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Exosome-Transported circRNA_0000253
Competitively Adsorbs MicroRNA-141-5p
and Increases IDD
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The pathogenesis of intervertebral disc degeneration (IDD) is
complex, and a better understanding of IDD pathogenesis
may provide a better method for the treatment of IDD. Exo-
somes are 40–100 nm nanosized vesicles that are released
frommany cell types into the extracellular space.We speculated
that exosome-transported circular RNAs (circRNAs) could
regulate IDD. Exosomes from different degenerative grades
were isolated and added to nucleus pulposus cells (NPCs),
and indicators of proliferation and apoptosis were detected.
Based on the previous circRNA microarray results, the top 10
circRNAs were selected. PCR was performed to determine the
circRNA with the maximum upregulation. Competing endog-
enous RNA (ceRNA) analysis was carried out, and the sponged
microRNA (miRNA) was identified. Further functional verifi-
cation of the selected circRNA was carried out in vivo and
in vitro. NPCs of different degenerative grades secreted exo-
somes, which could regulate IDD. circRNA_0000253 was
selected as having the maximum upregulation in degenerative
NPC exosomes. ceRNA analysis showed that circRNA_0000253
could adsorb miRNA-141-5p to downregulate SIRT1.
circRNA_0000253 was confirmed to increase IDD by adsorb-
ing miRNA-141-5p and downregulating SIRT1 in vivo and
in vitro. Exosomal circRNA_0000253 owns themaximumupre-
gulation in degenerative NPC exosomes and could promote
IDD by adsorbing miRNA-141-5p and downregulating SIRT1.
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INTRODUCTION
The incidence of spine musculoskeletal disorders mainly caused by
intervertebral disc degeneration (IDD) disease is increasing in the
population year by year as society ages, which may seriously affect
patient quality of life and cause substantial medical costs.1,2 The
extracellular matrix (ECM) consists of type II collagen (collagen
II), which helps to maintain the disc height and respond to external
mechanical stress.3 ECM metabolism during IDD is regulated by
growth factors, inflammatory factors, and noncoding RNAs,4–9

and it is important to clarify the metabolic mechanism of ECM
catabolism during IDD.
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Circular RNAs (circRNAs) are a family of covalently closed
noncoding RNA molecules produced by the backsplicing of
exons in precursor mRNAs in eukaryotes.10,11 Current studies have
shown that circRNAs are closely involved in the occurrence and
development of IDD.3,9,12,13 Exosomes are microvesicles (MVs)
with a diameter of 40–100 nm, and they can carry various proteins,
lipids, and nucleic materials, such as DNA, RNA, messenger RNA
(mRNA), and noncoding RNAs.14–16 Exosomes originate frommulti-
vesicular endosomes by inverse budding and are released into the
extracellular space when a multivesicular body fuses with the plasma
membrane to regulate the occurrence and development of various
diseases.17 A recent study showed that delivery of mesenchymal
stem cell (MSC)-derived exosomes in vivo modulated endoplasmic
reticulum (ER) stress-related apoptosis and retarded IDD progression
in a rat tail model.18

Our previous study showed that circRNAs were highly expressed in
intervertebral discs and played important roles in regulating IDD.9

However, it is still unclear where circRNAs are distributed in
nucleus pulposus (NP) tissues and how they are transported to
regulate IDD. In this study, we hypothesized that circRNAs are
abundant in NP cell (NPC) exosomes and are transferred from
transformed NPCs into neighboring, normal NPCs via exosomes
to regulate IDD.
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Figure 1. Exosomes Were Abundant in NPCs and Differently Distributed in Degenerative and Normal Nucleus Pulposus Cells (NPCs)

(A) Electron microscopy showed the shape of exosomes isolated from normal and degenerative NPCs. Scale bar, 100 nm. (B) WB shows the

exosomal marker protein expression of normal and degenerative NPCs. (C) The particle size and number of the exosomes are shown by ZetaView nanoparticle

tracker. (D) The particles and number of the exosomes are shown at the three dimensional.
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RESULTS
ExosomesWere Abundant in NPCs and Differentially Expressed

in Degenerative and Normal NPCs

The detection and classification of exosomes are challenging.19 To
investigate whether exosomes can be secreted from NPCs, the NPC
culture medium was collected, and exosomes were isolated.
Electron microscopy revealed that the exosomes of normal and
degenerative NPCs showed typical rounded shapes, and the
degenerative NPCs secreted more exosomes than the normal
1088 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
NPCs (Figure 1A). Western blot (WB) analysis confirmed the pres-
ence of exosome markers CD9, CD63, and CD81 in exosomes
derived from normal and degenerative NPCs (Figure 1B). The
particle sizes and number of exosomes showed that no significant
differences were detected between exosomes derived from degener-
ative and normal NPCs (Figures 1C and 1D). The exosomes with
the highest concentration were 147 nm in normal NPCs, and the
exosomes with the highest concentration were 157 nm in degener-
ative NPCs.



Figure 2. NPC-Conditioned Medium Regulates IDD by Secreting Exosomes

(A) WB showing the differentially expressed proteins between the mild and severe groups. (B) Flow cytometry showing the apoptosis of NPCs between the mild and severe

groups. (C) CCK-8 assay showing the proliferation of NPCs between the mild and severe groups.
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NPC Medium Could Regulate IDD by Secreted Exosomes

Mild- and severe-degeneration exosomes were isolated from NPCs9

The proteins caspase-3, caspase-7, caspase-9, matrix metallopeptidase
(MMP)-3, MMP-13, a disintegrin and metalloproteinase thrombo-
spondin type I motifs 4 (ADAMTS4), and ADAMTS5 were regarded
as the degeneration-promoting indexes, whereas the protein levels of
aggrecan and collagen II were regarded as the degeneration-inhibi-
tory indexes.3 The results showed that the expression levels of cas-
pase-3, caspase-7, caspase-9, MMP-3, MMP-13, ADAMTS4, and
ADAMTS5 were higher in NPCs with degenerative exosomes than
in NPCs without exosomes, and the expression level was higher in
NPCs treated with severely degenerated exosomes than in those
treated with mildly degenerated exosomes (Figure 2A). The flow
cytometry results showed that the NPC apoptotic rate in the negative
control (NC) group was much lower than that in the mild-degenera-
tion exosome group, and the NPC apoptotic rate in the severe-degen-
eration exosome group was much higher than that in the mild-degen-
eration exosome group (Figure 2B). The Cell Counting Kit 8 (CCK-8)
results showed that the mild-degeneration exosome group had a
lower NPC proliferative capacity when compared with the control
group, and the NPC proliferative capacity in the severe-degeneration
exosome group was lower than that in the mild-degeneration exo-
some group (Figure 2C). The results of flow cytometry and CCK-8
confirmed that exosomes secreted by degenerative NPCs could pro-
mote apoptosis and inhibit the proliferation of NPCs.

circRNA_0000253 Could Competitively Adsorb microRNA

(miRNA)-141-5p

To explore the possible roles of circRNAs in IDD, PCR was used to
detect circRNA expression between normal and degenerative NPC
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 1089
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Figure 3. circRNA_0000253 Competitively Adsorbs microRNA (miRNA)-141-5p

(A) The circRNAs differentially expressed in the nucleus pulposus (NP) tissue. (B) The top 10 upregulated circRNAs were verified by qPCR in degenerative and normal NP

exosomes. (C) The possible sponged miRNAs of circRNA_0000253. (D) The possible spongedmiRNAs were verified by qPCR in degenerative and normal NP exosomes. (E)

RNA fluorescence in situ hybridization (FISH) was used to detect the colocalization of circRNA_0000253 and miRNA-141-5p in NPCs. Nuclei were stained with 40,6-dia-
midino-2-phenylindole (DAPI). Scale bar, 100 mm. (F) The binding sequence diagram of circRNA_0000253 and miRNA-141-5p. (G) miRNA-141-5p was pulled down by the

circular probe (circ-probe) but not the random probe (ran-probe), and the levels of miRNA-141-5p were detected by northern blot. Input, 20% samples were loaded; pellet, all

samples were loaded. (H) Pull-down assay analysis confirmed a greater enrichment of circRNA_0000253 in the miRNA-141-5p-captured fraction compared with the

introduction of the miRNA-141-5p mutation that disrupted the binding site of miRNA-141-5p in circRNA_0000253.
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exosomes based on the results of the circRNA microarray (Fig-
ure 3A).9 The top 10 upregulated circRNAs were selected, and the
PCR results showed that circRNA_0000253 was the most upregulated
circRNA in the degenerative NPC exosomes when compared with the
normal NPC exosomes (Figure 3B). Competing endogenous RNA
(ceRNA) analysis showed that 10 miRNAs were identified that were
related to circRNA_0000253, and the top 5 miRNAs with the most
binding sites were miRNA-141-5p, miRNA-363-3p, miRNA-92b-
3p, miRNA-92a-3p, and miRNA-25-3p (Figure 3C). PCR was used
1090 Molecular Therapy: Nucleic Acids Vol. 21 September 2020
to detect the expression levels of the miRNAs between the normal
and degenerative NPC exosomes, and the results showed that
miRNA-141-5p was the most strongly upregulated miRNA in the
degenerative NPC exosomes compared with the normal NPC exo-
somes (Figure 3D). Fluorescence in situ hybridization (FISH) analysis
showed that circRNA_0000253 and miRNA-25-3p were distributed
in the cytoplasm and nucleus of NPCs (Figure 3E). The binding
sequence diagram of circRNA_0000253 andmiRNA-141-5p is shown
in Figure 3F. Northern blot analysis revealed that circRNA_0000253



(legend on next page)
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could reverse the pull-down of miRNA-141-5p (Figure 3G).
Pull-down assay analysis confirmed a greater enrichment of
circRNA_0000253 in the miRNA-141-5p-captured fraction
compared with the fraction with the miRNA-141-5p mutation, which
disrupted the binding site of miRNA-141-5p on circRNA_0000253
(Figure 3H).

circRNA_0000253 Could Promote IDD by Competitively

Adsorbing miRNA-141-5p

Overexpression and inhibition of circRNA_0000253 were achieved.
The results showed that overexpression of circRNA_0000253 could
downregulate miRNA-141-5p expression compared with the NC
group, and interfering circRNA_0000253 upregulates miRNA-141-
5p expression. The results confirm that circRNA_0000253 could
competitively adsorb miRNA-141-5p (Figure 4A). The dual-lucif-
erase reporter assay showed that the luciferase signal of the
circRNA_0000253 reporter was suppressed by miRNA-141-5p,
whereas the introduction of mutations in the circRNA abolished
the inhibitory effect of miRNA-141-5p. The results confirmed that
circRNA_0000253 could directly absorb miRNA-141-5p to regulate
IDD (Figure 4B). FISH assay was carried out to compare the gene
expression between IDD NPCs and normal NPCs, and the results
showed that circRNA_0000253, miRNA-141-5p, and SIRT1 were ex-
pressed in both the nucleus and cytoplasm of NPCs (Figures 4C–4E).
The results also confirmed that circRNA_0000253 levels were mark-
edly increased in IDD NPCs compared with normal NPCs, and
miRNA-141-5p and SIRT1 levels were markedly reduced in IDD
NPCs compared with normal NPCs (Figures 4C–4E). To further
confirm that circRNA_0000253 could competitively absorb
miRNA-141-5p and downregulate SIRT1, the protein levels of cas-
pase-3, caspase-7, caspase-9, MMP-3, MMP-13, ADAMTS4,
ADAMTS5, collagen II, aggrecan, and SIRT1 were measured by
WB and compared among the NC, circRNA_0000253 small inter-
fering RNA (siRNA), and circRNA_0000253 siRNA + antago-
miRNA-141-5p groups. The results showed that circRNA_0000253
could promote the expression of caspase-3, caspase-7, caspase-9,
MMP-3, MMP-13, ADAMTS4, and ADAMTS5 and inhibit collagen
II and aggrecan by competitively absorbing miRNA-141-5p and
downregulating SIRT1 (Figure 4F). Proliferation and apoptosis assays
in NPCs were also performed, and the results showed that
circRNA_0000253 could promote apoptosis and inhibit proliferation
of NPCs by competitively absorbing miRNA-141-5p and downregu-
lating SIRT1 (Figures 4G and 4H). Blockade of circRNA_0000253
may serve as a potential therapeutic approach in the treatment
of IDD.
Figure 4. circRNA_0000253 Upregulates IDD by Competitively Adsorbing miRN

(A) qPCR showed the miRNA-141-5p expression in the NC, circRNA_0000253 siRNA, a

(B) Dual-luciferase assay showed the binding effect between circRNA_0000253 andmiR

5p (D), and SIRT1 (E) was detected in NP samples from patients with or without IDD by R

Alexa 488. Nuclei were stained with DAPI. Scale bars, 100 mm. (F) WB shows the prote

ADAMTS 5, collagen II, aggrecan, and SIRT1 in the NC, circRNA_0000253 siRNA, a

showed the apoptosis of NPCs in the NC, circRNA_0000253 siRNA, and circRNA_000

eration of NPCs in the NC, circRNA_0000253 siRNA, and circRNA_0000253 siRNA+ a
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Exosomes from NPCs of Different Degeneration Levels Could

Regulate Rat IDD

It is necessary to think about whether all concentrations of exosomes
used in the experiments have any relevance to the conditions in vivo.
Based on a modified Thompson classification, the rats injected with
exosomes from the severe IDD group had a higher degeneration grade
compared with the rats injected with exosomes from the mild IDD
and NC groups, and the rats injected with exosomes from the NC
group had a lower degeneration grade compared with the exosomes
from the mild IDD groups (Figure 5A). The rats injected with
exosomes from the severe IDD group had a lower disc height index
(%DHI) compared with the exosomes from the mild IDD and NC
groups, and rats injected with exosomes from the mild IDD group
had a lower %DHI compared with exosomes from the NC groups
(Figure 5B). Hematoxylin and eosin (H&E) and SafraninO-Fast
Green Staining were used to evaluate the degeneration grade of rat
NP. Rats injected with exosomes from the severe IDD group had a
higher degree of IDD than the exosomes from the mild IDD and
NC groups, and the rats injected with exosomes from the NC group
had a lower degree of IDD than the exosomes from the mild IDD
groups (Figures 5C and 5D). WB indicators were used to evaluate
rat IDD, including caspase-3, caspase-7, caspase-9, MMP-3, MMP-
13, ADAMTS4, ADAMTS 5, collagen II, aggrecan, and SIRT1. The
results showed that rats injected with exosomes from the severe
IDD group had increased expression of caspase-3, caspase-7, cas-
pase-9, MMP-3, MMP-13, ADAMTS4, and ADAMTS 5 and
decreased expression of collagen II, aggrecan, and SIRT1 compared
with the exosomes from the mild IDD groups, whereas rats injected
with exosomes from the mild IDD group had increased expression
of caspase-3, caspase-7, caspase-9, MMP-3, MMP-13, ADAMTS4,
and ADAMTS 5 and decreased expression of collagen II, aggrecan,
and SIRT1 compared with the exosomes from the NC groups (Fig-
ure 5E). Terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate (dUTP) nick end labeling (TUNEL) staining
showed that apoptosis of the NP in the severe-degeneration groups
owns a higher apoptosis rate than the mild- and NC-degeneration
groups, whereas the mild-degeneration group owns a higher
apoptosis rate than the NC group (Figure 5F).

circRNA_0000253 Could Promote IDD in Rats by Competitively

Adsorbing miRNA-141-5p

Previous in vitro studies on NPCs yielded good results. It is
necessary to think about whether all concentrations of exosomal
circRNA_0000253 used in these experiments are relevant to the con-
ditions in vivo. Electron microscopy revealed that the exosomes of
A-141-5p

nd circRNA_0000253 siRNA + antagomiRNA-141-5p groups; *p < 0.05, **p < 0.01.

NA-141-5p; **p < 0.01. (C–E) The expression of circRNA_0000253 (C), miRNA-141-

NA FISH. circRNA_0000253, miRNA-141-5p, and SIRT1 probes were labeled with

in expression of caspase-3, caspase-7, caspase-9, MMP-3, MMP-13, ADAMTS4,

nd circRNA_0000253 siRNA + antagomiRNA-141-5p groups. (G) Flow cytometry

0253 siRNA + antagomiRNA-141-5p groups. (H) CCK-8 assay showed the prolif-

ntagomiRNA-141-5p groups.
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normal and degenerative rat NPCs showed typically rounded shapes,
and the degenerative NPCs secreted more exosomes than the normal
NPCs (Figure 6A). WB analysis confirmed the presence of the exoso-
mal markers CD9, CD63, and CD81 in exosomes derived from
normal and degenerative rat NPCs (Figure 6B). The particle sizes
and numbers of exosomes showed that no significant differences
were detected between exosomes derived from degenerative and
normal NPCs, as determined by a ZetaView nanoparticle tracker
(Figure 6C). To confirm further that exosomal circRNA_0000253
could regulate IDD, PCR was used to compare the expression of
circRNA_0000253 and miRNA-141-5p between normal and degen-
erative rat exosomes, and the results revealed that circRNA_0000253
had higher expression in degenerative rat exosomes than in normal
rat exosomes, and miRNA-141-5p had lower expression in degener-
ative rat exosomes than in normal rat exosomes (Figure 6D). In this
study, adeno-associated virus 2 (AAV-2), carrying a gene-interfer-
ence sequence, was synthesized and injected into selected rat discs.
The rats were randomly divided into the following 4 groups: NC
group (normal saline), AAV-2-empty vector group, AAV-2-
circRNA_0000253-siRNA group, and AAV-2-circRNA_0000253-
siRNA + AAV-2-miRNA-141-5p-inhibitor group. MRI and X-ray
were used to evaluate the degenerative disc grade in the rats. Based
on a modified Thompson classification, AAV-2-circRNA_0000253-
siRNA could significantly alleviate the degree of IDD when compared
with the NC and empty vector groups, and the AAV-2-
circRNA_0000253-siRNA + AAV-2-miRNA-141-5p-inhibitor group
could aggravate the degree of IDD when compared with the AAV-2-
circRNA_0000253-siRNA group, whereas no significant differences
in the IDD degree were detected between the NC and empty vector
groups (Figure 6E). AAV-2-circRNA_0000253-siRNA had a higher
%DHI compared with the NC and empty vector groups, and the
AAV-2-circRNA_0000253-siRNA + AAV-2-miRNA-141-5p-inhibi-
tor group had a lower %DHI compared with the AAV-2-
circRNA_0000253-siRNA group, whereas no significant differences
in the %DHI were detected between the NC and empty vector groups
(Figure 6F). WB showed that the AAV-2-circRNA_0000253-siRNA
group could decrease caspase-3, caspase-7, caspase-9, MMP-3,
MMP-13, ADAMTS4, and ADAMTS 5 and increase collagen II, ag-
grecan, and SIRT1 compared with the NC and empty vector groups,
whereas the AAV-2-circRNA_0000253-siRNA + AAV-2-miRNA-
141-5p-inhibitor group could increase caspase-3, caspase-7, cas-
pase-9, MMP-3, MMP-13, ADAMTS4, and ADAMTS 5 and decrease
collagen II, aggrecan, and SIRT1 compared with the AAV-2-
circRNA_0000253-siRNA group (Figure 6G). H&E (Figure 6H) and
SafraninO-Fast Green (Figure 6I) staining showed similar results to
MRI. The TUNEL assay results demonstrated that AAV-2-
circRNA_0000253-siRNA could significantly reduce apoptosis of
Figure 5. Exosomes from NPCs of Different Degeneration Levels Could Regula

(A) MRI showed rat disc degeneration in the NC, mild-degeneration, and severe-dege

degeneration, and severe-degeneration groups. (C and D). H&E (C) and SafraninO-Fast

degeneration groups. Scale bar, 500 mm. (E) WB showed caspase-3, caspase-7, casp

expression in the NC, mild-degeneration, and severe-degeneration groups. Nuclei wer

end labeling (TUNEL) staining showed apoptosis of the NP in the NC, mild-degeneratio
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NPCs compared with the NC and empty vector groups, and the
AAV-2-circRNA_0000253-siRNA + AAV-2-miRNA-141-5p-inhibi-
tor could increase apoptosis of NPCs when compared with the AAV-
2-circRNA_0000253-siRNA group, whereas no significant differ-
ences in NPC apoptosis were detected between the NC and empty
vector groups (Figure 6J).

DISCUSSION
Exosomes are known as transporters that deliver cargoes fromparental
cells to recipient cells to regulate pathophysiological processes,
including immune responses, inflammation, tumor growth, and infec-
tion in a paracrine manner, and healthy subjects and patients with
different diseases release exosomes with different nucleic acid and pro-
tein contents into the circulation.20,21 Exosomes have been demon-
strated to play important roles in regulating IDD, and accumulating
studies have confirmed that MSC transplantation could regulate
IDD progression through paracrine effects. Exosomes are a critical
bioactive component of MSC secretion andmay serve as an alternative
to MSC-based therapy.22 However, the regulation of IDD by NPC au-
tocrine exosomes remains unknown. In this study, exosomes were
found to be abundant in the medium of NPCs, and NPCs of different
degenerative grades secreted different amounts of exosomes, with
NPCs of high-degenerative grade secreting more exosomes than
normal NPCs. The results confirmed that exosomes were differentially
expressed in NPCs and may regulate or provide biological markers for
IDD. Further studies were carried out to explore the effect of exosomes
on IDD, and the results showed that exosomes secreted byNPCs with a
higher degeneration level could promote apoptosis and inhibit the
proliferation of NPCs compared with those secreted by NPCs with a
low-degeneration level or normal NPCs. It has been confirmed that
exosomes can regulate IDD by releasing nucleic acids or proteins.
Thus, it is important to clarify the molecules contained in NPC exo-
somes and their regulation of IDD as well as the potential mechanism.

Studies regarding the molecular drivers of IDD have been performed
over the past few years, and circRNAs have been regarded as key
players in the pathogenesis of IDD.3,23 circRNAs regulate IDD by
acting as post-transcriptional regulators, and they can interact with
miRNAs as miRNA sponges and ceRNAs in the NPC cytoplasm.24,25

Our previous research results show that circRNAs are abundant in
IDD NPCs and play important roles in regulating IDD. Further
studies were carried out to explore the role of exosomal circRNAs
in regulating IDD. The 10 most upregulated circRNAs were selected
for exosome PCR verification, and circRNA_0000253 was confirmed
to be the most upregulated. ceRNA and PCR results showed that
circRNA_0000253 may competitively absorb miRNA-141-5p to
regulate IDD.
te Rat IDD

neration groups. (B) X-ray showing the disc height index (%DHI) of the NC, mild-

Green (D) staining compared rat NP among the NC, mild-degeneration, and severe-

ase-9, MMP-3, MMP-13, ADAMTS4, ADAMTS 5, collagen II, aggrecan, and SIRT1

e stained with DAPI. (F) Terminal deoxynucleotidyl transferase-mediated dUTP nick

n, and severe-degeneration groups. Scale bar, 50 mm.
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SIRT1 is an Nicotinamide adenine dinucleotide (NAD)+-dependent
deacetylase that can reduce apoptosis in several different cells.
SIRT1 has also been proven to play a protective role in the survival
of degenerative human NPCs26–28. The underlying mechanism
regarding SIRT1 regulation of IDD remains controversial. A study
showed that SIRT1 exerts anti-inflammatory effects against inter-
leukin (IL)-1b-mediated degeneration of NPCs through the Toll-
like receptor 2 (TLR2)/SIRT1/nuclear factor kB (NF-kB) pathway,29

whereas another study showed that SIRT1 ameliorates oxidative
stress-induced senescence of rat NPs regulated by the Akt/FoxO1
pathway.26 miRNAs are highly conserved molecules that can post-
transcriptionally regulate protein expression levels. Aberrant miRNA
expression has been detected in various musculoskeletal disorders,
including osteoporosis, osteoarthritis, rheumatoid arthritis, and
IDD.30,31 A large number of miRNAs are differentially expressed in
IDD tissues and cells. Among these, some of the miRNAs have
been shown to be involved in multiple pathological processes during
IDD progression, including apoptosis, ECM degradation, cell prolif-
eration, and inflammatory response.32 In this study, we confirmed
that circRNA_0000253 could downregulate SIRT1 to promote IDD,
and a previous study showed that miRNA-141 could directly target
SIRT1 to promote IDD progression.33 Since miRNA-141-3p is the
commonly detected strand (miRNA-141), whereas miRNA-141-5p*
is the rare strand, we speculated that miRNA-141-5p could inhibit
IDD by downregulating miRNA-141-3p (miRNA-141) in IDD. As
described above, we demonstrated that circRNA_0000253 regulates
IDD by sponging miRNA-141-5p. Competitive adsorption of miRNA
by circRNA to regulate IDD was also confirmed by our previous
study.9 More studies are needed to confirm the direct interaction be-
tween circRNA_0000253 and miRNA-141-5p. PCR showed that
circRNA_0000253 could inhibit miRNA-141-5p expression in
NPCs. The dual-luciferase reporter assay confirmed that
circRNA_0000253 could directly act on miRNA-141-5p. The FISH
results showed that circRNA_0000253 and miRNA-141-5p were ex-
pressed in both the nucleus and cytoplasm of NPCs. Experiments on
NCP proliferation and apoptosis showed that circRNA_0000253
could promote apoptosis and inhibit proliferation of NPCs by
competitive adsorption of miRNA-141-5p.

The AAV vector is well suited for gene transfer in vivo due to its low
immunogenicity and high safety.34,35 The observed rapid and pro-
longed upregulation of protein expression and increased matrix syn-
thesis indicated that AAV-mediated therapeutic gene transfer could
Figure 6. circRNA_0000253 Promotes Rat IDD by Competitively Adsorbing miR

(A) Electron microscopy showed the shape of exosomes isolated from normal and de

proteins in exosomes isolated from normal and degenerative rat NPCs. (C) The particle s

(D) PCR showed the expression of circRNA_0000253 and miRNA-141-5p in normal an

the NC, empty vector, AAV-2-circRNA_0000253-siRNA, and AAV-2-circRNA_00002

among the NC, empty vector, circRNA_0000253 siRNA, and circRNA_0000253 siR

caspase-9, MMP-3, MMP-13, ADAMTS4, ADAMTS 5, collagen II, aggrecan, and S

circRNA_0000253 siRNA + antagomiRNA-141-5p groups. (H and I) H&E (H) and Safranin

circRNA_0000253-siRNA, and AAV-2-circRNA_0000253-siRNA + AAV-2-miRNA-141-

NP in the NC, empty vector, circRNA_0000253 siRNA, and circRNA_0000253 siRNA
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be a promising treatment for IDD in vivo.34 Another study showed
that AAV-mediated BMP-7 and SOX9 cotransfection in vitro can pro-
mote the synthesis of collagen II in NPCs in a human-degenerative
intervertebral disc.36 In this study, a degenerative spine model in rats
was generated by acupuncture of the intervertebral disc, and AAV-2
carrying specific genes was injected into rat intervertebral disc tissue.
The rats were randomly divided into the following four groups: NC
(normal saline), AAV-2-empty vector, AAV-2-circRNA_0000253
siRNA, and AAV-2- circRNA_0000253 siRNA + AAV-2-miRNA-
141-5p-inhibitor. The results showed that circRNA_0000253 could
promote rat IDD by competitively inhibiting miRNA-141-5p and
downregulating SIRT1. Therefore, the role of circRNA_0000253 in
regulating IDD was confirmed in vitro and in vivo.
MATERIALS AND METHODS
Patient Samples and circRNA Microarray Analysis

NP specimens for microarray analysis were obtained from 8 patients:
4 NP specimens were obtained from Hirayama disease (HD) patients
(3 males and 1 female; age 17.3 ± 4.1 years; Pfirrmann grade, 1),37

whereas another 4 NP specimens were obtained from patients with
cervical spondylosis undergoing discectomy (3 males and 1 female;
age 62.1 ± 15.6 years; average Pfirrmann grade, 3.4).9 The study pro-
tocol was approved by the Huashan Hospital Ethics Committee Affil-
iated with Fudan University. Informed consent was obtained from
each donor. The detailed processes of the microarray analysis are
described in our previous study.9 The NP specimens collected for
microarray analysis were obtained from the patients enrolled in our
previously published study.9
Isolation and Identification of Exosomes

NP tissues were harvested from the intervertebral disc and then incu-
bated with 0.25 mg/mL collagenase II for 4 h at 37�C (Invitrogen,
Carlsbad, CA, USA). The NP tissues for NPC isolation were from
the patients enrolled in the present study. We filtered the digested tis-
sue with 70 mm pore-size mesh and cultured the NPCs in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, USA),
supplemented with 10% fetal bovine serum (FBS; Invitrogen), 1%
penicillin-streptomycin (Sigma, USA), 2 mM glutamine (Sigma,
USA), and 50 mg/mL L-ascorbic acid (Sigma) in a humidified 37�C
incubator with 5% CO2. Second-passage NPCs were cultured in a
monolayer for further experiments, including exosome isolation.
NA-141-5p

generative rat NPCs. Scale bar, 50 nm. (B) WB showed the expression of marker

izes and number of exosomes were determined by a ZetaView nanoparticle tracker.

d degenerative rat NPC exosomes. (E) MRI compared rat disc degeneration among

53-siRNA + AAV-2-miRNA-141-5p-inhibitor groups. (F) X-ray showing the %DHI

NA + antagomiRNA-141-5p groups. (G) WB shows the caspase-3, caspase-7,

IRT1 expression among the NC, empty vector, circRNA_0000253 siRNA, and

O-Fast Green (I) staining compared the rat NP among the NC, empty vector, AAV-2-

5p-inhibitor groups. Scale bar, 500 mm. (J) TUNEL staining showed apoptosis of the

+ antagomiRNA-141-5p groups. Scale bar, 50 mm.
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To extract exosomes from NPCs, the cell culture medium was
replaced with medium containing 10% FBS free of exosomes
(d-FBS; FBS was centrifuged at 100,000� g at 4�C for 16 h to remove
the exosomes, overnight), and 10mL of culture mediumwas collected
after centrifugation at 3,000� g for 15 min. Exosomes were extracted
from the NPC culture medium using a Total Exosome Isolation Exo-
Quick PLUS Exosome Purification Kit (System Biosciences [SBI],
USA), according to the manufacturer’s protocol.38,39 The exosomes
were purified and then stored in 50–100 mL of particle-free PBS
(pH 7.4) at �80�C. Total RNA was extracted from the exosomes by
using TRIzol reagent (Life Technologies, USA), followed by RT-
PCR as described below. Exosomes were further analyzed by electron
microscopy to verify their presence, by a nanoparticle characteriza-
tion system to measure their size and concentration, and by WB to
detect marker proteins (CD9, CD63, and CD81).
Quantitative Real-Time PCR

Total RNA was extracted from the exosomes using TRIzol reagent
(Life Technologies, USA). The expression level of upregulated genes
was assessed by quantitative real-time PCR according to themanufac-
turer’s guidelines. Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used to normalize circRNA and mRNA expression
levels, and U6 was used to normalize miRNA expression levels. The
primers used for PCR are provided in Table S1.
ceRNA Analysis

The circRNA with the highest upregulation was selected based on
exosome real-time PCR. ceRNA analysis was carried out. A
circRNA-miRNA network was constructed to predict the possible
interactions between the selected circRNA and sponged miRNAs by
using Arraystar software, which was developed based on TargetScan
and miRanda.
Luciferase Reporter Assay

The 30 UTR of circRNA_0000253 was inserted into the luciferase vec-
tor. NPCs were cotransfected with the vector and miRNA-141-5p.
The specific primers are provided in Table S1. miRNA-141-5p or
NC oligonucleotides were cotransfected with the pmiR-RB-Report
vector, with or without the 30 UTR sequence of circRNA_0000253,
using Opti-MEM (Invitrogen) and Lipofectamine 3000. Luciferase
activity was measured using the Dual-Luciferase Reporter Assay
System (Promega) after cotransfection. A histogram was constructed
to visualize the experimental results.
Northern Blot and Pull-Down Assay

Northern blotting was carried out based on the manufacturer’s pro-
tocol.3 The blot was visualized using the ChemiDoc XRS system. A
digoxin-labeled 18S or U6 probe was used as a control. For the pull-
down assay, a biotinylated DNA probe complementary to
circRNA_0000253 was synthesized and dissolved in 500 mL of lysis
buffer. The probes were incubated with streptavidin-coated mag-
netic beads at 25�C for 3 h. The cell lysates were incubated with
probe-coated beads. The RNA mixture was eluted and extracted
for northern blot analysis. The probe sequences are provided in
Table S2.

FISH

The FISH assay was performed using RNA samples and SIRT1
FISH Probe and Kit (Roche, Indianapolis, IN, USA), according
to the manufacturer’s guidelines. NPCs were fixed in 4% parafor-
maldehyde and permeabilized with 0.1% Triton X-100. After pre-
hybridization for 30 min, NPCs were hybridized with specific
probes at 37�C overnight (Fluorescent In Situ Hybridization Kit;
RiboBio). Nuclei were counterstained with 40,6-diamidino-2-phe-
nylindole (DAPI). RNA and the SIRT1 gene appeared as red
signals, and DAPI appeared as a blue signal. Fluorescence signals
were captured by an OLYMPUS laser confocal microscope
FV1000 (Olympus, Tokyo, Japan). The probe sequences are pro-
vided in Table S3.

Synthesis of siRNAs and Cell Transfection

siRNAs were synthesized that targeted the back-splice junction of
circRNA_0000253 (circRNA_0000253 siRNA, circRNA_0000253
siRNA) and miRNA-141-5p (antagomiRNA-141-5p) (GenePharma,
Shanghai). NPCs were transfected with circRNA_0000253 siRNA,
antagomiRNA-141-5p, and NC sequences using Lipofectamine
2000 (Invitrogen), according to the manufacturer’s instructions.
The synthesized gene primers are described in Table S4.

Western Blotting

WB was carried out based on standard methods. The proteins were
separated on a 10% sodium dodecyl sulfate-polyacrylamide gel and
then transferred to polyvinylidene fluoride (PVDF) membranes.
The membranes were blocked in 5% milk for 30 min and incubated
with primary antibody (dilution 1:200; anti-GAPDH dilution
1:1,000; Santa Cruz Biotechnology) for 12 h. The blots were rinsed
several times with Tris-buffered saline containing 0.05% Tween-20
(TBST). The PVDF membranes were then incubated for 2 h
with a secondary goat anti-rabbit antibody (1:1,000; Santa Cruz
Biotechnology).

NPC Proliferation Assay

Flow cytometry and CCK-8 analyses were carried out to detect NPC
proliferation. For the flow cytometry assay, NPCs were plated into
6-well plates at a density of 1� 105 cells per well. NPC apoptosis rates
were assessed by flow cytometry using the Annexin V/propidium
iodide (PI) apoptosis detection kit (BD Biosciences, NJ, USA).
NPCs were washed twice with PBS, resuspended in binding buffer,
and incubated with 5 mL fluorescein isothiocyanate (FITC)-Annexin
V and 5 mL PI for 15 min at room temperature (RT). NPC staining
was then observed and analyzed with a FACScan system (Becton
Dickinson, CA, USA).

For the CCK-8 analysis, NPCs were inoculated into 96-well plates at
104 cells per well and incubated overnight at 37�C in 5% CO2 incuba-
tors. Then, 20 mL CCK-8 (Dojindo Molecular Technologies, Kyushu,
Japan) was added to each plate, and the NPCs were cultured in a
Molecular Therapy: Nucleic Acids Vol. 21 September 2020 1097
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humidified 37�C incubator with 5% CO2 for 4 h. Absorbance was
determined using a microplate reader (Bio-Rad, Hercules, CA,
USA) at 450 nm.

Sprague-Dawley (SD) Rat In Vivo Studies

SD rats were purchased from Shanghai Slake Laboratory Animal
(Shanghai, China) and housed at the Animal Laboratory Centre, Basic
Medical College, Fudan University (8 weeks old, 290–310 g). All
enrolled SD rats were male. All animal procedures were approved
by the Animal Care and Use Committee of Fudan University and
were in accordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals.

Exosomes from Different Degenerative SD Rats Were Injected

into SD Rat Discs

The SD rats were anaesthetized with pentobarbital by intraperitoneal
injection (35mg/kg). A rat-tail model of degenerative vertebrae was es-
tablished by acupuncture of selected intervertebral discs using a 24G
syringe needle. The NP of rats was separated from degenerative and
normal rat discs and cultured in medium. The rats were randomly
divided into 3 groups and injected with saline, normal rat NPC me-
dium, or degenerative rat NPC medium (1 mL). MR images and X-
rays were taken 4 weeks after the injection. The MR images were ob-
tained using a Siemens Trio Tim 3.0T MR scanner (Siemens Medical
Solutions, Erlangen, Germany) with a quadrature extremity coil
receiver at the scheduled time. The degree of disc degeneration was
evaluated by MR based on a modified Thompson classification40 and
by X-ray (Philips, Netherlands) based on the disc height. The NP tis-
sues were collected for H&E, SafraninO-Fast Green staining, and TU-
NEL assays, and the stained slides were viewed under a fluorescence
microscope. The staining procedure was carried out based on standard
methods.41 WB was carried out to detect the expression of caspase-3,
caspase-7, caspase-9, MMP-3, MMP-13, ADAMTS4, ADAMTS 5,
collagen II, aggrecan, and SIRT1 in NP tissues.

Isolation and Identification of SD Rat Exosomes

The SD rats were anaesthetized with pentobarbital by intraperitoneal
injection (35 mg/kg). A rat-tail model of degenerative vertebrae was
established by acupuncture of selected intervertebral discs, and the
intervertebral disc NP of rats was separated from degenerative and
normal rat discs and cultured in medium. Exosomes were extracted
from the NPC culture medium, according to the manufacturer’s pro-
tocol. Exosomes were further analyzed by electron microscopy to
verify their presence, by a nanoparticle characterization system to
measure their size and concentration, and by WB to detect marker
proteins (CD9, CD63, and CD81). PCR was also carried out to
explore the expression of circRNA_0000253 and miRNA-141-5p be-
tween normal and degenerative rat NPC exosomes.

Functional Verification of circRNA_0000253 In Vivo

The ratswere randomly divided into 4 groups.A rat-tailmodel of degen-
erative vertebrae was also established by acupuncture of selected inter-
vertebral discs (Co5/6, Co6/7, and Co7/8). AAV-2 was synthesized by
Shanghai GeneChem (Shanghai, China). 4 weeks after the modeling,
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the 4 groups of ratswere injectedwith normal saline,AAV-2-empty vec-
tor, AAV-2-circRNA_0000253-siRNA, or AAV-2-circRNA_0000253-
siRNA + AAV-2-miRNA-141-5p-inhibitor (1.5 mL, 3.65E+12 vector
genomes [v.g.]/mL). The synthesized targeting sequence is described
in Table S5. SD rats were anaesthetized with 1% pentobarbital sodium
at a dose of 45 mg/kg. MR images and X-rays were taken 4 weeks after
the AAV-2 injection. The MR images were obtained using a Siemens
Trio Tim 3.0TMR scanner (Siemens Medical Solutions, Erlangen, Ger-
many) with a quadrature extremity coil receiver at the scheduled time.
The degree of disc degeneration was evaluated byMR based on a modi-
fied Thompson classification40 and by X-ray (Philips, Netherlands)
based on the disc height. TheNP tissueswere collected forH&E staining
and TUNEL assays, and the stained slides were viewed under a fluores-
cencemicroscope. The stainingprocedurewas carriedout basedon stan-
dardmethods41.WBwas carried out to detect the expression of caspase-
3, caspase-7, caspase-9, MMP-3, MMP-13, ADAMTS4, ADAMTS 5,
collagen II, aggrecan, and SIRT1 in NP tissues. The SD rats were sacri-
ficed by cervical spine dislocation after the experiment.

Statistical Analyses

SPSS 21.0 was used for statistical analyses. Data are described as the
mean ± SD. Student’s t test was used to compare two groups, and
one-way analysis of variance (ANOVA), followed by Dunnett’s post
hoc test, was used to compare more than two groups. Differences
were considered statistically significant when p <0.05.
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