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Abstract: Experiments from flight- and ground-based model systems suggest that unexpected
alterations of the human lymphoblastoid cell line Jurkat, as well as effects on cell growth, metabolism,
and apoptosis, can occur in altered gravity conditions. Using a desktop random positioning
machine (RPM), we investigated the effects of simulated microgravity on Jurkat cells and their
multidrug-resistant subline, Jurkat/A4 cells. The viability of Jurkat/A4 cells decreased after simulated
microgravity in contrast with the Jurkat cells. At the same time, the viability between the experimental
Jurkat cells and control Jurkat cells was not significantly different. Of note, Jurkat cells appeared as
less susceptible to apoptosis than their multidrug-resistant clone Jurkat/A4 cells, whereas cell-cycle
analysis showed that the percentage of Jurkat/A4 cells in the S-phase was increased after 72 and
96 h of RPM-simulated microgravity relative to their static counterparts. The differences in Jurkat
cells at all phases between static and simulated microgravity were not significant. The surface
expression of the intercellular adhesion molecule 3 (ICAM-3)—also known as cluster of differentiation
(CD)50—protein was changed for Jurkat/A4 cells following exposure to the RPM. Changes in cell
morphology were observed in the Jurkat/A4 cells after 96 h of RPM-simulated microgravity. Thus,
we concluded that Jurkat/A4 cells are more sensitive to RPM-simulated microgravity as compared
with the parental Jurkat cell line. We also suggest that intercellular adhesion molecule 3 may be an
important adhesion molecule involved in the induction of leukocyte apoptosis. The Jurkat/A4 cells
with an acquired multidrug resistance phenotype could be a useful model for studying the effects of
simulated microgravity and testing anticancer drugs.
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1. Introduction

Space experiments are of great value for the study of various physiological characteristics of the
human body; health problems; and, in particular, cancer [1-3]. Microgravity allows one to explore the
molecular and cellular mechanisms of the biological effects on cellular stress and the transformation of
normal and tumor cells with a change in gravity [4-6].

Many reports have indicated that simulated microgravity affects cellular morphology, proliferation,
apoptosis, invasion, and migration while inhibiting cancerous cell growth and invasion [6-13]. After
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simulated-microgravity exposure, apoptosis has been observed in glial cells [7], endothelial cells [8],
thyroid cancer cells [9], and Jurkat cells [5]. Both real and simulated microgravity induces early
alterations of the cytoskeleton in thyroid cancer cells [10], endothelial cells [11], glial cells [12], and
human breast cancer cells MCF-7 [13]. In a suspension cell culture, conditions similar to microgravity
can be established using different equipment such as a rotating wall bioreactor, a clinostat, a random
positioning machine (RPM), and even magnets (magnetic levitation) [14].

The human leukemic T-cell line Jurkat is a stable cellular model that is easily able to be managed
and is sensitive to real and simulated microgravity [15-18]. The changes in the expression and secretion
of genes as well as proteins involved in cancer cell proliferation, metastasis, and survival shift the cells
toward a less aggressive phenotype. For example, on chondrocyte cultures, microgravity led to an
increase in the expressions of apoptotic proteins Fas/apoptosis antigen-1, p53, and Bax, and a decrease
in the antiapoptotic protein Bcl-2 [4]. Interestingly, the increased expression of the Fas protein in the
Jurkat human T-cell lymphoblastoid line was also noted during the space shuttle flights STS-80 and
STS-95. It was concluded that changes in the cytoskeleton and lymphocyte metabolism, as well growth
retardation during space flight, are associated with an increase in apoptosis and with the temporary
overexpression of the apoptotic Fas/apoptosis antigen-1 protein [5].

Recently, in vitro microgravity has been of particular interest as a system for both studying cancer
mechanisms and for testing anticancer drugs [6,19,20]. Multicellular spheroids are a model for studying
the mechanisms of angiogenesis and pharmacological testing of chemotherapeutic agents [21-23].

Jurkat T-cells have a high proliferation rate, are moderately sensitive to most anticancer drugs
and ionizing radiation, and do not express the p53 protein [24,25]. A multiresistant cell line, Jurkat/A4,
which is a stable subline of Jurkat cells with an acquired multidrug resistance phenotype, constitutes
a useful model for studying apoptotic resistance [26,27]. Jurkat/A4 cells retain the morphology of
Jurkat, initially expressing low levels of FasR (cluster of differentiation (CD)95) and intercellular
adhesion molecule 3 (ICAM-3) (CD50) on their cell surface. However, little is known about the effects
of simulated microgravity on cells with a multidrug resistance phenotype.

To our knowledge, the effects of reduced gravity on the cellular responses and physiological
effects of Jurkat/A4 have not yet been investigated. Therefore, in the present study, we investigated the
effects of simulated microgravity on Jurkat cells and their multidrug-resistant subline, Jurkat/A4 cells.

2. Results

2.1. Effect of Simulated Microgravity on Cell Viability of Jurkat/A4 Cells

The analysis of cell viability was performed using the vital dye trypan blue. The viability of
Jurkat/A4 cells decreased after exposure to simulated microgravity in contrast with the Jurkat cells.
After 96 h, the percentage of Jurkat/A4 alive cells had decreased under RPM-simulated microgravity
conditions (76.0% =+ 4.2%) relative to the static control cells (90.2% + 4.2%) (n = 7; p < 0.05). At the
same time, the viability profile between the experimental Jurkat cells and control Jurkat cells was not
significant (Figure 1).
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Figure 1. The effect of random positioning machine (RPM)-simulated microgravity on cell viability of
Jurkat (a), and Jurkat/A4 cells (b). Cell viability was evaluated with a trypan blue exclusion assay. The
results are expressed as means + standard deviations. * p < 0.05, as compared with the static controls
n=7).

2.2. Simulated Microgravity Induced Apoptosis of Jurkat/A4 Cells

To detect apoptotic cells, we used annexin V conjugated to fluorescein isothiocyanate (FITC) and
flow cytometry. After 96 h, the percentage of total apoptotic cells was higher among the Jurkat/A4 cells
in the RPM group (19.2% + 4.2%) than in the static control group (10.1% + 2.3%) (n = 3; p < 0.05). In
contrast with the Jurkat/A4 cells, the percentage of total apoptotic cells was higher in the static control
group (27.7% + 5.2%) than in the RPM group (12.1% =+ 2.3%) (n = 3; p < 0.05). Figure 2 shows the
representative results of apoptosis analyzed by flow cytometry and the quantitative comparison results.
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Figure 2. Apoptosis in Jurkat and Jurkat/A4 cells under simulated microgravity (96 h). Cells were
stained with annexin V, conjugated, and evaluated for apoptosis as described in the Materials and
Methods section. (a,c) Flow cytometric analysis of cells to assess apoptosis using annexin V labelling.
Results are shown as percentages of viable cells (annexin V—/propidium-iodide (PI)-), early apoptotic
cells (annexin V+/PI-), late apoptotic cells (annexin V+/PI+), and dead cells (annexin V—/PI+). The
apoptosis rates were statistically evaluated. (b,d) Quantitative comparison of apoptosis between the
static control and RPM groups. The results are expressed as means + standard deviations. *p < 0.05, as
compared with the static controls (n = 3).
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2.3. Simulated Microgravity Disturbed Cell Cycle of Jurkat/A4 Cells

Flow cytometry analysis showed that the percentages of Jurkat/A4 cells in the G0/G1-phase were
42.0% + 1.6% in the RPM group and 55.3% =+ 2.1% in the static control group, after 72 h of culturing
(n =5; p < 0.05). The number of Jurkat/A4 cells in the DNA synthesis-phase (S-phase) of the RPM
group was significantly higher than that in the static control group (53.2% + 1.6% vs. 41.3% + 2.2%;
n =5; p < 0.05) (Figure 3). Additionally, the percentage of cells in the GO/G1-phase was 40.7% + 1.1% in
the RPM group in comparison with 45.1% =+ 0.4 % in the static control group after 96 h (n = 5; p < 0.05).
Further, the number of cells in the S-phase of the RPM group was higher than in the static control group
after 96 h (54.3% + 1.9% vs. 49.2% =+ 0.3%; n = 5; p < 0.05). These results suggest that microgravity
inhibited cell-cycle progression, arrested the cells at the S-phase of the cell cycle, and induced apoptosis
in Jurkat/A4 cells. We observed no difference in the cell cycle between the experimental and control
Jurkat cells.
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Figure 3. Cont.



Int. ]. Mol. Sci. 2020, 21, 855 50f 16

(c) Jurkat (d) Jurkat/A4

600 = Control ORPM 60.0 sControl ORPM

23
S
=}

50,0

I]I]-j ﬂﬂﬁ

G0/G1 G2/M G0/G1 G2/m

Percentage (%)
S 8
o ©

Percentage (%)

o 3
°© ©

=3
S
=}

mControl ORPM 70,0
60,0

50,0
400
30,0
- -

- Control ORPM

& o
S o
© ©

Percentage (%)
N W
o o
o ©

Percentage (%)

o o
o ©

G0/G1 G2/M G0/G1
60.0 mControl ORPM 600 IControI ORPM
g 50,0 g 500
40,0 Y
g £
5 5
S 200 S 200
& 100 & 100
o | . | |
GO0/G1 G2/m G0/G1 G2/M

Figure 3. Effects of RPM-simulated microgravity on the cell cycle of Jurkat (a) and Jurkat/A4 cells
(b). Cell cycle measurements were performed as described in the Materials and Methods section.
Representative histograms are shown. Data are presented as a histogram, with cell number (y-axis)
plotted against DNA content (x-axis). The first peak contains cells with diploid DNA in the G0/G1-phase.
The cells in the second peak, with double PI-fluorescence intensity, were tetraploid in the G2-phase. The
area between the two peaks represents cells in the S-phase. The number of cells gated in the G0/G1-, S-,
or G2-phases is presented as a percentage of total cells (%). (¢,d) Quantitative comparison of apoptosis
between the static control and RPM groups of Jurkat and Jurkat/A4 cells. Percentages of populations
in each cell cycle were averaged from five parallel experiments (at each time point). The results are
expressed as means + standard deviations. * p < 0.05, as compared with the static controls (1 = 5).

2.4. Simulated Microgravity Changed the Expression of the Surface Marker ICAM-3 in Jurkat/A4 Cells

We examined the expression of the surface marker ICAM-3 for Jurkat cells vs. Jurkat/A4 cells.
Normally, approximately 80% (Mean fluorescence intensity (MFI): 57.8) of the Jurkat cells showed
expression of ICAM-3, as measured by flow cytometry. After 96 h of simulated microgravity there was
no difference in the percentage of ICAM-3 on Jurkat cells between the RPM group and static control
group. At the same time, the expression of the ICAM-3 surface marker on the RPM group Jurkat/A4
cells was lower (MFI: 7.2) than that among the static control cells (MFI: 13.7) (n = 5; p < 0.05) (Figure 4).
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Figure 4. The effect of simulated microgravity on the expressions of intercellular adhesion molecule
3 (ICAM-3) also known as cluster of differentiation (CD)50 in Jurkat (a) and Jurkat/A4 cells (b) The
expression of surface antigens was assessed by flow cytometry. The total number of cells expressing
surface antigens on their cell surface was assessed by determining the (MFI) (c). Mouse IgG1-fluorescein
isothiocyanate (FITC) was used as the isotype-matched control to exclude any nonspecific staining. The
results are expressed as means + standard deviations. * p < 0.05, as compared with the static controls
(n=>5).

2.5. The Effect of Simulated Microgravity on the Morphology and Cytoskeleton of Jurkat/A4 Cells

Simulated microgravity had no significant effect on the morphology of either Jurkat or Jurkat/A4
cells after 24 or 72 h, demonstrating that cells grown under static culture conditions and under
microgravity conditions show the typical morphology of Jurkat cells. However, after 96 h of RPM
exposure, the size and shape of the majority of Jurkat/A4 cells had changed relative to the static control
group cells (Figure 5).
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Figure 5. Morphological changes between Jurkat cells (a,b) and Jurkat/A4 cells (c,d). The smear results
of cells stained with Giemsa solution can be seen. Morphological changes between the static control
groups (a,c) and RPM groups (b,d) are apparent (96 h). As compared with the Jurkat static control cells,
the size of the Jurkat/A4 cells increased after 96 h of RPM exposure. Photomicrographic images were
obtained using an Olympus BX51 microscope equipped with an Olympus XM31 camera and software
(Olympus, Tokyo, Japan). The original magnification was x 600. The scale bars indicate 100 pum.
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The immunocytochemical staining of tubulin-containing structures showed differences between
the expression of beta-tubulin in the control group and the RPM group of Jurkat/A4 cells after 96 h. The
expression level of beta-tubulin was reduced in Jurkat/A4 cells after 96 h of RPM exposure (Figure 6).

(b)

(d)

Figure 6. The effect of simulated microgravity on Jurkat/A4 cell microtubule cytoskeletons.
The immunostaining of cells with beta-tubulin after paraformaldehyde fixation and saponin
permeabilisation. (a,b) Static control group, 96 h; (¢,d) RPM group, 96 h. Original magnification, x400.
The scale bars indicate 20 um.

2.6. The Effect of Simulated Microgravity on Certain Apoptotic Proteins of Jurkat/A4 Cells

To analyze apoptotic proteins, we examined the expression levels of Bcl-2, Fas, and HSP-70 in
both Jurkat/A4 and Jurkat cells using Western blotting. Of note, the expressions levels of Bcl-2, Fas, and
HSP-70 were higher in the Jurkat static control group than among the control Jurkat/A4 cells. However,
the expressions levels of Bcl-2, Fas, and HSP-70 in these two kinds of cells under RPM-simulated
microgravity conditions remained unchanged (Figure 7).
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Figure 7. Jurkat cells and Jurkat/A4 cells, Western blotted with antibodies to anti-Bcl2, anti-HSP-70,
anti- human Fas, and -tubulin. The results are representative of three experiments.

3. Discussion

Experiments performed under microgravity conditions have recently attracted increasing interest
in many areas of biomedicine, such as oncology, cardiology, immunology, pharmacology, and
regenerative medicine.

Most studies indicated that cells of the immune system are highly sensitive to altered gravity [16-18].
Jurkat cells are stable cellular models easily able to be managed, and lymphocytes can be considered
as biosensors of the whole-body response and of adaptation to environmental conditions [16,28]. As
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reviewed by Morabito et al., shear stress during rotation, and the use of a depleted medium that cannot
be renewed, impacts the outcomes of exposure lasting longer than 96 h [16]. According to the results
of the gene expression profile, after the first 24 h of exposure to stimulated microgravity, proliferating
Jurkat cells adapted to the new environmental condition, showing a healthy status [29].

In this study, we investigated the effects of simulated microgravity on Jurkat cells and their
multidrug-resistant subline Jurkat/A4 cells. Our experiments indicated that the percentage of trypan
blue-stained dead Jurkat/A4 cells increased under RPM-simulated microgravity conditions, relative
to static Jurkat/A4 cells. Confirmation of dead Jurkat/A4 cells was achieved by viewing the flow
cytometry and annexin V, which showed that after 96 h, the percentage of total apoptotic cells was
higher among the RPM-treated Jurkat/A4 cells than in the static Jurkat/A4 group.

Some researchers have reported that microgravity exposure changes the morphological phenotype,
cell cycle, and cell adhesion, and has an impact on cell survival that is highly dependent upon the cell
type, as well as on the duration of exposure [30,31]. Long-term RPM exposure of human endothelial
cells induced the formation of three-dimensional tubular structures and spheroids [32]. Previous
reports have shown that simulated microgravity induced partial arrest in the G2/M-phase of the MCF-7
cells and normal murine vascular smooth muscle cells, and also slowed down the cell cycle progression
of myoblasts [33].

However, exposure of malignant glioma cells to simulated microgravity for 3 days did not cause
cell-cycle arrest or a change between the control and clinostat groups [34]. In our earlier study, we
reported that simulated microgravity inhibited proliferation, induced apoptosis, and changed the
morphology of MEG-01 megakaryoblastic cells [35]. In the present study, we demonstrated that
the percentage of Jurkat/A4 cells in the GO/G1-phase decreased after 72 and 96 h. At the same time,
the percentage of cells in the S-phase increased in the RPM group in comparison with in the static
control group. These data indicate that microgravity inhibits the cell-cycle progression of human
multidrug-resistant Jurkat/A4 cells.

ICAMs are transmembrane proteins that are expressed on epithelial cells, endothelial cells,
and cells of the immune system, including T-cells and macrophages. ICAM-1 can be considered
as a rapid-reacting and sustained gravity-regulated molecule in mammalian cells [36,37]. TNBC
(triple-negative breast cancer) cells exposed to short-term microgravity obtained by parabolic flight
maneuvers kept all signs of a more aggressive phenotype, as elevations of ICAM1 and Vascular cell
adhesion protein 1 (VCAM1) proteins occurred quickly.

ICAM-1 expression was heightened in macrophage-like differentiated human U937 cells during the
microgravity phase of parabolic flights and in long-term microgravity provided by a two-dimensional
clinostat or during the orbital SIMBOX/Shenzhou-8 mission [32,36]. Disturbed immune function
in microgravity could be a consequence of ICAM-1 modulation in the monocyte/macrophage
system, which, in turn, could have a strong impact on the cells” interaction with T-lymphocytes
and migration [36].

Short-term microgravity led to an increased synthesis of ICAM-1 and VCAM-1 proteins in
MDA-MB-231 breast cancer cells during a parabolic flight campaign [31]. Modulation of the expression
of surface adhesion molecules such as ICAM-1 has been reported as a consequence of long-term
microgravity of cultured human endothelial cells [38,39].

Intercellular adhesion molecule 3 ICAM-3, also known as CD50), a human leukocyte-restricted
immunoglobulin super-family (IgSF) member, has previously been implicated in apoptotic cell clearance.
ICAM-3 can function as a phagocytic marker of apoptotic leukocytes, on which it acquires altered
macrophage receptor-binding activity. ICAM-3 also inhibits lymphocyte survival through the induction
of apoptosis and promotion of adhesion of apoptotic leukocytes to phagocytic macrophages [40].

An apoptosis-associated reduction in ICAM-3 results from the release of ICAM-3 within
microparticles that potently attract macrophages to apoptotic cells. Taken together, these data suggest
that apoptotic cell-derived microparticles, bearing ICAM-3, promote macrophage chemoattraction
to sites of leukocyte cell death, and that ICAM-3 mediates subsequent cell corpse tethering to



Int. ]. Mol. Sci. 2020, 21, 855 9of 16

macrophages. The defined function of ICAM-3 in these processes, and profound defect in chemotaxis
noted to ICAM-3-deficient microparticles, suggest that ICAM-3 may be an important adhesion molecule
involved in chemotaxis to apoptotic human leukocytes [41].

Though our results showed a slight decrease of the expression of the ICAM-3 surface marker on the
RPM group in Jurkat/A4 cells, in comparison to the control, we conclude that ICAM-3 also may be an
important adhesion molecule involved in the induction of leukocyte apoptosis and the functions of cell
growth behavior in microgravity conditions. As demonstrated recently, the transitory effects induced
by stimulated microgravity on cell shape and proliferation are accompanied by metabolic changes
that are, above all, related to mitochondrial activity [16]. The modification of external forces caused
by stimulated microgravity conditions induced transient modifications in cell shape and intracellular
density in Jurkat cells, accompanied by transient changes in the expression levels of some cytoskeletal
proteins such as actin, tubulin, and vimentin, which are not only structural proteins but also the main
functional milestones in cytoskeleton dynamics [42,43].

Notably, that morphological differences between Jurkat cells and Jurkat/A4 cells were observed
after 96 h of microgravity exposure, whereas the size of Jurkat/A4 cells increased and their cellular
shape was changed in the RPM group. Interestingly, as seen in vials of Jurkat/A4 cells after microgravity
exposure, the cells were no longer grouped (Figure 8). Additionally, the expression level of beta-tubulin
was reduced in Jurkat/A4 cells after 96 h of RPM exposure, as shown by immunofluorescence analysis.
These experiments support the conclusion that simulated microgravity has different effects depending
upon the cell type.

There are numerous studies regarding the effects of microgravity on T-cells, encompassing a
large variability in cell models and environmental conditions. Many variations in the experimental
plan also exist even when selecting the studies covering only Jurkat cells (e.g., different media
composition, exposure to real or simulated microgravity, and time of exposure) [15]. Apoptotic
signaling is enhanced in cancer cells subjected to microgravity. Recently, it was demonstrated that
simulated microgravity altered the cytoskeleton and nuclear positioning, leading to enhanced cell
apoptosis via suppressing the focal adhesion kinase (FAK)/RhoA-controlled mammalian target of
rapamycin complex 1 (mTORC1)/nuclear factor-kappa B (NF-«kB) and extracellular signal-regulated
kinasel (ERK1/2) pathways [44]. Elsewhere, microgravity altered cis—diamminedichloride platinum
(I) (CDDP) sensitivity through the activation of caspase-3 by a p53-independent mechanism in the
hepatoblastoma cell line, HepG2 [20]. Microgravity decreased the levels of mTOR and increased the
microtubule-associated protein light chain 3-1I/I ratio (LC3), suggesting the activation of autophagy.
Disturbed immune function in microgravity could be a consequence of ICAM-1 modulation in the
monocyte/macrophage system, which, in turn, could have a strong impact on the cells’ interaction
with T-lymphocytes and migration [20].

Simulated microgravity can also induce the nuclear translocation of Bax and Bcl-2 in glial cultured
C6 cells [45]. Simulated microgravity altered the cytoskeletons and promoted cell apoptosis through
suppressing the NF-«kB pathway, leading to up- and down-regulated pro-apoptosis (caspases 3, 7, and
8) and anti-apoptosis (Bcl-2 and Bnip3) molecules, respectively [44].

We did not observe a change in the expression levels of Bcl-2, Fas, HSP-70, or beta-tubulin in either
Jurkat or Jurkat/A4 cells under RPM-simulated microgravity conditions. However, the expressions of
Bcl-2, Fas, and HSP-70 were higher in the Jurkat static control group than among the control Jurkat/A4
cells, corresponding with the findings of our previous studies [26,27].

Therefore, our data demonstrated for the first time that the Jurkat/A4 cells with an acquired
multidrug resistance phenotype are more sensitive to RPM microgravity, possibly due to the fact that
Jurkat cells are a cancer p53-deficient cell line [46]. In our previous work, the results suggested that
CD73 is one component of a complex nonspecific antiapoptotic program, which was, in our case,
upregulated during selection for Fas resistance [27]. This could be important in order to understand
the role of the expression factors associated with NF-kB and MAPK signaling pathways. We can also
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speculate about the precise mechanism; perhaps Jurkat/A4 has its own mechanism of death similar to
anoikis [47].

Scientists search for new ways to identify targets for novel drugs, and some of them have considered
using experimentation in altered gravity conditions [19,48-50]. The microgravity environment might
also be useful for enhancing the development of complex tissues composed of multiple cell types [51].
The unique combination of a 3D microfluidic tissue chip and a microgravity environment can provide
unique insights into disease models and therapeutic targets. For example, the development of a
biomimetic kidney organoid has been the focus of intense investigation [52].

In summary, we revealed morphological changes, changes in the surface expression of intercellular
adhesion molecule 3, changes in the induction of apoptosis, and changes in the inhibition of cell-cycle
progression, for human multidrug-resistant Jurkat/A4 cells exposed to a random positioning machine.

4. Materials and Methods

4.1. Cell Culture

The Jurkat cell line (clone EG-1) was obtained from the American Type Culture Collection
(Manassas, VA, USA). A multiresistant cell line (Jurkat/A4) was prepared from this Jurkat cell line
by serial treatment with apoptosis-inducing anti-CD95 monoclonal antibody [26]. The cells were
maintained at 37 °C in an atmosphere of 95% air and 5% CO, as suspension cultures in RPMI 1640
medium supplemented with 10% fetal bovine serum (FBS) and 5 ug/mL of gentamicin (all reagents
from Life Technologies, USA).

(a IR )

(d) ()
W aakales

Figure 8. Bright-field images of Jurkat cells and Jurkat/A4 cells using the Carl Zeiss Axiovert 40 CFL
microscope (Carl Zeiss AG, Oberkochen, Germany) at x100 magnification. Jurkat cells are shown (a)
before seeding in the flask, (b) as static controls (96 h), and (c) in the RPM group (96 h). Jurkat/A4 cells
are shown (d) before seeding in the flask, (e) as static controls (96 h), and (f) in the RPM group (96 h).

4.2. RPM

Microgravity conditions were simulated using an RPM (Dutch Space; Astrium EADS, Leiden,
the Netherlands) [14]. To start an RPM experiment, Jurkat and Jurkat/A4 cells with a density of
2 x 10° cells/mL were seeded in T12.5 flasks (Jet Biofil) completely filled with culture medium to avoid
air bubbles and to minimize liquid flow, and were cultured at 37 °C in a humidified atmosphere of 95%
air and 5% CO;. The culture flasks were fixed onto the desktop RPM at the center of the platform,
which was rotated at a speed of 60°/s. The static culture flasks (1 g control) were placed in the same
culture incubator.

4.3. Cell Viability Analysis

Cell viability was assessed by vital dye exclusion (trypan blue; Invitrogen, Carlsbad, CA, USA).
After incubation for indicated times (24, 48, 72, and 96 h), cells were removed from the culture flasks
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and an aliquot of the suspension (20 uL) from each sample was mixed with an equal amount of 0.4%
(w/v) trypan blue dye and placed on the surface of the working slide for analysis on an automated
cell counter (Countess; Invitrogen, Carlsbad, CA, USA). Each test sample of the cells was counted
in duplicate.

4.4. Cell-Cycle Analysis

The cell-cycle distribution of cells was analyzed by Propidium-iodide (PI) staining of the cellular
DNA content and the percentages of cell population in the G0/G1-, S-, or G2/M-phases were calculated
from histograms created by the CellQuest software (BD Biosciences, Franklin Lakes, NJ, USA). After
incubation for the indicated times (48, 72, and 96 h), cells were removed from the culture flasks, washed
in phosphate-buffered saline (PBS), gently fixed in ice-cold 70% ethanol, and kept for 24 h at 4 °C.

The detection method was based on the use of a commercial kit (BD Biosciences, Franklin Lakes,
NJ, USA). Briefly, following fixation, the cells were washed twice with PBS and resuspended in the
staining buffer containing PI and RNase. The samples were incubated for 30 min in a dark place
at room temperature (RT). Cell-cycle analysis was performed with the flow cytometer FACSCalibur
(Becton Dickinson, Franklin Lakes, NJ, USA) with an air-cooled argon laser (wavelength: 488 nm).
A minimum of 25,000 events were analyzed for each sample. Each test (time point) sample of cells
was counted in duplicate. Flow cytometric data files were collected and analyzed using the CellQuest
software. Histograms generated by FACSCalibur were analyzed using the ModFit Cell Cycle Analysis
Software V2.0 (Verity, Topsham, ME, USA) to determine the percentage of cells in each phase (G0/G1, S,
and G2).

4.5. Apoptosis Analysis

Cell apoptosis analysis was performed using an annexin V-FITC apoptosis detection kit I (BD
Biosciences, Franklin Lakes, NJ, USA) according to the manufacturer’s instructions. Briefly, 1 x 100 cells
were washed once with cold PBS, suspended in 100 uL of binding buffer containing FITC-conjugated
annexin V and PI, and incubated for 15 min on ice and in the dark, per sample. The samples were
analyzed by flow cytometry with FACSCalibur. A minimum of 15,000 events were analyzed for each
experimental sample.

4.6. Flow Cytometry Immunophenotyping

The expression of ICAM-3 was analyzed using fluorochrome-coupled monoclonal human antibody:
FITC-coupled anti-CD50-FITC (BD Biosciences, Franklin Lakes, NJ, USA). A mouse immunoglobulin
G isotype-matched control conjugated to FITC was used to exclude nonspecific binding. Antibodies
were prediluted for use at the recommended volume per test.

The cells were removed from the flasks, twice washed in PBS, and incubated for 30 min at RT in the
dark with monoclonal antibodies and isotype-matched controls. In each test, monoclonal antibodies
were added to 0.5 to 1 x 10 cells in a 100 uL experimental sample. All samples were analyzed using
flow cytometry. At least 10,000 events were acquired for each experimental sample. The positive
analysis region was determined using the negative isotype control. The MFI and the percentage of
cells expressing CD50 were then determined.

4.7. Observation of Morphological Changes

The cells were collected on different days of culture and washed with PBS, fixed with 100%
methanol, and then stained with Giemsa solution for five minutes. Morphological changes in the
samples were analyzed using an Olympus microscope BX51 equipped with an Olympus DP71 camera,
60/1.35 oil Apolens, and the cellSens version 2.1 image analysis program (all Olympus, Tokyo, Japan).
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4.8. Western Blotting

Cells were collected, washed with PBS twice, and were lysed in radioimmunoprecipitation
assay buffer (50 mM of Tris, 150 mM of NaCl, 0.5% sodium deoxycholic acid, 1% (v/v) Nonyl
Phenoxypolyethoxylethanol-40 (NP-40), 0.1% (w/v) sodium-dodecyl sulfate (SDS); pH: 7.4). Protein
concentrations were determined using the Bradford method, using a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA). Next, 10 to 20 ug of total protein per sample was used
for 12% to 15% sodium-dodecyl sulfate-polyacrylamide gel electrophoresis and semidry transfer to a
0.45 um polyvinylidene difluoride membrane (Immobilon-P Transfer Membran; Millipore, Burlington,
MA, USA). Membranes were blocked by 5% milk (blotting-grade blocker; Bio-Rad Laboratories,
Hercules, CA, USA) in TBST buffer at RT for 1 h and then treated overnight at 4 °C with working
dilutions of respective primary antibodies in the presence of 5% milk with 0.06% NaN3 in TBST buffer.

Membranes were hybridized with a mouse monoclonal antihuman Bcl-2 (1:500 dilution; BD
Biosciences, Franklin Lakes, NJ, USA), mouse monoclonal anti-beta-tubulin (1:1000 dilution; Abcam,
Cambridge, UK), mouse monoclonal anti-Hsp-70 (1:5000 dilution; Abcam, Cambridge, UK), mouse
monoclonal anti-human Fas (1:1000 dilution; MBL, Tokyo, Japan), mouse monoclonal anti-beta-tubulin
(1:1000 dilution, Abcam, Cambridge, UK), and mouse monoclonal anti-actin Ab-5 (1:10,000 dilution;
BD Biosciences, Franklin Lakes, NJ, USA) separately.

Following incubation with primary antibodies, the membranes were washed with TBST for
10 min, four times, and were then incubated with secondary horseradish peroxidase-conjugated goat
antimouse immunoglobulin G (1:2000 dilution; Thermo Fisher Scientific, Waltham, MA, USA) at RT
for one hour with subsequent washing in TBST for 10 min, four times. The detection of bands was
implemented using the Kodak 440CF image station and Amersham ECL Western blotting detection kit
(GE Healthcare, Chicago, IL, USA) according to the manufacturer’s instructions. A mouse monoclonal
anti-actin Ab-5 antibody (1:1000 dilution; BD Biosciences, Frankin Lakes, NJ, USA) was used as a
loading control.

4.9. Immunocytochemistry

For immunostaining, the cells were washed in PBS, fixed in 4% paraformaldehyde for 10 min, and
permeabilized with 0.5% saponin for 15 min according to the antibody protocol. After washing with
PBS, the cells were incubated in blocking buffer (10% FBS) for two hours. Following a further wash
with PBS, the cells were incubated with anti-beta-tubulin (1:1000 dilution; Abcam, Cambridge, United
Kingdom) overnight at 4 °C. The cells were washed three times with PBS and incubated for 15 min with
4’ 6-diamidino-2-phenylindole (DAPI) at RT. Then, the cells were washed three times with PBS and
mounted on glass slides using a mounting medium (Thermo Fisher, Scientific, Denmark). Fluorescence
was visualized using a BX51 microscope equipped with an Olympus DP71 camera, 60/1.35 oil Apolens,
and the cellSens version 2.1 image analysis program (all Olympus, Tokyo, Japan).

4.10. Statistical Analyses

Data are presented as means + standard deviations of at least three independent experiments.
Differences between groups were assessed using Student’s t-test and the Mann-Whitney U test. Values
of p < 0.05 were considered as statistically significant.

5. Conclusions

With this research, we conclude that Jurkat/A4 cells are more sensitive to RPM-simulated
microgravity in comparison with the parental Jurkat cell line. We suggest that intercellular adhesion
molecule 3 also may be an important adhesion molecule involved in the induction of leukocyte
apoptosis. In addition, our results are consistent with other studies, in that the using different cell
cultures under simulated microgravity will help both for the discovery of molecular mechanisms of
cancer and for in vitro therapeutic screening [48-52].
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It is, therefore, the case that Jurkat/A4 cells with an acquired multidrug resistance phenotype
could be a useful model for studying the effects of simulated microgravity and testing anticancer drugs.
Future studies on the mechanisms and physiological implications of this phenomenon are currently
under construction.

Author Contributions: Conceptualization, A.S. and A K.; data curation, E.V.; formal analysis, D.K., A.S., EK,, and
AM,; investigation, A.S., EK., and D.Z.; methodology, A.S., EK,, and D.Z.; project administration, A K.; resources,
A K; supervision, A.K; visualization, A.M.; writing—original draft, A.S.; writing—review and editing, A.K. and
A.S. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the Russian Academy of Sciences (RAS; Russia; project no. 0520-2019-0025).

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

3D Three-dimensional

Abs Antibodies

BCL2 B-cell lymphoma 2

BNIP3 BCL2 interacting protein 3

CD50 ICAM-3 also known as cluster of differentiation (CD)50
CD95 Apo-1/Fas (CD95), a receptor of the TNF Receptor (TNFR) family
CDDP cis-diamminedichloridoplatinum(II)

Con-A Concavalin A

DAPI 4’ 6-diamidino-2-phenylindole

ERK1 Extracellular signal-regulated kinasel

FAK Focal adhesion kinase

FAS FS-7-associated surface antigen, also known as apoptosis antigen 1 (APO-1)
FBS Fetal bovine serum

FITC Fluorescein isothiocyanate

ICAM-3 Inter-cellular adhesion molecule 3

LC3 Microtubule-associated protein light chain 3-II/I ratio
MAPK Mitogen-activated protein kinase

MEG-01 megakaryoblastic cells

MFI Mean fluorescence intensity

MCS Multicellular spheroid

mTORC1 Mammalian target of rapamycin Complex 1

NF-«B Nuclear factor-kappa B

NP-40 Nonyl Phenoxypolyethoxylethanol-40

PBS Phosphate-buffered saline

PI Propidium-iodide

RhoA Ras homolog family member A

RPM Random positioning machine

RT Room temperature

SDS Sodium-dodecyl sulfate

SDS-PAGE SDS -polyacrylamide gel electrophoresis

TBST Tris-buffered saline buffer with Tween 20

VCAM1 Vascular cell adhesion protein 1

References

1. Pietsch, J.; Bauer, J.; Egli, M.; Infanger, M.; Wise, P.; Ulbrich, C.; Grimm, D. The effects of weightlessness on
the human organism and mammalian cells. Curr. Mol. Med. 2011, 11, 350-364. [CrossRef] [PubMed]

2. Grigoriev, A.L; Kalinin, Y.T.; Buravkova, L.B.; Mitichkin, O.V. Space cell physiology and space biotechnology
in Russia. Adv. Space Biol. Med. 2002, 8, 215-236. [PubMed]

3. Vernikos, ].; Schneider, V.S. Space, gravity and the physiology of aging: Parallel or convergent disciplines?
A mini-review. Gerontology 2010, 56, 157-166. [CrossRef] [PubMed]


http://dx.doi.org/10.2174/156652411795976600
http://www.ncbi.nlm.nih.gov/pubmed/21568935
http://www.ncbi.nlm.nih.gov/pubmed/12951699
http://dx.doi.org/10.1159/000252852
http://www.ncbi.nlm.nih.gov/pubmed/19851058

Int. ]. Mol. Sci. 2020, 21, 855 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ulbrich, C.; Westphal, K.; Pietsch, J. Characterization of human chondrocytes exposed to simulated
microgravity. Cell. Physiol. Biochem. 2010, 25, 551-560. [CrossRef] [PubMed]

Lewis, M. The Cytoskeleton, apoptosis, and gene expression in T lymphocytes and other mammalian cells
exposed to altered gravity. Adv. Space Biol. Med. 2002, 8, 77-128.

Chen, J. Tumor Cells in Microgravity. In Into Space—A Journey of How Humans Adapt and Live in Microgravity;
IntechOpen: London, UK, 2018; pp. 259-268.

Uva, B.M. Microgravity-induced apoptosis in cultured glial cells. Eur. ]. Histochem. 2002, 46, 209-214.
[CrossRef]

Infanger, M. Induction of three dimensional assembly and increase in apoptosis of human endothelial cells
by simulated microgravity: Impact of vascular endothelial grow. Apoptosis 2006, 11, 749. [CrossRef]
Infanger, M.; Kossmeh, P.; Shakibaei, M.; Bauer, J.; Kossmehl-Zorn, S.; Cogoli, A.; Curcio, E; Oksche, A;
Wehland, M.; Kreutz, R.; et al. Simulated weightlessness changes the cytoskeleton and extracellular matrix
proteins in papillary thyroid carcinoma cells. Cell Tissue Res. 2006, 324, 267-277. [CrossRef]

Grimm, D.; Bauer, J.; Kossmehl, P.; Shakibaei, M.; Schonberger, J. Simulated microgravity alters differentiation
and increases apoptosis in human follicular thyroid carcinoma cells. FASEB J. 2002, 16, 604-606. [CrossRef]
Grimm, D.; Bauer, J.; Ulbrich, C.; Westphal, K.; Wehland, M. Different responsiveness of endothelial cells to
vascular endothelial growth factor and basic fibroblast growth factor added to culture media under gravity
and simulated microgravity. Tissue Eng. Part A 2010, 16, 1559-1573. [CrossRef]

Uva, B.M.; Masini, M.A.; Sturla, M.; Prato, P.; Passalacqua, M. Clinorotation-induced weightlessness
influences the cytoskeleton of glial cells in culture. Brain Res. 2002, 934, 132-139. [CrossRef]

Li, J.; Zhang, S.; Chen, J.; Du, T.Y,; Wang, Y.C.; Wang, Z.R. Modeled microgravity causes changes in the
cytoskeleton and focal adhesions, and decreases in migration in malignant human MCEF-7 cells. Protoplasma
2009, 238, 23-33. [CrossRef] [PubMed]

Borst, A.G.; van Loon, ]J.J].W.A. Technology and development for the random positioning machine, RPM.
Microgravity Sci. Technol. 2009, 21, 1161-1165. [CrossRef]

Hauschild, S.; Tauber, S.; Lauber, B.; Layer, L.E.; Ullrich, O. T cell regulation in microgravity—The current
knowledge from in vitro experiments conducted in space, parabolic flights and ground-based facilities.
Acta Astronaut. 2014, 104, 365-377. [CrossRef]

Morabito, C.; Lanuti, P; Caprara, G.A.; Marchisio, M.; Bizzarri, M.; Guarnieri, S.; Mariggio, M.A. Physiological
Responses of Jurkat Lymphocytes to Simulated Microgravity Condition. Int. J. Mol. Sci. 2019, 20, 1892.
[CrossRef]

Lewis, M.L.; Reynolds, J.L.; Cubano, L.A.; Hatton, J.P.; Lawless, B.D.; Piepmeier, E.H. Spaceflight alters
microtubules and increases apoptosis in human lymphocytes (Jurkat). FASEB J. 1998, 12, 1007-1018.
[CrossRef]

Ullrich, O.; Thiel, C.S. Gravitational force: Triggered stress in cells of the immune system. In Stress Challenges,
and Immunity in Space: From Mechanisms to Monitoring and Preventive Strategies; Chouk’er, A., Ed.; Springer:
Berlin, Germany, 2012; pp. 187-202.

Kriiger, M.; Melnik, D.; Kopp, S.; Buken, C.; Sahana, J.; Bauer, J.; Wehland, M.; Hemmersbach, R.; Corydon, T.J.;
Infanger, M.; et al. Fighting Thyroid Cancer with Microgravity Research. Int. ]. Mol. Sci. 2019, 20, 2553.
[CrossRef]

Fukazawa, T.; Tanimoto, K.; Shrestha, L.; Imura, T.; Takahashi, S.; Sueda, T.; Hirohashi, N.; Hiyama, E.;
Yuge, L. Simulated microgravity enhances CDDP-induced apoptosis signal via p53-independent mechanisms
in cancer cells. PLoS ONE 2019, 14, €0219363. [CrossRef]

Aleshcheva, G.; Bauer, J.; Hemmersbach, R.; Slumstrup, L.; Wehland, M.; Infanger, M.; Grimm, D. Scafold-free
tissue formation under real and simulated microgravity conditions. Basic Clin. Pharmacol. Toxicol. 2016, 119,
26-33. [CrossRef]

Prodanov, L.; Van Loon, ].J.; Te Riet, J.; Jansen, J.A.; Walboomers, X.F. Nanostructured substrate conformation
can decrease osteoblastlike cell dysfunction in simulated microgravity conditions. J. Tissue Eng. Regen. Med.
2014, 8, 978-988. [CrossRef]

Riwaldt, S.; Pietsch, J.; Sickmann, A. Identification of proteins involved in inhibition of spheroid formation
under microgravity. Proteomics 2015, 15, 2945-2952. [CrossRef] [PubMed]


http://dx.doi.org/10.1159/000303059
http://www.ncbi.nlm.nih.gov/pubmed/20332636
http://dx.doi.org/10.4081/1681
http://dx.doi.org/10.1007/s10495-006-5697-7
http://dx.doi.org/10.1007/s00441-005-0142-8
http://dx.doi.org/10.1096/fj.01-0673fje
http://dx.doi.org/10.1089/ten.tea.2009.0524
http://dx.doi.org/10.1016/S0006-8993(02)02415-0
http://dx.doi.org/10.1007/s00709-009-0068-1
http://www.ncbi.nlm.nih.gov/pubmed/19730978
http://dx.doi.org/10.1007/s12217-008-9043-2
http://dx.doi.org/10.1016/j.actaastro.2014.05.019
http://dx.doi.org/10.3390/ijms20081892
http://dx.doi.org/10.1096/fasebj.12.11.1007
http://dx.doi.org/10.3390/ijms20102553
http://dx.doi.org/10.1371/journal.pone.0219363
http://dx.doi.org/10.1111/bcpt.12561
http://dx.doi.org/10.1002/term.1600
http://dx.doi.org/10.1002/pmic.201500067
http://www.ncbi.nlm.nih.gov/pubmed/25930030

Int. ]. Mol. Sci. 2020, 21, 855 150f 16

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wang, G.Q.; Gastman, B.R.; Wieckowski, E.; Goldstein, L.A.; Rabinovitz, A.; Yin, X.-M.; Rabinowich, H.
Apoptosis-resistant mitochondria in T cells selected for resistance to Fas signaling. . Biol. Chem. 2001, 276,
3610-3619. [CrossRef] [PubMed]

Vigorito, E.; Plaza, S.; Mir, L.; Mongay, L.; Vinas, O.; Serra-Pages, C.; Vives, ]. Contributions of p53 and PMA
to irradiation induced apoptosis in Jurkat cells. Hematol. Cell 1999, 41, 153-161. [CrossRef] [PubMed]
Sokolovskaya, A.A.; Zabotina, T.N.; Blokhin, D.Yu.; Kadagidze, Z.G.; Baryshnikov, A.Yu. CD95-deficient
cells of Jurkat/A4 subline are resistant to drug-induced apoptosis. Exp. Oncol. 2001, 23, 175-180.
Mikhailov, A.; Sokolovskaya, A.A.; Yegutkin, G.G.; Amdahl, H.; West, A.; Yagita, H.; Lahesmaa, R.;
Thompson, L.F,; Jalkanen, S.; Blokhin, D.; et al. CD73 participates in cellular multiresistance program and
protects against TRAIL-induced apoptosis. J. Immunol. 2008, 181, 464-475. [CrossRef] [PubMed]

Blakely, W.E; Miller, A.C.; Grace, M.B.; McLeland, C.B.; Luo, L.; Muderhwa, ].M.; Miner, V.L.; Prasanna, P.G.
Radiation biodosimetry: Applications for spaceflight. Adv. Space Res. 2003, 31, 1487-1493. [CrossRef]
Thiel, C.S.; Huge, A.; Hauschild, S.; Tauber, S.; Lauber, B.A.; Polzer, |.; Paulsen, K,; Lier, H.; Engelmann, F.;
Schmitz, B. Stability of gene expression in human T cells in different gravity environments is clustered in
chromosomal region 11p15.4. Npj Microgravity. 2017, 3, 22. [CrossRef]

Buken, C.; Sahana, J.; Corydon, T.J.; Melnik, D.; Bauer, ].; Wehland, M.; Kruger, M.; Balk, S.; Abuagela, N.;
Infanger, M.; et al. Morphological and Molecular Changes in Juvenile Normal Human Fibroblasts Exposed
to Simulated Microgravity. Sci. Rep. 2019, 9, 11882. [CrossRef]

Nassef, M.Z.; Kopp, S.; Wehland, M.; Melnik, D.; Sahana, J.; Kruger, M.; Corydon, T.J.; Oltmann, H.;
Schmitz, B.; Schutte, A.; et al. Real Microgravity Influences the Cytoskeleton and Focal Adhesions in Human
Breast Cancer Cells. Int. J. Mol. Sci. 2019, 20, 3156. [CrossRef]

Dittrich, A.; Grimm, D.; Sahana, J.; Bauer, J.; Kruger, M.; Infanger, M.; Magnusson, N.E. Key Proteins Involved
in Spheroid Formation and Angiogenesis in Endothelial Cells After Long-Term Exposure to stimulated
Microgravity. Cell Physiol. Biochem. 2018, 45, 429-445. [CrossRef]

Coinu, R.; Chiaviello, A.; Galleri, G.; Franconi, F; Crescenzi, E.; Palumbo, G. Exposure to modeled
microgravity induces metabolic idleness in malignant human MCF-7 and normal murine VSMC cells.
FEBS Lett. 2006, 580, 2465-2470. [CrossRef] [PubMed]

Takeda, M.; Magakia, T.; Okazakia, T.; Kawahara, Y.; Manabe, T.; Yuge, L.; Kurisu, K. Effects of simulated
microgravity on proliferation and chemosensitivity in malignant glioma cells. Neurosci. Lett. 2009, 463, 54-59.
[CrossRef] [PubMed]

Sokolovskaya, A.A.; Korneeva, E.A.; Kolesov, D.V.; Moskovtsev, A.A.; Kubatiev, A.A. Inhibition of cell cycle
progression and changes in surface markers in MEG-01 megakaryoblastic cells exposed to the random
positioning machine. Microgravity Sci. Technol. 2019. [CrossRef]

Paulsen, K.; Tauber, S.; Dumrese, C.; Bradacs, G.; Simmet, D.M.; Golz, N.; Hauschild, S.; Raig, C.; Engeli, S.;
Gutewort, A.; et al. Regulation of ICAM-1 in cells of the monocyte/macrophage system in microgravity.
Biomed. Res. Int. 2015, 538786. [CrossRef] [PubMed]

Zhang, Yu.; Sang, C.; Paulsen, K.; Arenz, A.; Zhao, Z,; Jia, X.; Ullrich, O.; Zhuang, F. ICAM-1 expression
and organization in human endothelial cells is sensitive to gravity. Acta Astronautica 2010, 67, 1073-1080.
[CrossRef]

Buravkova, L.; Romanov, Y.; Rykova, M.; Grigorieva, O.; Merzlikina, N. “Cell-to-cell interactions in changed
gravity: Ground-based and flight experiments”. Acta Astronautica 2005, 57, 67-74. [CrossRef]

Buravkova, L.B.; Rudimov, E.G.; Andreeva, E.R.; Grigoriev, A. The ICAM-1 expression level determines the
susceptibility of human endothelial cells to simulated microgravity. J. Cell. Biochem. 2018, 119, 2875-2885.
[CrossRef]

Moffatt, O.D.; Devitt, A.; Bell, E.D.; Simmons, D.L.; Gregory, C.D. Macrophage recognition of ICAM-3 on
apoptotic leukocytes. . Immunol. 1999, 162, 6800-6810.

Torr, E.E.; Gardner, D.H.; Thomas, L.; Goodall, D.M.; Bielemeier, A.; Willetts, R.; Griffiths, H.R.; Marshall, L.].;
Devitt, A. Apoptotic cell-derived ICAM-3 promotes both macrophage chemoattraction to and tethering of
apoptotic cells. Cell Death Differ. 2012, 19, 671-679. [CrossRef]

Aleshcheva, G.; Wehland, M.; Sahana Bauer, ].; Corydon, T.J.; Hemmersbach, R.; Frett, T.; Egli, M.; Infanger, M.;
Grosse, ]. Moderate alterations of the cytoskeleton in human chondrocytes after short-term microgravity
produced by parabolic flight maneuvers could be prevented by up-regulation of bmp-2 and sox-9. FASEB J.
2015, 29, 2303-2314. [CrossRef]


http://dx.doi.org/10.1074/jbc.M006222200
http://www.ncbi.nlm.nih.gov/pubmed/11063743
http://dx.doi.org/10.1007/s00282-999-0153-0
http://www.ncbi.nlm.nih.gov/pubmed/10543370
http://dx.doi.org/10.4049/jimmunol.181.1.464
http://www.ncbi.nlm.nih.gov/pubmed/18566412
http://dx.doi.org/10.1016/S0273-1177(03)00085-1
http://dx.doi.org/10.1038/s41526-017-0028-6
http://dx.doi.org/10.1038/s41598-019-48378-9
http://dx.doi.org/10.3390/ijms20133156
http://dx.doi.org/10.1159/000486920
http://dx.doi.org/10.1016/j.febslet.2006.03.078
http://www.ncbi.nlm.nih.gov/pubmed/16638572
http://dx.doi.org/10.1016/j.neulet.2009.07.045
http://www.ncbi.nlm.nih.gov/pubmed/19628020
http://dx.doi.org/10.1007/s12217-019-09737-3
http://dx.doi.org/10.1155/2015/538786
http://www.ncbi.nlm.nih.gov/pubmed/25654110
http://dx.doi.org/10.1016/j.actaastro.2010.06.027
http://dx.doi.org/10.1016/j.actaastro.2005.03.012
http://dx.doi.org/10.1002/jcb.26465
http://dx.doi.org/10.1038/cdd.2011.167
http://dx.doi.org/10.1096/fj.14-268151

Int. ]. Mol. Sci. 2020, 21, 855 16 of 16

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Bizzarri, M.; Masiello, M.G.; Giuliani, A.; Cucina, A. Gravity constraints drive biological systems toward
specific organization patterns: Commitment of cell specification is constrained by physical cues. Bioessays
2018, 40, 1700138. [CrossRef] [PubMed]

Zhao, T.; Tang, X.; Umeshappa, C.S.; Ma, H.; Gao, H.; Deng, Y.; Freywald, A.; Xiang, ]. Simulated Microgravity
Promotes Cell Apoptosis Through Suppressing Uevl A/TICAM/TRAF/NF-kB-Regulated Anti-Apoptosis and
p53/PCNA- and ATM/ATR-Chk1/2-Controlled DNA-Damage Response Pathways. J. Cell Biochem. 2016, 117,
2138-2148. [CrossRef] [PubMed]

Bonfiglio, T.; Biggi, F.; Bassi, A.M.; Ferrando, S.; Gallus, L.; Loiacono, F.; Ravera, S.; Rottigni, M.; Scarfi, S.;
Strollo, F. Simulated microgravity induces nuclear translocation of Bax and BCL-2 in glial cultured C6 cells.
Heliyon 2019, 5, e01798. [CrossRef]

Cavalcanti, G.B., Jr.; Scheiner, M.A.M.; Simoes Magluta, E.P.; Vasconcelos, E.C.; Klumb, C.E.; Maia, R.C. p53
flow cytometry evaluation in leukemias: Correlation to factors affecting clinical outcome. Cytom. Part B
2010, 78, 253-259. [CrossRef] [PubMed]

Guadamillas, M.C.; Cerezo, A.; del Pozo, M.A. Overcoming anoikis—Pathways to anchorage in dependent
growth in cancer. J. Cell Sci. 2011, 124, 3189-3197. [CrossRef] [PubMed]

Dhwani, V.J.; Kale, RK,; Singh, R.P. Microgravity Alters Cancer Growth and Progression. Curr. Cancer Drug
Targets. 2014, 14, 394-406.

Albi, E.; Kriiger, M.; Hemmersbach, R.; Lazzarini, A.; Cataldi, S.; Codini, M.; Beccari, T.; Ambesi
Impiombato, E.S.; Curcio, F. Impact of gravity on thyroid cells. Int. J. Mol. Sci. 2017, 18, 972. [CrossRef]
Braddock, M. From Target identification to Drug Development in Space: Using the Microgravity Assist.
Curr. Drug Discov. Technol. 2019, 16. [CrossRef]

Zanoni, M.; Piccinini, E; Arienti, C.; Zamagni, A.; Santi, S.; Polico, R.; Bevilacqua, A.; Tesei, A. 3D tumor
spheroid models for in vitro therapeutic screening: A systematic approach to enhance the biological relevance
of data obtained. Sci. Rep. 2016, 6, 19103. [CrossRef]

Yeung, C.K,; Koenig, P; Countryman, S.; Thummel, K.E.; Himmelfarb, J.; Kelly, E.J. Tissue Chips in
Space—Challenges and Opportunities. Clin. Transl. Sci. 2020, 13, 8-10. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1002/bies.201700138
http://www.ncbi.nlm.nih.gov/pubmed/29134681
http://dx.doi.org/10.1002/jcb.25520
http://www.ncbi.nlm.nih.gov/pubmed/26887372
http://dx.doi.org/10.1016/j.heliyon.2019.e01798
http://dx.doi.org/10.1002/cyto.b.20514
http://www.ncbi.nlm.nih.gov/pubmed/20198607
http://dx.doi.org/10.1242/jcs.072165
http://www.ncbi.nlm.nih.gov/pubmed/21940791
http://dx.doi.org/10.3390/ijms18050972
http://dx.doi.org/10.2174/1570163816666190112150014
http://dx.doi.org/10.1038/srep19103
http://dx.doi.org/10.1111/cts.12689
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of Simulated Microgravity on Cell Viability of Jurkat/A4 Cells 
	Simulated Microgravity Induced Apoptosis of Jurkat/A4 Cells 
	Simulated Microgravity Disturbed Cell Cycle of Jurkat/A4 Cells 
	Simulated Microgravity Changed the Expression of the Surface Marker ICAM-3 in Jurkat/A4 Cells 
	The Effect of Simulated Microgravity on the Morphology and Cytoskeleton of Jurkat/A4 Cells 
	The Effect of Simulated Microgravity on Certain Apoptotic Proteins of Jurkat/A4 Cells 

	Discussion 
	Materials and Methods 
	Cell Culture 
	RPM 
	Cell Viability Analysis 
	Cell-Cycle Analysis 
	Apoptosis Analysis 
	Flow Cytometry Immunophenotyping 
	Observation of Morphological Changes 
	Western Blotting 
	Immunocytochemistry 
	Statistical Analyses 

	Conclusions 
	References

