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microRNA is necessary for osteoclast differentiation, function and survival. It has been reported that miR-199/214
cluster plays important roles in vertebrate skeletal development and miR-214 inhibits osteoblast function by targeting
ATF4. Here, we show that miR-214 is up-regulated during osteoclastogenesis from bone marrow monocytes (BMMs)
with macrophage colony stimulating factor (M-CSF) and receptor activator of nuclear factor-kB ligand (RANKL)
induction, which indicates that miR-214 plays a critical role in osteoclast differentiation. Overexpression of miR-214 in
BMMs promotes osteoclastogenesis, whereas inhibition of miR-214 attenuates it. We further find that miR-214 functions
through PI3K/Akt pathway by targeting phosphatase and tensin homolog (Pten). In vivo, osteoclast specific miR-214
transgenic mice (OC-TG214) exhibit down-regulated Pten levels, increased osteoclast activity, and reduced bone
mineral density. These results reveal a crucial role of miR-214 in the differentiation of osteoclasts, which will provide a
potential therapeutic target for osteoporosis.

Introduction

Osteoclasts are derived from monocyte-macrophage precur-
sors that arise from multipotent haematopoietic stem cells. Many
cytokines and exogenous hormones have been identified to be
involved in osteoclastogenesis through transcription factors that
positively or negatively modulate osteoclast proliferation, sur-
vival, differentiation and function.1-4 M-CSF and RANKL, both
produced by osteoblast or activated T cells, are significant cyto-
kines for osteoclastogenesis.5-7 RANKL can induce the expression
of nuclear factor of activated T-cells cytoplasmic (NFATc1).8

Osteoclast-specific markers, such as tartrate-resistant acid phos-
phatase (TRAP) and cathepsin K, have multiple sites recognized
by NFATc1,8-10 a key transcription factor for osteoclastogenesis.

microRNAs (miRNAs) are small non-coding RNAs of ~22
nucleotides known to play important roles in post-transcriptional

regulation in various cellular processes.11 They contribute to
every step of osteogenesis from embryonic bone development to
maintenance of adult tissue, by regulating the growth, differentia-
tion and functional activity of osteoblasts, osteoclasts and osteo-
cytes.12 Bone remodeling is a continuous process requiring the
physiological coupling of osteoclast with osteoblast activities.13

Various miRNAs have been reported to regulate osteoblastic dif-
ferentiation, proliferation and bone formation.14-19 Recently, the
function of miRNAs in osteoclastic differentiation and activity is
beginning to be disclosed.

miR-214 is highly conserved across vertebrates and is encoded
within a larger non-coding RNA, Dnm3 opposite strand
(Dnm3os).20 It is transcribed together with miR-199a-2 from the
opposite strand of the Dnm3 gene on mouse chromosome 1.
The miR-199 and miR-214 genes cluster not only participates in
skeleton formation, but maintains the skeleton in a healthy state
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as well. In osteoblasts, our previous results demonstrate that miR-
214 targets ATF4 to inhibit bone formation.19 However, its
expression and function in osteoclasts remain elusive.

In this paper, we find that the expression of miR-214 is upre-
gulated in the process of M-CSF and RANKL induced osteoclas-
togenesis. Inhibition of miR-214 levels significantly reduces
osteoclast activity. It functions by targeting Pten to activate
PI3K/Akt/NFATc1 pathway. In vivo, osteoclast specific miR-
214 transgenic mice (OC-TG214) exhibits downregulated Pten
levels, increases osteoclast activity, and reduces bone mineral
density.

Results

miR-214 is up-regulated in osteoclastogenesis induced by
M-CSF and RANKL

To investigate the miRNAs involved in osteoclastogenesis,
microarray assays were performed. RAW 264.7 osteoclast precur-
sor cells were induced by treatment with RANKL. RAW 264.7
cells were cultured without RANKL as controls. Our results
showed that 10 miRNAs are differently expressed during the dif-
ferentiation of RAW 264.7 cells into osteoclasts (Fig. 1A). Six
miRNAs (miR-92a, miR-20b, miR-5112, miR-1957a, miR-455
and miR-214) are significantly increased. Conversely, miR-3064,
miR-5109, miR-155 and miR-511 are down-regulated. The
expressions of 6 upregulated miRNAs are further confirmed by
qRT-PCR, the results were consistent with that of miRNA
microarray (Fig. 1B). Among them, miR-214 is the most obvi-
ously up-regulated miRNA. Its level is increased about 2.5 folds.

We also found that the expression of miR-214 is increased
progressively during the process of RANKL and M-CSF induced
osteoclastogenesis from BMMs (Fig. 1C). In detail, miR-214
starts to be increased progressively on day 3 after induction. On
day 5, the expression of miR-214 reaches 6 folds of that on day
1. The change of miR-214 level concurs with the up-regulation
of expression of osteoclast effector gene Acp5 (Fig. 1D, E). The
results suggested that miR-214 plays an important role in
osteoclastogenesis.

miR-214 is essential to osteoclastogenesis
To assess the significance of miR-214 for osteoclast differenti-

ation, we treated BMMs with miR-214 mimics or anti-miR-214
in the course of osteoclastogenesis. The results showed that cellu-
lar miR-214 levels are substantially upregulated by miR-214
mimics treatment and markedly downregulated by anti-miR-214
treatment (Fig. 2A). TRAP, MMP9, CLC7 and Cathepsin K are
important markers for the differentiation and activity of osteo-
clast.21-25 After 5 days of induction, the expression of Acp5,
Clcn7, Mmp9 and Ctsk are significantly up-regulated by miR-214
mimics and down-regulated by anti-miR-214 compared to treat-
ment with their negative control, respectively (Fig. 2B). Func-
tionally, the number of TRAP-positive, multinucleated
osteoclasts per well are substantially increased in the miR-214
mimics treatment group and markedly reduced in the anti-miR-
214 treatment group compared to the negative control group

(Fig. 2C). In addition, the relative surface of osteoclast bone-
resorbing pits is also reduced due to downregulated osteoclast
activity in the anti-miR-214 treatment group (Fig. 2D). These
results showed that miR-214 is essential for osteoclastogenesis.

miR-214 directly targets Pten
Bioinformatics analysis suggests that the 30UTRof Pten contains a

miR-214 targeting site. It targets Pten in T cells, human ovarian can-
cer cells and gastric cancer cells to increase their proliferation abil-
ity.26-28 Using two computer-aided algorithms, miRecords, and
CHIP Base, we obtained a list of predicted target genes that are
potentially regulated by miR-214. One of the target genes, Pten,
which was shown to play a critical role in RANKL-induced osteoclast
differentiation,29 was selected for experimental verification. We
found that 30-UTR ofmouse Pten contains a putative region (nucleo-
tides 3102–3109,NM_008960) that is complementary with the seed
sequence of mmu-miR-214 (Fig. 3A). To test whether miR-214 tar-
gets Pten, we examined that the effect of miR-214, anti-miR-214
and NC on luciferase activity in RAW 264.7 cells transfected with
the Pten 30 UTR reporter. We found that miR-214 substantially
inhibits the luciferase reporter activity of the Pten 30 UTR.Moreover,
the luciferase reporter activity is significantly increased after reducing
the endogenous levels of miR-214 by treating with anti-miR-214
(Fig. 3B). We then examined the effect of miR-214 and anti-miR-
214 on the Pten mRNA and protein levels in RANKL-induced
RAW 264.7 osteoclast precursors. The results demonstrated that
miR-214 leads to a decrease in Pten protein level in RANKL-induced
RAW 264.7 cells, and anti-miR-214 leads to an increase in Pten pro-
tein level compared with cells transfected with miR-214 negative
control (Fig. 3C). However, there is no detectable change in Pten
mRNA level (Fig. 3D). ATF4 is another important transcription fac-
tor that plays a direct role in regulating osteoclast differentiation, and
it is a target of miR-214 in osteoblasts.19 However, there are no
changes found in Atf4 protein levels after transfection with miR-214
mimics in RANKL-induced RAW 264.7 cells (Fig. 3E). These
results showed that Pten is the target of miR-214 in osteoclast
differentiation

miR-214 promotes osteoclast differentiation through Pten
involved pathway

It has been demonstrated that Pten regulates RANKL-induced
osteoclast differentiation from RAW 264.7 osteoclast precursors
through PI3K/Akt pathway.29 To test the effect of miR-214 on the
Pten/Akt signaling pathway during RANKL induced osteoclast dif-
ferentiation, RAW 264.7 cells were treated with RANKL, RANKL
with anti-miR-214, miR-214 mimics, and miR-214 mimics with
PI3K inhibitor LY294002, respectively. Intracellular miR-214 levels
are able to be upregulated by RANKL induction and reduced by
anti-miR-214 treatment. LY294002 has no effect on intracellular
miR-214 level (Fig. 4A). We also verified that PI3K inhibitor
LY294002 can inhibit phosphorylated Akt and NFATc1 in RAW
264.7 cells (Fig. 4B). Therefore, we further detected the protein levels
of Pten, Akt, phosphorylated Akt and NFATc1 in RAW 264.7 cells
in Figure 4A. The results demonstrated that Pten protein level is
inhibited, phosphorylated Akt and NFATc1 are up-regulated after
RANKL induction. Furthermore, anti-miR-214 is able to inhibit
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Akt phosphorylation and
NFATc1 levels through up-
regulating Pten levels in this
process. Under miR-214
treatment, Pten protein level
is reduced in RAW 264.7
cells. Accordingly, the phos-
phorylation of Akt and
NFATc1 levels are increased.
PI3K inhibitor LY294002
strongly down-regulates miR-
214 induced Akt activation
(Fig. 4C). Moreover, the
increased mRNA levels of
Nfatc1, Acp5, Clcn7, Mmp9
and Ctsk after induction with
RANKL or treatment with
miR-214 are partly blocked
by anti-miR-214 and PI3K
inhibitor LY294002
(Fig. 4D). These data sug-
gested that miR-214 regulates
RANKL-activated PI3K/Akt
signaling pathway for osteo-
clast differentiation by target-
ing Pten.

Promotion of osteoclast
activity by miR-214 in vivo

To investigate the role of
miR-214 in vivo, we devel-
oped a construct that
expresses miR-214 under
the control of the Acp5 pro-
moter, which has been
shown to be specially acti-
vated in osteoclasts.30 Subse-
quently, we established
Acp5-miR-214 transgenic
(OC-TG214) mice. We
selected one OC-TG214
mouse line for further
experiments. Compared to
littermate wild-type (WT)
mice, OC-TG214 mouse
line showed more than
4 times higher miR-214 expression in bone tissue at 8 weeks of
age (Fig. 5A). Micro CT (Micro computed tomography) analysis
revealed that the bone mineral density (BMD) and ratio of bone
volume to tissue volume (BV/TV) in OC-TG214 mice are
markedly lower than that in WT mice. We also found that the
trabecular spacing (Tb.Sp) in OC-TG214 mice are notably
increased compared to WT mice (Fig. 5B, C). Compared to WT
mice, Nfatc1, Acp5, Clcn7, Mmp9 and Ctsk mRNA levels are sig-
nificantly increased in osteoclasts sorting from OC-TG214 mice
(Fig. 5D). Moreover, TRAP-positive osteoclast formation are

promoted in RANKL induced BMMs from OC-TG214 mice
(Fig. 5E). In addition, osteoclast bone-resorbing activity is also
increased because of upregulation of osteoclast formation
(Fig. 5F). Furthermore, we isolated BMMs from WT and OC-
TG214 mice and observed the changes of Pten protein levels
after RANKL-induction. We found that Pten protein levels are
much lower in the BMMs from OC-TG214 mice than that from
WT mice and rapidly reduced with RANKL treatment. The
reduction is more obvious in cells from OC-TG214 mice. Con-
sistently, the levels of phosphorylation of Akt and NFATc1 are

Figure 1. miR-214 was upregulated during osteoclastogenesis. (A) Microarray assays were performed in RAW
264.7 cells with or without RANKL induction for 2 d Red and green indicate high expression levels and low expres-
sion levels, respectively. Shown are the miRNAs that changed more than 1.fold5-. (B) Relative miRNA levels in
RANKL-induced RAW 264.7 cells was analyzed by qRT-PCR, miRNA levels were normalized to U6. (C) BMMs were cul-
tured with M-CSF (10 ng/ml) alone for 1 day, and followed with M-CSF (30 ng/ml) and RANKL (50 ng/ml) for indi-
cated times. Relative miR-214 levels in M-CSFCRANKL-induced BMMs were analyzed by qRT-PCR, miR-214 levels
were normalized to U6. (D) Relative Acp5 mRNA levels in M-CSFCRANKL-induced BMMs were analyzed by qRT-PCR
and normalized to Gapdh. (E) Trap protein levels in BMMs with RANKL-induction for indicated times were deter-
mined by western blot analysis and normalized to Gapdh. The data represent the mean § SEM of 3 experiments in
triplicate. **P< 0.01.
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higher in BMMs from OC-TG214 mice than that from WT
mice. After treatment with RANKL, the up-regulation of these
proteins is much higher in RANKL induced OC-TG214 mice
derived BMMs (Fig. 5G, H, I, J). These results revealed that
miR-214 overexpression in osteoclasts leads to activated osteo-
clast activity and bone loss.

Discussion

In present study, we found that miR-214 is upregulated dur-
ing M-CSF and RANKL induced osteoclastogenesis from
BMMs. In vitro, miR-214 can promote osteoclastogenesis by

targeting Pten and activating PI3 kinase/Akt/NFATc1 pathway
(Fig. 6). In vivo, osteoclast specific overexpression of miR-214
reduces bone mineral density and bone volume by increasing
osteoclast activity. Under the treatment of RANKL, BMMs from
OC-TG214 mice have stronger activity to differentiate into
osteoclasts. In these cells, Pten levels are reduced, and the phos-
phorylation of Akt is up-regulated, and the expression of Nfatc1,
the master regulator for the transcription of osteoclast-specific
marker genes, is obviously increased. Accordingly, the activity of
osteoclast is increased. To date, several miRNAs have been iden-
tified to be involved in the regulation of osteoclast differentia-
tion.31-36 Among them, only miR-21 and miR-148a have been
identified to promote osteoclastogenesis by targeting PDCD4

Figure 2. miR-214 regulates osteoclastogenesis from BMMs. (A) BMMs were induced with M-CSF and RANKL for 5 d Relative miR-214 levels were
determined by qRT-PCR after treatment with miR-214 mimics or anti-miR-214 or negative control (NC) and miR-214 levels were normalized to U6. (B) Rel-
ative Acp5, Mmp9, Ctsk and Clcn7 mRNA levels were determined by qRT-PCR and normalized to Gapdh. (C) Representative photographs of OC formation
(original magnification 200 _c) and the number of TRAP-positive multinucleated cells (MNCs) are shown. (D) Bone resorption areas on bovine bone slices
were measured by image analysis. Representative images of resorbed bone slices (original magnification 4 _c). The data represent the mean § SEM of 3
experiments in triplicate. *P< 0.05, **P < 0.01.
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and MAFB, respectively. miR-214 is highly expressed in the oste-
oporosis bone tissues19 and in the differentiation of PBMCs into
osteoclasts by microarray assay.37 The expression study showed
predominant expression patterns for miR-199–214 cluster in tis-
sues surrounding developing craniofacial skeletal elements and
indicated a conserved role of miR-199 and miR-214 in vertebrate
skeletogenesis.38 miR-199–214 is essential to skeletogenesis
because miR-199–214 cluster knockout mice display skeletal
abnormalities.20 In our study, we found that miR-214 plays an
important role in osteoclastogenesis and affects osteoclast activity
through regulating the expression of osteoclast functional genes.

miR-214 is widely
expressed in different tissues
and cells. It targets different
genes to regulate the occur-
rence of cancer, immune,
differentiation of skeletal
muscle cells, protection of
heart from ischemic injury,
inhibition of angiogenesis.
Among them, Pten is one of
its main targets. In breast
cancer, ovarian cancer,
hepatic cancer and gastric
cancer, miR-214 targets Pten
to regulate the proliferation,
migration and invasion of
these cancer cells.39 In
immune system, miR-214
targets Pten to increase
monocyte survival and
enhances T cell activity.40 In
bone tissue, miR-214 has
been identified to target
ATF4 in osteoblasts.19 In
this study, our results dem-
onstrated that miR-214 pro-
motes osteoclastogenesis by
targeting Pten, but not Atf4
in RANKL and M-CSF
induced RAW 264.7 cells,
although both of them are
essential for the function of
osteoclast function. This
reflects the importance of
miR-214 in the fine-tuning
of gene expression related to
bone remodeling.

Osteoclasts and osteo-
blasts lineages communicate
with each other through cell-
cell contact, diffusible para-
crine factors and cell-bone
matrix interaction, which is
essential for bone remodel-
ing and mineral homeosta-

sis.41,42 MiRNAs represent a sophisticated level of gene
regulation that coordinates a broad spectrum of biological pro-
cesses in the regulation of bone remodeling. However, the con-
trol of miRNAs in the crosstalk between the 2 metabolically
opposing cell types, osteoblasts and osteoclasts, remains to be
addressed. The role of miR-214 in the regulation of both osteo-
blasts and osteoclasts implicates that miR-214 could be such a
mediator. In endothelial cells, miR-214 plays a dominant role in
exosome-mediated signaling between endothelial cells.43 Exo-
somes from hepatic stellate cells are a conduit for uptake of miR-
214 by primary mouse hepatocytes.44 These results suggested

Figure 3. miR-214 directly targets Pten in osteoclasts. (A) Sequence alignment of mouse miR-214 with 3’-UTR of
Pten. The seed sequences of miR-214 (up) and 3’-UTR of Pten (down) are complementary. (B) The effect of miR-214,
anti-miR-214 and NC on luciferase activity in RAW 264.7 cells transfected with the Pten 3’ UTR reporter. (C) Effect of
miR-214, anti-miR-214 and NC on Pten protein level by protein gel blot analysis. miR-214 mimics, anti-miR-214 or
NC were transfected into RANKL-induced RAW 264.7 cells. The protein levels were normalized to Gapdh. (D) Pten
mRNA level was determined by qRT-PCR. The level of Pten were normalized to Gapdh. (E) Atf4 protein level was
determined by western blot analysis and normalized to Gapdh. The data represent the mean § SEM of 3 experi-
ments in triplicate. *P < 0.05, **P < 0.01, NS, not significant.
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Figure 4. miR-214 promotes osteoclast differentiation through Pten involved pathway. (A) miR-214 levels were determined by qRT-PCR in RAW
264.7 cells after treatment with RANKL, miR-214 mimics, anti-miR-214 and PI3K inhibitor LY294002. miR-214 levels were normalized to U6. (B) Effect of
RANKL and PI3K inhibitor LY294002 on the protein levels of Nfatc1 and phosphorylated Akt in RAW 264.7 cells. Nfatc1 and phosphorylated Akt levels
were analyzed by protein gel blot, and Gapdh was used as the internal control. (C) Effect of miR-214, anti-miR-214 and PI3K inhibitor LY294002 on the
protein levels of Pten, Nfatc1 and phosphorylated Akt in RAW 264.7 cells. Pten, Nfatc1 and phosphorylated Akt levels were analyzed by western blot,
and Gapdh was used as the internal control. (D) Effect of miR-214, anti-miR-214 and PI3K inhibitor LY294002 on NFATc1, Acp5, Ctsk, Mmp9, Clcn7 mRNA
levels in RAW 264.7 cells. The mRNA levels were analyzed by qRT-PCR, and products were normalized to Gapdh. The data represent the mean § SEM of
3 independent experiments in triplicate. *P < 0.05, **P < 0.01, NS, not significant.
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Figure 5. Promotion of osteoclast activity by miR-214 in vivo. (A) qRT-PCR analysis of miR-214 levels in bone and other tissues (normalized to those in
WT mice) from WT and Acp5-miR-214 transgenic (OC-TG214) mouse lines. miR-214 levels were normalized to U6. (B) MicroCT examination and represen-
tative images showing The 3-dimensional trabecular architecture in OC-TG214 and WT mice. Scale bars, 1 mm. (C) Micro CT measurements for BMD, BV/
TV and Tb.Sp in the proximal tibia of WT and OC-TG214 mice. n=5. (D) Nfatc1, Acp5, Mmp9, Clcn7 and Ctsk mRNA levels in OscarC separated by cell sort-
ing with flow cytometry were analyzed by qRT-PCR. The expression levels were normalized to Gapdh. (E) TRAP staining (original magnification 200 _c) and
the number of TRAP-positive MNCs of RANKL-induced BMMs isolated from bone marrow of WT and OC-TG214 mice. (F) Bone resorption areas on bovine
bone slices were measured by image analysis. Representative images of resorbed bone slices (original magnification 4 _c). (G, H, I, J) Pten, Nfatc1 and
phosphorylated Akt levels in M-CSF and RANKL induced BMMs from WT and OC-TG214 mice for 4 d were measured by protein gel blot and expressed as
the ratios of densitometry to Gapdh. Gapdh was used as the internal control. The data represent the mean § SEM of 3 experiments in triplicate. *P <

0.05, **P < 0.01.
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that there is a potential mechanism that miR-214 mediated cross-
talk between osteoclasts and osteoblasts is involved in the capacity
of exosome to shuttle miRNAs to target cells.

In summary, this study demonstrates that miR-214 regulates
osteoclast differentiation by targeting Pten, which provides a new
insight into the roles of miR-214 in osteoclastogenesis. Our pre-
vious study demonstrated that miR-214 is present in osteoblasts
and acts to inhibit bone formation under various pathophysiolog-
ical and physiological scenarios.19 In this research, we highlight
the importance of miR-214 in the regulation of bone loss by
directly demonstrating its effect on osteoclast. Based on this evi-
dence, it can be concluded that miR-214 antagonist could pro-
mote bone formation through inhibiting osteoclast and
promoting osteoblast at the same time. A therapeutic blockage of
miR-214 could be helpful in the control of osteoporosis in post-
menopausal women and in elderly patients of both sexes. Further

investigation in our lab are underway
to clarify the mechanisms in contribut-
ing to the upregulation of miR-214 in
osteoclasts and miR-214 mediated
crosstalk between osteoblasts and
osteoclasts.

Materials and Methods

Cell culture
Osteoclasts were induced with M-

CSF (R&D Systems Inc., 416-ML/CF)
and RANKL (R&D Systems Inc..,
462-TEC/CF) from BMMs. Bone
marrow cells were cultured in 10 cm2

plate containing Alpha Modified
Eagle’s Medium (a-MEM, Hyclone,
No.SH30265) supplemented with
10% FBS (Gibco Laboratories,
No.16000–044), 1% penicillin and
streptomycin and M-CSF (10 ng/ml)
for 1 day. Non-adherent cells were con-
sidered as BMMs, and cultured in
a-MEM containing 10% FBS, M-CSF
(30 ng/ml) and RANKL (50 ng/ml).
The RAW 264.7 cell line was main-
tained in Dulbecco’s modified Eagle’s
medium (DMEM, Hyclone, No.
SH30022) with 10% FBS and 1% pen-
icillin and streptomycin. RAW 264.7
cells were induced with RANKL
(50 ng/ml) for osteoclastogenesis. The
cells were maintained under standard
cell culture conditions of 5% CO2 and
95% humidity. The culture medium
was replaced for fresh medium every 2
d BMMs or RAW 264.7 cells were
transfected with 20 nM miR-214
mimics, anti-miR-214, and NC (nega-

tive control) (GenePharma) using Lipofectamine 2000 (Invitro-
gen, No.11668–019) for 5 d or 2 d respectively. For PI3K
inhibition, RAW 264.7 cells were treated with 40mM LY294002
(MERKMILLIPORE, 440202) for 24 hours.

miRNA microarray assay
The RNA of RAW 264.7 cells induced with or without

RANKL for 2 d were extracted. miRNAs were isolated and
labeled either with Cy3 or Cy5. miRNA microarray assay was
completed by Phalanx Biotech Group. The probe content was in
accordance with Version 19.0 of the Sanger miRBase database.
The signal intensity of each spot was process by R program
(2.12.1). The median value of repeating spots were selected into
analysis. We filtered out spots which flag <0 within all arrays.
Spots that passed the criteria were normalized by invariant set
normalization method. Normalized spot intensities were

Figure 6. The model for effect of miR-214 on osteoclastogenesis. MiR-214 regulates RANKL-acti-
vated PI3K/Akt signaling pathway for osteoclast differentiation through targeting Pten.

350 Volume 12 Issue 3RNA Biology



transformed to gene expression log2 ratios between the control
and treatment groups by pair-wise t test. The spots with |log2
ratio| � 0.585 and p values < 0.05 are selected for further
analysis.

TRAP staining
The procedure was according to the protocol of Acid Phos-

phatase kit (Sigma Aldrich, No.387). Briefly, after 3 d of culture,
RANKL-induced cells were fixed by immersing in Fixative Solu-
tion for 30 seconds in room temperature (18–26�C), then rinsed
thoroughly in deionized water. TRAP staining fluid was added,
and the plates were incubated at 37�C protected from light for
1 hour. After removal of the TRAP solution, the plates were
washed 3 times with distilled water. The TRAP positive multinu-
clear cells were recorded using inverted microscope (Nikon).

Determination of bone resorption pits
For pit assay, BMMs (5_c10 5 cells/well) were seeded on bovine

bone slices in 24-well plates in proliferation medium for 1 day
and switched to differentiation medium for 3 d Bovine bone sli-
ces were ultrasonicated in 1 mol/L NH4OH to remove adherent
cells and stained with 0.1% toluidine blue solution. Pit area ver-
sus total bone area of each slice was measured using Image Pro
Plus 6.2 software (Media Cybernetics Inc..).

miRNA extraction
The total RNA from the collected cells was extracted using the

miRNeasy Mini Kit (QIAGEN, No. 217004). Briefly, the cells
were collected in a reaction tube, lysed with 700 ml QIAzol and
mixed with 140 ml chloroform. After being centrifuged at
12,000 g for 15 min at 4�C, the upper aqueous phase was trans-
ferred to an RNeasy Mini spin column in a 2 ml collection tube
and mixed with 100% ethanol. After being washed with 700 ml
Buffer RWT and 500 ml Buffer RPE, the total RNA was col-
lected for real-time PCR analysis.

Reverse transcription and quantitative real-time PCR (qRT-
PCR)

Total RNA from bone tissues or cells was extracted with TRI-
zol Reagent (Invitrogen, No.15596–026) as the manufacturer’s
instructions. RNA (0.5 mg) was reversely transcribed with Prime-
Script RT reagent Kit (TaKaRa, No.037A) according to the
manufacturer’s instructions. Stem-loop RT-PCR was used for
the quantification of miR-214. Two microliters of cDNA were
used for detecting mRNA and miRNA expression by quantitative
PCR using SYBR! Premix Ex TaqTMII Kit (TaKaRa,
No.820A). Gapdh was used as a normalization control for
mRNA and U6 was used as a normalization control in all
miRNA measurements. Primers used were synthesized by Beijing
Sunbiotech Co., Ltd. and their sequence were as follows: Gapdh
(Forward: 50-AACATCAAATGGGGTGAGGCC-30 and
Reverse: 50-GTTGTCATGGATGACCTTGGC-30),

Pten (Forward: 50-AATTCCCAGTCAGAGGCGCTATGT-
30 and Reverse: 50-GATTGCAAGTTCCGCCACTGAACA-30),
Nfatc1 (Forward: 50-ACGCTACAGCTGTTCATTGG-30 and
Reverse: 50-CTTTGGTGTTGGACAGGATG-30), Acp5

(Forward: 50-GCGACCATTGTTAGCCACATACG-30 and
Reverse: 50-CGTTGATGTCGCACAGAGGGAT-30), Clcn7
(Forward: 50-GTCCTTCAGCCTCAGTCG-30 and Reverse: 50-
ACACAGCGTCTAATCACAAC-30), Mmp9 (Forward: 50-
GCGGCCCTCAAAGATGAACGG-30 and Reverse: 50-
GCTGACTACGATAAGGACGGCA-30), Ctsk (Forward: 50-
GCGTTGTTCTTATTCCGAGC-30 and Reverse: 50-CAGCA-
GAGGTGTGTACTATG-30), miR-214 (Forward: 50-GACAG-
CAGGCACAGACA-30), miR-20b-5p (Forward: 50-
CAAAGTGCTCATAGTGCAGGTAG-30), miR-455–3p (For-
ward: 50-GCAGTCCACGGGCATATACAC-30), miR-5112
(Forward: 50-TAGCTCAGCGGGAGAGCA-30), miR-92a-3p
(Forward: 50-TATTGCACTTGTCCCGGCCT-30), miR-
1957a (Forward: 50-CGCAGTGGTAGAGCATATGAC-30),
Regular miRNA Reverse: 50-GTGCAGGGTCCGAG-30.

Luciferase reporter assay
RAW 264.7 cells were placed on 6-well plates at a density of 1

_c 106 cells per well. Cells were transfected with pGL3-PTEN
30UTR (Addgene, 28104) and pRL-TK (Promega, USA) Renilla
luciferase plasmid with miR-214, anti-miR-214 or NC following
the manufacturer’s instruction (Lipofectamine RNAiMAX, Invi-
trogen, USA). Luciferase assays were performed with the dual-
luciferase reporter assay system (Promega, E1910) according to
the manufacturer’s instructions. Luminescent signals were quan-
tified by luminometer (Glomax, Promega), and each value from
the firefly luciferase construct was normalized by Renilla lucifer-
ase assay.

Western blot analysis
Cells were lysed in lysis buffer (50 mM Tris, pH 7.5,

250 mM NaCl, 0.1% SDS, 2 mM dithiothreitol (DTT), 0.5%
NP-40, 1 mM PMSF and protease inhibitor cocktail on ice for
30 min. Protein fractions were collected by centrifugation at
15,000 g at 4�C for 30 min and then subjected to SDS-PAGE
and transferred to polyvinylidene difluoride (PVDF) membranes.
The membranes were blocked with 5% BSA and incubated with
specific antibodies overnight. A horseradish peroxidase–labeled
secondary antibody was added and visualized using an chemilu-
minescence kit (Thermo Pierce, No.32109). We used antibodies
recognizing mouse Pten (Santa Cruz Biotechnology, #9559), Akt
(Cell Signaling Technology, #9272), P-Akt (Cell Signaling Tech-
nology, # 9271), NFATc1 (Cell Signaling Technology, #8032),
ATF4 (Abcam, No.ab1371), and GAPDH (Santa Cruz Biotech-
nology, #25778) to detect protein levels, respectively. The ratios
of the protein band intensities relative to that of GAPDH were
calculated for each sample using Image J.

Generation of osteoclast-specific miR-214 transgenic mice
The plasmid (gift of Dr. Sakamuri V. Reddy), which contains

the Acp5 promoter to drive osteoclast-specific gene expression,
was used to generate OC-TG214 mice. We subcloned mouse
pre-miR-214 cDNA into a vector and confirmed the expression
of miR-214 in RAW 264.7 cells by PCR. Acp5-pre-miR-214
plasmid was constructed by inserting the Kpn&/Xba& fragment
of pre-miR-214 into the corresponding sites of downstream of
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Acp5 promoter. The fragments of the Acp5-pre-miR-214 were
purified and microinjected into C57BL/6J mouse oocytes and
the oocytes were then surgically transferred into pseudopregnant
C57BL/6J dams at the Xiehe Medical University Animal Model
Center. Transgenic founder mice were bred for 6 generations to
obtain a defined genetic background. All the experimental proce-
dures were approved by the Committees of Animal Ethics and
Experimental Safety of China Astronaut Research and Training
Center.

Cell sorting with flow cytometry
The bone marrow cells were collected from the WT and OC-

TG214 mice femur and tibia. After washed by PBS/1%BSA, the
cells were directly stained with antibody to mouse Oscar (1:40,
Santa Cruz Biotechnology, sc-34237) and then stained with don-
key anti-goat IgG-PE (1:100, R&D systems, F0107). After that,
stained cell population was used for FACS. The obtained selected
OscarC cell population was used for total RNA extraction and
qRT-PCR.

Micro CT analysis
For the proximal tibia, the whole secondary spongiosa at the

left distal femur from each mouse was scanned ex vivo using a
micro CT system (Inveon Mm Gantry LG CT Camera). Briefly,
150 slices with a voxel size of 10 mm were scanned at the region
of the proximal tibia beginning at the growth plate and extending
distally along the tibia diaphysis. Eighty continuous slices begin-
ning at 0.1 mm from the most proximal aspect of the growth
plate in which both condyles were no longer visible were selected
for analysis. All trabecular bone from each selected slice was seg-
mented for 3-dimensional reconstruction to calculate the follow-
ing parameters: BMD, BV/TV, Tb.Sp and structure model
index.45

Statistical analysis
Data are presented as mean § s.e.m per experimental condi-

tion unless noted otherwise. Considering the presence of unequal
variance for the data, we firstly test the equality of variances across
groups. If it shows the variances are unequal, we then use mixed
model with heterogeneous variances for 2-way analysis or
Welch’s t test for 1-way analysis. Otherwise, we use the regular
linear model or Student’s t-test. A p value less than 0.05 was con-
sidered statistically significant. p value less than 0.01 was consid-
ered as very significant. Bonferroni adjustment was used for
multiple comparisons. All the statistical tests are analyzed by
Prism software (Graphpad prism for windows, version 5.01) and
SPSS (Version 14.0).
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