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Osteoarthritis (OA) is a common, age-related, and painful
disease characterized by cartilage destruction, osteophyte for-
mation, and synovial hyperplasia. This study revealed that
circPDE4D, a circular RNA derived from human linear
PDE4D, plays a critical role in maintaining the extracellular
cellular matrix (ECM) during OA progression. circPDE4D
was significantly downregulated in OA cartilage tissues and
during stimulation with inflammatory cytokines. The knock-
down of circPDE4D predominantly contributed to Aggrecan
loss and the upregulation of matrix catabolic enzymes,
including MMP3, MMP13, ADAMTS4, and ADAMTS5, but
not proliferation or apoptosis. In a murine model of destabi-
lization of the medial meniscus (DMM), the intraarticular
injection of circPDE4D alleviated DMM-induced cartilage im-
pairments. Mechanistically, we found that circPDE4D exerted
its effect by acting as a sponge for miR-103a-3p and thereby
regulated FGF18 expression, which is a direct target of
miR-103a-3p. In conclusion, our findings highlight a novel
protective role of circPDE4D in OA pathogenesis and indicate
that the targeting of the circPDE4D-miR-103a-3p-FGF18 axis
might provide a potential and promising approach for OA
therapy.

INTRODUCTION
Osteoarthritis (OA) is an age-related disease that threatens the
health of elderly people throughout the world, particularly individ-
uals over 65 years of age.1,2 OA is the leading cause of physical
disability and thus imposes an enormous economic burden on soci-
ety worldwide. The typical pathological changes in OA include
cartilage destruction, osteophyte formation, and synovial hyperpla-
sia. The most central and critical features in degenerated cartilage
are the upregulation of matrix-degrading enzymes, including those
belonging to the metalloproteinase (MMP) family and A disintegrin
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and metalloproteinase with thrombospondin motifs (ADAMTS)
family, and loss of the extracellular matrix (ECM), which is mainly
composed of glycosaminoglycan (GAG) and collagens.3,4 Patients
with OA usually exhibit various clinical manifestations, such as joint
stiffness, local pain, and joint tenderness.5 As a result, many
different clinical management strategies focusing on the improve-
ment of clinical symptoms have been developed and applied in clin-
ical practice. However, no effective therapeutic interventions, with
the exception of surgery, exert satisfying and curative effects on
the progression of the disease.6

Circular RNA (circRNA) is a type of endogenous noncoding RNA
that does not exhibit polarity or a polyadenylated tail in its structure7

and is produced in a noncanonical manner called backsplicing in eu-
karyotes. The circRNA biogenesis process involves the formation of
closed covalent loops with a specific junction site between the 30

and 50 splice sites of certain mRNAs through either base pairing be-
tween flanking intronic complementary sequences on both sides,
such as Alu elements,8,9 or dimerization of RNA-binding proteins
(RBPs), such as protein quaking encoded by QKI.10 In general,
circRNAs have a relatively lower abundance compared with their
linear counterparts. However, in certain cell types and tissues or
under specific pathological conditions, some circRNAs are expressed
at a higher level and can accumulate despite the relatively lower
.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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efficiency of backsplicing compared with linear splicing.11,12 Multiple
functions of circRNAs have been identified. Several studies have re-
vealed that circRNAs can function as miRNA sponges,13–15 and
among these circRNAs, CDR1as, which is also known as ciRS-7
and possesses approximately 74 canonical binding sites for miR-7,
is one of the most characterized circRNAs in the neuroscience field.16

In addition, circRNAs have also been found to act as “protein de-
coys,”17 “protein function enhancers,”18 “protein scaffolds,”19,20 or
“templates for translation.”21,22 Our previous study revealed that circ-
SERPINE2 plays a critical role in OA pathogenesis by interacting with
miR-1271 and its target gene, the ETS transcription factor ERG
(ERG).14 However, whether other circRNAs can regulate the initia-
tion or progression of OA is not well understood, and their underly-
ing mechanisms have not been elucidated.

In our study, we identified the highly expressed circPDE4D
in OA, which is derived from the phosphodiesterase 4D
(PDE4D) gene, and further explored its molecular mechanism
in both primary human chondrocytes and an animal model in
detail.

RESULTS
circPDE4D Is Downregulated in OA and Is Predominantly

Localized in the Cytoplasm

Our previous study identified differentially expressed circRNAs
between normal human cartilage and OA cartilage tissues (Figures
S1A and S1B).14 Here, we focused on circPDE4D, which was found
to exhibit a significant differential expression. To determine
whether the expression level of circPDE4D was decreased in hu-
man OA articular cartilage, we first collected cartilage specimens
from OA patients undergoing total knee replacement and from pa-
tients with knee joint fracture and no history of OA (Figure S1C;
Table S1); the degeneration severity of each specimen was macro-
scopically classified according to the Modified Outerbridge Classi-
fication23,24 and further verified by Safranin-O/Fast green staining
and Alcian blue staining. A marked decrease in circPDE4D was
detected in OA cartilage chondrocytes by fluorescence in situ hy-
bridization (FISH) analysis using a specific circPDE4D probe, and
this decrease was associated with the degrees of degeneration and
destruction in the OA cartilage samples with higher OA stages
(Figure 1A). However, although the relative mRNA expression of
circPDE4D obtained by qRT-PCR was negatively correlated with
OA severity (Figure 1B), the linear form of PDE4D failed to
show significant differences among cartilage specimens (Fig-
ure S1D), and Aggrecan and MMP3 served as positive indexes
for specimen quality control in this analysis (Figures S1E and
S1F). Because inflammatory activity is involved in OA pathogen-
esis and plays a critical role in OA progression,25–27 we subse-
quently determined whether inflammatory stimuli could exert a
certain influence on circPDE4D in primary human chondrocytes
(HCs). As expected, tumor necrosis factor alpha (TNF-a) reduced
circPDE4D expression in a dose-dependent manner (Figure S1G).
In comparison, inflammatory stimulation did not induce a signif-
icant change in linear PDE4D expression (Figure S1H). The com-
parison of circPDE4D sequences acquired from circBase with the
PDE4D mRNA sequences revealed that circPDE4D was looped
and comprised exons 2–5 of its parental gene, and its head-to-
tail splicing was further confirmed by Sanger sequencing (Fig-
ure 1C). In addition, convergent primers and specific divergent
primers were designed to amplify PDE4D mRNA and circPDE4D.
cDNA and gDNA (genomic DNA) were extracted from HCs and
subsequently subjected to nucleic acid electrophoresis detection.
Notably, circPDE4D could be amplified by the divergent primers
from cDNA but not from gDNA, whereas PDE4D mRNA was de-
tected in both the cDNA and gDNA samples (Figure 1D). Due to
the previously reported high stability of circRNA,7,16,28 we per-
formed several experiments, including Northern blotting and
qRT-PCR, to test whether circPDE4D exhibits high stability. As
expected, even after treatment with RNase R, the band of interest
(353 bp) with little degradation was detected using a DIG-labeled
circPDE4D probe targeting the junction region (Figure 1E).
Although circPDE4D was almost insensitive to RNase R, the linear
PDE4D mRNA levels decreased sharply by more than 70% (Fig-
ure 1F). Additionally, actinomycin D, an inhibitor of transcription,
was further applied to investigate the expression of circPDE4D un-
der transcription-blocking conditions, and the results revealed that
the half-life period of circPDE4D was significantly longer than that
of its linear form (Figure 1G). Moreover, RNA FISH analysis and
qRT-PCR demonstrated that circPDE4D was mainly localized in
the cytoplasm (Figures 1H and 1I). These results demonstrate
the critical characteristics of circPDE4D and indicate that
circPDE4D, but not linear PDE4D transcripts, might have clinical
significance for OA.

The Silencing of circPDE4D Induces Matrix Degradation in

Chondrocytes

To investigate whether circPDE4D is involved in the regulation of
OA, we generated three circPDE4D small hairpin RNAs (shRNAs)
that could stably and specifically knock down circPDE4D in HCs
and SW1353 cells. Because circPDE4D and linear PDE4D share a
partial sequence, we also tested the effects of sh-circPDE4D on
linear PDE4D mRNA (Figure 2A; Figure S2A). As shown in Fig-
ure 2B, glycosaminoglycan (GAG) was sharply reduced in sh-
circPDE4D-treated chondrocytes. We also found that circPDE4D
deficiency predominantly downregulated Aggrecan expression,
whereas the matrix catabolic enzymes MMP3, MMP13, ADAMTS4,
and ADAMTS5 were significantly upregulated at the mRNA level in
both HCs and SW1353 cells (Figures 2C and 2D; Figures S2B and
S2C), which was consistent with the results at protein level (Fig-
ure 2E; Figure S2D). Intriguingly, only a small difference in SOX9
and Col2a1 expression, if any, was detected in circPDE4D-deficient
HCs and SW1353 cells, which indicated that circPDE4D was mainly
involved in GAG but not collagen metabolism. In addition, we also
constructed linear PDE4D-deficient HCs using two independent sh-
PDE4Ds to determine the role of linear PDE4D in OA pathogenesis
(Figure S3A), and we did not find any meaningful positive pheno-
types (Figures S3B–S3E). During OA development, the cartilage
microenvironment undergoes enormous changes compared with
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Figure 1. circPDE4DValidation and Expression in OA

Cartilage Tissue and Chondrocytes

(A) Representative images of RNA fluorescence in situ

hybridization (FISH), Safranin-O/Fast green staining and

Alcian blue staining in human cartilage tissues from stage

0 (S0) to stage 4 (S4). Scale bar, 50 mm. (B) The expression

of circPDE4D in human cartilage specimens from stage

0 (S0) to stage 4 (S4) (n = 53) was evaluated by qRT-PCR.

(C) Schematic illustration demonstrating the circularization

of PDE4D exon 2–5 to form circPDE4D (black arrow). The

presence of circPDE4D was validated by RT-PCR fol-

lowed by Sanger sequencing. The red arrow represents

“head-to-tail” circPDE4D splicing sites. (D) The presence

of circPDE4D in human HCs was validated by RT-PCR.

Divergent primers amplified circPDE4D from cDNA but not

from genomic DNA; b-actin served as the negative control.

(E) Northern blots for detecting circPDE4D in HCs and

SW1353 cells treated with or without RNase R. The upper

panels show the probed blots of circPDE4D, and the red

triangle represents the circPDE4D band size (353 bp). The

lower panels show the gel electrophoresis results obtained

for RNA with or without RNase R digestion. (F) The

expression of circPDE4D and linear PDE4D mRNA in HCs

treated with or without RNase R was detected by qRT-

PCR. The relative levels of circPDE4D and PDE4D mRNA

were normalized to the value obtained with the mock

treatment. (G) The levels of circPDE4D and PDE4D in HCs

treated with actinomycin D at the indicated time points

were detected by qRT-PCR. (H) FISH showed that

circPDE4D was predominantly localized in the cytoplasm.

The circPDE4D probes were labeled with CY3, and nuclei

were stained with DAPI. Scale bar, 20 mm. (I) circPDE4D

was detected in different cell fractions. Nuclear and

cytoplasmic RNA was extracted, and junction primers

were used for circPDE4D detection. U6 was used as an

internal control for nuclear RNA, and b-actin was used as

an internal control for cytoplasmic RNA. The data were

obtained from three independent experiments with three

independent donors (presented as themeans ± SDs; F, G,

and I) or were representative of three independent ex-

periments with similar results (A, B, D, E, and H). *p < 0.05

and **p < 0.01 versus the control or indicated group. The

data were analyzed by one-way ANOVA followed by the

Bonferroni test (B) and two-tailed t tests (F, G, and I).
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those observed under healthy conditions, and inflammatory reac-
tions,26,29 metabolic stress,27,30,31 and oxidative stress32,33 are the
most critical of these changes. Therefore, we treated HCs stably
expressing sh-circPDE4D or control HCs with various stimuli. Sur-
prisingly, treatment with inflammatory cytokines, including inter-
leukin-1b (IL-1b), IL-6, and TNF-a, contributed to a markedly
more severe OA phenotype compared with the matched control,
as evaluated by Aggrecan expression (Figure 2F). We further
explored whether circPDE4D could exert other effects (apoptosis
or cell cycle) on the fate of chondrocyte (Figures S4A–S4C) but ob-
tained no positive results. Therefore, we speculated that circPDE4D,
but not linear PDE4D or might play a pivotal role in maintaining
the chondrocyte extracellular matrix and alleviate inflammatory re-
actions in OA pathogenesis.
310 Molecular Therapy Vol. 29 No 1 January 2021
Blocking Endogenous circPDE4D Circularization Triggers ECM

Degradation

In order to have a deeper understanding on the role of circPDE4D, we
next investigated how circPDE4D was generated. Previous studies
have reported several splicing factors contribute to regulating
the circRNA formation by binding to the flanking introns during
the alternative splicing,7 among which QKI, DHX9, and ADAR1
are three most well-known regulators. However, we did not find
the Alu elements in the flanking introns closing to circPDE4D
(around 2,000 bp upstream and 5,000 bp downstream), which is
necessary for the binding of DHX934 and ADAR1.35 In comparison,
abundant QKI response elements (QREs)10,36 were found in both
upstream and downstream flanking introns closing to circPDE4D
(Figure S5A). RNA immunoprecipitation (RIP) analysis further



Figure 2. circPDE4D Knockdown Induced Matrix Degradation in Chondrocytes

(A) HCs were stably transfected with three different circPDE4D shRNAs or the negative control. The expression of circPDE4D and linear PDE4D was evaluated by qRT-PCR.

(B) The cells were stably transfected with sh-circPDE4D #1, #2, or #3 or the negative control. Representative images of Alcian blue (SW1353) and toluidine blue staining (HCs)

were shown. (C) The mRNA levels of matrix components Aggrecan, Col2a1, and SOX9 in HCs transfected with sh-circPDE4D #1, #2, #3 or negative control were evaluated

by qRT-PCR. (D) The mRNA levels of catabolic enzymes MMP3, MMP13, ADAMTS4, and ADAMTS5 in HCs transfected with sh-circPDE4D #1, #2, #3 or negative control

were evaluated by qRT-PCR. (E) The protein expression of Aggrecan, Col2a1, SOX9, MMP3, MMP13, ADAMTS4, and ADAMTS5 in sh-circPDE4D-treated HCs and control

chondrocytes was determined by western blotting. (F) sh-circPDE4D-treated or vector control-treated HCs were stimulated with various inflammatory factors (IL-1b, IL-6,

and TNF-a) or cultured under certain metabolic stress conditions (serum deprivation, glutamine deprivation, glucose deprivation, or oxidative stress). The histogram

demonstrates the relative changes in Aggrecan expression compared with the matched control. The data were obtained from three independent experiments with three

independent donors (presented as the means ± SDs; A, C, D, and F) or were representative of three independent experiments with similar results (B and E). *p < 0.05 and

**p < 0.01 versus the control or indicated group. The data were analyzed using two-tailed t tests (A, C, D, and F).
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confirmed the binding between QKI and flanking introns, but not
circRNA or its remote introns (Figure S5B). circPDE4D, but not
linear PDE4D or pre-PDE4D was significantly downregulated after
QKI knockdown in both HCs and SW1353 cells, suggesting that
circPDE4D could be regulated by QKI (Figures S5C–S5D). We then
investigated whether deleting the circularization signal of circPDE4D
could affect the ECM phenotypes in chondrocytes. Two guide RNAs
targeting the both sides of upstream flanking sequences containing all
the QREs were designed and simultaneously transfected into the
SW1353 cells, with monoclonal cell further selected and cultured.
Sanger sequencing confirmed the deletion by CRISPR-Cas9 (Fig-
ure S5E). qRT-PCR demonstrated that circPDE4D expression was
predominantly downregulated after QREs deletion, suggesting that
the endogenous circularization signal of circPDE4D was generally
blocked (Figure S5F). Alcian blue and Toluidine blue staining showed
that CRISPR-Cas9-edited SW1353 cells have much lower GAG con-
tent, which could partly be rescued by circPDE4D overexpression
(Figure S5G). Additionally, the protein level of Aggrecan was signif-
icantly downregulated and the matrix catabolic enzymes were upre-
gulated, which were alleviated by circPDE4D (Figure S5H). These re-
sults indicate that blocking endogenous circularization signal of
circPDE4D leads to a lower circPDE4D abundance and the degrada-
tion of ECM.

circPDE4D Functions as a Sponge for miRNAs

circRNAs have previously been reported to play a major role in the
RNA regulatory network by working as miRNA sponges to abrogate
the function of miRNAs.13–15 Given that circPDE4D is highly stable
and predominantly localized in the cytoplasm, we subsequently inves-
tigated whether circPDE4D regulates OA pathogenesis via a miR
sponge mechanism. The overlapping results from two online data-
bases (RNAhybrid and TargetScan) and the upregulated miRNA se-
quences in OA cartilage tissues identified in our previously reported
study yielded 15 miRNA candidates (Figure 3A; Figure S6A).14 We
then performed a pull-down assay using a biotinylated-circPDE4D
probe and selected three possible miRNAs (miR-103a-3p, miR-107,
Molecular Therapy Vol. 29 No 1 January 2021 311
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Figure 3. circPDE4D Serves as a Sponge for miR-103a-3p in Human Chondrocytes

(A) Schematic illustration showing the overlap of the potential target miRNAs of circPDE4D predicted using the RNAhybrid and TargetScan databases and the miRNA

sequences. (B) The relative levels of 15 miRNA candidates in HC lysates after pull-down assay were examined by qRT-PCR. Multiple miRNAs were pulled down by

circPDE4D. (C) The expression of miR-103a-3p, miR-107, and miR-185-5p in human cartilage tissues (stage 0 to stage 4) was evaluated by qRT-PCR (n = 53). (D) HCs were

transfectedwithmiR-103a-3p,miR-107, miR-185a-5p, or negative control and then used for detection of Aggrecan,MMP3, andMMP13 proteins. (E) Representative images

of FISH demonstrating the relative expression of miR-103a-3p in human cartilage tissues (stages 0–4). The corresponding Safranin-O/Fast green staining and Alcian blue

staining are shown in Figure 1A. Scale bar, 50 mm. (F) HEK293T cells were transfected with miR-103a-3p (or NC) and circPDE4D reporter (or circPDE4D mut reporter) and

then used for luciferase activity detection. (G) The circPDE4D levels in SW1353 cells transfected with NC or miR-103a-3p were detected by Ago2 RNA immunoprecipitation

assay (RIP assay). IgG was used as a control, and b-actin was used as a negative control. SNRNP70 RIP for U1 snRNA was used as a positive control. (H) FISH images

showing the colocalization of circPDE4D and miR-103a-3p in HCs. miR-103a-3p probes were labeled with Alexa Fluor 488. Locked nucleic acid circPDE4D probes were

labeled with CY3, and nuclei were stained with DAPI. Scale bar, 20 mm. The data were obtained from three independent replicates (presented as the means ± SDs; B and

G) or were obtained from three independent replicates (F) or were representative of three independent experiments with similar results (C, E, and H). *p < 0.05 and **p < 0.01

versus the control or indicated group. The data were analyzed by one-way ANOVA followed by the Bonferroni test (C) and two-tailed t tests (B, F, and G).
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and miR-185-3p) that showed significantly enhanced fold-changes in
circPDE4D capture in HCs (Figure 3B). Notably, miR-103a-3p
increased with increases in the cartilage stages, whereas no significant
difference in miR-107 and miR-185-3p was found among cartilage
specimens by qRT-PCR detection (Figure 3C). We also found that
the expression of pre-miR-103a-3p did not change with changes in
the OA stage, which indicates that the upregulation of miR-103a-3p
in clinical samples is mainly due to the role of circPDE4D as a miRNA
sponge rather than its effects on transcription or miRNA processing
(Figure S6B). To assess the function of these three miRNAs, we sepa-
rately constructed corresponding mimics, transfected them into HCs,
and evaluated the resulting changes in the Aggrecan, MMP13, and
MMP3 protein levels by western blotting (Figure 3D). All selected
miRNAs significantly upregulatedMMP13, but only miR-103a-3p re-
sulted in both decreased Aggrecan levels and increased MMP3
expression. Therefore, miR-103a-3p was selected for subsequent
studies. Accordingly, a FISH analysis using a specific probe revealed
a predominantly enhanced fluorescence intensity for miR-103a-3p
in cartilages with higher stages compared with those with lower stages
(Figure 3E). We subsequently investigated the binding between
circPDE4D and miR-103a-3p by generating a circPDE4D luciferase
plasmid (WT) and a mutant plasmid (Mut) and separately cotrans-
fecting them into HEK293T cells with miR-103a-3p. The luciferase
assay showed a markedly stronger luciferase intensity in the
circPDE4D mutant group compared with the WT group, which indi-
cated that miR-103a-3p can directly bind to circPDE4D (Figure 3F;
Figure S6C). An Ago2-RIP analysis using SW1353 cells was conduct-
ed to confirm this finding, and the results revealed that circPDE4D
could be preferentially pulled down after the overexpression of
miR-103a-3p (Figure 3G). Moreover, the colocalization (cytoplasm)
of miR-103a-3p and circPDE4D was revealed by FISH (Figure 3H;
Figure S6D). To further investigate the response of circPDE4D and
miR-103a-3p to inflammatory cytokines, we performed a Pearson
correlation analysis after TNF-a stimulation at different time points
and found that circPDE4D exhibited a negative correlation with
miR-103a-3p under inflammatory conditions (Figures S6E–S6G).
These data suggested that miR-103a-3p can directly interact with
circPDE4D.

miR-103a-3p Triggers Chondrocyte Matrix Degradation

Because miR-103a-3p exhibited predominant differential expression
between OA and normal cartilage tissues and could be directly regu-
lated by circPDE4D, we subsequently explored whether miR-103a-3p
plays a role in OA development. HCs were stably transfected with
miR-103a-3p or miR-103a-3p sponges (Figure 4A) and then sub-
jected to Alcian blue and toluidine blue staining (Figure 4B). As ex-
pected, the GAG content was significantly decreased by miR-103a-
3p and moderately, if at all, increased by the miR-103a-3p sponge.
Additionally, miR-103a-3p sharply downregulated Aggrecan and up-
regulated the mRNA and protein expression of MMP3, MMP13,
ADAMTS4, and ADAMTS5 in HCs. Conversely, miR-103a-3p-defi-
cient HCs and SW1353 cells exhibited markedly higher Aggrecan
expression and inhibition of matrix catabolic enzymes (Figures 4C–
4E). We also found that the mRNA expression of both circPDE4D
and PDE4D was not affected by miR-103a-3p overexpression (Fig-
ure S6H). A previous study found that miR-103a-3p serves as a tumor
suppressor by suppressing proliferation and promoting apoptosis in
glioma stem cells.37 Lu et al.38 reported that circTCF25-regulated
miR-103a-3p could inhibit both proliferation and migration in vitro
and in vivo in bladder cancer. Therefore, we also investigated whether
miR-103a-3p influences the pathogenesis of OA in other aspects.
However, flow cytometry and western blotting analyses suggested
that miR-103a-3p failed to contribute to apoptosis and cell cycle pro-
gression in chondrocytes (Figure S7A–S7C). Overall, these results
suggested that matrix degeneration, but not apoptosis or the cell cycle,
could be induced by miR-103a-3p.

The Silencing of miR-103a-3p Reverses sh-circPDE4D-Induced

Matrix Degeneration in Chondrocytes

To explore whether circPDE4D enhances catabolic enzymes and re-
duces Aggrecan expression by interacting with miR-103a-3p, we co-
transfected sh-circPDE4D and a miR-103a-3p sponge into HCs and
SW1353 cells and performed FISH to determine the resulting changes
in the expression of circPDE4D and miR-103a-3p (Figure 5A). A
qRT-PCR analysis also confirmed the mRNA levels of circPDE4D
and miR-103a-3p (Figures S8A–S8D). Alcian blue and toluidine
blue staining demonstrated that the circPDE4D knockdown-induced
loss of GAG could be reversed by the miR-103a-3p sponge (Fig-
ure 5B). Subsequently, qRT-PCR and western blotting analyses
were performed, and the results suggested that the miR-103a-3p
sponge partly reversed the OA phenotype in HCs and SW1353 cells,
as demonstrated by the substantial decreases in the mRNA and pro-
tein expression levels of MMP3, MMP13, ADAMTS4, and
ADAMTS5 and the increased expression of Aggrecan in
circPDE4D-deficient HCs expressing the miR-103a-3p sponge (Fig-
ures 5C–5E; Figures S8E–S8G). Because circPDE4D and its mouse
homolog mmu-circPDE4D share very high conservation and homol-
ogy with 93.2% sequence similarity (Figure S8H), 12-week-old mice
undergoing destabilization of the medial meniscus (DMM) or sham
surgery were administered an articular injection of si-NC, si-mmu-
circPDE4D, or both si-mmu-circPDE4D and miR-103a-3p antago-
mir to evaluate the “circPDE4D-miR-103a-3p” axis in vivo, and the
expression of this axis was confirmed by FISH (Figure S8I). Notably,
mmu-circPDE4D knockdown in mouse cartilage could trigger artic-
ular degeneration and surface abrasion even without DMM surgery.
These articular impairments and the biochemical changes in Aggre-
can and MMP3 could be partly reversed by the overexpression of
miR-103a-3p antagomir with or without DMM surgery (Figures
5F–5I). Based on these results, circPDE4D acts as a functional sponge
of miR-103a-3p to regulate the balance between catabolism and anab-
olism in chondrocytes in vitro and in vivo.

miR-103a-3p Directly Targets FGF18

To gain a more in-depth understanding of the effects of circPDE4D
andmiR-103a-3p, we screened the transcriptome by RNA sequencing
(RNA-seq) by focusing on the differentially expressed genes between
HCs with stable circPDE4D knockdown and control HCs, and the re-
sulting heatmap, volcano plot, and scatter diagram are shown in
Molecular Therapy Vol. 29 No 1 January 2021 313
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Figure 4. Cartilage Matrix Degradation Can Be Triggered by miR-103a-3p in Chondrocytes

(A) Human chondrocytes were stably transfected with miR-103a-3p, miR-103a-3p sponge, or negative control. The expression of miR-103a-3p wasmeasured by qRT-PCR

and normalized to U6 expression. (B) Alcian blue (SW1353) and toluidine blue staining (HCs) in the corresponding treatments was measured. (C) The mRNA levels of

Aggrecan, Col2a1 and SOX9 in stable HCs were detected by qRT-PCR. (D) The mRNA levels of MMP3, MMP13, ADAMTS4 and ADAMTS5 in stable HCs were evaluated by

qRT-PCR. (E) The changes in the protein expression of Aggrecan, Col2a1, SOX9, MMP3,MMP13, ADAMTS4, and ADAMTS5 in HCswere evaluated by western blotting. The

data were obtained from three independent experiments with three independent donors (presented as the means ± SDs; A, C, and D) or were representative of three in-

dependent experiments with similar results (B and E). *p < 0.05 and **p < 0.01 versus the control or indicated group. The data were analyzed by two-tailed t tests (A, C, and D).
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Figures 6A–6C. Notably, the RNA-seq data revealed that major mem-
bers of the MMP family, ADAMTS family, and IL family were signif-
icantly upregulated in circPDE4D-deficient HCs, whereas ACAN
(Aggrecan) and major participants of the tissue inhibitor of metallo-
proteinase (TIMP) family were sharply reduced (Figure 6D). These
data suggested that the knockdown of circPDE4D could trigger acti-
vated catabolism and an inflammatory cascade, and conversely atten-
uate anabolism, which is in accordance with our above-described
data. We subsequently investigated the possible targets of miR-
103a-3p and circPDE4D by overlapping the predicted results for
miR-103a-3p obtained through a TargetScan analysis with the
RNA-seq data. Four selected candidates (THY, DEPTOR, FGF18,
and SNURF) were knocked down by specific siRNAs in HCs, and
the resulting knockdown was evaluated by qRT-PCR (Figure S9A)
and western blotting (Figure S9B). Among these four genes, FGF18
was the only gene that simultaneously enhanced anabolism and sup-
pressed catabolism in HCs, and thus, FGF18 was selected for further
study. As expected, circPDE4D-deficient HCs exhibited decreased
FGF18 expression (Figure 6F), and FGF18 was significantly decreased
in cartilage specimens with higher stages of OA (Figure 6G). Direct
314 Molecular Therapy Vol. 29 No 1 January 2021
evidence of the binding between miR-103a-3p and FGF18 was ob-
tained through luciferase assays using HEK293T cells cotransfected
with FGF18 luciferase reporter (WT or Mut) and miR-103a-3p.
The data showed that miR-103a-3p strongly decreased the luciferase
activity in the cells transfected with FGF18 30-UTR-WT but not in the
cells transfected with the FGF18 30-UTR-Mut (Figure 6H; Fig-
ure S9C). Notably, the complementary sequence between miR-
103a-3p and FGF18 in different species was largely conserved, which
suggested high evolutionary conservation across various species (Fig-
ure S9D). Moreover, both the mRNA and protein levels of FGF18,
together with those of its previously reported downstream targets
p-FGFR3 and p-ERK1/239–42 (Figure S9E), was downregulated by
sh-circPDE4D and miR-103a-3p and conversely upregulated by the
miR-103a-3p sponge in HCs (Figures 6I–6K).We subsequently trans-
fected FGF18 expression plasmids into circPDE4D-deficient HCs and
surprisingly observed that the expression of Aggrecan and the matrix
catabolic enzymes MMP3, MMP13, ADAMTS4, and ADAMTS5
could be partly reversed by this transfection. In conclusion, these
data indicated that FGF18 is a direct target of miR-103a-3p and plays
a protective role against degeneration in chondrocytes.



Figure 5. The Knockdown of miR-103a-3p Reverses sh-circPDE4D-Induced Cartilage Degradation

(A) HCs were stably transfected with sh-circPDE4D or with both sh-circPDE4D and miR-103a-3p sponge. FISH revealed the fluorescence intensity of circPDE4D (red) and

miR-103a-3p (green). miR-103a-3p probes were labeled with Alexa Fluor 488, and circPDE4D probes were labeled with CY3. Scale bar, 50 mm. (B) Stably transfected cells

were cultured and then subjected to Alcian blue (SW1353) and toluidine blue staining (HCs). (C) The mRNA expression of Aggrecan, in HCs was detected by qRT-PCR. (D)

The mRNA expression of MMP3, MMP13, ADAMTS4, and ADAMTS5 in HCs was detected by qRT-PCR. (E) Western blotting demonstrated the expression of Aggrecan,

MMP3, MMP13, ADAMTS4, and ADAMTS5 in stable HCs. (F) 12-week-old mice undergoing DMM or sham surgery were administered si-NC, si- mmu-circPDE4D, or both

si-mmu-circPDE4D +miR-103a-3p antagomir via articular injection. Representative images of Safranin-O/Fast green and Alcian blue staining are shown. (n = 8 each group.)

Scale bar, 100 and 20 mm. (G) The corresponding OARSI grades andMankin score diagrams are shown. (H) Representative images of IHC for Aggrecan andMMP3 inmouse

cartilage are shown. Scale bar, 20 mm. (I) Statistical diagrams of IHC for Aggrecan and MMP3. The data were obtained from three independent experiments with three

independent donors (presented as themeans ±SDs; C and D) or were representative of three independent experiments with similar results (A and B). *p < 0.05 and **p < 0.01

versus the control or indicated group. The data were analyzed by two-tailed t tests (C, D, G, and I).
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Figure 6. FGF18 Is the Direct Target of miR-103a-3p and Mediates the Function of miR-103a-3p and circPDE4D

(A) Clustered heatmap of differentially expressed mRNAs in HCs stably transfected with NC or sh-circPDE4D. (B) In the volcano plot, significantly upregulated genes are

represented by red dots, whereas significantly downregulated genes are represented by blue dots. (C) The scatter diagram shows the differently expressed genes. (D)

Representative genes involved in cartilage anabolism, catabolism, or inflammation identified from the RNA-seq data. (E) Schematic diagram exhibiting the overlap between

the downregulated mRNAs identified from the RNA-seq data (Log2(sh-circPDE4D/NC) < �2.5, p < 0.01) and target gene analyses of miR-103a-3p using the TargetScan

(legend continued on next page)
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The Injection of circPDE4D Alleviates DMM-Induced OA in a

Mouse Model

To investigate the functions of circPDE4D and miR-103a-3p in vivo,
we intraarticularly administered adeno-associated virus (AAV)
circPDE4D (WT or Mut; Figures S10A and 10B) to DMM-induced
OA mice. 12 weeks after surgery, Safranin-O/Fast green and Alcian
blue staining (Figure 7A) was performed to evaluate the degree of
cartilage matrix degradation, and FISH (Figure S10C) and qRT-
PCR analyses (Figure S10D) were performed to confirm the expres-
sion of circPDE4D after AAV injection. The degree of cartilage
impairment in DMM-induced OA mice was improved by AAV-
circPDE4D-WT injection but not by AAV-circPDE4D-Mut injec-
tion. A quantitative analysis indicated that the AAV-circPDE4D-in-
jected mice demonstrated significantly lower Osteoarthritis Research
Society International (OARSI) scores andMankin scores, whereas the
AAV-circPDE4D-Mut-injected mice had scores similar to those ob-
tained for DMM mice (Figure 7B). As expected, miR-103a-3p was
predominantly upregulated in DMM-induced impaired cartilage,
and this upregulation could be reversed by circPDE4D but not
circPDE4D-Mut. Moreover, circPDE4D, but not circPDE4D-Mut,
reversed the loss of Aggrecan, the upregulation of matrix catabolic en-
zymes, and FGF18 expression, as evaluated by immunohistochem-
istry (IHC; Figures 7C and 7D), which was consistent with the
qRT-PCR results obtained for mouse cartilage tissues (Figures S10E
and 10F). Before euthanasia, the mice were subjected to the hot plate
and rotarod tests (Figures 7E and 7F) to determine the existence of
ethological changes. Interestingly, the mice administered the
circPDE4D AAV injection after DMM surgery showed markedly
improved performance in terms of pain assessment and endurance
evaluation compared with the DMM-induced mice and the mice
administered the circPDE4D-Mut AAV injection after DMM sur-
gery. Taken together, these results revealed the positive effects of
circPDE4D on suppressing ECM catabolism and promoting anabo-
lism in OA pathogenesis and consequently alleviating OA progres-
sion in vivo (Figure 7G).

DISCUSSION
OA, which is characterized by cartilage destruction, osteophyte for-
mation, and synovial hyperplasia, is an age-related or posttraumatic
disease with very high morbidity in the elderly population and is
mainly caused by cartilage matrix anabolism and catabolism imbal-
ance. Studies aiming to understand OA pathogenesis and progression
have mainly focused on the key factors regulating the cartilage extra-
database. (F) mRNA expression of FGF18 in HCs stably transfected with sh-circPDE4D

determined by qRT-PCR. The corresponding Safranin-O/Fast green staining and Alcian

with miR-103a-3p (or NC) and luciferase reporter constructs containing wild-type (WT

histogram. (I) Effect of miR-103a-3p on the mRNA expression of FGF18. Chondrocytes

and then used for qRT-PCR analysis. (J) The protein expression of FGF18, FGFR3, FGFR

Cells were transfected with sh-circPDE4D, miR-103a-3p, miR-103a-3p sponge, or th

transfected with sh-circPDE4D and FGF18 were subjected for the western blotting de

obtained from three independent experiments with three independent donors (presente

or were representative of three independent experiments with similar results (G, J, and

analyzed by one-way ANOVA followed by the Bonferroni test (G) and two tailed t tests
cellular matrix (ECM) or catabolic process.43–45 Here, we demon-
strated that circPDE4D expression is downregulated in OA cartilage
specimens or during stimulation with inflammatory cytokines and
found that circPDE4D plays a critical role in maintaining the GAG
composition and simultaneously inhibiting matrix degeneration en-
zymes by sponging miR-103a-3p and regulating FGF18 expression.

Phosphodiesterase 4D (PDE4D) is a protein-coding gene, and the en-
coded protein possesses 30,50-cyclic-AMP phosphodiesterase activity
and degrades the second messenger cAMP, which is a critical
signaling transductor in many important pathways. Previous studies
have revealed that PDE4D is involved in stroke pathogenesis, partic-
ularly in atherosclerosis-associated stroke, possibly by regulating
vessel immunity and smooth muscle cell proliferation.46,47 In addi-
tion, Mishra et al.48 reported that PDE4D plays a critical role in ac-
quired tamoxifen-resistant breast cancer through the inhibition of
cAMP/ER stress/p38-JNK signaling and apoptosis. However, the
role of circPDE4D, which was identified by circRNA sequences in
our previous study, in any disease or any physiological process is
not well understood.

We determined that circPDE4D, which was significantly downregu-
lated in OA cartilage, originates from exons 2–5 of PDE4D and forms
a ring structure by connecting the 30 and 50 splice sites. Even under
RNase R treatment, circPDE4D still demonstrated very high stability
and integrity, similarly to most circRNAs.7,16,28 Therefore, we believe
that circRNAs, including circPDE4D, can serve as stable markers for
diagnosis or prognosis or even therapeutic targets for certain diseases.
Moreover, the present study revealed that circPDE4D is highly
conserved between humans and mice with 93.2% sequence homology
and that the binding sequence between miR-103a-3p and FGF18 also
shares very high conservation across various vertebrates. Because
both circRNA and its linear mRNA form are generated from the
same RNA precursor, the design of specific knockdown molecular
tools that do not affect other transcripts is extraordinarily difficult.
Fortunately, we successfully engineered specific short hairpin RNA
that targets the junction spite of circPDE4D without affecting the
expression of the linear PDE4D, and subsequent functional experi-
ments suggested that circPDE4D protected chondrocytes against
ECM degeneration in a PDE4D-independent manner. Interestingly,
circPDE4D knockdown can exert synergistic effects with inflamma-
tion, and this synergism contributes to a markedly more severe
ECM degradation phenotype. This finding could partly be explained
. (G) The expression of FGF18 in human cartilage tissues (stage 0 to stage 4) was

blue staining are shown in Figure 1A (n = 53). (H) HEK293T cells were cotransfected

) or mutated FGF18 30-UTR. The relative luciferase activity is demonstrated in the

were transfected with miR-103a-3p/miR-103a-3p sponge or the corresponding NC

3p-Tyr724, ERK1/2, and ERK1/2p-Thr202/204 in HCs was detected by western blotting.

e corresponding NC. (K) HCs stably transfected with sh-circPDE4D (or NC) or co-

tection of Aggrecan, MMP3, MMP13, ADAMTS4, and ADAMTS5. The data were

d as the means ± SDs; F and I), were obtained from three independent replicates (H)

K). *p < 0.05 and **p < 0.01 versus the control or indicated group. The data were

(F, H, and I).

Molecular Therapy Vol. 29 No 1 January 2021 317

http://www.moleculartherapy.org


Figure 7. Articular Injection of circPDE4D Alleviates DMM-Induced OA in Mice

(A and B) Mice underwent sham surgery, DMM surgery with 0.9% saline intraarticular injection, DMMsurgery with circPDE4D-WTAAV intraarticular injection, or DMM surgery

with circPDE4D-Mut AAV injection. The corresponding Alcian blue and Safranin-O/Fast green staining (A) and the statistical OARSI grades andMankin score diagrams (B) are

shown. Scale bar, 100 and 20 mm (Sham, n = 6; DMM, n = 10; DMM+circPDE4D, n = 11; and DMM+circPDE4D-Mut, n = 11). The corresponding timeline is shown in

Figure S7A. (C and D) Representative images (C) and statistical diagrams (D) of miR-103a-3p FISH and IHC of Aggrecan, MMP3, MMP13, and FGF18. Scale bar, 20 mm. (E

and F) Response time on a hot plate at 55�C (E) and time on rotarods (F) obtained with the mice after sham or DMM surgery with (or without) circPDE4D-WT (or circPDE4D-

Mut) AAV injection. (G) Schematic of the working hypothesis for circPDE4D. The data were obtained from three independent experiments (presented as the means ± SDs; B,

D, E, and F) or were representative of three independent experiments with similar results (A and C). *p < 0.05 and **p < 0.01 versus the control or indicated group. The data

were analyzed by two-tailed t tests (B, D, E, and F).
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by the observation that cotreatment with inflammatory cytokines,
such as TNF-a, and sh-circPDE4D led to markedly lower circPDE4D
expression. Synergy is also observed in the culture of chondrocytes
without sufficient nutrition or growth factors. These microenviron-
ment alterations are extradentary similar to those observed during
OA initiation and progression. Thus, local supplementation with
exogenous circPDE4D using certain approaches is very likely to exert
positive effects on OA prevention or therapeutic effects. Except for
that, we identified the QKI-mediated endogenous circularization
signaling in circPDE4D formation and constructed two guide
RNAs targeting both side of flanking sequences containing QREs
via CRISPR-Cas9. Similar ECM degradation phenotypes were ob-
tained in endogenous CRISPR-Cas9-editing cells as using exogenous
gene knocking down tools. Hwang et al.49 reported that hypocellular
cartilage with lacunar emptying could be observed in late-stage OA,
which indicated that chondrocyte death is tightly associated with
OA pathogenesis. Although a distinct and powerful regulatory effect
of circPDE4D on ECM anabolism and catabolism has been revealed,
we did not find any involvement of this circRNA in cell proliferation
or apoptosis in this study.

FGF18 is a member of the fibroblast growth factor (FGF) family and
plays a central role in skeletal growth and development.50–52 Of inter-
est, a recent genome-wide association study (GWAS) of osteoarthritis
demonstrated that FGF18 has cartilage regeneration properties and
exerts therapeutic effects on osteoarthritis in clinical practice.53

FGF18 specifically activates FGFR3 in the growth plate and chondro-
cytes and participates in skeletal development and chondrogene-
sis.39,50,52,54 Furthermore, FGF18 stimulates proliferation and ECM
production in a healthy chondrocyte monolayer.51,55 In addition,
the injection of sprifermin (during clinical development of recombi-
nant human FGF18) into the knee of patients with OA induces a
dose-dependent increase in the cartilage volume and reduced carti-
lage loss.56 Accumulating evidence suggests that the well-known
competitive endogenous RNA (ceRNA) network, which reveals an
intricate interplay among diverse RNA species, plays a critical role
in various physiological processes and multiple diseases.14,15,57,58

Based on this theory, coding and noncoding RNAs could establish
a large regulatory RNA network via crosstalk with microRNA ele-
ments (MREs; lncRNA-miRNA-mRNA axis) across the transcrip-
tome.59 Here, FGF18 was identified as a direct target of miR-103a-
3p and was found to be regulated by circPDE4D. Notably, we
demonstrated that FGF18 expression or a miR-103a-3p sponge could
partly restore the circPDE4D-induced loss of Aggrecan and upregu-
lation of catabolic enzymes (MMP3, MMP13, ADAMTS4, and
ADAMTS5), which indicated that circPDE4D works through miR-
103a-3p and its downstream target FGF18 in OA pathophysiology.

In this study, a large number of gain-of-function, loss-of-function,
and rescue experiments in vivo and in vitro together with a DMM
mouse model administered an AAV intraarticular injection were
performed to reveal a pivotal role for circPDE4D and its underlying
mechanism. However, due to the high homology between human
and murine circPDE4D, additional data are needed to evaluate
FGF18 deficiency in genetically engineered mouse models of OA.
In addition, because aberrant subchondral remodeling and synovitis
are also the crucial causes of OA, future studies will comprehensively
explore the involvement of circPDE4D in the subchondral bone re-
gion or synovium rather than only at the cartilage level.

In summary, we found that circPDE4D is significantly decreased in
OA cartilage tissues and during stimulation with inflammatory cyto-
kines. The circPDE4D-miR-103a-3p-FGF18 axis might serve as a
novel and critical target in the treatment of OA. The administration
of circPDE4D and FGF18 might alleviate catabolism in chondrocytes
and protect the ECM from degradation.

MATERIALS AND METHODS
Human Cartilage and OA Mouse Model

Human cartilage specimens were collected according to protocols
approved by the Ethics Committee of Sir Run Run Shaw Hospital
(Zhejiang, China), and the experiments were performed in accor-
dance with the approved guidelines. Written informed consent was
obtained from all the subjects. Control cartilage tissues were obtained
from patients with knee joint fracture and no history of OA (n = 6),
whereas pathological cartilage tissues were acquired from patients
with end-stage symptomatic knee OA at the time of total knee
replacement surgery (n = 47). The human cartilage specimens were
macroscopically diagnosed according to the Modified Outerbridge
Classification (stage 0, intact cartilage; stage 1, chondral softening
and/or blistering with an intact surface; stage 2, superficial ulceration,
fibrillation, or fissuring in the cartilage to a depth < 50%; stage 3, deep
ulceration, fibrillation, fissuring, or chondral flap in the cartilage to a
depth > 50% without any exposed bone; and stage 4, full-thickness
wear combined with exposed subchondral bone).23,24 The clinical
characteristics of the patients are included in Table S1. All the mice
were purchased from Shanghai SLAC Laboratory Animal (Shanghai,
China), and the animal handling and experimental procedures were
performed with approval from the Institute of Health Sciences Insti-
tutional Animal Care and Use Committee.

Chondrocyte Culture

Human and mouse primary chondrocytes were separately isolated
from human and mouse cartilage tissues. Specifically, human carti-
lage tissues were surgically removed from OA patients under sterile
conditions during total knee arthroplasty (TKA) and were subse-
quently cut into pieces. The diced cartilage was digested with 0.2%
collagenase II (Sigma-Aldrich, St. Louis, MO, USA) in serum-free
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
100 U/mL penicillin and 100 U/mL streptomycin (Invitrogen,
Carlsbad, CA, USA) overnight at 37�C in a humidified atmosphere
consisting of 5% CO2 and 95% air. The cells were filtered through
a 40-mm cell strainer and washed with sterile phosphate-buffered
saline (PBS) before culturing. The cells were maintained in
chondrocyte growth medium (ScienCell, CA, USA). Primary mouse
chondrocytes were isolated from mice at postnatal day 5 through
dissection of the tibial plateaus and femoral condyles as described
previously.60
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Cell Culture and Treatment

The HEK293T (ATCC: CRL-1573) and SW1353 (ATCC: HTB94) cell
lines were obtained from the American Type Culture Collection
(ATCC, Manassas, VA, USA). The HEK293T cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (GIBCO, Grand Island, NY, USA),
100 U/mL penicillin, and 100 U/mL streptomycin (Invitrogen, Carls-
bad, CA, USA). The SW1353 cells were maintained in Leibovitz’s
L-15 medium (GIBCO, Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (GIBCO, Grand Island, NY, USA),
100 U/mL penicillin, and 100 U/mL streptomycin (Invitrogen, Carls-
bad, CA, USA). All the cells were cultured in an incubator at 37�C
with 5% CO2 and determined to be mycoplasma-free.

RNA Extraction and Quantitative Real-Time PCR Analysis

Total RNA from cells and tissues was extracted using the RNAEX
reagent (Accurate Biotechnology, Hunan) according to the manu-
facturer’s instructions. For RNase R treatment, 2 mg of total RNA
was incubated with or without 3 U/mg RNase R (Epicenter Technol-
ogies) for 15 min at 37�C. For circRNA and mRNA analyses, Evo
M-MLV RT Premix for qPCR (Accurate Biotechnology, Hunan)
and SYBR Green Premix Pro Taq HS qPCR Kit (Accurate Biotech-
nology, Hunan) were used, and the reactions were subsequently
measured using a Roche LightCycler 480II PCR instrument (Basel,
Switzerland) in accordance with the manufacturer’s recommended
protocols. The reactions were normalized to the miRNA house-
keeping gene U6 or the mRNA housekeeping gene b-actin. For
absolute quantification, standards were generated and diluted.
Standard curves between CT values and log10(copy numbers) were
constructed. The primers were obtained from RiboBio (Guangzhou,
China).

siRNAs, Vector Construction, and Stable Transfection

siRNAs and miR-103a-3p were obtained from Genepharma
(Shanghai, China) and transfected into cells with Lipofectamine
RNAiMAX (Invitrogen). Human lentivirus-sh-circPDE4D, lenti-
virus-miR-103a-3p sponge, and lentivirus-miR-103a-3p were pur-
chased from Genepharma (Shanghai, China). The lentiviruses were
ultracentrifuged, concentrated, validated, and added to the cell cul-
ture medium in the presence of Polybrene (Solarbio, Beijing, China).
After infection, the cells were selected with puromycin (GIBCO,
Grand Island, NY, USA), and the surviving cells were continuously
cultured as stable cells.

Flow Cytometry Assay

Human primary chondrocytes subjected to different treatments were
collected using trypsin without EDTA (Thermo Fisher Scientific) and
washed twice with PBS. For the apoptosis assay, the cells were stained
using an Annexin V-fluorescein isothiocyanate/propidium iodide
(FITC/PI) Apoptosis Kit (BD Biosciences, Franklin Lakes, NJ, USA)
according to the manufacturer’s instructions and then detected using
a BD FACS flow cytometer (BD Biosciences). For the cell cycle assay,
the cells were fixed overnight in absolute ethanol, washed twice, and
incubated with PI/RNase staining buffer (BD Biosciences, Franklin
320 Molecular Therapy Vol. 29 No 1 January 2021
Lakes, NJ, USA), and the specimens were then detected using a BD
FACS flow cytometer (BD Biosciences).

RNA Immunoprecipitation

The Ago-RIP assay was conducted using SW1353 cells and theMagna
RIP RNA-Binding Protein Immunoprecipitation Kit (Millipore, Bed-
ford, MA, USA). The cells were transfected with NC or miR-103a-3p.
Approximately 1 � 107 cells were pelleted and resuspended in an
equal volume of RIP lysis buffer plus a protease inhibitor cocktail
and RNase inhibitors. The cell lysates (200 mL) were incubated with
5 mg of antibody against Ago2 (Millipore, Billerica, MA, USA), anti-
body against SNRNP70 (Millipore, Billerica, MA, USA) or control
rabbit immunoglobulin G (IgG)-coated beads and mixed by rotation
at 4�C overnight. After treatment with proteinase K buffer, the immu-
noprecipitated RNAs were extracted using the RNeasy MinElute
Cleanup Kit (QIAGEN, Duesseldorf, Germany) and reverse tran-
scribed using Prime-Script RT Master Mix (TaKaRa, Tokyo, Japan).
The relative expression of circPDE4D was detected by qRT-PCR.
U1 snRNA immunoprecipitated by anti-SNRNP70 served as a posi-
tive control.

CRISPR-Cas9 Editing

Two guide RNAs targeting both sides of upstream sequences contain-
ing all the QREs closing to exon 2 in the flanking introns were de-
signed and transfected into SW1353 cells. After 24 h, cells were
treated with 2 ng/mL puromycin and cultured for another 72 h.
Monoclonal cells were selected and cultured, followed by Sanger
sequencing confirming its editing. Cells with expected editing were
selected for further experiments.

Predicted miRNA Targets of circPDE4D

miRNAs that bind to circPDE4D were predicted using the bioinfor-
matics databases TargetScan (http://www.targetscan.org/) and RNA-
hybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/) and the
upregulated miRNA sequences in OA cartilage compared with
normal tissues identified in our previous study.14 The overlapping
miRNAs were considered reliable miRNA targets of circPDE4D.

Luciferase Assay

The full sequence of circPDE4D was constructed into the
circPDE4D-WT reporter plasmid. To obtain the circPDE4D-
Mut plasmid, we mutated the predicted binding site of miR-103a-
3p in circPDE4D and cloned the constructed full sequence
of circPDE4D-Mut into the corresponding reporter plasmid.
HEK293T cells were seeded in 96-well plates and cultured to
50%–70% confluence before transfection. For the circPDE4D
and miR-103a-3p experiments, 500 ng of circPDE4D-WT or
circPDE4D-Mut plasmid were cotransfected with 20 nmol of miR-
103a-3p or negative control. For the FGF18 and miR-103a-3p exper-
iments, 500 ng of FGF18 30UTR-WT or FGF18 30UTR-Mut plasmid
and 20 nmol of miR-103a-3p or negative control were transfected.
After a 24-h incubation, a dual-luciferase system was used for the
detection of firefly and Renilla luciferase activity. Using Luciferase
Assay Reagent II (LAR II; Luciferase Assay Reagent, Promega) and
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lysis buffer, the firefly luciferase activities were measured to provide
an internal reference, and the Renilla luciferase activities were also
measured using Stop & Glo Reagent (Luciferase Assay Reagent,
Promega). Finally, the differences between firefly and Renilla lucif-
erase activities were calculated to determine the relative luciferase
activity.

Northern Blot

Northern blot analysis was performed using a Northern Blot kit
(Ambion, USA). Specifically, total RNA (30 mg) extracted from
primary chondrocytes and SW1353 cells was denatured in formal-
dehyde and then electrophoresed in a 1% agarose-formaldehyde
gel. The RNA was transferred onto a nylon membrane (Beyotime,
China) and subsequently hybridized with biotin-labeled DNA
probes. The bound RNA was detected using a Biotin Chromogenic
Detection Kit (Thermo Fisher Scientific), and the membranes were
then exposed and analyzed using Image Lab software (Bio-Rad,
USA).

Western Blotting

For total protein extraction, primary human chondrocytes and
SW1353 cells were lysed in RIPA buffer (Fudebio, Hangzhou, China)
containing protease inhibitor cocktails and phosphatase inhibitors
(Fudebio, Hangzhou, China). The protein concentrations were deter-
mined using a bicinchoninic acid protein assay kit (Thermo Fisher
Scientific). Equivalent amounts of protein were separated by SDS-
PAGE and transferred onto polyvinylidene fluoride membranes
(Merck KGaA). After incubation with a high-affinity anti-MMP13
antibody (1:1,000, Abcam), anti-MMP3 antibody (1:1,000, Abcam),
anti-ADAMTS4 antibody (1:1,000, Abcam), anti-ADAMTS5
antibody (1:1,000, Abcam), anti-Col2a1 antibody (1:1,000, Protein-
tech), anti-Aggrecan antibody (1:100, Abcam), anti-FGF18 anti-
body (1:1000, Proteintech), anti-FGFR3 (1:1,000, Abcam), anti-
FGFR3p-Tyr724 (1:1,000, Abcam), anti-ERK/2 (1:1,000, Abcam),
anti-ERK1/2p-Thr202/204 (1:1,000, Abcam) anti-cleaved-Caspase 3
(1:1,000, Abcam), anti-Caspase 3 (1:1,000, Abcam) anti-Bcl-2
(1:1,000, Abcam), anti-Bax (1:1,000, Abcam), or anti-b-actin anti-
body (1:2,000; Cell Signaling Technology, USA), the membranes
were incubated with a horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (FDM007 and FDR007, Fudebio, Hangzhou,
China). After washing, signals were detected using an enhanced
chemiluminescence kit (FD8030, Fudebio, Hangzhou, China). Pri-
mary antibody dilution buffer was purchased from Dalian Meilun
Biotechnology (MB9881, Dalian, China).

FISH

CY3-labeled circPDE4D probes and Alexa Fluor 488-labeled miR-
103a-3p probes were designed and synthesized by RiboBio
(Guangzhou, China). The cell nuclei were labeled with DAPI
(40,6-diamidino-2-phenylindole) (Sigma-Aldrich, St. Louis, MO,
USA). The probe signals were determined using the FISH Kit
(RiboBio, Guangzhou, China) according to the manufacturer’s
guidelines. Images were obtained using a fluorescence microscope
(Eclipse E600; Nikon Corporation, Tokyo, Japan).
Articular Injection in an Animal Model

Articular injections were performed using 10 mL microsyringe with
34 G needle (Hamilton, Switzerland). For AAVs injection, AAV
circPDE4D-WT and the corresponding Mut were constructed and
packaged into pHBAAV-CMV-circRNA-EF1-ZsGreen by HANBIO
(Shanghai, China). 2 weeks after the DMM surgery, the mice were
randomly divided into three groups (DMM, circPDE4D injection,
and circPDE4D-mut injection), and 10 mL of solution containing
experimental or control virus (approximately 1 � 10E12 vg/mL)
overexpressing circPDE4D was then slowly injected into the knees.
The injection procedure was repeated after 2 weeks. For RNA oligo
injection, si- mmu-circPDE4D and miR-103a-3p antagomiR were
modified with 50 Cholesteroi and 20OME in order to enhance the
permeability and stability in vivo. 0.4 OD siRNA and antagomiR
together with lipofectamine 3000 were injected once a week until an-
imal was sacrificed. FISH of knee specimens after sacrifice was per-
formed to confirm the success of injection.

Animal Praxeology Experiments

For the rotarod assay, the mice were placed onto the rotarod
(Ugo Basile) at a constant speed for training. After training,
the mice were placed onto an accelerating rotarod, and the time
spent on the rotarod was determined by the duration of time that
each mouse stayed on top of the rod until the first failure. Each trial
consisted of a maximum time of 5 min. The mice were allowed an
inter-trial rest interval of 30 min. For the hot plate test, mice
belonging to each group were placed on a hot plate (Columbus
Instruments) at 55�C. The time to response (jumping or licking
hind legs) for the latency period was recorded. The rotarod and
hot plate tests were evaluated by two observers who were blinded
to the experimental design.

Histological Analyses

Human and mouse cartilage specimens were fixed in 4% paraformal-
dehyde and decalcified for paraffin embedding, and the OA severity
was quantified using the OARSI histopathology grading system61

and Mankin score62 by two blinded independent observers. The sec-
tions were stained with Safranin-O/Fast green (Solarbio, Beijing,
China) or Alcian blue (Solarbio, Beijing, China) according to stan-
dard protocols. The immunohistochemistry and immunofluores-
cence procedures have been previously described.14,63

Statistical Analysis

The statistical analyses were performed with SPSS v22.0 software. The
data are presented as the means ± SDs. The distribution of the data
was tested with the Shapiro-Wilk test. The equality of variances was
tested using Levene’s test. The statistical significance (*p < 0.05 and
**p < 0.01) was determined by unpaired two-tailed t tests or one-
way ANOVA followed by the Bonferroni test unless indicated
otherwise.
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Supplementary Figure 1. Information on clinical cartilage specimens. 
(A-B) Heatmap (A) and corresponding volcano plot (B) of differentially expressed 
circRNAs between control and OA cartilage specimens from our previous study. 
circPDE4D is indicated by a black arrow. The raw data are available on the NCBI SRA 
database (SRA accession number: PRJNA516555). (C) Information on the human 
specimens, including size, gender, age, height, body weight, BMI, KL stage and KSS 
score. (D-F) Expression of linear PDE4D, Aggrecan and MMP3 in 53 human cartilage 
specimens obtained by qRT-PCR analysis. (G-H) The expression of circPDE4D and 
linear PDE4D in human primary chondrocytes (HCs) stimulated with TNFα at 
concentrations of 0, 2, 5, or 10 ng/ml for 24 h was determined by qRT-PCR. The data 
were obtained from three independent donors (presented as the means ± SDs) (G-H) 
(*P<0.05 and **P<0.01 vs the control or indicated group). The data were analyzed by 
one-way ANOVA followed by the Bonferroni test (D-F) or two-tailed t-tests (G-H). 



 

 

 

Supplementary Figure 2. The knockdown of circPDE4D induces matrix 
degradation in SW1353 cells. 
(A) SW1353 cells were transfected with sh-circPDE4D #1, #2, #3 or NC and then used 
for qRT-PCR analysis. The histogram demonstrates the changes in the expression of 
circPDE4D and linear PDE4D. (B-C) SW1353 cells were stably transfected with sh-
circPDE4D #1, #2, #3 or negative control, and the expression of Col2a1, Aggrecan, 
SOX9, MMP3, MMP13, ADAMTS4, and ADAMTS5 was evaluated by qRT-PCR. (D) 
The protein levels of SOX9, Col2a1, Aggrecan, MMP3, MMP13, ADAMTS4, and 
ADAMTS5 in stable SW1353 cells were evaluated by Western blotting. The data were 
obtained from three independent experiments (presented as the means ± SDs) (A-C) or 
were representative of three independent experiments with similar results (D). (*P<0.05 
and **P<0.01 vs the control or indicated group) The data were analyzed by two-tailed 
t-tests (A-C). 
 
 



 
 
 
 

Supplementary Figure 3. Linear PDE4D is not related to matrix degradation. 
(A) HCs were stably transfected with sh-PDE4D #1, #2 or negative control. The 
histogram demonstrates the changes in the expression of circPDE4D and PDE4D. (B) 
The accumulation of proteoglycans was measured by Alcian blue and toluidine blue 
staining. (C-E) The expression of Col2a1, Aggrecan, SOX9, MMP3, MMP13, 
ADAMTS4, and ADAMTS5 at the mRNA and protein levels in HCs was evaluated by 
qRT-PCR and Western blotting. The data were obtained from three independent donors 
(presented as the means ± SDs) (A, C and D) or were representative of three 
independent experiments with similar results (B and E). (*P<0.05 and **P<0.01 vs the 
control or indicated group) The data were analyzed by two-tailed t-tests (A, C and D). 
 
 
 



 
Supplementary Figure 4. circPDE4D is not related to apoptosis or the cell cycle. 
(A) Stable HCs were collected, stained with Annexin V-FITC and PI, and subjected to 
flow cytometry detection. Representative images and histograms are shown. (B) The 
expression of apoptosis-associated proteins (cleaved-Caspase 3, Caspase 3, BCL-2 and 
Bax) was evaluated by Western blotting. (C) The proportions of circPDE4D-
knockdown HCs and their matched control cells at different phases of the cell cycle 
(G1, S and G2) were evaluated by flow cytometry. The data were obtained from three 
independent experiments with three independent donors (presented as the means ± SDs) 
(A and C) or were representative of three independent experiments with similar results 
(B). (*P<0.05 and **P<0.01 vs the control or indicated group). The data were analyzed 
by two-tailed t-tests (A and C). 
 
 



 

 

Supplementary Figure 5. Blocking the circPDE4D signal induces OA phenotypes 
in SW1353 cells. 
(A) Schematic diagram of QKI response elements (QREs) in the flanking regions of 
circPDE4D. a, b, c and d respectively represent the primers in the remote region, 
upperstream flanking, splicing junction and downstream flanking region of circPDE4D. 
(B) The corresponding mRNAs in (A) were pulled by QKI and IgG and detected by 
RNA immunoprecipitation assay followed by qRT-PCR. (C-D) The relative mRNA 
levels of circPDE4D, linear PDE4D and pre-PDE4D after QKI knockdown were 
detected by qRT-PCR. (E) Sanger sequencing confirming the gene editing in the upper 
flanking region containing all the QREs by CRISPR/Cas9. (F) qRT-PCR indicated the 
expression of circPDE4D, linear PDE4D and pre-PDE4D after CRISPR/Cas9 or co-
overexpression of circPDE4D. (G) Alcian blue and toluidine blue staining in the 
corresponding treatments were measured in SW1353. (H) The protein levels of 
Aggrecan, MMP3, MMP13, ADAMTS4 and ADAMTS5 were evaluated by Western 
blotting. The data were obtained from three independent experiments (presented as the 
means ± SDs) (B-D and F) or were representative of three independent experiments 
with similar results (G and H). (*P<0.05 and **P<0.01 vs the control or indicated 
group). The data were analyzed by two-tailed t-tests (B-D and F). 
 
 



 
Supplementary Figure 6. miR-103a-3p expression and the correlation analysis. 
(A) miRNA sequencing of OA and normal cartilage specimens in our previously 
reported study. The raw data can be found at the NCBI SRA database (SRA accession 
number: PRJNA516556). (B) Abundances of pre-miR-103a-3p in clinical cartilage 
tissues. (C) Schematic illustration demonstrating the complementary miR-103a-3p seed 
sequence with circPDE4D. Lower letters indicate mutated nucleotides. (D) FISH 
images showing the colocalization of circPDE4D and miR-103a-3p in SW1353 cells. 
miR-103a-3p probes were labeled with Alexa Fluor 488. The circPDE4D probes were 
labeled with CY3. Nuclei were stained with DAPI. Scale bar: 20 μm. (E-F) Expression 
of circPDE4D (normalized to β-actin) and miR-103-3p (normalized to U6) after TNFα 
stimulation for different time points. (G) Pearson correlation analysis of circPDE4D 
and miR-103a-3p after TNFα stimulation for different time points (Pearson r=−0.9021; 
P<0.01). (H) The mRNA expression of circPDE4D and PDE4D after miR-103a-3p 
overexpression was detected by qRT-PCR. The data were obtained from three 
independent experiments with three independent donors (presented as the means ± SDs) 
(E, F and H) or were representative of three independent experiments with similar 
results (D). (*P<0.05 and **P<0.01 vs the control or indicated group). The data were 
analyzed by one-way ANOVA followed by the Bonferroni test (B, E and F) or two-
tailed t-test (H). 



 

 

Supplementary Figure 7. miR-103a-3p is not related to apoptosis or the cell cycle. 
(A) HCs were transfected with miR-103a-3p, miR-103a-3p sponge or its negative 
control, stained with Annexin V-FITC and PI, and then subjected to flow cytometry 
detection. Representative images and histograms are shown. (B) The expression of 
apoptosis-associated proteins (cleaved-Caspase 3, Caspase 3, BCL-2 and Bax) was 
evaluated by Western blotting. (C) The proportions of cells at different cell cycle phases 
were evaluated by flow cytometry. The data were obtained from three independent 
experiments with three independent donors (presented as the means ± SDs) (A and C) 
or were representative of three independent experiments with similar results (B). 
(*P<0.05 and **P<0.01 vs the control or indicated group). The data were analyzed by 
two-tailed t-tests (A and C). 
 
 



 
 

Supplementary Figure 8. miR-103a-3p reverses sh-circPDE4D-induced matrix 
degradation. 
(A-B) HCs were stably transfected with empty vector (NC) or sh-circPDE4D or 
cotransfected with both sh-circPDE4D and miR-103a-3p sponge. The expression of 
circPDE4D and miR-103a-3p in HCs was evaluated by qRT-PCR. β-actin was used as 
an internal reference for mRNA, and U6 was used as an internal reference for miRNA. 
(C-D) SW1353 cells were stably transfected with empty vector (NC) or sh-circPDE4D 
or cotransfected with both sh-circPDE4D and miR-103a-3p sponge. The mRNA levels 
of circPDE4D and miR-103a-3p are shown in the histograms. (E-F) The mRNA 
expression of Aggrecan, MMP3, MMP13, ADAMTS4, and ADAMTS5 was evaluated 
by qRT-PCR. (G) The protein expression of Aggrecan and MMP3, MMP13, 
ADAMTS4, and ADAMTS5 was determined by Western blotting. (H) Sequence 
alignment of human circPDE4D (H) and the mouse circPDE4D homolog (M). (I) The 
expression of circPDE4D and miR-103a-3p in mouse cartilage was detected by FISH. 
miR-103a-3p probes were labeled with Alexa Fluor 488. Mmu-circPDE4D probes were 
labeled with CY3. Nuclei were stained with DAPI. Scale bar: 50 μm. The data were 
obtained from three independent experiments (presented as the means ± SDs) (A-F) or 
were representative of three independent experiments with similar results (G and I). 
(*P<0.05 and **P<0.01 vs the control or indicated group) The data were analyzed by 
two-tailed t-tests (A-F). 
 



 

 

Supplementary Figure 9. FGF18 functions downstream of miR-103a-3p and plays 
a protective role in OA development.  
(A) HCs were transfected with si-THY1, si-DEPTOR, si-FGF18, si-SNURF or 
negative control, and the changes in Aggrecan and MMP3 expression were evaluated 
by qRT-PCR. (B) Protein expression of Aggrecan, MMP3 and MMP13 after the 
knockdown of THY, DEPTOR, FGF18 or SNURF. (C) Schematic illustration 
demonstrating the complementary miR-103a-3p seed sequence with the FGF18 3’UTR. 
Lowercase letters indicate mutated nucleotides. (D) Sequence alignment of a putative 
miR-103a-3p-binding site within the 3’UTR of FGF18 mRNA revealed a high level of 
sequence conservation and complementarity with miR-103a-3p across vertebrates. (E) 
The protein expression of FGF18 and its downstream genes, including FGFR3, 
FGFR3p-Tyr724, ERK1/2, and ERK1/2p-Thr202/204, was determined by Western blotting. The 
data were obtained from three independent experiments with three independent donors 
(presented as the means ± SDs) (A) or were representative of three independent 
experiments with similar results (B and E). (*P<0.05 and **P<0.01 vs the control or 
indicated group) The data were analyzed by two-tailed t-tests (A). 
 
 



 
 

Supplementary Figure 10. Role of circPDE4D in the mouse DMM model. 
(A) Schematic diagram demonstrating the timeline of the animal experiments. (B) 
Detailed information on the AAV. (C) The expression of circPDE4D (red) in mouse 
articular cartilage was detected. Representative images of FISH are shown. Scale bar: 
50 μm. (D) The mRNA expression of circPDE4D and linear PDE4D in mouse cartilage 
was detected by qRT-PCR. (E-F) The expression of FGF18, catabolic enzymes (MMP3, 
MMP13, ADAMTS4 and ADAMTS5), and GAG composition (Aggrecan) in mouse 
cartilage tissues was determined by qRT-PCR. The data were presented as the means ± 
SDs (D-F) or were representative of three independent experiments with similar results 
(C). (*P<0.05 and **P<0.01 vs the control or indicated group) The data were obtained 
by two-tailed t-tests (D-F). 
 



Gender Age (year) Height (cm) Weight (kg) BMI KL stage KSS score
Female 40 155 54 22.48 0 N/A
Male 42 173 69 23.05 0 N/A
Female 48 157 58 23.53 0 N/A
Female 35 161 65 25.08 0 N/A
Male 39 171 69 23.60 0 N/A
Male 48 174 72 23.78 0 N/A

Gender Age (year) Height (cm) Weight (kg) BMI KL stage KSS score
Male 63 176 76 24.54 2.3 66
Male 68 179 82 25.59 1.9 65
Male 70 170 68 23.53 2.5 67
Female 59 162 67 25.53 2.1 57
Female 59 162 69 26.29 2.2 65
Male 73 175 72 23.51 2.3 61
Female 59 158 59 23.63 2.2 62
Female 62 165 72 26.45 2.4 57
Female 57 162 61 23.24 1.9 61
Female 60 164 67 24.91 2.1 60

Gender Age (year) Height (cm) Weight (kg) BMI KL stage KSS score
Male 69 167 71 25.46 2.5 56
Male 72 175 76 24.82 2.1 60
Female 73 165 68 24.98 2.5 43
Female 65 158 69 27.64 2.7 59
Female 63 157 62 25.15 2.1 68
Male 66 179 81 25.28 2.9 61
Female 71 155 66 27.47 2.3 63
Male 58 174 69 22.79 2.7 51
Female 59 161 73 28.16 2.6 53
Male 66 172 72 24.34 2.5 50
Female 64 156 63 25.89 2.3 54
Female 67 159 68 26.90 2.6 60

Gender Age (year) Height (cm) Weight (kg) BMI KL stage KSS score
Male 59 176 70 22.60 2.7 48
Male 62 172 72 24.34 2.6 59
Male 69 181 80 24.42 2.7 59
Female 64 159 62 24.52 2.9 52
Female 70 166 67 24.31 2.9 44

Supplemental Table 1 The information of patients
6 clinical cartilage tissues at stage 0

14 clinical cartilage tissues at stage 3

12 clinical cartilage tissues at stage 2

10 clinical cartilage tissues at stage 1



Male 57 172 72 24.34 3.1 45
Female 54 162 71 27.05 3.1 49
Male 66 175 79 25.80 2.4 53
Female 55 164 62 23.05 2.7 45
Male 61 168 69 24.45 2.4 48
Female 67 164 59 21.94 2.5 49
Male 58 168 67 23.74 2.7 45
Female 69 161 64 24.69 2.6 60
Female 58 155 57 23.73 2.6 51

Gender Age (year) Height (cm) Weight (kg) BMI KL stage KSS score
Female 66 155 59 24.56 3.2 41
Male 69 167 67 24.02 2.9 37
Male 71 169 66 23.11 3.1 45
Female 67 158 63 25.24 2.6 38
Male 69 176 69 22.28 2.8 37
Male 62 174 75 24.77 3.2 49
Female 61 160 65 25.39 2.9 49
Male 55 177 71 22.66 2.7 52
Female 67 154 62 26.14 2.9 37
Female 62 164 69 25.65 2.5 42
Male 57 173 74 24.73 3.1 48

Gender Age (year) Height (cm) Weight (kg) BMI KL stage KSS score
Male 57 175 75 24.49 2.1 63
Male 62 174 73 24.11 2.4 58
Male 67 172 73 24.68 2.6 58
Female 64 162 62 23.62 2.7 54
Female 59 158 62 24.84 2.2 62
Male 62 174 69 22.79 2.8 49
Female 66 168 63 22.32 2.7 54
Male 65 165 60 22.04 2.5 55
Female 61 156 58 23.83 2.3 59

Other cartilage tissues used for primary chondrocytes culture

11 clinical cartilage tissues at stage 4
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