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Abstract

Background: While bone marrow-derived mesenchymal stem cells (BMSC) are established sources for stem cell-
based cartilage repair therapy, articular cartilage-derived mesenchymal stem cells from osteoarthritis patients
(OA-MSC) are new and potentially attractive candidates. We compared OA-MSC and BMSC in chondrogenic
potentials, gene expression, and regulation by miR-365, a mechanical-responsive microRNA in cartilage (Guan et al.,
FASEB J 25: 4457–4466, 2011).

Methods: To overcome the limited number of OA-MSC, a newly established human OA-MSC cell line (Jayasuriya et al.,
Sci Rep 8: 7044, 2018) was utilized for analysis and comparison to BMSC. Chondrogenesis was induced by the
chondrogenic medium in monolayer cell culture. After chondrogenic induction, chondrogenesis and mineralization were
assessed by Alcian blue and Alizarin red staining respectively. MiRNA and mRNA levels were quantified by real-time PCR
while protein levels were determined by western blot analysis at different time points. Immunohistochemistry
was performed with cartilage-specific miR-365 over-expression transgenic mice.

Results: Upon chondrogenic induction, OA-MSC underwent rapid chondrogenesis in comparison to BMSC as
shown by Alcian blue staining and activation of ACAN and COL2A1 gene expression. Chondrogenic induction
also activated mineralization and the expression of hypertrophic and osteogenic genes in OA-MSC while only
hypertrophic genes were activated in BMSC. MiR-365 expression was activated by chondrogenic induction in
both OA-MSC and BMSC. Transfection of miR-365 in OA-MSC induced chondrogenic, hypertrophic, and osteogenic
genes expression while miR-365 inhibition suppressed the expression of these genes. Over-expression of miR-365
upregulated markers of OA-MSC and hypertrophy and increased OA scores in adult mouse articular cartilage.

Conclusions: Induction of chondrogenesis can activate mineralization, hypertrophic, and osteogenic genes in OA-MSC.
MiR-365 appears to be a master regulator of these differentiation processes in OA-MSC during OA pathogenesis. These
findings have important implications for cartilage repair therapy using cartilage derived stem cells from OA patients.
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Background
Osteoarthritis (OA), the most prevalent degenerative
arthropathy, is a common cause of disability due to arti-
cular cartilage degeneration and bone remodeling. For
decades researchers have been trying to identify an abun-
dant and suitable cell population with which to replenish
injured or diseased hyaline cartilage. To date, several
avenues of cell-based cartilage repair therapies have been
explored [1]. Bone marrow-derived mesenchymal stem
cells (BMSC) are one of the established stem cell sources
for its capability of chondrogenic differentiation and
formation of hyaline-like cartilage tissue [2].
Articular cartilage-derived mesenchymal stem cells

from osteoarthritis patients (OA-MSC) are new and
potentially attractive candidates for cell-based cartilage
repair. They are readily available from surgery without
immunological rejection for cell transplant [3]. However,
they reside in OA cartilage of geriatric individuals,
exhibiting different cell surface marker profile and diffe-
rentiation ability than that of MSC derived from nor-
mal articular cartilage origin [3–6]. Thus, to utilize
OA-MSC for cartilage repair, further characterization
is needed regarding its capacity for chondrogenesis
and the key molecules that regulate this process.
MicroRNAs (miRNAs) have profound effects on the

cellular phenotype and biological function in various
tissues [7]. Numerous studies have shown that miRNAs
are important regulators of diverse biological processes,
such as differentiation, development, and tumorigenesis
[8–10]. MicroRNAs (miRNAs) are a class of endogenous
noncoding RNAs, approximately 20–25 nucleotides in
length, that regulate one third of all mammalian gene
expression at the post-transcriptional level by targeting
mRNAs via binding to complementary sequences in 3′
untranslated region (3′UTR) [11]. MiRNA-365 has been
identified as a mechano-responsive miRNA (mechano-
miR) that potently stimulates chondrocyte hypertrophy
by transmitting mechanical as well as inflammatory
signals [12, 13]. Over-expression of miRNA-365 in car-
tilage was correlated with early onset of OA by promot-
ing hedgehog signaling and hypertrophic marker
expression during aging [13]. Yet the role of miR-365 in
OA-MSC remains unknown.
Since miR-365 was correlated with chondrocyte

hypertrophy and OA pathogenesis, we hypothesize
that miR-365 may also play a role in regulating OA-
MSC differentiation during chondrogenesis. If so, it
may be used to modulate OA-MSC differentiation
during cell-based cartilage repair. In the present
study, we compared chondrogenesis potentials as well
as gene expression regulated by miR-365 between
OA-MSC and BMSC and analyzed the role of miR-
365 in regulating cartilage cells hypertrophy in vitro
and in vivo.

Methods
Mesenchymal stem cells
Multiple cell lines of OA articular cartilage-derived
mesenchymal stem cells (OA-MSC), normal articular
cartilage-derived progenitor cell line 3 (nCPC), primary
OA articular chondrocytes, and primary OASC were
established after the use of discarded knee cartilage
samples from patient surgery was approved by IRB as
previously described [4]. Human BMSC cells and culture
media were obtained commercially (ATCC, Manassas,
VA USA). The study was performed using one of the
OA-MSC lines OASC2, which has been characterized
previously [3]. First, chondrogenesis of OASC2 was
induced for 3, 7, and 14 days in vitro, followed by quan-
titative real-time reverse transcription polymerase chain
reaction (qPCR), western blot, and histological staining
(Alcian blue and Alizarin red), and second, OASC2 was
transfected with miR-365 mimic or miR-365 inhibitor
(antagomir) followed by gene expression analysis. BMSC
were treated the same way as OASC2 for control.

MSC culture
OASC2 and BMSC were cultured at 37 °C in 5% CO2 in
their respective growth medium for 1 week. After the
cells reached confluency, they were sub-cultured at
1.25 × 105 cells/well in 12-well plates. For each group at
each time point, cells were treated with StemPro®
Chondrogenesis Differentiation kit (Thermo Scientific,
Waltham, MA USA) to induce chondrogenic differen-
tiation or with stem cell growth medium (DMEM, 1mM
glutamine, 100mM sodium pyruvate, 100 mg/mL ascor-
bic acid) as control. Medium was changed every 4 days.
On days 3, 7, and 14 of chondrogenic differentiation,
outcome parameters were assessed by qPCR, western
blot, and histological staining (Alcian blue staining and
Alizarin red staining). Alcian blue- and Alizarin red-
stained wells were scanned and analyzed using ImageJ
software. OASC2 and BMSC were transfected with
Lipofectamine 3000 (Thermo Scientific, Waltham, MA
USA) in 12-well plates. Forty-eight hours after transfec-
tion, cells were lysed in QIAzol lysis reagent (Qiagen,
Hilden, Germany) for RNA isolation and real-time
qPCR analysis.

Transgenic mice
MiR-365 flox transgenic founders of the C57/BL6 back-
ground were generated at Brown University Mouse Trans-
genic and Gene Targeting Facility as previously described
[14]. Upregulation of miR-365 in cartilaginous tissues
in vivo was achieved by crossing miR-365 fl +/− mice
with Col2a1-Cre +/− mice. It resulted in more than
six folds over-expression of miR-365 levels in cartilage
from miR-365 fl +/−; Col2a1-Cre +/− mice (miR-
365Tg) in comparison to its littermate control mice
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miR-365 fl −/−; Col2a1-Cre +/− (Cre-only) [14]. The miR-
365 Tg mice develop normally except for a slightly shorter
femur [14]. All mice were housed, handled, and eutha-
nized in accordance with federal and institutional guide-
lines. Animal protocols were approved by Lifespan
IACUC animal studies committee for this project.

Transfection
Cells were seeded onto desired size plates to reach 70–90%
confluence and transfected with miR-365 mimic (miRI-
DIAN™ miRmimic human has-miR-365a-3p, C-300666-03,
5 nmol, Dharmacon, Lafayette, CO, USA) or miRNA mimic
negative control (miRIDIAN™, CN-002000-01-05, 5 nmol,
Dharmacon, Lafayette, CO, USA) or miR-365 inhibitor
(miRIDIAN™ miRinhibitor has-miR-365a-3p, IN-300666-
05, 5 nmol, Dharmacon, Lafayette, CO, USA) or inhibitor
negative control (miRIDIAN™, IN-001005-01-05, 5 nmol,
Dharmacon, Lafayette, CO, USA). MiR-365 mimic, miRNA
mimic negative control, miR-365 inhibitor, and inhibitor
negative control were used at a final concentration of 25
nM unless otherwise stated. Lipofectamine 3000 (Invitro-
gen®, Waltham, MA, USA) was used as transfection re-
agents. Medium is changed 24 h after transfection. In 48 or
72 h post-transfection, cells were lysated in either QIAzol
for RNA purification and real-time PCR analysis or ice-cold
lysis buffer containing protease inhibitor and phosphatase
inhibitor for western blot analysis.

Quantitative real-time PCR
Total RNAs, including mRNAs and miRNAs, were iso-
lated from undifferentiated and chondrogenic differenti-
ated OASC2 and BMSC respectively using the miRNA
isolation kit according to the manufacturer’s protocol
(Qiagen, Hilden, Germany). RNA concentration and
quality were determined using Nanodrop ND-1000 spec-
trophotometer (Thermo Scientific, Waltham, MA USA).
Five hundred nanograms (ng) of RNA was reverse
transcribed using the miScriptIIRT Kit (Qiagen, Hilden,

Germany). Quantitative real-time PCR (qPCR) was per-
formed with the SYBR Green PCR Master mix (Qiagen,
Hilden, Germany) using the Bio-Rad CFX96 real-time
PCR detection system (Bio-Rad, Hercules, CA USA).
Sense and antisense primers were shown in Table 1. The
primers for human (hsa) U6 and miR-365 were purchased
from Qiagen miScript Primer Assay system and their
sequences were not fully available online. All reactions
were run in duplicate. Crossing point (Cp) values for miR-
365 were normalized to U6 snRNA, while Cp values for
mRNAs were normalized to 18S. Relative gene/miRNA
expression was determined using the 2-ΔΔCt method.

Western blot
All pre-treated samples were washed with ice-cold PBS
and lysated in lysis buffer (M-PER, Pierce, Illinois, IL
USA) plus protease inhibitor phenylmethylsulfonyl fluor-
ide (Halt, Pierce, Illinois, IL USA) for 30min on ice with
constant agitation. The lysates were centrifuged at 12,
000×g for 15min at 4 °C. The supernatants were collected,
and the protein concentrations were determined using
BCA assay (Pierce, Illinois, IL USA). Samples were heated
for 5 min at 95 °C. Equal amount of proteins for each sam-
ple were separated by 10% SDS-polyacrylamide gel and
then transferred to polyvinylidene difluoride (PVDF)
membrane (Bio-Rad, Hercules, CA USA) for 70min at
100 V. The membrane was blocked with 5% bovine serum
albumin (BSA) in Tris-buffered saline-Tween 20 (0.1%)
(TBS-T) for 1 h at room temperature, followed by incuba-
tion with primary antibodies at 4 °C overnight (Table 2).
Membrane was rinsed with TBS-T for 10min for a total of
5 times and incubated with goat anti-rabbit-Alexa Fluor
680 and donkey anti-mouse-Alexa Fluor 680 (Molecular
Probes, Eugene, OR, USA) for 1 h at room temperature.
The blots were scanned using an Odyssey fluorescence
scanner (LI-COR Biosciences, Lincoln, NE, USA). The
densitometry of each blot was analyzed by NIH ImageJ
software according to instruction at ImageJ.net.

Table 1 Primer list

Genes Forward (5′–3′) Reverse (5′–3′)

18S CGGCTACCACATCCAAGGAA GCTGGAATTACCGCGGCT

SOX9 CCCCAACAGATCGCCTACAG GAGTTCTGGTCGGTGTAGTC

ACAN AGTCCTCAAGCCTCCTGTACTCA CGGGAAGTGGCGGTAACA

COL2A1 GCCTGGTGTCATGGGTTT GTCCCTTCTCACCAGCTTTG

RUNX2 GGCAGGCACAGTCTTCCC GGCCCAGTTCTGAAGCACC

IHH CCGCGTGGCAGCTGTCTCTAC CCCCATGCCAAGCTGTGAAAG

COL10A1 GCCCACAGGCATAAAAGGCCC GAAGGACCTGGGTGCCCTCGA

ADAMTS5 GGCCGTGGTGAAGGTGGTGG GCTGCGTGGAGGCCATCGTC

COL1A1 CAGGAGGCACGCGGAGTGTG GGCAGGGCTCGGGTTTCCAC

OCN AGGGCAGCGAGGTAGTGAAG ATAGGCCTCCTGAAAGCCG
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Immunohistochemistry
Mouse knees from 6-month-old miR-365 Tg mice and
age-matched control littermates were decalcified, fixed
overnight in formalin solution and paraffin embedded.
The blocks were then sectioned (3.0 μm thick), mounted
onto slides, cleared with xylene, and rehydrated using
sequential incubation in 100%, 95%, 70%, and 50% etha-
nol solution. Sample slides were rinsed in deionized
water, and antigen retrieval was performed using sodium
citrate buffer (10 mM sodium citrate, pH 6) and an 850
W microwave. Slides were blocked overnight at 4 °C
using 1% bovine serum albumin in 1× PBS to eliminate
non-specific binding of the primary antibody. Slides
were stained with a monoclonal mouse antibody (diluted
1:100 in 1× PBS, 1% BSA) against CD166, Col2a1, and
Mmp13 (Abcam, Cambridge, MA, USA), overnight at
4 °C. Sections were then stained for 30 min with a green
fluorescently labeled anti-mouse secondary antibody
Alexa Fluor ab150105 (Abcam, Cambridge, MA, USA).
Fluorescent images were acquired at × 20 magnification
using a Nikon Eclipse 90i Digital Imaging System. A
total number of cells and CD166 positively stained cells
in the cartilage were manually counted on sections from
three different animals per group respectively. The
percentage of Col10a1 and Mmp13 positively stained
area was calculated by ImageJ.

Safranin O histology
Paraffin sections were de-paraffinized in 2 changes of
xylene, 10min each, followed by re-hydration in 2 changes
of 100% alcohol, 5 min each; 2 changes of 95% alcohol, 5
min each; and 70% alcohol for 5 min. Sections were then
rinsed in running tap water for 2min before stained with
0.4% fast green solution (Sigma, Cat. F-7258, St. Louis,
MO 63103 USA) for 2 min; however, the latter timing
must be empirically controlled to assure desired color-
ation. Stained sections were then quickly rinsed with 1%

acetic acid solution (Sigma, Cat. 695092-500ML-GL,
St. Louis, MO 63103 USA) for no more than 10–15 s.
0.1% Safranin O Solution was used for staining proteogly-
can; however, the actual timing must be carefully deter-
mined based on actual coloring condition, for maximally
10min. After Safranin O staining, sections were sub-
merged in 2 changes of 95% alcohol, 2 min each, 2
changes of 100% alcohol, 2 min each for de-hydration.
Lastly, sections were cleared in 2 changes of xylene, 2 min
each, and mounted using resinous mounting medium
(ACRYMOUNT™, Cat. SL80-4, McKinney, TX 75069
USA). To histologically evaluate OA severity, we quanti-
fied Safranin O-stained knee sections according to OARSI
semi-quantitative system as previously described [15].
Evaluators were blinded to the samples.

Statistical analysis
GraphPad Prism 6 Software was used to perform statis-
tical analyses. The Student’s unpaired t test was applied to
determine the differences between the gene expression
levels, which represent mean values ± SD (error bars).
Gene expression data are expressed as fold differences—
chondrogenic differentiated MSCs compared with un-
differentiated MSCs. Significance was determined
using raw data and assigned at p value < 0.05. There
is a minimum of n = 3 for all groups.

Results
Chondrogenic induction of OA-MSC but not BMSC in
monolayer cell culture
The cellular morphology of OASC2 presented a long
tubular structure, which was similar to that of BMSC
before chondrogenic differentiation (Fig. 1a). Upon in-
duction of chondrogenesis, human OASC2 gradually in-
creased in cell number and volume with more
extracellular matrix deposition (Fig. 1a, Chondro.).
OASC2 was stained with Alcian blue to determine the
presence of glycosaminoglycans. Alcian blue staining
was visible as early as day 7 under chondrogenesis con-
ditions and progressively increased in the accumulated
matrix at day 14 (Fig. 1b, c). In contrast, there was no
visible Alcian blue staining in the BMSC group by day
14 under chondrogenesis conditions (Fig. 1d, Chondro.).
This was consistent with the previous observation that
3D pellet culture was required for inducing chondrogen-
esis in BMSC [16]. Thus, upon chondrogenic induction
in monolayer cell culture, OASC2 underwent rapid
chondrogenesis in comparison to BMSC (Additional
files 1 and 2).
Upon chondrogenic induction, the mRNA levels of

chondrogenic markers COL2A1 (Fig. 2a) and ACAN
(Fig. 2b) were increased during OASC2 differentiation,
while the expression levels of IHH (Fig. 2c) and SOX9
(Fig. 2d) were increased after day 7. Western blot analysis

Table 2 Antibody list

Proteins Molecular
weight (KD)

Antibody origin Vendor Catalog#

β-ACTIN 45 Rabbit Cell Signaling cs-4970S

α-TUBULIN 50 Mouse Abcam ab-7291

SOX9 70 Rabbit Abcam ab-185966

RUNX2 57–60 Rabbit Abcam ab-23981

COL10A1 66 Mouse Abcam ab-49945

OCN 11 Rabbit Abcam ab-93876

CD166 IHC Mouse Abcam ab-175428

MMP13 60/IHC Rabbit Abcam ab-39012

Col10a1 IHC Rabbit Abcam ab-58632

ADAMTS5 75 Rabbit Santa Cruz sc-83186
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Fig. 1 (See legend on next page.)
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indicated the increase of SOX9 protein levels by chon-
drogenic induction (Fig. 2h). In comparison, chondrogenic
markers ACAN (Fig. 2e) and SOX9 (Fig. 2g) were
decreased in BMSC upon chondrogenic induction in
monolayer cell culture, consistent with the lack of Alcian
blue staining (Fig. 1d, e).

Chondrogenic induction activated mineralization
and hypertrophic and osteogenic gene expression
in OA-MSC
We noticed the deposition of minerals in OASC2 by day
14 after chondrogenic induction under a phase contrast
microscope (Fig. 1a, D14 Chondro.). To determine

(See figure on previous page.)
Fig. 1 Chondrogenic induction of OASC2 and BMSC. a Comparison of changes in the morphology of OASC2 in chondrogenesis medium (Chondro.)
with control (Growth) medium. In chondrogenesis medium, the cells gradually increased in numbers, volume and formed mineral deposition (yellow
arrows) by day 14. b Alcian blue staining showed proteoglycans (blue) in OASC2 in chondrogenesis medium (Chondro.) from day 7. c Quantification
of Alcian blue staining in OASC2 calculated by ImageJ software. d Alcian blue staining of BMSC in basal medium (Growth) or in chondrogenesis
medium (Chondro.). e Quantification of Alcian blue staining in BMSC calculated by ImageJ software. Data are presented as mean ± SD from at least 3
sample images for each group; *p≤ 0.05; **p≤ 0.01; ****p≤ 0.0001, relative to indicated control groups respectively

Fig. 2 Gene expression of chondrogenic markers in OASC2 and BMSC during chondrogenic induction. a A dot graph showing quantification of
COL2A1 mRNA level in the chondrogenic induction group (Chondro.) and control group (Growth) in OASC2. The expression levels of COL2A1
were significantly increased under chondrogenic condition than control; n.d., not detected. b Quantification of ACAN mRNA level in the
chondrogenic induction group and control group in OASC2. The expression levels of ACAN were significantly increased under chondrogenic
condition than control. c Quantification of IHH mRNA level in the chondrogenic induction group and control group in OASC2. The expression
levels of IHH increased significantly since day 7 after induction. d Quantification of SOX9 mRNA level in the chondrogenic induction group
and control group in OASC2. The expression levels of SOX9 increased significantly since day 7 after induction. e Quantification of ACAN mRNA
level in the chondrogenic induction group and control group in BMSC. The ACAN levels were lower after chondrogenic induction. f Quantification of
IHH mRNA level in the chondrogenic induction group and control group in BMSC. The IHH levels were lower after chondrogenic induction than
control. g Quantification of SOX9 mRNA level in the chondrogenic induction group and control group in BMSC. SOX9 levels were suppressed
significantly after chondrogenic induction. h Western Blot analysis showing SOX9 protein expression after chondrogenic induction in OASC2.
The SOX9 protein levels were increased after chondrogenic induction. Quantification of western blot is presented in Additional file 1: Figure S1a. Data
are presented as mean ± SD from at least 3 sample images for each group; *p ≤ 0.05; **p ≤ 0.01; ****p ≤ 0.0001, relative to indicated
control groups respectively
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whether mineralization was activated by chondrogenic
induction in OASC2, we performed Alizarin red stain-
ing. In OASC2, Alizarin red stains were greatly increased
at day 7 after chondrogenic induction and reached a
peak at D14 (Fig. 3a, b). In contrast, only residual
Alizarin red stains were noticeable at D14 after chondro-
genic induction in BMSC (Fig. 3b, d).
Mineralization is associated with chondrocyte hyper-

trophy and osteogenesis. To determine whether the
expression of hypertrophic and osteogenic genes were
induced by chondrogenic induction, we quantified the
markers including COL10A1, RUNX2, ADAMTS5,
COL1A1, and OCN. All the markers were increased
significantly by chondrogenic induction in the OASC2
group (Fig. 4a–e). In contrast, in the BMSC group, only
chondrocyte hypertrophic markers COL10A1 and
RUNX2 were increased by chondrogenic induction, but
COL1A1 and ADAMTS5 were not (Fig. 4f–i). Western
blot analysis indicated that the protein levels of RUNX2,
COL10, and OCN were increased by chondrogenic
induction in OASC2 (Fig. 4j).

MiR-365 induces chondrogenic, hypertrophic, and
osteogenic gene expression in OA-MSC
Chondrogenic induction resulted in an increase of
the miR-365 levels in both OASC2 and BMSC,
although the increase occurred later (after day 7) in
OASC2 (Fig. 5a, b). Transfection of miR-365 induced
the expression of chondrogenic, hypertrophic, and
osteogenic genes including SOX9, ACAN, IHH,
RUNX2, ADAMTS5, COL1, and OCN in OASC2 at
both mRNA and protein levels (Fig. 5c–l). However,
transfection of miR-365 only increased the expression
of RUNX2 significantly in BMSC (Fig. 5q). It also
inhibited ACAN, a chondrogenic marker in BMSC
(Fig. 5o).

MiR-365 inhibition suppresses the expression of
chondrogenic, hypertrophic, and osteogenic markers
in OASC2
To determine whether miR-365 is required for the ex-
pression of chondrogenic, hypertrophic, and osteogenic
genes in OASC2, we suppressed miR-365 expression by

Fig. 3 Comparison of Alizarin-Red Staining between OASC2 and BMSC in growth medium and chondrogenic induction medium. a In OASC2,
Alizarin Red Staining was visible in chondrogenesis medium (Chondro.) as early as day 7 and presented a progressive increase in the calcium
content in the accumulated matrix by day 14. b Quantification of Alizarin Red staining in OASC2 by ImageJ software. c Minimal Alizarin Red
staining in BMSC when cultured in basal medium (Growth) or chondrogenesis medium (Chondro.) by day 14. d Quantification of Alizarin red
staining in BMSC by ImageJ software. Data are presented as mean ± SD from at least 3 sample images for each group. **: p≤ 0.01, relative to
indicated control groups respectively
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transfecting miR-365 antagomir (inhibitor) into OASC2
(Fig. 5u) and BMSC (Fig. 5aa). Inhibition of miR-365
significantly decreased the expression of chondrogenic,
hypertrophic, and osteogenic genes including SOX9,

ADAMTS5, RUNX2, COL1A1, and OCN in OASC2
(Fig. 5v–z). While in BMSC, only the expression of
COL1A1 (Fig. 5ae) was significantly decreased after
miR-365 inhibitor treatment.

Fig. 4 Gene expression of hypertrophic and osteogenic markers in OASC2 and BMSC during chondrogenic induction. a A dot graph showing
quantification of RUNX2 mRNA level in the chondrogenic induction group (Chondro.) and control group (Growth) in OASC2. The expression
levels of RUNX2 were significantly by chondrogenic induction at days 3 and 14. b Quantification of ADAMTS5 mRNA level in the chondrogenic
induction group and control group in OASC2. The expression levels of ADAMTS5 were significantly higher than control on day 14. c Quantification of
COL1A1 mRNA level in the chondrogenic induction group and control group in OASC2. The expression levels of COL1A1 were significantly higher
under chondrogenic induction than control. d Quantification of OCN mRNA levels in the chondrogenic induction group and control group in OASC2.
OCN levels were significantly higher under chondrogenic induction than control. e Quantification of COL10A1 mRNA level in the chondrogenic
induction group and control group in OASC2. The COL10A1 expression levels were significantly higher under chondrogenic induction than
control. f Quantification of ADAMTS5 mRNA level in the chondrogenic induction group and control group in BMSC. The ADAMTS5 expression
level was significantly lower at day 3 after chondrogenic induction. g Quantification of COL1A1 mRNA levels in the chondrogenic induction
group and control group in BMSC. There was no significant difference of COL1A1 expression levels in response to chondrogenic induction.
h Quantification of COL10A1 mRNA level in the chondrogenic induction group and control group in BMSC. There was a significant increase
of COL10A1 expression level at days 7 and 14 after chondrogenic induction. i Quantification of RUNX2 mRNA level in the chondrogenic
induction group and control group in BMSC. Chondrogenic treatment significantly increased RUNX2 expression at day 7 after induction. j
Western blot analysis showing RUNX2, COL10A1, and OCN protein expression during chondrogenic induction in OASC2. RUNX2, The COL10A1, and
OCN protein levels were increased by chondrogenic induction in OASC2. Quantification of western blot is presented in Additional file 1: Figure S1b, c,
d. Data are presented as mean ± SD from at least 3 sample images for each group; *p≤ 0.05; **p≤ 0.01; ***p≤ 0.001; ****p≤ 0.0001, relative to
indicated control groups respectively
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Fig. 5 (See legend on next page.)
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MiR-365 increases the MSC and hypertrophic cartilage
marker gene expression
To understand the biological significance of miR-365
regulation of cartilage cells, we quantified miR-365 levels
in normal human cartilage-derived progenitor cells
(nCPC), primary human OA-MSC, and primary human
OA chondrocytes. Human OA cartilage cells including
both chondrocytes and progenitor stem cells have signifi-
cantly higher miR-365 levels than normal human
cartilage-derived progenitor cells (Fig. 6a). Thus, miR-365
is upregulated in primary OA cartilage cells. To under-
stand the effect of upregulation of miR-365 on cartilage,
we performed immunohistochemistry with adult miR-365
transgenic mice (miR-365 fl+/−; Col2a1-Cre+/−) ge-
nerated in our laboratory [14]. In the miR-365 Tg mice,
miR-365 was over-expressed about sixfold in cartilage
specifically [14]. It resulted in an increase of hypertrophic
markers (Col10a1, Mmp13) and MSC marker (CD166) in
cartilage (Fig. 6b–j) and significant proteoglycan loss in
the knee articular surface indicated by Safranin O staining
(Fig. 6k–m). Furthermore, some of the positive immuno-
reactive signals of Col10a1 and Mmp13 occurred in the
superficial zone where CD166-positive MSCs resided
(arrows, Fig. 6c, f, i). It suggests that the cartilage MSCs
may be involved in hypertrophic marker expression.

Discussion
Mesenchymal stem cells (MSC), a popular source for
cell-based cartilage repair, can be derived from a variety
of human tissues of the mesenchymal origin including

adipose [17], synovium [18], cartilage [19], and bone and
bone marrow [20]. Among them, bone marrow-derived
MSCs (BMSC) are the most studied and widely used
[21]. Despite the success of inducing chondrogenesis
using the BMSC, it usually requires long-term pellet
culture in 3D [22]. Furthermore, they are prone to hyper-
trophy, which is undesirable for maintaining hyaline car-
tilage phenotype [23–25]. These properties contribute to
the less-than-ideal long-term success rate of cell-based
cartilage repair using the BMSC.
The MSCs in articular cartilage are thought to have

inherent advantages for cartilage repair because of their
potential roles as chondro-progenitor cells in the cartilage
tissue [25]. Furthermore, these MSCs can be isolated from
discarded articular cartilage samples of osteoarthritis
patients undergoing joint replacement surgery, which have
been termed OA-MSC [3]. Using multiple cell lines ge-
nerated from the OA-MSC including the human OASC2
line used in this study, we showed that OA-MSCs are
prone to chondrocyte hypertrophy, which was similar to
BMSC [23–25]. However, there is no side-by-side com-
parison between OA-MSC and BMSC in terms of their
differentiation potentials. Furthermore, the gene(s) regu-
lating OA-MSC differentiation is not known. The current
study was carried out to gain this knowledge.

Chondrogenesis
We show that, upon induction with the chondrogenesis
medium, the OASC2 cells underwent rapid chondro-
genesis in the monolayer cell culture in 7 days. This was

(See figure on previous page.)
Fig. 5 The chondrogenic, hypertrophic, and osteogenic markers expression in undifferentiated OASC2 and BMSC upon transfection of miR-365 or
its inhibitor. a A dot graph showing quantification of miR-365 RNA level in the chondrogenic induction group (Chondro.) and control group
(Growth) in OASC2. The expression level of miR-365 was significantly increased by chondrogenic induction at Day 14 in OASC2. b MiR-365 RNA
levels in BMSC. The expression level of miR-365 was significantly increased by chondrogenic induction at Day 14 in BMSC. c, d The protein
expressions of MMP13, COL10A1, ADAMTS5, SOX9, RUNX2, and β-ACTIN in OASC2 transfected with miR-365 mimic and miR-365 inhibitor; western
blot images are representative of three samples (n = 3). Quantification of western blot is presented in Additional file 1: Figure S2. e MiR-365 levels
were significantly increased after transfection of miR-365 (miR-365 mimic) in comparison to transfection control (Mimic Ctrl) in OASC2. f The SOX9
mRNA level was significantly increased by miR-365 transfection in OASC2. g The ACAN mRNA level was significantly increased by miR-365 transfection
in OASC2. h The IHH mRNA level was significantly increased by miR-365 transfection in OASC2. i The RUNX2 mRNA level was significantly increased by
miR-365 transfection in OASC2. j The ADAMTS5 mRNA level was significantly increased by miR-365 transfection in OASC2. k The COL1A1 mRNA level
was significantly increased by miR-365 transfection in OASC2. l The OCN mRNA level was significantly increased by miR-365 transfection in OASC2.
m MiR-365 levels were significantly increased after transfection of miR-365 (miR-365 mimic) in comparison to transfection control (Mimic Ctrl) in BMSC.
n No significant change of SOX9 mRNA levels after miR-365 transfection in BMSC. o The ACAN mRNA level was significantly decreased by miR-365
transfection in BMSC. p No significant change of IHH mRNA levels after miR-365 transfection in BMSC. q The RUNX2 mRNA level was significantly
increased by miR-365 transfection in BMSC. r No significant change of ADAMTS5 mRNA levels after miR-365 transfection in BMSC. s No significant
change of COL1A1 mRNA levels after miR-365 transfection in BMSC. t No significant change of OCN mRNA levels after miR-365 transfection in BMSC.
u MiR-365 levels were significantly decreased after transfection of miR-365 inhibitor (antagonist) in comparison to control (Inhibitor Ctrl) in OASC2.
v The SOX9 mRNA level was significantly inhibited by miR-365 inhibitor in OASC2. w The ADAMTS5 mRNA level was significantly inhibited by miR-365
inhibitor in OASC2. x The RUNX2 mRNA level was significantly inhibited by miR-365 inhibitor in OASC2. y The COL1A1 mRNA level was significantly
inhibited by miR-365 inhibitor in OASC2. z The OCN mRNA level was significantly inhibited by miR-365 inhibitor in OASC2. aa MiR-365 levels were
significantly decreased after transfection of miR-365 inhibitor (antagonist) in comparison to control (Inhibitor Ctrl) in BMSC. ab No significant change of
SOX9 mRNA levels after miR-365 inhibitor transfection in BMSC. ac No significant change of ADAMTS5 mRNA levels after miR-365 inhibitor transfection
in BMSC. ad No significant change of RUNX2 mRNA levels after miR-365 inhibitor transfection in BMSC. ae The COL1A1 mRNA level was significantly
inhibited by miR-365 inhibitor in BMSC. af The OCN mRNA level was significantly increased by miR-365 inhibitor in BMSC. Data are presented as
mean ± SD from at least 3 sample images for each group; *p≤ 0.05; **p≤ 0.01; ****p≤ 0.0001, relative to indicated control groups respectively
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reflected by the positive Alcian blue staining and in-
duction of the chondrogenic markers including SOX9,
COL2A1, and ACAN. In contrast, human BMSC failed to
undergo chondrogenesis under the same condition for 14
days. This was consistent with the previous observation
that chondrogenesis of the human BMSC usually requires
long-term incubation in a 3D pellet culture after
chondrogenic induction [22]. Thus, the OA-MSC cells
seemed to have much more enhanced chondrogenic
potentials than BMSCs.

Mineralization, hypertrophy, and osteogenesis
To our surprise, we observed potent and rapid
mineralization of human OA-MSC cells upon chon-
drogenic induction. Concurrent with chondrogenesis,
mineralization of the OA-MSC cells, as indicated by the
strong positive Alizarin red staining, occurred in 7 days
after chondrogenic induction. In contrast, the BMSC cells
only exhibited minor residual Alizarin red staining in 14
days after induction. Notably, such strong mineralization
in the OA-MSC occurred after chondrogenic induction,
which normally does not activate the cell mineralization
process. To determine whether mineralization of OA-
MSC was due to chondrocyte hypertrophy or osteogenesis
of the stem cells, we quantified the marker genes of hyper-
trophy and osteogenesis respectively. The results indicated
that both markers of chondrocyte hypertrophy and stem
cell osteogenesis were induced by the chondrogenesis
medium in the OA-MSC. Thus, both the hypertrophy
and osteogenesis differentiation processes may account
for mineralization of the OA-MSC. In contrast, only
hypertrophy-related genes such as COL10A1 and
RUNX2 were activated by the chondrogenic induction
in the BMSC, consistent with the previous observation
that the BMSC was prone to hypertrophy during chondro-
genesis. However, the induction of hypertrophy was not
sufficient to induce mineralization in the BMSC.
We have shown previously that, between the two groups

of human OA-MSC lines tested, the OASC2 group had
stronger chondrogenesis potential but less osteogenesis
potential than the OASC18 group [3]. However, the osteo-
genesis potentials were only tested during the osteogenic
induction by the osteogenesis medium. Thus, it is a

novel finding that the human OA-MSC undergoes
rapid mineralization during chondrogenesis. It is not
a sequential activation of chondrogenesis followed by
hypertrophy and osteogenesis, as occurred in the
osteochondro-progenitor cells during endochondral
ossification of skeletal development [26]. Rather, it seemed
to be a concurrent event with chondrogenesis, hyper-
trophy, osteogenesis, and mineralization occurring
simultaneously. This conclusion was supported by the ob-
servation that both chondrogenesis, as reflected by Alcian
blue staining, and mineralization, as reflected by Alizarin
red staining, occurred simultaneously by day 7 and further
enhanced by day 14. In addition, the gene expression of
the markers of chondrogenesis, hypertrophy, and osteo-
genesis was upregulated concurrently rather than sequen-
tially. This was shown not only at the mRNA levels by
real-time quantitative RT-PCR, but also at the protein
levels by western blot analysis. We hypothesize that such
concurrent differentiation in the OA-MSC cells may be a
specific property of the MSCs in the adult cartilage tissue.
Alternatively, it can also be a unique property of the MSCs
during OA pathogenesis. Indeed, the hallmarks of OA in-
clude activation of the hypertrophic genes such as type X
collagen and transcriptional factor Runx2, enhanced
mineralization [27], and abnormal induction of osteogen-
esis [28], all of which occur in the OA-MSC. It may also
suggest that some of the pathological features of OA may
be derived from the OA-MSC. Thus, it is highly important
to understand the molecular mechanisms that regulate
OA-MSC differentiation processes.

A master gene that regulates OA-MSC differentiation
Through a candidate screening approach, we identified
miR-365 as a master gene that induced gene expression
of the markers of chondrogenesis, hypertrophy, and
osteogenesis in the OA-MSC cells. Since OA-MSCs
were derived from human OA cartilage and might
participate in OA pathogenesis, we focused on the mo-
lecules that were activated by mechanical loading and
inflammation, the two main factors involved in the OA
onset and progression [29, 30]. MiR-365 is one of the first
mechanical-sensitive microRNAs (mechanomiR) identi-
fied in cartilage, which is involved in the mechanical

(See figure on previous page.)
Fig. 6 MiR-365 expression in human cartilage cells; and protein expression of MSC marker CD166, hypertrophic cartilage markers Col10a1 and
Mmp13 in articular cartilage of miR-365 transgenic mice (Tg). a A bar graph showing quantification of miR-365 expression in normal cartilage
progenitor cell line 3 (nCPC3), primary OA-MSC, and primary OA chondrocytes (OAC) respectively. Representative immunohistochemistry staining
of CD166 (b, c), Col10a1 (e, f), and Mmp13 (h, i) in 6-month-old miR-365 Tg mice (MiR-365 fl +/−; Col2a1-Cre+/−) and age-matched control Cre-
only mice (MiR-365 fl −/−; Col2a1-Cre+/−) knee articular cartilage. d Quantification of CD166 positive cell numbers in b and c. g Quantification of
Col10a1 positive tissue areas in e and f. j Quantification of Mmp13 positive tissue areas in h and i. k, l Representative Safranin O staining of 6-
month-old miR-365 Tg mice (MiR-365 fl +/−; Col2a1-Cre+/−) and age-matched control Cre-only mice (MiR-365 fl −/−; Col2a1-Cre+/−) knee
articular cartilage. m OARSI scoring of k and l. Arrows point to the immuno-positive signals. The images are representative of analyses of at least
three mice per group. Data are presented as mean ± SD from at least 3 sample images for each group; *p≤ 0.05; **p≤ 0.01; ****p≤ 0.0001,
relative to indicated control groups respectively
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activation of chondrocyte differentiation [12]. It is also
activated by IL-1 [13], a major inflammatory cytokine in
OA, and involved in IL-6 regulation [31].
In order for a master gene to regulate multiple differ-

entiation processes, it has to regulate multiple targets.
MicroRNA is well suited for this task because it targets
the 3′ UTR of multiple RNAs in a variety of cells. For
example, miR-365 activates chondrogenesis and chon-
drocyte hypertrophy by inhibiting histone deacetylase 4
(HDAC4), a potent inhibitor of chondrocyte hypertrophy
[12]. The activation of hypertrophy is also achieved by
activation of the hedgehog pathway, a major signaling
pathway required for OA pathogenesis [32]. During de-
velopment, miR-365 is expressed by per-hypertrophic
chondrocytes, coinciding with Indian hedgehog (Ihh)
expression [12]. On the other hand, miR-365 also
promotes osteogenesis through targeting HDAC4 in pre-
osteoblasts MC-3 T3 [33]. Thus, miR-365 could promote
chondrogenesis, hypertrophy, and osteogenesis in dif-
ferent types of cells. However, it was not known whether
it did so in the OA-MSC and BMSC.
Our results indicated that miR-365 was both necessary

and sufficient for activation of the marker genes for chon-
drogenesis, hypertrophy, and osteogenesis in the OA-MSC.
Transfection of the miR-365 mimic activated the gene
expression of chondrogenesis (SOX9, ACAN), hypertrophy
(IHH, ADAMTS5), and osteogenesis (RUNX2, COL1A1,
and OCN), while transfection of miR-365 antagomiR inhib-
ited the mRNA levels of these genes. However, in the
BMSC cells, such concurrent differentiation processes did
not occur and miR-365 appeared to inhibit chondrogenesis.
Thus, the OA-MSC activity, as reflected by the concurrent
differentiation, can be induced by miR-365. Conversely,
the activity of the OA-MSC can be inhibited by the
miR-365 inhibitor.
It is not known whether the concurrent differentiation of

chondrogenesis, hypertrophy, and osteogenesis occurred in
the same or different OA-MSC cells. Since the OASC2 cell
line was derived from a single OA-MSC in adult human
cartilage, it strongly suggested that the concurrent differen-
tiation events occur simultaneously in the same cells.
However, a possibility still existed that different cells from
the same cell population might differentiate towards diffe-
rent cell lineages. Such possibility requires a single-cell
analysis tracking the expression of multiple genes in one
cell. To eliminate the heterogeneity of primary OA-MSCs,
especially regarding the concurrent differentiation events,
we performed the analyses using the OASC2 cell line. We
validated the elevated miR-365 levels in primary OA-MSC
compared to normal cartilage-derived MSC. We demon-
strated that the cartilage-specific expression of miR-365
increased OA-MSC and hypertrophic markers expression
in transgenic mice in vivo. Furthermore, some of the
hypertrophic markers were co-localized with OA-MSC in

articular cartilage. This is consistent with the previous ob-
servation that the percentage of cartilage MSCs increase
during OA pathogenesis [4, 12].
In conclusion, our data for the first time show that

induction of chondrogenesis can promote chondrogenic,
hypertrophic and osteogenic genes in the OA-MSC and
this regulation can be mediated by miR-365. In compari-
son to the BMSC, which are widely used for cell-based
cartilage repair, OA-MSCs can undergo rapid chon-
drogenesis in monolayer cell culture in 7 days while
the BMSC chondrogenesis requires long-term cell cul-
ture in 3D. Chondrogenic induction also activated
mineralization in the OA-MSC but not in the BMSC,
while both types of cells underwent hypertrophy. MiR-365
expression activated chondrogenic, hypetrophic, and
osteogenic gene expression in OA-MSC in vitro and OA
pathogenesis in vivo. These findings have important im-
plications for cell-based cartilage repair using either
OA-MSC or BMSC cells and present a new paradigm
in which chondrogenesis, mineralization, and the ex-
pression of OA related genes may be coupled during the
OA-MSC differentiation process. Our data suggests that
miR-365, a potential master regulator of the OA-MSC,
can be used to modulate the OA-MSC activities during
cartilage repair.

Additional files

Additional file 1: Figure S1. Western blot densitometric analysis of
chondrogenic markers, hypertrophic markers, and osteogenic markers
after chondrogenic induction in OASC2. To quantify the protein expression
level of SOX9 (a), RUNX2 (b), COL10A1 (c), and OCN (d) in OASC2 which
underwent chondrogenic induction, densitometric analysis of the western
blots in terms of gray intensity was performed using ImageJ for at least
three experimental repeats. The densitometric intensity was normalized to
that of β-ACTIN which served as the loading control. The average of the
Day3-Growth group was normalized to 1 fold. Data are presented as
mean ± SD for each group; **p < 0.01, ***p < 0.001, ****p < 0.0001,
*******p < 0.0000001. (JPG 1473 kb)

Additional file 2: Figure S2. Western blot densitometric analysis of
chondrogenic markers and hypertrophic markers in undifferentiated OASC2
upon transfection of miR-365 or its inhibitor. To quantify the protein
expression level of MMP13 (a), COL10A1 (b), ADAMTS-5 (c), SOX9 (d) and
RUNX2 (e) in undifferentiated OASC2 transfected with miR-365 mimic or
miR-365 inhibitor, densitometric analysis of the western blots in terms of
gray intensity was performed using ImageJ for at least three experimental
repeats. The densitometric intensity was normalized to that of β-ACTIN
which served as the loading control. The average of the mimic control
group was normalized to 1 fold. Data are presented as mean ± SD for each
group; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, *****p < 0.00001,
*********p < 0.000000001. (JPG 1504 kb)

Acknowledgements
Not applicable.

Authors’ contributions
The following authors have made substantial contributions to the following:
(1) conception and design of the study (NH, YG, QC), acquisition of data and
statistical expertise (NH, YG, JD, MF), analysis and interpretation of data (NH,
YG, CJ, WL, MF, QC); (2) drafting the manuscript (NH, YG, QC), critically revising
the manuscript for important intellectual content (NH, YG, CJ, WL, HD, MF, QC),

Hu et al. Arthritis Research & Therapy          (2019) 21:167 Page 13 of 14

https://doi.org/10.1186/s13075-019-1949-0
https://doi.org/10.1186/s13075-019-1949-0


and (3) final approval of the version to be submitted (NH, YG, CJ, WL, HD, MF,
QC). All authors read and approved the final manuscript.

Funding
This work is supported by NIH/NIGMS P20GM104937 and P30GM122732 to
Q.C.; Y.G. was supported partially by Chinese Scholar Council (CSC) grant.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Rheumatology, the First Affiliated Hospital of Xi’an Jiaotong
University, Xi’an 710061, Shaanxi, China. 2Department of Orthopaedics,
Warren Alpert Medical School of Brown University/Rhode Island Hospital,
Providence, RI 02903, USA. 3Bone and Joint Research Center, the First
Affiliated Hospital and Frontier Institute of Science and Technology, Xi’an
Jiaotong University, Xi’an 710061, China. 4Department of Orthopaedics, the
First Affiliated Hospital of Xi’an Jiaotong University, Xi’an 710061, Shaanxi,
China.

Received: 22 August 2018 Accepted: 20 June 2019

References
1. Mobasheri A, Kalamegam G, Musumeci G, Batt ME. Chondrocyte and

mesenchymal stem cell-based therapies for cartilage repair in osteoarthritis
and related orthopaedic conditions. Maturitas. 2014;78(3):188–98.

2. Elder SH, Cooley AJ Jr, Borazjani A, Sowell BL, To H, Tran SC. Production of
hyaline-like cartilage by bone marrow mesenchymal stem cells in a self-
assembly model. Tissue Eng Part A. 2009;15(10):3025–36.

3. Jayasuriya CT, Hu N, Li J, Lemme N, Terek R, Ehrlich MG, et al. Molecular
characterization of mesenchymal stem cells in human osteoarthritis
cartilage reveals contribution to the OA phenotype. Sci Rep. 2018;8(1):7044.

4. Nelson L, McCarthy HE, Fairclough J, Williams R, Archer CW. Evidence of a
viable Pool of stem cells within human osteoarthritic cartilage. Cartilage.
2014;5(4):203–14.

5. Hattori S, Oxford C, Reddi AH. Identification of superficial zone articular
chondrocyte stem/progenitor cells. Biochem Biophys Res Commun. 2007;
358(1):99–103.

6. Fu C, Yan Z, Xu H, Zhang C, Zhang Q, Wei A, et al. Isolation, identification
and differentiation of human embryonic cartilage stem cells. Cell Biol Int.
2015;39(7):777–87.

7. Carthew RW. Gene regulation by microRNAs. Curr Opin Genet Dev.
2006;16(2):203–8.

8. Chen CZ, Li L, Lodish HF, Bartel DP. MicroRNAs modulate hematopoietic
lineage differentiation. Science. 2004;303(5654):83–6.

9. Nicoloso MS, Spizzo R, Shimizu M, Rossi S, Calin GA. MicroRNAs--the micro
steering wheel of tumour metastases. Nat Rev Cancer. 2009;9(4):293–302.

10. Krichevsky AM, Sonntag KC, Isacson O, Kosik KS. Specific microRNAs
modulate embryonic stem cell–derived neurogenesis. Stem Cells.
2006;24(4):857–64.

11. Lewis BP, Burge CB, Bartel DP. Conserved seed pairing, often flanked by
adenosines, indicates that thousands of human genes are microRNA
targets. Cell. 2005;120(1):15–20.

12. Guan YJ, Yang X, Wei L, Chen Q. MiR-365: a mechanosensitive microRNA
stimulates chondrocyte differentiation through targeting histone
deacetylase 4. FASEB J. 2011;25(12):4457–66.

13. Yang X, Guan Y, Tian S, Wang Y, Sun K, Chen Q. Mechanical and IL-1β
responsive miR-365 contributes to osteoarthritis development by targeting
histone deacetylase 4. Int J Mol Sci. 2016;17(4):436.

14. Yang K, Gao Y, Yang M, Xu Z, Chen Q. Creating conditional dual
fluorescence labeled transgenic animals for studying function of small
noncoding RNAs. Conn Tissue Res. 2017;58(1):103–15.

15. Glasson SS, Chambers MG, Van Den Berg WB, Little CB. The OARSI
histopathology initiative-recommendations for histological assessments of
osteoarthritis in the mouse. Osteoarthr Cartil. 2010;18(3):S17–23.

16. Mackay AM, Beck SC, Murphy JM, Barry FP, Chichester CO, Pittenger MF.
Chondrogenic differentiation of cultured human mesenchymal stem cells
from marrow. Tissue Eng. 1998;4(4):415–28.

17. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H, et al.
Human adipose tissue is a source of multipotent stem cells. Mol Biol
Cell. 2002;13(12):4279–95.

18. De Bari C, Dell’Accio F, Tylzanowski P, Luyten FP. Multipotent
mesenchymal stem cells from adult human synovial membrane. Arthritis
Rheum. 2001;44(8):1928–42.

19. Huang YZ, Xie HQ, Silini A, Parolini O, Zhang Y, Deng L, et al. Mesenchymal
stem/progenitor cells derived from articular cartilage, synovial membrane
and synovial fluid for cartilage regeneration: current status and future
perspectives. Stem Cell Rev. 2017;13(5):575–86.

20. Prockop DJ. Marrow stromal cells as stem cells for non-hematopoietic
tissues. Science. 1997;276:71–4.

21. van Osch GJ, Brittberg M, Dennis JE, Bastiaansen-Jenniskens YM, Erben RG,
Konttinen YT, et al. Cartilage repair: past and future – lessons for
regenerative medicine. J Cell Mol Med. 2009;13(5):792–810.

22. Ronziere MC, Perrier E, Mallein-Gerin F, Freyria AM. Chondrogenic potential
of bone marrow- and adipose tissue-derived adult human mesenchymal
stem cells. Biomed Mater Eng. 2010;20(3):145–58.

23. Mwale F, Stachura D, Roughley P, Antoniou J. Limitations of using aggrecan
and type X collagen as markers of chondrogenesis in mesenchymal stem
cell differentiation. J Orthop Res. 2006;24(8):1791–8.

24. Pelttari K, Winter A, Steck E, Goetzke K, Hennig T, Ochs BG, et al. Premature
induction of hypertrophy during in vitro chondrogenesis of human
mesenchymal stem cells correlates with calcification and vascular invasion after
ectopic transplantation in SCID mice. Arthritis Rheum. 2006;54(10):3254–66.

25. Jayasuriya CT, Chen Q. Potential benefits and limitations of utilizing
chondroprogenitors in cell-based cartilage therapy. Connect Tissue Res.
2015;56(4):265–71.

26. Kronenberg HM. Developmental regulation of the growth plate. Nature.
2003;423(6937):332–6.

27. Pitsillides AA, Beier F. Cartilage biology in osteoarthritis—lessons from
developmental biology. Nat Rev Rheumatol. 2011;7(11):654–63.

28. Sandell LJ, Aigner T. Articular cartilage and changes in arthritis: cell biology
of osteoarthritis. Arthritis Res. 2001;3(2):107–13.

29. Jayasuriya CT, Chen Q. Role of inflammation in osteoarthritis. Rheumatol
Curr Res. 2013;3:121.

30. Griffin TM, Guilak F. The role of mechanical loading in the onset and
progression of osteoarthritis. Exerc Sport Sci Rev. 2005;33(4):195–200.

31. Xu Z, Xiao SB, Xu P, Xie Q, Cao L, Wang D, et al. miR-365, a novel negative
regulator of IL-6 gene expression, is cooperatively regulated by Sp1 and NF-
kappaB. J Biol Chem. 2011;286(24):21401–12.

32. Wei F, Zhou J, Wei X, Zhang J, Fleming BC, Terek R, et al. Activation of Indian
hedgehog promotes chondrocyte hypertrophy and upregulation of MMP-13
in human osteoarthritic cartilage. Osteoarthr Cartil. 2012;20(7):755–63.

33. Xu D, Gao Y, Hu N, Wu L, Chen Q. miR-365 ameliorates dexamethasone-
induced suppression of osteogenesis in MC3T3-E1 cells by targeting
HDAC4. Int J Mol Sci. 2017;18:977–86.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Hu et al. Arthritis Research & Therapy          (2019) 21:167 Page 14 of 14


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Mesenchymal stem cells
	MSC culture
	Transgenic mice
	Transfection
	Quantitative real-time PCR
	Western blot
	Immunohistochemistry
	Safranin O histology
	Statistical analysis

	Results
	Chondrogenic induction of OA-MSC but not BMSC in monolayer cell culture
	Chondrogenic induction activated mineralization �and hypertrophic and osteogenic gene expression �in OA-MSC
	MiR-365 induces chondrogenic, hypertrophic, and osteogenic gene expression in OA-MSC
	MiR-365 inhibition suppresses the expression of chondrogenic, hypertrophic, and osteogenic markers �in OASC2
	MiR-365 increases the MSC and hypertrophic cartilage marker gene expression

	Discussion
	Chondrogenesis
	Mineralization, hypertrophy, and osteogenesis
	A master gene that regulates OA-MSC differentiation

	Additional files
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

