mice exposed to simulated SPE [23]. At the
same time, 26Fe or combined protons+°6Fe irradiation did not affect Tgf31. We have
previously shown lack of alteration in Tgfsl in the lungs of mice 5 months after exposure
to 96Fe (600 MeV/n; dose range 0.1-0.4 Gy) [13]. Interestingly, expression of Tgf31 was
increased in the lungs of mice after a 13-day mission on the Space Shuttle Endeavour [23],
in an environment characterized primarily by the presence of protons, but not heavy ions.
Altogether, these findings suggest that TgfS1 is a target for protons, but possibly not for
heavy ions.
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I1-13 is another pro-inflammatory cytokine that plays a central role in the pathogenesis of
pulmonary fibrosis [25] and asthma [26,27]. It regulates eosinophilic inflammation, mucus
secretion, and airway hyperresponsiveness and is considered as a key regulator of the
extracellular matrix. Substantial up-regulation of 11-13 in mice exposed to protons+>Fe
suggests gross immunological repercussions in the lung tissue, as overexpression of 1113
alone is sufficient to induce non-allergic asthma [27]. Furthermore, it has been shown that
1113 can induce fibrosis independently of Tgfs1 [28]. We identified a significant and
substantial up-regulation of 1113 in the lung of mice exposed to protons and °6Fe (4.1-fold
increase, p<0.001), although non-significant increases were also observed after single
exposures. Therefore, long-term studies investigating the pro-fibrotic potential of combined
exposure to protons and 56Fe are warranted.

Combined exposure to protons and >®Fe has also led to epigenetic alterations. DNA
methyltransferase Dnmt1 is critical for the maintenance of DNA methylation patterns during
replication and for silencing of repetitive elements [7]. Although decreased expression of
Dnmt1 did not lead to marked changes in the methylation of repetitive elements, the
expression of the latter was substantially increased, specifically after exposure to protons
+56Fe. LINE-1, SINE B1 and ERV belong to retrotransposons, mobile DNA sequences,
capable of moving and invading genomes via a “copy and paste” mechanism. Both low- and
high-LET radiation may disrupt the epigenetic control over these sequences exhibited as loss
of DNA methyltransferases function and DNA hypomethylation and lead to subsequent
reactivation of transposable elements [12,29]. The observed increases in LINE-1, SINE B1,
and ERV transcripts in the lung may result in retrotransposition events, associated with them
insertional mutagenesis, genome amplification, and genomic instability and may further
serve as a causative factor in life-threatening disorders, including cancer. Indeed, Iskow and
colleagues report new somatic L1 insertions detected at high frequencies in human lung
cancer genomes [30]. In this study, we did not identify increased copy numbers of the most
abundant transposable element LINE-1. This may be explained by the relatively short time
after exposure and, possibly, by low sensitivity of the assay given the high number (over
500,000 copies) of LINE-1 elements in the genome.

Another potentially dangerous outcome of combined exposure to protons and 56Fe is the
accumulation of satellite DNA mRNA transcripts. The major and minor satellites are the
centromeric- and pericentromeric-specific sequences that act as centromere-building
elements and serve as major components of heterochromatin [9]. Accumulation of MRNA
transcripts associated with satellite DNA is reported in both cancer and non-cancerous
disease. For instance, overexpression of pericentromeric satellite repeats was detected in
pancreatic ductal adenocarcinomas in humans and in a mouse model [31], in human heart
failure [32], and in response to exposure to environmental stressors [33,34]. As centromeric
and pericentromeric RNAs serve as key players for heterochromatin formation, the observed
increase in major and minor satellites transcripts in response to combined exposure to
protons and °6Fe may significantly affect normal chromatin assembly and result in
chromosomal aberrations.

In conclusion, in our experimental conditions, combined exposure to protons and 6Fe did
not lead to the accumulation of collagen and increased expression of Tgff1 in the mouse
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lung, but resulted in substantially increased levels of 1113, decreased expression of Dnmtl
and reactivation of retrotransposons LINE-1 and SINE B1 and dramatic increases in mRNA
levels of major and minor satellites. Given the deleterious potential of the observed effects
that may lead to development of chronic lung injury, pulmonary fibrosis, and cancer, future
studies devoted to the investigation of the long-term effects of combined exposures to proton
and heavy ions are clearly needed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representative histological sections of mouse lung 1 month after exposure to space

radiation. (A) Sham irradiated mice illustrating normal lung parenchyma: bronchiole (BR),
alveolar duct (AD), alveolar sac (AS) and alveoli (a). (B) Protons irradiated, (C) %6Fe
irradiated, (D) protons+°Fe irradiated. A-D H&E stained. Original magnification x275.
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Figure 2.
Representative histological sections of mouse lung 1 month after exposure to space radiation

and stained with Masson’s Trichrome for collagen (blue). (A) Sham irradiated mice, (B)
protons irradiated, (C) °6Fe irradiated, (D) protons+°6Fe irradiated. Original magnification
X275.
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differential gene expression was determined by quantitative RT-PCR. Data are presented as
mean + SE. *p<0.05, **p<0.01, ANOVA with Dunnett’s test. Ct — sham irradiated mice, P —
mice exposed to protons, %8Fe — mice exposed to heavy iron ions, P+°6Fe — mice exposed to

protons (Day 1) and heavy iron ions (Day 2).

Life Sci Space Res (Amst). Author manuscript; available in PMC 2016 November 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Nzabarushimana et al. Page 15

Dnmt1
1.54

1.044

0.5+

Fold Change

0.0+

Dnmt3a

Fold Change

0.0l o

Dnmt3b

Fold Change
>

0.54
0-0 T T T
S %P o o
NOoQ
QY AN
S48

Figure 4.
Effects of space and terrestrial radiation on DNA methylation machinery. The differential

gene expression was determined by quantitative RT-PCR. Data are presented as mean + SE.
*p<0.05, ANOVA with Dunnett’s test. Ct — sham irradiated mice, P — mice exposed to
protons, 56Fe — mice exposed to heavy iron ions, P+°%Fe — mice exposed to protons (Day 1)
and heavy iron ions (Day 2).
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Effects of space and terrestrial radiation on repetitive elements-associated DNA methylation.
The methylation status of DNA repetitive elements was measured by methylation-sensitive
gPCR assay. Data are presented as mean + SE. *p< 0.05, **p<0.01, ANOVA with Dunnett’s
test. Ct — sham irradiated mice, P — mice exposed to protons, °6Fe — mice exposed to heavy
iron ions, P+56Fe — mice exposed to protons (Day 1) and heavy iron ions (Day 2).
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Figure 6.

Effects of space and terrestrial radiation on the expression of repetitive elements. The
differential expression of repetitive elements was determined by quantitative RT-PCR. Data
are presented as mean + SE. *p<0.05, **p<0.01, ANOVA with Dunnett’s test. Ct — sham
irradiated mice, P — mice exposed to protons, 55Fe — mice exposed to heavy iron ions, P
+56Fe — mice exposed to protons (Day 1) and heavy iron ions (Day 2).
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