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Abstract

Background/Aims: Embryonic developmental studies under microgravity conditions in
space are very limited. To study the effects of altered gravity on the embryonic development
processes we established an in vitro methodology allowing differentiation of mouse embryonic
stem cells (mESCs) under simulated microgravity within a fast-rotating clinostat (clinorotation)
and capture of microarray-based gene signatures. Methods: The differentiating mESCs
were cultured in a 2D pipette clinostat. The microarray and bioinformatics tools were
used to capture genes that are deregulated by simulated microgravity and their impact
on developmental biological processes. Results: The data analysis demonstrated that
differentiation of mESCs in pipettes for 3 days resultet to early germ layer differentiation
and then to the different somatic cell types after further 7 days of differentiation in the Petri
dishes. Clinorotation influences differentiation as well as non-differentiation related biological
processes like cytoskeleton related 19 genes were modulated. Notably, simulated microgravity
deregulated genes Cyr61, Thbs1, Parva, Dhrs3, Jun, Tom1, Fzd2 and DIl1 are involved in heart
morphogenesis as an acute response on day 3. If the stem cells were further cultivated under
normal gravity conditions (1 g) after clinorotation, the expression of cardiomyocytes specific
genes such as Tnnt2, Rbp4, Tnnil, Csrp3, Nppb and Mybpc3 on day 10 was inhibited. This
correlated well with a decreasing beating activity of the 10-days old embryoid bodies (EBs).
Finally, we captured Gadd45g, Jun, Thbsl, Cyr6land DIll1 genes whose expressions were
modulated by simulated microgravity and by real microgravity in various reported studies.
Simulated microgravity also deregulated genes belonging to the MAP kinase and focal
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adhesion signal transduction pathways. Conclusion: One of the most prominent biological
processes affected by simulated microgravity was the process of cardiomyogenesis. The
most significant simulated microgravity-affected genes, signal transduction pathways, and
biological processes which are relevant for mESCs differentiation have been identified and
discussed below.

© 2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

Life on Earth has developed under the constant force of gravity. In a more general
perspective, the future vision of space colonization and long-term space flights includes the
embryonic development under space-conditions [1]. The embryonic development in space is
profoundly hampered and this has been attributed to the effect of radiation and microgravity
(compensation and reduction of the influence of gravity) [2]. The developmental studies,
which have been conducted in space so far, showed that the different space conditions
played a crucial role in developmental abnormalities in the various species.

Experiments on the amphibian Pleurodeles waltl (Urodele) showed neural tube defects
in developing embryos [3] along with the hampered cortical cytoplasm movements, a
decrease of cell adhesion and a loss of cells [4]. The space studies on rats at different stages
of pregnancy also revealed developmental neuronal defects [5, 6], whereas fertilized mice
embryos were not developed on a space shuttle flight (Columbia, STS-80) [2]. Horneck
discussed that microgravity alone played a role in developmental problems in Drosophila
melanogaster [7]. So far, studies with mammals under simulated microgravity conditions
are rare and results demonstrated that space conditions have adverse effects on mammalian
embryonic development.

However, embryonic developmental studies under space conditions are very limited
due to extensive logistics and high costs as well as restricted spaceflight opportunities.
Moreover, till now experiments have been performed with animal species which very often
do not represent optimally the human situation. Therefore, various challenges to study
the effects of microgravity on embryonic development forced the development of ground-
based facilities and other in vitro cellular models which are more relevant for the in human
situation.

Different types of ground-based facilities are in use such as a 2D clinostat, Random
Positioning Machine (RPM) and Rotating Wall Vessel aiming to simulate microgravity [8].
These technologies allowed monitoring of developmental defects as well as effect on signal
transduction in primary cells induced due to microgravity exposure [9-11]. We decided to
use for our studies the principle of clinorotation for simulation of microgravity that means
fast rotation of a sample around one axis perpendicular to the direction of the gravity vector
resulting in neutralization of sedimentation. By using this method for cell culture similar
results as in real microgravity in space have been obtained as shown for the oxidative burst
reaction in macrophages [12, 13].

The randomly differentiated embryonic stem cells (ESCs) isolated from the inner cell
mass (ICM) of a blastocyst resembles early and late in vivo embryonic development [14-
16]. Applying extensive transcriptome studies we have recently demonstrated that day 3
and day 10 of differentiation is very critical for the differentiation of murine ESCs (mESCs)
to three germ layers (ectoderm, endoderm, and mesoderm) and to various somatic cells,
respectively. More recently, we have developed the so-called “pipette-based” methodology
which is suitable for mESCs differentiation into embryoid bodies (EBs) within commercial
plastic pipettes under a 2D clinorotation [17]. This study has been designed for the first
time, to identify early and late biological processes as well as signal transduction pathways
affected by simulated microgravity in differentiating mESCs. In this context, mESCs were
differentiated by the pipette-method for 3 days under normal 1 g in comparison to the 2D
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clinostat exposure. In another series of experiments, the 3-days old 1 g EBs and the 3-days
old clinorotated EBs were further differentiated under normal 1 g conditions for 7 days.
After isolation of total RNA, whole genome microarray analysis has been performed. In
parallel cell cycle progression was studied with respect to the proliferative behaviour of
the differentiating mESCs under the different gravity conditions. Here, we report that the
simulated microgravity deregulated genes were belonging to the cytoskeleton and anatomical
structure development process. The two signal transduction pathways (MAP kinase and focal
adhesion) have been identified as prominently affected pathways by simulated microgravity.

Materials and Methods

Cell Culture

CGR8 (ECACC N0.95011018), a mouse embryonic stem cell line was maintained on a gelatin (0.2%)
coated flasks in a culture medium which contains Glasgow's minimum essential medium (Life Technologies,
Darmstadt, Germany) with 2 mmol/L glutamine (Life Technologies, Darmstadt, Germany), 50 pumol/L
B-mercaptoethanol (Life Technologies, Darmstadt, Germany), 1000 units/mL leukemia inhibitory factor
(LIF) (Merck Chemicals, Darmstadt, Germany), penicillin (100 units/mL)/streptomycin (100 pg/mL) (Life
Technologies, Darmstadt, Germany) and 10% fetal bovine serum (GIBCO, Life Technologies, Darmstadt,
Germany). The differentiation of CGR8 cells in 1 mL pipettes to form embryoid bodies (EBs) was performed
with the medium containing Iscoves Modified Dulbeccos Medium (Life Technologies, Darmstadt, Germany)
with 2 mmol/L -glutamine (Life Technologies, Darmstadt, Germany), 100 pmol/L f-mercaptoethanol (Life
Technologies, Darmstadt, Germany), 1% non-essential amino acids, penicillin (100 units/mL)/streptomycin
(100 pg/mL) (Life Technologies, Darmstadt, Germany) and 20% fetal bovine serum (GIBCO).

Pipette clinostat

By continuously rotating 1 mL pipettes (diameter 3.5 mm) along their horizontal axis, the clinostat can
mimic a microgravity environment: the influence of the gravity vector is randomized and sedimentation of
the samples (cells) in liquid is neutralized [12]. The pipette clinostat is equipped with 10 in parallel rotating
1 mL pipettes. During a 60 rpm rotation a maximum residual centrifugal force of 7 x 10~ g is applied. We
have recently established a method to adapt differentiation of mESCs in the 1 mL pipettes within the 2D
clinostat [17]. Shortly, the details of the experiments are diagrammatically represented in Fig. 1A.

Embryoid bodies morphology and beating pattern analysis

After the 3 day exposure to clinorotation and continued cultivation at 1 g on a shaker until day 10,
the EBs were photographed (stereomicroscope Nikon SZM 1500, Nikon Instruments Europe B.V,, Germany;
Zeiss Axiovert 10 Inverted Microscope, Carl Zeiss, Oberkochen, Germany). Image] (imagej.nih.gov/ij/) was
used to determine the area, perimeter, diameter and beating of each EB. For morphological analysis area
and perimeter of EBs were calculated. Circularity, an indicator for the roundness of EBs, has been calculated
according to the formula:

. . 4 TAreq
Circularity =

[— (circularity factor of 1.0 means perfectly round shape).

At day 10, videos of beating EBs were taken for at least one min with the stereomicroscope and TSview
6.2.3.3 TUCSEN Imaging Technology Co. software. The numbers of beating EBs were counted from a single
video frame with the aid of multiple point detection tool provided in Image].

Cell cycle analysis

Immediately after the clinostat experiment, the EBs were trypsinized twice with 0.05% Trypsin/EDTA
(Sigma Aldrich, Munich, Germany) for 5 min at 37 °C and single cells were obtained by using 40 pm cell
strainer (Greiner Bio-one, Solingen, Germany). The pellets were re-suspended in 1.5 mL PBS and fixed in
4.5 mL of ice cold 100% ethanol (Merck Chemicals, Darmstadt, Germany) to generate a final concentration
of 70% ethanol. The cells were stored at -20°C for at least 24 h. Then the cells were diluted with PBS 1:1
and centrifuged at 500 g for 5 min at room temperature. The pellet was re-suspended in 1 mL staining
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solution in PBS containing 50 pg/mL RNase (VWR Chemicals, Darmstadt, Germany), 0.1 % Triton X-100
(Sigma Aldrich, Munich, Germany) and 20 pg/mL propidium iodide (Calbiochem part of Merck, Darmstadt,
Germany). Cells were incubated at 37 °C for 1 h. Flow cytometry was performed with a FACScan using the
CellQuest software (BD Biosciences, Heidelberg, Germany). For cell doublet discrimination, width and area
of the fluorescence signal in channel FL-2 (propidium iodide) were measured and displayed in a dot plot
using Flowing Software 2.5.1 (Perttu Terho, Turku Centre for Biotechnology, Finland, www.flowingsoftware.
com). The propidium iodide fluorescence histogram thereby contained only data from single cells. The
percentage of cells in the different cell cycle phases (G1, S, G2), of cells with a sub-G1 DNA content (apoptotic
cells) and of polyploid cells was determined by step-wise identification of the cell populations implying the
PI histogram to represent the sum of the 5 respective Gaussian distributions for the subpopulations. This
is achieved by using the generalized reduced gradient (GRG) non-linear algorithm with the Solver function
of a Microsoft Excel Macro Sheet developed by Prof. Dr. Christa Baumstark-Khan (DLR, Cologne, Germany).
Based on an user-defined estimated value for G1 peak position and peak maximum starting values for
determining the positions and peak maxima of the other subpopulations are iteratively determined and the
Gaussian distributions are calculated until the minimum for the least squares of the errors for the sum of the
5 distributions is found to be minimized.

Microarray experimental details

RNA isolation from the samples was performed as per the reported method. Briefly, total RNA was
isolated using TRIzol and chloroform (Sigma, Steinheim, Germany) and purified with miRNeasy mini kit
(Qiagen, Hilden, Germany). The quantification was done using NanoDrop (ND-1000, Thermo-Fisher,
Langenselbold, Germany). For microarray labeling 100 ng total RNA was taken as a starting material
and after amplification 12.5 pg amplified RNA was hybridized on Mouse Genome 430 version 2.0 arrays
(Affymetrix, Santa Clara, CA, USA) for 16 h at 45°C. The arrays were washed and stained in Affymetrix
Fluidics Station-450 according to the manufacturer's instructions. After staining arrays were scanned with
Affymetrix Gene-Chip Scanner-3000-7G and Affymetrix GCOS software has been used for quality control
analysis.

Quantitative real-time-polymerase chain reaction analysis

Validation of the Affymetrix data was performed by quantitative real-time-polymerase chain reaction
(qRT-PCR) analysis with ABI 7500 FAST Detection System (Applied Biosystems). One microgram of RNA
from each sample was reverse transcribed using SuperScript VILO cDNA synthesis kit (Invitrogen GmbH).
qRT-PCR was performed for minimum of three biological replicates using SYBR-Green PCR Master Mix
(QuantiFast qPCR Master Mix; Qiagen). The gene expression of target genes was normalized to reference
gene GAPDH. The Fold-expression changes were calculated by rising to the power of the negative value
of delta-delta Ct value (24T) at base 2.
The resulting mRNA expression values Table 1. Nucleotide sequences of the primers used for qRT-PCR

were plotted as a fold change relative

Gene Symbol Forward Reverse
to respective control. The nucleotide 7oy GAGGGATGCTGCCCTTACC  TGATGGCATGGACTGTGGTC
sequences of the primers used are g, GGA TGA ATG GTG CCT TGC  GTC CAC ATC AGC CCC TTG
provided in Table 1. Gadd45g CTGCTGTGAGAACGACATTGA CTCTCCTCGCAGAACAAACTG
Diit GCAGGACCTTCTTTCGCGTAT AAGGGGAATCGGATGGGGTT
Statistical Analysis Finb GCTCATCTTGGGCCTGGTATG CTGAATCCATCCCAGTAGCCT
Cell cycle data were analyzed using Lth TGGCAGGAGCTACTTCCCT ~ TCCAGTCTTTTCTGAGCCTGT
Graph Pad Prism 5 (GraphPad Software, p.Actin AGGGAAATCGTGCGTGACAT  CGCAGCTCAGTAACAGTCCG
Inc, USA): Kolmogorov Smirnov test Afp AGCTTCCACGTTAGATTCCTCC ACAAACTGGGTAAAGGTGATGG
followed by a one-way ANOVA and Thbsi CTCAGGAACAAAGGCTGCTC  CAGGAGAGGCCACAGATAGC
Bonferroni post hoc test were used Fzd2 ATTAGTGACATGCAGCGATTTC AGCAGGAAGGATGTACCGATGAA
to determine the level of statistical Tpmi TGGAAGATGAGCTGGTGTCAC TCAATGACTTCATGCCTCT
significance. A paired t-test was used to Hoxa9 GGCAACTACTACGTGGACTCG CCAGTTGGCTGCTGGGTTAT
analyze the statistical significance for Tmnt2 GCTACAGACTCTGATCGAGGCT GCTCATTGCGAATACGCTGCTG
differences in morphological parameters 2% CCAAGGCTGCACATCGTTAAG TGGCAAAAGGGTTGTTCTCAAT
and in the number of beating EBs Tef21 CCCACTAAGAAAAGCCCGCTC  CCGTTCTCGTACTTGTCGTTG
Frzb CACAGCACCCAGGCTAACG  TGCGTACATTGCACAGAGGAA

between 1 g and simulated microgravity
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samples. For microarrays, the statistical data analysis and visualization have been performed by uploading.
CEL files in Partek Genomics suite (PGS) version 6.6 (Partek, St Louis, MO, USA). The PS intensity values
were generated by RMA background correction, quantile normalization, log2 transformation and median
polished probe sets (PS) summarization. The normalized PS were used for the generation of principal
component analysis (PCA) and one-way ANOVA model has been used to generate the differentially regulated
transcripts with at least a 2 fold change (p < 0.05). The signals of differentially regulated transcripts were
normalized by Z score and clustered using hierarchal cluster analysis (unsupervised, PGS). The online free
software Database for Annotation, Visualization and Integrated Discovery (DAVID) was used for functional
annotation and gene ontology categories (GOs) of differentially expressed transcripts.

Results

Microscopic observations and morphological data analysis

The microscopic observations revealed that the morphology of the EBs formed under
clinorotation on day 3 was less round and bigger in size (Fig. 1Bi) as compared to the regular
round morphology of control EBs formed at static 1 g conditions (Fig. 1Bii). During the
continued cultivation at 1 g for 7 additional days, clinorotated EBs readapted to 1 g conditions
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by 7 daysat 1g, (iv) EBs after 10 days at 1 g (the scale bars in B represent 500 pm). The data represent mean
+ SEM of four independent experiments. For each group of 42 EBs were considered for statistical analyses of
(C) Circularity, (D) Diameter, (E) Area, and (F) Number of beating EBs.

KARGER

1487

129.247.247.238 - 7/6/2016 1:47:17 PM

Deutsches Zentrum fir Luft-

Downloaded by:



Cellular Physiology Cell Physiol Biochem 2016;38:1483-1499

DOI: 10.1159/000443090 © 2016 The Author(s). Published by S. Karger AG, Basel

and Biochemistry Published online: April 04, 2016 | www.karger.com/cpb

Shinde et al.: Microgravity and Stem Cell Differentiation

and developed a normal round morphology. However, as shown in Fig. 1Biii a fraction of
EBs had a bigger size than the other fraction in the same group which had a similar and
homologue size as the corresponding control EBs (Fig. 1Biv).

Circularity represents the overall shape (roundness) of the EBs. The analysis revealed
that there is a significant difference between the shapes of EBs cultivated under simulated
microgravity for 3 days which shows less circularity as compared to the EBs cultivated at
1 g (Fig. 1C). A significant difference has been observed between the diameters as well as
area of the EBs cultivated under simulated microgravity for 3 days as compared to the EBs
cultivated at 1 g (Figure 1D and 1E). The number of beating EBs at day 10 was significantly
decreased in the clinorotated ESCs as compared to the corresponding control samples (Fig.
1F). Furthermore, the total number of the cells was decreased after clinorotation, as shown
in the number of the cells at day 3 which has been determined by flow cytometry (Fig. 2).

Cell cycle analysis

To determine whether simulated microgravity (pg) influenced the cell cycle of the
proliferating cells, cell cycle profile was obtained for the EBs generated under clinorotation
compared to 1 g on day 3. The cell cycle analysis indicated that there was no significant
difference in the distribution of cells in different phases of cell cycle between the 1 g and
simulated microgravity groups (Fig. 24, 2B). The cell cycle pattern obtained for ESCs under
clinorotation on day 3 captures 9.0 + 1.0 % of cells in subG1, 30.8 + 2.1 % in G1,33.8 + 0.6 %
cellin G2 phase and 24.4 + 1.2 % cells in S phase (Fig. 2B) whereas the differentiated cellsat 1
g for 3 days showed 8.8 + 0.6 % cells in subG1, 35 + 3.0 % in G1, 32.3 £ 2.2 % cell in G2 phase
and 23.0 + 2.4 % cells in S phase (Fig. 2 A). The undifferentiated cells at day 0 captured more
than 70% cells in the S (30.7 £ 0.9) and G2 (41.8 £ 1.5) phase together (Fig. 2C), whereas less
than 60% cells were present in these phases of differentiated cells on day 3.

G1

1g, day3 B ug, day 3

Cell number
Cell number

’ ’g polyploid

», 100
‘n&_ polyploid
0

0 50 100 150 200 250 0 50 100 150 200 250
Propidium iodide | Propidium iodide
500
C &1 lg day0 D % of cellsin cell cycle phase
400 G2
. Time G1 s G2 Sub-  Paly-
E 300 (day) Gl ploid
2
= 200 1g a 26.0 30.7 41.8 1.4 0.1
< +1.8 0.9 =15 0.6 0.2
100 . 1g 3 35.0 23.0 32.3 8.8 0.5
polyploid £3.0 24 22 0.6 =14
4] ng 3 30.8 24.4 33.8 5.0 2.1
0 50 100 150 200 250 191 £12 206 1.0 <12

Propidium iodide

Fig. 2. Cell cycle distribution of differentiated mESCs. Flow cytometry analysis of cells obtained from tryp-
sinized EBs or mESCs and stained with PI. The data is a representative of each group from single experi-
ment. (A) 1 g group on day 3, (B) Simulated microgravity exposed EBs on day 3, (C) mESCs at day 0. (D) The
distribution of cells in various cell cycle phases represented as percentages. Data are means + SEM from
three independent experiments.
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C
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A B regulated | regulated

1g day 3 mESCs day 0 1470 1113 2583
1gday3,1gday7 mESCs day 0 3197 1892 5089
ug day 3 1gday3 10 110 120
pg day 3,1gday7 |1gday 3,1g day7 12 101 113

differentially regulated probe sets
( fold change 22, p value = 0.05)

Fig. 3. Data structure of gene expression profile influenced by simulated microgravity during
differentiation of mouse embryonic stem cells (mESCs). The data represents three independent experi-
ments. (A) The data structure of transcriptome data sets (deregulated during differentiation and by pug) was
dimensionality-reduced and presented in the form of a 2D-Principle Component Analysis (PCA) diagram.
PCA illustrates a relatively large distance between mESCs and the cells after 3 days and 10 days of differen-
tiation, small distance between the microgravity and the 1 g group indicates relatively less number of tran-
scripts was influenced by pg, (B) The signals of first 40 most deregulated transcripts during differentiation
and microgravity were normalized by Z score and clustered using hierarchal cluster analysis (unsupervised,
PGS). The results are represented as heatmap with each column representing one transcript, and the color
of each square indicating the absolute gene expression level (blue low; red: high), (C) The number of up-
regulated and down-regulated probe sets were represented with various comparisons.

Visualization of the differentiation and microgravity induced influence on transcriptome

The principal component analysis (PCA) was performed for visualization of the
differences between the transcriptomes of the different cell populations by analyzing the
gene expression variability levels and presented as Figure 3A. PCA mapping of principal
component (PC) 2, independently of the 3-days different gravity conditions, shows a
marked gene expression variance of 56%, demonstrating significant deregulation between
the transcriptomes of the undifferentiated mESCs (ESC, day 0) and in total the 10-days
differentiated mESCs. Significant deregulation of transcriptomes between undifferentiated
and 3 or 10 days of differentiated mESCs was expected. This reflects the different somatic
cell populations derived from undifferentiated mESCs at day 3 or day 10 of differentiation.
The differences between the transcriptomes of the 3-days differentiated ESCs and the
other cell populations were captured by PC1 and PC2. It reflects difference between early
differentiated cells, undifferentiated ESCs and 10-days late differentiation to distinct somatic
cell types. In general the transcriptomes among the different cell populations were similar,
independently on the gravity conditions (Fig. 3A). The transcriptomes of the differentiated
microgravity exposed ESCs are closer to the 1 g control groups and clearly separated from
the undifferentiated ESCs. These findings demonstrate that only a relative small number of
genes were affected by exposure to simulated microgravity. For further visualization of the
gravity affected genes, a heatmap was prepared with the differentially regulated PS showing
at least 2-fold up or down-regulation (p value < 0.05, fold change = +2) (Fig. 3B). The color
change from red (high expression level) to blue (low expression level) designates the

KARGER

1489

Downloaded by:

Deutsches Zentrum fir Luft-

129.247.247.238 - 7/6/2016 1:47:17 PM



Cellular PhyS|oIogy Cell Physiol Biochem 2016;38:1483-1499

DOI: 10.1159/000443090 © 2016 The Author(s). Published by S. Karger AG, Basel

and B|ochem|stry Published online: April 04, 2016 | www.karger.com/cpb

Shinde et al.: Microgravity and Stem Cell Differentiation

A B
1g day 3 vs mESCs day 0 51%
Term Biological process Count| PValue «» 200 49%
= GO:0007275 | multicellular organismal development 342 |1.55E-18 [=]
E . GO0032502 d I tal p 364 |2B85E-18 (3, 160
E- 3 GO:0048856 anatomical structure development 293 |4.86E-15 3
§ GO:0048731 system it 276 |1.49E-14 § 120 B58%
a GO0048513 organ d L it 223 |4.99E-11 o ,
K GO:0009987 cellular process 954 |1.54E-20 E &80 209
t 8w GO:0048869 cellular devel tal p 220 |560E-11 g,
S & 8[G0:0031323 | regulation of cellular metabolic process | 337 [9.01E-11| 2 40
GO:0048518 | positive regulation of biological process | 203 |1.45E-10 o o | j
G0:0019222 regulation of metabolic process 351 |1.64E-10
Tg day 3,19 day 7 vs mESCs day 0 day 3 day 10
K] GO:0032502 tal p 720 |6.84E-46 differentiation at 1 g
E 2 GO:0007275 i organismal develop it 663 |7.64E-42 .deuebpmemm ‘Z/nonwdeuempmemm
;- L] GO:0048856 anatomical structure development 581 |2.48E-38
2 GO0048731 system d I it 550 |863E-38 C
3 GO:0048513 organ development 458 |1.71E-32 80 76
= GO:0009987 cellular process 1853 |9.12E-50
& E | GO:0048869 cellular developmental process 434 |7.92E-27 2 &4 !
5 g.g GO:0048519 |negati lation of blcloglcal process| 350 |4.82E-21 343 . 42
lz S | GO:0048518 | posi Jation of biological p 379 116619 = 32 i i 2 [
3 GO:0048522 | positi lation of cellular process | 343 |1.89E-19 ° 17 17 19 15
o gl Nl
D , IO /4 . ml w/ Al 4
evelo .
- 125 -mentaI:I' ‘90 ‘O@\Q _dpb \QOQ _\@O‘ &'z’b k-&é(\e\\ »dé'\ ¢
2 100 - GOs &
:-'a 75 P ectoderm endoderm mesoderm
E so | M3dayat1g ¥ 10dayat1g
5 25

— '
f" ef 4 @‘P # é‘*‘"
&+ \ﬁé& eé\ ﬁ
@\* @k- & o
\dﬁ & & & f ks @‘* -s?“

f

c?

W:dayat1g #iodayatig

Fig. 4. Characterization of mESCs differentiation on day 3 and day 10 at 1 g. The transcriptome profiles
were obtained from mESCs differentiated in 1 mL pipette at 1 g for 3 days and then transferred in the Petri
dishes for subsequent 7 days of differentiation at 1 g (day 10). The differentially regulated PS on day of dif-
ferentiation with respect to mESCs were uploaded on online tool DAVID for further characterization of the
differentiation. (A) The gene ontology categories (GOs) “biological processes” were further divided into the
developmental and non-developmental GOs and most significant first five were represented in the figure.
(B) The developmental GOs were captured on day 3 of differentiation in the 1 mL pipettes at 1 g and the
percentage of them were increased with further differentiation for 7 days at 1 g (total number of GOs are
indicated on y-axis). (C) Few genes belonging to the specific differentiation were captured on day 3 and the
number increased with further differentiation for 7 days. (D) The differentiation relevant significant KEGG
pathways were captured and represented in the figure (the number on top represents total genes involved).
The data represent three independent experiments.

magnitude of expression levels. Depending on expression pattern, the simulated microgravity
treatment for 3 days was seen to be clustered with mESCs whereas microgravity exposed
cells differentiated for further 7 days clustered with 1 g group.

Differentially regulated probe sets (PS)

The list of differentially regulated significant PS (p value < 0.05, fold change = +2) was
obtained and the numbers of up-regulated and down-regulated PS are presented in Figure 3C.
The random differentiation of mESCs in 1 mL pipette (absence of LIF) resulted in total 2583
differentially regulated PS on day 3 (1470 up, 1113 down) and 5089 PS on day 10 (3197 up,
1892 down). Three days simulated microgravity exposure resulted in deregulation of total
120 PSon day 3 (10 up, 110 down) and 133 PS on day 10 (12 up, 101 down) as compared to
respective controls on day 3 and day 10. The probe sets from the most crucial comparisons
were considered for the further analysis.
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Fig. 5. Influence of simulated microgravity on mESCs differentiation on day 3 and day 10. The direct com-
parison of transcriptome profiles were performed from the samples obtained from the pipettes kept on a
2D clinostat with the samples from the pipettes kept at 1 g for 3 days as well as the samples obtained from
further 7 days of differentiation at 1 g in the Petri dishes. (A) First 10 most differentially up-regulated and
down-regulated genes by simulated microgravity on day 3, (B) The most significant GO categories captured
by simulated microgravity deregulated genes on day 3, (C) First 10 most differentially up-regulated and
down-regulated genes by 3 days simulated microgravity on day 10, (D) The most significant GO categories
captured by microgravity deregulated genes on day 10 as withdrawal effect, (E) The most significant KEGG
pathways influenced by simulated microgravity deregulated genes on day 3 and day 10 of differentiation,
(F) The validation of microarray results was performed with qRT-PCR for 14 genes significantly deregulated
by simulated microgravity and is represented by the relative expression. Data are means + SEM from mini-
mum of three independent experiments.

Biological processes and signal transduction pathways enriched at day 3 and day 10 after

differentiation of mESCs at normal 1 g gravity conditions

The significant gene ontology categories (GOs) and KEGG pathways were identified by
the DAVID bioinformatics tool. The GOs belonging to the biological processes were further

KARGER

1491

Downloaded by:

Deutsches Zentrum fir Luft-

129.247.247.238 - 7/6/2016 1:47:17 PM



Cellular Physiology Cell Physiol Biochem 2016;38:1483-1499

DOI: 10.1159/000443090 © 2016 The Author(s). Published by S. Karger AG, Basel

and Biochemistry Published online: April 04, 2016 | www.karger.com/cpb

Shinde et al.: Microgravity and Stem Cell Differentiation

Table 2. Significantly deregulated specific genes by simulated microgravity on day 3 and day 10

pg day 3vs 1 gday 3 ugday3,1gday7vslgday3, 1gday7

anatomical strucure anatomical strucure

cytoskeleton extracellular regions

development development
symbol  fold p-value symbol fold p-value symbol  fold p-value symbol fold  p-value
Jun -3.5 2.39E-03 Finb 2.7 3.44E-03 Tgfbr3 -20  2.99E-03 Ghr -2.4  3.70E-05
Gadd45g 2.8 3.10E-03 Fja2 -2.6 9.97E-03 Tef21 -40  1.97E-05 Ambp -3.1 3.18E-08
Flnb -2.7 3.44E-03 Parva -2.3 1.04E-02 Nfib -20 9.77E-04 Frzb 2.1  2.80E-04
Cyr6l -3.2 4.59E-03 Plekthh1 -2.2 1.06E-02 Nppb -2.2 1.06E-03 Nppb -2.2  1.06E-03
Lth -2.5 4.70E-03 Cotll -2.2 1.07E-02 Ednrb -24  191E-03 Ge -2.1  1.26E-03
Dl 23 5.58E-03 Parpit -2.4 1.14E-02 Rbp4 -43  2.88E-03 T3 -3.2  1.52E-03
Ddit3 2.1 7.28E-03 Utrn -2.6 1.85E-02 Hoxd13 3.0 3.79E-03 Epha3 -2.8  2.04E-03
Ipmk 2.1 1.00E-02 Septl0 -2.8 2.3BE-02 Tnnil -26  3.82E-03 Egb -2.1  2.35E-03
Utrn 26 1.85E-02 Csrpl -2.1 2.46E-02 Srpk3 -21 476E-03 Rbp4 43 2.88E-03
Top2b -2.1 2.07E-02 Myl9 -2.3 247E-02 Hoxd10 2.1 4.92E-03 Tafbr3 -2.0 299E-03
Neol 2.0 2.11E-02 Sept8 -2.4 2.49E-02 Afp -52 9.39E-03 Fnoc -2.3  3.02E-03
Syne2 -2.4 2.49E-02 Tpm1 -2.2 2.54E-02 Hoxal0 33  9.72E-03 Hpx =27 444E-03
Nfatc4 -2.2 2.51E-02 App -2.1 2.7BE-02 Col5a2 -2.3 1.02E-02 Ccl9 -2.9 5.99E-03
Tpml -2.2 2.54E-02 Tcte3 2.0 3.00E-02 Enppl -23  LO5E-02 Serpinalb -3.5 74BE-03
Cdhl -3.5 2.64E-02 Flna -2.1 3.32E-02 Hnf4a -2.0 1.19E-02 Colec10 -4.0 B96E-03
Rhoc -2.5 2.77E-02 Actal -2.3 4.52E-02 Hoxd1 2.0 1.78E-02 Afp -5.2 9.39E-03
App -2.1 2.78E-02 Gabarapll  -2.8 4.77E-02 Pepre -21  1.93E-02 Clgh -2.4  1.01E-02
Eti4 -2.1 3.31E-02 Septl1 -2.3 4.80E-02 Clu -28  2.03E-02 Col5a2 -23  1.02E-02
Pbx2 -2.2 3.55E-02 Jakmip1 -2.2 4.86E-02 Thx4 2.2 2.06E-02 Enpp1 -2.3  1.05E-02
Fzd2 -2.3 3.64E-02 Apoal -2.7  2.3BE-02 Nepn -5.0  1.19E-02
Itghl -2.4 3.76E-02 Cryab -21  241E-02 Serpinalb -3.7 1.55E-02
Tugl -2.6 4.05E-02 Mybpe3  -25  2.53E-02 Cel3 -23  1.56E-02
Gnal2 -2.1 4.10E-02 Csrp3 -2.6  2.92E-02 P4 -2.3  2.02E-02
Rpl22 -2.2 4.13E-02 Hoxa9 2.8 3.01E-02 Clu -2.8  2.03E-02
Actal -23 4.52E-02 Robo2 -20  3.11E-02 Apoal -2.7  2.38E-02
Tnne2 -2.7  4.17E-02 Colla2 -2.4  24B8E-02
Clge -2.0  2.54E-02
Vnnl -3.2  2.86E-02

subcategorized into developmental GOs and non-developmental GOs to segregate out the
genes involved in embryonic development process (Fig. 4A). It has been observed that
during differentiation of mESCs in 1 mL pipettes, 32% of biological processes were related
to the development at 3 days and at day 10 of differentiation these processes increased to
49% (Fig. 4B). The developmental GOs were further subcategorized into skin, brain, sensory
organ, lung, liver, heart development. As shown in Figure 4C, development of germ layer
cells and their somatic cell derivatives captured at day 3 of differentiation and the number
of genes in these developments was increased at day 10 of differentiation (Fig. 4C). The
significant KEGG pathways captured on day 3 were focal adhesion, axon guidance, MAPK
signaling, TGF-B signaling, dorso-ventral axis formation and tight junction. On day 10 of
differentiation, additionally, the Wnt, ErbB signaling and the cardiac muscle contraction
pathways were captured (Fig. 4 D).

Biological processes and signal transduction pathways affected by simulated microgravity

at day 3 of differentiation and after further 7 days differentiation of mESCs at normal 1 g

Three days exposure ofthe mESCs to the simulated microgravity resulted in dysregulation
of 120 PS, and 113 PS found dysregulated at day 10 of differentiation as compared to their
respective controls. The first 10 mostly up- and down-regulated genes on day 3 affected by
simulated microgravity are presented in Figure 5A. The most significant GOs belonging to
biological processes, cellular components and molecular functions are presented in Figure 5B.
Simulated microgravity influenced the expression of 19 genes belonging to the cytoskeleton,
29 genes belonging to the developmental process and 86 genes having molecular function
as a protein binding on day 3 as compared to 1 g. The deregulated genes belonging to the
anatomical structure development and cytoskeleton GO categories are enlisted in Table 2.
The first 10 most significant simulated microgravity-induced up- and down-regulated genes
on day 10 are presented in the Fig. 5C. The most significant GOs belonging to biological
process, cellular components and molecular functions are presented in Fig. 5D. Simulated
microgravity had an impact on 28 genes belonging to the extracellular region, 26 genes
belonging to the anatomical structure development process and 48 genes having molecular
function as a “binding” related to protein on day 10 as compared to 1 g control conditions. The
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Fig. 6. Characterization of the influence of simulated microgravity on developmental biological processes.
The gene ontologies (GOs) of biological processes influenced by simulated microgravity de-regulated genes
on day 3 (g day 3vs 1 g day 3) and 10 (ng day 3, 1 g day 7 vs 1 g day 3, 1 g day 7) were further subdivided
as developmental and non-developmental. (A) The percentages of developmental GOs influenced by simu-
lated microgravity were higher on day 3 than day 10 (Total number of GOs are indicated on y-axis). (B) The
first five most significantly captured developmental GOs on day 3 and days 10 are represented. (C, D) The
simulated microgravity deregulated genes on day 3 were up-loaded on online tool GeneMANIA and gene
regulatory network were linked with biological functions like regulation of cell adhesion, actin binding,
actomyosin, muscle cell development and heart morphogenesis.

deregulated genes belonging to extracellular region and anatomical structure development
GO categories are enlisted in the Table 2. The most significant KEGG pathways influenced
by simulated microgravity on day 3 of differentiation were focal adhesion and MAP Kinase
signaling (Fig. 5E). All genes belonging to the focal adhesion pathway like, Itgb1, Myl9, Parva
and Thbs1 are found to be down-regulated. In MAPK signaling pathway only Gadd45g and
Ddit3 are up-regulated while Arrb1, Gnal2, Map3k4 and Nfatc4 were down-regulated. The
genes involved in both pathways namely Fina, FInb and Jun are found to be down-regulated.

To validate the microarray data, a few genes have been chosen and their gene expression
has been validated by qRT-PCR. As indicated in Figure 5F the gene expressions of the 14
genes reflect also the gene expression levels as observed by the microarray analysis. Another
gene B-Actin was also tested as internal control and not shown significant difference between
microgravity and control group on day 3 and day 10 of differentiation.
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Subcategorization of simulated microgravity influenced biological process GOs

The total biological process related GOs were further divided as developmental and non-
developmental GOs (Fig. 6A). These results showed that although very few GOs have been
influenced by simulated microgravity on day 3, the deregulated genes belongs up to 64% of
developmental GOs and 36% of other biological process GOs. Although less number of genes
was influenced on day 10, the deregulated genes belong to only 40% of the developmental
GOs. The developmental GOs were further evaluated to obtain deregulated genes belonging
to specific developmental process. The five specific developmental processes influenced by
simulated microgravity on day 3 and day 10 (3 days simulated microgravity, 7 days at 1 g) of
differentiation have been presented in the Figure 6B. On day 3, genes mostly belong to the
anatomical structure development (ASD), however different genes belonging to ASD were
found to be deregulated on day 10. Interestingly, GO “heart development” was captured by
significantly down-regulated genes (Tnnt2, Rbp4, Tnnil, Csrp3, Nppb and Mybpc3) on day 10.
These results suggest that cell fate commitment to the cardiac lineage has been hampered by
3 day exposure to the simulated microgravity and need to be further explored with different
approach.

Gene regulatory network based on biological functions influenced by simulated

microgravity on day 3 of mESCs differentiation

To explore whether 3 days of simulated microgravity exposure during differentiation
altered the cardiac cell fate commitment, another bioinformatics tool approach was
followed. The list of simulated microgravity de-regulated genes on day 3 was uploaded on
online available tool GeneMANIA (http://www.genemania.org) [18] and gene regulatory
network was obtained based on genes co-expression related with the biological functions
(Fig. 6C and 6D). As expected the significant number of genes was belonging to the biological
processes “regulation of cell adhesion”, “actin binding” and “actomyosin”. The genes involved
in these processes, Cyr61, Itgb1, Thbs1, PrkdZ2, Fina, Finb, Myl9, Tpm1, Cnn1, Actal, Parva are
found to be significantly down-regulated. Furthermore, 8 genes belonging to the biological
process heart morphogenesis were also captured. Amongst the genes the only up-regulated
gene was DII1 whereas Thbs1, Parva, Jun, Cyr61, Dhrs3, Tpm1 and FzdZ2 were down-regulated.

Interestingly, few genes belonging to “cell adhesion”, “actin binding” and “actomyosin”
categories are also involved in the process of heart morphogenesis.

Discussion

The development oflife beyond the planet was always the focus of space biologists and so
far a few in vivo and in vitro studies have been conducted in space to evaluate the reproduction
potentials. It has been reported that the embryonic development of mice in space was not
successful to date. In this context, no two cell embryos development has been observed in the
space shuttle Columbia (STS-80) [2]. In vitro fertilization studies conducted under simulated
microgravity (horizontal clinostat/ three dimensional clinostat) conditions ruled out the
adverse effect on fertilization. Authors concluded that simulated microgravity induced an
increase in frequency of early embryonic lethality in the mouse [9, 11]. The early embryonic
lethality may be attributed to the different factors such as disturbance of cell polarity and
spatiotemporal regulation of gene expression involved in cell fate determination during pre
and post implantation embryonic development. The disturbed gene expression pattern of
genes such as Pou5f1 may result in failure of ICM development whereas it is expected that
the absence of Taube nuss (Tbn) will result in hampered blastocyst development. An absence
of Taf10 will result in normal blastocyst development but prenatally lethal [19-21].

The transcriptome data analysis revealed that differentiation of mESCs in the pipettes
for 3 days and 10 days at 1 g monitor various early differentiation processes typically for all
three germ layer lineages and their cell derivatives like skin, brain, sensory organ, lung, liver
heart, kidney and bone respectively. The significant KEGG pathways known to be involved
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in early embryonic development like TGF-f signaling, dorso-ventral axis formation, Wnt
signaling were also captured [22, 23]. In correlation with the increased beating activity
of the 10-days old EBs, characteristic genes involved in cardiac muscle contraction were
maximally expressed on day 10. The differentiation of mESCs into beating cardiomyocytes
has been validated as a parameter in in vitro embryo-toxicity assay to predict embryo-
toxic potential of the chemicals [24], it was also reported that the cardiomyogenesis of the
EBs obtained from mESCs can also be enhanced with the use of cytosolic Ca?* modulating
agents [25]. The electrophysiological parameters of various mESCs derived cardiomyocytes
were also compared to investigate cardiac differentiation potential of mESCs [26]. These
findings clearly proved the applicability of pipette methodology to capture early and late
differentiation processes of mESCs and to detect sensitive dysregulation in differentiating
mESCs under altered gravity conditions.

The deregulated genes between simulated microgravity exposed and 1 g control
at 3 day of differentiation were captured. The most significant 19 genes deregulated by
simulated microgravity were belonging to the cellular component GO ‘cytoskeleton’,
29 genes belonging to the GO "developmental process” and 86 genes belonging to the GO
‘protein binding” as a molecular function. The most of the in vitro studies on cells indicated
that the simulated microgravity influenced the cell shape, cytoskeleton, cell migration and
cell growth [27-30]. In this context, it has been reported that microgravity influences the cell
cytoskeleton organization in osteoblasts (space shuttle, STS-56) [31], human mesenchymal
stem cells (Random Positioning Machine) [32] and MCF7 (Foton-12 satellite) [33].
Interestingly, one of the prominent GOs in our study influenced by simulated microgravity at
day 3 of differentiation was the GO ‘Cytoskeleton’. From these results we may conclude that
cytoskeletal genes predominantly are targeted by altered gravity. However, the role of the
cytoskeletal genes affected by gravity for the differentiation processes of mESCs remains to
be elucidated.

Further gene signaling network analysis based on biological functions predicted 8
genes involved in the heart morphogenesis process. Simulated microgravity inhibited
the expression of 7 genes and up-regulated 1 gene suggesting disturbance of cell fate
commitment towards cardiac lineage at early differentiation processes occurring at day 3 of
differentiation. Disturbances in the differentiation fate were still observed on day 10, when
the 3 days old EBs had been exposed to clinorotation followed by a further differentiation
at 1 g for 7 days. In addition, the number of beating EBs at 10 days of differentiation was
significantly reduced as compared to 10 days old EBs generated under 1 g control conditions.
Accordingly, as compared to the 10 days old 1 g control EBs, differentiation of the 3-days old
simulated microgravity EBs for further 7 days resulted in an inhibition of Thnt2, Rbp4, Tnnil,
Csrp3, Nppb and Mybpc3 belonging to the heart development GO. This can be interpreted as
a consequence of the 3-days exposure of the cells to simulated microgravity which induced
inhibition of the differentiation of mESCs to mesodermal lineages like the cardiomyocytes.

Among the interesting simulated microgravity down-regulated genes we found Podxl,
Jun, Cyré61, FInb, Tom1, and Thbs1 which are reported to be crucial for the mouse embryonic
development. In this context, Podocalyxin (Podxl) is a CD34 related sialomucin which is
involved in blockage of cell adhesion during the embryonic development and Podxl knockout
in mouse results in the lethality [34]. In Jun proto-oncogene (Jun) knockout mice, defects in
liver and heart outflow tract development have been observed which resulted in lethality
at embryonic day 12.5 [35]. Cysteine-rich, angiogenic inducer, 61 (Cyr61) secreted protein
promotes cell adhesion, migration and proliferation of cells. Cyr61 knockout was lethal to
mice due to failure of chorioallantoic fusion or placental vasculature insufficiency [36]. In
our study we found this gene down-regulated by simulated microgravity, in contrast, Allen
et al. (2009) showed that Cyr61 is up-regulated in mouse muscle cells during 11 days of
spaceflight [37]. Filamins regulate extracellular signals to cellular cytoskeleton and guide
migration of cells at appropriate anatomical position during embryonic development, out
of three filamins, Filamin B (Finb) was down-regulated by simulated microgravity. FInb
knockout mice were either prenatally lethal or born with severe skeletal malformation and
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stunted growth [38]. Tropomyosin regulates actin-myosin interactions and encoded by four
genes, out of four Tropomyocin alpha (Tpm1) was down-regulated by simulated microgravity,
which is in line with the observation that Tpm1 was found down-regulated in gastrocnemius
muscles of mice exposed for 12 days to real microgravity in space shuttle Endeavour (STS-
108) [37]. Tpm1 homozygous knockout was reported to be prenatal lethal to the mice [39].
Among the interesting genes regulated by gravity we also found Gadd45g, DIl1, Gpx6, Spink10,
Ddit3, Ipmk, and Dpp7 which were up-regulated by simulated microgravity. It has been
shown that the knockout of Growth arrest and DNA-damage-inducible, Gamma (Gadd45g) in
mouse does not result in any embryonic abnormalities [40] except deregulation of male sex
determination [41, 42]. Gadd45g is suggested to be involved in regulation of the methylation
status of promoter regions [43]. Thrombospondin 1 (Thbs1) is an adhesive extracellular
matrix glycoprotein and found to be down-regulated by simulated microgravity. Pardo et al.
[44], reported an up-regulated expression in mouse preosteoblasts during 3 day exposure
to simulated microgravity (Random Positioning Machine). However, differences in the
expression level may reflect differences in the cellular models (mESCs vs preosteoblasts) and
chosen facilities and thus different simulation techniques (clinostat vs. Random Positioning
Machine).

We found that the deregulation of the two genes, namely Jun (down-regulated by
simulated microgravity) and DII1 (up-regulated by simulated microgravity) is in line with a
recently published study [45]. In this context, it has been shown that exposure of mESCs to
real microgravity in spaceflight (STS 131) for 15 days inhibited the expression of germ layer
and other somatic cells related genes [45]. The most of the microgravity deregulated genes
investigated by classical QRT-PCR method mentioned [45] are not captured in our study
using genome wide gene expression microarrays. The reasons can be attributed to different
experimental variables e.g., 15 days exposure to real microgravity [45] vs 3 days exposure
to the simulated microgravity and 7 days at 1 g, or furthermore variations in culturing
conditions. Nevertheless, our transcriptome study gives a detailed insight in differentiation
processes affected by altered gravity conditions. Interestingly, genes deregulated by
simulated microgravity are relevant for the in vivo situation as has been demonstrated by
several mice knockout experiments.

Besides the different gene expression pattern under simulated microgravity, we found
also morphological changes in the EBs size and shape observed by clinorotation as compared
to 1 g control EBs. The number of total EBs formed under clinorotation was less than 1 g
conditions. Cell cycle analysis also revealed low number of cells obtained from simulated
microgravity exposed EBs. However, the cell cycle analysis did not indicate significant
differences. Both, differentiated mESCs exposed to 1 g and simulated microgravity showed
similar percentages of cells in G1, G2 and S phase. Wang et al. [46] found a decrease in cell
number after 3 days of 3D clinorotation of mESCs and they concluded from the cell cycle
analysis that simulated microgravity does not impair cell proliferation of mESCs. The
reduced number of the cells was attributed to the low adhesion rate of the cells on first day of
clinorotation [46]. Taken together, from a technical perspective, contradictory results from
our study in comparison with others can be attributed to the different study designs in terms
of different microgravity simulation and cell culturing technologies (for reviews see Herranz
etal. [47] and Brungs et al. [12]).

In conclusion, the most prominent biological process affected by simulated microgravity
was the process of cardiomyogenesis which has to be confirmed with experiments under
real microgravity in space.
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