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Spaceflight/microgravity inhibits the proliferation
of hematopoietic stem cells by decreasing
Kit-Ras/cAMP-CREB pathway networks as
evidenced by RNA-Seq assays
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Exposure to spaceflight and microgravity causes physiologic and psychologic changes including bone
loss, cardiovascular dysfunction, and immune dysfunction. Anemia and hematopoietic disorders are observed in
astronauts after spaceflight. Hematopoietic stem and progenitor cells (HSPCs), which can self-renew and give rise to
all blood cells, play vital roles in hematopoiesis and homeostasis; however, the molecular mechanisms responsible
for the impacts of microgravity on the proliferation of HSPCs remain unclear. We maintained mouse bone marrow
HSPCs in the presence of stem cell factor for 12 d under spaceflight and simulated microgravity conditions, respectively, and analyzed cell proliferation and gene expression. Both spaceflight and simulated microgravity significantly decreased the number of HSPCs, mainly by blocking cell cycle at G1/S transition, but did not affect their
differentiation abilities. RNA-sequencing data indicated that genes related to cell proliferation were downregulated, whereas the genes related to cell death were up-regulated under microgravity. Among the gene signatures, we identified that the Kit-Ras/cAMP–cAMP response element-binding protein pathway might be one of the
major microgravity-regulated pathways during HSPC proliferation. Furthermore, the quantification of notable
genes was validated at the mRNA levels under simulated microgravity condition. Overall, these results would help
us to understand the intracellular molecular mechanisms regulating microgravity-inhibited proliferation of
HSPCs.—Wang, P., Tian, H., Zhang, J., Qian, J., Li, L., Shi, L., Zhao, Y. Spaceflight/microgravity inhibits the proliferation of hematopoietic stem cells by decreasing Kit-Ras/cAMP-CREB pathway networks as evidenced by RNASeq assays. FASEB J. 33, 000–000 (2019). www.fasebj.org
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Spaceflight provides an environment that is significantly
different from the normal earth environment. During
spaceflight, astronauts and laboratory animals are exposed
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to outer space containing various harmful factors, such as
microgravity, ionizing radiation, and altered circadian
rhythms (1). Microgravity during spaceflight may produce a wide range of physiologic and psychologic changes
affecting multiple systems and causing severe spaceflightrelated health consequences, including cognitive impairment, cephalad fluid shift–induced optic nerve and
ocular changes, irreversible bone resorption, cardiovascular dysfunction, and immunosuppression (2–6). All astronauts show anemia and hematopoietic disorders, such as
thrombocytopenia, after spaceflights (6–9). Numerous
studies have indicated that short- and long-duration
spaceflights can affect a wide variety of hematopoietic
and immunologic responses, including decreased plasma
and blood cell mass, altered blood flow, lymphocyte, and
eosinophil numbers, and increased IgA and M levels (10,
11). Most space biologic studies have been conducted on
an in-orbit space shuttle, which has supported short-term
experiments on the effects of spaceflight (12). Colonyforming assays showed that bone marrow (BM) cells from
1
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animals subjected to spaceflight on Spacelab Life Sciences-1
and Cosmos formed fewer colony-forming unit-erythroid
in vitro (13, 14). Experiments on hematopoietic cell proliferation and differentiation during the space shuttle missions STS-63 and STS-69 showed that microgravity during
spaceflight accelerated the maturation and differentiation
of BM CD34+ progenitor cells toward the macrophage
lineage (15). However, because of the high cost and rare
chances of spaceflight experiments, researchers have used
a rotating wall vessel (RWV) bioreactor to simulate the
effects of microgravity. Simulated microgravity inhibited
cell migration, cell cycle progression, and differentiation
patterns in primitive CD34+ BM hematopoietic progenitor
cells (16, 17). Hematopoietic stem and progenitor cells
(HSPCs) are widely accepted as the origin of all blood cells
in adults and have the potential to self-renew and differentiate into myeloid and lymphoid cells. However, despite
advances in space biology over recent decades, studies of
the effects of microgravity on the proliferation and maintenance of HSPCs are rare and the regulatory mechanisms
remain unknown.
It is a great honor that we have participated in 2 flight
projects to explore the effects of microgravity on the proliferation and maintenance of HSPCs. The Tianzhou-1
cargo ship program (18), which uses an active vibration
isolation system to provide a high-level microgravity environment, clearly showed that the number of HSPCs was
reduced under a space microgravity environment. Furthermore, HSPCs remained alive for further analysis after
being deployed on China’s first scientific microgravity
satellite, the SJ-10 recoverable satellite (19, 20). In the
meantime, a series of ground tests of the flight microgravity have been conducted using the RWV bioreactor to
supplement and validate flight experiments. By detecting
cell proliferation and high-depth transcriptomic profiling, we provided exact validation of the finding that
HSPCs display reduced proliferation in a microgravity
environment. Cell cycle analysis demonstrated that simulated microgravity inhibited the G1/S transition. Importantly, RNA-sequencing (RNA-Seq) and bioinformatics
analysis clarified clearer gene signatures and deeper molecular mechanisms for microgravity inhibiting HSPC
proliferation.
MATERIALS AND METHODS
Flight hardware
This research was conducted as a subset of the Tianzhou-1 cargo
ship program (18) and the SJ-10 space program (19, 20). Sorted
mouse HSPCs were cultured in 2 special culture vessels (Supplemental Fig. S1) that allow automatic replacement of the culture medium aboard the Tianzhou-1 cargo ship or the SJ-10
recoverable satellite for 12 d. All cell culture devices for spaceflight (21) and the RWV bioreactor in the laboratory (22) were
designed and supplied by the National Center of Space Science,
Chinese Academy of Sciences. Throughout the duration of the
Tianzhou-1 spaceflight experiment, real-time photomicrographs
of the HSPCs were taken every 24 h using space teleoperation
technology and transmitted back to the ground when the satellite
passed though Chinese airspace. The HSPCs on the SJ-10 satellite
were brought back safely for subsequent experimental analysis.
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Preparation of murine HSPCs
C57BL/6 mice (6–8 wk old) were purchased from Beijing Vital
River Laboratory Animal Technology (Beijing, China). BM cells
were obtained from the femur, tibia, and lilac bone and prepared
into single cell suspensions (23). After lysis of red blood cells, the
cells were labeled with various lineage-specific markers by BD
Mouse Biotin Lineage Panel (BD Biosciences, San Jose, CA, USA),
which includes 5 prediluted biotinylated antibodies (Biotin
Hamster anti-Mouse CD3e, Biotin Rat anti-Mouse CD45R, Biotin
Rat anti-Mouse Ly-6G and Ly-6C, Biotin Rat anti-Mouse TER119/Erythroid cells, and Biotin Rat anti-Mouse CD11b) in order
to remove lymphoid, myeloid, and erythroid cells. The labeled
cells were then separated over IMag Streptavidin Particles PlusDM (BD Biosciences) designed for depletion (24). High-purity
mouse HSPCs were finally prepared for cell culture under
spaceflight and simulated microgravity conditions.
Cell culture in spaceflight incubator
The sorted mouse HSPCs were cultured in a culture device that
provided automatic replacement of 5-ml culture medium in
space every day (1 ml/h, 5 h/d) at 37°C and 0% CO2 for ;12 d.
For ground controls, HPCs were cultured in the same cell culture
device (0% CO2) and rested in a 37°C incubator. Cells were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium
(Corning, Manassas, USA) containing 10 ng/ml IL-3, 20 ng/ml
IL-6, 20 ng/ml stem cell factor (SCF), 10% fetal bovine serum
(FBS), 100 U/ml streptomycin, and 100 U/ml penicillin. After
being cultured for 12 d, the cells were collected for a series of
analyses, including counting, proliferation analysis, RNA extraction, and RNA-Seq analysis.
Cell culture under simulated microgravity
For the simulated microgravity condition, the sorted mouse
HSPCs were cultured for 12 d under simulated microgravity in
the RWV bioreactor with a 12-rpm rotation speed (generate a
microgravity from 1022 g to infinitesimal) at 37°C and 5% CO2 as
previously described (22). Meanwhile, we also cultured sorted
mouse HSPCs under normal gravity condition in a humidified
37°C incubator with 5% CO2 for 12 d. The culture medium for cell
proliferation included RPMI-1640 medium, 10 ng/ml IL-3,
20 ng/ml IL-6, 20 ng/ml SCF, 10% FBS, 100 U/ml streptomycin,
and 100 U/ml penicillin. The medium was changed at the same
frequency as in the cultures on the of SJ-10 recoverable satellite
in space. In addition, to induce macrophage differentiation of
these cultured HSPCs, these collected cells were further cultured in RPMI-1640 medium containing 100 ng/ml M-CSF,
10% FBS, 100 U/ml streptomycin, and 100 U/ml penicillin for
7 d. The percentages of differentiated macrophages were detected by flow cytometry.
Flow cytometry
The cell cycle was analyzed in the collected cells using flow
cytometry (25). A total of 1 3 106 cells were collected, washed
twice using cold PBS, and then fixed in 70% ethanol overnight at
4°C. The ethanol was discarded, and the cells were washed twice
with PBS, followed by the addition of 50 mg/ml propidium iodide and 2% Triton X-100 for 30 min at 4°C. The DNA content
was then tested using FACSCalibur flow cytometer (BD Biosciences). The results were analyzed by ModFit LT 4.1 software
(Verity Software House, Topsham, ME, USA).
Intranuclear staining for Ki67 expression was performed using the Foxp3/Transcription Factor Staining Buffer Set (Thermo
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Fisher Scientific, Waltham, MA, USA). In brief, cells were washed
with PBS and fixed and permeabilized with Fix/Perm buffer for
20 min prior to the addition of the conjugated antibodies. Antibodies used were PE anti–mouse/human Ki-67 Antibody
(BioLegend, San Diego, CA, USA) (26). For extracellular staining,
anti–mCD11b-FITC, anti–mF4/80-PE-Cy5, anti–mCD3e-FITC,
anti–mTCRb-PE, anti–mCD45R/B220-PE, and anti–mCD11cPE were purchased from BD Biosciences. Cells (1 3 106) were
collected and resuspended in 100 ml staining buffer, then
fluorochrome-conjugated antibodies were added and kept at 4°C
for 30 min (27). Data acquisition followed on a BD FACSCalibur
flow cytometer (BD Biosciences) and data analysis was performed using the Flowing Software v.2.5 (http://flowingsoftware.
btk.fi/) (28).
RNA-Seq and analysis
For RNA-Seq, total RNA was extracted using Trizol (Thermo
Fisher Scientific) according to the manufacturer’s instruction. The
purity and quality of the total RNA were checked using Nanodrop 2000 (Thermo Fisher Scientific). The total RNAs were sent to
Beijing Novogene Bioinformatics Technology (Beijing, China) for
RNA-Seq analysis (29). cDNA libraries were prepared, and the
samples were then sequenced by Illumina HiSeq 3000 sequencer
(Illumina, San Diego, CA). To allow the comparison of gene expression profiles, values for each transcript were normalized and
calculated as fragments per kilobase per million mapped reads.
Differentially expressed genes (DEGs) were calculated using the
DEGseq package (30) of R software (R Foundation for Statistical
Computing, Vienna, Austria).
Pathway and network analysis
All significant DEGs between the transcriptomes of HSPCs
subjected to spaceflight or simulated microgravity and normal
gravity were subjected to gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. We
applied the Database for Annotation, Visualization, and Integrated Discovery to performed GO analysis, and signaling
pathway analysis was performed using the Kobas 3.0 online
tool (http://kobas.cbi.pku.edu.cn) (31) and Java gene set enrichment analysis (GSEA). Visualization was performed using the R
packages ggplot2 (v.2.2.1) and pheatmap (v.1.0.8). For GSEA
analysis, gene sets of apoptosis, cell cycle, and hematopoietic cell
lineage pathway derived from the “canonical” mSigDB geneset
(KEGG pathway database).
The metabolic network was analyzed using the network tool
Shiny GAM: integrated analysis of genes and metabolites (https://
artyomovlab.wustl.edu/shiny/gam/) (32) to identify interactions between metabolites and DEGs generated by spaceflight and simulated microgravity. The criteria were limited by a fold change
.2 and a value of P , 0.05. The results were visualized using
Cytoscape software (https://cytoscape.org/) (33).
Real-time PCR analysis
For real-time PCR, total RNA was extracted from cultured cells
using a total RNA Kit (Promega, Madison, WI, USA), and cDNA
was synthesized with a cDNA Reverse Transcription Kit (Takara
Bio, Kusatsu, Japan). Real-time quantitative PCR was performed
on the CFX96 real-time system (Bio-Rad, Hercules, CA, USA)
with TB Green Premix Ex Taq (Takara Bio) (34, 35). All real-time
PCR reactions were carried out in optical 96-well reaction plate
and run in triplicate. Each plate included 2 no-template controls.
The primers used in the present study are summarized in Supplemental Table S1. The real-time PCR data were analyzed by the
GENE SIGNATURES OF HSPCS UNDER MICROGRAVITY

comparative Ct method and were normalized to the hypoxanthine phosphoribosyltransferase housekeeping gene.
Statistical analysis
All data were presented as means 6 SD. Data were compared
between 2 groups using 2-tailed Student’s t tests. Comparisons
were considered significant at a value of P , 0.05.

RESULTS
Spaceflight microgravity decreased
proliferation of HSPCs
HSPCs from C57BL/6 mice were isolated by magnetic cell
sorting, stained with lineage-specific antibodies to CD3e,
TCR-b, B220, CD11b, F4/80, and CD11c, and detected by
flow cytometry (Supplemental Fig. S2). The sorted HSPCs
did not express mature immune cell–specific markers. We
examined the effects of spaceflight microgravity on the
proliferative capacity of the mouse HSPCs by comparing
microscope images of the cultured HSPCs between the
spaceflight and ground (control) groups on d 0 and 12.
Based on microscopic appearance, there were obviously
more cells in the ground control cultures (Fig. 1A) and
accurate counting confirmed that the number of HSPCs
was significantly decreased in the spaceflight group (Fig.
1B). We further examined the proliferative ability of
the HSPCs in both groups by detecting expression levels
of the cell proliferation marker Ki67 (36). Ki67 expression
was significantly lower in mouse HSPCs after spaceflight
than that in cells under normal gravity (Fig. 1C). These
data collectively indicated that the spaceflight microgravity significantly inhibited the proliferation of mouse
HSPCs.
Simulated microgravity decreased
proliferation of HSPCs
We determined if simulated microgravity had a similar
effect on the proliferation of murine HSPCs to spaceflight
microgravity by culturing mouse HSPCs in an RWV system. According to the data from previous studies (37),
about 50% HSPCs complete a cell cycle after 6 d and cell
proliferation is exponentially increased within 12 d.
Therefore, we also analyzed HSPCs after 12 d in simulated
microgravity experiments to match the experimental duration which performed in the cargo ship. We detected
expressions of the lineage-specific markers including
CD3e, TCR-b, B220, CD11b, F4/80 and CD11c in HSPCs
cultured under simulated and normal gravity conditions
for 12 d by flow cytometry, and compared their abilities to
differentiate into macrophages. HSPCs cultured under
simulated microgravity and normal gravity nearly did not
express T cell, B cell, macrophage, and dendritic cell
lineage–specific markers (Fig. 2A). We also counted cell
numbers and compared microscope images of proliferated
HSPCs under simulated microgravity and normal gravity
on d 12, and we showed that cell numbers were significantly reduced under simulated microgravity (Fig. 2B, C).
3
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Figure 1. Spaceﬂight microgravity inhibits proliferation of murine HSPCs. A) Microscopic appearance of cultured HSPCs under
normal ground control and spaceﬂight conditions. Original magniﬁcation, 320. B) Change in cell number of HSPCs after
culture under normal ground control and spaceﬂight conditions for 12 d. C ) Ki67 staining analysis of HSPC proliferation after
culture under normal ground control and spaceﬂight conditions for 12 d. **P , 0.01.

We further examined cell proliferation ability by detecting
expression levels of Ki67 on d 12 and showed that Ki67
expression was significantly reduced in HSPCs under
simulated microgravity (Fig. 2D). In addition, the expanded cells cultured for 12 d under either simulated
microgravity or normal gravity were then cultured with
M-CSF for an additional 7 d to see their potential ability to
differentiate into macrophages under normal gravity. The
data shows that HSPCs pre-experienced under either
simulated microgravity or normal gravity differentiated
into macrophages similarly (Supplemental Fig. S3), indicating that these cells might have identical potential
ability to differentiate into macrophages.
We also determined if the simulated microgravity decreased HSPC proliferation by blocking cell cycle progression or by promoting apoptosis of cultured HSPCs.
We detected cell cycle progression and apoptosis in HSPCs
after being cultured for 12 d under normal and simulated
microgravity conditions. More HSPCs cultured under
simulated microgravity stayed in G0/G1 phase and fewer
were in S phase compared with HSPCs cultured under
normal gravity (Fig. 3A, B). Meanwhile, HSPCs cultured
under simulated microgravity also produced more apoptotic cells than HSPCs cultured under normal gravity
4
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(Fig. 3C). Simulated microgravity thus decreased the
proliferation of HSPCs by both blocking cell cycle and
increasing cell death.
RNA-Seq analysis of HSPCs under spaceflight
microgravity and simulated microgravity
We investigated how spaceflight microgravity and simulated microgravity impacted the proliferation ability of
HSPCs. We detected the gene expression profiles of
HSPCs from the spaceflight and time-matched ground
control groups and from the simulated microgravity and
normal gravity control groups after culture for 12 d. We
then analyzed the DEGs between the spaceflight and
simulated microgravity groups and their respective controls. A total of 1783 DEGs were identified in the spaceflight HSPCs compared with the ground control group,
including 576 up-regulated and 1207 down-regulated
genes. A total of 1872 DEGs were identified in HSPCs
cultured under simulated microgravity compared with
the normal gravity controls, including 903 up-regulated
and 969 down-regulated genes (Fig. 4A). Among the
576 up-regulated and 1207 down-regulated DEGs under
spaceflight, 66.1 and 40.8% had similar trends under
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Figure 2. Simulated microgravity inhibits proliferation of murine HSPCs. A) Expression of lineage-speciﬁc markers CD3e, TCR-b, B220,
CD11b, F4/80, and CD11c in murine HSPCs after 12 d of culture under normal and simulated microgravity conditions. B) Growth curve
of HSPCs by living-cell counting method during 12 d of culture under normal gravity and simulated microgravity conditions. C) HSPCs
after 12 d of culture under normal and simulated microgravity conditions. D) Percentages of Ki67+ HSPCs after culture under normal
ground control and simulated microgravity conditions for 12 d. m-g, simulated microgravity; 1-g, normal gravity. **P , 0.01.

simulated microgravity, respectively (Fig. 4B), indicating
similarity between the spaceflight microgravity–regulated
and simulated microgravity–regulated transcriptomes
of HSPCs. To identify the biologic functions affected
by spaceflight and simulated microgravity, respectively,
we performed GO–biological process (BP) enrichment
analysis for the identified DEGs using the Database for
Annotation, Visualization, and Integrated Discovery.
DEGs up-regulated under spaceflight and simulated microgravity were enriched in the processes of apoptosis,
hypoxic stress, hematopoietic capacity, and inflammatory response (Fig. 4C), whereas down-regulated DEGs
were enriched in the process of cell proliferation (Fig. 4C).
There was a slight difference in other BPs between the
spaceflight–down-regulated and simulated microgravity–
down-regulated DEGs, in that spaceflight–down-regulated
BPs were mainly related to calcium signaling, cell adhesion, lipid metabolism, and translation process (Fig. 4C),
whereas simulated microgravity–down-regulated BPs
were related to lipid metabolism, protein folding, and response to IFN-g (Fig. 4C). DEGs enriched in the BPs commonly regulated under both spaceflight and simulated
microgravity included genes involved in the inflammatory
response, cellular response to hypoxia, apoptotic processes,
positive regulation of apoptosis, cell proliferation, positive
GENE SIGNATURES OF HSPCS UNDER MICROGRAVITY

regulation of cell proliferation, and negative regulation of
cell proliferation (Fig. 4D). We also verified the expression
of some DEGs enriched in the biologic processes regulated
by both spaceflight and simulated microgravity by realtime PCR, including Hif1a, Vegfa, and Hyou1 in the process
of cellular response to hypoxia; Lif, Osm, Apoe, Rac2, Kit, and
Tiam1 in the process of positive regulation of cell proliferation; Trib3, Sox4, and Pim2 in process of negative
regulation of cell proliferation; and Tnfrsf6 and Bcl2l11 in
apoptotic processes. These results were all consistent with
the RNA-Seq results (Supplemental Fig. S4).

Growth-related metabolic dysfunction
caused by microgravity
Similar metabolic pathways were identified as enriched by
KEGG analysis after exposure to microgravity by either
spaceflight or simulated microgravity. The primary classification of the metabolic pathway grading system is
carbohydrate metabolism, lipid metabolism, and amino
acid metabolism. Spaceflight and simulated microgravity
elicited different effects on carbohydrate and lipid metabolism mainly by up-regulating the metabolic pathways
including pentose and glucuronate interconversions,
5
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Figure 3. Effects of simulated microgravity on cell cycle and apoptosis of HSPCs. A) Distribution of each phase of the cell cycle
was evaluated in HSPCs after 12 d of culture under normal and simulated microgravity conditions. %CV (coefﬁcient of variation)
indicates the numerical dispersion degree. Total B.A.D (Background, Aggregates and Debris) indicates the amount of debris and
aggregates found within the region between the ﬁrst G1 and the last G2 peak. B) Ratio of G1 and S-phase murine HSPCs after
12 d of culture under normal and simulated microgravity conditions. C ) Expression of propidium iodide (PI) in cultured HSPCs
under simulated microgravity for 12 d. m-g, simulated microgravity; 1-g, normal gravity. **P , 0.01.

inositol phosphate metabolism, glycolysis, fructose and
mannose metabolism, amino sugar and nucleotide sugar
metabolism, steroid biosynthesis, glycerolipid metabolism,
and fatty acid biosynthesis. However, the metabolic pathways including ether lipid metabolism, biosynthesis of unsaturated fatty acids, arachidonic acid metabolism, fatty acid
degradation, and glycerolipid metabolism were all strongly
inhibited under spaceflight but not in simulated microgravity (Fig. 5A). We visualized significant DEGs under
simulated microgravity using Shiny GAM (genome-scale
model metabolic network analysis) and Cytoscape software.
Important kinases in the glycolytic pathway, including
glyceraldehyde phosphate dehydrogenase, phosphoglycerate kinase, phosphoglycerate mutase-1, enolase, triosephosphate isomerase, aldolase A, phosphofructokinase-1,
phosphoglycerate kinase-1, and phosphoglucomutase-2,
were all up-regulated under the influences of spaceflight
and simulated microgravity (Fig. 5B). However, simulated
microgravity had a broader impact on intracellular
6
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metabolic activity compared with spaceflight (Fig. 5C),
and some lipid metabolism related kinases, including
arachidonate 5-lipoxygenase, arachidonate 15-lipoxygenase,
inositol polyphosphate phosphatase (Inpp4b, Inpp5b, and
Inpp5d), acyl-CoA synthetase-2, sterol acyltransferase-2, and
alanyl aminopeptidase, were specifically up-regulated by
simulated microgravity.

Molecular pathways in HSPCs impaired
by microgravity
As noted above, the cell cycle of HSPCs was blocked at G0/
G1, and HSPCs did not differentiate into other lineages after
being cultured under simulated microgravity. We explored
the responsible intracellular mechanisms and signaling
pathways by KEGG analysis. GSEA showed that upregulation of the gene expressions in apoptotic pathway
was not very obvious, but the gene expressions in cell cycle
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Figure 4. Quantitative analysis and GO-BP enrichment analysis of microgravity-responsive genes. A) Differential expression of spaceﬂight
(above) and simulated (below) microgravity-responsive genes relative to normal gravity conditions presented by volcano plot. Colors are
restricted by P , 0.05 and fold change .1.5. B) Histogram showing the degree of similarity between differential microgravity and ground
microgravity. Percentages indicate the ratio of overlapping genes to spaceﬂight DEGs. C) Horizontal histograms representing the top
10 categories of enriched DEGs in GO-BP generated by spaceﬂight and simulated microgravity. Red indicates up-regulated genes caused by
microgravity, and blue indicates down-regulated genes. D) The classiﬁed heatmap is used to present log2 fold change of speciﬁc genes in BP
consistent with changes in spaceﬂight and simulated microgravity. Data normalized using z score in column. m-g, simulated microgravity; 1-g,
normal gravity; Ground, ground control for spaceﬂight; Space, spaceﬂight.

pathway were significantly down-regulated under spaceflight (Supplemental Fig. S5), which may partially explain the
decrease in HSPCs and their cell cycle arrest under spaceflight or simulated microgravity. GSEA also showed genes
specific for other lineages were not significantly increased
under spaceflight or simulated microgravity (Supplemental
Figs. S6 and S7), which again validates the conclusion that
these HSPCs do not differentiate into other lineages. We also
investigated the potential mechanisms by which simulated
microgravity regulated the cell cycle in HSPCs. SCF is a
key cytokine known to maintain stem cell characteristics of
HSPCs and to promote HSPC expansion in vitro (38). SCF led
to rapid HSPC activation and proliferation via the PI3K/AKT
and MEK/ERK pathways (39). At the transcriptome level,
we showed that the SCF receptor (also called c-Kit or Kit) was
significantly down-regulated under both conditions (Fig. 6A
and Supplemental Fig. S4), whereas expression levels of the
genes encoding MAPK phosphatases and protein tyrosine
phosphatases, which negatively regulate SCF pathway, were
increased (Fig. 6A), including Dusp1, Dusp2, Ptpn1, and
Ptpn2. Activity of SCF pathway was thus decreased under
GENE SIGNATURES OF HSPCS UNDER MICROGRAVITY

spaceflight. The SCF signaling pathway has been reported to
positively regulate the cAMP response element-binding
protein (CREB), which can regulate the transcriptional activity of cell cycle genes (40). Decreased SCF signaling may
thus cause cell cycle arrest. We also showed that genes involved in the calcium-related cAMP signaling pathway were
down-regulated under the influence of microgravity (Fig.
6A), which could also positively regulate CREB (41). Furthermore, the cAMP signaling pathway could regulate the
SCF pathway through Rap1. Microgravity may therefore
regulate the cell cycle in HSPCs via the SCF pathway and
cAMP pathway–mediated CREB (Fig. 6B). Meanwhile, we
verified the expression of key genes involved in these 2
pathways and cell cycle–associated genes, such as Cdkn1a
encoding P21 and Cdkn1b encoding P27, both of which
negatively regulate the cell cycle, and showed that the expression levels of these genes, including Creb3, Ccnd1, Ccnd2,
Cdk1, Cdkn1a, and Cdkn1b, were all consistent with the RNASeq results (Fig. 6C). Microgravity therefore may mainly inhibit CD117-Ras/cAMP-CREB signaling pathway networks
to block the proliferation of HSPCs under microgravity.
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Figure 5. Analysis and demonstration of microgravity-affected metabolism. A) Metabolic pathways obtained by KEGG enrichment
are represented by bubble map. Color in the bubble chart indicates the signiﬁcance of the enrichment category, and the size
indicates the number of enriched genes. Up, up-regulated signal pathway; Down, down-regulated signal pathway; S/G, in S
compared with G; mg/1g, in mg compared with 1g; Count, Number of genes enriched in this metabolic pathway. B) The
relationship of metabolic enzymes and metabolites is visualized in the network based on spaceﬂight-affected DEGs. C ) The
relationship of simulated microgravity–affected metabolic enzymes and corresponding metabolites are displayed. mg, simulated
microgravity; 1g, normal gravity; G, ground control for spaceﬂight; S, spaceﬂight; TCA, tricarboxylic acid cycle; Pval, P value of
differential expression.

DISCUSSION
The aim of this study was to determine the impact of microgravity on the proliferation and maintenance of HSPCs, to
provide a more comprehensive molecular regulatory network affected by microgravity in HSPCs, and to clarify the
molecular regulatory networks involved in the effects of
microgravity. Our results demonstrated that both spaceflight
and simulated microgravity significantly decreased the
number and proliferative capacity of HSPCs in vitro, whereas
simulated microgravity did not significantly alter the differentiation abilities of HSPCs as evidenced by their efficient
differentiation into macrophages in the in vitro induction
system. We also carried out next-generation sequencing
(NGS) to provide a systematic and in-depth analysis of
the transcriptional effects triggered by microgravity. The
signature included numerous genes associated with cell
proliferation that were down-regulated by microgravity,
whereas other genes in BPs associated with cell death were
significantly up-regulated. In addition, transcriptional data
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also revealed that most genes related to energy metabolism
were also altered under microgravity compared with normal
gravity. Furthermore, the key molecular pathway affecting
the cell cycle was significantly down-regulated in HSPCs
under microgravity.
Mature immune cells in the blood system have a very
short life span and thus need to be replenished by HSPCs
throughout adult life, according to the body’s physiologic
needs. HSPCs also play a critical role in regulating and
maintaining the physiologic balance of various blood cells
under stress conditions such as injury and inflammation.
HSPC proliferation and maintenance have been widely
studied in recent decades and have been shown to be
controlled by various factors, molecules, and transcription
factors; however, little is known about the effects of microgravity on HSPCs. The Chinese Tianzhou-1 cargo ship
provided us with a rare opportunity to observe the effects
of spaceflight on cultured HSPCs over 12 d, and the images
during spaceflight revealed that HSPC self-renewal was
weakened. We were also able to examine the same cells
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Figure 6. Microgravity regulates cell proliferation and cell cycle via the CD117-Ras/cAMP-CREB pathway. A) The fragments per kilobase
per million value of the changed genes downstream of the SCF-cKit pathway was normalized by column in the heatmap. B) Intracellular
localization and interaction of SCF-cKit pathway genes. SCF, stem cell factor; RSK, ribosomal S6 kinase; 1p, phosphorylation; 2p,
dephosphorylation. C) CREB-regulated cell cycle genes in the SCF-cKit pathway were validated by real-time PCR in vitro. m-g, simulated
microgravity; 1-g, normal gravity; Ground, ground control for spaceﬂight. **P , 0.01.

after their return to Earth via the SJ-10 Recoverable Scientific Satellite, and we counted and stained these cell samples and sequenced their transcripts to investigate the
effects of spaceflight on cell changes and molecular
mechanisms. We also conducted corresponding simulated
microgravity experiments. Results of all these experiments
suggested that microgravity attenuated cell proliferation.
This was consistent with previous clonal assays studies,
which found that microgravity decreased the hematopoietic generating capacity by decreasing the number of
burst-forming unit-erythroid and colony-forming uniterythroid in mouse BM stimulated with erythropoietin in
vitro (42). HSPCs are pluripotent cells that can give rise to
all other blood cells and maintain hematopoiesis and intestinal homeostasis. The direct inhibitory effects of microgravity on HSPC proliferation could thus partially
explain the observed anemia and decreased red-cell mass
in astronauts after spaceflight.
Cell proliferation includes 2 successive processes: the
preparation of material through various metabolic processes
and cell division by cell cycle regulation (43). In this study, we
observed that cell metabolism was obviously changed under
microgravity. ATP is the original source of power for cell
proliferation, and changes in its supply thus seriously affect
GENE SIGNATURES OF HSPCS UNDER MICROGRAVITY

cell proliferation (44, 45). Under normal gravity conditions,
HSPCs are unaffected by external stress and primarily use
anaerobic glycolysis for energy production, which represents
the best energy state for cells to maintain growth (46). However, glycolysis and hypoxia-inducible factor 1a pathway
were activated in HSPCs under microgravity conditions,
resulting in cell cycle block at the G1/S phase (47). In addition,
an increase or decrease in macromolecular biosynthesis also
significantly affects material preparation during cell proliferation, and metabolic changes induced by microgravity will
inevitably lead to dysfunction of macromolecular biosynthesis with subsequent effects on the proliferation of
HSPCs. In terms of cell cycle regulation, the cell cycle interface
is a key factor affecting cell proliferation, and decreased proliferative ability is always concomitant with cell cycle arrest
(48, 49). More HSPCs were blocked in G0/G1 phase and fewer
were blocked in S phase under microgravity, suggesting that
simulated microgravity significantly inhibited cell progression at the G1-to-S phase transition in HSPCs. Similarly, Plett
et al. (16) found that modeled microgravity caused cell cycle
arrest in primitive hematopoietic progenitor cells after a short
period in the RWV system. Previous studies have also shown
that growth factors act early in G1 via a growth factor
signaling/cell cycle interface to operate the cell cycle signaling
9
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system and drive the cell toward the restriction point
(R-point), where it becomes irreversibly committed to completing the rest of the cell cycle (43). In the current study, the
hematopoietic growth factor receptor c-Kit was a pivotal
molecule that accepted the signal from the growth factor SCF
(50), leading to a cascade of signals that ultimately regulated
the transcription of cyclin D (CCND). CCND is known to
control G1 progression and depends on growth factor signaling pathways (51). Expression of the SCF receptor c-Kit,
key SCF pathway genes such as Ras, Raf, and Rap1, and the
cAMP-PKA pathway were all down-regulated under microgravity. Both these pathways could regulate CREB, which
subsequently regulates genes involved in the cell cycle and
cell proliferation (41, 52), such as CDK1 and CCND. Of the
3 CCND isoforms, CCND1 was an obvious target regulated
by microgravity (either spaceflight or simulated), which may
be a key molecule in the microgravity-responsive G1/S
blockade.
The mechanisms by which microgravity affects the number of HSPCs have not been well investigated, but the decrease in cell number under microgravity is likely due to both
decreased cell proliferation and increased cell death. We investigated the potentially relevant mechanisms by RNA-Seq
and bioinformatics analysis. RNA-Seq and GO analysis
demonstrated that both spaceflight and simulated microgravity mainly regulated the expressions of genes associated
with cell proliferation but also those associated with cell death
by regulating cell apoptosis and hypoxic stress. We aim to
verify these experimental conclusions in future space programs if possible. The current study had some limitations and
weaknesses. Too few cells obtained in spaceflight experience
greatly limited our following studies, so many hypotheses
can only be validated under simulated microgravity. In fact,
spaceflight is still different from simulated microgravity.
Gravity (including microgravity, normogravity, and hypergravity) is complex and changeable during spaceflight experiment, although gravitational conditions (microgravity)
remained constant in the simulated microgravity experiments. Similarly, the simulated microgravity environment
involved not only simple low gravity but also shear force,
friction, and other complex forces. It is therefore necessary to
combine analyses from spaceflight and simulated microgravity, as in the current study, though this approach is rarely
reported. The rarity of the opportunity and the cost of conducting experiments in orbit meant that our study was
unable to verify all results obtained during spaceflight.
However, we attempted to compensate for this loophole by
analyzing the transcriptional profile of the real microgravity
samples, detecting similar changes in the transcriptome
of samples under simulated microgravity, and finally verifying these changes in simulated microgravity experiments.
However, additional studies are needed to confirm these results including studies with appropriate controls (normal
gravity in-flight group) and experimental replicates in
spaceflight, which should be taken into account in the future.
In summary, the results of the present study provide
mechanistic insights into the molecular network responsible
for microgravity-inhibited HSPC expansion. Microgravity
directly inhibited HSPC proliferation via G1/S transition in
the cell cycle. Furthermore, bioinformatics analysis revealed
that microgravity may inhibit the proliferation of HSPCs by
10
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downregulating the Kit-Ras/cAMP-CREB signaling pathways, accompanied by changes in energy metabolism.
These results partly explained the hematopoietic disorders
caused by spaceflight microgravity and lay the foundation for
further in-depth research into the effects of microgravity on
HSPCs.
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