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ARTICLE INFO ABSTRACT

Keywords: Osteoarthritis (OA), characterized by chondrocyte apoptosis and disturbance of the balance between catabolism

Osteoarthritis ) and anabolism of the extracellular matrix (ECM), is the most common age-related degenerative joint disease

Emr“eu“lar vesicles worldwide. As sleep has been found to be beneficial for cartilage repair, and circular RNAs (circRNAs) have been
x0somes

demonstrated to be involved in the pathogenesis of OA, we performed RNA sequencing (RNA-seq), and found
circRNA3503 was significantly increased after melatonin (MT)-induced cell sleep. Upregulation of circRNA3503
expression completely rescued the effects of interleukin-1f (IL-1f), which was used to simulate OA, on apoptosis,
ECM degradation- and synthesis-related genes. Mechanistically, circRNA3503 acted as a sponge of hsa-miR-181c-
3p and hsa-let-7b-3p. Moreover, as we previously showed that small extracellular vesicles (SEVs) derived from
synovium mesenchymal stem cells (SMSCs) can not only successfully deliver nucleic acids to chondrocytes, but
also effectively promote chondrocyte proliferation and migration, we assessed the feasibility of sEVs in combi-
nation with sleep-related circRNA3503 as an OA therapy. We successfully produced and isolated circRNA3503-
loaded sEVs (circRNA3503-OE-sEVs) from SMSCs. Then, poly(D,r-lactide)-b-poly(ethylene glycol)-b-poly(D,L-
lactide) (PDLLA-PEG-PDLLA, PLEL) triblock copolymer gels were used as carriers of sEVs. Through in vivo and in
vitro experiments, PLEL@circRNA3503-OE-sEVs were shown to be a highly-effective therapeutic strategy to
prevent OA progression. Through multiple pathways, circRNA3503-OE-sEVs alleviated inflammation-induced
apoptosis and the imbalance between ECM synthesis and ECM degradation by acting as a sponge of hsa-miR-
181c-3p and hsa-let-7b-3p. In addition, circRNA3503-OE-sEVs promoted chondrocyte renewal to alleviate the
progressive loss of chondrocytes. Our results highlight the potential of PLEL@circRNA3503-OE-sEVs for pre-
venting OA progression.

Circular RNAs
PDLLA-PEG-PDLLA

composition of the synovial fluid, which lubricates and nourishes joint

1. Introduction cartilage, is controlled by fibroblast-like synoviocytes in the synovium
[11, which are likely to be the same cell type as synovium mesenchymal

Cartilage damage is a key feature of osteoarthritis (OA), a widely- stem cells (SMSCs) [2]. Homeostasis of the articular cartilage is main-
prevalent degenerative and debilitating synovial joint disease. The tained via a delicate balance among a series of processes [3]. As the only
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Abbreviations

OA osteoarthritis

ECM extracellular matrix

Col-II type II collagen

sEVs small extracellular vesicles

circRNAs circular RNAs

SMSCs  synovium mesenchymal stem cells
MT melatonin

RNA-seq RNA sequencing

rRNA ribosomal RNA

PAGE polyacrylamide gel electrophoresis
RT-PCR reverse transcription-polymerase chain reaction
cDNA complementary DNA

WB western blotting

ER endoplasmic reticulum

DPBS Dulbecco’s phosphate-buffered saline
PFA paraformaldehyde

PI propidium iodide

FCM flow cytometry

SMSC-sEVs sEVs derived from SMSCs

Wnt5a/b-dKO-sEVs sEVs derived from SMSCs with dual Wnt5a and
Wnt5b knockout

circRNA3503-OE-sEVs sEVs derived from SMSCs with circRNA3503
overexpression

dKO-OE-sEVs sEVs derived from cirRNA3503-overexpressing
SMSCs with dual Wnt5a and Wnt5b knockout

DLS dynamic light scattering

TEM transmission electron microscope
SPF specific pathogen-free

TNF-oa:  tumour necrosis factor-o

IL-1B interleukin-1p

PGC-la PPARGC1A

Col-X:  type X collagen

ceRNAs competing endogenous RNAs
MMPs  matrix metalloproteinases

cell type that forms articular cartilage, chondrocytes maintain a dy-
namic equilibrium between the synthesis and degradation of ECM
components, including type II collagen (Col-II) and aggrecan, under
normal conditions [4]. However, in an osteoarthritic state, this matrix
equilibrium is disrupted to favour ECM degradation, leading to the
progressive loss of cartilage, proliferation of chondrocytes in
ECM-depleted regions of cartilage, and eventually chondrocyte
apoptosis [5]. Both chondrocytes and the ECM are implicated in osteo-
arthritic cartilage injury. Thus, there is an urgent need to explore a new
and effective therapeutic strategy with promising targets to maintain the
balance in cartilage, including the balances in the synthesis/degradation
of ECM components and in the death/survival of chondrocytes.

Currently, although the detailed pathogenesis of OA has not yet been
elucidated and articular cartilage is thought to have limited regenera-
tion potential [6], a number of promising intra-articular treatments,
including small-molecule and biologic therapies, devices and gene
therapies, are currently in clinical development [7]. Although induced
articular cartilage regeneration may be possible in OA [8], preventative
or therapeutic treatment approaches for OA and related articular carti-
lage injuries remain challenging, because of the difficulty of finding
suitable carriers to reach the chondrocytes.

Although treatment approaches for OA have encountered difficulties
due to the inaccessibility of chondrocytes, recent findings have
demonstrated that small extracellular vesicles (sEVs), also called exo-
somes, have great promise as intercellular messengers and drug carriers
for the therapeutic delivery of genetic material and drugs [9]. As
described in our previous study, sEVs derived from SMSCs have the
potential to reach chondrocytes within cartilage to maintain homeo-
stasis of the ECM in OA [10]. Since EVs can penetrate cartilage [11],
sEVs derived from SMSCs may be a promising carrier for nucleotide
drugs to penetrate and target cartilage in OA.

According to our previous studies, sEVs can act as good carriers of
nucleic acids [12-14], and miR-140 carried by sEVs has shown the po-
tential to delay the progression of OA [10]. However, the use of miRNAs
has some drawbacks, such as the insufficient stability and rapid clear-
ance of miRNAs [14]; thus, the identification of a more stable type of
nucleic acid, with the potential to improve therapeutic efficacy, would
represent an improvement over currently-used therapeutic agents.
Recent studies have shown that their high degree of environmental
resistance and stability [15] are important properties that may make
circular RNAs (circRNAs) ideal therapeutic agents [16]. CircRNAs are a
class of covalently closed single-stranded circularized RNA molecules
without free 5’ or 3’ ends, making them more stable than their linear
counterparts [17]. In contrast to linear RNAs, circRNAs are highly stable

4456

in vivo [18], and like linear RNAs, can be sorted into sEVs [19].

Interest in the functions of circRNAs and their roles in regulating
cartilage homeostasis in OA has recently grown [20]. CircRNAs do not
encode proteins but have recently emerged as important regulators of
apoptosis in chondrocytes, thereby highlighting their potential role in
chondrocyte injury leading to OA onset and progression [21]. Several
differentially-expressed circRNAs that can promote or inhibit apoptosis
by regulating the expression of miRNAs or their downstream proteins
have been identified in chondrocytes [22]. Mechanistically, circRNAs
can be degraded by siRNAs and may act as “miRNA sponges” that
regulate the expression of target genes [23]. However, the mechanisms
by which circRNAs regulate chondrocytes and cartilage in OA remain
largely unidentified and require further investigation.

Melatonin (MT), a ubiquitous molecule formed in the pineal gland at
night [24], is widely known to have a role in the regulation of sleep
circuits and the circadian rhythm [25]. Mounting evidence suggests that
MT, which is involved in both sleep-promoting and phase-shifting ac-
tivities [26], can lull cells to sleep [27,28]. Notably, some studies have
shown that MT is related to OA [29], but the exact mechanisms remain
to be explored.

Synthetic poly(D,r-lactide)-b-poly(ethylene glycol)-b-poly(D,-lac-
tide) (PDLLA-PEG-PDLLA; PLEL) triblock copolymer gels have attracted
attention in research into drug delivery systems and translational
medicine, due to features such as their injectable, reversible, and ther-
mosensitive abilities [30]. In particular, their ability to self-assemble
into core-shell-like micelles at room temperature, and to transform into
a physically-crosslinked non-flowing gel structure under physiological
conditions, is considered to be a very good characteristic for
nanoparticle/nano-drug delivery [30,31]. A growing number of studies
suggest that triblock gels have preeminent biosecurity for intra-articular
injection [30,32,33]. However, to date PLEL has not been reported as a
carrier of the cell-derived nanovesicles—sEVs—for intra-articular injec-
tion to prevent OA progression.

In this study, we aimed to combine sleep-related circRNAs with
SMSC-derived sEVs, and to evaluate their potential for OA treatment.
Specifically, we first used MT to induce chondrocyte sleep and identified
differentially-expressed circRNAs with the potential to protect cartilage
and prevent OA progression. After the identification of circRNA3503 as
a candidate, sEVs carrying circRNA3503 (circRNA3503-OE-sEVs) were
produced by circRNA3503 overexpression in SMSCs. PLEL was then
used as a carrier of sEVs, and the effectiveness of PLEL@circRNA3503-
OE-sEVs was evaluated using in vitro and in vivo models of OA. Our re-
sults will highlight the potential of PLEL@circRNA3503-OE-sEVs for
preventing OA progression, and will provide some hints for the
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application of sEV-based regenerative medicine in the future.
2. Materials and methods

All methods can be found in the accompanying Supplemental In-
formation file.

3. Results
3.1. Identification and validation of the sleep-related circRNA3503

To generate circRNA profiles and identify sleep-related circRNAs, we
employed RNA-seq of rRNA-depleted total RNA from chondrocytes
cultured with or without MT (0.1 mM). We used a volcano plot (Fig. 1A)
to visualize the candidate circRNAs. We found that the most promising
candidate was circRNA3503 (Fig. 1A), which is spliced from the ZNF430
gene (Fig. 1B) on chr19:21033457-21034184+ and composed of exon 4
(whole exon 4 of the ZNF430 pre-mRNA) and e3 (a portion of exon 3 of
the ZNF430 pre-mRNA), giving a final length of 224 nt (Fig. 1C).
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After identifying circRNA3503 as a promising circRNA differentially-
expressed upon MT treatment, we used CircPrimer [34] for annotation
(Table 1), graphic sketching (Fig. 1C), and the design of both divergent
primers and linear primers (also known as convergent primers)
(Table 2). The divergent primers, whose PCR product contains the
sequence of the back-splicing junction region, were specially designed
primers for circRNAs [34]. To validate circRNA3503 expression in
chondrocytes, RT-PCR was performed with divergent and linear
primers. CircRNA3503 could be detected with both the linear and
divergent primers by using polyacrylamide gel electrophoresis (PAGE)
after polymerase chain reaction (PCR) (Fig. 1D).

Next, to establish the effect of MT on circRNA3503, we performed
RT-PCR and PAGE, and confirmed that MT upregulated the expression of
circRNA3503 but not that of ZNF430 (the linear transcript of the host
gene) (Fig. 1E). Then, we used RNase R resistance, a very important
feature unique to circRNAs which is used as a key point to identify
circRNAs in many studies [20], to verify that circRNA3503 was indeed
circular. While circRNA3503 was resistant to RNase R, the corre-
sponding linear transcript, ZNF430, was degraded by RNase R (Fig. 1F).
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Fig. 1. Identification and validation of sleep-related circRNA3503. (A) Volcano plot visualisation of different circRNA expression patterns. (B) Schematic diagram of
the relationship between the ZNF430 and circRNA3503 sequences. (C) Schematic diagram of the structure of circRNA3503. (D, E, F, G, H) PAGE assays to detect the
expression levels under different conditions. Experiments were repeated at least three times, and representative results are shown.
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Table 1
Nucleotide sequence of circRNA3503.

>circRNA3503 (chr19:21033457-21034184+) (GRCh38.90) 224 nt

GCCATTGACATTTAGGGATGTGGCCATAGAATTTTCTCTGGAGGAGTGGCA
ATGCCTGGACACTGCTCAGCAGGATTTGTATAGAAAAGTGATGTTAGAGA
ACTACAGAAACCTGGTCTTCTTGGCAGGTATTGCTGTTTCTAAGCCAGACCT
GATCACCTGTCTAGAGCAAGGAAAAGAGCCCTGGAATATGAAGAGACATGC
GATGGTAGATCAACCCCCA

G

The first ("G") and last ("G") letters constitute the back-splice junction.

Table 2
Primers specific for circRNAs and mRNAs used in this study.

Target Forward Primer Reverse Primer
circRNA3503 (divergent TGA AGA GAC ATG CGA CAT TGC CAC TCC TCC
primers) TGG TAG AT AGA GA
circRNA3503 (linear CCT GGT CTT CTT GGC AGG GCT CTT TTC CTT
primers) AGG TA GCT CT
ZNF430 CTG GAA GCC TAG AAA TTA GAA ACA GCA ATA
TGG AGA AC CCT GCC A
GAPDH CTC TGC TCC TCC TGT ATG GTG TCT GAG CGA
TCG AC TGT GG

These results not only further suggested that circRNA3503 was indeed a
circRNA but also that the level of the circular version rather than that of
the linear version of the gene was significantly increased by MT.
Therefore, we refer to circRNA3503 as sleep-related circRNA3503 in this
study.

After identifying and confirming circRNA3503, to regulate its
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expression for subsequent in-depth experiments, we transfected three
plasmids: circRNA3503-KD (a short hairpin RNA to knock down
circRNA3503 expression), circRNA3503-OE (a plasmid for the over-
expression of circRNA3503-OE), and Line-3503-OE (a linear
circRNA3503 expression vector without Alu elements). First, we
confirmed that these plasmids had no significant effect on ZNF430
expression (Fig. 1G). CircRNA3503-KD transfection significantly
inhibited the expression of circRNA3503 (Fig. 1H), and circRNA3503-
OE significantly upregulated the expression of circRNA3503, regard-
less of the use of the linear or divergent primers for detection (Fig. 1H).
After transfection of Line-3503-OE, the amount of product obtained with
the linear primers was significantly increased, but the amount of product
obtained with the divergent primers did not show such a significant
change when compared with that obtained with transfection of
circRNA3503-0OE (Fig. 1H). Thus, the plasmids needed to regulate the
levels of circRNA3503 for subsequent experiments were validated. In
the following experiments, divergent primers were used as the default
primers for the measurement of circRNA3503 levels.

3.2. Observation of circRNA3503 in an OA cell model

One of the best recognized and most widely-used methods of OA cell
modelling is treatment with inflammatory cytokines (TNF-a and IL-1p)
[35]. Both TNF-a and IL-1f increased the expression of genes related to
ECM degradation (ADAMTS5, MMP13, and MMP3) and simultaneously
decreased the expression of genes related to ECM synthesis (Aggrecan,
COL-II, and SOX9) (Fig. 2A). Interestingly, we also noted that
circRNA3503 expression was inhibited by either TNF-a or IL-1f
(Fig. 2B). Taken together, these results showed that circRNA3503 is
related to inflammation and OA.
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Fig. 2. Effect of circRNA3503 in an OA cell model. (A) The expression of genes related to ECM degradation (ADAMTS5, MMP13, and MMP3) and genes related to
ECM synthesis (Aggrecan, COL-II, and SOX9) was measured by WB. (B, C) The expression level of circRNA3503 under different conditions was measured by PAGE
after RT-PCR. (D) The activation of Caspase-3, expression of genes related to ECM degradation (ADAMTS5, MMP13, and MMP3) and expression of genes related to
ECM synthesis (Aggrecan, COL-II, and SOX9) under different conditions were measured by WB. (E) The proliferative abilities of chondrocytes were measured by EAU
assays using FCM. (F) The migratory abilities of chondrocytes were measured by Transwell assays (Scale bar: 200 pm). Experiments were repeated at least three

times, and representative results are shown.
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Although we showed that OA induction inhibited circRNA3503
expression, there have been no studies on the function of circRNA3503
in the progression of OA. Therefore, we designed a series of follow-up
experiments to determine the exact role of circRNA3503 in OA and
thus whether it can be used as a therapeutic target. After altering the
expression of circRNA3503 (using circRNA3503-KD to knock down
circRNA3503  expression,  circRNA3503-OE to  overexpress
circRNA3503, or Line-3503-OE to assess a linear form of circRNA3503)
in chondrocytes and/or stimulating chondrocytes with IL-1p or MT, the
results of our experiments showed the following phenomena (Fig. 2C
and D):

(1) IL-1p downregulated the expression of circRNA3503 (consistent
with an earlier experiment), elevated caspase-3 activation,
increased the expression of genes related to ECM degradation
(ADAMTS5, MMP13, and MMP3), and decreased the expression
of genes related to ECM synthesis (Aggrecan, COL-II, and SOX9).
MT upregulated the expression of circRNA3503, slightly inhibi-
ted the expression of genes related to ECM degradation
(ADAMTS5, MMP13, and MMP3), slightly increased the expres-
sion of genes related to ECM synthesis (Aggrecan, COL-II, and
S0X9), and had no significant effect on caspase-3 activation.
MT completely rescued the effects of IL-1f on caspase-3, genes
related to ECM degradation, and genes related to ECM synthesis.
Thus, MT functions in maintaining cartilage homeostasis.

No significant effects of circRNA3503-KD on caspase-3 or genes
related to ECM degradation were observed, but circRNA3503-KD
had a moderate inhibitory effect on the expression of genes
related to ECM synthesis; thus, the downregulation of
circRNA3503 expression was not the immediate cause of caspase-
3 activation, the increases in the expression of the genes related to
ECM degradation, or the decreases in the expression of the genes
related to ECM synthesis.

circRNA3503-KD blocked the rescue effects of MT; thus, although
circRNA3503 downregulation was not the immediate cause of OA
progression, an adequate expression level of circRNA3503 may
be the key to cartilage homeostasis.

(6) CircRNA3503-OFE significantly upregulated the expression of
circRNA3503 and completely rescued the effects of IL-1f on
caspase-3, genes related to ECM degradation, and genes related to
ECM synthesis. Thus, these results implied that circRNA3503 is
the key to cartilage homeostasis, even though circRNA3503
downregulation may not directly cause damage to the physio-
logical function of cartilage.

Line-3503-OE transfection did not upregulate the expression of
circRNA3503 or rescue the effects of IL-1Bp. Thus, only
circRNA3503, not its linear counterpart, can functionally main-
tain cartilage homeostasis.

(2)

(3)

4

5

-

7

—

As our previous study revealed [10], increased chondrocyte prolif-
eration and migration may be very important for protecting cartilage
during OA progression, so we performed EdU and Transwell assays.
However, no significant effect of circRNA3503-OE on chondrocyte
proliferation or migration was observed (Fig. 2E and F).

3.3. Downstream mechanism of circRNA3503-mediated cartilage
homeostasis

Via bioinformatic analysis, we predicted two candidate downstream
mechanisms of circRNA3503: (1) circRNA3503 promotes the expression
of PPARGC1A (PGC-1a) by acting as a sponge for miR-181c-3p and (2)
circRNA3503 promotes the expression of SOX9 by acting as a sponge for
hsa-let-7a-3p, hsa-let-7b-3p, hsa-let-7f-1-3p, or hsa-miR-98-3p (Fig. 3A).
Thus, we first measured the expression levels of these candidate miRNAs
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in chondrocytes, the results of which showed that the expression levels
of hsa-miR-181c-3p and hsa-let-7b-3p were significantly higher than
those of the other candidates (hsa-let-7a-3p, hsa-let-7f-1-3p, and hsa-
miR-98-3p), whether in healthy chondrocytes or in OA chondrocytes
(Fig. 3B and Fig. S1) (Table 3). Furthermore, hsa-miR-181c-3p was
significantly upregulated in OA chondrocytes compared to healthy
chondrocytes. Hence, we focused subsequent experiments on both hsa-
miR-181c-3p and hsa-let-7b-3p.

To investigate and confirm the functions of hsa-miR-181c-3p and
hsa-let-7b-3p, we employed miRNA mimics (miR-181c-3p-mimic and
let-7b-3p-mimic, respectively) and miRNA inhibitors (miR-181c-3p-in-
hibitor and let-7b-3p-inhibitor, respectively). Furthermore, because
many studies have suggested that ER stress plays a key role in OA pro-
gression [29] and based on the findings of our previous research [36],
we believed the PERK/elF2a/Bcl-2 axis to be one of the most promising
candidate signalling pathways responsible for the caspase-3 activation
and increased expression of genes related to ECM degradation caused by
inflammatory cytokines. Thus, we also employed GSK2656157 (which
inhibits stress-induced PERK phosphorylation and decreases down-
stream p-elF2a expression [37], thus inhibiting ER stress-induced
apoptosis [36]) and Sal003 (a small molecule that promotes elF2a
phosphorylation [38]).

The results showed that let-7b-3p-mimic significantly inhibited the
expression of genes related to ECM synthesis (Aggrecan, COL-II, and
SOX9), that let-7b-3p-inhibitor and circRNA3503-OE promoted the
expression of genes related to ECM synthesis (Aggrecan, COL-II, and
S0X9), and that circRNA3503-OE rescued the effect of let-7b-3p-mimic
(Fig. 3C). Hence, these results verified the first potential mechanism of
circRNA3503: circRNA3503 promotes the expression of SOX9 by acting
as a sponge of hsa-let-7b-3p.

Next, our further exploration focused on circRNA3503 and its func-
tion in ER stress. The results of previous research [39,40] suggested that
p-elF2a inhibits IkB and that inhibition of IkB promotes the expression of
genes related to ECM degradation (ADAMTS5, MMP13, and MMP3) via
the activation of NF-kB. Interestingly, PGC-1a has been reported to
inhibit NF-xB by promoting IkB activity [41,42]. In addition, p-PERK
and p-elF2a promote apoptosis by inhibiting Bcl-2 [36]. Nevertheless,
enhanced PGC-1a expression has been reported to increase the expres-
sion of Bcl-2 [43], which might rescue ER stress-induced apoptosis.
Therefore, we speculated that circRNA3503-induced PGC-la could
rescue the promotional effects of IL-1p on caspase-3 activation and the
expression of genes related to ECM degradation.

The following experimental results supported our hypothesis
(Fig. 3D):

(1) IL-1p promoted the phosphorylation of elF2a, inhibited the
expression of Bcl-2 and activated caspase-3 but inhibited IkB and
promoted the expression of genes related to ECM degradation
(ADAMTS5, MMP13, and MMP3).

(2) miR-181c-3p-mimic enhanced the effects of IL-1p.

(3) miR-181c-3p-inhibitor promoted the expression of PGC-1a and
rescued the effects of IL-1p, which activated caspase-3 and
increased the expression of genes related to ECM degradation
(ADAMTS5, MMP13, and MMP3).

(4) GSK2656157 rescued the effects of IL-1f by inhibiting the phos-
phorylation of elF2a.

(5) Like miR-181c-3p-inhibitor, circRNA3503-OE rescued the effects
of IL-1p on caspase-3 activation and increased expression of genes
related to ECM degradation (ADAMTS5, MMP13, and MMP3).
These results also support our hypothesis that the induction of
PGC-1a by the circRNA3503/miR-181c-3p ceRNA mechanism
rescues the effects of IL-1p on caspase-3 activation and increased
expression of genes related to ECM degradation.
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Table 3

Specific primers for miRNAs used in this study.
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PGC-1a = — P 130 % &
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Fig. 3. Downstream mechanism of
circRNA3503-mediated cartilage ho-
meostasis. (A) Downstream mechanism
prediction by bioinformatic analysis.
(B) The expression levels of downstream
miRNA candidates measured by PAGE
after RT-PCR. (C) The expression of
genes related to ECM synthesis (aggre-
can, COL-II, and SOX9) measured by
WB. (D) The phosphorylation of eIF2aq,
activation of Caspase-3, and expression
levels of PGC-1a, Bcl-2, IkB, and genes
related to ECM degradation (ADAMTSS5,
MMP13, and MMP3) measured by WB.
(E) Apoptosis detected by FCM analysis
of Annexin V/PI staining. Experiments
were repeated at least three times, and
representative results are shown.

Target

Hairpin Reverse Transcription Primer

Forward Primer

Reverse Primer

hsa-let-7a-3p
hsa-let-7b-3p
hsa-let-7f-1-3p
hsa-miR-98-3p
hsa-miR-181¢c-3p

CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG GAA AGA CA
CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG GGG AAG GC
CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG GGG AAG GC
CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG GGG AAA G
CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG GTC CAC TC

AAC CAT CGA CCG TTG

GGG CTA TAC AAT CTA CTG TC
GCG GCT ATA CAA CCT AC

GGC GGC TAT ACA ATC TAT

GCG AGG CTA TAC AACTTACTAC

A

ACT GGT GTC GTG GAG T
AGT CGG CAATTCAGT T
GAG TCG GCA ATT CAG T
CAA CTG GTG TCG TGG A
AAC TGG TGT CGT GGA GTC

(6) miR-181c-3p-mimic blocked the function of circRNA3503-OE, a
result that also

supports our hypothesis

circRNA3503/miR-181c-3p ceRNA mechanism.

(7) Sal003, which caused the phosphorylation of elF2u, produced

regarding the

the caspase-3 activation measured by WB (Fig. 3E).

3.4. Building a synergistic OA therapy: SMSC-sEVs and sleep-related

circRNA3503

results similar to those observed after IL-1B-induced ER stress,

which further supports the hypothesis that ER stress plays an

important role in cartilage destruction in OA progression.

Furthermore, to confirm the effect on apoptosis, we performed flow
cytometry with Annexin V/PI staining. The results were consistent with

Through the above experiments, we found that sleep-related

circRNA3503 has therapeutic potential in OA, and then explored the
downstream molecular mechanism of circRNA3503. Considering the
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features of sEVs derived from SMSCs (SMSC-sEVs) described in our
previous study [10], we hypothesized that SMSC-sEVs and sleep-related
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Fig. 4. Building a synergistic OA therapy:
SMSC-sEVs and sleep-related circRNA3503.
(A) Schematic diagram of the approach for
combining SMSC-sEVs and sleep-related
circRNA3503 wused in this study. (B)
Morphology of sEVs determined by cryo-
TEM (scale bar: 100 nm). (C) Size distribu-
tion of sEVs determined by DLS. (D) The
circRNA3503 content of the indicated sEVs
measured by PAGE after RT-PCR, and the
protein levels of Wnt5a, Wnt5b, CD63, CD81
and CD9 in the indicated sEVs measured by
WB. (E) circRNA3503 content of the indi-
cated sEVs measured by PAGE after RT-PCR.
(F) Schematic diagram of the mechanism of
circRNA3503-OE-sEVs. Experiments were
repeated at least three times, and represen-
tative results are shown.
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SYNTHESIS® SURVIVAL? DEG

circRNA3503 would act synergistically and could serve as a better
treatment for OA than either treatment alone (Fig. 4A).

First, after isolating sEVs, we aimed to identify and characterize the
SMSC-sEVs by transmission electron microscopy (TEM), scanning elec-
tron microscopy (SEM), cryo-TEM, dynamic light scattering (DLS), and
western blotting (WB). Morphological analysis by cryo-TEM showed
electron-dense spherical nanovesicles with a clear lipid bilayer/mem-
brane (Fig. 4B), which is consistent with previous studies [44,45]. TEM
(with negative stain) and SEM images showed that the nanovesicles
were cup- or sphere-shaped (Fig. S2), which is also consistent with
previous studies [44-47]. Furthermore, DLS was used to determine the
size distribution of sEVs and showed that the particle size distribution
was 114.9 + 46.62 (Fig. 4C), which is consistent with the size observed
by TEM, SEM, and cryo-TEM. Specific surface markers of sEVs (CD63,
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CD81, and CD9) were detected by WB, which indeed showed the
expression of these markers on the SMSC-sEVs (Fig. 4D). The above
results suggest that the nanovesicles that we isolated were indeed sEVs
that showed features consistent with those revealed by previous studies
[14,48-52].

Based on the above experimental results combined with the findings
of our previous study, which showed that Wnt5a and Wnt5b are the key
molecules in SMSC-sEVs that enhance the proliferation and migration of
chondrocytes [10], we aimed to assess the contributions of
Wnt5a/Wnt5b and circRNA3503. Thus, we prepared the following four
types of sEVs:

(1) SMSC-sEVs: sEVs derived from SMSCs;
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(2) Wnt5a/b-dKO-sEVs: sEVs derived from SMSCs with dual Wnt5a
(3) circRNA3503-0E-sEVs: sEVs derived from SMSCs overexpressing

(4) dKO-OE-sEVs:

Tao et al.

and Wnt5b knockout;

circRNA3503;

sEVs

SEVs (Fig. 4E).

Count

Propidium lodide (PI)

Control

SMSC-sEVs - + -
Wnt5a/b-dKO-sEVs - - +
circRNA3503-OE-sEVs - - -

dKO:

-OE-sEVs - - -
P-YAP s -—
YAP s o o
Aggrecan s - s

derived from SMSCs
circRNA3503 with dual Wnt5a and Wnt5b knockout.
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The schematic diagram in Fig. 4F summarizes these findings and il-

lustrates the mechanism of circRNA3503-OE-sEVs in preventing OA

progression. Wnt5a/b can enhance the regeneration/renewal ability of

chondrocytes by increasing proliferation and migration via inhibition of

overexpressing

the phosphorylation of Yes-associated protein (YAP). In addition,
circRNA3503 can enhance ECM synthesis in cartilage and inhibit ER

stress-induced chondrocyte apoptosis and ECM degradation in cartilage.

To validate the sEVs, the Wnt5a and Wnt5b contents of all four types
of sEVs were confirmed by WB, while the circRNA3503 content was
confirmed by PAGE after PCR (Fig. 4D). We further confirmed the
circRNA3503 expression in chondrocytes after treatments by these four
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3.5. Validation of the effects of circRNA3503-OE-sEVs in vitro

The effects of the four types of SEVs were next evaluated through a
series of experiments.

Fig. 5. Validation of the function of
circRNA3503-0OE-sEVs in vitro. (A) The
phosphorylation level of YAP and
expression levels of genes related to
ECM synthesis (COL-II, Aggrecan, and
SOX9) were measured by WB. (B) The
activation of Caspase-3 and expression
levels of genes related to ECM degra-
dation (ADAMTSS5, MMP13, and MMP3)
were measured by WB. (C) The prolif-
erative abilities of chondrocytes after
treatment with different types of sEVs
were measured by EdU assays. (D) The
migratory abilities of chondrocytes after
treatment with different types of sEVs
were measured by Transwell assays. (E)
Apoptosis was detected by FCM analysis
of Annexin V/PI staining. Experiments
were repeated at least three times, and
representative results are shown.
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Similar to the findings of our previous study [10], Wnt5a/b carried
by sEVs inhibited the phosphorylation of YAP in chondrocytes (Fig. 5A),
and non-phosphorylated YAP (activated YAP) was shown in a previous
study to promote chondrocyte proliferation and migration, but a side
effect (the inhibition of ECM synthesis) eliminated their ability to treat
OA [10]. Without Wnt5a/b (Wnt5a/b-dKO-sEVs or dKO-OE-sEVs), SEVs
lost the ability to inhibit YAP phosphorylation (Fig. 5A). CircRNA3503
overexpression overcame the side effect of SMSC-sEVs, and
circRNA3503-OE-sEVs even significantly enhanced ECM synthesis
(Fig. 5A).

Next, we tested the ability of SEVs to enhance resistance to ER stress.
SMSC-sEVs inhibited caspase-3 activation and the expression of ECM
degradation-related genes but could not fully rescue IL-1B-induced
apoptosis or enhanced expression of ECM degradation-related genes
(Fig. 5B). This phenomenon might be caused by the presence of acti-
vated YAP, which has been reported to have anti-inflammatory and anti-
apoptotic functions [53,54]. The effects of Wnt5a/b-dKO-sEVs were less
pronounced (Fig. 5B). Both circRNA3503-OE-sEVs and dKO-OE-sEVs
fully rescued the IL-1p-induced apoptosis and enhanced expression of
ECM degradation-related genes caused by OA modelling (Fig. 5B); thus,
circRNA3503 is effective in preventing OA progression.

Next, to further confirm the effects of circRNA3503-OE-sEVs, EAU
assays were used to evaluate changes in proliferative ability (Fig. 5C),
Transwell assays were used to evaluate changes in migratory ability
(Fig. 5D), and Annexin V/PI assays were used to evaluate the ability of
sEVs to inhibit apoptosis (Fig. SE). These results further confirmed that
circRNA3503 was the major contributor to the anti-apoptotic function of
the circRNA3503-OE-sEVs, while the function of these sEVs in promot-
ing renewal was accounted for by Wnt5a/b. Therefore, these results
show that the combination of SMSC-sEVs and sleep-related
circRNA3503 is a potential treatment to prevent OA progression.

3.6. Therapeutic effect of PLEL@circRNA3503-OE-sEVs

In the Fourier transform infrared (FTIR) spectrum (Fig. S3A), C=0
stretching vibration (v C—0) appears at 1638.46 cm ' and 1742.77
em™!, which was attributed to the ester carbonyl bond. C-O—C stretch-
ing vibration (v C-O-C) appears at 1094.97 cm ™!, which was attributed
to repetitive ~-OCHCHj units in PEG. O-H stretching vibration (v O-H)
appears at 3333.11 cm ™!, which was attributed to terminal hydroxyl
groups (-OH) of the PLEL copolymers. These results confirmed that the
purchased commercial PLEL triblock copolymers were synthesized
successfully [30,55].

For a thermosensitive triblock copolymer like PLEL, when no lower
than a critical concentration, three basic physical phases (sol, gel, and
precipitation) appear during heating. Sol-gel-precipitation phase tran-
sition was measured using a test-tube inversion method. The lower
critical gelation temperature (LCGT) was defined as the temperature of
the sol-gel transition point, while the upper critical gelation tempera-
ture (UCGT) was defined as the temperature of the gel-precipitation
transition point [30,55]. In Fig. S3B, although the incorporation of sEVs
into PLEL did slightly narrow the gel window (temperature range be-
tween LCGT and UCGT), either PLEL or PLEL@sEVs formed a gel below
37 °C when the concentration was no less than 13% (wt%).

Furthermore, a dynamic rheological assay was employed for quan-
titative monitoring of the sol-gel transition (Fig. S3C). In rheology, a
sol-gel transition is defined as the point where the gap between storage
modulus (G) and loss modulus (G”) starts to widen. The results were
consistent with the test-tube inversion experiment. Although PLEL@-
sEVs had a slightly narrower gel window than PLEL, they all appeared in
the sol phase at room temperature and converted into the gel phase at
body temperature (Fig. S3C). Additionally, the dynamic rheological data
also showed that incorporation of sEVs into PLEL had negligible influ-
ence on the mechanical strength and strain capacity (Fig. S3C).

Both PLEL and PLEL@sEVs had very good bio-degradability
(Fig. S3D). Different groups of the PLEL gel complex not only showed
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good sol-gel phase transition when heated up to body temperature
(Fig. S4A), but also exhibited a very good in-situ rapid gelation capability
upon direct injection into 37 °C water, an in vitro simulated articular
cavity injection (Fig. S4B). Moreover, the PLEL@SEVs showed good
slow-release performance (Fig. 6A), which conferred a better long-term
effect on PLEL@sEVs, including delivery of circRNA3503, compared to
direct injection of sEVs (Fig. S5).

Transwell chambers and low adhesive plates were used to establish a
co-culture system to observe the chondrogenic potential and cartilage
matrix deposition capacity of chondrocytes treated with different com-
binations of PLEL gel followed by IL-1p stimulation (Fig. 6B).

When incubated with IL-1p, the cartilage matrix deposition capacity
of chondrocytes significantly decreased (Fig. 6C). OA + PLEL@Saline,
PLEL@SMSC-sEVs, and PLEL@Wnt5a/b-dKO-sEVs showed no very sig-
nificant improvement (Fig. 6C). However, the situation was significantly
improved with the PLEL@circRNA3503-OE-sEVs or PLEL@dKO-OE-
sEVs, and, between these two, PLEL@circRNA3503-OE-sEVs showed
the most significant effect on maintaining chondrogenic potential, pro-
moting the cartilage matrix deposition capacity of chondrocytes, and
rescuing cells from the destructive effect of IL-1f (Fig. 6C).

Finally, we evaluated the function of sEV-loaded PLEL hydrogel in
preventing OA progression in vivo (Fig. 7). The OA group showed severe
cartilage damage, indicating that our model of OA was successfully
established. In the OA + PLEL@Saline group, it did not have any effect
on the features of OA. In the OA + PLEL@SMSC-sEVs group, the carti-
lage defect was covered with some regenerated tissue, but this regen-
erated tissue had a disorganized arrangement and did not stain
normally, distinguishing it from normal cartilage. In the OA +
PLEL@Wnt5a/b-dKO-sEVs group, no ability to induce the production of
even disorganized regenerated tissue was observed. In the OA +
PLEL@circRNA3503-OE-sEVs  group, PLEL@circRNA3503-OE-sEVs
substantially prevented OA disease progression. However, in the
PLEL@dKO-OE-sEVs group, the cartilage-protective function of the sEVs
was significantly weaker than that of the PLEL@circRNA3503-OE-sEVs.
Immunohistochemical (IHC) assays showed that only PLEL@sEVs car-
rying circRNA3503 (PLEL@circRNA3503-OE-sEVs and PLEL@dKO-OE-
sEVs) had a significant capability to protect cartilage ECM, and
PLEL@circRNA3503-OE-sEVs had the best protective effects compared
with other interventions (Fig. S6).

In summary, with our new therapeutic agent (summarized in Fig. 8),
circRNA3503-OE-sEVs, Wnt5a/b from the SMSC-sEVs enhanced the
regenerative/renewal abilities of chondrocytes to neutralize cartilage
defects caused by OA progression, and circRNA3503 (1) enhanced ECM
synthesis in cartilage to abrogate the decreased ECM synthesis caused by
OA progression, (2) suppressed chondrocyte apoptosis caused by OA-
induced ER stress, and (3) suppressed ECM degradation in cartilage
caused by OA-induced ER stress. In addition, the injectable thermo-
sensitive hydrogel PLEL is a very suitable sEV sustained-release delivery
system for intraarticular injection. The combination of these effects
renders the administration of PLEL@circRNA3503-OE-sEVs a potential
therapeutic approach to prevent OA disease progression.

4. Discussion

CircRNAs have attracted increasing attention in the OA research field
as therapeutic targets, molecules for early diagnosis, and therapeutic
drugs. In this study, we focused on the epigenetic regulatory effects of
sleep-related circRNA3503 in chondrocytes and uncovered the chondro-
protective properties of both sleep-related circRNA3503 and
circRNA3503-containing sEVs (circRNA3503-OE-sEVs). CircRNA3503-
OE-sEVs could interact with chondrocytes and had a significant effect
on the ECM, revealing a potential novel therapeutic approach for OA.

Sleep is a period of restoration during which physiological changes
are believed to promote a microenvironment suitable for cells to pro-
liferate, migrate and differentiate. Cell division and protein synthesis
have been demonstrated to reach their highest levels during sleeping
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Fig. 6. Validation of the therapeutic effect of
PLEL@circRNA3503-OE-sEVs in vitro. (A) In vitro
total sEVs released from PLEL@sEVs hydrogels
incubated in DPBS. (B) Schematic diagram of the co-
cultural system for gel (upper) and chondrocyte
pellets (lower). (C) As indicated at day 21, the pel-
lets with different treatments were stained with
Safranin O, Alcian blue and Toluidine blue. Experi-
ments were repeated at least three times, and
representative results are shown. Error bars show
standard deviation. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 7. Validation of the function of PLEL@circRNA3503-OE-sEVs in vivo. Histologic analysis with Safranin O & Fast Green and Toluidine Blue staining for different
groups (n = 10 for each group; Scale bar: 500 pm for low magnification, and 100 pm for enlargement). Experiments were repeated at least three times, and
representative results are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

hours and diminish throughout the day. These effects can be mediated
by MT, which is secreted in response to neural optic signals, which act in
harmony to regulate many biological functions during sleep. Similarly,
the rate of damaged tissue healing is greater during sleep than while
awake [56]. The healing process is faster during sleep, which is required
to maintain health. Some studies have demonstrated that sleep restric-
tion can induce pathological alterations in condylar cartilage [57] and
synovial membrane destruction in OA [58]. Moreover, chronic sleep
deprivation is a validated method used to establish cartilage injury in
the temporomandibular joint [59]. MT administration can alter the
circadian clock and promote sleep [60], and growing evidence has
indicated that MT treatment can promote the chondrogenic differenti-
ation of human mesenchymal stem cells (MSCs) [61]; upregulate the
expression of chondrogenic markers, including Col-II, SOX9, and
aggrecan, at both the mRNA and protein levels; downregulate the
expression of hypertrophic markers, such as type X collagen (Col-X);
enhance cartilage ECM synthesis [62]; and inhibit matrix metal-
loproteinase (MMP) activity [63]. Therefore, MT treatment can signifi-
cantly reduce cartilage damage [64]. Herein, we utilized MT treatment
to screen sleep-related circRNAs and constructed sEVs carrying a
sleep-related circRNA (circRNA3503) to promote the restoration of
damaged chondrocytes for cartilage repair and regeneration in OA.
Recent studies have shown that some circRNAs may be involved in
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the initiation and progression of OA, and circRNAs have been found to
be differentially expressed in vitro in chondrocytes isolated from patients
with OA compared to those isolated from control individuals [65]. Here,
our research results demonstrated that circRNA3503 promotes chon-
drocyte survival by inhibiting apoptosis, modulating cartilage ECM
synthesis, and alleviating ECM degradation by acting as a miRNA sponge
for hsa-miR-181c-3p and hsa-let-7b-3p to maintain cartilage homeo-
stasis and prevent OA progression.

Although OA is a disorder of the whole joint, the progressive
destruction of cartilage, including destruction caused by chondrocyte
apoptosis and ECM degradation, is a hallmark of OA and indicates that
the interaction between chondrocytes and the ECM leads to unbalanced
catabolic and anabolic responses and a vicious cycle of changes that
results in cartilage destruction [3]. The ECM is synthesized by chon-
drocytes, which maintain cartilage homeostasis by maintaining equi-
librium between cartilage anabolism and catabolism.

Accumulating evidence suggests that chondrocyte apoptosis plays a
key role in cartilage destruction and matrix depletion in OA [29].
Chondrocytes are solely responsible for the maintenance of ECM integ-
rity and synthesis of ECM components, and any biological event that
undermines their wellbeing or alters their phenotypic stability can
therefore compromise cartilage homeostasis and trigger the onset of OA
[66]. Here, we demonstrated that circRNA3503 treatment both
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inhibited chondrocyte death and maintained chondrocyte survival,
regulated SOX9 expression by functioning as a ceRNA and participated
in the process of chondrocyte ECM synthesis. In this study, after
circRNA3503 intervention, in chondrocytes damaged by IL-1 exposure,
balance between ECM catabolism and anabolism was restored, main-
taining phenotypic stability. These changes in chondrocyte metabolism
rescued changes to the composition of the surrounding ECM. The rescue
of cartilage ECM homeostasis prevented cartilage deterioration.
Furthermore, intervention with circRNA3503-OE-sEVs inhibited chon-
drocyte apoptosis and promoted cartilage regeneration.

Cartilage is predominantly composed of ECM, which has a low cell
density, and changes in the ECM play an important role in the pro-
gression of OA [67]. The main ECM proteins in cartilage are Col-II and
aggrecan, which are synthesized by chondrocytes and in turn maintain
the phenotypic stability of chondrocytes. The local microenvironment,
specifically the ECM, is well known to play a major role in the regulation
of cell behaviour and function [68]. During the pathological progression
of OA, increased catabolism in the ECM causes the disruption of carti-
lage homeostasis [66]. Upon circRNA3503 overexpression, synthesis of
the ECM was increased, while degradation of the ECM was decreased,
through regulation of hsa-miR-181c-3p and hsa-let-7b-3p. Therefore,
the shift towards catabolism over anabolism caused by OA was rescued.
Furthermore, excessive production of the matrix-degrading enzymes
MMP-13 and ADAMTS-5, which ultimately result in cartilage degrada-
tion [69], was rescued. However, circRNA3503 intervention was not
shown to promote the proliferation or migration of chondrocytes in this
study.

The synovium, a key component of synovial joints, produces synovial
fluid to provide lubrication and nutrients for cartilage, which greatly
contributes to maintaining cartilage homeostasis [70]. EVs are abundant
in the synovial fluid, which is thought to be a specialized form of ECM
[71]. In recent years, spontaneous chondrogenesis has been observed,
and this ability to undergo cartilage repair is thought to be derived from
residual stem cells in the joint, especially those residing in the synovium
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Fig. 8. Schematic diagram summarising
the mechanism by which circRNA3503-
OE-sEVs prevent OA progression.
Wnt5a/b on circRNA3503-OE-sEVs en-
hances the ability of chondrocytes to
regenerate/renew, which neutralises
cartilage defects caused by OA progres-
sion. circRNA3503 inside circRNA3503-
OE-sEVs can enhance cartilage ECM
synthesis, which neutralises the
decreased ECM synthesis caused by OA
progression. circRNA3503 can also
suppress the cartilage ECM degradation
and chondrocyte apoptosis caused by
OA-induced ER stress.

“stem cell pool”. In our previous study, we reported that SMSC-sEVs
promoted the proliferation and migration of chondrocytes via
Wnt5a/b signalling [10]. Thus, in this study, we chose to combine
SMSC-sEVs and sleep-related circRNA3503 and investigate whether
their effects would be synergistic. Our observations demonstrated that
circRNA3503-OE-sEVs could maintain cartilage stability through the
synergistic effects of these components (increased proliferation, reduced
apoptosis, and enhanced cartilage homeostasis by both promoting ECM
synthesis and inhibiting ECM degradation).

Macrophages, which play a very important role in the progression of
OA [72,73], participate in various stages of inflammation such as initi-
ation, progression, and resolution [72-75], and activated macrophages
can be classified into classically-activated (M1, proinflammatory) and
alternatively-activated (M2, anti-inflammatory) phenotypes [72-74].
Interestingly, more and more studies have implied that sEVs derived
from mesenchymal stem cells can regulate the macrophage phenotype
(higher percentage of anti-inflammatory M2 macrophages and lower
percentage of proinflammatory M1 macrophages) [76-78]. Currently,
there is no clear theory about the in-depth mechanisms. Recent studies
have shown that Wnt5a regulates the macrophage phenotype (inducing
M2 polarization) [79,80], and this regulatory effect may be mediated by
YAP activation [81]. Further, this phenotype regulatory function could
be one of the factors which made the therapeutic effects of
PLEL@circRNA3503-OE-sEVs  relatively better than those of
PLEL@dKO-OE-sEVs. However, the in-depth mechanism of sEV-induced
macrophage phenotype regulation still needs to be further studied in
future.

PDLLA-PEG-PDLLA triblock copolymer gels have attracted attention
in the fields of research into regenerative medicine and oncotherapy as
carriers of nanoparticles/nano-drugs, and the advantage of triblock gels
in intra-articular injection has attracted more and more attention
[30-33,82,83]. In this current study, we demonstrate for the first time
that PLEL showed good performance in slow release sEVs, and
PLEL@circRNA3503-OE-sEVs showed a very good potential to protect
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cartilage and delay the progression of OA. We anticipate that our
exploration of PLEL@circRNA3503-OE-sEVs will not only provide a
specific therapeutic method for OA but also inspire further research.
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