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Abstract: Periodontal disease is an inflammatory disease caused by bacterial infection of
tooth-supporting structures, which results in the destruction of alveolar bone. Osteoclasts play
a central role in bone destruction. Osteoclasts are tartrate-resistant acid phosphatase (TRAP)-positive
multinucleated giant cells derived from hematopoietic stem cells. Recently, we and other researchers
revealed that microRNAs are involved in osteoclast differentiation. MicroRNAs are novel,
single-stranded, non-coding, small (20–22 nucleotides) RNAs that act in a sequence-specific manner to
regulate gene expression at the post-transcriptional level through cleavage or translational repression
of their target mRNAs. They regulate various biological activities such as cellular differentiation,
apoptosis, cancer development, and inflammatory responses. In this review, the roles of microRNAs
in osteoclast differentiation and function during alveolar bone destruction in periodontal disease
are described.
Keywords: alveolar bone loss; exosomes; extracellular vesicles; microRNAs; osteoclasts; periodontal
disease

1. Introduction
Periodontal disease is one of the most common oral diseases worldwide. It is an inflammatory
disease caused by bacterial infection of tooth-supporting structures that causes the destruction of
alveolar bone [1]. Bone mass is determined by the balance between osteoblastic bone formation and
osteoclastic bone resorption. Although bone formation and bone resorption are balanced under normal
physiological conditions, excessive bone resorption occurs in periodontal disease, which results in
the destruction of alveolar bone. The only cells that resorb bone are osteoclasts. Osteoclasts are large,
tartrate-resistant acid phosphatase (TRAP)-positive multinucleated cells derived from hematopoietic
stem cells (Figure 1) [1,2]. Osteoclast differentiation is controlled by a variety of hormones, growth
factors, and cytokines. Among them, receptor activator of nuclear factor κB ligand (RANKL), which
is expressed in stromal cells, osteoblasts, and T cells, is essential for osteoclast differentiation [1].
The binding of RANKL to its receptor, receptor activator of nuclear factor κB (RANK), finally activates
nuclear factor of activated T cells, cytoplasmic 1 (NFATc1), which is a key regulator of osteoclast
differentiation. NFATc1 works with other transcription factors such as activator protein-1 (AP-1), PU.1,
and microphthalmia-associated transcription factor (MITF) to induce various osteoclast-specific genes
(Figure 2) [2,3].
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which downregulates the expression of PDCD4, a negative regulator of osteoclastogenesis [17].
Tumor necrosis factor-α (TNF-α), which is present at high levels in both gingival crevicular fluid
and periodontal tissues of diseased sites, is involved in the pathogenesis of periodontitis [1].
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miR-31 is expressed in a wide variety of tissues and cells [6,24]. The expression of miR-31 is
miR-31 is expressed in a wide variety of tissues and cells [6,24]. The expression of miR-31 is
decreased in gingiva with periodontitis compared to healthy gingiva (Table 1). miR-31 plays a critical
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Figure 4. Microscopic image of a cultured osteoclast. Murine bone marrow macrophages were
Figure 4. Microscopic image of a cultured osteoclast. Murine bone marrow macrophages were
incubated for 82 h with RANKL (100 ng/mL) and M-CSF (10 ng/mL), resulting in osteoclast formation.
incubated for 82 h with RANKL (100 ng/mL) and M-CSF (10 ng/mL), resulting in osteoclast formation.
After culturing, cells were fixed with 4% paraformaldehyde in phosphate buffer and stained with
After culturing, cells were fixed with 4% paraformaldehyde in phosphate buffer and stained with DAPI
DAPI and Rhodamine B-conjugated phalloidin. Osteoclasts are multinucleated giant cells with
and Rhodamine B-conjugated phalloidin. Osteoclasts are multinucleated giant cells with a ring-shaped
a ring-shaped osteoclast-specific podosome belt termed the actin ring. Blue, nuclei; red, actin;
osteoclast-specific podosome belt termed the actin ring. Blue, nuclei; red, actin; scale bar = 50 µm.
scale bar = 50 µm.
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miR-34a was recently shown to be involved in osteoclast and osteoblast differentiation.
It is reported that miR-34a blocks osteoporosis and bone metastasis by inhibiting osteoclast
differentiation [27]. The expression level of miR-34a decreases during osteoclastogenesis and
knockdown of miR-34a promotes osteoclast differentiation, while overexpression of miR-34a impairs
this differentiation [6,27]. In contrast, osteoblast differentiation is inhibited in miR-34a knockout
mice but is promoted in osteoblastic miR-34a conditional transgenic mice. Krzezinski et al. [27]
identified transforming growth factor-β-induced factor 2 (Tgif2) as a direct target of miR-34a. Tgif2 is
an essential factor for osteoclast differentiation, and NFATc1 and AP-1 induce Tgif2 expression during
osteoclastogenesis [27].
Although miR-124 is highly abundant in the brain and contributes to the differentiation of
neural progenitors into mature neurons [6,28], it also plays an important role in osteoclast formation.
miR-124 expression decreases in a time-dependent manner during murine osteoclast differentiation [29].
Inhibition of miR-124 enhances osteoclastogenesis and the expression of NFATc1. Ectopic miR-124
expression inhibits osteoclast differentiation and NFATc1 expression without affecting the expression of
the NF-κB p65 subunit or c-Fos [29]. These results indicate that miR-124 may directly regulate NFATc1
expression. Indeed, Nakamachi et al. [28] demonstrated that NFATc1 is a direct target of miR-124
in human osteoclasts. miR-124 inhibits the progression of adjuvant-induced arthritis in a rat model
of rheumatoid arthritis (RA) by reducing osteoclast formation. RA and periodontitis share a similar
pathophysiology, characterized by destructive inflammation that culminates in localized bone loss.
Considering this similarity, miR-124 may play a critical role in alveolar bone loss in periodontal disease.
miR-125a expression is increased in gingiva with periodontitis compared to healthy gingiva
(Table 1), and it is also involved in osteoclastogenesis. We reported that treatment of RAW264.7 cells
with TNF-α/RANKL and RANKL triggers time-dependent upregulation of miR-125a expression
during murine osteoclast differentiation [1]. De la Rica et al. [30] reported that two miRNA
clusters, miR-212/132 and miR-99b/let-7e/125a, display rapid upregulation during human osteoclast
differentiation. These miRNAs are activated directly by NF-κB, and their inhibition impairs osteoclast
formation; however, Guo et al. [31] reported that miR-125a expression is dramatically downregulated
during human osteoclast formation caused by M-CSF/RANKL treatment. Ectopic miR-125a expression
impairs osteoclastogenesis, while its inhibition has the opposite effect. TNF-receptor-associated factor
6 (TRAF6), the main adapter molecule of RANK, was reported to be a direct target of miR-125a.
In addition, Guo et al. [31] reported that NFATc1 binds to the promoter of miR-125a and inhibits
transcription of miR-125a. Taken together, miR-125a plays a critical role in osteoclast differentiation,
although reports differ on the exact mechanism of action.
miR-146a is an NF-κB-dependent gene that plays an important role in innate immunity [6,21,32].
For example, LPS rapidly induces miR-146a through the Toll-like receptor/NF-κB pathway in human
macrophage-like cells [21]. Mature miR-146a is highly expressed in gingiva with periodontitis
(Table 1). We reported that miR-146a expression increases during TNF-α-regulated osteoclast
differentiation [1]; however, miR-146a overexpression inhibits osteoclast formation [33]. TRAF6 is a
direct target gene of miR-146a [32]. Without TNF-α, the time-dependent miR-146a expression decreases
in RAW264.7 cells during osteoclastogenesis [1]. Furthermore, overexpression of miR-146a does not
affect proinflammatory cytokine production in human macrophage-like cells [34]. These reports
suggest that miR-146a alone does not induce proinflammatory cytokine production in macrophages,
while proinflammatory cytokines, such as TNF-α and LPS, promote miR-146a expression. Collectively,
although miR-146a plays important roles in inflammatory responses, excessive miR-146a expression
may serve as a negative feedback regulator of osteoclastogenesis.
miR-155 is an inflammation-associated miRNA that regulates inflammation and immune cell
function at multiple levels [6,35]. For example, leukotriene B4 (LTB4 ) is a lipid mediator formed
from arachidonic acid and is one of the most potent stimulants of macrophages. LTB4 levels in
gingival crevicular fluid correlate with periodontitis severity [36]. LTB4 enhances the generation
of miR-155 to promote MyD88-dependent macrophage activation [37]. We reported that the
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expression level of miR-155 in murine bone marrow macrophages (BMMs) is upregulated by
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Table 1. Important miRNAs in periodontal disease-related osteoclastogenesis.

miRNA

Function(s)

Target(s)

Reference(s)

miR-21
miR-29b
miR-29a/b/c

P
N
P

Pdcd4, FasL
C-FOS, MMP-2
Calcr, Cd93, Cdc42, Gpr85,

[17,44]
[22]
[23]

Gingiva with
Periodontitis
UP
UP
UP

Reference(s)
[8]
[8]
[8]
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Table 1. Important miRNAs in periodontal disease-related osteoclastogenesis.
miRNA

Function(s)

Target(s)

Reference(s)

Gingiva with
Periodontitis

Reference(s)

miR-21
miR-29b

P
N

[17,44]
[22]

UP
UP

[8]
[8]

miR-29a/b/c

P

[23]

UP

[8]

miR-31
miR-34a
miR-124
miR-125a
miR-141
miR-146a
miR-148a
miR-150
miR-155
miR-223

P
N
N
P/N
N
N
P
N
N
P/N

Pdcd4, FasL
C-FOS, MMP-2
Calcr, Cd93, Cdc42,
Gpr85, Nfia, Srgap2
RhoA
Tgif2
NFATc1
TRAF6, TNFIP3
Mitf, Calcr
TRAF6
MAFB
Opg
Mitf, Socs1, Pu.1
NFI-A

[26]
[27]
[28,29]
[30,31]
[45]
[32]
[46]
[47]
[1,38,48]
[1,41–43]

DOWN
UP/DOWN
Not reported
UP
DOWN
UP
UP
UP
UP/DOWN
UP

[10]
[8,11]
[8]
[10]
[9]
[10]
[11]
[9,10]
[10,11]

P, Positive regulator of osteoclastogenesis; N, Negative regulator of osteoclastogenesis.

4. Extracellular miRNAs
Recently, miRNAs were reported to be present in body fluids such as saliva, serum,
urine, and cerebrospinal fluid [49]. These extracellular miRNAs are considered potential
biomarkers and therapeutic targets. They are divided into two populations: vesicle-associated and
non-vesicle-associated forms [2,6,49]. In the vesicle-associated form, miRNAs are present in exosomes
and microvesicles. In the non-vesicle-associated form, miRNAs are detected in complexes with Ago
proteins, high-density lipoproteins, or other proteins [49,50]. Of these, the study of exosomes is an area
of intense interest. Exosomes are a type of extracellular vesicle (EV). EVs are membranous vesicles
naturally released by most cells and are divided into three main types: apoptotic bodies, microvesicles,
and exosomes. Apoptotic bodies are released by apoptotic cells and are 800–5000 nm in diameter.
Microvesicles are produced by budding directly from the plasma membrane and are 50–1000 nm in
diameter. Exosomes are originated from endosomes and are 40–100 nm in diameter [2,6]. The current
techniques are inadequate for collecting each type of EV [2,51,52], and a consensus has yet to be
reached with regard to the nomenclature of exosomes and microvesicles [35,53]. Thus, this section
does not use the term “exosomes” but rather “EVs”.
Recent studies have begun to uncover that EVs play a role in cell-to-cell communication by the
transfer of miRNAs, mRNAs, proteins, and lipids to recipient cells [49,54–56]. The release of EVs
depends on the cell type and biological condition [2,49,57]. Although studies have revealed that
miRNAs play important roles in bone metabolism, including alveolar bone, whether osteoclasts secrete
EVs containing miRNAs was unknown until recently. We examined eight miRNAs in EVs that seemed
to be critical for osteoclast differentiation including let-7e, miR-21, miR-33, miR-155, miR-210, miR-223,
miR-378, and miR-1224. Of these, the expression levels of miR-378, miR-21, and miR-210 were very
high, whereas no significant expression of miR-33 or miR-1224 was detected [2,58]. These results
indicate that osteoclasts release EVs containing specific miRNAs, but not the entire set of intracellular
miRNAs. Among the miRNAs detected in EVs of osteoclasts, miR-378 was highly expressed in
the supernatant of LPS-treated macrophage-like cells compared with that from non-LPS-treated
macrophage-like cells [59]. miR-378 is also highly expressed in the serum of breast cancer patients
with bone metastasis compared with that of healthy people [45]. Osteolytic bone metastasis, caused by
excessive osteoclast activity, frequently occurs during the later stages of breast cancer [2]. Collectively,
these reports support miR-378 as a candidate biomarker for alveolar bone loss in periodontal disease.
Alexander et al. [60] reported that two critical miRNAs that regulate inflammation, miR-146a
and miR-155, are released from dendritic cells within EVs and are taken up by recipient dendritic
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cells. They also reported that miR-146a within EVs inhibits LPS-induced inflammation in mice, while
miR-155 within EVs promotes this. This report suggests that miRNAs within EVs can be transferred
between immune cells in periodontal tissues. Periodontal disease is an infectious disease; serum
miR-146a and miR-223 have been reported to be reduced significantly in septic patients compared
with healthy controls [61]. As discussed above, these miRNAs are associated with alveolar bone loss
in periodontal disease. Therefore, they may represent candidates for periodontal disease markers in
serum and saliva.
5. Materials and Methods
5.1. Bone Marrow Macrophage Culture and Fluorescence Staining of Actin and Nuclei
All animal experiments were evaluated and approved by the Animal Use and Care Committee
of Iwate Medical University (registration number: 17-0068, Morioka, Japan). Five-week-old male
ddY mice were purchased from Japan SLC Inc. (Hamamatsu, Japan). The mice were sacrificed, and
their femurs and tibias were removed and dissected free of adherent soft tissue. The ends of the
bones were cut, and the marrow cells were collected as described previously [1]. Red blood cells
were removed by treatment with phosphate-buffered saline (PBS) containing 10 mM Tris and 0.83%
NH4 Cl. After washing with α-minimum essential medium (α-MEM; Invitrogen, Fredrick, MD, USA),
the cells were seeded at a density of 2 × 105 cells/cm2 and cultured in α-MEM containing 10%
fetal bovine serum (FBS; Moregate Biotech, Bulimba, Australia) and 10 ng/mL recombinant mouse
macrophage colony-stimulating factor (M-CSF) (R&D Systems Inc., Minneapolis, MN, USA). After two
days, the medium was changed, and the cells were cultured in the presence of M-CSF (10 ng/mL) and
recombinant human soluble RANKL (PeproTech EC, London, UK) (100 ng/mL) for an additional three
days. After culture, the cells were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4)
for 10 min at room temperature. The samples were washed three times with PBS. The cells were
incubated for 90 min at 37 ◦ C with 0.5 mg/mL phalloidine-tetramethylrhodamine B isothiocyanate
(Sigma-Aldrich, St. Louis, MO, USA). After washing three times with PBS, the cells were incubated for
10 min at room temperature with DAPI solution (diluted 1:1000; Dojindo, Kumamoto, Japan). The
cells were then washed three times with PBS and observed using a confocal laser scanning microscope
(LSM-510; Zeiss, Oberkochen, Germany).
5.2. Human Peripheral Blood CD14+ Cell Culture and Quantitative RT-PCR Analysis
Human peripheral blood CD14+ cells were purchased from Lonza (Basel, Switzerland). The cells
were seeded at a density of 2 × 104 cells/cm2 and cultured in α-MEM containing 10% FBS and
50 ng/mL recombinant human M-CSF (R&D Systems). After three days, the medium was changed,
and the cells were cultured in the presence of M-CSF (25 ng/mL) and recombinant human soluble
RANKL (50 ng/mL) for an additional nine days. The medium was exchanged every three days.
To evaluate miRNA expression, total RNAs were harvested on days 3 or 12 using a mirVana™ miRNA
Isolation Kit (Ambion, Austin, TX, USA). The RNA was reverse-transcribed using a TaqMan MicroRNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Expression of mature miRNAs
was analyzed using appropriate TaqMan® miRNA assays (Applied Biosystems) and Premix Ex Taq™
probe qPCR (Takara Bio, Otsu, Japan) according to the manufacturers’ protocols. Quantification was
performed using RNU6B as an endogenous control. The 2−∆∆Ct method was used to calculate relative
miRNA expression levels.
6. Conclusions
Recent studies have demonstrated that miRNAs are involved in periodontal tissue homeostasis
and pathology. Note that miRNAs highly expressed in periodontal disease gingiva are prone to
being miRNAs that are important for osteoclast differentiation. Although whether gingival crevicular
fluid contains miRNAs is unknown, miRNAs probably can be used as periodontal disease-specific
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biomarkers in saliva, serum, and gingival crevicular fluid. If EVs are transferred between cells in
periodontal tissues, EVs may serve as therapeutic targets and can be used as drug delivery systems
by packaging them with specific miRNAs, mRNAs, and proteins. Additional research is required to
determine whether miRNAs can be used for periodontal disease treatment. We anticipate that this
new therapeutic target for periodontal disease will open a new door in alveolar bone loss treatment.
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