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1 | INTRODUCTION

Abstract

Objectives: To explore the role of dental follicle cells (DFCs) with a novel cleidocra-
nial dysplasia (CCD) causative gene RUNX2 mutation (DFCsRUN?*M) in delayed per-
manent tooth eruption.

Materials and methods: A CCD patient with typical clinical features was involved in
this study. DFCsRYN2*M \were cultured and DNA was extracted for RUNX2 mutation
screening. Measurements of cell proliferation, alkaline phosphatase (ALP) activity,
alizarin red staining and osteoblast-specific genes expression were performed to as-
sess osteogenesis of DFCsRUN2*M Co-culture of DFCs and peripheral blood mono-
nuclear cells (PBMCs), followed tartrate-resistant acid phosphatase (TRAP) staining,
real-time PCR and western blot were performed to evaluate osteoclast-inductive
capacity of DFCsRUNX2#+/m

Results: A missense RUNX2 mutation (c. 557G>C) was found in DFCsRUNX2#/M £-om
the CCD patient. Compared with normal controls, this mutation did not affect the
proliferation of DFCsRYN?*M hut down-regulated the expression of osteogenesis-
related genes, leading to a decrease in ALP activity and mineralisation. Co-culture
results showed that DFCsRYN2*M reduced the formation of TRAP* multinucleated
cells and the expression of osteoclastogenesis-associated genes. Furthermore, the
mutation reduced the ratio of RANKL/OPG in DFCsRUNX2+/m

Conclusions: DFCsRYN2*M disturbs bone remodelling activity during tooth eruption
through RANK/RANKL/OPG signalling pathway and may thus be responsible for im-

paired permanent tooth eruption in CCD patients.

KEYWORDS
cleidocranial dysplasia, delayed tooth eruption, dental follicle cells, osteoclastogenesis,

osteogenesis, RUNX2 mutation

of primary teeth, impaction of permanent teeth, and supernumerary
teeth (Mundlos, 1999). CCD exhibits autosomal dominant heredity

Cleidocranial dysplasia (CCD; MIM 119600) is a rare generalised
dysplasia of osseous and dental tissues with incidence estimated at
1:1,000,000 (Mundlos et al., 1997). The main clinical manifestation
includes absence or hypoplasia of clavicle, delayed closing of fonta-

nelle, short stature and multiple dental anomalies such as retention

with complete penetrance, while the phenotypic spectrum of CCD
individuals varies dramatically (Quack et al., 1999).

According to previous studies, mutation of the runt-related tran-
scription factor-2 (RUNX2) gene was closely associated with the

patients who were diagnosed with CCD according to the clinical

© 2018 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd. All rights reserved

1270 | wileyonlinelibrary.com/journal/odi

Oral Diseases. 2018;24:1270-1281.


www.wileyonlinelibrary.com/journal/odi
http://orcid.org/0000-0003-2359-6583
http://orcid.org/0000-0001-6717-5196
mailto:zhengsg86@gmail.com
mailto:zhengchy168@163.com
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fodi.12900&domain=pdf&date_stamp=2018-06-08

LIU ET AL.

CWILEY- 2

manifestation (Yoshida et al., 2002). As a crucial transcription fac-
tor, RUNX2 plays an important role in bone metabolism by regulat-
ing osteoblasts and osteoclasts differentiation. In vitro and in vivo
study had proved that RUNX2 is critical for both endochondral and
intramembranous ossification, and RUNX2 plays essential roles in
regulating the expression of osteogenesis-specific genes (Bruderer,
Richards, Alini, & Stoddart, 2014). RUNX2 can also regulate the
secretion of receptor activator of nuclear factor kappa B ligand
(RANKL) and osteoprotegerin (OPG) in osteoblasts and then indi-
rectly regulates osteoclastogenesis through RANK/RANKL/OPG
signalling pathway (Enomoto et al., 2003; Li et al., 2014). In addition,
RUNX2 binding sites have been found in the promoter region of
RANKL and OPG, illustrating that RUNX2 can directly regulate the
expression of RANKL and OPG (Byon et al., 2011; Thirunavukkarasu
et al., 2001).

Despite the numerous skeletal deficiencies observed in
CCD individuals, the dental anomalies are usually their main
complaints, especially for impaired permanent tooth eruption
(Jensen & Kreiborg, 1990). During the stage of tooth eruption,
alveolar bone remodelling is tightly orchestrated by dental fol-
licle, a loose ecto-mesenchymal tissue that surrounds the de-
veloping tooth germ, in a spatiotemporal manner (Wise, 2009;
Wise & King, 2008). Dental follicles are able to produce mol-
ecules such as colony-stimulating factor-1 (CSF-1), monocyte
chemotactic protein-1 (MCP-1) and RANKL at certain times to
promote osteoclastogenesis and increase alveolar bone resorp-
tion for the establishment of tooth eruption pathway (Liu, Yao,
Pan, & Wise, 2005; Que & Wise, 1997; Yao, Ring, Henk, & Wise,
2004). In addition, dental follicle cells (DFCs) are precursors of
alveolar osteoblasts and have been reported to participate in the
procedure of alveolar bone formation, which probably functions
as a motive force for tooth eruption (Pan et al., 2010; Saugspier
et al., 2010; Wise, He, Gutierrez, Ring, & Yao, 2011; Wise, Yao, &
Henk, 2007). Thus, DFCs participate in tooth eruption not only
as a regulator of bone activity but also as the precursors of al-
veolar osteoblasts, which are critical for bone formation during
tooth eruption.

RUNX2 had been reported to be expressed in dental epithe-
lium, dental papilla and dental follicles during tooth development
and eruption (Camilleri & McDonald, 2006). In addition, RUNX2
mutations would produce negative effects on expression of the
RUNX2 protein in DFCs and periodontal ligament cells (PDLCs) of
CCD patients (Chen et al., 2014; Li et al., 2014; Yoda, Suda, Kitahara,
Komori, & Ohyama, 2004). However, the regulatory mechanism re-
sponsible for the delayed permanent tooth eruption mediated by
DFCs in CCD patients has not been completely understood yet. In
this study, we hypothesised that the RUNX2 mutation found in the
CCD patient might interfere with the bone remodelling function of
DFCs. To verify this hypothesis, primary DFCs were collected from
one CCD patient (DFCsRYN*2¥™) and normal controls (DFCsRUNX2#4),
and the effects of DFCsRUNX2¥m o osteogenesis and osteoclasto-

genesis were explored.

2 | MATERIALS AND METHODS

2.1 | Participants

A 43-year-old woman, diagnosed with CCD according to clinical
findings, and three unaffected women (aged 40-45 years) partici-
pated in the present research with understanding and written con-
sent. This study was approved by the Ethical Committee of Peking
University School of Stomatology (IRB-2012004). All the meth-
ods were carried out according to the relevant guidelines and the
Declaration of Helsinki.

2.2 | Cell culture

Dental follicle tissues were gathered during surgical treatment
of impacted maxillary incisors. To get single DFCs suspen-
sion, dental follicles were digested in 0.3% collagenase type |
(Sigma-Aldrich, MO, USA) for 40 min at 37°C. Then, the cells
were cultured in a growth medium containing DMEM (Gibco,
NY, USA), 10% foetal bovine serum (Gibco), 100 U/mL penicillin
and streptomycin (Gibco) in an incubator at 37°C with 5% CO,.
The DFCs between 3 and 5 passages were used in subsequent

experiments.

2.3 | Mutation analysis

To detect RUNX2 status in DFCs from the CCD patient and normal
controls, we extracted DNA from DFCs with a General AllGen Kit
(Cwbiotech, Beijing, China) according to manufacture’s protocol.
Exon 2 of RUNX2 gene was amplified by polymerase chain reaction
(PCR), and the PCR products were then sequenced with an ABI 3730

sequencer.

2.4 | Immunohistochemistry

For immunohistochemistry staining, DFCs seeded on coverslips
were fixed in 4% paraformaldehyde (Sigma-Aldrich) for 20 min, per-
meated with 0.3% Triton X-100 (Sigma-Aldrich) for 10 min, blocked
in bovine serum, and incubated with primary antibodies against
cytokeratin and vimentin (Zhongshan Bioengineering, Beijing,
China) overnight at 4°C. The SP immunohistochemistry kit and a
3, 3'-diaminobenzidine colouration kit (Zhongshan Bioengineering)
were used for the followed staining procedure according to the
protocol of the manufacturer. The results were observed and col-
lected by a light microscope equipped with a camera (Carl Zeiss, TH,

Germany).

2.5 | Cell proliferation assay

Dental follicle cells were seeded in 96-well plates at the cell density
of 2 x 10° cells/well. After incubation for 4 hours, the Cell Counting
Kit 8 (CCK-8, Dojindo, Kumamoto, Japan) was used according to
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manufacture’s instruction. The optical density at 450 nm was ex-
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amined using a microplate reader (BioTek, VT, USA) every 24 hr for
14 days after seeding.

2.6 | ALP activity test, ALP staining and alizarin
red staining

For osteogenic induction, DFCs were seeded at a density of
1 x 10° cells/well in 6-well plates. When 80% confluence was
reached, the medium was changed to the osteogenic induction
medium (OIM) containing 50 pg/ml ascorbic acid, 10 mM/L p-
glycerophosphate, and 100 nM/L dexamethasone (Sigma-Aldrich).
After osteogenic induction for 7 and 14 days, alkaline phosphatase
(ALP) activity was carried out using an ALP assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) according to
manufacture’s protocol. ALP staining was analysed by the NBT/
BCIP staining kit (Cwbiotech, Beijing, China) after culturing in OIM
for 14 days. For Alizarin red staining, after induction for 21 days in
OIM, DFCs were fixed with 95% ethanol for 20 min and incubated
with 2% alizarin red for 20 min at room temperature. The image of
ALP staining and alizarin red staining were captured by a scanner
(HP, CA, USA).

2.7 | Co-culture of DFCs and PBMCs

Co-culture of DFCs and human peripheral blood mononuclear
cells (PBMCs) was established for induction of osteoclasts. First,
DFCs were plated in 24-well plates at the density of 3 x 10*
cells/well. The next day, human peripheral blood was obtained
from 2 healthy volunteers, and PBMCs were extracted using
Ficoll-paque reagent (GE Healthcare, PA, USA) by density gradi-
ent centrifugation. Then the PBMCs were seeded into the same
24-well plate at the density of 3 x 10° cells/well, and 10”7 M/L
1a,25-(OH),D, was added to the medium for osteoclasts
differentiation.

2.8 | Tartrate-resistant acid phosphatase
staining and quantification

After co-cultivation for 14 days, the cells were stained with tartrate-
resistant acid phosphatase (TRAP) Kit (Sigma-Aldrich) according to
the manufacturer’s instructions. The images of TRAP staining were
captured by a light microscope, and TRAP* multinuclear cells were
counted as described previously (Wang et al., 2016).

2.9 | Real-time PCR

After DFCs were cultured in OIM for 14 days or co-cultured with
PBMCs for 14 days, total RNA was extracted with TRIzol reagent
(Invitrogen, CA, USA), and reversely transcribed into cDNA with
a reverse transcription kit (Thermo Fisher, MA, USA). Real-time
PCR was performed using the SYBR Green PCR kit (Roche Applied
Science, IN, USA) on an ABI 7500 Real-time PCR System (Applied
Biosystems, CA, USA) and GAPDH was used for normalisation. The
primers used in this process are listed in Table 1.

2.10 | Western blotting analysis

After DFCs were cultured in OIM for 14 days or co-cultured with
PBMCs for 14 days, the total protein was extracted using the
RIPA kit (Huaxing bio, Beijing, China). Protein concentration was
measured with a BCA kit (Thermo Fisher). The lysate was elec-
trophoresed in 10% SDS-PAGE gels and transferred to PVDF
membranes (Millipore, MA, USA). After being blocked in 5% skim
milk, membranes were incubated with primary antibodies against
RUNX2 (CST, MA, USA), OSX (Abcam, Cambridge, UK), ALP
(Abcam), CTSK (Abcam), CTR (Bio-Rad, CA, USA), GAPDH (CST),
and B-actin (CST). All the primary antibodies were used at a dilu-
tion of 1:1,000. HRP-conjugated secondary antibodies (Jackson
ImmunoResearch, PA, USA) were then used. The immune-reactive

bands were visualised by the enhanced chemiluminescence

TABLE 1 Sequences primers of

L RIS EIC SRR selected genes designed for real-time PCR
GAPDH CGACAGTCAGCCGCATCTT CCAATACGACCAAATCCGTTG
RUNX2 GATGACACTGCCACCTCTGAC GGGATGAAATGCTTGGGAAC
ALP GACCTCCTCGGAAGACACTC TGAAGGGCTTCTTGTCTGTG

OSX CCTCCTCAGCTCACCTTCTC GTTGGGAGCCCAAATAGAAA
OCN AGCAAAGGTGCAGCCTTTGT GCGCCTGGGTCTCTTCACT

OPN ATGATGGCCGAGGTGATAGT ACCATTCAACTCCTCGCTTT
NFATc1 TGTGCCGGAATCCTGAAACTC GAGCATTCGATGGGGTTGGAG
CTSK ACTCAAAGTACCCCTGTCTCAT CCACAGAGCTAAAAGCCCAAC
CTR TGAAAACAATCGAACCTGGTCC AAGAATGACCCACAATAGCCAAA
TRAP TGAGGACGTATTCTCTGACCG CACATTGGTCTGTGGGATCTTG
CSF-1 AGACCTCGTGCCAAATTACATT AGGTGTCTCATAGAAAGTTCGGA
RANKL CAACATATCGTTGGATCACAGCA GACAGACTCACTTTATGGGAACC

OPG

CACAAATTGCAGTGTCTTTGGTC

TCTGCGTTTACTTTGGTGCCA
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FIGURE 1 Clinical and radiological manifestation of the CCD patient in this study. (a-c) Panoramic radiograph and Cone-beam CT
showed retained deciduous teeth, delayed eruption of permanent teeth and supernumerary teeth in the maxillary anterior region. (d-f) The
intraoral photograph showed delayed eruption of permanent teeth [Colour figure can be viewed at wileyonlinelibrary.com]

blotting kit (Cwbiotech). The intensities of the bands were quanti-
fied using Quantity One software (Bio-Rad, CA, USA). GAPDH or

B-actin was used as the internal control.

2.11 | ELISA test

The conditioned medium (CM) of the co-culture system was collected
after cultivation for 3 days. Then enzyme-linked immunosorbent assay
(ELISA) was performed using commercial kits (Cusabio, Wuhan, China)
to measure the concentration of RANKL and OPG in CM. The absorb-
ance at 450 nm was examined by a microplate reader (BioTeK).

2.12 | Statistical analysis

All the experiments were repeated at least 3 times independently. All
data were presented as the mean and standard deviation. Student’s
two-tailed t-test was used to compare mean values between groups.
p < 0.05 was considered statistically significant.

3 | RESULTS

3.1 | Clinical manifestation of the CCD patient

This CCD patient was a sporadic case with typical phenotypes, in-
cluding hypoplastic clavicles, delayed closure of the anterior fonta-
nelle, concave face type and classic dental abnormalities. The chest
radiograph of the patient had been presented in the previous papers
of our research group (Zhang et al., 2017). Radiological and clinical
examination showed that the right primary maxillary canine was
retained, the maxillary permanent anterior teeth were impacted,
and 8 supernumerary teeth were present in the alveolar bones
(Figure 1a-f).

3.2 | RUNX2 mutation reduced RUNX2
expression in DFCs while had no effect on the
proliferation of DFCs

To identify the mutation of RUNX2 in the DFCs from the CCD
patient, sequencing analysis was performed in the coding re-
gion of RUNX2 gene. As shown in Figure 2a, a missense muta-
tion of RUNX2 (c. 557G>C, p. R186T) was detected by Sanger
sequencing with DNA from the DFCs of the CCD patient, which
was consistent with the result using blood samples in our pre-
vious study (Zhang et al., 2017). The effect of RUNX2 mutation
on the biological characterisation of DFCs was explored using
primary DFCs isolated from the CCD patient (DFCsRUNX2+/m)
and normal controls (DFCsRUNXZ#/%)

staining of vimentin and keratin was carried out to detect the
RUNX2+/m 34 DFCsRUNX2+/+

Immunohistochemical

source of the cultured cells. DFCs
were vimentin-positive and keratin-negative (Figure 2b), indi-
cating that these cells were derived from mesenchymal cells.
Quantitative analysis of cell proliferation by CCK-8 assay
showed that the missense RUNX2 mutation did not affect
proliferation rate of DFCsRYN*2*M (5 > 0.05) (Figure 2c). The
effect of the detected RUNX2 mutation on RUNX2 expres-
sion was then investigated. Real-time PCR and western blot
results showed that the mRNA and protein levels of RUNX2
in DFCsRUNX2*/m \vere significantly lower than DFCsRUNX2#+
(p < 0.05) (Figure 2d,e).

3.3 | DFCsRUNY2*/m exhibited weaker osteogenic
potential than DFCsRUNX2+/*

DFCs are multipotent mesenchymal stem cells that can differentiate

into osteoblasts, adipocytes, chondrocytes, and neural cells under
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FIGURE 2 RUNX2 mutation reduced RUNX2 expression while had no effect on the proliferation of DFCs. Primary DFCs were isolated
from normal controls (DFCsRYN?**) and the cleidocranial dysplasia patient (DFCsRUN*2/M) (a) Reverse sequencing data of RUNX2 gene
from DFCsRUN¥2** and DFCsRUN2*M Arrows indicated the mutation site. (b) Immunohistochemistry staining of vimentin and keratin

for DFCs. Scale bar, 50 um. (c) CCK8 proliferation assay for DFCs at indicated time points. (d) Quantitative analysis of the mRNA level

of RUNX2 in DFCs. (e) Western blotting and quantification of RUNX2 expression in DFCs. *p < 0.05 [Colour figure can be viewed at

wileyonlinelibrary.com]

different in vitro conditions (Saugspier et al., 2010). In this study,
the effect of RUNX2 mutation on the osteogenic differentiation of
DFCs was explored. As ALP is confirmed to be an early marker of
mineralisation after osteogenic induction (Zhang et al., 2015), the
effect of RUNX2 mutation on ALP activity of DFCs was first inves-
tigated. We found that the ALP activity of DFCsRY2** increased
approximately 1.5-fold after osteogenic induction for 7 days or
14 days (p < 0.05) (Figure 3a,b). The ALP activity in DFCsRUNX2+/m
was reduced 30%-55% compared with DFCsRYN2** whether under
osteogenic induction or not (p <0.05) (Figure 3a,b). ALP staining
showed that ALP expression in DFCsRUN*2¥M \was lower than that

of DFCsRUNX2#+ ot basal level, and the difference was much clearer

after osteogenic induction (Figure 3c), showing a similar result with
ALP activity. Alizarin red staining showed that the mineralised nod-
ules in DFCsRUNX2M \yare obviously fewer than the normal control
after osteogenic induction for 21 days (Figure 3d), indicating re-
duced mineralisation in DFCsRUNY2#/m,

Thereafter, the expression of osteoblast-specific genes in
DFCsRUN M 5nd DFCsRUNY2%* \as investigated. Compared with
normal controls, the mRNA level of RUNX2 in DFCsRUNXZH/m \yas
decreased approximately 40% both in basal and osteogenic media
(p < 0.05) (Figure 3e). Consistently, the mRNA level of osteogenic
markers, such as ALP, osterix (OSX), osteocalcin (OCN) and osteopon-
tin (OPN), was reduced 20%-50% in DFCsRUN2*M \whether under
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FIGURE 3 DFCsRUNX2¥m exhibited weaker osteogenic potential than DFCsRUN*2** Primary DFCs from normal controls (DFCsRUNX2#/*)
and the cleidocranial dysplasia patient (DFCsRUNX2#/m) \were cultured in osteogenic induction medium (OIM) for osteogenic differentiation.
(a,b) ALP activity of DFCs was analysed after incubation in OIM for 7 days (a) or 14 days (b). (c) ALP staining of DFCs after induction in
OIM for 14 days. (d) Alizarin red staining of mineralised nodules for DFCs after induction in OIM for 21 days. () Quantitative analysis

of the mRNA level of RUNX2, ALP, OSX, OCN and OPN in DFCs after the cells were treated in OIM for14 days. (f) Western blotting and
quantification of RUNX2, ALP and OSX expression in DFCs after the cells were treated in OIM for 14 days. *p < 0.05 [Colour figure can be
viewed at wileyonlinelibrary.com]

osteogenic induction or not (p < 0.05) (Figure 3e). The protein level OSX and ALP showed a similar pattern with that of RUNX2, which
of RUNX2 in DFCsRUN2*M \yas decreased 30% compared with the exhibited a 40% reduction in DFCsRYN2*M after osteogenic induc-

normal control (p < 0.05) (Figure 3f). In addition, the protein level of tion (p < 0.05) (Figure 3f).
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FIGURE 4 DFCsRUN2¥M exhibited reduced osteoclast-inductive capacity. Primary DFCs from normal control (DFCsRUNR2*%) and the
cleidocranial dysplasia patient (DFCsRYN*2*M) were co-cultured with PBMCs for osteoclasts differentiation. (a) TRAP staining of the
co-culture of DFCs and PBMCs. Scale bar, 100 pm. (b) The quantification of TRAP* multinuclear cells in the co-cultures on day 14. (c)
Quantitative analysis of the mRNA level of RUNX2, NFATc1, CTSK, CTR and TRAP in DFCs and PBMCs co-culture. (d) Western blotting
and quantification of RUNX2, CTR and CTSK expression in the co-culture of DFCs and PBMCs. *p < 0.05 [Colour figure can be viewed at

wileyonlinelibrary.com]
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FIGURE 5 DFCsRUN2¥M restrict osteoclastogenesis through RANKL/RANK/OPG signaling pathway. DFCs were co-cultured with PBMCs
for 3 days in the medium containing 1a,25-(OH),D, or an equal volume of vehicle (ethanol). (a) Quantitative analysis of the mRNA level of
CSF-1, RANKL and OPG in DFCs and PBMCs co-culture. (b) The ratio of RANKL/OPG at mRNA level for DFCs and PBMCs co-culture. (c) The
protein level of RANKL and OPG in conditioned medium (CM) collected from the DFCs and PBMC co-culture were analysed by ELISA. (d)
The ratio of RANKL/OPG at protein level in CM collected from DFCs and PBMCs co-culture. *p < 0.05

3.4 | DFCsRUNX2*/m axhibited reduced osteoclast-
inductive capacity

DFCs are able to secrete RNAKL and CSF-1 to induce osteoclast pre-
cursors such as PBMCs to differentiate into osteoclasts (Liu etal.,
2005; Wise & King, 2008; Yao et al., 2004). To assess the osteoclast-
inductive capacity of DFCsRUNX2+/m

composed of DFCs and PBMCs. TRAP staining was first carried out to

, we performed a co-culture system

evaluate osteoclastogenesis in the co-culture. Under basal conditions,
few TRAP* cells were present in both DFCsRUNZ¥M and DFCsRUNXZH+
group (Figure 4a,b). Upon 1a,25-(OH),D, stimulation, the number of
TRAP* multinuclear cells in DFCsRUN2*M was significantly less than
the normal control group (p < 0.05) (Figure 4a,b), indicating impaired
osteoclast-inductive ability of DFCsRUN2#/m,

The effect of DFCsRUN2*M on the expression of osteoclast-
associated genes in the co-culture was thereafter explored.
Consistent with the abovementioned result, the RUNX2 mRNA level
in the co-culture system of DFCsRUN®*M showed a 36% reduction
compared with the DFCsRUN¥2** group (p < 0.05) (Figure 4c). The
mRNA level of osteoclast-associated genes was also down-regulated
in DFCsRUNX2¥M oroup at different degrees, including nuclear factor
of activated T-cells 1 (NFATc1), cathepsin K (CTSK), calcitonin recep-
tor (CTR) and TRAP (p < 0.05) (Figure 4c). The inhibitory effect of
DFCsRUNX2#/m 5 the expression of osteoclast-associated genes was
much clearer upon 1a,25-(0OH),D, stimulation (p < 0.05) (Figure 4c).
Western blot results showed that the RUNX2 protein level was
decreased more than 40% in DFCsRUN*2M oroup whether under

10,25-(0OH),D, stimulation or not (p < 0.05) (Figure 4d), which was

in agreement with the mRNA measurements. Moreover, the protein
level of CTR and CTSK in the normal control was up-regulated about
1.5-fold after 10:,25—(OH)2D3 stimulation, which was inhibited by
DFCsRUN¥2+/m (5 < 0.05) (Figure 4d).

3.5 | DFCsRUNX2*/m pastricted osteoclastogenesis
through RANK/RANKL/OPG signalling pathway

CSF-1 and RANK/RANKL/OPG pathway play important roles in
the process of osteoclasts differentiation (Nakashima, Hayashi, &
Takayanagi, 2012; Que & Wise, 1997). To investigate the mecha-
nism of the reduced osteoclast-inductive capacity of DFCsRUNX2#/m,
the expression of CSF-1, RANKL, and OPG in the co-culture of
DFCs and PBMCs was detected. The basal mRNA level of CSF-1 in
the DFCsRUNX2#/m group was slightly lower than the normal control
(p < 0.05), while this difference between the two groups disap-
peared upon 1a,25-(0OH),D, stimulation (Figure 5a). Strikingly, the
mRNA level of RANKL in the DFCsRUN*2** group increased 14-fold
after 1a,25-(OH),D, stimulation (p < 0.05), while this increase was
almost blocked by DFCsRYN?*M (Figure 5a). In contrast, OPG expres-
sion was reduced after 1a,25-(OH),D, stimulation, and the mRNA
level of OPG in the DFCsRYN?*M oroup was up-regulated more than
1.3-fold compared with the normal control (p < 0.05) (Figure 5a).
Accordingly, the ratio of RANKL/OPG was increased 18-fold in the
normal control upon 10:,25—(OH)2D3 stimulation, and this increase
was blocked by DFCsRUN¥2#/m (1, < 0.05) (Figure 5b).

The protein level of RANKL and OPG in the conditioned
medium of the co-culture system was thereafter investigated.
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Consistent with the mRNA measurements, RANKL protein con-
centration in the normal control showed a 2.5-fold increase after
1a,25-(OH),D, stimulation (p < 0.05), while OPG expression was
unaffected by 1a,25-(0OH),D, stimulation (Figure 5c). RANKL pro-

tein concentration in the DFCsRUNX2#/m

group was decreased 60%,
and OPG was increased 2-fold compared with the normal control
both in basal and 1a,25-(0OH),D, stimulated conditions (p < 0.05)
(Figure 5c). Consequently, the ratio of RANKL/OPG was reduced
80% by DFCsRUN¥2¥m (1, < 0.05) (Figure 5d). All these results in-
dicated that the RANK/RANKL/OPG signalling pathway was im-

paired by DFCsRUNX2+/m

4 | DISCUSSION

In this study, we found that the novel RUNX2 missense mutation (c.
557G>C, p. R186T) down-regulated the expression of osteogenesis-
related genes, leading to a decrease in osteogenic capacity of
DFCsRUNXZ#/m 10 addition, DFCsRUN*2M reduced osteoclasts differ-
entiation and the expression of osteoclast-related genes, including
NFATc1, CTSK, CTR and TRAP. Our further study confirmed that the
decreased osteoclast-inductive ability of DFCsRUN*2*"M \yas mediated
by RANK/RANKL/OPG signalling pathway. These findings preliminar-
ily revealed the mechanism of delayed tooth eruption in CCD patients.

RUNX2 has several function domains, including a glutamine-
alanine repeat (Q/A) domain, a highly conserved Runt domain, a
nuclear localisation signal (NLS) and a proline-serine-threonine rich
(PST) domain from the N-terminal to the C-terminal (Bruderer et al.,
2014). The RUNX2 mutation (c. 557G>C, p. R186T) found in the pres-
ent CCD patient is located in the Runt domain, which encodes the
evolutionarily conserved protein structure that defines the RUNXs
family (Tahirov et al., 2001). The Runt domain is mainly responsible
for DNA binding to a specific motif and heterodimerization with core
binding factor p (CBF) (Tahirov et al., 2001). Thus, the missense mu-
tation resulting in a conversion of arginine 186 could potentially af-
fect the biological function of RUNX2. However, our research group
has confirmed that p.R186T RUNX2 showed normal nuclear locali-
sation and decreased transactivation capacity (Zhang et al., 2017).
Furthermore, previous studies showed that conversion of arginine
135 in Runt domain, which corresponds to arginine 186 of RUNX2,
abrogates DNA binding ability of Runt domain but does not perturb
heterodimerization with CBFf (Nagata & Werner, 2001; Preudhomme
et al., 2000). In addition, many other studies also reported that some
mutant RUNX2, which contains missense mutations in Runt domain,
is capable of heterodimerizing with CBFf, but cannot bind the RUNX2
recognition motif (Han et al., 2010; Yoshida et al., 2002). Collectively,
current evidence suggests that p.R186T RUNX2 may lose DNA bind-
ing capacity but retain heterodimerization with CBFp. However, it still
remains to be verified by further experiments in the future.

It has been reported that RUNX2 is involved in controlling cell pro-
liferation and regulating the cell cycle-related genes (Ruffenach et al.,

RUNX2+/m

2016). However, the proliferation rate of DFCs showed no dif-

RUNX2+/+

ference compared with DFCs in the present study. Previous

studies by other researchers reported that RUNX2 mutation showed
conflicting role on cell proliferation (Ge et al., 2015; Li et al., 2014; Sun
etal., 2016; Wang et al., 2016; Yan et al., 2015). We speculated that
different cell type and environment among studies might be responsi-
ble for the inconsistent results. Further investigations are yet needed
to explore the mechanism of RUNX2 mutation on cell proliferation.
Tooth eruption is a localised event that requires bone resorption
and bone formation in the given tooth crypt (Wise et al., 2007). It is
reported that bone formation at the base of tooth crypt serves as a
motive force to propel the tooth out of its bony crypt (Wise et al.,
2007, 2011). The present study showed that the ALP activity and the

RUNX2+/m \yjas disturbed.

ability to form mineralised nodules of DFCs
These results were somewhat predictable because of the crucial role
of RUNX2 in osteoblasts differentiation and bone formation. As a
critical osteogenesis-specific transcription factor, RUNX2 was found
to be constitutively expressed in differentiated DFCs (Morsczeck
et al., 2009). RUNX2 over-expression could up-regulate the expres-
sion of osteoblast-related genes and in vitro enhance osteogenic
differentiation of DFCs (Pan et al., 2010). In the current study, we
found that the stimulating function of RUNX2 on the osteogenic dif-

RUNX2+/m \yhich was further con-

ferentiation was inhibited by DFCs
firmed by the inhibitory effect of DFCsRUN*2*M on the expression
of osteogenic-related genes, including RUNX2, ALP, OSX, OCN and
OPN. These findings were also consistent with our recent report on
dental pulp cells (DPCs) (Yan et al., 2015).

During tooth eruption, osteoclastogenesis in the coronal area of
tooth bulb is crucial for bone resorption and the formation of tooth
eruption pathway (Wise & King, 2008). DFCs are critical for tooth
eruption by secreting some important factors that are essential
for osteoclastogenesis. It is well known that at the early stage of
osteoclastogenesis, DFCs secrete CSF-1 and MCP-1 to the dental
follicles in order to promote the recruitment of osteoclast precur-
sors, and then RANKL is secreted by DFCs and binds to RANK to
promote the development of osteoclasts (Nakashima & Takayanagi,
2009; Nakashima et al., 2012; Que & Wise, 1997). In addition, the
high level of CSF-1 can also reduce the expression of OPG and se-
creted frizzled-related protein-1 (SFRP1), which are inhibitors of
osteoclasts differentiation (Liu & Wise, 2007; Wise & King, 2008).
However, the molecular process occurred in the dental follicles,
which is critical for tooth eruption to regulate the burst of osteo-
clastogenesis, remains unclear in CCD patients who are usually com-
mon with RUNX2 heterozygous mutation or deletion. In the present
study, we find that osteoclasts differentiation and the expression
of osteoclast-associated markers, including NFATc1, CTSK, CTR and
TRAP, are severely disturbed by DFCsRUNYX2*M These results indicate
that DFCsRUN®2*M can impair osteoclastogenesis in the local region
during tooth eruption. Other studies had also reported that RUNX2
mutation could markedly restrict the ability of DFCs and PDLCs to
induce osteoclasts differentiation, which was consistent with the re-
sults in the current study (Dorotheou et al., 2013; Ge et al., 2015;
Lossdorfer et al., 2009).

Osteoclasts differentiate from hematopoietic precursor cells
through direct contact with osteoblastic/stromal cells (Boyle, Simonet,
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& Lacey, 2003). RANK/RANKL/OPG pathway plays an essential role
in the regulation of osteoclastogenesis (Han etal., 2001; Zhang,
Heulsmann, Tondravi, Mukherjee, & Abu-Amer, 2001). RANKL binds
to its receptor RANK in the osteoclast-precursor cells and activates
several key molecules to stimulate maturation of osteoclasts (Ouyang
etal., 2014). OPG, which binds RANKL with higher affinity than
RANK, acts as a decoy receptor for RANKL and inhibits osteoclasts
differentiation and activation (Takahashi, Maeda, Ishihara, Uehara,
& Kobayashi, 2011). In addition, CSF-1, which is secreted by osteo-
blastic/stromal cells, is also required for osteoclasts differentiation
and activation (Novack, 2011). In the present study, we found that
DFCsRUNX2*/m reduced the expression of RANKL and CSF-1 while in-
creased the expression of OPG, thereafter down-regulated the ratio
of RANKL/OPG, which could reflect the potentiality of osteoclasts
differentiation in the local region. Our explanation is that RUNX2
binding elements are present in the promoter region of RANKL and
OPG (Byon et al., 2011; Thirunavukkarasu et al., 2001). RUNX2 can
induce RANKL expression and suppress OPG expression in vitro, lead-
ing to the promotion of osteoclasts differentiation (Byon et al., 2011;
Enomoto et al., 2003). Studies also showed that overexpression of
RANKL could partially rescue the blockage of osteoclasts differenti-
ation in RUNX2 deficient mice, indicating that RUNX2 was involved
in osteoclastogenesis by regulating RANK/RANKL/OPG signalling
(Enomoto et al., 2003). Therefore, the disturbed RANK/RANKL/OPG

pathway owing to DFCsRUNXZ+/m

may be the reason for the impaired
bone resorption, which would restrict the formation of eruption path-
way and thereafter result in delayed tooth eruption in CCD patients.
In summary, our findings indicate that DFCsRUN M exhibits
down-regulated expression of osteoblast-specific genes, lead-
ing to reduced osteogenic capacity, therefore interferes with
the bone formation at the base of tooth crypt, which serves as
a motive force for tooth eruption. In addition, DFCsRUNX2#/m gis.
turbs osteoclasts differentiation through RANK/RANKL/OPG
signalling pathway, down-regulates the expression of osteoclast-
related genes in osteoclast-precursor cells, and consequently re-
stricts the function of osteoclastogenesis and the formation of
tooth eruption pathway. These two aspects work in coordination
causing the delayed permanent tooth eruption in CCD patients.
Our study systematically reveals the mechanism for the delayed
permanent tooth eruption owing to RUNX2 mutation in CCD

patients.
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