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ABSTRACT

We postulated that spaceflight and microgravity may cause changes to cell membrane structure, therefore affecting
the expression of drug transporter proteins. We investigated the global gene expression changes and the expression
of multidrug resistance proteins in space-flown Jurkat cells. Fluid Processing Apparatus (FPAs) were used in this
study. A set of FPAs was prepared as ground controls (F_Ground) and fixated shortly after launching. The flight
samples were flown on the Soyuz TMA-11 and fresh medium were added shortly after docking in the ISS. After
30 minutes, another set of FPAs was added fixative (F_To) meanwhile another set were fixed after 72 hours
incubation at 37°C (F_T72). The number of cells increased from F_Ground to F_To and to F_T7,. Post-flight
analysis found that only expression of CD3, MRP1(ABCC1) and BCRP(ABCG2) showed significant changes.
The flight samples showed a decrease in MRP1(ABCCL1) expression at F_T7, compared to F_To. Expression of
BCRP was also significantly decreased in flight samples compared to F_Ground. gRT-PCR results showed that
MRP1(ABCC1) mRNA expression complement with the protein expression but mRNA of BCRP(ABCG2)
showed different expression from the protein expression. Microarray analysis showed that the voltage-gated K*
channel gene, Kv.1 was differentially expressed at different time points. We suggest that cellular membrane
adapted to spaceflight by modulating the expression of membrane transporter proteins. These findings shed light
to the important role of multidrug resistance proteins for drug efflux, biomolecule transport and pharmacokinetics
as there is an increasing need to understand how medicine reacts in the human body under microgravity.

Introduction

Critical medical situation requiring drug treatment
may occur during space mission, however
microgravity condition during spaceflight may alter
the pharmacokinetics and pharmacodynamics of the
drugs (1). A recent review showed that medications
that was brought to space increased from 10 in 1965 to
107 in 2017 (2). With the current trend of long-term
space mission to Mars and the availability of
commercial spaceflight in the near future means that
there is a need to better understand the cellular and
structural changes of the cell and how medicines are
metabolized and transported under microgravity
conditions are instrumental as there will be increasing

demand to bring more medications to space (2).
Multidrug  resistance (MDR) transporters are
transmembrane proteins that utilize adenosine
triphosphate (ATP) to translocate various substrates
across membranes, plays important roles in
physiology process and in drug pharmacokinetics,
pharmacodynamics and drug-to-drug interactions (3).
The MDR proteins including P-glycoprotein, P-gp
(ABCB1), Multi-drug Resistance related Proteins
1,MRP1 (ABCC1), MRP 3 (ABCC3), MRP 4
(ABCC4), Lung Resistance Protein,LRP and Breast
Cancer Resistance Protein, BCRP (ABCG2) are
involved in multidrug resistance of cancers and
bacteria, plus a range of other inherited human
diseases (4-6). Membrane transporters such as ATP-
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binding-cassette (ABC) transporters and voltage-gated
ion channels which are located at the cellular
membrane are postulated to undergo remodeling under
microgravity. A recent study on global gene and
miRNA expression of proliferating human fibroblast
cells after 3 days incubation revealed the upregulation
of 2.3-fold of the P-gp gene expression between space
flown cells and ground control cells. However, there
were no significant difference when the same
comparison were made between cells that have been
in space for 14 days. The study concluded that
spaceflight affect the cells at proliferating stage,
however more studies are needed to validate the
observation.(7) Another study has shed some clue to
this, demonstrating reduced MRP2 (ABCC2) transport
activity of estradiol 17-B-glucuronide (E17BG) in
microgravity during parabolic flights (8). Studies
have shown that microgravity altered the ion channels,
such as porin in E. coli, which are located at the
membrane layer of the cells (9). P-gp (ABCB1) and
cytochrome P450 levels were altered in the kidney of
murine model under simulated microgravity studies
(10) while gene expression studies in microorganisms
(Salmonella sp. and Candida sp.) found upregulation
of certain ABC transporter genes during short term
spaceflight mission (11, 12). Simulated microgravity
has also been shown to cause differential activation of
K+ channels in vascular smooth muscle cells (9, 13).
However, how microgravity affects these MDR
proteins and ion channels in human T-cell acute
lymphoblastic leukemia (T-ALL) cell ling, i. e. Jurkat
cells have yet to be investigated.

The Jurkat cells have been used extensively in many
microgravity investigations including real space flight
and simulated microgravity conditions (14-17).
Previous studies have shown that the microtubules of
Jurkat cells were altered in microgravity with
increased condensation of nuclear DNA, which is one
of the characteristics of apoptosis (14). Previous
reports also showed that most of the cytoskeletal genes
identified such as myosin light polypeptide (MYL5),
plectin (PLEC), ankyrin, calponin, tropomodulin and
dyactin were up-regulated in space-flown Jurkat (15).
Spaceflight has also been shown to alter the human
immune system with decreased numbers of T-
lymphocytes and natural Killer cells in post-flight
conditions while there is reduced growth activation
and decline in growth rate of the cells total population
(16). The activity of natural killer cells were also
shown to be reduced at post-flight (18). The
intracellular distribution of protein kinase C (PKC) in
human leukocytes varied in proportion to the applied
g level which showed the «cells’ ability for
gravisensing (19) and cytoskeleton is sensitive to
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gravity by responding to the altered gravity conditions
(20).

Given that the location of the drug transporter proteins
and ion channels are at the cell membrane, as well as
reported reduction of intracellular ATP in simulated
microgravity (21), we postulated that microgravity and
any perturbation to the membrane structure during
launching might result in changes to the expression of
these drug transporter proteins and ion channels. The
main objective of this study was to investigate the
effects of spaceflight and microgravity on the gene
expression, particularly the changes on the plasma
membrane such as the MDR proteins and ion channels.
The understanding of how spaceflight affects these
transmembrane proteins, especially graviperception
on the molecular level are crucial as we have yet to
understand how cells perceive and adapt to spaceflight
and microgravity. We determined the expression of
the MDR proteins and their corresponding mRNA
expression level as well as gene expression changes of
ion channels when the Jurkat cells were exposed to the
microgravity condition in the International Space
Station (ISS) between different time points compared
to the ground controls, namely pre-flight which is 56
hours prior to launching (F_Ground), during docking
at ISS which was designated as 0 hour of spaceflight
(F_TO0) and 72 hours of spaceflight (F_T72).

Materials and methods
Hardware

The Fluid Processing Apparatus (BioServe, USA),
which has three levels of biosafety containment, was
the hardware used in this experiment. The Fluid
Processing Apparatus (FPA) is a syringe-like
equipment with a cylindrical glass container within.
The glass cylinder has three compartments (denoted as
C, M and F compartments as shown in Figure 1)
separated by 2 rubber septa and a bypass at the M
compartment. The C, M and F compartments were
loaded with cells suspended in media, fresh media and
fixative respectively which has been previously
described [22].

Cell culture

The human lymphoblastic cell line Jurkat clone E6-1,
was obtained from the American Type Culture
Collection (Rockville, MD, USA) and certified free of
mycoplasma contamination by ATCC. Jurkat cells
were grown in culture medium consisted of RPMI
1640 (PAA  Laboratories GmbH,  Austria)
supplemented with 10% heat inactivated FCS (PAA
Laboratories GmbH, Austria), 2mM glutamine, and
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Figure 1
Schematic drawing of the experimental design for the preliminary study to simulate the actual spaceflight conditions that the cells were subjected. Jurkat cells were

cultured in either carbonized RPMI 1604 supplemented medium or serum free medium in the FPAs and were subjected to conditions similar to the actual pre-launching
and spaceflight conditions as shown in the drawing to study the growth path and viability of the cells.
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penicillin and streptomycin, 100 units and 100pg/ml
respectively PAA Laboratories GmbH, Austria). Cells
were transported using the Opticell™ (Becton
Dickinson, USA) to the Institute for Biomedical
Problems (Moscow, Russia) and subsequently flown
to the laboratory facilities in Baikonur (Kazakhstan)
and maintained under optimal growth conditions prior
to loading into the FPA. The same passages of cells
were used in all test ground and flight experiments.

Optimization of cell culture conditions and
simulation ground experiments

The usage of the FPAs for the microgravity
experiments provided us with a unique challenge to
maintain optimum culture conditions for the Jurkat
cells which deviates from the usual cell culture
protocol. To counter the lack of CO2 exchange in the
FPA, we utilized 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic ~ acid (HEPES) and
carbonized the medium to provide adequate CO32+
buffering for the cells. We also wanted to study the
growth curve of the cells as we anticipated that the
cells will be subjected to sub-optimal conditions
(during launch and orbiting prior to docking) such as
temperatures below 370/C before the transfer after
docking to the Kryogem incubator in the ISS as shown
in Figure 1. Repeated simulation and optimization of
the cell culture conditions were conducted. Jurkat cell
suspension (1.5x106 cells/ml) were cultured in 3ml of
either carbonized RPMI 1640 (supplemented with L-
Glutamine, Pen/Strep and 10% inactivated FCS) or
serum free medium (previously described in (5)) in
compartment C. Meanwhile, compartment M was
filled with 1.5mL of carbonized RPMI 1640 complete
growth medium or serum free medium and
compartment F was filled with 1.5mL of either 2%
paraformaldehyde or RNALater as fixative. After the
preparation of cells in the FPAs, the FPAs were kept
overnight at 370 1C and subsequently subjected to these
conditions: 4[1C, 371JC and control (which were kept
at constant 370]C in non-carbonized medium with
CO2 exchange) for 5 days prior to addition of fresh
medium and subject the FPAs to 37(1C. Cell growth
and survival in the different medium and different
initial temperature conditions were stained with
calcein-AM for detection of live cells while 7-amino
Aatinomycin D dye (7-AAD) was used for detection
of dead cells and were analyzed using FACS Calibur
flowcytometer (BD Bioscience, USA).

Spaceflight experimental details
The preparation of the samples for the spaceflight was

performed at the cell culture laboratory in Baikonur,
Kazakhstan. The experiments were prepared in

triplicates and each FPA was loaded with Jurkat cell
suspension (1.5x106 cells/ml) in 3ml of carbonized
RPMI 1604 (supplemented with L-Glutamine,
Pen/Strep and 10% inactivated FCS) in compartment
C, 1.5ml of carbonized RPMI 1604 in compartment M
and 1.5ml of either 2% paraformaldehyde (for
flowcytometry) or RNALater (for microarray and RT-
PCR) in compartment F. The FPAs were tested for
leaks prior to being packed into a Nomax bag and
handed over to the flight authorities 12 hours before
launching on the 10th October 2007. The space
vehicle docked on the ISS on the 12th October, 56
hours after the launching and the FPAs were
transferred to the Kryogem incubator (set at 3701C)
shortly after docking. The cells were then activated by
the Malaysian astronaut by pushing the plunger (using
a plastic glove box) hence mixing the fresh media from
compartment M into compartment C which contained
the cells. Once activated the FPASs were returned to the
Kryogem and incubated for 72 hours. The experiment
was terminated by adding the fixative (either 2%
paraformaldehyde or RNALater) from compartment F
into compartment C through the bypass. The process
of activation and termination of the each FPA were
carried out at the following timepoints: F_Ground is
when FPAs were activated and fixed consequentially
right after launching of the flight mission as baseline
controls; F_TO is when the FPAs were activated in the
ISS and fixed consequentially one day after docking at
ISS while F_T72 is where FPAs were activated one
day after docking but were fixed 72 hours later. All
experiments are prepared in triplicates. The detailed
time and temperature log of the spaceflight samples
were shown in Figure 2.

Flowcytometry analysis of MDR proteins

Detection of P-gp (ABCB1), MRP1 (ABCC1),
MRP3 (ABCC3), MRP4 (ABCC4), BCRP (ABCG2)
and LRP expressions

To detect the expression of MDR and LRP proteins in
the spaceflight samples, the cells were washed with
phosphate- buffered saline (PBS, pH 7.4) to wash
away the paraformaldehyde. For analysis of each
protein, different tubes with 100uL of cells suspension
in PBS (1 x 106 cellsymL) were prepared and
incubated in permeabilization buffer (eBioscience,
USA) for 5 minutes at room temperature. This was
followed by the addition of 8uL of monoclonal
antibodies which were purified mouse anti-human
monoclonal antibody anti-MRP1 (ABCC1) (Clone
QCRL1 -from MerckMillipore, USA), purified rabbit
anti-human antibody anti-MRP4 (ABCC4) (Clone H-
280 from Santa Cruz Biotechnology, USA), purified
mouse anti-human antibody anti-MRP3 (ABCC3)
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Figure 2. Time and temperature log of the spaceflight samples in the 1SS provided National Space Agency (NASA).
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(Clone M311-21 from Abcam, UK) and purified mouse
anti-human monoclonal antibody anti-LRP (Clone 42
from BD Bioscience, USA) in each appropriate tube
and incubated for 20 minutes in dark at room
temperature. After washing with permeabilization
buffer, the secondary antibodies were added
respectively for each samples which were 1uL (0.2 pg/
pL) of Goat anti-mouse (PE), 1uL (0.2 pg/ pL) of
Goat anti-rat (FITC) and 2uL (0.1 pg/ pL) of Goat
anti-mouse (FITC) and incubated for 20 min in dark at
room temperature. Then the samples were washed
with staining buffer (eBioscience, USA) and 10 pL of
PE-conjugated anti-CD3 (Clone SP34-2 from BD
Bioscience, USA) were added and incubated for
another 20 minutes in the dark at room temperature.
For the other two monoclonal antibodies, the same
amount of cells were stained by using double
immunostaining procedure combining surface staining
with PE-conjugated anti-CD3 (Clone SP34-2 from BD
Bioscience, USA), with FITC-conjugated purified
mouse anti-human monoclonal antibody anti-P-gp
(Clone 17F9 from BD Bioscience, USA) and FITC-
conjugated mouse anti-human monoclonal antibody
anti-BCRP (Clone 5D3 from MerckMillipore, USA)
which was done separately for each MDR protein. The
cells were incubated for 20 minutes in the dark at room
temperature. Finally the cells were washed with
staining buffer and then kept in 500 L staining buffer
before being analyzed by flowcytometer (FACScan,
BD, USA) using CellQuest Pro™ software (FACScan,
BD, USA). At least 10,000 events were analyzed for
each sample. Unstained samples from each condition
were used as controls in all assays.

Total RNA isolation/extraction

Total RNA was extracted and purified using the
PARIS kit (Ambion, Japan) according to the
manufacturer’s protocol and quantified by NanoDrop
ND-1000 (Thermo Fisher Scientific, USA). RNA
integrity was assessed by micro capillary
electrophoresis 2100 Bioanalyzer (Agilent, USA).
Samples were then subjected to microarray analysis
and RT-PCR.

RNA processing and Hybridization

The RNA samples were converted to double stranded
cDNA using the WT-Ovation™ Pico RNA
Amplification System (NuGEN Technologies, Inc.,
USA and subsequently to ST-cDNA using WT-
Ovation™ Exon Module (NuGEN Technologies, Inc.,
USA\) before being labeled with FL-Ovation™ cDNA
Biotin Module V2 (NuGEN Technologies, USA)
according to the manufacturer’s protocol. The cDNA
were then hybridized on the WT HuGene 1.0 ST Array
(Affymetrix, USA). Hybridization results were

scanned using the GeneChip Scanner and stored in the
GeneChip Operating Software (GCOS).

Microarray data analysis

The Partek Genomics Suite Software 6.4 (Partek Inc,
USA) was used for unsupervised analyses as well as
gene set enrichment analysis (GSEA) to elucidate the
biological pathways or cellular components affected
by the two parameters set in this analysis, namely the
conditions and the time points. The data which was in
the CEL format was normalized by quantile
normalization and exploratory analysis was performed
using principal component analysis (PCA) scatter plot.
Then inferential statistics was performed using
ANOVA by setting the p-value less than 0.05 and fold
change more than 1.1.

Quantitative real-time PCR (qQRT-PCR)

50ng of RNA were converted to cDNA using WT-
Ovation™ Pico RNA Amplification System (NuGEN
Technologies, USA) according to the manufacturer’s
protocol. Quantitative real time PCR was performed
using the Rotor-Gene™ 6000 (Qiagen, USA). PCR
amplifications were performed using QuantiTect®
SYBR® Green PCR kit (Qiagen, USA) PCR reactions
were performed using 1pl of cDNA in a 25ul total
volume reaction containing 12.5ul of 2x QuantiTect®
SYBR® Green Master Mix (Qiagen, USA) and 0.3uM
final concentration of each primer. PCR reactions
were carried out in 0.2ul tubes in Rotor-Gene™ 6000
with 15min PCR initial activation step followed by 40
cycles of 15s at 94°C, 30s annealing and amplification
at 72°C. Analysis was performed using the Rotor-
Gene™ 6000 software program (Qiagen, USA). A ten-
fold dilution series of ground control (F_Ground)
cDNA was generated to determine the amplification
efficiency of each primer pair. The threshold crossing
(Ct) value for each reaction was determined and the
fold-change (AACt value) was calculated with the
following formulas using GAPDH as a reference
control (23). Primers for quantitative PCR were
designed using Primer3 software (24). All primer pairs
produced single amplification products as determined
by gel electrophoresis as well as melt-curve analysis
using the Rotor-Gene™ 6000 software program.
Primers used were: GAPDH (forward) 5’-

AGGCTGTGGGCAAGGTCATC-3’, GAPDH
(reverse) 5’-CGCCTGCTTCACCACCTTCT-3,
MRP1 (forward) 5’-
AAGCAGCCGGTGAAGGTTGTGT-3’, MRP1
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(reverse) 5’-GCGGCCCGGAAAACATCATCA-3’,
BCRP (forward) 5’-
AACCTGGTCTCAACGCCATC-3’, and BCRP
(reverse) 5’GTCGCGGTGCTCCATTTATC-3’,
KCNALI (forward) 5’-
TTTGCCGAGGCGGAAGAAGC-3’, KCNAL1
(reverse) 5’-AGCCCACGATCTTGCCTCCAC-3.

Statistical analysis

Statistical analysis of the flowcytometry results was
performed using the GraphPad Prism 5 software. The
correlations between variables and the significance
evaluation were analyzed using two-way ANOVA and
the Bonferroni post-test method. A p value of less than
0.05 was considered to be statistically significant.

Results and Discussion

Ground simulation and optimization showed re-
growth of cells after activation by addition of fresh
medium

The ground simulation experiments showed that
although the number of viable cells maintained in 10%
FCS dropped after five days in the FPA (this simulated
the time period after loading, launching and then in
orbit before docking as shown in Figure 1), the cells
were able to re-proliferate after the addition of fresh
medium and incubation at 37°C (this simulated the
activation at F_TO0) after which the cell population
peaked at 72 hrs after the addition of medium at 37°C
[Fig. 3 A]. The optimum rate of re-growth were for
cells kept initially at 4°C and this served as the basis
for our decision to fix the cells at T72 to capture events
at the peak of cell proliferation. This concurred with
a previous study that reported low temperature was
able to maintain cell viability; this is known as
“pausing” cultivated cells, and cells could be
maintained for days or weeks at temperature below
37°C. The study showed that cultured adherent cell
line-Chinese Hamster ovary cells (CHO-DG44) and
suspension cell line human embryonic kidney cells
(HEK293 EBNA) paused at 4°C for up to 9 days were
able to resumed exponential growth at 37°C (25). In
serum free medium, the cells proliferated after three
days of seeding in FPA but the viable cells were not
able to re-proliferate after addition of fresh medium at
37°C [Fig. 3 B]. This suggested that usage of FCS that
contains growth factors and nutrients was needed for
the cells” re-proliferation.  Previous study has
demonstrated that serum deprivation will cause
decreased in cell proliferation and FCS has been
shown to enhance proliferation rate (26). These
ground simulation experiments established the
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suitable culture conditions for optimal cell survival
and re-growth for the actual spaceflight experiments.
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Figure 3: Comparison of Jurkat cells’ viability and cell re-
growth as assessed by flowcytometry, in which cells were
cultured in either (A) carbonized RPMI 1604 supplemented
medium or (B) serum free medium, loaded into FPAs and
subjected to conditions as described in Materials and
Methods. From the result shown, cells that were kept at the
initial 4°C in carbonized RPMI 1604 supplemented medium
had the best cell viability and re-growth pattern compared to
the rest. Although the viability of cells were the lowest at
day 3, but after subsequent addition of fresh medium at 37°C
at day 5, the cell viability improved and peaked after 72
hours at day 8. Therefore, from this result, we are able to
simulate the optimal conditions for cell survival during pre-
launching and spaceflight condition.

The number of cells increased in flight samples
compared to ground controls

Figure 4 showed that there was exponential growth of
cells during the spaceflight experiment. The cells were
counted (without taking into account whether the cells
were viable or not) by using a hemacytometer. The
increased numbers of cells from F_Ground to F_TO
and to F_T72 indicated that the cells proliferated even
under the stressful conditions of launching (F_TO0) as
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well as in microgravity condition (F_T72). This data
concurred with previous study (14) which showed that
Jurkat cells were able to overcome the initial lag in
growth in the first few days in microgravity, and some
of the cells populations resumed their growth after
resupply of nutrients. The cells showed the ability to
recover and survive in the harsh conditions (e.g:
gravitational changes, suboptimal temperature and
etc) of launching and the orbiting without additional
medium prior to docking. Another study reported that
the Jurkat cell growth curve were not significant
affected by simulated launch centrifugal acceleration
(3g for 8 minutes) after 24hr and 48 hr, incubation
suggested that the hypergravity did not affect growth
of Jurkat cells (27). We have also established an
optimal protocol to study cell lines in microgravity
taking into account the proliferation of the cells and
fixating the cells at the time point which will have the
highest cell number.

-~ -]
1 ]

Average count (triplica’ce)xw‘i
N

F_Ground F_ Ty F_Ts
Fixation time

Figure 4. Comparison number of cells of ground
(F_Ground) and flight (F_TO & F_T72) after 4 days and 7
days in microgravity. Cells were maintained at ambient
temperature 4°C on carbonized medium containing 10%
fetal bovine serum during launch and pre-docking.
Flight_Ground indicates that the cells were activated with
fresh media at ground level during the launching and
immediately after activated the cells was terminated by
fixing with formaldehyde. After docking at ISS, FPAs
labeled as Flight_TO were activated with fresh media and a
few minutes later, the cells were terminated and as for
Flight_T72 the cells were activated and terminated after 72
hours of incubation at 37°C. The data represent the average
of triplicates samples from each condition and time.

Altered CD3 marker expression

The CD3-antigen receptor complex has a key role in
T-cell recognition and in transmembrane signaling
(28). Previous studies have reported that the signal
transduction processes were sensitive to microgravity,
especially those mediated through protein kinase C
(PKC) isoforms (19, 29, 30). From our flowcytometry
results [Fig. 5 A], the percentage of cells that
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expressed the CD3 marker differed at every condition
and time point. At F_Ground, the CD3 marker showed
75.8% expression and the percentage increased to
97.2% at F_TO followed by a decrease to 71.5% at
F_T72. The increase in the expression of CD3 at F_TO
(this is after docking) could be related to the stress
responses after launching (possibly due to
hypergravitation during and after launching) as well as
the non-ideal conditions (suboptimal temperature, lack
of fresh medium replacement) during orbiting prior to
docking. We postulate that this trend in the expression
of CD3 may be due to involvement of PKC. This is
based on previous study by Matsuda (1994) (31), who
reported that activation of PKC will down-regulate the
CD3 expression. Others have reported that PKC varies
in its intracellular distribution and quantity according
to the g level where PKC was increased in spaceflight
compared to 1g on the ground and even more
increased at hypergravity (1.49) (32).

Decreased expression of MRP1 and BCRP in
microgravity condition

For the MDR proteins analyzed, only MRP1 (ABCC1)
and BCRP (ABCG2) showed significant differential
expression [Fig. 5 A and Fig. 5 B]. The percentage of
cells that expressed MRP1 (ABCC1) decreased
significantly from 94.1% at F_TO to 75% at F_T72.
Meanwhile, the expression of BCRP (ABCG2) for
flight samples also decreased at both F_TO (13.4%)
and F_T72 (4.8%) compared to the expression at
F_Ground (49.0%). Both MRP1 (ABCC1) and BCRP
(ABCG2) showed the same trend of decreased
expression at microgravity condition especially at
F_T72 suggesting that the gravitational changes
during spaceflight, including hypergravitation during
launching and docking, as well as exposure to
microgravity and space radiation may have some
effects towards the MDR proteins expression. This
result concurred with a recent study which showed
significantly reduced MRP2 (ABCC2) transport
activity of estradiol 17-B-glucuronide (E17BG) within
the 22 second of microgravity during parabolic flights
(33). MRP1 (ABCC1) is a member of the ABCC
subfamily, which is structurally almost identical with
MDR1 but it can only efflux substrates that conjugates
with glutathione (GSH), glucuronate or sulfate
compared to MDR1 which has a broader substrate
specificity (34, 35). MRP1 (ABCC1) is largely
localized at the plasma membrane in Jurkat cells and
from a previous study, it was found that multidrug
resistance-associated proteins including MRP1
(ABCC1) are responsible for glutathione release
especially in cells undergoing apoptosis (36, 37). The
study also showed that Jurkat cells released
approximately 75-80% of their intracellular GSH for

8



Sue Mien Then et al. Asia Pac. J. Mol. Med.

A Piﬂ?' :_llf—o? C 4
100 p=0 01 —
3-
) &
3 8 21
@ ]
Z 14
. : A
M 0+ ] —
[
" =
4
. ; A - e = MRP1 BCRP
cD3 P-gp MRP1 MRP3 MRP4 BCRP LRP Multi-drug resistance proteins

CD3 marker & Multi-drug resistance proteins
EA F_Tgvs F_Ground B3 F_T7zvs F_Ground E F_T;vsF Ty

E3 Ground contrel (F_Ground) B3 Flight (F_Ty) E3 Flight (F_T72)
ANti-CD3 Anti-P-gp Anti-MRP1 Anti-MRP3 Anti-LRP Anti-BCRP
g 8
= |
[ gl /i 2] 1
£ i r f
33 : 28 ]|
gq o 3 LEE || 891 |' | 3
5 J\—1 A
| l'.\ I
R TR T B w0t
8 8 8
EE 8
g £81 25 28 28
§E| 51 3 5: H
Eu 3 i Sl 5
o
o3 2
M1 M1 M1
o4 o
0 w0 w0t 00 10" 10?1 10t o ol o i e
2 1 8 8 g 8
B ¢ g g 8 2
= 28] 18 23 . »8 -
EE %m ;2 ] gg £° 15“-‘
Eo 9 iR &8 8% 53 8 4
&9 2 2 2 & \ 2
N ] ! M SR ¢ O

- [=] [=] [=] )
1 d i
T T 100 10" 102 0% 10 0@ 10t 102 1P 10t 1 ! e 10?1 1 w0 i 0 0t w0 w10 i

Figure 5. (A) CD3 marker and MDR proteins (P-gp, MRP1, MRP3, MRP4, BCRP and LRP) expression in Jurkat cells at different time point:
F_Ground, F_TO and F_T72. The cells were labeled as described under Materials & Methods. The CD3 marker and MDR expression were
determined using flowcytometry. Error bars represent the SEM of triplicates for each sample. Only 3 markers showed significant changes in their
expression which are CD3 markers, MRP1 and BCRP proteins while the other proteins did not show significant changes. CD3 markers expression
was increased at F_TO when compared to ground control (F_Ground) and F_T72 with p<0.001. As for MRP1 protein, the expression was increased
at F_TO compared to Flight T72 with p<0.01 and BCRP protein expression was increased at F_Ground compared to F_TO and F_T72. (B)
Representative of the flowcytometry analysis for CD3 marker and MDR proteins (P-gp, MRP1, MRP3, MRP4, BCRP and LRP) expression in
Jurkat cells at different time point: F_Ground, F_TO and F_T72. The cells were labeled as described under Materials & Methods. Data shown are
the histogram plot of the expression markers based on the cell count (Y-axis), and mean fluorescent intensity of the cell expression (X-axis). As
predicted, CD3 marker was highly expressed, followed by MRP1 protein in all three time points. BCRP protein was highly expressed in F_Ground
sample only, while the other proteins did not show significant changes in expression level. (C) mRNA expression level of MRP1 and BCRP as
assessed by RT-PCR assay. A ten-fold dilution series of cDNA (F_Ground) was generated to determine the amplification efficiency of each primer
pair. The threshold crossing (Ct) value for each reaction was determined and the fold-change (AACt value) was calculated using GAPDH as a
reference control. As shown in the result, MRP1 mRNA expression was up-regulated at F_TO compared to ground (F_Ground). But the expressions
were down-regulated at time F_T72 when compared to F_T0 and F_Ground indicate that after 72 hours of exposure to microgravity condition the
expressions were decreased. Meanwhile, the mRNA expressions of BCRP were up-regulated at both time point, which were F_TO and F_T72 at
microgravity condition compared to ground condition, F_Ground. But when the mRNA expression of BCRP was compared between Flight_T72
and Flight_TO0, the expression was down-regulated.



Sue Mien Then et al.

both Fas antibody and staurosporine-induced
apoptosis (36). Meanwhile, Lewis et al. (1998) (14)
reported that the apoptosis-related factor Fas/APO-1
increased in the culture medium of the space-flown
cells and the number of cells with DNA condensation
characteristic of apoptosis was increased in flown cells
early in the experiment. Thus, reduced expression of
MRP1 (ABCC1) and BCRP (ABCG2) in microgravity
might be a mechanism of adaptation to support Jurkat
cell survival and proliferation in microgravity. As
MRP1 (ABCC1) and BCRP (ABCG2) as active
transporter proteins that utilizes ATP, reduced
intracellular cellular ATP content in microgravity may
also cause reduced MRP1 (ABCC1) and BCRP
(ABCG2)expression as shown by Vaquer et al. (2014)
(33), which demonstrated that on parabolic simulated
microgravity, reduction of MRP2 (ABCC2) activity is
via the ATP-dependent transport.

The mRNA expression of MRP1 (ABCC1) and
BCRP (ABCG2)

The mRNA expression of the MRP1 (ABCC1) and
BCRP (ABCG2) were further analyzed by gRT-PCR
assays. As shown in Fig.5 C, after normalisation by
GAPDH, the results showed up-regulation of MRP1
(ABCC1) mRNA expression at Flight_TO compared
to F_Ground with a fold change of 3.28. Meanwhile,
at Flight_T72 vs F_Ground and F_T72 vs F_TO, the
MRP1 (ABCC1) mRNA expression was down-
regulated with fold change values of -0.42 and -0.13
respectively. This mRNA expression confirmed the
protein expression of MRP1 (ABCC1) from the
flowcytometry assay. The gRT-PCR results for BCRP
(ABCG2) showed that the mMRNA expression were up-
regulated with fold change values of 1.87 and 1.01 at
F TO vs F Ground and F _T72 vs F_Ground
respectively. But when F_T72 was compared to F_TO,
mMRNA expression of BCRP (ABCG2) was down-
regulated with a fold change value of -0.54. However
from the flowcytometry assay, the BCRP (ABCG2)
protein showed totally different expression which the
protein expression were down-regulated at flight
condition compared to ground condition. The
increased MRNA expression in the presence of low
protein expression could be explained by the presence
of two opposing regulatory mechanisms for BCRP
(ABCG2) as mediated by the MEK-ERK signaling
pathway, giving a situation where BCRP (ABCG2)
gene was up-regulated at the transcriptional level
whilst being degraded at the protein level (38).
Another possible explanation is the result of epigenetic
silencing of BCRP (ABCG2) gene expression through
promoter demethylation and this was shown as a key
mechanism for the development of ABCG2-dependent
MDR phenotype in Jurkat (39).

Asia Pac. J. Mol. Med.

Decreased gene expression of the membrane ion
channel, Kv1.1

The principle component analysis (PCA) in Figure 6
A and 6 B showed that the samples clustered in a
distinct pattern, with the samples grouped according to
the treatment condition. From our microarray analysis
(Fig. 7), the significant differentially expressed genes
were clustered appropriately according to the three
time points of pre-launch, activation and termination
which were designated as F_Ground, F_TO and
F_T72. The hierarchical clustering showed that at
F_TO compared to F_Ground, there were 237 genes
that were up-regulated while 362 genes that were
down-regulated; as for F_T72 compared to F_Ground,
there were 480 genes that were up-regulated while 491
genes that were down-regulated; while for F_T72
compared to FTO, there were 450 genes that were up-
regulated while 326 genes that were down-regulated.
From the GSEA analysis, the gene set associated with
cell membrane was the most affected in all conditions
and showed statistical significance in the following
conditions: F_TO compared to F_Ground, F_T72
compared to F_Ground and when F_T72 compared to
F_TO as shown in Table 1. The GSEA analysis
provided some key clues as to the cellular changes
occurred during the experiment. The membrane-
related genes were the only significantly enriched gene
set for the launching and docking period (F_TO vs
F_Ground), which suggested that events within this
time period affected the expression of genes related to
cellular membrane and membrane transporter, and this
was further shown in the active MDR protein
expression as stated above. Comparison of F_T72 vs
F TO and F_T72 vs F_Ground revealed gene sets
which may indicate adaptation to changes to the
gravitational force during spaceflight, and were related
to gravisensing such as olfactory receptor activity, G-
protein coupled receptor protein signaling pathway,
sensory perception to smell and response to stimulus.
It was suggested that transmembrane proteins such as
ABC transporters and solute carriers play important
roles in “sensing” fluctuations or transient changes in
the chemical/biochemical composition of the local
environment, suggesting that these transporters may
also be involve in cellular signaling of graviperception
(40), and is postulated to be more pronounced in
microgravity conditions (41). Another environmental
factor to be considered during spaceflight is space
radiation, and previous studies have indicated that
space radiation induced accumulated chromosome
aberration (42). However, how space radiation might
affect transmembrane proteins such as transporter
protein and ion channel remains to be elucidated.
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A PCAMapping (69.1%)

B PCA Mapping (69 1%)

Figure 6. Principal components analysis (PCA) were performed for all the samples according to the expression levels of all probe
sets and were represented in three dimensional format. (A) All probe sets were grouped according to conditions, which were flight
and ground; (B) All probe sets were grouped according to time and conditions which were Flight_Ground, Flight_TO and
Flight_T72. Each dot represents a chip, the colors represent the condition and the samples were grouped by condition in this figure.

The complete list of differentially expressed genes
related to membrane transporters, solute carrier
proteins, ion channels, ATP-related kinases, G-
coupled protein receptors and membrane structure is
shown in Table 2 A, 2 B and 2 C. From the gene
expression analysis data, the expression of voltage-
gated K+ channel, shaker-related subfamily, member
1 (episodic ataxia with myokymia) (KCNAL), also
known as Kv1.1 was found to be significantly down-
regulated at F_T72 compared to F_TO (fold change -
1.26, p value < 0.05) while the expression was up-
regulated at F_TO compared to F_Ground (fold change
1.22, p value < 0.05, shown is Table 2 A) and this was
confirmed with subsequent qPCR as shown in Fig. 8.
The figure also showed that the mRNA expression of
KCNA1 was down-regulated at F_T72 compared to
F_TO with fold change of -0.700 while the expression
was up-regulated at F_TO compared to F_Ground with
fold change of 3.17. As previous study has
demonstrated reduced K+ influx in type Il hair cells
exposed to simulated microgravity conditions (43), we
want to highlight that significant reduced expression
of Kv1.1 in spaceflight conditions from our study
might shed some light in understanding reduction of
K+ current in cells conditioned with microgravity. It
has been suggested that microgravity causes the
redistribution of transmural pressure within cells, as
demonstrated in vascular smooth muscle cells
(VSMCs) which showed the differential activation of
K+ and Ca2+ channels as part of the vascular
adaptation to microgravity (13, 44). In simulated
microgravity conditions, the K+ current is smaller in

the VSMCs of mice subjected to microgravity
compared to control mice (13, 45), while another study
showed that there is inactivation of the membrane’s
Na+ and K+-pumps in mice subjected to hypogravity
(between 0 to 1g) (46). Thus, from our study we
suggested that the transmembrane proteins has an
integral mechanism in gravi-perception and adaptation
to gravity changes which previously was only shown
in E. coli (9).

There were several limitations to this study. Firstly,
due to logistic and time constrain, we are not able to
do a simultaneous ground control with the same time
point as the flight samples during the spaceflight
except for F_Ground. Therefore we have completed
the asynchronous ground control study when we
returned to Malaysia. However, we found that the
results from the asynchronous ground control at TO
were significantly different from F_Ground, thus
rendering the asynchronous ground control invalid.
We suspected that this is due to the batch of cells that
was transported to Baikonur for the spaceflight study
has undergo various stress which was not subjected to
the same batch of cells from the asynchronous ground
control study that remained in the lab back in
Malaysia. Therefore the results asynchronous ground
control at TO and T72 were not included here for
comparison. The present study also did not capture
actual drug / solute transport activity, changes of K+
current and change in transmural pressure during
spaceflight to confirm our proposed mechanism due to
the limitation of the FPA to do real-time detection.
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Table 1. The Gene Set Enrichment Analysis (GSEA) of the different conditions: F_TO vs F_Ground, F_T72vs F_Ground, F_T72vs F_TO.

Conditions Gene Set Name Gene Set Category Genes (red fonts are genes significantly Normalized p-value
expressed in microarray analysis) Enrichment Score
FTovs Integral to membrane Cellular component OR1D2, OR1F1, DNAJC16, OR4F5, OR4F17, -1.72333 0
F_Ground OR13C4, GPR111, OR4C12, MS4A10, OR52K1,
OR4N2, DGAT1, ADIPOR2, AQP7, SLC31A1,
LNPEP, VAMP7, OPN1SW, SLC25A23,
SLC25A30
Membrane Cellular Component DNAJC16, GPR111, MS4A10, ALOX5, DGATL, -1.69245 0.012295
GK, ADIPOR2, AQP7, SLC31A1, GAP43,
MLANA, RAB27A, LNPEP, VAMP7, SNFS8,
GCHFR, OPN1SW, LRRC32, RTN4RL2,
SLC25A23, SLC25A30
FT72vs G-protein coupled Biological Process OR1D2, OR1F1, OR4F5, OR4F17, OR13C4, -1.96051 0
F_Ground receptor protein GPR111, OR4C12, OR52K1, OR4N2, OPN1SW
signaling pathway
Olfactory receptor Molecular function OR1D2, OR1F1, OR4F5, OR4F17, OR13C4, -1.90996 0.004082
activity OR4C12, OR52K1, OR4N2
Receptor activity Molecular function OR1D2, OR1F1, OR4F5, OR4F17, OR13C4, -1.85696 0.008065
GPR111, OR4C12, MS4A10, OR52K1, OR4N2,
ADIPOR2, OPN1SW, RTN4RL2
Response to stimulus Biological process OR1D2, OR1F1, OR4F5, OR4F17, OR13C4, -1.82129 0.00823
OR4C12, OR52K1, OR4N2, OPN1SW
Sensory perception of Biological process OR1D2, OR1F1, OR4F5, OR4F17, OR13C4, -1.9112 0.008734
smell OR4C12, OR52K1, OR4N2
Integral to membrane Cellular component OR1D2, OR1F1, DNAJC16, OR4F5, OR4F17, -1.82328 0.017857

OR13C4, GPR111, OR4C12, MS4A10, OR52K1,
OR4N2, DGAT1, ADIPOR2, AQP7, SLC31A1,
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Proteinaceous
extracellular matrix
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Detection of chemical
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sensory perception of
smell

Transferase activity

Cellular component

Molecular_function

Biological_process

Biological_process

Biological_process

Molecular_function

Molecular_function

Cellular component

Cellular component

Biological_process

Molecular_function

LNPEP, VAMP7, OPN1SW, SLC25A23,
SLC25A30

OR1D2, OR1F1, OR4F5, OR4F17, OR13C4,

GPR111, OR4C12, OR52K1, OR4N2, CD1A,

AQP7, ANXA2, GAP43, PRKACA, LNPEP,
RTN4RL2

PRDM7, SCRT2, ZNF720, RNASE3, RBM14

OR1D2, OR1F1, OR4F5, OR4F17, OR13C4,
OR4C12, OR52K1, OR4N2, OPN1SW

OR1D2, OR1F1, OR4F5, OR4F17, OR13C4,
ORA4C12, OR52K1, OR4N2

OR1D2, OR1F1, OR4F5, OR4F17, OR13C4,
GPR111, OR4C12, OR52K1, OR4N2, OPN1SW

OR1D2, OR1F1, OR4F5, OR4F17, OR13C4,
ORA4C12, OR52K1, OR4N2

OR1D2, OR1F1, OR4F5, OR4F17, OR13C4,
GPR111, OR4C12, MS4A10, OR52K1, OR4NZ2,
ADIPOR2, OPN1SW, RTN4RL2

VWAL, ANXA2, WNT6, VWC2, SLC25A23

ALOX5, DGATL, GK, PRKACA, KPNAL,
GCHFR, DYNC1I2, PRKAG1

OR1D2, OR1F1, OR13C4, OR4C12, OR52K1,
OR4N2

PRDM7, DGAT1, GK, PRKACA, PDK2, STK35

-1.79134

-1.70655

-2.02461

-1.94178

-2.13556

-1.96479

-1.82281

1.73939

1.567

-1.66528

1.55745

0.02521

0.031818
0

0.005714

0.006667

0.008584

0.008811

0.024876

0.05
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Table 2. List of significant differentially expressed genes of Jurkat cells when these conditions were compared: (A) F_TO vs

F Ground, (B) F_T72vs F_Ground and (B) F_T72vs F_TO.

Table 2 A (F_To vs F_Ground)

Gene Symbol Gene Description p-value Fold-Change

Solute carrier protein

SLC35B1 solute carrier family 35, member B1 0.002076 -1.22313

SLC31A1 solute carrier family 31 (copper transporters), 0.004083 -1.48776
member 1

SLC34A2 solute carrier family 34 (sodium phosphate),  0.004842 -1.14291
member 2

SLC2A12 solute carrier family 2 (facilitated glucose 0.006507 1.10632
transporter), member 12

SLC37A4 solute carrier family 37 (glucose-6-phosphate  0.008433 -1.25573
transporter), member 4

SLC5A2 solute carrier family 5 (sodium/glucose 0.009854 -1.15297
cotransporter), member 2

SLC6A8 solute carrier family 6 (neurotransmitter 0.009883 1.10204
transporter, creatine), member 8

SLC25A23 solute carrier family 25 (mitochondrial 0.01122 -1.39962
carrier; phosphate carrier), member 23

SLC38A3 solute carrier family 38, member 3 0.017454 -1.12192

SLC25A30 solute carrier family 25, member 30 0.035208 -1.35439

SLC4A1 solute carrier family 4, anion exchanger, 0.048194 -1.22052
member 1 (erythrocyte membrane protein
band 3, Diego blood group)

SLC32A1 solute carrier family 32 (GABA vesicular 0.048946 1.15127
transporter), member 1

lon Channel

KCTD8 potassium channel tetramerisation domain 0.003586 1.16205
containing 8

KCTD1 potassium channel tetramerisation domain 0.003811 -1.15467
containing 1

KCTD20 potassium channel tetramerisation domain 0.005015 -1.28925
containing 20

ABCC10 ATP-binding cassette, sub-family C 0.005728 -1.20341
(CFTR/MRP), member 10

KCNA2 potassium voltage-gated channel, shaker- 0.017043 1.16571

related subfamily, member 2

14



Sue Mien Then et al.

Asia Pac. J. Mol. Med.

P2RX6

KCNA1

SCN7A

KCTD19

SCLT1
SCN1B
ABCC4

CIB3

ATP-related kinase
CLPP

ARHGAP19
PRKAR2B

PRKAG1

PRKAG2

ATP9A
RAB3GAP1

ATPAF2

AGBL3

purinergic receptor P2X, ligand-gated ion
channel, 6

potassium voltage-gated channel, shaker-
related subfamily, member 1 (episodic ataxia
with myokymia)

sodium channel, voltage-gated, type VII,
alpha

potassium channel tetramerisation domain
containing 19

sodium channel and clathrin linker 1
sodium channel, voltage-gated, type I, beta

ATP-binding cassette, sub-family C
(CFTR/MRP), member 4

calcium and integrin binding family member
3

ClpP caseinolytic peptidase, ATP-dependent,
proteolytic subunit homolog (E. coli)

Rho GTPase activating protein 19

protein kinase, cCAMP-dependent, regulatory,
type Il, beta

protein kinase, AMP-activated, gamma 1
non-catalytic subunit

protein kinase, AMP-activated, gamma 2
non-catalytic subunit

ATPase, class I, type 9A

RAB3 GTPase activating protein subunit 1
(catalytic)

ATP synthase mitochondrial F1 complex
assembly factor 2

ATP/GTP binding protein-like 3

G-protein coupled receptors

RGS16

GPR123
GPR125
GPR126

regulator of G-protein signaling 16
G protein-coupled receptor 123
G protein-coupled receptor 125

G protein-coupled receptor 126

0.027085

0.0379696

0.034705

0.037211

0.038636
0.042473
0.042018

0.045032

0.007669

0.008502
0.009811

0.012086

0.019335

0.021946
0.033157

0.036344

0.04537

0.008423
0.013766
0.043781
0.045163

-1.21747

1.22194

1.18351

1.2067

1.41658
-1.22595
1.11811

-1.43152

1.23721

-1.34514
1.166

-1.47962

1.15804

-1.17968
-1.13793

-1.22903

1.21659

1.22155

-1.13188
-1.83386
-1.17472
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Membrane related

VTI1A vesicle transport through interaction with t- 0.001821 1.2103
SNARES homolog 1A (yeast)

VAMP7 vesicle-associated membrane protein 7 0.002499 -1.37737

TMEM51 Transmembrane protein 51 0.00324 1.18029

MS4A10 membrane-spanning 4-domains, subfamily 0.005354 -1.35679
A, member 10

VPS37A vacuolar protein sorting 37 homolog A (S. 0.005493 1.3781
cerevisiae)

TOMMY7 translocase of outer mitochondrial membrane  0.008786 1.41451
7 homolog (yeast)

TMEM104 Transmembrane protein 104 0.010172 -1.45768

TMEM101 Transmembrane protein 101 0.01191 -1.19942

TMEM154 Transmembrane protein 154 0.014112 1.10695

TAPT1 transmembrane anterior posterior 0.014327 1.17844
transformation 1

TMEM20 Transmembrane protein 20 0.016412 1.13919

TMEM181 Transmembraq% Bﬁgtﬁ"(‘ &)8&()” tinued 0.017986 1.20304

TMUB?2 transmembrane and ubiquitin-like domain 0.020331 -1.13685
containing 2

TMEM225 Transmembrane protein 225 0.026755 1.13499

TMEMb54 Transmembrane protein 54 0.031018 1.14666

TMPRSS11E transmembrane protease, serine 11E 0.041309 -1.164

MS4A2 membrane-spanning 4-domains, subfamily 0.046502 -1.20104

A, member 2 (Fc fragment of IgE, high
affinity I, receptor for; beta

VSTM2L V-set and transmembrane domain containing  0.047961 -1.11588
2 like

TMEM55A Transmembrane protein 55A 0.048228 -1.21082

LRBA LPS-responsive vesicle trafficking, beach 0.049176 1.12082

and anchor containing

Table 2 B (F_T7, vs F_Ground)

Gene Symbol Gene Description p-value Fold-Change

Solute carrier protein

SLC43A1 solute carrier family 4, anion exchanger, 0.000483668 1.16667
member 2 (erythrocyte membrane protein band
3-like 1)
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SLC35B1
SLC31A1

SLC25A30

SLC4A2

SLC27A6

SLC26A3
SLC25A33

SLC25A23
SLC35E2
SLC35D3

SLC17A4

SLC7A4

SLC10A6

SLC5A1

SLC35F1

lon channel

KCTD8

KCNA2

P2RX2

KCTD20

NHEDC?2
CACNA2D2

EFCAB2

solute carrier family 35, member B1

solute carrier family 31 (copper transporters),
member 1

solute carrier family 25, member 30

solute carrier family 4, anion exchanger,
member 2 (erythrocyte membrane protein band
3-like 1)

solute carrier family 27 (fatty acid transporter),
member 6

solute carrier family 26, member 3

solute carrier family 25, member 33

solute carrier family 25, member 23

solute carrier family 35, member E2

solute carrier family 35, member D3
solute carrier family 17 (sodium phosphate),

member 4

solute carrier family 7 (cationic amino acid
transporter, y+ system), member 4

solute carrier family 10 (sodium/bile acid
cotransporter family), member 6

solute carrier family 5 (sodium/glucose
cotransporter), member 1

solute carrier family 35, member F1

potassium channel tetramerisation domain
containing 8

potassium voltage-gated channel, shaker-
related subfamily, member 2

purinergic receptor P2X, ligand-gated ion
channel, 2

potassium channel tetramerisation domain
containing 20

Na+/H+ exchanger domain containing 2

calcium channel, voltage-dependent, alpha
2/delta subunit 2

EF-hand calcium binding domain 2

0.001212

0.011173

0.012717

0.013438

0.017446

0.017951
0.023815

0.030528
0.031297
0.0399

0.045745

0.046064

0.0462567

0.0471076

0.0499886

0.001463

0.004775

0.008085

0.010361

0.012598

0.022713

0.027752

-1.27362

-1.32172

-1.55885

1.15435

-1.16772

-1.34739
1.39022

-1.26126
1.11007
1.17568

-1.14266

1.19786

-1.40165

1.20599

1.23828

1.22639

1.27261

1.19353

-1.2175

1.10283

1.21665

1.34066
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SCNN1G

TRPV2

P2RX4

C2CD4C
SCN4B
KCTD3

HVCN1

KCTD18

KCNF1

ATP-related kinase

GCHFR
AKAP14
ARHGAP19
GTPBPS8

ATP1A4

ATP7A
ARHGAP32

ATP6V1B2

ATPG6VOA2

RAB3GAP1

PDP1

ATP6V1G3

PRKD3

sodium channel, nonvoltage-gated 1 gamma

transient receptor potential cation channel,
subfamily V, member 2

purinergic receptor P2X, ligand-gated ion
channel, 4

C2 calcium-dependent domain containing 4C
sodium channel, voltage-gated, type 1V, beta

potassium channel tetramerisation domain
containing 3

hydrogen voltage-gated channel 1

potassium channel tetramerisation domain
containing 18

potassium voltage-gated channel, subfamily F,
member 1

GTP cyclohydrolase | feedback regulator
A kinase (PRKA) anchor protein 14
Rho GTPase activating protein 32
GTP-binding protein 8 (putative)

ATPase, Na+/K+ transporting, alpha 4
polypeptide

ATPase, Cu++ transporting, alpha polypeptide
Rho GTPase activating protein 32

ATPase, H+ transporting, lysosomal 56/58kDa,
V1 subunit B2

ATPase, H+ transporting, lysosomal VO
subunit a2

RAB3 GTPase activating protein subunit 1
(catalytic)

protein phosphatase 2C, magnesium dependent,
catalytic subunit

ATPase, H+ transporting, lysosomal 13kDa,
V1 subunit G3

protein kinase D3

0.028029

0.028363

0.0293057

0.035394
0.035977

0.037413

0.040963

0.044126

0.048869

0.001879
0.003829
0.003993
0.005972

0.010485

0.011789
0.012454

0.013912

0.022099

0.023323

0.025084

0.036408

0.039796

1.10861

1.24184

1.29668

1.43904
1.18436

-1.14608

-1.16463

-1.10755

1.18261

1.45611
-1.40096
-1.47126

1.39796

-1.12353

-1.16944
-1.2471

-1.19647

-1.17263

-1.15927

-1.26558

-1.20651

-1.21945
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ARHGAP29
TPTE2

AAK1

Rho GTPase activating protein 29

transmembrane phosphoinositide 3-
phosphatase and tensin homolog 2

AP2 associated kinase 1

G-protein coupled receptors

RGSL1
GPR111
GPR107

S1PR1

GRK1
GPR146
P2RY13

GPR12

Membrane related

MS4A10

VAMP7
TMEM169

TAPT1

GPNMB
TMEM192
TMEM42
TMEMS55A
TMEM194B
TMEM155
TMEMG63B
TMEM151A
TMEM30A
TMEM54
TMEMBS86A
TMCO1

regulator of G-protein signaling like 1
G protein-coupled receptor 111
G protein-coupled receptor 107

endothelial differentiation, sphingolipid G-
protein-coupled receptor, 1

G protein-coupled receptor kinase 1
G protein-coupled receptor 146
purinergic receptor P2Y, G-protein coupled, 13

G protein-coupled receptor 12

membrane-spanning 4-domains, subfamily A,
member 10

vesicle-associated membrane protein 7
transmembrane protein 169

transmembrane anterior posterior
transformation 1

glycoprotein (transmembrane) nmb
transmembrane protein 192
transmembrane protein 42
transmembrane protein 55A
transmembrane protein 194B
transmembrane protein 155
transmembrane protein 63B
transmembrane protein 151A
transmembrane protein 30A
transmembrane protein 54
transmembrane protein 86 A

transmembrane and coiled-coil domains 1

0.040009

0.041466

0.049479

0.002762
0.014733
0.025884

0.029012

0.033318
0.040085
0.040725

0.047687

0.00118

0.001656
0.00415673

0.00792

0.009405
0.013005
0.015334
0.0154914
0.0180827
0.018505
0.021784
0.028522
0.028629
0.042299
0.042955

0.045392
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-1.12884

-1.765

1.28673

-1.20137
-1.80449
-1.22082

1.12094

1.40565
-1.24499
-1.17363

1.49763

-1.66906

-1.44545
-1.13496

1.22504

-1.28609
-1.19482
1.67896
-1.34376
1.1965
-1.25386
-1.10553
1.29596
-1.32616
1.12881
-1.15306

1.48957
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TMPRSS3 transmembrane protease, serine 3 0.045832 1.149
TMEM22 transmembrane protein 22 0.047858 1.18997
TMEM184C transmembrane protein 184C 0.049762 -1.35063
Table 2 C (F_Tr vs F_To)
Gene Symbol Gene Description p-value Fold-Change
Solute carrier protein
SLC43A1 solute carrier family 43, member 1 0.000680992 1.14727
SLC39A9 solute carrier family 39 (zinc transporter), member 0.00185424 -1.13771
9
SLC5A2 solute carrier family 5 (sodium/glucose 0.0077808 1.16739
cotransporter), member 2
SLC34A2 solute carrier family 34 (sodium phosphate), 0.0104302 1.10735
member 2
SLC38A3 solute carrier family 38, member 3 0.0135695 1.1344
SLC4A2 solute carrier family 4, anion exchanger, member 2 0.0151569 1.14728
(erythrocyte membrane protein band 3-like 1)
SLC2A11 solute carrier family 2 (facilitated glucose 0.0165409 121121
transporter), member 11
SLC35D3 solute carrier family 35, member D3 0.0204992 1.23236
SLC19A2 solute carrier family 19 (thiamine transporter), 0.0271786 -1.18018
member 2
SLC15A3 solute carrier family 15, member 3 0.0299038 1.2753
SLC25A33 solute carrier family 25, member 33 0.0328524 1.33824
SLC46A1 solute carrier family 46 (folate transporter), 0.0384373 1.48451
member 1
SLC1A7 solute carrier family 1 (glutamate transporter), 0.0433297 1.2078
member 7
SLC22A18 solute carrier family 22, member 18 0.0469688 1.14635
SLC25A42 solute carrier family 25, member 42 0.0470548 1.10678
SLCO2A1 solute carrier organic anion transporter family, 0.0491312 1.31316
member 2A1
lon Channel
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ATP1A4
KCTD18

NHEDC2
P2RX2

PIRT

NKAIN4
SCN7A

ABCC4

ABCE1

SCNNI1G

CACNA2D2

KCNA1

KCNKG6

P2RX6

CACNAILF

ATP-related kinase

GCHFR
PRKACA
ATP1A4
ARHGAP29
HIPK1

AGAP3

ATP9A
ATP6V1G3

ATPase, Na+/K+ transporting, alpha 4 polypeptide

potassium channel tetramerisation domain
containing 18

Na+/H+ exchanger domain containing 2

purinergic receptor P2X, ligand-gated ion channel,
2

phosphoinositide-interacting regulator of transient
receptor potential channels

Na+/K+ transporting ATPase interacting 4
sodium channel, voltage-gated, type VII, alpha

ATP-binding cassette, sub-family C (CFTR/MRP),
member 4

ATP-binding cassette, sub-family E (OABP),
member 1

sodium channel, nonvoltage-gated 1, gamma

calcium channel, voltage-dependent, alpha 2/delta
subunit 2

potassium voltage-gated channel, shaker-related
subfamily, member 1 (episodic ataxia with
myokymia)

potassium channel, subfamily K, member 6

purinergic receptor P2X, ligand-gated ion channel,
6

calcium channel, voltage-dependent, L type, alpha
1F subunit

GTP cyclohydrolase | feedback regulator
protein kinase, cCAMP-dependent, catalytic, alpha
ATPase, Na+/K+ transporting, alpha 4 polypeptide
Rho GTPase activating protein 29
homeodomain interacting protein kinase 1

ArfGAP with GTPase domain, ankyrin repeat and
PH domain 3

ATPase, class Il, type 9A

ATPase, H+ transporting, lysosomal 13kDa, V1
subunit G3

0.00623656

0.00785901

0.00855772

0.0123095

0.0199073

0.0204165
0.0278392

0.0306134

0.0323689

0.0342303

0.0365717

0.0379696

0.0400672

0.0491017

0.0495933

0.00460838

0.00564514

0.00623656
0.0088749
0.0142931

0.0155017

0.0165343

0.0166057

-1.15021

-1.21423

1.11894

1.16449

1.42512

1.22028
-1.20135

-1.13474

1.10822

1.10016

1.17747

-1.26194

1.33111

1.16849

1.22065

1.31802

1.38474
-1.15021
-1.2363
-1.27039

1.14692

1.20141

-1.28742
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PIRT

ATP6V1B2

ARHGAP32

GTPBP8

PRKAR2B

MAGI3

ATP6VOA2
ATP6VOE2

PPP1R16A

ROR1

phosphoinositide-interacting regulator of transient
receptor potential channels

ATPase, H+ transporting, lysosomal 56/58kDa, V1
subunit B2

Rho GTPase activating protein 32

GTP-binding protein 8 (putative)

protein kinase, CAMP-dependent, regulatory, type
I, beta

membrane associated guanylate kinase, WW and
PDZ domain containing 3

ATPase, H+ transporting, lysosomal VO subunit a2
ATPase, H+ transporting VO subunit e2

protein phosphatase 1, regulatory (inhibitor)
subunit 16A

receptor tyrosine kinase-like orphan receptor 1

G- protein coupled receptors

GPR88
RGS16
RGSL1
P2RY14
GPR123

P2RY13

Membrane related

VTI1A

VPS72

REEP4
TMEM154
TMEM129

ELTD1

G protein-coupled receptor 88
regulator of G-protein signaling 16
regulator of G-protein signaling like 1
purinergic receptor P2Y, G-protein coupled, 14
G protein-coupled receptor 123

purinergic receptor P2Y, G-protein coupled, 13

vesicle transport through interaction with t-
SNAREs homolog 1A (yeast)

vacuolar protein sorting 72 homolog (S.
cerevisiae)

receptor accessory protein 4
transmembrane protein 154
transmembrane protein 129

EGF, latrophilin and seven transmembrane domain
containing 1

0.0199073

0.023509

0.0275971

0.0287369

0.0312998

0.0366259

0.0374475
0.0458932

0.0473538

0.0476281

0.00675097

0.00730777

0.00753746
0.0205441
0.0245975

0.0398972

0.000632303

0.00669886

0.00694598
0.0112493
0.0142851

0.0147176
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1.42512

-1.1593

-1.17883

1.20853

-1.10528

-1.22959

-1.13894
1.20556

1.1437

1.17361

1.14835
-1.23418
-1.13825
-1.21992

1.10514

-1.17517

-1.31397

1.20825

1.23343
-1.11658
1.11112

-1.12582
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MS4A10 membrane-spanning 4-domains, subfamily A, 0.0159023 -1.23015
member 10
TMEM182 transmembrane protein 182 0.0159559 -1.33732
VSTM2L V-set and transmembrane domain containing 2 like 0.0205864 1.16435
TMEM151A transmembrane protein 151A 0.0231532 1.3239
TMEM120B transmembrane protein 120B 0.0277194 -1.9532
TMEMG63A transmembrane protein 63A 0.0297914 1.15965
TMEM192 transmembrane protein 192 0.0315646 -1.13647
TMEM101 transmembrane protein 101 0.0356456 1.12836
TMEM42 transmembrane protein 42 0.0367047 1.45179
TMEM225 transmembrane protein 225 0.041941 -1.11215
TMEM194B transmembrane protein 194B 0.0458763 1.36888
TMEM209 transmembrane protein 209 0.0462972 -1.12745
TMEM161B transmembrane protein 161B 0.0481367 -1.25183
TMCO3 transmembrane and coiled-coil domains 3 0.0492635 1.11171

However, the results gleamed from the present study warrant
further investigation on real-time drug transport activity and
ion channel activity in simulated microgravity and during
spaceflight. Due to limited samples, we are also unable to do
further downstream studies to confirm our observation, such
as changes of PKC levels and changes at the Kv1.1 channels;
however, the current observations might serve as a basis for
a follow-up study with more comprehensive experimental
parameters to be conducted under simulated microgravity
conditions.

One of the practical implications of the present study is a
better understanding of pharmacodynamics of drugs during
spaceflight, especially for long term spaceflight, whereby
astronaut may need drug administration during medical
emergencies (2). Currently, there is insufficient information
regarding effects of drugs in space (47, 48), especially on the
effects of weightlessness on drug transporters and its activity.
To our knowledge, the present study is among the first to
evaluate how spaceflight and microgravity could affect the
various MDR transporter proteins in vitro in a stable
microgravity platform.  Reduced transmembrane drug
transporter capabilities during spaceflight may lead to slower
drug clearance, leading to drug accumulation and toxic effect
(33). However, overexpression of these proteins may lead to
drug resistance in cancer treatment (49, 50). Further
investigation derived from the present findings could help
elucidate the mechanism of action of the transmembrane drug
transporters and provide new information for development of
better drugs in the future.

In conclusion, we found that spaceflight affected the
expression of membrane transporter proteins such as MRP1
and BRCP which are related to multidrug resistance as well
as voltage-gated K+ channel (Kv1.1). The findings suggested
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Figure 7. Hierachical clustering of the differentially expressed
genes of F_Ground, F_TO and F_T72 with p-value < 0.05, fold
change >+ 1.2. Each row represents a single transcript and each
column an experimental sample. Red and green colours
correspond to up- and down-regulation, respectively, with a
darker colour denoting less differential expression. Transcripts
were hierarchically clustered into those with similar profiles,
which were showed to cluster according to experimental 23
conditions.
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that altered expression of these transmembrane proteins
played a role in cellular perception and adaptation to
gravitational changes and microgravity during spaceflight.
Although a previous study reported the voltage-gated ion
channel porin to be affected by microgravity (9) and

3
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Figure 8. The mRNA expression level of KCNAL gene as assessed
by RT-PCR assay. Briefly, quantification of mMRNA expression level
were briefly descript in Fig 4 (b) legand. The expression of KCNA1
mMRNA transcript was higher in both F_TO and F_T72 compared to
F_Ground while the mRNA expression were down-regulated in
F_T72 compared to F_TO. This RT-PCR result validated the
microarray analysis.

reduction of MRP2 transport activity in Sf9 insert cells under
microgravity condition created by parabolic flight (8), our
study examined a wider range of membrane transporters and
found that MRP1, BCRP and KCNAL (Kv1.1) in mammalian
cells were significantly affected at different time points
during spaceflight. Spaceflight exposed cells to stressful
changes at the physical microevironment level,
understanding the changes induced at the cellular membrane,
including transporter proteins and ion channel may shed
important information regarding how cells perceive or
“sense” modulation of gravitational force. Cellular and
structural changes during spaceflight will affect the
pharmacodynamics and pharmacokinetics in the human
body, as the increase demand to bring more medication to
space will requires scientist and doctors to better understand
how our bodies will respond to drug while in space.
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