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Abstract

MicroRNA (miRNA) has emerge as a vital regulator in the pathogenesis of intervertebral disc degeneration (IDD). How-
ever, miR-106b-5p expression in the human nucleus pulposus (NP) and potential mechanisms remain to be elucidated.
In this study, the aim was to verify the potential therapeutic mechanisms of miR-106b-5p for IDD. Key miRNAs were
screened for in degenerative and normal human intervertebral disc samples. qRT-PCR and fluorescence in situ hybridiza-
tion (FISH) were used to verify the miR-106b-5p differential expression. The targeting link between miR-106b-5p and
Sirtuin 2 (SIRT2) was identified using the luciferase reporter assay and bioinformatics. Flow cytometry, EQU method, and
cell scratching were all performed to determine the NP cell function and IDD models were constructed for in vivo experi-
ments. SIRT2, MMP13, ADAMTSS, Col II, Aggrecan, Ras, ERK1/2, and p-ERK1/2 protein levels were assayed by west-
ern blotting. Overexpression of miR-106b-5p in NP cells decreased cell growth, induced apoptosis, hindered extracellular
matrix formation, and increased the expression of matrix-degrading enzymes through the SIRT2/MAPK/ERK signaling
pathway. Importantly, intradiscal delivery of antagomiR-106b-5p significantly attenuated IDD development. Our findings
demonstrate that targeting miR-106b-5p in intervertebral disc has therapeutic effects on IDD.
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Introduction

Low back pain (LBP) is a common manifestation of spi-
nal musculoskeletal disorders [1, 2]. Approximately 84%
of people will encounter LBP during their lifetime, making
LBP a social burden [3, 4]. Intervertebral disc degeneration
(IDD) is a frequent contributor to lumbar spine disease [5].
Current treatments for IDD, including physical therapy,
medications and spinal fusion, only focus on alleviating or
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managing pain. None of these approaches are precise treat-
ments that target the pathogenesis to reverse the course of
IDD [6]. Thus, it is particularly important to elucidate the
pivotal molecular mechanisms of IDD and seek innovative
therapeutic strategies. Abnormal expression of miRNAs has
been implicated in the pathogenesis of IDD, and miRNA-
based therapeutic approaches emerge as a promising treat-
ment strategy [7-9].

MicroRNA (miRNA) is an endogenous non-coding RNA
that negatively regulates the stability and/or inhibits the
translation of messenger RNAs (mRNAs) by binding to
specific sequences within the target mRNA [10]. Although
miRNAs are non-coding, they are involved in the regula-
tion of approximately 30% of human proteins, as well as the
regulation of cellular proliferation, apoptosis, and differen-
tiation of a wide range of cells [11]. Abnormal expression
of miRNA has been found in a number of human muscu-
loskeletal disorders [12, 13]. Recent studies have identified
an important role for miRNAs in the progress of IDD [14—
16], including cell proliferation, apoptosis, extracellular
matrix (ECM) degradation, senescence, and inflammation.
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Correspondingly, there is support for selection of miRNAs
as potential therapeutic targets for IDD treatment [17].
miR-106b-5p is a member of the miR-106b-25 cluster and
is reported to be involved in the regulation of some mus-
culoskeletal degenerative diseases [18, 19]. However, the
mechanism of miR-106b-5p regulation in IDD is still yet to
be studied.

Here, this study aims to elucidate the mechanism through
which miR-106b-5p regulates nucleus pulposus (NP) cell
function, and explores the effectiveness of antagomiR-
106b-5p in balancing the anabolic and catabolic metabo-
lism of NP in vivo. Overall, this may provide the necessary
experimental basis for the development of effective thera-
peutic approaches based on intradiscal injection of miRNA
drugs.

Materials and methods
Patient samples

NP samples were obtained from a total of 212 patients diag-
nosed with degenerative disc disease (mean age, 55.6+9.4
years). Indications for surgery include the following: (1)
ineffectual conservative therapy; (2) worsening neurological
impairments, such as progressive dyskinesia, cauda equina
syndrome, (3) severe intervertebral disc degeneration (Pfir-
rmann’s grade IV or V). Otherwise, the following condi-
tions should first be excluded: (1) lumbar infection or (2)
ankylosing spondylitis, or (3) previous lumbar procedures.
Eighty NP samples were collected for the control group,
which included patients who underwent spinal procedures
for fresh vertebral burst fractures (mean age, 54.3+7.4
years). All the included patients had lumbosacral magnetic
resonance imaging, as part of their routine preoperative
evaluation. T2-weighted images were used as the Pfirrmann
classification for grading the degree of disc degeneration
[20]. The subjects with Pfirrmann’s grade I were included
in control group. The ethics committee of The First Affili-
ated Hospital of Guangxi Medical University approved this
study (2018-KY-NSFC-025). All patients enrolled in the
study signed informed consent, and in cases where patients
were unable to sign themselves, their designated family
member(s) signed by proxy prior to the collection of the
surgically removed disc tissues.

Surgically establishment of IDD model and miR-
106b-5p therapeutic approach

Annulus fibrosus (AF) needle puncture was used to estab-

lish the IDD model as previously described [21, 22]. Mice
caudal vertebraec were chosen to build the model since the
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caudal disc of mice is thought to be comparable to human
discs [23, 24]. The mice were subjected to general anesthe-
sia via inhaled isoflurane. Following the complete exposure
of the coccygeal discs (Co6/Co7), a needle attached to a
31G syringe was injected into the NP center, parallel to the
endplates, and rotated 180° for 10 s.

A total of 20 C57BL/6 mice (12 weeks old, 23 +2 g) were
obtained from The Guangxi Medical University Animal
Center for the miR-106b-5p rescue investigation. Twenty
mice were randomly allocated into four separate groups:
the agomiR NC group, the agomiR-106b-5p group, the
antagomiR NC group, and the antagomiR- 106b-5p group.
Following IDD surgery, the mice given were injected with
10puL solutions of agomiR-106b-5p, antagomiR-106b-5p or
their respective negative controls on 1 day, 1 week, and 2
weeks respectively. The IDD mice were euthanized after the
12th week of intervention, and their disc tissues were taken
for histological staining and immunohistochemistry stud-
ies. The ethics committee of The First Affiliated Hospital
of Guangxi Medical University approved all animal testing
protocols (2018-KY-NSFC-025).

Human NP cells isolation and culture

All protocols for the extraction of NP cells were followed
exactly [25]. Tissues were washed three times in PBS, cut
into 2 mm® pieces, digested with 0.25 trypsin (Thermo
Fisher Scientific, MA, USA) and 2% type II collagenase
(Invitrogen, CA, USA), and finally kept in PBS for three
hours at 37°C. The cells were then filtered using a 200-mesh
filter. Primary human NP cells were inoculated in a 25-cm
culture dish and cultured with DMEM (Gibco, NY, USA)
containing 10% FBS (Biological Industries, Israel) and 1%
penicillin/streptomycin (Biological Industries, Israel) in a
5% CO, incubator at 37 °C. Change the culture medium
every 2 days. When the cell density reaches 80%, the cells
are passaged at 1:2. No obvious differences in cell mor-
phology existed between the two generations. The well-
grown cells (second generation) were taken to subsequent
experiments.

Quantitative real-time polymerase chain reaction
(qRT-PCR)

Total RNA was isolated and extracted from collected NP tis-
sues using Trizol reagent (Takara, Aichi Ken, Japan). After-
ward, reverse transcription was performed using the Prime
Script miRNA cDNA Synthesis Kit (Takara, Aichi Ken,
Japan). Differential expression of SIRT2 and miR-106b-5p
was analyzed by 7500 real-time PCR system (Thermo
Fisher Scientific, MA, USA) and TB Green Premix Ex Taq
(Takara, Aichi Ken, Japan). The miRNA and mRNA levels
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were then compared to U6 and GAPDH, respectively, as
standard controls. The 274! was implemented to calcu-
late the relative changes. The primer sequences used in this
study are displayed in Supplementary Table 1.

Cell transfection

The miR-106b-5p mimics, miR-106b-5p mimics control,
miR-106b-5p inhibitor and miR-106b-5p inhibitor control
were provided by Genechem Company (Shanghai, China).
The NP cells were seeded in a 6-well plate, and transfected
at 20-30% cell density using Lipofectamine 3000 (Invitro-
gen, CA, USA). Following 72 h of transfection, the related
analysis was performed. The SIRT2 CDS sequence was
synthesized and sub-cloned into the pCDNA3.1 (Invitro-
gen) vector. Overexpression of SIRT2 was achieved via
pCDNA3.1-SIRT2 transfection. Harvest approximately
1 x 10° cells and inoculate them in 6-well cell culture plates.
The SIRT2 expression plasmids were transfected using
Lipofectamine PLUS™ (Invitrogen, CA, USA) reagent
when the cell growth density reached approximately 80%.
The experiments were divided into control, miR-106b-5p,
miR-106b-5p + SIRT2 and SIRT2 groups. Cell lysates were
collected 48 h after transfection for the next step of the
experiment.

miRNA microarrays

Initially, total RNA (50 ng) was extracted from the three
IDD NP samples and the three control NP samples using the
Trizol reagent. The miRNA fraction of the total RNA was
next purified utilizing a miRNA kit (Thermo Fisher Scien-
tific, MA, USA). Finally, the Affymetrix4.0 miRNA array
was used to conduct miRNA microarray investigations
(Thermo Fisher Scientific, MA, USA). The Gene Spring
GXvl12.1 software suite was applied to process the results
consistently (Agilent Technologies). Fold change filtering
was used to discover changes in miRNA expression between
the two samples. Gene Cluster 3.0 software from Stanford
University was used for hierarchical clustering analysis. The
KEGG Homology Annotation System was used to perform
functional enrichment analysis (KOBAS) [26]. GO analysis
was also performed for differentially expressed genes.

miR-106b-5p target prediction and luciferase
reporter assay

Using the miRbase database, we queried the specific
microRNA basic information. Bioinformatics online ana-
lytical tools were taken to predict the target genes. Gene
Ontology (GO) analysis was performed using the David
Bioinformatics program to predict the effect of targeted

mRNA on the disc. Targetscan was used to predict the 3’
non-coding region of the SIRT2 gene binding sites to the
miR-106b-5p. The mutant (MUT) and wild-type (WT) 3’
UTRs of the SIRT2 gene fragments were created and cloned
from human genomic DNA and put into the psiCHECK-2
vector’s downstream single restriction enzyme sites of the
Renilla luciferase stop codon (Promega, WI, USA). Using
Lipofectamine 2000, the NP cells were transfected with a
reporter plasmid containing the WT or MUT 3’ UTR and
miR-106b-5p mimic, alongside the miR-106b-5p inhibi-
tor as a control. After 24 h, the luciferase activities were
assessed using the GENios Pro (Promega, WI, USA).

Western blotting

Western blotting was performed by standard protocols. The
total proteins in the NP cells were extracted with RIPA buf-
fer supplemented with a protease inhibitor cocktail. The
subsequent protein concentration and purity were assessed
using a BCA kit (Beyotime, Shanghai, China). The proteins
were loaded onto an SDS-PAGE gel before being trans-
ferred to a PVDF membrane (Solarbio, Beijing, China). The
membrane was then blocked for 1 h with 5% nonfat dry
milk before being treated overnight with primary antibodies
at 4 °C. Afterward, the membranes were washed with TBST
and incubated with the appropriate secondary antibodies for
2 h. The main antibodies were used: anti-Col II (Abcam:
ab34712), anti-Aggrecan (Abcam: ab36861), anti-MMP13
(Abcam: ab219620), anti-ADAMTSS5 (Abcam: ab219620),
anti-ERK1/2 (Abcam: ab184699), anti-p-ERK1/2 (Abcam:
ab184699), anti-Ras (Abcam: ab108602), anti-SIRT2
(Abeam: ab134171), anti-B-Actin (Abcam: ab179467), anti-
GAPDH (Abcam: ab9485), which were normalized by blot-
ting the same membrane with an antibody against GAPDH
and B-Actin. ECL Detection Reagent (Solarbio, Beijing,
China) was used to determine the protein signals.

Cell scratches assay

Following transfection, each group of cells was inoculated
in a 6-well plate. The densities and fusion degrees of the
waiting cells were 2 x 10°/well and > 80%, respectively. The
separated cells were aspirated off and reconstituted in basal
media (without fetal bovine serum) to culture for 0, 12, 24,
and 48 h, respectively. The scratch healing condition was
recorded.

EdU assay
EdU tests were used to track cell growth. Following the

preparation of NP cells in experimental groups, the cells
were inoculated into a 24-well plate at a cell density of
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2x10°. Afterward, 500uL EdU (Sigma, MO, USA) was
added to each well, and the cells were incubated at 37 °C
for 2 h with 5% CO,. Next, fixed for 15 min with 4% form-
aldehyde and permeated for 20 min with 0.5% TritonX-100.
Following the washing, a 100-liter Apollo reaction mixture
was added and incubated in the dark for 30 min. Finally, the
results were evaluated under a microscope after 20 min of
Hoechst 33,258 staining.

Flow cytometry assay

The apoptosis assay was measured using a flow cytometer
and an apoptosis detection kit Annexin V-fluorescein iso-
thiocyanate (FITC) and propidium iodide (PI). The super-
natant was transferred to centrifuge tubes for centrifugation,
and the NP cells in the logarithmic growth cycle were
picked up in centrifuge tubes for centrifugation. The super-
natant was removed before the cells were resuspended in the
binding buffer. The annexin V-FITC and PI staining solu-
tions were then added, mixed thoroughly, and incubated for
15 min at room temperature in a dark environment. For flow
cytometry, the fluorescence intensity of stained cells was
measured from the fluorescence intensity, and the apoptotic
cells were calculated as a percentage.

Fluorescence in situ hybridization (FISH)

Exiqon QIAGEN developed and manufactured LNA probes
with 5” and 3’-digoxigenin-labeling to confirm miR-106b-5p
in NP tissues using FISH (Hilden, Germany). Dilutions and
denatured probes were applied dropwise to NP tissue slices
from degenerative disc, then hybridized overnight at room
temperature. By the following day, it had been taken out,
rinsed at room temperature, and dyed with 4, 6-diamino-
2-benzene (DAPI). A laser microscope detection was used
for detecting fluorescence signals (Alsi, Nikon, Tokyo,
Japan).

Histological slide evaluation and
immunohistochemistry

Tissue was collected from the mouse discs, fixed for one
week in 4% formalin, accumulated in 10% EDTA for two
weeks, and then paraffin-embedded. The section size was
approximately 3 um and the disc tissue was incised paral-
lel to the median sagittal plane. Sections were histologi-
cally examined with Safranin O staining, and scores were
assigned using a modified histological grading method
based on a recent publication [27]. After hydration of
the sections, antigen repair was conducted for 20 min at
100 °C with a 10 mm citric acid buffer, in preparation for
immunohistochemistry. Anti-Col II (Abcam: ab34712) and
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anti-MMP13 (Abcam: ab219620) were used to titrate the
sections, which were subsequently incubated overnight at
4 °C. The sections were treated with secondary antibodies
for 30 min at room temperature. The color response was
subsequently performed using DAB dye, followed by coun-
terstaining with hematoxylin. Finally, images of immuno-
histochemistry were taken using a microscope (Olympus,
Tokyo, Japan).

Statistical analysis

SPSS 23.0 (SPSS, Chicago, USA) was used to conduct all
statistical analyses. The mean and standard deviation are
used to illustrate numerical data. The statistical differences
between the groups were examined using a one-way analy-
sis of variance (ANOVA) with a post hoc test and a student’s
t-test, with a value p<0.05 being classified as statistically
significant.

Results

The discovery of miR-106b-5p was up-regulated
and positively correlated with the degree of disc
degeneration

The miRNA microarray analysis of NP tissues from three
IDD patients and three controls was used to observe the
differential expressions of miRNAs. The results indicated
that there were 14 up-regulated and 12 down-regulated
miRNAs. These were screened out when the mean change
was greater than 5-folds or less than 0.2-fold, with a p-value
less than 0.05 (Fig. 1 A). The expression of miR-106b-5p
was the most substantially up-regulated among the miRNAs
(Supplementary Table 2). The results were validated using
qRT-PCR on NP tissue from 212 degenerative samples and
80 control samples. The qRT-PCR research revealed that
miR-106b-5p levels in degenerative NP tissues were signifi-
cantly higher than in controls (Fig. 1B). Similar results were
observed in the FISH assay, where miR-106b-5p expression
levels were significantly higher in IDD group (Fig. 1 C).
Interestingly, there was a positive correlation between miR-
106b-5p expression levels and the Pfirrmann IDD classifi-
cation (n=45; r=0.79, p<0.001; Fig. 1D). Therefore, we
theorize that up-regulation of miR-106b-5p may play a cru-
cial role in the development of IDD. The important factor’s
screening procedure is depicted in Fig. 1E.
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Fig. 1 Identification of differ-
ently expressed miRNAs in A

IDD patients’ NP tissues. A 26

differently expressed miRNAs 3;83
were depicted in a heat map (fold 10-88
change>50r 0.2, p<0.01). B -1.00
The qRT-PCR assay was used to :%;33

examine the different expression
levels of miR-106b-5p between
the IDD and the control NP
samples. C The FISH analysis
confirmed the level of miR-
106b-5p was higher in NP tissues
from IDD patients (The scale bar
is 20 pm). D The expression of
the miR-106b-5p was found to
be positively correlated with the
severity grade (Pfirrmann grade)
of disc degeneration (n=45;
r=0.79, p<0.001). E Microar-
ray-based profiling revealed a
miRNAs selection strategy in
degenerative NP tissues. ***
indicates p<0.001

miR-106b-5p

control

IDD

The effect of miR-106b-5p overexpression or silence
on NP cell

Human NP cells were transfected with miR-106b-5p mim-
ics or inhibitors to create miR-106b-5p overexpression or
silencing models for cell function investigations. Fluoro-
grams of green-labeled lentiviruses were used to detect the
transfection effect and then validated by qRT-PCR (Fig. 2 A,
B). Analysis of the flow cytometric experiments revealed
that increased levels of miR-106b-5p promoted apopto-
sis of NP cells (Fig. 2 C). According to the EdU results,
overexpression of miR-106b-5p significantly decreased the
proliferation of NP cells (Fig. 2D). In the 48-hour scratch
assay, NP cell migration ability was significantly reduced
after miR-106b-5p overexpression (Fig. 2E). Next, western
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DAPI
blotting was utilized to measure the effects of miR-106b-5p
expression on ECM anabolic/catabolic markers. In primary
human NP cells transfected with miR-106b-5p mimics, the
expression of proteins involved with ECM protection (Col
II, Aggrecan) was significantly reduced. In contrast, the
opposite phenomenon occurred when transfected with miR-
106b-5p inhibitors (Fig. 2 F, G). Overall, we could confirm

that overexpression of miR-106b-5p induces apoptosis and
inhibits matrix synthesis in NP cells.

Merge

SIRT2 was a target gene of miR-106b-5p
The miRNA target genes were predicted using five predic-

tion algorithms: miRanda, RNA22, PicTar, TargetScan, and
PITA, and the findings were examined using Venn diagrams
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Fig. 2 Effect of miR-106b-5p on
NP cell function. A Transfection A
of GFP labeled miR-106b-5p into
cultured human NP cells. (The
scale bar is 50 um). B The effi-
cacy of miR-106b-5p transfection
in human NP cells was shown by
qRT-PCR. C Apoptosis rate in
human NP cells transfected with
miR-106b-5p mimics and inhibi-
tors was measured using flow
cytometry. D Cell proliferation
was measured in different NP cell
groups using the EdU assay. (The D
scale bar is 50 pm). E The migra-
tory potential of human NP cells
transfected with miR-106b-5p
mimics/inhibitors was demon-
strated in a cell scratch experi-
ment. (The scale bar is 20 pm). F,
G Western blotting were used to
determine the expression levels
of Col 11, Aggrecan, MMP13,
and ADAMTSS. *** indicates
p<0.001

PBS

‘GFP-miR-106b-5p

Mimics
control

Inhibitor  miR-106b-5p
mimics

control

miR-106b-5p
inhibitor

control mimics control

miR-106b-5p inhibitor miR-106b-5p  mimics
inhibitor

(Fig. 3A). Cytoscape created the miRNA-mRNA network
maps (Fig. 3B). The gene matching score results show that
miR-106b-5p was highly conserved across animal species
(Fig. 3 C). A luciferase reporter assay confirmed that the
luciferase activity of wild-type SIRT2 or mutant SIRT2 was
significantly lower than mutant luciferin activity when co-
transfected with miR-106b-5p mimics in human NP cells
(Fig. 3D). Western blotting showed a significant decrease of
SIRT?2 protein expression in NP cells transfected with miR-
106b-5p mimics (Fig. 3E, F). Our data indicate that miR-
106b-5p can suppress the expression of SIRT2 by targeting
a specific seed region in the 3’ UTR of SIRT2 mRNA.

miR-106b-5p regulated IDD via SIRT2/MAPK/ERK
signaling pathway

Asshown in Fig. 4 A and B, the differential genome is mostly

enriched in the MAPK/ERK signaling pathway according to
the Kyoto Encyclopedia of Genes and Genomes (KEGG).
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Ras, a key factor in the MAPK signaling pathway, can be
deacetylated by SIRT2. For this reason, inhibition of SIRT2
can activate the MAPK/ERK signaling pathway. Human NP
cells were transfected with miR-106b-5p mimics, inhibitors,
or negative controls. The protein expression levels of Ras,
ERK1/2, p-ERK1/2, ADAMTSS, and MMP13 were found
to be significantly elevated in NP cells with overexpress-
ing miR-106b-5p. Alternatively, the expression of SIRT2,
Col II, and Aggrecan proteins was significantly increased in
NP cells with silenced miR-106b-5p (Fig. 4 C, D). Further-
more, the effects of SIRT2 overexpression on ADAMTSS,
MMP13, Col 11, and Aggrecan genes were found to be com-
parable to those of the miR-106b-5p inhibitor (Fig. 4E, F).
Thus, from our findings, miR-106b-5p may induce apop-
tosis in NP cells and promote IDD progression via SIRT2/
MAPK/ERK pathway.



Apoptosis (2023) 28:199-209

205

Fig. 3 Identification of SIRT2

as a target of miR-106b-5p.

A, B SIRT2 was predicted as

a potential regulatory target

for miR-106b-5p. C Sequence
alignment revealed that the 3’
UTR of SIRT2 mRNA had high
sequence complementarity with
miR-106b-5p. D The binding
relationship between miR-106-5p
and SIRT?2 was verified by lucif-
erase reporter assay in human

NP cells. E, F The expression of
SIRT2 protein was detected by
western blotting after transfection
of human NP cells with miR-
106b-5p mimics or inhibitors.

** indicates p<0.01 and ***
indicates p<0.001
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Down-regulation of miR-106b-5p level prevented
IDD development in a mouse model

Following our understanding of the possible pathologi-
cal mechanism, we sought to further explore the poten-
tial therapeutic role of miR-106b-5p in the prevention of
IDD. Locally injected the miR-106b-5p mimics (agomiR-
106b-5p) or miR-106b-5p inhibitors (antagomiR-106b-5p)
in mice models of IDD at 1 day, 1 week and 2 weeks after
IDD surgery and compared results to negative controls. The
intact discs were obtained after 12 weeks for histological
analysis (Fig. 5 A). The Safranin O staining results revealed
that the normal basic structure of NP was lost in the disc
tissue injected with agomiR-106b-5p, as there were no
obvious boundaries between the surrounding fibrous ring
and NP. The NP cells were also found to be degenerated
or replaced by fibroblast-like phenotype cells. Local admin-
istration of antagomir- 106b-5p dramatically alleviated the
progression of disc degeneration (Fig. 5B, C). Immunohis-
tochemical studies revealed that antagomiR-106b-5p sig-
nificantly reduced MMP13 expression but increased Col II
expression (Fig. 5D, E). Therefore, this finding suggests that
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*
*
*
*

o

Proteins/GAPDH

miR-106b-5p inhibitors (antagomiR-106b-5p) could serve
as a potential drug for arresting the progression of IDD

(Fig. 6).

Discussion

It has been well documented that miRNAs play critical roles
in IDD development. To date, no miRNA has entered into
clinical trial for rescuing IDD [8, 28]. To the best of our
knowledge, this is the first preclinical study to identify the
therapeutic significance of miR-106b-5p in the treatment
of IDD. Based on miRNA microarray expression profiles,
miR-106b-5p expression was found to be up-regulated in
degenerated NP tissues compared to control NP tissues.
Furthermore, it was observed that the severity of IDD was
also positively correlated with the differential expression
of miR-106b-5p. Thus miR-106b-5p was selected as a tar-
get miRNA for further investigation. In vitro cell function
tests revealed that miR-106b-5p overexpression contributed
to an imbalance in ECM anabolic and catabolic metabo-
lism. Fundamentally, miR-106b-5p could directly target
SIRT2 mRNA, while SIRT2 overexpression could rescue
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Fig.4 The modulation of miR-
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the degradation of ECM caused by miR-106b-5p. Through
these studies, it was revealed that miR-106b-5p and SIRT2
might be indispensable factors in the progression of IDD.
SIRT?2 is a nicotinamide adenine dinucleotide-dependent
(NAD-+) histone deacetylase that belongs to the sirtuin fam-
ily of proteins [29, 30]. Current research has confirmed that
SIRT2 plays an important role in abnormal physiological
activities such as senescence, apoptosis, and inflammation.
These abnormal physiological activities are thought to be
critical in the development of IDD [31, 32]. The role of
MAPK as an intracellular signal transduction pathway has
been proven to play a critical regulatory role in the devel-
opment of IDD [33]. In addition, new evidence shows that
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SIRT2 can regulate the MAPK signaling pathway directly
through deacetylation [34]. Nevertheless, the exact molecu-
lar mechanism through which SIRT2 deacetylase regulates
IDD in the MAPK/ERK signaling pathway is unknown.
This study identified that miR-106b-5p can regulate NP
cell function via direct binding to the SIRT2-3” UTR. Ras
is an important upstream regulator of the MAPK/ERK sig-
naling pathway that can be regulated by the deacetylation
of SIRT2 [35-37]. Therefore, it is hypothesized that SIRT2
can regulate the MAPK/ERK signaling pathway through
deacetylation, which is involved in the progression of IDD.
In this study, when miR-106b-5p was overexpressed in NP
cells, the expression and acetylation of SIRT2 were reduced,
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Fig. 5 Down-regulation of miR-
106b-5p expression prevents IDD
development. A Flowchart of
experimental design showed local
administration of miR-106b-5p

intradiscal delivery

mimics, inhibitors, or negative
controls to mice models at 1 day,
1 week, and 2 weeks after IDD
surgery. B, C Safranin O staining
and histological scoring were
used to assess disc degenera-
tion. (The scale bar is 50 pm).

D, E Immunohistochemistry of
MMP13 and Col II in IDD mod-
els treated with miR-106b-5p.
(The scale bar is 20 pm). ***
indicates p <0.001 D
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Fig. 6 miR-106b-5p inhibitor (antagomiR-106b-5p) is a potential
therapeutic target to attenuate the progression of IDD. This schematic
diagram shows that miR-106b-5p induces IDD through the stimulation
of NP cell catabolism and apoptosis via SIRT2/ MAPK/ERK signal-
ing pathway. Furthermore, the miR-106b-5p inhibitor (antagomiR-
106b-5p) alleviates the degenerative process of intervertebral disc in
IDD mouse model

which ultimately contributed to a significant increase in Ras
and MAPK/ERK signaling protein expression. Conversely,
overexpression of SIRT2 counteracted the effects of miR-
106b-5p overexpression on Col 11, Aggrecan, ADAMTSS,
and MMP13 proteins. These studies further elucidated
the role of miR-106b-5p in MAPK signaling and repre-
sent the current research avenues for the investigation of
miR-106b-5p in the regulation of IDD. Nevertheless, even
though miR-106b-5p regulates SIRT2, further in-depth
mechanisms should be explored in future studies.
miRNA-based therapy is a very attractive treatment
strategy of IDD [38]. Recent preclinical studies have found
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that miRNA-based therapeutic approach is feasible and
effective through direct injection of miRNA vectors into
the intervertebral disc [8, 9]. In this study, we conducted
in vivo experimentation with the AF acupuncture-induced
IDD mouse model to investigate the potential therapeutic
significance of miR-106b-5p. As reported, the local injec-
tion of agomiR-106b-5p resulted in increased NP cell apop-
tosis, higher histological scores, and augmented production
of catabolic markers (MMP13). IDD progression was alle-
viated by silencing miR-106b-5p after local injection of
antagomiR-106b-5p in the IDD model. These data indicate
that miR-106b-5p inhibitors can arrest the development of
IDD by remodeling the balance between ECM anabolic/
catabolic factors. Our study might provide a new theoretical
foundation for the clinical translation of miR-106b-5p for
IDD treatment.

The therapeutic potential of miRNAs has been demon-
strated in multiple preclinical studies of IDD [39]. Due to the
role of miRNA in many disc degenerative process, such as
cell proliferation, apoptosis, homeostasis and metabolism, it
is noteworthy that miRNA-based therapeutics is a good can-
didate for IDD [8, 9, 40, 41]. However, there are still many
practical challenges in miRNA-based therapeutics, includ-
ing safety, efficacy, target selection, and delivery technolo-
gies. For instance, local delivery to the intervertebral disc
tissue is a major obstacle that will always complicate the
path to clinical application [28]. Optimal miRNA delivery
in vivo is always accessible to the target cell without its
degradation by internal nucleases. However, the number of
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pre-clinical or clinical trials in this regard is very low. More-
over, the mechanism of action of miRNA in targeting differ-
ent signaling pathways is still poorly understood. Clarifying
and overcoming these challenges are extremely important
for laying a solid foundation for the clinical translation of
miRNA-based therapy.

There are several limitations in our study. First, the
sample size of this study may be relatively small. It is vital
to verify the phenotypic specificity of miR-106b-5p in the
large-scale studies. Second, potential off-target effect of
antagomiR-106b-5p in vivo remains undetermined. Third,
the toxicity of intradiscal delivery of miR-106b-5p occurring
in surrounding tissues is warranted in future investigation.

In summary, miRNA microarray analyses showed that
miR-106b-5p expression was significantly up-regulated in
degenerative human NP samples. This result was verified
by qRT-PCR and FISH. Gain- and loss-of-function experi-
ments revealed that miR-106b-5p promoted IDD by induc-
ing NP cell apoptosis and ECM degradation via the SRIT2/
MAPK/ERK pathway. Furthermore, intradiscal delivery of
antagomiR-106b-5p significantly attenuated IDD develop-
ment in the animal model. Our findings indicate that target-
ing miR-106b-5p in interverbal disc has therapeutic effects
on IDD.
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