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Abstract
Bone fractures are very common, and above 5% of the fractures are impaired, leading to nonunions and
severe disablilities. The traditional Chinese medicine Bushen Huoxue decoction (BHD) has been used to
treat fracture in China. Our previous report has found that BHD promotes migration of rat mesenchymal
stem cells (rMSCs) by activating Wnt5a signaling pathway. However, whether and how miRNAs are
involved in modulating rMSCs migration induced by BHD has not been explored. In the present study,
miRNA microarray analysis and further validation by real-time quantitative RT-PCR revealed that
miR-539-5p was down-regulated in BHD-induced rMSCs. Transfection of miR-539-5p mimics suppressed
rMSCs migration while the miR-539-5p inhibitor promoted rMSCs migration. Our results suggested that
miR-539-5p was a negative regulator of migration of rMSCs induced by BHD. Target prediction analysis
tools and Dual-luciferase reporter gene assay identified Wnt5a as a direct target of miR-539-5p.
MiR-539-5p inhibited the expression of the Wnt5a and its downstream signaling molecules including JNK,
PKC and CaMKII, which played a critical role in regulating migration of rMSCs. Taken together, our
results demonstrate that miR-539-5p negatively regulates migration of rMSCs induced by BHD through
targeting Wnt5a. These findings provide evidence that miR-539-5p should be considered as an important
candidate target for the development of preventive or therapeutic approaches against bone nonunions.
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Introduction
Fracture nonunion is a devastating complication
encountered by repair of bone fracture and bone
defects [1]. In the United States, approximately 7.9
million patients sustain fractures annually, and up to
10% of these patients may suffer subsequently from a
delayed union or a nonunion at the fracture site [2].
Successful fracture healing is a complicated and
well-orchestrated regeneration process comprising
inflammatory, repair, and remodeling phases [3, 4].

This process is relied on a large number of
Mesenchymal stem cells (MSCs), which can be
induced to differentiate into osteoblasts in vitro and in
vivo and form bone [5-7]. Once specific signals are
released from injured tissue, MSCs are stimulated to
leave their niche and migrate to the target tissues to
proliferate and differentiate into mature cells. This
process is defined as MSCs homing and considered a
natural self-healing response [8, 9]. MSCs is a
http://www.medsci.org
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promising cell source for tissue engineering,
particularly for bone regeneration. Previous studies
showed that both systemic and local injection of
allogenic MSCs promoted fracture healing [10, 11].
MSCs have the capacity to enhance fracture healing in
bone fractures when delivered to the fracture site
[12].Therefore, enhancing MSCs migration capacity is
essential for optimizing the therapeutic outcome.
Our recent report indicated that Bushen Huoxue
decoction (BHD), a Chinese traditional medicine
formula,promoted migration of rMSCs by activating
Wnt5a [13, 14]. BHD has been previously confirmed to
have good efficacy in treating bone diseases such as
osteoarthritis and osteoporosis [15, 16]. Three main
herbs are included in BHD, namely Rehmannia
glutinosa,Cuscuta chinensis and Fructus psoraleae,
which play important roles in osteoblastic bone
formation [17-19]. Wnt5a, one of the most extensively
studied Wnt proteins of Wnt family, has been well
known to regulate cell adhesion, migration, and
polarity [20-22]. However, the underlying mechanism
of BHD-induced rMSCs migration is still unknown.
Recently, it is increasingly recognized that
miRNAs are important regulators of migration of
MSCs[23]. Several studies have reported that miRNAs
target the critical cell signaling pathway involved in
migration of MSCs. For example, multiple miRNAs,
including miR-27b, miR-27a, miR-146a-5p and
miR-886-3p, have been reported to suppress the
migration of MSCs through targeting SDF-1α/CXCR4
axis [24-26]. miR-221 and miR-26b promotes
migration of MSCs through activation of Akt and
FAK [27]. MiRNAs not only acts as a positive
regulator but also negative regulators that suppress
migration of MSCs. Thus, miRNAs play critical roles
in migration of MSCs. miR-539-5p has been found to
function as a suppressor in tumor cell migration and
invasion [28, 29]. However, it has not yet been
explored whether miR-539-5p regulates MSCs
migration.
In the present study, we used miRNA
microarray analysis and real-time quantitative
RT-PCR to explore the differentially expressed
miRNAs in BHD-treated rMSCs. We found that
mir-539-5p was the most significantly inhibited
microRNA. In addition, we revealed that miR-539-5p
was a key negative regulator of migration of rMSCs
through targeting Wnt5a.

Materials and Methods
rMSCs isolation and culture
This experiment was approved by the Animal
Care and Use Committee of Guangzhou University of
Chinese Medicine. rMSCs were isolated and cultured
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as described previously [13]. In briefly, the bone
marrow of the bilateral femoral was flushed out and
cultured in α-MEM (HyClone), 10% FBS (Gibco), and
1% penicillin-streptomycin solution (HyClone) at
37°C with 5% CO2. rMSCs from passage 3 or 5 were
used for analysis.

rMSCs characterization
The cell surface markers (CD90, CD45, CD44 and
CD34) were confirmed by flow cytometry. rMSCs
were analyzed for osteogenic, and adipogenic
differentiation in vitro to determine multipotency
according to standard conditions, as described
previously [13].

BHD preparation
BHD contains Eleven Chinese herbs (Rehmannia
glutinosa 18g, Cuscuta chinensis 18g, Fructus
Psoraleae 18g, Eucommia ulmoides 6g, Fructus Corni
6g, Herba Cistanches 6g, Fructus Lycii 6g, Radix
Angelicae Pubescentis 6g, Radix Angelicae Sinensis
6g, Myrrha 6g, and Flos Carthami 3g), which is
purchased from The Third Affiliated Hospital of
Guangzhou University of Chinese Medicine. BHD
was extracted using the Soxhlet extraction method in
petroleum, as described previously [13].

Treatment of rMSCs with BHD
rMSCs were seeded at a density of 8x104
cells/well in 6-wellculture plates. When 80%
confluence was reached, cells were treated with
α-MEM containing 100µg/ml BHD(the optimum
concentration of previous studies) for 24h at 37˚C in
5% CO2. rMSCs cultured with α-MEM only were used
as a control. After 24h, the cells were extracted for
RNA extraction.

MiRNA microarray analysis
Total RNA was extracted using miRcute miRNA
Isolation Kit (Tiangen, Beijing) according to the
manufacturer’s instructions. The extracted RNA was
quantified by NanoDrop ND-2000 (Thermo
Scientific). RNA integrity was assessed using Agilent
Bioanalyzer 2100 (Agilent Technologies). The
preparation of whole transcriptome libraries and deep
sequencing were performed by the Annoroad Gene
Technology Corporation (Beijing, China).

Real-time quantitative RT-PCR
The miRNAs were enriched using miRcute
miRNA Isolation Kit (Tiangen, Beijing) according to
the manufacturer’s instructions. The concentration
and purity of RNA were measured using Nanodrop
2000. cDNA was synthesized with miRcute Plus
miRNA First-Strand cDNA Kit. Real-time quantitative
RT-PCR was performed using miRcute Plus miRNA
http://www.medsci.org
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qPCR Kit (Tiangen, Beijing) .U6 RNA was used as an
internal parameter to determine the relative
expression. Total RNA of rMSCs was also extracted
using TRIzol Reagent (Invitrogen). cDNA was
synthesized with PrimeScript RT Master Mix
(TaKaRa). Expression of Wnt5a was measured by
qRT-PCR. Real-time quantitative RT-PCR was
performed using the SYBR Premix Ex Taq II (TaKaRa).
GAPDH was used as as an endogenous control.
Primer sequences were shown in Table 1.
Table 1. List of primer sequences for real-time quantitative
RT-PCR
Primer name
miR-376b-5p
let-7b-3p
miR-409a-5p
miR-3102
miR-539-5p
miR-1843a-3p
miR-137-3p
miR-216b-5p
miR-223-5p
miR-211-3p
miR-194-3p
miR-147
U6
Wnt5a forward
Wnt5a reverse
JNK forward
JNK reverse
CaMKII forward
CaMKII reverse
PKC forward
PKC reverse
GAPDH forward
GAPDH reverse

Sequence (5’-3’)
GTGGATATTCCTTCTATGGTTA
CTATACAACCTACTGCCTTCCC
AGGTTACCCGAGCAACTTTGCAT
CTCTACTCCCTGCCCCAGCCA
GGAGAAATTATCCTTGGTGTGT
TCTGATCGTTCACCTCCATACA
TTATTGCTTAAGAATACGCGTAG
AAATCTCTGCAGGCAAATGTGA
CGTGTATTTGACAAGCTGAGTTG
GGCAAGGACAGCAAAGGGGG
CCAGTGGGGCTGCTGTTATCT
GTGTGCGGAAATGCTTCTGCTA
GCTTCGGCAGCACATATACTAAAAT
CGAAGACGGGCATCAAAGA
TGCATCACCCTGCCAAAGA
GGAGCGAACTAAGAATGGCG
CATGTCATTGACAGACGGCG
ATGGATGGAAATGGAATGCC
CCCCGAACGATGAAAGTGAA
AAGGTGGTCCACGAGGTGAA
TTCCAATGCCCCAGATGAAG
AGGGCTGCCTTCTCTTGTGA
AACTTGCCGTGGGTAGAGTCA

Western blot analysis
rMSCs were lysed with RIPA buffer containing
protease and phosphatase inhibitors (Biyotime). The
protein concentration was measured by a BCA Protein
Assay kit (Biyotime). Equal amounts of protein were
separated by SDS-PAGE, transferred to a PVDF
membrane, blocked in 5% milk, and immunoblotted
with primary antibodies overnight at 4°C. The
membranes were washed in TBST and incubated with
a corresponding secondary antibody for 1h at room
temperature. Protein bands were visualized using an
enhanced chemiluminescence kit (Pierce). The
following primary antibodies were used: Wnt5a
(1:300, Abcam) and β-actin (1:1,000,CST).

Transfections of rMSCs with miR-539-5p
mimics, inhibitor or siWnt5a
rMSCs were plated into 6 well cell culture cluster
at a density of 1.5×105 cells per well and transfected
with 50nM miR-539-5p mimics, 100nM inhibitor or
80nM siWnt5a (GenePharma, Shanghai, China) using
lipo2000 Transfection Agent (Invitrogen, USA)
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according to the manufacturer’s instructions. The cells
were collected after the terminal transfection for 24 h
for analysis. Three sequences for siRNA targeting
Wnt5a were shown in Table 2.
Table 2. Sequences of siRNA targeting Wnt5a.
Gene
siWnt5a
-1
siWnt5a
-2
siWnt5a
-3

Sense Primer Sequence (5’-3’)
Antisense Primer Sequence (5’-3’)
GGUCCCUAGGUAUGAAUAATT UUAUUCAUACCUAGGGACCTT
GCAGCCGAGAGACAGCCUUTT AAGGCUGUCUCUCGGCUGCTT
CCACGCCAAGGGCUCCUAUTT AUAGGAGCCCUUGGCGUGGTT

Cell migration assay
Cell migration ability was evaluated by
transwell assay and wound healing assay. For
transwell assay, cells were pretreated by different
condition including BHD, or transfection of
miR-539-5p mimics, inhibitors or siWnt5a. Then, cells
(8×104 cells/well) were plated to upper chamber of
Transwell plates (Corning Costar) in a serum-free
medium with 10% FBS containing the medium at the
bottom layer. After incubating for 10 h at 37 °C ,
rMSCs at the upper layer of the membrane were
scraped and rMSCs at the lower layer were stained
with 0.5% Crystal Violet Staining Solution and
photographed under a microscope. A number of cells
were quantified in the randomly selected fields. For
wound healing assay, rMSCs were incubated in 6cm
dish and cultured until 95% confluence. A scratch
wound was created with a micropipette tip. The cells
were photographed and counted under a phase
contrast microscope.

Bioinformatic Analysis
TargetScan (http://www.targetscan.org) and
MiRanda (http://www.microrna.org) were used in
the bioinformatic analysis of miRNAs. The target
genes were verified using in vitro experiments.

Luciferase reporter assay
Luciferase Reporter Assay was performed using
Dual-Luciferase Reporter Assay System (Promega,
Madison, WI, USA) according to the manufacturer’s
instructions. In brieﬂy, wild-type and mutant Wnt5a
(without miR-539-5p binding sites) plasmids
were
co-transfected
with
pmiR-RB-ReportTM
miR-539-5p mimics or mimics NC into 293T cells
using Lipofectamine 2000 (Invitrogen). The luciferase
activity was measured at 48 h after transfection using
GloMax™20/20 Single tube luminometer (Promega,
Madison, WI, USA).

Statistical analysis
Data is presented for each group as means ±
standard deviation (SD). Analysis was performed
http://www.medsci.org
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using SPSS16.0 software. Differences between groups
were compared by t-tests or one-way analysis of
variance (ANOVA). P< 0.05 was considered to be
statistically significant.
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group,compared with the mimics NC group and
increased in the miR-539-5p inhibitor group
compared with the inhibitor NC group (Fig. 2E).

Results
Characterization of rMSCs
The cultured cells were spindle-shaped and
exhibited the typical morphology of stem cells
(Supplementary Fig. 1A). Alizarin red staining
showed that intracellular calcium nodule formation
(Supplementary Fig. 1B). Oil red staining showed the
formation of red small droplets of oil in cell
(Supplementary Fig. 1C). Flow cytometry showed
that Cells positive expression of CD90 (98.58%), CD44
(95.50%) and negative for CD45 (0.24%), CD34 (0.31%)
(Supplementary Fig. 1D).

Identification of BHD-responsive miRNAs in
rMSCs
The present study aimed to determine if
differential miRNA expression existed in rMSCs
following treatment with BHD. miRNA microarray
analysis is an effective method for the prediction of
the mechanisms underlying the effects of Chinese
medicine. The up- and down-regulated miRNA (fold
change≥2.0) from miRNA microarray have been
uploaded in the supplementary data (Supplementary
Table 1). A total of 70 differentially expressed
miRNAs were identified between the control and
BHD groups. Compared with the control, 27 miRNAs
were upregulated and 43
miRNAs were
downregulated in the BHD groups. The Heatmap
were shown in (Fig. 1A). We chose some significantly
different miRNAs for further verification. The most
interesting one was miR-539-5p as its expression was
significantly downregulated in BHD groups (Fig. 1B).
The function of miR-539-5p in migration of rMSCs is
largely unknown, so further in vitro analysis of
miR-539-5p was conducted.

MiR-539-5p negatively regulates migration of
rMSCs
To evaluate the role of miR-539-5p in migration
of rMSCs, we transfected rMSCs with mimics NC,
miR-539-5p mimics,inhibitor NC or miR-539-5p
inhibitor respectively. The result revealed that the
migration ability of rMSCs significantly decreased in
the miR-539-5p mimics group,compared with the
mimics NC group and increased in the miR-539-5p
inhibitor group compared with the inhibitor NC
group. The results of transwell assay and wound
healing assay shown in (Fig. 2A-D). Real-time
quantitative RT-PCR showed that miR-539-5p
expression decreased in the miR-539-5p mimics

Figure 1. The differentially expressed miRNAs in rMSCs treated with
BHD. (A) Heatmap depicting expression levels of miRNAs between control and
BHD-treated rMSCs. Compared with control group, there were 27 miRNA
up-regulated and 43 down-regulated in BHD induction group (fold change≥2.0). (B)
Among the miRNAs found by microarray analysis, we made further screening and
selection by real-time quantitative RT-PCR. Data are presented as mean ± SD (n=3,
*P<0.05).

Wnt5a is a potential target of miR-539-5p
To gain insight into the molecular mechanisms
by which miR-539-5p regulates the migration of
rMSCs, we predicted the potential targets of
miR-539-5p using Miranda and TargetScan. We found
that migration-related gene-Wnt5a had a miR-539-5p
binding site in its 3’UTR region (Fig. 3A-B). To test
whether miR-539-5p directly targets this gene, we
constructed luciferase reporters that had either a
wild-type (WT) 3’UTR or a 3’UTR containing mutant
(MUT) sequences of the miR-539-5p binding site. 293T
Cells were co-transfected with the luciferase reporter
carrying WT Wnt5a 3’UTR and MUT Wnt5a 3’UTR
plasmids, as well as the miR-539-5p mimics, or
mimics NC. We found that miR-539-5p mimics
http://www.medsci.org
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Figure 2. MiR-539-5p negatively regulated migration of rMSCs. The mimics NC, miR-539 mimics, inhibitor NC or miR-539 inhibitor was transfected into rMSCs for
24h. (A) Transwell assay.The rMSCs were seeded in the upper layer of migratory chamber to perform the transwell assay after transfection. Crystal violet staining was used to
detect the rMSCs migrated through the membrane. (B) Wound healing assay. An artificial homogenous wound was made after transfection. Black and blue lines indicated start
and end (12h) positions of rMSCs after scraping. (C) The number of migrated cells were quantified by averaging five random fields per well under microscope (n=5, *P<0.05).
(D) Quantitative results of wound healing assays. The scratch area was observed under a phase contrast microscope and photographed (n=3, *P<0.05). (E) Real-time
quantitative RT-PCR detection of miR-539 expression in mimics NC, miR-539 mimics, inhibitor NC or miR-539 inhibitor transfected rMSCs (n=3, *P<0.05). All data are
presented as mean ± SD.

remarkably inhibited the luciferase reporter activity of
the WT Wnt5s 3’UTR, but not that of the MUT 3’UTR
(Fig. 3C). Western blot and real-time quantitative
RT-PCR results revealed that Wnt5a expression at
protein (Fig. 3D-E) and mRNA levels (Fig. 3F) was
found to be markedly decreased in the presence of
miR-539-5p mimics group compared with mimics NC
group. These results suggested that miR-539-5p
directly regulates the expression of Wnt5a.

Silence of Wnt5a inhibited rMSCs migration
We transfected siRNA to knock-down Wnt5a to
determine whether the Wnt5a contributes to the
migration of rMSCs. Three siRNAs were transfected
into rMSCs and found that siWnt5a-1 significantly
decreased the expression of Wnt5a mRNA (Fig. 4A).

So we chose siWnt5a-1 for further experiment. As
expected, knock-down of Wnt5a resulted in a
significantly decreased in cell migration (Fig. 4B-C).
Consistently, the expression of Wnt5a protein was
significantly downregulated after transferring
siWnt5a -1 (Fig. 4D-E).

MiR-539-5p regulated BHD-induced migration
of rMSCs
To further investigate the functional roles of
miR-539-5p in the directed migration of rMSCs, we
then transfected rMSCs with miR-539-5p mimics, or
inhibitor in the presence or absence of BHD. In
preliminary experiments, we determined that the
optimum concentration for promoting cell migration
is 100 μg/ml [13]. Therefore, we chose the
http://www.medsci.org
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concentration of 100 μg/ml to assess cell migration.
As shown in (Fig. 5A-B), we transfected rMSCs with
miR-539-5p mimics, which led to rMSCs migration
decreased and BHD-induced migration was also
dramatically reduced. We then transfected rMSCs
with miR-539-5p inhibitor and resulted in an
increased migration in BHD-induced group while

1003
cells migrated through the filter at a low rate in the
absence of BHD. Quantitative analysis confirmed that
rMSCs with lower level of miR-539-5p showed much
stronger migration capacity (Fig. 5C-D). These results
suggested that miR-539-5p regulated BHD-induced
migration of rMSCs.

Figure 3. Wnt5a was a target gene of miR-539-5p. (A) MiRanda prediction showed that miR-539-5p bound to 3′UTR of Wnt5a. (B) TargetScan prediction showed that
miR-539-5p bound to 3′UTR of Wnt5a. (C) The luciferase activity was decreased after treatment by a combination of miR-539-5p mimics and Wnt5a-3′UTR-WT, suggesting that
miR-539-5p regulated Wnt5a (n=3, *P<0.05). (D) Western blot detection of Wnt5a protein expression in mimics NC or miR-539-5p mimics transfected rMSCs. (E)
Quantification of the bands intensity using Image J software. The protein level was normalized to β-actin (n=3, *P<0.05). (F) Real-time quantitative RT-PCR detection of Wnt5a
mRNA expression in mimics NC or miR-539-5p mimics transfected rMSCs (n=3, *P<0.05). All data are presented as mean ± SD.

Figure 4. Silence of Wnt5a inhibited rMSCs migration. (A) The siRNA targeting Wnt5a was transfected into rMSCs as mentioned in Materials and Methods. siWnt5a-1
showed the best knockdown efficiency (n=3, *P<0.05,**P<0.01). (B) Transwell assay. rMSCs were transfected with siWnt5a or negative control and were stained with] crystal
violet. (C) The number of migrated cells were quantified by averaging five random fields per well under microscope (n=5, *P<0.05). (D) rMSCs were transfected with siWnt5a
or negative control. Total proteins were extracted from rMSCs and analyzed by western blot using indicated antibodies. β-actin was used as loading control. The experiments
were repeated three times. (E) Quantification of the bands intensity using Image J software (n=3, *P<0.05). All data are presented as mean ± SD.
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Figure 5. MiR-539-5p regulated rMSCs migration induced by BHD. (A) Transwell assay. rMSCs infected with mimics NC or miR-539 mimics in the presence or absence
of 100 μg/ml BHD and were stained with crystal violet. (B) The number of migrated cells were quantified by averaging five random fields per well under microscope (n=5, #P<0.05
vs rMSCs transfected with mimics NC with BHD induction, *P<0.05). (C) Transwell assay. rMSCs infected with inhibitor NC or miR-539 inhibitor in the presence or absence of
100 μg/ml BHD and were stained with crystal violet. (D) The number of migrated cells were quantified by averaging five random fields per well under microscope (n=5, #P<0.05
vs rMSCs transfected with inhibitor NC with BHD induction, *P<0.05). All data are presented as mean ± SD.

Figure 6. The down-stream molecules of Wnt5a were inhibited by miR-539-5p. (A-C) JNK, CaMKII and PKC mRNA was detected by real-time quantitative RT-PCR
in rMSCs transfected with miR-539 mimics or NC in the presence of BHD or not. (n=3, #P<0.05 vs rMSCs transfected with mimics NC with BHD induction, *P<0.05, **P<0.01).
Data are presented as mean ± SD. (D) Schematic diagram represents a model extrapolated from these results.

Next, we examined the levels of JNK, PKC and
CaMKII mRNA in rMSCs transfected with
miR-539-5p mimics. The results showed that
overexpression of miR-539-5p decreased the

expression of JNK, PKC and CaMKII in the presence
or absence of BHD. Treatment with BHD partly
restored the expression of JNK, PKC and CaMKII
(Fig. 6A-C).
http://www.medsci.org
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Taken together, our results demonstrated that
miR-539-5p took part in the regulation of migration in
rMSCs treated with BHD through the regulation of
Wnt5a and its downstream signaling molecules
including JNK, PKC and CaMKII (Fig. 6D).

Discussion
This study investigated the mechanism involved
in BHD regulation of rMSCs migration which is
essential for bone healing [3]. Therefore, it is
important to explore the positive and negative
regulators of migration of rMSCs. In the previous
study, we showed that BHD promotes migration of
rMSCs by activating Wnt5a [13, 14]. In the present
study,we further to identify miRNAs regulating
migration of rMSCs induced by BHD. We discovered
that miR-539-5p is down-regulated by BHD in rMSCs.
Interestingly, we found that miR-539-5p was a
negative regulator of migration of rMSCs. Further
research showed that Wnt5a was a direct target of
miR-539-5p.
These
findings
suggest
that
miR-539-5p/Wnt5a signaling pathway is an
important part of the regulatory machinery involved
migration of rMSCs.
Previous research reported that miR-539-5p
suppressed tumor cell migration and invasion [28, 29],
promoted the development and progression of
rheumatoid arthritis [30], as well as regulated
osteoblast proliferation and differentiation and
osteoclast apoptosis [31]. However, the role of
miR-539-5p in the migration of rMSCs is still
unknown. In this study, the decrease in the expression
of miR-539-5p in BHD treated-rMSCs lead us to test
whether miR-539-5p inhibits migration of rMSCs. We
investigated the role of miR-539-5p in the process of
migration. Transfection of miR-539-5p mimics
inhibited migration of rMSCs. In contrast, transfection
of miR-539-5p inhibitor promoted migration of
rMSCs. Our data suggested miR-539-5p as a negative
regulator of migration of rMSCs. These findings may
provide a new regulatory role of miR-539-5p in the
process of migration of rMSCs.
To further elucidate the intracellular molecular
mechanism by which miR-539-5p regulates migration
of rMSCs,we searched for potential target genes that
have an established function in promoting migration
of rMSCs using target gene prediction soft like
Targetscan and Miranda. Interestingly, we discovered
that the Wnt5a is one of the targets of miR-539-5p.
Wnt5a takes part in the non-canonical Wnt pathway,
including Wnt5a/Ca2+ signaling and Wnt5a/planar
cell polarity (PCP) signaling [32]. The Wnt5a/Ca2+
signaling
pathway
involves
activation
of
Ca2+-dependent signaling molecules, including
protein kinase C (PKC), Ca2+/calmodulin-dependent
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protein kinase II (CaMKII) [33]. Wnt5a/PCP signaling
is mediated by activation of c-Jun N-terminal Kinases
(JNKs) or RhoA signaling via small Rho-GTPases [34].
Wnt5a and its signaling pathway exerts migratory
effects in large number of cell and tissue types in
physiological and pathological contexts [22].Our
previous study showed that BHD promotes migration
of rMSCs by activating Wnt5a, so we selected Wnt5a
as the target gene to further study [13, 14]. In this
study, we showed that knock-down of Wnt5a resulted
in a significant decrease in cell migration. The results
are consistent with previous studies [13]. Then
dual-luciferase reporter gene assay was conducted,
which revealed that overexpression of miR-539-5p
mimics suppressed the luciferase activity of the
reporter construct. However, this effect was abolished
when luciferase reporter containing a mutant 3’UTR
of Wnt5a was co-transfected with miR-539-5p mimics,
thus confirming the specificity of action. Further
study showed that miR-539-5p also inhibited the
expression of the downstream signaling molecules
JNK, PKC and CaMKII of Wnt5a. In summary, this
study provides evidence that BHD promotes
migration of rMSCs through mir-539-5p/Wnt5a axis.
Furthermore, the findings of the present study
have several important clinical implications. Firstly,
fracture nonunions caused a significant economic
burden and psychological burden to society, families
and patients, for most patients have to rely on a
wheelchair or bed-ridden life [35]. In recent years,
stem cell-based therapy has gained much attention as
the modern therapeutic approach to treat bone
diseases [36]. Better understanding of the migration of
MSCs and discovering conditions that improve their
migration ability, will help to increase their homing to
pathologies and improve Stem cell-based therapy and
regenerative medicine outcomes [37]. Secondly, we
find that miR-539-5p functions as a negative regulator
of migration of rMSCs by suppressing Wnt5a
expression. Therefore, pharmacological inhibition of
miR-539-5p could represent a therapeutic strategy for
improving rMSCs migration.
In conclusion, this study indicates that
miR-539-5p functions as a negative regulator of
migration of rMSCs by repressing Wnt5a expression,
which in turn, results in suppression of the Wnt5a
signaling pathway. Thus, miR-539-5p should be
considered as an important candidate for the
development of preventive or therapeutic approaches
against bone nonunions.

Supplementary Material
Supplementary figure and table.
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