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Short-term effects of simulated microgravity
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Introduction: Microgravity has been shown to impose various effects on breast cancer cells. We exposed human
breast cancer cells to simulated microgravity and studied morphology and alterations in gene expression. Materials
and methods: Human breast cancer cells were exposed to simulated microgravity in a random positioning machine
(RPM) for 24 h. Morphology was observed under light microscopy, and gene alteration was studied by qPCR.
Results: After 24 h, formation of three-dimensional structures (spheroids) occurred. BRCA1 expression was
signiﬁcantly increased (1.9×, p < 0.05) in the adherent cells under simulated microgravity compared to the control.
Expression of KRAS was signiﬁcantly decreased (0.6×, p < 0.05) in the adherent cells compared to the control.
VCAM1 was signiﬁcantly upregulated (6.6×, 2.0×, p < 0.05 each) in the adherent cells under simulated microgravity
and in the spheroids. VIM expression was signiﬁcantly downregulated (0.45×, 0.44×, p < 0.05 each) in the adherent
cells under simulated microgravity and in the spheroids. There was no signiﬁcant alteration in the expression of
MAPK1, MMP13, PTEN, and TP53. Conclusions: Simulated microgravity induces spheroid formation in human
breast cancer cells within 24 h and alters gene expression toward modiﬁed adhesion properties, enhanced cell repair,
and phenotype preservation. Further insights into the underlying mechanisms could open up the way toward new
therapies.
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Introduction
Breast cancer is one of the most common malignancies worldwide, with a lifetime risk of 1–8
for a woman in a western country (45). Although survival rate is improving, there is still the
need to identify molecular mechanisms of breast cancer tumorigenesis to design targeted
therapies. Concerning in vivo studies, it is well known that two-dimensional (2D) cell cultures
struggle with various limitations. Particularly, the cytoskeleton has been shown to play a
crucial role in epithelial to mesenchymal transition in tumor cells, being one of the steps on
the way to invasion and spreading (25). The cytoﬁlaments are virtually stretched and
deformed in adherent, two-dimensionally aligned cells (40), making the simulation of in
vivo conditions difﬁcult. Matrix-free three-dimensional (3D) culture models such as liquid
overlay (9) and matrix-bound models such as matrigel polymers or macroporous scaffolds are
in use (42), all with various beneﬁts and drawbacks. We chose simulated microgravity as a
3D culture model for several reasons: it is a scaffold-free model, eliminating any disturbance
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of cell function and morphology by the shape and material of the scaffold. Second, it could give
some hints on tumor behavior during future space ﬂights, as good correlation of cellular effects
between simulated microgravity on earth and conditions during spaceﬂights has been reported
(13, 24). Several studies have shown the importance of simulated microgravity experiments in
tumor research. Several tumor cell lines have shown signiﬁcant alterations in their properties,
including proliferation, apoptosis, and migration (6). Thyroid cancer cells have been shown to
be transformed into a less malignant phenotype. The authors conclude that identiﬁcation of the
responsible cellular mechanisms may be beneﬁcial in the development of new therapies (18).
Drug and therapy testing is another valuable application of simulated microgravity in tumor
research. Sensitivity to cytostatic agents (36) as well as toward radiation (11) has been shown to
increase under simulated microgravity. As a reaction to simulated microgravity, detachment
from the culture surface and formation of 3D aggregates, so called spheroids, have been
reported for thyroid cancer cells (41), chondrocytes (2), and tenocytes (17). In particular, for
breast cancer cells, changes in cell migration and adhesion (21, 28), altered reaction to oxidative
stress (47), and alteration in the cytoskeleton arrangement as well as in the expression of genes
of the vascular endothelial growth factor pathway have been reported (16).
In this study, we aimed at evaluating the expression of genes related to invasion and
adhesion as well as to tumor promotion and suppression. We particularly focused on
medium-term effects after 24 h of simulated microgravity exposure.
Materials and Methods
Cell culture
Human breast cancer cells (adenocarcinoma, ATCC no. CRL-2351) as cultured neoplastic
cells were obtained from ATCC© (Wesel, Germany). The cell line is estrogen receptor
negative and overexpresses the Her2/neu oncogene. Cells were ﬁrst expanded under 2D
conditions in T125 ﬂasks (Sarstedt, Newton, USA) until cell number was sufﬁcient for the
experiments. Ham’s F12-media (Gibco, Germany) was used supplemented with 5% fetal calf
serum (Biochrom AG, Berlin, Germany). An amount of 1% penicillin/streptomycin (Biochrom, Germany) was added to prevent infection. Medium was changed three times a week.
For the experiments, 1 × 106 cells were counted by hemocytometer and added to n = 6 T125
ﬂasks for the experimental group in the random positioning machine (RPM) and to the same
number of ﬂasks for the control group under 1g conditions.
Random positioning machine (RPM)
The RPM (developed by University of Applied Sciences, Northwestern Switzerland) was run
with a commercially available incubator at 37 °C and 5% CO2. Angular velocity was 60°/sin
a random walk manner. The method was intensively investigated and published earlier (43).
Six T125 cm ﬂasks were attached to the operating platform as much in the center as possible,
and samples were rotated for 24 h. Static, non-rotated controls were exposed to the same
environmental conditions nearby the device.
Phase contrast microscopy
Phase contrast microscopy was performed for visual observation of the viability and
morphology of the cells and for the detection of potential spheroids. A Leica microscope
(Leica Microsystems GmbH, Wetzlar, Germany) was used. Phtographs were taken with a
Canon EOS 60D (Canon GmbH, Krefeld, Germany). For taking the photographs, ﬂasks were
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taken out of the RPM and put under the microscope as quickly as possible. Images were
focused on a level showing spheroids and adherent cells simultaneously to allow comparison.
Cell harvesting
In the control group and for the adherent cells in the experimental group, cells were detached
from the culture plate surface by incubation with 0.025% trypsine (Sigma-Aldrich, Germany)
in combination with mechanical detachment with a cell scraper (Sigma-Aldrich), in the same
way as for cell passaging. Cell harvest of the spheroids was performed as described earlier by
our group (16). Supernatant from the T125 ﬂasks was collected by pipetting off the
supernatant and subsequent centrifugation at 300 × g for 5 min in RNase-free tubes to
collect the cell pellet.
RNA isolation
After collection of the cell pellets as described above, RNA isolation and quantitative realtime polymerase chain reaction (qPCR) were performed according to routine protocols as
indicated in the manufacturer’s manual. RNA was isolated using the RNeasy© Kit (Qiagen,
Hilden, Germany) following the manual’s instructions. The pellet was lysed by adding 350 μl
of the lysis buffer (RLT, Qiagen). Cell-inherent RNases were inactivated by adding 1%
β-mercaptoethanol. The lysate was homogenized by vortexing for 1 min. It was then
stabilized by adding 1 volume of 70% ethanol. After repeated centrifugation following the
washing steps indicated in the manual, the RNA was eluted with 30 μl of RNase-free water.
The RNA was quantiﬁed by means of photometry via the SpectraMax M2 device (Molecular
Devices, CA, USA).
Reverse transcription
RNA concentration was determined by measuring the absorbance at 260 nm. Reverse
transcription was performed using the First Strand cDNA Synthesis Kit (Thermo Scientiﬁc,
Waltham, MA, USA) following the manufacturer’s instructions; for each sample, an amount
of 3 μg random hexamer primers and nuclease-free water were added to the total volume of
11 μl. To this mixture, reaction buffer, RNase inhibitor, oligonucleotides, and reverse
transcriptase were added to the total volume of 20 μl. All steps were carried out on ice.
The solution was incubated for 5 min at 25 °C, followed by 37 °C for 60 min. The reaction
was terminated by incubation at 70 °C for 5 min. The cDNA solution was stored at −20 °C for
less than 1 week before proceeding with the experiments.
Quantitative real-time polymerase chain reaction (qPCR)
The qPCR was utilized to determine the expression levels of target genes, shown in Table I,
using the SYBR® Green PCR Master Mix (Applied Biosystems, Darmstadt, Germany) and
the 7500 Fast Real-Time PCR System (Applied Biosystems). An amount of 10 μl master mix,
1 μl of forward and reverse primers each at a concentration of 400 nM and 1–8 μl of cDNA
and RNase-free water, dependent on the input amount of RNA, were added. The following
cycling steps were performed after activation of uracil-DNA Glycolase (50 °C for 2 min) and
DNA polymerase (95 °C for 2 min): 95 °C for 15 s, and 60 °C for 1 min (40 cycles). Speciﬁc
ampliﬁcation was conﬁrmed by dissociation curves. cDNA-selective primers were identiﬁed
from the Harvard primer database (https://pga.mgh.harvard.edu/primerbank) and were
synthesized by TIB Molbiol (Berlin, Germany). All samples were measured in triplicate
and normalized to the housekeeping gene 18S rRNA. Comparative CT (ΔΔCT) methods
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Table I. Primers used for qPCR

Primer sequence

Gene

GCTCGTGGAAGATTTCGGTGT

BRCA1

TCATCAATCACGGACGTATCATC
TGTGTCTCATATCAGGTTGACGA

KRAS

CAAGAGTCGAGTGTGGTCTCA
GGGAAGATGGTCGTGATCCTT

VCAM1

TCTGGGGTGGTCTCGATTTTA
GACGCCATCAACACCGAGTT

VIM

CTTTGTCGTTGGTTAGCTGGT
TACACCAACCTCTCGTACATCG

MAPK1

CATGTCTGAAGCGCAGTAAGATT
ACTGAGAGGCTCCGAGAAATG

MMP13

GAACCCCGCATCTTGGCTT3′
TGGATTCGACTTAGACTTGACCT

PTEN

GGTGGGTTATGGTCTTCAAAAGG
CAGCACATGACGGAGGTTGT

TP53

TCATCCAAATACTCCACACGC
ATGGCGGCGTCTGTATTAAAC

18S rRNA

AGAACCATATCGCTCCTGGTAT
All sequences are given in 5′–3′ direction and were retrieved from the Harvard primer database (https://pga.mgh.
harvard.edu/primerbank/). qPCR: quantitative real-time polymerase chain reaction

were used for relative quantiﬁcation of transcription levels, with the control group set as
100%. Primer sequences were as indicated in Table I.
Statistical analyses
All statistical analyses were performed using SPSS 21.0 (SPSS, Inc., Chicago, IL, USA,
2012). The data were analyzed using Mann–Whitney U test. The data were expressed as
means ± standard deviation (SD). Differences were considered signiﬁcant at p < 0.05.
Results
Light microscopy
After 24 h, incipient detachment of the cells from the culture surface was observed, with
incipient formation of multicellular spheroids containing 10–15 cells. Although some cells
detached from the culture surface, others still remained adherent, with no macroscopically
recognizable difference in shape or morphology compared to the control cells under 1g
conditions (Fig. 1A). In the control group under 1g conditions, cells showed typical shape of
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Fig. 1. Phase contrast microscopy. (A) Incipient detachment of the cells from the culture surface and formation of
spheroids under simulated microgravity. (B) Breast cancer cells attached to the culture surface under 1g conditions

cells attached to a culture surface with ﬂat morphology with rectangular to hexagonal borders
(Fig. 1B). All cells looked perfectly healthy, with lucent cytoplasm and round nuclei. Trypan
blue staining revealed no difference in cell viability between cells under simulated microgravity and cells under 1g conditions (data not shown).
Real-time PCR
BRCA1 expression was signiﬁcantly increased (1.9×, p < 0.05) in the adherent cells under
simulated microgravity compared to the 1g control, but showed no alteration in the spheroids
(Fig. 2A). Expression of KRAS was signiﬁcantly decreased in the adherent cells (0.6×;
p < 0.05) compared to the control. It was also slightly decreased in the spheroids, but the
difference did not reach statistical signiﬁcance (Fig. 2B). VCAM-1 was signiﬁcantly
upregulated (6.6× and 2.0×, p < 0.05 each) both in the adherent cells under simulated
microgravity and in the spheroids compared to the control (Fig. 2C). VIM expression was
signiﬁcantly downregulated (0.45× and 0.44×, p < 0.05 each) in the adherent cells under
simulated microgravity and also in the spheroids compared to the control (Fig. 2D). There
was no signiﬁcant alteration in the expression of MAPK1, MMP13, PTEN, and TP53 for the
adherent cells and for the spheroids compared to the 1g control (Fig. 2E–I).

Discussion
In this study, we exposed human breast cancer cells to simulated microgravity in an RPM for
24 h and observed various alterations in both morphology and gene expression. Detachment
of the cells from the culture surface and formation of spheroids could be found. This is in
accordance with the results of Kopp et al. (16), who observed incipient cell detachment of
another cell line of breast cancer cells under microgravity after 16 h, with an increase in
cluster size after 24 h and 5 days. The exact reasons for this phenomenon have not been fully
elucidated to date, but Louis et al. previously suggested that some small GTPases of the Rho
family that control several aspects of cell dynamics, such as vesicular transport and
cytoskeleton turnover, might be the key in cell adaption to microgravity (23, 37). For cell
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Fig. 2. Analysis of genes of interest by qPCR. (a) BRCA1 expression was signiﬁcantly increased
(1.9×, p < 0.05) in the adherent cells under microgravity compared to the 1g control. (b) Expression of KRAS was
signiﬁcantly decreased in the adherent cells (0.6×, p < 0.05) compared to the control. (c) VCAM1 was
signiﬁcantly upregulated (6.6×, 2.0×, p < 0.05 each) in the adherent cells under microgravity and in the
spheroids compared to the control. (d) VIM expression was signiﬁcantly downregulated (0.45×, 0.44×, p < 0.05
each) in the adherent cells under microgravity and in the spheroids compared to the control also. (e) No
signiﬁcant alteration of MAPK1 expression in the adherent cells under microgravity and in the spheroids
compared to the 1g control. (f) No signiﬁcant alteration of MMP13 expression in the adherent cells under
microgravity and in the spheroids compared to the 1g control. (g) No signiﬁcant alteration of PTEN expression in
the adherent cells under microgravity and in the spheroids compared to the 1g control. (h) No signiﬁcant
alteration of p53 expression in the adherent cells under microgravity and in the spheroids compared to the 1g
control. *p < 0.05
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Fig. 2. (continued)

detachment and readherence in spheroids under simulated microgravity, two different
mechanisms can be conceived. Either, single cells detach from the surface and reassamble
to spheroids in the ﬂuid medium, or, as already described (10), cells may spread over each
other on the culture plate to form little colonies, which detach as a whole after reaching a
certain size. Further evaluation of this process might bring some insights into the mechanisms
of metastasis formation. Concerning gene expression, we observed alterations for BRCA1,
KRAS, VCAM1, and VIM. BRCA1 is known to act as an oncogene in the case of speciﬁc
mutations (7). However, the normal function of its gene product lies in the preservation of
chromosome structure and in the repair of double-strand breaks (39), thereby providing
genomic stability. It is an ubiquitin 3 ligase that, interacting with the RAD51 protein for this
purpose, plays a major role in the repair of DNA double-strand breaks (5). During spaceﬂight
experiments, BRCA1 showed signiﬁcant upregulation in embryonal stem cells, similarly to
other DNA repair genes (4). We observed signiﬁcant upregulation of BRCA1 in the adherent
cells, which could indicate pronounced repair mechanisms under simulated microgravity.
As it was reported previously, simulated microgravity acts as a weak genotoxin that induces
DNA double-strand breaks particularly in cells with impaired DNA repair mechanisms (22).
This effect is most pronounced after short-term exposure (24 h), so that some adaption effects
are postulated. KRAS is a proto-oncogene encoding for a small GTPase. In its wild-type state,
KRAS promotes cell cycle progression and acts as a tumor suppressor (14). Interestingly, it
was reported that survival of lung cancer cells is dependent on KRAS activation in 3D culture
and in vivo, but not in 2D culture (26, 46). We observed signiﬁcant downregulation of KRAS
in the adherent cells under simulated microgravity, but not in the spheroids. There may be
several reasons for that, but a possible explanation is a transition of the cells toward a new
equilibrium state with lower proliferation, but pronounced phenotype preservation and cell
repair. VCAM-1 was more than sixfold upregulated in the adherent cells under simulated
microgravity and twofold in the spheroids. It has been reported that VCAM-1 overexpression
in breast cancer cells, by binding to its natural ligand α4β1integrin, is responsible for
metastasis formation in the lung, bone, and brain (34).
Vimentin is a major component of the intermediate ﬁlaments, providing resistance against
mechanical stress in virtually all cell types (31). Vimentin is another cytoskeleton protein of
importance in the migration and invasion of breast cancer cells (15). VIM expression was
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downregulated under simulated microgravity after 24 h in our experiments. Several experiments in space and under simulated microgravity with various cell types have shown
tremendous changes in cytoskeleton shape and arrangement (17, 41). The cytoskeleton is
known to be sensitive to external forces (29), showing alignment with the direction of force.
Reduction of external forces to a minimum also seems to be a stimulus for the cytoskeleton, and
there are theories that the cytoskeleton serves as a kind of “gravity sensor” (40), transmitting
many of the effects of microgravity into inside the cell. With our panel of up- and downregulated genes, several pathway cross-talks could be conceived. For instance, transforming
growth factor-beta (TGF-β) is known to bind to several transmembrane proteins (TMEMs),
thereby inducing a variety of cascades which involve the genes altered under simulated
microgravity in our experiments (32). Both the RAS-MEK-ERK cascade and the PI3K-AKT-βcatenein cascade, which control VCAM and MMP production eventually, are triggered by
TGF-β binding to TMEMs. The TMEM activation by simulated microgravity could therefore
be postulated. Selective modiﬁcation of this pathway induction by agents different from
simulated microgravity could be useful for future therapeutics. Furthermore, the KRAS pathway
is known to activate MAPK1, whose expression was not found to be upregulated in our
experiments. There are several possible explanations for that, but since we performed shorttime experiments and MAPK1 lies downstream of KRAS (30), delayed upregulation at a later
time point can be conceived. In addition, BRCA1 interacts with p53, which is a downstream
target of the KRAS cascade (38). It has been reported that p53 suppresses BRCA1 expression
during cell stress conditions (3), so that upregulation of BRCA1 could be partially explained by
decreased KRAS expression under simulated microgravity.
Taken together, our results discussed above may indicate some changes in invasive and
metastatic behavior. We are aware that results from in vitro studies cannot be directly applied to
in vivo conditions. However, invasion assays performed on melanoma cells in previous studies
have shown signiﬁcantly reduced invasiveness of cells grown under simulated microgravity, as
well as reduced formation of metastatic colonies when implanted in an animal model later (37).
Similar ﬁndings have been reported for glioblastoma cells (35). Future studies will have to
show if these results also apply to different cell types, such as breast cancer cells. We also
measured MAPK1 expression, as it is a downstream target of the KRAS-activated pathway (27).
Despite KRAS downregulation, we observed no change in MAPK1 expression. To date, the
exact reason for this is not fully clariﬁed. The fact that MAPK1 lies downstream the KRAS
pathway could account for some delay in MAPK1 alteration, so measurements at a later time
point could show different results. Matrix metalloproteinase 13 (MMP13) has been reported to
enhance tumor growth and osteolytic capacity in breast cancer (33). We observed no signiﬁcant
changes in MMP13 expression in our experimental groups, although we expect an inﬂuence of
the highly increased VCAM1 gene expression on CRL-2351 cell invasiveness, which should
also be reﬂected in MMP13 expression. However, it is possible that MMP13 expression levels
could show a delayed reaction to microgravity, with VCAM adhesion ﬁrst taking place before
invasion, so that changes could be observed at a later time point. We will evaluate this in future
studies. The PTEN product has a protein tyrosine phosphatase domain that interacts with actin
ﬁlaments at focal adhesions. Therefore, PTEN suppresses tumor cell growth by antagonizing
protein tyrosine kinases and regulates tumor cell invasion and metastasis through interactions at
focal adhesions (20, 44). We therefore considered PTEN gene expression worth measuring, but
found no changes under simulated microgravity. As it is known, PTEN is antagonized by
TGF-β activity. We did not measure TGF-β levels in our samples, but interestingly, higher
TGF-β production was reported for chondrocytes under simulated microgravity in an RPM (1).
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RAB27A is another small GTPase playing a role in breast cancer metastasis and will be
investigated in more detail in our future studies (12). It controls the release of exosomes, which
serve long-range communication for immune escape and metastatic niche preparation. P53 is a
small G-protein that serves as a tumor suppressor gene. In case of DNA damage, p53 switches
off cell replication and triggers apoptosis if repair fails (19). In our experimental groups, no
increased expression of TP53 was detected; if anything, there was a tendency toward downregulation, albeit without signiﬁcance. We therefore do not assume any apoptosis-promoting
effect of p53 in our experiments. For this study, we concentrated on morphology and alterations
in gene expression. The results from Western blot conﬁrmation in experiments with simulated
microgravity require cautious interpretation, as microgravity is known to generally decrease
protein synthesis in cells (8). We therefore decided to measure only gene expression changes in
this study.
Taken together, we observed formation of spheroids in CRL-2351 breast cancer cells after
24 h in simulated microgravity, as it has been reported for various other cells lines cited above.
Furthermore, we observed upregulation of BRCA1 and VCAM1, whereas KRAS and VIM
were downregulated under simulated microgravity. These alterations are indicative of changes
toward enhanced cell repair, modiﬁed adhesion properties, and phenotype preservation.
Conclusions
Simulated microgravity induces spheroid formation in human breast cancer cells and alters
gene expression toward modiﬁed adhesion properties, enhanced cell repair, and phenotype
preservation after 24 h. Further insights into the underlying mechanisms could be helpful in
the development of new therapies.
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