Received: 21 October 2018 | Revised: 6 January 2019

Accepted: 23 January 2019

DOI: 10.1111/jcmm.14220

ORIGINAL ARTICLE

WILEY

miR-181c-5p mediates simulated microgravity-induced
impaired osteoblast proliferation by promoting cell cycle
arrested in the G, phase

Zhongyang Sun®?3

| YingLi® | HanWang* | Min Cai®*® | Shanshan Gao® |

Jing Liu® | Liangcheng Tong? | Zebing Hu® | Yixuan Wang® | Ke Wang® |
Lijun Zhang® | Xinsheng Cao® | Shu Zhang® | FeiShi® | Jianning Zhao!

'Department of Orthopedics, Affiliated Jinling Hospital, Medical School of Nanjing University, Nanjing, China

’Department of Orthopedics, Junxie Hospital, Anhui Medical University, Nanjing, China

3The Key Laboratory of Aerospace Medicine, Chinese Ministry of Education, Fourth Military Medical University, Xi'an, China

4Department of Orthopedics, Affiliated Hospital of Air Force Aviation Medicine Research Institute, Fourth Military Medical University, Beijing, China

>Medical Services Section, Junxie Hospital, Anhui Medical University, Nanjing, China

%Department of Pharmacy, Junxie Hospital, Anhui Medical University, Nanjing, China

Correspondence

Shu Zhang, The Key Laboratory of
Aerospace Medicine, Chinese Ministry

of Education, Fourth Military Medical
University, Xi'an, China.

Email: shuzhang89@hotmail.com

and

Fei Shi, The Key Laboratory of Aerospace
Medicine, Chinese Ministry of Education,
Fourth Military Medical University, Xi'an,
China.

Email: sdfapple719@126.com

and

Jianning Zhao, Department of Orthopedics,
Affiliated Jinling Hospital, Medical School of
Nanjing University, Nanjing, China.

Email: zhaojianning.0207@163.com

Funding information

National Natural Science Foundation of
China, Grant/Award Number: 31570939,
81600694, 81572111 and 81471815; Key
Pre-research Project of Manned Spaceflight,
Grant/Award Number: 020106; Science and
Technology Project of Nanjing, Grant/Award
Number: 201503008

Abstract

Impaired osteoblast proliferation plays fundamental roles in microgravity-induced
bone loss, and cell cycle imbalance may result in abnormal osteoblast proliferation.
However, whether microgravity exerts an influence on the cell cycle in osteoblasts or
what mechanisms may underlie such an effect remains to be fully elucidated. Herein,
we confirmed that simulated microgravity inhibits osteoblast proliferation. Then, we
investigated the effect of mechanical unloading on the osteoblast cell cycle and found
that simulated microgravity arrested the osteoblast cell cycle in the G, phase. In addi-
tion, our data showed that cell cycle arrest in osteoblasts from simulated microgravity
was mainly because of decreased cyclin B1 expression. Furthermore, miR-181c-5p di-
rectly inhibited cyclin B1 protein translation by binding to a target site in the 3'UTR.
Lastly, we demonstrated that inhibition of miR-181c-5p partially counteracted cell
cycle arrest and decreased the osteoblast proliferation induced by simulated micro-
gravity. In conclusion, our study demonstrates that simulated microgravity inhibits cell
proliferation and induces cell cycle arrest in the G, phase in primary mouse osteoblasts
partially through the miR-181c-5p/cyclin B1 pathway. This work may provide a novel
mechanism of microgravity-induced detrimental effects on osteoblasts and offer a

new avenue to further investigate bone loss induced by mechanical unloading.
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1 | INTRODUCTION

Bone is a dynamically remodelled tissue that requires gravity-
mediated mechanical stimulation for maintenance of the mineral
content and structure.? Numerous studies have shown that me-
chanical stimulation increases bone formation in modelling the
skeleton, whereas reduced mechanical loading, as observed in
patients subjected to prolonged immobilization or bed rest and
in astronauts in a microgravity environment, results in reduced
bone mass.>® Impaired osteoblast proliferation is believed to
play an important role in microgravity-induced bone loss.”® The
mechanisms by which microgravity exerts these detrimental ef-
fects on osteoblast proliferation remain unclear and merit further
research.

Accumulating evidence has indicated that an imbalance of cell
cycle progression may result in abnormal cell proliferation and
even carcinogenesis.9'11 Cell cycle arrest induced by micrograv-
ity has been observed in many cell types, including myoblasts,12
Arabidopsis cells,*® leucocytes** and bone marrow mesenchymal
stem cells.*>*¢ Although microgravity has been implicated in halt-
ing cell cycle progression, the precise mechanisms behind this
phenomenon are not yet fully understood. Cell cycle progression
is critically regulated by the sequential activation of cyclins and
cyclin-dependent kinases (Cdks).2*® In mammalian cells, the tran-
sition from the G, phase into mitosis is controlled by the activation
of the maturation promoting factor, the major component of which
is the cyclin B1-Cdc2 kinase complex.}”*? The Cdc2 (also known
as Cdk1) catalytic subunit is regulated by a series of coordinated
phosphorylation and dephosphorylation events.)” Activation of
Cdc2 is prevented by its phosphorylation at Thr14/Tyr15 by the
protein kinases Weel and Myt1.172%2! Dephosphorylation of
Thr14/Tyrl5 by the protein phosphatase Cdc25 eventually acti-
vates the Cdc2-cyclin B1 complex, which allows for progression to
mitosis.}”?? Cdc2 activity is also regulated by the availability of the
cyclin subunits. During the S phase, cyclin B1 mRNA and protein
begin to accumulate, and their levels are highest during the G,/M
phase.r” As cells progress through mitosis, cyclin B1 is ubiquiti-
nated and degraded by the anaphase-promoting complex.”?3 In
addition, the activated cyclin B1-Cdc2 kinase complex translocates
from the cytoplasm into the nucleus, which is required for cells to
enter mitosis.”

Recent studies have shown that in addition to the ubiquitina-
tion and anaphase-promoting complex mentioned above, there are
other factors that participate in cyclin B1 regulation.?*?® MicroRNA
(miRNA), which is a family of small, single-stranded non-coding RNA
molecules, has been well studied and it functions in the silencing
and post-transcriptional regulation of gene expression.zz28 Gene ex-
pression is repressed by miRNAs through base-pairing with comple-
mentary sequences within mMRNA molecules.?”%° It is estimated that
miRNAs regulate more than 30% of human protein-coding genes,
demonstrating the essential role of miRNAs in modulating gene

expression.?®2 Several studies have shown that miR-199a-5p,%°
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miR-410%* and miR-379%° mediate the cell cycle by directly reg-
ulating cyclin B1 (Ccnb1) expression in several cell types of cells.
However, the function of these miRNAs in osteoblasts has not been
confirmed.

Taken together, these data suggest that impaired osteoblast
proliferation plays an important role in microgravity induced-bone
loss and that cell cycle disorders may lead to decreased osteo-
blast proliferation. In addition, miRNAs may take part in the reg-
ulation of the cell cycle in osteoblasts. However, little is known
about whether microgravity exerts an influence on the cell cycle
in osteoblasts, and the possible mechanisms underlying this ef-
fect remain unclear. In the present study, we have been suggested
that simulated microgravity inhibits cell proliferation and induces
cell cycle arrest in primary mouse osteoblasts through a miRNA/
cyclin pathway. We therefore examined the effects of simulated
microgravity on osteoblast proliferation and cell cycle progression
with methods including 5-ethynyl-2'-deoxyuridine (EdU) labelling,
immunostaining approaches and flow cytometry. Then, we used
real-time quantitative PCR (qPCR) and specific immunostaining
approaches to examine the effects of simulated microgravity on
the function of the cyclin B1-Cdc2 kinase complex. In addition,
we assessed the role of cyclin B1 and miR-181c-5p in mediating
cell proliferation and cell cycle progression in primary mouse os-
teoblasts under simulated microgravity conditions. This study may
provide a novel mechanism for bone loss caused by mechanical

unloading.

2 | MATERIALS AND METHODS

2.1 | Cell culture and transfection

Primary mouse osteoblasts were isolated as described previ-
ously.%'37 Cells were used at passages 3-5. Then, cells were
confirmed to be osteoblasts using a phenotype characterized
by Runx2 and ALP expression and the capacity to form mineral-
ized bone nodules (data not shown). To better observe the ef-
fects of simulated microgravity, cells were cultivated for 24 hours
with serum-free medium to implement cell cycle synchronization
and serum starvation induced growth arrest in the G, phase. In
addition, nocodazole (RiboBio, China) is frequently used to syn-
chronize the cell cycle. Cells treated with nocodazole arrest at
mitosis, and this treatment served as a positive control. 2T3 cells
were subjected to luciferase assay after transfection for further
analysis.

miRNA
Lipofectamine2000 (Invitrogen, USA) was used according to the

For transfection of plasmids or regulators,
manufacturer’s instruction. pcDNA3.1-cyclin B1 or pcDNA3.1
empty vector (Berke, China) was transfected at a concentration of
200 ng/pL, and inhibitor-miR-181c-5p or inhibitor negative control
(NC) (RiboBio) was transfected at the concentration of 100 nmol/L.
The sequences of miR-181c-5p (Accession mimat0000674) inhibitor

and the negative control are listed as follow: miR-181c-5p inhibitor,
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5-UUG UAA GUU GGA CAG CCA CUCA-3’, and the negative con-
trol, 5'-GCA GUA CGC CCC AGG CGC UUU-3'. Normal or trans-
fected cells were then subjected to clinorotation for 48 hours and

harvested for further analysis.

2.2 | Clinorotation to simulate microgravity

Because of the limitation of spaceflight missions, most stud-
ies on the biological effects of microgravity are conducted
using ground-based analogs. The clinostat (Astronaut
Research and Training Center, China) is an effective tool to
simulate microgravity. Cells were exposed to clinorotation
for 48 hours at 24 r.p.m. Cells grew for 24 hours and adhered
to the coverslips which were inserted into the fixture of the
chambers. The chambers were divided into two groups: hori-
zontal rotation control and clinorotation.®¢*¢%? To confirm
the microgravity achieved by this clinostat, we tested the
effects of the simulated microgravity on biological charac-
teristics of primary mouse osteoblasts in this experimental

condition (Figure S1).

2.3 | EdU labelling assay

EdU labelling was performed according to the manual of EdU labe-
ling kit (RiboBio). Cells were visualized under an inverted microscope
linked to a confocal scanning unit (FluoView 1000; Olympus, Japan).
The EdU-positive cells (green) were counted using Image-Pro Plus
6.0 software (Media Cybernetics, USA).*%%!

2.4 | Cell counting kit-8 assay

Cell proliferation was evaluated by WST-8 (4-{3-(2-methoxy-4-nitro-
phenyl)-2-(4-nitrophenyl)->H-5-tetrazolio}-1,3-benzene disulfonate
sodium salt; Cell Counting Kit-8) assay. In brief, WST-8 solution
(Dojindo, Japan) was added to the culture medium and cells were
incubated at 37°C for an additional 3.5 hours. The absorbance of
reaction solution at 450 nm was measured using a microplate reader
(Thermo Scientific, USA).*042

2.5 | Western blot analysis

The cells were lysed in radio immunoprecipitation assay (RIPA)
buffer (Thermo Fisher Scientific, USA) containing a protease inhibi-
tor cocktail (Roche, Switzerland). The resulting bands were quan-
tified through densitometry with the ImageJ software using the
proliferating cell nuclear antigen (PCNA) antibody (1:3000, ab29;
Abcam, USA), the histone H, antibody (1:5000, ab8580; Abcam),
the histone H, (phospho Ser10) antibody (1:1000, ab5176; Abcam),
the Cdc2 antibody (1:5000, ab18; Abcam), the Cdc2 (phospho
Tyrl5) antibody (1:1000, ab47594; Abcam), the cyclin B1 anti-
body (1:10 000, ab32053; Abcam) and GAPDH antibody (1:5000,
ab8245; Abcam).*°

2.6 | Cellcycle assay

Cells in different groups were trypsinized (HyClone, USA), washed
once with PBS and fixed with 70% ethanol overnight at 4°C. After
fixation, cells were washed once with PBS and resuspended in
PBS/0.1% Triton X-100 and incubated with 50 U DNase-free
RNaseA (Calbiochem, Germany) (30 minutes, room temperature).
After incubation, cells were stained with propidium iodide (20 mg/
mLin PBS, 15 minutes at room temperature). Flow cytometry (FCM)
analysis was performed with a flow cytometer (BD Biosciences,
USA).'8

2.7 | Immunofluorescence staining assay

Cells from each group were fixed in 4% (vol/vol) paraformaldehyde
for 30 minutes. Cells were incubated overnight at 4°C with oscil-
lation with primary antibody against either histone H, (phospho
Ser10) (1:300, ab5176; Abcam), Cdc2 (1:300, ab18; Abcam), Cdc2
(phospho Tyr15) (1:200, ab18; Abcam) or cyclin B1 (1:100, ab32053;
Abcam). Then, cells were incubated in the dark for 1 hour at room
temperature using Alexa Fluor 488 conjugated secondary antibody
(1:200; Invitrogen, USA). Cells were counterstained for 10 minutes
in the dark with the nuclear dye Hoechst (Hoechst AG, Germany)
diluted 1:4000 in PBS. The fluorescence was captured and observed
using an inverted microscope linked to a laser scanning confocal mi-
croscope (FluoView1000; Olympus).1838

2.8 | Immunoprecipitation and Cdc2-cyclin B1
kinase assay

Cell lysates obtained from each group were prepared as de-
scribed previously.'”*® Lysate supernatants were incubated
with an anti-cyclin B1 antibody (1:50, ab32053; Abcam) using
a Catch and Release (version 2.0) reversible immunoprecipi-
tation system (Merck Millipore, Germany). Equal amounts of
Cdc2-cyclin B complex from each sample were washed three
times with 1 mL of modified RIPA buffer. Then, the Cdc2-cyclin
B1 kinase activity in cells was measured using a Cdc2-cyclin B
kinase assay kit (Cyclex Nagano, Japan) according to the manu-

facturer's protocol.17

2.9 | mRNA and miRNA expression assays

For mRNA, cDNA was synthesized using the Primerscript RT
Kit (TaKaRa, Japan). The amplification was performed at 95°C
for 45 seconds, followed by 40 cycles of 58°C for 45 seconds,
72°C for 60 seconds. The primers pairs were as follows: Ccnbl
(GenBank accession NM_172301.3): F-5'-GGA ACG GCT GTT AGT
GTT TAG C-3' and R-5-AAA GCT TTC CAC CAA TAA ATT TTA
TT-3’; GAPDH (GenBank accession NM_008084): F-5'-CAT GTT
CCA GTA TGA CTC CAC TC-3' and R-5'-GGC CTC ACC CCATTT
GAT GT-3'.


info:ddbj-embl-genbank/NM_172301.3
info:ddbj-embl-genbank/NM_008084
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For miRNA, cDNA was synthesized using the miRNA First Strand
Synthesis kit (Agilent Technologies, USA). The universal reverse
primer: 5-TGG TGT CGT GGA GTC G-3', miR-181c-5p (accession
mimat0000674) specific forward primer: 5-UUG UAA GUU GGA CAG
CCA CUC A-3'. Amplification was carried out at 95°C for 2 minutes,
followed by 40 cycles of 95°C for 10 seconds, 60°C for 40 seconds.

Quantification of gene expression was performed with the com-
parative threshold cycle (AAC;) method. GAPDH was used as a con-
trol for Ccnbl mRNA quantification and small nuclear RNA Ué was

used as a control for miR-181c-5p.38'4°

2.10 | Luciferase assay

2T3 cells were selected for this assay based on their low-endogenous
expression of miRNAs. Cells were transfected with 20 ng empty
vector, Cecnbl 3'UTR, or MUT Ccnbl 3'UTR for 4 hours in reduced
serum and antibiotic-free Opti-MEM with Lipofectamine2000. Cells
were cotransfected with the pre-miR-181c-5p, inhibitor or a nega-
tive control (RiboBio) at a concentration of 20 nmol/L. Cells were
harvested for the luciferase assay 48 hours after transfection using
a luciferase assay kit (Promega, USA) according to the manufacturer's
protocol.%’39

2.11 | Chemicals and reagents

Unless otherwise stated, all chemicals and reagents used in this

study were obtained from Sigma Chemical Company.

Hoechst EdU

A

MG

Merged
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2.12 | Statistical analysis

The experimental data were statistically analysed with the SPSS
19.0 software. Data are presented as means + SD. Unpaired, two-
tailed Student's t tests or one-way analysis of variance was used to
compare the means. The test was considered to be significant when
P <0.05.

3 | RESULTS

3.1 | Simulated microgravity inhibits osteoblasts
proliferation

To assess the effects of simulated microgravity on osteoblast pro-
liferation, EdU labelling experiments were performed. As shown in
Figure 1A and B, the number of EdU-positive cells was decreased in
cells under the simulated microgravity condition compared with cells
in the control group. Subsequently, we employed the cell counting
kit-8 (CCK-8) assay to further define the role of simulated micrograv-
ity in the inhibition of osteoblast proliferation. The time dependent
growth curve of cells was shifted downwards after 48 hours treat-
ment with simulated microgravity, indicating that simulated micro-
gravity inhibits osteoblast proliferation (Figure 1C). These results are
in agreement with the EdU labelling assay. In addition, PCNA expres-
sion analysis was conducted to confirm the influence of simulated mi-
crogravity on osteoblast proliferation. Our results showed that there

was a decreased expression of PCNA in the simulated microgravity
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FIGURE 1 Simulated microgravity (MG) inhibits cell growth of primary mouse osteoblasts. A, EdU incorporation experiments were
analysed using an inverted microscope linked to a confocal scanning unit. Proliferating primary mouse osteoblasts were labelled with EdU.
Osteoblasts were stained with the nucleic acid dye Hoechst (blue) and EdU (green). B, Histogram of the average percentage of EdU-positive
cells from the two groups. The EdU incorporation rate was expressed as the ratio of EdU-positive cells to total Hoechst positive cells (n = 4).
C, Comparison of changes in cell growth between control (Con) and MG groups. Cells were seeded on 96-well plates at a density of 2000
cells/well. Cell proliferation was evaluated by a CCK-8 assay at 24-96 h (n = 3). D, Western blot analysis of PCNA expression in cells treated
with simulated microgravity. The total protein loaded per lane was 40 pg. Detection of GAPDH on the same blots was used to verify equal
loading amongst the various lanes (upper). Histogram illustrated average data for the relative expression of PCNA present in cells from each
group quantified by camera-based detection of emitted chemiluminescence (lower) (n = 4). The results were expressed as the mean + SD.
Two-tailed Student's t test was performed for each sample against control samples. *P < 0.05 and **P < 0.01, when compared with the

stationary control.
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FIGURE 2 Cell cycle of osteoblasts is arrested in the G, phase (as opposed to the M phase) in response to simulated microgravity. A

and B, Flow cytometry analysis of primary mouse osteoblasts treated with simulated microgravity was performed to test the cell cycle
distribution. A, Representative histograms indicate the cell cycle distribution in different groups. The relative DNA contents of cells were
determined by Pl staining. B, The percentage of cells in each cycle stage was quantified (n = 5). C-E, The effect of simulated microgravity

on the mitosis index of osteoblasts was detected by immunofluorescence for histone H, (phospho Ser10). C, Cells were seeded onto glass
coverslips and, after simulated microgravity treatment for 48 h, cells were fixed, permeabilized and subjected to staining with Hoechst (blue)
to visualize nuclei and with anti-histone H; (phospho Ser10) primary antibody and Alexa Fluor 488 conjugated secondary antibody (green)
to visualize cells undergoing mitosis. Images were analysed using a confocal microscope. D, Histogram of the percentage of histone H,
(phospho Ser10)-positive cells from these groups. The mitotic index was expressed as the ratio of histone H, (phospho Ser10)-positive cells
to total Hoechst positive cells (n = 3). E, Western blot analysis of histone H, (phospho Ser10) expression was determined in cell lysates from
primary mouse osteoblasts. The total protein loaded per lane was 40 pg. Detection of GAPDH on the same blots was used to verify equal
loading among the various lanes (upper). Histogram of the relative expression of histone H, (phospho Ser10) present in cells from each group
quantified by camera-based detection of emitted chemiluminescence (lower) (n = 4). Cells treated with 0.5 pg/mL nocodazole (a mitotic
inhibitor) for 24 h were used as a positive control. The results were expressed as the mean + SD with a one-way ANOVA with a SNK-q test.
*P < 0.05 and **P < 0.01, compared with the stationary control.
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group compared with that of the control group (Figure 1D). These
results are in agreement with the previously described experiments.

3.2 | Simulated microgravity induces osteoblast cell
cycle arrest in the G, phase

We performed FCM assays to evaluate the effects of simulated
microgravity on cell cycle distribution in primary mouse osteo-
blasts. The proportion of cells in the G,/M phase was increased
significantly, while the proportion of cells in the G,/G, and S
phases was decreased in the simulated microgravity group com-
pared with that in the control group (Figure 2A and B). To further
clarify the exact ratio of cells in the M phase, we performed immu-
nofluorescence assays for the expression of histone H; (phospho
Ser10). Figure 2C and D illustrated that the mitotic index of os-
teoblasts was decreased in the simulated microgravity group and
was significantly increased in cells pretreated with the mitotic in-

hibitor nocodazole (which is known to block cell cycle progression
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in the M phase through disruption of mitotic spindles, and which
served as a positive control). Moreover, the expression of histone
H, (phospho Ser10) was diminished in the simulated microgravity
group and was noticeably increased in the nocodazole group com-

pared with the control group (Figure 2E).

3.3 | Simulated microgravity has no effects on the
cellular localization, expression and activity of
Cdc2 kinase

In the eukaryotic cell cycle, activation of Cdc2 kinase is required for
cells to enter mitosis. We asked whether the simulated micrograv-
ity-induced G, arrest in primary mouse osteoblasts was because of
the inactivation of the cyclin B1/Cdc2 kinase complex. As this com-
plex is maintained in an inactive form through phosphorylation of the
Cdc2 residues Thr14 and Tyr15, we performed an immunostaining
assay to study the cellular localization and expression of Cdc2 and
Cdc2 (phospho Tyr15) in osteoblasts under simulated microgravity
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FIGURE 3 Cellular localization, expression levels and activity of Cdc2 kinase are unchanged under simulated microgravity conditions.

A and B, Immunocytochemistry assay was analysed using an inverted microscope linked to a confocal scanning unit (n = 3). Proliferating
primary mouse osteoblasts in different groups were stained with the nucleic acid dye Hoechst (blue), anti-Cdc2 antibody (A) or anti-p-Cdc2
antibody (B) and Alexa Fluor 488 conjugated secondary antibody (green). C, Western blot analysis of Cdc2 and p-Cdc2 expression in cell
lysates from osteoblasts in different groups. The total protein loaded per lane was 40 pg. Detection of GAPDH on the same blots was used
to verify equal loading among the various lanes. Histogram of the relative expression of Cdc2 (D) and p-Cdc2 (E) present in cells from the
Con, MG and Nocodazole groups quantified by camera-based detection of emitted chemiluminescence (n = 5). F, Cell lysates obtained from
different groups were incubated with the anti-cyclin B1 antibody reversible immunoprecipitation system. Then, Cdc2-cyclin B1 kinase
activity was measured using a Cdc2-cyclin B kinase assay kit (n = 4). Nocodazole is a mitotic inhibitor that served as a positive control
treatment. Bars represent the mean = SD with a one-way ANOVA with a SNK-q test. **P < 0.01 compared with the stationary control.
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conditions. As shown in Figure 3A, Cdc2 expression in the control
and simulated microgravity groups was localized intracellularly, but
was not nuclear. In contrast, Cdc2 had translocated into the nucleus
in nocodazole-stimulated cells (Figure 3A). Interestingly, there was
no difference in the cellular localization and fluorescence intensity
of Cdc2 in the control and simulated microgravity groups (Figure 3A).
Similarly, there was no difference in the cellular localization and ex-
pression of Cdc2 (phospho Tyr15) in the control and simulated mi-
crogravity groups (Figure 3B), but the expression of Cdc2 (phospho
Tyr15) was decreased in cells pretreated with nocodazole (Figure 3B).

To further define the influence of simulated microgravity on ex-
pression of Cdc2 kinase, we performed Western blot analysis. Our
results demonstrate that the expression of Cdc2 and Cdc2 (phospho
Tyr15) in osteoblasts was similar between the control group and the
simulated microgravity group (Figure 3C-E). In addition, we detected
a significant decrease in Cdc2 (phospho Tyr15) levels in cells treated
with nocodazole (Figure 3C and E). These results are in agreement

with the immunostaining staining assay.

A Hoechst

Cyclin B1

Noco-
dazole

We then proceeded to examine Cdc2 activity in osteoblasts
under different conditions. Cdc2-cyclin B1 complexes were isolated
from osteoblast lysates by immunoprecipitation with an anti-cyclin
B1 antibody, and Cdc2 kinase activity was determined. We found
that there was no difference in Cdc2 kinase activity in the control
and simulated microgravity groups (Figure 3F). Additionally, we ob-
served that nocodazole-treated cells had markedly higher Cdc2 ki-

nase activity than the other two groups (Figure 3F).

3.4 | Simulated microgravity has no effects on the
cellular localization of cyclin B1, but down-regulates
cyclin B1 protein levels

Immunostaining experiments were conducted to test the effects of
simulated microgravity on cellular localization of cyclin B1 in osteo-
blasts. As shown in Figure 4A, cyclin B1 expression in the control
and simulated microgravity groups had similar localization patterns,

where cyclin B1 was localized intracellularly, but not in the nucleus.
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FIGURE 4 Simulated microgravity does not change the cellular localization of cyclin B1, but decreases its expression. A, Immunostaining
staining experiments were conducted using a confocal microscope (n = 3). Primary mouse osteoblasts in different treatment groups were
labelled with the nucleic acid dye Hoechst (blue), anti-cyclin B1 and Alexa Fluor 488 conjugated secondary antibody (green). B, Western

blot analysis of cyclin B1 expression in cell lysates from cells in Con, MG and Nocodazole groups. The total protein loaded was 40 ug per
lane. Detection of GAPDH on the same blots was used to verify equal loading among the various lanes (upper). Histogram of the relative
expression of cyclin B1 present in different conditions quantified by camera-based detection of emitted chemiluminescence (lower) (n = 3).
C, qPCR of relative cyclin B1 mRNA levels in osteoblasts treated with simulated microgravity (n = 6). Primary mouse osteoblasts treated with
0.5 pg/mL nocodazole for 24 h served as a positive control. The results were expressed as the mean + SD with a one-way ANOVA with a
SNK-q test. *P < 0.05 and **P < 0.01, compared with the stationary control.



SUN ET AL.

In contrast, cyclin B1 translocated into the nucleus in nocodazole-
stimulated cells (Figure 4A). As shown in Figure 4B, the protein
levels of cyclin B1 in osteoblasts were decreased in the simulated
microgravity group and increased in cells treated with nocodazole.
In addition, we performed qPCR to investigate the changes in cyc-

lin B1 transcript levels in the different groups. Cyclin B1 transcript

WILEY—

levels in osteoblasts were similar between the control group and
the simulated microgravity group (Figure 4C), and nocodazole-
treated cells had higher cyclin B1 mRNA levels than the other two
groups (Figure 4C). These data do not agree with the protein data,
suggesting that mechanisms at the post-transcriptional level may
play a role in the regulation of cyclin B1 expression.
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FIGURE 5 Cyclin B1 overexpression restores the cell cycle arrest in the G, phase and partially counteracts the decrease of osteoblast
proliferation induced by simulated microgravity. A, Western blot to test the efficiency of the pcDNA3.1-cyclin B1 vector in primary mouse
osteoblasts under normal gravity and simulated microgravity conditions. Cell lysates were obtained after transfection with pcDNAS.1-
cyclin B1 or pcDNAS3.1 empty vector in the Con and MG groups. The total protein loaded was 40 pg per lane. Detection of GAPDH on the
same blots was used to verify equal loading among the various lanes (upper). Histogram of the relative expression of cyclin B1 in different
treatment groups quantified by camera-based detection of emitted chemiluminescence (lower) (n = 3). B and C, FCM analyses of osteoblasts
transfected with pcDNA3.1-cyclin B1 or pcDNA3.1 empty vector in the Con and MG groups. B, Representative histograms indicating cell
cycle distribution in different groups. The relative DNA content of cells was determined by Pl staining. C, The percentage of cells in each
cycle stage was quantified (n = 4). D, EdU labelling assays were analysed using an inverted microscope linked to a confocal scanning unit.
Proliferating osteoblasts were loaded with EdU. Osteoblasts were stained with the nucleic acid dye Hoechst (blue) and EdU (green). E,
Histogram of the percentage of EdU-positive cells from different groups. The EdU incorporation rate was expressed as the ratio of EdU-
positive cells to total Hoechst positive cells (n = 3). F, Comparison of cell growth changes in different treatment groups. Cells were seeded on
96-well plates at a density of 2000 cells/well. Cell proliferation was evaluated by a CCK-8 assay at 24-96 h (n = 4). G, Western blot analysis
of PCNA expression in cells transfected with pcDNA3.1-cyclin B1 or pcDNA3.1 empty vector in Con and MG groups. The total protein
loaded per lane was 40 pg. Detection of GAPDH on the same blots was used to verify equal loading among the various lanes. H, Histogram
of the relative expression of PCNA present in cells from each group as quantified by camera-based detection of emitted chemiluminescence
(lower) (n = 4). The results were expressed as the mean + SD with a one-way ANOVA with a SNK-q test. *P < 0.05 and **P < 0.01, compared
with the stationary control.
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3.5 | Overexpression of cyclin B1 rescues the cell
cycle arrest in the G, phase and partially recovers the
inhibition of osteoblast proliferation induced by
simulated microgravity

To confirm the effect of cyclin B1 on cell cycle arrest under simu-
lated microgravity conditions, pcDNA3.1-cyclin B1 or pcDNA3.1
empty vector was transfected into primary mouse osteoblasts, and
Western blot analyses and flow cytometer assays were performed.
As shown in Figure 5A, pcDNAS3.1-cyclin B1 treatment resulted in
increased cyclin B1 in osteoblasts in the altered gravity condition,
and there was no difference in cyclin B1 expression between control

+ pcDNA3.1 and simulated microgravity + pcDNA3.1-cyclin Bl
groups. Then, a flow cytometer assay was conducted to study the
effects of cyclin B1 on the cell cycle in cells exposed to different
gravity conditions. The proportion of cells in the G,/M phase was
decreased significantly in the simulated microgravity + pcDNA3.1-
cyclin B1 group compared with that in the simulated microgravity +
PcDNAS.1 group, but was similar to the proportion of cells in G,/M
in the control + pcDNA3.1 group (Figure 5B and C). These data indi-
cated that up-regulation of cyclin B1 counteracted cell cycle arrest
in the G, phase induced by simulated microgravity.

To further study the influence of cyclin B1 on osteoblast pro-
liferation, we performed EdU labeling experiments, CCK-8 assays

A 0. B C 5. e [ Tmimie-NC
ok Jcon [ mimic-181¢
] 1128 855 1.4 4 [ inhibitor-NC
Sk Il inhibitor-181c
8 =z Z 1.2 x
g 1.4  UTR £
g
5172_ miR-181c-5p target site ; 1.0 4 ':E ‘}
% 1.0 E 0.6
E 0.8 Luc ]—[-wrormrr !'u-rajMA kS 0.6
o =20
5 os z
g < 0.4
5 0.4+ 5" -UAGCUUAACUCAUUUGAAUGUU-3' WT Cenbl1 3’ UTR &
=z -
0.2 3 -UGAGUGGCUGUCCAACUUACAA-5" mmu-miR-181¢-5p 02
1
0.0+ 5" -UAGCUUAACUCAUUACUUACAA-3* MUT Cenbl 3° UTR 0.0 T T
0 E N 3 R (B0 A0 WT Cenbl 3 UTR MUT Cenbl 3 UTR
,ﬁ,\s‘?@,\%‘“ﬁﬁ‘f‘w\a‘\“ & «-\,@-"3 @w",%;m@‘:@:@@»‘ o e .
P « o e
o i ato! o
D E 13- F Cyclin Bl — —
400 = -
L
 — 1.1
3501 . G — —— —
. CRVE ey
= 3004 = %
3 2 0.9 ok
=< 2500 = 1.6
a B < 084
REE HE = 144
= s 0.7+ z s
€ 124 - = 124 L—
. = 0.6 <
Z 104 g S
E O 054 = L0+
< 0.8 @ =
Z Z 04 £ 08
2 0.6 2 5
= E 0.3 < 064
0.4 - 0.2 -
0.2 4 0.1+
0.0 0.0 21
' ¢ f = ) (SR & o
s b ’e) s 0.0
o " at Caod '\l:-‘$ ad . 0¢S\ o
&N & & N &N
R RS A F™ R Ao
\ o \
® o * o

FIGURE 6 Ccnbl,the gene for cyclin B1, is the target gene of miR-181c-5p in primary mouse osteoblasts. miRNA target prediction tools
were used to screen for cyclin Bl-targeting miRNAs, and the top ten miRNAs that received the highest composite score were selected

for the expression assay. A, gPCR analysis of changes in expression of miR-181a-5p, miR-181b-5p, miR-181c-5p, miR-181d-5p, miR-1942,
miR-6388, miR-1954, miR-3089-3p, miR-300-5p and miR-411-3p in osteoblasts treated with simulated microgravity (n = 6). B, A schematic
illustration of the design of luciferase reporters containing the WT Ccnb1 3'UTR (WT 3'UTR) or the site-directed mutant Ccnb1 3'UTR
(MUT 3'UTR). Sequences below indicate putative miR-181c-5p target sites on the WT 3'UTR, the MUT derivative, and the pairing regions
of miR-181c-5p. C, The effects of the miR-181c-5p mimic and inhibitor or their negative controls on the luciferase activity of the WT Ccnb1
3'UTR or MUT Ccnb1 3'UTR reporter in 2 T3 cells. The values in the condition of WT Ccnb1 3'UTR or MUT Ccnb1 3'UTR are shown relative
to that of the mimic-NC in the same condition (n = 3). D, gPCR of miR-181c-5p levels in osteoblasts after treatment with mimic-181c-5p,
inhibitor-181c-5p or their negative controls (n = 3). E, qPCR experiments were performed to detect changes in Ccnbl mRNA expression

in osteoblasts after treatment with mimic-181c-5p, inhibitor-181c-5p or the negative controls (n = 3). F, Western blot analyses of cyclin

B1 proteins levels in primary mouse osteoblasts after treatment with mimic-181c-5p, inhibitor-181c-5p or the negative controls for 48 h.
The total protein loaded per lane was 40 pg. Detection of GAPDH on the same blots was used to verify equal loading among the various
lanes (upper). The histogram illustrated the relative expression of cyclin B1 present in cells from each group as quantified by camera-based
detection of emitted chemiluminescence (lower) (n = 3). The results were expressed as the mean + SD with a one-way ANOVA with a SNK-q

test. *P < 0.05 and **P < 0.01, compared with the stationary control.
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and PCNA expression analysis. The number of EdU-positive cells
was increased in cells in the simulated microgravity + pcDNA3.1-
cyclin B1 group compared with that in the simulated microgravity
+ pcDNA3.1 group, while the number of EdU-positive cells was de-
creased compared with the control + pcDNA3.1 group (Figure 5D
and E). As shown in Figure 5F, the time dependent growth curve of

cells was shifted upwards after transfection with pcDNA3.1-cyclin

WILEY-

B1 under simulated microgravity conditions, but the curve was
shifted downwards in the simulated microgravity + pcDNA3.1-cy-
clin B1 group compared with that in the control + pcDNA3.1 group
(Figure 5F). PCNA expression analysis illustrated that pcDNA3.1-
cyclin B1 up-regulated the expression of PCNA under simulated
microgravity conditions. However, the expression of PCNA was

not restored to control + pcDNAS3.1 levels. These results were in
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FIGURE 7 Induction of cell cycle arrest in the G, phase and decreased proliferation in primary mouse osteoblasts treated with simulated
microgravity partially depends on the up-regulation of miR-181c-5p. A, gPCR of the miR-181c-5p levels in osteoblasts to test the efficiency
of inhibitor-181c-5p under normal gravity and simulated microgravity conditions (n = 3). B, Western blot experiments in primary mouse
osteoblasts test the effects of inhibitor-181c-5p on cyclin B1 expression in the Con and MG groups. Cell lysates were obtained after
transfection with inhibitor-181c-5p or inhibitor NC in both groups. The total protein loaded was 40 pg per lane. Detection of GAPDH on

the same blots was used to verify equal loading among the various lanes (upper). The histogram showed the relative expression of cyclin

B1 present in different groups as quantified by camera-based detection of emitted chemiluminescence (lower) (n = 3). C, FCM analyses of
osteoblasts transfected with inhibitor-181c-5p or inhibitor NC in Con and MG groups to examine the cell cycle distribution. Representative
histograms indicate the cell cycle distribution in the different groups. The relative DNA content of cells was determined by Pl staining (left).
The percent of cells in each cycle stage was quantified and showed as histograms (right) (n = 4). D, EdU labelling assays were analysed using
an inverted microscope linked to a confocal scanning unit. Proliferating osteoblasts were loaded with EdU. Osteoblasts were stained with
the nucleic acid dye Hoechst (blue) and EdU (green). E, Histogram of the percentage of EdU-positive cells from different groups. The EdU
incorporation rate was expressed as the ratio of EdU-positive cells to total Hoechst positive cells (n = 3). F, Comparison of changes in cell
growth among the different groups. Cells were seeded on 96-well plates at a density of 2000 cells/well. Cell proliferation was evaluated by a
CCK-8 assay at 24-96 h (n = 3). G, Western blot of PCNA expression in cells transfected with inhibitor-181c-5p or inhibitor NC in the Con and
MG groups. The total protein loaded per lane was 40 pg. Detection of GAPDH on the same blots was used to verify equal loading among the
various lanes. H, Histogram of the relative expression of PCNA present in cells from each group as quantified by camera-based detection

of emitted chemiluminescence (lower) (n = 4). The results were expressed as the mean + SD with a one-way ANOVA with a SNK-q test.

*P < 0.05 and **P < 0.01, compared with the stationary control.
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agreement with our previous experiments, indicating that over-
expression of cyclin B1 partially restored osteoblast proliferation

under simulated microgravity conditions.

3.6 | miR-181c-5p inhibits cyclin B1 protein
expression in osteoblasts under simulated
microgravity conditions

To further explore whether miRNAs are important for changes in
cyclin B1 expression under simulated microgravity conditions, bio-
informatics analysis was performed with TargetScan, miRanda and
miRWalk, miRNA target prediction software to screen for cyclin
B1-targeting miRNAs. Based on these analyses, the top ten miRNAs
that received the highest composite score were selected for the
expression assay. Only miR-181c-5p was remarkably up-regulated
in the simulated microgravity group has compared to the control
group (Figure 6A). These findings indicate that miR-181c-5p may be
involved in regulation of cyclin B1 expression under simulated micro-
gravity conditions.

Subsequently, a dual luciferase reporter system was constructed
containing either the wild-type Ccnb1 3'UTR sequence (WT) or an
Ccnb1 3'UTR mutant sequence (MUT) to test whether miR-181c-5p
directly inhibits cyclin B1 protein translation by binding to a pre-
dicted target site in the 3'"UTR (Figure 6B). The luciferase reporter
assay demonstrated that mimic-181c-5p decreased WT Ccnb1 3'UTR
luciferase reporter activity, whereas inhibitor-181c-5p increased WT
Ccnb1 3'UTR luciferase reporter activity, but not MUT Cenb1 3'UTR
reporter activity (Figure 6C). By comparison, the miRNA negative
control had no effect on luciferase activity when cotransfected with
either the Ccnb1 3'UTR or the Ccnb1 3'UTR mutant (Figure 6C). This
result suggests that Ccnb1 is a direct target of miR-181c-5p.

Moreover, to confirm the effect of miR-181c-5p on cyclin B1
expression, miR-181c-5p mimic or inhibitor was transfected into
primary mouse osteoblasts and gPCR and Western blot analyses
were performed to examine the expression of cyclin B1. Intracellular
miR-181c-5p levels were significantly up-regulated after mimic
treatment and markedly down-regulated after inhibitor treat-
ment (Figure 6D). As shown in Figure 6E and F, overexpression of
miR-181c-5p decreased cyclin B1 protein levels, while knockdown
of miR-181c-5p increased cyclin B1 protein levels, even though the
cyclin B1 mRNA levels were only slightly changed.

3.7 | Inhibition of miR-181c-5p partially
counteracts cell cycle arrest in the G, phase and
inhibition of osteoblast proliferation induced by
simulated microgravity

To assess the effect of miR-181c-5p on cyclin B1 expression and
the cell cycle under simulated microgravity conditions, miR-181c-
5p inhibitor or negative control inhibitor was transfected into pri-
mary mouse osteoblasts, and qPCR, Western blot analyses and
flow cytometer assays were performed. We initially examined
the efficiency of the miR-181c-5p inhibitor under normal gravity

and simulated microgravity conditions. In cells transfected with
miR-181c-5p inhibitor, the expression of miR-181c-5p was signifi-
cantly down-regulated in the different gravity condition, but there
was no difference between the control + inhibitor-NC and simulated
microgravity + inhibitor-181c groups (Figure 7A). Then, Western
blot analyses were conducted to study the effects of miR-181c-5p
inhibitor on cyclin B1 expression in different gravity conditions.
As shown in Figure 7B, the expression of cyclin B1 was increased
after transfection with miR-181c-5p inhibitor under normal gravity
and simulated microgravity conditions (Figure 7B). However, the ex-
pression of cyclin B1 was decreased in the simulated microgravity +
inhibitor-181c group compared with the control + inhibitor-NC group
(Figure 7B). Moreover, a similar trend was observed for the effects
of miR-181c-5p in regulation of cell cycle arrest induced by simulated
microgravity. Flow cytometer assay demonstrated that the propor-
tion of cells in the G,/M phase was decreased significantly in the
simulated microgravity + inhibitor-181c group compared with that in
the simulated microgravity + inhibitor-NC group, but was increased
compared to that in the control + inhibitor-NC group (Figure 7C). Our
data indicate that inhibition of miR-181c-5p partially counteracts cell
cycle arrest in the G, phase induced by simulated microgravity.

To further study the influence of miR-181c-5p on osteoblast
proliferation, we performed EdU labelling experiments, CCK-8 as-
says and PCNA expression analysis. As shown in Figure 7D and E,
the number of EdU-positive cells was increased in the simulated
microgravity + inhibitor-181c group compared with the simulated
microgravity + inhibitor-NC group, but the number of EdU-posi-
tive cells was decreased compared with the control + inhibitor-NC
group. Furthermore, the time dependent growth curve of cells was
shifted upwards after transfection with miR-181c-5p inhibitor under
simulated microgravity conditions. However, the curve was shifted
downwards in the simulated microgravity + inhibitor-181c group
compared with the control + inhibitor-NC group (Figure 7F). Similar
results were observed for PCNA protein levels, where Western blot
identified that the transfection of miR-181c-5p inhibitor rescued
the expression of PCNA under simulated microgravity conditions,
but these levels were not restored to control + inhibitor-NC levels
(Figure 7G and H). We then transfected miR-181c-5p mimic and fur-
ther evaluated the effect of miR-181c-5p on cell cycle and osteo-
blast proliferation (Figure S2). These results are in agreement with
our previous experiments, and taken together, our data indicate that
down-regulation of miR-181c-5p partially counteracts the inhibition

of osteoblast proliferation under simulated microgravity conditions.

4 | DISCUSSION

In this study, we found that simulated microgravity inhibits cell pro-
liferation and induces cell cycle to be arrested in the G, phase in
primary mouse osteoblasts. Furthermore, we demonstrated that cell
cycle arrestin osteoblasts caused by simulated microgravity is mainly
because of the decreased cyclin B1 expression. Lastly, we showed
that miR-181c-5p directly inhibits cyclin B1 protein translation by
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binding to a target site in the 3'"UTR, and this is partially responsible
for the cell cycle arrest and cell proliferation inhibition in osteoblasts
under simulated microgravity conditions. Our study demonstrates
that simulated microgravity inhibits cell proliferation and induces
cell cycle arrest in the G, phase in primary mouse osteoblasts par-
tially through the miR-181c-5p/cyclin B1 pathway.

Orbital spaceflight has clearly demonstrated that the absence or
the reduction of gravity has significantly adverse effects on astro-
nauts.®** The skeletal deconditioning, such as reduced bone mass,
altered mineralization patterns and decreased expression of bone
matrix genes, has been described in astronauts or animal models
under microgravity conditions.***” Impairment of the skeletal sys-
tem induced by mechanical unloading has been known as one of
the main limitations of long-term spaceflight, and this problem has
received general concern by researchers.®44 Unfortunately, as a
result of the expensive and limited nature of spaceflight missions,
conducting in vitro studies under true microgravity conditions are
both impractical and difficult. Thus, several ground-based rotational
devices (in particular, clinostats) have been developed to simulate
microgravity for cell-based studies. These devices simulate micro-
gravity by constantly rotating around at least one axis to produce
a vector-averaged gravity such that cells have insufficient time to
sense the gravity vector. Exposure to such rotational systems signifi-
cantly inhibits the proliferation, differentiation and mineralization of
osteoblasts, thereby exerting similar effects to true microgravity on
osteoblasts.384°

Decreased osteoblast proliferation is thought to play a central
role in microgravity-induced bone loss.*%*>*® Our previous study
has revealed that simulated microgravity inhibits cell proliferation
in MC3T3-E1 pre-osteoblasts.*® Several studies have reported
that skeletal unloading leads to bone loss, at least in part because
of the disrupted insulin-like growth factor, and results in reduced
osteoblast proliferation and differentiation.*’ In the present study,
we confirmed that impaired cell proliferation is observed in primary
mouse osteoblasts under simulated microgravity conditions.

Itis generally accepted that induction of cell cycle arrest is a main
reason for abnormal cell proliferationf"11 Therefore, we evaluated
the effects of simulated microgravity on the cell cycle distribution of
primary mouse osteoblasts in vitro in this study. Flow cytometry re-
sults revealed that simulated microgravity significantly increased the
proportion of cells in the G,/M phase. Further analysis confirmed
that cells in the M phase were decreased significantly under sim-
ulated microgravity conditions using immunofluorescence staining
and Western blot analysis of phospho-histone H,. Thus, it is clear
that simulated microgravity could induce primary mouse osteoblast
cell cycle arrest in the G, phase. These observations are consistent
with previous studies. Cogoli-Greuter et al reported that mechani-
cal unloading inhibits cell cycle progression by arresting cells in the
G,/M phase in leucocytes.™ Yan et al illustrated that clinorotation
could inhibit proliferation in bone marrow mesenchymal stem cells
because of the arrested cell cycle in G2/M.15 Benavides et al demon-
strated that simulated microgravity slowed the proliferation of myo-
blasts by arresting their exit from the G,/M phase of the cell cycle.}?
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There are also reports, however, which demonstrate that micrograv-
ity induces cell cycle arrest in other phases. For example, Kamal et
al demonstrated that the number of cells in the S phase increased
significantly under simulated microgravity conditions in Arabidopsis
cells, which led to a reduction of the proportion of cells in G1-13 Dai
et al showed that simulated microgravity inhibits population growth
of bone marrow mesenchymal stem cells and causes cell cycle arrest
inthe G,/G, phase.X® This variation in results may be because of the
different species and sources of cells, or the different ground-based
rotational devices.

In eukaryote cells, the cyclin B1-Cdc2 kinase complex plays a
central role in cell cycle transition from the G, phase into mitosis.*’
Tran et al reported that fibroblast growth factors inhibit the activ-
ity of the Cdc2 kinase complex to induce a transient G, arrest in
chondrocytes.50 Others have shown that sterigmatocystin induces
cell cycle arrest in the G, phase in human gastric epithelium cells
partially through the down-regulation of Cdc2 kinase expression
and activity.'® Li et al demonstrated that Cdc2 kinase complex ac-
tivity is decreased in human herpesvirus 6-infected T cells leading
to cell cycle arrest in the G, phase.' Intriguingly, in this study, we
found that simulated microgravity induces primary mouse osteo-
blast cell cycle arrest in the G, phase, but has no effects on the
cellular localization, expression and activity of Cdc2 kinase. The
activity of Cdc2 kinase is also regulated by the activation of its cy-
clin subunits. Thus, we further tested the effects of simulated mi-
crogravity on cellular localization and the expression of cyclin B1 in
osteoblasts. Our findings showed that simulated microgravity has
no effects on the cellular localization of cyclin B1, but markedly
suppresses its expression in primary mouse osteoblasts. Then, we
examined cell cycle distribution and cell proliferation following the
up-regulation of cyclin B1 expression to confirm that the reduction
of cyclin B1 was involved in the cell cycle arrest and decreased
osteoblast proliferation in primary mouse osteoblasts under simu-
lated microgravity. Our results demonstrated that the overexpres-
sion of cyclin B1 rescues the cell cycle arrest in the G, phase and
partially recovers the inhibition of osteoblast proliferation induced
by simulated microgravity. This is consistent with other observa-
tions that overexpression of cyclin B1 in human oesophageal squa-
mous cell carcinoma cells enhances cell proliferation and invasion
in vitro and in vivo.’>%2 In this study, we found that overexpression
of cyclin B1 showed no effects on G, phase in the normal condition;
it decreased the proportion of cells in the G, phase and increased
the proportion of cells in the S phase. One explanation could be
that there are appropriate and proper proportions of cyclin B1 and
Cdc2. Even if we up-regulated the cyclin B1 expression, there may
be not enough active Cdc2 to combine with and to form the cyclin
B1-Cdc2 kinase complex in the normal condition. Another possible
explanation could be that the mechanisms of cyclin B1 in regulat-
ing cell cycle are very complicated in primary mouse osteoblasts.
Our data suggested that the cell cycle arrest and impaired osteo-
blast proliferation in primary mouse osteoblasts under simulated
microgravity conditions could be attributed to decreased cyclin B1
protein levels.
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There are many factors can regulate the expression of cyclin
B1. Recent works have shown that minute virus of mice infection
reduced the protein and RNA levels of cyclin B1 by targeting FoxM1
in human NB324K and murine A9 cells.?® Others have reported that
long non-coding RNA 00312 down-regulates cyclin B1 and inhib-
its hepatocellular carcinoma cell proliferation in vitro and in vivo.?’
Zhang et al demonstrated that IL-18 can augment cell proliferation
via the p38/ATF2 pathway by targeting cyclin B1, cyclin B2, cyclin A2
and Bcl-2 in BRL-3A rat liver cells.?* These experiments implied that
changes in cyclin B1 expression induced by different factors coincide
with the alteration of cyclin B1 mRNA. However, our findings show
unchanged expression of cyclin B1 mRNA levels, which does not cor-
relate with the decreased expression of cyclin B1 protein levels in
primary mouse osteoblasts under simulated microgravity. Therefore,
this result indicated that a post-transcriptional regulation mechanism
may take part in regulating the expression of cyclin B1 protein.

The small non-coding RNA molecules miRNAs function in RNA
silencing and post-transcriptional regulation of gene expression.
Recently, three miRNAs have been linked to regulation of cyclin
B1 expression under different experimental conditions using lu-
ciferase-based reporter assays. Kim et al have shown that Ccnbl
is a target of miR-199a-5p in mouse keratinocytes.>® Others have
validated that Ccnb1 is target of miRNA-410 as its overexpression
reduces Ccnb1 protein levels and decreases cell proliferation of go-
nadotroph tumours.®* Khan et al reported that miR-379 regulates
cyclin B1 expression and is decreased in breast cancer.®® To further
explore whether a miRNA family is important for the alteration of
cyclin B1 expression in primary mouse osteoblasts under simulated
microgravity conditions, a bioinformatics analysis was performed
with TargetScan, miRanda and miRWalk, the miRNA target predic-
tion software, to screen for cyclin Bl-targeting miRNAs. Based on
these analyses, the top ten miRNAs that received the highest com-
posite score were selected for the expression assay. We examined all
ten miRNAs by gPCR to screen which miRNAs may affect cyclin B1
expression in osteoblasts under simulated microgravity conditions.
Our results showed that simulated microgravity only increases the
expression of miR-181c-5p, indicating that miR-181c-5p may be in-
volved in regulation of cyclin B1 expression under simulated micro-
gravity conditions.

Some aspects of the mechanisms by which miR-181c regulates
gene expression are already known. Specifically, miR-181c promotes
high-glucose-induced dysfunction in human umbilical vein endo-
thelial cells by targeting leukaemia inhibitory factor.>® Furthermore,
miR-181c protects CsA-induced renal damage and fibrosis through
inhibition of epithelial-mesenchymal transition.’* In addition, in
non-small cell lung cancer cells, miR-181c contributes to cisplatin
resistance by targeting Wnt inhibition factor 1. In this study, we
confirmed that Ccnb1 is a new target gene of miR-181c-5p in primary
mouse osteoblasts, as indicated by a luciferase assay. Furthermore,
miR-181c-5p negatively regulated cyclin B1 expression at the post-
transcriptional level. These data identify a novel mechanism and a
target site for miR-181c-5p that warrants further study. To further

uncover the role of miR-181c-5p in regulating cyclin B1 expression,

cell cycle progression and cell proliferation under simulated micro-
gravity conditions, we tested the effect of miR-181c-5p inhibitor in
primary mouse osteoblasts. Our data suggested that the up-regu-
lation of miR-181c-5p in simulated microgravity is, at least in part,
involved in the regulation of cyclin B1 expression, cell cycle arrest
and impaired cell proliferation in osteoblasts under simulated micro-
gravity conditions.

It should be noted that there are some limitations to our study.
We noticed that miR-181c-5p inhibitor partially counteracts the
decreased cyclin B1 expression, cell cycle arrest and inhibition
of osteoblast proliferation induced by simulated microgravity.
However, other underlying mechanisms for regulation of cyclin
B1 expression, cell cycle distribution and cell proliferation in os-
teoblasts that experience mechanical unloading remain to be in-
vestigated. Additionally, we have tested the role of miR-181c-5p
in osteoblast proliferation, but whether our findings can be ex-
tended to osteogenic differentiation and mineralization warrants
further studies. Furthermore, the in vitro results obtained using
primary mouse osteoblasts in this study have not yet been con-
firmed in vivo. Accordingly, we plan to confirm our findings in vivo
in a future study.

In summary, our study provides a new finding that simulated mi-
crogravity inhibits cell proliferation and induces cell cycle arrest in
the G, phase in primary mouse osteoblasts via suppression of cyclin
B1 expression. Moreover, down-regulation of cyclin B1 expression,
cell cycle arrest and inhibition of osteoblast proliferation is partially
related to the up-regulation of miR-181c-5p, which is induced by sim-
ulated microgravity. This work may provide a novel mechanism of
microgravity-induced adverse effects on osteoblasts, which offers a

new avenue to further investigate bone loss induced by microgravity.
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