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ABSTRACT

Intervertebral disc degeneration (IDD) is the prevailing spine disorder and is associated with musculoskeletal
disease. The extracellular matrix (ECM) degradation is an essential hallmark of IDD progression. Circular RNAs
(circRNAs), as crucial cellular regulators, participate in multiple pathological processes including IDD. Here, we
tried to explore the effect of circITCH on the ECM degradation of IDD and the underlying mechanism. Significantly,
the expression levels of circlTCH were elevated in the IDD patients’ nucleus pulposus (NP) tissues relative to that
of normal cases. CircITCH promoted apoptosis and decreased proliferation of NP cells. CirclTCH contributed to
ECM degradation, as demonstrated by increased ADAMTS4 and MMP13 expression and decreased aggrecan and
collagen 1l expression. Mechanically, miR-17-5p could be sponged by circlTCH and miR-17-5p inhibited ECM
degradation by repressing SOX4 in degenerative NP cells. CircITCH could activate Wnt/B-catenin pathway by
targeting miR-17-5p/SOX4 signaling. SOX4 overexpression, miR-17-5p inhibitor, or Wnt/B-catenin signaling
activator LiCl was able to reverse circITCH knockdown-inhibited apoptosis and ECM degradation, and circITCH
knockdown-enhanced proliferation in NP cells. Thus, we conclude that circlTCH promotes ECM degradation in IDD
by activating Wnt/B-catenin through miR-17-5p/SOX4 signaling. Our finding presents novel insight into the
mechanism that circITCH modulates the IDD progression. CircITCH and SOX4 may serve as potential targets for
IDD therapy.

INTRODUCTION

Low back pain is a common disease and approximately
80% of people experience this disease in their lifetime,
leading to social and health burden [1]. The current
etiology connects back pain with intervertebral disc
degeneration (IDD) [2, 3]. The intervertebral disc (IVD)
comprises the internal nucleus pulposus and peripheral
annulus fibrosus [4, 5]. IDD generally presents

extracellular matrix (ECM) reconstruction and a large
amount of apoptosis [6]. Therefore, the understanding
of the modulation mechanism of ECM degeneration is
critical for developing practical therapeutic strategy of
IDD and is urgently needed.

Circular RNAs (circRNAS) serve as an emerging kind of
regulatory RNAs that forms a loop structure without 5'-3'
polyadenylated or polarities tails [7]. Most of the
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circRNAs show a more considerable stability degree than
linear RNAs and are conserved among different species
[8]. CircRNAs primarily derive from exons by a back-
splice process. CircRNAs have been identified to interact
with miRNA by functioning as competitive endogenous
RNAs (ceRNAs) of miRNAs and affect the target mMRNA
expression [4, 9]. Meanwhile, some investigations have
reported several circRNAs in modulating IDD. For
example, CircFAM169A modulates IDD by regulating
the miR-583/BTRC axis [10]. CircGRB10 is involved in
the molecular circuits repressing human IDD [11].
Moreover, the role of circular RNA ITCH (circITCH) in
cancer progression has been well identified. circITCH is
able to induce cell apoptosis and inhibits cell proliferation
in multiple cancer models [12, 13]. However, the role of
circITCH in IDD regulation remains unreported.

MicroRNAs (miRNAs) are 17-25 nucleotides small-
non-coding RNA and present important functions in
different biological processes, including differentiation,
proliferation, and apoptosis, by regulating various gene
expressions [14, 15]. Meanwhile, miRNAs play important
functions in the modulation of IDD development. It has
been found that the miR-154 elevation enhances the
ECM degradation of IDD [16]. CircSEMA4B regulated
miR-431 modulating IL-1p-related degradative variations
in IDD by Wnt signaling [17]. MiR-221 attenuates the
protective influence of estrogen on IDD by targeting ER-
a [18]. MiR-222-3p increases the development of IDD by
regulating CDKN1B [19]. MiR-2355-5p represses
ERFFIL in restraining inflammation and proliferation of
NP cells [20]. Besides, the function of miR-17-5p has
been reported in multiple diseases, such as spinal cord
injury, hypoxic-ischemic brain injury, and cancer [21-
23]. Moreover, Wnt/B-catenin activation in IDD
progression can enhance ECM [24]. Besides, several
studies have well-recognized that the inhibition of sex-
determining region Y-related high mobility group box 4
(SOX4) represses the Wnt/B-catenin pathway [25].
However, the correlation of circlTCH with miR-17-5p
and SOX4 in the modulation of ECM of IDD
development remains elusive.

Here, we were interested in the exploration of circlTCH
functions in the modulation of IDD. We discovered a
novel function of circITCH in promoting the ECM
degradation of IDD by targeting miR-17-5p/SOX4/Wnt/
B-catenin axis.

RESULTS

CircITCH induces NP cell apoptosis and reduces NP
cell proliferation

For the evaluation of the potential association of
circlTCH with IDD, we analyzed the expression of

circlTCH in IDD patients and related normal subjects.
CirclITCH expression was elevated in NP tissue of IDD
patients (n=90) relative to that of normal cases (n=90)
(Figure 1A). Given that abnormal circlTCH expression
in the nucleus pulposus tissues of IDD patients, we
analyzed the impact of circITCH on NP cell apoptosis
and proliferation. To this end, the NP cells were
infected with lentiviral plasmids carrying circITCH
shRNA or corresponding control shRNA or transfected
with the control vector or the circTCH overexpression
vector. The efficiency of circITCH depletion and
overexpression was validated in the cells (Figure 1B).
CCK-8 assays showed that the NP cell proliferation was
inhibited by circlTCH overexpression but enhanced by
circITCH knockdown (Figure 1C, 1D), indicating that
circlTCH inhibits NP cell proliferation. Moreover, the
overexpression of circlTCH enhanced while circlTCH
knockdown reduced apoptosis of NP cells (Figure 1E),
suggesting that circlITCH is able to induce NP cell
apoptosis. We found that circlTCH shRNA-2 presented
a higher efficiency, which was selected in the sub-
sequent experiments. Moreover, circlTCH over-
expression increased while circITCH knockdown
decreased Bax, cleaved caspase3, and cleaved caspase9
expression in NP cells (Figure 1F).

CirclTCH promotes ECM degradation of
degenerative NP cells

To assess the role of circITCH in the modulation of
extracellular matrix (ECM) degradation, the NP cells
were infected with lentiviral plasmids carrying circITCH
shRNA or corresponding control shRNA or transfected
with the control vector or the circITCH overexpression
vector. We analyzed the cellular expression of EMC
degradation biomarkers, including aggrecan, collagen 11,
MMP13, and ADAMTSA4. Significantly, the levels of
aggrecan and collagen Il were inhibited by circITCH
overexpression but enhanced by the circITCH
knockdown in the cells (Figure 2A, 2B). The over-
expression of circTCH increased while the circITCH
knockdown reduced the expression of MMP13 and
ADAMTS4 in the cells (Figure 2C, 2D). Similarly,
Western blot analysis presented the similar results
(Figure 2E). Together these data suggest that circITCH
promotes ECM degradation in NP cells.

CirclITCH is able to sponge miR-17-5p in NP cells

Next, we explored the mechanism of circITCH-
mediated ECM degradation in NP cells. We identified
the potential interaction between circITCH and miR-17-
5p in the bioinformatic analysis (Figure 3A). Then, we
treated the NP cells with miR-17-5p mimic, and the
efficiency was verified in the cells (Figure 3B).
Remarkably, the miR-17-5p mimic reduced the
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luciferase activities of circlTCH but not the circlTCH
mutant (Figure 3C). Moreover, NP cells were infected
with lentiviral plasmids carrying circlTCH shRNA or
corresponding control shRNA or transfected with
circlTCH  overexpression  vector. Notably, the
overexpression of circlTCH reduced, but the depletion
of circITCH enhanced the expression of miR-17-5p in
the cells (Figure 3D). Together these data suggest that
circTCH is able to sponge miR-17-5p in NP cells.

MiR-17-5p inhibits
degenerative NP cells

ECM degradation in the

Then, we investigated further the functions of miR-17-
5p in modulation of ECM degradation. NP cells were
transfected with miR-17-5p mimic, and the depletion
was validated in the cells (Figure 4A). The expression
levels of collagen Il and aggrecan were up-regulated by
miR-17-5p in NP cells (Figure 4B, 4C). The treatment of
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Figure 1. CircITCH inhibits the proliferation and induces apoptosis of NP cells. (A) The expression levels of circlTCH were measured
by qPCR in the NP tissues of IDD patients (n=90) and normal cases (n=90). (B—F) The NP cells were infected with lentiviral plasmids carrying
circITCH shRNA or corresponding control shRNA or transfected with the pcDNA3.1 or the pcDNA3.1-circITCH overexpression vector. (B) The
expression levels of circlTCH were examined by qPCR in the cells. (C, D) The cell proliferation was analyzed by CCK-8 assays in the cells. (E) Cell
apoptosis was tested by flow cytometry analysis in the cells. (F) The expression of Bax, caspase3, cleaved caspase3 (c-caspase3), caspase9,
and cleaved caspase9 (c-caspase9) was measured by Western blot analysis. Data are presented as mean + SD. Statistic significant differences

were indicated: * P < 0.05.
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miR-17-5p mimic notably inhibited the expression of
MMP13 and ADAMTS4 in the cells (Figure 4D, 4E).
Similarly, Western blot analysis demonstrated the similar
results in the system (Figure 4F), suggesting that miR-17-
5p inhibits ECM degradation in the degenerative NP cells.

MiR-17-5p targets SOX4 in NP cells

We then discovered the mechanism of miR-17-5p-
requlated ECM degradation in the degenerative NP

cells. We identified the miR-17-5p-targeted site in
SOX4 3’ UTR based on bioinformatic analysis (Figure
5A). To determine the influence of miR-17-5p on
SOX4, we treated the NP cells with miR-17-5p mimic,
and the efficiency was validated in the cells (Figure
5B). Significantly, the miR-17-5p mimic treatment
attenuated luciferase activities of wild type SOX4 but
not the SOX4 mutant in the NP cells (Figure 5C).
Furthermore, the mRNA and protein expression of
SOX4 were significantly repressed by miR-17-5p
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Figure 2. CircITCH promotes ECM degradation of degenerative NP cells. (A—E) The NP cells were infected with lentiviral plasmids
carrying circlTCH shRNA or corresponding control shRNA or transfected with the pcDNA3.1 or the pcDNA3.1-circITCH overexpression vector.
(A-D) The mRNA expression of collagen Il (A), aggrecan (B), MMP13 (C), and ADAMTS4 (D) was measured by gPCR in the cells. (E) The protein
expression of collagen Il, aggrecan, MMP13, ADAMTS4, and B-actin was tested by Western blot analysis in the cells. Data are presented as

mean + SD. Statistic significant differences were indicated: * P < 0.

05.
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mimic in the NP cells (Figure 5D, 5E), suggesting that
miR-17-5p is able to target SOX4 in the NP cells.
Moreover, miR-17-5p mimic elevated the expression of
collagen Il and aggrecan while inhibited the expression
of MMP13 and ADAMTS4, in which the over-
expression of SOX4 could reverse these effects in the
NP cells (Figure 5F), implying that miR-17-5p
attenuates ECM degradation by targeting SOX4 in the
NP cells.
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CircITCH activates Wnt/p-catenin pathway by
targeting miR-17-5p/SOX4

Next, depletion of circITCH reduced expression of
SOX4, in which the miR-17-5p inhibitor reversed the
phenotype (Figure 6A). Moreover, we found that the
expression of Wntl, B-catenin, c-Myc, and Cyclin D1
was inhibited by circITCH knockdown, and the
overexpression of SOX4 or Wntl/B-catenin signaling
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Figure 3. CircITCH serves as a miR-17-5p sponge in NP cells. (A) The potential interaction between circlTCH and miR-17-5p was
identified by the bioinformatic analysis using ENCORI (http://starbase.sysu.edu.cn/index.php). (B, C) The NP cells were treated with the miR-

17-5p mimic or control mimic. (B) The expression levels of miR-17-5p were measured by gPCR in the cells. (C) The luciferase activities of wild
type circlTCH (circlTCH WT) and circITCH with the miR-17-5p-binding site mutant (circlTCH MUT) were determined by luciferase reporter
gene assays in the cells. (D) The NP cells were infected with lentiviral plasmids carrying circITCH shRNA or corresponding control shRNA or
transfected with the pcDNA3.1 or the pcDNA3.1-circITCH overexpression vector. The expression of miR-17-5p was analyzed by gPCR in the
cells. Data are presented as mean + SD. Statistic significant differences were indicated: * P < 0.05, ** P < 0.01.
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activator LiCl could rescue the expression, in which the
co-treatment of miR-17-5p mimic further reversed the
effect (Figure 6B, 6C). Taken together, these data
suggest that circlTCH can activate Wnt/B-catenin
pathway by targeting miR-17-5p/SOX4 signaling.

CircITCH contributes to ECM degradation of
degenerative NP cells by miR-17-5p/SOX4/Wnt/g-
catenin axis

We further explored the role of the miR-17-
5p/SOX4/Wnt/B-catenin signaling in the circlITCH-
mediated ECM degradation of NP cells. Significantly,
the depletion of circlTCH enhanced the NP cell
proliferation, in which the SOX4 overexpression, miR-
17-5p inhibitor, or LiCl could block the enhancement
(Figure 7A). Meanwhile. the SOX4 overexpression,
miR-17-5p inhibitor, or LiCl was able to rescue
circlTCH knockdown-inhibited apoptosis of NP cells
(Figure 7B). Moreover, the expression of aggrecan and
collagen 1l was enhanced while the expression
of MMP13 and ADAMTS4 was reduced by
circlTCH depletion, in which the SOX4 overexpression,
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miR-17-5p inhibitor, or LiCl could reverse the effect
(Figure 7C). Together these indicate that circITCH
contributes to ECM degradation of degenerative NP
cells by miR-17-5p/SOX4/Wnt/B-catenin axis.

DISCUSSION

IDD serves as the principal contributor to low back
pain, in which ECM degeneration is an essential
hallmark [26]. CircRNAs are involved in the
modulation of IDD. Nevertheless, the role of circlTCH
in IDD progression and ECM remain obscure. In this
study, we identified that circlTCH promoted the ECM
degradation of IDD by regulating miR-17-
5p/SOX4/Wnt/B-catenin signaling.

Multiple circRNAs are involved in the modulation of
IDD. Circ4099 is activated by TNF-a and modulates
ECM by inhibiting miR-616-5p and up-regulating
SOX9 in IDD [27]. CircERCC2 ameliorates IDD by
modulating apoptosis and mitophagy via miR-182-
5p/SIRT1 signaling [28]. CircSEMA4B controls IL-1p-
related degradative alterations in NP cells in IDD by
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Figure 4. MiR-17-5p inhibits ECM degradation in the degenerative NP cells. (A—F) The NP cells were treated with the miR-17-5p
mimic or control mimic. (A) The expression levels of miR-17-5p were tested by qPCR in the cells. (B—E) The mRNA expression of collagen Il (B),
aggrecan (C), MMP13 (D), and ADAMTS4 (E) was measured by gPCR in the cells. (F) The protein expression of collagen Il, aggrecan, MMP13,
ADAMTS4, and B-actin was determined by Western blot analysis in the cells. Data are presented as mean + SD. Statistic significant differences

were indicated: * P < 0.05, ** P <0.01.
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Figure 5. MiR-17-5p targets SOX4 in NP cells. (A) The interaction of miR-17-5p and SOX4 3’ UTR was identified by bioinformatic analysis
using Targetscan (http://www.targetscan.org/vert 72/). (B—E) The NP cells were treated with the miR-17-5p mimic or control mimic. (B) The
expression levels of miR-17-5p were measured by gPCR in the cells. (C) The luciferase activities of wild type SOX4 (SOX4 WT) and SOX4 with
the miR-17-5p-binding site mutant (SOX4 MUT) were determined by luciferase reporter gene assays in the cell. (D) The mRNA expression of
SOX4 was analyzed by gPCR in the cells. (E) The protein expression of SOX4 and B-actin was tested by Western blot analysis in the cells. (F)
The protein expression of collagen I, aggrecan, MMP13, ADAMTS4, and B-actin was analyzed by Western blot analysis in the NP cells treated
with control mimic, miR-17-5p mimic, or co-treated with miR-17-5p mimic and pcDNA3.1-SOX4 overexpression vector. Data are presented as
mean * SD. Statistic significant differences were indicated: * P < 0.05, ** P <0.01.
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targets miR-431/Whnt signaling [17]. CircVMAZ21 inhibits
IDD via regulating miR-200c [29]. CircTIMP2 serves as a
competing endogenous RNA and modulates IDD through
mediating matrix metalloproteinase two and miR-185-5p
[30]. Here, we identified that circITCH was elevated in
the IDD patients. CirclTCH enhanced NP cell apoptosis
and attenuated NP cell proliferation. CircITCH
contributed to the ECM degradation of degenerative NP
cells. These data elucidate a novel role of circITCH in the
IDD development, providing crucial evidence of the
function of circRNAs in the IDD progression. Meanwhile,
whether circTCH is the most evident circRNA that was
found to be overexpressed and the clinical significance of
circITCH in IDD remain unclear and need to be explored.

As a fundamental component of non-coding RNA and
the significant interplay factors with circRNAs in

various pathological processes, miRNAs are also
involved in the modulation of IDD. It has been reported
that the silencing of microRNA-221 relieves the IDD in
the intervertebral disc cells [31]. MiR-143 increases the
progression of NP cell apoptosis by directly targeting
BCL2 [32]. Circ104670 presents a crucial role in IDD
by serving as the ceRNA of miR-17-3p [33].
MicroRNA-143-5p-targeted eEF2 modulates IDD by
the AMPK signaling [34]. It has been reported that
SOX4/ Wnt/B-catenin signaling contributes to cancer
development [35]. Moreover, Wnt/B-catenin signaling
activation and up-regulation of SOX4 contribute to
ECM and IDD progression [36—39]. We showed that
miR-17-5p attenuates ECM degradation in the NP cells
by targeting SOX4. It provides valuable information
that miRNAs are involved in the regulation of IDD
development. Our mechanical investigation revealed
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Figure 6. CircITCH activates Wnt/p-catenin signaling by targeting miR-17-5p/SOX4 axis. (A) The NP cells were transfected with
control shRNA, lentiviral plasmids carrying circlTCH shRNA, or co-treated with lentiviral plasmids carrying circlTCH shRNA and miR-17-5p
inhibitor. The protein expression of SOX4 and B-actin was tested by Western blot analysis in the cells. (B, C) The NP cells were transfected
with control shRNA, lentiviral plasmids carrying circITCH shRNA, or co-treated with lentiviral plasmids carrying circlTCH shRNA and pcDNA3.1-
SOX4 overexpression vector, lentiviral plasmids carrying circITCH shRNA, pcDNA3.1-SOX4 overexpression vector, and miR-17-5p mimic, or
lentiviral plasmids carrying circlTCH shRNA and LiCl. The expression of Wntl, B-catenin, c-Myc, Cyclin D1, and B-actin was analyzed by
Western blot analysis in the cells. The results of Western blot analysis were quantified by Image) software. Data are presented as mean + SD.

Statistic significant differences were indicated: * P < 0.05, ** P < 0.01.
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that the Wnt/B-catenin signaling was inhibited by
circITCH knockdown, and the overexpression of SOX4
or Wntl/B-catenin signaling activator LiCl could rescue
the expression, in which the co-treatment of miR-17-5p
mimic further reversed the effect. The circITCH
depletion enhanced the NP cell proliferation and reduced
apoptosis, in which the SOX4 overexpression, miR-17-
5p inhibitor, or LiCl could reverse the enhancement. The
expression of aggrecan and collagen Il was enhanced
while the expression of MMP13 and ADAMTS4 was

reduced by circlTCH depletion, in which the SOX4
overexpression, miR-17-5p inhibitor, or LiCl could
reverse the effect. These data indicate that SOX4/Wnt/B-
catenin pathway was involved in circlTCH/miR-17-5p-
mediated ECM degradation of degenerative NP cells, in
which the circITCH up-regulates SOX4 expression by
targeting miR-17-5p. These data uncover an unreported
correlation of SOX4/Wnt/pB-catenin pathway with
circlTCH and miR-17-5p and provide new evidence that
SOX4 is critical for the modulation of IDD.

A C
—o— shRNA-Circ ITCH
—o— shRNA-Circ ITCH + OE-SOX4
—+— shRNA-Circ ITCH + miR-17-5p inhibitor
—— shRNA-Circ ITCH + LiCl
20+ = shRNA-ctrl collagen Il
< aggrecan
)
=
2 MMP13
o]
e
>
@ ADAMTS-4
B-actin
Time (days)
B
shRNA-Circ ITCH 20 -
. ShRNA-ctrl shRNA-Circ ITCH  + OE-SOX4
E?;zw 10.37% éirm. 3az% éioa,.m 823% ;\; 15 "
;; *
3 ,
o 101
s
g. *k
< 57
shRNA-Circ ITCH shRNA-Circ ITCH 0
ZETIR_ﬂ_Sp |?2h|b|tqerm + LiCl _ @o «OQ\ O_\_\a @\cg\ <8
i ean 2.7 % ST 2 .‘0\ Q;f'g . \é{\\ ,(;b\. O\\
N N M SN
e Q™ Y NS
&O \Q.' x @'D
*0\ x@ &0‘2‘ "bo
(¢ & N\ .{\Q
&
\«o\ ¥
é\o

Figure 7. CirclTCH contributes to ECM degradation of degenerative NP cells by modulating miR-17-5p/SOX4/Wnt/f-catenin
signaling. (A—C) The NP cells were transfected with control shRNA, lentiviral plasmids carrying circITCH shRNA, or co-treated with lentiviral
plasmids carrying circlTCH shRNA and pcDNA3.1-SOX4 overexpression vector, miR-17-5p inhibitor, or LiCl. (A) The cell proliferation was
analyzed by CCK-8 assays in the cells. (B) Cell apoptosis was tested by flow cytometry analysis in the cells. (C) The protein expression of
collagen I, aggrecan, MMP13, ADAMTS4, and B-actin was analyzed by Western blot analysis in the cells. Data are presented as mean + SD.
Statistic significant differences were indicated: * P < 0.05, ** P < 0.01.
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In conclusion, we discovered that circlTCH promoted
ECM degradation in IDD by activating Wnt/B-catenin
pathway through miR-17-5p/SOX4 signaling. Our
investigation presents novel insights into the mechanism
that circlTCH regulates the IDD progression.
CircITCH, miR-17-5p, and SOX4 may serve as
potential targets for IDD therapy.

MATERIALS AND METHODS
IDD clinical samples

A total of 90 NP tissues from IDD patients and 90
healthy samples were obtained from the Second
Affiliated Hospital of Zhejiang University School of
Medicine. All cases were diagnosed by magnetic
resonance imaging (MRI) and clinical symptoms. The
samples obtained from the patients and normal cases
were immediately frozen into the liquid nitrogen,
followed by storing at -80° C before further analysis.
The samples used in this study were under the written
approval by the patients and healthy cases. This study
conformed to the experimental guidelines of the World
Medical Association and the Ethics Committee of the
Second Affiliated Hospital of Zhejiang University
School of Medicine.

Cell culture

The NP tissues were carefully collected from the disc of
clinical samples at an aseptic condition, washed by
PBS, and separated by surgical scissor. Then, the tissue
was digested with collagenase 1l (0.025%, 4 hours,
Invitrogen, USA), followed by filtrating and
centrifugation (500 g, 10 minutes). The precipitation
was collected. NP cells were incubated at 37° C with
5% CO. in DMEM (GE, USA) containing FBS (15%,
Gibco, USA), streptomycin (0.1 mg/mL, Solarbio,
China) and penicillin (100 units/mL, Solarbio, China).
The lentiviral plasmids carrying circlTCH shRNA, the
corresponding control sShRNA, the pcDNA3.1-circITCH
overexpression vector, the lentiviral plasmids carrying
SOX4 shRNA, the corresponding control shRNA, the
pPcDNA3.1-SOX4 overexpression vector, miR-17-5p
mimic and inhibitor were obtained (GenePharma,
China) (GenScript, China). The Wnt/p-catenin signaling
activator LiCl (Aladdin, China) was used at the dose of
10 mM. The transfection in the cells was performed by
Liposome 3000 (Invitrogen, USA).

Quantitative PCR (QPCR)

Total RNA was isolated using TRIZOL Solarbio,
China) and the first-strand cDNA was manufactured
(TaKaRa, China). The gPCR was carried out via
applying SYBR-Green (Takara, China). The primer

sequences are as follows: CircITCH 5-AGGATCCCA
GGAGTTCAAAT-3', 5'-GAGTGGGCTTGACTGAAA
TAG-3'; miR-17-5p 5-ACACTCCAGCTGGGCAAAG
TGCTTACAGTGC-3', 5-TGGTGTCGTGGAGTCG-
3'; SOX4 5-AGGCTCTGAGAAACCTCGGGAAA-3,
5-AATGGACATTTACGGTAGTGGGGGAAG -3
Collagen 1T 5'-CTGGTGATGATGGTGAAG-3', 5'-CC
TGGATAACCTCTGTGA-3'; Aggrecan 5'-GTGGGAC
TGAAGTTCTTG-3', 5-GTTGTCATGGTCTGAAGT
T-3'; MMPI13 5-ACTGAGAGGCTCCGAGAAATG-
3', 5-GAACCCCGCATCTTGGCTT-3"; ADAMTS4
5'-ACCCAAGCATCCGCAATC-3’, 5'-TGCCCACAT
CAGCCATAC-3'; GAPDH 5-TATGATGATATCAA
GAGGGTAGT-3', 5-TATGATGATATCAAGAGGGT
AGT-3; U6 5'-CTCGCTTCGGCAGCACA-3', 5'-AAC
GCTTCACGAATTTGCGT-3".

CCK-8 assays

The proliferation was assessed using CCK-8 assays.
About 1x10° cells were plated in 96-well dishes and
incubated for the transfection or treatment. After 24, 48,
72, 96, and 120 hours, the cells were added with a
CCK-8 solution (KeyGEN Biotech, China) and culture
for another 2 hours at 37° C. The proliferation was
measured at a absorbance of 450nm by applying the
ELISA browser (Bio-Tek EL 800, USA).

Analysis of cell apoptosis

About 2 x 105 cells were plated on 6-well dishes. Cell
apoptosis was tested by utilizing the Annexin V-FITC
Apoptosis Detection Kit (Keygen, China). Shortly,
about 2 x 108 collected and washed cells collected by
binding buffer and were dyed at 25° C, followed by
flow cytometry analysis.

Luciferase reporter gene assay

The luciferase reporter gene assays were carried out by
using the Dual-luciferase Reporter Assay System
(Promega, USA). The cells were transfected with the
pmirGLO or pmirGLO-FLG, and LINC01215 siRNA
or ZNF652 SsiRNA by using riboFECT™ CP
Transfection Kit (RiboBio, China), followed by the
analysis of luciferase activities based on the Dual-
luciferase Reporter Assay System (Promega, USA). As
control, the luciferase activities of Renilla were
measured.

Western blot analysis

RIPA buffer (CST, USA) was used to extract the total
protein, followed by the quantification based on the
BCA method (Abbkine, USA). The proteins at same
concentration were subjected in SDS-PAGE and
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transferred (PVDF, Millipore, USA), followed by the
incubation with 5% milk and with the primary
antibodies at 4° C overnight. The corresponding second
antibodies (BOSTER, China) were used for incubating
the membranes 1 hour at room temperature, followed by
the visualization by using chemiluminescence detection
kit (Beyyotime, China). The primary antibodies applied
in this study comprising SOX4 (Abcam, USA), collagen
Il (Abcam, USA), aggrecan (Abcam, USA), MMP13
(Abcam, USA), ADAMTS4 (Abcam, USA), Bax
(Abcam, USA), caspase3 (Abcam, USA), cleaved-
caspase3 (Abcam, USA), caspase9 (Abcam, USA),
cleaved-caspase9 (Abcam, USA), pB-actin (Abcam,
USA).

Statistical analysis

Data were presented as mean + SD, and the statistical
assessment was conducted based on GraphPad prism 7.
Student’s t-test was used to compare two group. P <
0.05 were considered as statistically significant.

AUTHOR CONTRIBUTIONS

Feng Zhang performed the majority of experiments,
collected and analyzed the data, performed the
molecular investigations; Zheng Huang designed and
coordinated the research, wrote the paper.

CONFLICTS OF INTEREST
The authors declare that they have no conflicts of interest.
FUNDING

This research was supported the welfare basic research
project of Zhejiang Province (LGF19H060014).

REFERENCES

1. Urits |, Burshtein A, Sharma M, Testa L, Gold PA,
Orhurhu V, Viswanath O, Jones MR, Sidransky MA,
Spektor B, Kaye AD. Low Back Pain, a Comprehensive
Review: Pathophysiology, Diagnosis, and Treatment.
Curr Pain Headache Rep. 2019; 23:23.
https://doi.org/10.1007/s11916-019-0757-1
PMID:30854609

2. Vincent K, Mohanty S, Pinelli R, Bonavita R, Pricop P,
Albert TJ, Dahia CL. Aging of mouse intervertebral
disc and association with back pain. Bone. 2019;
123:246-59.
https://doi.org/10.1016/j.bone.2019.03.037
PMID:30936040

3. Cherif H, Bisson DG, Mannarino M, Rabau O, Ouellet
JA, Haglund L. Senotherapeutic drugs for human

10.

11.

intervertebral disc degeneration and low back pain.
Elife. 2020; 9:e54693.
https://doi.org/10.7554/elife.54693 PMID:32821059

Naeli P, Pourhanifen MH, Karimzadeh MR,
Shabaninejad Z, Movahedpour A, Tarrahimofrad H,
Mirzaei HR, Bafrani HH, Savardashtaki A, Mirzaei H,
Hamblin MR. Circular RNAs and gastrointestinal
cancers: Epigenetic regulators with a prognostic and
therapeutic role. Crit Rev Oncol Hematol. 2020;
145:102854.
https://doi.org/10.1016/j.critrevonc.2019.102854
PMID:31877535

Che YJ, Guo JB, Liang T, Chen X, Zhang W, Yang HL, Luo
ZP. Controlled immobilization-traction based on
intervertebral stability is conducive to the regeneration
or repair of the degenerative disc: an in vivo study on
the rat coccygeal model. Spine J. 2019; 19:920-30.
https://doi.org/10.1016/j.spinee.2018.10.018
PMID:30399448

Wang Z, Han L, Sun T, Ma J, Sun S, Ma L, Wu B.
Extracellular ~ matrix  derived from  allogenic
decellularized bone marrow mesenchymal stem cell
sheets for the reconstruction of osteochondral defects
in rabbits. Acta Biomater. 2020; 118:54—68.
https://doi.org/10.1016/].actbio.2020.10.022
PMID:33068746

Kristensen LS, Andersen MS, Stagsted LV, Ebbesen KK,
Hansen TB, Kjems J. The biogenesis, biology and
characterization of circular RNAs. Nat Rev Genet. 2019;
20:675-91.
https://doi.org/10.1038/s41576-019-0158-7
PMID:31395983

Chen LL. The expanding regulatory mechanisms and
cellular functions of circular RNAs. Nat Rev Mol Cell
Biol. 2020; 21:475-90.
https://doi.org/10.1038/s41580-020-0243-y
PMID:32366901

Goodall GJ, Wickramasinghe VO. RNA in cancer. Nat
Rev Cancer. 2021; 21:22-36.
https://doi.org/10.1038/s41568-020-00306-0
PMID:33082563

Guo W, Mu K, Zhang B, Sun C, Zhao L, Dong ZY, Cui Q.
The circular RNA FAM169A functions as a competitive
endogenous RNA and regulates intervertebral disc
degeneration by targeting miR-583 and BTRC. Cell
Death Dis. 2020; 11:315.
https://doi.org/10.1038/s41419-020-2543-8
PMID:32366862

Guo W, Mu K, Zhang B, Sun C, Zhao L, Li HR, Dong 2V,
Cui Q. The circular RNA circ-GRB10 participates in the
molecular circuitry inhibiting human intervertebral disc
degeneration. Cell Death Dis. 2020; 11:612.

WWWw.aging-us.com

14195

AGING


https://doi.org/10.1007/s11916-019-0757-1
https://pubmed.ncbi.nlm.nih.gov/30854609
https://doi.org/10.1016/j.bone.2019.03.037
https://pubmed.ncbi.nlm.nih.gov/30936040
https://doi.org/10.7554/eLife.54693
https://pubmed.ncbi.nlm.nih.gov/32821059
https://doi.org/10.1016/j.critrevonc.2019.102854
https://pubmed.ncbi.nlm.nih.gov/31877535
https://doi.org/10.1016/j.spinee.2018.10.018
https://pubmed.ncbi.nlm.nih.gov/30399448
https://doi.org/10.1016/j.actbio.2020.10.022
https://pubmed.ncbi.nlm.nih.gov/33068746
https://doi.org/10.1038/s41576-019-0158-7
https://pubmed.ncbi.nlm.nih.gov/31395983
https://doi.org/10.1038/s41580-020-0243-y
https://pubmed.ncbi.nlm.nih.gov/32366901
https://doi.org/10.1038/s41568-020-00306-0
https://pubmed.ncbi.nlm.nih.gov/33082563
https://doi.org/10.1038/s41419-020-2543-8
https://pubmed.ncbi.nlm.nih.gov/32366862

12.

13.

14.

15.

16.

17.

18.

19.

20.

https://doi.org/10.1038/s41419-020-02882-3
PMID:32792505

Luo L, Gao YQ, Sun XF. Circular RNA ITCH suppresses
proliferation and promotes apoptosis in human
epithelial ovarian cancer cells by sponging miR-10a-a.
Eur Rev Med Pharmacol Sci. 2018; 22:8119-26.
https://doi.org/10.26355/eurrev_201812 16503
PMID:30556849

Yang C, Yuan W, Yang X, Li P, Wang J, Han J, Tao J, Li P,
Yang H, Lv Q, Zhang W. Circular RNA circ-ITCH inhibits
bladder cancer progression by sponging miR-17/miR-
224 and regulating p21, PTEN expression. Mol Cancer.
2018; 17:19.
https://doi.org/10.1186/5s12943-018-0771-7
PMID:29386015

Chen L, Heikkinen L, Wang C, Yang Y, Sun H, Wong G.
Trends in the development of miRNA bioinformatics
tools. Brief Bioinform. 2019; 20:1836-52.
https://doi.org/10.1093/bib/bby054 PMID:29982332

Lan T, Hu S, Shen Z, Yan B, Chen J. New insights into
the interplay between miRNAs and autophagy in the
aging of intervertebral discs. Ageing Res Rev. 2021;
65:101227.

https://doi.org/10.1016/j.arr.2020.101227
PMID:33238206

Wang J, Liu X, Sun B, Du W, Zheng Y, Sun Y.
Upregulated miR-154 promotes ECM degradation in
intervertebral disc degeneration. J Cell Biochem. 2019;
120:11900-07.

https://doi.org/10.1002/jcb.28471 PMID:30825225

Wang X, Wang B, Zou M, Li J, LU G, Zhang Q, Liu F, Lu
C. CircSEMA4B targets miR-431 modulating IL-1B-
induced degradative changes in nucleus pulposus
cells in intervertebral disc degeneration via Wnt
pathway. Biochim Biophys Acta Mol Basis Dis. 2018;
1864:3754-68.
https://doi.org/10.1016/j.bbadis.2018.08.033
PMID:30251693

Sheng B, Yuan Y, Liu X, Zhang Y, Liu H, Shen X, Liu B,
Chang L. Protective effect of estrogen against
intervertebral disc degeneration is attenuated by miR-
221 through targeting estrogen receptor a. Acta
Biochim Biophys Sin (Shanghai). 2018; 50:345-54.

https://doi.org/10.1093/abbs/gmy017 PMID:29529124

Liu J, Yu J, Jiang W, He M, Zhao J. Targeting of CDKN1B
by miR-222-3p may contribute to the development of
intervertebral disc degeneration. FEBS Open Bio. 2019;
9:728-35.

https://doi.org/10.1002/2211-5463.12609
PMID:30984546

Guo Y, Tian L, Liu X, He Y, Chang S, Shen Y. ERRFI1
Inhibits Proliferation and Inflammation of Nucleus

21.

22.

23.

24.

25.

26.

27.

Pulposus and Is Negatively Regulated by miR-2355-5p
in Intervertebral Disc Degeneration. Spine (Phila Pa
1976). 2019; 44:E873-81.
https://doi.org/10.1097/BRS.0000000000003011
PMID:30817728

Yue XH, Guo L, Wang ZY, Jia TH. Inhibition of miR-17-5p
promotes mesenchymal stem cells to repair spinal cord
injury. Eur Rev Med Pharmacol Sci. 2019; 23:3899-907.
https://doi.org/10.26355/eurrev_201905 17819
PMID:31115018

Chen D, Dixon BJ, Doycheva DM, Li B, Zhang Y, Hu Q,
He Y, Guo Z, Nowrangi D, Flores J, Filippov V, Zhang JH,
Tang J. IREla inhibition decreased TXNIP/NLRP3
inflammasome activation through miR-17-5p after
neonatal hypoxic-ischemic brain injury in rats. J
Neuroinflammation. 2018; 15:32.
https://doi.org/10.1186/s12974-018-1077-9
PMID:29394934

Zhu Y, Gu J, Li Y, Peng C, Shi M, Wang X, Wei G, Ge
O, Wang D, Zhang B, Wu J, Zhong Y, Shen B, Chen H.
MiR-17-5p enhances pancreatic cancer proliferation
by altering cell cycle profiles via disruption of
RBL2/E2F4-repressing complexes. Cancer Lett. 2018;
412:59-68.
https://doi.org/10.1016/j.canlet.2017.09.044
PMID:28987387

Xie H, Jing Y, Xia J, Wang X, You C, Yan J. Aquaporin 3
protects against lumbar intervertebral disc
degeneration via the Wnt/B-catenin pathway. Int J Mol
Med. 2016; 37:859-64.
https://doi.org/10.3892/ijmm.2016.2470
PMID:26820815

Zhang J, Zhang K, Hou Y. Long non-coding RNA
NNT-AS1 knockdown represses the progression of
gastric cancer via modulating the miR-142-5p/
SOX4/Wnt/B-catenin signaling pathway. Mol Med Rep.
2020; 22:687-96.
https://doi.org/10.3892/mmr.2020.11158
PMID:32468065

Tan Y, Yao X, Dai Z, Wang Y, Lv G. Bone morphogenetic
protein 2 alleviated intervertebral disc degeneration
through mediating the degradation of ECM and
apoptosis of nucleus pulposus cells via the PI3K/Akt
pathway. Int J Mol Med. 2019; 43:583-92.
https://doi.org/10.3892/ijmm.2018.3972
PMID:30387830

Wang H, He P, Pan H, Long J, Wang J, Li Z, Liu H, Jiang
W, Zheng Z. Circular RNA circ-4099 is induced by TNF-a
and regulates ECM synthesis by blocking miR-616-5p
inhibition of Sox9 in intervertebral disc degeneration.
Exp Mol Med. 2018; 50:1-14.
https://doi.org/10.1038/s12276-018-0056-7
PMID:29651107

WWWw.aging-us.com

14196

AGING


https://doi.org/10.1038/s41419-020-02882-3
https://pubmed.ncbi.nlm.nih.gov/32792505
https://doi.org/10.26355/eurrev_201812_16503
https://pubmed.ncbi.nlm.nih.gov/30556849
https://doi.org/10.1186/s12943-018-0771-7
https://pubmed.ncbi.nlm.nih.gov/29386015
https://doi.org/10.1093/bib/bby054
https://pubmed.ncbi.nlm.nih.gov/29982332
https://doi.org/10.1016/j.arr.2020.101227
https://pubmed.ncbi.nlm.nih.gov/33238206
https://doi.org/10.1002/jcb.28471
https://pubmed.ncbi.nlm.nih.gov/30825225
https://doi.org/10.1016/j.bbadis.2018.08.033
https://pubmed.ncbi.nlm.nih.gov/30251693
https://doi.org/10.1093/abbs/gmy017
https://pubmed.ncbi.nlm.nih.gov/29529124
https://doi.org/10.1002/2211-5463.12609
https://pubmed.ncbi.nlm.nih.gov/30984546
https://doi.org/10.1097/BRS.0000000000003011
https://pubmed.ncbi.nlm.nih.gov/30817728
https://doi.org/10.26355/eurrev_201905_17819
https://pubmed.ncbi.nlm.nih.gov/31115018
https://doi.org/10.1186/s12974-018-1077-9
https://pubmed.ncbi.nlm.nih.gov/29394934
https://doi.org/10.1016/j.canlet.2017.09.044
https://pubmed.ncbi.nlm.nih.gov/28987387
https://doi.org/10.3892/ijmm.2016.2470
https://pubmed.ncbi.nlm.nih.gov/26820815
https://doi.org/10.3892/mmr.2020.11158
https://pubmed.ncbi.nlm.nih.gov/32468065
https://doi.org/10.3892/ijmm.2018.3972
https://pubmed.ncbi.nlm.nih.gov/30387830
https://doi.org/10.1038/s12276-018-0056-7
https://pubmed.ncbi.nlm.nih.gov/29651107

28.

29.

30.

31

32.

33.

Xie L, Huang W, Fang Z, Ding F, Zou F, Ma X, Tao J, Guo
J, Xia X, Wang H, Yu Z, Lu F, Jiang J. CircERCC2
ameliorated intervertebral disc degeneration by
regulating mitophagy and apoptosis through miR-182-
5p/SIRT1 axis. Cell Death Dis. 2019; 10:751.
https://doi.org/10.1038/s41419-019-1978-2
PMID:31582722

Cheng X, Zhang L, Zhang K, Zhang G, Hu Y, Sun X, Zhao
C, Li H, Li YM, Zhao J. Circular RNA VMA21 protects
against intervertebral disc degeneration through
targeting miR-200c and X linked inhibitor-of-apoptosis
protein. Ann Rheum Dis. 2018; 77:770-79.
https://doi.org/10.1136/annrheumdis-2017-212056
PMID:29343508

Guo W, Zhang B, Sun C, Duan HQ, Liu WX, Mu K, Zhao
L, Li HR, Dong ZY, Cui Q. Circular RNA derived from
TIMP2 functions as a competitive endogenous RNA
and regulates intervertebral disc degeneration by
targeting miR-185-5p and matrix metalloproteinase 2.
IntJ Mol Med. 2020; 46:621-32.
https://doi.org/10.3892/ijmm.2020.4621
PMID:32626912

Penolazzi L, Lambertini E, Bergamin LS, Roncada T, De
Bonis P, Cavallo M, Piva R. MicroRNA-221 silencing
attenuates the  degenerated phenotype  of
intervertebral disc cells. Aging (Albany NY). 2018;
10:2001-15.

https://doi.org/10.18632/aging.101525
PMID:30130742

Zhao K, Zhang Y, Kang L, Song Y, Wang K, Li S, Wu X,
Hua W, Shao Z, Yang S, Yang C. Epigenetic silencing of
miRNA-143 regulates apoptosis by targeting BCL2 in
human intervertebral disc degeneration. Gene. 2017;
628:259-66.
https://doi.org/10.1016/j.gene.2017.07.043
PMID:28716711

Song J, Wang HL, Song KH, Ding ZW, Wang HL, Ma XS,
Lu FZ, Xia XL, Wang YW, Zou F, lJiang JY.
CircularRNA_104670 plays a critical role in
intervertebral disc degeneration by functioning as a
ceRNA. Exp Mol Med. 2018; 50:1-12.

34.

35.

36.

37.

38.

39.

https://doi.org/10.1038/s12276-018-0125-y
PMID:30089772

Yang Q, Guo XP, Cheng YL, Wang Y. MicroRNA-143-5p
targeting eEF2 gene mediates intervertebral disc
degeneration through the AMPK signaling pathway.
Arthritis Res Ther. 2019; 21:97.
https://doi.org/10.1186/s13075-019-1863-5
PMID:30987676

Wang C, Zi H, Wang Y, Li B, Ge Z, Ren X. LncRNA
CASC15 promotes tumour progression through
SOX4/Wnt/B-catenin signalling pathway in
hepatocellular carcinoma. Artif Cells Nanomed
Biotechnol. 2020; 48:763—69.
https://doi.org/10.1080/21691401.2019.1576713
PMID:32285705

Sun JC, Zheng B, Sun RX, Meng YK, Wang SM, Yang HS,
Chen Y, Shi JG, Guo YF. MIiR-499a-5p suppresses
apoptosis of human nucleus pulposus cells and
degradation of their extracellular matrix by targeting
SOX4. Biomed Pharmacother. 2019; 113:108652.
https://doi.org/10.1016/j.biopha.2019.108652
PMID:30856535

Chen J, Jia YS, Liu GZ, Sun Q, Zhang F, Ma S, Wang YJ.
Role of LncRNA TUG1 in intervertebral disc
degeneration and nucleus pulposus cells via regulating
Wnt/B-catenin signaling pathway. Biochem Biophys
Res Commun. 2017; 491:668-74.
https://doi.org/10.1016/j.bbrc.2017.07.146
PMID:28756222

Holguin N, Silva MJ. In-Vivo Nucleus Pulposus-Specific
Regulation of Adult Murine Intervertebral Disc
Degeneration via Wnt/Beta-Catenin Signaling. Sci Rep.
2018; 8:11191.
https://doi.org/10.1038/s41598-018-29352-3

PMID:30046041

Sun Z, Jian Y, Fu H, Li B. MiR-532 downregulation of the
Wnt/B-catenin signaling via targeting Bcl-9 and
induced human intervertebral disc nucleus pulposus
cells apoptosis. J Pharmacol Sci. 2018; 138:263-70.
https://doi.org/10.1016/j.jphs.2018.10.007

PMID:30472057

WWWw.aging-us.com

14197

AGING


https://doi.org/10.1038/s41419-019-1978-2
https://pubmed.ncbi.nlm.nih.gov/31582722
https://doi.org/10.1136/annrheumdis-2017-212056
https://pubmed.ncbi.nlm.nih.gov/29343508
https://doi.org/10.3892/ijmm.2020.4621
https://pubmed.ncbi.nlm.nih.gov/32626912
https://doi.org/10.18632/aging.101525
https://pubmed.ncbi.nlm.nih.gov/30130742
https://doi.org/10.1016/j.gene.2017.07.043
https://pubmed.ncbi.nlm.nih.gov/28716711
https://doi.org/10.1038/s12276-018-0125-y
https://pubmed.ncbi.nlm.nih.gov/30089772
https://doi.org/10.1186/s13075-019-1863-5
https://pubmed.ncbi.nlm.nih.gov/30987676
https://doi.org/10.1080/21691401.2019.1576713
https://pubmed.ncbi.nlm.nih.gov/32285705
https://doi.org/10.1016/j.biopha.2019.108652
https://pubmed.ncbi.nlm.nih.gov/30856535
https://doi.org/10.1016/j.bbrc.2017.07.146
https://pubmed.ncbi.nlm.nih.gov/28756222
https://doi.org/10.1038/s41598-018-29352-3
https://pubmed.ncbi.nlm.nih.gov/30046041
https://doi.org/10.1016/j.jphs.2018.10.007
https://pubmed.ncbi.nlm.nih.gov/30472057

