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miR-654-5p inhibits autophagy by targeting ATG7 via
mTOR signaling in intervertebral disc degeneration
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Abstract. Intervertebral disc degeneration (IDD) is a common
chronic disease characterized by the loss of extracellular
matrix (ECM) in the nucleus pulposus (NP). Accumulating
evidence has revealed that abnormal expression of microRNAs
(miRs) is closely associated with IDD development. The
present study aimed to investigate the precise role and
possible mechanism underlying the effects of miR-654-5p in
the pathogenesis of IDD. NP cells were isolated from patients
with IDD. Monodansylcadaverine staining was conducted to
reveal cell autophagy, while western blotting was performed
to detect the expression of ECM-related proteins in NP cells.
Luciferase reporter and RNA immunoprecipitation assays
were conducted to identify the binding between RNAs. The
results demonstrated that miR-654-5p was significantly
upregulated in degenerated NP tissues from patients with IDD
and high miR-654-5p expression was positively associated
with disc degeneration grade. Functional assays suggested that
miR-654-5p facilitated ECM degradation by increasing the
expression levels of MMP-3, MMP-9 and MMP-13, as well as
decreasing collagen I, collagen II, SOX9 and aggrecan expres-
sion by inhibiting autophagy. Furthermore, autophagy-related
gene 7 (ATGT7) was verified as a direct downstream target gene
of miR-654-5p. miR-654-5p could bind to the 3' untranslated
region of ATG7 to inhibit its mRNA expression and further
reduce its translation. Notably, ATG7 knockdown abrogated
the effects of the miR-654-5p inhibitor on ECM degradation
and autophagy regulation. Furthermore, miR-654-5p inhibited
autophagy in NP cells by increasing the protein expression
levels of phosphorylated (p)-PI3K, p-AKT and p-mTOR in
an ATG7-dependent manner. In conclusion, the results of the
present study revealed that miR-654-5p may enhance ECM
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degradation via inhibition of autophagy by targeting ATG7
to activate the PI3K/AKT/mTOR signaling pathway. These
findings may provide novel insights into the treatment of IDD.

Introduction

Low back pain (LBP) is a common public health problem;
~80% of the global population experiences LBP, which
represents a significant economic and societal burden (1,2).
Intervertebral disc degeneration (IDD) is a leading cause of
LBP and is characterized by progressive degradation of extra-
cellular matrix (ECM) (3). Current therapies mainly focus on
alleviating the clinical symptoms of patients with IDD, and
there are substantial barriers to targeting the potential patho-
logical changes in the disc. Therefore, a deeper understanding
of the pathogenesis of IDD may help to develop strategies for
improving clinical outcomes.

MicroRNAs (miRNAs/miRs) are small non-coding RNAs
with a length of 18-22 nucleotides (4). The biological function
of miRNAs has been reported in various diseases in recent
years, including IDD (5,6). For example, miR-139 has been
reported to promote the development of osteoarthritis by
facilitating apoptosis of chondrocytes (7). miR-133 was shown
to suppress cell proliferation and promote apoptosis in lupus
nephritis (8), and it has been suggested that overexpression of
miR-154 may contribute to the degradation of ECM in IDD (9).
Moreover, miR-654-5p has been reported to be involved in
several diseases, such as ovarian cancer, gastric cancer and
oral squamous cell carcinoma (10-12). In addition, a recent
study revealed that miR-654-5p is significantly upregulated
in NP cells from patients with IDD (9). However, the specific
role of miR-654-5p in IDD pathology remains to be further
investigated.

miRNAs participate in the development of diverse diseases
by targeting specific genes (13). For example, miR-128 has
been reported to targes PPARY to promote the progression
of Alzheimer's disease (14). In addition, miR-373 has been
reported to aggravate renal fibrosis by targeting Sirtuin 1 and
regulating NF-kxB/MMP-9 signaling (15). miR-129-5p inhibi-
tion may contribute to IDD development by accelerating NP
cell apoptosis by targeting BMP2 (16). Moreover, increasing
evidence has indicated that miR-654-5p is involved in multiple
diseases in a similar manner. For example, miR-654-5p has
been shown to target epithelial stromal interaction 1 to suppress
cell growth and invasion in breast cancer development (17).
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miR-654-5p may promote cell proliferation and migration
by modulating the GRAP/Ras/MAPK signaling pathway
in oral squamous cell carcinoma (12). However, to the best
of our knowledge, the mechanism underlying the effects of
miR-654-5p on IDD development has not yet been revealed.

The present study aimed to investigate the key role of
miR-654-5p in IDD development. The results revealed
that miR-654-5p promoted ECM degradation by inhibiting
autophagy via suppression of autophagy-related gene 7
(ATG7) and activation of the PI3K/AKT/mTOR signaling
pathway. These findings may provide information that aids in
identifying novel therapeutic targets for IDD.

Materials and methods

Sample collection. A total of 76 NP tissue samples were
obtained from patients with IDD who underwent discectomy
and 20 healthy control samples were donated by patients
with lumbar vertebral fracture who underwent anterior
discectomy in Zhongda Hospital of Southeast University
between September 2016 and December 2019. Ages of the
76 patients with IDD (males 45; females 31) were between
31-53 years, and the mean age was 42.3 years. Ages of the
20 control participants (males 13; females 7) were between
24-45 years, and the mean age was 33.6 years. Participants
who had IDD were excluded from the control group. The grade
of IDD was estimated by T2-weighted images following the
Pfirrmann classification system (18). The present study was
approved by the Ethics Committee of The Affiliated Zhongda
Hospital of Southeast University (Nanjing, China; approval
no. 2015ZDKYSBO014) and followed the guidelines of the
Declaration of Helsinki (19). All patients provided written
informed consent prior to the operation.

Isolation and culture of degenerated NP cells. After washing
twice with PBS, the degenerated NP specimens from patients
with IDD were cut into small fragments (1 mm?). Subsequently,
the fragments were treated with 0.25% trypsin solution
(Sigma-Aldrich; Merck KGaA) for 30 min at 37°C and centri-
fuged at 1,000 x g for 3 min at 4°C. After centrifugation, the
supernatant was discarded, and precipitates were stimulated
with 0.2% type II collagenase (Sigma-Aldrich; Merck KGaA)
at 37°C for 4 h. After filtration through a 0.45-ym nylon filter
membrane, the suspension was collected and the NP cells
were resuspended in DMEM/F12 supplemented with 15%
FBS (both Gibco; Thermo Fisher Scientific, Inc.) at 37°C in an
atmosphere containing 5% CO,. After digestion with 0.25%
trypsin solution, the cells were incubated. The culture medium
was changed three times a week, and the second-generation
cells were collected and used in subsequent experiments.

Cell transfection and treatment. Isolated NP cells were seeded
into 6-well plates at a density of 1x10° cells/well before trans-
fection and 2 ml complete tissue culture medium was added
to each well. Subsequently, small interfering RNA (siRNA)
targeting ATG7 (si-ATG7) was designed and synthesized by
Shanghai GenePharma Co., Ltd., and was used to knockdown
ATGT7. The target sequence for si-ATG7 was 5'-GGAGTC
ACAGCTCTTCCTT-3'". Scrambled siRNA-negative control
(si-NC; Shanghai GenePharma Co., Ltd.) served as the NC

Table I. Relative primer sequences.

Targets Sequences
miR-654-5p F: 5-UGGUGGGCCGCAGAACAUGU-3'

R: 5'-CTCTACAGCTATATTGCCAGCCAC-3'
U6 F: 5'-CTCGCTTCGGCAGCACA-3'

R: 5'-AACGCTTCACGAATTTGCGT-3'
Collagen I F: 5-AAAGATGGAGAGGCTGGAG-3'

R: 5'-ATCACCCTTAGCACCATCG-3'
Collagen I  F: 5-CAAGGAGACAGAGGAGAAGC-3'

R: 5-CTTGAGGACCCTGGATTCC-3'
SOX9 F: 5'-CTCTGGAGACTTCTGAACGA-3'

R: 5'-ACTTGTAATCCGGGTGGTC-3'
MMP-3 F: 5'-GGACAAATACTGGAGATTTGATGAG-3'

R: 5'-CCCTGGAAAGTCTTCAGCT-3'
MMP-9 F: 5'-TACTGTGCCTTTGAGTCCG-3'

R: 5-GAATCGCCAGTACTTCCCA-3'
MMP-13 F: 5'-CTGGGCCAAATTATGGAGGA-3'

R: 5'-GAAACAAGTTGTAGCCTTTGGA-3'
ATG3 F: 5-TCACAACACAGGTATTACAGGA-3'

R: 5-GCTGAGCAATCTTGAAGCC-3'
ATGS5 F: 5'-GGAAACTCATGGAATATCCTGC-3'

R: 5-GGTCTTTCAGTCGTTGTCTG-3'
ATG7 F: 5-GGAGUCACAGCUCUUCCUUdTJT-3'

R: 5'-~AAGGAAGAGCUGUGACUCCTdTd-3'
ATG16L1 F: 5'-CCAATCGGCTTAATGCAGAG-3'

R: 5-TCATCATCCTGTTCGACTGG-3'
Beclin 1 F: 5'-GAACTACAAACGCTGTTTGGA-3'

R: 5-AGCTCCTTTAGCTCCATCTG-3'
ULK1 F: 5'-CCGAGAGGCTCATCTTCAG-3'

R: 5'-CTGGAACATCTCGTCCAGG-3'
GAPDH F: 5'-GCATCCTGGGCTACACTG-3'

R: 5-TGGTCGTTGAGGGCAAT-3'
miR, microRNA; MMP, matrix metalloproteinase; ATG,

autophagy-related gene; ULKI1, unc-51 like autophagy activating
kinase 1. F, forward; R, reverse.

for si-ATG7. The sequence for si-NC was 5-GCACTGAGT
AGCTCCTCTT-3". miR-654-5p mimics and NC mimics,
miR-654-5p inhibitor and NC inhibitor, and pcDNA3.1-ATG7
vector for overexpression of ATG7 and its negative control
(empty pcDNA3.1 vector) were obtained from Shanghai
GenePharma Co., Ltd. The sequence for miR-654-5p mimics
was 5-UGGUGGGCCGCAGAACAUGUGC-3', and that for
scrambled NC mimics was 5-GAGUAGCCGUGGCUGCUA
AGCG-3'. The sequence for miR-654-5p inhibitor was 5'-GCA
CAUGUUCUGCGGCCCACCA-3', and that for scrambled
NC inhibitor was 5'-CGGUCUCGACACACUCGAUCGC-3..
miR-654-5p mimics (10 nM) and NC mimics (10 nM),
miR-654-5p inhibitor (10 nM), NC inhibitor (10 nM), si-ATG7
(20 nM) and si-NC (20 nM) were transfected into NP cells
(1x10°) using Lipofectamine 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) at 37°C for 48 h. The time between transfection
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Figure 1. miR-654-5p is upregulated in IDD. (A) Expression levels of miR-654-5p were detected in nucleus pulposus tissues from healthy controls and patients
with IDD by reverse transcription-quantitative PCR. (B) niR-654-5p expression was compared between tissues from healthy controls and patients with IDD
with various Pfirrmann grades. (C) Correlation of miR-654-5p expression with Pfirrmann score was analyzed. "P<0.05 vs. Normal. IDD, intervertebral disc

degeneration; miR-654-5p, microRNA-654-5p.

and subsequent experimentation was 48 h. Subsequently,
transfected cells were cultured in DMEM/F12 containing
10% FBS. Moreover, to interfere with autophagy, cells were
treated with rapamycin (Rap; 10 nM; autophagy activator;
Sigma-Aldrich; Merck KGaA) or 3-methyladenine (3-MA;
10 mM; autophagy inhibitor; Sigma-Aldrich; Merck KGaA)
at 37°C for 6 h before transfection.

RNA isolation and reverse transcription-quantitative PCR
(RT-qPCR). Total RNA was extracted from NP tissues or
cells using TRIzol® (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. The RNA
concentration was measured using a NanoDrop ND-1000
spectrophotometer (NanoDrop; Thermo Fisher Scientific,
Inc.) and agarose gel electrophoresis was used to determine
RNA integrity. Subsequently, RT was conducted using a
miRcute miRNA RT kit (Tiangen Biotech Co., Ltd.) or a
RevertAid RT kit (Thermo Fisher Scientific). The RT reaction
conditions were as follows: 37°C for 60 min, followed by 85°C
for 5 min and 4°C. All gPCR amplification reactions were
performed in triplicate using the 7500 Real-Time PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.) with a
final volume of 20 ul 2X SYBR Green mix (Thermo Fisher
Scientific). The thermocycling conditions were as follows:
Initial denaturation at 95°C for 2 min, followed by 40 cycles of
denaturation at 95°C for 15 sec, annealing at 59°C for 20 sec
and elongation at 72°C for 20 sec; and a final extension at 72°C
for 10 min. GAPDH served as an internal control for mRNA
analysis and U6 served as an internal control for miR-654-5p
analysis. The relative expression levels were calculated using
the 2244 method (20). Primer sequences used for PCR were
provided in Table I.

Luciferase reporter assay. The binding site of miR-654-5p
on ATG7 was identified using starBase (http://starbase.sysu.
edu.cn/index.php). A wild-type (Wt) or mutant (Mut) ATG7
fragment was subcloned into a pmirGLO vector (Promega
Corporation), The mutation gene sequence was synthe-
sized by Shanghai GenePharma Co., Ltd., and NP cells at
a density of 1x10° cells/well were then cotransfected with
miR-654-5p mimics (10 nM) or NC mimics (10 nM) and

Wt or Mut vectors (1 ug) using Lipofectamine 2000 at 37°C
for 48 h. After 24 h, the Dual Luciferase Reporter Assay
system (Promega Corporation) was employed to detect lucif-
erase activity. Relative luciferase activity was calculated as
the ratio of firefly luciferase activity to Renilla luciferase
activity.

RNA immunoprecipitation (RIP) assay. The RIP assay was
performed using an EZ-Magna RIP Kit (EMD Millipore)
according to the manufacturer's instructions. NP cell
lysates were lysed with RIPA buffer (Beyotime Institute
of Biotechnology) for 5 min at 4°C. Antibodies including
anti-Argonaute 2 (anti-Ago2; cat. no. ab186733; 1:50; Abcam)
and anti-Immunoglobulin G (anti-IgG; cat. no. 12-370; 1:100;
EMD Millipore) were incubated with protein A/G magnetic
beads (Pierce; Thermo Fisher Scientific, Inc.) for 1 h at 4°C.
Then, cell lysate was mixed with the beads to incubate
for 4 h at 4°C. Beads were washed twice using PBS buffer
(Sangon Biotech Co., Ltd.), and the mixture was centrifuged
at 2,500 x g for 10 min at 4°C. RNA was purified with 150 ul
proteinase K buffer (Roche Diagnostics) and extracted using
TRIzol (Invitrogen; Thermo Fisher Scientific, Inc.), and the
immunoprecipitated RNA was detected via RT-qPCR as
aforementioned.

Western blot analysis. Total proteins were extracted from
NP cells with radioimmunoprecipitation assay lysis buffer
(Beyotime Institute of Biotechnology) containing phenyl-
methylsulfonyl fluoride. A bicinchoninic acid protein assay
kit (Beyotime Institute of Biotechnology) was used to evaluate
protein concentration. Subsequently, equal amounts (50 g per
lane) of protein were separated by SDS-PAGE on 10% gels.
After electrophoresis, proteins were transferred onto PVDF
membranes (EMD Millipore), which were blocked with 5%
nonfat milk at room temperature for 2 h. Membranes were then
incubated with primary antibodies at 4°C overnight, followed
by further incubation with horseradish peroxidase-conju-
gated goat-anti rabbit secondary antibody (cat. no. ab205718;
1:2,000; Abcam) at room temperature for 1 h. The following
primary antibodies provided by Abcam were used: -actin
(cat. no. ab8227; 1:1,000), collagen I (cat. no. ab34710;
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Figure 2. miR-654-5p contributes to extracellular matrix degradation in NP cells. (A) RT-qPCR was used to determine the transfection efficiency of miR-654-5p
mimics or an miR-654-5p inhibitor in NP cells. (B) RT-qPCR and (C) western blotting were carried out to measure the mRNA and protein expression levels
of collagen I, collagen II, SOX9 and aggrecan, respectively. (D) mRNA and (E) protein expression levels of MMP-3, MMP-9 and MMP-13 were evaluated by
RT-qPCR and western blot analysis, respectively. "P<0.05. miR-654-5p, microRNA-654-5p; NC, negative control; NP, nucleus pulposus; RT-qPCR, reverse

transcription-quantitative PCR.

1:1,000), collagen II (cat. no. ab188570; 1:1,000), aggrecan
(cat.no. ab36861; 1:2,000), SOXO9 (cat. no. ab185966; 1:1,000),
MMP-3 (cat. no. ab53015; 1:500), MMP-9 (cat. no. ab38898;
1:1,000), MMP-13 (cat. no. ab39012; 1:3,000), Beclin-1
(cat. no. ab62557; 1:2,000), ATG7 (cat. no. ab53255;
1:2,000), ATGI12 (cat. no. ab109491; 1:1,000), ATGI13
(cat.no. ab105392; 1:2,000), LC3 (cat. no. ab192890; 1:2,000),
phosphorylated (p)-PI3K (cat. no. ab182651; 1:500), p-AKT
(cat. no. ab38449; 1:500), p-mTOR (cat. no. ab109268;
1:1,000), PI3K (cat. no. ab191606; 1:1,000), AKT
(cat. no. ab182729; 1:5,000) and mTOR (cat. no. ab134903;
1:10,000). The protein expression levels were normalized to
those of B-actin. Finally, the bands were visualized using
an Enhanced Chemiluminescence Substrate kit (EMD
Millipore) and analyzed using a Quantity One software
(version 4.62; Bio-Rad Laboratories, Inc.).

Monodansylcadaverine (MDC) staining. Transfected NP cells
at the concentration of 10%ml were exposed to MDC solution
(0.1 mM; Cayman Chemical Company) in 60-mm dishes
at 37°C for 1 h. After washing three times with PBS, cells
were fixed with 4% paraformaldehyde at room temperature for
15 min. To evaluate autophagic vacuoles (acidic granular vacu-
oles), cells were observed using a fluorescence microscope
(Olympus Corporation) under an ultraviolet filter.

Statistical analysis. All experiments were independently
conducted three times. Data are presented as the mean + stan-
dard deviation. All statistical analyses were conducted using
SPSS 22.0 software (IBM Corp.) and graphs were drawn with
GraphPad software (version 8; GraphPad Software, Inc.). All
data were assessed for normal distribution (Shapiro-Wilk test)
and homogeneity of variance (Bartlett's test). All results were
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Figure 3. miR-654-5p suppresses autophagy in intervertebral disc degeneration. (A) Monodansylcadaverine staining was performed to observe autophagic
vacuoles in transfected nucleus pulposus cells. Scale bar, 20 ym. (B) Protein expression levels of LC3-II/LC3-1, ATG12, ATG13 and Beclin-1 were assessed
by western blotting. ‘P<0.05. ATG, autophagy-related gene; miR-654-5p, microRNA-654-5p; NC, negative control.

corrected for multiple comparisons using the false discovery
rate method (21). Independent Student's t-test was used to
analyze the differences between two groups. One-way analysis
of variance followed by post hoc Dunnett's test (for compari-
sons with one control) and Tukey's test (for comparisons among
various groups) was employed to analyze the differences
among more than two groups. Spearman's correlation analysis
was applied to analyze the correlation between miR-654-5p
expression levels and Pfirrmann scores of patients with IDD.
P<0.05 was considered to indicate a statistically significant
difference.

Results

miR-654-5p is upregulated in IDD. To explore the role
of miR-654-5p in the progression of IDD, RT-qPCR was
conducted to measure miR-654-5p expression in NP tissues.
As shown in Fig. 1A, miR-654-5p expression levels were

significantly elevated in degenerated NP tissues compared
with those in healthy control tissues. Moreover, the expres-
sion levels of miR-654-5p were gradually elevated with an
increased degree of disc degeneration (Fig. 1B). In addition,
as shown in Fig. 1C, miR-654-5p expression was positively
correlated with Pfirrmann scores in patients with IDD.

miR-654-5p contributes to ECM degradation in NP cells. To
further investigate the effects of miR-654-5p on the progres-
sion of IDD, the subsequent experiments were performed. As
shown in Fig. 2A, the transfection efficiency of miR-654-5p
mimics or the miR-654-5p inhibitor was confirmed by
RT-qPCR. Next, the expression levels of type I/II collagen,
SOX9 and aggrecan were detected in transfected NP cells.
The results suggested that the mRNA and protein expres-
sion levels of collagen I, collagen II, SOX9 and aggrecan
were significantly reduced by miR-654-5p mimics, and
were elevated by the miR-654-5p inhibitor (Fig. 2B and C).
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Figure 4. Autophagy is involved in miR-654-5p-induced extracellular matrix degradation in NP cells. NP cells were treated with Rap or 3-MA, followed
by transfection with miR-654-5p mimics or an miR-654-5p inhibitor. mRNA expression of levels of (A) collagen I, collagen II, SOX9 and aggrecan, and
(B) MMP-3, MMP-9 and MMP-13 were detected by reverse transcription-quantitative PCR. Western blot analysis was used to measure the protein expres-
sion levels of (C) collagen I, collagen I1, SOX9 and aggrecan, and (D) MMP-3, MMP-9 and MMP-13. "P<0.05. 3-MA, 3-methyladenine; miR-654-5p,
microRNA-654-5p; NC, negative control; NP, nucleus pulposus; Rap, rapamycin.

In addition, the expression levels of MMP-3, MMP-9 and
MMP-13 were detected in transfected NP cells. As shown
in Fig. 2D and E, the mRNA and protein expression
levels of MMP-3, MMP-9 and MMP-13 were significantly
increased in NP cells transfected with miR-654-5p mimics,
whereas an opposite trend was revealed in miR-654-5p
inhibitor-transfected NP cells.

miR-654-5p suppresses autophagy in IDD. First, MDC
staining was employed to detect autophagic vacuoles. As

displayed in Fig. 3A, the accumulation of MDC-labeled
vacuoles in the cytoplasm of NP cells was inhibited by
miR-654-5p mimics and promoted by miR-654-5p inhibitor.
Beclin-1, ATG12, ATGI13 and LC3 (subtypes: LC3-I and
LC3-II) have been widely identified as autophagy markers;
therefore, western blot analysis was performed to examine
the expression levels of these proteins in transfected NP
cells. It was revealed that miR-654-5p mimics reduced the
protein expression levels of Beclin-1, ATG12, ATG13 and the
LC3-II/LC3-I ratio; however, silencing miR-654-5p exerted
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Figure 5. ATG7 is a direct downstream target gene of miR-654-5p. (A) mRNA

expression levels of autophagy-related proteins in NP cells transfected with

miR-654-5p mimics. "P<0.05 vs. NC mimics. (B) RT-qPCR was carried out to detect the expression levels of ATG7, ATG16L1 and ULK1. "P<0.05 vs. Normal.
(C) A luciferase reporter assay was performed in NP cells cotransfected with miR-654-5p mimics and pmirGLO-ATG7-Wt vectors or pmirGLO-ATG7-Mut
vectors. 'P<0.05 vs. NC mimics. (D) RNA immunoprecipitation assays were used to further confirm the interaction between miR-654-5p and ATG7. "P<0.05
vs. IgG. (E) mRNA and protein expression levels of ATG7 were detected by RT-qPCR and western blotting in miR-654-5p mimic-transfected NP cells,
respectively. 'P<0.05 vs. NC mimics. ATG, autophagy-related gene; IDD, intervertebral disc degeneration; miR-654-5p, microRNA-654-5p; Mut, mutant; NC,
negative control; NP, nucleus pulposus; RT-qPCR, reverse transcription-quantitative PCR; Wt, wild-type; ULK1, unc-51 like autophagy activating kinase 1.

the opposite effects (Fig. 3B). These data indicated that
miR-654-5p may inhibit autophagy in IDD.

Autophagy is involved in miR-654-5p-induced ECM
degradation in NP cells. As autophagy is a crucial mecha-
nism regulating ECM metabolism, it was hypothesized that
miR-654-5p may enhance the degradation of ECM by inhibiting
autophagy. To verify this hypothesis, NP cells were cultured
with Rap or 3-MA to activate or antagonize autophagy, and
were then transfected with miR-654-5p mimics or miR-654-5p
inhibitor, respectively. RT-qPCR analysis revealed that the
decreased expression levels of collagen I, collagen II, SOX9
and aggrecan, and the increased expression levels of MMP-3,
MMP-9 and MMP-13 induced by miR-654-5p mimics
transfection were reversed by Rap pretreatment. Moreover,
3-MA abrogated the increase in collagen I, collagen II, SOX9
and aggrecan expression, as well as the decline in MMP-3,

MMP-9 and MMP-13 expression induced by the miR-654-5p
inhibitor (Fig. 4A and B). Furthermore, similar results were
obtained by western blot analysis (Fig. 4C and D). Overall,
miR-654-5p-induced ECM degradation may be sustained by
the inhibition of autophagy in IDD.

ATG7 is a direct downstream target gene of miR-654-5p. The
present study conducted RT-qPCR to assess the expression of
autophagy-related genes in NP cells transfected with miR-654-5p
mimics. The results revealed that the miR-654-5p mimics signif-
icantly reduced the expression levels of ATG7, ATGI6LI and
unc-51 like autophagy activating kinase 1, and ATG7 expression
exhibited the most obvious decline (Fig. 5A). Moreover, ATG7
was markedly downregulated in NP tissues obtained from
patients with IDD compared with that in tissues obtained from
the normal control group (Fig. 5B). Therefore, ATG7 was selected
for further study and it was hypothesized that miR-654-5p might
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Figure 6. miR-654-5p inhibits autophagy by targeting ATG7. (A) Knockdown efficiency of ATG7 was determined by reverse transcription-quantitative PCR.
“P<0.05 vs. si-NC. Western blot analysis was used to measure the protein expression levels of (B) collagen I, collagen II, SOX9 and aggrecan, (C) MMP-3,
MMP-9 and MMP-13, and (D) LC3-1I/LC3-I, ATG12, ATG13 and Beclin-1 in transfected nucleus pulposus cells. "P<0.05. ATG, autophagy-related gene;

miR-654-5p, microRNA-654-5p; NC, negative control; si, small interfering.

interact with ATG7 in IDD development. To test this hypothesis,
starBase was used to predict the potential targets of miR-654-5p
and it was revealed that a binding site exists between miR-654-5p
and the ATG7 3' untranslated region. Subsequently, a luciferase
reporter assay revealed that miR-654-5p significantly attenuated
the luciferase activity of pmirGLO-ATG7-Wt vectors but not
pmirGLO-ATG7-Mut vectors (Fig. 5C). In addition, miR-654-5p
and ATG7 were immunoprecipitated by anti-Ago2 antibodies
but not anti-IgG antibodies (Fig. 5D). Furthermore, miR-654-5p
mimics significantly reduced the mRNA and protein expression
levels of ATG7 (Fig. SE). Collectively, these data indicated that
miR-654-5p may directly target ATG7.

miR-654-5p inhibits autophagy by targeting ATG7. To deter-
mine whether miR-654-5p generates its effects on IDD by
targeting ATG7, follow-up rescue assays were performed. First,
the knockdown efficiency of ATG7 was assessed by RT-qPCR.
The results indicated that the mRNA and protein expression
levels of ATG7 were significantly decreased in NP cells trans-
fected with si-ATG7 (Fig. 6A). Notably, ATG7 knockdown
counteracted the inhibitory effects of the miR-654-5p inhibitor
on ECM degradation, including the reduced protein expression
levels of MMP-3, MMP-9 and MMP-13, as well as the elevated
protein expression levels of collagen I, collagen II, SOX9 and
aggrecan (Fig. 6B and C). Moreover, knockdown of ATG7
rescued the miR-654-5p inhibitor-mediated promotion of
autophagy (Fig. 6D). In summary, miR-654-5p facilitated ECM
degradation by inhibiting autophagy by modulating ATG7.

miR-654-5p activates the PI3K/AKT/mTOR signaling
pathway via ATG7 in IDD. As shown in Fig. 7A, the protein
expression levels of p-PI3K, p-AKT and p-mTOR were
significantly elevated by miR-654-5p mimics, and signifi-
cantly reduced by the miR-654-5p inhibitor. However, no
significant difference was detected in the total amount
of PI3K, AKT and mTOR protein among the control
group and other groups. Moreover, transfection with a
pcDNA3.1-ATG7 vector effectively increased ATG7 expres-
sion in NP cells (Fig. 7B). Upregulation of ATG7 reversed
the effects of miR-654-5p mimics on the P13K/AKT/mTOR
signaling pathway (Fig. 7C). These findings suggested that
miR-654-5p may suppress autophagy by activation of the
P13K/AKT/mTOR signaling pathway.

Discussion

IDD is a common cause of LBP (22). It has been demonstrated
that the etiology of IDD involves several complex mecha-
nisms, including genetic, developmental and biochemical
aspects (23). Although IDD therapy has been improved in
recent decades, there is still much work to be done to achieve
effective treatment.

It has been reported that miR-654-5p may have an
important role in several diseases, including ovarian cancer,
gastric cancer and oral squamous cell carcinoma (11,12,24).
In particular, miR-654-5p has been identified to be upregu-
lated in NP cells from patients with IDD (9). Consistent with
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Figure 7. miR-654-5p regulates autophagy via the PI3K/AKT/mTOR signaling pathway in IDD. (A) Effects of miR-654-5p mimics and an miR-654-5p
inhibitor on the protein expression levels of p-PI3K, p-AKT and p-mTOR were measured by western blotting. ‘P<0.05. (B) mRNA expression levels of ATG7 in
NP cells transfected with pcDNA3.1-ATG7 were evaluated by reverse transcription-quantitative PCR. "P<0.05 vs. Empty pcDNA3.1. (C) Transfection with the
pcDNA3.1-ATG7 vector rescued the effects of miR-654-5p on the PI3K/AKT/mTOR pathway, as detected by western blotting. “P<0.05. ATG, autophagy-related

gene; miR-654-5p, microRNA-654-5p; NC, negative control; p, phosphorylated.

a previous study, the present study revealed that miR-654-5p
exhibited high expression levels in degenerated NP tissues and
that elevated miR-654-5p levels were closely associated with
exacerbation of IDD.

Increasing evidence has indicated that early degenerative
changes suggestive of IDD appear in NP cells, and the main
characteristic of IDD is progressive degradation of ECM
macromolecules, of which collagen II and aggrecan show
significantly decreased expression levels (25). MMPs are the
main enzymes that promote the cleavage of collagen II and
aggrecan (3). MMP-3, MMP-9 and MMP-13 are members of
the MMP family proteins and are well known to be highly
expressed in IDD (26). Moreover, reduced MMP-3, MMP-9
and MMP-13 expression can facilitate ECM repair and
disc regeneration (26). Therefore, a deeper understanding

of ECM homeostasis is helpful for developing novel thera-
peutic approaches for IDD. The present study revealed that
miR-654-5p contributed to ECM degradation by decreasing
collagen II and aggrecan levels, as well as increasing the
expression levels of MMP-3, MMP-9 and MMP-13 in NP
cells.

Autophagy is a homeostatic process that participates in
the degradation and digestion of intracellular components by
lysosomes (27). Compared with that in healthy controls, the
number of autophagosomes has been shown to be significantly
decreased in human degenerative NP cells (28). In addi-
tion, the activation of autophagy has been found to suppress
MMP-3 expression in NP cells treated with TNF-a., suggesting
that autophagy may promote disc ECM anabolism (29,30).
Furthermore, previous studies have reported that miRNAs
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may function as regulators of autophagy in various diseases,
including IDD (31). For example, inhibition of miR-20 promoted
chondrocyte proliferation and autophagy in osteoarthritis (32).
In addition, miR-889 maintained mycobacterial survival by
suppressing autophagy in patients with latent tuberculosis
infection (33). miR-21 may contribute to ECM degradation
by inhibiting autophagy via the PTEN/AKT/mTOR signaling
pathway in IDD (34). Similarly, the present findings indicated
that autophagy is involved in miR-654-5p-induced ECM
degradation in IDD.

ATG7, in conjunction with various signaling pathways,
serves an important role in autophagosome formation and vesicle
progression (35). Recently, a great number of miRNAs have been
shown to suppress the autophagic process by targeting ATG7.
For example, miR-96-5p suppressed autophagy to inhibit hepatic
stellate cell activation by targeting ATG7 (36). Furthermore,
miR-210 inhibited autophagy by targeting ATG7 in IDD (37).
Notably, in the present study, ATG7 was found to be directly
targeted by miR-654-5p. Moreover, the present findings revealed
that ATG7 knockdown significantly reversed the effects of the
miR-654-5p inhibitor on ECM degradation and autophagy.

The PI3K/AKT/mTOR signaling pathway has been reported
to play a crucial role in regulating autophagy in various diseases.
For example, miR-129-5p inhibited autophagy by targeting
ATGI14 and activated the PI3K/AKT/mTOR signaling pathway
in ischemic heart disease (38). miR-20 suppressed chondrocyte
proliferation and autophagy by regulating the PI3K/AKT/mTOR
pathway in osteoarthritis (39). In addition, PTEN has been
considered a negative regulator of the PI3K/AKT/mTOR
pathway (40). It has been reported that silencing ATG7 may
promote AKT phosphorylation via the c-JUN/PTEN axis to
promote the AKT pathway (41). Moreover, direct targets of
miR-654-5p are associated with the AKT pathway in ovarian
cancer (11). The results of the present study indicated that
miR-654-5p promoted the activation of the PI3K/AKT/mTOR
signaling pathway by downregulating ATG7 in NP cells.

In conclusion, the results of the present study revealed
that miR-654-5p may participate in IDD development by
directly targeting ATG7 and promoting activation of the
PI3BK/AKT/mTOR signaling pathway. The present study may
provide valuable information for future explorations into
the beneficial effects of targeting miR-654-5p as a potential
therapeutic strategy for IDD. However, the sample size in the
present study was limited and further studies are required
to investigate the role of miR-654-5p in animal models of
intervertebral disc NP.
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