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Abstract

MicroRNAs (miRNAs) are a group of small RNAs that control gene expression in all aspects of eukaryotic life, primarily through RNA
silencing mechanisms. The purpose of the present review is to introduce key miRNAs involved in periodontal homeostasis, summarize
the mechanisms by which they affect downstream genes and tissues, and provide an introduction into the therapeutic potential of
periodontal miRNAs. In general, miRNAs function synergistically to fine-tune the regulation of biological processes and to remove
expression noise rather than by causing drastic changes in expression levels. In the periodontium, miRNAs play key roles in development
and periodontal homeostasis and during the loss of periodontal tissue integrity as a result of periodontal disease. As part of the anabolic
phase of periodontal homeostasis and periodontal development, miRNAs direct periodontal fibroblasts toward alveolar bone lineage
differentiation and new bone formation through WNT, bone morphogenetic protein, and Notch signaling pathways. miRNAs contribute
equally to the catabolic aspect of periodontal homeostasis as they affect osteoclastogenesis and osteoclast function, either by directly
promoting osteoclast activity or by inhibiting osteoclast signaling intermediaries or through negative feedback loops. Their small size
and ability to target multiple regulatory networks of related sets of genes have predisposed miRNAs to become ideal candidates for
drug delivery and tissue regeneration. To address the immense therapeutic potential of miRNAs and their antagomirs, an ever growing
number of delivery approaches toward clinical applications have been developed, including nanoparticle carriers and secondary structure
interference inhibitor systems. However, only a fraction of the miRNAs involved in periodontal health and disease are known today. It is
anticipated that continued research will lead to a more comprehensive understanding of the periodontal miRNA world, and a systematic
effort toward harnessing the enormous therapeutic potential of these small molecules will greatly benefit the future of periodontal
patient care.
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(Diekwisch 2002; Luan et al. 2009; Dangaria et al. 2011Db).
These periodontal progenitors not only maintain the nonminer-
alized PDL but also the integrity of the mineralized alveolar
socket, which anchors the teeth within jaws (Dangaria et al.

Periodontal Tissue Homeostasis

The periodontal region is a highly dynamic microenvironment
that undergoes continuous remodeling due to frequent tissue
turnover, high levels of mechanical stress, and inflammatory
conditions in tissues affected by periodontal disease. The
remarkably high rate of collagen turnover and extracellular
matrix remodeling in periodontal tissues has been well docu-

'Department of Oral Biology, UIC College of Dentistry, Chicago, IL, USA
Department of Periodontics, UIC College of Dentistry, Chicago, IL, USA

mented (Kameyama 1973; Rippin 1976, 1978; Sodek and
Ferrier 1988; Bartold 1995). In periodontally healthy individu-
als, the rates of matrix degradation and bone resorption are in
balance with the rates of new matrix formation and new bone
deposition, a state called homeostasis. This physiological equi-
librium between bone resorption and new bone formation that
results in the maintenance of tissue morphology while allow-
ing for continuous turnover is also termed coupling (Mohri et al.
1991; Graves et al. 2011).

The key cells responsible for periodontal tissue homeostasis
are the periodontal progenitors (PDLSCs), a group of tissue-
specific stem cells that are capable of forming new periodontal
ligament (PDL) (Dangaria et al. 2011a; Dangaria, Ito, Yin, et al.
2011). Periodontal tissues originate from neural crest—derived
intermediate progenitors of the dental follicle that give rise to
PDL fibroblasts, alveolar bone osteoblasts, and cementoblasts
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2009, 2011b; Jung et al. 2011). The common mineralized tissue
lineage origin of mammalian periodontal progenitors has been
demonstrated by marker studies for the early mineralization
marker RunX2 (Luan et al. 2006, 2009), suggesting that subse-
quent periodontal tissue differentiation involves finely tuned
spatial control of mineralization. The segregation of the peri-
odontal attachment apparatus into mineralized and nonminer-
alized components is a unique attribute of mammals and rarely
occurs in other animals (Diekwisch 2016a), indicating that
mineralized state homeostasis in the periodontal region has
evolved over millions of years throughout the course of verte-
brate evolution (McIntosh et al. 2002). In healthy mammalian
periodontia, alveolar bone osteoblasts/osteocytes continuously
deposit new mineralized alveolar bone tissue and collagenous
extracellular matrix to offset the loss of bone and matrix as part
of the physiological remodeling process.

In patients with periodontal disease, the balance between
anabolic and catabolic processes is disturbed, causing increased
resorptive activity, decreased new bone formation, and an
incomplete deposition of new matrix into recent resorption lacu-
nae, a process called “uncoupling” (Redlich and Smolen 2012).
Periodontal disease originates from a microbial challenge to the
gingival tissues that is based on a dysbiotic microflora of peri-
odontal pathogens (Lde et al. 1965; Theilade et al. 1966; Page
and Schroeder 1976). These periodontal pathogens reside within
the supra- and subgingival plaque and cause an inflammatory
response in gingival tissues through the activation of prostaglan-
dins, cytokines, and chemokines (Darveau 2010; Graves et al.
2011). When periodontal disease progresses, the initial inflam-
matory response is followed by a breakdown of periodontal con-
nective tissue extracellular matrices, including alveolar bone, in
tandem with an exacerbation of the inflammatory reaction and
corresponding host response (Graves 2008; Bartold and Van
Dyke 2013). While the precise trigger mechanisms of the transi-
tion from gingivitis to periodontitis remain to be defined, recent
studies have demonstrated that the periodontal host response
plays a predominant role during the pathogenesis of periodonti-
tis (Graves et al. 2011; Marsh and Devine 2011; Bartold and Van
Dyke 2013). Moreover, during periodontitis progression, the
virulence of bacterial pathogens and the severity of the inflam-
matory response potentiate each other, causing an escalation of
periodontal tissue destruction and eventually tooth loss
(Hajishengallis 2014; Lamont and Hajishengallis 2015).

All aspects of this process, from the initial inflammatory
reaction in the gingiva to the impairment of bone and matrix
synthesis and the escalation of matrix and bone destruction, are
governed by a group of small RNAs called microRNAs (miR-
NAs) that only recently have emerged as the most important
regulators of bone formation, resorption, remodeling, repair,
and disease (Zhao et al. 2016).

MicroRNA Biogenesis and Function

MicroRNAs are 21- to 23-nucleotide noncoding RNA mole-
cules that are involved in almost all aspects of eukaryotic life.
In recent years, miRNAs have emerged as regulators of a

multitude of discrete biological processes involved in the
cross-coordination and functional integration of complex
physiological events (Millar et al. 2015). Moreover, it has been
demonstrated that miRNAs have multiple roles in all aspects of
periodontal tissue homeostasis, including periodontal stem cell
differentiation, osteoblast and osteoclast function, and response
to mechanical stress (Lian et al. 2012; Irwandi and Vacharaksa
2016).

The process by which miRNAs are formed is called miRNA
biogenesis. During this process, miRNAs are first transcribed
as primary transcripts (pri-miRNA) with a 5’-cap and a 3'-poly-
A tail. The maturation of these primary transcripts involves a
2-step process that begins with pri-miRNA processing by the
Drosha ribonuclease into short, 70-nucleotide RNA molecules
with stem-loop structures. As a next step, pre-miRNAs are
transported from the nucleus to the cytoplasm by the Ran trans-
port receptor Exportin-5. Once in the cytoplasm, pre-miRNAs
are further cleaved by an endoribonuclease called Dicer to
form a short, double-stranded miRNA:miRNA* duplex.
Finally, the miRNA:miRNA* duplex is unwound into mature
miRNA and miRNA* single strands by a helicase. The mature
miRNAs are then incorporated into the RNA-induced silenc-
ing complex (RISC), which initiates RNAi-based gene silenc-
ing. A number of recent review articles provide further details
related to miRNA biogenesis (Bartel 2004; Carthew and
Sontheimer 2009; Cech and Steitz 2014; Ha and Kim 2014).

Most miRNAs affect gene expression via gene silencing
mechanisms, including mRNA cleavage and translation repres-
sion through the RISC (Hofacker 2007; MacFarlane and
Murphy 2010). The type of silencing mechanism employed by
an individual miRNA appears to depend on the level of com-
plementarity between the miRNA and mRNA target (Bartel
2004). However, these 2 mechanisms are distinguished by the
reversibility of their effect on messenger RNA (mRNA):
mRNA decay is an irreversible process, while translation inhi-
bition is reversible because stable mRNA can be translated fol-
lowing elimination of translation repression (Brengues et al.
2005; Maroney et al. 2006; Valencia-Sanchez et al. 2006).
While the majority of miRNAs function via silencing mecha-
nisms (Bartel 2004), a number of miRNAs are also involved in
the upregulation of gene expression (Orang et al. 2014).
Moreover, miRNAs can both regulate and be regulated by tar-
get interactions (Pasquinelli 2012), suggesting that miRNAs
play multiple roles in complex physiological interactions and
disease processes. In the present review, we are summarizing
key aspects of miRNA function in periodontal tissue homeo-
stasis and disease progression that are known so far.

miRNA Function in Periodontal
Mineralized Tissue Homeostasis

miRNA Regulation of Mineralized Tissue
Lineage Commitment

The decision of periodontal lineages to differentiate into alveolar
bone osteoblasts/osteocytes, periodontal fibroblasts, or cementoblasts
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is essential for the life of each individual tooth (Dangaria et al. ~ Table I. MicroRNA Changes in Periodontal Progenitors following
2011b). The precise timing and spatial coordination of the min- ~ ©Osteogenic Induction.
eralization potential that leads to such decision is controlled by Shift of Shift of
RunX2, bone morphogenetic protein (BMP), Notch, and other miRNA Expression miRNA Expression
mgnghng pathways; and an ever increasing number of miRNAs miR-15b Up miR-15a Down
are involved in the coordination of this process. Here we have miR-17 Up miR-34 a,c Down
conducted a miRNA profiling study that lists individual miR- miR-21 Up miR-100 Down
NAs altered as a result of osteogenic induction of periodontal miR-27 Up miR-138 Down
progenitors (Table 1), and in this subsection, we are discussing ~ miR-29b,c Up miR-195 Down
the potential role of these miRNAs in the context of their known miR-31 Up
. .. .. miR-125a,b Up

role in osteogenic differentiation. miR-146a U

Our profiling study demonstrated that the expression of miR- miR-199 UE

31, miR34a, and miR-34c was downregulated during periodon-
tal progenitor differentiation induced by osteogenic conditions.
Previous studies established that miR-34c and miR-218 directly
target RunX?2 (Zhang et al. 2011; Gay et al. 2014), while miR-31
is one of the miRNAs negatively regulated by RunX2 and forms
a RunX2/miR-31/Satb2 regulatory loop (Deng et al. 2013). The
Special AT-rich sequence-binding protein 2 (SATB2) is a miR-
31 target and a nuclear matrix protein critical for osteoblast dif-
ferentiation (Xie et al. 2014). The 2 miRNAs, miR-31 and
miR-34c, affect osteoblastogenesis through the RunX2 pathway.
In contrast, miR-15b, which was upregulated in our PDL cell
mineralization assay, promotes osteoblast differentiation by
indirectly protecting Runx2 protein from Smurf1-mediated deg-
radation (Vimalraj et al. 2014). Smurf1 is a direct target of miR-
15b and a ubiquitin protein ligase able to degrade RunX2 by a
proteasomal mechanism (Vimalraj et al. 2014). Together, these
findings indicate that miRNAs may be either up- or downregu-
lated to affect RunX2-mediated osteogenesis via different and
seemingly unrelated mechanisms.

Osteoblast differentiation occurs as the result of the con-
certed action of multiple signaling pathways, including BMP,
Wnt, and Notch pathways. Among these, the BMP signaling
pathway plays a fundamental role in osteoblast differentiation.
Previous studies demonstrated that BMP signaling is both nega-
tively and positively regulated by miRNAs. In our profiling
study, the expression of miR-100 was decreased during osteo-
genic differentiation of periodontal progenitors (Table 1).
Previous studies have revealed that downregulation of miR-100
enhanced osteogenic differentiation of human adipose—derived
mesenchymal stem cells (MSCs) and that BMPR2 was a direct
target of miR-100 (Zeng et al. 2012). Overexpression of miR-
100 reduced BMPR2 gene expression, resulting in an inhibition
of RunX2 and bone-related protein expression (Zeng et al.
2012) and suggesting that miR-100 is a negative regulator of
osteogenic differentiation. Thus, the decreased expression of
miR-100 in our study appears to facilitate osteogenesis because
miR-100 acts as a negative regulator of mineralization. The
miR-497~195 cluster is another example of a miRNA-related
mechanism involved in the negative regulation of BMP signal-
ing. In our study, miR-195 was downregulated upon osteogenic
induction of PDL progenitors (Table 1), and previous studies
had demonstrated that miR-195 downregulated the expression
of Tgfbr3, Smad5, Mapk3, and Smurf1 and acted as an intracel-
lular antagonist of BMP signaling in bone cells (Griinhagen et
al. 2015). This effect may be mediated by chicken ovalbumin

PDLSCs were cultured in control or osteogenic induction conditions for
12 d, and microRNA (miRNA) expression was assessed using a miRNA
array.

upstream promoter-transcription factor II (COUP-TFII), a
direct target of miR-195 (Jeong et al. 2014). Thus, the negative
regulation of miR-195 in mineralization-induced periodontal pro-
genitors is another example by which an inhibitory miRNA is
downregulated to facilitate mineralization induction. miRNAs
also facilitate osteogenesis by downregulating inhibitors of
mineralization. One example of the repression of inhibitor
mode of action is miR-21, which was upregulated in our peri-
odontal progenitor mineralization induction study (Table 1).
Based on previous studies, miR-21 was significantly upregu-
lated during BMP9-induced osteogenesis and promoted the
osteogenic differentiation of the murine multilineage cells
(MMCs) by suppressing Smad7, a negative regulator of MMC
osteogenic differentiation (Song et al. 2015). Underscoring the
complexity of miRNA function, miR-17 appears to enhance
osteogenesis through several mechanisms. By directly targeting
Smad7, miR-17 promoted B-catenin activity (Jia et al. 2014),
while miR-17 also suppressed the expression of Smurfl (Liu et
al. 2011), a downstream effector of BMP signaling, indicating
that miR-17 negatively regulates BMP signaling through vari-
ous checkpoints. In our study, miR-17 level was upregulated
after osteogenesis induction (Table 1).

Wnt signaling has an important function in periodontal
development and homeostasis, including the control of PDL
width (Lim et al. 2014, 2015; Yin et al. 2015; Diekwisch
2016a; Tamura and Nemoto 2016). Several miRNAs are
known to enhance Wnt signaling by targeting Wnt inhibitors
and promoting osteoblastogenesis (Li et al. 2009; Wang and
Xu 2010). In our periodontal progenitor osteogenic lineage
induction study, miR-27, miR-29, and miR-199a were upregu-
lated during osteogenic differentiation of periodontal progeni-
tors (Fig. 1). These miRNAs are known to control osteogenic
lineage commitment of various mesenchymal stem cells
through the formation of positive feedback loops and Wnt/B-
catenin signaling activation. Specifically, miR-27 promotes
odontoblast/osteoblast differentiation from odontoblastic pro-
genitor cells by targeting the Wnt-negative regulator adenoma-
tous polyposis coli (Park et al. 2014); miR-29 facilitates
osteoblast differentiation from mesenchymal precursor cell
line hFOB1.19 by targeting key Wnt signaling antagonists,
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Figure |. Microarray analysis of microRNA (miRNA) expression in
control and osteogenesis-induced PDLSCs. For this study, PDLSCs were
cultured under osteogenic induction conditions for 12 d and compared
with controls. (A) Heat map of miRNA expression profiling. miRNAs
with a significant level of up- or downregulation (P < 0.01) were
identified using Student’s t test. Individual up- and downregulated genes
are listed in Table |. (B) quantitative Reverse Transcriptase (qRT)
polymerase chain reaction verification of miR-27, miR-29, and miR-138
expression in control and osteogenesis-induced PDLSCs. *P < 0.05.

Dkk1, Kremen2, and sFRP2 (Kapinas et al. 2010); and miR-
199 positively regulates osteogenic differentiation of bone
marrow stromal cells through suppressing GSK-3f/B-catenin
signaling (Zhao et al. 2016). These 3 miRNAs promote osteo-
blastogenesis by targeting WNT inhibitors, and they are likely
to affect mineralized tissue lineage commitment in periodontal
progenitors through similar mechanisms.

Notch signaling is a third pathway that is important for MSC
differentiation into osteoblasts (Lin and Hankenson 2011).
miR-34 family members are inhibitors of Notch signaling and
suppress osteoblast differentiation. miR-34a and miR-34c

target Notch ligand JAG1 and/or Notch receptors Notchl and
Notch2 during osteoblast differentiation (Bae et al. 2012; Chen,
Holmstrem, et al. 2014). Osteoblast-specific gain of miR-34
function in mice inhibited bone formation. Conversely, miR-
34a deficiency increased bone formation by affecting prolifera-
tion and mineralization of osteoblasts. These results demonstrate
that the miR-34 family plays a critical role in osteoblastogene-
sis through regulating Notch signaling during bone homeostasis
(Bae et al. 2012; Chen, Holmstrem, et al. 2014).

miRNA Regulation of Osteogenesis under
Inflammatory Conditions

Inflammatory conditions as they occur in periodontal disease
often result in alveolar bone loss and disruption of connective
tissue homeostasis (Darveau 2010; Bartold and van Dyke
2013; Hienz et al. 2015; Zhou et al. 2016). As mentioned ear-
lier, the etiology of advanced periodontal disease is greatly
affected by the host immune response, and it has been demon-
strated that osteoblast lineage cells contribute greatly to peri-
odontal bone loss by activating nuclear factor (NF)—«B (Pacios
et al. 2015). In this subsection, we have focused on the effect
of miRNAs as regulators of periodontal stem cells as they
affect homeostasis under inflammatory conditions (Fig. 2).

Our recent study related to the role of miR-138a directly
supports the concept of osteoblastic lineage cells as key con-
tributors to periodontal bone loss in inflamed periodontal tis-
sues (Zhou et al. 2016). In this study, we demonstrated that
inflammatory conditions significantly increased miR-138
expression, and this increase in turn inhibited key mineraliza-
tion genes such as osteocalcin (OC), RunX2, and collagen 1.
Moreover, knockdown of miR-138 or addition of OC protein
partially rescued alkaline phosphatase activity in PDL cells
subjected to lipopolysaccharide treatment, confirming the
essential role of OC in the mineralization of periodontal pro-
genitors (Zhou et al. 2016). These data establish the miR-138
inhibitor as a potential therapeutic agent for the prevention of
the bone loss associated with advanced periodontal disease
(Zhou et al. 2016).

The effect of miR-17 on osteogenic differentiation in peri-
odontal progenitors from periodontitis-affected patients is
another line of evidence that underscores the inhibitory effect
of inflammatory environments on periodontal stem cells and
osteoblast activity (Liu et al. 2011). This study demonstrates
that inflammation inhibits miR-17 expression and promotes
Smurfl, a direct target of miR-17 in periodontal progenitors. In
a coherent feed-forward loop consisting of inflammatory cyto-
kines, miR-17 and Smurf1, proinflammatory cytokines cause
miR-17 downregulation and Smurfl activation, as well as
increased degradation of Smurfl-mediated osteoblast-specific
factors (Liu et al. 2011).

Another miRNA that plays a significant role in the differen-
tiation of periodontal ligament cells under inflammatory con-
ditions is miR-146a, which is upregulated during osteogenic
differentiation of PDL cells (Hung et al. 2010). In this study,
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upregulation of miR-146a resulted in atten-
uation of NF-kB activity and increased
osteogenic differentiation marker gene
expression profiles, while manipulation of
NF-kB activity blocked the function of
miR-146a in osteogenesis, indicating that
miR-146a promotes the differentiation in
PDL cells through the downregulation of
NF-«B signaling (Hung et al. 2010).

The miRNAs miR-155 and miR-150
provide further evidence for the role of
miRNAs as they contribute to the inhibi-
tory effect of inflammatory conditions on
osteoblast differentiation from mesenchy-
mal stem cells and preosteoblasts in vitro.
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by targeting SOCS1 (Wu et al. 2012), and
in a second study, miR-150 modulated
TNF-o~inhibited osteogenic differentiation
by suppressing p-catenin (Wang et al.
2016). In both cases, the progression of
osteogenic differentiation under inflamma-
tory conditions was impeded, either
through SAPK/JNK (miR-155; Wu et al. 2012) or through
Wnt—B-catenin signaling (miR150; Wang et al. 2016).

miRNA Regulation of Osteoclast Differentiation
and Function

The loss of periodontal homeostasis in inflamed periodontal
tissues not only affects the ability of periodontal progenitors
and osteoblasts to form new bone but also directly results in
bone resorption as a result of osteoclast activation (Hienz et al.
2015). The signaling cascades that lead to osteoclast activation
are triggered by lipopolysaccharides from bacterial cells walls
and their effect on proinflammatory cytokines such as interleu-
kin (IL)-1pB, IL-6, and TNF-a, which in turn stimulate the
RANK-ligand (RANKL) receptor (RANK) on the osteoclast
cell surface and its nuclear target NF-kB, as well as prompt the
differentiation of osteoclast precursors into multinucleated
osteoclasts (Wiebe et al. 1996; Boyce 2013; Cekici et al. 2014;
Lee et al. 2014; Boyce et al. 2015). Once differentiated, osteo-
clasts tightly adhere to the bone and secrete a highly acidic
solution through their ruffled border into the resorption pit that
mobilizes the mineral phase and facilitates organic bone matrix
degradation via cathepsin K (Teitelbaum 2000; Karsenty and
Wagner 2002).

The importance of miRNAs for osteoclastic activity and
function was demonstrated in a mouse model, in which the
enzyme necessary for mature miRNA formation following pri-
miRNA cleavage (Dicer) was knocked out in osteoclasts by
crossing Dicer flox mice with cathepsin K—Cre knock-in mice

Figure 2. MicroRNA (miRNA)-mediated regulation of osteoblastogenesis from mesenchymal
stem cells (MSCs). This sketch illustrates the role of miRNAs during the differentiation of
mesenchymal stem cells into osteoblasts and osteocytes under physiological and inflammatory
conditions or when exposed to mechanical stress. Note that by affecting different types of
targeting genes, miRNAs either promote or inhibit osteoblastogenesis.

(Mizoguchi et al. 2010). Knocking out Dicer resulted in
decreased osteoclast numbers, a reduction in NFATc1 and
TRAP gene expression, and increased bone mass, demonstrat-
ing that the cleavage of miRNAs by Dicer is necessary for
physiological osteoclast function and bone resorption (Mizoguchi
etal. 2010).

Periodontal miRNAs affect the inflammatory activation of
osteoclastogenesis and the alveolar bone resorption by periodon-
tal osteoclasts on all levels. Table 2 lists some of the miRNAs
expressed in periodontal tissues that are affected by periodontal
disease. These miRNAs affect the catabolic aspect of periodontal
bone homeostasis either through the inhibition of osteoclast
activity and function or by facilitating negative feedback loops or
by promoting osteoclast function (Figs. 3, 4).

A number of miRNAs expressed in periodontal tissues,
including miR-34a, miR-125a, miR-146a, miR-223, and miR-
503, inhibit osteoclast differentiation and function by modulat-
ing various regulatory members of osteoclast differentiation
signal pathways (Sugatani and Hruska 2007; Nakasa et al.
2011; Chen, Cheng, et al. 2014; Guo et al. 2014; Krzeszinskia
et al. 2014). The expression of these miRNAs was downregu-
lated during osteoclastogenesis, and this process facilitated
osteoclast differentiation. This group of miRNAs targets osteo-
clast differentiation pathway members such as Tgif2 (miR-34a;
Krzeszinskia et al. 2014); TNFR-associated factor TRAF6
(miR-125a; Guo et al. 2014); RANK (miR-503; Chen, Cheng,
et al. 2014); the IL1R-associated kinases IRAK1, IRAK?2, and
TRAF6 (miR-146a; Pauley et al. 2008; Hou et al. 2009; Nakasa
et al. 2011); and finally IKK-a and NFIA (miR-223; Li et al.
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Table 2. MicroRNA (miRNA) Changes in Periodontitis Tissues versus Control.

miRNA Species Cell/Tissue Expression Reference
miR-15a Human Gingival tissue Up Perri et al. (2012)
miR-17 Human Gingival tissue Up Lee etal. (201 1); Xie et al. (2011)
miR-21 Rat Apical tissue Up Gao and Zheng (2013)
Human Gingival tissue Up Lee etal. (2011)
miR-26 Human Gingival tissue Up Lee etal. (2011)
miR-29a,b,c Human Gingival tissue Up Lee etal. (2011); Xie et al. (2011); Stoecklin-Wasmer et al. (2012)
miR-31 Human Gingival tissue Up Stoecklin-Wasmer et al. (2012)
miR-34a,c Rat Apical tissue Up Gao and Zheng (2013)
Human Gingival tissue Up Lee etal. (2011)
miR-125a Rat Apical tissue Up Gao and Zheng (2013)
Human Gingival tissue Up Lee et al. (201 1); Stoecklin-Wasmer et al. (2012)
miR-125b Human Gingival tissue Up Lee etal. (201 1); Xie et al. (2011)
miR-132 Human Gingival tissue Up Kalea et al. (2015)
miR-146a Rat Apical tissue Up Gao and Zheng (2013)
Human Gingival tissue Up Xie etal. (2011)
miR-148 Human Gingival tissue Up Stoecklin-Wasmer et al. (2012)
miR-150 Human Gingival tissue Up Ogata et al. (2014)
miR-155 Human Gingival tissue Up Stoecklin-Wasmer et al. (2012)
miR-195 Human Gingival tissue Up Lee et al. (2011); Xie et al. (201 1)
miR-223 Human Gingival tissue Up Ogata et al. (2014); Stoecklin-Wasmer et al. (2012)
miR-503 Rat Apical tissue Up Gao and Zheng (2013)
miR-15b Rat Apical tissue Down Gao and Zheng (2013)
miR-17 Rat Apical tissue Down Gao and Zheng (2013)
miR-100 Human Gingival tissue Down Ogata et al. (2014)
miR-132 Rat Apical tissue Down Gao and Zheng (2013)
miR-199a Human Gingival tissue Down Ogata et al. (2014)

These data are based on a comparison between gingival tissues of periodontitis patients compared with healthy subjects or on a comparison of apical

tissues from a rat apical periodontitis model versus control animals.

2012; Xie et al. 2015). Some of these miRNAs, such as miR-
125a or miR-146a, would be ideal candidates to halt the prog-
ress of osteoclast differentiation and ameliorate periodontal
disease and its effect on bone loss.

A second group of miRNAs inhibits osteoclast differentia-
tion. The expression of these miRNAs was upregulated during
osteoclastogenesis to provide negative feedback loops related
to osteoclast differentiation. Among these, miR-26a affects
osteoclast formation, actin-ring formation, and bone resorption
by targeting the connective tissue growth factor/CCN family 2
(CTGF/CCN2) (Kim et al. 2015), while miR-155 inhibits
osteoclast differentiation by inhibiting the expression of
SOCS1 and MITF, 2 essential regulators of osteoclastogenesis
(Mann et al. 2010; Zhang J et al. 2012). Both miR-26a and
miR-155 may constitute a potential internal feedback mecha-
nism for the control of bone remodeling. In light of their ability
to inhibit osteoclastogenesis, overexpression or application of
miR-26a and miR-155 mimics may also be used in future strat-
egies for the treatment of alveolar bone loss.

Several miRNAs expressed in periodontal tissues (Table 2),
including miR-21, miR-29 family, miR-31, and miR-148,
directly promote osteoclast differentiation and function
(Sugatani et al. 2011; Cheng et al. 2013; Franceschetti et al.
2013; Mizoguchi et al. 2013). The expression of these miRNAs
was upregulated during osteoclastogenesis (Sugatani et al.
2011; Cheng et al. 2013; Franceschetti et al. 2013; Mizoguchi
et al. 2013). miR-21 is a possible mediator in the proposed

relationship between estrogen deficiency and periodontal dis-
ease, resulting in increased osteoclast activity by targeting Fas
ligand (FASL; Sugatani and Hruska 2013) in periodontal dis-
ease patients during menopause (Shapiro and Freeman 2014).
The expression of all miR-29 family members, miR-29a, miR-29b,
and miR-29¢, increases osteoclast differentiation, possibly through
the cell division control protein 42 (Cdc42) and its effect on
cytoskeleton organization (Franceschetti et al. 2013). Another
miRNA that regulates osteoclast activity through the control of
cytoskeletal organization and RhoA is miR-31 (Mizoguchi
etal. 2013). In contrast, miR-148a regulates osteoclastogenesis
by targeting the leucine zinc finger transcription factor MAFB
(Cheng et al. 2013).

Therapeutic Opportunities
and Challenges

This review has listed only a small fraction of the miRNAs
involved in periodontal homeostasis and periodontal disease
progression, and based on the estimate that miRNAs make up
>4% of all human genes, it is likely that the number of these
small but powerful regulators involved in the biology of the
periodontium is only going to increase. miRNAs are unique
regulatory molecules because of their ability to simultaneously
affect sets of multiple related genes and their limited require-
ments for complementarity with target mRNAs (Diekwisch
2016b). Moreover, miRNAs in general do not cause drastic
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changes in the expression of a single gene
but rather control the fine-tuning of gene
expression and reduce expression noise
(Schmiedel et al. 2015). As a result, miR-
NAs not only are of experimental or diag-
nostic value but also hold great potential
for the treatment of disease, including peri-
odontal disease. As therapeutics, individual
miRNAs can target several genes and affect
multiple regulatory networks, while a com-
bination of miRNAs or their antagonists
may be used to regulate several members of
the same signaling pathway. For example,
miRNA therapeutics may be applied to
restore the function of lost or downregu-
lated miRNAs related to osteoblastogenesis
or to inhibit the function of upregulated miR-
NAs related to osteoclast differentiation
and function (Fig. 4).

In recent years, more than a dozen dif-
ferent miRNA delivery systems have been
developed, including viral and nonviral
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Figure 3. MicroRNA (miRNA)-mediated regulation of osteoclastogenesis. Here we
illustrate the effects of miRNAs during the 4 stages of osteoclastogenesis from monocytes to
preosteoclasts and then from mature osteoclasts to activated osteoclasts. At each point of
transition, microRNAs either promote or inhibit osteoclastogenesis through their targeting

genes.

approaches (Zhang et al. 2013; Yang et al.
2015). Viral miRNA delivery systems are
based on retroviruses, lentiviruses, and adenoviruses and are
distinguished by a high infection efficiency and high miRNA
or antagomir expression levels, while suffering from relatively
higher toxicity and immunogenicity levels (Zhang et al. 2013;
Yang et al. 2015; Mishra et al. 2016). In contrast, nonviral
approaches face the challenge of having to transport the
miRNA or its antagonist across the cell membrane and to pro-
tect it from degradation on its way to the nucleus (Zhang Z et al.
2012). These nonviral miRNA delivery approaches include
lipid-based delivery systems such as liposomes as well as poly-
mer-based approaches including polyethylenimine (PEI),
poly(lactide-co-glycolide) (PLGA), and poly(amidoamine)
(PAMAM) dendrimers (Zhang et al. 2013; Yang et al. 2015).
Other recently developed miRNA carriers include chitosan,
protamine, and collagen (Zhang et al. 2013), as well as gold-,
iron-, and silica-based nanoparticles (Gaharwar et al. 2014;
Xavier et al. 2015).

The ability of miRNAs to regulate multiple target genes and
tissues has caused concerns about off-target effects (OTEs). To
address these concerns, computational algorithms to predict,
detect, and suppress OTEs in large-scale RNAI screens have
been developed (Yilmazel et al. 2014; Zhong et al. 2014).
While miRNAs are known to be conserved among species,
OTE:s are fairly species specific or at least conserved within
mammalian orders, suggesting the importance of an inclusion
of primate models prior to clinical trials in humans (Jackson
and Linsley 2010). Novel aptamer-miRNA conjugates have
been developed to deliver miRNAs into specific cell types,
resulting in a reduction of the dose required for pharmacologi-
cal effects, a reduction in OTEs, and reduced toxicity (Esposito
et al. 2014). Most recently, a novel plasmid-based miRNA
inhibitor system (PMIS) has been developed that relies
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Figure 4. Putative model illustrating the role of microRNAs (miRNAs)
and WNT signaling and alveolar bone homeostasis. In this model,
inflammatory conditions downregulate miRNA subsets, which leads to
an upregulation of some WNT inhibitors, a reduction in osteogenesis,
and an increase in bone resorption. Therapy with selected miRNAs
and miRNA mimics in turn may downregulate VWNT inhibitors and
upregulate WNT signaling, which then would lead to new bone
formation and a decrease in bone resorption.

on specific binding of a PMIS molecule to target miRNAs,
resulting in the introduction of a new secondary structure and
the formation of a stable PMIS-miR complex (Cao et al. 2016;
Diekwisch 2016b).
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