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Aims

Circular RNA (circRNA) is involved in the regulation of articular cartilage degeneration in-
duced by inflammatory factors or oxidative stress. In a previous study, we found that the
expression of circStrn3 was significantly reduced in chondrocytes of osteoarthritis (OA) pa-
tients and OA mice. Therefore, the aim of this paper was to explore the role and mechanism
of circStrn3 in osteoarthritis.

Methods

Minus RNA sequencing, fluorescence in situ hybridization, and quantitative real-time poly-
merase chain reaction (qRT-PCR) were used to detect the expression of circStrn3 in human
and mouse OA cartilage tissues and chondrocytes. Chondrocytes were then stimulated to se-
crete exosomal miR-9-5p by cyclic tensile strain. Intra-articular injection of exosomal miR-9-
5p into the model induced by destabilized medial meniscus (DMM) surgery was conducted
to alleviate OA progression.

Results

Tensile strain could decrease the expression of circStrn3 in chondrocytes. CircStrn3 expression
was significantly decreased in human and mouse OA cartilage tissues and chondrocytes.
CircStrn3 could inhibit matrix metabolism of chondrocytes through competitively ‘sponging’
miRNA-9-5p targeting Kruppel-like factor 5 (KLF5), indicating that the decrease in circStrn3
might be a protective factor in mechanical instability-induced OA. The tensile strain stimu-
lated chondrocytes to secrete exosomal miR-9-5p. Exosomes with high miR-9-5p expression
from chondrocytes could inhibit osteoblast differentiation by targeting KLF5. Intra-articular
injection of exosomal miR-9-5p alleviated the progression of OA induced by destabilized me-
dial meniscus surgery in mice.

Conclusion

Taken together, these results demonstrate that reduction of circStrn3 causes an increase in
miR-9-5p, which acts as a protective factor in mechanical instability-induced OA, and pro-
vides a novel mechanism of communication among joint components and a potential appli-
cation for the treatment of OA.
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Article focus
CircStrn3 could inhibit matrix metabo-
lism of chondrocytes through competi-
tively ‘sponging” miRNA-9-5p targeting
Kruppel-like factor 5 (KLF5).

Key messages
Intra-articular injection of exosomal miR-
9-5p alleviates the progression of osteoar-
thritis (OA) in mice.
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Exosomes with high miR-9-5p expression from chon-
drocytes could inhibit osteoblast differentiation by
targeting KLF5.

Strengths and limitations

The inhibition of circStrn3 might be a protective
response of chondrocytes to abnormal mechanical
stimulation in OA. These results demonstrate that
reduction of circStrn3 causes an increase in miR-
9-5p, which acts as a protective factor in mechanical
instability-induced OA and provides a novel mecha-
nism of communication among joint components
and a potential application for the treatment of OA.
Although we speculated that female animals would
deliver similar results in our study, we did not research
the related contents.

Introduction

Osteoarthritis (OA) is the most common degenerative
joint disease and leading cause of physical disability in
the elderly population.’ Injuries directly leading to joint
instability are highly associated with OA, suggesting that
mechanical instability is a critical factor for the develop-
ment of OA.?

Dysfunction of articular chondrocytes and break-
down of cartilage extracellular matrix (ECM) caused by
abnormal mechanical stimulations have gained wide-
spread acceptance as the leading causes of articular carti-
lage degradation.? Recently, the pathological changes of
the entire joint, including the degenerated cartilage and
subchondral bone sclerosis, have become the impetus
for generally recognizing OA as a disease of the joint as
an organ. Mounting evidence has suggested that carti-
lage degeneration and subchondral bone sclerosis not
only were independent drivers of pain, poor function,
and structural progression of OA, but also influenced
each other through proinflammatory mediators, growth
factors, cytokines, and direct cell interactions.*

Circular RNAs (circRNAs), a novel class of endoge-
nous noncoding RNAs,> can regulate gene expression at
the transcriptional or post-transcriptional level through
competitively ‘sponging” microRNAs (miRNAs). miRNAs
play an important regulatory role in cell differentiation,
apoptosis, and cancer.® miRNAs regulate gene expression
through the inhibitory engagement of complimentary
‘seed sequences’ within the 3'-untranslated region
(3'-UTR) of target messenger RNAs (mRNAs), leading to
translational inhibition and/or mRNA degradation.” The
circRNA-miRNA-mRNA group participates in articular
cartilage degradation caused by inflammatory factors
or oxidative stress. miRNA-enriched exosomes mediate
cell-to-cell communications and modulate biological
process.®?

In this study, minus RNA sequencing (RNA-seq) data
showed that tensile strain decreased the expression
of circStrn3 in chondrocytes. CircStrn3 expression was
also downregulated in human and mouse OA cartilage
tissues and chondrocytes. Moreover, this study showed

that circStrn3 could target Kruppel-like factor 5 (KLF5)
and competitively ‘sponge’” miRNA-9-5p, resulting in
inhibiting matrix metabolism of chondrocytes. This indi-
cates that the reduction of circStrn3 might be a protective
factor in mechanical instability-induced OA. In addi-
tion, chondrocytes could secrete exosomal miR-9-5p in
response to the tensile strain, which could suppress the
differentiation of osteoblasts by targeting KLF5. Finally,
intra-articular (IA) injection of exosomal miR-9-5p clearly
alleviated the progression of OA caused by destabilized
medial meniscus (DMM) surgery in mice. Taken together,
these results indicate a novel mechanism of communi-
cation among joint components and provide a potential
application for the treatment of OA.

Methods

Human knee cartilage procurement. Normal human knee
cartilage (subjects aged 55 to 88 years, six subjects total,
50% female) samples were obtained from donors with
lower limb amputation. Human OA cartilage was ob-
tained from the knees of patients with a diagnosis of ad-
vanced OA (patients aged 55 to 85 years, six subjects to-
tal, 50% female) who underwent total knee arthroplasty.
Non-OA cartilage is defined as cartilage with no histolog-
ical evidence of degeneration. OA specimens obtained at
the time of surgery were examined by the authors and
confirmed to have gross evidence of OA (thinning or lo-
calized loss of cartilage and focal eburnation) and the
histological diagnosis of OA. All patients gave informed
consent.

Animal experiments. Adult male C57BL/6 mice were used
to induce OA model by DMM surgery (four groups and in
each group n = 6, eight weeks old), following the transec-
tion of the medial meniscotibial ligament as previously
described.’ The animals were kept in a wire-topped plas-
tic cage in an accredited animal facility in a controlled en-
vironment (mean temperature 21°C (standard deviation
(SD) 1°C), mean humidity 55% (SD 10%), ventilation air
volume exchanged 20 times per hour, alternating 12-hour
light and dark cycles). They were allowed free access to
water and standard laboratory rodent nutrition. In sham
operation group, mice were operated on by opening the
joint capsule only. At one week after DMM surgery, 5 pl
of exosomes isolated from miR-9-5p overexpressed chon-
drocytes were intra-articularly injected once a week for
the next ten weeks. Injection of exosomes isolated from
negative control (miR-NC) overexpressed chondrocytes
was used as control. Mice were killed 12 weeks after
DMM surgery. We have included an ARRIVE checklist to
show that we have conformed to the ARRIVE guidelines.
RNA fluorescence in situ hybridization and immunofluores-
cence. The cicrStrn3 and miR-9-5p staining kits for tissues
and cells were purchased from GenePharma (China), and
the procedure of the staining was performed according
to the instructions. Immunofluorescence staining was
obtained by previous protocol.” The cells were incubated
with mouse anti-collagen type Il (COL2) antibody (1:100,
Abcam Cat# ab34712, RRID: AB_731688), anti-matrix
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Table 1. Primers for quantitative real-time polymerase chain reaction analysis.
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Gene Forward primer Reverse primer

Col2 5'-TACTGGAGTGACTGGTCCTAAG-3' 5'-AACACCTTTGGGACCATCTTTT-3'
MMP-13 5'-CTTCCTGATGATGACGTTCAAG-3' 5'-GTCACACTTCTCTGGTGTTTTG-3'
ADAMTSS 5'-GGCAAATGTGTGGACAAAACTA-3' 5'-GAGGTGCAGGGTTATTACAATG-3'
ALP 5'-AGATGACTACAGCCAAGGT-3' 5'-CTCCACGAAGAGGAAGAAG-3'
RUNX2 5'-TACTATGGCACTTCGTCAGGA-3' 5'-GATTCATCCATTCTGCCACTA-3'
Osterix 5'-CAGGCTATGCTAATGATTACC-3' 5'-GGCAGACAGTCAGAAGAG-3'
circPdia5 5'-GCGGCTCCGTTTATCACCTG-3' 5'-GTCTGAAGTCATGGGGCGTG-3!
circinpp5f 5'-CTGCTGCTGCTGTCTAACGC-3' 5'-CCTGCTGATGGAGTCACCGT-3'
circAdcy5 5'-ATGCCTGTGTGAAGCATCCTG-3' 5'-AACTTGTCAAAGCGGGCGAA-3'
circZfp426 5'-GGCCACAGTAGGGTATCAGC-3' 5'-GTCCTCTGAAGGACCTGGGAA-3'
circVps41 5'-GTCGTCGTAGCCAAGGAACG-3' 5'-CAAACAGCAGCAGCAGAATCTT-3'
circDdx26b 5'-TGGCGACAGGCTTTTGACAG-3' 5'-GGCGTGATTTTCCTTCCAACC-3'
circPak1 5'-AAAACCCACAGGCTGTTCTGG-3' 5'-AGCAGCAGCAGCTACAAAGTG-3'
circClec16a 5'-CCGCCACGAACTCAGAGAATG-3' 5'-TGGTACAGGTACCTTTGTTATGAGA-3'
circDnmt3a 5'-AGACTGGCCTTCTCGACTCC-3' 5'-GATACAAATGTCTGTAGCAATCCCA-3
circPhka2 5'-GTTGAGCACTGCCAGAACCC-3' 5'-GCATTCTTGCGGTAGGCCAT-3'
circTjpl 5'-ATTCAGGTCGCTCGCATGAC-3' 5'-ATTGCTGTGCTCTGCCATTG-3'
circPhc3 5'-TCAGCCAACGAGACCCTTCT-3' 5'-TGTGGTCCTTAAACCTGGTGC-3'
circkgf 5'-TCTGTTGTTGGAGGGAGCGA-3' 5'-TGCAAAATATATCTGGCCCTTGGA-3'
circSenp1 5'-TAAGCCTGCCCCAAGTCCAT-3' 5'-ACAGAATCCTCTTCTGCTGTGC-3'
circCabini 5'-CAGCAAGACTCACCGGAACC-3' 5'-GTCCTGGCTTCGGTGTTGAA-3'
circStrn3 5'-CCGCAACAGTACACGATCCC-3' 5'-GTAAAAATGCAATCCGTGCCTG-3'
circlft88 5'-AGCGTCTTTTGCTGTGGGTTA-3' 5'-TGCTCTCACTGCTGTCATCG-3'
circNnt 5'-CTCAACAGTGCAAGGAGGTGG-3' 5'-CATTGAAGCCCTGCTTGACCA-3'
circRims1 5'-CATCACAGCTCAGCCAGACAG-3' 5'-CTATACTGCCGCTTCGGACC-3'
circCasd1 5'-GGGAGCAAGCACAGCAATGA-3' 5'-TCATACAACTGTGAGGTTGCCA-3'
GAPDH 5'-AGGTCGGTGTGAACGGATTTG-3' 5'-TGTAGACCATGTAGTTGAGGTCA-3'
KLF5-3’-UTR 5’-CGCTCGAGCGAGCGAGCGCTGCGCCA-3’ 5’-ATAAGAATGCGGCCGCTGCCAATCGGTTTGTTTACC-3’

ADAMTSS5, a disintegrin and metalloproteinase with thrombospondin motifs 5; ALP, alkaline phosphatase; Col2, collagen type Il; GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; KLF5, Kruppel-like factor 5; MMP, matrix metalloproteinase; RUNX2, runt-related transcription

factor 2; 3'-UTR, 3'-untranslated region.

Table II. MicroRNA primers for quantitative real-time polymerase chain reaction analysis.

MicroRNA RT-Primer Primer

miR-9-5p 5'-GTCGTATCCAGTGCGTGTCGTGGA F: 5'-GGGTCTTTGGTTATCTAGCTG-3'
GTCGGCAATTGCACTGGATACGACTCATACA-3' R: 5'-CAGTGCGTGTCGTGGAGT-3'

mmu-Ué 5'-CGCTTCACGAATTTGCGTGTCAT-3' F: 5'-CAAAGTGCTTACAGTGCAGGTAG-3'

R: 5'-CTACCTGCACTGTAAGCACTTTG-3'

miR, microRNA; mmu-U6, Mus musculus U6; RT-Primer, reverse transcription primer.

metalloproteinase (MMP)-13 antibody (1:100, Abcam
Cat# ab39012, RRID: AB_776416), and anti-runt-related
transcription factor 2 (RUNX2) antibody (1:200, Abcam
Cat# ab76956, RRID: AB_1565955; all Abcam, UK), fol-
lowed by fluorescence-linked secondary antibodies for
one hour.

qRT-PCR detecting system and RNA sequencing. Total RNA
from tissues and cells was extracted using Trizol reagent
(Takara, Japan) and synthesized into complementary
DNA (cDNA) by a Revert-Aid First Strand cDNA Synthesis
Kit (Takara). Quantitative real-time polymerase chain re-
action (qRT-PCR) was applied using the SYBR Premix Ex
Tag Kit (Takara). The primer sequences are described in
Tables | and II.

Three samples from mechanically loaded chondro-
cytes and three samples from non-mechanically loaded
chondrocytes were collected for RNA-seq. RNAs were
harvested using the miRNeasy kit (Qiagen, Germany) and
RNA quality was assessed using an Agilent Bioanalyzer
(Agilent, USA). High-quality (Agilent Bioanalyzer RNA
integrity number > 7.0) total RNAs were employed for the
preparation of sequencing libraries using lllumina TruSeq
Stranded Total RNA/Ribo-Zero Sample Prep Kit purchased
from GenePharma (China). A total of 500 to 1,000 ng of
riboRNA-depleted total RNA was fragmented by RNase
Il treatment at 37°C for 15 minutes, and RNase Ill was
inactivated at 65°C for ten minutes. Size selection (50 to
150 bp fragments) was performed using the FlashPAGE
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CircStrn3 was decreased in knee articular cartilage from osteoarthritis (OA) patients and mice. a) Differentially expressed circular RNAs (circRNAs) found by
ribo-minus RNA sequencing (RNA-seq). n = 3. b) Heat map representation of circRNAs differentially expressed in mechanically loaded chondrocytes. Red
indicates circRNAs induced, and green indicates circRNAs repressed. (n = 3). c) RNA-seq results were validated by quantitative real-time polymerase chain
reaction (QRT-PCR) in mechanically loaded chondrocytes. d) Haematoxylin and eosin (H&E) staining and Safranin-O (Saf-O)/Fast Green staining were applied
to observe morphological structure of the articular cartilage in OA mice. Fluorescence in situ hybridization (FISH) staining results showed that circStrn3 was
downregulated in OA mice cartilage. (n = 4, scale bar: 10 ym). e) The results of qRT-PCR show that expression of circStrn3 was decreased in chondrocytes
from OA mice. (n = 4, **p < 0.01). f) H&E staining and Safranin-O/Fast Green staining were applied to observe morphological structure of the articular
cartilage in OA patients. FISH staining results showed that circStrn3 was downregulated in OA patients. (n = 6, scale bar: 10 pm). g) The results of qRT-PCR
showed that expression of circStrn3 was decreased in chondrocytes from OA patients. (n = 6, **p < 0.01). h) Divergent primers detected circular RNAs in
complementary DNA (cDNA), but not in genomic DNA (gDNA). i) Sanger sequencing showed the back-splice junction (arrow) of circStrn3. j) CircStrn3
expression was measured in nuclear and cytoplasmic separation by qRT-PCR in chondrocytes. (n = 4, **p < 0.01). k) FISH staining results show that circStrn3
was downregulated in mechanically loaded chondrocytes (n = 4, scale bar: 10 um). Independent-samples t-test was used to compare data between two
groups, and one-way analysis of variance was used for comparison between multiple groups. con, control group; DAPI, 4',6-diamidino-2-phenylindole;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; NC, negative control; ten, mechanically loaded chondrocytes group.

denaturing PAGE-fractionator (Life Technologies, Thermo
Fisher Scientific, USA) prior to ethanol precipitation over-
night. The total RNA samples were sent for sequencing
at BioMarker (China) and the data analyzed at BioMarker

platform.?

Western blotting analysis. Radioimmunoprecipitation as-
say (RIPA) buffer mixed with protease and phosphatase
inhibitor mixtures was used to extract the proteins, and
the proteins were then transferred onto polyvinylidene
fluoride (PVDF) membranes (MilliporeSigma, USA) after
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Fig. 2

CircStrn3 was involved in the regulation of chondrocyte extracellular matrix production by mechanical stress. a) to c) Quantitative real-time polymerase
chain reaction (QRT-PCR) tested the messenger RNA (mRNA) expressions of COL2a1, matrix metalloproteinase-13 (MMP-13), and a disintegrin and
metalloproteinase with thrombospondin motifs 5 (ADAMTSS5) in chondrocytes transfected with circStrn3 or circNC, followed by stimulation of tensile strain
or control condition (n =4, *p < 0.05, **p < 0.01). d) Western blot tested the expressions of COL2a1, MMP-13, and ADAMTS5 in chondrocytes transfected
with circStrn3 or circNC, followed by stimulation of tensile strain or control condition (n = 4). e) and f) Immunofluorescence assay tested the expressions of
COL2a1 and MMP-13 in chondrocytes transfected with circStrn3 or circNC, followed by stimulation of tensile strain or control condition (n = 4, scale bar:
10 pm). Independent-samples t-test was used to compare data between two groups, and one-way analysis of variance was used for comparison between
multiple groups. DAPI, 4',6-diamidino-2-phenylindole; mRNA, messenger RNA; NC, negative control.

separation by sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) (7.5%to 12.5% polyacryla-
mide gels). Primary antibodies were anti-COL2a1 anti-
body (1:1,000, Abcam Cat# ab34712, RRID: AB_731688),
anti-MMP-13 antibody (1:1,000, Abcam Cat# ab39012,
RRID: AB_776416), anti-a disintegrin and metallopro-
teinase with thrombospondin motifs 5 (ADAMTSS5) anti-
body (1:250, Abcam Cat# ab41037, RRID: AB_2222327),
anti-B-actin antibody (1:1,000, Abcam Cat# ab8226,
RRID: AB_306371), and anti-KLF5 antibody (1:2,000,
Abcam Cat# ab137676, RRID: AB_2744553; all Abcam).
Secondary antibody was rabbit anti-mouse IgG H&L an-
tibody (1:5,000, Abcam Cat# ab6728, RRID: AB_955440;
Abcam). Primary and secondary antibodies were used
to detect the corresponding proteins. The results were
obtained using the Enhanced Chemiluminescence (ECL)
Western blot System (Amersham Biosciences, China).

Isolation and identification of chondrocyte-derived ex-
osomes. The exosomes were separated from 200 ml
of chondrocyte culture medium. The isolation and

purification process was conducted as previously de-
scribed.™ Briefly, the culture supernatant was obtained
by centrifugation at 300x g and 2,000x g separately for
ten minutes to remove the floating and dead cells. The
supernatant was then centrifugated at 10,000x g for
30 minutes to remove cell debris. This was followed by
centrifugation at 10,000x g for 70 minutes, and the pel-
lets were exosomes and contaminating proteins. The pel-
lets were washed with phosphate-buffered saline (PBS)
and subjected to centrifugation at 10,000x g for 70 min-
utes again, and the last pellets were the pure exosomes.
In order to identify the exosome, we extracted and
observed the morphology of exosome by conducting the
transmission electron microscopy (TEM) test. Exosomes
were fixed with 1% (w/v) glutaraldehyde in PBS. A drop
of the mixture was loaded onto a carbon-coated grid,
negatively stained with 3% (w/v) aqueous phospho-
tungstic acid for one minute, and then observed under
TEM (HT7700; Hitachi, Japan). The collected exosomes
were resuspended with T ml PBS and loaded into the
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CircStrn3 was involved in the regulation of chondrocyte extracellular matrix production by mechanical stress. a) Complementation between circStrn3

and ‘seed sequence’ of microRNA (miR)-9-5p. b) The results of quantitative real-time polymerase chain reaction (QRT-PCR) showed that expression of
miR-9-5p was increased in cartilage and chondrocytes from osteoarthritis (OA) patients (n = 4, **p < 0.01). c) Fluorescence in situ hybridization (FISH)
staining results showed that miR-9-5p was upregulated in human chondrocytes (n = 4, scale bar: 10 ym). d) qRT-PCR tested the expression of miR-9-5p in
chondrocytes exposed to mechanical loading or control condition (n = 4, **p < 0.001). e) to f) qRT-PCR tested the expressions of e) circStrn3 and f) miR-9-5p
in chondrocytes transfected with circStrn3 or circNC (n = 4, **p < 0.01). g) The results showed a significant decrease in firefly luciferase activity when wild type
(WT) was cotransfected with miR-9-5p mimics, thus no significant change was observed in luciferase activity after co-transfection with mutation type (Mut)
and miR-9-5p mimic (n =4, **p < 0.01). h) FISH staining results showed that circStrn3 colocalized with miR-9-5p in the cytoplasm. (n = 6, scale bar: 10 um).
Independent-samples t-test was used to compare data between two groups, and one-way analysis of variance was used for comparison between multiple

groups. DAPI, 4',6-diamidino-2-phenylindole; NC, negative control.

sample pool of Nanosight LM 10 (Malvern Panalyt-
ical) as instructed. After the sample measurement was
completed, the particle size distribution was calculated.
The fluorescent dye 3,3'-dioctadecyloxacarbocyanine
perchlorate (DiO) (Life Technologies, USA) was used to
label exosomes and cell membrane.

Chondrocyte culture and tensile strain load-
ing. Chondrocytes were isolated from articular cartilage
in the knee joints of mice and human as previously re-
ported.™ Articular cartilage tissues were cut into small
pieces (< 1 mm?3) and digested with 0.25% trypsin for
30 minutes, followed by digestion with 0.2% type Il col-
lagenase for four hours. The released cells were cultured
in Dulbecco’s Modified Eagle Medium (DMEM)/F12 me-
dia supplemented with 10% fetal bovine serum (FBS) and
antibiotics. After reaching 80% confluence, the cells were
subjected to cyclic tensile strain with a 0.5 Hz sinusoidal
curve at 5% to 20% elongation for 12 to 48 hours using
Flexcell1 FX-5000 Tension System as described in the man-
ufacturer’s manual (Flexcell International Corporation,
USA). Only cells with fewer than two passages were used
in order to preserve chondrocyte phenotype.

Cell transfection. The overexpression plasmid vector for
mouse circStrn3 and mouse KLF5 gene was created by
GeneChem (China). miR-9-5p mimic, miR-NC, and anti-
miRNA oligonucleotides (AMO)-9-5p and AMO-NC were
synthesized by GeneChem. Chondrocytes were trans-
fected with miR-9-5p, AMO-9-5p, or plasmid DNA using
Lipofectamine 3000 reagent (Invitrogen, Thermo Fisher
Scientific, UK) according to the manufacturer’s protocols.
Luciferase reporter assays. CircStrn3 sequence contain-
ing the putative (wild type (WT)) or mutation (mutation
type (Mut)) target sites for miR-9-5p was synthesized and
cloned into the psiCHECK2 reporter vector (Promega
Corporation, USA) downstream to the firefly luciferase.
After 24 hours of starvation in serum-free medium,
HEK293 cells (1 x 105 per well) were transfected with WT
or Mut and cotransfected with 100 nM miR-9-5p mimics
or miR-NC using Lipofectamine 3000 reagent. The cells
were also transfected with 50 ng pRL-TK vector as an in-
ternal standard.

The 3'-UTR sequences of KLF5 predicted to interact
with  miR-9-5p were identified using TargetScan.”
DNA fragment of the 3'-UTR of KLF5 containing the
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MicroRNA (miR)-9-5p was involved in the regulation of chondrocyte extracellular matrix production. a) to ¢) Quantitative real-time polymerase chain reaction
(gRT-PCR) tested the messenger RNA (mRNA) expressions of COL2a1, matrix metalloproteinase (MMP)-13, and a disintegrin and metalloproteinase with
thrombospondin motifs 5 (ADAMTSS5) in chondrocytes transfected with miR-9-5p mimic and anti-miRNA oligonucleotide (AMO)-9-5p (n = 4, **p < 0.01). d)
Western blot tested the expressions of COL2a1, MMP-13, and ADAMTS5 in chondrocytes transfected with miR-9-5p mimic and AMO-9-5p (n = 4). e) and f)
Immunofluorescence assay tested the expressions of COL2a1 and MMP-13 in chondrocytes transfected with miR-9-5p mimic and AMO-9-5p (n = 4; scale bar:
10 pm). g) qRT-PCR tested the mRNA expressions of COL2a1, MMP-13, and ADAMTSS5 in chondrocytes transfected with miR-9-5p mimics or circStrn3, followed
by stimulation of tensile strain or control condition (n =4, **p < 0.01). Independent-samples t-test was used to compare data between two groups, and one-
way analysis of variance was used for comparison between multiple groups. DAPI, 4',6-diamidino-2-phenylindole; NC, negative control.

putative miR-9-5p binding sequence was amplified by
PCR. Forward and reverse primers for amplicon were
designed to include, respectively, Xho1 and Not1 restric-
tion enzyme recognition sites. Sequences of primers
used for PCR-amplification of KLF5 are shown in Table I.
The fragment was cloned into the psiCHECK2 reporter
vector (Promega Corporation) downstream to the firefly
luciferase. Luciferase reporter genes were cotransfected
with miR-9-5p mimics and miR-NC into HEK293 cells
using Lipofectamine 3000. The cells were also transfected
with 50 ng of pRL-TK vector as an internal standard.
Dual-Luciferase Reporter Assay System (Promega Corpo-
ration) and a luminometer (Lumat LB9507; Berthold

Technologies, Germany) were performed to measure the
relative luciferase activity.

Statistical analysis. All data were analyzed using
GraphPad Prism (GraphPad Software, USA), and are pre-
sented here as mean (SD). Independent-samples t-test
was used to compare data between two groups, and
one-way analysis of variance (ANOVA) was used for com-
parison between multiple groups. Statistical significance
was set at p < 0.05.

Results
CircStrn3 was decreased in knee articular cartilage from OA
patients and mice. Ribo-minus RNA-seq was first applied
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Exosomal microRNA (miR)-9-5p from mechanical loaded chondrocytes inhibited osteoblast differentiation. a) Scanning electron microscope (SEM) imaging
showed that the exosomes exhibited classical typical sphere-shaped bilayer membrane structure (n = 6, scale bar: 100 nm). b) SEM imaging showed that
the mean size distribution of isolated exosomes was 92.84 nm (standard deviation 32.68) in chondrocytes (n = 6). c) Western blot tested the expressions of
CDé63, CD81, and HSP70 in exosomes (n = 4). d) Confocal imaging showed numerous 3,3'-dioctadecyloxacarbocyanine perchlorate (DiO) particles observed
within osteoblasts. Green: chondrocytes labelled by Vybrant DiO. Blue: 4',6-diamidino-2-phenylindole (DAPI) labelling of cell nuclei. Red: cytoskeleton
labelled by phalloidin (n = 4; scale bar: 20 um). e) The results of quantitative real-time polymerase chain reaction (qRT-PCR) showed that expression of miR-
9-5p was increased in chondrocytes stimulated with tensile strain (n = 4, **p < 0.01). f) qRT-PCR tested the messenger RNA (mRNA) expressions of alkaline
phosphatase (ALP), runt-related transcription factor 2 (RUNX2), and Osterix in osteoblasts adding exosomes from chondrocytes transfected with miR-9-5p or
anti-miRNA oligonucleotide (AMO)-9-5p (n = 4, **p < 0.01). g) Immunofluorescence assay tested the expressions of RUNX2 in osteoblasts adding exosomes
from chondrocytes transfected with miR-9-5p or AMO-9-5p (n = 4; scale bar: 20 pm). h) Osteoblasts adding exosomes from chondrocytes transfected with
miR-9-5p or AMO-9-5p. ALP and Alizarin red S (ARS) staining were performed after seven and 14 days of induction, respectively (n = 4; scale bar: 10 ym).
Independent-samples t-test was used to compare data between two groups, and one-way analysis of variance was used for comparison between multiple

groups. NC, negative control.

to screen dysregulated circRNAs in mechanically loaded
chondrocytes. The 20 most differentially expressed (p
< 0.05, fold change > 3) circRNAs were then identified
(Figures 1a and 1b). qRT-PCR showed that in these dif-
ferentially expressed circRNAs, circStrn3 was the most
frequently repressed (Figure 1c). Thus, circStrn3 was first
selected for further study. Haematoxylin and eosin (H&E)
staining and Safranin-O/Fast Green staining showed that
articular cartilage in sham group mouse and non-OA pa-
tients possessed regular morphological structure. In con-
trast, OA group mice and OA patients clearly exhibited re-
duced chondrocyte and articular cartilage thickness, and

articular cartilage possessed an irregular morphological
structure (Figures 1d to 1f). The expression of circStrn3
was tested using fluorescence in situ hybridization (FISH)
in knee articular cartilage from OA patients (Figure 1f)
and OA group mice (Figure 1d). The results show that
circStrn3 expression was significantly decreased. We iso-
lated and cultured the chondrocytes from Sham group
mice and OA group mice, followed by the analysis of qRT-
PCR to test circStrn3 expression. The results show that the
expression of circStrn3 was decreased in chondrocytes
from the OA group mice (Figure 1e). Similar results were
also obtained from OA patients (Figure 1g). Next, we
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Fig. 6

The identification of molecular target of microRNA (miR)-9-5p. a) MicroRNA complementarity of miR-9-5p targeting Kruppel-like factor 5 (KLF5). b) to c) The
results of western blot show that expression of KLF5 was increased in chondrocytes from osteoarthritis (OA) mice compared to sham mice (n = 4, **p < 0.01).
d) The results of quantitative real-time polymerase chain reaction (qRT-PCR) show that expression of KLF5 was increased by the overexpression of CircStrn3

in chondrocytes (n =4, **p < 0.01). e) to h) The results of western blot show the level of KLF5 expression in e) to f) chondrocytes and g) to h) osteoblasts
transfected with miR-9-5p or anti-miRNA oligonucleotide (AMO)-9-5p (n = 4, **p < 0.01). i) Luciferase activity was diminished in the reporter containing

the 3'-untranslated region (3'-UTR) of KLF5 treated with miR-9-5p compared with pMIR-KLF5 alone (n = 4, **p < 0.01). Independent-samples t-test was

used to compare data between two groups, and one-way analysis of variance was used for comparison between multiple groups. GAPDH, glyceraldehyde

3-phosphate dehydrogenase; mRNA, messenger RNA; NC, negative control.

designed a set of convergent primers by strn3 mRNA and
divergent primers for circStrn3 amplification using cDNA
and genomic DNA (gDNA). CircStrn3 was amplified by di-
vergent primers in cDNA but not in gDNA (Figure 1i). We
used Sanger sequencing of the RT-PCR product amplified
by divergent primers to confirm the head-to-tail splicing
junction of circStrn3 (Figure 1h), which indicated that circ-
Strn3 could be expressed in chondrocytes. We thus de-
termined that circStrn3 is primarily located in cytoplasm
by performing FISH experiments and nuclear and cyto-
plasmic separation qRT-PCR in chondrocytes (Figures 1j
and 1k).

CircStrn3 was involved in the regulation of chondrocyte
ECM production by mechanical stress. COL2a1, as a ma-
jor component of the cartilage ECM, was decreased in
circStrn3 overexpressed chondrocytes. However, MMP-13
and ADAMTSS, two critical enzymes for cartilage degrad-
ing, were significantly increased in chondrocytes overex-
pressed with circStrn3. qRT-PCR and western blot analysis
showed that decreasing expression of COL2a1 and in-
creasing expressions of MMP-13 and ADAMTSS5 were ob-
served in mechanically loaded chondrocytes, which were

significantly alleviated by overexpression of circStrn3
(Figures 2a to 2d). Similar results were further confirmed
by immunofluorescence staining (Figures 2e and 2f).

miR-9-5p was a complementary targeting miRNA of circ-
strn3. Some miRNAs were predicted to bind to circStrn3,
including miR-9-5p, miR-6967-3p, and miR-667-5p (data
not shown). Complementation between circStrn3 and
‘seed sequence’ of miR-9-5p is shown in Figure 3a. Among
these miRNAs, the expression of miR-9-5p was increased
(Figure 3b). FISH assay in chondrocytes also confirmed
that miR-9-5p was abundant in OA patients (Figure 3c).
In addition, qRT-PCR results showed an increasing ex-
pression of miR-9 in mouse chondrocytes exposed to
mechanical loading, which corresponded to the regula-
tion of circStrn3 (Figure 3d). We transfected the mouse
chondrocytes with circStrn3 overexpression plasmid, and
gRT-PCR results showed that miR-9-5p was significantly
decreased (Figures 3e and 3f). The sequence of circStrn3
was inserted into the 3'-UTR of the psiCHECK2 plasmid
(WT) to construct dual-luciferase reporter system. The
results showed a significant decrease in the firefly lucif-
erase activity when WT was cotransfected with miR-9-5p

VOL. 12, NO. 1, JANUARY 2023



miR-9-5p
\

miR-NC

T Radiograph D

Micro-CT

€ 3 f E 60
9 X — 1 ok : % = "o = T
8 20- 5 40/
@ ‘@
210 %20
= 3 ol ==
o

Sham OA miR-9-5p miR-NC Sham OA miR-9-5p miR-NC

c

B. LI, T. DING, H. CHEN, ET AL

Sham

o 4

Safranin O Staining H&E Staining

Col2a1

MMP13

Fig. 7

Therapeutic effect of microRNA (miR)-9-5p in destabilized medial meniscus (DMM)-induced osteoarthritis (OA) mice. a) Radiographs and b) micro-CT imaging
for morphological structure in knee of OA mouse at 12 weeks post-DMM surgery, followed by treatment with intra-articular (IA) injection of exosomes with
high miR-9-5p expression and miRNA-NC, respectively (n = 4). c) and d) Haematoxylin and eosin (H&E) staining and Safranin-O/Fast Green staining of articular
cartilage tissues of OA mouse at 12 weeks post-DMM surgery, followed by treatment with IA injection of exosomes with high miR-9-5p expression and miRNA-
NG, respectively (n = 4; scale bar: 100 ym). e) and f) Results of Safranin-O/Fast Green staining of e) Osteoarthritis Research Society International (OARSI) score
and f) depth of cartilage lesions (n = 4). g) Immunohistochemistry staining showed the intensity of immunostaining of COL2a1 and matrix metalloproteinase
(MMP)-13 of OA mouse at 12 weeks post-DMM surgery, followed by treatment with IA injection of exosomes with high miR-9-5p expression and miRNA-NC,
respectively (n = 4; scale bar: 100 pm). Independent-samples t-test was used to compare data between two groups, and one-way analysis of variance was

used for comparison between multiple groups. NC, negative control.

mimics (Figure 3g). We cloned two mutated sequences
into 3'-UTR of psiCHECK2 plasmid (Mut), which were
binding sites for miR-9-5p in mutated circStrn3. No sig-
nificant change was observed in luciferase activity after
cotransfection with Mut and miR-9-5p mimic (Figure 3g).
Next, we performed FISH and confirmed that circStrn3
colocalized with miR-9-5p in the cytoplasm (Figure 3h).
miR-9-5p was overexpressed or silenced in chon-
drocytes with miR-9-5p mimic and AMO-9-5p, respec-
tively. gRT-PCR analysis indicated that the expression of
COL2a1 was increased, and the expressions of MMP-13
and ADAMTS-5 were obviously decreased in chondro-
cytes transfected with miR-9-5p mimics compared to
NC group, Also, the results were completely oppo-
site. when chondrocytes were transfected with AMO-9-
5p (Figures 4a to 4c). Similar results were obtained by
western blot analysis (Figure 4d) and immunofluores-
cence assay (Figures 4e and 4f). We found that overex-
pression of circStrn3 promoted the downregulation of
COL2a1 expression and upregulation of MMP-13 and
ADAMTSS5 expressions, which could be attenuated by
overexpression of miR-9-5p (Figure 4g).
Exosomes with high miR-9-5p from chondrocytes inhib-
ited osteoblast differentiation. The scanning electron
microscope (SEM) imaging showed that the exosomes

exhibited classical typical sphere-shaped bilayer mem-
brane structure (Figure 5a). The mean size distribution of
isolated exosomes was 92.84 nm (SD 32.68) in chondro-
cytes (Figure 5b). Western blot analysis of exosome mark-
ers in the extracts confirmed the presence of exosomes
(Figure 5c). The chondrocytes were labelled using green
fluorescent lipophilic dye (Vybrant DiO; Thermo Fisher
Scientific, China). Osteoblasts were cocultured with
chondrocytes for 24 hours. Confocal imaging showed
numerous DiO particles observed within osteoblasts
(Figure 5d). The level of miR-9-5p in osteoblasts cocul-
tured with control chondrocytes was obviously lower
than those cocultured with mechanical loaded chondro-
cytes (Figure 5e).

We collected exosomes from chondrocytes overex-
pressed with miR-9-5p, and added these exosomes into
mesenchymal stem cells (MSCs) cultured in osteogenic
differentiation medium for seven days. The results showed
that the expressions of ALP, RUNX2, and Osterix were
decreased (Figures 5f and 5g). We decreased miR-9-5p
expression in chondrocytes with AMO-9-5p, followed
by collection of exosomes. qRT-PCR and immunoflu-
orescence analysis showed that the expressions of ALP,
RUNX2, and Osterix were increased when compared with
those transfected with AMO-NC (Figures 5f and 5g). ALP
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staining and Alizarin red S staining further demonstrated
that exosomes with high miR-9-5p from chondrocytes
inhibited osteoblast differentiation, whereas inhibition of
miR-9-5p attenuated this effect (Figure 5h).

The identification of molecular target of miR-9-5p. A
computation- and bioinformatics-based approach was
used to predict the putative targets of miR-9-5p through
TargetScan. These explorations led to candidate targets
of miR-9-5p: KLF5. The unique sites of miRNA:mRNA
complementarity of miR-9-5p targeting KLF5 are shown
in Figure 6a. The results of western blot show that ex-
pression of KLF5 was increased in chondrocytes from OA
mice compared to sham mice (Figures 6b and 6c). The
expression of KLF5 was increased by the overexpression
of circStrn3 in chondrocytes (Figure 6d). MiR-9-5p obvi-
ously decreased the expression of KLF5 in chondrocytes
and osteoblasts. However, the level of KLF5 expression
was upregulated by AMO-9-5p (Figures 6e to 6h). We
placed the 3'-UTRs of KLF5 into the 3'-UTR of a luciferase
reporter plasmid to construct chimeric vectors. Luciferase
activity was diminished in the report containing the 3'-
UTR of KLF5 treated with miR-9-5p compared with KLF5
alone (Figure 6i).

Therapeutic effect of miRNA-9 in DMM-induced OA
mice. Radiograph images show that exacerbated OA
pathology was found in DMM-operated mice, whereas
injection of exosomal miR-9-5p into joint cavity clearly
ameliorated DMM-induced OA pathology (Figure 7a).
Furthermore, micro-CT (uCT) imaging was used to de-
termine changes in bone architecture and bone mineral
density in mouse model. The reduction of chondrocytes
and articular cartilage thickness with the irregular mor-
phological structure was evident in OA mice at 12 weeks
post-DMM surgery. However, injection of exosomal miR-
9-5p into joint cavity could obviously attenuate DMM-
induced OA mice (Figure 7b). H&E staining and Safranin-
O/Fast Green staining (Figures 7c and 7d) were applied
to evaluate the histopathology of articular cartilage tis-
sues. Compared with the OA group and OA + miR-NC
group, the OA + miR-9-5p group showed improvement
of the morphological integrity, less severe lesions, and
decreased surface denudation. According to the results
of Safranin-O/Fast Green staining, the Osteoarthritis
Research Society International (OARSI) score (Figure 7e)
of OA + miR-9-5p group was lower than OA group and
OA + miR-NC group. In addition, depth of cartilage le-
sions was reduced in the OA + miR-9-5p group (Figure 7f).
Immunohistochemistry staining showed that COL2al
was attenuated in OA mice injected with exosomal miR-
9-5p. Conversely, injection of exosomal miR-9-5p into the
IA joint cavity of OA mice obviously decreased the expres-
sion of MMP-13 (Figure 7g).

Discussion

CircRNAs are involved in the regulation of articular carti-
lage degradation caused by inflammatory factors or
oxidative stress.'® In this study we rigorously document
the pivotal role of circStrn3 in cartilage development and

OA pathogenesis using RNA-seq, together with large-
scale patient datasets and experimental mouse models
of OA. Further studies have shown that circStrn3 inhibited
matrix metabolism of chondrocytes through compet-
itively ‘sponging’ miR-9-5p targeting KLF5. Exosomes
with high miR-9-5p expression from chondrocytes inhib-
ited osteoblast differentiation. In a more therapeutically
oriented approach, our results reveal that local IA admin-
istration of exosomal miR-9-5p in OA mice could maintain
chondrocyte normal phenotype and even reverse carti-
lage degradation. Taken together, these results indicate
that the circStrn3/miR-9-5p/KLF5 network, crucial factors
for articular cartilage degradation and subchondral bone
sclerosis, may be used as a therapeutic target for OA.

Our results demonstrate for the first time that circStrn3
is important in the development of OA. Indeed, circStrn3
has been confirmed to be involved in many diseases. Ling
et al'” found that knockdown of circStrn3 effectively inhib-
ited cell proliferation and promoted epithelial mesen-
chymal transition in glomerular mesanagial cells. Gupta et
al'® confirmed that circStrn3 was regulated on doxorubicin
treatment in the heart. Knockdown of circStrn3 increased
the susceptibility of cardiac muscle tissue to doxorubicin
in cardiotoxicity. However, no studies have identified
circStrn3 as a critical factor for OA. In the present study,
we found that the expression of circStrn3 was obviously
decreased in chondrocytes from OA patients and OA
mice. Overexpression of circStrn3 could promote the inhi-
bition of chondrocyte ECM production by mechanical
stress. Thus, the inhibition of circStrn3 might be a protec-
tive response of chondrocytes to abnormal mechanical
stimulation in OA.

In this study, bioinformatic tools were first used to
predict the putative targeting miRNAs of circStrn3. MiR-
9-5p was selected for further study based on its expres-
sion level. Kopanska et al” found that expression of
miR-9-5p was significantly upregulated in OA tissues
(patients vs control group), which was consistent with
our results. We found that miR-9-5p could increase the
expression of COL2a1 and decrease the expressions of
MMP-13 and ADAMTSS5. Furthermore, exosomes with
high miR-9-5p expression inhibited osteogenic differenti-
ation of MSCs. These results indicate that miR-9-5p is a
protective factor for OA. Similar conclusions were also
drawn in previous studies. Chen et al?® found that overex-
pression of miR-9-5p suppressed chondrocyte apoptosis
and promoted cartilage remodelling through downreg-
ulation of troponin C (Tnc) in mice with OA. |in et al*
found that bone marrow mesenchymal stem cell (BMSC)-
derived exosomal miR-9-5p could influence OA progres-
sion by inhibiting syndecan-1. All these studies suggested
that miR-9-5p could alleviate OA, even if this is through
different regulation pathways.

Our results show that inhibition of osteoblast differ-
entiation by chondrocyte-derived exosomes with high
miR-9-5p expression is an important mechanism for miR-
9-5p to alleviate OA. The effects of miR-9-5p on osteoblast
differentiation were also observed in previous studies.
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Zheng et al* found that the expression of miR-9-5p was
downregulated in human BMSCs (hBMSCs) from oste-
oporotic patients, and confirmed that miR-9-5p inhibits
the osteogenic differentiation of hBMSCs. Although our
studies did not observe the effects of exosomal miR-
9-5p on osteoblast apoptosis or proliferation, injection
of exosomal miR-9-5p into joint cavity clearly amelio-
rated DMM-induced subchondral bone remodelling,
suggesting that miR-9-5p might be a hypothetical
candidate for the treatment of OA. This may inspire a
new approach to develop potential therapeutic agents
treating degenerative joints as a whole organ.

Exosomes play an important role in cell-cell communi-
cation, which does not need direct cell contact, resulting
in a relatively long-distance influence. A growing number
of studies are suggesting that exosomes carrying miRNAs
are involved in the pathogenesis of OA.?> Most of these
studies focused on the role of exosomes derived from stem
cells or synovial fibroblasts in the treatment of OA.%%
Tao et al* found that exosomes derived from miR-140-5p
overexpressed human synovial MSCs enhanced cartilage
tissue regeneration and prevented OA of the knee in a
rat model. However, few studies successfully investigated
the role of exosomes from chondrocytes in the patho-
genesis of OA. Our study reports for the first time that
chondrocyte-derived exosomal miR-9-5p could alleviate
subchondral bone remodelling through inhibiting osteo-
blast differentiation in OA.

KLF5 is a transcriptional activator that binds the
promoter of target genes or acts downstream of multiple
signalling pathways. Previous studies have shown that
cartilage matrix degradation is impaired in KLF5*- mice,?
indicating that KLF is a critical factor for the mainte-
nance of metabolism of the ECM matrix. In addition,
KLF5 has been confirmed to regulate the Wnt/B-catenin
signalling pathway.?® In the present study, we found
that KLF5 is a functional target gene for miR-9-5p medi-
ated matrix metabolism of chondrocytes and osteoblast
differentiation.

In conclusion, our data provide new evidence that
circStrn3-targeting miR-9-5p/KLF5 is involved in the regu-
lation of cartilage matrix metabolism and subchondral
bone remodelling in OA. This study provides a novel
understanding of the molecular mechanisms underlying
OA, and will hopefully inspire a new approach to devel-
oping potential therapeutic agents treating degenerative
joints as a whole organ.

Supplementary material
An ARRIVE checklist is included to show that the
ARRIVE guidelines were adhered to in this study.
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