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ABSTRACT: Bone marrow–derived mesenchymal stem cells (BMSCs) are able to differentiate into functional hep-
atocytelike cells, which are expected to serve as a potential cell source in regenerativemedicine, tissue engineering,
and clinical treatment of liver injury. Little is known aboutwhether andhow spacemicrogravity is able to direct the
hepatogenic differentiation of BMSCs in the actual spacemicroenvironment. In this study,we examined the effects
of spacemicrogravity on BMSChepatogenic differentiation on board the SJ-10 Recoverable Scientific Satellite. Rat
BMSCs were cultured and induced in hepatogenic induction medium for 3 and 10 d in custom-made space cell
culture hardware. Cell growth was monitored periodically in orbit, and the fixed cells and collected supernatants
were retrieved back to the Earth for further analyses. Data indicated that space microgravity improves the differ-
entiating capability of the cells by up-regulating hepatocyte-specific albumin and cytokeratin 18. The resulting cells
tended to bematurated, with an in-orbit period of up to 10 d. In space, mechanosensitive molecules of b1-integrin,
b-actin,a-tubulin, and Ras homolog gene familymember A presented enhanced expression, whereas those of cell-
surface glycoprotein CD44, intercellular adhesion molecule 1, vascular cell adhesion molecule 1, vinculin, cell
division control protein 42 homolog, and Rho-associated coiled-coil kinase yielded reduced expression. Also ob-
served in space were the depolymerization of actin filaments and the accumulation of microtubules and vimentin
through the altered expression and location of focal adhesion complexes,Rho guanosine 5’-triphosphatases, aswell
as the enhanced exosome-mediated mRNA transfer. This work furthers the understanding of the underlying
mechanisms of space microgravity in directing hepatogenic differentiation of BMSCs.—Lü, D., Sun, S., Zhang, F.,
Luo, C., Zheng, L., Wu, Y., Li, N., Zhang, C., Wang, C., Chen, Q., Long, M. Microgravity-induced hepatogenic
differentiation of rBMSCs on board the SJ-10 satellite. FASEB J. 33, 000–000 (2019). www.fasebj.org
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The human liver is a vital organ in digestion and metab-
olism and supports other organs in the body. At present,
liver diseases pose an important problem for human
health around the world. Although liver dialysis tech-
niques can be used for the short term, there is scarce
compensation in liver function for the long term. Themost

effective therapeutic method for curing liver failure is or-
gan transplantation, which is limited by the lack of liver
donors, immunologic rejection, and huge cost. Cell-based
approaches, including hepatocyte transplantation and
tissue-engineered livers, provide potential alternatives
and are expected to support the lives of patients until liver
organ transplantation or recovery via regeneration of a
damaged liver is available. However, an abundant ap-
propriate cell source is the biggest problem in engineered
liver reconstruction and liver disease treatment.

Recently, cell-based approaches using human primary
hepatocytes or stem cell–derived hepatocytelike cells
(HLCs) are assumed to be a therapeutic option that has
attracted significant attention for the treatment of liver
diseases. For example, mesenchymal stem cells (MSCs)
can differentiate into many other cell types, such as os-
teoblasts (1), chondrocytes (2), cardiomyocytes (3), adi-
pocytes (4), endothelial cells (5), and neuronal cells (6),
which may also serve as a promising source for cell

ABBREVIATIONS: ALB, albumin; BMSC, bone marrow–derived MSC;
Cdc42, cell division control protein 42 homolog; CK18, cytokeratin 18;
CYP450, cytochrome P450; dH2O, distilled water; DPBS, Dulbecco’s PBS;
FAK, focal adhesion kinase; GO, Gene Ontology; GTPase, guanosine 5’-
triphosphatase; HLC, hepatocytelike cell; ICAM-1, intercellular adhesive
molecule 1; IF, immunofluorescence; MSC, mesenchymal stem cell;
rBMSC, rat BMSC; RhoA, Ras homolog gene family member A; ROCK,
Rho-associated protein kinase; SCCS, space cell culture system; SEM,
scanning electron microscope; VCAM-1, vascular cell adhesion molecule 1
1 Correspondence: Institute of Mechanics, Chinese Academy of Sciences,
No. 15 North 4th Ring Rd., Beijing 100190, China. E-mail: mlong@imech.
ac.cn

doi: 10.1096/fj.201802075R
This article includes supplemental data. Please visit http://www.fasebj.org to
obtain this information.

0892-6638/19/0033-0001 © FASEB 1

Downloaded from www.fasebj.org by Imperial College London (155.198.30.43) on December 07, 2018. The FASEB Journal Vol. ${article.issue.getVolume()}, No. ${article.issue.getIssueNumber()}, primary_article.

http://www.fasebj.org
http://www.fasebj.org
mailto:mlong@imech.ac.cn
mailto:mlong@imech.ac.cn
http://www.fasebj.org


therapy of liver diseases to overcome the above short-
comings of cell accessibility and abundance. In fact, MSCs
can differentiate into hepatogenic parenchymal cells
expressing hepatic biomarkers with hepatocyte function-
ality (7).MSC-derivedHLCscould replacehumanprimary
hepatocytes indrugdiscoveryandhepatotoxic tests (8–10).
However, the generation of fully functional HLCs is still a
big challenge, and plenty of work has been focusing on
improving the existing differentiation protocols to achieve
mature HLCs with hepatocellular morphology and func-
tion. Producing abundant functional HLCs from MSCs is
also of great urgency for applying bio-artificial liver sup-
port systems and hepatocyte-based therapy.

MSCs are a kind of typical mechanosensitive cell, and
mechanical responses in MSCs guide both differentiation
and function,mainlydependingon the specificphysical and
mechanical microenvironment around the cells. Growing
evidence shows that physical features and mechanical
stresses, independent of soluble biochemical factors, help
determineMSCs’ fate, indicating thatmechanical factors are
favorable inducers for stem cells’ application in clinical
treatment. Specifically in space, the microgravity, as a me-
chanical factor, regulatesbothdifferentiationandfunctionof
MSCs to different cell types and increases cellular activity
(11). MSCs are exemplified as angiogenesis (11), osteo-
genesis (12, 13), chondrogenesis (14), and formation of
neural cells and adipocytes (15) by ground-based commer-
cialdevices suchas clinostats (12), rotarycell culture systems
(14), random position machines (11), and rotating wall
vessel bioreactors (13); by customer-made microgravity ef-
fect simulators (16); or by the realmicrogravity environment
in space (17). However, the effects of spacemicrogravity on
hepatogenic differentiation potentials of bone marrow–
derived MSCs (BMSCs) are still unclear, mainly because of
few ground-based microgravity effect studies (18) and the
lack of those space microgravity–based works.

It is well known that modified gravity not only affects
the organism as awhole but alsomodulates themolecular
processes in individual cells (19, 20). We proposed that
gravity could influence the hepatogenic differentiation of
MSCs. To prove this hypothesis, here the effects of space
microgravity were tested on cellular phenotype, hepato-
genic differentiation, and altered expression of the un-
derlying mechanotransductive molecules of rat BMSCs
(rBMSCs) cultured on board the SJ-10 Recoverable Scien-
tific Satellite. Producing MSC-derived differentiated cells
with primary hepatic functions in microgravity could
provide new insights in collecting functional hepatocytes
on the ground for treating end-stage liver patients, and it
could also be useful for other biomedical applications,
such as drug screening.

MATERIALS AND METHODS

Cells and reagents

This study was performed in accordance with standard ethics
guidelines andapprovedby theEthicsCommittee of the Institute
ofMechanics,ChineseAcademyofChina. rBMSCswere isolated
from their bone marrow, as previously described (21). In brief,

rBMSCswere isolated from3- to 4-wk-oldmale Sprague-Dawley
rats (Vital River LaboratoryAnimal Technology, Beijing, China).
The animals were euthanized by cervical dislocation and steril-
ized with alcohol, and then the femur and tibia were collected.
The bone marrow was flushed out, and the collected cell sus-
pensionwas added to DMEM/F12medium supplementedwith
15% fetal bovine serum and 1% nonessential amino acid (v/v),
1%glutamine (v/v), 1%sodiumpyruvate (v/v), and1%penicillin/
streptomycin (v/v) in a T-25 flask; all the reagents were pur-
chased from Thermo Fisher Scientific (Waltham, MA, USA)
and used per the manufacturer’s instructions. Adherent cells
were then maintained in a humidified, 37°C incubator with
95% air and 5% carbon dioxide, 37°C incubator by refreshing
the medium every 2 or 3 d. When grown up to 85–90% conflu-
ence, the cells were rinsed in Ca2+ and Mg2+-free PBS and then
detached using 0.25% trypsin-EDTA for about 1 min. This pro-
cedure was repeated 3 or 4 times to collect rBMSCs at ;90%
purity.Goat anti-rat anti-CD11b, -CD34, -CD45, and -CD90mAbs
were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA) and used as MSCs’ biomarkers (21).

Hepatogenic differentiation of rBMSCs

The standard hepatogenic differentiation protocol for MSCs (22)
was modified to adapt the spaceflight mission of the SJ-10 satel-
lite. Briefly, rBMSCs at passage 4were cultured in rBMSCculture
medium supplementedwith 20 ng/ml hepatocyte growth factor
and10ng/ml epidermal growth factor for 10d.Themediumwas
exchanged every 3 d prior to the mission. All the reagents were
purchased from R&D Systems (Minneapolis, MN, USA).

Cell culture hardware and spaceflight mission

The spaceflight experimentwas performed in a space cell culture
system (SCCS) built in-house (Supplemental Fig. S1A, B) by the
National Microgravity Laboratory, Institute of Mechanics, Chi-
nese Academy of Sciences. This device wasmounted in the SJ-10
satellite launched on April 6 and recovered on April 18, 2016
(Supplemental Fig. S1C) (23, 24). At 36 h before launch, 2 cell
culture chambers with an effective culture area of 12 cm2 each
were filledwith a cell suspension containing 53 105 rBMSCs per
chamber and placed in an incubator for 12 h at 37°C to allow cell
attachment. At 19 h prior to launch, the 2 chambers were refilled
with fresh hepatogenic induction medium to wash out the un-
attached cells and to eliminate air bubbles and then mounted in
the SCCS. The SCCS was inflated by premixed 95% air and 5%
CO2, sealedat 1atm, andassembledonto theplatformof theSJ-10
satellite at 8 hprelaunch.Gas exchangebetween themediumand
the environment in the SCCS was available through a silicon
rubber seal of the culture chamber and connected silicon rubber
tubes. The cells in the 2 chambers were maintained at a temper-
ature of 366 1.5°C and fixedwith 4%paraformaldehyde in orbit
at d 3 or 10 postlaunch, respectively. The d 3 and 10 culture
groups were in separate medium changing channels and pump
valves. The medium for the sample fixed at d 10 was refreshed
every 48 h before fixation but not refreshed for the sample fixed
at d 3, and the supernatants in the 2 chambers were collected
separatelyandpreservedat5–15°C.Atotalof12mlof supernatant
was obtained for rBMSCs cultured for 10 d. All the operations in
orbit were performed automatically by a set of peristaltic pumps
andpinch valves controlled by a preset program.After running in
orbit for 12 d, the satellitewas returned to the ground. The culture
chambers with fixed cells and medium samples were taken out
from the SCCS and transported at 4–10°C to the laboratory in
Beijing within 18 h. The culture substrates (Permanox slide, 253
75 mm; Nunc, Roskilde, Denmark) were disassembled from the
chambers and washed 3 times with Dulbecco’s PBS (DPBS), and
the supernatants were stored at280°C immediately until testing.
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The corresponding ground control experiments were conducted
using the same SCCS device andwith identical space procedures.

Optical and scanning electron microscope imaging

The original rBMSCs and the differentiated cells placed on the
culture substrate were observed by an Olympus inverted micro-
scope (CKX41; Thermo Fisher Scientific) and recorded with a
charge-coupled device camera. Each substrate was then cut into
pieces and used for scanning electron microscope (SEM) imaging
or immunofluorescence (IF) staining. The SEM imaging was con-
ducted as previously described (24). In short, 1 aliquot of the
sampleswasdehydratedwithethanol from50–70–80–90–100%for
5min at each gradient, transferred to tert-butyl alcohol twice, dried
at the critical point, coated with a thin layer of gold, and finally
imaged by an FEI Quanta 200 SEM (Thermo Fisher Scientific).

Antibodies and IF staining

Alexa Fluor 647–conjugated mouse anti–intercellular adhesive
molecule 1 (ICAM-1) (HCD54) mAbs were obtained from Bio-
Legend (SanDiego,CA,USA).Alexa Fluor 594–conjugated rabbit
anti–b-actin (13E5), Alexa Fluor 555–conjugated rabbit anti–a-
tubulin (11H10), and Alexa Fluor 647–conjugated rabbit anti-
vimentin (D21H3) mAbs and rabbit anti–phospho (p)-lamin A/
C (D2B2E) and mouse anti–lamin A/C (4C11) mAbs were pur-
chased fromCell SignalingTechnology (Danvers,MA,USA).All
other antibodies were from Abcam (Cambridge, United King-
dom), including rabbit anti-CD34 (EP373Y), anti-albumin (ALB)
(C-terminal), anti–cytochrome P450 (CYP450) [EPR14479(B)],
anti–acetylated histoneH2B, anti–cofilin-2, anti–ERK1/2 (E337),
anti-Src protein (Y232), and anti-JNK (EPR5693) mAbs; Alexa
Fluor 647–conjugated rabbit anti–vascular cell adhesionmolecule 1
(VCAM-1) (EPR5047), anti–cytokeratin18 (CK18) (E431-1), anti–NF-
kB(E379), anti-proteinkinaseB (alsoknownasAkt) (EP2109Y), anti-
vinculin (EPR8185), anti–Rho-associated protein kinase (ROCK)-1
(EP786Y), andanti–caveolin-1 (E249)mAbs;mouseanti–b1-integrin
(12G10), anti-Ras-related C3 botulinum toxin substrate 1 (Rac-1)
(0.T.127), anti-p–focal adhesion kinase (FAK) (Tyr397, M121), anti-
Ras homolog gene family, member A (RhoA) (1B12), and anti–
PI3K-p85 (M253)mAbs;Alexa Fluor 488–conjugated anti–histone
H2B (mAbcam 52484), Alexa Fluor 647–conjugated anti–b-cat-
enin (EPR5047), and phycoerythrin-conjugated anti-CD44 (F10-
44-2) mAbs as well as anti-Cdc42 (cell division control protein
42 homolog) polyclonal antibodies; and DyLight 594–conjugated
donkey anti-rabbit and Alexa Fluor 488–conjugated goat anti-
rabbit and donkey anti-mouse polyclonal secondary antibodies.

Typical mechanosensitive proteins and hepatocyte-specific
biomarkers from collected rBMSCs were stained directly using
the respective fluorescence-labeled antibodies. For intracellular
signalingmolecules, the fixedcellswerepermeabilizedwith0.4%
Triton X-100 dissolved in DPBS for 15 min and incubated suc-
cessively in blocking buffer [1% bovine serum albumin (BSA) in
DPBS] at 37°C for 1 h, and then primary antibodies (10 mg/ml)
were diluted in 1%BSA/PBS (to block nonspecific epitopes) at 4°C
overnight. The collected samples were incubated in secondary
antibodies (5 mg/ml in blocking buffer) for 1 h at 37°C. After each
step, the cells were washed 3 times in DPBS. At last, the samples
were incubated with Hoechst 33342 for 10 min at room tempera-
ture, washed 3–5 timeswith PBS, and stored at 4°C. The images of
stained cells were examined with a confocal laser scanning mi-
croscopy LSM 710 system (Zeiss, Oberkochen, Germany).

Oil Red O staining

After the cellswere fixedusing 4%paraformaldehyde and rinsed
with PBS, the Oil Red O stock solution was mixed at a 6:4 ratio

with distilled water (dH2O) and left to stand for 10 min. The
solutionwas filteredwithacoffee filter orother fast filter and then
added into the cells using a 0.22-mmsyringe filter. TheOil RedO
was incubated with the cells for 15 min and washed out with
dH2O. Collected cells were resuspended into dH2O for micro-
scopic imaging.

Exosome RNA profiling

A total of 10 ml of supernatant was used for exosome collection,
following standard centrifugation protocols previously de-
scribed (24, 25). Total RNAobtained frompurified exosomeswas
used for library preparation and sequencing, which was per-
formed at RiboBio (Guangzhou, China). Here, total RNA was
reversely transcribed and amplified by PCR. The PCR products
were sequenced using the Illumina HiSeq 3000/4000 platform
(San Diego, CA, USA). Sequence data were mapped to the rat
reference genome with Tophat2 (Johns Hopkins University,
Baltimore, MD, USA) (26). Gene expression was quantified with
values of reads per kb of transcript sequence per millions base
pairs sequenced (27), and thedifferential expressionwasassessed
by DEseq (28). Differentially expressed genes were chosen with
the criteria of fold change.2 and P,0.05. Gene Ontology (GO)
analysis was applied to analyze the potential functions of the
differentially expressedgenesusing theDatabase forAnnotation,
Visualization and Integrated Discovery (29). The significance of
each GO term was indicated by P value, and P, 0.05 was con-
sidered to be statistically significant.

Statistical analysis

Data were presented as means 6 SD. The significant differences
between multiple groups were analyzed by a 2-way ANOVA
followed by aHolm-Šidák test. For comparisons of 2 groups, the
unpaired, 2-tailed Student’s t testwas performed if the normality
testwaspassed; theMann-Whitneyranksumtestwasused ifnot.
A value ofP, 0.05was considered statistically significant, and a
value of P, 0.01 was considered a highly significant difference.

RESULTS

Morphology of differentiation rBMSCs

To identify whether space microgravity could affect the
hepatogenic differentiation potential of rBMSCs, the
modified 1-step hepatogenic differentiation protocol was
applied to adapt the SJ-10mission and the SCCS device to
space, whereas the same protocols for gravity on the
ground were used as a control. Morphologic changes of
the cells were monitored during different stages of hep-
atogenic induction. At d 3, rBMSCs’ growth onto a
monolayer is characterizedmorphologicallybya small cell
body with a long and flat shape. The cell body contains a
large, round nucleus with 1 (mostly on the ground) or 2
(merely in space) prominent nucleoli (arrows), showing a
similar fibroblastlike morphology observed by an optical
microscope (Fig. 1A,A’,B,B’) andSEM (Fig. 1C,C’,D,D’).
Because the appearanceofdualnuclei or nucleoli is known
to be one of the key features for hepatocytes (30), these
observations implied that space microgravity may accel-
erate the initial hepatogenic differentiation as compared
with normal gravity on the ground. By contrast, mor-
phologic differences at long-term culture between the
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space sample and ground control were observed at d 10.
Cells in space and ground culture also appear to form
fibroblastlikemorphology (Fig. 1E, E’, F, F’). Amajority of
cells have a single nucleus, but the hepatocytelike bi-
nucleated cells are featured commonly because many
more 2-nucleoli cells can be observed in space (Fig. 1G,G’,
H,H’). Intriguingly, at d 10, the cells tend to formavisible
platelike structure (i.e., the hepatocytes are arranged in a
radial, platelike pattern) in space that does not occur
with cells on the ground (Fig. 1E,E’, F, F’), suggesting the
possible effects of space microgravity on directing the
hepatocytelike morphology from rBMSCs that have not
been observed previously. Even on 10-d hepatogenic
induction, typical hepatocyte morphology with small,
round, or polygonal shape was not observed yet, in-
dicating that the differentiated cells are still immature.
To determinewhether the differentiated cells possess the
functional characteristics of hepatocytes, the expression

of typical hepatic markers was tested by IF staining at
diverse differentiation points, as described below.

Characterization of rBMSC-derived HLCs

Expressions of 3 hepatocyte-specific biomarkers of ALB
(Fig. 2A–D), CYP450 (Fig. 2E–H), and CK18 (Fig. 2I–L)
werechecked fordifferentiatingcells atd3 (Fig. 2A,C,E,G,
I,K) andd 10 (Fig. 2B,D, F,H, J,L) in space (Fig. 2A,B,E, F,
I, J) and on the ground (Fig. 2C, D, G, H, K, L). Mean
fluorescence intensity was estimated to compare the time
dependencies and differential expression of these 3
markers for space andground samples betweend3 and10
(Fig. 2M–O). Either in space or on the ground, the ex-
pressions of ALB, CYP450, and CK18 were significantly
increased from3 to 10d (except for amoderate increase for
CYP450 on the ground), implying a time-dependent hep-
atogenic induction. Either at d 3 or 10, the expressions of

Figure 1.Morphologic representation of rBMSCs cultured in space or on the ground. Plotted are the optical (A, B, E, F) and SEM
(C, D, G, H) images of rBMSCs cultured for 3 (A–D) or 10 (E–H) d in space (A, C, E, G) and on the ground (B, D, F, H). A’–H’)
high-magnitude images of A–H. Arrows indicated the paired dual nuclei or nucleoli.
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Figure 2. Hepatogenic differentiation of rBMSCs in space or on the ground. A–O) Plotted are the typical immunofluorescence
(IF) images of typical hepatic biomarkers ALB (A–D), CYP450 (E–H), and CK18 (I–L) and the estimated mean fluorescence
intensity of ALB (M), CYP450 (N), and CK18 (O) of rBMSCs cultured at d 3 or 10 in space (closed bars) and on the ground
(open bars). Data are presented as the means 6 SD of 20–80 images from 1 experiment in space and 3 independent experiments
on the ground and were analyzed with a 2-way ANOVA followed by a Holm-Šidák test. P–S’) Also plotted are functional tests of
differentiated rBMSCs in space or on the ground (P–S, P’–S’) with typical Oil Red O staining images at d 3 (P, P’, R, R’) or d 10
(Q, Q’, S, S’) in space (P, P’, Q, Q’) and on the ground (R, R’, S, S’). Arrows denote those flowerlike clusters.
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ALB and CK18 were markedly up-regulated in space
compared with those on the ground. At d 3, CYP450 ex-
pression was pronounced when on the ground, whereas it
wasmoderately lower in space; at d 10, CYP450 expresison
on the ground and in space was comparable. Nevertheless,
these results demonstrated that the directed differentiation
of rBMSCs into the cellswith primaryhepatic functionswas
likely fostered in space and gradually matured with
time in the differentiation medium. Interestingly, al-
though the differentiating cells exhibited a fibroblast-
like morphology after hepatogenic induction (Fig.
2A–L), the expression of ALB, CYP450, or CK18 was
increased with cell maturation and differentiation.
These findings indicated that rBMSCs present func-
tional potential in differentiating into cellswith primary
hepatic functions, especially in space microgravity.

To further test whether the differentiated cells possess
mature hepatocyte function, a typical assay for lipid
droplet production was conducted using Oil Red O
stainingof lipidvacuoles (Fig. 2P–S,P’–S’). The cells in all 4
cases were positively stained, and lipid droplets were
typically arranged in flowerlike clusters in cytoplasm (ar-
rows). Again, lipid droplet production was significantly
increased in a time-dependent manner, with a higher
production level at d 10 either in space or on the ground.
Moreover, the staining was higher in cells in space than

those on the ground at either d 3 (Fig. 2P, P’, R, R’) or d 10
(Fig. 2Q, Q’, S, S’), supporting the above observations of
expressions of hepatic biomarkers. Collectively, the results
suggested that the space environment could favor the
differentiation of rBMSCs into cells with primary hepatic
functions in hepatogenic induction medium.

Expression of cell adhesion molecules and
focal adhesion complex proteins

Cell adhesion molecules play important roles in cell ad-
hesion, stem cell differentiation, tissue development, and
mechanotransduction. We tested 4 typical molecules of
CD34, CD44, ICAM-1, and VCAM-1 (Fig. 3). As a spe-
cific biomarker in stem cells, CD34 was expressed in all
the cases (Fig. 3A–D), and no time dependence
between d 3 and d 10 or differential expression between
space and ground samples was found (Fig. 3Q), except
for moderate reduction on the ground from d 3 to 10. It
is worth noting that CD34 distribution and character-
istics were different in space and on the ground—for
example, this molecule preferred to form dotlike
structures over the entire cell in space (Fig. 3A, B) but
not on the ground (Fig. 3C, D). By contrast, the ex-
pressions of CD44 (Fig. 3E–H), ICAM-1 (Fig. 3I–L), and

Figure 3. Effects of space microgravity on expression of cell adhesion molecules. Plotted are typical IF images (A–P) and
estimated mean intensities (Q–T) of CD34 (A–D), CD44 (E–H), ICAM-1 (I–L), and VCAM-1 (M–P) on rBMSCs cultured for 3 or
10 d in space (closed bars) and on the ground (open bars). Data are presented as the means 6 SD of 20–80 images from 1
experiment in space and 3 independent experiments on the ground and were analyzed with a 2-way ANOVA followed by a Holm-
Šidák test.
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VCAM-1 (Fig. 3M–P) were consistently decreased in
space at either d 3 or d 10 compared with those on the
ground (Fig. 3R–T), implying that the cell adhesion
could be attenuated in space.

In fact, more important adhesive molecules for ad-
hering MSCs onto the substrate are those in focal ad-
hesion complexes because they are the subcellular
structures that bridge cytoskeletal proteins with the
extracellular matrix and mediate the mechanical forces
to regulate cellular responses in space. Two typical focal
adhesion proteins of b1-integrin and vinculinwere thus
tested (Fig. 4). Here, b1-integrin expression was sig-
nificantly increased in space compared with that on the
ground even thoughnodifference in the expressionwas
found between d 3 and 10 (Fig. 4A–D, M). In contrast,
the trend of vinculin expression was the opposite, with
higher expression on the ground than that in space at
either d 3 or 10 (Fig. 4E–H,N). Because vinculin plays a
key role in shape control, our data suggested that the
loss of vinculin disrupts the formation of the complex,
prevents cell adhesion and spreading, and inhibits
lamellipodia extension. These results were consistent
with the previous morphologic observations that the
cells tended to be elongated but not spread out in space
(Fig. 1). Taken together, these results suggest that cells
in space likely became less adhesive with the progress
of hepatogenic differentiation.

Cytoskeletal remodeling and
mechanotransductive pathways

Induced hepatogenic differentiation of rBMSCs under
space microgravity is associated with the cytoskeletal
network that undergoes the mechanical support. Expres-
sions of typical actin (Fig. 5A–D), tubulin (Fig. 5E–H), and
vimentin (Fig. 5I–L) in space were tested at d 3 and 10 and
compared with those on the ground. Morphologically,
intracellular actin stress fibers were well formed at high
intensity at d 3 andweakened at d 10 in space (Fig. 5A, B),
with a similar pattern to those on the ground at lower
intensities (Fig. 5C,D). Particularly, the actin cytoskeleton
exhibited significantly altered redistribution in space,
presenting concentrated stress fibers at d 3 and sparse fi-
bers atd10.Suchreorganizationunder spacemicrogravity
was presumably attributed to the coordination of bio-
mechanical (microgravity) and biochemical (hepatocyte
induction) signaling. Tubulin filaments appeared to pre-
sentmore visible bundles in space (Fig. 5E, F) but depicted
more distinct dotted structures on the ground (Fig. 5G,H).
Vimentin filaments tended to be concentrated around the
nucleus in space (Fig. 5I, J) but yielded disperse distribu-
tion over the entire cell on the ground (Fig. 5K, L), as pre-
dicted previously (20, 31). Quantifying those expressions
between space and ground samples, total expressions of
actin (Fig. 5M), tubulin (Fig. 5N), and vimentin (Fig. 5O)

Figure 4. Effects of space microgravity on the expression of focal adhesion complex. Plotted are typical IF images (A–L) and
estimated mean intensities (M, N) of b1-integrin (A–D, M) and vinculin (E–H, N) expressed by rBMSCs cultured for 3 or 10 d in
space (closed bars) and on the ground (open bars). Cell nuclei are presented in I–L. Data are presented as the means 6 SD of
20–80 images from 1 experiment of space sample and 3 independent experiments on the ground and were analyzed with a 2-way
ANOVA followed by a Holm-Šidák test.
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were surprisinglyhigher in space thanon thegroundatd3
or 10, indicating the cytoskeletal strengthening in space for
differentiating cells. By constrast, time dependence of cy-
toskeletal protein expressionwas different in space and on
the ground. The expression of 3 proteins was significantly
reduced from d 3 to 10 in space but was diverse on the
ground, with reduced actin, comparable tubulin, and
enhanced vimentin. Because the vimentin expression
remained similar with tubulin at d 3 (Fig. 5N, O), the ex-
posure to space microgravity led to a significant increase
of vimentin expression at short duration. These results
demonstrated that cytoskeletal remodeling outlines the
underlying mechanotransduction in hepatogenic differ-
entiation of rBMSCs in space.

To elucidate the correlation of mechanotransduction
with hepatogenic differentiation signal pathways via cy-
toskeletal remodeling, the expressions of 3 typical Rho
guanosine 5’-triphosphatases (GTPases) of RhoA, Rac1,
and Cdc42 as well as ROCK were tested (Fig. 6). RhoA
expression in space was comparable at d 3 or moderately

enhanced at d 10 compared with that on the ground,
whereas no time-dependent expression was observed
either in space or on the ground (Fig. 6A–D, Q). Rac1
expression in space was comparable at d 3 or signifi-
cantly reduced at d 10 compared with that on the
ground, whereas time-irrelevant expression and time-
dependent increasewas observed for space and ground
samples, respectively (Fig. 6E–H, R). Similar patterns of
time dependence and differential expression were
found for Cdc42 (Fig. 6I–L, S) and ROCK (Fig. 6M–P,
T)—that is, the expressionwas sharply reduced in space
at either d 3 or 10, whereas time-irrelevant expression
was observed either in space or on the ground. Inserts in
Fig. 6L, N illustrate the typical hepatoceullular pheno-
type with dual nuclei in a single differentiated cell
at d 10. These diverse expressions of distinct Rho
GTPases andROCK implied that the biomechanical and
biochemical cues are coupled together to regulate the
complicated signaling network for rBMSC differentia-
tion to hepatocytes in space.

Figure 5. Effects of space microgravity on cytoskeletal remodeling. Plotted are typical IF images (A–L) and estimated mean
intensities (M–O) of b-actin (A–D), a-tubulin (E–H), and vimentin (I–L) in rBMSCs cultured for 3 or 10 d in space (closed bars)
and on the ground (open bars). Data are presented as the means 6 SD of 20–80 images from 1 experiment and 3 independent
experiments on the ground and were analyzed with a 2-way ANOVA followed by a Holm-Šidák test.
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Downstream mechanotransduction under micrograv-
ity could also be associated with multiple signaling mol-
ecules, especially related to nuclear responses. Here, 3 sets
of those molecules were tested systematically. Briefly,
b-catenin and NF-kB expressions were increased at d 3 and
10, but FAK and Src protein expressions were decreased
at d 10 in space (Supplemental Fig. S2). The expressions of
cofilin-2, caveolin-1, JNK, ERK, and PI3K were likely low-
ered, whereas protein kinase B expression remained un-
changed in space (Supplemental Fig. S3). p-lamin A/C and
total H2B expressions were enhanced, but total lamin A/C
and acetylated H2B were reduced in space (Supplemental
Fig. S4). Diverse time dependences were also observed for
distinct molecular sets. Although these results presented a
complicated, time-varied signaling network, the compari-
sons between space and ground samples suggested that the
hepatogenic differentiation of rBMSCs is, at least, mechano-
sensitive. For more details, refer to the Supplemental Data.

Exosome RNA profiling

Stem cells are capable of transferring genetic information
to the neighboring stem cells or the stroma cells via the
releaseofexosomes.Toevaluatewhetherspacemicrogravity
can affect the exosome-mediated transfer in hepatogenic

differentiationof rBMSCs, the exosomeswere collected from
the supernatants of rBMSCs cultured in space or on the
ground separately, and the exosome RNA profile analysis
was performed to investigate their roles in cell-cell commu-
nication and hepatocellular functions (Fig. 7). Data at d 10
were chosen to determine the possible gene expression
profile in exosomes in space or on the ground. In space mi-
crogravity, 7 genes were up-regulated compared with
groundcontrols [i.e., ribosomalprotein S2, ribosomalprotein
L14, eukaryotic translation elongation factor 1 a 1, Trns1
(also known as mt-Ts1) (tRNA), ferritin heavy chain 1,
ENSRNOG00000058555 (miscellaneous RNA with un-
known function), and LOC100911540 (pseudogene)]. By
contrast, no down-regulated genes were found between the
2 groups (Fig. 7A,B). Thedifferentially expressed genes play
a role in gene transcription and postmodification. Typically,
ribosomalprotein S2 and ribosomalproteinL14are 40S- and
60S-related ribosomal proteins, respectively, constituting
small and large ribosomal subunits and functioning in the
posttranslational processing (32, 33). The eukaryotic trans-
lation elongation factor 1a1 protein is an isoform of the
eukaryotic elongation factor 1 complex a subunit, not only
being presented in both the cytoplasm for translation and in
the nucleus for nuclear transport (34) but also serving as an
actin bundlingprotein colocalizedwith F-actin to participate
in cytoskeletal organization (35).Moreover,GOanalysiswas

Figure 6. Effects of space microgravity on the expression of Rho GTPases and ROCK. Plotted are typical IF images (A–P) and
measured mean intensities (Q–T) of RhoA (A–D, Q), Rac1 (E–H, R), Cdc42 (I–L, S), and ROCK (M–P, T) in rBMSCs cultured
for 3 or 10 d in space (closed bars) and on the ground (open bars). Inserts in (L, N) illustrate the typical phenotype of dual
nuclei in a single differentiated cell. Data are presented as the means 6 SD of 20–80 images from 1 experiment in space and 3
independent experiments on the ground and were analyzed with a 2-way ANOVA followed by a Holm-Šidák test.
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performed to determine the gene enrichment in cellular
components, molecular functions, and biologic processes
(Fig. 7C). It was indicated that these differentially expressed
genes are highly enriched in biologic processes such as viral
infection, multi-organism cellular process, and biosynthesis,
participating in the molecular events of RNA binding,
structural constituent of ribosome, oxidoreductase activity,
and metal ion oxidization. They are also involved in the
cellular components as extracellular exosome, vesicle, and
organelle. Together, these data indicated that space micro-
gravity could enhance the mRNA transcription and cell-cell
communication among rBMSC-derived differentiated cells.

DISCUSSION

How space microgravity affects the biologic functions of
thecells isakey issue fromtheviewpointofmechanobiology.

This work aims to investigate the hepatogenic potential
of rBMSCs in space by directing hepatogenic differen-
tiation via biochemical induction and to compare the
results with those on the ground. After a 10-d induction
in space, the cells presented a more hepatocytelike
phenotype than those on the ground, such as 2 nucleoli.
Typical biomarker expression of ALB and CK18 and
functional testing of lipid droplet production further
verified the potential of hepatogenic differentiation
and maturation of rBMSC-derived cells. The underly-
ing mechanotransductive mechanisms in space were
sophisticated, yielding the distinct expressions of cell
adhesion molecule, focal adhesion complexes, and cyto-
skeletal proteins and enhancing the exosome-mediated
mRNA transfer (Fig. 8). To our knowledge, this is the
first evidence in actual space microgravity to elucidate
the biologic features and hepatogenic differentiation of
rBMSCs, especially at protein and gene levels.

Figure 7. Effects of space microgravity on RNA profile in exosomes collected from the supernatants of rBMSCs cultured for 10 d
in space and on the ground. A) Volcano plots of exosome RNA profile (space vs. ground). The horizontal line represents a
P value of 0.05, and the 2 vertical lines correspond to 2-fold up or down. The red points represent the up-regulated genes with
statistical significance. B) Hierarchical clustering analysis of significantly changed genes (space vs. ground). The relative
abundance of a gene expression in a given sample is colored by its row z score, calculated by subtracting the mean expression
across all samples from its value for a given sample and then dividing by the SD across all the samples. Each row denotes a gene;
the columns represent 1 experiment in space and 2 independent experiments on the ground. C) GO term enrichment and
pathway analysis of the differentially expressed genes. The top 10 enriched GO terms in biologic process, molecular function,
and cellular component were calculated by the value of 2log10 (P value) and are presented in bar diagrams. Eef1a1, eukaryotic
translation elongation factor 1 a 1; ENSRNOG00000058555, miscellaneous RNA with unknown function; Fth1, ferritin heavy
chain 1; LOC100911540, pseudogene; poly(A), poly(A) tail; Rpl14, ribosomal protein L14; Rps2, ribosomal protein S2; Trns1,
also known as mt-Ts1.
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Our results conformed to the major findings demon-
strated by those studies on rBMSCs or HLCs using clino-
stats or microgravity effect simulation approaches on
the ground, such as decreased cell adhesion molecule
expression of ICAM-1 and VCAM-1 (36, 37). Unlike the
microgravity effect simulation (12), however, space
microgravity could enhance F-actin expression and stress
fiber formation (Fig. 5), indicating a different regulating
mechanism in rBMSC differentiation between space- and
ground-based approaches. It could also provide an appro-
priate assay for hepatogenic differentiation of rBMSCs,
potentially applicable in engineered liver reconstruction
as an effective cell source.

Maturation of HLCs derived fromMSCs is a key issue
for both stem cell biology and potential cell sources in
regenerative medicine (38). The most commonly used is a
2-step protocol to direct hepatogenic differentiation, with
differentiation medium followed by maturation medium
(39–41), or even a 3-step protocol (42, 43), usually taking
20 or even 30 d. This was an extremely long time to

differentiate MSCs in space because our spaceflight ex-
perimentwas performed in the space payload. Evidently,
these are not practical for an SJ-10 satellitemission, which
only runs in orbit for 12 d. To satisfy this space mission
and explore a novel approach in space, a modified 1-step
induction protocol (22) was used for directing HLCswith
differentiation medium alone. Here, the observed transi-
tion of fibroblastlike morphology (Fig. 1) is consistent
with the morphologic change in the first step of hepato-
genic differentiation (39) even though the specific bi-
nucleated cellswith small, round, or polygonal shape and
platelike structure were not observed. Moreover, differ-
entiated cells in space were strongly positive in, at least,
ALB andCK18 staining (Fig. 2) and also presented typical
hepatic functions and nucleus features. Taken together,
these results allow us to reasonably believe that the cells
differentiated from rBMSCs could be more mature in
space than on the ground.

In addition to those biochemical factors, themechanical
factors originating from space microgravity could play a

Figure 8. Working model for the effects of space microgravity on hepatogenic differentiation of rBMSCs. Molecules depicted by
solid grey boxes (down-regulated), dotted boxes (up-regulated) and solid white boxes (invariant). ECM, extracellular matrix.
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role indirecting rBMSCs intoHLCs viamechanosensation,
which is induced by cell adhesion onto the substrate and
by force transmission through cytoskeletons (20, 31, 44). In
this work, a stem cell phenotype–related adhesive mole-
cule, CD34, maintained the similar expression, but other
conventional adhesive molecules of CD44, ICAM-1, and
VCAM-1 yieldedreduced expressions in space (Fig. 3).
These results suggested that the cells grown in a mono-
layer in space would not have to attach onto the substrate
as closely as on Earth. Because cell adhesion is the initial
step for biomechanical and biochemical signaling, it is
possible that the difference in ligand availability and
structure contributes distinctly to regulate cell adhesion,
together with the downstream focal adhesion complexes.
Evaluation of 2 typical members of the complexes, b1-
integrin and vinculin, presented the opposite manner be-
tween in space and on the ground. On one hand, vinculin
wasdown-regulated in space (Fig. 4E–H,N), implying that
the focal adhesions could also be loweredand the ability of
cell adherence is then reduced. On the other hand, as a key
adhesive molecule in MSCs (45) and hepatocytes (46) in
cell adhesion (47), mechanotransduction (48), and liver
injury repair (49), b1-integrin expression was enhanced in
space (Fig. 4A–D, M), consistent with those observations
from simulated microgravity effect tests (50). Because
VCAM-1 expression in space was reduced and fewer b1-
integrin–VCAM-1 pairs may be not effective to support
cell adhesion, one possiblemechanism is that the extrab1-
integrins would bind to other ligands to compensate the
insufficiency [e.g., collagen I ligand, known to specifically
bind tob1-integrin inMSCs in a ground-based study (50)].
This is critical especially for hepatogenic induction of
rBMSCs because the reinforced b1-integrin signaling via
VCAM-1 and/or collagen I binding could potentially fa-
vorhepatogenicdifferentiation (51, 52). Interestingly, actin
expression in rBMSCs is higher in space than on the
ground (Fig. 5A–D, M), similar to those observations
during parabolic flight at the gene level (19). Tubulin is
increased significantly in space compared with ground
controls (Fig. 5E–H, N), also consistent with the observa-
tions during parabolic flight (19). Exposure to space mi-
crogravity for 3d leads to a significant increase of vimentin
expression (Fig. 5I–L, O), which is in agreement with
previous studies via clinostat (19) and,more likely, applied
to strengthen the cytoskeletal network via vimentin cord,
as observed under a varied-gravity vector (20).

The above mechanical signals under space micrograv-
ity can also be transduced into biochemical signals
via mechanosensitive pathways. As typical mechano-
transductivemolecules, 3 members of RhoGTPase family
(Cdc42, Rac1, and RhoA) serve as “molecular switches”
and regulate the formation of filopodia, lamellipodia, and
stress fibers, respectively, in MSCs (53, 54). Abnormal
regulations or functions of the cellular cytoskeleton via
cell adhesion alter cell phenotype. At the early stage
of the directed hepatogenic differentiation of rBMSCs
for 3 d under microgravity, b1-integrin expression is
up-regulated, but autophosphorylation of adhesion-
dependent kinase FAK (Supplemental Fig. S2A–D, Q)
and expressions of Rho GTPases of RhoA (Fig. 6A–D,Q)
and Rac1 (Fig. 6E–H, R) have no significant differences,

andCdc42 has a slight decline (Fig. 6I–L, S), as compared
with those on the ground. The members of the Rho
GTPase family (Cdc42, Rac1, and RhoA) help cells reg-
ulate changes in shape by controlling actin dynamics.
Generally speaking, RhoA activate ROCK,which in turn
inhibits the protein cofilin. Cofilin’s function is to re-
organize the actin cytoskeleton of a cell; namely, it de-
polymerizes actin segments (55). Existing literature
reported that hepatocyte growth factor was conducive
to formation of stress fibers by inhibiting activation
of Rho GTPase (56). That explained why our results
showed stress fiber was themost obvious at d 3 in space,
but Rho GTPase was reduced. Simultaneously, ROCK
was dramatically decreased (Fig. 6M–P, T), but cofilin
was also decreased (Supplemental Fig. S3A–D, A). At
the late stage of induced differentiation for 10 d, how-
ever, Rac1 and Cdc42 expressions are decreased and
phosphorylated-FAK and RhoA expressions are in-
creased dramatically in space compared with ground
controls. NF-kB expression is significantly enhanced in
space compared with that on the ground at d 3, but the
difference between space and ground groups tends to
reduce at d 10 (Supplemental Fig. S2M–P, T). Because
hepatogenic differentiation of MSCs in space should
result from the coupling of mechanical and chemical
signaling, it is reasonably speculated that chemical in-
duction plays major roles at the early stage and me-
chanical factors work at the late stage. Mechanical and
chemical signal molecules translate to cell nucleus–
induced changes of nucleoproteins, and their modifica-
tion in turn affects changes in the cell phenotype (Sup-
plemental Fig. S4). To date, few studies are directed on
hepatogenic differentiation of MSCs under space mi-
crogravity or ground-based simulation, and further
studies are required to isolate the 2 distinct signaling
mechanisms.

In summary, this specialized microgravity experiment
on an SJ-10 satellite provides an appropriate microenvi-
ronment to test the potentials in promoting the differen-
tiation of rBMSCs toward cells with primary hepatic
functions. This process is exemplified as the coupling of
biochemically induced transdifferentiation of rBMSCs to-
gether with mechanotransductive responses in space.
Cellular mechanisms and molecular bases of homeostatic
and injury-induced liver regenerationareuniqueandneed
to be further studied. Nevertheless, utilizing space mi-
crogravity to direct hepatogenic differentiation of MSCs
could be a novel strategy for obtaining functionalHLCs.
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Bornhäuser, M., and Werner, C. (2004) Mesenchymal stem cells can
be differentiated into endothelial cells in vitro. Stem Cells 22, 377–384

6. Jiang, Y., Jahagirdar, B. N., Reinhardt, R. L., Schwartz, R. E., Keene,
C.D.,Ortiz-Gonzalez,X.R., Reyes,M., Lenvik,T., Lund,T., Blackstad,
M., Du, J., Aldrich, S., Lisberg, A., Low,W.C., Largaespada, D.A., and
Verfaillie, C. M. (2002) Pluripotency of mesenchymal stem cells
derived fromadultmarrow.Nature 418, 41–49; erratum: 447, 879–880

7. Aurich, H., Sgodda,M., Kaltwasser, P., Vetter,M.,Weise, A., Liehr, T.,
Brulport, M., Hengstler, J. G., Dollinger, M. M., Fleig, W. E., and
Christ, B. (2009) Hepatocyte differentiation of mesenchymal stem
cells fromhumanadipose tissue in vitro promotes hepatic integration
in vivo. Gut 58, 570–581

8. Sato, Y., Araki, H., Kato, J., Nakamura, K., Kawano, Y., Kobune, M.,
Sato, T., Miyanishi, K., Takayama, T., Takahashi, M., Takimoto, R.,
Iyama, S., Matsunaga, T., Ohtani, S., Matsuura, A., Hamada, H., and
Niitsu, Y. (2005)Humanmesenchymal stemcells xenografteddirectly
to rat liver are differentiated into human hepatocytes without fusion.
Blood 106, 756–763

9. Banas, A., Teratani, T., Yamamoto, Y., Tokuhara, M., Takeshita, F.,
Quinn, G., Okochi, H., and Ochiya, T. (2007) Adipose tissue-derived
mesenchymal stem cells as a source of humanhepatocytes.Hepatology
46, 219–228

10. Stock, P., Brückner, S., Ebensing, S., Hempel, M., Dollinger, M. M.,
and Christ, B. (2010) The generation of hepatocytes from
mesenchymal stem cells and engraftment into murine liver. Nat.
Protoc. 5, 617–627

11. Ratushnyy, A., Ezdakova, M., Yakubets, D., and Buravkova, L. (2018)
Angiogenic activity of human adipose-derived mesenchymal stem
cells under simulated microgravity. Stem Cells Dev. 27, 831–837

12. Chen, Z., Luo, Q., Lin, C., Kuang, D., and Song, G. (2016) Simulated
microgravity inhibits osteogenic differentiationofmesenchymal stem
cells via depolymerizingF-actin to impedeTAZnuclear translocation.
Sci. Rep. 6, 30322

13. Sheyn, D., Pelled, G., Netanely, D., Domany, E., and Gazit, D. (2010)
The effect of simulated microgravity on human mesenchymal stem

cells cultured inanosteogenicdifferentiation system:abioinformatics
study. Tissue Eng. Part A 16, 3403–3412

14. Yin,H.,Wang, Y., Sun, Z., Sun,X.,Xu, Y., Li, P.,Meng,H., Yu,X.,Xiao,
B., Fan, T., Wang, Y., Xu, W., Wang, A., Guo, Q., Peng, J., and Lu, S.
(2016) Induction of mesenchymal stem cell chondrogenic
differentiation and functional cartilage microtissue formation for in
vivo cartilage regeneration by cartilage extracellular matrix-derived
particles. Acta Biomater. 33, 96–109

15. Wang, N., Wang, H., Chen, J., Zhang, X., Xie, J., Li, Z., Ma, J., Wang,
W., and Wang, Z. (2014) The simulated microgravity enhances
multipotential differentiation capacity of bonemarrowmesenchymal
stem cells. Cytotechnology 66, 119–131

16. Luna, C., Yew, A. G., and Hsieh, A. H. (2015) Effects of angular
frequency during clinorotation on mesenchymal stem cell
morphology and migration. NPJ Microgravity 1, 15007

17. Zhang, C., Li, L., Jiang, Y., Wang, C., Geng, B., Wang, Y., Chen, J., Liu,
F., Qiu, P., Zhai, G., Chen, P., Quan, R., and Wang, J. (2018) Space
microgravity drives transdifferentiation of human bone marrow-
derived mesenchymal stem cells from osteogenesis to adipogenesis.
FASEB J. 32, 4444–4458

18. Talbot, N. C., Caperna, T. J., and Garrett, W. M. (2013) Growth and
Development Symposium: development, characterization, and use of
a porcine epiblast-derived liver stem cell line: ARS-PICM-19. J. Anim.
Sci. 91, 66–77

19. Aleshcheva, G., Wehland, M., Sahana, J., Bauer, J., Corydon, T. J.,
Hemmersbach, R., Frett, T., Egli, M., Infanger, M., Grosse, J., and
Grimm,D. (2015)Moderate alterations of the cytoskeleton inhuman
chondrocytes after short-term microgravity produced by parabolic
flight maneuvers could be prevented by up-regulation of BMP-2 and
SOX-9. FASEB J. 29, 2303–2314
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Campos, G., Hammad, S., Sachinidis, A., Chaudhari, U., Damm, G.,
Weiss,T. S.,Nüssler,A., Synnergren, J., Edlund,K.,Küppers-Munther,
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