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Background: In chronic periodontitis, exosomes transport various informative substances between osteoclasts and osteoblasts in
alveolar bone. Herein, we aimed to investigate the effect of exosomal micro-ribonucleic acid (miRNA/miR)-5134-5p derived from
osteoclasts on osteoblastic proliferation and differentiation and the development of periodontitis in vivo and in vitro.

Methods: The effects of OC-Exos on the proliferation and differentiation of osteoblasts were identified by Real-time quantitative
reverse polymerase chain reaction (qQRT-PCR), Western blot(WB), alkaline phosphatase(ALP) staining, etc. Exosomal miRNA
expression was analyzed by sequencing. The sites of miRNA action were predicted through TargetScan and tested by double luciferase
assay. After transfecting miR-5134-5p mimic/inhibitor into osteoblasts, we measured the proliferation and differentiation of osteoblasts
by ALP staining and WB, etc. Furthermore, OC-Exos were injected into the gingival sulcus at the ligation site. Inflammation was
observed by Hematoxylin-eosin (H&E) staining, the expression of inflammatory factors were detected by qRT-PCR, the resorption of
alveolar bone was observed by Micro CT.

Results: Osteoblastic proliferation and differentiation were negatively regulated by OC-Exos in vitro. miRNA sequencing analysis
revealed that miR-5134-5p expression was significantly elevated in OC-Exos, which also increased in osteoblasts following OC-Exo
intervention. The dual-luciferase assay revealed that miR-5134-5p and Janus kinase 2 (JAK2) had binding sites. miR-5134-5p-mimics
could upregulate miR-5134-5p expression in osteoblasts while downregulating Runt-related transcription factor 2(Runx2), phosphory-
lated-JAK2 (p-JAK2), and phosphorylated-signal transducer and activator of transcription 3 (p-STAT3) expression and inhibited
osteogenic differentiation. However, miR-5134-5p-inhibitor had the opposite effect. In vivo, the OC-Exo group demonstrated
morphological disruption of periodontal tissue, massive inflammatory cell infiltration, upregulation of inflammatory factors mRNA
expression, a significant decrease in BV/TV, and an increase in the cementoenamel junction and alveolar bone crest distance.
Conclusion: Osteoclast-derived exosomal miR-5134-5p inhibits osteoblastic proliferation and differentiation via the JAK2/STAT3
pathway. OC-Exos exacerbate periodontal tissue inflammation and accelerate alveolar bone resorption in mice with experimental
periodontitis.
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Introduction
Periodontitis is a chronic infectious disease characterized by progressive alveolar bone resorption. Alveolar bone loss
occurs because of inflammatory responses triggered by bacteria and their products.'

The two basic functional cells of bone metabolism, osteoclasts, and osteoblasts, dominate the balanced dynamic
process of bone resorption and formation.” This balance gets disturbed as periodontitis progresses. The paracrine
pathway plays a crucial role in the communication between osteoblasts and osteoclasts, wherein exosomes serve as
representative members. Exosomes are the membrane-bound vesicles produced in intracellular multivesicular bodies and

are released into the extracellular matrix. Previous studies have reported that osteoblasts regulate bone resorption via
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exosomes targeting osteoclasts.’ > However, osteoclast-to-osteoblast crosstalk by exosomes in periodontitis lacks
research.

Micro-ribonucleic acids (RNAs) (miRNAs/miRs) are non-coding single-stranded RNAs comprising approximately 22
nucleotides that can identify and band to the 3’-untranslated region of target messenger RNAs (mRNAs) and reverse their
expression by incomplete base pairing.® However, miRNAs are susceptible to degradation owing to their instability in
the extracellular space. The exosomes incorporate, transfer, stabilize, and protect themselves from degradation.lo_12 Lv

et al?

found that miR-181b-5p delivered by osteocyte-derived exosomes promotes human periodontal ligament stem cell
proliferation via the phosphatase and tensin homolog(PTEN)/protein kinase B(PKB) pathway, suggesting that miRNA-
carrying exosomes are crucial for bone remodeling in periodontitis.'*'> Hu et al® illustrated that sympathetic neuro-stress
could drive osteoblastic exosomal miR-21 transfer to regulate osteoclastogenesis. However, the exact miRNAs that aid in
intercellular signaling during the exchange between osteoclasts and osteoblasts via exosomes in periodontitis and the
underlying specific mechanisms remain unclear.

In this study, we aimed to investigate whether osteoclasts can interfere with osteoblastic proliferation and differentia-
tion by secreting miRNA-carrying exosomes and identify the role of OC-Exos in periodontitis progression. According to
our findings, our study was the first to report that miR-5134-5p is highly expressed in mature osteoclast exosomes, which
could be secreted during bone resorption in mature osteoblasts. miR-5134-5p transported in OC-Exos could silence the
JAK 2/STAT 3 pathway to inhibit the transcriptional activity of Runx2 and alter osteoblastic differentiation in vitro. OC-

Exos promoted periodontal inflammatory response and accelerated alveolar bone destruction in vivo.

Methods

Isolating and Cultivating Cells

RAW264.7 and MC3T3-E1 cells were procured from the National Collection of Authenticated Cell Cultures (Shanghai,
China). Osteoblasts were enzymatically isolated from the skull bones of 1-day-old C57BL/6 mice.'® RAW264.7 cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma, USA) supplemented with 100 U/uL penicillin,
streptomycin (TBD Science, China), and 10% fetal bovine serum (FBS) (Bovogen, AUS). Osteoblastic and MC3T3-E1
cells were cultured in DMEM (Kaiji, China) supplemented with 10% FBS (Every Green, China), 100 U/uL penicillin,
and 100 U/uL streptomycin. The cells were incubated under 5% carbon dioxide (CO,) at 37°C until 70-80% conver-
gence was reached.

Differentiation of Osteoblasts and Staining with Alizarin Red and Alkaline Phosphatase (ALP)
The osteogenic induction medium (Ind) comprising the above-mentioned control medium, 10nM dexamethasone
(Sigma, USA), 10 mM B-glycerophosphate (Sigma, USA), and 50 pg/mL l-ascorbic acid (Sigma, USA). A 5-bromo-
4-chloro-3-indolyl phosphate/nitro blue tetrazolium ALP color development kit (Beyotime, China) was used to develop
the color of the osteoblasts 7 days after osteogenic induction. Osteoblast-like cells were detected by Alizarin red staining
(FDbio, China). Image acquisitions and observations were performed using an inverted microscope (Solms, Germany).
Each experiment was performed in triplicate.

Differentiation of Osteoclasts and Staining with Tartrate-Resistant Acid Phosphatase (TRAP)
a-minimum essential medium (MEM) (Gibco, USA) comprising 1% penicillin-streptomycin, 10% FBS, and 50 ng/mL
receptor activator of nuclear factor kappa-B ligand (RANKL) (Novoprotein, China) was used to induce RAW264.7 cells
for 5 days. The medium was changed every 2 days, and the TRAP staining kit (Sigma-Aldrich, USA) was used to stain
the TRAP in the osteoclasts after the formation of mature osteoclasts. An osteoclast having three or more nuclei was
considered mature if it was TRAP-positive. Inverted microscopy was used to measure and score the number and size of
the mature osteoclasts.
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Purification of Exosomes

After 5 days of RANKL (50 ng/mL) induction, osteoclasts were cultured with a medium comprising exosome-free FBS.
After a 48-h culture, dead cells and debris from cellular supernatants were discarded by centrifuging at 3000 xg for 10
min. A 70-min ultracentrifugation at 110,000 xg at 4°C was performed on the supernatants. After resuspension in
phosphate-buffered saline (PBS), the precipitate was further centrifuged for 70 min at 110,000 xg. The precipitate was
dissolved in 100 pL of PBS to form a final precipitate (exosomes), which was stored at —80°C.

Characterization of Exosomes

Transmission electron microscopy (TEM; Tecnai G2 Spirit, FEI, USA) was used to examine the OC-Exos. The copper
grids were stained using 2% phosphotungstic acid after being incubated with an adequate amount of exosomal solution
for 5 min at 37°C. TEM was used to observe and photograph the exosomes when the grids were dry. A dilution of 500
ng/mL of collected OC-Exos was used to avoid interparticle interactions. Exosomal size distribution was analyzed using
NS300 (NanoSight, UK).

PKH67-Labelled Exosomes Internalize in vitro

PKH67 (Sigma, USA) was used as a labeling agent to evaluate if OC-Exos can be absorbed by osteoblasts. PKH67 was
incubated for 10 min, followed by centrifugation for 90 min at 120,000 xg to collect exosomes. These exosomes were
then added to the osteoblastic cells culture medium, where they were incubated for 12 h. Phalloidin and 4',6-diamidino-
2-phenylindole (Beyotime, China) were used to stain the nucleus and the osteoblasts with F-actin. A confocal microscope
(Zeiss, Germany) was used to record the images.

Cell Viability Assay (Cell Counting Kit-8 [CCK-8])

Cell proliferation was measured using the CCK-8 (Yeason, China). The osteoblasts were cultured in a 96-well plate (5 x
10* cells/well) and were subjected to the following treatments: Ind and OC-Exos (20 pg/mL, 50 pg/mL, and 80 pg/mL).
The optical density was measured after 48 h at a wavelength of 450 nm using a microplate reader (Bio-Rad, USA).

Osteoblastogenesis Co-Culture Assay

Well inserts with a 0.4-pum pore-sized filter (Corning, USA) were used as per the manufacturer’s instructions. Induced
osteoclasts from RAW264.7 cells were seeded into six-well plates with complete o-MEM containing RANKL.
Osteoblasts were seeded into the well inserts and differentiated with Ind. A 5-day co-culture was performed after
differentiating the osteoblasts and osteoclasts.

Construction of Complementary Deoxyribonucleic Acid (DNA) (cDNA) Libraries
and mRNA Sequencing

The experimental procedures, including the preparation of the libraries and sequencing, were performed according to the
instructions provided by Illumina (Illumina, USA). A small RNA library preparation kit (TruSeq Small RNA Library
Prep Kit, [llumina, USA) was used to create the sequencing libraries. The purified library products were sequenced using
[Mlumina Hiseq 2000/2500 (the 1x50 bp mode).

The miRNA data analysis software ACGT101-mir (LC Sciences, USA) was used. This software performs the analysis
as follows: (1) data cleaning: by removing 3’ connections and garbage sequences; (2) the length screening should be
performed on sequences whose bases range between 18 and 26 nucleotides; (3) comparison and analysis of various RNA
databases conducted using the remaining sequences (excluding miRNA) and filtering against the mRNA, RFam, and
Repbase databases; (4) identification of miRNA: miRNA is identified by comparing the precursor and genome data; (5)
miRNA difference analysis.

All sequencing data are publicly available to GEO database (GSE222004).

International Journal of Nanomedicine 2023:18 hetps: 3729
Dove:


https://www.dovepress.com
https://www.dovepress.com

Pan et al Dove

Target Gene Prediction and Dual-Luciferase Reporter Assay
miR-5134-5p’s potential molecular targets were predicted through http://www.targetscan.org (TargetScan 4.2). As

a potential target, we focused on JAK2, which is part of the JAK/STAT pathway that plays a significant role in
osteoblastic differentiation and bone formation.'*'>

A conventional method was used to construct wild-type (WT)-JAK2 plasmids fused with luciferase genes and mutant
(MUT) JAK?2 fusion genes. The logarithmic growth phase of MC3T3-E1 cells was collected a day before transfection.
The cells were inoculated in 24-well plates at a density of 1 x 10° cells per well after centrifugation and suspension. The
transfections were performed with Lipofectamine 3000 (Invitrogen) as recommended by the manufacturer. DNA (1 ug)
with 15 pmol miR-5134-5p was co-transfected into three wells. A double-luciferase reporter activity (GeneCopoeia)

system was used to compare the activity of Renilla and dual-luciferase reporters 48 h after transfection.

miR-5134-5p Mimics/Inhibitor Transfection

Osteoblasts were transfected with miR-5134-5p mimics/inhibitors (Tsingke, China) at a final concentration of 10 nM
using Lipofectamine RNAI transfection reagent (Beyotime, China) when they reached 60-70% confluent in the third
passage. The cells were transfected in DMEM with 1 g/L glucose and 10% FBS at 37°C under 5% CO, for 24 h. After
transfection, the media were changed to DMEM until harvest. Harvesting was performed according to the requirements
of each specific assay, with the reported harvesting hours being the hours after transfection completion.

Real-Time Quantitative Reverse Polymerase Chain Reaction (qQRT-PCR) Analysis

The gene expression levels were quantified using qRT-PCR. RNA was harvested using the cell/tissue Total RNA Kit
(Yeason, China) and converted into cDNA using cDNA Synthesis SuperMix for quantitative PCR (qPCR) (Yeason,
China). Micro RNA was harvested using a cell/tissue miRNA kit (Yeason, China) and converted into cDNA using the
c¢DNA Synthesis SuperMix for gPCR (Yeason, China). Following this, real-time PCR was performed using SYBR green
(Yeason, China) with the ABI StepOnePlus Real-Time PCR System (Applied Biosystems, Thermo Fisher Scientific Inc.)
with specific primers. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and U6 were selected as the loading

control, and the 2 24Ct

method was applied to calculate the relative expression. The experiments were performed in
triplicate. The forward and reverse primers are listed in the subsequent section:

Forward, 5-CACTCCCACCCTGAGATTTGT-3',

Reverse, 5'-CCCCAGAGACATGATGAAGTCA-3'for TRAP;

Forward, 5-CGGGTTTCAACGCCGACTA-3',

Reverse, 5'-TTGGCACTAGAGACGGACAGA-3'for c-Fos;

Forward, 5'-GGAGAGTCCGAGAATCGAGAT-3',

Reverse, 5'-TTGCAGCTAGGAAGTACGTCT-3"for Nuclear Factor Of Activated T Cells 1(NFATc1);'”

Forward, 5-GGACCATCTTTCTGCTCACTCTG-3',

Reverse, 5'-GTTCACTACCTTATTGCCCTCCTG-3'for osteocalcin (OSC);

Forward, 5'-CCTTCAAGGTTGTAGCCCTC-3',

Reverse, 5'-GGAGTAGTTCTCATCATTCCCG-3'for Runt-related transcription factor 2 (Runx2);

Forward, 5'-TCCATCGAAGAATCAAAGCAGAG-3',

Reverse, 5'-CGAGAGTGTGGAAAGTGTGGAG-3'for Sialoprotein (Sia);

Forward, 5~ AGGAGGCACAAAGAAGCCATACG-3',

Reverse, 5'-ATGCCTGCCTTGTACCACGAGC-3'for Osterix (Osx);

Forward, 5'-TCATTCCCACGTTTTCACATTC-3',

Reverse, 5'-GTTGTTGTGAGCGTAATCTACC-3'for ALP;

Forward, 5'-GTGTGGAGATGTGCCGCTATGAC-3',

Reverse, 5'-"AGTCTCGGAGGTGCTCTTCAGTG-3'for JAK2;

Forward, 5'-TGTCAGATCACATGGGCTAAAT-3',

Reverse, 5'-GGTCGATGATATTGTCTAGCCA-3'for STAT3;

Forward, 5'-CGCTCTTCTGTCTACTGAACTTCGG-3',
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Reverse, 5'-GTGGTTTGTGAGTGTGAGGGTCTG-3'for Tumor necrosis factor- o (TNF-a);
Forward, 5'-GGCCTAGCTCTGAGACAATGAAC-3',

Reverse, 5'-TGACCTCAAACTTGGCAATACTC-3'for Interferon-y (IFN-y);

Forward, 5'-CACTACAGGCTCCGAGATGAACAAC-3,

Reverse, 5'-TGTCGTTGCTTGGTTCTCCTTGTAC-3'for Interleukin-1beta (IL-1p);
Forward, 5'-GACTTCAACAGCAACTCCCAC-3',

Reverse, 5'-TCCACCACCCTGTTGCTGTA-3’ for GAPDH.

Forward, 5'-CGACGGGTGGCCCTCTTT-3',

Reverse, 5'-AGTGCAGGGTCCGAGGTATT-3'for miR-5134-5p;

Forward, 5'- CGCTTCGGCAGCACATATAC-3',

Reverse, 5'- CACGAATTTGCGTGTCATCC-3'for U6;

RT Primer, 5'-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACG ACCTGCAG-3".

Western Blot (VWB)

A protein extraction reagent (Thermo, USA) was used, followed by centrifugation at 12,000 rpm for 15 min to isolate the
protein from cells or exosomes. The protein concentration was determined using a bicinchoninic acid assay kit (Thermo,
USA) before Western blotting. In the second step, the proteins were transferred onto 0.2 pm polyvinylidene difluoride
membranes (Bio-Rad, USA) for 90 min at 300 mA. After blocking with 5% skim milk Tris-buffered saline with 0.1%
Tween® 20 Detergent (FDbio, China) for 1 h, we probed the target protein by incubating the membranes overnight at 4°C
with primary antibodies. Following this, a secondary antibody was incubated for an hour at room temperature on the
membranes. The bands were visualised using an enhanced chemiluminescence kit (Fdbio, China), and the band densities
were analysed using Image]. Matrix metallopeptidase 9 (MMP-9) (Abcam, USA), NFATcl (Abcam, USA), Runx2
(Huabio, China), STAT3 (Huabio, China), phosphorylated (p)-STAT3 (Huabio, China), JAK2 (Huabio, China), p-JAK2
(CST, USA), CD9 (Abcam, USA), Alix (Huabio, China), CD63 (Abcam, USA), CD81 (Abcam, USA), and GAPDH
(Proteintech, USA) were prepared using primary antibody dilution buffer (1:1000, Beyotime, China). Secondary
antibodies (Yeason, China) were prepared using 5% skim milk (1:5000).

Model for Murine Periodontitis

Shanghai Slack Laboratory Animal Co., Ltd. (SCXK-2017-0005) provided the C57BL/6 mice (male, aged 6—8 weeks,
18-25g). Experimental animal ethics committee approval (2020-48, June 19, 2020) was obtained by the Second
Affiliated Hospital of Zhejiang University for this study. The animal experiments were performed following
Laboratory animal — Guidelines for ethical review of animal welfare (GBT 35892-2018)."7 There were five mice in
one cage. All experimental animals were kept at a temperature of 20-26 °C, 40-70% of humidity, and 12 hours of
alternating light. After being anesthetized by intraperitoneal injection of 1% pentobarbital, silk ligatures (5-0) were
placed around the maxillary left second molars of the mice for 14 days to induce periodontitis. In this part of the
experiment, we set up three experimental groups (BLANK: control group without any treatment. PBS: The upper
left second molar of mice was ligated and injected with 10 uL PBS. OC-Exo: The upper left second molar of mice was
ligated and injected with 10 pL. OC-Exo with the concentration of 4 pg/ul). Each group had 8 mice. An injection of 10
pL of PBS or OC-Exo was administered at 0, 4, 8, and 12 days. All mice were sacrificed by cervical dislocation
on day 14.

Micro-Computed Tomography (CT) Scanning and Reconstruction

The mice were euthanized with an overdose of pentobarbital sodium (intraperitoneal injection), following which
maxillary alveolar bones were harvested. The harvested bones were then fixed with 4% paraformaldehyde and transferred
to PBS. Further, a high-resolution micro CT scanner (Yxlon, Germany) was used for imaging examination. The micro CT
parameters were as follows: integration time, 400 ms; voxel resolution, 16 um; voltage, 50 kV; electrical current, 100 pA.
Tissues with a CT value of >1500 Hu were defined as bone. Each scan was three-dimensional reconstructed and
reoriented to the same position for analyzing the anatomical landmarks. Six predetermined sites on the buccal and
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palatal surfaces were used to measure the distance between the cementoenamel junction and alveolar bone crest (CEJ-
ABC distance). The area of observation in the transverse section was a circle with a fixed diameter between the mesial
and distal roots of the second molar. The inter radicular regions of the maxillary second molars were selected to
determine the bone volume per tissue volume (BV/TV).

Histology and Immunohistochemical(IHC) Analysis

Hematological analysis of the mice maxillae was performed using 4% paraformaldehyde. The samples were dehydrated
after demineralizing and embedding in paraffin. Haematoxylin and eosin (H&E) staining was performed after the wax
blocks were cut into sagittal sections measuring 3 pm. After immersion in ethylenediaminetetraacetic acid (pH 9.0) for
20 min, boiling, and washing with 1x PBS, the slide was incubated with the following primary antibodies: anti-tumour
necrosis factor (TNF)-a (diluted 1:800; Huabio, China) and interferon (IFN)-y (diluted 1:100; Huabio, China). The
tissues were treated with secondary antibodies for 30 min at room temperature after incubation in a humidified tray for 24
h. Images of the histological sections were captured using a digital slice scanner (Vs200, Olympus).

Statistical Analysis

Means + standard deviations are used to present the quantitative data. In the statistical analysis, we used SPSS 17.0 and
GraphPad Prism 8.0 to perform an analysis of variance (ANOVA) and a least significant difference #-test. The differences
between groups were analysed using a two-way ANOVA followed by a Bonferroni post hoc test. Statistical significance
was set at P <0.05. The experimental results obtained from the three repetitions were similar.

Results

Identification of Osteoclasts, Osteoblasts, and OC-Exo

The mononuclear macrophage RAW264.7 can differentiate into a multinuclear mature osteoclast in response to RANKL
and after 5 days of treatment with 50 ng/mL RANKL-induced osteoclast differentiation. On treatment with RANKL, the
TRAP-positive cell content significantly increased, as demonstrated by the TRAP staining graph (Figure 1A). NFATc1,
c-Fos, and TRAP were detected using qRT-PCR (Figure 1B) as osteoclastogenesis-related genes. By inducing NFATcl
and MMP-9 protein expressions were significantly upregulated (Figure 1C).

Osteoblastic differentiation induction was achieved by treating osteoblasts with Ind for 5 days. An increase in the
ALP activity (ALP staining) was observed in the presence of Ind during osteogenic differentiation (Figures 1D). And
mineralisation in osteoblasts was observed by alizarin red staining after 14 days of induction (Figures 1E). OC, Runx2,
and Sia mRNA expression levels were compared with those of the normal control (NC) (detected using qRT-PCR,
Figure 1F). Based on Western blotting (Figure 1G), we observed that Ind significantly increased Runx2 protein
expression.

The OC-Exos were isolated by ultracentrifugation from serum-free culture supernatants to determine their character-
istics. OC-Exos had a diameter of 30-200 nm, as determined by nanoparticle tracking analysis (Figure 1H). TEM
revealed that OC-Exos were round or round-like-shaped vesicles surrounded by a bilayer membrane of lipids (Figure 11).
Western blotting further revealed that the isolated vesicles expressed the exosomal markers Alix, CD63, CD81, and CD9
(Figure 1J).

OC-Exos Regulate the Differentiation of Osteoblastic Cells in vitro

OC-Exos labelled with PKH67 was incubated with osteoblasts for 12 h to demonstrate that it could be endocytosed,
following which the images revealed a cytosolic distribution of PKH67-labelled OC-Exos (Figure 2A). In conclusion,
osteoblasts efficiently absorbed exosomes extracted from osteoclasts.

In vitro, we examined how OC-Exos modulated osteoblastic differentiation to disrupt alveolar bone homeostasis. An
osteoclastic-derived exosomal solution diluted on a per millilitre basis was added to the osteoblasts. A total of 20 pg/mL
OC-Exos, 50 pg/mL OC-Exos, and 80 pg/mL OC-Exos were released into an induction medium, respectively. After 48
h of incubation, cell viability was determined using the CCK-8. After 5 days of incubation, Osx, Runx2, and ALP
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Figure | Characterization of osteoclast, osteoblast, and OC-Exo. (A) TRAP staining images showing TRAP-positive osteoclasts (40x) (indicated by the red arrowheads).
(B) NC: control group without any treatment. RANKL: RAW264.7 treated with 50ng/mL RANKL. Compared with NC group, the relative expression of osteoclastic
markers including TRAP, c-Fos, and NFATc| were sharply increased in RANKL group. (C) WB revealed the proteins of MMP-9 and NFATc| were enriched in RANKL group.
(D) NC: control group without any treatment. Ind: osteoblastic cells cultured with osteogenic induction medium. ALP staining (40%) showed that Ind group (cultured with
osteogenic induction medium) had higher alkaline phosphatase activity. (E) Alizarin red staining (40%) confirmed more calcium nodules and mature osteoblasts formation
compared with NC group. (F) The relative expression of osteoblastic markers including OC, Runx2, and Sia were sharply increased in Ind group. (G) WB revealed the
proteins of Runx-2 was enriched in Ind group. (H) NTA showed the size of particles was about 95nm. (I)OC-Exos were observed by Scanning electron microscopy
(indicated by the red arrowheads). (J)WB showed the proteins of Alix, CD63, CD8I, and CD9 were enriched in exosomes. *p <0.05, **p <0.01, ***p <0.001.

International Journal of Nanomedicine 2023:18 hetps: 3733
Dove:


https://www.dovepress.com
https://www.dovepress.com

Pan et al Dove

A

Phalloidin OC-Exo DAPI

® Ind
~ T — = — = Exo-20
S 3 > > *
< 100 2“7" 104 = Exo-50
= z % = Exo-80
5 Z3g
S 50 Eg
3 2c 0%
o %"
0- 1d
O & O 00—
RO e + g <
o OO 2) +
Q/+ Q/+ Q/+ (@) Q—o(\ y\’
D Ind OC-Exo E Ind 0C-Exo
250pm 250pm ; 250pm 250pm
F
JAK2 B S 130KDa
p-JAK2 e - 130kDa
[
S 15
0 ~
[CRRe)
STAT3 88kDa 2B 1.0
—— — ¢3!
£ 8
° <
a'§ 0.5
(0]
p-STAT3 - B ssoa 5O
57 00
o
Runx2 ‘ o 55kDa
GAPDH — .  s80a
\(\6 (&\9
&
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(C) Osteogenesis-related genes were downregulated in OC-Exo-treated osteoblastic cells quantified by gRT-PCR analysis. (D) OC-Exo: osteoblastic cells treated with Ind
and 20ug/mL OC-Exo. ALP staining (40x) reflected that OC-Exo decreased ALP activity and inhibited osteoblast differentiation. (E) Alizarin red staining (40%) confirmed less
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expressions were determined using qRT-PCR. Based on concentration-dependence, compared with the Ind group,
osteoblastic cell viability decreased (Figure 2B), and these gene expression levels significantly decreased in the OC-
Exo group (Figure 2C). Meanwhile, we co-cultured 20 pg/mL OC-Exos with osteoblasts under the same conditions. OC-
Exo-treated osteoblasts were cultured continuously for 5 days and assessed with ALP staining, which revealed a reduced
osteogenic capability, to further determine the impact of OC-Exos on osteogenesis (Figure 2D). Similar results were
obtained with Alizarin red when osteoblasts were treated with OC-Exos for 14 days (Figure 2E). A negative correlation
was observed between the expression of osteoblastogenic-related proteins Runx2, p-JAK?2, and p-STAT3 and treatment
with OC-Exos (Figure 2F).

Exosomes from Osteoclasts Inhibit Osteoblastic Activity

Our study was performed using a Transwell system coated with polyethylene terephthalate membranes with 0.4-um pores that
allowed the transfer of exosomes (40-100 nm) but blocked most shed microvesicles and apoptotic bodies (>0.4 pm in
diameter) to determine whether OC-Exos could inhibit osteoblastic activity. RAW264.7 cells were differentiated into
osteoclasts after 50 ng/mL RANKL stimulation. We isolated primary osteoblast precursor cells from neonatal mice skulls
and differentiated them in the osteogenic medium. GW4869 was used to reduce exosomes from osteoclasts.'® The osteogenic
capabilities were compared via ALP staining after co-culturing for 5 days and Alizarin red staining after co-culturing for 14
days (Figures 3A and B). Also, after co-culturing with osteoblasts for 5 days, they were harvested, and their proteins and RNA
were extracted. qRT-PCR analysis revealed that Runx2, ALP, and Osx levels for osteoblasts in osteoblastic and osteoclastic co-
cultures were significantly lower than those for osteoblasts in the Ind group (Figure 3C). The Runx2, p-JAK2, and p-STAT3
levels were further verified via Western blotting (Figure 3D). These relative indicators were significantly down-regulated in
osteoblasts co-cultured with osteoclasts, while they were up-regulated after GW4869 treatment.

Analysis of the Functional Attributes Associated with the OC-Exos Gene Set and
Signaling Pathway Changes

miRNA-sequencing analysis revealed differences in gene expression between OC-Exos and NC-Exos (exosomes from
undifferentiated RAW264.7) that inhibited cell proliferation and osteogenic differentiation. OC-Exo up-regulated five
targets and down-regulated three targets, and the results were illustrated using a heat map (P <0.05, Figure 4A). As
a result of the Gene Ontology enrichment analysis, miRNAs in OC-Exo are implicated in metabolic processes
(Figure 4B). The Kyoto Encyclopaedia of Genes and Genomes pathway enrichment analysis was used to identify
exosome-mediated gene expression (Figure 4C). Infectious diseases and environmental signal transduction were asso-
ciated with genes related to them. The expression of miR-5134-5p in OC-Exo was significantly higher than that in NC
group, as we discovered subsequently (Figure 4D). At the same time, we found that OC-Exos transport miR-5134-5p to
osteoblasts. In a miRNA extraction experiment, osteoblasts were treated with 20 pg/mL, 50 pg/mL, or 80 pg/mL OC-
Exos, and released into Ind (Figure 4E). It was observed that miR-5134-5p expression was up-regulated in
a concentration-dependent manner compared with that in the Ind group.

Exosomal miR-5134-5p Regulates Osteogenic Differentiation Through the JAK2/

STAT3 Signaling Pathway

Based on the data presented in Figure 5A, we speculated that miR-5134-5p might target JAK2. WT- and MUT-JAK2
were fused to luciferase and co-expressed with mus-miR-5134-5p mimics to verify this speculation. miR-5134-5p down-
regulated WT-JAK2 expression but not MUT-JAK2 expression, suggesting that it was a direct target of JAK2
(Figure 5B).

The importance of the JAK2/STAT3 signaling pathway increases as osteoblastic differentiation increases. We first
detected the transfection efficiency of miR-5134-5p mimics/inhibitors (Figure 5C) to verify the mechanisms of exosomal
miR-5134-5p that inhibit osteogenic differentiation. At first, we revealed that miR-5134-5p mimics inhibit osteogenic
differentiation while miR-5134-5p inhibitors promote it by ALP staining and Alizarin red staining (Figures 5D and E). To
investigate the related genes which may be involved by miR-5134-5p including Runx2, ALP, JAK2, and STAT3, we used
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Figure 3 Exosomes from osteoclasts inhibit osteoblast activity. (A) Ind: osteoblastic cells cultured with osteogenic induction medium without being co-cultured with
osteoclasts. Co-culture: osteoblastic cells in Transwell system. Co-culture+GW4869: osteoblastic cells in Transwell system, while osteoclasts in the upper chamber treated
with exosomes inhibitor GW4869. Compared with Ind group, ALP staining (40%) showed that ALP activity was decreased in Co-culture group, while the effect could be
promoted by GW4869. (B) Alizarin red staining (40%) confirmed less calcium nodules and mature osteoblasts formation than Ind group, while there were more calcium
nodules and mature osteoblasts formation in Co-culture+GW4869 group. (C) The relative expression of osteogenesis-related genes Osx, Runx2, and ALP were
downregulated in the Co-culture group and upregulated with the treatment of GW4869. (D) The level of osteoblastogenic-related protein p-JAK2, p-STAT3, and Runx2
were negatively correlated in the Co-culture group but positively correlated with GW4869 by WB. ns: no significant difference, *p <0.05, **p <0.01, **p <0.001.
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Figure 5 Exosomal miR-5134-5p regulates osteogenic differentiation through the JAK2/STAT3 signaling pathway. (A) We predicated the target of miR-5134-5p by using
target gene prediction software. It showed that miR-5134-5p could regulate JAK2 by binding sites in the JAK2 3'UTR. (B) The dual-luciferase reporter assays. NC: MC3T3-
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inhibitor group. (F) The relative expression of genes in the JAK2/STAT3 signaling pathway JAK2, STAT3, Runx2, and ALP were downregulated in the miR-5134-5p-mimics
group and upregulated in the miR-5134-5p-inhibitor group. (G) The level of protein p-JAK2, p-STAT3, and Runx2 were negatively correlated in the miR-5134-5p-mimics
group but positively correlated in the miR-5134-5p-inhibitor group by WB. ns: no significant difference, *p <0.05, **p <0.01, ****p <0.0001.
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qRT-PCR and Western blotting techniques. The results revealed that miR-5134-5p mimics reduced JAK2 and STAT3
expression, whereas miR-5134-5p inhibitors increased JAK2/STAT3 expression (Figure 5F). Western blotting was used
to further confirm the JAK2 and STAT3 phosphorylation levels. miR-5134-5p mimics down-regulated p-JAK2, p-STAT3,
and Runx2 expressions, whereas miR-5134-5p inhibitors showed the opposite trend (Figure 5G).

OC-Exos Accelerated Alveolar Bone Resorption in Mice with Periodontitis

Ligatures were used to induce periodontitis to evaluate the effects of OC-Exos in mice with periodontitis. In the
periodontitis group, mice were injected with 10 uL of PBS or 4 ng/uL of OC-Exos in the left maxillary buccal mucosa
on days 0, 4, 8, and 12. The mice were euthanized on day 14. Periodontitis-induced alveolar bone resorption was
measured using micro CT. In OC-Exo-treated mice, alveolar bone resorption and the CEJ-ABC distance significantly
increased (Figure 6A and B), while the BV/TV decreased (Figure 6C). Additionally, we harvested mRNA from the
maxilla for gRT-PCR and stained maxilla samples with H&E post-OC-Exo treatment. In the OC-Exo group, TNF-a, IFN-
v, and interleukin-1p levels were significantly higher than those in the PBS group (Figure 6D). H&E staining showed that
the gingival papilla in OC-Exo group and PBS group was severely damaged, the epithelial pegs rete pegs were elongated,
the fiber cells in lamina propria were disordered, and a large number of inflammatory infiltrates. Compared with PBS
group, gingival tissue destruction was more severe in OC-Exo group (Figure 6E). Besides, IHC staining revealed that
TNF-a and IFN-y expressions in the maxillary tissue of the OC-Exo group was significantly higher than that in the PBS-
treated mice group (Figure 6F). Furthermore, TRAP staining revealed that TRAP expression significantly increased in the
maxillary tissues of the OC-Exo group, indicating lesser osteoclastic lineage (Figure 6G).

Discussion
Osteoclast-osteoblast imbalance owing to periodontitis results in gradual alveolar bone destruction that cannot be easily
repaired or replaced.'”?® In this study, we concentrated on the molecular mechanisms of osteogenic differentiation
mediated by OC-Exos. Based on our results, we concluded that OC-Exos could transduce miR-5134-5p into osteoblasts.
Due to its increased expression, miR-5134-5p inhibited the JAK2/STAT3 pathway, negatively regulated osteogenic
differentiation, and accelerated periodontitis progression.

Exosomes are extracellular vesicles with a size of 40—100 nm that originate from endocytosis and are secreted by

122 extracted exosomes

various cells in the extracellular matrix for paracrine signaling and communication.?! Yang et a
from RANKL-induced RAW 264.7 cells and observed their sizes at 50-100 nm under transmission electron microscopy.
In our study, exosomes from osteoclasts were extracted by transmission electron microscopy, with diameters of about 50—
100 nm. NTA results also showed that the main particle size of extracted exosomes was concentrated at 95nm, suggesting
that the vesicles obtained by superfast centrifugation were indeed exosomes.

In chronic periodontitis, alveolar bone resorption could be attributed to the disruption of the balance between
osteoclast bone resorption and osteoblast bone formation.” Studies have reported that bone-related cells, such as
osteoblasts, osteocytes, and bone marrow mesenchymal stem cells, could release exosomes containing active molecules
to regulate the homeostasis of bone metabolism.”* > Sun et al*® reported that OC-Exos could penetrate osteoblasts
through their surface ligand ephrinA2 binding to the osteoblast surface receptor ephrin type-A receptor 2, releasing
important biological information and mobilizing osteoblast signaling molecules to inhibit osteoblastic proliferation and
differentiation. Yang et al** also reported the inhibitory effect of OC-Exos on osteoblast differentiation. As previously
demonstrated, OC-Exos disrupt the information exchange between osteoblasts and osteoclasts, negatively regulating
osteoblastic proliferation and differentiation, thereby increasing alveolar bone resorption. We labelled OC-Exos with
PKH67 to investigate whether OC-Exos are transferable to osteoblasts and observed that osteoblastic cytoplasm
contained exosomes with fluorescence. In addition, we observed that OC-Exos diminish osteoblastic proliferative
viability and Runx2 expression, a marker of osteoblastic differentiation. A similar result was obtained with Alizarin
red staining, indicating that OC-Exos could invade osteoblasts and inhibit growth and differentiation. We co-cultured
osteoclasts with osteoblasts in a Transwell system and treated them with GW4869 to disrupt exosomal production as an
additional measure to verify exosomal function.?”*® Consequently, Runx2, ALP, and Osx mRNA expressions were
down-regulated in the co-culture model. As a result of ALP and Alizarin red staining, osteoblastic differentiation was
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Figure 6 OC-Exos accelerated alveolar bone resorption in mice with periodontitis. (A) BLANK: control group without any treatment. PBS: The upper left second molar of
mice was ligated and injected with 10 uL PBS. OC-Exo: The upper left second molar of mice was ligated and injected with 10 uL OC-Exo with the concentration of 4 pg/pL.
3D reconstructed images produced by micro-CT were performed on maxillae of Blank, PBS, and OC-Exo groups (The red line represents CEJ-ABC, the upper end is the
cement-enamel junction and the lower end is the alveolar bone crest). (B) The average distance of CEJ-ABC on three palatal sides (mesial, central, and distal sites) and three
buccal sides (mesial, central, and distal sites) of the left maxillary second molar was measured. Data are shown as means + SEM. Compared with BLANK group, the distance
of CEJ-ABC in PBS group was significantly increased, while the distance of CEJ-ABC in OC-Exo group was significantly higher than that in PBS group. (C) Compared with
BLANK group, bone volume per tissue volume (BV/TV) analysis in PBS group was significantly decreased, while BV/TV in OC-Exo group was significantly lower than that in
PBS group. (D) The expression of genes associated with inflammatory including TNF-a, IFN-y, and IL-1( were significantly up-regulated in OC-Exo group. (E) H&E staining
images showed that periodontal tissue inflammation in OC-Exo group was more serious than that in PBS group. (F) Immunohistochemical analysis showing the expression
level of TNF-a and IFN-y increased in OC-Exo group compared with PBS group (red arrowheads indicated positive cell, red frames indicate the positions of higher-
magnification images). (G)TRAP staining images showed trap staining showed that the number and activity of mature osteoclasts in OC-Exo group were increased than
those in PBS group. *p < 0.05, **p <0.01, **p < 0.001, ****p <0.0001.
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also compromised compared with that of the Ind group; however, GW4869 reversed this inhibitory effect. Overall, our
results suggest that osteoblast-derived exosomes could inhibit bone formation when transferred to osteoblasts.
Extracellular vesicles, such as exosomes, which are separated from the plasma membrane and protect miRNA from
RNase-induced degradation, could be used to transport miRNA across cells.”’ ' Li et al*? reported down-regulation of
ALP, osteopontin, osteocalcin, and bone sialoprotein when miR-214 overexpressed exosomes from differentiated mouse
bone marrow-derived macrophages were applied to osteoblast-like cells. We demonstrated for the first time that mature
OC-Exos were highly expressed by miR-5134-5p, and elevated miR-5134-5p expression was also observed in osteoblasts
co-cultured with OC-Exos, suggesting that the exosome miR-5134-5p is transferred from osteoclasts to osteoblasts and
mediates communication between them. Similarly, Yang et al** indicated that OC-Exos could carry and deliver miR-23a-
Sp into osteoblasts, which could effectively suppress osteogenic differentiation by inhibiting Runx2 and promoting
YAP1-mediated MT1DP. Despite this, no previous research had examined the function of miR-5134-5p. We searched the
National Centre for Biotechnology Information database (https:/www.ncbi.nlm.nih.gov/gene/100628603) to learn more

about miR-5134-5p. miR-5134-5p regulates gene expression post-transcriptionally in multicellular organisms as a result
of its effect on mRNA stability and translation. Hence, we inspected the target mRNA of miR-5134-5p on the TargetScan
website and identified JAK2 as a potential target. JAK2/STAT3 signaling activation plays a crucial role in promoting
osteoblastic proliferation and differentiation by regulating osteobiology.**** Upon cytokines binding to receptors of
tyrosine kinase, they form ligand-receptor complexes and immediately trigger the phosphorylation of JAK.>> By
phosphorylating tyrosine sites on JAK, Stat3 will dock with the SH2 structural domain for phosphorylation modifica-
tions. As Stat3 gets phosphorylated, it gets translocated to the nucleus, binding to genes and regulating transcription.*®’
As humans develop their skeletal systems, growth hormone inhibits Runx2 transcriptional activity by interacting with
Stat3 and Runx2,”® suggesting that JAK2/STAT3 may be a pivotal trigger for the differentiation process of osteoblasts.
According to Yu et al,* inhibiting JAK2/STAT3 signaling inhibited the osteogenic proliferation of bone marrow stem
cells and impaired bone healing. In the present study, we confirmed the binding site between OC-Exo-derived miR-5134-
5p and JAK2 by luciferase assays and the regulation’s negative effect of miR-5134-5p on p-JAK2 and p-STAT3
expression was then verified in vitro. Our experimental results also demonstrated the Runx2, p-JAK2, and p-STAT3
down-regulation in osteoblasts with OC-Exo intervention. In accordance with this, miR-5134-5p derived from OC-Exos
could inhibit osteoblastic differentiation via the JAK2/STAT3 axis, thereby regulating bone formation.

In mice with periodontitis, H&E staining, IHC staining of TNF-a and IFN-y, and micro-CT revealed that OC-Exo
treatment further aggravated periodontal inflammation and accelerated alveolar bone resorption. Wang et al** reported that
circulating exosome levels were two-fold higher in mice with lipopolysaccharide (LPS)-induced bone loss. Besides, LPS-
induced exosomal increase inhibited osteoblast formation in MC3T3-EI cells in vitro. These results further proof that OC-
Exos play a crucial role in the communication between osteoclasts and osteoblasts in periodontitis-induced bone resorption.

Osteoblastic differentiation plays a considerable role in alveolar bone regeneration, arising from several intersecting
causes.*! Firstly, we observed that OC-Exos inhibited osteoblastic proliferation and differentiation. Moreover, we observed
that miR-5134-5p expression increased in OC-Exos and that this miRNA negatively regulated osteogenic differentiation by
inhibiting the JAK2/STAT3 axis. miR-5134-5p negatively affected osteoblastic differentiation when it was transferred into the
cells. Similarly, exosomes isolated from osteoclasts (OC-Exos) accelerated alveolar resorption in vivo. Several mechanisms
have been reported to mediate the osteogenic differentiation of osteoblasts, with the JAK2/STAT3 axis being one of the most
important axes.*>* As reported in the present study, miR-5134-5p targets JAK2, indicating a mechanistic role for miR-5134-
Sp in osteoblastic differentiation. When up-regulated, JAK2 can no longer suppress osteoblastic differentiation of osteoblasts.
However, no relevant reports on specific functional studies of miR-5134-5p as a target in periodontitis progression exist, and
further research is warranted. Furthermore, the current research on exosomes is very extensive. Apart from exosome-loaded
bioinformatics substances, exosomes are also available and widely used in gene editing and nanodrug delivery.****
Nevertheless, there are still many uncertainties in the study of nanocarriers, and further research is needed.

Conclusions
Overall, our study findings indicate that OC-Exos promote alveolar resorption by inhibiting osteoblastic differentiation in vitro
and in vivo. In this negative effect, miR-5134-5p, which is enriched in OC-Exos, inhibits osteogenic differentiation by suppressing
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JAK2/STAT3 axis activation and might play a crucial role. Therefore, our findings suggest that therapeutic inhibition of miR-
5134-5p in osteoclasts might serve as an effective bone anabolic strategy to relieve periodontitis and re-establish bone
homeostasis.
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