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circRNA.33186 Contributes to the Pathogenesis
of Osteoarthritis by Sponging miR-127-5p
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Osteoarthritis (OA), the most prevalent age-related joint disor-
der, is characterized by chronic inflammation, progressive artic-
ular cartilage destruction, and subchondral bone sclerosis.
Accumulating evidences indicate that circular RN As (circRNAs)
play a critical role in various diseases, but the function of
circRNAs in OA remains largely unknown. Here we showed
that circRNA.33186 was significantly upregulated in IL-1f3)-
treated chondrocytes and in cartilage tissues of a destabilized
medial meniscus (DMM)-induced OA mouse model. Knock-
down of circRNA.33186 increased anabolic factor (type II
collagen) expression and decreased catabolic factor (MMP-13)
expression. Knockdown of circRNA.33186 also promoted
proliferation and inhibited apoptosis in IL-1B-treated
chondrocytes. Silencing of circRNA.33186 in vivo markedly
alleviated DMM-induced OA. Mechanistic study showed that
circRNA.33186 directly binds to and inhibits miR-127-5p,
thereby increasing MMP-13 expression, and contributes to OA
pathogenesis. Taken together, our findings demonstrated a
fundamental role of circRNA.33186 in OA progression and pro-
vide a potential drug target in OA therapy.

INTRODUCTION

Osteoarthritis (OA) is the most prevalent age-related joint disorder in
the elderly, leading to chronic pain, stiffness, and disability." Chronic
inflammation, progressive destruction of articular cartilage, and
subchondral bone sclerosis are primarily characteristics of OA.”
Currently, there are no effective disease-modifying therapies available
for OA because of limited understanding of its pathogenesis. Thus,
joint replacement remains the primary treatment for patients with
advanced OA.” Chondrocytes are the only resident cells in the artic-
ular system and are critical for maintaining the dynamic equilibrium
between anabolism and catabolism in the extracellular matrix (ECM).
Several risk factors such as abnormal mechanical stress and pro-
inflammatory cytokines have been shown to reduce chondrocytes
and degrade the ECM in cartilage."> Although increasing efforts
have been dedicated to revealing the pathological process of OA,
the molecular mechanisms remain elusive. Thus, there is an unmet
medical need to find novel drug targets to develop more effective
therapeutics.

Circular RNAs (circRNAs) are a class of non-coding RNAs character-
ized by covalently closed loop structures with neither 5 to 3’ polarity

nor a polyadenylated tail.” They are produced by precursor mRNA
back-splicing and widely expressed in mammals with highly
conserved, stable, and tissue-specific pa'[terns.7 There has been accu-
mulating evidence suggesting that circRNAs are critically involved
in various diseases, such as diabetes,® cardiac fibrosis,” and carci-
nomas.'”"'* However, their potential roles in OA pathogenesis are

poorly understood.

MicroRNAs (miRNAs) are non-coding, single-stranded RNAs that
are 19-25 nt long, which suppress protein expression by directly
binding to the 3’ UTR of the target mRNAs."” Recent studies have
shown that miRNAs are also involved in the development and pro-
gression of OA.'*'” Interestingly, circRNAs could function as
miRNA sponges by competitively interacting and suppressing their
downstream functions.'®'” Thus, revealing the roles of circRNAs
and their potential miRNA regulators is critical for understanding
the molecular mechanisms of OA and identifying new biomarkers
or therapeutic targets for OA.

Our previous study found that circRNAs are differentially ex-
pressed in chondrocytes after interleukin-1p (IL-1B) treatment,
suggesting that they might be potential regulators of OA.'
In this study, we identified a circRNA derived from the Umadl
gene, circRNA.33186, which is significantly upregulated in
IL-1B-treated chondrocytes and cartilage tissues of the desta-
bilized medial meniscus (DMM)-induced OA mouse model.
circRNA.33186 regulates chondrocyte functions, including
ECM catabolism, proliferation, and apoptosis. Silencing of
circRNA.33186 in vivo markedly alleviated OA by acting as a
sponge of miR-127-5p and promoted its cartilage-protecting func-
tion. Taken together, our findings reveal a fundamental role of
circRNA.33186 in the progression of OA and provide a potential
drug target in OA therapy.
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Figure 1. Characterization and Expression Analysis of circRNA.33186

©
©
2
©
“
<05 *
E 0.4 ==
-
S 0.3
s
§ o2 L.
4
S 0.1
01 =
3 0.0 T T T
2 & F &
& e ‘«0“ 4‘
& £
O
&

OA-8 week

(A) Schematic diagram of circRNA.33186 formed by back-splicing from the mouse Umadi gene at chromosome 6. (B) Divergent primers detected circular RNAs in
complementary DNA (cDNA), but not in genomic DNA (GDNA). (C) Sanger sequencing showed the back-splice junction (arrow) of circRNA.33186. (D) gRT-PCR analysis of
circRNA.33186 expression in primary chondrocytes stimulated with 10 ng/mL IL-1 for O, 12, 24, 48, or 72 h and at 0, 5, 10, 50, or 100 ng/mL for 24 h. (E) Representative
pictures of articular cartilage stained by H&E. Scale bar, 100 um. (F) gRT-PCR analysis of circRNA.33186 expression in DMM-induced OA cartilage tissues (n = 10). *p < 0.01.

RESULTS

Characterization and Expression Analysis of circRNA.33186
Based on our previous study,'® we focused on a significantly upregu-
lated circRNA, circRNA.33186, which was 4.83-fold upregulated in
IL-1B-treated chondrocytes. We found that circRNA.33186 is spliced
from the Umad1 gene on chr6:8373906/8427185(+), and the ultimate
length of circRNA.33186 is 536 nt (Figure 1A) (Table SI). We
designed a set of specific divergent primers for circRNA.33186
(Table S2), and selected the circRNA as the template to perform
PCR. PCR analysis yielded no products when using genomic DNA
(gDNA) as the template (Figure 1B). Sanger sequencing of the PCR
products amplified by divergent primers further confirmed the
back-splice junction of circRNA.33186 (Figure 1C). These results
showed that the circRNA could be specifically amplified by RT-
PCR and confirmed the existence of circRNA.33186 in chondrocytes.
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Next, we examined the expression pattern of circRNA.33186 in
IL-1B-induced chondrocytes and OA cartilage tissues by qRT-PCR
assay. Compared with the control group, the expression level of
circRNA.33186 was significantly upregulated in IL-1B-treated
chondrocytes in a time- and dose-dependent manner (Figure 1D).
DMM surgery was used to induce OA in mice, and H&E staining
was used to observe morphological structure of the cartilage tissues
at the distal femur metaphysis. Whereas cartilage tissues in the con-
trol group showed normal morphological structure, the cartilage
tissues in the OA group showed moderate and severe destruction
at 4 and 8 weeks after surgery (Figure 1E). The expression level
of circRNA.33186 in OA cartilage tissues was significantly higher as
compared with the control group, particularly in severe OA (Fig-
ure 1F). Collectively, these data suggest that abnormal circRNA.33186
expression may be related to OA progression.
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Figure 2. Effects of circRNA.33186 on Type Il Collagen and MMP-13 Expression in IL-1B-Induced Chondrocytes

Chondrocytes were transfected with si-circRNA or si-NC, and then treated with 10 ng/mL IL-18 for 24 h. (A and B) Schematic illustration of si-circRNA target sites (A) and
expression analyses of circRNA.33186 knockdown efficiency by three different si-circRNAs in chondrocytes (B). (C) Effects of circRNA.33186 inhibition on Col2a1 and
MMP-13 mRNA levels were determined by gRT-PCR. (D) Effects of circRNA.33186 inhibition on Col2a1 and MMP-13 protein levels were determined by western blot. (E)
Effects of circRNA.33186 inhibition on Col2a1 protein levels were determined by immunofluorescence staining. Images were acquired by confocal microscope. Scale bars,

200 um. *p < 0.01 compared with blank; *p < 0.01 compared with IL-1p group.

Effects of circRNA.33186 on Type Il Collagen and MMP-13
Expression in IL-1B-Treated Chondrocytes

We then examined the biological functions of circRNA.33186 in
chondrocytes. Small interfering RNA (siRNA) oligos were designed
to knock down circRNA.33186 expression in chondrocytes (Fig-
ure 2A). The knockdown efficiency of three independent siRNAs
(Table S3) was verified by real-time qRT-PCR (Figure 2B). We
selected siRNAI1 for subsequent experiments because it was the
most effective siRNA. Chondrocytes were transfected with siRNA1
and then treated with 10 ng/mL IL-1B for 24 h. qRT-PCR and
western blot analyses showed that the expression level of matrix
metalloproteinase 13 (MMP-13), a key metalloproteinase that de-

grades cartilage matrix, was significantly increased, whereas the
expression level of Col2al, the major collagen component in the
cartilage matrix, was downregulated in chondrocytes after IL-18
treatment. Knockdown of circRNA.33186 significantly decreased
MMP-13 expression both at the mRNA and protein levels, whereas
the expression of Col2al was significantly increased as compared
with the IL-1B-treated chondrocytes that are transfected with a
control siRNA (Figures 2C and 2D). The effects of circRNA.33186
on Col2al protein levels were further confirmed by immunofluores-
cence staining (Figure 2E). Together, these data indicate that
knockdown of circRNA.33186 protects against IL-1B-induced OA
in vitro.
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Figure 3. Effects of circRNA.33186 on Proliferation and Apoptosis in IL-1B-Induced Chondrocytes

Chondrocytes were transfected with si-circRNA or si-NC, and then treated with 10 ng/mL IL-1B for 24 h. (A) The effect of circRNA.33186 on cell proliferation in vitro
was determined by CCK8 assay. (B and D) Representative photomicrographs of EdU staining (B) and quantitative data showing the percentage of EdU-positive cells in
different treatment groups (D). Blue: Hochest labeling of cell nuclei; Red: EdU labeling of nuclei of proliferative cells. Scale bars, 100 um. (C and E) The effect of circRNA.33186
on cell apoptosis was measured by flow cytometric analysis (C), and the results of flow cytometric analysis are presented as percentages of positive mean values + SD.

*p < 0.01.

Effects of circRNA.33186 on Proliferation and Apoptosis in IL-
1B-Treated Chondrocytes

To test whether circRNA.33186 regulates chondrocyte prolifera-
tion, we performed Cell Counting Kit-8 (CCK8) and 5-ethynyl-
20-deoxyuridine (EdU) incorporation assays. The proliferation of
chondrocytes was significantly decreased after IL-1B treatment,
and the effect was partly reversed by circRNA.33186 knockdown
(Figure 3A). Similar results were obtained by the EdU incorpora-
tion assay (Figures 3B and 3D). Next, we determined whether
circRNA.33186 had an effect on chondrocyte apoptosis by
flow cytometry analysis. Induction of cell apoptosis was observed
after IL-1B treatment in chondrocytes, whereas silencing of
circRNA.33186 significantly decreased the percentage of chondro-
cytes that underwent apoptosis as compared with the control siRNA
group (Figures 3C and 3E). These data demonstrate that knock-
down of circRNA.33186 promotes proliferation and suppressed
apoptosis in IL-1B-treated chondrocytes.
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Silencing of circRNA.33186 In Vivo Alleviates OA In Vivo

To investigate the in vivo role of circRNA.33186 during OA patho-
genesis, we performed intra-articular (IA) lentivirus injection in
DMM-operated mice with circRNA.33186 or control siRNA weekly
for a total of 3 weeks (Figure 4A). QRT-PCR analysis confirmed the
efficiency of circRNA.33186 knockdown after lentivirus injection
(Figure 4B). The destruction of articular cartilage at the distal femur
metaphysis was induced by DMM in mouse knee joints, and the
severity of cartilage destruction was significantly alleviated by
silencing of circRNA.33186 (Figure 4C). Western blot analysis
showed increased expression of MMP-13 and decreased expression
of Col2al in the knee articular cartilage of OA mice, which was
significantly alleviated by inhibition of circRNA.33186 in vivo (Fig-
ure 4D). Similar results were also obtained by immunohistochem-
istry analysis (Figure 4E). Taken together, these data demonstrated
that silencing of circRNA.33186 in vivo alleviates DMM-induced
OA in mice.
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Figure 4. Silencing of circRNA.33186 In Vivo Alleviates DMM-Induced OA
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(A) Schematic diagram illustrating the design of the OA therapeutic experiment targeting circRNA.33186. (B) gRT-PCR analysis of circRNA.33186 expression in knee articular
cartilage from OA mice in different groups after surgery (n = 6). (C) The articular cartilage at the distal femur metaphysis was stained with H&E and toluidine blue. Scale bars,
200 um. (D) Western blot analysis of Col2a1 and MMP13 expression in knee articular cartilage from OA mice in different groups. (E) Expression of Col2a1 and MMP13 were
observed by immunohistochemistry staining in a DMM-induced OA mice model. Scale bars, 100 um. *p < 0.01 compared with Sham group; #n < 0.01 compared with OA

group.

circRNA.33186 Is a Sponge of miR-127-5p

We performed qRT-PCR to determine the intracellular localization of
circRNA.33186. The results revealed that the circular form of
circRNA.33186 was mainly localized in the cytoplasm (Figure 5A).
Previous studies showed that circRNAs in the cytoplasm may
competitively bind to miRNAs and subsequently regulate their target
genes by acting as miRNA sponges,'™'” so we speculated that
circRNA.33186 could target miRNAs to modulate its downstream
function. We profiled the public databases, TargetScan (http://www.
targetscan.org/vert_72/) and miRanda (http://sanderlab.org/tools/
micrornas.html), to identify potential miRNAs targeted by
circRNA.33186. The results showed that miR-138-5p, miR-670-5p,
miR-874-3p, miR-127-5p, and miR-425-5p had a binding site for
circRNA.33186 (Figure 5B). Next, we performed a luciferase
screening assay to verify which miRNA binds to circRNA.33186.

Each miRNA mimic was co-transfected with the luciferase reporters
containing circRNA.33186 or circRNA.33186 mutant vectors into
HEK293T cells. Only miR-127-5p was found to reduce the luciferase
reporter activity by over 50% (Figures 5C and 5D). In addition, we
found that the expression level of miR-127-5p was significantly
downregulated in IL-1B-treated chondrocytes in a time- and dose-
dependent manner (Figure 5E), which was negatively correlated
with circRNA.33186 expression in chondrocytes. Taken together,
these results suggest that circRNA.33186 might function as sponge
of miR-127-5p.

miR-127-5p Is Directly Targeted by MMP-13

It has been reported that miR-127-5p regulates IL-1p-treated cata-
bolic effects in human chondrocytes by targeting MMP-13."” Thus,
we hypothesized that miR-127-5p might exert its functions via

Molecular Therapy Vol. 27 No 3 March 2019 535
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(A) Relative expression of circRNA.33186 and circRNA.33186 mRNA in the cytoplasm and nucleus of chondrocytes were determined by gRT-PCR. (B) Targeted microRNAs
matching the circRNA.33186 UTRs predicted by both TargetScan and miRanda. (C) Putative miR-127-5p binding site in the 3" UTR of circRNA.33186 predicted by
TargetScan and miRanda. The red arrow indicates circRNA.33186, and the green arrow indicates mmu-miR-127-5p. (D) Luciferase reporter assay for circRNA.33186 or
circRNA.33186 mutantin HEK293T cells co-transfected with five miRNA mimics. (E) Time- (10 ng/mL IL-1B for 0, 12, 24, 48, or 72 h) and dose (0, 5, 10, 50, or 100 ng/mL for
24 h)-dependent downregulation of miR-127-5p expression in primary chondrocytes. *p < 0.01.

regulating MMP-13 in mouse chondrocytes. The putative miR-
127-5p binding site in the 3 UTR of MMP-13 mRNA was predicted
by TargetScan, and sequence alignment of the putative binding site
within the 3’ UTR of MMP-13 mRNA shows a high level of sequence
conservation and complementarity with miR-127-5p among mam-
mals (Figures 6A and 6B). Furthermore, the targeting relationship
between miR-127-5p and MMP-13 was investigated by luciferase ac-
tivity assay. miR-127-5p mimic significantly downregulated the lucif-
erase activity of the reporter gene in wild-type constructs, but not in
mutant constructs (Figure 6C). Overexpression of miR-127-5p
reduced the expression of MMP-13, whereas the miR-127-5p inhibi-
tor increased the expression of MMP-13 at both mRNA and protein

536 Molecular Therapy Vol. 27 No 3 March 2019

levels (Figures 6D and 6E). These results confirmed that miR-127-5p
is directly targeted by MMP-13 in mouse chondrocytes.

circRNA.33186 Exerts Biological Functions in Chondrocytes via
Sponging miR-127-5p

Next, we co-transfected si-circRNA and miR-127-5p inhibitor into
chondrocytes and then treated cells with 10 ng/mL IL-1pB for 24 h.
qRT-PCR and western blot analysis showed that the reduction of
MMP-13 expression caused by silencing of circRNA.33186 was
significantly restored after co-transfecting with miR-127-5p inhibitor
into chondrocytes (Figures 7A and 7C). In contrast, the increase of
Col2al expression that resulted from circRNA.33186 knockdown



www.moleculartherapy.org

A

Predicted consequential pairing of target region (top)
and miRNA (bottom)

Position 110-116 of MMP13 3' UTR 5’ ... UUAGUUCUGUGAACGAGCUUCAG. . .

NRRRNN

3 Blank
miR-127-5p mimic
@ mimic control

Figure 6. MMP-13 Is a Direct Target of miR-127-5p
(A) Putative miR-127-5p binding site in the 3’ UTR of
MMP-13 mRNA. (B) Sequence alignment of a putative
miR-127-5p binding site within the 3’ UTR of MMP-13
mRNA shows a high level of sequence conservation and
complementarity with miR-127-5p. (C) Interaction be-
tween miR-127-5p and MMP-13 was verified by lucif-
erase report assay. (D and E) The effects of miR-127-5p
on MMP-13 expression in chondrocytes were analyzed
by gPCR (D) and western blot (E). *p < 0.01.

adenocarcinoma. With respect to therapeutic
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was eliminated by co-transfection of si-circRNA and the miR-127-5p
inhibitor (Figures 7B and 7D). The effect on Col2al protein levels was
also confirmed by immunofluorescence staining (Figure 7E). For cell
apoptosis and proliferation, knockdown of circRNA.33186 promoted
the proliferation of chondrocytes, but silencing miR-127-5p reversed
the effect of circRNA.33186 (Figures 7F and 7G). Moreover, the in-
duction of cell apoptosis observed after silencing of circRNA.33186
was also suppressed by inhibiting miR-127-5p (Figure 7H). Together,
these results demonstrate that circRNA.33186 promotes OA patho-
genesis by functioning as a sponge for miR-127-5p.

DISCUSSION

Although considerable amounts of studies have been designed to un-
ravel the pathology of OA, the medical treatment of OA still focuses
on relieving symptomatic synovial joint pain.” Therefore, it is urgent
to explore the molecular mechanisms underlying OA progression and
identify novel drug targets for OA therapy.

circRNAs are a class of newly discovered non-coding RNAs, and
increasing evidence shows they could be used as diagnostic bio-
markers and therapeutic targets for various diseases. For example,
Li et al.?° found that hsa_circ_0004277 could be used as a biomarker
for acute myeloid leukemia. Zhu et al.”! reported that a circRNA,
hsa_circ_0013958, might be a potential novel biomarker for lung

inhibit cardiac hypertrophy and heart failure.
Cheng et al.”* showed circRNA VMA21 pro-
tects against intervertebral disc degeneration
through targeting miR-200c and X-linked
inhibitor-of-apoptosis protein. However, few
reports describe the role of circRNAs in OA.
In this study, we found that circRNA.33186
was upregulated in IL-1B-treated chondrocytes
and cartilage tissues of the DMM-induced OA
model, and the expression level was positively
correlated with cartilage degeneration, indi-
cating that circRNA.33186 may be associated
with the development
of OA. More importantly, upregulation of
circRNA.33186 was determined at an early
stage during OA development, suggesting the possibility that
circRNA.33186 could be used as a diagnostic biomarker for this
disorder. Further experiments showed that knockdown of
circRNA.33186 corrected the imbalance between anabolic and cata-
bolic factors (e.g., type II collagen and MMP-13), promoted cell
growth, and inhibited cell apoptosis in IL-1B-treated chondrocytes,
demonstrating that circRNA.33186 plays a vital role in OA progres-
sion and may be a therapeutic target.

and progression

It is widely accepted that IA injection of drugs, such as corticosteroids
and hyaluronic acid, are effective means for the clinical treatment of
OA.TA injection of miRNAs as a therapeutic method for OA in animal
models has been also described in recent years.” IA injection of miR-
140 alleviates OA progression by modulating ECM homeostasis in
rats.”* Silencing of miR-101 via IA injection of adenovirus prevents
cartilage degradation by regulating ECM-related genes in a rat model
of OA.”” Here we found that IA injection of lentivirus-incorporated si-
circRNAs against circRNA.33186 successfully decreased the expres-
sion of circRNA.33186 in cartilage tissues of the DMM-induced OA
model, and silencing of circRNA.33186 in vivo significantly alleviated
DMM-induced cartilage destruction in mice. Moreover, the effect of
DMM surgery on the expression of type II collagen and MMP-13
was also reversed by knockdown of circRNA.33186. These results
further confirmed the therapeutic potential of circRNA.33186 in OA.
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Figure 7. circRNA.33186 Exerts Biological Functions in Chondrocytes via Sponging miR-127-5p

Chondrocytes were transfected with si-circRNA or a combination of si-circRNA and miR-127-5p inhibitor, and then treated with 10 ng/mL IL-1p for 24 h. (A and B) The mRNA
levels of MMP-13 (A) and Col2a1 (B) were determined by gRT-PCR. (C and D) The protein levels of MMP-13 (C) and Col2a1 (D) were determined by western blot. (E) The
protein levels of Col2a1 were determined by immunofluorescent staining. Scale bars, 20 um. (F and G) Cell apoptosis was measured by flow cytometric analysis (F), and the
results of flow cytometric analysis are presented as percentages of positive mean values + SD. (H) Cell proliferation in vitro was determined by CCK8 assay. *p < 0.01,

compared with IL-1B group; #n < 0.01, compared with si-circRNA group.

Recently, circRNAs have been shown to act as miRNA sponge to
regulate gene expression.”'® Han et al'' found that circRNA
MTOL1 directly binds to miR-9 and inhibits miR-9 activity to sup-
press hepatocellular cancer progression. Zheng et al.'” reported
that circHIPK3 acts as the sponge of miR-124 to function as a
cell-growth modulator. In the present study, we found that
circRNA.33186 was mainly localized in the cytoplasm, suggesting
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it might function as an miRNA sponge. We then identified a group
of miRNAs that might interact with circRNA.33186 by means of
bioinformatics analyses, and validated the interacting relationship
between circRNA.33186 and miR-127-5p using luciferase activity
assays. We also found that the expression level of miR-127-5p
was negatively correlated with circRNA.33186. Therefore, these
data suggest that circRNA.33186 could directly target miR-127-5p
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by functioning as a sponge, and that miR-127-5p may play an
important role in chondrocytes.

To date, more and more miRNAs have been found to play central
roles in the pathogenesis and progression of OA by regulating ECM
anabolism and catabolism of chondrocytes.”* >’ It has been showed
that silencing of miR-34a prevents IL-1B-induced ECM degradation
in chondrocytes.’® miR-145 was reported to attenuate tumor necrosis
factor alpha (TNF-a-driven cartilage matrix degradation in OA via
direct suppression of MKK4.”' Previous study revealed that miR-
127-5p is an important regulator of MMP-13 in human chondrocytes
and may contribute to the development of OA.'* MMP-13 is a pivotal
catabolic factor of OA that degrades type II collagen, a major compo-
nent of cartilage ECM in chondrocytes.”>>* Here, our results further
confirmed that miR-127-5p could directly target MMP-13 and regu-
late type II collagen expression in IL-1p-treated mouse chondrocytes.
Several lines of evidence indicate that circRNA.33186 functions as a
sponge of miR-127-5p to regulate OA progression. First, bioinformat-
ics analyses showed that the 3’ UTR of MMP-13 and circRNA.33186
contains binding sites for miR-127-5p. Second, luciferase reporter as-
says verified this prediction. Third, knockdown of circRNA.33186
reduced MMP-13 expression. Finally, inhibition of miR-127-5p
reversed the effect of circRNA.33186 knockdown.

Taken together, our study indicates that the expression level of
circRNA.33186 is upregulated in OA. Silencing of circRNA.33186
markedly alleviates OA progression both in vitro and in vivo by regu-
lating catabolic and anabolic factors, promoting cell growth, and in-
hibiting cell apoptosis of chondrocytes. Also, circRNA.33186 may
exert these biological functions by acting as a sponge for miR-
127-5p. Our findings demonstrate that circRNA.33186 can be used
as a diagnostic biomarker and potential target in OA therapy.
Although our study shed light on a new option for OA treatment,
further investigations are still necessary. For example, more studies
are needed to determine whether circRNA.33186 contributes to OA
through other molecules and pathways. Because IA injection of lenti-
virus infects not only articular cartilage but also the synovium, which
plays an important role in OA development, further studies are
required to identify the role of circRNA.33186 in synovium tissue,
articular chondrocytes, or other cell types. Finally, more effective vec-
tors should be identified for circRNA delivery via joint injection.
Finding the answers to these questions will be critical for a better
understanding of the functions of circRNAs in OA pathogenesis
and for offering feasible therapeutic targets for clinical use.

MATERIALS AND METHODS

Animal Experiments

Adult male C57BL/6 mice were used to induce an OA model by DMM
surgery as previously described.’® In brief, after anesthetized with
chloral hydrate (400 mg/kg) intraperitoneally, the right knee joint
of mice (n = 10 per group; 8 weeks old; mean body weight = 25 g)
was exposed through a medial capsular incision. Then the medial
meniscotibial ligament was transected, and the medial meniscus
was displaced medially. Finally, the incision was sutured, and the

skin was closed. Sham operation was done in parallel, and only the
skin of the right knee joint was resected. Mice were sacrificed
at 4 or 8 weeks after surgery, and the right knee joints were harvested
for histological and biochemical analyses. For the therapeutic exper-
iment, 8-week-old C57BL/6 male mice were randomly assigned into
four groups (n = 6 per group): Sham group, OA group, lentivirus
vector (LV)-inhibitor circRNA group, and LV-inhibitor negative con-
trol (NC) group. One week after DMM surgery, mice were treated
with TA injection of lentivirus-incorporated si-circRNA against
circRNA.33186, or negative control lentivirus (1 x 10° plaque-form-
ing units [pfu] in a total volume of 5 uL) once per week for 3 weeks.
Mice were sacrificed 3 weeks after the first injection, and the knee
joints were harvested for histological analyses. All animal experiments
were approved by the Animal Ethics Committee of the Second
Military Medical University on the Use and Care of Animals and
were performed in accordance with the committee’s guidelines.

Primary Chondrocyte Isolation and Culture, circRNA, and

miRNA Transfection

Primary chondrocytes were obtained from the knee joints of newborn
mice as previously described’® and then cultured in maintenance me-
dium consisting of DMEM (Invitrogen, Carlsbad, CA, USA) supple-
mented with 10% fetal bovine serum (FBS; GIBCO, Rockville, MD,
USA) and 1% penicillin-streptomycin (Hyclone; GE Healthcare Life
Sciences, Logan, UT, USA) at 37°C in a 5% CO, incubator. The
siRNA specifically targeting circRNA.33186 and lentiviruses that ex-
pressed knockdown constructs of circRNA.33186, and the vectors
that upregulate and downregulate miRNA expression (miRNA mimic
and miRNA inhibitor) were designed and constructed by Geneseed
(Guangzhou, China). Chondrocytes were transfected with certain
vectors (si-circRNA, miRNA inhibitor [50 nM], miRNA mimic
[100 nM]) using Lipofectamine 2000 (Invitrogen) in accordance
with the manufacturer’s instructions and then were used for further
experiments.

gRT-PCR

Quantification of circRNA, mRNA, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene was performed using SYBR Premix
Ex Taq (Takara Bio) in a real-time detection system (ABI7500).
miRNA and U6 gene concentrations were determined using the
Bulge-Loop miRNA qRT-PCR Starter Kit (RiboBio, Guangzhou,
China) in accordance with the manufacturer’s instructions. Three
independent experiments were conducted for each sample. The
expression levels of circRNA.33186 and mRNA were normalized to
GAPDH, and miR-127-5p expression was normalized to U6. Data
were analyzed by calculating the 272" relative fold change. The
primers used for real-time PCR are shown in Table S2.

Western Blot Analysis

Total proteins were extracted from chondrocytes or cartilage tissues
with radioimmunoprecipitation assay (RIPA) lysis buffer (Beyotime,
China), and the concentration was measured using the bicinchoninic
acid (BCA) protein assay (Beyotime, China). Then proteins were
electrophoresed on SDS-polyacrylamide gel and transferred to
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nitrocellulose membranes (Millipore, Carrigtwohill, Ireland). After
blocking with nonfat milk, the membranes were incubated with a pri-
mary antibody overnight at 4°C, washed, and then incubated with a
secondary antibody for 1 h each at room temperature. The antibodies
used were anti-Collagen II (dilution 1:5,000; Abcam, UK), anti-
MMP-13 (dilution 1:3,000; Abcam, UK), GAPDH (dilution 1:1,000;
Abcam, UK), and goat anti-rabbit secondary antibody (dilution
1:5,000; Abcam, UK). The results were quantified, and the images
were processed using ImageJ software. GAPDH was used as an inter-
nal loading control.

Immunofluorescence Staining

Chondrocytes were seeded on coverslips in 24-well plates and
cultured for 48 h. After being fixed with 4% paraformaldehyde, per-
meabilized with 0.5% Triton X-100, and blocked by serum as previ-
ously described, cells were incubated with a primary antibody at
4°C overnight and then with a fluorescent Cy3-conjugated secondary
antibody at 37°C for 1 h. The antibodies used were anti-Collagen II
(dilution 1:100; Abcam, UK), anti-MMP-13 (dilution 1:100; Abcam,
UK), and fluorescent Cy3-conjugated secondary goat anti-rabbit
antibodies (dilution 1:100; Abcam, UK). Fluorescence images were
acquired using a confocal microscope (FV 1000 Olympus IX-81)
and were analyzed using Image-Pro Plus 6.0 software (Media
Cybernetics).

Nuclear-Cytoplasmic Fractionation

Cytoplasmic and nuclear RNA isolation were performed with PARIS
Kit (Invitrogen, USA) according to the manufacturer’s instruction. In
brief, chondrocytes were lysed with cell fractionation buffer; then the
nuclear and cytoplasmic cell fractions were separated by centrifuge.
After transferring the supernatant into fresh RNase-free tubes, the re-
maining lysate was washed with cell fractionation buffer and centri-
fuged. The nuclei were lysed with cell disruption buffer. The above
lysate and the supernatant were mixed with a 2 x lysis binding solu-
tion, and an equal volume of ethanol was added through a filter car-
tridge. The sample was then washed with wash solution. Finally, the
RNA of cytoplasm and nucleus was eluted with elution solution.

Luciferase Reporter Assay

Luciferase reporter vector with the full length of the 3’ UTR of
circRNA.33186 or MMP-13 and the mutant version were constructed
and then co-transfected with the reporter vector and 50 nM miRNA
mimic or their control into HEK293T cells using Lipofectamine 2000
(Life Technologies, Grand Island, NY, USA). The five miRNA mimics
(miR-138-5p, miR-670-5p, miR-874-3p, miR-127-5p, miR-425-5p)
were obtained from RiboBio. After 48 h of incubation, the firefly
and Renilla luciferase activities were measured with a Dual-Luciferase
Reporter System (Promega, Madison, WI, USA).

Cell Proliferation Assay

CCK8 and EdU assays were performed to measure the effect of
circRNA.33186 on chondrocytes proliferation. For CCK8 assay, cells
were transfected with siRNA for 48 h and then seeded into 96-well
plates at a density of 2 x 10 cells per well and cultured for 12, 24,
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48, or 72 h. CCK8 was used to detect cell proliferation, and the absor-
bance at 450 nM was measured using Spectra Max250 spectropho-
tometer (Molecular Devices, USA). All experiments were performed
in triplicate. For the EdU assays, cells were transfected with siRNA for
48 h and then seeded into 24-well plates at a density of 2 x 10 cells
per well. Cells were then incubated with EAU for 2 h at a concentra-
tion of 10 pM. After being fixed with 4% formaldehyde solution for
15 min and permeabilized with 0.5% Triton X-100 for 20 min at
room temperature, cells were washed three times with PBS and incu-
bated with 1X Apollo reaction cocktail for 30 min at room tempera-
ture. Finally, the cells were stained with Hoechst 33258. The EdU
incorporation rate was expressed as the ratio of EdU-positive cells
(red cells) to total Hoechst33342-positive cells (blue cells).

Cell Apoptosis Assay

Chondrocyte apoptosis was measured by flow cytometry. Cells were
prepared as previously reported. Apoptotic cells were evaluated by
Annexin V-FITC (fluorescein isothiocyanate) staining, and dead cells
were detected by the propidium iodine (PI) exclusion method. Then
cells were analyzed by flow cytometry FACSCalibur instrument (BD
Biosciences) according to the manufacturer’s instructions.

Histology and Immunohistochemistry

Right knee joints were fixed in 4% paraformaldehyde for 24 h, decal-
cified in 12.5% EDTA (pH 7.4) for 4 weeks, and then embedded in
paraffin. The whole medial compartment of the joints was cut on
the sagittal sections with a thickness of 5 pm and then stained with
H&E and toluidine blue. For immunohistochemistry, sections were
deparaffinized and rehydrated. After antigen retrieval, sections were
blocked with 5% goat serum and then incubated with the following
primary antibodies overnight at 4°C and finally stained with horse-
radish peroxidase (HRP)-conjugated secondary antibodies. The pri-
mary antibodies used were anti-Collagen II (dilution 1:100; Abcam,
UK) and anti-MMP-13 (dilution 1:100; Abcam, UK). Images were
obtained using aFluoView FV1000 confocal microscope (Olympus).
The number of cells positive for the marker was expressed relative
to the total number of cells.

Statistical Analysis

Data are expressed as the mean + SD, and statistical analysis was
performed by one-way ANOVA for multiple comparisons, or by
Student’s t test. p < 0.05 (two-sided) was considered statistically sig-
nificant for all of the statistical calculations. All statistical analyses
were performed with PRISM 6.0 (GraphPad Software, San Diego,
CA, USA) and SPSS 19.0 (IBM, Armonk, NY, USA).
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