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The expression profiles of exosomal microRNAs (miRNAs) are regulated by the

microenvironment, and appropriate priming with mesenchymal stem cells

(MSCs) is one of the strategies to enhance the paracrine potency of MSCs.

Our previous work demonstrated that exosomes from tumor necrosis factor

(TNF)-α-primed human gingiva-derived MSCs (GMSCs) could be a therapeutic

tool against periodontitis, and that TNFα-inducible exosomal miR-1260b is

essential for the inhibition of alveolar bone loss. However, the precisemolecular

mechanism underlying miR-1260b-mediated inhibition of osteoclastogenesis

is not yet fully understood. Here, we found that the activating transcription

factor (ATF)-6β, a novel miR-1260b-targeting gene, is critical for the regulation

of osteoclastogenesis under endoplasmic reticulum (ER) stress. An

experimental periodontal mouse model demonstrated that induction of ER

stress was accompanied by enhanced ATF6β expression, and local

administration of miR-1260b and ATF6β siRNA using polyethylenimine

nanoparticles (PEI-NPs) significantly suppressed the periodontal bone

resorption. In periodontal ligament (PDL) cells, the ER stress inducer,

tunicamycin, enhanced the expression of the receptor activator of NF-κB
ligand (RANKL), while miR-1260b-mediated downregulation of ATF6β caused

RANKL inhibition. Furthermore, the secretome from miR-1260b/ATF6β-axis-
activated PDL cells inhibited osteoclastogenesis in human CD14+ peripheral

blood-derived monocytes. These results indicate that the miR-1260b/ATF6β
axis mediates the regulation of ER stress, which may be used as a novel

therapeutic strategy to treat periodontal disease.
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Introduction

Dental tissue-derived mesenchymal stem cells (MSCs) have

gained attention because of the advantages of easy acquisition via

routine dental procedures and superior outcomes in both

regenerative and immunoregulatory therapeutics (Orsini et al.,

2018) (Li et al., 2021). Recent studies have reported the

therapeutic potential of the MSCs-derived secretome, which

includes trophic factors such as cytokines, growth factors, and

extracellular vesicles (EVs) (El Moshy et al., 2020) (Pethő et al.,

2018). EVs act as mediators of intercellular communication, and

are broadly classified into microvesicles (100–1,000 nm),

exosomes (40–100 nm), and apoptotic bodies (1–5 μm)

(Raposo and Stoorvogel, 2013). Exosomes possess the ability

to transfer genetic information through RNAs and proteins,

thereby inducing phenotypic changes in recipient cells

(Quesenberry et al., 2015). Specifically, exosomal microRNA

(miRNA)-mediated modification of cellular phenotypes plays

a central role in the therapeutic effects of MSC-derived exosomes

(Valadi et al., 2007). Interestingly, growing evidence has

suggested that appropriate preconditioning of MSCs with

disease-related stimuli can optimize the contents of exosomes

to efficiently support the repair of specific diseases (Katsuda and

Ochiya, 2015).

Periodontitis is the most common osteolytic inflammatory

disease caused by specific periodontal disease-causing bacteria

(Hajishengallis, 2015). Its pathology is characterized by

inflammation of the periodontium and subsequent destruction

of the tooth-supporting alveolar bone, which is a major cause of

tooth loss in adults (Kajiya and Kurihara, 2021). Recently, studies

have focused on the influence of endoplasmic reticulum (ER)

stress on periodontitis (Jiang et al., 2022). ER is the principal

organelle that plays an essential role in the folding and structural

maturation of proteins. ER stress is characterized by the

activation of the unfolded protein response (UPR) under

conditions, such as oxidative stress, inflammation, and aging

(Hetz et al., 2020). UPR is mediated by three major ER

transmembrane proteins: double-stranded RNA-dependent

protein kinase-like ER kinase, inositol-requiring

transmembrane kinase and endonuclease 1, and activating

transcription factor 6 (ATF6). UPR protein upregulation

activates transcription factors, including nuclear factor-κB and

activator protein-1, leading to the expression of pro-

inflammatory cytokines (Garg et al., 2012). Furthermore, ER

stress causes alveolar bone loss following oral infection with

Porphyromonas gingivalis in mice (Yamada et al., 2015). These

findings strongly indicate that activated ER stress exacerbates the

destruction of periodontal tissue. However, a therapeutic strategy

for periodontal disease that targets the MSC-derived exosomal

miRNA-mediated regulation of ER stress has not yet been

reported.

Among dental tissue-derived MSCs, human gingiva-derived

MSC (GMSCs) have a distinct neural crest origin and exhibit

some advantages over other MSCs (Zhang et al., 2017). Human

GMSCs exhibit prominent immunomodulatory and proliferative

capacities with stable functional characteristics at high passage

numbers (Kim et al., 2021). Importantly, both mouse and human

GMSCs secrete large amounts of exosomes than other somatic

MSCs (Kou et al., 2018). Based on a strategy to improve the anti-

inflammatory properties of MSC-derived exosomes by priming

MSCs with cytokines (Park et al., 2018), we recently

demonstrated that the tumor necrosis factor (TNF)-primed

human GMSC-derived exosomes significantly enhanced the

therapeutic effects in a mouse periodontal model (Nakao

et al., 2021). Although we further found that the TNF-

inducible exosomal miR-1260b is a critical regulator of

periodontal bone loss, the detailed mechanism has not yet

been fully elucidated.

In this study, we first screened novel miR-1260b-targeting

genes via database analysis and found that they could be

associated with ER stress by targeting ATF6β. There are two

closely related forms of ATF6, ATF6α (670 aa) and ATF6β
(703 aa), which have structural similarities (Thuerauf et al.,

2007). While most studies have focused on ATF6α and its

role in modulating ER stress, the role of ATF6β is poorly

understood. Therefore, we investigated the therapeutic effects

of miR-1260b on osteoclastogenesis in periodontal disease by

targeting ATF-mediated ER stress.

Materials and methods

Bioinformatic analysis

The target genes of human miR-1260b were predicted using

the database TargetScan (total context + + score <−0.7) (https://
www.targetscan.org/vert_80/) and mirDIP (Integrated Score > 0.

6 and score class was set to “very high” (top 1%)) (https://ophid.

utoronto.ca/mirDIP/).

Mice

C57BL/6NCrSlc mice (female, 8-week-old) were purchased

from Japan SLC (Hamamatsu, Japan) and used under an

institutionally approved animal research protocol (protocol

#A21-131-2; Kyushu University).

Histology, immunohistochemistry and
immunofluorescence staining

Maxillae were removed and fixed in 4% paraformaldehyde

for 24 h. Thereafter, samples were demineralized using

ethylenediaminetetraacetic acid solution (Osteosoft; Merck,

Darmstadt, Germany) for 72 h and embedded in paraffin.
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Standard hematoxylin and eosin staining and dual-color

immunofluorescence analysis using specific primary antibodies

for mouse anti-ATF6β antibody (1:100, 15794-1-AP;

Proteintech) were performed, as previously described (Nakao

et al., 2021). Images were captured using a confocal laser-

scanning microscope (Carl Zeiss LSM 700; Oberkochen,

Germany) and ZEN 2012 software.

Preparation of miR-1260b or ATF6β
siRNA-polyethylenimine nanoparticles
and fluorescent labelling of miRNA

Linear PEI-NPs (in vivo-jetPEI) were purchased from

Polyplus-Transfection SA (Illkirch-Graffenstaden, France).

miRCURY LNA microRNA mimic for hsa-miR-1260b or

control miRNA (negative control: cel-miR-39-3p; Qiagen,

Hilden, Germany) was dissolved in 5% glucose solution at a

concentration of 50 μM. Stealth™ RNAi duplexes against

mouse ATF6β, a mixture of three different siRNAs

(MSS236243, MSS236245 and MSS273801) or Stealth™
RNAi negative control duplex (Invitrogen Life

Technologies, Carlsbad, CA, United States) were

dissolved in 5% glucose solution at a concentration of

20 μM. Solutions containing miRNA or siRNA and PEI-

NPs were mixed and incubated for 15 min at room

temperature. A total of 10 μl of miR-PEI-NPs (miR:

125 pmol) or siRNA-PEI-NPs (siRNA: 50 pmol) was

injected. The distribution of miRNA in mice was tracked

using Cy-3 labeling miRNA. miR-1260b was labeled with

the Label IT siRNA Tracker Cy3 Kit without any

transfection reagent (Mirus Bio LLC., WI, United States).

Ligature-induced periodontal model in
mice

Experimental periodontitis was induced as previously

described (Nakao et al., 2021). Mice were randomly divided

into the following three groups: 1) placebo (in vivo jetPEI

only), 2) miR-control, and 2) miR-1260b mimic. To induce

periodontal bone loss in mice, a 5-0 silk ligature (Akiyama

Medical MFC Co., Tokyo, Japan) was tied around the right

maxillary second molar. After ligation, the placebo or miR-

PEI-NPs were injected into the palatal gingiva of the

maxillary second molar using a 33-gauge needle Hamilton

syringe (Hamilton Company. NV, United States).

Micro-computed tomography scanning

The samples were scanned using a Micro-computed

tomography (micro-CT) imaging system (ScanXmate;

Comscan, Kanagawa, Japan). The measurement conditions

for micro-CT included tube voltage (kV), electrical current

(A), image voxel size, and slice thickness. After scanning,

three-dimensional (3D) images were reconstructed using

TRI/3D-BON software (Ratoc System Engineering, Tokyo,

Japan). To evaluate alveolar bone resorption, bone

resorption volumes were superimposed on the non-ligated

and ligated sides. The differences between the non-ligated

and ligated sides were measured by following the selection of

a 3D region of interest as described below. Crown buccal-

palatal widths were defined as the buccal-palatal landmark.

M1’s palatal root apex and M2 were assigned as the mesial-

distal landmarks. The cement–enamel junction and M1 and

M2 palatal root apexes were defined as tooth axial landmarks

(Supplementary Figure S1A). Moreover, (non-

ligated–ligated) bone volume/non-ligated bone volume (%)

was taken as the degree of bone resorption. The alveolar bone

loss of each group was also defined as the sum of distances

from the eight sites as indicated in Supplementary

Figure S1B.

Cytokines and reagents

Recombinant human macrophage colony-stimulating

factor (M-CSF), receptor activator of NF-κB ligand

(RANKL) and mouse RANKL were purchased from

BioLegend (San Diego, CA, United States). Tunicamycin

was obtained from Cayman Chemical Co. (Ann Arbor, MI,

United States).

Cell culture

Human CD14+ peripheral blood-derived monocytes

(PBMCs) were purchased from Lonza (Basel, Switzerland).

The cells were cultured in the Roswell Park Memorial Institute

1,640 medium (Nacalai Tesque, Kyoto, Japan) supplemented

with 10% heat-inactivated fetal bovine serum, 2 mM

glutamine (Nacalai Tesque), 1% sodium pyruvate (Nacalai

Tesque), 1% non-essential amino acids (Nacalai Tesque), and

25 ng/ml M-CSF. Human periodontal ligament (PDL) cells

(Lonza) were grown in complete fibroblast medium (FM)

using the FibroLife S2 Comp Kit (Kurabo Industries Ltd.,

Osaka, Japan), and cells at the second to third passages were

used for subsequent experiments. The mouse osteoclast

precursor clone RAW-D cells, which were derived from

RAW264 macrophage-like cell line were kindly gifted by

Prof. Toshio Kukita and Prof. Takayoshi Yamaza (Kyushu

University, Japan) and cultured as previously described

(Watanabe et al., 2004) (Kukita et al., 2004). RAW-D cells

were stimulated with 50 ng/ml RANKL to differentiate into

osteoclasts.
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Quantitative RT-PCR analysis

Quantitative RT-PCR (qRT-PCR) was performed as

previously described (Watanabe et al., 2022). Total RNA was

isolated from the cells using ISOGENⅡ (Nippon Gene, Tokyo,

Japan), and first-strand cDNAwas synthesized using PrimeScript

RT Master Mix (Takara Bio, Otsu, Japan). qRT-PCR was

performed using the Luna Universal qPCR Master Mix (NEW

ENGLAND BioLabs Inc.) on a StepOnePlus Real-Time System

(Applied Biosystems, Carlsbad, CA, United States) under the

following conditions: 95°C for 1 min, 40 cycles of 95°C for 15 s,

and 60°C for 30 s. Primer sequences used in this study are listed in

Supplementary Table S1.

Western blot analysis

Western blotting was performed as previously described

(Watanabe et al., 2022). Cells were washed with phosphate-

buffered saline and lysed in Passive Lysis 5× buffer (Promega,

Madison, WI, United States). Nuclear proteins were extracted

using a LysoPure Nuclear and Cytoplasmic Extractor Kit

(FUJIFILM, Tokyo, Japan). Protein samples were separated on

polyacrylamide gels and transferred to polyvinylidene difluoride

membranes. The membranes were incubated with the

appropriate primary antibodies, anti-ATF6β (1:1000; 15794-1-

AP, Proteintech, Rosemont, IL, United States), anti-RANKL (1:

1000; 12A668, Novus Biologicals, United States), anti-CHOP (1:

1000, L63F7, Cell Signaling Technology), anti-Grp78 (1:1000,

C50B12, Cell Signaling Technology), anti-cleaved caspase-3 (1:

1000, 5A1E, Cell Signaling Technology), anti-JNK (1:1000, 56G8,

Cell Signaling Technology), anti-Phospho-JNK (Thr183/Tyr185)

(1:1000, 81E11, Cell Signaling Technology), anti-Lamin B1 (1:

1000, 1298-1-AP, Proteintech) and anti-β-actin (1:1000; 13E5,

Cell Signaling Technology) antibodies, and secondary antibodies,

anti-rabbit IgG (1:2000; Cell Signaling Technology) and anti-

mouse IgG (1:2000; Cell Signaling Technology). Blotted

membranes were visualized using a densitometry technique on

Amersham ImageQuant 800 (Cytiva, Tokyo, Japan) and

quantified using Multi Gauge 3.1 software (FUJIFILM, Tokyo,

Japan).

Cell transfection in vitro

Transfection of miRNA mimics and siRNAs for PDL cells

was performed using the Lipofectamine RNAiMAX

Transfection Reagent (Thermo Fisher Scientific. MA,

United States) for 24 h according to our reverse transfection

protocol (Fukuda et al., 2013). For knockdown analysis,

Stealth™ RNAi duplexes against human ATF6β, a mixture of

three different siRNAs (HSS102271, HSS102272 and

HSS102273) and mouse ATF6β, a mixture of three different

siRNAs (MSS236243, MSS236245 and MSS273801) were

obtained from the Invitrogen Corporation (Invitrogen Life

Technologies). Stealth™ RNAi negative control duplex

(Medium GC Duplex, Invitrogen Life Technologies) was

used as a control. For miRNA mimic transfection, PDL cells

were transfected with 20 pmol miRCURY LNA microRNA

mimic for hsa-miR-1260b (Qiagen) or control miRNA

(negative control: cel-miR-39-3p; Qiagen). RAW-D cells

were transfected with mouse ATF6β siRNAs or control

siRNA using Hiperfect Transfection Reagent (Qiagen),

according to the manufacturer’s protocol.

Dual-luciferase reporter assay

The fragment of ATF6β 3′-UTR (WT) and its corresponding

mutated sequence (MUT) designed by converting the miR-1260b

binding sequence 5′-GGUGGGA to 5′-ACTCAA, were

synthesized and cloned into the pmirGLO dual-luciferase

miRNA Target Expression Vector (Promega, Madison, WI,

United States), termed ATF6β-3′-UTR-WT (5′-AAACTAGCG
GCCGCTAGAGGGTGGT) and ATF6β-3′-UTR-MUT (5′-AAA
CTAGCGGCCGCTAGTAACTCAT), respectively. Reporter

plasmids containing the WT or MUT ATF6β 3′-UTR (0.5 μg)

and miR-1250b mimic or control miRNA (20 pmol) were co-

transfected into PDL cells using Lipofectamine 3000 (Thermo

Fisher Scientific. MA, United States). After 24 h of incubation,

cells were lysed. Firefly and Renilla luciferase activities were

detected using a dual-luciferase assay system (Promega, WI,

United States).

WST-8 viability assay

PDL cells (5 × 103 cells) in 100 µl of FM were seeded into a

96-well culture plate in triplicate with or without 0.5 μg/ml of

tunicamycin. The number of seeded cells was limited to ensure

that cell growth would continue until the end of incubation

period, without reaching cell confluence. Next, 10 µl of WST-8

solution (Cell Count Reagent SF™: Nakarai Tesuque, Kyoto,
Japan) were added to each well (including the control wells), at 3,

6, 12, 24 and 48 h. Cells were incubated for an additional 1 h at

37°C, then absorbance at 450 nm was measured, with a reference

reading at 650 nm.

Tartrate-resistant acid phosphatase
staining and osteoclast quantification

CD14+ PBMCs (5 × 104) were placed in a 96-well plate.

The cells were incubated with RANKL (30 ng/ml) and M-CSF

(25 ng/ml) for 2 weeks with or without tunicamycin treatment

for the first 3 days. The medium was replaced every 3 days.
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FIGURE 1
Expression levels of the activating transcription factor (ATF)-6β, a novel microRNA (miR)-1260b-targeting gene, are upregulated in the mice
periodontal model. (A) TargetScan and miRDIP databases were used to identify novel top target genes of miR-1260b. (B–E) Enhanced expression of
ATF6β in ligature-induced mice periodontal model. A 5-0 silk ligature was tied around the maxillary second molar in C57BL/6 mice for 7 days. (B)
Relative mRNA expression of ATF6β in mice gingival tissue (n = 6). (C) Immunohistochemical staining of ATF6β in mice periodontal tissue. (D)
Western blotting analysis revealed the expression levels of full-length and cleaved ATF6β in mice gingiva, and the relative expression was measured
(n = 3). β-actin was used as the control. (D). *p < 0.05, ****p < 0.0001. Error bars represent the mean ± standard deviation (SD). The significance of
differences between groups was determined using one-way Tukey’s test.
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Cultured cells were fixed with 10% formalin for 5 min and

then with ethanol–acetone (50:50 vol/vol) for 1 min at room

temperature. Tartrate-resistant acid phosphatase (TRAP)

staining was performed using a TRAP/ALP Stain Kit

(FUJIFILM Wako). Photographs were taken using BZ8000

(Keyence Co., Osaka, Japan). The number of TRAP-positive

cells was counted for each number of nuclei (7 or 10 ≤ nuclei)

(Piper et al., 1992). Areas of each TRAP-positive cell were

measured using the ImageJ software (version 1.43; National

Institute of Health, Bethesda, MD, United States).

Pit resorption assay

CD14+ PBMCs were cultured at a density of 1 × 105 cells/

well in a bone resorption assay plate 48 (PG Research, Tokyo,

Japan) coated with calcium phosphate (CaP-coated). The cells

were incubated as described above. After 14 days, the CaP-

coated plate was treated with 5% sodium hypochlorite (Sigma-

Aldrich, St Louis, Missouri, United States) for 5 min,

according to the manufacturer’s instructions. The

resorption pit areas were analyzed using the ImageJ software.

FIGURE 2
Distribution of locally injected miR-1260b mimic-polyethylenimine nanoparticles (PEI-NPs) in the mice periodontal model. (A) Schematic
illustration of the ligature-induced periodontitis model and local administration of miRNA-PEI-NPs. A 5-0 silk ligature was tied around the maxillary
second molar in C57BL/6 mice on day 0. On day 0 and 3, a total of 10 μl of miR-PEI-NPs (miR: 125 pmol) was injected as illustrated. (B) Detection of
injected miRNA in mice periodontal tissue. miRNAs were Cy-3 labeled (Red) before administration. Nuclei were stained with 4, 6-diamino-2-
phenylindole (DAPI; blue). AB: alveolar bone, T, teeth. Scale bar = 200 μm. (C) Time course expression of miR-1260b in mice gingiva (n = 3). ns, not
significant, ****p < 0.0001. Error bars represent the mean ± SD. The significance of differences between groups was determined using two-way
analysis of variance (ANOVA), followed by correction for multiple comparisons with Tukey’s post hoc test.

Frontiers in Cell and Developmental Biology frontiersin.org06

Hayashi et al. 10.3389/fcell.2022.1061216

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1061216


Statistical analysis

Data are presented as the mean ± standard deviation. Data

analyses were performed using GraphPad Prism 9 (GraphPad

Software Inc., La Jolla, CA, United States). One- or two-way

analysis of variance followed by correction for multiple

comparisons with Tukey’s post hoc test were used to compare

three or more groups to analyze the statistical significance. Other

statistical comparisons of data from the two groups were

performed using the Student’s t-test. Statistical significance

was set at p < 0.05.

Results

Identification of ATF6β as a novel miR-
1260b target gene and increased
ATF6 expression in a mouse periodontal
model

To explore the most critical gene for biological regulation

by miR-1260b in periodontal tissue, miRDIP (https://ophid.

utoronto.ca/mirDIP/) and TargetScan (https://www.

targetscan.org/vert_80/) databases were analyzed. First, we

FIGURE 3
Local injection of miR-1260b inhibits alveolar bone loss in the mice periodontal model. (A) Three-dimensional micro-computed tomography
(micro-CT) images of the maxillae in each treatment group on day 7 after ligature placement. Scale bar = 1,000 μm. (B–D) Periodontal bone
resorption analysis was performed using a split-mouth experimental design: one side of themaxilla was ligated and locally injected with miR-mimic-
PEI-NPs, whereas the other side without ligation served as its own control. (B,C) Relative alveolar bone resorption volume (B) and the distance
from the cementoenamel junction (CEJ) to the pinnacle of the alveolar bone (AB) (C) were calculated by (non-ligated–ligated) groups. (D) Bone
volume/tissue volume (BV/TV). Error bars represent the mean ± SD, n = 6. ns: not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001. The
significance of differences between groups was determined using one-way ANOVA, followed by correction for multiple comparisons with Tukey’s
post hoc test.

Frontiers in Cell and Developmental Biology frontiersin.org07

Hayashi et al. 10.3389/fcell.2022.1061216

https://ophid.utoronto.ca/mirDIP/
https://ophid.utoronto.ca/mirDIP/
https://www.targetscan.org/vert_80/
https://www.targetscan.org/vert_80/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2022.1061216


FIGURE 4
miR-1260b-mediated down-regulation of ATF6β is essential for the inhibition of periodontal bone loss. Effects of miRNA injection on the
expression of ATF6β in the mice periodontal model on day 1 (A) and day 7 (B,C) after ligation. (A) ATF6 β mRNA expression in mouse gingival tissue
(n = 3). (B) Immunofluorescence staining of ATF6β (green) in the mouse periodontal tissue. Nuclei were stained with DAPI (blue). R, root. Scale bar =
50 μm. (C) Intensity of ATF6β fluorescence in each sample was measured in each group (n = 5). (D–F) Validation of ATF6β knockdown in mice
periodontal model on day 1 (D) and day 7 (E,F) after ligation. (D) ATF6 βmRNA expression in mouse gingival tissue (n = 3). (E) Immunofluorescence
staining of ATF6β (green) in the mouse periodontal tissue. Nuclei were stained with DAPI (blue). R, root. Scale bar = 50 μm. (F) Intensity of ATF6β

(Continued )
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selected the top five overlapping TargetScan (total context + +

score <−0.7) and mirDIP (Integrated Score >0.6) genes

(Figure 1A). Considering that ATF6β is an ER stress

response-associated gene and emerging evidence has

indicated the involvement of ER stress in periodontal

disease, we focused on ATF6β in this study. In a mouse

periodontitis model, the expression of ATF6β mRNA was

upregulated in ligated-gingival tissue (Figure 1B).

Immunohistochemical staining revealed that ATF6β was

mainly expressed in both the PDL and subgingival

connective tissue, and the accumulated expression of

ATF6β was observed along the alveolar bone resorption

area (Figure 1C). Enhanced protein expression of ATF6β in

the inflammatory periodontium was confirmed by western

blotting analysis (Figures 1D,E).

Local injection of miR-1260b suppresses
periodontal bone loss in mice

To investigate the inhibitory and therapeutic potential of

miR-1260b against ligature-induced periodontal bone loss in

vivo, a miR-1260b mimic was injected into the interdental

region of second molar (M2) using PEI-NPs (Figure 2A).

Relative alveolar bone resorption was determined using a

split-mouth experimental design, in which one side of the

maxilla (upper jaw) was ligated and locally injected with miR

mimic-PEI NPs, whereas the other side was not ligated. Thus,

each animal served as a control. Fluorescent imaging revealed

that Cy3-labeled miR-1260b mimic-PEI-NPs were retained in

the interdental gingiva for 7 days (Figure 2B). qRT-PCR further

confirmed the local administration-induced upregulation of

miR-1260b expression in the gingival tissue (Figure 2C).

Compared with the non-ligated site, severe alveolar bone loss

was observed around the ligated M2 in both the mock- and miR-

Ctrl-injected groups. In contrast, local injection of the miR-

1260b mimic significantly reduced the bone resorption on day

7 after ligation (Figure 3). To gain further insight into miR-

1260b-mediated inhibition of ATF6β, the expression level of

ATF6β in periodontal tissue was monitored. qRT-PCR analysis

revealed that treatment with miR-1260b significantly inhibited

the ligation-induced expression of ATF6β mRNA (Figure 4A).

Consistently, immunofluorescence staining also demonstrated

the downregulated expression of ATF6β by the miR-1260b

mimic on day 7 after ligation (Figures 4B,C). To validate that

miR-1260b-mediated downregulation of ATF6β is responsible

for the inhibition of periodontal bone loss, ATF 6β siRNA-PEI

NPs was injected in mice periodontal model. qRT-PCR and

immunofluorescence staining confirmed the knockdown of

ATF6β expression in mice periodontal tissue (Figures 4D–F).

Micro-CT analysis demonstrated that ATF 6β siRNA-PEI NPs

significantly reduced alveolar bone resorption than Ctrl-siRNA-

injected groups (Figures 4G–I). On the other hand, there was no

difference between Ctrl and ATF6β siRNA injected groups for

BV/TV (Figure 4J), indicating that the inhibitory effect for bone

loss by miR-1260b is stronger than ATF6β siRNA. Collectively,

these results suggest that the miR-1260b-mediated

downregulation of ATF6β is responsible for the inhibition of

ligation-induced alveolar bone loss.

miR-1260b attenuates the nuclear
expression of ATF6β to suppress receptor
activator of NF-κB ligand expression in
periodontal ligament cells

Next, we explored the molecular mechanism of miR-1260b-

mediated ATF6β suppression in the inhibition of bone

resorption. Putative binding sites for miR-1260b within the

3′-UTR sequence of ATF6β were identified using TargetScan

(Figure 5A). As the PDL–alveolar bone interface plays a critical

role in periodontal bone homeostasis (Kanzaki et al., 2001), we

performed a dual-luciferase reporter assay to confirm the

physical binding of miR-1260b to ATF6β mRNA in primary

PDL cells. Inserts harboring the predicted ATF6β WT (ATF6β-
WT) and MUT (ATF6β -Mut) sequences were cloned into a

luciferase reporter vector. Co-transfection of ATF6β-WT with

the miR-1260b mimic in PDL cells showed a significant decrease

in the relative luciferase activity compared to that in the negative

control miRNA mimic (NC-miR mimic) group. This was not

observed in the experiments using ATF6β-Mut (Figure 5B). This

confirmed the preferential binding of miR-1260b to the 3′-UTR
of ATF6β. Next, we assessed the miR-1260b-mediated

downregulation of ATF6β expression under ER stress.

Treatment of PDL cells with the ER stressor, tunicamycin,

significantly increased the expression of ATF6β mRNA

(Figure 5C), whereas the induction of ATF6β was diminished

via transfection with the miR-1260b mimic. ATF6β is

FIGURE 4 (Continued)
fluorescence in each sample was measured in each group (n = 4). (G) Three-dimensional micro-computed tomography (micro-CT) images of
the maxillae in each treatment group on day 7 after ligature placement. Scale bar = 1,000 μm. (H–J) Periodontal bone resorption analysis was
performed using a split-mouth experimental design: one side of the maxilla was ligated and locally injected with siRNA-PEI-NPs, whereas the other
side without ligation served as its own control. (H,I) Relative alveolar bone resorption volume and (H) the distance from the cementoenamel
junction (CEJ) to the pinnacle of the alveolar bone (AB) (I)were calculated by (non-ligated–ligated) groups. (J) Bone volume/tissue volume (BV/TV).
Error bars represent themean± SD, n=6. ns, not significant, **p <0.01, ***p <0.001, ****p < 0.0001. The significance of differences between groups
was determined using one-way ANOVA, followed by correction for multiple comparisons with Tukey’s post hoc test.
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FIGURE 5
miR-1260b attenuates the endoplasmic reticulum (ER) stress-induced nuclear expression of cleaved ATF6β in periodontal ligament (PDL) cells.
(A) Binding sites (in red letters) between ATF6β 3′-untranslated region (UTR) and miR-1260b predicted on the TargetScan database. (B) Luciferase
reporter vectors containing the wild type miR-1260b binding sites of ATF6β (ATF6β-WT) or mutated ATF6β sequence (ATF6β-Mut) were co-
transfected with control miRNA (miR-Ctrl, 20 nM) or miR-1260b mimic (20 nM) into human primary PDL cells. After 24 h, firefly luciferase
activity in each sample was measured and normalized to the control (Renilla) luciferase activity. (C–E) Effect of miR-1260b on the expression of
ATF6β under ER stress. PDL cells were transfected with miR-Ctrl or miR-1260b for 24 h. After changing the medium, cells were stimulated with

(Continued )
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proteolytically cleaved during the ER stress response to release

cleaved ATF6β (Thuerauf et al., 2007). As a transcription factor,

the cleaved active form of ATF6β is translocated to the nucleus.

Immunofluorescence staining captured by confocal microscopy

demonstrated that tunicamycin-induced potent nuclear

accumulation of ATF6β was diminished by miR-1260b

(Figure 5D). Western blotting further confirmed that

tunicamycin-mediated ER stress increased the expression of

cleaved ATF6β in the nuclear fraction of PDL cells, which was

significantly inhibited by miR-1260b (Figures 5E,F). We

subsequently examined whether ER stress-induced cleavage of

ATF6β was involved in RANKL expression. ATF6β knockdown

successfully inhibited the nuclear expression of cleaved ATF6β
(Figures 6A,B), thereby abrogating tunicamycin-induced

RANKL expression in PDL cells (Figures 6H,I).

Tumnicamycin not only enhanced the expression of other ER

stress-associated marker proteins for Grp78 (Figure 6C) and

CHOP (Figure 6D), but also apoptosis marker for cleaved

caspase-3 (Figure 6E). Knockdown of ATF6β down-regulated

the expression of CHOP and cleaved caspase-3, while it up-

regulated the expression of Grp78. Furthermore, tunicamyci-

mediated phosphorylation of JNK was attenuated by ATF6β
knockdown (Figure 6F). The treatment of PDL cells with

0.5 mg/ml of tunicamycin inhibited cell growth (Figure 6F).

These results indicate that the ER stress-induced RANKL

expression is regulated by ATF6β, and miR-1260b targets

ATF6β to mediate RANKL inhibition in PDL cells.

Secretome from the miR-1260b/ATF6β-
axis-activated periodontal ligament cells
suppresses osteoclastogenesis

We further evaluated the effects of RANKL regulation on

osteoclastogenesis in PDL cells. TRAP staining revealed that

incubation of human CD14+ monocytes with cell culture

supernatant from tunicamycin-stimulated PDL cells enhanced

the number and size of TRAP+ multinucleated mature

osteoclasts. In contrast, incubation with miR-1260b mimic

and ATF6β siRNA-transfected cell culture supernatant

significantly inhibited osteoclast differentiation (Figures

7A–D). Bone resorption assays were performed to assess the

activity of differentiated osteoclasts. Consistent with the results of

TARP staining, osteoclasts differentiated from the cell culture

supernatants of ER stress-induced PDL cells exhibited high bone

resorption activity, which was diminished by incubation with

miR-1260b mimic and ATF6β siRNA transfectants

(Figures 7E,F).

Discussion

The present study provides new insights into the

molecular mechanisms of miR-1260b-mediated suppression

of periodontal bone loss via the regulation of ER stress. To our

knowledge, most studies have focused the effect of miR-1260b

on cell proliferation or migration (Xia et al., 2020) (Seong and

Kang, 2020). While we identified miR-1260b as a novel TNF-

inducible GMSC-derived exosomal miRNA (Nakao et al.,

2021), miR-1260b was reported to be downregulated in

gingival tissue from periodontitis (Stoecklin-Wasmer et al.,

2012). Thus, we speculated that the local administration of

miR-1260b could contribute to the treatment of periodontal

disease. Although we previously indicated that exosomal miR-

1260b could inhibit RANKL expression by targeting Wnt5a

(Nakao et al., 2021), the direct effect of miR-1260b on

osteoclastogenesis, both in vitro and in vivo, has not yet

been validated. As ATF6β is the top-ranked target of miR-

1260b in multiple miRNA target database analysis (Figure 1A)

and ER stress is involved in osteoclastogenesis (Collison,

2018), miR-1260b-mediated regulation of ER stress may be

a potential target for the inhibition of alveolar bone loss.

In the present study, we demonstrated that miR-1260b

mediated the downregulation of ATF6β. We also revealed that

suppression of the nuclear accumulation of cleaved-ATF6β was

indispensable for the inhibition of RANKL in PDL cells.

ATF6 protein is proteolytically cleaved in response to ER

stress. The N-terminus of ATF6 has a transcriptional

activation domain, whereas the C-terminus has basic leucine

zipper (Leu-Zip) and ER transmembrane (ERTM) domains.

Under ER stress, serine proteases in the Golgi apparatus

cleave the ERTM domains of ATF6 to release activated

cleaved ATF6. The cleaved form of the ATF6 protein

indicates that the UPR is activated (Thuerauf et al., 2007).

While the effect of activated ATF6α-mediated inflammation

has been well established (Stengel et al., 2020), a recent study

further demonstrated the activation of ATF6β under ER stress

conditions (Hien and Back, 2021). Indeed, we also observed

FIGURE 5 (Continued)
0.5 μg/ml of tunicamycin for 24 h. (C) Expression levels of ATF6βmRNAweremeasured via quantitative reverse transcription-polymerase chain
reaction (qRT-PCR). (D)Representative confocal images of the cellular localization of ATF6β expression (green). Nuclei were stainedwith DAPI (Blue).
Scale bar = 50 μm. (E,F) Nuclear fraction proteins were isolated to analyze the expression of nuclear translocated cleaved-ATF6β and the relative
expression was measured (n = 3). Lamin B1 was used as the control for nuclear protein. ns, not significant, *p < 0.05, ***p < 0.001, ****p <
0.0001. The significance of differences between groups was determined using two-way ANOVA, followed by correction for multiple comparisons
with Tukey’s post hoc test.
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FIGURE 6
Knockdownof ATF6β suppresses the endoplasmic reticulum (ER) stress-induced RANKL expression in periodontal ligament (PDL) cells. Effect of
ATF6β-siRNA on the expression of RANKL under ER stress. PDL cells were transfected with si-Ctrl or si-ATF6β for 24 h. After changing the medium,
cells were stimulated with 0.5 μg/ml of tunicamycin for 24 h (A–F) Western blotting analysis revealed the expression levels of full-length/cleaved
ATF6β, Grp78, CHOP, Cleaved Caspase-3, phospho-JNK (p-JNK), JNK and RANKL in PDL cells and the relative expressionwasmeasured (n= 3).
β-actin was used as the control. (G) The effect of 0.5 μg/ml of tunicamycin on proliferation of PDL cells was measured using a WST-8 assay.
Proliferation wasmeasured at the indicated time points (shown in the X-axis) and expressed as (absorbance at 450 nm)—(absorbance at 655 nm) (n=
3). (H,I) Nuclear fraction proteins were isolated to analyze the expression of nuclear translocated cleaved-ATF6β and the relative expression was
measured (n= 3). Lamin B1 was used as the control for nuclear protein. ns, not significant, **p < 0.01. The significance of differences between groups
was determined using one-way ANOVA, followed by correction for multiple comparisons with Tukey’s post hoc test.
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FIGURE 7
Cell culture supernatant from miR-1260b mimic/ATF6β small interfering RNA (siRNA)-transfected PDL cells inhibits osteoclastogenesis in
CD14+ peripheral blood-derived monocytes (PBMCs). (A) Scheme for the validation of the effect of cell culture supernatant from PDL cells on
osteoclast differentiation. PDL cells were transfected with either miRNA mimic (miR-Ctrl or miR-1260b) or siRNA (si-Ctrl or si-ATF6β) for 24 h. After
changing the medium, cells were stimulated with tunicamycin (0.5 μg/ml) for 24 h. CD14+ PBMCs were stimulated with M-CSF for 3 days, and
then incubated with the cell culture supernatant from PDL cells as described above for additional 3 days. PBMCs were further stimulated with the
receptor activator of NF-κB ligand (RANKL)/macrophage colony-stimulating factor (M-CSF) for up to 14 days (B) Representative images of tartrate-

(Continued )
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increased expression of both full-length and cleaved active forms

of ATF6β in a mouse periodontal model in this study (Figure 1).

In a ligature-induced mouse periodontal model, we

confirmed that the local administration of miR-1260b

successfully inhibited the alveolar bone loss (Figure 3), which

was accompanied by attenuated ATF6β expression (Figure 4). To
deliver the miR-1260b mimic in mice, we used the in vivo-jetPEI

reagent, which has been previously used for gene delivery in in

vivo studies and clinical trials with high stability and without any

toxicity (Nezami et al., 2014). In the current study,

immunofluorescence imaging and qRT-PCR analysis revealed

that the miR-1260b mimic using in vivo-jetPEI reagent was

successfully delivered to and sustained the gingival tissue

(Figure 2). Although the expression of exogenously added

miR-1260b was reduced after 7 days (Figure 2),

ATF6β expression continued to be downregulated (Figure 4).

In contrast, the expression of ATF6β was significantly

upregulated in ligated gingiva injected with the miR-Ctrl

mimic. Furthermore, local injection of ATF6β siRNA

significantly suppressed periodontal bone loss in mice.

These results demonstrate that both induction of ATF6β by

ligation and inhibition of ATF6β by miR-1260b were

established in the ligature-induced mouse periodontal model,

and the miR-1260b-mediated downregulation of ATF6β in

periodontal tissue is responsible for the inhibition of alveolar

bone loss. Although the aim of the current study was to validate

the direct effect of miR-1260b, exosomes have a double-

membrane structure that provides exosomal miRNAs with

high stability and resistance to degradation. Therefore, miR-

1260b encapsulated in exosomes may be more stable and should

FIGURE 7 (Continued)
resistant acid phosphatase (TRAP) staining. Scale bar = 200 μm. (C,D)Osteoclast differentiation was evaluated by the number of TRAP-positive
multinucleated cells (MNCs) (7 or 10 ≤ nuclei) (C) and the size of TRAP-positive MNCs (3 ≤ nuclei) (D). n = 3. (E) Representative images of the
resorption pit on the calcium phosphate (CaP)-coated plate. Scale bar = 200 μm. (F) Total resorbed area in each culture was measured. n = 3. *p <
0.05, **p < 0.01, ****p < 0.0001. The significance of differences between groups was determined using one-way ANOVA, followed by
correction for multiple comparisons with Tukey’s post hoc test.

FIGURE 8
Therapeutic effects of miR-1260b on osteoclastogenesis in periodontal disease by targeting ATF6β-mediated ER stress. (left) Under
pathological condition, ER stress is upregulated in periodontal tissue. PDL cells produce RANKL to stimulate osteoclast differentiation, which cause
alveolar bone resorption. (right) In PDL cells, ATF6β binds to Grp78 and localize at ER lumen. During ER stress, ATF6β dissociate from Grp78 and
cleaved by Site-1 protease (S1P) and Site-2 protease (S2P). The active from of cleaved-ATF6β translocate to nucleus and enhance RANKL
expression in PDL cells. miR-1260b, a novel TNF-inducible GMSC-derived exosomal miRNA, targets ATF6β mRNA to downregulate RANKL
expression, thereby inhibit osteoclastogenes in periodontal diseases.
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be validated in future studies. Importantly, Cy3-labeled miR-

1260b was not localized around the alveolar bone, suggesting that

inhibition of osteoclastogenesis is indirectly mediated by teeth

surrounding the periodontal tissue.

We further investigated the precise molecular mechanism

of miR-1260b-mediated RANKL inhibition during ER stress.

Since PDL cells are involved in the regulation of

osteoclastogenesis in alveolar bone through the release of

RANKL (Kanzaki et al., 2001), we used primary PDL cells

in an in vitro study. Luciferase assay revealed site-specific

miR-1260b regulation of ATF6β, which was further validated

for endogenous ATF6β expression (Figures 5A–C). The

suppression ratio of endogenous ATF6β was more

significant than that of the luciferase activity. This could be

due to the difference in the number of predicted binding sites

for miR-1260b; the ATF6β-WT plasmid contained one

binding site, whereas the 3′UTR of endogenous ATF6β
contained three binding sites. In PDL cells, the

tunicamycin-mediated nuclear accumulation of cleaved

ATF6β was abolished by miR-1260b (Figures 5E,F). This

indicated an inhibitory effect of miR-1260b on ER stress.

Although the association between ER stress and periodontal

disease has been well accepted (Jiang et al., 2022), the direct

effect of ER stress on osteoclastogenesis remains unclear.

Yamada et al. (2015) reported that the ER stress inducer,

tunicamycin, did not induce osteoclast differentiation without

RANKL. Accordingly, we demonstrated that tunicamycin-

induced RANKL expression was inhibited by

ATF6β downregulation in PDL cells (Figure 6). To induce

ER stress in PDL cells, we used 0.5 μg/ml of tunicamycin

throughout the study. Tunicamycin is known as a cell cycle

arrest molecule (Brewer et al., 1999) and the inhibition of cell

proliferation in PDL cells were confirmed (Figure 6G).

Interestingly, knockdown of ATF6β enhanced the

expression of Grp78 (Figure 6C). Since Grp78 retains

ATF6 in regulating ER homeostasis (Shen et al., 2002), it is

possible that the expression of Grp78 was increased to

compensate the decreased ATF6β. It is widely accepted that

ATF6β regulates apoptosis (Nakanishi et al., 2005), and the

down-regulation of cleaved caspase-3 by ATF6β knockdown

under tunicamycin stimulation (Figure 6E) could also

contribute to inhibition of apoptosis (Xiong et al., 2017).

Furthermore, knockdown of ATF6β attenuated the

tunicamycin-induced activation of JNK (Figure 6F). As the

JNK signaling has reported to regulate RANKL expression

(Luo et al., 2006) (Xiang et al., 2014), ATF6β-mediated

inactivation of JNK could contribute to the inhibition of

RANKL in PDL cells. On the other hand, we confirmed

that knockdown of ATF6β had no effect on osteoclast

differentiation markers expression (Supplementary Figure

S2). Thus, we speculated that the miR-1260b/ATF6β axis

mediated the regulation of RANKL in PDL cells and could

influence the differentiation of osteoclasts. As revealed in our

results, tunicamycin-treated cell culture supernatant from

PDL cells increased mature osteoclast formation and

activity of PBMCs, while those from miR-1260b-

overexpressed or ATF6β-knockdown PDL cells significantly

diminished these effects (Figure 7). Taken together, our data

suggest that the interaction between PDL cells and osteoclasts

is involved in the regulation of ER stress-induced periodontal

bone resorption.

One limitation of this study is that the effect of miR-1260b

on the secretome of PDL cells could not be evaluated. Since we

are currently focusing on RANKL expression, proteomic

analysis should be performed in future studies to

understand the comprehensive expression profiles of other

osteoclast-inducible cytokines, such as the monocyte

chemotactic protein-1 (Kim et al., 2006) (Andrukhov et al.,

2017). Another limitation is that the source of RANKL is not

restricted to the PDL cells in periodontal tissues (Chen et al.,

2014). However, the possible regulation of PDL cell-mediated

osteoclastogenesis by miR-1260b contributes to our

understanding of the molecular basis of ER stress in the

pathogenesis of periodontitis.

In conclusion, our study demonstrated that TNF-

inducible exosomal miR-1260b inhibits osteoclastogenesis

via ATF6β-mediated regulation of ER stress. miR-1260b

suppresses the nuclear expression of active ATF6β in PDL

cells to downregulate RANKL expression, thereby

contributing to the inhibition of periodontal bone loss. Our

findings based on the molecular mechanisms are summarized

in Figure 8. These findings are of considerable therapeutic

significance to understand the cellular and molecular

mechanisms of TNF-α-preconditioned GMSC-derived

exosomes in periodontitis and other inflammatory

disorders, eventually resulting in bone loss.
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