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Abstract

Mesenchymal stem cell (MSC)-derived extracellular vesicles (EVs) have been reported to deliver exogenous microRNAs
(miRNAs or miRs) to reduce the progression of intervertebral disc degeneration (IDD). The purpose of the current
study was to investigate the therapeutic potential of MSC-derived EVs delivering miR-129-5p in IDD. First, miR-129-5p
expression levels were quantified in nucleus pulposus (NP) tissues of IDD patients. An IL-Ip-induced NP cell model
with IDD was then established, and co-cultured with EVs derived from MSCs that had been transfected with miR-
129-5p mimic or inhibitor to elucidate the effects of miR-129-5p on cell viability, apoptosis, and ECM degradation. In
addition, RAW264.7 cells were treated with the conditioned medium (CM) of NP cells. Next, the expression patterns of
polarization markers and those of inflammatory factors in macrophages were detected using flow cytometry and ELISA,
respectively. Lastly, rat models of IDD were established to validate the in vitro findings. It was found that miR-129-5p
was poorly-expressed in NP tissues following IDD. Delivery of miR-129-5p to NP cells by MSC-derived EVs brought
about a decrease in NP cell apoptosis, ECM degradation and M| polarization of macrophages. Moreover, miR-129-5p
directly-targeted LRG|, which subsequently promoted the activation of p38 MAPK signaling pathway, thus polarizing
macrophages toward the M| phenotype. Furthermore, MSC-derived EVs transferring miR-129-5p relieved IDD via
inhibition of the LRG1/p38 MAPK signaling in vivo. Altogether, our findings indicated that MSC-derived EVs carrying
miR-129-5p confer protection against IDD by targeting LRG| and suppressing the p38 MAPK signaling pathway, offering
a novel theranostic marker in IDD.
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Introduction

Intervertebral disc degeneration (IDD) represents a multi-
factorial disease characterized by phenotypic and geno-
typic changes, leading to low back pain, and disability.!
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been elucidated, such as genetic, biochemical and environ-
mental factors, and lifestyles (aging, repetitive physical
loading, obesity, and smoking), consequently causing an
unbalance in the anabolic and catabolic environment of the
extracellular matrix (ECM) favoring catabolism.®> Current
treatment approaches for IDD can provide symptomatic
relief, but fail to resolve the underlying pathology of degen-
eration.* Accordingly, there is a pressing need to uncover
novel molecular targets against IDD.

Mesenchymal stromal/stem cells (MSCs), a type of
adult stem cells, are known to serve as promising candi-
dates for numerous conditions, such as chronic degenera-
tive disorders, inflammatory diseases, stroke, sepsis, or
myocardial infarction.’ Meanwhile, the paracrine func-
tions of MSCs are exerted by secreting extracellular vesi-
cles (EVs), which are predominantly endosomal in origin
and contain various cargos, such as microRNAs (miRNAs
or miRs), mRNAs, and proteins.® miRNAs, a class of small
18-22-nucleotide-long noncoding RNA molecules, have
been previously highlighted to represent a promising
approach for IDD management due to their ability to regu-
late nucleus pulposus (NP) cell viability, ECM synthesis,
and apoptosis.” Furthermore, miR-129-5p can enhance cell
viability, while inhibiting apoptosis of NP cells, thus con-
tributing to the alleviation of IDD development by target-
ing BMP2.? Initial prediction results from the starBase
database highlight the presence of miR-129-5p binding
sites in the 3'-untranslated region (3’-UTR) of leucine-rich
a2-glycoproteinl (LRG1), a pleiotropic protein belonging
to the LRG family that plays a pathogenic role in multiple
degenerative diseases; for instance, accumulation of LRG
is thought to be responsible for the neurodegeneration of
patients with Parkinson’s disease.” In addition, up-regu-
lated expressions of LRG have been previously reported to
be associated with granulomatous tissue formation, carti-
lage degeneration, and bone destruction in the event of
rheumatoid arthritis.'” Meanwhile, studies have also found
that LRG1 exhibits a positive correlation with p38 mito-
gen-activated protein kinase (MAPK) signaling pathway
in the setting of pancreatic cancer, wherein LRG1 pro-
moted pancreatic cancer growth and metastasis by activat-
ing the signaling pathway.!! On the other hand, p38 MAPK
is known to be of paramount importance in the inflamma-
tory response of NP cells, where cytokines mediated by
p38 MAPK could induce the expression of catabolic
enzymes a disintegrin-like and metalloproteinase domain
with thrombospondin-type 1 motifs (ADAMTS) and
matrix metalloproteinases (MMPs) in NP cells,'? under-
scoring the significance of activated p38 MAPK signaling
pathway in IDD. In lieu of these evidences, we hypothe-
size that MSCs-derived EV containing miR-129-5p may
play a critical part in IDD via the LRG1/p38 MAPK axis.
Consequently, the current study isolated EVs from human
MSCs and conducted co-culture experiments with inter-
leukin (IL)-1B-induced NP cells to verify this hypothesis,

hoping to uncover effective therapeutic strategies combat-
ing IDD.

Materials and methods

Ethics statement

The current study was performed with the approval of the
Ethic Committee of our hospital and performed in strict
accordance with the Declaration of Helsinki. Signed
informed consents were obtained from all participants
prior to enrollment. Animal experiments were approved by
the Ethic Committee of our hospital, and conformed to the
Guide for the Care and Use of Laboratory Animals pub-
lished by the US National Institutes of Health. Extensive
efforts were made to ensure minimal suffering to the ani-
mals included in the study.

Clinical samples

Normal NP tissue samples were surgically collected from
patients (n = 30, including 20 males and 10 females, aged
20-66 years, with a mean age of 42.4 years) with idiopathic
scoliosis, and degenerative NP tissue samples were also
collected from patients (n = 30, 19 males and 11 females,
aged 26-55 years, with a mean age of 41.7 years) undergo-
ing discectomy and spinal fusion. The obtained samples
were graded using the Pfirrmann classification system.!?

Isolation, culture, and treatment of NP cells

The collected NP tissue samples were sliced into small
pieces and subjected to endonuclease cleavage with 0.2%
type II collagenase (Invitrogen, Carlsbad, CA, USA) and
0.25% trypsin (Sigma-Aldrich Chemical Company, St
Louis, MO, USA) for 3 h. Following rinsing with phos-
phate-buffered saline (PBS), the cells were separated with
centrifugation. The isolated cells were subsequently cul-
tured with Dulbecco’s modified Eagle’s medium (DMEM;
Gibco, Grand Island, NY, USA) containing 15% fetal bovine
serum (Gibco) and 1% penicillin-streptomycin solution in
a 5% CO, incubator at 37°C. The culture medium was
renewed twice a week, and the cells at passage 2 or 3 were
used for follow-up experiments. Next, the cells were seeded
in a 10-cm culture dish and allowed to reach 80% conflu-
ence, and then treated with 10 ng/mL of IL-1J for 24 h to
construct a cell IDD model as previously described.'*

Isolation and identification of BMSCs-derived
EVs

Human BMSCs (acquired from American Type Culture
Collection, Manassas, VA, USA) were cultured in serum-
free DMEM and the culture solution was harvested after 2
days. Next, the cells were centrifuged at 500g for 10 min,
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and 2000g for 30 min to remove the dead cells and cell
debris. The supernatant was then collected and centrifuged
at 100,000g and 4°C for 1 h, followed by suspension with
phosphate buffer saline (PBS) and additional ultra-centrif-
ugation as above mentioned. The obtained pellets were
stored at —80°C.

The isolated EVs were then collected and observed
under a transmission electron microscope (TEM; HT7830,
Hitachi, Tokyo, Japan) for characterization. Briefly, EV
suspension was mixed with equal volumes of 4% para-
formaldehyde, and 5 pL of the mixture was loaded on the
formvar/carbon coated copper grid, and the images were
captured under a TEM.

Next, the diameter of EVs was detected by means of
nanoparticles tracking analysis (NTA), which tracks and
determines the particle size automatically based on
Brownian motion and diffusion coefficient. EVs were then
resuspended in 1 mL of PBS and filtered PBS served as a
control. The diluted EVs were then injected into the
NanoSight LM10 instrument (NanoSight Ltd., Minton
Park, UK) to measure the particle size, with the condition
set as 23.75°C = 0.5°C for 60 s.

Subsequently, the surface marker proteins of EVs were
identified using Western blot analysis. The EVs were then
dissolved in radioimmunoprecipitation assay buffer and
quantified with a bicinchoninic acid (BCA) protein assay kit
(A53226, Thermo Fisher Scientific, Rockford, IL, USA).
Next, the EVs were subjected to Western blot analysis with
the following antibodies (Abcam Inc., Cambridge, UK):
CD9 (ab92726, dilution ratio of 1: 1000), CD63 (ab134045,
dilution ratio of 1: 1000), Calnexin (ab22595, dilution ratio
of 1: 100) and TSG 101 (ab125011, dilution ratio of 1: 1000).

NP cell transfection

NP cells at the logarithmic growth phase were trypsinized and
seeded into six-well plates at a density of 1 X 10° cells/well for
24 h of culture. Upon reaching approximately 75% conflu-
ence, the cells were then transfected with miR-129-5p mimic,
miR-129-5p inhibitor, short hairpin RNA (sh)-LRG1, over-
expression (oe)-LRG1, miR-129-5p mimic + LRGI as well
as their corresponding controls (mimic-negative control [NC],
inhibitor-NC, control shRNA, oe-NC, miR-129-5p mimic +
vector) according to the instructions of Lipofectamine 2000
reagent (Invitrogen). After 36 h of culture, the cells were
treated with IL-1P and 10 uM of SB202190 (an inhibitor of
p-38)!1° for 24 h. The aforementioned expression plasmids
were purchased from Shanghai GenePharma Co., Ltd.
(Shanghai, China) and the used concentration was 50 ng/mL.

Cell counting kit-8 (CCK-8) assay

NP cells were seeded into 96-well plates (Corning
Incorporated, Corning, NY, USA) at a density of 2 X 103
cells/well (100 pL), and cultured overnight. Next, the cells

were treated with 10 ng/mL of IL-1p for 24 h, and then co-
cultured with BMSC-derived EVs for 3, 6, 9, and 12 days.
Finally, 10 puL of CCK-8 reagent (K1018, Apexbio, USA)
was added to each well at the corresponding time point, and
incubated in dark conditions at 37°C for 2 h. The optical den-
sity (OD) values were measured at a wavelength of 450 nm.
Five parallel wells were set for each experiment, with three
independent repeats. A cell growth curve was finally plotted
based on the viability.

Flow cytometry

The apoptosis rate of NP cells was measured using a
Annexin V-allophycocyanin (APC) apoptosis detection kit
(BD Pharmingen, San Diego, CA, USA). Briefly, the NP
cells were resuspended in PBS and incubated with Annexin
V-APC and propidium iodide (PI) in dark conditions at
room temperature for 15 min. A FACScan flow cytometer
(Becton Dickinson, San Diego, CA, USA) was used for
cell apoptosis analysis.

Dual-luciferase reporter assay

LRG1-3-UTR dual-luciferase reporter gene vectors
(PmirGLO-LRG1-wild type (WT)) and mutant type (MUT)
of LRG1 containing miR-129-5p binding sites (PmirGLO-
LRG1-MUT) were constructed. Next, the reporter plasmids
were co-transfected with miR-129-5p mimic or mimic NC
plasmids into HEK-293T cells. After 48 h of transfection,
the cells were lysed and centrifuged at 12,000g for 1 min,
followed by supernatant collection. A Dual-Luciferase®
Reporter Assay System (E1910, Promega Corporation,
Madison, WI, USA) was employed to detect the luciferase
activity, which was expressed as the ratio of firefly lucif-
erase activity to renilla luciferase activity.

RNA isolation and quantitation

Total RNA content was extracted from tissues using the
TRIzol reagent (16096020, Thermo Fisher Scientific Inc.).
The extracted RNA was reverse-transcribed into comple-
mentary DNA (cDNA) using reverse transcription
kits (RR047A, Takara, Japan, for mRNA detection), while
polyA-tailing kits (B532451, Shanghai Sangon Bio-
technology Co. Ltd., Shanghai, China, were employed for
miRNA detection, containing universal PCR primer and
U6 universal PCR primer). Reverse transcription quantita-
tive polymerase chain reaction (RT-qPCR) was conducted
using the SYBR® Premix Ex TaqTM II kit (DRROS8I1,
Takara, Japan) on an ABI 7500 instrument (Applied
Biosystems, Foster City, CA, USA). Three wells were set
for all experiments, each repeated in triplicate. U6 mRNA
levels were used as an internal reference to normalize the
results of miRNA expression, while syn-cel-miR-39 was
used as the endogenous control for miRNA in EVs. In
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addition, glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) served as the loading control of mRNAs. The
primers are listed in Supplemental Table S1. The fold
changes were calculated by means of relative quantifica-
tion (the 224 method).

Western blot analysis

Total protein content was extracted from cells with radio-
immunoprecipitation assay lysis buffer (P0013B, Shanghai
Beyotime Biotechnology Co. Ltd., Shanghai, China). The
concentration of the obtained proteins was then determined
with a bicinchoninic acid (BCA) kit (A53226, Thermo
Fisher Scientific, Rockford, IL, USA). Next, the proteins
were separated using sodium dodecyl sulfate polyacryla-
mide gel electrophoresis and transferred onto polyvi-
nylidene fluoride (IPVH85R, Millipore, Darmstadt,
Germany) membranes using the wet-transfer method. Next,
the membranes were blocked using 5% bovine serum albu-
min at ambient temperature for 1 h and underwent over-
night incubation at 4°C with the following primary rabbit
anti-human antibodies: collagen II (ab34712, dilution ratio
of 1: 5000), aggrecan (13880-1-AP, dilution ratio of 1:
400), MMP-13 (ab39012, dilution ratio of 1: 4000), MMP3
(ab53015, dilution ratio of 1: 4000), p38 (ab227426, dilu-
tion ratio of 1: 500), phosphorylated (p)-p38 (ab38238,
dilution ratio of 1: 500), and GAPDH (ab181602, dilution
ratio of 1: 10000). The aforementioned antibodies were
procured from Abcam Inc. (Cambridge, UK) except aggre-
can (Proteintech, Wuhan, China). Following a wash, the
membranes were re-probed with horseradish peroxidase-
labeled secondary antibody to immunoglobulin G (IgG;
ab6721, dilution ratio of 1: 5000, Abcam) for 2 h. The
immunocomplexes on the membrane were visualized using
chemiluminescence apparatus and band intensities were
quantified with the Image] 1.48u software (National
Institutes of Health, Bethesda, Maryland, USA). The ratio
of the gray value of the target band to GAPDH was indica-
tive of the relative protein expression.

Enzyme-linked immunosorbent assay (ELISA)

Macrophages were collected and centrifuged at 4°C, after
which the supernatant was collected to determine the lev-
els of cytokines with the help of ELISA. Briefly, the anti-
body was diluted to protein content of 1-10 pg/mL with
0.05 M carbonate-coated buffer (pH = 9). Next, 0.1 mL of
the sample was added to the reaction well of each polysty-
rene plate, and reacted at 4°C overnight. The following
day, the solution in the well was discarded and washed
thrice with washing buffer solution. The coated reaction
well was subsequently added with 0.1 mL of diluted sam-
ples to be tested and incubated at 37°C for 1 h. Following
this, each well was added with 0.1 mL of fresh diluted
enzyme labeled antibody and 0.1 mL of TMB substrate

solution prepared temporarily, followed by reaction at
37°C for 10-30 min. The reaction was halted by the addi-
tion of 2 M sulfuric acid (0.05 mL). Finally, the optical
density (OD) values of each well were measured at 450 nm
using an ELISA detector.

Establishment of rat IDD models

A total of 24 male Sprague-Dawley rats (aged 3 months;
calculated mean weight of 450 g = 50 g) were enrolled in
the study for in vivo experiments, among which, six rats
were selected as the control (receiving sham operation) and
the remaining 18 rats were used for IDD model construc-
tion.'® In brief, the rats were deprived of food for 12 h and
water for 4 h, and then peritoneally anesthetized with 3%
sodium pentobarbital. Next, 2 IVDs (Co8/9 and C09/10)
were punctured using a 20-gauge needle. To ensure dena-
turation, the annulus fibrosus was punctured, the needle was
rotated for 5 s and maintained for 30 s. In order to avoid the
possible impact of individual differences, the IDD rats were
treated with 100 pg/mL of EVs from mimic-NC-transfected
MSCs or from miR-129-5p mimic-transfected MSCs, with
six rats for each treatment. In total, 2 pL of sterile normal
saline containing different purified cell EVs (about 1.5 X
10° granules) was injected into the central space of NP only
at a depth of 6 um. To avoid secondary damage caused by
puncture, all injections were started 1 week after puncture.
The puncture was repeated 4 weeks later.

Measurement of IVD index

The IVD index of each rat was examined by X-ray at the 1st,
Sth, and 9th week before and after modeling. Prior to exami-
nation, the rats were anesthetized, and their limbs and tails
were fixed in order to make tail muscle vertical and relaxed.
The rats were scanned with a Faxitron Cabinet X-ray system
(Faxitron Corp, Wheeling, IL), and the value of IVD height
index (DHI) was obtained and calculated. The DHI value
was expressed as percentage (%), which indicated the ratio
of postoperative DHI to preoperative DHI.

Terminal deoxynucleotidyl transferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay

The tissue sections were dewaxed, rehydrated, and pre-
treated with proteinase K for 30 min. Next, the sections
were balanced at 37°C for 1 h with the balance buffer of
the kit, followed by incubation with peroxidase and diam-
inobenzidine. Finally, the sections were photographed
under a microscope (Olympus, Tokyo, Japan).

Safranin-O/fast green staining

Paraffin sections were dewaxed with xylene I, IT (5 min for
each), and rehydrated with descending series of alcohol
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(100%, 95%, 90%, 80%, and 70%, 3—5 min for each).
Following washing with distilled water for 3 min, the sec-
tions were stained with Safranin dye for 10-30 min, and
immersed with 1% hydrochloric acid ethanol for 2 s until
the sections turned red with lighter color. Next, the sec-
tions were dehydrated with gradient alcohol (50%, 70%,
and 80%) for 3—5 min. The sections were then counter-
stained and added with 95% ethanol to wash off the excess
red, followed by immersion in absolute alcohol for 3-5
min. Finally, the sections were observed under a micro-
scope following blocking with neutral gum.

Immunofluorescence staining

Sections were rinsed with PBS and blocked with 10%
bovine serum albumin at 25°C for 1 h. Next, the sections
were incubated with rabbit primary antibodies against
iNOS (ab3523, dilution ratio of 1: 50, Abcam) and Argl
(ab96183, dilution ratio of 1: 100, Abcam) in dark condi-
tions at 4°C overnight. The following day, the sections
were subjected to another round of incubation with fluores-
cent-labeled secondary antibody goat anti-rabbit [gG H&L
(ab6717, dilution ratio of 1: 100, Abcam) at 37°C for 2 h.
Following two rinses with PBS, the sections were stained
with 4',6-diamidino-2-phenylindole at room temperature
for 15 min and observed under a confocal scanning micros-
copy (LSM 700; Carl Zeiss, Oberkochen, Germany).

Immunohistochemistry

Paraffin sections were baked at 60°C for 1 h, placed in
xylene I and xylene II for dewaxing and hydration, dehy-
drated with gradient alcohol, and immersed in 3% hydro-
gen peroxide for 20 min at room temperature to terminate
the endogenous peroxidase activity. Next, the sections
were blocked with 10% goat serum for 15 min, incubated
with diluted primary antibodies collagen II (ab34712, dilu-
tion ratio of 1: 5000, Abcam, Cambridge, UK), aggrecan
(13880-1-AP, dilution ratio of e1:400, Proteintech, Wuhan,
China), MMP13 (ab39012, dilution ratio of 1:4000,
Abcam) and MMP3 (ab53015, dilution ratio of 1:4000,
Abcam, Cambridge, UK), followed by overnight incuba-
tion at 4°C. The sections were then incubated with second-
ary antibody biotin-labeled goat anti-rabbit IgG working
solution (ab97051, dilution ratio of 1: 2000, Abcam), incu-
bated at room temperature for 40 min, and the color was
developed with diaminobenzidine (DAB; DA1010, solar-
bio) for 10 min. Subsequently, the sections were counter-
stained with hematoxylin (H8070, Solarbio, Beijing,
China) for 1 min, dried with gradient alcohol, transparen-
tized with xylene and mounted with a gum. With PBS
instead of primary antibody as the NC, the final results
were scored by two double-blinded individuals. Five high-
power fields were randomly selected under an optical
microscope (CX41-12C02, Olympus, Tokyo, Japan). The

cells presenting with brown particles in the cells were
regarded as positive cells, and calculated as a percentage
of the total number of cells.

Statistical analyses

Statistical analyses were performed using the SPSS 21.0
statistical software (IBM Corp. Armonk, NY, USA).
Measurement data were described as mean * standard
deviation. Data obeying normal distribution and homoge-
neity of variance between two groups were compared
using the unpaired #-test. Differences among multiple
groups were statistically analyzed employing one-way
analysis of variance (ANOVA) or repeated measures
ANOVA, followed by Tukey’s multiple comparisons test.
The Kaplan-Meier method was used to calculate the sur-
vival rate of patients, and Log-rank test was used for uni-
variate analysis. Correlation of indexes was analyzed by
Pearson’s correlation coefficient. A value of p < 0.05 was
regarded statistically significant.

Results

miR-129-5p shuttled by BMSC-derived EVs
inhibit cell apoptosis and the degradation of
ECM in IL-1B-treated NP cells

Firstly, we set out to identify the isolated EVs from
BMSCs. The results of TEM illustrated that the isolated
EVs presented with round- or oval-shaped membranous
vesicles (Figure 1(a)), and their size ranged 30-150 nm as
evidenced by NTA (Figure 1(b)). In addition, Western blot
analysis results demonstrated that the contents of EV sur-
face makers CD9, CD63, and TSG101 were increased,
while Calnexin was un-expressed (Figure 1(c)). These
results indicated the successful extraction of EVs.

Differential analyses of the GSE19943 dataset indicated
that miR-129-5p was poorly-expressed in IDD (Supplemental
Figure S1A). In addition, the results of RT-qPCR demon-
strated a decline in miR-129-5p expression levels in NP tis-
sues of IDD patients (Figure 1(d)). Subsequently, MSCs
were transfected with Cy3-labeled miR-129-5p mimic to
obtain MSCs-EV with Cy3 labeled miR-129-5p. After incu-
bating NP cells for 24 h (Figure 1(e)), red fluorescence was
observed in NP cells co-cultured with EVs from BMSCs
transfected with Cy3-labeled miR-129-5p mimic, indicating
that miR-129-5p could be transferred from BMSC-derived
EVs to NP cells (Figure 1(f)). Moreover, the results of
RT-gPCR demonstrated that miR-129-5p expression levels
were increased in NP cells with BMSC-EV-miR-129-5p
mimic (Figure 1(g)). These results indicated that BMSCs-EV
can transfer miR-129-5p into NP cells.

Furthermore, we over-expressed miR-129-5p in
BMSCs, from which EVs were isolated. The results of
RT-gPCR illustrated an increase in miR-129-5p expression
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NTA. (c) Western blot analysis of EV surface maker proteins. (d) miR-129-5p expression determined by RT-qPCR in normal and
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levels in the EV (miR-129-5p mimic) (Figure 1(h)), sug-
gesting the successful over-expression of miR-129-5p in
BMSC-EVs. Next, we aimed to characterize the role of
miR-129-5p carried by BMSCs-EVs in NP cells in vitro.
NP cells were treated with IL-1f to simulate IDD in vitro,
and then co-cultured with MSC-EVs with different treat-
ments. Experimental data from RT-qPCR showed down-
regulation of miR-129-5p in IL-1B-treated NP cells, while
treatment with BMSC-EV-miR-129-5p mimic resulted in
enhanced miR-129-5p expression levels (Figure 1(i)). The
viability of NP cells (Figure 1(j)) treated with IL-13 was
found to be reduced, while apoptosis (Figure 1(k);
Supplemental Figure S1B) was enhanced. However, treat-
ment with BMSC-EV-miR-129-5p mimic blocked the
effect of IL-1p on the viability and apoptosis abilities of
NP cells. Meanwhile, Western blot analysis revealed that
the protein expression levels of collagen II and aggrecan
were decreased in IL-1B-treated NP cells, while those of
MMP13 and MMP3 were enhanced (p < 0.05), whereas

these trends were reversed following co-culture with
BMSC-EV-miR-129-5p mimic (Supplemental Figure
S1C). These results highlighted the inhibitory potential of
the BMSC-EVs containing miR-129-5p in the apoptosis of
NP cells and the degradation of ECM during IDD.

miR-129-5p suppresses NP cell apoptosis,
ECM degradation and M| polarization of
macrophages in vitro

Next, we proceeded to elucidate the relationship between
miR-129-5p delivered by BMSC-derived EVs and mac-
rophage polarization with IDD. First, we established NP
cell IDD models using IL-1p, collected the conditioned
medium (CM) of NP cells, and then treated RAW264.7
macrophages with the CM. The results of flow cytometry
revealed higher expression levels of M1 marker CD86 and
lower levels of M2 marker CD206 in the cells treated with
CM of IL-1B-induced NP cells relative to control CM
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Figure 2. miR-129-5p represses cell apoptosis, ECM degradation and M| polarization of macrophages in NP cells. (a) Flow
cytometric analysis of expression of M| marker CD86 and M2 marker CD206 in the RAW264.7 cells treated with CM of IL- 13-
induced NP cells. (b) Expression of TNF-q, IL-6, IL-4, and IL-10 detected by ELISA in the RAW264.7 cells treated with CM of

IL-1B-induced NP cells. IL-1 B-induced NP cells were transfected with miR-129-5p mimic and miR-129-5p inhibitor. (c) Expression of
miR-129-5p detected by RT-qPCR in NP cells. (d) Viability of NP cells detected by CCK-8 assay. (e) Apoptosis of NP cells detected
by flow cytometry. (f) Schematic diagram of CM-treated RAW264.7 macrophages. (g) Flow cytometric analysis of expression of

MI marker CD86 and M2 marker CD206 in RAW?264.7 cells. (h) Expression of TNF-a, IL-6, IL-4, and IL-10 detected by ELISA in
RAW?264.7 cells. *p < 0.05. The experiment was run in triplicate independently.

(Figure 2(a)). In addition, ELISA results illustrated that the
expression levels of pro-inflammatory factors TNF-o and
IL-6 were increased, while those of anti-inflammatory fac-
tors IL-4 and IL-10 were decreased in the presence of CM
of IL-1B-induced NP cells (Figure 2(b)), indicating that
degenerative NP cells can induce M1 polarization of
macrophages.

As illustrated in Figure 2(c), RT-qPCR data demon-
strated an enhancement in miR-129-5p expression levels in
NP cells transfected with miR-129-5p mimic, while those
treated with miR-129-5p inhibitor exhibited reduced
expressions. Meanwhile, miR-129-5p mimic enhanced cell
viability (Figure 2(d)), but diminished apoptosis (Figure
2(e); Supplemental Figure S2A); miR-129-5p inhibition
brought about the opposite effects. Furthermore, the results
of Western blot analysis demonstrated an increasing trend
in the protein expression levels of collagen Il and aggrecan,
yet a decreasing trend in those of MMP13 and MMP3 fol-
lowing miR-129-5p mimic, which could be countered fol-
lowing miR-129-5p inhibition (Supplemental Figure S2B).

To further elucidate the effects of miR-129-5p on polari-
zation of macrophages, we treated RAW264.7 macrophages
with CM of NP cells (Figure 2(f)). Moreover, flow
cytometric analysis illustrated decreased expression levels

of CD86, while those of CD206 were increased in the
RAW264.7 cells transfected with miR-129-5p mimic.
Meanwhile, opposing trends were noted in the RAW264.7
cells transfected with miR-129-5p inhibitor (Figure 2(g)).
Further, the expression levels of TNF-a and IL-6 were
found to be decreased, while those of IL-4 and IL-10 were
increased in response to miR-129-5p mimic, the effect of
which was abrogated by miR-129-5p inhibitor (Figure
2(h)). Altogether, these results indicate that degenerative
NP cells can promote M1 polarization of macrophages, and
over-expression of miR-129-5p can inhibit the M1 polari-
zation, apoptosis of NP cells, and ECM degradation.

miR-129-5p targets LRG| and inhibits its
expression in NP cells

After uncovering the inhibitory effect of miR-129-5p on NP
cell apoptosis and M1 polarization of macrophages, we
sought to further understand the underlying mechanism
behind the inhibitory effect. The StarBase and mirDIP data-
bases were searched to predict the downstream target genes
of miR-129-5p, and the GSE124272 dataset was analyzed to
predict the up-regulated genes in IDD. Subsequent results of
intersection analysis revealed a total of 13 candidate target
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genes (Figure 3(a)). In addition, LRG1 expression patterns
were detected, and found to be amplified in IDD tissues in
the GSE124272 dataset (Figure 3(a)). In addition, the star-
Base website indicated the presence of miR-129-5p binding
sites in the 3'UTR of LRG1 mRNA (Figure 3(b)). LRGI
was thus selected as the target for further analysis.
Meanwhile, the results of RT-qPCR displayed up-regulated
LRGI expression levels in NP tissues of IDD patients rela-
tive to normal NP tissues (Figure 3(c)). An adverse correla-
tion between miR-129-5p and LRG1 was further observed
in NP tissues of IDD patients, as revealed by Pearson’s cor-
relation coefficient (Figure 3(d)). For further verification,
dual luciferase reporter assay was performed, and it was
found that the luciferase activity of LRG1-3'UTR-WT was
decreased in HEK-293T cells transfected with miR-129-5p
mimic (p < 0.05), while that of LRG1-3'UTR-MUT exhib-
ited no difference (p > 0.05) (Figure 3(e)), indicating that

miR-129-5p can specifically bind to 3'UTR of LRG1 gene.
In addition, LRG1 expression levels were observed to be
inhibited in NP cells transfected with miR-129-5p mimic,
while being enhanced following miR-129-5p inhibition
(Figure 3(f) and (g)). The aforementioned results suggested
that miR-129-5p could inhibit LRG1 expression by target-
ing its 3'UTR in NP cells.

LRGI promotes cell apoptosis, ECM
degradation, and M| polarization of
macrophages by activating the p38 MAPK
signaling pathway in NP cells

Numerous studies have indicated the critical role of p38
MAPK in inflammation of NP cells (Tian, Yuan 2013). In
our study, the results of Western blot analysis showed that



Cui and Zhang

ol
o o o

Relative expression of protein
)
o

o
=3

~
(¢
~

= = N
=3 o =3

OD value (450nm)
o
o

p38

p-p38

- N w

Relative mRNA level of LRG1

=)

(a) (b) = Blank (C) B Blank
= L-1B = L-1B
== IL-1B + control shRNA == IL-1B + control ShRNA
== Normal
= (L-1B + sh-LRG1 = (1B + sh-LRG1
== DD

o = = L
o o o =3

Relative expression of protein

o
=3

p38

®

~
o,
N

N IS o

Relative mRNA level of LRG1

=3

p-p38

2)

Apoptosis rate (%)
= M ow A o
s S 3 3z

=3

oe-LRG1 + $B202190

Cell (%)

Blank

-1

IL-1B + oe-NC

IL-1B + 0e-LRG1

IL-1B + ce-LRG1 + DMSO
IL-1B + 0e-LRG1 + SB202190

-o- Blank B Blank B Blank
= IL-1B = LB = LB
—+ |L-1B + 0e-NC mm |L-1B + 0e-NC mm |L-1B + 0e-NC
-*- |L-1B + oe-LRG1 B |L-1B + oe-LRG1 mm |L-1B + oe-LRG1
IL-1B + 0oe-LRG1 + DMSO [0 IL-1B + 0e-LRG1 + DMSO IL-1B + 0e-LRG1 + DMSO
-®- IL-1B + 0e-LRG1 + SB202190 1B+ B |L-1B + 0oe-LRG1 + SB202190

CD86" CD206

time

= Blank o L-1B mm |L-1B + 0e-NC

B |L-1B + 0e-LRG1

IL-1B + ce-LRG1 + DMSO B |L-1B + oe-LRG1 + SB202190

TNF-a (pg/mL)
IL-6 (pg/mL)

N

IL-10 (pg/mL)
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the extent of p38 phosphorylation was augmented in NP
tissues of IDD patients (Figure 4(a); Supplemental Figure
S3A). At the same time, RT-qPCR and Western blot analy-
sis findings demonstrated an increase in LRG1 mRNA
expression and p38 phosphorylation levels in IL-1pB-
treated NP cells, while silencing of LRG1 brought about
the opposite results (Figure 4(b) and (c); Supplemental
Figure S3B). These results suggested that silencing of
LRGI1 could reverse the activated p38 signaling pathway
induced by IL-1.

Furthermore, we explored the interaction between
LRGI1 and p38 MAPK in IDD, and found that the mRNA
expression levels of LRG1 were elevated in IL-1(3-treated
NP cells, and similar trends were observed following LRG1
over-expression in IL-1B-treated NP cells (Figure 4(d)). In
addition, cell viability was attenuated, while apoptosis was
augmented upon IL-1f treatment; meanwhile, LRGI

over-expression resulted in more pronounced changes.
Conversely, dual treatment with oe-LRG1 and SB202190
reduced cell apoptosis and potentiated the viability (Figure
4(e) and (f); Supplemental Figure S3C). Besides, the results
of Western blot analysis indicated a decline in collagen II
and aggrecan expression levels, yet an increase in those of
MMP3 and MMP13 upon IL-1f treatment, the effect of
which was further enhanced by LRG1 over-expression.
However, treatment with both oe-LRG1 and SB202190
was found to bring about the opposite results (Supplemental
Figure S3D). The aforementioned results demonstrated the
promoting effect of LRG1 on cell apoptosis and ECM deg-
radation by activating the p38 MAPK signaling pathway.
Subsequent analysis on the role of LRG1 in M1 polari-
zation of macrophages was carried out using RAW264.7
cells treated with the CM of IL-1B-induced NP cells.
Initially, flow cytometric analysis suggested that LRG1
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over-expression brought about a more prominent elevation
in CD86 expression levels, and a decline in CD206 expres-
sion following IL-1P treatment. Opposing trends were
observed in the presence of both oe-LRG1 and SB202190
(Figure 4(g)). Besides, the increased expression levels of
TNF-a and IL-6, and reduced IL-4 and IL-10 expression
levels induced by IL-1p treatment were found to be more
pronounced following over-expression of LRGI, the effect
of which was undermined following oe-LRG1 and
SB202190 in combination (Figure 4(h)). Collectively, these
results indicated that LRG1 polarized macrophages toward
M1 phenotype by activating the p38 MAPK signaling path-
way in NP cells.

miR-129-5p delays M| polarization of
macrophages by targeting LRGI in NP cells

We further performed mechanistic experiments to deter-
mine the effect of miR-129-5p on M1 polarization of mac-
rophages by targeting LRG1 and the p38 MAPK signaling
pathway. The results of RT-qPCR and Western blot analy-
sis revealed up-regulated miR-129-5p expression levels in
IL-1B-induced NP cells transfected with miR-129-5p
mimic (Figure 5(a)). In addition, LRG1 mRNA expression
and p38 phosphorylation levels were found to be decreased
in the presence of miR-129-5p mimic, whereas further
over-expression of LRG1 reversed this trend (Figure 5(b)
and (c)). Meanwhile, miR-129-5p mimic was found to
down-regulate the CD86 expression and up-regulate
CD206 expression levels, which were negated by addi-
tional over-expression of LRG1 (Figure 5(d)). Moreover,
treatment with miR-129-5p brought about a decrease in

TNF-a and IL-6 expression levels, and enhanced those of
IL-4 and IL-10 in response to miR-129-5p mimic, whereas
opposite trends were evident in the presence of miR-
129-5p mimic + LRG1 (Figure 5(e)). These results indi-
cated that miR-129-5p suppressed the M1 polarization of
macrophages in IL-1(-treated NP cells by targeting LRG1.

BMSC-derived EVs carrying miR-129-5p
represses the M| polarization of macrophages
and relieves IDD by disrupting LRG I -dependent
p38 MAPK activation in rats

Lastly, we focused our efforts to determine the effect of
miR-129-5p carried by MSC-derived EVs on IDD in vivo.
Rats were treated with EVs isolated from MSCs that had
been transfected with miR-129-5p mimic or mimic-NC
(Figure 6(a)). Subsequent results indicated that miR-
129-5p was poorly-expressed, whereas LRG1 mRNA
expression and p38 phosphorylation levels were increased
in NP tissues of IDD rats. However, opposite trends were
observed following over-expression of miR-129-5p
(Figure 6(b) and (c); Supplemental Figure S4A).
Meanwhile, the DHI of IDD rats was lower than that of
sham-operated rats, while being increased in response to
miR-129-5p over-expression (Figure 6(d)). In addition, the
results of TUNEL and Safranin-O/fast green assays illus-
trated that cell apoptosis was increased and ECM degrada-
tion was severe in IDD rats, while miR-129-5p
over-expression abolished these effects (Figure 6(e,f);
Supplemental Figure S4B, C). Meanwhile, ECM-related
proteins collagen II and aggrecan expression levels were
decreased, while those of MMP13 and MMP3 were found
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of IDD in vivo. Rats were treated with EVs isolated from BMSCs that had been transfected with miR-129-5p mimic. (a) Flow chart
for in vivo experiment. (b) miR-217 expression and LRG| mRNA expression detected by RT-qPCR in rat NP tissues. (c) p38
phosphorylation level determined by Western blot analysis in rat NP tissues. (d) DHI in rat NP tissues. (e) TUNEL staining of NP
cell apoptosis in rat IVD tissues. (f) Safranin-O/fast green staining of ECM degradation in rat IVD tissues. (g) Immunofluorescence
staining of M| marker iNOS and M2 marker ARG in rat IVD tissues. (h) Expression of TNF-a, IL-6, IL-4, and IL-10 detected by
ELISA in rat serum. n = 8 for rats upon each treatment. *p < 0.05. The experiment was run in triplicate independently.

to be up-regulated in IDD rat tissues. On the other hand,
treatment with miR-129-5p mimic brought about the oppo-
site results (Supplemental Figure S4D).

Furthermore, treatment with miR-129-5p mimic was
found to counteract the up-regulated M1 maker iNOS
expression and down-regulated M2 maker ARG1 expres-
sion levels in IVD tissues of IDD rats (Figure 6(g);
Supplemental Figure S4E). In addition, there were
enhanced serum levels of TNF-a and IL-6, and diminished
serum levels of IL-4 and IL-10 in IDD rats, while contrary
trends were observed in the presence of miR-129-5p over-
expression (Figure 6(h)). Altogether, the aforementioned
results supported the notion that MSC-derived EVs carry-
ing miR-129-5p could slow the M1 polarization of mac-
rophages and ameliorate IDD by blocking LRG1-dependent
p38 MAPK activation in rats.

Discussion

MSC-derived EVs are well-recognized as promising thera-
peutic agents against numerous human diseases owing to

their ability to promote the process of tissue regeneration
by creating a pro-regenerative environment enabling
endogenous stem and progenitor cells to repair affected
tissues.!” Meanwhile, MSCs-EVs have been reported to
inhibit allergic airway inflammation by immunomodulat-
ing pulmonary macrophages.'® Dental pulp stem cells-EV's
also enhance osteogenesis of adipose-derived stem cells
via the MAPK pathway.!® Stem cells-EVs enhances carti-
lage repair, which is benefit to protect the osteoarthritis
joint from damage.?® Expanding on existing data, findings
obtained in the current study highlight the inhibitory effect
of miR-129-5p shuttled by BMSC-derived EVs on the
IDD progression via suppression of LRG1-dependent p38
MAPK signaling pathway activation.

Firstly, initial findings in our study illustrated that miR-
129-5p shuttled by BMSC-derived EVs inhibited cell
apoptosis and ECM degradation in IL-13-treated NP cells.
MSC-derived EVs are regarded as effective modulators of
NP cell survival and apoptosis, which correlates to exces-
sive endoplasmic reticulum stress in the IVD, in favor of
IDD progression.?!?> Meanwhile, previous studies have
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also indicated the ability of MSC-derived EVs to promote
ECM synthesis and viability, and reduce apoptosis in IVD
cells.?3 More interestingly, the report by Zhai et al. demon-
strated that human MSC-derived EVs enhance the process
of bone regeneration by altering their miRNA cargos,
including miR-129-5p.2* Further in line with our results,
other studies have also documented down-regulated
expression levels of miR-129-5p in NP cells subjected to
IDD.?* Moreover, over-expression of miR-129-5p is
known to potentiate viability, inhibit apoptosis, and up-
regulate the expression of collagen Il and aggrecan in NP
cells of IDD rats, consequently improving the prognosis of
IVD.?¢ On the other hand, imbalances between ECM syn-
thesis and degradation are regarded as the primary cause of
IDD within the IVD, particularly in NP.?” Furthermore,
one particular study even highlighted ECM restoration as
an effective strategy against IVD.?® Up-regulated collagen
II and aggrecan expressions, as well as inhibited MMP13
production have also been previously illustrated to con-
tribute to alleviation of ECM degradation of NP cells.?’
These findings reveal that miR-129-5p shuttled by BMSC-
derived EVs play a critical role in [IVD

Meanwhile, the hard-done work of our peers further
suggests that macrophages, a group of heterogeneous cells,
play essential roles in physiological conditions and inflam-
matory responses.?’ Macrophages possess two major phe-
notypes: the pro-inflammatory M1 phenotype, and the
anti-inflammatory M2 phenotype, such that the M1/M2
unbalance plays a pathogenic role in several human dis-
eases.’ In addition, polarization of M1 macrophages can
precipitate local inflammation and structural change in the
multifidus muscle following IDD.?' Studies have also indi-
cated that M1 macrophages promote the degenerative phe-
notypes in rat NP cells owing to their roles in augmenting
the expression of key matrix catabolic genes (ADAMTSS,
MMP3, and MMP13), and those of inflammation-related
genes (IL-1B and IL-6), while reducing the expression of
major matrix-associated anabolic genes (Sox9 and
Col2al).?? Furthermore, the study by Yang et al. high-
lighted the property of miR-129-5p to reduce inflamma-
tory responses in several conditions; for instance, the
concentration of IL-6, IL-8, and TNF-o were previously
found to be up-regulated in lipopolysaccharide-stimulated
microglia following inhibition of miR-129-5p,3* under-
scoring the inhibitory role of miR-129-5p in inflammatory
response of microglia. Besides, up-regulation of miR-
129-5p is also known to suppress the inflammatory reac-
tion of neuronal cells following Alzheimer’s disease.** In
lieu of these findings, it would be plausible to suggest that
miR-129-5p can inhibit the M1 polarization of mac-
rophages, and thus suppress the progression of IDD.

Additionally, miRNAs are known to interact with the
3'UTR of specific target mRNAs, and consequently lead
to the inhibition of their expression.>* In our study, online
biological prediction and luciferase reporter assay

findings indicated that miR-129-5p bound to the 3'UTR
of LRG1 mRNA, and subsequently inhibited its expres-
sion in NP cells. Moreover, LRG1 has been often over-
expressed in multiple diseases.>>* Similarly, our findings
demonstrated that LRG1 was highly-expressed in NP
cells and tissues upon IDD. Meanwhile, a previous study
revealed that LRG1 knockdown enhances osteoblast via-
bility and collagen synthesis, and suppresses osteoblast
apoptosis via promotion of the TGF-B1/SMAD signaling
pathway in osteoporosis.’” Further highlighting the
significance of LRG in inflammation, increased serum
levels of LRG were previously uncovered in lipopolysac-
charide-mediated acute inflammation, whereas elevating
TNF-a and IL-6 levels could induce LRG expression in
ulcerative colitis COLO205 cells.’® Remarkably, inhibi-
tion of LRG1 activity can contribute to the attenuation of
degeneration of osteoarthritis articular cartilage in vivo.?’
Overall, the aforementioned data and findings indicate
that miR-129-5p may cease NP cell apoptosis, ECM
degradation, and M1 polarization of macrophages by
targeting LRG1; however, due to the lack of available
literature, the established mechanism requires further
investigation.

Lastly, mechanistic investigation in our study demon-
strated that BMSC-derived EVs carrying miR-129-5p
repressed cell apoptosis, ECM degradation, and M1 polar-
ization of macrophages by disrupting LRG1-dependent
p38 MAPK activation, thus retarding the progression of
IDD. Recent studies also suggest that LRG1 can augment
the migration of thyroid carcinoma cells via activation of
the p38 MAPK signaling pathway.*’ Furthermore, activa-
tion of p38 MAPK has been widely documented in IDD,
and additionally, the production of GM-CSF and IFNy
caused by p38 in NP cells is known to polarize mac-
rophages toward the M1 phenotype.*! On the other hand,
Anisomycin, a p38 MAPK signaling pathway activator,
was previously highlighted to bring about a significant
increase in compression-induced NP matrix degeneration
and apoptosis,* which is largely consistent with the find-
ings obtained in our study. More importantly, miR-129-3p
down-regulation was shown to cause malignant pheno-
types of hepatocellular cancer cells via activation of the
p38 MAPK signaling pathway.*

Conclusion

Altogether, findings uncovered in our study indicate that
BMSC-derived EVs transfer miR-129-5p to NP cells and
perturb the apoptosis, ECM degradation and M1 polariza-
tion of macrophages by targeting LRG1 and inactivating
the p38 MAPK signaling pathway, consequently alleviat-
ing the progression of IDD (Figure 7). Thus, BMSC-
derived EV-mediated transfer of miR-129-5p could serve
as potential effective biomarker for diagnosing and moni-
toring the progression of IDD.
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