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Abstract
Cleidocranial dysplasia is an autosomal dominant skeletal disorder resulting from RUNX2 mutations. The influence of 
RUNX2 mutations on osteoclastogenesis and bone resorption have not been reported. To investigate the role of RUNX2 in 
osteoclast, RUNX2 expression in macrophages (RAW 264.7 cells) was detected. Stable RAW 264.7 cell lines expressing 
wild-type RUNX2 or mutated RUNX2 (c.514delT, p.172 fs) were established, and their functions in osteoclasts were inves-
tigated. Wild-type RUNX2 promoted osteoclast differentiation, formation of F-actin ring, and bone resorption, while mutant 
RUNX2 attenuated the positive differentiation effect. Wild-type RUNX2 increased the expression and activity of mTORC2. 
Subsequently, mTORC2 specifically promoted phosphorylation of AKT at the serine 473 residue. Activated AKT improved 
the nuclear translocation of NFATc1 and increased the expression of downstream genes, including CTSK. Inhibition of AKT 
phosphorylation abrogated the osteoclast formation of wild-type macrophages, whereas constitutively activated AKT rescued 
the osteoclast formation of mutant macrophages. The present study suggested that RUNX2 promotes osteoclastogenesis and 
bone resorption through the AKT/NFATc1/CTSK axis. Mutant RUNX2 lost the function of regulating osteoclast differentia-
tion and bone remodeling, resulting in the defective formation of the tooth eruption pathway and impaction of permanent 
teeth in cleidocranial dysplasia. This study, for the first time, verifies the effect of RUNX2 on osteoclast differentiation and 
bone resorption and provides new insight for the explanation of cleidocranial dysplasia.
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Introduction

Cleidocranial dysplasia (CCD; MIM 119,600) is an autoso-
mal dominant disorder. Runt-related transcription factor-2 
(RUNX2) mutations cause CCD and can be detected in 
about 70% of CCD patients [1]. Typical clinical features of 
CCD involve skeletal hypoplasia and dental anomalies. The 
former includes delayed closing of fontanelle, hypoplastic 
clavicles, brachycephalic skull, frontal bossing, and short 
stature and the latter refers to supernumerary teeth, retention 
of deciduous teeth, and impaction of permanent teeth [2–4]. 
In mixed dentition, conspicuous delayed eruption of per-
manent teeth, which affects masticatory function and facial 
development, usually becomes the significant reason that 
patients receive oral examination and are diagnosed with 
CCD.

Bone formation and bone resorption are both required 
in tooth eruption [5–7]. Bone resorption overlying the per-
manent tooth germ forms the eruption pathway [8], and 
bone formation at the base of the tooth germ provides the 
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motive force for eruption [9]. These two biological processes 
contribute to successful eruption of the tooth. Disturbed 
permanent tooth eruption in CCD patients is related to an 
imbalance between bone formation and bone resorption. 
Although numerous studies have described the etiological 
mechanism of CCD, mainly focusing on osteoblastic dys-
function (including the osteoclast-inductive ability) and 
impaired bone formation [10–12], the direct impacts of 
osteoclastic disorder and reduced bone resorption have not 
been reported.

Osteoclasts (OCs) are derived from hematopoietic stem 
cells or monocytes/macrophage progenitor cells, and they 
are mainly responsible for bone resorption in bone remod-
eling [13]. Receptor activator of nuclear factor kappa B 
ligand (RANKL) [14] is one of the most important factors 
in regulation of osteoclastogenesis [15]. Osteoblasts medi-
ate the differentiation, maturation, and activation of OCs 
through various cytokines including RANKL [16]. RUNX2 
modulates osteoclast differentiation by controlling the 
expression of RANKL and osteoprotegerin (OPG) [17–19]. 
Nevertheless, previous studies have not reported whether 
RUNX2 mutations influence the internal signaling pathways 
of osteoclasts.

In the present, the impact of study RUNX2 mutations on 
osteoclast differentiation and bone resorption was explored 
to explain the molecular mechanism of delayed permanent 
tooth eruption in CCD from a new point of perspective.

Materials and Methods

Participants

A 20-year-old man, diagnosed with CCD according to clini-
cal features and genetic analysis, and three gender- and age-
matched healthy controls were included in the present study 
with informed consent [20]. Ethical approval for this study 
was obtained from the Ethical Committee of Peking Uni-
versity School and the Hospital of Stomatology (approval 
No. PKUSSIRB-2012004). All procedures involving human 
participants were performed in accordance with relevant 
guidelines as well as the 1964 Helsinki Declaration and its 
later amendments or comparable ethical standards.

Mutation Analysis

Extraction of genomic DNA and Sanger sequencing were 
performed as previously reported [3].

Microcomputed Tomography (microCT) Scanning

In the guided eruption surgery, five pieces of alveolar bone 
were isolated at random sites of the impacted teeth from the 

CCD patient. Eight pieces of alveolar bone were collected 
from three healthy controls. Bone pieces were fixed in 4% 
paraformaldehyde and scanned by a Siemens Inveon MM 
Gantry-STD CT (Siemens Medical Solutions, Knoxville, 
TN, USA). The parameters were as follows: X-ray energy 
levels of 80 kV, current of 500 μA, and integration time of 
1500 ms. Bone mineral density (BMD) was measured using 
manufacturer-provided software.

Histological Analysis

Alveolar bones were fixed by incubation in 10% buffered 
formaldehyde for 48 h and decalcified in 10% ethylenedi-
amine tetra-acetic acid (EDTA-2Na, pH 7.4) for four weeks 
with daily replacement. Alveolar bones were embedded in 
paraffin, and serial Sects. (5 μm) were cut and stained with 
hematoxylin and eosin or using the Acid Phosphatase Leu-
kocyte (TRAP) Kit (Sigma-Aldrich, MO, USA) according to 
the manufacturer’s instructions. TRAP + osteoclast number 
was normalized with bone perimeter (N.Oc/B.Pm).

Cell Culture and Osteoclast Differentiation

Mouse macrophage cell line RAW 264.7 cells were main-
tained in growth medium consisting of DMEM (Gibco, 
Paisley, UK) and 10% fetal bovine serum (Gibco). Differen-
tiation medium consisted of growth medium supplemented 
with 10 ng/mL receptor activator of nuclear factor (NF)-κB 
(RANKL; R&D Systems, USA). Osteoclast differentiation 
was induced using differentiation medium. Cells were cul-
tured in a humidified incubator with 5%  CO2 at 37 ℃.

Lentivirus Construction and Establishment of Stably 
Infected RAW 264.7 Cells

Lentiviruses containing wild-type RUNX2 (WT-RUNX2) 
and mutant RUNX2 (c.514delT, p.172 fs; MT-RUNX2) 
were constructed as previously reported [21]. Lentivirus 
containing a green fluorescent protein (GFP) tag without 
a target gene was used as a negative control. Lentiviruses 
were used to transduce RAW 264.7 cells (multiplicity of 
infection = 100) in the presence of polybrene (10 μg/mL), 
and infected cells were selected with puromycin (1 μg/mL). 
Overexpression of CTSK was performed according to the 
same method, and a lentivirus containing a GFP tag without 
CTSK was used as a negative control.

Inhibition and Activation of AKT Phosphorylation

LY294002 (Beyotime Biotechnology, Jiangsu, China), which 
is a specific PI3K inhibitor, was used at a concentration of 
10 µM to block AKT phosphorylation. Overexpression of 
constitutively active AKT (CA-AKT) or dominant-negative 
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AKT (DN-AKT) was achieved by infecting cells with len-
tiviruses. Lentiviruses containing CA-AKT and DN-AKT 
expression cassettes were constructed by GenePharma Cor-
poration (Shanghai, China).

Real‑Time PCR

Total RNA was extracted with TRIzol reagent (Invitrogen, 
CA, USA). cDNA was generated via reverse transcription 
with a reverse transcription kit (Thermo Scientific, MA, 
USA). Real-time PCR was performed using the SYBR 
Green PCR kit (Roche Applied Science, IN, USA) on the 
ABI 7500 Real-time PCR System (Applied Biosystems, CA, 
USA). GAPDH was used as housekeeping gene. Real-time 
PCR primers were shown in Table 1.

Western Blot

Whole cell lysates were prepared using a RIPA kit (Huaxing 
Bio, Beijing, China). Nuclear lysates and cytosolic lysates 
were prepared using the NE-PER™ Nuclear and Cytoplas-
mic Extraction Reagents (Thermo Scientific). Protein con-
centrations were quantified with a BCA kit (Thermo Scien-
tific). Protein samples were separated on 10% SDS-PAGE 
gels and transferred to PVDF membranes (Millipore, MA, 
USA). Membranes were blocked for 1 h at room temperature 
in 5% skim milk or BSA and then incubated with primary 
antibodies overnight at 4 °C. The following primary anti-
bodies were used at a dilution of 1:1,000: RUNX2 (Santa 
Cruz, CA, USA); GAPHD, β-actin, mTOR (Huaxing Bio); 
NFATc1, p-mTOR (S2481), Rictor, p-AKT(S473), AKT 
(CST, MA, USA), c-Fos, and CTSK (Abcam, Cambridge, 
UK). Secondary antibody coupled to HRP (Jackson Immu-
noResearch, PA, USA) was then used (1:10,000 dilution). 

The immune-reactive bands were detected by an enhanced 
chemiluminescence blotting kit (Cwbiotech, Jiangsu, China). 
Blots against GAPDH or β-actin served as a loading control. 
QuantityOne (Bio-Rad, CA, USA) software was used for 
densitometric analysis.

Immunofluorescence Staining and Confocal 
Microscope

RAW 264.7 cells were plated on coverslips at a density of 
3 × 104 cells/ml and cultured for certain time and then fixed 
with 4% paraformaldehyde for 30 min. Cells were permea-
bilized with 0.5% Triton X-100 for 15 min and blocked with 
5% goat serum for 30 min. A RUNX2 antibody or NFATc1 
antibody (1:200 dilution) was then added and incubated 
at 4 °C overnight. Rabbit IgG was used for the negative 
control. After washing with PBS, cells were incubated with 
FITC-conjugated secondary antibodies for 30 min at 37 °C. 
Counterstaining was performed with DAPI to stain nuclei. 
Confocal images were acquired with a confocal microscope 
(LMS710, Zeiss, Germany).

Transient Transfection

Briefly, HEK293T cells were plated on coverslips in a 
24-well plate at a density of  105 cells/well and cultured over-
night. Lipofectamine 3000 (Invitrogen, CA, USA) was used 
to transfect plasmid DNA (500 ng/well) into HEK293T cells 
following the manufacturer’s instruction.

F‑Actin Ring Staining

After culture for 5  days with osteoclast differentiation 
medium, the cells were fixed with 4% paraformaldehyde for 
10 min, permeabilized with 0.5% Triton X-100 for 5 min, 
and washed with PBS. F-actin rings were stained with phal-
loidin–FITC (Sigma-Aldrich, MO, USA) for 30 min, and 
cell nuclei were stained with DAPI for 5 min. Images were 
acquired using a confocal microscope.

TRAP Staining and OCs Counting

RAW 264.7 cells were plated in 24-well plates at a density 
of 1.5 × 104 cells/well. Cells were cultured for 4 days in dif-
ferentiation medium. Culture medium was refreshed every 
2 days. TRAP staining was processed using a TRAP Kit 
according to the manufacturer’s instruction. Samples were 
examined using light microscopy (BX51, Olympus, Japan). 
TRAP + multinucleated cells (three or more nuclei) were 
counted as osteoclasts.

Table 1  Primer pairs used in the real-time PCR

Genes Primer sequences

NFATc1 Forward: 5′-CAG TGT GAC CGA AGA TAC CTGG-3′
Reverse: 5′-TCG AGA CTT GAT AGG GAC CCC-3′

c-Fos Forward: 5′-CGG CAT CAT CTA GGC CCA G-3′
Reverse: 5′-TCT GCT GCA TAG AAG GAA CCG-3′

DC-STAMP Forward: 5′-GGG GAC TTA TGT GTT TCC ACG-3′
Reverse: 5′-ACA AAG CAA CAG ACT CCC AAAT-3′

TRAP Forward: 5′-ACA CAG TGA TGC TGT GTG GCA ACT 
C-3′

Reverse: 5′-CCA GAG GCT TCC ACA TAT ATG ATG 
G-3′

CTSK Forward: 5′-GAA GAA GAC TCA CCA GAA GCAG-3′
Reverse: 5′-TCC AGG TTA TGG GCA GAG ATT-3′

MMP9 Forward: 5′-CTG GAC AGC CAG ACA CTA AAG-3′
Reverse: 5′-CTC GCG GCA AGT CTT CAG AG-3′

GAPDH Forward: 5′- CGA CAG TCA GCC GCA TCT T-3′
Reverse: 5′- CCA ATA CGA CCA AAT CCG TTG-3′
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Bone Resorption Assay

RAW 264.7 cells (1.5 × 104 cells/well) were plated onto 
Corning Osteo assay Surface in a 24-well plate (Corning, 
NY, USA), and differentiation medium was refreshed every 
2 days. After 7 days, the cells were removed using 10% 
sodium, and the plate was washed with PBS. Images were 
captured using light microscopy. Eight random fields per 
well were recorded, and the area of resorption was measured 
by Image-Pro Plus 6.0 software (Media Cybernetics, MD, 
USA).

Statistical Analysis

Results are presented as mean and standard deviation. Stu-
dent’s t test and one-way analysis of variance (ANOVA) 
analyses were performed when appropriate. p < 0.05 was 
considered statistically significant. All experiments were 
repeated at least three times independently.

Results

Clinical Manifestations and Mutation Analysis 
of the CCD Patient

The CCD patient showed typical CCD phenotypes, includ-
ing dental abnormalities (Fig. 1a–c). Two guided eruption 
surgeries were performed from 2009 to 2019. The pano-
ramic radiograph showed that six permanent teeth were still 
impacted (15, 13, 25, 23, 34, and 45), and ten supernumerary 
teeth were present in the premolar regions (Fig. 1d). Our pre-
vious study found that this patient has a frameshift mutation 
(c.514delT, p.172 fs) in the exon 2 of RUNX2 [20] (Fig. 1e), 
which results in a premature termination codon followed by 
a truncated RUNX2 protein at a length of 174 amino acids 
(Fig. 1f). In addition, the 172 fs mutation deletes the entire 
nuclear localization signal (NLS) domain of the RUNX2 
protein, which affects the subcellular location of RUNX2. 
The truncated RUNX2 protein loses the ability of DNA 
binding and transcriptional activation.

CCD Patient has Increased Bone Density 
and Reduced OCs

With regard to the surgically guided eruption of impacted 
permanent teeth, the alveolar bone around impacted teeth in 
CCD patients have increased bone density compared with 
healthy control (systemically healthy subject with delayed 
eruption teeth). Higher bone density makes it more difficult 
to remove the obstruction and expose the impacted teeth. 

The pieces of removed alveolar bone were gathered in the 
surgery. Three gender- and age-matched healthy subjects 
with impacted teeth were used as the control.

MicroCT scanning was performed to acquire the BMD of 
isolated pieces of alveolar bone from the CCD patient and 
healthy control. Two-dimensional cross-sectional images 
showed that, the alveolar bone of the CCD patient was 
denser than that of the control (Fig. 1g). In addition, the 
CCD patient had a higher BMD compared to the control 
(Fig. 1 h, 2322.6 mg/cm3 vs. 1551.8 mg/cm3).

Histological analysis and TRAP staining showed 
TRAP + multinucleated cells in the alveolar bone of the 
healthy control but not in the CCD patient (Fig. 1i). There 
was a significant difference in osteoclast number between 
the healthy control and CCD patient (Fig. 1j). Osteoclasts 
were not observed in sections from the CCD patient, which 
may be related to the decreased osteoclast number caused 
by RUNX2 mutations.

Thus, the RUNX2 mutations may impair OC differentia-
tion and bone remodeling, resulting in delayed permanent 
teeth eruption in CCD patients.

RUNX2 Promotes OC Differentiation and Bone 
Resorption

RAW 264.7 cells, which are a classic cell line model for oste-
oclast study in vitro, were used in the present study. RANKL 
treatment induced OC differentiation of RAW 264.7 cells 
intensely (Fig. 2a). Immunofluorescence staining showed 
that RUNX2 protein was expressed in RAW 264.7 cells and 
was elevated during RANKL-induced osteoclast differentia-
tion (Fig. 2b). The mRNA and protein expression levels of 
RUNX2 were constantly increased during OC differentiation 
of RAW 264.7 cells (Fig. 2c, d), which suggested a potential 
positive effect of RUNX2 in OC differentiation.

For investigating the effects of RUNX2 mutations on 
osteoclast differentiation and bone resorption, a lentivi-
rus carrying WT-RUNX2 or MT-RUNX2(172 fs) plasmid 
was used to infect RAW 264.7 cells. Green fluorescence 
protein (GFP) was used as a negative control. RUNX2 
overexpression was confirmed by real-time PCR and west-
ern blot (Fig. 3). Cell lines stably expressing WT-RUNX2 
or MT-RUNX2(172 fs) were named as WT-RAW or MT-
RAW, respectively. In RANKL-induced OC differentia-
tion, a significantly elevated number of TRAP + multinu-
clear osteoclasts formed from WT-RAW cells compared 
with MT-RAW or control cells (Fig.  4a). In addition, 
WT-RAW cells showed the formation of a well-defined 
large F-actin ring, representing an increased capabil-
ity to form sealing zones and to dissolve bone matrix 
(Fig. 4c). The upregulated bone-resorbing activity of WT-
RAW cells was confirmed by a resorption pit assay. On a 
hydroxyapatite-coated plate, WT-RAW cells formed much 
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larger resorption pits, and the total area of resorptive pits 
was significantly increased (Fig. 4b). In contrast, mutant 
RUNX2 had no positive effect on either maturity of OCs 
or bone resorption. After transient transfection, the GFP 

control was evenly distributed throughout the cytoplasm 
and nucleus in HEK293T cells. WT-RUNX2 was located 
exclusively in the nucleus, while MT-RUNX2 showed 
impaired nuclear accumulation (Fig. 4d). 

Fig. 1  Manifestations and alveolar bone examination of the CCD 
patient in the present study. a-c Intraoral photographs show retained 
permanent teeth. d Panoramic radiograph shows retained deciduous 
teeth, delayed eruption of permanent teeth, and supernumerary teeth 
in the premolar regions. e Reverse sequencing data of the RUNX2 
gene from the CCD patient and healthy control. Arrows indicated the 
mutation site. f RUNX2 conserved domains and the RUNX2 muta-
tion site in the present study. Q/A, glutamine-/alanine-rich region; 

RUNT, runt homology domain; NLS, nuclear localization signal; 
PST, proline/serine/threonine-rich region. g Representative microCT 
images of the isolated alveolar bone from the CCD patient and a 
healthy control. Scale bar, 1  mm. h Quantitative analysis of bone 
mineral density (BMD). i Representative photos of TRAP-stained 
sections of alveolar bone. Arrows indicate TRAP + osteoclasts (red 
staining). Scale bar, 20 μm. j Quantification of osteoclasts. *p < 0.05
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Furthermore, mRNA and protein expression levels of 
genes related to OC formation and bone resorption were 
assessed. Consistent with the above results, the mRNA 
levels of genes, including NFATc1, c-Fos, DC-STAMP, 
TRAP, CTSK, and MMP9, were dramatically increased in 
WT-RAW cells (Fig. 5a). Western blot results showed that 
WT-RAW cells expressed higher levels of NFATc1 both in 
nucleus and cytoplasm (Fig. 5b). The immunofluorescence 
assay showed that the nuclear translocation of NFATc1 in 
WT-RAW cells was increased (Fig. 5c). These results sug-
gested that RUNX2 induced the fusion of multinuclear cells, 
formation of the sealing zone, expression of bone-resorb-
ing protease, and OC differentiation, whereas the mutant 

Fig. 2  RUNX2 expressed in RAW 264.7 cells and participated in OC 
differentiation. a TRAP staining of RAW 264.7 cells in RANKL-
induced OC differentiation at indicated time points. Scale bar, 50 μm. 
b Immunofluorescence detection of RUNX2 in RAW 264.7 cells in 
OC differentiation. Scale bar, 25  μm. c mRNA expression levels of 

RUNX2 in RANKL-induced OC differentiation at indicated time 
points. d Expression levels of RUNX2 protein in RANKL-induced 
OC differentiation at indicated time points were detected by western 
blot. *p < 0.05

Fig. 3  Establishment of stably overexpressing wild-type (WT) or 
mutant (MT) RUNX2 RAW 264.7 cell lines. RUNX2 expression was 
detected at mRNA level by real-time PCR (a) and at protein level by 
western blot (b) in the stable cell lines. *p < 0.05



559New Function of RUNX2 in Regulating Osteoclast Differentiation via the AKT/NFATc1/CTSK Axis  

1 3

RUNX2 lost these promoting effects in the entire process of 
OC differentiation.

RUNX2 Influences Nuclear Translocation of NFATc1 
Through Regulating AKT Phosphorylation

The above results showed that NFATc1 levels decreased in 
MT-RAW cells and that nuclear translocation of NFATc1 
was also impacted. Therefore, we assessed the upstream 
signaling pathway influencing the expression and loca-
tion of NFATc1. After RANKL treatment, WT-RUNX2 
increased the p-AKT(S473) level compared to NC and MT-
RUNX2(172 fs) (Fig. 6a).

Because LY294002 suppresses the phosphorylation of 
AKT by selectively inhibiting PI3K, we compared OC dif-
ferentiation of WT-RAW cells in the presence or absence 
of LY294002 to determine if the promoted functions of 

WT-RAW cells are related to p-AKT. LY294002(10 µM) 
sharply reduced p-AKT [Fig. 6b (i)] and resulted in almost 
complete abrogation of OC formation in WT-RAW cells, 
and TRAP + multinuclear OCs were significantly decreased 
and became much smaller [Fig. 6b (ii), (iii)]. NFATc1 and 
CTSK levels were decreased in the nuclear lysate and whole 
cell lysate, respectively (Fig. 6c).

We also investigated whether AKT activation rescues the 
dysfunction of MT-RAW cells [Fig. 6d(i)]. Compared with 
DN-AKT, overexpression of CA-AKT in MT-RAW cells 
improved OC differentiation, promoted the nuclear translo-
cation of NFATc1, and increased the expression of CTSK 
(Fig. 6d, e).

To elucidate the role of enhanced AKT phosphoryla-
tion in WT-RAW cells, the activity of mTORC2 was 
assessed. WT-RAW cells had increased and showed upreg-
ulated expression level of p-mTOR(S2481) and Rictor 

Fig. 4  WT-RUNX2 promoted OC differentiation and function in 
stable cell lines. a After induction with RANKL for 4 days, mature 
osteoclasts were stained by TRAP. Scale bar, 50 μm. b Bone resorp-
tion ability of stable cell lines was evaluated by a resorption pit assay. 
Scale bar, 200 μm. Area of resorption pit was quantified by Image-

Pro Plus 6.0 software. c Immunofluorescent staining by phalloidin–
FITC showed the formation of F-actin rings. Scale bar, 200  μm. d 
Subcellular localization of WT-RUNX2 and MT-RUNX2 was ana-
lyzed by immunofluorescence in HEK293T cells. GFP was used as a 
control. *p < 0.05
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(rapamycin-insensitive companion of mTOR), which is a 
defining component of mTORC2 (Fig. 6f).

Overexpression of CTSK in MT‑RAW Partially Rescues 
OC Functions

Because of the essential function of CTSK in bone resorp-
tion, CTSK mRNA was assessed at additional time points. 
After 3, 5, and 7 days of OC differentiation, the CTSK 
levels in WT-RAW cells were continuously higher than 
those in MT-RAW cells (Fig. 7a). To rescue bone-resorb-
ing function of MT-RAW cells, a lentivirus was used to 
overexpress CTSK in MT-RAW cells, and CTSK protein 
level was confirmed by western blot (Fig. 7b). CTSK over-
expression resulted in the formation of more TRAP + oste-
oclasts and the increase of bone resorption (Fig. 7c–f). 
These results indicated that CTSK overexpression partially 
rescued the differentiation and function of MT-RAW cells 
to a certain extent.

Discussion

As a typical symptom of CCD, the pathogenesis of delayed 
eruption of permanent teeth is still far from being fully 
understood. It is well known that RUNX2 is the master 
gene of osteogenesis, and deficient osteogenesis is com-
monly found in RUNX2 mutation-caused CCD patients. 
Osteogenesis and bone resorption are both involved in the 
eruption of permanent teeth. Theoretically, if osteogen-
esis is insufficient and bone resorption is completely unaf-
fected, the BMD of alveolar bone will decrease and the 
eruption of teeth will be easier. In fact, however, multiple 
impacted permanent teeth are common in CCD patients. 
The discrepancy indicated that osteoclast differentiation 
and function should also be included in the study of the 
mechanism of the delayed eruption of permanent teeth.

The present study is the first report which finds that 
RUNX2 mutation-mediated abnormal osteoclast differ-
entiation and deficient bone resorption are involved in 

Fig. 5  WT-RUNX2 upregulated the expression of osteoclast-specific 
genes and promoted nuclear translocation of NFATc1. a After induc-
tion with RANKL for 3  days, mRNA levels of osteoclast-specific 
genes in stable cell lines were detected by real-time PCR. b Expres-

sion levels of NFATc1 were detected by western blot. c Confocal 
microscopy of NFATc1 and nuclei staining in osteoclasts. Scale bar, 
25 μm. *p < 0.05
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defective formation of the tooth eruption pathway and 
impaction of permanent teeth. Mechanistically, wild-type 
RUNX2 increased the nuclear accumulation of NFATc1 
by promoting AKT phosphorylation. Expression of CTSK 
was increased by NFATc1, which facilitated bone resorp-
tion. However, mutant RUNX2 lost the facilitating func-
tions in osteoclast and bone resorption (Fig. 8).

In the present study, alveolar bone density was increased 
around the impacted permanent teeth in the CCD patient. 
Furthermore, osteoclast number was decreased in the local 
alveolar bone. The anomaly may be directly related to 
defective formation of the tooth eruption pathway and the 
impaction of permanent teeth. Osteoporosis, which can be 
observed in some CCD patients [22], is not indispensable to 
diagnose CCD [23]. Moreover, BMD was generally evalu-
ated in the spine or long bone [22, 24]; result of alveolar 
bone has not been reported. However, RUNX2 requirements 
vary between intramembranous ossification (mandible) 

and endochondral ossification (spine and long bone) [25]. 
Eruption of permanent teeth is more dependent on active 
bone resorption which may explain why BMD of alveolar 
bone was increased in CCD patients. When it comes to the 
impacted permanent teeth in the CCD patients, osteoclasts 
in alveolar bone should be discussed separately.

By stable expression of WT-RUNX2/MT-RUNX2 in 
RAW 264.7 cells, we compared OC differentiation and 
activation of these two stable cell lines. WT-RUNX2 sig-
nificantly increased the number of TRAP + OCs. WT-RAW 
cells had more and larger F-actin rings, and bone resorp-
tion of WT-RAW cells was also elevated. However, the 
RUNX2(172 fs) mutant exhibited no positive effect on OCs, 
which was further verified by subsequent assessment of 
mRNA and protein levels of OC-specific genes. WT-RUNX2 
promoted the expression of osteoclastic genes including 
NFATc1 and c-Fos (important transcription factors), as well 
as CTSK and MMP9 (responsible for degradation of bone 

Fig. 6  RUNX2 regulated OC differentiation through the AKT/
NFATc1/CTSK axis. a WT-RUNX2 increased phosphorylation of 
AKT(S473) after RANKL treatment for 20 min. b LY294002 inhib-
ited AKT phosphorylation (i), abrogated OC differentiation (ii, iii) 
and decreased NFATc1 and CTSK levels in WT-RAW cells (c). d 

CA-AKT in MT-RAW (i) promoted OC differentiation(ii, iii) and 
increased NFATc1 and CTSK levels (e). f Phosphorylation of mTOR 
(S2481) and expression of Rictor were increased in WT-RUNX2 cells 
after RANKL treatment for 20 min. Scale bar, 50 μm. *p < 0.05
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matrix). These results demonstrated that mutated RUNX2 
lost functions in promoting OC differentiation and bone 
resorption, resulting in decreased OC formation and bone 
remodeling. This dysfunction may attribute to the defective 
eruption pathway and delayed permanent tooth eruption in 
CCD patients.

Subsequently, molecular pathways engaged in OCs regu-
lation were analyzed to further understand RUNX2 func-
tion. Playing an indispensable role in the differentiation, 
maturation, and activation of osteoclasts, NFATc1 directly 
regulates the expression of several osteoclast-specific genes 
including TRAP, β3 integrin, CTSK, and MMP9 [26, 27]. 
As a transcriptional factor, NFATc1 translocates to nucleus 
and activates downstream genes [28–30]. Activation of 

AKT is necessary for the nuclear accumulation of NFATc1 
[31]. Sufficient activation of AKT requires phosphorylation 
at both serine 473 and threonine 308 residues, which rely 
on phosphatidylinositol-dependent kinase 1 (PDK1) and 
mammalian target of rapamycin complex-2 (mTORC2), 
respectively [32]. Glycogen synthase kinase-3β (GSK3β) 
interferes with osteoclast differentiation by the nuclear 
export of NFATc1 [33, 34]. Activated AKT phosphorylates 
GSK3β at the serine residue, thereby removing the blockage 
on NFATc1 translocation [31]. In RANKL-induced differen-
tiation, the p-AKT (S473) level was elevated in WT-RAW 
cells compared with MT-RAW cells, which subsequently 
promoted the nuclear accumulation of NFATc1. LY294002 
reduced AKT phosphorylation (S473) in WT-RAW cells and 

Fig. 7  CTSK overexpression partially rescues OC differentiation 
and function of MT-RAW cells. a mRNA levels of CTSK in stable 
cell lines with RANKL induction at indicated time points. b Overex-
pression of CTSK detected by western blot. TRAP staining (c) and 
OCs counting (d) after CTSK overexpression in MT-RAW cells with 

RANKL induction. Bone resorption assay (e) and quantification of 
resorption area (f) after CTSK overexpression in MT-RAW cells with 
RANKL induction. Black scale bar, 50 μm. White scale bar, 200 μm. 
*p < 0.05
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even almost completely abrogated OC differentiation. A few 
small TRAP + OCs were observed and the expression levels 
of NFATc1 and CTSK were also significantly decreased. 
Interestingly, when the serine 473 residue of AKT was con-
stitutively phosphorylated, the impaired OC formation of 
MT-RAW cells was rescued, and the nuclear translocation 
of NFATc1 and the expression of CTSK were increased. 
Therefore, RUNX2 may mediate the nuclear translocation 
of NFATc1 by upregulating AKT phosphorylation, thereby 
improving OC fusion, activation, and bone-resorbing 
function.

To investigate the mechanism of increased p-AKT(S473) 
by wild-type RUNX2, we evaluated the phosphorylation 
of mTOR and the expression level of Rictor, which is a 
specific component of mTORC2. mTOR phosphoryla-
tion at the serine 2481 residue and Rictor expression were 
increased in WT-RAW cells. Ser2481 phosphorylation is 
specific for mTORC2 and can be used as a biomarker for 
intact mTORC2 [35]. Furthermore, Rictor levels have been 
reported to be positively correlated with mTORC2 activity 
[36, 37]. Therefore, both p-mTOR (S2481) and Rictor ele-
vated the activity of mTORC2 in WT-RAW cells. RUNX2 
could be recruited on mTOR promoter and the expression 
of Rictor was RUNX2-dependent [38] so that overexpres-
sion of wild-type RUNX2 increased mTORC2 activity. 
However, consistent with our previous study [20], mutant 
RUNX2 could not accumulate in the nucleus, which resulted 
in decreased mTORC2 expression and activity.

CTSK, which is a key member of the downstream genes 
of NFATc1, plays a critical role in bone resorption [39]. 
It should be noticed that CTSK participates in regulating 

the apoptosis and senescence of OCs [40] beyond just 
bone matrix degradation. CTSK also influences the ultra-
structure of ruffled borders [41], which is related to effi-
ciency of bone resorption.  CTSK−/− mice exhibit a human 
pycnodysostosis-like phenotype, and  CTSK−/− OCs shows 
impaired apoptosis and senescence [40]. Inhibitors of 
CTSK have been used in the treatment of osteoporosis 
[42]. In the present study, CTSK was robustly upregulated 
by WT-RUNX2 in OC differentiation (Fig. 5s, 7a). Consid-
ering the multiple functions and expression level, CTSK 
was used as the target in the rescue of the bone-resorbing 
function of osteoclasts with RUNX2 mutation. Lentivi-
ral transduction of CTSK into mutated RAW 264.7 cells 
partially rescued OC differentiation and bone resorption. 
These results suggested the potential effect of CTSK in 
improving bone remodeling and formation of the eruption 
pathway in CCD patients. Local application of exogenous 
CTSK may be considered as a method to promote normal 
tooth eruption in CCD patients.

Inorganic hydroxyapatite is the main composition of bone 
and the dissolution of hydroxyapatite is a crucial step in 
bone resorption. Organic compositions including collagen 
and glycoprotein will also be degraded once the inorganic 
scaffold is destroyed. Hydroxyapatite-coated plate (Osteo 
Assay plate) has been used in the studies of bone resorp-
tion [43, 44], but dentin slices or bone slices should be 
used in the study focusing on the degradation of organic 
compositions.

To date, only two articles reported the relationship 
between RUNX2 gene deficiency and osteoclast differen-
tiation. Faienza et al. [45] isolated peripheral blood mon-
onuclear cells (PBMCs) from a 4-year-old child who has 
been diagnosed as CCD. They reported that a complete het-
erozygous RUNX2 deletion did not affect osteoclastogen-
esis. Another paper [46] showed that active alveolar bone 
resorption is limited in heterozygous Runx2 knockout mice, 
which leads to the delay of tooth eruption. The discrepancy 
indicates that RUNX2 mutation may play a different role 
from heterozygous RUNX2 deletion in the process of osteo-
clastogenesis, which further supports our conclusion derived 
from this study.

RAW 264.7 cells have been extensively employed in 
the study of OC differentiation and function [47–49]. As 
a previous study reported [50], compared with RAW 264.7 
cells, the efficiency of gene transduction into primary bone 
marrow cells is low. We have tried to transduce wild-type 
RUNX2 and mutant RUNX2 into primary bone marrow 
cells, but the result was unsatisfactory and was influenced 
by many external factors (data not shown). In consideration 
of the differences between RAW 264.7 cells and primary 
bone marrow cells, in further study, gene editing mouse with 
RUNX2 mutation (c.514delT, p.172 fs) should be generated. 
Primary bone marrow cells should be isolated from the gene 

Fig. 8  Schematic representation of the AKT/NFATc1/CTSK axis 
regulated by RUNX2 in the process of osteoclast differentiation. 
Wild-type RUNX2 increased expression and activity of mTORC2, 
which promoted AKT(S473) phosphorylation. Elevated p-AKT sub-
sequently increased nuclear translocation of NFATc1 and CTSK 
expression. Mutant RUNX2 lost the facilitating function on osteo-
clasts
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editing mouse and then be used to confirm the function of 
RUNX2 in osteoclast.

In conclusion, the present study reports for the first time 
that RUNX2 regulates osteoclast differentiation and bone 
resorption. Wild-type RUNX2 promotes the formation of 
tooth eruption pathway through the AKT/NFATc1/CTSK 
axis. In the CCD patient, mutant RUNX2 lost the facilitat-
ing functions on osteoclasts, resulting in the retention of 
deciduous teeth and the impaction of permanent teeth. This 
study further illustrates the mechanism of delayed eruption 
of permanent teeth in CCD in terms of the dysfunction of 
osteoclasts.
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