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Expression profiling of
microRNAs in RAW264.7
cells treated with a
combination of tumor
necrosis factor alpha and
RANKL during osteoclast
differentiation
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Background and Objective: Tumor necrosis factor alpha (TNF-a), a cytokine
involved in the pathogenesis of periodontal disease, induces osteoclast differentia-
tion and indirectly promotes alveolar bone resorption. We investigated
TNF-a-regulated osteoclast differentiation, focusing on microRNAs. MicroRNAs
are small, noncoding RNAs that are involved in various biological processes,
including cellular differentiation, proliferation and apoptosis. Aside from miR-21,

miR-155 and miR-223, the identities of the microRNAs that play roles in osteoclast
differentiation are unknown. Notably, no previous studies have reported the expres-

sion profiling of microRNAs during TNF-o-regulated osteoclast differentiation.

Material and Methods: We used microarrays to screen the levels of expression of
mature microRNAs in RAW264.7 cells treated with a combination of TNF-oand

RANKL, or RANKL alone for 0, 24 or 82 h during osteoclast formation. We validated

the results of the microarray analyses through quantitative RT-PCR analyses of repre-
sentative microRNAs in RAW264.7 cells and murine bone marrow macrophages.

Results: During osteoclast formation, the expression of 44 mature microRNAs
differed by more than twofold between untreated cells and cells treated with a
combination of TNF-o and RANKL, and the expression of 52 mature micro-
RNAs differed upon RANKL treatment. According to quantitative RT-PCR
analyses, miR-378 was upregulated and miR-223 was downregulated during
osteoclast formation. Furthermore, miR-21, miR-29b, miR-146a, miR-155 and
miR-210 were highly expressed during osteoclast differentiation in TNF-o/
RANKL-treated cells compared with RANKL-treated cells.

Conclusions: These results suggest that miR-223 and miR-378 may play impor-
tant roles in osteoclastogenesis, and that miR-21, miR-29b, miR-146a, miR-155
and miR-210 are involved in TNF-a-regulated osteoclast differentiation.
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The amount of bone in the body,
including alveolar bone, is determined
by the balance between bone forma-
tion and bone resorption (1). Osteo-
blasts are the only cells that play a
role in bone formation, and osteo-
clasts are the only cells involved in
bone resorption. Bone metabolism is
maintained by strictly regulated bone
remodeling (1, 2), and an imbalance
of this regulation can result in numer-
ous diseases. For example, alveolar
bone loss in periodontal disease is
caused by excessive bone resorption
3).

Periodontal disease is a chronic bac-
terial infection of tooth-supporting
structures that results in the destruc-
tion of alveolar bone (4). Consistent
with their essential role in bone
remodeling, osteoclasts are central to
this bone destruction. Osteoclasts are
TRAP-positive, multinucleated giant
cells that are derived from hematopoi-
etic stem cells (2, 5, 6). Many of the
cytokines involved in osteoclastogene-
sis have been identified. RANKL,
which is expressed in osteoblasts, T
cells and stromal cells, is essential for
the induction of osteoclast differentia-
tion (2, 3, 7), and tumor necrosis fac-
tor alpha (TNF-ao) induces osteoclast
differentiation in the presence of
RANKL (8). TNF-o, a member of the
TNF ligand superfamily, is secreted by
many cell types, including periodontal
ligament fibroblasts, gingival fibro-
blasts, osteoblasts, T cells and mono-
cytes/macrophages (8-10). TNF-a is
present at high levels in both gingival
crevicular fluid and periodontal tissues
of diseased sites, and is involved in the
pathogenesis of periodontitis (11-13).

MicroRNAs (miRNAs) are small,
endogenous, noncoding RNAs of
approximately 22 nucleotides. More
than 1150 and 1920 miRNAs have
been identified in mice and humans,
respectively (miRBase database, http://
www.mirbase.org/). Although the bio-
logical functions of most miRNAs are
not yet fully understood, they are
known to participate in the regulation
of cellular differentiation, prolifera-
tion, apoptosis and cancer develop-
ment (1, 14-19). Transcription of
miRNA genes yields noncoding tran-
scripts, which are subsequently pro-

cessed through sequential digestion by
the RNase III enzymes Drosha and
Dicer. The resulting single-stranded
mature miRNAs are finally incorpo-
rated into an RNA-induced silencing
complex that contains argonaute fam-
ily proteins. These argonaute proteins
recruit miRNAs specific for target
mRNAs (1), and the RNA-induced
silencing complex inhibits the transla-
tion of the target mRNAs and/or
degrades the target mRNAs (1, 19).
Thus, miRNAs are involved in the
post-transcriptional  regulation  of
mRNA function.

Recent studies have suggested that
miRNAs play critical roles in peri-
odontitis  (20-22). The miRNAs
expressed in periodontitis gingiva,
including let-7a, let-7f, miR-19a, miR-
20a, miR-30e, miR-130a, miR-142-3p
and miR-301a, are upregulated by
more than two- to 10-fold compared
with expression in healthy gingiva (20—
22). As comorbidities, obesity and
periodontitis are associated with sig-
nificant local upregulation of several
miRNA species that share inflamma-
tory and metabolic mRNA targets
(20). Polymicrobial infection with peri-
odontal pathogens has been shown
specifically to enhance miR-146a
expression in ApoE-deficient mice dur-
ing experimental periodontal disease
(23). Despite accumulating evidence
that miRNAs are essential in the
development of periodontitis, their
roles in alveolar bone resorption are
largely unknown. The only miRNAs
that have been reported as important
regulators of osteoclast differentiation
are miR-21, miR-155 and miR-223.
RANKL-induced c-Fos upregulates
miR-21, which downregulates the
expression of programmed cell death
4, a negative regulator of osteoclasto-
genesis (24-27). The overexpression of
miR-155 blocks osteoclast differentia-
tion by repressing microphthalmia-
associated transcription factor and
PU.1, which are crucial transcription
factors for osteoclast differentiation
(25-28). As a key factor in osteoclast
differentiation, miR-223  regulates
nuclear factor I-A and macrophage
colony-stimulating factor (M-CSF)
receptor levels (1, 25-27, 29, 30).
Notably, no reports have described the

expression profiling of miRNAs dur-
ing the differentiation of osteoclasts
treated with TNF-o. Hypothesizing
that many miRNAs participate in
TNF-a-regulated osteoclast differenti-
ation, we performed miRNA expres-
sion profiling using microarrays.

Material and methods

RAW 264.7 cell culture

Murine RAW264.7 macrophages,
obtained from the American Type Cul-
ture Collection (ATCC) (Manassas,
VA, USA), were seeded at a cell den-
sity of 20,000 cells/cm? and cultured in
Dulbecco’s modified Eagle’s medium
(Invitrogen, Fredrick, MD, USA) sup-
plemented with 10% fetal bovine
serum (Moregate Biotech, Bulimba,
QId, Australia). After incubation for
24 h, the growth medium was replaced
with alpha-minimum essential medium
(a-MEM; Invitrogen), and the cells
were incubated without antibiotics for
an additional 82 h at 37°C in a humidi-
fied atmosphere containing 5% CO,,
in the presence of recombinant human
soluble RANKL (PeproTech EC, Lon-
don, UK) and/or recombinant murine
TNF-o (PeproTech, Rocky Hill, NJ,
USA).

Bone marrow macrophage culture

All animal experiments were reviewed
and approved by the Animal Use and
Care Committee of Iwate Medical Uni-
versity (registration number: 23-029).
Five-week-old male ddY mice were
purchased from Japan SLC, Inc.
(Hamamatsu, Japan). The mice were
killed, and their femurs and tibias were
removed and dissected free of adherent
soft tissue. The ends of the bones were
cut, and a 25-gauge needle was used to
inject o-MEM into one end of the bone
and slowly flush the marrow cavity.
The marrow cells were collected, and
the red blood cells were removed by
treatment with phosphate-buffered sal-
ine (pH 7.2) containing 10 mM Tris
and 0.83% NH,Cl. After two washes
with «-MEM, the cells were seeded at a
cell density of 200,000 cells/cm? and
then cultured in o-MEM containing
10% fetal bovine serum and 10 ng/mL



of recombinant mouse M-CSF (R&D
Systems, Inc., Minneapolis, MN,
USA), without antibiotics. After 2 d,
the medium was changed, and the cells
were cultured in the presence of M-
CSF (10 ng/mL), TNF-a (50 ng/mL)
and RANKL (20 ng/mL), or in the
presence of M-CSF (10 ng/mL) and
RANKL (100 ng/mL), for up to 82 h.

Microarray analysis

Using a mirVana™ miRNA isolation
kit (Ambion, Austin, TX, USA), total
RNA (including miRNA) was har-
vested from RAW264.7 cells that had
been treated with TNF-o/RANKL or
RANKL alone for 0, 24 or 82 h. RNA
quality was assessed by determining
the absorption of the RNA at 230 nm
(A230), 260 nm (Aps0) and 280 nm
(As30), and showing that the A,q/
Azgo was > 1.8 and that the Ayg0/
Az was > 2.0. Lack of RNA degra-
dation was further confirmed using an
Agilent 2100 Bioanalyzer (Agilent
Technologies, Santa Clara, CA, USA).
After assessing RNA quality, labeled
total RNA samples (100 ng each) were
prepared according to the Agilent
miRNA Microarray System protocol
using a miRNA Complete Labeling
and Hyb Kit (Agilent Technologies).
According to the manufacturer’s pro-
tocol, no specific molecule is appropri-
ate for normalization of Agilent
miRNA microarray data, and the
adjustment of total RNA (100 ng) was
used as a substitute for sample normal-
ization. The samples were then hybrid-
ized to Agilent mouse miRNA
microarrays (version 2) (666 miRNAs
based on miRBase database release
12.0). The data were analyzed using
Agilent Feature Extraction software
and GeneSpring GX software (Agilent
Technologies).

Quantitative RT-PCR analysis of
mRNA and miRNA expression

Using a mirVana™ miRNA isolation
kit, total RNA was harvested from
RAW264.7 cells that had been treated
with TNF-o/RANKL or RANKL for
0, 12, 24, 48 or 82 h. Total RNA was
harvested from bone marrow macro-
phages (BMMs), treated with TNF-o/

MicroRNA expression in osteoclasts

RANKL/M-CSF or RANKL/M-CSF
for 0, 24 or 82 h, also using the mir-
Vana'™ miRNA isolation kit. To
measure mRNA expression, the RNA
was reverse-transcribed using Rever-
Tra Ace (Toyobo, Osaka, Japan) and
random primers (Toyobo). The result-
ing complementary DNAs were then
amplified using SYBR Premix EX
Taq II (Takara Bio, Otsu, Japan)
with gene-specific primers (Takara
Bio) (Table SI). Target gene expres-
sion in each sample was normalized
to the glyceraldehyde-3-phosphate
dehydrogenase signal. The 224G

375

method was used to calculate relative
mRNA expression levels.

To evaluate miRNA expression, the
RNA was reverse-transcribed using a
TagMan MicroRNA Reverse Tran-
scription Kit (Applied Biosystems,
Foster City, CA, USA) with miRNA-
specific primers (Applied Biosystems).
The expression of mature miRNAs
was analyzed using appropriate Taqg-
Man miRNA assays (Applied Biosys-
tems). Quantification was performed
using snoRNA 202 as an endogenous
control (31, 32). The 2~*2%method
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Fig. 1. Effect of tumor necrosis factor alpha (TNF-0) on osteoclastogenesis. RAW264.7
cells were seeded on 24-well plates and incubated for 82 h with RANKL (0, 10 or 50 ng/
mL) and/or TNF-a (0 or 50 ng/mL). (A) Representative microscopic images of
RAW264.7 cells stimulated with RANKL and/or TNF-o and stained for TRAP. Osteo-
clasts did not form in the presence of TNF-a (50 ng/mL) alone. a, RANKL (50 ng/mL)
alone; b, TNF-a (50 ng/mL) alone; ¢, RANKL (10 ng/mL) alone; d, TNF-a (50 ng/mL)
and RANKL (10 ng/mL). Bar, 100 pm. (B) Number of TRAP-positive multinucleated
cells (MNCs) per well. Osteoclasts did not form in the presence of TNF-o alone. Few oste-
oclasts formed in the presence of RANKL (10 ng/mL) alone. Similar numbers of osteo-
clasts formed from RAW264.7 cells treated with TNF-a (50 ng/mL) plus RANKL (10 ng/
mL) and from cells treated with RANKL (50 ng/mL) alone. Data are presented as
mean + standard deviation of three wells. RANKLO, 0 ng/mL of RANKL; RANKLI0,
10 ng/mL of RANKL; TNFO0, 0 ng/mL of TNF-o; TNF50, 50 ng/mL of TNF-a.
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was used to calculate relative miRNA
expression levels.

TRAP staining

At the end of the culture period, the
cells were fixed with formalin/acetone/
citrate (10%/65%/25%) for 1 min at
room temperature, and were stained
for TRAP using an acid phosphatase
assay kit (Sigma-Aldrich, St Louis,
MO, USA), according to the manu-
facturer’s protocol. The numbers of
TRAP-positive multinucleated cells
(> 3 nuclei) were quantified as a
measure of osteoclast formation.

Statistical analysis

Data are presented as mean =+ stan-
dard deviation. For multiple-group
comparisons, one-way analysis of var-
iance (ANOVA) was performed. For
two independent groups, unpaired
two-tailed Student’s r-tests were used,
assuming unequal variance, to identify

Results

RAW264.7 cells treated with TNF-a
alone did not differentiate into
osteoclasts

To investigate whether TNF-a
induces osteoclast differentiation, we
treated RAW264.7 cells with recom-
binant murine TNF-a. Osteoclasts
did not form in the presence of
TNF-o alone (Fig. 1). We therefore
treated RAW264.7 cells with a com-
bination of TNF-o and RANKL.
Although the osteoclasts that formed
from cells treated with a combination
of TNF-a (50 ng/mL) and RANKL
(10 ng/mL) were smaller than those
that formed from cells treated with
RANKL (50 ng/mL) alone (Fig. 1A),
the number of osteoclasts that
formed did not differ significantly
between the two treatments (Fig. 1B).
Therefore, in subsequent experiments
we used cells treated with a combina-
tion of TNF-a (50 ng/mL) and

RAW264.7 cells differentiate into
osteoclasts after stimulation with
TNF-o/RANKL for 82 h

To test the properties of the
RAW264.7 cells used, cells were cul-
tured in the presence of TNF-a and
RANKL, defined as TNF-o/RANKL,
and the expression of osteoclast-
related genes was evaluated by quan-
titative RT-PCR (qRT-PCR). Accord-
ing to the results of the qRT-PCR
analysis, the expressions of nuclear
factor kappa-light-chain-enhancer of
activated B cells (Nfikbh) and nuclear
factor of activated T-cells, cytoplas-
mic, calcineurin-dependent 1 (Nfatcl)
(the latter of which is a master regula-
tor of osteoclast differentiation) were
transiently upregulated, peaking at 24
and 48 h, respectively (Fig. 2A, B).
Moreover, the  osteoclast-specific
genes calcitonin receptor (Ctr) and
Trap were strongly expressed after
treatment with TNF-o/RANKL for
82 h (Fig. 2C, D). Based on these
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Fig. 2. Osteoclast gene expression in RAW264.7 cells after stimulation with tumor necrosis factor alpha (TNF-o)/RANKL. RAW264.7
cells were cultured in the presence of TNF-a (50 ng/mL) and RANKL (10 ng/mL). Relative expression of the osteoclast genes nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (Nfich) (A), nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent 1
(Nfatcl) (B), calcitonin receptor (Ctr) (C) and Trap (D) in RAW264.7 cells treated with TNF-o/RANKL for 0, 12, 24, 48 or 82 h, as mea-
sured by quantitative RT-PCR. Values are relative to 1 at 0 h (before stimulation) for each mRNA (A, B, D), and mRNA at 48 h (C).
Target gene expression in each sample was normalized to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) signal. The experi-
ments were performed independently three times. Data are presented as mean + standard deviation. N.D., not detected. One-way analysis
of variance was performed. *, p < 0.05 vs. 0 h. **, p < 0.01 vs. 0 h.



ulation with TNF-o/RANKL for
82 h.

The expression of 44 mature
miRNAs differed by more than
twofold between untreated and TNF-
o-/RANKL-treated RAW264.7 cells

To screen the expression profiles of
miRNAs in RAW264.7 cells treated
with a combination of TNF-o and
RANKL during osteoclast differentia-
tion, we performed a microarray anal-
ysis. Figure 3 shows a heat map
displaying miRNAs whose expression
was altered by more than twofold in
TNF-o/RANKL-treated RAW264.7
cells. Table S2 shows signal intensities
for these miRNAs. The expression
levels of 44 mature miRNAs varied
by more than twofold, and most were
upregulated in TNF-o/RANKL-trea-
ted cells. The expression levels of
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miR-29b, miR-125a-3p, miR-378,
miR-483, miR-680 and miR-721 were
upregulated, whereas miR-223 and
miR-342-3p showed time-dependent
downregulation in TNF-o/RANKL-
treated cells. The expression levels of
miR-26a, miR-199a-3p, miR-210,
miR-671-5p, miR-689 and miR-1224
were decreased at 24 h, but increased
at 82 h, in TNF-o/RANKL-treated
cells.

qRT-PCR analysis to validate
microarray miRNA expression data
in TNF-o/RANKL-treated RAW264.7
cells

To confirm the results of our micro-
array  experiments,  representative
miRNAs were analyzed using qRT-
PCR. The expression of miR-210 was
upregulated 10.4-fold in TNF-o/
RANKL-stimulated cells (Fig. 4A).
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Fig. 3. MicroRNA (miRNA) expression profiles in tumor necrosis factor alpha (TNF-o)/
RANKL-stimulated RAW264.7 cells. The heat map shows the results of hierarchical clus-
ter analysis of miRNA microarray data (fold change > 2) from RAW264.7 cells stimulated
with TNF-a (50 ng/mL) and RANKL (10 ng/mL) for 0, 24 or 82 h. Red, upregulation;
blue, downregulation; yellow, median of the three points (0, 24 and 82 h). The miRNAs
for which the signal intensities at 0, 24 and 82 h were all weak (< 20) were excluded from

the map. This experiment was performed once.
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Similarly to miR-210, the expression
of miR-378  increased  5.9-fold
(Fig. 4B). miR-1224 expression also
increased, peaking 48 h after stimula-
tion with TNF-o/RANKL (4.2-fold
upregulation) (Fig. 4C). In contrast,
the expression of miR-223 and miR-
342-3p declined in a time-dependent
manner (to 0.35-fold and 0.32-fold,
respectively) in response to stimula-
tion with TNF-o/RANKL (Fig. 4D,
E). In the case of miR-483, baseline
expression was relatively low and no
clear correlation was observed between
the microarray and the qRT-PCR
data (data not shown).

The expression of miR-155 has
been reported to be upregulated in
activated macrophages treated with
TNF-o0  (33). It has also been
reported that c-Fos induces miR-21
during osteoclast differentiation (24,
25) and that nuclear factor kappa-
light-chain-enhancer of activated B
cells (NF-xB) induces miR-21 in mac-
rophages (34). Therefore, although
the expression of miR-155 and that
of miR-21 did not differ by more
than twofold between untreated and
TNF-0-/RANKL-treated cells in our
microarray experiments, their expres-
sion levels were analyzed by qRT-
PCR. In our study, miR-155 expres-
sion showed a 1.5-fold transient
increase at 12 h after treatment with
TNF-o/RANKL, but this had
decreased to 0.8-fold at 82h
(Fig. 4F). The expression of miR-21
was increased 3.2-fold at 82 h after
TNF-0/RANKL treatment (Fig. 4G).

To confirm the results obtained in
RAW264.7 cells, we examined the
miRNA expression levels in BMMs
(Figure S1). The expression levels of
miR-210, miR-378 and miR-1224 were
upregulated 22-fold (Figure SI1A),
6.4-fold (Figure SI1B) and 3.1-fold
(Figure S1C), respectively, in TNF-o/
RANKL/M-CSF-stimulated BMMs.
The expression of miR-155 showed
a marked 32-fold increase (Figure
S1F), and miR-21 expression was
increased 4.7-fold (Figure S1G). As in
RAW264.7 cells, miR-223 expression
was decreased to 0.4-fold (Figure
S1D); however, instead of decreasing,
miR-342-3p expression increased 2.9-
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Fig. 4. Quantitative RT-PCR (qRT-PCR) validation of microRNA (miRNA) microarray data in tumor necrosis factor alpha (TNF-o)/
RANKL-treated RAW264.7 cells. RAW264.7 cells were cultured in the presence of TNF-a (50 ng/mL) and RANKL (10 ng/mL) for 0,
12, 24, 48 or 82 h, and were then analyzed by qRT-PCR. The levels of expression of miR-210 (A), miR-378 (B), miR-1224 (C), miR-223
(D), miR-342-3p (E), miR-155 (F) and miR-21 (G) are shown. Values are relative to 1 at 0 h (before stimulation) for each miRNA. Quan-
tification was performed using snoRNA 202 as an endogenous control. The experiments were performed independently three times. Data
are presented as mean + standard deviation. One-way analysis of variance was performed. *, p < 0.05 vs. 0 h. ** p < 0.01 vs. 0 h.

fold in TNF-0/RANKL/M-CSF-trea-
ted BMMs (Figure S1E).

Thus, with the exception of miR-342-
3p, the changes in miRNA expression,
determined by qRT-PCR and micro-
array analyses, were similar between
TNF-0/RANKL-treated RAW264.7
cells and TNF-o/RANKL/M-CSF-
treated BMMs.

Expression of 52 mature miRNAs
varied by more than twofold
between untreated and RANKL-
treated RAW264.7 cells

To further explore changes in miRNA
expression linked to osteoclast differ-
entiation, we treated RAW264.7 cells
with RANKL alone. Figure 5 shows a

heat map displaying the miRNAs
whose expression levels were altered by
more than twofold in RANKL-treated
RAW?264.7 cells. Table S3 shows the
signal intensities for these miRNAs.
The expression of 52 mature miRNAs
varied by more than twofold between
untreated and RANKL-treated
cells. RANKL treatment caused the
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Fig. 5. MicroRNA (miRNA) expression profiles in RANKL-stimulated RAW264.7 cells.
The heat map shows the results of a hierarchical cluster analysis of miRNA microarray
data (fold change > 2) from RAW264.7 cells stimulated with RANKL (50 ng/mL) for 0,
24 or 82 h. Red, upregulation; blue, downregulation; yellow, median of the three points
(0, 24 and 82 h). The miRNAs for which the signal intensities at 0, 24 and 82 h were all
weak (< 20) were excluded from the map. This experiment was performed once.

time-dependent  downregulation in
expression of miR-23b, miR-146a,
miR-146b, miR-223 and miR-342-3p,
whereas the expression of miR-125a-
3p, miR-483, miR-680, miR-689, miR-
714 and miR-721 was upregulated in a
time-dependent manner. The expres-
sion levels of miR-26a, miR-29b, miR-
199a-3p, miR-210, miR-378, miR-671-
S5p and miR-1224 were decreased at
24 h and increased at 82 h after
RANKL treatment. Microarray analy-
ses are summarized in Table 1.

qRT-PCR analysis to validate
microarray miRNA expression data
in RANKL-treated RAW264.7 cells

To validate the microarray data, the
levels of representative miRNAs were

analyzed by qRT-PCR. Figure 6
shows the relative expression levels of
representative miRNAs in RAW264.7
cells treated with RANKL alone.
The expression of miR-210 showed
RANKL-stimulated upregulation
(Fig. 6A), and miR-378 expression
was increased 4.8-fold (Fig. 6B).
Similarly, miR-1224 expression was
upregulated (Fig. 6C). The expression
levels of miR-223 and miR-342-3p
decreased by more than 20-fold and
sixfold, respectively, in a time-depen-
dent manner (Fig. 6D, E). The expres-
sion of miR-155 is reportedly
downregulated in osteoclasts (25, 26,
28). However, in our study, miR-155
expression did not change significantly
in RANKL-treated RAW264.7 cells
(Fig. 6F), although it decreased to
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0.65-fold in RANKL/M-CSF-treated
BMMs (Figure S2F). The expression
of miR-21 did not increase signifi-
cantly in RAW264.7 cells (Fig. 6G) or
in BMMs (Figure S2G) after RANKL
treatment. Figure S2 shows the vali-
dation of these miRNA expression
levels in RANKL/M-CSF-treated
BMMs. The expression of miR-378
showed a marked 21-fold increase
(Figure S2B).

In summary, with the exception of
miR-342-3p, the changes in miRNA
expression, as determined by qRT-
PCR and microarray analyses, were
similar ~ between =~ RANKL-treated
RAW264.7 cells and RANKL/M-
CSF-treated BMMs.

Expression levels of miR-21, miR-
29b, miR-146a, miR-155 and miR-210
were higher in TNF-o/RANKL-treated
cells compared with RANKL-treated
cells

To determine which miRNAs are
important in TNF-o-regulated osteo-
clast differentiation, we compared the
results of the microarray analyses of
TNF-0/RANKL-treated and RANKL
-treated cells. Differences in the
expression levels of miR-29b, miR-
139-3p, miR-142-3p, miR-142-5p and
miR-210 were seen between TNF-o/
RANKL-treated and RANKL-treated
cells. miR-29b and miR-210 were
more highly expressed in TNF-o/
RANKL/(M-CSF)-treated cells com-
pared with RANKL/(M-CSF)-treated
cells during osteoclast differentiation
(Fig. 7C, D, I, and J). As the baseline
expression of miR-139-3p was rela-
tively low, no clear correlation was
observed between microarray and
gRT-PCR data (data not shown). Up-
regulated expression levels of miR-
142-3p and miR-142-5p were observed
in TNF-0/RANKL-treated
RAW264.7 cells compared with
RANKL-treated RAW264.7 cells, but
their expression was decreased in
BMMs during osteoclast formation
(data not shown). Considering the
results of the qRT-PCR analyses
(Figs 4 and 6; Figures S1 and S2),
miR-21 and miR-155 were more
highly expressed in TNF-o/RANKL/
(M-CSF)-treated  cells  compared



380 Kagiya & Nakamura

Table 1. MicroRNAs that were altered by more than twofold in microarray analyses

during osteoclast differentiation

TNF-0/RANKL RANKL TNF-a/RANKL RANKL
Downregulation — miR-23b, miR-223,
miR-146a, miR-342-3p
miR-146b,
miR-338-3p
Upregulation miR-29a, miR-29b, miR-18a, let-7e, miR-19a, miR-33,
miR-29¢, miR-30b, miR-99a, miR-96, miR-125a-3p,
miR-30e, miR-34a, miR-100, miR139-3p, miR -183,
miR-101a, miR-101b, miR-378%, miR-188-5p, miR-193,
miR-142-3p, miR-142-5p, miR-714 miR-210, miR-378,

miR-148b, miR-199a-3p,
miR-365, miR-1892,
miR-1904

miR-483, miR-494,
miR-671-5p, miR-674*,
miR-680, miR-689,
miR-721, miR-1224,
miR-1895, miR-1897-5p

More than twofold indicates tumor necrosis factor alpha (TNF-o)/ RANKL treatment (0
vs. 82 h) or RANKL treatment (0 vs. 82 h) or both TNF-0/RANKL treatment (0 vs.
82 h) and RANKL treatment (0 vs. 82 h); fold change > 2.

with  RANKL/(M-CSF)-treated cells
(Fig. 7A, B, G, and H). Mature miR-
146a has been shown to be highly
expressed in human gingiva during
periodontitis (22) and in the periodon-
tium of ApoE-deficient mice in a mur-
ine model of atherosclerosis and
experimental periodontitis (23).
Although miR-146a expression did
not differ by more than twofold
between untreated and TNF-o-/
RANKL-treated cells in our micro-
array experiments, it showed higher
expression in  TNF-0/RANKL/(M-
CSF)-treated cells than in RANKL/
(M-CSF)-treated cells by qRT-PCR
analyses (Fig. 7E, F).

Table 2 shows a list of the miR-
NAs that were upregulated by more
than twofold with TNF-o/RANKL
treatment (0 h vs. 24 h, and/or 24 h
vs. 82 h, and/or 0 h vs. 82 h) and
were highly expressed in periodontitis
gingiva compared with healthy gin-
giva. Perri et al. (20) performed PCR
array analyses using biopsy samples,
gingival epithelium and underlying
connective tissue. Lee ef al. (21) per-
formed PCR array analyses using gin-
gival tissue. Xie et al. (22) performed
microarray and qRT-PCR analyses
using gingival tissue. Of the miRNAs
upregulated following TNF-o/RANKL
treatment, 17 were also upregulated in
periodontitis gingiva compared with
healthy gingiva.

Discussion

Our studies examined for the first
time global miRNA expression during
TNF-a-regulated osteoclast differenti-
ation. Microarray analysis showed
that the expression of 44 mature miR-
NAs differed by more than twofold
between untreated cells and cells trea-
ted with a combination of TNF-a and
RANKL.

The expression of miR-155 in
BMMs was upregulated with TNF-o/
RANKL/M-CSF treatment, but was
downregulated with RANKL/M-CSF
treatment (Figures S1 and S2). The
upregulation of miR-155 expression
has been reported in murine macro-
phages treated with TNF-a (33), and
Mann et al. (28) found that miR-155
expression was decreased during
osteoclastogenesis. Our findings in
BMMs are compatible with these
reports. However, our qRT-PCR
analysis of miR-155 expression in
TNF-o/RANKL-treated RAW264.7
cells revealed transient upregulation
(1.5-fold), followed by decreased
expression (0.8-fold) (Fig. 4F). Fur-
thermore, there was no significant dif-
ference in  miR-155  expression
between untreated and RANKL-trea-
ted RAW264.7 cells (Fig. 6F). It has
been reported that fewer osteoclasts
are generated in vitro from BMMs of
miR-155-deficient mice compared with

wild-type mice (35). Taken together,
these results suggest that miR-155 is
upregulated by TNF-o treatment in
macrophages, but downregulation of
miR-155 may not be necessary for
osteoclastogenesis.

In the present study, the expression
of miR-146a increased during TNF-o-
regulated osteoclast differentiation.
miR-146a is NF-kB-dependent and
plays an important role in innate
immunity by regulating cytokine pro-
duction (34, 36). Mature miR-146a is
highly expressed in human periodonti-
tis gingiva (22) and in experimental
periodontitis periodontium (23) in
ApoE-deficient mice, the murine
model for atherosclerosis. In addition,
lipopolysaccharide, a contributing fac-
tor in the pathogenesis of periodontal
disease, is the most potent stimulator
of miR-146a (34). However, miR-
146a overexpression inhibits
osteoclast formation (37). TNF recep-
tor-associated factor 6, which is an
adaptor protein of RANK, is a target
gene of hsa-miR-146a (36) and a
putative target of mmu-miR-146a,
based on TargetScan algorithms
(http://www.targetscan.org/). Consid-
ering our results and these reports,
miR-146a  induced by TNF-o/
RANKL treatment may serve as a
negative feedback regulator of osteo-
clastogenesis.

TNF-o/RANKL treatment increased
miR-21 expression by three- to 4.5-fold
compared with expression in untreated
RAW264.7 cells and BMMs, and miR-
21 is highly expressed in periodontitis
gingiva (21). miR-21 is an NF-xB
transactivational gene, and depletion
of the NF-kB p65 subunit abolished
lipopolysaccharide-induced expression
of miR-21 (34). Sugatani et al.(24)
observed upregulation of miR-21,
which downregulates the expression of
programmed cell death 4, a negative
regulator of osteoclastogenesis. How-
ever, in the present study, miR-21
expression did not increase as a result
of RANKL treatment in RAW264.7
cells or in BMMs. Thus, TNF-a signal-
ing, rather than RANKL signaling,
may induce miR-21 expression in
osteoclastogenesis.

We observed that TNF-o/RANKL
and RANKL treatment triggered the
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an endogenous control. The experiments were performed independently three times. Data are expressed as mean + standard deviation.

One-way analysis of variance was performed. *

time-dependent downregulation of
two miRNAs — miR-223 and miR-
342-3p — in RAW264.7 cells. miR-223
regulates Nfia and the expression of
M-CSF receptor, which is critical for
osteoclast differentiation and function
(1, 29). It is expressed specifically in

,p2 <0.05vs.0h. ** p<0.01vs. 0h.

mouse CD11b" myeloid cell lineages,
and in human monocytes, granulo-
cytes and platelets (29, 38). The over-
expression  of  miR-223  blocks
osteoclast differentiation, whereas the
inhibition of miR-223 expression has
the reverse effect (29). Although miR-

342-3p decreased in RAW264.7 cells
during osteoclast formation, it did not
decrease in BMMs. This suggests that
the downregulation of miR-342-3p
may not be essential for osteoclasto-
genesis.
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Table 2. MicroRNAs (miRNAs) that were
upregulated by more than twofold with
tumor necrosis factor alpha (TNF-a)/
RANKL treatment during osteoclast differ-
entiation and highly expressed miRNAs in
the gingiva during periodontitis

miRNA Reference(s)
let-7e 21)
miR-18a (20)
miR-19a (21, 22)
miR-19b @1
miR-21 21
miR-22 (20)
miR-29a 21)
miR-29b @1
miR-29¢ @1
miR-30b (21,22)
miR-30e (20-22)
miR-33 (22)
miR-34a 21
miR-101a (21,22
miR-142-3p (20, 22)
miR-146a (22)
miR-210 (20)

mmu-miR-33 corresponds to hsa-miR-33a.
mmu-miR-10la corresponds to hsa-miR-
101.

Perri et al. performed PCR array analyses
using biopsy samples, gingival epithelium,
and underlying connective tissue (20). Lee
et al. performed PCR array analyses using
gingival tissue (21). Xie et al. performed
microarray and qRT-PCR analyses using
gingival tissue (22). More than two-fold
indicates TNF-o/RANKL treatment (0 vs.
24 h, and/or 24 vs. 82 h, and/or 0 vs. 82 h)
in microarray analysis and/or qRT-PCR
analyses; fold change > 2.

In the present study, miR-29b and
miR-210 were upregulated in cells
treated with TNF-o/RANKL com-
pared with the levels in RANKL-trea-
ted cells. Both miR-29b and miR-210
are increased in the gingiva during
periodontitis (20-22). The expression
of miR-29b is induced by NF-«xB in
leukemia (34). miR-210 regulates vari-
ous genes involved in the cell cycle,
differentiation, development,
brane trafficking and migration/adhe-
sion (39, 40).

We also observed that miR-1224
expression increased during TNF-o-
regulated osteoclast differentiation in
RAW 264.7 cells. Transfection with
miR-1224 mimics reportedly reduces
TNF-o promoter activity in
RAW264.7 cells, and the inhibition of

mem-

MicroRNA expression in osteoclasts

miR-1224 increases TNF-a promoter
activity (41). miR-1224 negatively
affects the transcription of TNF-a
mRNA by targeting specificity protein
1, which controls TNF-a expression
(41). The present study suggests that
upregulation of miR-1224 during
TNF-a-stimulated osteoclast differen-
tiation may have a negative feedback
effect in TNF-o-treated RAW264.7
cells.

The present study demonstrated
that miR-378 expression increased
during osteoclast differentiation in
both RAW264.7 cells and BMMs,
exhibiting a 21-fold increase in
RANKL/M-CSF-treated BMMs. We
originally hypothesized that knock-
down of miR-378 would inhibit osteo-
clastogenesis and that overexpression
of miR-378 would promote it.
Unexpectedly, both knockdown and
overexpression of miR-378 inhibited
osteoclast  formation  (Tadayoshi
Kagiya personal observation). miR-
378 promotes cell survival and partici-
pates in blood vessel formation (42).
miR-378 binds to the 3’ untranslated
region of caspase-3 mRNA and inhib-
its the expression of caspase-3 and
apoptosis in rat cardiac myocytes (43).
In contrast, active caspase-3 is
required for osteoclast differentiation
(44). The number of osteoclasts in the
long bones of procaspase-3 knockout
mice was decreased compared with
wild-type mice (44). Overexpression of
miR-378 may inhibit both caspase-3
expression and osteoclast differentia-
tion. Our findings, and reports by
others, indicate that miR-378 upregu-
lation in osteoclasts is crucial for
their differentiation; however, an excess
of miR-378 suppresses osteoclast
formation.

CDI11b " -cre/dicer null mice have
mild  osteopetrosis  caused by
decreased osteoclast numbers and
bone resorption (1). Mizoguchi et al.
(45) reported that cathepsin k-cre/
dicer null mice have increased bone
mass caused by decreased osteoclast
numbers and bone resorption. How-
ever, they did not observe remarkable
upregulation of miRNA expression in
miRNA microarray analyses of mur-
ine bone marrow cells 24 h post-
RANKL stimulation. In the present

383

study, at 24 h post-TNF-o/RANKL
treatment, only 12 mature miRNAs
were upregulated by more than two-
fold in RAW264.7 cells. In contrast,
at 82 h post-treatment, 42 miRNAs,
including miR-378, were upregulated
by more than twofold. This suggests
that multiple miRNAs suppress the
expression of many target genes dur-
ing the late stages of osteoclast differ-
entiation.

In the present study, we used both
a murine cell line and bone marrow
cells. miRNAs are widely known to
repress gene expression through
sequence-specific base pairing with
binding sites in the 3’ untranslated
regions of target transcripts (1, 17—
19), and murine and human binding
sites are often conserved. However, it
is necessary to validate our results in
human osteoclasts in future studies.
Recent studies have shown that miR-
NAs can repress mRNAs by binding
to other sites in target genes (46, 47).
Li et al. (46) demonstrated that miR-
2861 targets the CDS region of
HDACS, and Tay et al. (47) revealed
that miR-134, miR-296 and miR-470
target the CDS regions of transcrip-
tion factors. These reports and our
results indicate that multiple miRNA
target genes must exist during osteo-
clast differentiation.

Here, we demonstrated that the
combination of TNF-a and RANKL
regulates the expression of many
mature miRNAs during osteoclast
formation. More than one-third of
the miRNAs upregulated during
TNF-0/RANKL-regulated osteoclas-
togenesis are highly expressed in the
gingiva during periodontitis. miRNAs
may be transported to and from oste-
oclasts if they exist in exosomes,
which are released into the extracellu-
lar environment and function in the
intercellular transport of miRNAs
(18, 26, 48, 49). In the future, miRNA
therapy may be useful for treating
periodontal disease. Although a single
miRNA generally represses the pro-
duction of hundreds of proteins, the
repression is typically mild (50). Con-
sidering this mild effect, it may be
necessary to combine miRNA-based
and traditional routine therapies to
successfully treat periodontal disease.
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