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Abstract: Delayed eruption of permanent teeth is a common symptom of cleidocranial dysplasia
(CCD). Previous studies have focused on the anomaly of osteogenesis resulting from mutations in
the Runt-related transcription factor-2 gene (RUNX2). However, deficiencies in osteoclastogenesis
and bone resorption, and the epigenetic regulation mediated by long non-coding (lnc)RNAs in
CCD remain to be elucidated. Here, a novel osteoclast-specific lncRNA (OC-lncRNA) was identi-
fied during the osteoclast differentiation of RAW 264.7 cells transfected with a RUNX2 mutation
expression cassette. We further confirmed that OC-lncRNA positively regulated osteoclastogen-
esis and bone resorption. The OC-lncRNA promoted the expression of CXC chemokine recep-
tor type 3 (CXCR3) by competitively binding to microRNA (miR)-221-5p. The CXCR3–CXC-motif
chemokine ligand 10 (CXCL10) interaction and nuclear factor-κB constituted a positive feedback
that positively regulated osteoclastogenesis and bone resorption. These results demonstrate that
OC-lncRNA-mediated osteoclast dysfunction via the OC-lncRNA–miR-221-5p–CXCR3 axis, which is
involved in the process of delayed tooth eruption of CCD.

Keywords: cleidocranial dysplasia; delayed eruption of permanent teeth; lncRNA; osteoclastogenesis;
bone resorption

1. Introduction

Elucidating the etiology of disease processes not only enables novel therapeutics to
be developed, but in some cases the abnormal may also illuminate the normal. Given the
multiple disorders of hard tissue, patients affected with cleidocranial dysplasia (CCD) offer
a valuable model for study of the osseous theme. Cleidocranial dysplasia is a rare congenital
defect of skeleton and teeth which is inherited in an autosomal dominant manner. Dental
anomalies are the main manifestations of CCD, with most patients showing the failure
or delayed eruption of permanent teeth [1,2] which causes major physical and financial
burdens. We previously reported ten independent cases of CCD who all presented with the
delayed eruption of permanent teeth [3,4]. However, the molecular mechanism underlying
the anomaly of tooth eruption in CCD has not been fully elucidated.

Alveolar bone resorption plays a pivotal role in tooth eruption [5], while other fac-
tors such as the “propulsive force” from tooth development appear to be of secondary
importance. This is because once the eruption pathway has formed, even a metal crown
lacking a developmental “propulsive force” can erupt on schedule [6]. The histological
examination and imaging of alveolar bone has previously showed increased bone density
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in CCD, resulting in mechanical obstruction overlying the tooth crown [7–9]. Moreover,
animal models of osteoclast dysfunction also presented with eruption defects [10–12]. It
therefore appears that osteoclast and alveolar bone resorption are key to delayed tooth
eruption in CCD [12,13].

Paradoxically, CCD has been considered a disorder characterized by deficient os-
teogenesis [14] because Runt-related transcription factor-2 (RUNX2) is the master gene
involved in regulating osteoblast differentiation and osteogenesis [15], and various RUNX2
mutations have been identified in about 70% of CCD patients [16]. It is conceivable that
compromised bone resorption and osteoclast dysfunction have been overlooked as the
cause of delayed or failed tooth eruption of CCD. Prior to the onset of tooth eruption, there
is an influx of monocytes into the dental follicle, then the cells fuse to form osteoclasts [17].
It has not been elucidated whether RUNX2 mutations directly impact the recruitment of
monocytes and the subsequent formation and activation of osteoclasts through regulating
signaling pathways. This is largely because most studies have focused on the reduced
induction of osteoclast differentiation driven from osteoblasts and dental follicles [18,19],
rather than the direct effect of RUNX2 mutations within osteoclasts.

Recently, we showed that RUNX2 directly regulates osteoclast differentiation and bone
resorption through the classical nuclear factor of activated T-cells cytoplasmic 1 (NFATc1)
signaling pathway [9] in the first report of the direct function of RUNX2 in osteoclasts.
In the present study, we focused on the molecular mechanism of the delayed eruption
of permanent teeth in CCD, and related anomalies in bone remodeling. We identified a
novel osteoclast-specific long non-coding (lnc)RNA, OC-lncRNA, by the sequencing of
molecules involved in the deficient alveolar bone resorption of CCD. In this study, we
examined the hypothesis that OC-lncRNA regulated osteoclastogenesis and bone resorption
by the OC-lncRNA–microRNA (miR)-221-5p–CXC chemokine receptor type 3 (CXCR3) axis.
The finding of the present study highlights the role for OC-lncRNA-mediated osteoclast
dysfunction in the delayed tooth eruption of CCD.

2. Materials and Methods
2.1. Participants

Ten unrelated CCD patients were collected from Department of Preventive Dentistry,
Peking University School of Stomatology. The diagnostic criteria refer to Mundlos’s report
(Clinical features: brachycephaly; frontal and parietal bossing; open sutures and fontanelles;
delayed closure of fontanelles; relative prognathism; soft skull in infancy; depressed nasal
bridge; hypertelorism; ability to bring shoulders together; narrow, sloping shoulders;
scoliosis; kyphosis; brachydactyly; tapering of fingers; nail dysplasia/hypoplasia; short,
broad thumbs; clinodactyly of 5th finger; normal deciduous dentition; supernumerary
teeth; impacted, supernumerary teeth; delayed eruption; crowding; malocclusion) [20].
Ethical approvals were obtained from the Ethical Committee of Peking University School
and the Hospital of Stomatology (approval number: PKUSSIRB-2012004).

2.2. Cell Culture and Osteoclast Induction

Murine macrophage cell line RAW 264.7 was cultured in DMEM complete media
(Gibco, Paisley, UK) containing 10% fetal bovine serum (FBS, Gibco, Carlsbad, CA, USA).
Every 2 days, the medium was refreshed, and the cells were passaged. Differentiation
medium, DMEM with 10% FBS and 10 ng/mL murine recombinant RANKL (R&D Systems,
Minneapolis, MN USA), was used for osteoclast induction. Cells were cultivated in a
humidified incubator at constant conditions with 37 ◦C, 5% CO2.

2.3. Total RNA Isolation and Real-Time PCR

Male C57BL/6 mice aged 6–8 weeks were sacrificed by cervical dislocation to ob-
tain tissue samples (spleen, colon, skeletal muscle, bladder, kidney, lung, stomach, small
intestine, pancreas, liver, brain, heart, and long bone). The total RNA from tissues and
cells was extracted using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA,
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USA) following the manufacturer’s protocol. The cDNA was generated from total RNA
using the protocol of a reverse transcription kit (Thermo Scientific, Waltham, MA, USA).
Amplification and detection of the specific products were performed using the SYBR Green
PCR kit (Roche Applied Science, Indianapolis, IN, USA) on the ABI 7500 Real-time PCR
System (Applied Biosystems, Carlsbad, CA, USA). As a housekeeping gene, GAPDH was
used for the normalization.

2.4. RNA-seq and Bioinformatics Analysis

Cell lines WT-RAW and MUT-RAW were established as previously described [9]. The
MUT-RAW cells were RAW 264.7 cells with c.514delT mutation (patient #5 in Table 1).
After induction with RANKL for 3 days, total RNA was extracted from WT-RAW and
MUT-RAW. The RNA quality control was performed using the Agilent bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). The libraries construction and sequencing
were performed by Berry Genomics (Beijing, China) with Illumina HiSeq 2000 sequencing
platform. Genes with a fold change ≥ 2 and p < 0.05 were considered as the differentially
expressed genes and selected for further network analysis. The logistic regression model
CPAT that recognizes coding and noncoding transcripts [21], was used to predict the
protein-coding potential.

Table 1. Clinical features of 10 CCD patients.

Patient Sex Age (Years) Cranial Sign Clavicular Sign
Delayed Eruption of

Permanent Teeth
(Number)

Supernumerary
Teeth Mutation

#1 Male 25 Yes Yes Yes (16) Yes c.644delG
#2 Female 26 Yes Yes Yes (19) No c.674G > T
#3 Female 26 Yes Yes Yes (7) Yes c.559C > T
#4 Male 29 Yes Yes Yes (18) Yes c.569G > A
#5 Male 20 Yes Yes Yes (14) Yes c. 514delT a

#6 Female 23 Yes Yes Yes (14) No —
#7 Male 16 Yes Yes Yes (25) Yes c.673C > T
#8 Female 18 Yes Yes Yes (8) Yes c.199C > T
#9 Female 46 Yes Yes Yes (7) Yes c.557G > C

#10 Male 20 Yes Yes Yes (6) Yes c.338T > G
a The point mutation selected in RNA-seq.

2.5. FISH Assays

A Cy3-labeled probe mix specific targeted to OC-lncRNA was designed and synthe-
sized by GenePharma Corporation (Shanghai, China). The hybridization was performed
using a FISH kit (GenePharma) following the manufacturer’s instructions. Briefly, cells
on coverslips were fixed with 4% paraformaldehyde for 15 min and washed with PBS.
The fixed cells were incubated with hybridization buffer containing 20 µM FISH probe
overnight at 37 ◦C. Cell nuclei were stained with DAPI and the confocal images were
obtained with a confocal microscope (LMS710, Zeiss, Oberkochen, Germany).

2.6. Luciferase Assay

The Wt-OC-lncRNA, mut-OC-lncRNA, 3′-UTR of CXCR3 (wt), and 3′-UTR of CXCR3
(mut) were amplified using PCR and cloned into the pSI-check2 vector by Hanbio Biotech-
nology (Shanghai, China). The HEK-293T cells were seeded in 96-well plates and trans-
fected using Lipofectamine 3000 regent (Invitrogen, Carlsbad, CA, USA). After 48 h post-
transfection, the relative luciferase activity was measured using a dual-luciferase reporter
assay system (Promega Corp., Madison, WI, USA).

2.7. RNA Pull-Down Assay

A RNA pull-down assay was performed as described in Subramanian et al. [22].
Briefly, biotinylated NC mimic or miR-221-5p mimic was transfected in RAW 264.7 cells.
After 48 h, the cell lysates were incubated with streptavidin magnetic beads at 4 ◦C for 4 h.
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The RNA isolation was performed using the acid-phenol: chloroform. The OC-lncRNA
present in the pull-down material was detected by qRT-PCR analysis.

2.8. Western Blot Analyses

Total protein was extracted using RIPA buffer (Huaxing Bio, Beijing, China) containing
protease inhibitors. Cytoplasmic and nuclear protein extracts were prepared using the
Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific) following the manu-
facturer’s instructions. Equal amounts of protein samples were loaded equally in 10%
SDS-PAGE gels and then transferred to PVDF membranes (Millipore, Billerica, MA, USA).
After being blocked with 5% skim milk for 1 h at room temperature, the membranes were
incubated with primary antibodies at 4 ◦C overnight followed by incubation with secondary
antibody coupled to HRP for 1 h (1:10,000 dilution). The following primary antibodies
were used at a dilution of 1:1000: GAPHD (Huaxing Bio, Beijing, China); NF-κB p65 (CST,
MA, USA); MMP9, CXCR3 and Lamin B1 (Proteintech, Wuhan, China); CTSK and CD14
(Abcam, Cambridge, UK). The Bio-Rad Quantity One software was used to quantify the
densitometry of bands.

2.9. TRAP Staining

The RAW 264.7 cells (1.5 × 104 cells/mL) were seeded onto 24-well plates. At 4 days
after osteoclast induction, the cells were fixed in 4% paraformaldehyde and stained using a
TRAP staining kit (Sigma–Aldrich, St. Louis, MO, USA) according to the manufacturer’s
protocol. A positively stained cell with three or more nuclei was defined as an osteoclast.
The number of osteoclasts was counted under a light microscope manually.

2.10. Bone Resorption Assay

The RAW 264.7 cells were plated onto Corning Osteo assay Surface in a 24-well
plate (Corning, Corning, NY, USA) at a density of 1.5 × 104 per well. After incubation
with 10 ng/mL RANKL for 7 days, the cells were removed using 10% sodium. The
resorption pits were imaged under a light microscope and analyzed using Image-Pro Plus
(version 6.2.0.424, Media Cybernetics, Inc., Silver Spring, MD, USA).

2.11. Immunohistochemistry

Alveolar bone samples were collected from two CCD patients and three healthy
controls in the guided eruption surgery. Alveolar bone samples were fixed in 10% buffered
formalin and decalcified in 10% buffered EDTA (pH 7.4). Then the samples were embedded
in paraffin and sectioned at 5 µm thickness.

Sections were incubated overnight with primary antibody to CXCR3 (Proteintech,
Wuhan, China, 1:200 dilution) and CD14 (Abcam, Cambridge, UK, 1:200 dilution) at 4 ◦C.
After being washed, the sections were stained with HRP-conjugated secondary antibody
for 20 min at room temperature. Images were obtained using a light microscopy (BX51,
Olympus, Shinjuku City, Japan). Quantification of protein intensity was performed using
Image-Pro Plus 6.0 software (Media Cybernetics, Silver Spring, MD, USA) with integral
optical density (IOD).

2.12. ELISA

Cell culture supernatants were collected at indicated time points (2 h, 4 h, 8 h, 12 h,
24 h, 48 h, and 72 h). The amount of CXCL10 in the supernatants was determined using an
ELISA kit (Abcam, Cambridge, UK) according to the supplier’s protocol.

2.13. Transient Transfection

The RNA oligonucleotides (miR mimics, miR inhibitors, and siRNAs) were designed
and synthesized by RiboBio Company (Guangzhou, China). The pCDNA3.1-CXCR3
plasmid was constructed and synthesized by Tsingke Biological Technology (Beijing, China).
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Lipofectamine 3000 was used for transfection following the manufacturer’s instructions.
Further analysis or treatments were processed at least 48 h after transfection.

2.14. Transwell Assay

Transwell assays were performed to investigate the migration of monocytes. Mono-
cytes were harvested and suspended in serum-free media (105 cells/mL). Then cell sus-
pension was plated into the upper chamber of a 24-well transwell chambers (pore size
8 µm; Corning, Corning, NY, USA), 100 µL per chamber. The lower chamber contained
500 µL complete growth media with 100 ng/µL CXCL10. After incubation for 12 h, the
upper surface of the membrane was carefully wiped with a cotton swab, the migrated cells
on the bottom side of the membrane were fixed with 4% paraformaldehyde and stained
with 0.1% crystal violet (Beyotime Biotechnology, Jiangsu, China). The stained cells were
photographed and counted using a bright field microscope (BX51, Olympus, Japan).

2.15. RACE Assay

The RACE assay was performed to determine the 5′- and 3′-end sequences of TCONS_
00045498. The SMARTer® RACE 5′/3′ Kit (TAKARA, Tokyo, Japan) was used according to
the manufacturer’s instructions. The RACE PCR products were separated on a 1.5% agarose
gel. The amplified bands were sequenced bi-directionally. The gene-specific primers for
RACE analysis are listed in Table S1.

2.16. LncRNA Knock-Out by CRISPR/Cas9 Technique

The CRISPR/Cas9 technique was used for the generation of OC-lncRNA knock-out
RAW 264.7 cell line. Two-round lentivirus infections were performed for the exogenous
expression of the specific sgRNA and Cas9 protein in RAW 264.7 cells. Several single
clones were then selected and expanded for follow-up experiments. The PCR and direct
sequencing confirmed the successful deletion of OC-lncRNA. The expression levels of
OC-lncRNA and the relative genes after OC-lncRNA knock-out were analyzed by real-time
PCR. The sequences of gRNAs are listed in Table S2.

2.17. Statistical Analysis

Results are presented as mean and standard deviation. Student’s t-test and one-way
analysis of variance analyses were performed when appropriate. All significance levels
were set at p < 0.05.

3. Results
3.1. Delayed Eruption of Permanent Teeth in CCD Primarily Results from Deficient Alveolar
Bone Resorption

The 10 independent CCD patients we collected all presented with typical phenotypes
including the delayed eruption of permanent teeth (Table 1). Compromised tooth erup-
tion in CCD predominantly results from decreased alveolar bone resorption leading to
incomplete formation of the eruption pathway. After eliminating the coronal obstruction
of dense alveolar bone, the impacted teeth erupted spontaneously without orthodontic
traction. In CCD patient #5, the impacted first premolars erupted actively after removal
of the alveolar bone overlying the dental follicle by surgical exposure (Figure 1A,B). The
roots of the impacted teeth were shown to form normally (Figure 1C), confirming that tooth
impaction in CCD was caused by deficient bone resorption. Additionally, tartrate-resistant
acid phosphatase (TRAP) staining showed that Runx2 knock-out in RAW 264.7 cells greatly
impaired osteoclast differentiation (Figure S1).
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Figure 1. Guided eruption surgery of CCD patient. (A) Intraoral photographs of CCD patient #5. Left,
pre-treatment, 12-year-old; Right, post-treatment, 19-year-old. (B) Surgical exposure of the impacted
teeth, 16-year-old. Arrow: right mandibular first premolar. (C) Panoramic radiographs of CCD
patient #5. Left, pre-treatment, 12-year-old; Right, post-treatment, 19-year-old. Arrows: mandibular
first premolars.

3.2. A Novel Osteoclast-Specific lncRNA Positively Regulates Osteoclast Differentiation and
Bone Resorption

To investigate global changes in gene expression arising from RUNX2 mutations, we
performed RNA sequencing of osteoclasts induced by wild-type RUNX2 transfected RAW
264.7 cell line (WT-RAW) and mutant RUNX2 transfected RAW 264.7 cell line (MUT-RAW).
Bioinformatics analysis revealed a regulatory network of differentially expressed mRNAs,
lncRNAs, miRNAs, and circular RNAs (Figure 2A). Ten lncRNAs showed a broad role in
the regulation of multiple mRNAs (Figure 2B). Among these, lncRNA TCONS_00045498
was selected for further investigation based on combined bioinformatics predictions and
expression validation by real-time PCR (Figure 2C). The 5′- and 3′-rapid amplification of
complementary cDNA Ends (RACE) analyses identified a 976-bp full-length transcript of
TCONS_00045498 (Figure 2D). A BLAST search of the National Center for Biotechnology
Information (NCBI) database showed this transcript to be located on mouse chromosome 2
(116,897,765–116,896,790). This novel transcript variant of lncRNA Gm46758 contains four
exons (Figure 2E) and shares a 268-bp sequence with the other three transcripts (X5, X2,
and X1) included in the NCBI database (Figure 2F). We named the novel transcript OC-
lncRNA (Osteoclastic lncRNA) and its sequence is indicated in Figure 2F. Coding-Potential
Assessment Tool (CPAT) analysis found that OC-lncRNA had no protein-coding potential
and should be defined as a non-coding RNA (Figure 2G,H).
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1 
 

 
 Figure 2. Identification of a novel lncRNA transcript in CCD. (A) The regulatory network of dif-
ferentially expressed mRNAs (rectangles), lncRNAs (rhombuses), microRNAs (circles), and circR-
NAs (triangles). (B) The heatmap of 10 core regulatory lncRNAs. (C) Expression validation of
TCONS_00045498 by real-time PCR with RANKL induction for 3 days. (D) The gel results of the 3′/5′

RACE products (red arrows) and the whole sequence (yellow arrow). (E) Schematic of OC-lncRNA.
(F) The complete nucleic acid sequence of OC-lncRNA. Identical sequence among OC-lncRNA and
three transcripts of Gm46758 is indicated in bold. (G) Coding-potential assessment of OC-lncRNA
by CPAT analysis. (H) OC-lncRNA displayed no coding probability. LncRNA XIST was used as a
representative non-coding gene. GAPDH and RUNX2 were used as representative coding genes.
Error bars represent SD. *** p < 0.001.

Following NF-κB ligand (RANKL)-induced osteoclast differentiation, OC-lncRNA
expression significantly increased compared with day 0 and peaked on day 3, then de-
creased gradually (Figure 3A). Real-time PCR evaluation of OC-lncRNA expression in
various C57BL/6 mouse tissues and four common mouse cell lines (M3T3-E1, NIH3T3,
C2C12, and RAW 264.7) revealed markedly high expression in long bone compared with
other tissues. Significantly higher OC-lncRNA expression was also detected in the murine
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macrophage cell line RAW 264.7 compared with other common murine cell lines, including
the osteoblastic cell line MC3T3-E1 (Figure 3B). These results suggest that OC-lncRNA is
a bone tissue-specific lncRNA, and likely to be osteoclast-specific. Because the cellular
localization of lncRNAs typically reflects their biological activities, we used RNA fluo-
rescence in situ hybridization (FISH) of OC-lncRNA to determine its subcellular location
in RAW 264.7 cells. Under non-induced conditions, OC-lncRNA was mainly localized
in the RAW 264.7 cell cytoplasm (Figure 3C). It remained in the cytoplasm of osteoclasts
during RANKL-induced osteoclasts differentiation and formation, with no obvious nuclear
translocation (Figure 3D). These results suggest that OC-lncRNA participates in signaling
regulation in the cytoplasm.
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Figure 3. OC-lncRNA is an osteoclast-specific lncRNA localizing to the cytoplasm and positively
regulates osteoclast differentiation. (A) Expression levels of OC-lncRNA in osteoclast differentiation
and maturation at indicated time points. (B) Relative OC-lncRNA expression levels in various tissues
of C57BL/6 mouse and four common mouse cell lines. (C) RNA-FISH for OC-lncRNA in non-treated
RAW 264.7 cells. (D) RNA-FISH for OC-lncRNA at indicated time points of osteoclast differentiation.
(E) TRAP staining of OC-lncRNA knock-out osteoclasts and control. Quantification of TRAP+
osteoclasts. (F) Representative images of bone resorption assay and quantification of resorption pits.
(G) mRNA levels of osteoclastic genes levels detected by real-time PCR. (H) Osteoclastic protein
levels detected by western blotting. Error bars represent SD. * p < 0.05, *** p < 0.001.
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To further investigate its regulatory function, OC-lncRNA was knocked-out in RAW
264.7 cells by clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9) technique. The PCR amplification and sequence alignment
showed that OC-lncRNA was successfully knocked out in one clone (data not shown) with
an efficiency above 95% as verified by real-time PCR compared with controls (Figure S2).
After RANKL induction, KO-OC-lncRNA RAW 264.7 cells showed a dramatic reduction
in the number and size of the TRAP positive osteoclasts compared with control cells
(Figure 3E). Consistent with TRAP staining, a severe reduction in the bone-resorbing
function of KO-OC-lncRNA osteoclasts was observed, with a significant decrease in the
total bone resorption area in KO-OC-lncRNA osteoclasts compared with controls (Figure 3F).
Real-time PCR and western blotting showed that genes associated with bone resorption
(cathepsin K [CTSK] and matrix metallopeptidase [MMP]9) were downregulated at both
mRNA and protein levels following OC-lncRNA knock-out (Figure 3G,H). These results
demonstrate that OC-lncRNA positively regulates osteoclast differentiation and bone resorption.

3.3. OC-lncRNA Positively Regulates Osteoclasts via a Competing Endogenous (ce)RNA Mechanism

Because OC-lncRNA is localized to the cytoplasm, ceRNA was the primary considera-
tion for its regulatory mechanism. Bioinformatics analysis showed that OC-lncRNA and
CXCR3 formed a ceRNA module that bound competitively to miR-221-5p (Figure S3A).
In contrast to the observed OC-lncRNA expression trend, miR-221-5p expression was
lowest on day 3 and slightly increased on day 5 in RANKL-induced osteoclast differ-
entiation (Figure S3B). Binding sites of OC-lncRNA and miR-221-5p were predicted by
complementary base pairing (Figure S3C). The dual-luciferase reporter assay found that
the overexpression of miR-221-5p and wt-OC-lncRNA, but not that of miR-221-5p and
mut-OC-lncRNA, reduced luciferase activity. By contrast, normal control (NC) mimic over-
expression had no impact on the luciferase activity of wt-OC-lncRNA or mut-OC-lncRNA
(Figure 4A). Subsequently, RNA pull-down assay was performed to further demonstrate
the binding between OC-lncRNA and miR-221-5p. Biotinylated NC mimic (bio-miR-NC) or
miR-221-5p mimic (bio-miR-221) was transfected in RAW 264.7 cells and then pulled down
by streptavidin magnetic beads, as well as the OC-lncRNA enriched. The OC-lncRNA
enrichment was detected by qRT-PCR analysis. We found that the OC-lncRNA enrichment
of biotinylated miR-221-5p was higher than that of biotinylated NC mimic (Figure 4B).
Additionally, miR-221-5p expression was significantly higher in KO-OC-lncRNA RAW
264.7 cells than that in controls (Figure 4C). These results suggest that OC-lncRNA acts as a
miR-221-5p sponge.

Subsequently, CXCR3 expression levels during osteoclast differentiation were detected
by real-time PCR and western blotting. On day 3, CXCR3 expression was significantly
increased at both the mRNA and protein level compared with day 0 and followed by
a gradual decrease on day 5 (Figure S4A,B). This expression pattern was the opposite
of miR-221-5p during osteoclast differentiation. Binding sites of miR-221-5p and the 3′-
untranslated region (UTR) of CXCR3 were predicted by complementary base pairing
(Figure S4C). The dual-luciferase reporter assay indicated that miR-221-5p binding to
the wt-3′-UTR of CXCR3 decreased luciferase activity, while the co-transfection of miR-
221-5p and the mut-3′-UTR of CXCR3 had no effect on activity (Figure 4D). In support
of this, overexpressed miR-221-5p mimics transiently transfected into RAW 264.7 cells
reduced CXCR3 protein expression (Figure 4E), while miR-221-5p inhibitor overexpression
upregulated CXCR3 protein expression (Figure 4F). These findings imply that CXCR3 is a
target gene of miR-221-5p, and that OC-lncRNA and the 3′-UTR of CXCR3 competitively
bind to miR-221-5p in a ceRNA model.
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Figure 4. miR-221-5p bound to OC-lncRNA and CXCR3 mRNA. (A) Wt-OC-lncRNA or mut-OC-
lncRNA were co-transfected with miR-221-5p mimics or NC mimics in HEK-293T cells. Luciferase
report activity was detected. (B) OC-lncRNA was pulled down by biotin-labeled NC mimic (bio-miR-
NC) or miR-221-5p (bio-miR-221) to determine the interaction between OC-lncRNA and miR-221-5p.
(C) miR-221-5p expression level in KO-OC-lncRNA RAW 264.7 cells. (D) Wt-3′-UTR or mut-3′-UTR
of CXCR3 were co-transfected with miR-221-5p mimics or NC mimics in HEK-293T cells. Luciferase
report activity was detected. Protein levels of CXCR3 after overexpression miR-221-5p mimics (E) or
inhibitor (F). Error bars represent SD. * p < 0.05, *** p < 0.001.

3.4. CXCR3 Is a Positive Regulatory Gene in Osteoclast Differentiation and Bone Resorption

The CXCR3 is a chemokine receptor that plays a pivotal role in immunity and inflam-
mation. However, its functions in osteoclast differentiation and bone resorption have not
been fully elucidated. We knocked down CXCR3 in RAW 264.7 cells by small interfering
(si)RNA using three different targeting siRNAs. The siRNA #3 showed the best interference
effect (Figure 5A,B) and was used for subsequent experiments. The CXCR3 knockdown
group showed a clear reduction of TRAP+ osteoclasts (Figure 5C) and significantly fewer
osteoclasts compared with the control (Figure 5D). Additionally, the CXCR3 knock-down
group showed reduced mRNA and protein expression of the key proteolytic enzymes
CTSK and MMP9 (Figure 5E,F), as well as a reduced area of resorption pits compared with
the control (Figure 5G,H). These results indicate that CXCR3 plays a positive regulatory
role in osteoclast differentiation and bone resorption.
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Figure 5. CXCR3 positively regulates osteoclast differentiation. The interference efficiency of the
siRNAs targeting CXCR3 was detected on mRNA levels by real-time PCR (A) and protein levels by
western blotting (B). (C) TRAP staining identified the osteoclast formation after CXCR3 knockdown.
(D) Numbers of TRAP+ osteoclasts. Expression levels of genes related to bone resorption (CTSK and
MMP9) were detected by real-time PCR (E) and western blotting (F). (G) Representative images of
bone resorption assay after CXCR3 knockdown. (H) Quantification of resorption pits. Error bars
represent SD. * p < 0.05, ** p < 0.01, and *** p < 0.001.

3.5. OC-lncRNA Reduction Diminishes Monocyte Chemotaxis through CXCR3 Downregulation

Because of the observed competitive binding of OC-lncRNA and CXCR3 to miR-221-
5p, we speculated that CXCR3 downregulation would impair the chemotaxis of monocytes
towards the CXC-motif chemokine ligand 10 (CXCL10). We evaluated the impact of OC-
lncRNA reduction on monocyte chemotaxis using a transwell assay, which detected a
decrease in the number of KO-OC-lncRNA RAW 264.7 cells migrating to the lower chamber
containing CXCL10 compared with normal control cells (Figure 6A,B). This prompted us
to consider that the migration of monocytes to the alveolar bone in remodeling may be
obstructed in CCD patients because of the reduction of OC-lncRNA. Immunohistochemical
staining of CXCR3 and CD14 was used to indirectly assess the number of monocytes
migrating to alveolar bone overlying the dental follicle. In the alveolar bone of healthy con-
trols, staining for CXCR3 and CD14 was more intense than in CCD patients (Figure 6C,E).
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The quantification of protein expression also showed that CXCR3 and CD14 were more
highly expressed in the alveolar bone of healthy controls compared with CCD patients
(Figure 6D,F). These results suggest that OC-lncRNA reduction impairs monocyte chemo-
taxis via CXCR3 downregulation.
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Figure 6. Monocytes chemotaxis detected by and immunohistochemistry. (A) Representative images
of transwell migration assay. Scale bar, 500 µm. (B) Quantitative analysis of transwell migra-
tion. (C) Immunohistochemistry for CXCR3 in alveolar bone (Left panel, ×100; Right panel, ×400).
(D) Quantification of CXCR3 protein expression. (E) Immunohistochemistry for CD14 in alveolar
bone (Left panel, ×100; Right panel, ×400). (F) Quantification of CD14 protein expression. Error bars
represent SD. * p < 0.05, *** p < 0.001.

3.6. OC-lncRNA Facilitates Osteoclast Differentiation through CXCL10–CXCR3 Autocrine Signaling

The NF-κB expression and activation are important for RANKL-mediated osteoclasto-
genesis [23], while CXCL10 increases expression of the NF-κB subunit p65 and promotes
NF-κB activity [24]. We used the enzyme-linked immunosorbent assay (ELISA) to detect
CXCL10 secreted in cellular supernatants to investigate the precise molecular mechanism
of CXCL10–CXCR3 in osteoclast differentiation and bone resorption. Secretion of CXCL10
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was gradually increased during the RANKL-induced osteoclast differentiation of RAW
264.7 cells. At 72 h, CXCL10 levels in the supernatant were greatly elevated compared with
2 h (Figure 7A). 

2 
 

Figure 7. CXCL10–CXCR3 promoted osteoclast differentiation and bone resorption by activating
the nuclear translocation of NF-κB p65. (A) CXCL10 expression in the supernatants of RANKL-
induced RAW 264.7 cells was detected by ELISA. (B) CXCL10 expression in the supernatants of
RANKL-induced KO-OC-lncRNA RAW 264.7 cells and control. (C) CXCL10 stimulation promoted
the nuclear translocation of p65 in RAW 264.7 cells. (D) OC-lncRNA knock-out impeded the nuclear
translocation of p65. (E) CXCR3 overexpression in KO-OC-lncRNA RAW 264.7 cells. (F) CXCR3
overexpression partially rescued the osteoclast differentiation of KO-OC-lncRNA RAW 264.7 cells.
(G) Osteoclast counting. (H) CXCR3 overexpression partially rescued the bone-resorbing function of
KO-OC-lncRNA RAW 264.7 cells. (I) Quantification of resorption pits. (J) Schematic representation:
OC-lncRNA sponges miR-221-5p to increase CXCR3 expression. Error bars represent SD. * p < 0.05,
*** p < 0.001.
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The CXCL10 may be involved in osteoclast differentiation by binding to its receptor
CXCR3 which is anchored to the cell membrane. Considering that CXCR3 is downregulated
in KO-OC-lncRNA RAW 264.7 cells, we next examined the secretion of CXCL10 from these
cells induced with RANKL. As expected, throughout the early stages of differentiation,
CXCL10 secretion by KO-OC-lncRNA RAW 264.7 cells was lower compared with the
control (Figure 7B). This indicates that signaling pathways mediated by CXCL10–CXCR3
could be involved in the dysfunction of KO-OC-lncRNA RAW 264.7 cells.

In normal RAW 264.7 cells, western blotting revealed that CXCL10 stimulation for
30 min induced the nuclear translocation of p65 (Figure 7C). However, p65 translocation
was reduced in KO-OC-lncRNA RAW 264.7 cells compared with the controls (Figure 7D).
Reduced CXCR3 could prevent the signaling activation of CXCL10–CXCR3, causing os-
teoclastogenesis malfunction in KO-OC-lncRNA RAW 264.7 cells, so we investigated this
by overexpressing CXCR3 in KO-OC-lncRNA RAW 264.7 cells using transient transfection
(Figure 7E). After RANKL induction, CXCR3 overexpression promoted osteoclast differen-
tiation to some extent compared with the control group transfected with an NC plasmid
(Figure 7F,G). Similarly, the bone resorptive capacity was elevated in KO-OC-lncRNA
RAW 264.7 cells after CXCR3 overexpression (Figure 7H,I). These results suggest that
CXCL10–CXCR3 autocrine signaling regulates osteoclast differentiation and bone resorp-
tion by promoting the nuclear translocation of p65. As a ceRNA of CXCR3, OC-lncRNA
plays a protective role in CXCR3 expression. A proposed model of the signaling pathway
and biological process mediated by OC-lncRNA in tooth eruption is illustrated in Figure 7J.

4. Discussion

The present study investigated osteoclast dysfunction and dysdifferentiation in pa-
tients affected with CCD. We also identified a novel osteoclast-specific lncRNA that reg-
ulates early-stage osteoclastogenesis and bone resorption via the OC-lncRNA–miR-221-
5p–CXCR3 axis, which confirmed our initial hypothesis. The OC-lncRNA serves as a
miR-221-5p sponge to ensure CXCR3 expression, which plays a crucial role in the chemo-
taxis and differentiation of osteoclast precursors. The CXCL10–CXCR3 interaction promotes
bone resorption in tooth eruption in two ways: stimulating the migration of osteoclast
precursors to eruptive sites and facilitating the formation and maturation of osteoclasts
through the CXCL10–CXCR3–NF-κB positive feedback loop.

Tooth eruption is a complex and tightly regulated biological process [5] that requires
diverse cellular coordination with strict temporal and spatial patterns [25]. Formation of
the eruption pathway is of fundamental importance in tooth eruption because it mechan-
ically determines whether a tooth can emerge in the oral cavity. It mainly relies on the
resorption of alveolar bone overlying the dental follicle, rather than the movement of teeth
or osteogenesis [26]. Almost all CCD patients, including the 10 we collected, suffer from
a marked delay or failure in eruption because of the dense alveolar bone overlying the
dental follicle resulting from deficient bone resorption [9]. Because the impacted tooth
is obstructed by bone resistance, an understanding of the biology of bone resorption in
the formation of an eruption pathway is crucial [5]. Our clinical findings of CCD patients
showed active eruption of the impacted teeth accompanied by root formation after the re-
moval of bone resistance, without orthodontic traction. Therefore, CCD offers us a valuable
model to study molecular relationships and signaling pathways involved in the formation,
maturation, and activation of osteoclasts, as well as bone resorption.

The findings of the present study extend our comprehension of the biological process
of tooth eruption and the regulatory genes involved, as well as our knowledge about CCD.
Cleidocranial dysplasia is more than a purely osteogenic anomaly, but also involves the
aberrant regulation and dysfunction of osteoclasts. They may also pave the way for the
treatment of osteoclast-related diseases, such as postmenopausal osteoporosis and bone
metastasis of specific cancers which arise from excessive bone resorption, and disorders
arising from deficient bone resorption such as osteosclerosis and pycnodysostosis [27].
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This study is also the first to demonstrate that epigenetic regulation mediated by
lncRNA is involved in the pathogenesis and molecular mechanism of CCD. The LncRNAs
are defined as non-protein-coding transcripts longer than 200 nucleotides in length [28].
They perform a range of diverse functions, and are extensively implicated in cell differenti-
ation and organ development [29]. This diversity and organismal complexity have posed a
considerable challenge for studying their functional roles and mechanisms of action.

Liu et al. [30] and Dou et al. [31] respectively described lncRNA expression profiles
during osteoclastogenesis of human and mouse osteoclasts. In both human and mouse cells,
hundreds of lncRNAs were shown to be significantly altered in osteoclast differentiation.
Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses and
the lncRNA–mRNA co-expression network indicated that lncRNAs extensively modulate
gene expression and signal transduction during different stages in osteoclastogenesis. In
the present study, we identified a novel lncRNA that is highly expressed in bone tissue,
especially in osteoclasts, but not osteoblasts. Mechanistically, the OC-lncRNA–miR-221-5p–
CXCR3 axis modulates osteoclastogenesis and the bone-resorbing function of osteoclasts.
The OC-lncRNA knock-out clearly obstructed the formation and maturation of osteoclasts,
as well as bone resorption, demonstrating that OC-lncRNA plays a critical role in osteo-
clastogenesis. These findings are consistent with the initial hypothesis that, OC-lncRNA
regulated osteoclastogenesis and bone resorption. Moreover, OC-lncRNA localized in the
cytoplasm of osteoclasts and fulfilled a regulatory role via the classic ceRNA model. During
early stages of osteoclast differentiation, increased levels of OC-lncRNA offered a protective
effect on the sufficient expression of CXCR3 through sponging miR-221-5p.

Sequence competition is prevalent in gene regulation [32]. The LncRNA MALAT1,
deriving from exosomes of endothelial progenitor cells, was reported to enhance the
recruitment and differentiation of osteoclast precursors via the MALAT1–miR-124–integrin
subunit β1 axis [33]. Similarly, lncRNA MIRG also positively regulates osteoclastogenesis
by the MIRG–miR-1897–NFATc1 axis [34]. Abnormal ceRNA regulation may contribute
to the initiation and development of disease [32]. However, current evidence is still too
limited to comprehensively determine the molecular mechanism of lncRNAs involved in
the differentiation and maturation of osteoclasts. Nevertheless, individual research in this
area may provide information for future investigation.

The receptor CXCR3 is a G protein-coupled, interferon-inducible chemokine receptor
with three ligands: CXCL9, CXCL10, and CXCL11 [35]. Substantial evidence indicates
that CXCR3 binding to its ligands has a modulatory role in immunity, inflammation, and
oncogenesis [36–38]. The CXCL10–CXCR3 exerts multiple biological functions through
paracrine and/or autocrine signaling. In the pathological bone destruction of rheumatoid
arthritis, the reciprocal amplification of CXCL10 and RANKL was reported to promote
osteoclast differentiation [39]. Additionally, CXCR3 gene silencing inhibited bone metas-
tasis primarily through CXCL10 expression which occurs at much higher levels in bone
than CXCL9 and CXCL11 [40]. Bone resorption in tooth eruption is a biological and ge-
netically controlled progress not involving inflammation or infection [25]. However, the
exact interplay and roles of CXCL10–CXCR3 in the recruitment and differentiation of
monocytes during bone resorption remain elusive. Moreover, to our knowledge, there is no
report about the regulatory role of CXCL10–CXCR3 in the physiological bone remolding of
tooth eruption.

The present study is the first to demonstrate that CXCR3 positively regulates os-
teoclastogenesis and bone resorption in tooth eruption. In the early stage of osteoclast
differentiation, CXCR3 and its ligand CXCL10 were significantly increased and exerted
functions in an autocrine manner. Additionally, exogenous CXCR3 overexpression par-
tially ameliorated the formation and activation of osteoclasts in OC-lncRNA knock-out
monocytes. We showed that CXCL10 and CXCR3 binding promoted nuclear translocation
of the NF-κB p65 subunit, which is consistent with the findings of Jin et al. in breast cancer
cells [24]. The NF-κB is a crucial transcription factor in the early stage of osteoclastogenesis [41]
whose nuclear translocation is a prerequisite for transcriptional activation [42]. The NF-κB
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nuclear accumulation induced the expression of a series of key genes in signaling cas-
cades, promoting the formation and activation of osteoclasts. In turn, NF-κB also increased
CXCL10 expression, which formed a positive feedback loop [24,43], in which NF-κB di-
rectly binds to the promoter of CXCL10 and activates the transcription [44,45]. Similarly,
CXCL10 expression was downregulated by suppressing NF-κB signaling pathways [46].
In the present study, we detected continually increasing levels of secreted CXCL10 in
culture supernatants and showed that the nuclear translocation of p65 was promoted by
CXCL10–CXCR3 binding.

Besides promoting osteoclast differentiation via CXCL10–CXCR3–NF-κB loop, the
transwell migration assay and immunohistochemical staining showed that osteoclast-
secreted CXCL10 also recruited CXCR3+ monocytes to bone-resorbing sites. More CXCR3+
CD14+ monocytes were observed in the alveolar bone of healthy controls, while chemotaxis
of monocytes was attenuated in CCD patients because of the downregulation of CXCR3
and CXCL10 resulting from OC-lncRNA reduction. Similarly, knock-out or siRNA inter-
ference of CXCR3 also blocked the CXCL10-induced migration of bone marrow-derived
macrophages [47]. Monocyte differentiation and recruitment deficiencies eventually reduce
the number of osteoclasts in alveolar bone overlying the dental follicle and increased the
bone density, as stated previously [9], followed by delayed tooth eruption (Figure 7J).
The exogenous expression of CXCR3 in OC-lncRNA knock-out osteoclast precursors only
partially rescued the differentiation and resorbing function of osteoclasts, likely because
other crucial signaling pathways in osteoclastogenesis and bone resorption were also af-
fected by OC-lncRNA knock-out. Further study is required to fully elucidate the molecular
mechanism of OC-lncRNA in CCD, especially regarding epigenetic regulation. Further
investigations are required to develop reliable analytical methods for demonstrating the
function of OC-lncRNA in vivo. A transgenic mouse model with OC-lncRNA knockout is
helpful in proceeding with in vivo experiments. Meanwhile, more CCD patients should be
collected to further verify our findings.

In conclusion, the present study identified a novel osteoclast-specific lncRNA that
positively regulates osteoclastogenesis and bone resorption via the OC-lncRNA–miR-221-
5p–CXCR3 axis. The dysregulated formation and maturation of osteoclasts mediated by
OC-lncRNA contributes to the delayed tooth eruption seen in CCD. Future novel insights
into the molecular mechanism underlying OC-lncRNA could aid the development of new
therapeutic targets for osteoclast-related diseases.

5. Conclusions

The novel OC-lncRNA was involved in the dysfunction of osteoclasts in CCD. The
OC-lncRNA increased the chemotaxis and differentiation of osteoclast precursors and
formation of the tooth eruption pathway; OC-lncRNA also promoted the CXCR3-CXCL10
interaction and the up-regulation of NF-κB through competitive binding to microRNA-221-
5p. These findings will not only provide us with a better understanding of the etiology
of tooth impaction in CCD but will also illuminate the precise molecular mechanism of
osteoclastogenesis and bone resorption, aiding the development of effective CCD therapy.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cells11172729/s1. Table S1: The gene-specific primers for RACE
analysis; Table S2: The sequences of gRNAs; Figure S1: TRAP staining showed Runx2 knock-out
severely impaired the osteoclast differentiation; Figure S2: Efficiency of OC-lncRNA knock-out by
CRISPR/Cas9; Figure S3: OC-lncRNA sponged miR-221-5p; Figure S4: CXCR3 is a target gene
of miR-221-5p.

Author Contributions: Y.X., Y.L., Y.W. and S.Z. conceived and designed the study. Y.X. performed
the major experiments and data analysis. J.L. and D.L. contributed to the data acquisition. Y.X., Y.W.
and S.Z. wrote the manuscript. C.Z. reviewed the manuscript. All authors have read and agreed to
the published version of the manuscript.

https://www.mdpi.com/article/10.3390/cells11172729/s1
https://www.mdpi.com/article/10.3390/cells11172729/s1


Cells 2022, 11, 2729 17 of 19

Funding: This research was funded the grants of National Natural Science Foundation of China
(grant numbers 81771053, 82001029, 81772873, and 81970920).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethical Committee of Peking University School and the
Hospital of Stomatology (approval number: PKUSSIRB-2012004).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: We thank Congwei Liu for his aid with the schematic illustration. We also thank
Zhenqun Xu for technical assistance in the RNA pull-down assay.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Golan, I.; Baumert, U.; Hrala, B.P.; Mussig, D. Dentomaxillofacial variability of cleidocranial dysplasia: Clinicoradiological

presentation and systematic review. Dentomaxillofac. Radiol. 2003, 32, 347–354. [CrossRef] [PubMed]
2. Impellizzeri, A.; Midulla, G.; Romeo, U.; La Monaca, C.; Barbato, E.; Galluccio, G. Delayed Eruption of Permanent Dentition and

Maxillary Contraction in Patients with Cleidocranial Dysplasia: Review and Report of a Family. Int. J. Dent. 2018, 2018, 6591414.
[CrossRef] [PubMed]

3. Zhang, C.; Zheng, S.; Wang, Y.; Zhao, Y.; Zhu, J.; Ge, L. Mutational analysis of RUNX2 gene in Chinese patients with cleidocranial
dysplasia. Mutagenesis 2010, 25, 589–594. [CrossRef] [PubMed]

4. Zhang, X.; Liu, Y.; Wang, X.; Sun, X.; Zhang, C.; Zheng, S. Analysis of novel RUNX2 mutations in Chinese patients with
cleidocranial dysplasia. PLoS ONE 2017, 12, e0181653. [CrossRef]

5. Wise, G.E.; Frazier-Bowers, S.; D’Souza, R.N. Cellular, molecular, and genetic determinants of tooth eruption. Crit. Rev. Oral Biol.
Med. 2002, 13, 323–334. [CrossRef]

6. Marks, S.C., Jr.; Cahill, D.R. Experimental study in the dog of the non-active role of the tooth in the eruptive process. Arch. Oral
Biol. 1984, 29, 311–322. [CrossRef]

7. Dorotheou, D.; Gkantidis, N.; Karamolegkou, M.; Kalyvas, D.; Kiliaridis, S.; Kitraki, E. Tooth eruption: Altered gene expression in
the dental follicle of patients with cleidocranial dysplasia. Orthod. Craniofac. Res. 2013, 16, 20–27. [CrossRef]

8. Chacon, G.E.; Ugalde, C.M.; Jabero, M.F. Genetic disorders and bone affecting the craniofacial skeleton. Oral Maxillofac. Surg.
Clin. N. Am. 2007, 19, 467–474. [CrossRef]

9. Xin, Y.; Liu, Y.; Liu, D.; Li, J.; Zhang, C.; Wang, Y.; Zheng, S. New Function of RUNX2 in Regulating Osteoclast Differentiation via
the AKT/NFATc1/CTSK Axis. Calcif. Tissue Int. 2020, 106, 553–566. [CrossRef]

10. Li, J.; Sarosi, I.; Yan, X.Q.; Morony, S.; Capparelli, C.; Tan, H.L.; McCabe, S.; Elliott, R.; Scully, S.; Van, G.; et al. RANK is the
intrinsic hematopoietic cell surface receptor that controls osteoclastogenesis and regulation of bone mass and calcium metabolism.
Proc. Natl. Acad. Sci. USA 2000, 97, 1566–1571. [CrossRef]

11. Scimeca, J.C.; Franchi, A.; Trojani, C.; Parrinello, H.; Grosgeorge, J.; Robert, C.; Jaillon, O.; Poirier, C.; Gaudray, P.; Carle, G.F. The
gene encoding the mouse homologue of the human osteoclast-specific 116-kDa V-ATPase subunit bears a deletion in osteosclerotic
(oc/oc) mutants. Bone 2000, 26, 207–213. [CrossRef] [PubMed]

12. Yoda, S.; Suda, N.; Kitahara, Y.; Komori, T.; Ohyama, K. Delayed tooth eruption and suppressed osteoclast number in the eruption
pathway of heterozygous Runx2/Cbfa1 knockout mice. Arch. Oral Biol. 2004, 49, 435–442. [CrossRef] [PubMed]

13. Proffit, W.R.; Frazier-Bowers, S.A. Mechanism and control of tooth eruption: Overview and clinical implications. Orthod. Craniofac.
Res. 2009, 12, 59–66. [CrossRef] [PubMed]

14. Takarada, T.; Nakazato, R.; Tsuchikane, A.; Fujikawa, K.; Iezaki, T.; Yoneda, Y.; Hinoi, E. Genetic analysis of Runx2 function
during intramembranous ossification. Development 2016, 143, 211–218. [CrossRef]

15. Komori, T. Regulation of bone development and extracellular matrix protein genes by RUNX2. Cell Tissue Res. 2010, 339, 189–195.
[CrossRef]

16. Ott, C.E.; Leschik, G.; Trotier, F.; Brueton, L.; Brunner, H.G.; Brussel, W.; Guillen-Navarro, E.; Haase, C.; Kohlhase, J.; Kotzot,
D.; et al. Deletions of the RUNX2 gene are present in about 10% of individuals with cleidocranial dysplasia. Hum. Mutat. 2010, 31,
E1587–E1593. [CrossRef]

17. Wise, G.E.; Lumpkin, S.J.; Huang, H.; Zhang, Q. Osteoprotegerin and osteoclast differentiation factor in tooth eruption. J. Dent.
Res. 2000, 79, 1937–1942. [CrossRef]

18. Enomoto, H.; Shiojiri, S.; Hoshi, K.; Furuichi, T.; Fukuyama, R.; Yoshida, C.A.; Kanatani, N.; Nakamura, R.; Mizuno, A.; Zanma,
A.; et al. Induction of osteoclast differentiation by Runx2 through receptor activator of nuclear factor-kappa B ligand (RANKL)
and osteoprotegerin regulation and partial rescue of osteoclastogenesis in Runx2-/- mice by RANKL transgene. J. Biol. Chem.
2003, 278, 23971–23977. [CrossRef]

http://doi.org/10.1259/dmfr/63490079
http://www.ncbi.nlm.nih.gov/pubmed/15070835
http://doi.org/10.1155/2018/6591414
http://www.ncbi.nlm.nih.gov/pubmed/30123273
http://doi.org/10.1093/mutage/geq044
http://www.ncbi.nlm.nih.gov/pubmed/20702542
http://doi.org/10.1371/journal.pone.0181653
http://doi.org/10.1177/154411130201300403
http://doi.org/10.1016/0003-9969(84)90105-5
http://doi.org/10.1111/ocr.12000
http://doi.org/10.1016/j.coms.2007.08.001
http://doi.org/10.1007/s00223-020-00666-7
http://doi.org/10.1073/pnas.97.4.1566
http://doi.org/10.1016/s8756-3282(99)00278-1
http://www.ncbi.nlm.nih.gov/pubmed/10709991
http://doi.org/10.1016/j.archoralbio.2004.01.010
http://www.ncbi.nlm.nih.gov/pubmed/15099800
http://doi.org/10.1111/j.1601-6343.2009.01438.x
http://www.ncbi.nlm.nih.gov/pubmed/19419448
http://doi.org/10.1242/dev.128793
http://doi.org/10.1007/s00441-009-0832-8
http://doi.org/10.1002/humu.21298
http://doi.org/10.1177/00220345000790120301
http://doi.org/10.1074/jbc.M302457200


Cells 2022, 11, 2729 18 of 19

19. Wise, G.E.; Yao, S. Regional differences of expression of bone morphogenetic protein-2 and RANKL in the rat dental follicle. Eur.
J. Oral Sci. 2006, 114, 512–516. [CrossRef]

20. Mundlos, S. Cleidocranial dysplasia: Clinical and molecular genetics. J. Med. Genet. 1999, 36, 177–182.
21. Wang, L.; Park, H.J.; Dasari, S.; Wang, S.; Kocher, J.P.; Li, W. CPAT: Coding-Potential Assessment Tool using an alignment-free

logistic regression model. Nucleic Acids Res. 2013, 41, e74. [CrossRef] [PubMed]
22. Subramanian, M.; Li, X.L.; Hara, T.; Lal, A. A biochemical approach to identify direct microRNA targets. Methods Mol. Biol. 2015,

1206, 29–37. [CrossRef] [PubMed]
23. Takatsuna, H.; Asagiri, M.; Kubota, T.; Oka, K.; Osada, T.; Sugiyama, C.; Saito, H.; Aoki, K.; Ohya, K.; Takayanagi, H.; et al.

Inhibition of RANKL-induced osteoclastogenesis by (-)-DHMEQ, a novel NF-kappaB inhibitor, through downregulation of
NFATc1. J. Bone Miner. Res. 2005, 20, 653–662. [CrossRef] [PubMed]

24. Jin, W.J.; Kim, B.; Kim, D.; Park Choo, H.Y.; Kim, H.H.; Ha, H.; Lee, Z.H. NF-kappaB signaling regulates cell-autonomous
regulation of CXCL10 in breast cancer 4T1 cells. Exp. Mol. Med. 2017, 49, e295. [CrossRef]

25. Wise, G.E.; King, G.J. Mechanisms of tooth eruption and orthodontic tooth movement. J. Dent. Res. 2008, 87, 414–434. [CrossRef]
26. Cahill, D.R. Eruption pathway formation in the presence of experimental tooth impaction in puppies. Anat. Rec. 1969, 164, 67–77.

[CrossRef]
27. Sharma, S.; Mahajan, A.; Mittal, A.; Gohil, R.; Sachdeva, S.; Khan, S.; Dhillon, M. Epigenetic and transcriptional regulation of

osteoclastogenesis in the pathogenesis of skeletal diseases: A systematic review. Bone 2020, 138, 115507. [CrossRef]
28. Nagano, T.; Fraser, P. No-nonsense functions for long noncoding RNAs. Cell 2011, 145, 178–181. [CrossRef]
29. Amaral, P.P.; Mattick, J.S. Noncoding RNA in development. Mamm. Genome 2008, 19, 454–492. [CrossRef]
30. Liu, W.; Li, Z.; Cai, Z.; Xie, Z.; Li, J.; Li, M.; Cen, S.; Tang, S.; Zheng, G.; Ye, G.; et al. LncRNA-mRNA expression profiles and

functional networks in osteoclast differentiation. J. Cell Mol. Med. 2020, 24, 9786–9797. [CrossRef]
31. Dou, C.; Cao, Z.; Yang, B.; Ding, N.; Hou, T.; Luo, F.; Kang, F.; Li, J.; Yang, X.; Jiang, H.; et al. Changing expression profiles of

lncRNAs, mRNAs, circRNAs and miRNAs during osteoclastogenesis. Sci. Rep. 2016, 6, 21499. [CrossRef] [PubMed]
32. Tay, Y.; Rinn, J.; Pandolfi, P.P. The multilayered complexity of ceRNA crosstalk and competition. Nature 2014, 505, 344–352.

[CrossRef] [PubMed]
33. Cui, Y.; Fu, S.; Sun, D.; Xing, J.; Hou, T.; Wu, X. EPC-derived exosomes promote osteoclastogenesis through LncRNA-MALAT1.

J. Cell Mol. Med. 2019, 23, 3843–3854. [CrossRef] [PubMed]
34. Ling, L.; Hu, H.L.; Liu, K.Y.; Ram, Y.I.; Gao, J.L.; Cao, Y.M. Long noncoding RNA MIRG induces osteoclastogenesis and bone

resorption in osteoporosis through negative regulation of miR-1897. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 10195–10203.
[CrossRef] [PubMed]

35. Lacotte, S.; Brun, S.; Muller, S.; Dumortier, H. CXCR3, inflammation, and autoimmune diseases. Ann. N. Y. Acad. Sci. 2009, 1173,
310–317. [CrossRef]

36. Cannon, A.; Thompson, C.M.; Maurer, H.C.; Atri, P.; Bhatia, R.; West, S.; Ghersi, D.; Olive, K.P.; Kumar, S.; Batra, S.K. CXCR3 and
Cognate Ligands are Associated with Immune Cell Alteration and Aggressiveness of Pancreatic Ductal Adenocarcinoma. Clin.
Cancer Res. 2020, 26, 6051–6063. [CrossRef]

37. Guo, Y.; Kasahara, S.; Jhingran, A.; Tosini, N.L.; Zhai, B.; Aufiero, M.A.; Mills, K.A.M.; Gjonbalaj, M.; Espinosa, V.; Rivera, A.; et al.
During Aspergillus Infection, Monocyte-Derived DCs, Neutrophils, and Plasmacytoid DCs Enhance Innate Immune Defense
through CXCR3-Dependent Crosstalk. Cell Host Microbe 2020, 28, 104–116 e104. [CrossRef]

38. Maurice, N.J.; McElrath, M.J.; Andersen-Nissen, E.; Frahm, N.; Prlic, M. CXCR3 enables recruitment and site-specific bystander
activation of memory CD8(+) T cells. Nat. Commun. 2019, 10, 4987. [CrossRef]

39. Kwak, H.B.; Ha, H.; Kim, H.N.; Lee, J.H.; Kim, H.S.; Lee, S.; Kim, H.M.; Kim, J.Y.; Kim, H.H.; Song, Y.W.; et al. Reciprocal
cross-talk between RANKL and interferon-gamma-inducible protein 10 is responsible for bone-erosive experimental arthritis.
Arthritis Rheum. 2008, 58, 1332–1342. [CrossRef]

40. Lee, J.H.; Kim, H.N.; Kim, K.O.; Jin, W.J.; Lee, S.; Kim, H.H.; Ha, H.; Lee, Z.H. CXCL10 promotes osteolytic bone metastasis by
enhancing cancer outgrowth and osteoclastogenesis. Cancer Res. 2012, 72, 3175–3186. [CrossRef]

41. Jimi, E.; Aoki, K.; Saito, H.; D’Acquisto, F.; May, M.J.; Nakamura, I.; Sudo, T.; Kojima, T.; Okamoto, F.; Fukushima, H.; et al.
Selective inhibition of NF-kappa B blocks osteoclastogenesis and prevents inflammatory bone destruction in vivo. Nat. Med.
2004, 10, 617–624. [CrossRef] [PubMed]

42. Abu-Amer, Y. IL-4 abrogates osteoclastogenesis through STAT6-dependent inhibition of NF-kappaB. J. Clin. Investig. 2001, 107,
1375–1385. [CrossRef] [PubMed]

43. Kim, B.; Lee, J.H.; Jin, W.J.; Kim, H.H.; Ha, H.; Lee, Z.H. JN-2, a C-X-C motif chemokine receptor 3 antagonist, ameliorates arthritis
progression in an animal model. Eur. J. Pharmacol. 2018, 823, 1–10. [CrossRef] [PubMed]

44. Zhang, Y.; Liu, B.; Ma, Y.; Yi, J.; Zhang, C.; Zhang, Y.; Xu, Z.; Wang, J.; Yang, K.; Yang, A.; et al. Hantaan virus infection induces
CXCL10 expression through TLR3, RIG-I, and MDA-5 pathways correlated with the disease severity. Mediat. Inflamm. 2014,
2014, 697837. [CrossRef]

45. Shin, S.Y.; Nam, J.S.; Lim, Y.; Lee, Y.H. TNFalpha-exposed bone marrow-derived mesenchymal stem cells promote locomotion
of MDA-MB-231 breast cancer cells through transcriptional activation of CXCR3 ligand chemokines. J. Biol. Chem. 2010, 285,
30731–30740. [CrossRef]

http://doi.org/10.1111/j.1600-0722.2006.00406.x
http://doi.org/10.1093/nar/gkt006
http://www.ncbi.nlm.nih.gov/pubmed/23335781
http://doi.org/10.1007/978-1-4939-1369-5_3
http://www.ncbi.nlm.nih.gov/pubmed/25240884
http://doi.org/10.1359/JBMR.041213
http://www.ncbi.nlm.nih.gov/pubmed/15765185
http://doi.org/10.1038/emm.2016.148
http://doi.org/10.1177/154405910808700509
http://doi.org/10.1002/ar.1091640105
http://doi.org/10.1016/j.bone.2020.115507
http://doi.org/10.1016/j.cell.2011.03.014
http://doi.org/10.1007/s00335-008-9136-7
http://doi.org/10.1111/jcmm.15560
http://doi.org/10.1038/srep21499
http://www.ncbi.nlm.nih.gov/pubmed/26856880
http://doi.org/10.1038/nature12986
http://www.ncbi.nlm.nih.gov/pubmed/24429633
http://doi.org/10.1111/jcmm.14228
http://www.ncbi.nlm.nih.gov/pubmed/31025509
http://doi.org/10.26355/eurrev_201912_19654
http://www.ncbi.nlm.nih.gov/pubmed/31841172
http://doi.org/10.1111/j.1749-6632.2009.04813.x
http://doi.org/10.1158/1078-0432.CCR-20-1359
http://doi.org/10.1016/j.chom.2020.05.002
http://doi.org/10.1038/s41467-019-12980-2
http://doi.org/10.1002/art.23372
http://doi.org/10.1158/0008-5472.CAN-12-0481
http://doi.org/10.1038/nm1054
http://www.ncbi.nlm.nih.gov/pubmed/15156202
http://doi.org/10.1172/JCI10530
http://www.ncbi.nlm.nih.gov/pubmed/11390419
http://doi.org/10.1016/j.ejphar.2018.01.037
http://www.ncbi.nlm.nih.gov/pubmed/29378189
http://doi.org/10.1155/2014/697837
http://doi.org/10.1074/jbc.M110.128124


Cells 2022, 11, 2729 19 of 19

46. Lv, Z.T.; Liang, S.; Chen, K.; Zhang, J.M.; Cheng, P.; Guo, J.C.; Yang, Q.; Zhou, C.H.; Liao, H.; Chen, A.M. FNDC4 Inhibits
RANKL-Induced Osteoclast Formation by Suppressing NF-kappaB Activation and CXCL10 Expression. BioMed Res. Int. 2018,
2018, 3936257. [CrossRef]

47. Lee, J.H.; Kim, B.; Jin, W.J.; Kim, H.H.; Ha, H.; Lee, Z.H. Pathogenic roles of CXCL10 signaling through CXCR3 and TLR4 in
macrophages and T cells: Relevance for arthritis. Arthritis Res. Ther. 2017, 19, 163. [CrossRef]

http://doi.org/10.1155/2018/3936257
http://doi.org/10.1186/s13075-017-1353-6

	Introduction 
	Materials and Methods 
	Participants 
	Cell Culture and Osteoclast Induction 
	Total RNA Isolation and Real-Time PCR 
	RNA-seq and Bioinformatics Analysis 
	FISH Assays 
	Luciferase Assay 
	RNA Pull-Down Assay 
	Western Blot Analyses 
	TRAP Staining 
	Bone Resorption Assay 
	Immunohistochemistry 
	ELISA 
	Transient Transfection 
	Transwell Assay 
	RACE Assay 
	LncRNA Knock-Out by CRISPR/Cas9 Technique 
	Statistical Analysis 

	Results 
	Delayed Eruption of Permanent Teeth in CCD Primarily Results from Deficient Alveolar Bone Resorption 
	A Novel Osteoclast-Specific lncRNA Positively Regulates Osteoclast Differentiation and Bone Resorption 
	OC-lncRNA Positively Regulates Osteoclasts via a Competing Endogenous (ce)RNA Mechanism 
	CXCR3 Is a Positive Regulatory Gene in Osteoclast Differentiation and Bone Resorption 
	OC-lncRNA Reduction Diminishes Monocyte Chemotaxis through CXCR3 Downregulation 
	OC-lncRNA Facilitates Osteoclast Differentiation through CXCL10–CXCR3 Autocrine Signaling 

	Discussion 
	Conclusions 
	References

