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Abstract: The impact of space radiation and microgravity on DNA damage responses has been
discussed controversially, largely due to the variety of model systems engaged. Here, we performed
side-by-side analyses of human hematopoietic stem/progenitor cells (HSPC) and peripheral blood
lymphocytes (PBL) cultivated in a 2D clinostat to simulate microgravity before, during and after
photon and particle irradiation. We demonstrate that simulated microgravity (SMG) accelerates
the early phase of non-homologous end joining (NHEJ)-mediated repair of simple, X-ray-induced
DNA double-strand breaks (DSBs) in PBL, while repair kinetics in HSPC remained unaltered. Repair
acceleration was lost with increasing LET of ion exposures, which increases the complexity of
DSBs, precluding NHEJ and requiring end resection for successful repair. Such cell-type specific
effect of SMG on DSB repair was dependent on the NF-кB pathway pre-activated in PBL but not
HSPC. Already under unperturbed growth conditions HSPC and PBL suffered from SMG-induced
replication stress associated with accumulation of single-stranded DNA and DSBs, respectively.
We conclude that in PBL, SMG-induced DSBs promote repair of radiation-induced damage in an
adaptive-like response. HSPC feature SMG-induced single-stranded DNA and FANCD2 foci, i.e.,
markers of persistent replication stress and senescence that may contribute to a premature decline of
the immune system in space.

Keywords: aging; hematopoietic stem and progenitor cells; leukemia risk; particle irradiation;
microgravity; replication stress

1. Introduction

In light of ongoing efforts towards manned Mars exploration and towards space travel
on a regular basis (e.g., ISS, lunar colony), it is of utmost importance to comprehensively
understand the risk factors for human health in advance. Astronauts are concomitantly
exposed to two unique hazards, namely microgravity and galactic cosmic rays with charged
particles of a wide energy range including a high dose contribution by iron ions [1]. Micro-
gravity has been shown to cause degenerative effects on the musculoskeletal, cardiovascular
and neurovascular systems [2] as well as immunosuppression due to a decline in lym-
phocyte numbers and functional impairment of the innate immune system [3]. Particle
irradiation in space exerts detrimental effects on the genome integrity aside from the acute
effects such as on the retina [4].
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Thus, space travel was demonstrated to induce chromosomal aberrations in periph-
eral blood lymphocytes (PBL) [5], which indeed became a biomarker for space radiation
risk [6]. Accumulated epidemiological and experimental evidence also indicates cancer
risk for radiation-exposed individuals with leukemia incidence peaking a few decades
after exposure [6]. In conclusion, astronauts face an increased risk of leukemia [7–9],
whereby the impact of combined exposure to particle radiation and microgravity remains
to be established.

Chromosomal instabilities underlying leukemia formation range from reciprocal
translocations, deletions and insertions to complex structural variations [10,11]. Translo-
cations are driven by classical or alternative non-homologous end joining (NHEJ). These
pathways seal double-strand breaks (DSBs) at different sites in the genome, i.e., in an error-
prone fashion. Underscoring the leukemogenic role of NHEJ, key factors like DNA-PKcs,
LIG4 and PARP1 have frequently been found upregulated in hematologic malignancies [12].
Duplications and deletions are mediated by non-allelic homologous repair of DSBs, com-
plex rearrangements involve template switching at stalled replication forks [13]. In response
to photon radiation, NHEJ represents the fast repair component removing the majority of
DSBs. Alternative pathways, in particular homology-directed repair mechanisms, require
extra time for DNA end resection to promote pairing between the homologies flanking
the DSB [14]. Of note, Taucher-Scholz and co-workers demonstrated in human cells that
end resection is required to successfully repair complex DSBs such as those generated after
exposure to densely ionizing heavy ions [15,16]. In agreement with involvement of slower
repair mechanisms, we previously observed prolonged persistence of chromosomal breaks
post particle radiation with increasing linear energy transfer (LET) [17].

Due to the complexity of the experimental setup and safety concerns, the effect of
microgravity on chromosomal damage induced by radiation during spaceflight has been
addressed in two studies only [18,19]. To overcome these limitations, cells were exposed
to photon radiation before launching or after landing [20–22]. In another approach, ra-
diomimetic was applied during space flight followed by the analysis of DSBs decorated
by the modified histone γH2AX [23]. Regardless of the approach, the results either were
contradictory or argued against synergy between microgravity and removal of the DNA
damage. To create experimental setups for the analysis of multiple replicates, micro-
gravity simulating devices on earth like rotating clinostats for cultured cells have been
engineered [2,4]. Most of the studies with primary or immortalized human lymphocytes
found evidence for synergy between simulated microgravity (SMG) and photon radiation
treatment with regard to various DNA damage responses (DDR). Readouts ranged from
apoptosis and chromosome aberrations to γH2AX signals and expression of DNA repair
genes [24–29]. Conversely, proton and carbon ion treated cells showed no synergy with
respect to chromosome aberrations [30] and the opposite effect on apoptosis [31], under-
scoring the need for systematic analysis of the combined effects of microgravity on photon
and heavy ion treated human cells. To this end, we consider models of microgravity on
earth valuable tools to investigate such aspects of microgravity, as they facilitate dissection
of individual contributions of microgravity, photon and heavy ion (high LET) radiation
and combinations thereof as proxy to space radiation.

Hematopoietic stem and progenitor cells (HSPC) represent the origin of leukemia
cells [32]. Changes in the differentiation potential of HSPC under microgravity conditions
were noticed previously, namely lineage skewing favoring myeloid at the expense of ery-
throid development [33]. However, DNA repair has not been investigated in human HSPC
under SMG. Detailed knowledge of the mechanisms underlying potential dysfunction of
DSB repair in space is a first step to identification of molecular targets providing means for
prophylactic interventions [12]. In the work presented here, we set out to comparatively
analyze DDR and repair in human HSPC and their differentiated progeny, PBL, the human
blood cell model prioritized in previous studies [4]. To tackle the technical problem of
exposing cells simultaneously to charged particle radiation, such as high LET iron ions, and
SMG, we developed a clinostat adapted for accelerator experiments enabling clinorotation
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of cells in the beam of photons or ions in a preceding study. The 2D fast-rotating clinostat
principle was used due to its low shear stress environment for cells in suspension [34].

Employing such equipment enabled studies of the influence of SMG on DDR in HSPC
and PBL pre- and post-irradiation. We find basal SMG-driven activation of DDR reminiscent
of DNA replication stress in aging cells. This pre-activation is most pronounced in PBL,
which also features accelerated repair of photon radiation induced DSBs. By contrast,
carbon ion and iron ion induced complex DSBs are repaired at comparable frequencies in
HSPC and PBL. Together with in situ analyses of DSB processing, our data suggest that
SMG activates NF-кB signaling, favoring fast NHEJ repair in PBL.

2. Results

In order to investigate the influence of SMG on rejoining of radiation-induced DSBs,
HSPC and PBL were ex vivo cultured for 48 h before they were transferred to a 2D cli-
nostat and further cultured for 24 h under SMG (Figure 1a,b). Cells were irradiated
with a dose of 2 Gy X-rays (Figure 1c), charged carbon (LET 75 keV/µm) or iron particles
(LET 150 keV/µm) (Figure 1d), while the cells continued to rotate in the clinostat. Subse-
quently, the cells were further cultured under SMG or 1 g conditions until they were fixed
and processed for immunofluorescence microscopy at indicated time points to monitor the
kinetics of γH2AX and 53BP1 nuclear foci (Figure 2 and Figure S1).
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Figure 1. Experimental setup to maintain and irradiate cells in SMG: (a) Schematic overview of the
experimental set-up for sample preparation for immunofluorescence analysis. HSPC and PBL were
thawed 72 h prior to radiation; white bar: culture in a cell culture flask under normal gravity for 48 h;
blue bar: culture in a 2D clinostat or sham clinostat under SMG or normal gravity (1 g) conditions,
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respectively, for 24 h; blizzard: cells were exposed to a dose of 2 Gy X-rays, carbon ions (75 keV/µm)
or iron ions (150 keV/µm) at time point 0 h. Cells were then further cultivated, fixed and processed
for immunofluorescence analysis at indicated time points. (b) 2D Clinostat (grey) with cells ro-
tating in pipettes to simulate microgravity, and sham clinostat (black) with cells in static pipettes.
(c) X-irradiation unit allowing exposure of cells to X-rays while rotating in the 2D clinostat or sham
clinostat. (d) Irradiation at heavy ion synchrotron (SIS, GSI).
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(a–c) or carbon ions (75 keV/µm) (d–f) and further cultivated. At indicated time points cells were
fixed, immunolabeled and analyzed by immunofluorescence microscopy. (a,d) Exemplary immunoflu-
orescence images of nuclei with γH2AX and 53BP1 foci (1 g, 2 Gy, 1 h). X-ray-induced γH2AX (b) and
53BP1 foci (c). Foci numbers of 68-344 nuclei were scored for each condition and at each time point per
experiment. Columns represent relative mean foci numbers; bars, SEM; Mann–Whitney; *, p < 0.0001;
N = 3. Values were normalized, whereby the values for 1 g, 2 Gy, 1 h were set to 1 for each experi-
ment. 1 relative focus represents the following mean scores for HSPC: γH2AX: 8 foci/cell, 53BP1: 10
foci/cell, PBL: γH2AX: 10 foci/cell, 53BP1: 10 foci/cell. Carbon ion-induced γH2AX (e) and 53BP1
foci (f). Foci numbers of 30–340 nuclei were scored for each condition and at each timepoint per
experiment. Columns represent relative mean foci numbers; bars, SEM; Mann–Whitney; *, p < 0.0001;
N = 4. One-fold represents the following mean scores for HSPC: γH2AX: 12 foci/cell, 53BP1: 8
foci/cell, PBL: γH2AX: 11 foci/cell, 53BP1: 9 foci/cell.

2.1. Simulated Microgravity Accelerates Repair of Low LET Radiation-Induced DNA
Damage in PBL

Exposure to radiation induced a significant increase in γH2AX and 53BP1 nuclear
foci in HSPC and PBL under SMG and 1 g conditions. However, in X-ray exposed PBL
cultured under SMG, we detected lower numbers of γH2AX and 53BP1 foci numbers at all
investigated time points after exposure compared to PBL cultured in 1 g (Figure 2a–c). This
suggests that the repair of X-ray-induced DSBs is accelerated in PBL under SMG conditions.
By contrast, HSPC cultured under SMG showed slightly, but significantly elevated 53BP1
foci at 24 h post-radiation, but otherwise no differences to 1 g cultured HSPC, pointing to
differential regulation of damage repair in PBL and HSPC by SMG.

After exposure to carbon ions, (Figure 2d–f) the effect of SMG was less pronounced in
PBL. The numbers of γH2AX and 53BP1 foci were reduced only 1 h and 24 h post-radiation,
but slightly increased 2 h after exposure to carbon ions in SMG. HSPC show only minor
differences under SMG compared to 1 g conditions in response to carbon ions, visible as
a slight reduction of γH2AX foci 24 h post exposure. In contrast to X-ray- and carbon
ion-induced DSBs, SMG seems not to accelerate repair of iron ion-induced DSBs (Figure S1).
With the exception of 53BP1 foci being decreased in PBL 2 h after exposure, foci numbers
in SMG compared to 1 g were comparable or even increased in both cell types. In order
to better illustrate changes in repair kinetics we normalized the foci numbers per nucleus
of irradiated cells kept in SMG (SMG, 2 Gy) to the mean of the respective 1g controls
(1 g, 2 Gy) for each time point (Figure S2). These calculations support an accelerated repair
of X-ray-induced DSBs, as normalized mean γH2AX as well as 53BP1 foci noticeably and
significantly decline over time, while normalized foci numbers of HSPC even increased
(Figure S2a,b). A noticeable decline of the normalized carbon ion-induced foci numbers
can only be observed from 2 h to 24 h post radiation in PBL (Figure S2c,d), supporting
accelerated repair, but to a lesser extent compared to the repair of X-ray-induced DSBs.
Normalized iron ion-induced foci numbers did not indicate changes in repair kinetics
(Figure S2e,f).

DSBs induced by low LET radiation (i.e., X-rays, γ-rays) can be relatively well and
quickly repaired by NHEJ. In contrast, the repair of damage induced by higher LET
charged particles is more challenging for the cells, as the induced DNA lesions are of
higher complexity than photon-induced damage [35]. These complex breaks require DNA
end resection in all cell cycle phases, leading to repair by homology-directed pathways
including HR, single-strand annealing (SSA) and microhomology-mediated end joining
(MMEJ) [15,36,37]. In line with this, previous studies suggest high LET-induced damage
is not repaired by NHEJ and even inhibits NHEJ mediated repair [37,38]. In light of these
findings, it seems plausible that the higher the LET, the more complex are the breaks
induced, and the more repair depends on homology-directed pathways. This in mind, the
fact that accelerated repair was most pronounced in PBL irradiated with X-rays, but less
obvious for intermediate LET carbon ions and undetectable for high LET iron ions, could
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indicate that SMG promotes or accelerates mainly NHEJ or induces a pathway shift from
time-consuming homology-directed repair pathways towards rapid NHEJ.

2.2. Simulated Microgravity Does Not Modulate X-ray-Induced Effects on Genomic Integrity,
Survival or Differentiation Potential

To assess whether changes in DSB repair activity affect genomic integrity as suggested
by others [39,40], we determined micronucleus (MN) frequency in binucleated cells (Figure
S3a,b). Using this read out, we did not observe a significant effect of SMG on genomic
integrity after exposure to X-rays.

Concomitantly, SMG did not cause apoptosis or necrosis in HSPC or PBL, excluding
cell death as a potential confounding factor (Figure S3c–e). Thus, the effects of SMG on
the repair of X-ray-induced DSBs observed in PBL did not translate into higher levels of
genomic integrity.

To understand whether microgravity affects long-term survival or differentiation pro-
cesses, we subjected HSPC to colony-forming-unit-assays. To this end, we modified our
previous protocol with HSPC seeding in methylcellulose immediately after isolation [41],
and embedded HSPC in methylcellulose only after being cultured in the rotating or static
clinostat for 24 h (Figure S4a). This modification reduced the total number of colonies by
a factor of approximately two yet did not markedly alter the distribution of the different
colony types. Under these conditions, exposure to 2 Gy X-rays reduced the survival by
a factor of approximately ten irrespective of gravity (Figure S4b). Moreover, irradiation
shifted the differentiation capacity of HSPC within the myeloid lineage away from colonies
with granulocyte/monocyte (CFU-G/-M/-GM) towards erythroid (BFUe, CFUe) progeni-
tors with less proliferation capacity, i.e., towards smaller (BFUe < 9) and particularly later
stage CFUe progenitors (Figure S4c–e) confirming our previously published results [41].
However, in SMG the distribution of the colonies did not change compared to 1 g, both
in control and irradiated cells. Therefore, neither the potential of HSPC to grow in the
CFU-assay nor the differentiation potential of HSPC was changed after culture in SMG.

2.3. Simulated Microgravity Does Not Affect Cell Cycle Progression

Since the DSB repair pathway choice is strongly influenced by the cell cycle phase of
irradiated cells, we thoroughly investigated cell cycle distribution and S-phase entry of
HSPC and PBL during the time frame of our experiments. However, flow cytometry-based
analysis of DAPI-stained HSPC and PBL populations cultured in SMG versus 1 g for up to
48 h revealed no significant differences in the cell cycle distribution or cell death detected via
the subG1 fraction (Figure 3a–d). In line, HSPC and PBL showed comparable percentages
of EdU positive cells when cultured in SMG compared to 1 g (Figure 3e), indicating that
SMG did not affect S-phase progression. In conclusion, cell cycle distributions of HSPC
and PBL cultured in SMG or 1 g are comparable at the time of radiation exposure (0 h) and
investigated time points thereafter. Therefore, it seems that the observed effects of SMG on
DSB repair are not caused by changes in cell cycle progression.
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gravity (1 g) for 48 h (white bar) before they were cultured in the clinostat or sham clinostat under
SMG or 1 g conditions, respectively, for up to 48 h (blue bar). (b–d) Cell cycle and cell death analysis
(CC). Cells were fixed at indicated time points and DNA content was analyzed by DAPI staining and
flow cytometry. (b) Exemplary flow cytometry plots for determining the cell cycle phases. From the
starting population (HSPC) (1), the duplicates were excluded by plotting the forward scatter height
(FSC-H) versus the forward scatter area (FSC-A) (2). Within the singlets, the population of viable
cells was identified by plotting cell size (FSC-A) versus granularity (SSC-A) (3). The cell cycle phases
were calculated in viable cells using the Watson Pragmatic algorithm (4). (c,d) Columns represent the
means of the percentages of live cells in G1-, S-, and G2-phase (c) and subG1 (d) of 3 independent
experiments (N); bars, SEM; Wilcoxon test; N = 3, n = 3. (e) Ethidium Bromide (EdU)-incorporation.
EdU was added when cells were transferred to the clinostat (at −24 h time point). At indicated time
points cells were fixed and immunolabeled to analyze EdU incorporation by immunofluorescence
(IF) microscopy; Wilcoxon test; N = 3, n = 3.

2.4. Simulated Microgravity Reduces End Processing and Homology-Directed DSB Repair

To further test our hypothesis of SMG-mediated usage of DSB repair mechanisms in
PBL, we analyzed the assembly of the proteins RPA and FANCD2, which are key factors
for the choice of DSB repair pathways. RPA covers and protects the 3′ single-stranded
overhangs generated during end resection, a prerequisite for the search and alignment of
homologous sequences and therefore for homology-directed DSB repair pathways [42].
FANCD2 is a key regulator of pathway choices, promoting homologous recombination
(HR) in BRCA1/2-proficient and alternative end-joining under BRCA1/2-deficient settings
at replication forks [43].

Accordingly, we immunodetected focal accumulation of RPA and FANCD2, indicating
RPA loading on single-stranded DNA (ssDNA) and FANCD2-activation at DSBs 2 h post-
radiation exposure in PBL, cultured in SMG or 1 g (Figure 4). Under 1 g conditions,
X-ray exposure led to a significant increase in RPA foci numbers, indicating that DSBs
are processed (Figure 4c). In contrast, the lack of such an increase in RPA foci numbers
suggested no end resection took place at X-ray-induced DSBs in SMG. Similarly, while X-ray
exposure of PBL cultured in 1 g induced FANCD2 foci assembly, FANCD2 foci numbers in
irradiated and mock-treated PBL cultured in SMG were comparable (Figure 4d). Exposure
to carbon ions even induced a decrease in RPA as well as FANCD2 foci numbers in PBL,
and interestingly also in HSPC cultured in SMG (Figure S5). Unchanged or decreased
RPA foci numbers in response to radiation in PBL and HSPC cultured in the clinostat
suggest that end resection is suppressed in SMG. The corresponding pattern found for
FANCD2 foci points to reduced FANCD2-mediated HR. Together, these findings support
the idea of preferential usage of NHEJ in SMG. Most interestingly, we noticed that SMG
alone increased RPA and FANCD2 foci assembly in PBL as well as HSPC (Figure 4c and
Figure S5b,c) suggesting SMG on its own induces endogenous stress.
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Figure 4. Homology-directed repair of X-ray-induced DNA damage in simulated microgravity (SMG):
(a) Schematic overview of the experimental set-up for sample preparation for immunofluorescence
analysis. PBL were thawed 72 h prior to radiation; white bar: culture in a cell culture flask under
normal gravity (1 g) for 48 h; blue bar: culture in clinostat or sham clinostat under SMG or 1 g
conditions, respectively, for 24 h; blizzard: cells were exposed to a dose of 2 Gy X-rays at time point
0 h. 2 h post irradiation cells were fixed, immunolabeled and analyzed by immunofluorescence
microscopy. (b) Exemplary immunofluorescence images of nuclei with RPA and FANCD2 foci
(1 g, 2 Gy, 2 h). (c) RPA and (d) FANCD2 foci. Foci numbers of 36–402 nuclei were scored for each
condition per experiment. Columns represent relative mean foci numbers; bars, SEM; Mann–Whitney;
*, p < 0.0001; N = 3 (PBL). Values were normalized, whereby the values for 1 g, 0 Gy, 2 h were set to
1 for each experiment. One-fold represents the following mean scores: RPA: 15 foci/cell and FANCD2:
15 foci/cell.

2.5. Simulated Microgravity Induces Replication Stress

Since the higher basal levels of RPA and FANCD2 foci numbers indicated a DNA
damage-inducing effect of SMG on its own, we calculated mean values of basal γH2AX,
53BP1, RPA and FANCD2 foci numbers from all the immunofluorescence microscopy
experiments at different sampling times during mock-treatments (Figure 2, Figure 4,
Figures S1 and S5) to have a more comprehensive look at changes induced by microgravity
independently of radiation (Figure 5a–d).
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Figure 5. DNA damage and replication stress in SMG: Mean basal (a) γH2AX and (b) 53BP1 foci
numbers of all experiments shown in Figure 2 and Figure S1. HSPC and PBL were cultured under
SMG or normal gravity (1 g) conditions for up to 48 h before they were fixed, immunolabeled and
analyzed by immunofluorescence microscopy. Foci numbers of all time points (1 h, 2 h, 24 h post
mock treatment) were combined. Columns represent relative mean foci numbers; bars, SEM; Mann–
Whitney; *, p < 0.0001; N = 10 (HSPC); N = 9 (PBL). One-fold represents the following mean scores
for HSPC: γH2AX: 1 focus/cell, 53BP1: 1 focus/cell, PBL: γH2AX: 3 foci/cell, 53BP1: 2 foci/cell.
Mean basal (c) RPA and (d) FANCD2 foci numbers of all experiments shown in Figure 4 and Figure
S5. HSPC and PBL were cultured under SMG or 1 g conditions for in total 26 h (2 h post radiation
exposure) before they were fixed, immunolabeled and analyzed by immunofluorescence microscopy.
Columns represent relative mean foci numbers; bars, SEM; Mann–Whitney; *, p < 0.0001; N = 2
(HSPC); N = 6 (PBL). Values were normalized, whereby the mean value of all time points for 1 g
was set to 1 for each experiment. One-fold represents the following mean scores for HSPC: RPA:
10 foci/cell and FANCD2: 3 foci/cell and PBL: RPA: 6 foci/cell and FANCD2: 4 foci/cell. (e) Western
Blot showing protein levels of ubiquitinated PCNA and total PCNA in PBL. Protein band intensities
of Ub-PCNA were quantified and normalized to PCNA and subsequently to a reference sample to
compare band intensities on different blots. Normalized values of PBL cultured at 1 g were set to 1
for each time point. Fold changes of the relative protein levels are indicated below the image; n = 3
(2 h plus 24 h).
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Analysis of basal foci levels in PBL revealed a 2.1-fold and 1.5-fold increase in γH2AX
and 53BP1 foci, respectively, in response to SMG, while HSPC showed only a marginal,
statistically not significant increase in γH2AX and 53BP1 foci. Thus, microgravity indeed
seems to induce DNA damage in PBL but not in HSPC. In contrast, RPA foci numbers were
similarly increased (2.2-fold) in HSPC and PBL and FANCD2 foci were increased even
4.4-fold in HSPC, while PBL cultured in SMG showed only a 1.3-fold augmentation. As
RPA not only covers ssDNA generated during end resection but also at stalled replication
forks—and FANCD2 is a crucial factor to overcome replication fork stalling [44]—we
speculated that culture in SMG could induce replication stress that translates into γH2AX-
and 53BP1-labeled DNA damage in PBL.

To test this hypothesis, we detected ubiquitination of PCNA, which regulates the
choice of DNA damage tolerance pathway to mediate bypass of replication obstacles [45]
and thus is a marker for replication stress. Application of an Ub-Lys164-PCNA specific
antibody revealed strongly increased Ub-PCNA levels in PBL cultured in SMG for 26 h
(24 h + 2 h) and 48 h (24 h + 24 h) compared to 1 g controls (Figure 5e), supporting the
induction of severe replication stress by SMG in PBL.

2.6. NF-κB Signaling Contributes to the Accelerated Repair of DSBs in PBL Cultured in SMG

We have previously shown that NF-κB is an important regulator of DSB repair, promot-
ing homology-directed repair and NHEJ, and is activated more strongly by DNA damage
in PBL than in HSPC [46,47]. As the NF-κB pathway is known to be influenced by true
and simulated spaceflight conditions [48], we investigated the involvement of NF-κB in an
attempt to understand the molecular causes for the accelerated DSB repair and replication
stress in PBL cultured in SMG.

To confirm that SMG affects activation of NF-κB signaling we performed immunoblot-
ting to determine the phosphorylation status of IκBα (Figure 6a,b). Phosphorylation of IκBα
leads to its subsequent degradation and thus NF-κB activation [46]. Increased phospho-
IκBα protein levels were detected after culture in the clinostat for 26 h (24 h + 2 h) and 48 h
(24 h + 24 h), indicating NF-κB signaling is activated in PBL in response to SMG. Hence,
SMG might accelerate removal of X-ray-induced foci by increasing NF-κB activity and
thereby promoting DSB repair in PBL.
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48 h (white bar) before they were cultured in the clinostat or sham clinostat under SMG or 1 g
conditions, respectively, for 48 h (blue bar). After 20 h (−4 h) cells were treated with the NF-κB-
inhibitor Disulfiram (4 µM) or mock-treated with DMSO before they were exposed to a dose of 2 Gy
X-rays and further cultivated. 2 h post radiation exposure cells were fixed, immunolabeled and
analyzed by immunofluorescence (IF) microscopy. Protein lysates were generated at the 2 h and 24 h
time points. (b) Representative Western Blots showing protein levels of phosphorylated IκBα and
total IκBα. PCNA served as loading control. Protein band intensities were quantified and normalized
to loading controls and subsequently to a reference sample to compare band intensities on different
blots. Normalized values of PBL cultured at 1 g were set to 1 for each experiment. Mean fold changes
of the relative protein levels are indicated below the images; N = 2. γH2AX (c) and 53BP1 (d) foci.
Foci numbers of 105–552 nuclei were scored for each condition per experiment. Columns represent
mean foci numbers; bars, SEM; Mann–Whitney; *, p < 0.0001; N = 3. 1 g, 2 Gy, DMSO was set to 1.
One-fold represents the following mean scores: γH2AX 16 foci/cell and 53BP1: 5 foci/cell.

Consequently, we followed the kinetics of X-ray-induced γH2AX and 53BP1 nuclear
foci in PBL cultured in SMG or 1 g in the presence of NF-κB inhibitor Disulfiram [47]
(Figure 6a,c,d). As expected, 2 h post-radiation exposure γH2AX and 53BP1 nuclear foci
numbers were lower in SMG compared to 1 g. NF-κB inhibition by Disulfiram treatment
further increased X-ray-induced foci numbers in 1 g and raised the reduced foci numbers
in SMG to the level of PBL in 1 g, namely mock-treated for γH2AX and irradiated for
53BP1. Moreover, Disulfiram treatment reduced radiation-induced RPA foci numbers in
PBL cultured in 1 g down to the level of PBL cultured in SMG (Figure S6a), which is in line
with the findings that NF-κB signaling promotes end resection [46]. However, Disulfiram
did not affect RPA foci in PBL cultured in SMG, excluding a major contribution of end
resection and dependent repair pathways to the accelerated DSB repair in irradiated PBL in
SMG. FANCD2 foci showed a similar pattern, though with a further decrease in FANCD2
foci also in the presence of Disulfiram, yet at the level of untreated cells (Figure S6b). These
results suggest that NF-κB is indeed necessary for the accelerated repair of X-ray-induced
DSBs under SMG, whereby end resection does not seem to be involved.

A slight reduction of basal γH2AX and 53BP1 (Figure 6c,d) as well as FANCD2
(Figure S6b) foci numbers by Disulfiram treatment at least in 1 g is compatible with reports
showing that under conditions of non-blocking replication stress NF-κB signaling induces
low levels of damage due to NF-κB mediated transcription colliding with the replication
machinery as well as controlled ROS production as part of a protective adaptation program
in primary cells [49,50].

3. Discussion

In light of the divergence of models for space travel used in different studies, each with
their different shortcomings, the somewhat contradictory reports on effects of microgravity
on DNA repair activities must not surprise [2,4]. Experimental variations range from the
source of microgravity, the genotoxic stimulus, organism, cell type, to the chosen functional
readout. To the best of our knowledge, our work for the first time investigates DDR in
immature and mature cells of the human hematopoietic system after exposure to photon
and particle radiation of different LET side-by-side under conditions of 1 g and SMG. The
impact of testing HSPC as the origin of radiation-induced leukemogenesis is undoubtedly
high [51], with PBL representing the most widely engaged human cell model to investigate
effects of radiation and microgravity. We find striking differences in their responses to
different radiation qualities of relevance for space travel. While DSB removal in HSPC
is largely unaffected by SMG regardless of the radiation source, PBL features accelerated
repair of X-ray-induced DSBs. Analysis of molecular switches controlling DSB repair
reveals that SMG exploits readily activated NF-κB signaling in PBL to promote fast NHEJ
rather than slow but safer end resection-dependent repair pathways. We suggest a model
integrating the effects of microgravity and the current knowledge on repair of X-ray and
heavy ion-induced DSBs [37] as outlined in Figure 7 and detailed below.
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3.1. SMG Accelerates Repair of Simple DSBs in PBL

Our previous work established assay conditions for the analysis of radiation responses
of HSPC and PBL ex vivo that exclude simple confounding factors such as differences
in the cell cycle distribution [47]. Here, these experimental conditions were refined to
permit radiation treatment during culture in 1 g and SMG, taking care of uninterrupted
rotation in the clinostat during irradiation as well as during transport to and from the
radiation equipment. Such details are critical to fully mimic the conditions in space and
may also explain differences in the observations made in this work as compared to others.
In SMG as compared to 1 g we noticed an accelerated decline of γH2AX- and 53BP1-labeled
DSBs in PBL starting within the first 2 h post-γ-ray (2 Gy). Mognato and colleagues [28]
observed decelerated disappearance of γH2AX foci yet starting from 6 h post-irradiation
(5 Gy). Importantly, these authors exposed PBL to SMG only after irradiation, while in our
work cells were kept in SMG for 24 h already before radiation treatment. We purposefully
chose such a treatment protocol, as it better resembles conditions during space travel and
considers effects requiring continued exposure to SMG such as transcriptional changes.
Thus, Singh and colleagues [52] noticed elevated expression of the NHEJ factors Ku70,
Ku80 and DNA-PKcs in human promyelocytic leukemic HL-60 cells kept in SMG for
72 h. Differently, Mognato and colleagues [27], again without pre-exposure, did not find
differential expression of DSB repair genes in SMG post-γ-ray. Accordingly, we conclude
that pre-exposure to SMG promotes DSB repair of photon radiation-induced DSBs in PBL.

NHEJ is well known to account for the rapid removal of the majority of DSBs dur-
ing the first 2 h after X-ray exposure [53], kinetics prominently seen here in SMG. After
irradiation with photons, NHEJ efficiently competes with the more slowly acting DSB
repair pathways requiring DNA end resection [54,55]. In support of prevalent NHEJ rather
than end-processing pathway usage at X-ray-induced DSBs in SMG-exposed PBL, we
noticed absence of RPA foci accumulation above basal levels. Accordingly, nuclear foci
of FANCD2, promoting CtIP-dependent end resection and channeling DSB repair to HR
rather than NHEJ [56], stayed at basal levels. Charged particle exposure more frequently
leads to clustering of DNA damage, particularly for particles with higher LET [57,58] or
heavier ions [35,59]. Simpler DSBs, e.g., those induced by X-rays, are reliably repaired by
NHEJ, while with increasing complexity due to higher LET of the radiation qualities, repair
becomes increasingly dependent on end resection and homology-directed repair [15,53,60].
Complex DSBs show spatiotemporal dynamics of the repair factors NBS1 and 53BP1, indi-
cating a fraction of lesions with delayed recruitment, which first must be processed by base
excision repair to generate DSBs [16]. Our analysis of γH2AX foci kinetics revealed that
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SMG cannot stimulate NHEJ during the fast and early repair phase until 2 h post-irradiation
with carbon or iron ions and caused retention of γH2AX until late stages post-treatment for
iron ions. Differences in DSB signaling could largely be excluded, as comparable numbers
of γH2AX foci were assembled in 1 g and SMG after iron ion exposure. However, under
SMG conditions recruitment of the NHEJ factor 53BP1 [61] peaked later post carbon ion
exposure than post X-ray (2 h versus 1 h), while RPA as well as FANCD2 foci numbers
were reduced rather than augmented as seen in 1 g, suggesting delayed accessibility of DSB
repair proteins in SMG. These observations support the idea that repair was accelerated
by microgravity in PBL irradiated with X-rays, an effect that was less pronounced with
intermediate LET carbon ions and neutralized with high LET iron ions, causing retention
of complex DSBs potentially leading to a higher complexity of chromosomal aberrations
after ion particle exposure [35,62–65].

3.2. Simulated Microgravity Cell Type Specifically Modulates DSB Repair

Underscoring the attention that needs to be paid to the nature of different biological
models investigated in SMG, our side-by-side analysis revealed a radiation response in
HSPC that was very different from the one observed in PBL. While PBL showed SMG-
accelerated removal of γH2AX/53BP1-labeled damage post X-ray, DSB repair kinetics in
HSPC were similar under both 1 g and SMG conditions. Therefore, we conclude that SMG
did not stimulate early NHEJ repair of clean DSBs in HSPC. However, during the late repair
phase (24 h post X-ray) accumulation of unrepaired DSBs (γH2AX/53BP1) was noticed
in HSPC in SMG but not 1 g, suggesting compromised homology-directed repair. Repair
of γH2AX-labeled, complex DSBs post iron ion exposure showed a delay in HSPC and
PBL in SMG versus 1 g though at different time points (1 h and 24 h, respectively). These
observations suggest that DSB repair pathways involving end processing are affected by
SMG in HSPC and PBL. In support, RPA foci numbers post carbon ion exposure were
comparably affected by SMG in both cell types.

Such cell type-specific impact of microgravity on the repair of radiation-induced
DSBs was reminiscent of our earlier findings on higher DSB repair activities in PBL versus
HSPC [47]. Thus, augmentation of DSB repair in PBL versus HSPC was more pronounced
for NHEJ (22-fold) than the homology-directed repair pathways SSA and HR (on average
9-fold). The NHEJ machinery was found to be more proficient in PBL than HSPC and, as
we show here, responsive to further stimulation by microgravity. In our previous work, we
demonstrated that elevated NF-кB activity in PBL is required for this activity gap, because
DSB removal was antagonized by NF-кB inhibition in PBL but not HSPC. Several other
groups (reviewed in [48]) investigated the influence of ionizing radiation and microgravity
on NF-кB signaling, mostly reporting NF-кB activation by irradiation. However, even
when focusing on human cells, different outcomes were described regarding NF-кB activity
in SMG. Yet, similarly as outlined above for space travel models, human cells exposed to
microgravity for at least 24 h showed NF-кB activation as a DNA-binding and transcription
factor [66–68], whereas exposure up to 4 h even caused an opposing effect [69–72]. Here,
we observed augmented NF-кB activity as monitored by phosphorylation of IкBα in PBL,
which were cultivated under SMG conditions for 48 h. Strikingly, when treating cells with
an inhibitor of the NF-кB pathway, acceleration of DSB removal by SMG was essentially lost
(γH2AX/53BP1 foci). Hence, this effect seems to depend on NF-кB activity and is therefore
highly cell type specific. We conclude that microgravity stimulates NHEJ specifically in PBL
via the pre-activated NF-кB pathway, which must fail in HSPC without active NF-кB [47].

NF-кB was also found to promote homology-directed repair but to a lesser extent [47].
However, SMG neither accelerated repair of complex DSBs generated by iron ions in HSPC
nor in PBL. Based on this and our RPA foci data demonstrating failure to accumulate ssDNA
post-radiation in SMG, we propose that microgravity antagonizes DNA end resection and
therefore also homology-directed repair pathways. Knowing that 53BP1 protects DNA
ends from resection [61], it is interesting that 53BP1 foci numbers remained high for 24 h in
iron ion exposed PBL particularly under SMG conditions. Prolonged binding of 53BP1 to
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DNA ends may therefore have contributed to the reduced efficiency of homology-directed
repair of complex DSBs in SMG in a futile attempt to perform NHEJ.

While these effects on DSB repair activities did not translate into significant changes
in MN formation in our hands, other reports indicate chromosomal translocations detected
by FISH after exposure to X-rays and carbon ions [39,40]. Despite the similar nature of their
origin, micronuclei and chromosomal translocations are not interchangeable, as they reflect
different processing of DNA lesions. Yet, an increase in chromosomal translocations [39,40]
is in line with stimulated NHEJ. Lastly, SMG-induced effects on DSB repair activities may
cause accumulation of genomic instabilities at sub-microscopic level.

3.3. Replication Stress as DSB Repair Pre-Activating Mechanism under SMG Conditions

Clues to differential activation of DSB repair by SMG in HSPC and PBL came from our
closer look at basal DDR in SMG. While we neither observed SMG-induced changes in cell
death, neither in cell cycle distribution nor in nucleotide incorporation under unperturbed
growth conditions, two markers of replication stress were elevated in both HSPC and PBL
in SMG as compared to 1 g: RPA, covering ssDNA exposed at uncoupled forks [73], and
FANCD2, recruiting HR proteins to reactivate stalled forks [44]. Simultaneously, γH2AX-
and 53BP1-foci were upregulated in PBL under SMG conditions, indicating formation of
DSBs at stalled replication forks due to incisions [73]. In HSPC, replication stress did not
reach the severe outcome of DSBs, which can be explained by more efficient fork remodeling
in this cell type in general [74]. Additionally, we observed an 11-fold higher increment of
FANCD2 foci numbers under SMG versus 1 g conditions in HSPC compared with PBL
suggesting efficient fork protection from nucleases by the Fanconi anemia pathway in the
immature cell type [73,75]. Altogether, both cell types showed signs of replication stress,
but PBL featured more severe and/or persistent replication stress under SMG conditions,
ultimately acquiring DSBs already before radiation treatment.

What can be the reason for the observed stress under unperturbed conditions in
SMG? DNA replication barriers are generated by transcription-replication conflicts, DNA
secondary structures formed at repetitive elements, nucleotide exhaustion and DNA le-
sions [76]. Of note, human PBL use mechanisms bypassing barriers fast but error-prone,
and the use of these mechanisms is coupled with low level DNA damage as compared
with fork remodeling in HSPC [74]. Therefore, PBL are more sensitive to additional, even
subtle problems pushing the equilibrium above a threshold triggering DDR. Such an ad-
ditional stimulus in SMG-exposed PBL may stem from highly active NF-кB-mediated
transcription and R-loop formation. In our work, inhibition of NF-кB indeed reduced basal
γH2AX/53BP1-damage foci numbers in 1 g but not in SMG, arguing against an isolated
NF-кB effect. As a second candidate mechanism, microgravity was reported to inhibit ex-
pression of lamin A [77]. Lamin A is known to maintain the positional stability of DDR foci
in the nucleus [78], to suppress LINE1 retrotransposons and to guarantee robust DSB repair
in concert with the longevity factor SIRT6 [79]. Third, microgravity was demonstrated to
activate metabolic pathways [80] and consequently ROS formation [52], which in turn is
known to activate NF-кB [81]. Regardless of the mechanism, low-level replication stress in
primary cells was shown to activate the PARP1-NF-кB axis and thereby a detoxification
program, while above a certain stress threshold, associated with DSBs, DDR involving ATM
are induced [50]. These adaptive-like versus canonical stress responses could explain the
opposing pattern of RPA/FANCD2 foci alterations pre- and post-radiation in SMG versus
1 g. Most importantly, this mechanism pre-activates DSB repair specifically in PBL with
more severe replication stress in SMG and a readily activatable NF-кB pathway, leading to
accelerated NHEJ mediated DSB repair in SMG.

4. Methods and Materials
4.1. Isolation of Primary Hematopoietic Cells

HSPC and PBL were isolated from peripheral blood of healthy donors with the donors’
informed consent. Apheresis products from stem cell donors were provided by the De-
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partment of Cellular Therapeutics/Cell Processing of the German Red Cross Blood Service
Frankfurt (Frankfurt, Germany; study approval #329/10; #157/10; #155/13). The frac-
tion of CD34+ HSPC was positively selected as described in [62] (CD34 MicroBead Kit,
Miltenyi Biotech, Bergisch Gladbach, Germany). Freshly isolated HSPC were subjected
to CFU-assay; for all other experimental approaches HSPC from different donors were
pooled and frozen in a nitrogen tank (freezing medium: 40% Stem Span SFEM, Stem Cell
Technologies Inc., Cologne, Germany; 50% FCS superior, S0615, Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany; 10% DMSO, Applichem, Darmstadt, Germany). With the
start of the experiment, cells were thawed in a water bath with a buffer containing PBS +
2% FCS and taken up in expansion media. To obtain actively cycling cell cultures, HSPC
were cultured for 48 h in cell culture flasks under standard conditions (37 ◦C, humidified
atmosphere 95%) in serum-free StemSpan SFEM medium supplemented with cytokines:
100 ng/mL Flt-3 ligand (Flt3L), 100 ng/mL Stem Cell Factor (SCF), 20 ng/mL Interleukin-3
(IL3) and 20 ng/mL Interleukin-6 (IL6) (Cytokine Cocktail CC100, both from StemCell
Technologies Inc., Vancouver, BC, Canada) under normal gravity conditions (1 g), unless
otherwise indicated.

To obtain PBL, peripheral blood was drawn at GSI from healthy volunteers in Vacu-
tainer tubes (BD Vacutainer® blood collection tubes, BD Biosciences, Heidelberg, Germany).
PBL were isolated by density-gradient centrifugation which resulted in separation into
either plasma or the interphase containing the peripheral blood mononuclear cells (PBMCs).
Plasma was collected and heat inactivated (56 ◦C, 30 min in a water bath). The remaining
erythrocytes were removed by hypotonic lysis, as described [62]. To adhere the monocytes,
cells were resuspended in X-Vivo-15 medium (Lonza/Biozym Scientific GmbH, Oldendorf,
Germany) containing 10% autologous plasma and 100 U/mL Penicillin/100 µg/mL Strepto-
mycin (#P06-07100, PAN Biotech, Aidenbach, Germany) and incubated for 2 h at 37 ◦C in a
humidified atmosphere (95%). PBL in the supernatant were removed and frozen in freezing
medium in a nitrogen tank (70% VLE RPMI 1640 Medium, #FG 1415, Biochrom with 2.0
g/L NaHCO3 and stable glutamine; very low endotoxin, Biochrom AG/Merck Millipore,
Darmstadt, Germany; + 20% FCS superior + 10% DMSO). PBL were thawed in a gentle
process in VLE RPMI 1640 Medium + 10% FCS. This was added dropwise. Finally, PBL
were cultured in VLE RPMI 1640 Medium (FG 1415, Merck Millipore), supplemented with
20% FCS superior, 10 mM Hepes (#15630-056, Gibco, Darmstadt, Germany) and 100 U/mL
Penicillin/100 µg/mL Streptomycin and 2% phytohemagglutinin (PHA.M, Gibco #10576-
015, Life Technologies, Carlsbad, CA, USA) at 37 ◦C in a humidified atmosphere (95%) for
48 h in cell culture flasks under normal gravity conditions (1 g).

4.2. Simulated Microgravity Conditions (Clinostat)

Except for Colony-forming-unit-assay, cells were cultured in cell culture flasks for 48 h,
before they were split into two fractions: either cells were kept further under normal gravity
conditions (1 g), or cells were cultured under SMG at 37 ◦C in a humidified atmosphere
(95%).

Microgravity was simulated using a 2D clinostat (see Figure 1), developed by the
German Aerospace Center (DLR, Institute of Aerospace Medicine, Gravitational Biology,
Cologne, Germany), enabling the irradiation of suspension cells in SMG. The clinostat was
built by using a 3D printing method (fused filament fabrication) with polylactic acid to
avoid metal in the clinostat structure to prevent radiation effects after the experiment. The
clinostat has 16 slots for 2 mL serological pipettes (Carl Roth, #N236.1, Karlsruhe, Germany).
The pipettes in the 2D clinostat rotate around their own axis at a speed of 60 rounds per
minute and thus produce a constant change in the gravity vector, preventing the cells from
sedimentation [82,83]. This generates simulated microgravity with a maximum residual
acceleration of 0.0075 g.

A sham clinostat, also with 16 slots, was designed and built in-house at GSI. In the
sham clinostat, the pipettes do not rotate, enabling comparative cultivation of the cells in
2 ml serological pipettes (Sarstedt, #86.1252.001) without SMG (1 g) (static 1 g control). For
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both systems, 0.8–1 mL of the cell suspension was loaded in the pipettes and thus could be
placed in the irradiation window of the clinostat. The pipettes were inserted horizontally
into the clinostat and pipettes were sealed with parafilm.

4.3. Irradiation with Photons and Heavy Ions and Drug Treatment

To irradiate the cells, they were placed on a lab trolley. A battery was used to keep the
power supply on the way from the laboratory to the irradiation site. Cells were exposed
to 2 Gy of X-rays using a Seifert Isovolt DSI X-ray tube with a dose rate of ~1Gy/min
(16 mA, 250 kV) (Figure 1c). Exposure of cells to 2 Gy of heavy ions was performed at
the heavy ion synchrotron (‘Schwerionensynchroton’, SIS, GSI Helmholtz center for heavy
ion research, Darmstadt, Germany) (Figure 1d). For irradiation with carbon ions (C12,
240 MeV/u), the field size of irradiation was 90 × 60 mm. Samples were irradiated at a
depth of 102 mm (Bolus; H2O equivalent), with a dose-averaged LET of 75 keV/µm at the
position of irradiation (modulator from Ullrich Weber, GSI, was used). The same setup was
calculated for iron ions (Fe56, 1 GeV/u) irradiation resulting in a LET of 150 keV/µm. After
irradiation, cells were either cultivated or fixed for the different experimental endpoints
(again under SMG conditions or 1 g). To inhibit NF-κB, cells were treated with 4 µM
Disulfiram or mock treated 4 h prior to radiation exposure.

4.4. Quantitative Immunofluorescence Microscopy

At indicated timepoints post-irradiation, cells were fixed in 3.7% formaldehyde (VWR
International, Bruchsal, Germany) for 10 min. For immunofluorescence analysis of RPA and
FANCD2 foci, cells were additionally pre-extracted in cold pre-extraction buffer (20 mM
HEPES, pH 7.4; 50 mM NaCl; 1 mM EDTA; 3 mM MgCl2; 300 mM Sucrose; 0.5% Triton
X-100) for 1 min prior to fixation. Cells were then cytospinned on poly-L-Lysine (Sigma)
covered glass slides and fixed again in 3.7% formaldehyde for 10 min. For immunofluores-
cence staining, fixed slides from all time points were collected, washed 3 times for 5 min in
PBS and permeabilized with 0.5% Triton for 10 min. To avoid unspecific binding, slides
were blocked in 5% goat serum for 1 h at RT, followed by immunostaining with primary
antibodies, anti-53BP1 (rabbit, polyclonal, NB100-304, Novus Biologicals, Littleton, CO,
USA) and anti-phospho-histone H2A.X (Ser139, mouse, monoclonal, JBW301, Millipore)
or anti-FANCD2 (rabbit, monoclonal, EPR2302, Abcam, Cambridge, UK) and anti-RPA
(mouse, monoclonal, Ab-2, RPA34-19, Calbiochem, San Diego, CA, USA) diluted in 5% goat
serum, at 37 ◦C for 1 h or at 4 ◦C overnight. After another washing step (3 × 5 min in PBS)
slides were incubated with secondary antibody Alexa Fluor555-anti-mouse, Alexa Fluor488-
anti-mouse or Alexa Fluor555-anti-rabbit (Invitrogen, Waltham, MA, USA) 1 h at 37 ◦C.
Final washing (3 × 5 min in cold 0.1% triton) was performed, before slides were mounted
in Vectashield containing DAPI (Vector Laboratories, Newark, CA, USA) and sealed under
cover slips. Nuclear immunofluorescence signals were imaged with a BZ-9000 microscope
(Keyence, Singapore) or inverted Axio Observer 7 microscope (Zeiss, Oberkochen, Ger-
many) using a 100 × objective. Automated identification and quantification of foci was
performed using Cell Profiler software [84].

4.5. Micronucleus Test

After preculture for 48 h, cells were irradiated with 2 Gy X-rays (+untreated control),
immediately treated with 4.5 µg/mL cytochalasin B (Sigma) and then half of the irradiated
and half of the non-irradiated samples were transferred to the 2D clinostat. The remaining
samples were transferred to the sham clinostat. Then, 48 h later, the cells were harvested
and prepared for micronucleus analysis by fixation with methanol/glacial acetic acid (3:1)
for preservation. The cells did not require hypotonic treatment for slide preparation, thus
making it possible to preserve the morphology of both necrotic and apoptotic cells [85]. The
micronuclei were visualized by Giemsa staining. Therefore, the slides were immersed in a
Giemsa solution (1:10) diluted with Sörensen buffer (pH 6.8) and incubated for 20 min. They
were then soaked in Sörensen buffer for 2 min and washed with deionized water. To protect
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the slides from further contamination and color fading, they were mounted with Eukitt
and covered with a cover slip. The slides were imaged using an Echo Revolve microscope
(Echo, software version 13.3.1). Next, 500 cells were counted per slide. Binuclear cells and
micronuclei in binuclear cells were counted. Apoptotic cells have been identified based on
condensed or fragmented DNA. Necrotic cells have been identified based on a glassy and
vacuolated morphology, as during necrosis organelles are swelling, the plasma membrane
is ruptured.

4.6. Colony-Forming-Unit-Assay

CD34+ HSPC were cultured for 24 h in 2 mL serological pipettes, either under normal
conditions (1 g) or under SMG. Afterwards, cells were exposed to 2 Gy of X-rays; unir-
radiated cells served as controls. As described elsewhere [41], cells were embedded in
semisolid methycellulose plus cytokines (Methocult GF H4434, #04434, StemCell technolo-
gies) and kept at 37 ◦C in a humidified atmosphere (95%), which allows cells to differentiate
within 14 days into cells of the myeloid lineage. Colonies were counted and identified
based on morphological pattern using light microscopy. The multi-potential and immature
CFU-GEMM progenitors were recognized due to the presence of erythroid and other cells
(granulocytes, macrophages, megakaryocytes) within one colony. Colonies with clusters
of predominantly hemoglobinized erythroblasts cells were classified as erythroid progen-
itors: primitive burst-forming unit-erythroides with high proliferative capacity (BFU-E,
>3 clusters) and later-stage colony-forming unit-erythroid (CFU-E, 1–2 clusters). Colonies
containing granulocytes (-G), macrophages (-M) or a combination of both (-GM) were
scored and grouped as CFU-G/-M/-GM.

4.7. Cell Cycle and Sub G1 Analysis

The distribution of the cells in the different cell cycle phases was determined by
measuring the DNA content of DAPI stained cells by flow cytometry (BD FACS Canto
with FACS Diva software version 4.1). To this end, cells were fixed in 3.7% PFA for
45 min at indicated time points and incubated with 1 µg/mL DAPI for 30 min in the dark.
Data analysis was conducted using FLOWJO software. Thereby, cell cycle analysis was
performed using Waston’s Progmatic algorithm within the FLOWJO software. In addition,
the percentage of apoptotic cells was determined by the sub-G1 method.

4.8. EdU Staining

After preculture for 48 h, the cells were treated with 1 µM EdU (EdU Click FC ROTI®kit,
Carl Roth, Karlsruhe, Germany). Then, one half of the samples was transferred to the
clinostat, the other half to the sham clinostat (1 g).

At indicated time points, the cells were harvested, washed with PBS and fixed with
3.7% formaldehyde (RT, 15 min in the dark). Cells were washed with 1 mL PBS + 3% BSA
and the cell membranes permeabilized with PBS + 0.5% Triton (RT, 20 min). After another
washing step, the fluorescent dye and the reaction cocktail was added (30 min in the dark).
Finally, the cells were mounted in eukit and covered with a cover slip. The slides were
imaged using an Echo Revolve microscope (Echo, software version 13.3.1). 1000 cells were
counted per slide and the percentage of EdU+ cells was determined.

4.9. Immunoblotting

Cellular lysates were prepared and analyzed by Western Blotting as previously de-
scribed [86]. Proteins were extracted by incubating the cells in lysis buffer (50 mM Tris,
pH 7.4; 150 mM NaCl; 2 mM EGTA; 2 mM EDTA; 25 mM NaF; 25 mM β-glycerophosphate;
0.1 mM NaV; 0.2% Triton X-100; 0.3% Nonidet P40; proteinase inhibitor, Roche, Basel,
Switzerland). Following centrifugation, protein concentrations of supernatants were de-
termined by the BCA™ Protein Assay Kit (Thermo Scientific, Waltham, MA, USA). Next,
30–50µg of protein per sample was separated electrophoretically using 10% SDS–PAGE gels
and blotted onto Hybond™-C-Extra Nitrocellulose membranes (GE Healthcare, Chicago,
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IL, USA). Proteins of interest were detected using the following antibodies: anti-phospho-
IkBα (Ser32/36, mouse, monoclonal, 5A5, Cell Signalling, Danvers, MA, USA), anti-IkBα
(rabbit, polyclonal, C-21, Santa Cruz, Singapore), anti-PCNA (mouse, monoclonal, PC10,
Abcam), and anti-ubiquityl-PCNA (Lys164, rabbit, monoclonal, D5C7P, Cell Signaling).
Chemiluminescence signals were detected on a ChemiDocMP System (BioRad, Hercules,
CA, USA) using ClarityTM Western ECL Substrate (BioRad) and Band intensities were
quantified using ImageLab software 4.1. Intensity values of the protein of interest were
normalized to the values of the corresponding loading control.

4.10. Statistics

Statistical analyses were performed using GraphPad Prism 9.0 software. The Mann–
Whitney two-tailed test or Wilcoxon test were applied for pairwise comparisons. Signif-
icance levels were not adjusted for multiple comparisons. Differences were considered
as significant for p values < 0.0001 in immunofluorescence experiments, otherwise for
p values < 0.05.

5. Conclusions

Our work reveals that clinorotation (simulated microgravity) induces replication stress
and resulting DNA damage in immature human hematopoietic cells and their differentiated
counterparts, in particular. In differentiated cells SMG significantly accelerated NF-кB-
dependent repair of radiation-induced DSBs with low complexity. Such DSB repair favors
error-prone NHEJ, which has been associated with leukemic genome mutations [12]. Since
these SMG-induced changes were seen primarily in mature PBL rather than in HSPC
which are the cells of origin of myeloid leukemias, NHEJ is apparently not a major risk
of microgravity in space. On the other hand, HSPC accumulated FANCD2 signals more
prominently than PBL. FANCD2 activation is a marker of persistent replication stress at the
onset of oncogene-induced senescence [87,88]. Intriguingly, it is known that both replication
stress and radiation exposure of HSPC accelerate premature aging [89,90]. Our approach to
expose samples in parallel to SMG and radiation give us clear indications of what might
happen in space and help to identify involved pathways and targets. Nevertheless, a
simulation needs a final verification under real spaceflight and microgravity conditions. In
the light of these and earlier observations suggesting attenuation of the immune system
by space travel [3,91,92], it remains important to monitor the health status of astronauts to
fully understand potential long-term effects of space travel.
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