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MiR-30a attenuates osteoclastogenesis
via targeting DC-STAMP-c-Fos-NFATc1 signaling
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Abstract: Osteoclast is a kind of unique cells which is responsible for bone matrix absorption. It was widely reported
that microRNAs (miRNAs) could regulate several physiological processes, including osteoclastogenesis. In our study,
microarray analysis showed that miR-30a was down-regulated during osteoclastogenesis after RANKL (receptor ac-
tivator of nuclear factor kB ligand) stimulation. Osteoclasts and actin-ring formation as well as bone resorption were
inhibited when miR-30a was overexpressed in osteoclast precursor cells. Meantime, when miR-30a was inhibited
in osteoclast precursor cells, osteoclasts and actin-ring formation as well as bone resorption were promoted. Fur-
thermore, we discovered that miR-30a overexpression inhibited the protein levels of DC-STAMP, c-Fos and NFATc1.
However, when DC-STAMP was inhibited by using a DC-STAMP siRNA, we could not detect the inhibition effect of
osteoclastogenesis and bone resorption induced by miR-30a. In conclusion, miR-30a attenuated osteoclastogen-
esis via suppression of DC-STAMP-c-Fos-NFATc1 signaling pathway. On these grounds, this study may reveal a new

promising target for the treatment of osteoporosis and other osteopenic disorders.
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Introduction

Bone remodeling is a constant process to main-
tain skeletal integrity and strength. During this
process, osteoclasts have the responsibility for
resorbing old bone, while osteoblasts play key
role in forming new bone. According to numer-
ous reports, the imbalance during bone remod-
eling caused by either osteoclasts or osteo-
blasts could cause various kinds of osteopenic
diseases including osteoporosis [1, 2].

Osteoclasts, derived from hematopoietic stem
cells, are a kind of multinucleated giant cells,
which function as bone resorption cells [3]. The
most important step during the formation of
multinucleated mature osteoclasts from hema-
topoietic precursors is osteoclast precursor
(OCP) fusion [4]. As numerous researches have
suggested that by replacing old bone with new
one, osteoclasts take part in maintaining bone
homeostasis [5, 6], deep insight of the related
mechanisms involved in osteoclastogenesis
and bone resorption is of significant impor-

tance for the management of osteopenic
disorders.

MicroRNAs (miRNAs), a kind of endogenous
small, noncoding RNA, include 18 to 22 nucleo-
tides [7]. It can inhibit gene expression post-
transcriptionally through binding with comple-
mentary sequences of protein coding trans-
cripts which are mainly in the 3’-UTRs. Protein
synthesis can be selectively suppressed as a
result of the binding of a miRNA to the target
sequences of protein [8, 9]. MicroRNAs have
been reported to regulate a lot of genes, thus
affecting various kinds of cell activities and
maintaining homoeostasis [7]. Numerous evi-
dence has proved that abnormal expression of
miRNAs can contribute to bone degeneration-
related diseases, via regulating the formation of
osteoclasts as well as bone resorption [10-12].

In this study, miRNA array revealed that miR-
30a was down-regulated in the process of
osteoclastogenesis. Through deep investigat-
ing the underlying mechanism involved, we con-
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cluded that DC-STAMP-c-Fos-NFATc1 pathway
was a target of miR-30a in regulating osteo-
clastogenesis and bone absorption.

Materials and methods
Osteoclast formation and TRAP staining

We isolated murine osteoclasts from bone mar-
row which were mentioned previously [13].
Briefly speaking, we isolated bone marrow cells
and then cultured them in a-MEM (Sigma) sup-
plemented with 10% FBS (GIBCO). After incu-
bating bone marrow cells with M-CSF (20 ng/
ml) (R&D Systems Inc) for 48 hours, we consid-
ered adherent cells as bone marrow-derived
monocytes (BMMs). Then we cultured BMMs
with 30 ng/ml M-CSF and 100 ng/ml RANKL
for 4 days to generate osteoclasts. Osteoclasts
induced in the culture were assessed by TRAP
staining. TRAP + multinuclear osteoclasts (>3
nuclei) appeared as dark purple cells and were
counted by light microscopy.

MIiRNA microarray analysis

M-CSF (30 ng/ml) supplemented with 100 ng/
ml RANKL were used to culture BMMs for the
indicated times. Total RNAs of each sample
were isolated following the instructions. We
purchased the mouse miRNA Expression Pro-
filing array V.2 from the company of lllumina
Inc. and the expression levels were determined.
A total of 656 assays were included in our
assay panel for mouse miRNAs which were
described in the miRBase database v9.1. Fol-
lowing the instructions from the manufacturer,
we performed RT-PCR with miRNAs. The array
data was extracted with BeadStudio v3.1.3
(INlumina). After being log transformed and nor-
malized, the values were determined similarity
by Hierarchical clustering. At last, we selected
mMiRNAs in experiment groups that have at least
two times difference compared with control
groups regarding expression level to make the
expression profile.

Actin ring staining

Both 30 ng/ml M-CSF and 100 ng/ml RANKL
were used to culture BMMs to generate osteo-
clast precursors (OCPs). 30 ng/ml M-CSF and
50 ng/ml RANKL were used to culture OCPs for
another 24 h. Cells were incubated with PBS
supplemented with 0.1% Triton X-100 for 5 min
after fixation and immunostained with Alexa
Fluor 488-phalloidin (Molecular Probes).
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Pit formation assay

Firstly, we plated BMMs on Osteo Assay plates
(Corning) and cultured them with M-CSF and
RANKL for 48 hours to generate OCPs. M-CSF
of 30 ng/ml supplemented with RANKL of 50
ng/ml were used to culture OCPs for another
36 hours. OD values were determined accord-
ing to the amount of pits.

Transfection

MiR-30a mimic, inhibitor, and a negative con-
trol (NC) with fluorescent tags were synthesized
by Shanghai GenePharma (China). OCPs were
transfected with miR-30 mimics, inhibitors and
negative control, respectively. 4-6 hours post-
transfection, cell culture media was changed.
Then M-CSF and RANKL were used to culture
transfected cells for another 24-36 hours. We
purchased Gene-specific siRNAs as well as
non-targeting siRNA from Shanghai GenePhar-
ma (China). The sequence of DC-STAMP siRNA
was 5-GCTGGAAGTTCACTTGAAACT-3’ and the
sequence of the non-targeting control siRNA
was 5-UUCUCCGAACGUGUCACGUTT-3. The
transfection of small interfering RNAs into cells
were done according to above protocols.

RT-gPCR

To determine the relative expression levels
of RNA during osteoclastogenesis, cells were
lysed with TRIzol regent and extracted RNA.
After whole RNA extraction, a PrimeScript RT kit
purchased from TaKaRa was used to reverse
transcription. The reversed cDNA were ready
for qRT-PCR. These following primers were
used: U6 (forward: 5-AGA GAA GAT TAG CAT
GGC CCC TG-3', reverse: 5'-ATC CAG TGC AGG
GTC CGA GG-3’); NFATc1 (forward: 5-AAG AGG
AAG TAC AGC CTC AAC G-3’, reverse: 5-TCT CCT
TTC CGA AGT TCA ATG T-3’); B-actin (forward:
5-TCC TGT GGC ATC CAC GAA ACT-3’, reverse:
5-GAA GCA TTT GCG GTG GAC GAT-3’). U6 and
B-actin were used as internal reference. The
28Ct gquation was used to determine the rela-
tive expression levels.

Luciferase reporter assay

The luciferase reporter vector of DC-STAMP
3-UTR was ordered from Shanghai Genechem
(China). Stratagene QuikChange Lightning Site-
directed Mutagenesis Kit (Agilent Technologies)
was used to perform site directed mutagenes-
is by using. To detect repression by miR-30a,
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Figure 1. miR-30a is down-regulated during RANKL induced osteoclastogenesis. (A) Microarray analysis was performed using RNAs isolated during RANKL induced
osteoclast differentiation. High expression levels of miRNAs are indicated in red, whereas low expression levels of miRNAs are depicted in green. (B) Validation of
microarray data by qRT-PCR analysis of miR-30a expression. The PCR products were normalized to U6 level for each reaction. Data represent means + SD of tripli-
cate samples. Results are representative of at least three independent sets of similar experiments. *p < 0.05, **p < 0.01 vs. control BMMs.
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Figure 2. miR-30a inhibits RANKL-induced osteoclast formation. BMMs were cultured for 2 days in the presence
of MCSF and RANKL. (A, C) Two-day-old OCPs were transfected with the miR-30a mimic or a negative control. (A)
Expression level of miR-30a was detected by qRT-PCR. Data represent means + SD of triplicate samples. **p <
0.001 vs. control. (B, C) Transfected OCPs were cultured for an additional 24 h with M-CSF and RANKL. (B) Cultured
cells were fixed and stained for TRAP. (C) Numbers of TRAP + MNCs were counted. Data represent means + SD of
triplicate samples. **p < 0.001 vs. control. Results are representative of at least three independent sets of similar
experiments. (D, E) OCPs were transfected with miR-30a inhibitor or negative control. (D) Expression level of miR-
30a was detected by qRT-PCR. Data represent means + SD of triplicate samples. **p < 0.001 vs. control. (E, F)
Transfected OCPs were cultured for an additional 24 h with M-CSF and RANKL. (E) Cultured cells were fixed and
stained for TRAP. (F) Numbers of TRAP + MNCs were counted. Data represent means * SD of triplicate samples. *p
< 0.05 vs. control. Results are representative of at least three independent sets of similar experiments.

HEK293T cells were cotransfected with the
indicated DC-STAMP 3’-UTR luciferase reporter
(with either wild-type or mutant-type miR-30a
binding sites). The Renilla luciferase was trans-
fected as an efficiency control. The luciferase
activity was measured using luciferase assay
system (Promega) according to the instructions
of the manufacturers.

Western blot analysis
After washing with ice-cold PBS, cells were
lysed with PIPA buffer (Beyotime) to get total

protein. We determined protein concentration
with a protein assay kit. 10% SDS-PAGE was
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used to separate protein. And then it was shi-
fted to PVDF membranes purchased from
Millipore. 5% fat-free milk was used to block
non-specific protein interactions in TBST buffer.
The membranes loaded with proteins were
incubated at 4°C with primary antibody and
incubated at room temperature with secondary
antibody conjugated with horseradish peroxide
(two hours). After washing these membranes
in TBST buffer, we developed the membranes
using chemiluminescence to detect antibodies
concentration and took GAPDH as our internal
control. The antibodies, anti-DC-STAMP, anti-
c-Fos, anti-NFATc1 and anti-GAPDH were pur-
chased from Abcam.
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Figure 3. miR-30a attenuates actin ring formation and bone resorption. (A,
B) BMMs were cultured for 2 days in the presence of M-CSF and RANKL.
Two-day-old OCPs were transfected with a miR-30a mimic, miR-30a inhibi-
tor, or negative control as indicated. Transfected cells were further cultured
in the presence of M-CSF and RANKL. (A) Cells were fixed and stained with
phalloidin. (B) Numbers of MNCs containing an actin ring were counted.
Data represent means + SD of triplicate samples. ***p < 0.001 vs. con-
trol. Results are representative of at least three independent sets of similar
experiments. (C, D) BMMs were cultured on Osteo Assay plates for 2 days
in the presence of M-CSF and RANKL. Two-day old OCPs were transfected
with a miR-30a mimic, miR-30a inhibitor, or negative control as indicated.
Transfected cells were further cultured for 36 h in presence with M-CSF and
RANKL. (C) Resorption lacunae were visualized by bright-field microscopy.
(D) Numbers of resorption pits were counted. Data represent means + SD of
triplicate samples. ***p < 0.001 vs. control. Results are representative of
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at least three independent sets of
similar experiments.

Statistical analysis

SPSS11.0 was used to an-
alyze our data. Quantitative
data was expressed as mean
+ SD. Non-paired T test was
used to analyzed data be-
tween groups. A p < 0.05 was
considered as statistically si-
gnificant

Results

MiR-30a is down-regulated in
RANKL-caused osteoclasto-
genesis

To identify miRNA expressions
in RANKL-induced osteoclas-
togenesis, miRNA microarray
analysis was used for detec-
tion. We cultured BMMs in the
presence of M-CSF without or
with RANKL for 72 hours prior
to analysis. A total of 617
mouse mMiRNAs were analyz-
ed, showing that 20 miRNAs
were down-regulated by RA-
NKL stimulation (green color
far right third of array in Fig-
ure 1A). Twenty-nine miRNAs
were up-regulated by RANKL
stimulation (red color far right
third of array in Figure 1A).
Among these miRNAs, miR-
30a was robustly decreased
(Figure 1A arrow). Afterwards,
we performed qRT-PCR to de-
tect the levels of miR-30a dur-
ing osteoclast differentiation.
In accordance with the results
from miRNA microarray, the
level of miR-30a was progres-
sively decreased in the pro-
cess of RANKL-caused osteo-
clastogenesis (Figure 1B).

MiR-30a regulates RANKL-
induced osteoclastogenesis
negatively

Then we studied the function
of miR-30a in the formation of
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Figure 4. DC-STAMP is a direct target of miR-30a. (A) Biological prediction revealed that DC-STAMP could be a direct
target of miR-30a. (B) Luciferase reporter assays in OCPs, with co-transfection of WT or Mut DC-STAMP and miR-30a
as indicated. Transfection of miR-30a mimics markedly weakened luciferase activity of WT-DC-STAMP 3’-UTR. *p <
0.05. (C) Inhibition or overexpression of miR-30a in OCPs did not alter DC-STAMP mRNA level. (D) Overexpression of

miR-30a significantly inhibited DC-STAMP protein expression.

osteoclasts. We found that miR-30a was down-
regulated in advanced stage. Instead of focus-
ing BMMs, we detected the influences of miR-
30a on OCPs. We performed qRT-PCR analysis
to confirm miR-30a mimics expression after
OCPs were transfected (Figure 2A). As a result,
the osteoclast formation induced by RANKL
was obviously attenuated (Figure 2B and 2C).
To further verify our hypothesis, a miR-30a
inhibitor was further transfected to detect the
effect of miR-30a on osteoclastogenesis. Our
data manifested the miR-30a inhibitor trans-
fection successfully down-regulated miR-30a
(Figure 2D). Moreover, as showed in Figure 2E
and 2F, the miR-30a inhibitor could significant-
ly promote osteoclast formation. These results
suggested that miR-30a was a negative regula-
tor for RANKL-caused osteoclastogenesis.

The role of miR-30a on osteoclast function

Deeply, we explored the effect of miR-30a on
osteoclast function. After OCPs were transfect-
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ed with miR-30 mimics or inhibitors, they were
stained with phallidin to determine the forma-
tion of actin ring. Interestingly, miR-30 mimics
dramatically inhibited the formation of actin
ring while the inhibitors promoted the forma-
tion compared with the control group (Figure
3A and 3B). After that, pit formation test was
performed to investigate the role of miR-30a in
bone resorption activity. After transfection, the
miR-30a mimics obviously inhibited the forma-
tion of resorption pit while the miR-30a inhibi-
tors increased it (Figure 3C and 3D). Therefore,
results from our research revealed that miR-
30a attenuated the formation and function of
osteoclast during RANKL-induced osteoclasts
formation.

MiR-30a inhibited osteoclastogenesis by di-
rectly targeting the 3’'UTR of DC-STAMP

In order to investigate the potential molecular
mechanism of miR-30a in regulating RANKL-
induced formation of osteoclasts, we used Tar-

Am J Transl Res 2017;9(12):5743-5753
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Figure 5. Overexpression of miR-30a suppressed DC-STAMP-c-fos-NFATc1 signaling pathway. BMMs were cultured
for 2 days in the presence of M-CSF and RANKL. Two-day-old OCPs were transfected with a miR-30a mimic, miR-30a
inhibitor, or negative control as indicated. (A) The effect of miR-30a on protein expression of DC-STAMP, c-fos and
NFATc1, GAPDH was an internal reference. (B, C) The effect of miR-30a on the mRNA levels of c-Fos (B) and NFATc1
(C), analyzed by gRT-PCR. Results are representative of at least three independent sets of similar experiments.

getScan release 6.2 as wells as miR and a to
search the target genes with an established
function of stimulating osteoclastogenesis.
Afterwards, we had the prediction that DC-
STAMP could be a direct target of miR-30a. In
the two databases, MiR-30a was predicted as
highly conserved. We constructed luciferase
reporter plasmids of wild type which contained
the complete 3’'UTR of DC-STAMP and muted
type which contained a muted binding site at
the 3’'UTR to verify that prediction. Firstly, OCPs
were transfected with a miR-30a mimic. We co-
transfected the wild group and muted group
with WT DC-STAMP plasmid and MT DC-STAMP
plasmid, respectively. As a result, the normal-
ized luciferase activity obviously declined in the
WT cells and with the miR-30a mimic (P < 0.05).
However, we did not detect any significant dif-
ference in MT plasmid group. Furthermore, we
performed gRT-PCR as well as western blott-
ing to validate the effect of miR-30a on the
expression of DC-STAMP (Figure 4C and 4D).
Obviously, we concluded that protein expres-
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sion of DC-STAMP was dramatically attenuated
in the OCPs with the miR-30a mimic but up-
regulated with the transfection of a miR-30a
inhibitor, while no changes were seen in the
MRNA level of DC-STAMP.

MiR-30a inhibited RANKL-caused activation of
DC-STAMP-c-Fos-NFATc1 signaling

To further investigate the underlying mecha-
nisms of DC-STAMP-regulated osteoclasts for-
mation, we detected the expression status of
genes related to osteogenesis. It was reported
that c-Fos-NFATc1 signaling took part in the
formation of osteoclasts and bone resorption
(12), so we measured the protein and mRNA
levels of NFATc1 and c-fos. OCPs were trans-
fected with miR-30a mimics or inhibitors and
induced with 50 ng/ml RANKL and 50 ng/ml
M-CSF for 72 hours. As a result, the pro-
tein level of DC-STAMP was obviously inhibited
(Figure 5A). Consistently, with the upregulation
of miR-30a, c-Fos and NFATc1 protein levels
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of DC-STAMP siRNA on miR-30a inhibited expression of c-Fos and NFATc1 were analyzed by western blotting (A). The corresponding role on the number of TRAP +

MNCs (B), actin ring formation (C) and bone resorption (D) were also examined. **P < 0.01. Results are representative of at least three independent sets of similar
experiments.
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osteoclasts and bone resorption.

were also decreased (Figure 5A). However, the
relative mRNA levels of c-Fos (Figure 5B) and
NFATc1 (Figure 5C) had no significant changes
compared to control. Next, we silenced DC-
STAMP with a siRNA to further study whether
miR-30a could inhibit the formation and func-
tion of osteoclasts. Following pre-transfection
with DC-STAMP siRNA, we did not detect the
inhibition effect of miR-30a on the expression
of c-Fos and NFATc1 (Figure 6A). Other assays
confirmed that DC-STAMP siRNA pretreatment
obviously ameliorated the decline in the am-
ount of mature osteoclasts induced by miR-
30a up-expression (Figure 6B). Also, we did not
detect any obvious differences for the inhibi-
tion effects of miR-30a on the formation of
actin ring after cells were transfected with
DC-STAMP siRNA (Figure 6C). At the same time,
the bone resorption activity of mature osteo-
clasts also was promoted (Figure 6D). Taken
together, our results validated that miR-30a
inhibited the formation and function of osteo-
clasts via suppressing DC-STAMP-c-Fos-NFATc1
signaling.

Discussion

Both osteoclasts and osteoblasts are reported
to regulate physical bone remodeling [14]. Pat-
hologically speaking, the excessive activated
osteoclasts activity often induce loss of bone
mass which is the main cause of many bone
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disorders including osteopo-
rosis [15]. As a common and
progressive bone disorder, os-
teoporosis has a high risk of
fracture. More and more peo-
ple are diagnosed with osteo-
porosis with the increase of
elder people [16, 17].

f.’ It was reported that various
r'ed

genes including NFATc1, NF-
kB and c-Fos mediated RA-
NKL-induced osteoclastogen-
esis [18] and costimulatory
signals containing FcRy and
DAP12 are required. In addi-
tion, RANKL regulated nega-
tive regulators such as Bcl-6,
MafB and IRF-8 to potentiate
osteoclastogenesis  [19-21].
Besides, RANKL mediated the
formation of osteoclasts not
only in the process of transcription but also
post-transcription and post-translation [21,
22]. We proposed that miRNAs could regulate
gene expression of osteoclasts differentiation
as they could modulate differentiation of other
cells. To find a new modulatory mechanism, we
performed miRNA array to get the expression
profiles and explored the effects of miR-30a in
the process of osteoclastogenesis. This is the
first evidence to verify miR-30a could modulate
formation and function of osteoclasts post-
transcriptionally.

Osteoclasts

In this study, we showed the miRNA expression
profile during the formation of osteoclasts in-
duced by RANKL. According to the results of
microarray analysis, we found that miR-30a
was down-regulated extremely among a series
of miRNAs. Furthermore, we found that miR-
30a negatively regulated RANKL-mediated os-
teoclastogenesis, as well as osteoclast func-
tion. Moreover, our study confirmed miR-30a
straightly targeted DC-STAMP and inhibited its
expression.

From it was discovered at the first time [23],
DC-STAMP was recognized as a crucial mole-
cule in modulating OCPs fusion as well as
the differentiation of osteoclastogenesis [24].
Originally, DC-STAMP was detected and situat-
ed on dendritic cells [25]. Later, osteoclasts
were also found expressing DC-STAMP [26].
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Researchers found slight and severe osteopo-
rotic symptoms in DC-STAMP-knock-out mice
[27] and transgenic mice [28]. However, the
underlying mechanisms remains unclear.

To further investigate the underlying mec-
hanisms of DC-STAMP-regulated formation of
osteoclasts, we detected the expression of
genes related to osteogenesis. We measured
the expression status of NFATcl as well as
c-fos on the mRNA and protein levels. Re-
sults showed that the levels of NFATc1l and
c-Fos proteins were markedly suppressed fol-
lowing the transfection of miR-30a mimic con-
sistent with the down-regulated proteins ex-
pression of DC-STAMP. However, this decreas-
ing phenomena was not seen in the mRNA
levels of NFATc1 and c-fos. We concluded from
the above data that miR-30a modulated c-fos-
NFATc1 signaling pathway via targeting DC-
STAMP. To explore further whether miR-30a
suppress the formation and function of osteo-
clasts, we used siRNA of DC-STAMP. After pre-
transfection with DC-STAMP siRNA, the inhibit-
ing influence of miR-30a on the relative ex-
pression status of NFATc1 and c-Fos was abro-
gated. In addition, DC-STAMP siRNA pretreat-
ment obviously ameliorated the decline in the
amount of mature osteoclasts induced by miR-
30a up-expression. Also, we did not detect
the miR-30a inhibition effect on the formation
of actin ring after transfecting cells with a
DC-STAMP siRNA. At the same time, the bone
resorption activity of mature osteoclasts also
was promoted. Taken together, our results vali-
dated that miR-30a inhibited the formation and
function of osteoclasts via suppressing DC-
STAMP-c-Fos-NFATc1 signaling (Figure 7).

Altogether, results from our study verified that
miR-30a modulated osteoclastogenesis direct-
ly by targeting DC-STAMP. Moreover, the c-Fos
and NFATc1 expression decreased with sup-
pressed DC-STAMP induced by miR-30a. As a
results, we demonstrated that miRNA played a
vital effect during the formation of osteoclasts.
In the future, inhibiting osteoclasts formation
via miRNA may be a new promising treatment
for the management of osteoporosis and other
osteoclast-related bone diseases.
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