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ARTICLE INFO ABSTRACT

Keywords: Aims: The chondrogenic differentiation of bone marrow-derived mesenchymal stem cells (BMSCs) is critical for
Cyclic tensile strain cartilage regeneration. Tissues constructed from BMSCs through cartilage tissue engineering still exhibit some
miR-365 histological, morphological, and biomechanical differences from normal cartilage tissues. Cyclic tensile strain
gll\fsncdmge““is (CTS) can increase chondrogenic gene expression and reduce hypertrophic gene expression in chondrocytes.

miR-365 has been identified as a mechanoresponsive microRNA and is an important regulator of both chon-
drocyte hypertrophy and differentiation. Therefore, we hypothesized that CTS may promote the chondrogenesis
of BMSCs by upregulating the expression of miR-365.

Methods: BMSCs were subjected to CTS to investigate the effects and mechanism on chondrogenesis. An Agilent
miRNA microarray was used to profile miRNAs in the CTS-treated BMSCs and 3D-cultured control BMSCs. miR-
365 was shown to interact with HDAC4 mRNA through a luciferase reporter assay. An animal cartilage defect
model was constructed and different groups of BMSCs were implanted to investigate their in vivo effect.

Key findings: CTS promoted BMSC chondrogenesis. miR-365 was significantly upregulated in CTS-treated cells
and played an important role in CTS-mediated chondrogenesis. Luciferase assays showed that HDAC4 is a direct
target of miR-365. An in vivo study showed that CTS treatment and miR-365 overexpression could promote
cartilage regeneration from BMSCs.

Significance: CTS can promote the expression of miR-365, a crucial mechanosensitive microRNA involved in the
chondrogenesis of BMSCs, which directly inhibits the expression of HDAC4, in turn, enhancing the chon-

drogenesis of BMSCs.

1. Introduction

Bone marrow-derived mesenchymal stem cells (BMSCs) are capable
of self-renewal and have the potential to differentiate into many cell
lines, such as osteocytes, adipocytes, and chondrocytes. Therefore, they
are treated as powerful primitive cells that, in the future, may be able to
cure diseases caused by the inability of the original cells to regenerate
[1]. Cartilage diseases in particular are more difficult to manage be-
cause they lack this capacity to regenerate [2]. Cartilage tissue en-
gineering provides us new methods for the treating osteoarthritis, and
chondrogenesis of BMSCs could be a promising method to repair car-
tilage defects [3]. The cells produce a cartilage-specific extracellular
matrix containing proteins such as aggrecan and collagen II during
cartilage formation. Many signaling pathways, including the ROCK,
ERK1/2, p38 MAPK, and IGF-1 pathways, are involved in the process. It
is believed that TGF-f and a three-dimensional environment are

essential for prompting chondrogenesis [4,5]. Cartilage tissues con-
structed from BMSCs still exhibit some morphological and histological
differences compared with normal cartilage tissues [6]. Furthermore,
they are prone to osteogenesis and ageing. Therefore, there is still a
need to promote chondrogenesis to repair damaged or defective carti-
lage.

Mechanical loading can promote chondrogenesis of BMSCs without
causing chondrocyte hypertrophy [7]. Previously published studies
investigating mechanical loading have mostly focused on compression
and shear stress [8-10]. However, there are still no studies on the ef-
fects of CTS on BMSC chondrogenesis. It has been reported that CTS can
reduce hypertrophic gene expression and increase chondrogenic gene
expression in chondrocytes [11]. Therefore, we hypothesized that CTS
may promote the chondrogenic differentiation of BMSCs.

MicroRNAs (miRNAs) are non-coding RNAs that regulate post-
transcriptional gene expression by directly targeting the 3’ untranslated
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region (3’-UTR) of genes [12]. miRNAs are important regulators of a
variety of biological processes, including cell differentiation, apoptosis,
migration, proliferation, and tumorigenesis [13]. Some miRNAs have
also been shown to regulate BMSC chondrogenesis, such as miR-335-5P
[14], miR-574-3p [15], miR-23b [16], and miR1-99a [17].

miR-365 has been shown to exert anticancer effects in a variety of
human cancer cell lines by modulating cell cycle and inducing apop-
tosis [18,19]. miR-365 also regulates IL-6 expression in HEK293 and
HeLa cells via the MAPK/ERK pathway, whereas downregulation of
miR-365 is associated with increased expression of IL-6 in macrophages
from patients with tuberculosis [20]. miR-365 is considered a me-
chanoresponsive miRNA. This miRNA is involved in mechanic trans-
duction and stimulates chondrocyte proliferation and differentiation. It
is the most significantly up-regulated among 49 miRNAs altered by
cyclic loading of chondrocytes [21]. Histone deacetylase 4 (HDAC4) is a
major regulator of cartilage development and endochondral ossification
as a potent inhibitor of chondrocyte hypertrophy. Decreased HDAC4
levels have been shown to contribute to increased OA-related gene
expression in osteoarthritis [22]. Several studies have shown that
HDAC4 is a direct target of miR-365 [21,23,24]. In the present study,
we demonstrated that CTS could upregulate the expression of miR-365,
thereby inhibiting HDAC4 expression, which in turn enhanced chon-
drogenic differentiation of BMSCs.

2. Materials and methods
2.1. BMSC culture and induction of chondrogenesis

Second-generation Rat BMSCs (Lot Number: 140313J31, Analysis
certification can be downloaded from: https://www.cyagen.com/
media/uploads/QAPIO800A0_RASMX-01001_CoA_140313J31.pdf)
were purchased from Cyagen Biosciences Inc. (Cyagen Biosciences Inc.,
China) and were subcultured in L-DMEM with 10% FBS. BMSCs at
passage 4 were used for chondrogenesis induction. The chondrogenic
medium consisted of H-DMEM with 107 M dexamethasone, 50 ug/ml
ascorbate, sodium pyruvate, L-proline, 10% ITS solution, and 10 ng/ml
transforming growth factor-B (TGF-B). We divided cells into three
groups for chondrogenesis: (1) the CTS-treated group described below,
(2) three-dimensional (3D) culture group, and (3) monolayer cells in 6-
well plates as a two-dimensional (2D) culture group. The 3D-cultured
cells were grown in a Cytodex 3 microcarrier environment, which we
have described in our previous studies [25]. Briefly, Cytodex 3 is a
collagen-coated microcarrier that enables BMSC adhesion. BMSCs are
then suspended in chondrogenic medium to increase the contact area
between the cells and the medium to improve cell metabolism. All
experiments used 3D-cultured cells as the control unless otherwise in-
dicated.

2.2. Application of cyclic tensile strain

BMSCs were subcultured into Flexcell six-well BioFlex plates
(25mm diameter, Flexcell International Corporation, Hillsborough,
NC). Upon reaching near 100% confluency, cells were subjected to CTS
with 10% amplitude at 1 Hz for 2 h daily using a computer-controlled
Flexcell FX-5000™ Tension System according to the manufacturer's in-
structions (www.flexcellint.com).

2.3. Agilent miRNA microarray

An Agilent miRNA microarray was used to profile miRNAs in the
CTS-treated BMSCs and 3D culture control BMSCs (GEO number:
GSE97467). BMSCs were treated with CTS for 7 days. Total RNA was
extracted and 100 ng RNA was used per sample on the microarray.
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2.4. Cell transfection

miR-365 mimics/inhibitor or negative control were transfected
using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), according to
the manufacturer's instructions. The miR-365 mimics/inhibitor and
negative control were synthesized by Shanghai Gene Pharma Co., and
were transfected into BMSCs at a final concentration of 100 nM. The
medium was replaced 6h later. Cell transfection was repeated after
2 weeks during chondrogenesis. For the in vivo study, the BMSCs were
transfected with a lentiviral vector expressing pre-miR-365 (Hanbio,
Shanghai, China) at a multiplicity of infection (MOI) of 30 virus par-
ticles per cell. The medium was changed after 12 h and EGFP expression
was observed after 72 h.

2.5. RNA extraction and RT-PCR

Three samples from each group were randomly selected for RNA
extraction and RT-PCR analysis. Samples from each group were mixed
with 1 ml of Trizol reagent (Invitrogen, USA). RNA (200 ng) was reverse
transcribed using a cDNA synthesis kit (Thermo Scientific). The mRNA
expression levels were quantified by real-time PCR using a SYBR Green/
ROX qPCR Mix Kit. The mRNA levels were normalized to levels of
GAPDH, and for chondrogenic mRNA, B2M was chosen for normal-
ization. miR-365 levels were normalized to levels of U6. The 2 —AACt
method was used to assess relative expression. Primer sequences are
shown in Table 1.

2.6. Western blot analysis

The cells were washed three times with cold PBS, then lysed on ice
for 30 min in ice-cold RIPA (Thermo Scientific) containing 10 mM
phenylmethylsulfonyl fluoride (PMSF), and centrifuged at 12,000 x g
for 10 min before collection. Protein concentration was determined by a
BCA protein assay kit. Protein (30 mg) was added to each well. After
SDS-polyacrylamide gel electrophoresis, proteins were transferred to
PVDF membranes. Transmembrane blocking was performed and in-
cubated overnight at 4°C in the appropriate primary antibody. The
membrane was washed three times with PBST and then incubated with
the appropriate secondary antibody for 2h. After adding the ECL lu-
minescent agent, the film was developed in a dark room. Images were
semi-quantitatively analyzed using Image J.

Table 1
Primers used for real-time PCR.
Gene Primer sequences (5’ to 3’)
1. MIR-365 Forward: CGCGTAATGCCCCTAAAAAT

Reverse: AGTGCAGGGTCCGAGGTATT
Forward: GCTCCCAGAACATCACCTACCA
Reverse: ATTCCTGCTCAGGCCCTCC

N

. Col 1 11

3. ANCN Forward: ATGGCTTCCACCAGTGCG
Reverse: CGGATGCCGTAGGTTCTCA

4. SOX9 Forward: CTCGAAACCGACTGGCAACT
Reverse: AACAAGCGGTCCAAAGGAAA

5. GAPDH Forward: CCACTTTGTGAAGCTCATTTCCT
Reverse: TCGTCCTCCTCTGGTGCTCT

6. IHH Forward: GCTTGTAGGCAAGAGGCACGAG
Reverse: CTCCTGCTGCTGCTGCTTCTG

7. HDAC4 Forward: GGCTTCCTTGTGGTGGTGTTGG
Reverse: TGTACTCTCCTCGGCATGGTGTC

8. ALP Forward: CCTCTTGGGTCTCTTTGAGC
Reverse: CAATCCTGCCTCCTTCCA

9. COLL X Forward: CCCTTCTGCTGCTAGTGTC
Reverse: GTCTTGGTGTTGGGTTGTG

10. B2M Forward: ACTCCCCAAATTCAAGTGTACT
Reverse: TCCTTCAGAGTGACGTGTTTAA

11. Annexin V Forward: GCAGAACTAACAGCCATAA

Reverse: AGAACCAACCAACATCCTC
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Fig. 1. Cyclic tensile strain (CTS) promotes the expression of cartilage-related genes and proteins in bone marrow-derived mesenchymal stem cells (BMSCs). After chondrogenic stimulus, qPCR was performed. mRNA
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difference was seen on day 7. (D) After chondrogenic stimuli for 21 days, western blots were performed and levels of Col2al, aggrecan, and Sox9 proteins were significantly upregulated in the CTS-treated cells compared

with levels in the 2D- and 3D-cultured cells.
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2.7. Alcian blue staining

Treated chondrogenic cells or samples were fixed in 4% paraf-
ormaldehyde for 15 min, and then stained with Alcian blue for 20 min.
The excess stain was then washed with water. Images were captured
using a confocal microscope (LSM 710; Zeiss).

2.8. Immunohistochemical analysis

Induced cells or in vivo samples were harvested for im-
munohistochemical analysis of collagen II. Samples were washed twice
with PBS and then fixed with 4% formaldehyde for 10 min at room
temperature. Cells or sections were treated with HyO, for 10 min to
inhibit endogenous peroxidase. Next, the cells or sections were blocked
in PBS containing 0.5% BSA and incubated over night with primary
antibodies against collagen II. The cells were then washed three times
with PBS for 10 min each and then incubated with FITC-conjugated
goat anti-rabbit IgG (Jackson ImmunoResearch, England) for 1h as a
secondary antibody. The images were visualized by confocal micro-
scopy (LSM 710; Zeiss).

2.9. Luciferase assay

HDAC4 reporter constructs were determined by co-transfection of
PGL3HDAC4 or its mutant (0.5g) with 50 nmol miR-365 mimic or
control miRNA in BMSCs. The transfection control was an equal amount
of empty vector DNA. Transfection was performed in 6-well plates using
Lipofectamine 2000 (Invitrogen) according to the manufacturer's in-
structions. Cultures were harvested 48 h after incubation and luciferase
activity was determined using a DLR-ready luminometer using a Dual-
Luciferase Reporter assay system (Promega, Madison, WI, USA). All
transfection efficiency firefly luciferase values were normalized using
the PRL-TK, Renilla luciferase value.

2.10. Animal model construction

The Animal Experimentation Ethics Committee of Shanghai Tenth
Peoples Hospital approved all animal experiments. Eight-week-old male
Sprague Dawley rats were used for the in vivo experiment. During
surgery, rats were anesthetized with 25 mg/kg of 2.5% sodium pento-
barbital. We made a lateral parapatellar longitudinal incision to expose
the knee joint. A defect (2.5-mm diameter and 2-mm depth) was cre-
ated in the weight-bearing area of each medial femoral condyle using a
drill. All BMSCs were cultured in chondrogenic medium under a
Cytodex or CTS environment for 2 weeks prior to implantation. Next,
we randomly allocated the 24 animals into four groups, with each
group containing 6 animals, as follows: (1) untreated defect, (2) BMSCs,
(3) miR-365 infected BMSCs and (4) CTS-treated BMSCs. Fibrin gel with
1 x 10° BMSCs was immediately implanted into the defect cavity. The
patella was physically relocated and the joint capsule and subcutaneous
tissue were closed. After 8 weeks, the rats were sacrificed and the knee
joints were harvested for evaluation.

2.11. Statistical methods

All statistical analyses were performed using GraphPad Prism soft-
ware (GraphPad Prism Software, San Diego, CA, USA). Data are ex-
pressed as mean * standard deviation (SD) of at least three in-
dependent replicates. Inter-group differences were assessed using a
Student's t-test or one-way analysis of variance (ANOVA). P < 0.05
was considered statistically significant.
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3. Results
3.1. CTS promote BMSC chondrogenesis

Aggrecan and Collagen II are two specific proteins in matrix of
chondrocytes. The expression of SOX9 is associated with cartilage
synthesis. Therefore, genes encoding SOX9, collagen II, and aggrecan
are viewed as cartilage synthesis-related genes, and cartilage synthesis
can be indicated through their mRNA expression levels. The effect of
CTS on BMSC chondrogenic differentiation was examined by applying
exogenous CTS. BMSCs were exposed to chondrogenic stimuli for
21 days. On days 7, 14, and 21, levels of the chondrogenic marker genes
were examined, and on day 21, the chondrogenic proteins Col2al,
Sox9, and aggrecan, were significantly up-regulated in the CTS-treated
cells compared with levels in the 3D and 2D control cells (Fig. 1).
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3.2. CTS promotes the expression of miR-365 in BMSCs
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Several miRNAs are expressed in response to mechanical stimula-
tion and have been shown to regulate BMSC chondrogenesis. Therefore,
we used an Agilent miRNA microarray to examine miRNA expression in
CTS-treated and 3D Cytodex culture control BMSCs. Compared with
miRNAs in control BMSCs, 18 miRNAs were upregulated and 22
miRNAs were down-regulated in CTS-treated BMSCs (Fig. 2A), and

miR-365 was the most up-regulated miR (Fig. 2B). To determine the v SRIE888 [uewe
effect of CTS on miR-365 expression in BMSCs, miR-365 levels in cells A

on days 3, 14, and 21 were quantified through real-time PCR. miR-365 NOISSTIHdXT S9¢-IN IAILYIIN
was significantly upregulated in CTS-treated and miR-365 mimic-

treated cells compared with the control 3D-cultured cells on days 3, 14, -,

and 21. The level of miR-365 expression in CTS-treated cells increased
over time, increasing to 80-fold on day 21 (Fig. 2C).
3.3. miR-365 plays an important role in enhancing chondrogenesis of %
BMSCs by CTS
-
We found that CTS could promote chondrogenesis and miR-365
expression in BMSCs. Therefore, we wondered whether miR-365 plays a
role in enhancing CTS-mediated BMSC chondrogenesis. The role of -0
miR-365 in chondrogenic differentiation of BMSCs was examined by
transfecting BMSCs with a miR-365 mimic or inhibitor and then ap-
plying exogenous CTS; a miR-365 mimic control was used as the ne- - o
gative control. There were six groups: control (3D culture), miR-365
mimics (3D culture), miR-365 inhibitor (3D culture), CTS, CTS + miR-
365 mimics, and CTS + miR-365 inhibitor. At 72h post-infection,
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all three chondrogenic marker genes and proteins measured were sig- ¢ O § ¢ o o
nificantly upregulated in the miR-365 mimics, CTS, and CTS + miR- T N x E €t E
365 mimics groups. Suppressing miR-365 expression inhibited the level v E

. X . 14
of chondrogenic marker genes and proteins, and this effect could be m E

abolished by CTS. The results indicated that miR-365 could promote
chondrogenesis and play an important role in enhancing chondrogen-
esis of BMSCs by CTS. To confirm the effect of miR-365 on chon-
drogenesis, then we quantified chondrogenesis by Alcian blue staining
and immunocytochemistry for Col2al after 21 days of chondrogenic
stimuli. The results also showed that miR-365-overexpressing and CTS-
treated cells were highly stained compared to cells in the 3D or 2D
culture control groups, confirming that miR-365 and CTS promoted
chondrogenesis. Collectively, we can conclude that miR-365 plays an
important role in enhancing CTS-mediated chondrogenesis in BMSCs.

no-miR-3195
no-miR-23a

Tensile strain

Control

3.4. CTS does not promote cartilage hypertrophy and ageing during
chondrogenesis

During endochondral ossification, ALP expression is associated with i
the gradual maturation, hypertrophy, and ageing of chondrocytes. < l
Collagen X is a characteristic protein of the osteoblast matrix. Annexin

Fig. 2. A) Heat map of miRNAs expressed in cyclic tensile strain (CTS)-treated and control bone marrow-derived mesenchymal stem cells (BMSCs). B) The expression of three top upregulated and downregulated miRNAs
in CTS-treated BMSCs compared to expression in control BMSCs. miR-365 was the top upregulated miR. C) Expression of miR-365 was increased in BMSCs after transfection and CTS. In CTS-treated cells, the level of miR-

365 expression increased over time and on day 21 the expression in CTS-treated cells had increased about 80-fold.
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Fig. 4. Cyclic tensile strain (CTS) does not promote cartilage hypertrophy or ageing during chondrogenesis. The mRNA expression levels of genes encoding cartilage hypertrophy-related proteins ALP, collagen X, and
annexin V gradually increased and then stabilized at the middle stage of differentiation induction. At the late stage of chondrogenic differentiation, miR-365 expression reduced the levels of ALP, collagen II, and annexin

V. CTS reduced the expression of ALP, but not that of collagen X or annexin V.
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V expression also increases during cartilage hypertrophy and ageing.
We used ALP, collagen X, and annexin V genes as chondrocyte ageing-
related and hypertrophy genes in this experiment. According to the RT-
PCR results, the mRNA expression levels of genes encoding ALP, col-
lagen X, and annexin V gradually increased and then stabilized at the
middle stage of differentiation induction. However, at the late stage of
chondrogenic differentiation, miR-365 reduced the expression of genes
encoding ALP, collagen II, and annexin V. CTS reduced the expression
of ALP, but not that of collagen X or annexin V (Fig. 3). This result
indicated that CTS did not promote cartilage hypertrophy and ageing
when promoting chondrogenesis in our experiment (Fig.4).

3.5. HDAC4 is a target of miR-365

We conducted a bioinformatics search to identify possible target
genes for miR-365. Two different algorithms, miRanda and Target Scan,
consistently predicted HDAC4, a known negative regulator of chon-
drocyte differentiation, as an assumed target for miR-365. The pre-
dicted seeding site was in the 3’-UTR of HDAC4 (Fig. 5A). BMSCs were
therefore transfected with a miR-365 mimic or control at 100 nmol. At
48 h post-transfection, RNA and protein were extracted. To determine
whether miR-365 inhibits HDAC4 gene expression, we quantified the
expression of HDAC4 and its downstream gene IHH by qPCR. The miR-
365 mimic significantly inhibited HDAC4 expression and increased IHH
gene levels in BMSCs (Fig. 5C). Western blot analysis also verified these
results at the protein level (Fig. 5D, E). To determine the miR-381 target
region in HDAC4 mRNA, we mutated three nucleotides of the putative
seed region in the HDAC4 3’-UTR. While transfection with the miR-365
mimic inhibited the luciferase activity of the wild-type HDAC4 3’-UTR
reporter, the inhibition was abolished in the mutated HDAC4 3’-UTR
reporter gene (Fig. 5B).

3.6. CTS-treated and miR-365-overexpressing BMSCs promote cartilage
regeneration in vivo

At last, in order to determine the effect of CTS-treated and miR-365
overexpressing BMSCs on cartilage regeneration in vivo, fibrin hydro-
gels containing 1 x 10° cells from the different groups of treated
BMSCs were immediately implanted into the defect cavity. After
8 weeks, the defects were filled with newly formed cartilage-like tissue
in the CTS and miR-365-overexpressing BMSCs group, while the control
BMSC group still showed a moderate defect, and the untreated group
showed significant defect. Inmunohistochemical staining for collagen
II and Alcian blue staining of sections are shown in Fig. 6. In specimens
from the CTS and miR-365 BMSC groups, the regenerated tissue stained
positive. The control BMSCs group showed weaker positive staining.
The defect group showed less staining than all other groups. These re-
sults indicated that CTS-treated and miR-365-overexpressing BMSCs
could promote cartilage regeneration in vivo.

4. Discussion

Articular cartilage is comprised of water, collagen, and proteogly-
cans [26,27]. This tissue has little capacity for repair and regeneration
it lacks neural and vascular components [28]. Effective treatments for
articular cartilage diseases are still lacking [29]. Therefore, it is im-
portant to develop new strategies for treating this disease. Mechanical
loading is known to be a key factor in cartilage tissue engineering [30].
Published papers investigating mechanical loading have mostly focused
on compression and shear stress. However, there are no published
studies on the effects of CTS on BMSC chondrogenesis. In this study, we
investigated how CTS could regulate chondrogenic differentiation.

First, we found that CTS could promote BMSCs chondrogenesis.
Next, we found miR-365 was the top up-regulated microRNA in CTS-
treated BMSCs. miR-365 has been identified as a mechanoresponsive
microRNA. Additionally, it can affect RUNX1 and ACVRI expression,
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Fig. 5. HDAC4 is a target of miR-365. A) Diagram of predicted miR-365 sequence pairing with a putative target region (miR-365 binding site) in the 3’-UTR of
HDAC4 mRNA. The 5’ end of miR-365 contains a base pair sequence complementary to the putative seed site in HDAC4 mRNA. B) Inhibition of pGL-HDAC4 reporter
gene activity requires the miR-365 seed site. Rat bone marrow-derived mesenchymal stem cells (BMSCs) were transfected with 0.5 ug pGL-HDAC4 of the reporter or
pGL-HDAC4 mutant gene (pGL-HDAC4mut) with firefly luciferase and of the PRL-TK gene with Renilla luciferase as an internal control. At 48 h after transfection,
cells were harvested for quantification of dual luciferase activities. The Ratio of firefly vs. Renilla luciferase represents the relative value of pGL-HDAC4 or pGL-
HDAC4mut reporter gene activities. Values are means + SD (n = 3). *P < 0.05. (C, D, E) BMSCs were transfected with a miR-365 mimic (miR-365) or with a control
miRNA (conmiR) at 100 nmol. At 48 h post-transfection, total RNA and protein was extracted from cell lysates. QPCR shows that miR-365 expression decreased the
mRNA level of HDAC4 and increased levels of IHH mRNA in BMSCs (C). Western blot analysis was performed with antibodies against HDAC4 and IHH. Inhibition of
miR-365 enhanced the protein levels of IHH and inhibited the protein levels of HDAC4 (D, E).

which are known as cartilage matrix regulation genes [31,32]. miR-365
was recently shown to participate in chondrocyte differentiation by
directly targeting HDAC4 [21]. Furthermore, miR-365 expression was
found to be elevated in chondrocytes from patients with osteoarthritis,
while its levels were decreased by hydrostatic pressure [33]. Therefore,
we investigated whether miR-365 plays an important role in promoting
BMSC chondrogenesis. The results showed that miR-365 overexpression
promoted BMSC chondrogenesis and plays an important role in pro-
moting CTS-mediated chondrogenesis. Additionally, mechanical
loading can promote chondrogenesis but can also exacerbate cartilage
hypertrophy and ageing [34-36]. In our study, CTS was not found to
exacerbate cartilage hypertrophy and ageing during chondrogenesis.
The loading regimen parameters such as loading frequency, compres-
sive loading amplitude, and loading duration time are important de-
termining factors for hypertrophy [7]. In our study, the regimen for CTS
was 10% amplitude at 1Hz for 2h daily, which did not exacerbate
cartilage hypertrophy and ageing. It is still unclear if this is the optimal
regimen for chondrogenesis, which should be confirmed in more ex-
periments, and other regimens may be able to reduce hypertrophy
significantly. Our animal model study confirmed that CTS-treated cells
could promote cartilage regeneration in vivo. Therefore, collectively we
concluded that CTS promotes BMSC chondrogenesis, possibly through
promoting the expression of miR-365.

In addition, luciferase reporter assays suggested that miR-365 di-
rectly binds HDAC4. HDAC4 inhibits endochondral bone formation and
chondrocyte hypertrophy [22,37]. Previous studies suggest that miR-

365 stimulates chondrocyte differentiation by targeting HDAC4 and its
downstream molecules, including IHH and RUNX2 mRNA [22]. Con-
sistent with this hypothesis, the mRNA levels of RUNX2 and IHH are
significantly increased in HDAC4-deficient mice [37]. IHH in particular
can promote the chondrogenesis of BMSCs and inhibit cartilage ageing
[25]. Consistent with this hypothesis, we also found that the expression
of IHH was greatly increased in miR-365(+) cells. Therefore, miR-365
is upregulated in osteoarthritis chondrocytes and promotes chondro-
genic differentiation. It is possible that a moderate amount of arthritis
may stimulate cartilage repair and regeneration as a self-regulation
mechanism, and miR-365 is a key intermediate transmission signal for
this feedback. In summary, our data suggests a model in which miR-
365, activated by CTS, promotes chondrogenesis of BMSCs by inhibiting
HDAC4 and inducing IHH expression (Fig. 7).

There are still some limitations in our study. First, we did not apply
CTS in vivo directly due to the lack of mechanical devices at present.
Second, the best regimen of CTS for chondrogenesis still needs to be
investigated to balance the effect of chondrogenesis and cartilage hy-
pertrophy. At last, miR-365 may not be the only mechanism underlying
the promotion of chondrogenesis by CTS, and more in-depth research
needs to be implemented.

5. Conclusion

In summary, we demonstrated for the first time that CTS could
promote the expression of miR-365, a crucial mechanosensitive
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Fig. 6. Cyclic tensile strain (CTS)-treated and miR-365-overexpressing bone marrow-derived mesenchymal stem cells (BMSCs) promote cartilage regeneration in vivo.
The defects were filled with newly formed cartilage-like tissue in the CTS and miR-365-BMSCs group, while the BMSCs group still showed a moderate defect and the
untreated group showed a significant defect. In specimens from the CTS-treated and miR-365-expressing BMSCs, the regenerated tissue stained positive for Alcian
blue and collagen II. The control BMSCs group showed weaker positive staining. The untreated defect group showed less staining than all other groups (the rough
margins of defects are indicated in the red circle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

microRNA involved in the chondrogenesis of BMSCs, which directly
targets HDAC4 and inhibits its expression. CTS, therefore, promotes the
expression of IHH, which in turn enhances BMSC chondrogenesis.
Therefore, our results indicate that CTS promotes BMSC differentiation
into chondrocytes by miR-365 and this may help develop new stem cell
or drug therapies for treating cartilage disease.
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