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Interleukin (IL)-33 is a recently discovered proinflammatory cytokine that belongs to the IL-1 family.
Several studies have reported that IL-33 inhibits osteoclast differentiation. However, the mechanism of
IL-33 regulation of osteoclastogenesis remains unclear. In the present study, we examined the effect of IL-
33 on osteoclast formation in vitro. IL-33 suppressed osteoclast formation in both mouse bone marrow
cells and monocyte/macrophage cell line RAW264.7 cells induced by receptor activator of NF-kB ligand
(RANKL) and/or macrophage stimulating factor (M-CSF). IL-33 also inhibited the expression of RANKL-
induced nuclear factor of activated T-cell cytoplasmic 1 (NFATc1), thereby decreasing the expression of
osteoclastogenesis-related marker genes, including Cathepsin K, Osteoclast stimulatory transmembrane
protein (Oc-stamp) and Tartrate-resistant acid phosphatase (Trap). Blockage of IL-33-ST2 binding sup-
pressed the IL-33-mediated inhibition of NFATc1. RANKL-induced B-lymphocyte-induced maturation
protein-1 (Blimp-1) expression was also suppressed by IL-33, which was followed by the stimulation of
anti-osteoclastic genes such as interferon regulatory factor-8 (IRF-8). These results suggest that IL-33-ST2
interactions down-regulate both RANKL-induced NFATc1 activation and osteoclast differentiation via the

regulation of Blimp-1 and IRF-8 expression.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Bone remodeling is highly regulated by osteoblastic bone for-
mation and osteoclastic bone resorption. These processes are
strictly coupled in healthy bone by factors that include growth
factors, hormones, and mechanical loading. Disorders of bone
remodeling cause diseases such as rheumatoid arthritis, osteopo-
rosis and osteopetrosis, as well as inflammatory bone resorption
[1].

Osteoclast precursors interact with osteoblasts and stromal cells
to permit their differentiation into mature osteoclasts [2]. Receptor
activator of NF-kB ligand (RANKL) is expressed by osteoblasts/bone
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stromal cells. RANKL binding to the receptor RANK leads to the
recruitment of intracellular tumor necrosis factor (TNF)-receptor-
associated factor 6, and in turn, to the activation of the intercellular
signaling pathway associated with nuclear factor of kappa B (NF-
kB), mitogen-activated protein kinases, c-jun, and c-fos [3—5].
Finally, the interaction of RANKL with RANK induces the expression
of the nuclear factor of activated T-cell cytoplasmic 1 (NFATc1), the
master regulator for osteoclastogenesis [6].

IL-33 is a recently discovered member of the IL-1 family of cy-
tokines [7]. Full-length IL-33 is the bioactive form and it is released
in the extracellular space in response to cell damage or mechanical
injury. IL-33-mediated signaling involved its interaction with a
heterodimeric receptor comprising ST2 and IL-1R accessory pro-
tein, leading to the activation of extracellular signal-regulated ki-
nase 1/2 (Erk1/2), p38, c-jun N- terminal kinase (JNK), and NF-kB
[8] and subsequently to the production of cytokines such as IL-18,
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Interferon-y (INF-v), and TNF-a, which play a role in inflammatory
diseases such as asthma, atopic dermatitis, rheumatoid arthritis,
and anaphylactic shock [9].

IL-33 is expressed by bone-forming osteoblasts [10]. Moreover,
recent studies reported that IL-33 was expressed in bone tissue,
where it plays an important role in bone remodeling by effectively
blocking osteoclastogenesis [10,11]; however, the mechanisms
underlying the effects of IL-33 on osteoclast formation and function
are largely unknown. In the present study, we used an in vitro
culture system to investigate the molecular mechanisms by which
IL-33 regulates osteoclastogenesis.

2. Materials and methods
2.1. Reagents and antibodies

Recombinant human IL-33 was obtained from R&D systems
(Minneapolis, MN, USA). Recombinant human soluble RANKL and
recombinant human macrophage colony stimulating factor (M-
CSF) was purchased from Peprotech (Rocky Hill, NJ, USA). Anti-
NFATc1 polyclonal antibodies and anti-Blimp-1 monoclonal anti-
body were from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Anti-B-actin monoclonal antibody was purchased from Sigma-
Aldrich (St. Louis, MO, USA). Anti-IFN-regulatory-factor-8 (IRF-8),
and anti-histone H3 monoclonal antibodies were purchased from
Cell Signaling Technology Inc. (Beverly, MA, USA).

2.2. Cell culture

Bone marrow cells (BMCs) were isolated from femurs and tibias
of 6-week-old male ddY mice (Kyudo Co., Ltd., Saga, Japan) and
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cultured in the presence of M-CSF (20 ng/mL) for 3 days. For dif-
ferentiation into mature osteoclasts, osteoclast precursors
(2.5 x 10° cells/well) were cultured with M-CSF (20 ng/mL) and
RANKL (40 ng/mL) in the presence or absence of IL-33 on 24-well
plate for 5 days. All procedures were approved by the Animal
Care and Use Committee of Kyushu Dental University. The murine
monocyte/macrophage cell line RAW264.7 was obtained from
Riken Cell Bank (Tsukuba, Japan) and maintained in o-minimal
essential medium (a-MEM; Gibco, Grand Island, NY, USA) con-
taining 10% fetal calf serum (FCS), penicillin G (100 units/mL), and
streptomycin (100 « g/mL). The cells were maintained at 37 °Cin an
atmosphere of 5% CO,. Cells (1 x 103 cells/well) were cultured for 6
days with RANKL (40 ng/mL) in the presence or absence of IL-33 on
96-well plate to generate mature osteoclasts.

2.3. Evaluation of osteoclast differentiation

After culture, adherent cells were fixed and stained with
tartrate-resistant acid phosphatase (TRAP) using a leukocyte acid
phosphatase kit (Sigma-Aldrich). TRAP-positive multinucleated
cells containing three or more nuclei were considered to be oste-
oclasts and were counted using a microscope.

2.4. Quantitative real-time RT-PCR

RAW?264.7 cells (2 x 10° cells/well) were cultured for 48 h with
RANKL (40 ng/mL) in the presence or absence of IL-33 (50 ng/mL).
In some experiments, the cells were pre-treated with Rat IgG
(37.5 pg/mL; R&D Systems) or with an anti-ST2 monoclonal anti-
body (37.5 pg/mL; R&D Systems) for 1 h prior to their stimulation
with RANKL and IL-33. Total RNA was isolated from cells with an
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Fig. 1. Effect of IL-33 on osteoclast formation in BMCs and RAW264.7 cells. (A) BMCs were incubated with M-CSF and RANKL in the presence or absence of IL-33 for 5 days and then
stained for TRAP activity. Scale bars show 500 um. (B) Numbers of TRAP positive multinucleated cells were counted. (C) RAW264.7 cells were cultured with RANKL in the presence
or absence of IL-33 for 6 days and then stained for TRAP activity. Scale bars show 500 pm. (D) Numbers of TRAP positive multinucleated cells were counted. Data are expressed as
the mean + SD of triplicate cultures. Student's t-test, “p < 0.05 compared with the control without IL-33 treatment.
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Fig. 2. Effect of IL-33 on RANKL-stimulated NFATc1 expression in RAW264.7 cells. RAW264.7 cells were stimulated with RANKL in the presence or absence of IL-33 for 48 h (real-
time RT-PCR) or 72 h (Western Blotting). In neutralizing experiments, RAW264.7 cells were treated with a ST2 antibody for 1 h prior to stimulate with IL-33. (A), (C) The mRNA level
of Nfatc1 was measured by real-time RT-PCR. Data are expressed as the mean =+ SD of triplicate cultures. Student's t-test, “p < 0.05 compared with RANKL treatment. (B), (D) Whole
cell lysates were subjected to SDS-PAGE and Western blot analyses, with the blots probed for NFATc1. Equivalent amounts of protein in the cell lysates were determined by

measuring B-actin levels.

RNeasy mini kit (Qiagen, Valencia, CA, USA) according to the
manufacturer's instructions. RNA was transcribed with g-script
cDNA supermix reagents (Quanta BioSciences, Gaithersburg, MD,
USA). For real-time RT-PCR, the products were detected using the
FAST SYBR Green Master Mix (Applied Biosystems, Foster City, CA,
USA) using the following primer sequences: Gapdh, 5'-
GACGGCCGCATCTTCTTGA-3' (forward) and 5'-CACACCGACCTT-
CACCATTTT- 3’ (reverse); Nfatcl, 5'-ACCACCTTTCCGCAACCA-3’
(forward) and 5-GGTACTGG- CTTCTCTTCCGTTTC-3' (reverse); Trap,
5'-CTGCTGGGCCTACAAATCATA-3' (forward) and 5'-GGGAGTCCT-
CAGATCCATAGT-3' (reverse); Oc-stamp, 5-CCGCA- GCCTGA-
CATTTGAG-3’' (forward) and 5-TCTCCTGAGTGATCGTGTGCAT-3'
(reverse); Cathepsin k, 5'-TATGACCACTGCCTTCCAATAC- 3’ (for-
ward) and 5’-GCC- GTGGCGTTATACATACA-3' (reverse); Blimp-1, 5'-
TTCTTGTGTGGTATTGTCGGG- ACTT-3' (forward) and 5'-TTGGGGA-
CACTCTTTGGGTAGAGTT-3' (reverse); Irf-8, 5'-GGGCTGATCTGG-
GAAAATGA-3' (forward) and 5'-CACCTCCTGATTGTAATCC- TGCTT-3'
(reverse). Thermal cycling and fluorescence detection were per-
formed using a StepOne real-time system (Applied Biosystems).
Relative changes in gene expression were calculated using the
comparative CT method. Total cDNA abundance between samples
was normalized using primers specific to the GAPDH gene.

2.5. Western blot analysis

RAW264.7 cells (3 x 10° cells/well) were cultured with RANKL
(40 ng/mL) in the presence or absence of IL-33 (50 ng/mL) for 48 or
72 h. In some experiments, the cells were pre-treated with Rat IgG
(37.5 pg/m) or an anti-ST2 monoclonal antibody (37.5 pg/mL) for 1 h

prior to their stimulation with RANKL and IL-33. Total protein was
extracted using cell lysis buffer (Cell Signaling Technology Inc.)
containing a protease inhibitor mixture (Thermo Fisher Scientific,
Waltham, MA, USA) and a phosphatase inhibitor mixture (Nacalai
Tesque Inc., Kyoto, Japan). Protein content was measured using a DC
protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA). Equiv-
alent amounts of protein were separated by SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes (Millipore, Bedford,
MA, USA). Non-specific binding sites were blocked for 30 min by
immersing the membrane in Blocking One solution (Nacalai Tesque
Inc.) at room temperature. The membranes were then incubated
with diluted primary antibodies overnight 4 °C, followed by
horseradish-peroxidase (HRP)-conjugated secondary antibodies for
60 min at room temperature. HRP-conjugated anti-mouse and anti-
rabbit IgG (GE Healthcare, Little Chalfont, UK) or HRP-conjugated
anti-rat IgG (Santa Cruz Biotechnology) antibodies were used as
secondary antibodies. The membranes were washed and then
treated with the ECL reagent (GE Healthcare) or Chemi-Lumi One
Super (Nacalai Tesque Inc.). The resulting chemiluminescence
detected digitally with GelDoc XR Plus (Bio-Rad Laboratories).

2.6. Nuclear translocation of NFATc1

RAW264.7 cells (3 x 10° cells/well) were cultured with RANKL
(40 ng/mL) in the presence or absence of IL-33 (50 ng/mL) for 72 h.
The cell pellets were treated with NE-PER nuclear and cytoplasmic
extraction reagents (Thermo Scientific) according to the manufac-
turer's instructions. Cell fractions were subjected to SDS-PAGE and
immunoblotted with an antibody against NFATc1l. In other



H. Kiyomiya et al. / Biochemical and Biophysical Research Communications 460 (2015) 320—326

323

A Cathepsin K B Trap C Oc-stamp
* *
10 400 - * 12
(0] [0] — [0]
g o 8 300 g 1
o o O 8
Q 6 o [S]
£ £ 200 £ 6
T 4 k) z ,
e o, £ 100 2o
0 0- 0
RANKL RANKL RANKL
(40 ng/ml) -+ - + (40 ng/ml) - + - + (40 ng/ml) -+ - +
IL-33 IL-33 IL-33
(50 ng/mli) i Gongmy -~ -t F (50 ng/ml) I
D E
DAPI NFATc1 Merge
RANKL
(40 ng/ml) -+ - + J
IL-33 Z
- - <
(50 ng/ml) T [
NFATe1 . Nuclear E??
> Extracton
Histone H3 =
<
Z
<
o

Fig. 3. Effect of IL-33 on the RANKL-induced expression of osteoclastogenic genes and NFATc1 translocation in RAW264.7 cells. The cells were stimulated with RANKL in the
presence or absence of IL-33 for 48 h. The mRNA levels of Cathepsin K (A), Trap (B), and Oc-stamp (C) were measured by real-time RT-PCR. Data are expressed as the mean + SD of
triplicate cultures. Student's t-test, “p < 0.05 compared with RANKL treatment. (D) RAW264.7 cells were stimulated with RANKL in the presence or absence of IL-33 for 72 h. Nuclear
fractions were prepared and analyzed by Western blotting, probing the blots for NFATc1. Equivalent amounts of protein in the nuclear fractions were determined by measuring
histone H3 levels. (E) RAW264.7 cells were stimulated with RANKL in the presence or absence of IL-33 for 12 h. The cells were fixed, permeabilized, and stained for NFATc1 (green)

and nuclei (blue). Scale bars show 50 pm.

experiments, RAW264.7 cells (1 x 10* cells/well) were cultured
with RANKL (40 ng/mL) in the presence or absence of IL-33 (50 ng/
mL) for 12 h on 4-well chamber slides (Thermo Scientific) and then
fixed in 4% paraformaldehyde in phosphate-buffered saline (pH 7.2;
PBS) for 60 min at 4 °C, followed by quenching with 0.2 M glycine in
PBS. The cells were permeabilized using 0.2% Triton X-100 for
10 min at room temperature, blocked with 1% bovine serum albu-
min in PBS for 30 min, and then incubated with an anti-NFATc1
polyclonal antibody overnight at 4 °C. After a wash in PBS, the
cells were incubated with an Alexa Fluor 488-conjugated anti-
mouse secondary antibody (Invitrogen, Carlsbad, CA, USA),
washed again, mounted in mounting medium containing 4/, 6-
diamino-2-phenylidole (DAPI), and visualized using a BZ-9000
fluorescence microscope (Keyence, Osaka, Japan). Images were
captured digitally in real time and processed using BZ-II imaging
software.

2.7. Statistical analysis

All data were obtained from three independent experiments,
and each experiment was performed in triplicate. Statistical dif-
ferences were determined using an unpaired Student's t-test with
Bonferroni correction for multiple comparisons. All data are
expressed as the mean + standard deviation.

3. Results

3.1. IL-33 suppresses osteoclast formation in BMCs and RAW264.7
cells

To examine the effects of IL-33 on osteoclast differentiation,
TRAP-positive multinucleated cells were counted as an indicator of

osteoclast number. IL-33 inhibited the differentiation of BMCs into
osteoclast-like cells mediated by M-CSF and RANKL. As shown in
Fig. 1A and B, the effect of IL-33 was dose-dependent, with
maximum inhibition observed at a concentration of 50 ng/mL (45.1
% inhibition). IL-33 also inhibited RANKL-induced differentiation of
RAW264.7 cells into osteoclasts in a dose-dependent manner, with
significant inhibition obtained at a concentration of 50 ng/mL
(57.4% inhibition, Fig. 1C and D).

3.2. RANKL-stimulated expression of NFATc1 is inhibited by IL-33

In the intracellular signaling pathway of RANKL, NFATc1 is
essential for osteoclast differentiation and is considered to be the
master regulator for osteoclastogenesis. Therefore, we examined
the effect of IL-33 on RANKL-induced NFATc1 expression by real-
time RT-PCR and Western blotting. IL-33 significantly down-
regulated the expression of RANKL-induced Nfatcl mRNA
(Fig. 2A) and completely inhibited the expression of NFATc1 protein
(Fig. 2B).

3.3. The IL-33 signaling pathway regulates NFATc1 expression via
the ST2 receptor

To investigate the role of ST2 as an IL-33 receptor in the down-
regulation of RANKL-induced NFATc1 expression, RAW264.7 cells
were pre-treated with ST2 neutralizing antibody for 1 h prior to
their stimulation with RANKL and IL-33. PCR and Western blot
analysis showed that pre-treatment with the neutralizing antibody
effectively prevented the IL-33-induced down-regulation of NFATc1
(Fig. 2C and D).
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Fig. 4. Effect of IL-33 on Blimp-1 and IRF-8 expression in RAW264.7 cells induced by RANKL. The cells were stimulated with RANKL in the presence or absence of IL-33 for 48 h. The
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3.4. IL-33 inhibits RANKL-induced osteoclast-related gene
expression

The effect of IL-33 on osteoclast differentiation was investigated
by measuring the expression levels of mRNAs encoding osteoclast-
related genes in RAW264.7 cells after 48 h of RANKL stimulation.
Consistent with the results of TRAP staining, IL-33 caused a sig-
nificant decrease in the expression of osteoclast-related genes, such
as Cathepsin K (Fig. 3A), Trap (Fig. 3B), and Oc-stamp (Fig. 3C) in
RANKL-stimulated RAW264.7 cells.

3.5. IL-33 suppresses nuclear translocation of RANKL-induced
NFATc1

NFATc1 is translocated from the cytoplasm to the nucleus by
calcineurin-mediated dephosphorylation. Therefore, we investi-
gated whether IL-33 altered RANKL-induced NFATc1 translocation.
Nuclear translocation of NFATc1 was detected in RAW264.7 cells
stimulated with RANKL. When the cells were incubated with both
RANKL and IL-33, the level of NFATc1 protein in the nucleus was
lower than that in cells treated with RANKL alone (Fig. 3D).
Immunofluorescence analysis also revealed that nuclear trans-
location of NFATc1 in RAW264.7 cells induced by RANKL was
decreased by IL-33 treatment (Fig. 3E).

3.6. IL-33 reduced Blimp-1 and recovered IRF-8 induced by RANKL
at the gene expression level

We then analyzed the expression of Blimp-1, which is the
transcriptional repressor of anti-osteoclastogenic genes and of IRF-
8, the negative regulator of osteoclast differentiation. Our results
showed that the RANKL-induced Blimp-1 expression was signifi-
cantly suppressed by IL-33 (Fig. 4A and B). On the other hand, the
down-regulation of IRF-8 induced by RANKL was recovered by the
addition of IL-33 (Fig. 4C and D).

4. Discussion

Osteoclasts are large multinucleated cells formed by the fusion
of precursor cells in the monocyte-macrophage lineage [12]. Their
differentiation is dependent on growth factors, cytokines, and
hormones. IL-33 is an alarmin cytokine and acts on a variety of cells,
such as Th2 lymphocytes, mast cells, and macrophages [13,14].
Several studies reported that IL-33 was expressed by differentiated
osteoblasts [15] and inhibited osteoclast formation [11,16,17].

Osteoclast formation of BMCs induced by M-CSF and RANKL
was inhibited by the addition of IL-33 (Fig. 1A and B), indicating
that IL-33 had a suppressive effect on osteoclastogenesis. We also
found that IL-33 suppressed osteoclast formation in RAW264.7 cell
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as well as BMCs when induced by RANKL (Fig. 1C and D). These
findings suggest that IL-33 induces osteoclast differentiation
through signaling pathways in the osteoclast precursor cells.
NFATc1 is strongly induced by RANKL and is required for the ter-
minal differentiation of osteoclasts [6,18]. The level of NFATc1
expression in RAW264.7 cells during osteoclastogenesis was sup-
pressed by IL-33 (Fig. 2A and B), consistent with the down-
regulation of osteoclast formation by IL-33 via the suppression
of NFATc1.

Another important finding of our study is that the IL-33 receptor
ST2 is required for the inhibition of RANKL-stimulated NFATc1
expression mediated by IL-33. The binding of IL-33 to ST2 is known
to be involved in the onset of a variety of biological activities. A
monoclonal anti-ST2 antibody is routinely used in IL-33-related
blocking experiments [8]. As shown in Fig. 2C and D, pre-
treatment with this antibody remarkably inhibited the effect of
IL-33 on the down-regulation of NFATc1 in RAW264.7 cells. On the
basis of these findings, we drew the connection of ST2 on
RAW264.7 cells and IL-33 concerning the regulation of osteoclast
formation and activation.

The inhibitory effect of IL-33 on osteoclastogenesis was
confirmed by evaluating RANKL-induced expression of mRNAs of
osteoclast-related genes. Cathepsin K [19] and TRAP [20] are related
to the bone resorptive function of mature osteoclasts, and osteo-
clast stimulatory transmembrane protein (OC-STAMP) is associated
with cell—cell fusion of osteoclasts [21]. It was demonstrated that
Cathepsin K, Trap and Oc-stamp mRNA levels are regulated by
NFATc1. Our results show that IL-33 notably decreased osteoclast-
related gene expression regulated by Nfatcl in RAW264.7 cells
(Fig. 3A, B and C). These results suggest that IL-33 modified the
RANKL-NFATc1 signaling pathway, leading to a decrease in osteo-
clast formation.

During osteoclastogenesis, RANKL stimulation is found to
induce the nuclear translocation of NFATc1. Furthermore, NFATc1
binds to its own promoter, which results in the robust induction
of NFATcl. This autoamplification process of NAFTc1 is an
important mechanism in osteoclastogenesis [22]. NFATc1 induc-
tion is also dependent on the activation of both the NF-«xB [23]
and the AP-1 complex containing c-fos [22]. However, IL-33 had
no inhibitory effect on the NF-kB and AP-1 activation induced by
RANKL (data not shown). So, we next confirmed the effect of IL-
33 on NFATc1 nuclear translocation induced by RANKL and clar-
ified that IL-33 interferes with RANKL-induced nuclear trans-
location of NFATc1 (Fig. 3D and E). Taken together, we conclude
IL-33 suppresses RANKL-induced NFATc1 nuclear translocation
through NF-kB- or AP-1-independent pathways during the dif-
ferentiation of osteoclast precursors into mature osteoclasts.
Further studies are needed to identify the other signaling mole-
cules that are needed for osteoclastogenesis mediated by IL-33-
ST2 interaction.

Recent studies reported that, during osteoclastogenesis, NFATc1
activity is negatively regulated by other transcription factors such
as IRF-8, B cell lymphoma 6 (Bcl6), and v-Maf musculoaponeurotic
fibrosarcoma oncogene family member protein B (MafB) [24—26].
Blimp-1 is a transcriptional repressor that plays crucial roles in the
differentiation and/or function of numerous cell types, including
macrophages and lymphocytes [27]. Furthermore, a genome wide
screening of RANKL-inducible transcription factors revealed that
Blimp-1 functions as a transcriptional repressor of Irf-8, Bcl6, and
Mafb during osteoclastogenesis [24,25,28,29]. Interestingly, we
found that the RANKL-induced Blimp-1 expression was down-
regulated by IL-33 (Fig. 4A and B), while the suppression of IRF-8
expression mediated by RANKL was inhibited by IL-33 (Fig. 4C
and D). IRF-8 is specifically expressed in immune cells, including
macrophages [30]. IRF-8 binds to NFATc1 in osteoclast precursors

and suppresses its transcriptional activity, resulting in the down-
regulation of NFATc1 autoamplification and the expression of
NFATc1 target osteoclast marker genes [24]. Taken together, these
findings suggest that the inhibitory effect of IL-33 on RANKL-
induced osteoclastogenesis involves modification of the Blimp-1-
IRF-8 molecular axis.

In conclusion, we demonstrated that IL-33-ST2 interaction
regulated Blimp-1 and IRF-8 expression and inhibited the activa-
tion of NFATc1l during RANKL-induced osteoclast formation.
Although IL-33 strongly suppressed NFATc1 expression, it had only
a moderate inhibitory effect on osteoclastogenesis induced by
RANKL. Further elucidation of the molecular mechanisms of IL-33
in osteoclastogenesis will provide additional knowledge for ho-
meostatic to prevent excessive bone resorption in both physiolog-
ical and inflammatory conditions.
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