
INTRODUCTION

Orthodontic treatment is done to obtain optimal occlu-
sion through tooth movement. The treatment may
take several years, and stress may occur during this
time. Orthodontic tooth movement is associated with
both mechanical and psychological stresses that may
be associated with pain or discomfort. Measures that
reduce the time of orthodontic treatment and acceler-
ate the alveolar bone response would be welcomed
by the patient. Tooth movement requires a bone re-
modeling that consists of bone resorption on the com-
pressed side and bone formation on the tensile side
of the tooth. Osteoclasts play a key role in modulating
bone mass. During orthodontic tooth movement, al-
veolar bone resorption at the area of compression oc-
curs through osteoclastic activity. Since osteoclast

differentiation/activation is engaged in orthodontic
tooth movement at the pressure side,1 the investiga-
tion of osteoclasts is crucial for orthodontics.2 How-
ever, the mechanism of osteoclast differentiation/acti-
vation in orthodontic tooth movement remains un-
known.

It is well known that two essential cytokines are re-
quired for osteoclastogenesis : macrophage colony-
stimulating factor (M-CSF) and receptor for activation
of nuclear factor-κB (NF-κB) ligand (RANKL).3 M-CSF
induces the proliferation of osteoclast precursor cells
and sustains their survival.4 RANKL induces osteolast
differentiation from osteoclast precursors and stimu-
lates their bone resorption activity.5 RANKL was de-
tected in osteoblasts and periodontal ligament cells
during experimental tooth movement.6 RANKL plays
a key role in osteoclast differentiation and activation.
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RANKL-induced activation of RANK that is expres-
sed on osteoclast precursors initiates the recruitment
of tumor necrosis factor (TNF) receptor-associated
factor 6 (TRAF6) and leads to the activation of NF-κB
and mitogen-activated protein kinase (MAPK) path-
ways, including c-Jun-N-terminal kinase (JNK), extra-
cellular signal-regulated kinase (ERK), and p38.7 Fur-
thermore, RANKL-stimulation initiates calcium signal-
ing which is indispensable for the induction of the key
transcription factor, nuclear factor of activated T cells
(NFAT) c1, for osteoclast differentiation.8 Then,
NFATc1 regulates the expression of genes required
for osteoclast differentiation, such as calcitonin recep-
tor (CTR), tartrate resistant acid phosphatase
(TRAP), matrix metalloproteinase 9 (MMP 9) and
cathepsin K, which participate in the osteoclast phe-
notype and lead to the formation of bone resorption
pits.9

Interleukin-17A (IL-17A) was originally identified as
a characteristic cytokine secreted by activated T
cells, i.e., Th 17 cells.10 Since the identification of IL-17
A in 1995,11 five other members of this family, IL-17B,
IL-17C, IL-17D, IL-17E and IL-17F, have been identi-
fied based on amino acid sequence homology.12 The
IL-17 family consists of a subset of cytokines that par-
ticipate in both acute and chronic inflammatory re-
sponses. The IL-17 receptor family, which consists of
5 members (IL-17RA, IL-17RB, IL-17RC, IL- 17RD
and IL-17RE), is also identified by the typical structure
homology among the members.

IL-17 receptors have been found on several cells
and tissues.3 IL-17A transduces the signals through
a heterodimeric receptor complex composed of IL-17
RA and IL-17RC.13 It has been reported that IL-17A in-
duces RANKL production by osteoblasts.14 In addi-
tion, recent evidence has indicated that IL-17A stimu-
lates RANKL gene expression in osteoblasts and in-
duces osteoclast differentiation in co-cultures of os-
teoblasts and bone marrow cells.3 Recently, we inves-
tigated the direct effects of IL-17A on the differentia-
tion of osteoclastogenesis using RAW264 cells as os-
teoclast precursors. The findings indicated that the
differentiation was suppressed by the direct effects of
IL-17A. Furthermore, IL-17A inhibits the phosphoryla-
tion of p38, which is a factor that suppresses the differ-

entiation of osteoclastogenesis on RAW264 cells.15

The details of this difference have not been well stud-
ied. However, it is clear that IL-17A is a crucial cy-
tokine for osteoclastogenesis via the RANK-RANKL
system.

Interleukin-27 (IL-27) is a recently discovered mem-
ber of the IL-12 family of heterodimeric cytokines that
also includes IL-12, IL-23 and IL-35.16 IL-27 is made
up of the p 28 subunit and the Epstein-Barr virus in-
duced gene-3 (EBI-3) subunit.17 IL-27 binds to a het-
erodimeric receptor that is comprised of the IL-27 Rα
subunit (also termed WSX-1) and the gp 130 sub-
unit. IL-27 Rα is the type I cytokine receptor family
that is expressed in mast cells, endothelial cells, NK
cells, macrophages, monocytes, B cells, dendritic
cells, and native T cells.18 The other subunit, gp 130 is
also a type I cytokine receptor family. It is a ubiqui-
tously expressed receptor chain that is shared with
IL-6-family cytokines.19 IL-27 is mainly produced by
activated macrophages and dendritic cells.20 IL-27 is
known to have multifaceted actions during immune re-
sponses, with both activating and regulatory roles.20

More recently, IL-27 has been shown to abrogate RA-
NKL-mediated osteoclastogenesis through signal
transducer and activator of transcription 1 (STAT1)-
dependent inhibition of c-Fos.17 It has also been re-
ported that IL-27 inhibits human osteoclastogenesis
by a direct mechanism that represses the responses
of osteoclast precursors to RANKL.16, 21

Previous studies reported the direct effect of
RANKL-induced osteoclast differentiation from osteo-
clast precursors in IL-17A or IL-27 alone. However,
the mechanism of the coordinated effect of IL-17A
and IL-27 on osteoclastogenesis has not been re-
ported. In this study, we investigated this coordinated
effect on RANKL-induced osteoclastogenesis and the
molecular mechanisms of JNK in RAW264.7 cells.

MATERIALS AND METHODS

Cell culture
We used the murine monocyte/macrophage cell line
RAW264.7 cells as osteoclast precursors that were
obtained from DS Pharma Biomedical, Osaka, Ja-
pan. RAW264.7 cells were cultured in minimal essen-
tial medium alpha modification (α-MEM) (Wako Pure
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Chemicals, Osaka, Japan) supplemented with 10%
fetal bovine serum (FBS) (Thermo Fisher Scientific,
Waltham, MA, USA), 100 μg/mL penicillin, 100 μg/mL
streptomycin and 2 mM L-Glutamine (Wako Pure
Chemicals). RAW264.7 cells were incubated at 37°C
under 5% CO2. Accutase (Innovative Cell Technolo-
gies, San Diego, CA, USA) was used to detach the
cells.

Antibodies and regents
Anti-IL-17RC antibody and anti-IL-27 Rα antibody
were obtained from R&D Systems, Minneapolis, MN,
USA. Alexa Fluor 488 chicken anti-goat IgG (H＋L)
and Alexa Fluor 488 goat anti-rat IgG (H＋L) were
obtained from Invitrogen, Eugene, OR, USA. Anti-
phospho-JNK antibody, anti-JNK antibody and anti-
Actin were obtained from Santa Cruz Biotechnology,
Dallas, TX, USA. Immunoreactive bands were visual-
ized using Immobilon Western Chemiluminescent
HRP Substrate (Merck Millipore, Darmstadt, Ger-
many). Recombinant mouse RANKL was purchased
from Wako Pure Chemicals. Recombinant mouse IL-
17A was purchased from PeproTech, Rocky Hill, NJ,
USA. Recombinant mouse IL-27 was purchased from
R&D systems.

Flow cytometry
Expression of surface antigens was measured by flow
cytometry. RAW264.7 cells were cultured in α-MEM
in the presence or absence of RANKL (10 ng/mL) for
24 h. The cells were incubated at 4°C for 1 h with pri-
mary antibodies (Mouse IgG, IL-17RC and IL-27
Rα ). The cells were washed, then incubated with a
2nd antibody (Alexa Fluor 488 chicken anti-goat IgG
(H＋L) or Alexa Fluor 488 goat anti-rat IgG (H＋L)) at
4°C for 30 min in the dark. The cells were washed and
analyzed using a FACSCalibur (BD Biosciences,
Mountain View, CA, USA).

TRAP staining
RAW264.7 cells were seeded at 3×103 cells/well on
a 96-well plate and incubated for 72 h in α-MEM con-
taining 10% FBS, 20 ng/mL of IL-17A and/or 20 ng/mL
of IL-27 in the presence of 10 ng/mL of RANKL. Os-
teoclast formation was assessed by TRAP staining.

The cells were fixed with 10% formalin solution in
phosphate buffered saline (PBS) for 1 min and 1% Tri-
ton X-100 in PBS for 30 sec. The fixed cells were
treated with the TRAP staining solution for 10 min and
observed under a light microscope. TRAP-positive
cells with more than three nuclei were considered to
be osteoclast-like cells. The osteoclast-like cells of
each well were counted. Five wells were used for
each condition, and the mean number of cells for each
condition were recorded.

Cell proliferation assays
RAW264.7 cells were seeded at 3×103 cells/well on
a 96-well plate and incubated for up to 72 h in α-MEM
containing 10% FBS, 20 ng/mL of IL-17A and/or 20 ng
/mL of IL-27 in the presence of 10 ng/mL of RANKL.
Cell proliferation reagent WST-1 (Roche Diagnos-
tics, Basel, Switzerland) was used to assess cell pro-
liferation. Absorbance was measured at 450/650 nm
using a SpectraMax M5 (Molecular Devices, Sunny-
vale, CA, USA).

Western blot analysis
RAW264.7 cells (1×106 cells/sample) were treated
with 20 ng/mL of IL-17A and/or 20 ng/mL of IL-27 in
the presence of 10 ng/mL of RANKL for 15 min. Cells
were solubilized with lysis buffer containing 50 mM
Tris-HCl at pH 7.6, 0.5% TX-100, 300 mM NaCl, 5 mM
EDTA, 10 μg/mL leupeptin, 10 μg/mL aprotinin, 1 mM
phenylmethylsulfonyl fluoride (PMSF) and 1 mM so-
dium orthovanadate by gentle rocking for 30 min at 4
°C. Insoluble material was removed by centrifugation
and the supernatants were subjected to SDS-PAGE
for Western blotting. Cell lysates were eluted by boil-
ing in SDS-containing sample buffer. Equal amounts
of each sample were subjected to 7% SDS/PAGE and
transferred to PVDF membrane (Merck Millipore).

Gels were run at 150 V for 90 min. The membrane
blocking was with 5% BSA (Nacalai, Kyoto, Japan) in
TBS-T at 4°C overnight. The membrane was treated
with anti-phospho-JNK for 1 h, and washed with TBS
-T. The membrane was treated with horseradish per-
oxidase (HRP)-conjugated anti-rabbit IgG antibody
for 30 min, and washed with TBS-T. After incubation
with antibodies, phosphorylated protein were de-
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tected by Immobilon Western Chemiluminescent
HRP Substrate for 2 min. The images were analyzed
using ChemiDoc MP (Bio-Rad, Hercules, CA, USA).
The membranes were stripped and reprobed with
anti-JNK antibody. The results revealed that equal
amounts of JNK were created by lysates obtained
from each sample.

RESULTS

IL-17RC and IL-27 Rα expression not altered after
RANKL stimulation on RAW264.7 cells
We first evaluated the expression of IL-17 R subunit
IL-17RC and IL-27 R subunit IL-27-Rα on RAW264.7
by flow cytometry. As shown in Figs. 1 A and C, high
IL-17RC and IL-27 Rα expression was detected on
RAW264.7 cells. Next, we tested whether RANKL-
stimulation could modulate IL-17RC and IL-27 Rα ex-
pression on RAW264.7 cells. Using the FACS analy-
sis, RAW264.7 cells stimulated with RANKL at 10 ng
/mL for 24 h were evaluated for the expression of IL-

17RC and IL-27 Rα . IL-17RC and IL-27 Rα expres-
sion in RANKL-stimulated RAW264.7 cells was not
altered above that compared with the expression of
non-stimulated RAW264.7 cells (Figs. 1 B and D).
These findings suggest that RANKL stimulation was
not be involved in modulating the expression of IL-17
RC and IL-27 Rα .

Coordinated effect of IL-17A and IL-27 on RA-
NKL-induced osteoclast differentiation of RAW
264.7 cells
To evaluate how the coordinated effect of IL-17A and
IL-27 may control osteoclast physiology, we investi-
gated its action on RAW264.7 cells. TRAP is a well-
known enzyme that is widely acccepted as a histo-
chemical marker of osteoclasts. TRAP activity can be
significantly elevated by RANKL stimulation.22 We in-
vestigated the coordinated effect of IL-17A and IL-27
on RANKL-induced osteoclast differentiation in RAW
264.7 cells. RAW264.7 cells were cultured in the pres-
ence of RANKL with the indicated concentration of
IL-17A and/or IL-27. The cells were TRAP stained af-
ter 72 h and observed by light microscopy. The enzy-
matic TRAP activity measured at the end of the differ-
entiation process was increased by RANKL stimula-
tion in RAW264.7 cells. RAW264.7 cells were previ-
ously reported to differentiate into osteoclast-like TR-
AP-positive multinuclear cells on treatment with 10 ng
/mL RANKL (Figs. 2 A and B). When IL-17A or IL-27
was treated alone in the culture with RANKL, it slightly
decreased the RANKL-induced osteoclast differentia-
tion in RAW264.7 cells under the conditions of this
study (Figs. 2 A and B). However, the coordinated ef-
fect of IL-17A and IL-27 decreased the RANKL-
induced osteoclast differentiation in RAW264.7 cells
(Figs. 2 A and B). These results confirmed the poten-
tial of the coordinated effect of IL-17A and IL-27 to
suppress osteoclast differentiation in RAW264.7 cel-
ls.

Coordinated effect of IL-17A and IL-27 on RAW
264.7 cell proliferation
To exclude the possibility that inhibition of the coordi-
nated effect of IL-17A and IL-27 on TRAP staining
was due to cytotoxicity, the viability of RAW264.7 cel-

Fig. 1 Surface expression of IL-17 RC and IL-27 Rα on RAW
264.7 cells by flow cytometry. The cells were seeded at 1×105

cells/well on a 12-well plate and incubated for 24 h in the presence
(B and D) or absence (A and C) of 10 ng/mL of RANKL. RAW
264.7 cells were stained with mAb specific for anti-IL 17RC (A and
B closed histogram) and anti-IL-27 Rα (C and D closed histo-
gram). Staining with anti-mouse IgG as a control is shown as an
open histogram for ease of comparison.
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ls in the presence of RANKL was tested using cell pro-
liferation reagent WST-1. We found that IL-17A and/
or IL-27 did not mediate cytotoxicity or reduce growth
on RAW264.7 cells at the concentrations that sup-
pressed osteoclast formation (Fig. 3). Therefore, we
used IL-17A and/or IL-27 at 20 ng/mL in the subse-
quent experiments.

Coordinated effect of IL-17A and IL-27 inhibited
RANKL-induced phosphorylation of JNK in RAW
264.7 cells
RANKL is known to activate MAPKs (JNK, ERK and

p38), which play important roles in the differentiation
and formation of osteoclasts from osteoclast precur-
sor cells. The NFATc1 expression by RANK stimula-
tion is dependent on RANKL-induced activation of the
MAPK pathways.23, 24 Therefore, we studied whether
the coordinated effect of IL-17A and IL-27 inhibits
RANK signaling. To determine the intracellular mech-
anism by which osteoclast differentiation is inhibited
by the coordinated effect of IL-17A and IL-27, we as-
sessed the effects of IL-17A and/or IL-27 on RANKL-
induced phosphorylation of JNK in RAW 264.7 cells
using immunoblotting. The JNK activation states were
determined by immunoblotting using antibodies spe-
cifically directed against the phosphorylated forms of
JNK.

Consistent with previous results, we found that
RANKL stimulation induced a marked phosphoryla-
tion of JNK compared with the situation of unstimu-
lated RAW264.7 cells. When IL-17A or IL-27 was
used alone in the culture with RANKL, it did not signifi-
cantly decrease the RANKL-induced phosphorylation
of JNK in RAW264.7 cells (Fig. 4 upper panel). But,
the phosphorylation of JNK stimulated with RANKL
was inhibited by the coordinated effect of IL-17A and
IL-27 (Fig. 4 upper panel). To ensure that equal amo-
unts of JNK were obtained from the lysates, the mem-

Fig. 2 Coordinated effect of IL-17A and IL-27 on osteoclast dif-
ferentiation in RANKL-stimulated RAW264.7 cells. RAW264.7
cells were cultured at 3×103 cells/well with 10 ng/mL of RANKL
at the indicated concentration of IL-17A and/or IL-27 for 72 h. After
induction, the cells were fixed and subjected to TRAP staining
(A). The TRAP-positive, multinucleated osteoclast cell number
was counted (B). All the bars represent mean±SD from five inde-
pendent experiments. The significance was determined by Stu-
dent’s t-test (*p＜0.05 compared with the RANKL-stimulated
group).

Fig. 3 Effect of IL-17A and IL-27 on proliferation of RAW264.7
cells. The cells were seeded at 3×103 cells/well on a 96-well plate
and incubated for 72 h with 20 ng/mL of IL-17A and/or 20 ng/mL
of IL-27 in the presence of 10 ng/mL of RANKL. Cell proliferation
was assessed by measuring absorbency at 440/650 nm.
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branes were stripped and reprobed with anti-JNK anti-
body. The results revealed that equal amounts of JNK
were created by lysates obtained from each sample
(Fig. 4 lower panel).

DISCUSSION

A goal of orthodontic treatment is to rapidly and safely
move a tooth to the optimal position and finally to ob-
tain optimal occlusion. Orthodontic tooth movement
is based on the reaction of biological tissue to a me-
chanical force. The movement occurs as a result of al-
veolar bone remodeling through a long duration of the
optimum force. During orthodontic tooth movement,
bone resorption is induced at the compressed side
and bone formation at the tensile side, moving the
tooth gradually into the optimal position. Osteoclasts
are formed on the compressed side of the orthodontic
tooth, causing resorption of the alveolar bone.25 Os-
teoclastogenesis is primarily regulated by the two cy-
tokines RANKL and M-CSF. RANKL induces osteo-
clast differentiation from osteoclast precursors and
stimulates their bone resorption activity. Thus, RANKL
plays a key role in osteoclastogenesis and activa-
tion.

RANKL was detected in osteoblasts and periodon-
tal ligament cells during experimental tooth move-
ment. On both the compressed and tensile sides,
stress is loaded on cells by means of physical stimula-

tion, and these cells produce various cytokines that
function as inflammatory factors during the process of
adaptation to the stress and/or defense mechanisms
against the stress.25 Various cytokines are involved in
the promotion or suppression of osteoclast forma-
tion. For example, IL-1, IL-6 and TNF-α act as a posi-
tive regulator of RANKL-mediated osteoclastogene-
sis, while IL-4, IL-10 and INF-γ act as negative regula-
tors of RANKL-mediated osteoclastogenesis.26 In this
study, we investigated the coordinated effect of IL-17
A and IL-27 on RANKL-induced osteoclastogenesis,
using RAW264.7 cells as osteoclast precursors. We
first confirmed that high expression of the IL-17 R
subunit IL-17RC and the IL-27 R subunit IL-27 Rα
was detected on RAW264.7 cells. Our study indicat-
ed that IL-17A binds to IL-17RC and IL-27 binds to IL
-27 Rα on RAW264.7 cells.

We examined the coordinated effect of IL-17A and
IL-27 on the differentiation of osteoclast precursors in
the presence of soluble RANKL using RAW264.7
cells. Adding soluble RANKL to the culture medium
is indispensable for differentiation of osteoclasts on
RAW264.7 cells.27 In the present study, we found that
the coordinated effect of IL-17A and IL-27 markedly
suppressed the RANKL-induced osteoclast differen-
tiation in RAW264.7 cells. Furthermore, we investi-
gated the effect of RANKL on IL-17RC and IL-27 Rα
expression in RAW264.7 cells. IL-17RC and IL-27 Rα
expression in RANKL-stimulated RAW264.7 cells
was not altered above that which occurred with the ex-
pression of non-stimulated RAW264.7 cells. More-
over, we found that IL-17A and/or IL-27 did not affect
the proliferation of RAW264.7 cells. These results
suggest that osteoclast differentiation suppressed by
the coordinated effect of IL-17A and IL-27 was not
based on the inhibition of cell proliferation and sup-
pression of cytokine receptor (IL-17RC and IL-27
Rα ) expression. Thus, we hypothesized that the coor-
dinated effect of IL-17A and IL-27 inhibited the RAN-
KL-induced osteoclast differentiation pathway.

MAPKs are serine/threonine kinases that activate
an early intracellular response in many physiological
processes. Three major subfamilies of MAPK have
been identified : JNK, ERK and p38. It has been re-
ported that MAPK is activated by RANKL and is asso-

Fig. 4 Coordinated effect of IL-17A and IL-27 inhibited RANKL-
induced phosphorylation of JNK in RAW264.7 cells. RAW264.7
cells were treated at 1×106 cells/sample with the indicated con-
centration of IL-17A and/or IL-27 in the presence of RANKL at 10
ng/mL for 15 min. Western blot analysis for phospho-JNK was
performed. The phosphorylation of JNK stimulated with RANKL
was inhibited by the coordinated effect of IL-17A and IL-27 (upper
panel). To ensure that equal amounts of JNK were obtained from
the lysates, the membranes were stripped and reprobed with
anti-JNK antibody. Equal amounts of JNK were applied from
lysates obtained from each sample (lower panel).
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ciated with osteoclastogenesis.28 Previous studies in-
dicated that JNK and p38 play an important role in os-
teoclast formation, because the treatment of cells with
JNK or p38 specific inhibitors suppressed RANKL-
induced osteoclastogenesis.29 Moreover, dominant
negative JNK abrogated RANKL-induced osteoclas-
togenesis.29 In this study, we evaluated the coordi-
nated effect of IL-17A and IL-27 on the activation of
JNK and found that this coordinated effect inhibited
the phosphorylation of JNK. These results demon-
strated that phosphorylation of JNK may contribute to
inhibiting osteoclastogenesis by the coordinated ef-
fect of IL-17A and IL-27 in RANKL-stimulated RAW
264.7 cells.

In summary, we demonstrated that the coordinated
effect of IL-17A and IL-27 reduced the RANKL-in-
duced osteoclast differentiation in RAW264.7 cells as
osteoclast precursors. We also found molecular
mechanisms for this reduction. The coordinated effect
of IL-17A and IL-27 attenuated RANKL-induced phos-
phorylation of JNK. Our findings present new insights
into mechanisms of the coordinated effect of IL-17A
and IL-27 induced inhibition of osteoclastogenesis.
Therefore, we suggest that this information may make
it possible to control orthodontic tooth movement and
may have other useful clinical applications.

We wish to thank Dr. Tetsuya Fujimoto in the Department of
Physiology, Drs. Seiji Goda and Eisuke Domae in the Depart-
ment of Biochemistry, Drs. Osamu Takeuchi and Reiko
Komasa in the Department of Operative Dentistry, and Dr.
Yousuke Ujii in the Department of Orthodontics, Osaka Den-
tal University, for their insightful discussion. This study was
carried out with the help of the Tissue Culture Facility, Dental
Bioscience Facility, Low Temperature Facility, Analytical In-
strument Facility and Photograph-Processing Facility of the
Institute of Dental Research, Osaka Dental University. This
work was supported by Osaka Dental University Research
Funds (14−11) and a Grant-in-Aid for Scientific Research
(C) 24592853. This study was presented at the 546th meeting
of the Osaka Odontological Society, October 18, 2014,
Hirakata, Japan.

REFERENCES

1. Rody WJ Jr, King GJ, Gu G. Osteoclast recruitment to sites of
compression in orthodontic tooth movement. Am J Orthod
Dentofacial Orthop 2001 ; 120 : 477−489.

2. Katao Y, Sawai H, Inami K, Domae N, Matsumoto N. Direct ef-
fects of estrogen on differentiation and apoptosis of osteo-
clasts. Orthodontic Waves 2011 ; 70 : 8−14.

3. Kitami S, Tanaka H, Kawato T, Tanabe N, Katono-Tani T,

Zhang F, Suzuki N, Yonehara Y, Maeno M. IL-17A suppresses
the expression of bone resorption-related proteinases and os-
teoclast differentiation via IL-17RA or IL-17RC receptors in
RAW264.7 cells. Biochimie 2010 ; 92 : 398−404.

4. Biskobing DM, Fan X, Rubin J. Characterization of MCSF-
induced proliferation and subsequent osteoclast formation in
murine marrow culture. J Bone Miner Res 1995 ; 10 : 1025−
1032.

5. Tyrovola JB, Spyropoulos MN, Makou M, Perrea D. Root re-
sorption and the OPG/RANKL/RANK system : a mini review.
J Oral Sci 2008 ; 50 : 367−376.

6. Ogasawara T, Yoshimine Y, Kiyoshima T, Kobayashi I, Mat-
suo K, Akamine A, Sakai H. In situ expression of RANKL,
RANK, osteoprotegerin and cytokines in osteoclasts of rat peri-
odontal tissue. J Periodontal Res 2004 ; 39 : 42−49.

7. Teitelbaum SL, Ross FP. Genetic regulation of osteoclast de-
velopment and function. Nat Rev Genet 2003 ; 4 : 638−649.

8. Takayanagi H, Kim S, Koga T, Nishina H, Isshiki M, Yoshida
H, Saiura A, Isobe M, Yokochi T, Inoue J, Wagner EF, Mak
TW, Kodama T, Taniguchi T. Induction and activation of the
transcription factor NFATc1 (NFAT2) integrate RANKL signal-
ing in terminal differentiation of osteoclasts. Dev Cell 2002 ;
3 : 889−901.

9. Takayanagi H. The role of NFAT in osteoclast formation. Ann
NY Acad Sci 2007 ; 1116 : 227−237.

10. Qu F, Gao H, Zhu S, Shi P, Zhang Y, Liu Y, Jallal B, Yao Y, Shi
Y, Qian Y. TRAF6-dependent Act 1 phosphorylation by the IκB
kinase-related kinases suppresses interleukin-17-induced
NF-κB activation. Mol Cell Biol 2012 ; 32 : 3925−3937.

11. Yao Z, Fanslow WC, Seldin MF, Rousseau AM, Painter SL,
Comeau MR, Cohen JI, Spriggs MK. Herpesvirus saimiri en-
codes a new cytokine, IL-17, which binds to a novel cytokine
receptor. Immunity 1995 ; 3 : 811−821.

12. Gu C, Wu L, Li X. IL-17 family : Cytokines, receptors and sig-
naling. Cytokine 2013 ; 64 : 477−485.

13. Toy D, Kugler D, Wolfson M, Vanden Bos T, Gurgel J, Derry
J, Tocker J, Peschon J. Cutting edge : interleukin 17 signals
through a heteromeric receptor complex. J Immunol 2006 ;
177 : 36−39.

14. Kotake S, Udagawa N, Takahashi N, Matsuzaki K, Itoh K, Ishi-
yama S, Saito S, Inoue K, Kamatani N, Gillespie MT, Martin
TJ, Suda T. IL-17 in synovial fluids from patients with rheuma-
toid arthritis is a potent stimulator of osteoclastogenesis. J Clin
Invest 1999 ; 103 : 1345−1352.

15. Sumikura S, Inoue H, Nishikawa Y, Matsumoto N. Effect of
IL-17 on osteoclast differentiation of RAW264 cells. J Osaka
Dent Univ 2012 ; 46 : 11−20.

16. Kalliolias GD, Zhao B, Triantafyllopoulou A, Park-Min KH,
Ivashkiv LB. Interleukin-27 inhibits human osteoclastogenesis
by abrogating RANKL-mediated induction of nuclear factor of
activated T cells c1 and suppressing proximal RANK signal-
ing. Arthritis Rheum 2010 ; 62 : 402−413.

17. Furukawa M, Takaishi H, Takito J, Yoda M, Sakai S, Hikata T,
Hakozaki A, Uchikawa S, Matsumoto M, Chiba K, Kimura T,
Okada Y, Matsuo K, ?Yoshida H, Toyama Y. IL-27 abrogates
receptor activator of NF-κB ligand-mediated osteoclastogene-
sis of human granulocyte-macrophage colony-forming unit
cells through STAT1-dependent inhibition of c-Fos. J Immunol
2009 ; 183 : 2397−2406.

18. Chen Q, Ghilardi N, Wang H, Baker T, Xie MH, Gurney A, Gre-
wal IS, de Sauvage FJ. Development of Th1-type immune re-
sponses requires the type I cytokine receptor TCCR. Nature
2000 ; 407 : 916−920.

Vol. 49, No. 1 Coordinated effect of IL-17A and IL-27 on osteoclast differentiation 67



19. Adamopoulos IE, Pflanz S. The emerging role of Interleukin 27
in inflammatory arthritis and bone destruction. Cytokine
Growth Factor Rev 2013 ; 24 : 115−121.

20. Yoshida H, Miyazaki Y. Regulation of immune responses by
interleukin-27. Immunol Rev 2008 ; 226 : 234−247.

21. Park JS, Jung YO, Oh HJ, Park SJ, Heo YJ, Kang CM, Kwok
SK, Ju JH, Park KS, Cho ML, Sung YC, Park SH, Kim HY.
Interleukin-27 suppresses osteoclastogenesis via induction of
interferon-γ . Immunology 2012 ; 137 : 326−335.

22. Wei ZF, Tong B, Xia YF, Lu Q, Chou GX, Wang ZT, Dai Y. No-
risoboldine suppresses osteoclast differentiation through pre-
venting the accumulation of TRAF6-TAK 1 complexes and ac-
tivation of MAPKs/NF-κB/c-Fos/NFATc1 pathways. PLOS
One 2013 ; 8 : e59171

23. Tanaka S, Nakamura K, Takahasi N, Suda T. Role of RANKL
in physiological and pathological bone resorption and thera-
peutics targeting the RANKL-RANK signaling system. Immu-
nol Rev 2005 ; 208 : 30−49.

24. Takayanagi H. Osteoimmunology : shared mechanisms and
crosstalk between the immune and bone systems. Nat Rev Im-
munol 2007 ; 7 : 292−304.

25. Kuroki H, Miyagawa Y, Shimomura-Kuroki J, Endo T, Shi-
momura H. Identification of marker proteins by orthodontic
treatment : relationship of RANKL in the gingival crevicular
fluid and of amylase in whole saliva with orthodontic treat-
ment. Odontology 2014 ; 102 : 303−309.

26. Suda T, Udagawa N, Nakamura I, Miyaura C, Takahashi N.
Modulation of osteoclast differentiation by local factors. Bone
1995 ; 17 : S87−S91.

27. Denlinger LC, Fisette PL, Garis KA, Kwon G, Vazquez-Torres
A, Simon AD, Nguyen B, Proctor RA, Bertics PJ, Corbett JA.
Regulation of inducible nitric oxide synthase expression by
macrophage purinoreceptors and calcium. J Biol Chem
1996 ; 271 : 337−342.

28. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation
and activation. Nature 2003 ; 423 : 337−342.

29. Ikeda F, Nishimura R, Matsubara T, Tanaka S, Inoue J, Reddy
SV, Hata K, Yamashita K, Hiraga T, Watanabe T, Kukita T,
Yoshioka K, Rao A, Yoneda T. Critical roles of c-Jun signaling
in regulation of NFAT family and RANKL-regulated osteoclast
differentiation. J Clin Invest 2004 ; 114 : 475−484.

68 M. Ohashi et al. Journal of Osaka Dental University , April 2015


