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Abstract. The aim of the present study was to determine 
the effects of the Ca2+/calmodulin‑dependent protein kinase 
pathway inhibitor KN93 on osteoclastogenesis. RAW264.7 
cells were incubated with macrophage colony‑stimulating 
factor (M‑CSF) + receptor activator of nuclear factor 
kappa‑light‑chain‑enhancer of activated B cells ligand 
(RANKL) to stimulate osteoclastogenesis and then treated 
with 10 µM KN93. The methods included tartrate‑resistant acid 
phosphatase (TRAP) staining, bone resorption activity assays, 
filamentous (F)‑actin staining, determination of intracellular 
calcium ([Ca2+]i) levels, monitoring of osteoclast‑specific gene 
expression levels and measurement of key transcription factors 
protein levels. The results suggested that KN93 inhibited the 
formation of TRAP‑positive multinucleated cells, shaping of 
F‑actin rings and resorption activity of the cells. In addition, 
KN93 decreased the concentration of [Ca2+]i, expression levels 
of osteoclast specific genes and protein levels of critical tran-
scription factors in the M‑CSF + RANKL‑induced osteoclast 
model. In summary, KN93 may directly affect the differen-
tiation and activation of osteoclasts, potentially through the 
Ca2+/calmodulin‑dependent protein kinase signaling pathway.

Introduction

Multinucleated osteoclasts originate from bone marrow 
myeloid precursor cells and serve a major role in bone remod-
eling (1,2). Abnormally activated osteoclasts may give rise to 

osteosclerosis, osteoporosis, rheumatoid arthritis, Huppert's 
disease, periodontal disease and metabolic bone disorders (3). 
Therefore, sufficient understanding of the osteoclast differen-
tiation mechanisms is crucial for the prevention and treatment 
of these diseases. Cytokines that mediate the differentia-
tion and maturation of osteoclasts directly and/or indirectly 
regulate the expression of critical genes through complex 
signal transduction pathways. At present, the signal transduc-
tion terminal transcription factors including nuclear factor 
kappa‑light‑chain‑enhancer of activated B cells (NF‑κB), 
proto‑oncogene c‑Fos (c‑Fos), Jun proto‑oncogene (c‑Jun) and 
nuclear factor of activated T‑cells (NFAT) have been identified 
to be involved in these processes. Furthermore, these pathways 
have been demonstrated to interact with each other (4‑6).

The Ca2+ signaling pathway exerts a dominative role 
in osteoclast differentiation and activation. Seales et al (7) 
and Berridge  et  al  (8) suggested that Ca2+ oscillations 
occur in the process of receptor activator of NF‑κB ligand 
(RANKL)‑induced osteoclast formation. Calmodulin and its 
downstream factors are also activated by RANKL. Ca2+/calci-
neurin, and calcineurin target NFAT, are the key regulators of 
osteoclast formation (7,8). Previous studies have indicated that 
Ca2+/calmodulin dependent protein kinases (CaMKs) regulate 
the formation of osteoclasts via the activated transcription 
factor activator protein1 (AP‑1), while the AP‑1 family 
proteins members c‑Fos and c‑Jun are involved in the regula-
tion of bone metabolism (7,9). In addition, CaMKs may inhibit 
the osteoclast differentiation by negatively regulating the 
glycoprotein 130 (gp130) receptor pathway in order to promote 
the formation of osteoclasts (7). RANKL initiates Ca2+ oscil-
lations, which results in calcineurin‑mediated activation of 
NFAT, cytoplasmic 1 (NFATC1) and ultimately promotes the 
formation of osteoclasts (10). KN93 is a CaMK inhibitor that 
lacks subtype specificity (11). It was demonstrated that the 
CaMKs inhibitor KN93 was involved in osteoclast differentia-
tion, although the mechanism remains unknown (12‑14).

Odanacatian is a Cathepsin K kinase inhibitor and 
Saraconine is an inhibitor of Src family kinases. These mole-
cules are required for normal osteoclastic functions and were 
suggested to restrain osteoclast resorption activity (15‑17). 
To the best of our knowledge, the investigation of the CaMKs 
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inhibitor KN93 as a biologically‑active osteoclast inhibitor 
has not yet been described. Our previous study indicated 
that KN93 (10 ng/ml) effectively blocked CaMKs activation 
in osteoclasts (18). However, whether KN93 directly affects 
the differentiation and activation of osteoclasts remains 
unknown.

TRAP staining, bone resorption activity assays, fila-
mentous (F)‑actin staining, as well as the determination of 
intracellular calcium ([Ca2+]i) levels, osteoclast‑specific gene 
expression levels monitoring and protein levels of important 
transcription factors protein levels, were investigated in the 
present study. The results suggested that KN93 inhibited 
the formation of TRAP‑positive multinucleated cells, the 
shaping of F‑actin rings and the resorption activity of the 
cells. Furthermore, the results revealed that KN93 decreased 
the intracellular concentrations of [Ca2+]i, expression levels 
of osteoclast‑specific genes and protein expression levels of 
important transcription factors associated with the macro-
phage colony‑stimulating factor (M‑CSF) + RANKL‑induced 
osteoclast model.

Materials and methods

Cell culture and KN93 treatment. The murine mono-
cyte/macrophage RAW 264.7 cell line was obtained from the 
American Type Culture Collection (Manassas, VA, USA). The 
cells were incubated in Dulbecco's modified Eagle's medium 
(GE Healthcare, Chicago, IL, USA) containing 10% fetal 
bovine serum (FBS; GE Healthcare), 2 mM/l L‑glutamine, 
100  U/ml penicillin and 100  µg/ml streptomycin at 37˚C 
in a humidified atmosphere of 5% CO2. In order to induce 
osteoclast differentiation, RAW264.7 cells were resuspended 
in minimum essential medium (MEM)‑α (GE Healthcare) 
and seeded into 6‑well plates (5x104 cells/ml) and cultured 
for 4 h at 37˚C in a humidified atmosphere of 5% CO2. The 
medium was changed to MEM‑α containing 25 ng/ml M‑CSF 
+ 30 ng/ml RANKL (PeproTech, Inc., Rocky Hill, NJ, USA) + 
dimethyl sulfoxide [(DMSO); control, KN93 was dissolved in 
DMSO), 25 ng/ml M‑CSF + 30 ng/ml RANKL and 25 ng/ml 
M‑CSF + 30 ng/ml RANKL + 10 µM KN93 (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) + DMSO. The cells were 
cultured for an additional 4 days.

Cell viability assay (MTT assay). To examine the effect of 
KN93 on cell growth, RAW264.7 cells were treated with 
various concentrations of KN93 and cell growth was measured 
by the MTT assay (Beijing Solarbio Science & Technology 
Co., Ltd., Beijing, China). In summary, the cells were plated 
in 96‑well plates in MEM‑α containing 10% FBS and culti-
vated for 4 h. Different concentrations of KN93 (1, 2, 5, 10 
and 20 µM), and KN93 (1, 2, 5, 10 and 20 µM) + 25 ng/ml 
M‑CSF + 30 ng/ml RANKL were added into the culture for 
an additional 96 h. At the end of the incubation, the plates were 
washed with PBS 3 times, and 100 µl 0.5 mg/ml MTT solution 
in PBS was added into each well. Following an overnight incu-
bation at 37˚C, the insoluble formazan crystals were dissolved 
in 100 µl DMSO. Following 10 sec of shaking, the optical 
densities (OD) of the samples were immediately measured at 
595 nm using a Sunrise microplate reader (Tecan Group, Ltd., 
Männedorf, Switzerland).

Osteoclast differentiation detection. Osteoclast differen-
tiation was detected by counting cells positively stained by 
tartrate‑resistant acid phosphatase (TRAP) using TRAP 
Acid Phosphatase kit 387‑A (Sigma‑Aldrich; Merck KGaA). 
TRAP staining was performed in accordance with the 
protocol provided by the manufacturer. The samples were 
monitored under a phase‑contrast microscope (original 
magnification, x100) and TRAP‑positive multinucleated (3 
nuclei) cells were selected in five random visual fields in 
different areas of each well.

Osteoclast resorption activity assay. Osteoclast resorption 
activity was detected using the Corning Osteo Assay Surface 
(COAS; Corning Inc., Corning, NY, USA). RAW264.7 cells 
were seeded onto the COAS (1.5x104 cells/ml, 200 µl/well) 
and cultured at 37˚C in a humidified atmosphere of 5% CO2 

for 4  h. The medium used was MEM‑α with or without 
KN93, and the cells were incubated at 37˚C in a humidified 
atmosphere of 5% CO2 for 4 days. The operating methods 
were based on the manufacturer's protocol, as described 
previously  (19). The resorbing lacunae appeared as single 
or multiple clusters on the bottom of the COAS wells and 
were visualized under an inverted phase contrast microscope 
(original magnification, x 100). A total of five visual fields 
were selected randomly and counted in each sample. The 
resorption area was measured using morphological micro-
scopic image analysis system (version 1.0; Shenzhen Jeda 
Technology Development Co., Ltd., Shenzhen, China).

F‑actin staining. Tetramethylrhodamine (TRITC)‑conjugated 
phalloidin (20  µM; Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) was employed to stain the F‑actin 
cytoskeleton. RAW264.7 cells were resuspended in MEM‑α, 
seeded into 24‑well plates and cultured for 4 h at 37˚C in 
a humidified atmosphere of 5% CO2. Following this, the 
medium was replaced with MEM‑α containing 25 ng/ml 
M‑CSF + 30 ng/ml RANKL+ DMSO, 25 ng/ml M‑CSF + 
30 ng/ml RANKL or 25 ng/ml M‑CSF + 30 ng/ml RANKL + 
10 µM KN93 + DMSO. Cells were then cultured for an addi-
tional 4 days at 37˚C in a humidified atmosphere of 5% CO2. 
Then medium was discarded, and the cells were fixed with 
4% paraformaldehyde solution for 10 min at room tempera-
ture, permeabilized by 0.1% Triton X‑100, and stained for 
20 min at room temperature according to the manufacturer's 
protocol. The stained cells were observed under an inverted 
phase contrast fluorescence microscope (original magnifica-
tion, x100) (DMI 3000B; Leica Microsystems GmbH, Wetzlar, 
Germany).

[Ca2+]i concentration quantification by flow cytometry. 
RAW264.7 cells were resuspended in MEM‑α and seeded into 
24‑well plates and cultured for 4 h at 37˚C in a humidified 
atmosphere of 5% CO2. The medium was changed to MEM‑α 
containing 25 ng/ml M‑CSF + 30 ng/ml RANKL+ DMSO, 
25 ng/ml M‑CSF + 30 ng/ml RANKL and 25 ng/ml M‑CSF 
+ 30 ng/ml RANKL + 10 µM KN93 + DMSO. The cells were 
cultured for an additional 4 days. Following this, the medium 
was discarded, and the plates were washed with PBS three 
times in order to remove the FBS and the phenol red in the cell 
culture medium. The cells were collected and transferred to 
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microcentrifuge tubes. A total of 400 µl Fluo‑4‑AM (Dojindo 
Molecular Technologies, Inc., Kumamoto, Japan) was added 
to a final concentration of 5 µM. The cells were incubated in 
the dark for 30 min at 37˚C and rinsed three times with PBS. 
A total of 400 µl PBS was added to the microcentrifuge tubes. 
The cells were resuspended and incubated for 30 min at 37˚C 
in a thermostatic water bath. The mean fluorescent intensity 
from 1x104 randomly selected cells was measured using a 
flow cytometer (Accuri C6, BD Biosciences, Franklin Lakes, 
NJ, USA) at an emission wavelength of 516 nm with alternate 
excitation wavelengths of 494 nm. The results were analyzed 
by FlowJo 7.6 software (TreeStar, Inc., Ashland, OR, USA).

Reverse transcription quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis of TRAP, Cathepsin K, and matrix 
metalloproteinase (MMP)‑9 mRNA levels. RAW264.7 cells 
were resuspended in MEM‑α at a density of 5x104 cells/ml and 
then seeded into 6‑well culture plates at a volume of 2 ml/well. 
Following 4 h of culture, the medium was changed to MEM‑α 
with or without KN93 and the cells were cultured for an addi-
tional 96 h at 37˚C in a humidified atmosphere of 5% CO2. 
Total RNA was extracted using a Total RNA Kit I (Omega 
Bio‑Tek, Inc., Norcross, GA, USA) and cDNA synthesis 
was conducted with 2 µg RNA using the RevertAid First 
strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). 
The Real‑time PCR SYBR Premix Dimer Eraser kit was 
purchased from Takara Bio., Inc. (Otsu, Japan), and qPCR was 
performed using the Q6 Flex Real Time PCR system (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). The qPCR ther-
mocycling conditions used for TRAP were as follows: 95˚C 
for 30 sec; followed by 40 cycles of 57˚C for 1 min; and finally 
72˚C for 34 sec. The qPCR thermocycling conditions used 
for MMP‑9 were as follows: 95˚C for 30 sec; followed by 
40 cycles of 55.6˚C for 1 min; 72˚C for 34 sec. The qPCR ther-
mocycling conditions used for Cathepsin K were as follows: 
95˚C for 30 sec; followed by 40 cycles of 56.8˚C for 1 min; and 
finally 72˚C for 34 sec. The specificity of the PCR products 
was verified by melting curve analysis. The 2‑ΔΔCq method was 
used to analyze relative gene expression data (20). The specific 
sequences of the PCR primers for TRAP, MMP‑9, Cathepsin 
K and GAPDH were as follows: TRAP forward 5'‑GGC​TAC​
TTG​CGG​TTT​CAC​TAT‑3'; TRAP reverse 5'‑TCC​TTG​GGA​
GGC​TGG​TCT‑3'; MMP‑9 forward 5'‑GCC​CTG​GAA​CTC​
ACA​CGA​CA‑3'; MMP‑9 reverse 5'‑TTG​GAA​ACT​CAC​ACG​
CCA​GAA​G‑3'; Cathepsin K forward 5'‑CGC​CTG​CGG​CAT​
TAC​CAA‑3'; Cathepsin K reverse 5'‑TAG​CAT​CGC​TGC​
GTC​CCT‑3'; GAPDH forward 5'‑AAA​TGG​TGA​AGG​TCG​
GTG​TG‑3' and GAPDH reverse 5'‑TGA​AGG​GGT​CGT​TGA​
TGG‑3'.

SDS‑PAGE and western blot analysis. Cultured cells were 
collected and lysed in 100 µl radioimmunoprecipitation assay 
(Beyotime Institute of Biotechnology, Haimen, China) buffer 
with 1 µl phenylmethyl sulphonyl fluoride for 30 min on ice. 
Following ultrasonic disruption (at 4˚C, 2x10 sec and 20 kHz), 
the lysed cells were centrifuged (12,000 x g for 15 min at 
4˚C) and the supernatants containing the total protein were 
collected. The concentration of total protein was determined 
by a bicinchoninic acid Protein Assay kit (Beyotime Institute 
of Biotechnology) for each sample, and equal amounts (50 µg) 

were separated on 12% SDS‑PAGE gels at 110 V for 120 min. 
The separated protein bands were transferred by electroblot-
ting to nitrocellulose filter membranes (Beyotime Institute of 
Biotechnology). The membranes were blocked in Blocking 
buffer (Beyotime Institute of Biotechnology) for 60 min at 
room temperature. The membranes were incubated overnight 
at 4˚C with primary anti‑c‑Fos (1:1,000; cat. no.  2250S), 
anti‑phosphorylated (phospho)‑c‑Fos (1:1,000; cat. no. 5348S), 
anti‑c‑Jun (1:1,000; cat. no.  9165S), anti‑phospho‑c‑Jun 
(1:1,000; cat. no. 3270S), anti‑NFATC1 (1:1,000; cat. no. 8032S) 
(all from Cell Signaling Technology, Inc., Danvers, MA, USA), 
and anti‑β‑actin antibodies (1:1,000; cat. no. sc‑47778; Santa 
Cruz Biotechnology, Inc., Dallas, TX, USA). The antibodies 
were diluted in primary antibody dilution buffer (Beyotime 
Institute of Biotechnology). The membranes were incu-
bated at room temperature for 60 min with goat anti‑rabbit 
IgG‑horseradish peroxidase (HRP) secondary antibody (cat. 
no. sc‑2357; Santa Cruz Biotechnology, Inc.). The antibodies 
were diluted (1:5,000) by secondary antibody dilution buffer 
(Beyotime Institute of Biotechnology). The immunoreac-
tive proteins were visualized by electrochemiluminescence 
using Immobilon Western Chemiluminescent HRP Substrate 
Detection reagent (EMD Millipore, Billerica, MA, USA). The 
gray levels of the protein bands were evaluated by Bio‑Rad 
image lab analyzer v.5.2 software (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

Statistical analysis. All experiments were repeated in triplicate 
and the data are presented as the mean ± standard error of the 
mean. Statistical differences between groups were evaluated 
by analysis of variance followed by a Tukey's post‑hoc test 
using SPSS v.17.0 software (SPPS, Inc., Chicago, IL, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

KN93 affects cell viability. KN93 did not affect RAW 
264.7 cell growth rate (Fig.  1), sustaining substantial 

Figure 1. Effect of KN93 on cell viability is determined by MTT assay. The 
results are presented as mean ± standard error of the mean. **P<0.01 vs. con. 
Con, vehicle‑treated cells; M‑CSF, macrophage colony‑stimulating factor; 
RANKL, receptor activator of nuclear factor kappa‑light‑chain‑enhancer of 
activated B cells ligand; DMSO, dimethyl sulfoxide.
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viability even at concentrations of 20  µM (102.95%). 
The data demonstrated that KN93 was not cytotoxic to 
RAW264.7 cells. However, KN93 affected the cell growth 
rate of 25 ng/ml M‑CSF + 30 ng/ml RANKL‑treated RAW 
264.7 cells at concentrations of 5 µM (66.79%) and 10 µM 
(58.19%). Therefore, the concentrations of 10 µM KN93 + 
25 ng/ml M‑CSF + 30 ng/ml RANKL were used in subse-
quent experiments.

KN93 suppresses the formation of TRAP‑positive multi‑
nucleated cells. RAW 264.7 cells were treated with M‑CSF + 
RANKL for 96 h and then differentiated into TRAP‑positive 
multinucleated cells (Fig. 2A). There was no significant differ-
ence between the number of TRAP‑positive cells in the M‑CSF 
+ RANKL group (20.11±2.69), and in the KN93 (in DMSO) + 
M‑CSF + RANKL group (15.55±3.98). Concomitantly, 10 µM 
KN93 + M‑CSF + RANKL significantly suppressed osteo-
clast differentiation (2.66±0.58), as indicated in Fig. 2B. The 
number of TRAP‑positive cells between M‑CSF + RANKL 

group and the KN93 + M‑CSF + RANKL group was signifi-
cantly different (P<0.01).

KN93 inhibits the activation of osteoclasts. The effect of 
KN93 on M‑CSF + RANKL‑induced osteoclast activation 
was additionally examined. RAW 264.7 cells were stimulated 
with M‑CSF + RANKL in order to induce differentiation into 
functionally‑active osteoclasts with bone‑resorbing capaci-
ties. The lacunae were shaped on the bottoms of the COAS in 
the M‑CSF + RANKL and the DMSO + M‑CSF + RANKL 
groups, whereas pit formation was evident in the KN93 + 
M‑CSF + RANKL group (Fig. 3A). The resorption lacunae 
area is presented in Fig. 3B. The area of the KN93 + M‑CSF 
+ RANKL group (4,978.26±2,270.20 µm2) was significantly 
decreased compared with that of the M‑CSF + RANKL group 
(105,653.3±30,017.07 µm2) (P<0.01).

Effect of KN93 on the F‑actin shape in M‑CSF + 
RANKL‑treated RAW264.7 cells. The results revealed that 

Figure 3. KN93 inhibits bone‑resorbing ability of osteoclasts. (A) M‑CSF 
+ RANKL‑treated RAW 264.7 cells were cultured in the presence and/or 
absence of 10 µM KN93. Following culturing, resorption lacunae were 
observed and images were captured. a,  M‑CSF + RANKL + DMSO; 
b,  M‑CSF + RANKL; c,  M‑CSF + RANKL + DMSO + KN93; and 
d,  RAW264.7 cells. (B)  Resorption lacunae area were calculated and 
compared. The results are presented as mean ±  standard error of the 
mean. **P<0.01 vs. M‑CSF + RANKL‑stimulated RAW 264.7 cells. 
Original magnification, x100. Scale bar=200 µm. M‑CSF, macrophage 
colony‑stimulating factor; RANKL, receptor activator of nuclear factor 
kappa‑light‑chain‑enhancer of activated B cells ligand; DMSO, dimethyl 
sulfoxide.

Figure 2. KN93 inhibits osteoclast differentiation in M‑CSF+RANKL‑stimulated 
RAW 264.7 cells. (A) M‑CSF (25 ng/ml) + RANKL (30 ng/ml) with or without 
10 µM KN93 was added to RAW 264.7 cells. Following 96‑h incubation, cells 
were stained with TRAP and images were captured. a, M‑CSF + RANKL + 
DMSO; b, M‑CSF + RANKL; c, M‑CSF + RANKL + DMSO + KN93; and 
d, RAW264.7 cells. (B) TRAP+ multinucleated cells were counted and com-
pared. The results are expressed as mean ± standard error of the mean. **P<0.01 
vs. M‑CSF + RANKL‑stimulated RAW 264.7 cells. Original magnification, 
x100. Scale bar=200 µm. M‑CSF, macrophage colony‑stimulating factor; 
RANKL, receptor activator of nuclear factor kappa‑light‑chain‑enhancer of 
activated B cells ligand; DMSO, dimethyl sulfoxide; TRAP, tartrate‑resistant 
acid phosphatase; TRAP+, TRAP‑positive.
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intact and regular F‑actin rings were evident in the M‑CSF 
+ RANKL + DMSO group (Fig. 4A). Additionally, in the 
M‑CSF + RANKL‑treated cell population, the majority of 
differentiated osteoclasts were characterized by cells with a 
rounded morphology that contained clearly visible F‑actin 
rings (Fig. 4B). Nevertheless, treatment with 10 µM KN93 
inhibited the formation of F‑actin rings in the M‑CSF + 
RANKL‑treated RAW264.7 cells (Fig. 4C).

KN93 affects the levels of [Ca2+]i in osteoclast differentia‑
tion. The concentration of [Ca2+]i was indirectly elucidated 
according to the f luorescence intensity of Fluo‑4‑AM. 
No significant difference in the concentration of [Ca2+]i 
in M‑CSF + RANKL‑induced RAW264.7 cells compared 
with M‑CSF  +  RANKL + DMSO‑treated cells was 
observed. Concomitantly, the level of [Ca2+]i in the M‑CSF 
+ RANKL + DMSO + KN93 group was significantly 
decreased compared with that of the M‑CSF + RANKL 
group (P<0.05; Fig. 5).

TRAP, MMP‑9 and Cathepsin K expression in KN93 + 
M‑CSF + RANKL‑treated osteoclast cells The gene expres‑
sion levels of TRAP, MMP‑9 and Cathepsin K were examined 
by RT‑qPCR. No significant difference in the expression 
levels of TRAP, MMP‑9 and Cathepsin K mRNA between 
the M‑CSF + RANKL + DMSO and the M‑CSF + RANKL 
groups was observed. Furthermore, the expression levels of 
TRAP in the M‑CSF + RANKL + DMSO + KN93‑treated 
cells were significantly decreased compared with the M‑CSF 
+ RANKL groups (P<0.05). The expression levels of MMP‑9 
in the M‑CSF + RANKL + DMSO + KN93‑treated cells were 
significantly decreased compared with the M‑CSF + RANKL 
groups (P<0.05). The expression levels of Cathepsin  K 
in the M‑CSF + RANKL + DMSO + KN93‑treated cells 

were significantly decreased compared with the M‑CSF + 
RANKL groups (P<0.01). Treatment of the cells with 10 µM 
KN93 decreased the expression levels of TRAP, MMP‑9 and 
Cathepsin mRNA to 0.57±0.07, 0.34±0.16 and 0.97±0.05‑fold, 
respectively, compared with the M‑CSF + RANKL groups 
(Fig. 6).

Effects of KN93 on the expression of osteoclast‑specific 
transcription factors. NFAT c1 (NFATc1), and AP‑1 protein 
family members c‑Jun and c‑Fos are considered to be the 
most crucial osteoclast‑specific transcription factors  (21). 
The present study examined whether these transcrip-
tion factors were modulated by KN93 using western blot 
analysis. Treatment of RAW264.7 cells with 10 µM KN93 
+ M‑CSF + RANKL significantly decreased the M‑CSF + 
RANKL‑stimulated upregulation of the NFATc1, p‑C‑Jun, 
and p‑C‑Fos transcription factors compared with the M‑CSF 
+ RANKL‑treated cells (Fig. 7).

Figure 4. KN93 affects F‑actin ring formation in M‑CSF + RANKL‑treated 
RAW264.7 cells. M‑CSF + RANKL‑treated RAW 264.7 cells were cul-
tured in the presence and/or absence of 10 µM KN93. Following culture, 
TRITC‑conjugated phalloidin staining was conducted, and F‑actin rings were 
observed. (A) M‑CSF + RANKL + DMSO. (B) M‑CSF + RANKL. (C) M‑CSF 
+ RANKL + DMSO + KN93. (D) RAW264.7 cells. Original magnification, 
x100. Scale bar=200 µm. M‑CSF, macrophage colony‑stimulating factor; 
RANKL, receptor activator of nuclear factor kappa‑light‑chain‑enhancer of 
activated B cells ligand; DMSO, dimethyl sulfoxide; TRITC, tetramethylrho-
damine.

Figure 5. KN93 affects concentration of [Ca2+]i in differentiated osteoclasts. 
(A) M‑CSF + RANKL‑treated RAW 264.7 cells were cultured in the presence 
and/or absence of 10 µM KN93. Following culture, fluorescence intensity of 
Fluo‑4‑AM was determined by flow cytometry. (B) The fluorescence inten-
sities were compared. The results are presented as mean ± standard error 
of the mean. *P<0.05 vs. M‑CSF + RANKL‑stimulated RAW 264.7 cells. 
M‑CSF, macrophage colony‑stimulating factor; RANKL, receptor activator 
of nuclear factor kappa‑light‑chain‑enhancer of activated B cells ligand; 
DMSO, dimethyl sulfoxide.
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Discussion

M‑CSF is critical in the survival and differentiation of osteo-
clast precursor cells. M‑CSF exerts its anti‑apoptotic function 
via the anti‑apoptotic gene B‑cell lymphoma 2 (Bcl‑2). M‑CSF 
may act through the stimulation of extracellular signal regu-
lated kinase (ERK) via growth factor receptor bound protein 
2, and the activation of protein kinase B (Akt) by the phospha-

tidylinositol 3‑kinase pathway and consequent promotion of 
osteoclast precursor cell survival (22,23). In addition, M‑CSF 
may induce the expression of RANK in osteoclast precursor 
cells, and the RANKL/RANK axis may serve an important 
role in the differentiation of osteoclasts (24). Phospholipase Cγ 
(PLCγ), MAP kinases and Akt are triggered via the binding of 
RANKL to RANK. Activated PLCγ subsequently mediates 
the expression of osteoclast‑specific genes through down-
stream factors (25).

The present study established a M‑CSF + RANKL-induced 
osteoclast model, which was characterized by TRAP‑positive 
staining, regular and intact F‑actin rings and vigorous resorp-
tion activity, as described previously (19). The concentration 
of [Ca2+]i varies in the process of osteoclast differentiation, and 
CaMKII kinase participates in osteoclast differentiation (18). 
Based on these data, the major role of the Ca2+ signaling 
pathway, which is involved in osteoclast differentiation and 
activation, was of interest. Therefore, whether the CaMKs 
inhibitor KN93 affected the differentiation and activation of 
osteoclasts was additionally investigated. The present study 
indicated that in the M‑CSF + RANKL‑induced osteoclast 
system, KN93 inhibited the differentiation of osteoclasts 
from their precursors, weakened the resorption capacity of 
mature osteoclasts and caused disassembly of the cytoskeletal 
structure. Concomitantly, KN93 downregulated the M‑CSF 
+ RANKL‑induced increase in [Ca2+]i concentration in 
RAW264.7 cells and altered the expression levels of the key 
genes TRAP, MMP‑9 and Cathepsin K, and the key transcrip-
tion factors NFATc1, c‑Fos and c‑Jun, which are associated 
with osteoclast differentiation and activation.

NFATc1 is a major osteoclastogenic transcription factor, 
which is critical for osteoclast terminal differentiation. It is 
indirectly activated by RANKL. RANK and its costimulatory 
receptors, namely immunoreceptor tyrosine‑based activation 
motif proteins, coordinate to evoke PLCγ. Subsequently, 
inositol‑1,4,5‑trisphosphate (IP3), which is produced by 

Figure 6. Effect of KN93 on the expression of TRAP, MMP‑9 and Cathepsin 
K genes. RAW264.7 cells were cultured in minimum essential medium‑α, 
and then seeded in 6‑well culture plates. After 4 h of culture, M‑CSF + 
RANKL with or without KN93 were added. Following additional culture 
steps, total RNA were collected, and mRNA expression levels of (A) TRAP, 
(B) MMP‑9 and (C) Cathepsin K genes were measured. The results are 
expressed as mean ± standard error of the mean. *P<0.05 and **P<0.01 vs. 
M‑CSF + RANKL groups. M‑CSF, macrophage colony‑stimulating factor; 
RANKL, receptor activator of nuclear factor kappa‑light‑chain‑enhancer of 
activated B cells ligand; DMSO, dimethyl sulfoxide; TRAP, tartrate‑resistant 
acid phosphatase; MMP‑9, matrix metalloproteinase 9.

Figure 7. KN93 downregulates the expression of osteoclast‑specific transcrip-
tion factors in M‑CSF + RANKL‑stimulated RAW264.7 cells. RAW264.7 
cells were cultured in the presence of M‑CSF + RANKL, and with or without 
10 µM KN93. Following culture for 96 h, total proteins were extracted and 
equal amount of proteins were assayed by western blot analysis. NFATC1, 
nuclear factor of activated T‑cells, cytoplasmic 1; c‑Fos, proto‑oncogene 
c‑Fos; p, phosphorylated; c‑Jun, Jun proto‑oncogene; M‑CSF, macrophage 
colony‑stimulating factor; RANKL, receptor activator of nuclear factor 
kappa‑light‑chain‑enhancer of activated B cells ligand; DMSO, dimethyl 
sulfoxide.
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PLCγ, acts on IP3‑sensitive Ca2+ channels, which are located 
on the surface of the endoplasmic reticulum. This give rise 
to Ca2+ excretions from the endoplasmic reticulum and intra-
cellular Ca2+ levels increase rapidly in a short time period. 
Subsequently, calcineurin is activated, and thereby NFATc1 is 
stimulated and translocated to the nucleus (26). NFATc1 binds 
to the osteoclast‑specific gene promoter region and promotes 
gene expression. Eventually, the osteoclast differentiation and 
activation properties are attributed to the osteoclast‑specific 
gene expression (27‑29). Ca2+ is a secondary messenger, which 
is mediated by Ca2+‑binding proteins, including calmodulin. 
Following transient increases in [Ca2+]i, Ca2+ interacts with 
calmodulin and undergoes a conformational change, which 
leads to the activation of CaMKs and the phosphatase calci-
neurin (26).

CaMKs act via the Ca2+‑CaMK‑cyclic AMP‑responsive 
element‑binding protein (CREB) pathway and the downstream 
factor AP‑1 in order to regulate the early stages of osteoclast 
differentiation (7). Concomitantly, activated CaMKs activate 
the ERK‑MAPK signaling pathway in order to mediate the 
differentiation and activation of osteoclasts (18). KN93 is an 
inhibitor of CaMKs, and a previous study demonstrated that 
KN93 inhibited the activation of CaMKs in differentiated 
osteoclasts (18). KN93 decreased the number of TRAP‑positive 
multinuclear cells (14). However, to the best of our knowledge, 
a detailed and comprehensive investigation has not been 
conducted to date.

TRAP staining is one of the most frequently used methods 
to distinguish the differentiation degree of osteoclasts. The 
results of the present study indicated that KN93 markedly 
inhibited the M‑CSF + RANKL‑induced osteoclastogenesis. 
These data were in accordance with a previous study (14). 
Additionally, KN93 restricted the activation of M‑CSF + 
RANKL‑induced RAW264.7 cells, which manifested in weak 
bone resorption ability and inhibited the formation of an intact 
F‑actin ring. Healthy F‑actin rings are considered to be crucial 
for osteoclast bone eroding capacity (21). In addition, the prop-
erty of resorbing mineralized calcium apatite and/or carbonate 
substrates including bone, dentin and nacre is the most reli-
able criterion for the identification of osteoclast function (30). 
During osteoclastogenesis, Ca2+ oscillation is long‑lasting, 
which may ensure the sustained induction of NFATc1 autoam-
plification. Therefore, intracellular Ca2+ is a crucial factor in 
osteoclastogenesis (26).

NFATc1 is activated by sustained and low Ca2+ activa-
tion (31), and a low Ca2+ threshold with regard to the constructive 
stimulation of transcription factors is decreased by Ca2+ oscil-
lations (32,33). Long‑lasting Ca2+ oscillation is considered to 
contribute to the prolonged nuclear localization of NFATc1 
and ensures its sustained transcriptional activation (34). This 
process is required for cell terminal differentiation, including 
the differentiation of osteoclasts (34). In the present study, 
[Ca2+]i levels in M‑CSF + RANKL induced RAW 264.7 cells 
were decreased by KN93. KN93 may downregulate [Ca2+]i 
levels and inhibit Ca2+ oscillation, therefore leading to an inhi-
bition of osteoclast differentiation.

The product of TRAP gene expression is considered to be 
the phenotypic marker of differentiated osteoclasts (35). In 
addition, TRAP serves a pivotal role in the process of osteoclast 
bone resorption (36). Previously, the mechanism of osteoclastic 

bone resorption activity has been investigated more clearly. 
Mineralized bone matrix degradation primarily includes two 
processes, namely disintegration of crystalline hydroxyapatite 
and dissolution of organic matrix proteolytic activity (37). 
Carbonic anhydrase II is primarily responsible for the process 
of inorganic matrix degradation and the maintenance of the 
normal intracellular pH in the resorption area between the 
osteoclast and the bone matrix (38,39). Subsequently, proteo-
lytic enzymes of the cysteine proteinase family, including 
Cathepsin K and the MMPs family are activated for the 
organic matrix degradation (40). In the present study, KN93 
inhibited the expression of TRAP, MMP‑9 and Cathepsin K, 
which demonstrated that KN93 mediated osteoclast formation 
and function at the molecular level. KN93 may exert its effects 
via the Ca2+/calmodulin‑dependent protein kinase signaling 
pathway. As aforementioned, NFATc1 localizes in the nucleus 
and regulates the expression of osteoclast‑specific genes, 
including TRAP, Cathepsin K, MMP‑9, osteoclast‑associated 
receptor and calcitonin receptor.

AP‑1 is crucial for osteoclastogenesis and consists of 3 
protein family members, namely Fos (c‑Fos, FosB, Fra‑1, 
Fra‑2), Jun (c‑Jun, JunB, JunD), and activating transcription 
factor (ATF; ATFa, ATF2, ATF4, B‑ATF) (41). Notably, c‑Fos 
in the Fos family contributes to osteoclastogenesis to a major 
extent. The expression of c‑Fos is inhibited by CaMKs and 
CREB  (13,26). During osteoclastogenesis, the Jun family 
members may replace each other (42). During the differen-
tiation of the osteoclasts, NFATc1 is activated by c‑Fos, and 
the sensitization of the Ca2+‑Calcineurin‑NFATc1 pathway is 
critical for this process (43). In the present study, western blot 
analysis suggested that KN93 decreased the levels of NFATc1, 
p‑C‑Jun and p‑C‑Fos during the process of osteoclastogenesis. 
Therefore, we hypothesize that KN93 negatively regulates 
osteoclastogenesis via the Ca2+/calmodulin‑dependent protein 
kinase signaling pathway.

Apart from KN93, there are other potential factors asso-
ciated with the regulation of osteoclast differentiation and 
activation, including the mitogen‑activated protein kinase 
pathway inhibitors SP600125, U0126 and SB203580, which 
will be the focus of subsequent investigations.

Taken collectively, the data from the present study suggest 
that KN93 inhibited the formation of TRAP‑positive multi-
nucleated cells, restricted the shaping of F‑actin rings and 
decreased the resorption activity of osteoclasts. Additional 
analyses indicated that KN93 may act through the Ca2+/calmod-
ulin‑dependent protein kinase signaling pathway, which 
regulates osteoclastogenesis. The data also demonstrated that 
KN93 decreased the concentration of [Ca2+]i, the expression 
levels of osteoclast‑specific genes and the protein levels of 
critical transcription factors in the M‑CSF + RANKL‑induced 
osteoclast model.

To the best of our knowledge, the present study demon-
strated for the first time that KN93, an inhibitor of CaMKs, may 
directly affect the differentiation and activation of osteoclasts 
via the Ca2+/calmodulin‑dependent protein kinase signaling 
pathway. Additional studies are required to elucidate the 
detailed mechanisms of these processes. The results therefore 
suggested that KN93 may represent a promising therapeutic 
agent for the treatment of diseases associated with abnormal 
osteoclast activity, such as osteoporosis and osteopetrosis.
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