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Abstract
Microgravity has a profound effect on cardiovascular function, however, little is known

about the impact of microgravity on progenitors that reside within the heart. We investigated

the effect of simulated microgravity exposure on progenitors isolated from the neonatal and

adult human heart by quantifying changes in functional parameters, gene expression and

protein levels after 6-7 days of 2D clinorotation. Utilization of neonatal and adult cardiovas-

cular progenitors in ground-based studies has provided novel insight into how microgravity

may affect cells differently depending on age.

Simulated microgravity exposure did not impact AKT or ERK phosphorylation levels and

did not influence cell migration, but elevated transcripts for paracrine factors were identified

in neonatal and adult cardiovascular progenitors. Age-dependent responses surfaced when

comparing the impact of microgravity on differentiation. Endothelial cell tube formation was

unchanged or increased in progenitors from adults whereas neonatal cardiovascular pro-

genitors showed a decline in tube formation (p<0.05). Von Willebrand Factor, an endothelial

differentiation marker, and MLC2v and Troponin T, markers for cardiomyogenic differentia-

tion, were elevated in expression in adult progenitors after simulated microgravity. DNA

repair genes and telomerase reverse transcriptase which are highly expressed in early

stem cells were increased in expression in neonatal but not adult cardiac progenitors after

growth under simulated microgravity conditions. Neonatal cardiac progenitors demon-

strated higher levels of MESP1, OCT4, and brachyury, markers for early stem cells. Micro-

RNA profiling was used to further investigate the impact of simulated microgravity on

cardiovascular progenitors. Fifteen microRNAs were significantly altered in expression,

including microRNAs-99a and 100 (which play a critical role in cell dedifferentiation). These

microRNAs were unchanged in adult cardiac progenitors.
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The effect of exposure to simulated microgravity in cardiovascular progenitors is age-

dependent. Adult cardiac progenitors showed elevated expression of markers for endothe-

lial and cardiomyogenic differentiation whereas neonatal progenitors acquired characteris-

tics of dedifferentiating cells.

Introduction
Microgravity, as experienced by humans when in space, affects cardiovascular function result-
ing in post-flight orthostatic intolerance, cardiac atrophy, and heart rhythm disturbances [1].
However, little is known about the impact of altered gravitational force on cardiac progenitors
that normally reside within the heart. Simulations of gravitational changes while here on earth
have demonstrated that cell types, such as cardiomyocytes, are force-sensitive. This may be due
to mechanosensors which operate within mechanotransduction pathways that alter cell func-
tion upon exposure to changes in the force of gravity [2]. In mesenchymal stem cells, hyper-
gravity increased differentiation into cardiomyocytes and osteoblasts [3] whereas simulated
low-gravity inhibited osteogenesis [4] and resulted in higher levels of adipogenesis [3, 5, 6].
Exposure of other stem cell types to simulated microgravity such as embryonic stem cells [7],
umbilical cord blood stem cells [8], adipose-derived stem cells [9], liver stem cells [10], and
cancer stem cells [11] have established a link between gravitational force and changes in cell
identity, either towards stemness or differentiation.

Stem cell responses to simulated microgravity may be influenced by age. With age, the regen-
erative capacity of cardiovascular progenitors found within the heart decreases [12]. We have
previously reported that Isl-1 positive cardiovascular progenitors isolated from the neonatal
and adult heart exhibit age—dependent disparities in functional parameters such as cell cycle
progression and invasion which may stem from underlying differences in gene and microRNA
expression [13]. Determining the effect of simulated microgravity on resident cardiac progeni-
tor cell function in vitro, and whether this effect is dependent on age would have implications
not only for space flight, but would also provide evidence as to whether alterations in gravita-
tional force could be utilized as a therapeutic for improved cardiovascular stem cell function.

In this report, we characterized the effect of simulated microgravity on both neonatal and
adult cardiovascular Isl-1+ progenitor cell clones by culturing them in a 2D clinostat which
minimizes the gravitational force by rotating cells perpendicular to the pull of gravity. Func-
tional parameters including cell cycle progression, migration, cell differentiation into endothe-
lial and cardiomyogenic lineages, as well as gene and protein expression changes after 6–7 days
in simulated microgravity were assessed. Our approach allowed us to define both age-related
and overall responses of endogenous cardiovascular progenitors to simulated microgravity
conditions.

Materials and Methods

Ethics Statement/Cell Isolation and Expansion
The Institutional Review Board of Loma Linda University approved the protocol for use of tis-
sue that was discarded during cardiovascular surgery, without identifiable private information,
for this study with a waiver of informed consent. In brief, right atrial cardiac tissue from
human neonates (<1 month old) and adults (57–75 years old), was cut into small clumps
(approximately 1 mm3) and collagenase digested (Roche Applied Science, Indianapolis, IN) for
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approximately 2 hours at 37 degrees at a proportion of 1:2.5 tissue volume vs. collagenase. This
solution was then passed through a 40 μm cell strainer to isolate cardiac progenitors [14].
Resulting cells were cloned by limiting dilution at a concentration of 0.8 cells per well to create
clonal populations which were expanded for further study.

Simulated Microgravity
Isl-1+ cardiac stem cell clones from both the neonatal and adult heart were cultured for 6–7
days in a 2D clinostat (Bioserve, Boulder, Colorado). A 2D clinostat simulates the absence of
gravity by maintaining cells in constant rotation perpendicular to the force of gravity. Cells
were seeded at a density of 200,000 cells per Opticell using both inner surfaces for cell growth
or 100,000 cells per Biocell with one surface for cell growth, gassed with a mixture of 5% CO2,
95% air, then subjected to clinorotation. The Biocell is centered within the rotating chamber.
The width provides a cell growth area of 5.5cm. The rotation rate is 3.94+/-0.01 rotations per
minute. The cells farthest from the center will experience the greatest centrifugal forces as a
consequence of the rotation. The relative centrifugal force on these cells is<0.5mG.

Once CPCs reached confluency within the Opticell or Biocell (6 or 7 days), they were trypsi-
nized, counted, and used for subsequent experiments. Controls were similarly seeded and
grown under static conditions within a 5% CO2 cell culture incubator for a matched period of
time.

Migration Assay
After exposure to 6–7 days of clinorotation, cells were trypsinized counted, resuspended in
starving medium, and plated in the top chamber of a 96-well transwell migration assay (Corn-
ing, Union City, CA) with 8 micron pores. The transwell migration assay was performed
according to manufacturer’s instructions (Corning, Union City, CA). In brief, cells were plated
at a density of 50,000 cells per well in the top transwell chamber and growth medium supple-
mented with 100ng/mL of SDF-1α was used in the bottom chamber as a chemoattractant (Life
Technologies, Grand Island, NY). After 6 hours, migrated cells in the bottom chamber were
stained using Calcein AM (Fisher Scientific Pittsburg, PA) and quantified using a FLX800 fluo-
rescent plate reader (Bio-Tek, Winooski, VT).

Flow Cytometry
After exposure to clinorotation, MAPK signaling was assessed by measuring the phosphoryla-
tion of ERK and AKT by flow cytometry. Quantification of phosphorylated protein levels by
flow cytometry correlates with results obtained by western blot [15–17], and allows us to deter-
mine relative mean fluorescence intensity in individual cells [18]. In brief, cells were fixed with
4% paraformaldehyde, permeabalized using methanol, and stained using antibodies to phos-
phorylated ERK 1/2 (Thr202/Tyr204, Cell Signaling Technology, Danvers, MA) at a 1/200
dilution, and p-AKT (Ser473, Cell Signaling Technology, Danvers, MA) at a 1/100 dilution,
FITC goat anti-rabbit IgG (BD Biosceinces San Jose, CA) at a dilution of 1/150 was used as a
secondary antibody. Lightning-link conjugation kit (Innova Biosciences) was used to conjugate
rabbit anti-human von-Willbrand factor antibody (Dako, Carpinteria, CA) to FITC and Anti-
cardiac troponin T antibody (Abcam, Cambridge, MA) to PE. Cells were stained with lightning
link-FITC conjugated vWF at a dilution of 1/10 and lightning link-PE conjugated Troponin T
at a dilution 1/250. Isotype controls were used to define positive and negative populations.
Labeled cells were analyzed using a MACSquant analyzer (Miltenyi Biotec, Auburn, CA). Dead
cells and small particles were gated out using forward-scatter, side-scatter gating. FlowJo soft-
ware (Ashland, OR) was used for fluorescence quantification.

Effect of Simulated Microgravity on Cardiovascular Progenitors

PLOS ONE | DOI:10.1371/journal.pone.0132378 July 10, 2015 3 / 15



Cell Cycle
For cell cycle analysis, 100,000 cells were fixed with 70% ethanol, incubated for 60 minutes
with RNAse A (Fisher Scientific Pittsburg, PA) and stained with propidium iodide, prior to
running samples on a MACSquant analyzer (Miltenyi Biotec, Auburn, CA) and analyzing cell
cycle progression using Flowjo software.

RT-PCR
Cells were trypsinized and stored using Trizol reagent. Five hundred nanograms of RNA was
isolated and made into cDNA using Superscript III protocol. RT-PCR was run using an IQ5
machine (Bio-rad, Hercules, CA). Beta actin was used as a housekeeping gene. Primer
sequences are listed in S1 Table. The PCR conditions were: 94°C for 10 minutes, 94°C for 15
seconds, 52°C for 60 seconds, 72°C for 30 seconds for a total of 40 cycles. For microRNA exper-
iments, RNA was converted to cDNA using the miScript II RT Kit (SABiosciences, Valencia
CA), and then run on the human development and differentiation miScript plates (SABios-
ciences, Valencia CA). Individual primers for SNORD96a, SNORD72, hsa-miR-100-5p, and
hsa-miR-99a-5p (SABiosciences, Valencia CA) were also used. The average expression of
SNORD96a and SNORD72 was used as a housekeeping control. The PCR conditions for the
microRNA arrays and individual microRNA assays were: 95°C for 15 minutes, 94°C for 15 sec-
onds, 55°C for 60 seconds, 70°C for 30 seconds for a total of 40 cycles. MicroRNA expression
data has been deposited in NCBI’s Gene Expression Omnibus [19] and is accessible through
GEO series accession number GSE65795. MicroRNAs expressed at significantly different levels
during simulated microgravity were analyzed using DIANA mirPATH software (Athens,
Greece). DIANAmirpath software performs miRNA pathway analysis through hierarchical
clustering of miRNAs and pathways based on their interaction levels comparing each set of
microRNA targets to all known KEGG pathways [20]. Pathways significantly regulated by
altered microRNAs were grouped according to KEGG pathway classifications.

Tube Formation Assay
A 96-well plate was coated with basement membrane extract (50μL/well, Trevigen Gaithers-
burg, MD) 30 minutes prior to cells being plated on their surface at 20,000 cells per well. Cells
were then incubated for 5 hours in EGM-2 media (Lonza Allendale, NJ) with 10% fetal bovine
serum. Following incubation, cells were stained with Calcein AM (Fisher Scientific, Pittsburg,
PA) and their ability to form capillary-like networks was measured. An EVOS microscope and
Image PRO software was used to quantify tube formation.

Statistics
For cell cycle, migration, flow cytometry, and microRNA RT-PCR profiling, a paired student’s
t test was used. For RT-PCR and endothelial tube formation assay a student’s t test was used.
Significance was p<0.05. Data is represented as the mean +/- standard error.

Results

Simulated microgravity increases growth factor expression without
influencing cell migration
Isl-1+ cardiovascular progenitor cell (CPC) clones isolated from the heart of human neonates
�1 month old and 57–75 year old adults [13] were exposed to simulated microgravity by cul-
turing cells for 6–7 days in a 2D clinostat. The influence of simulated microgravity on the

Effect of Simulated Microgravity on Cardiovascular Progenitors

PLOS ONE | DOI:10.1371/journal.pone.0132378 July 10, 2015 4 / 15



transcription of genes encoding factors with a paracrine effect, specifically the expression of
growth factors including hepatocyte growth factor (HGF), serum-derived factor-1α (SDF-1α),
vascular endothelial growth factor (VEGFa), and insulin-like growth factor-1 (IGF-1) was mea-
sured by RT-PCR. HGF, SDF-1α, VEGFa, and IGF-1 are growth factors that can be secreted by
cardiac progenitors and can help enhance cardiac repair [21–25]. Both neonatal and adult car-
diovascular progenitors demonstrated elevated expression of transcripts for HGF after simu-
lated microgravity (Fig 1A). Interestingly, SDF-1α and VEGFa were more significantly elevated
in adult CPCs (p<0.05).

Increased expression of paracrine factors could influence the ability of CPCs to migrate in
response to growth factor stimulation. Therefore, cell migration was assessed using a transwell
invasion assay. Neonatal and adult CPCs were cultured in simulated microgravity, then plated

Fig 1. Cell Function after exposure to 6–7 days of simulated microgravity. A) Simulated microgravity
significantly increased the expression of growth factors in both neonatal and adult CPCs by RT-PCR (n = 3,
run in triplicate * = p<0.05). After simulated microgravity, neonatal and adult CPCs were plated in transwell
plates to assess migration. Neither B) neonatal or C) adult CPCs demonstrated a change in the number of
migrated cells after clinorotation. Phosphorylation of D) ERK and E) AKT was not significantly altered after
simulated microgravity as shown by flow cytometry. Mean fluorescence shift (MFS) above secondary
antibody alone is shown.

doi:10.1371/journal.pone.0132378.g001
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in the top transwell chamber. Normal growth medium supplemented with 100ng/ml SDF-1α
was used as a chemoattractant. The number of migrated cells although higher at baseline in
neonatal CPCs, was not significantly altered after exposure to simulated microgravity in either
neonatal or adult CPCs (Fig 1B and 1C).

ERK and AKT phosphorylation in CPCs is unchanged by exposure to
simulated microgravity
Increased expression of growth factors could be a result of altered signaling in key pathways
such as the MAPK signaling pathway. MAPK signaling regulates various cell functions such as
proliferation, migration, and differentiation. Changes in MAPK signaling after simulated
microgravity was assessed by comparing the level of extracellular signal-regulated kinase
(ERK) phosphorylation by flow cytometry. Activation of the PI3k-AKT signaling pathway
through phosphorylation of protein Kinase B (AKT), was also measured by flow cytometry.
PI3k-AKT signaling is associated with increased proliferation and cell survival. After 6–7 days
of simulated microgravity, the phosphorylation of ERK and AKT was not significantly altered
in neonatal and adult CPCs (Fig 1D and 1E).

Simulated microgravity increases cell number and transcripts for DNA
repair genes in neonatal CPCs
A unique feature of early stem cells is the high expression level of proteins that protect their
DNA from damage. This allows the cells to divide and maintain genomic integrity. As stem
cells age or differentiate, they lose this ability to effectively protect their DNA which can, over
time, lead to cell senescence or death. After exposure to simulated microgravity, elevated
expression of DNA repair transcripts including RAD50 (10.4 fold) and RAD23 (1.8 fold) was
noted in neonatal CPCs (Fig 2A, n = 4, p<0.05). E2F1 and ATM were also elevated in neonatal
CPCs, but not significantly (4.8 fold, p = 0.12 and 6.5 fold, p = 0.085 respectively). These
changes in gene transcription were not present in adult CPCs (Fig 2A). Elevated transcription
of DNA repair genes in neonatal CPCs after simulated microgravity was associated with an
increased percentage of cells within the S phase of the cell cycle (12.4% vs 4.9%, p = 0.03, Fig
2B) and an increase in cell proliferation when compared with adult CPCs exposed to simulated
microgravity. After 6–7 days in simulated microgravity, neonatal CPCs approximately tripled
the number of cells seeded (58.9 x 104 vs 20 x 104 cells seeded) whereas adult CPCs did not
increase in cell number (19.5 x 104 vs 20 x 104 cells seeded, Fig 2C). Some of the DNA repair
proteins, for example RAD50, play a critical role in telomere maintenance [26, 27]. Therefore,
we measured the expression level of telomerase reverse transcriptase (Tert), which is a protein
responsible for maintaining telomere ends. After simulated microgravity, Tert was elevated
13.3 fold in neonatal CPCs (p = 0.034) whereas adult CPCs were only elevated 2.2 fold
(p = 0.17, Fig 2D).

Elevated expression of stemness-associated genes in neonatal CPCs
after simulated microgravity
The increased expression of genes involved with DNA integrity after exposure to simulated
microgravity may be the result of a shift in neonatal CPCs to a more undifferentiated state.
This possibility was explored by assessing the level of expression of stemness-associated genes
(Fig 3). After exposure to simulated microgravity, neonatal CPCs showed a significant increase
in transcripts for early stem cell genes, including Mesoderm Posterior Protein 1 (MESP1, 10.48
Fold, p = 0.004). MESP1 is one of the earliest markers of cardiac stem cells [28]. Other
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stemness-associated genes were also elevated in expression, including Octamer-Binding Pro-
tein 4 (Oct-4, 5.5 Fold, p = 0.0016) and Brachyury (3.6 fold, p = 0.0032). Both Brachyury and
Oct-4 are known to play a role in the induction of MESP1, early in the process of stem cell
commitment to cardiac lineage [29, 30].

Fig 2. DNA repair and cell number after 6–7 days of simulatedmicrogravity. A) DNA repair transcripts
including RAD50, E2F1, ATM, RAD23 were elevated after simulated microgravity in neonatal (n = 4, run in
triplicate, * = p<0.05) but not adult CPCs (n = 3, run in triplicate). B) A significantly higher frequency of
neonatal CPCs entered the S phase of the cell cycle when compared with adult CPCs in simulated
microgravity (12.4% vs 4.9%, p = 0.03). G1 phase and G2 phase did not differ significantly between neonatal
and adult CPCs (G1 phase—93.3% vs 87.1%, p = 0.62 and G2 phase—3.9% vs 7.8%, p = 0.12 respectively).
C) The average number of cells after 6–7 days of clinorotation was significantly higher in neonatal CPCs
(5.89 x 104, n = 12) when compared with adult CPCs (1.95 x 104, n = 11). Number of cells seeded is shown in
grey. D) The expression level of human telomerase reverse transcriptase was significantly elevated in
neonatal (n = 4, run in triplicate) but not adult CPCs after simulated microgravity. Fold change above matched
control is shown.

doi:10.1371/journal.pone.0132378.g002
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MicroRNA profiling of neonatal CPCs after simulated microgravity
MicroRNAs regulate gene expression through translational inhibition or degradation of
mRNA. In stem cells, microRNAs can play a large role in stemness; the addition of a specific
exogenous microRNA can change cell identity [31]. MicroRNA profiling was used for further
assessment of cell stemness in neonatal CPCs after 6–7 days of simulated microgravity. RNA
was isolated and microRNAs associated with cell development and differentiation were pro-
filed by RT-PCR. In response to simulated microgravity the expression of 15 microRNAs were
significantly altered (Fig 4A).

Fig 3. Transcripts associated with stemness are elevated in neonatal CPCs after 6–7 days of
simulated microgravity. The expression of genes associated with early progenitor populations including
MESP1, Oct-4, and Brachyury were significantly elevated in neonatal CPCs after simulated microgravity
(n = 4, run in triplicate, p<0.05).

doi:10.1371/journal.pone.0132378.g003

Fig 4. MicroRNA expression changes in neonatal CPCs after 6–7 days of simulatedmicrogravity. A)
Heat map of 15 microRNAs that were significantly altered in neonatal CPCs after simulated microgravity. Two
representative neonatal CPC clones are shown above. Red color identifies maximum expression, black color
represents average expression, blue color identifies microRNAs with minimum expression. Sets of co-
regulated microRNAs were grouped together by RT2 Profiler PCR Array Data Analysis software
(SABiosciences). B) MicroRNAs expressed at significantly different levels during simulated microgravity were
analyzed using DIANAmirPATH software. Pathways significantly regulated by altered microRNAs were
grouped according to KEGG pathway classifications, and the percentage of pathways in each category is
displayed above. C) MicroRNA-100-5p and miR-99a-5p whose expression levels negatively correlate with
stemness, were significantly downregulated after 6–7 days of simulated microgravity in neonatal CPCs
(n = 3, p<0.05). D) Expression of microRNA-99a-5p and miR-100-5p were unchanged in adult CPCs after
simulated microgravity (n = 3, run in triplicate).

doi:10.1371/journal.pone.0132378.g004
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To better understand the impact of microRNA expression differences on neonatal CPCs,
the 15 significantly altered microRNAs were analyzed using DIANA mirpath software v2.0.
DIANA mirpath software performs miRNA pathway analysis through hierarchical clustering
of miRNAs and pathways based on their interaction levels [20]. DIANA mirpath revealed 56
pathways (excluding pathways involved in other diseases) that were significantly regulated by
altered microRNAs (S2 Table). Further classification of pathways was performed by using
KEGG pathway database as a means of sorting pathways into broad categories. The percentage
of pathways in each category is shown in Fig 4B. The largest percentage of pathways altered by
simulated microgravity were involved in signal transduction (21%). Thirteen percent of path-
ways were involved in cellular processes (such as cell cycle and regulation of actin cytoskeleton)
and nine percent were involved in genetic information processing.

Two of the 15 significantly altered microRNAs, microRNA-99a-5p and microRNA-100-5p
which were significantly down-regulated in response to simulated microgravity (1.9 fold
decrease, p = 0.04 and 2.4 fold decrease, p = 0.03 respectively, Fig 4C) play a critical role in
dedifferentiation [32]. To confirm that this response is specific to neonatal CPCs, the expres-
sion level of microRNAs 100-5p and 99a-5p were measured in adult CPCs before and after
simulated microgravity. Adult CPCs did not demonstrate a significant difference in the expres-
sion of microRNA-99a-5p (1.1 fold decrease, p = 0.16) and microRNA-100-5p (1.1 fold
decrease, p = 0.21) before and after exposure to simulated microgravity (Fig 4D).

Differentiation of adult CPCs in response to simulated microgravity
CPC differentiation into both cardiovascular and endothelial cell lineages was measured after
exposure to 6–7 days of simulated microgravity. A tube formation assay was used to assess
endothelial differentiation. After simulated microgravity, neonatal CPCs had decreased tube
formation (Fig 5A and 5B). Decreased tube formation in neonatal CPCs was complimented by
a decreased expression level of von Willebrand Factor (vWF), an endothelial differentiation
marker (1137 MFU decrease, n = 4, p = 0.17). In contrast, two of three adult CPCs showed an
increase in tube formation after simulated microgravity (Fig 5A and 5B). This elevation in tube
formation in adult CPCs after simulated microgravity was associated with a significant increase
in the expression of vWF as determined by flow cytometry (3402 MFU increase, n = 3,
p = 0.047, Fig 5C and 5D).

Cardiomyogenic differentiation was assessed by measuring the expression of mature car-
diac-specific transcripts, troponin T (Trop T) and myosin light chain 2 (MLC2v) by RT-PCR.
Gene expression levels for Trop T and MLC2V were elevated in adult CPCs after exposure to
simulated microgravity (11.8 fold, p = 0.056 and 3.2 fold, p = 0.017 respectively, Fig 5E). Mea-
surement of cardiac Troponin T protein expression by flow cytometry was used for further
assessment of cardiomyogenic differentiation in adult CPCs. There was a small non-significant
increase in the percentage of Troponin T positive cells (6.9%) in adult CPCs.

Discussion
In this study, we assessed functional parameters, gene expression, and protein levels in stem
cells that normally reside within heart after 6–7 days of 2D clinorotation. By using progenitors
from both the neonatal and adult heart, we determined that age governs the functional out-
come of cardiovascular stem cells exposed to simulated microgravity. Isl-1+ neonatal and adult
cardiovascular progenitors exhibited similar responses to simulated microgravity in terms of
cell migration and ERK/AKT activation, but opposing responses when comparing the effect of
simulated microgravity on cell differentiation.
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Studies performed in other laboratories using various cell types have reported that migration
is one of the parameters that can be altered by exposure to 2D [33, 34] and 3D clinorotation
[35, 36]. In our study, despite elevated levels of growth factor transcripts induced by simulated
microgravity, cardiovascular progenitor cell migration was not altered. This is consistent with
data reported by Versari et al (2007), who demonstrated that endothelial cell migration was not
increased by exposure to simulated microgravity [37]. In our study, there was no evidence for
activation of the ERK or AKT pathways in Isl-1+ cardiovascular progenitor cells, although mes-
enchymal stem cells have been reported to have reduced ERK [38] or AKT [4] phosphorylation
levels as a consequence of simulated microgravity exposure. Simulated microgravity appears to
have a cell-type dependent impact on activation and migration of stem cells.

Age-related differences significantly influenced differentiation under simulated micrograv-
ity in our study. Adult CPCs showed enhanced endothelial cell differentiation and elevated lev-
els of von Willebrand factor after clinorotation. This is consistent with other studies in which
mesenchymal stem cells demonstrated an increase in endothelial cell differentiation after simu-
lated microgravity exposure [39]. Transcripts for MLC2v and Troponin T were elevated in
adult Isl-1+ CPC, indicating that differentiation along the cardiomyocyte lineage and endothe-
lial cell lineage is a functional outcome following culture of adult early cardiovascular progeni-
tor cells under reduced gravity conditions.

Neonatal CPCs, on the other hand, did not form tubes effectively after clinorotation. This is
consistent with other cell types, including osteoblasts and adipose-derived stem cells which

Fig 5. Cardiac progenitor cell differentiation after 6–7 days of simulatedmicrogravity. A) Quantification
of tube formation using Image pro plus software. Reduced tube formation was present in neonatal CPCs after
simulated microgravity whereas 2 of 3 adult CPCs exhibited elevated tube formation after simulated
microgravity. B) Representative images of tube formation in neonatal and adult CPC after 6–7 days of
simulated microgravity. C) Representative flow cytometry histogram of increased vonWillebrand Factor
(vWF) expression in adult CPCs after simulated microgravity. Positive staining is represented by a colored
histogram, secondary alone staining is represented as a dotted line. D) Quantification of vonWillebrand
factor protein expression in adult CPCs (n = 3, p = 0.047). Mean fluorescence shift above secondary antibody
alone is shown above. E) Relative expression of genes associated with cardiac differentiation in adult CPCs
after 6–7 days of simulated microgravity by RT-PCR. Myosin light chain 2 (MLC2V) an early indicator of
cardiovascular differentiation was significantly elevated in adult CPCs (n = 3, run in triplicate P = 0.017).

doi:10.1371/journal.pone.0132378.g005
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show dedifferentiation and increased stemness with simulated microgravity exposure [9, 40].
In bone marrow stromal cells, dedifferentiation after simulated microgravity is a response that
favors cell survival and improves regenerative capacity [41].

In an effort to gain further understanding regarding the mechanistic basis behind the differ-
ential impact of simulated microgravity on differentiation, we used microRNA profiling to
study the epigenetic effects that simulated microgravity has on Isl-1+ neonatal cardiovascular
progenitors. MicroRNAs are potent regulators of gene expression; one microRNA has the abil-
ity to target multiple genes in a given pathway. In other cell types, microRNA expression is sig-
nificantly altered with exposure to simulated microgravity [42, 43] or real microgravity [44].
Girardi et al found that after 24 hours in simulated microgravity, the expression levels of 42
microRNAs were significantly changed in peripheral blood lymphocytes [45]. In our study, the
expression of 15 microRNAs was significantly altered in neonatal CPCs after seven days of sim-
ulated microgravity. Interestingly, microRNAs-99a and miR-100 were among those which
were significantly downregulated in neonatal, but not adult CPCs. MicroRNA-99a and miR-
100 transcripts are undetectable in undifferentiated embryonic stem cells, but the level of
expression increases with cell differentiation [46]. In animals with superior regenerative ability,
such as zebrafish, microRNA-99a and miR-100 are strongly downregulated at the initiation of
regeneration and result in dedifferentiation of existing cardiomyocytes [32].

Both of these microRNAs as well as microRNA-125a-5p (which was also significantly
decreased with simulated microgravity) are downregulated during skin wound-healing [47].
MicroRNA-125a-5p represses the expression of pro-regenerative proteins such as Lin28[48].
Lin28 overexpression is associated with improved repair of tissues such as cartilage, bone, and
mesenchyme [49]. Decreased expression of microRNA-125a-5p is associated with cell dediffer-
entiation [50] and in human embryonic stem cells antagonizing microRNA-125a-5p inhibits
cell differentiation and upregulates pluripotency markers [51]. Several other microRNAs that
were significantly downregulated in neonatal CPCs also positively correlate with cell differenti-
ation including microRNA-424[52] and microRNA-137[46]. Furthermore, microRNAs that
promote in vitro endothelial differentiation including microRNA-424[53], let-7f [54], and
miR-155[55] were downregulated with simulated microgravity in neonatal CPCs.

The reduction in the expression of microRNAs that positively correlate with cell differentia-
tion after simulated microgravity, although significant, are not of a magnitude to recapitulate
embryonic stem cell phenotype. Many of these microRNAs are elevated anywhere from 40 to
1400 fold in neonatal CPCs when compared with human embryonic stem cells (S1 Fig) whereas,
with simulated microgravity, microRNAs are decreased approximately 2 to 3 fold. Therefore,
neonatal CPCs, when exposed to microgravity, have characteristics of dedifferentiated cells, but
the microRNA expression profile is not equivalent to that of embryonic stem cells.

A unique characteristic of early stem cell populations is their high levels of DNA repair pro-
teins and telomerase reverse transcriptase that play a role in maintaining DNA integrity over a
large number of population doublings [56]. In our study, we found high levels of telomerase
reverse transcriptase and DNA repair proteins in neonatal CPCs after simulated microgravity.
In contrast to this, Kumari et al reported that, in human lymphocytes, exposure to clinorota-
tion for 7 days reduced the expression of DNA repair proteins [57] and similarly, Sun et al
reported reduced telomerase activity in MSCs cultured in a rotary cell culture system [58]. Our
data demonstrates that elevated expression of DNA repair proteins in neonatal Isl-1+ CPCs
with simulated microgravity is supported by microRNA expression differences. MicroRNA-
195 which was significantly decreased with simulated microgravity (p = 0.0083) is predicted to
inhibit RAD50 expression (using miRanda, miRDB, miRWalk, and Targetscan databases), and
microRNA-185 which was also decreased with simulated microgravity (p = 0.028) is predicted
to inhibit RAD23A expression (using miRanda, miRWalk, TargetScan databases).
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Further evidence of neonatal CPC dedifferentiation, as a consequence of exposure to simu-
lated microgravity, is the upregulation of stemness-associated genes MESP1, brachyury and
Oct4. All three of these genes are characteristic of an early stem cell population and are
expressed early in the process of cell commitment to cardiogenesis [28–30]. In our study there
was a 4-fold increase in the expression of Oct-4. In neural stem cells, retroviral vector-induced
expression of Oct-4 alone was enough to reprogram cells to a pluripotent state functionally
similar to embryonic stem cells [59]. Oct4 is known to bind at the promoter of miR-137[60], a
microRNA which inhibits cell stemness [61], this microRNA was also significantly decreased
with simulated microgravity in neonatal CPCs.

When compared with the adult heart, the neonatal heart contains progenitors that have
superior regenerative capacity [62]. During the neonatal window, the heart is a rich source of
early cardiovascular progenitors and as an infant matures, the heart increases in size while the
proportion of early stem cells decreases [63, 64]. In this study, we were able to manipulate the
process whereby neonatal cardiovascular progenitor cells activate a conserved regenerative
microRNA program. In other cell types, a simulated microgravity-induced shift towards an
undifferentiated state enhanced the repair potential of cells [41]. Whether, in our study, this
change in cell phenotype displayed by neonatal cardiovascular progenitors is advantageous,
long-lasting, and provides a cell type with greater regenerative capacity has yet to be deter-
mined. Future studies planned on the International Space Station will determine whether a
similar effect occurs in the space environment or if this phenomenon is induced by shear stress
forces that may influence gene expression under simulated microgravity conditions.
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