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Abstract. – OBJECTIVE: To investigate the 
expression of long noncoding RNA (LncRNA) 
MIRG and its potential functions in regulating 
osteoclastogenesis and bone resorption func-
tion through modulating miR-1897 in bone mar-
row macrophages (BMMs).

MATERIALS AND METHODS: qRT-PCR was 
performed to detect the expressions of MIRG 
and its co-expression mRNA NFATc1 at dif-
ferent stages during osteoclastogenesis. The 
CCK-8 assay was performed to evaluate cell 
proliferation and differentiation. The correla-
tion between miR-1897 and MIRG was detected 
by statistical analysis. Bioinformatics and lu-
ciferase assay were performed to explore the 
interaction and binding site of MIRG and miR-
1897. We also cloned the mice NFATc1 3′-UTR 
into the luciferase reporter vector and con-
structed miR-1897 binding mutants to validate 
the inhibited regulation of miR-1897 to the ex-
pression of NFATc1.

RESULTS: Results showed that expressions 
of MIRG and NFATc1 were upregulated during 
osteoclastogenesis. qRT-PCR and CCK-8 as-
say showed that MIRG expression is associated 
with osteoclastogenesis and bone resorption. 
The bioinformatics prediction and luciferase as-
say suggested that by interacting with miR-1897, 
MIRG acts as a molecular sponge for the miR-
1897 target NFATc1, to partly modulate the inhib-
itory effect of miR-1897 on NFATc1.

CONCLUSIONS: We found that lncRNA-MIRG 
was upregulated in osteoclasts, which could 
promote osteoclastogenesis and bone resorp-
tion function as a molecular sponge by modulat-
ing the inhibitory effect of miR-1897 on NFATc1.

Key Words:
Osteoporosis, Bone resorption, Long noncoding 

RNA MIRG, Osteoclastogenesis.

Introduction

Bone is a dynamic organ continuously under-
going remodeling1. Bone remodeling is main-
tained by the osteoblastic bone formation and os-
teoclastic bone resorption2. Osteoclasts, a type of 
bone-specific multinucleated cell, play a vital role 
in bone remodeling process3,4. Osteoclasts are 
bone resorbing cells differentiated from mono-
cyte/macrophage lineage hematopoietic stem 
cells5. Receptor activator of nuclear factor κB 
ligand (RANKL) and macrophage-colony stim-
ulating factor (M-CSF) are two important regu-
lating factors in osteoclastogenesis6,7. Osteoclast 
differentiation and function dysregulation can 
cause various bone pathologies, including osteo-
porosis, Paget’s disease, and pycnodysostosis8-10. 
Therefore, finding the ways and mechanisms to 
regulate osteoclasts is pivotal to find potential tar-
gets for the treatment of bone diseases.

Long noncoding RNAs (lncRNAs) represent 
a group of non-protein-coding RNA transcripts, 
which have more than 200 nucleotides. They 
have recently been reported to play pivotal roles 
in various biological functions such as gene ex-
pression, cell growth and differentiation11-13. The 
expression profile of lncRNAs is tissue-specific 
and differentially expressed across various stag-
es during cell differentiation14,15. In particular, it 
has been demonstrated that lncRNAs can regulate 
bone development and remodeling16,17. However, 
its role in these processes still remains unknown. 
The regulating function of lncRNAs is not soli-
tary but by the diverse and complex mechanism 
with the participation of DNA, microRNAs, mR-
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NAs, and proteins18,19. MicroRNAs are a class of 
noncoding small RNAs composed of approxi-
mately 22 nucleotides in length. Previous studies 
demonstrated that microRNAs are essential play-
ers in biological processes including bone devel-
opment and remodeling20. MicroRNAs regulate 
over 30% of the genes in eukaryotic organisms 
and play essential roles in osteoclastogenesis20-22. 
In recent studies, a promising view has revealed 
that lncRNAs are supposed to be sponges, which 
can make microRNAs exhausted and preventing 
mRNA from degradation by microRNA23-26. 

LncRNA MIRG is located on chromosome 
12F1, and its expression is upregulated in sever-
al tissues such as limb, liver and placenta27. Sur-
prisingly, our previous study showed that MIRG 
was upregulated in osteoclasts28. However, the 
roles and functions of MIRG in osteoclast differ-
entiation are currently poorly understood so far. 
In this study, we aimed to explore the functional 
roles of MIRG in osteoclastogenesis, as well as 
to disclose the molecular mechanisms. Firstly, we 
measured the MIRG levels in osteoclasts at dif-
ferent stages during osteoclastogenesis. Secondly, 
the proliferation ability and differentiation func-
tions were measured after transfection with len-
tiviral MIRG. At last, we assessed the regulatory 
relationship between MIRG and miR-1897 and 
the miR-1897-mediated roles of MIRG. Our study 
uncovered a critical function of lncRNA MIRG in 
osteoclastogenesis and bone resorption function.

Materials and Methods

Cell Culture 
Murine monocyte-macrophage RAW264.7 

cells were purchased from the Cell Bank of Type 
Culture Collection of the Chinese Academy of 
Sciences (Shanghai, China). All cells were cul-
tured in Dulbecco’s modified Eagle’s medium 
(Gibco, Rockville, MD, USA) supplied with 10% 
fetal bovine serum (FBS) (Gibco) and 1% penicil-
lin-streptomycin (Gibco) and incubated at 37°C in 
an atmosphere of 5% CO2.

Construction of Lentivirus 
and Cell Transfection

Lentiviral Lnc MIRG and lnc MIRG shRNA 
were synthesized and constructed by Shanghai Ge-
nePharma Co., Ltd., (Shanghai, China). For miR 
analysis, the miR-1897 mimic, miR-1897 inhibi-
tor and the negative control were constructed by 
Shanghai GenePharma Co., Ltd., (Shanghai, Chi-

na). To knock down NFATC1, si-NFATC1 plasma 
and negative control plasma were constructed by 
Shanghai GenePharma Co., Ltd., (Shanghai, China). 
For transfection, 1×104 cells were seeded in 6-well 
plates and cultured with RANKL (100 ng/mL) and 
M-CSF (100 ng/mL). Lipofectamine 2000 kit (In-
vitrogen, Carlsbad, CA, USA) and Opti-MEM® I 
reduced serum medium were used for transfection. 
For analysis of Lnc-MIRG, cells were transfect-
ed with Lnc-MIRG shRNA (referred as to sh) and 
negative control shRNA (referred as to nc), respec-
tively. For analysis of miR-1897, cells were transfect-
ed with miR-1897 inhibitor, and control cells were 
transfected with an empty vector, respectively. The 
cells without transfection were used as the control 
(referred as to control). After cultures were incubat-
ed for 30 min, they were replaced with Dulbecco’s 
Modified Eagle’s Medium (DMEM) containing 
10% FBS. Then, at an indicated time point after 
transfection, cells were harvested for further study.

Osteoclast Differentiation 
5×103 cells were seeded in 96-well plates uni-

formly. After one day, the medium was changed 
with DMEM containing M-CSF (100 ng/mL) and 
RANKL (100 ng/mL) according to the experi-
ments. And the culture medium was refreshed 
every day. After induction for 3 days, tartrate-re-
sistant acid phosphatase (TRAP) stain was per-
formed using TRAP stain kit. Next, cells were 
harvested for real-time PCR.
 
RNA Extraction and qRT-PCR

After taking out the culture plates, the cells 
were washed with PBS. After treatment, total 
RNA of cells was extracted by using TRIzol re-
agent (Life Technologies, Carlsbad, CA, USA) 
according to the manufacturer’s instructions and 
samples were stored at room temperature for 
30 min. The reverse transcription of cDNA was 
performed with a PrimeScript™ RT reagent Kit 
(TaKaRa, Otsu, Shiga, Japan) according to the 
manufacturer’s instructions. And for qRT-PCR, 
PCR primers were synthesized by GenePharma 
(Shanghai Gene Pharma, Shanghai, China) and 
sequences were listed in Table I. SYBR Premix 
Ex Taq II (TaKaRa, Otsu, Shiga, Japan) was used 
to detect the expression. 

CCK8 Assay
The CCK-8 kit (Dojindo Molecular Technologies, 

Kumamoto, Japan) was used to measure the cells 
proliferation according to the manufacturer’s instruc-
tions. In brief, 5×103 cells were seeded in 96-well 
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plates uniformly. After treated with regulated medi-
um, the medium was removed, and cells were washed 
with PBS solution 3 times. Then, CCK8 dilution was 
added to the 96-well plates and incubated at 37°C in 
an atmosphere of 5% CO2 for 2 hours. After incuba-
tion, the plates were taken out, and cell proliferation 
was measured using a multi-detection microplate 
reader. And the absorbance (OD) value at 490 nm of 
each well was detected.

Luciferase Assay
After transfection for 48 h, the luciferase activi-

ties were measured by using the dual luciferase re-
porter assay system (Promega, Madison, WI, USA) 
according to the manufacturer’s protocol. Renilla 
luciferase activities were normalized to the firefly 
luciferase activities and the data were expressed as 
the fold change relative to the corresponding con-
trol groups, which were defined as 1.0.

Statistical Analysis
Unless otherwise indicated, all data were pro-

cessed by Statistical Product and Service Solutions 
(SPSS) 16.0 statistical software (SPSS Inc., Chica-
go, IL, USA). Each assay was applied at least three 
independent experiments or replicates. All data 
were presented as mean ± SD. Student’s t-test, one-
way analysis of variance (ANOVA) and multiple 
comparison between the groups was performed by 
using SNK method, in which *p < 0.05, **p < 0.01 
represented as the difference significance.

Results

MIRG and its Co-Expressed mRNA 
NFATc1 Was Highly Expressed 
in Osteoclasts

For osteoclast differentiation, BMMs iso-
lated from mouse femur were cultured with 

RANKL and M-CSF to generated osteoclasts, 
following confirmed by RT-QPCR analysis of 
osteoclastogenesis specific genes (Figure 1A). 
By bioinformatics analysis of lncRNAs ex-
pression data of osteoclasts at different stages 
during osteoclastogenesis (0 h, 24 h and 72 h), 
we screened out MIRG and its co-expression 
gene NFATc1, both of which had high specif-
ic expression in osteoclasts (Figure 1B). We 
then performed RT-QPCR analysis for further 
validation; the results indicated that both the 
expressions of MIRG and NFATc1 were sig-
nificantly upregulated in osteoclasts compared 
with BMMs (p<0.05) (Figure 1C).

MIRG Expression is Associated with 
Osteoclastogenesis and Bone Resorption 
Function

To explore the functions of MIRG in osteo-
clasts, lentiviral MIRG was constructed, and 
subsequently transfected into BMMs; next, 
MIRG expression was detected. RT-QPCR 
analysis showed that MIRG expression was re-
markably downregulated after lentiviral MIRG 
transfection (Figure 2A). The CCK-8 assay was 
performed and showed that MIRG inhibition 
significantly suppressed the cell proliferation 
activity of BMMs after 1 d and 3 d (Figure 2B). 
MIRG-inhibited BMMs were stimulated with 
RANKL and M-CSF for 3 days for osteoclast 
differentiation, which showed a poor efficien-
cy of osteoclastogenesis compared with con-
trol BMMs (Figure 2C), indicating that MIRG 
plays an important role in the regulation of os-
teoclastogenesis. RT-QPCR analysis was also 
performed to detect osteoclastogenesis related 
genes between MIRG-inhibited cells and con-
trol cells after osteoclast induction for 3 days. 
The results showed a significant down-regu-
lation of osteoclast differentiation-associated 

Table I. Primer sequences for qRT-PCR.

Genes	 Forward	 Reverse	 Tm (°C)

NFATc1	 5'-GACCCGGAGTTCGACTTCG-3'	 5'-TGACACTAGGGGACACATAACTG-3'	 61
MIRG	 5'-AACCCAGACACAAGCATTCC-3'	 5'-GAGACATTTTCCCGTTCACC-3'	 60
miR-1897	 5'-CAATGCAGCCCTAGAGAGACA-3'	 5'-CCACACCGGAAGACATTTACA-3'	 61
CTSK	 5'-GCTCCTCTTAGGGGCCACT-3'	 5'-ATTGGGGACCCTTAGGCCAT-3'	 62
MMP-9	 5'-AAGTCTCAAGGTTATAGGGACGG-3'	 5'-CCATGCTTGTCTGGGTATAGTGT-3'	 62
TRAP	 5'-CACTCCCACCCTGAGATTTGT-3'	 5'-CATCGTCTGCACGGTTCTG-3'	 60
C-fos	 5'-TTGAGCGATCATCCCGGTC-3'	 5'-GCGTGAGTCCATACTGGCAAG-3'	 61
DC-STAMP	 5'-CGGCGGCCAATCTAAGGTC-3'	 5'-CCCACCATGCCCTTGAACA-3'	 61
GAPDH	 5'-TGGATTTGGACGCATTGGTC-3'	 5'-TTTGCACTGGTACGTGTTGAT-3'	 62
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genes such as NFATc1, c-FOS and TRAP and 
bone resorption function-related genes includ-
ing CTSK, MMP9 and DC-STAMP in osteo-
clasts after MIRG inhibition (Figure 2D, 2E). 
Together, these results suggested that MIRG 
expression is important for osteoclastogenesis 
and bone resorption function, and that inhibi-
tion of MIRG leads to a decreased of osteoclas-
togenesis and dysfunction of bone resorption.

MiR-1897 was Downregulated in 
Osteoclasts and Negatively Correlated 
with MIRG

In order to investigate whether MIRG was 
correlated miRNA, we used starBase 2.0 to pre-
dict the target miRNA of MIRG and found that 
miR-1897 is one of the target miRNAs of MIRG. 
Therefore, we used RT-QPCR analysis to detect 
the miR-1897 expressions of osteoclasts. Results 
showed that miR-1897 was downregulated in os-
teoclasts compared with BMMs (Figure 3A). We 
then used correlation analysis to explore the re-
lationship between MIRG and miR-1897 further; 
the results showed that miR-1897 was significant-
ly negatively correlated with MIRG, indicating 
that miR-1897 might be regulated by MIRG (Fig-
ure 3B). These results suggested that MiR-1897 
was low expressed in osteoclasts and negatively 
correlated with MIRG.

MIRG Could Directly Bind with miR-1897 
in Osteoclasts

Previous studies demonstrated that lncRNAs 
might act as a competing sponge in regulating 
the biological functions of miRNAs. As dis-
cussed above, miR-1897 was negatively correlat-
ed with MIRG, so we hypothesized that MIRG 
regulated osteoclast differentiation and bone re-
sorption through interaction with miR-1897. To 
further detect the relationship between miR-1897 
and MIRG, MIRG-wt luciferase reporter vector 
and MIRG-mut 3’UTR luciferase reporter vec-
tor were synthesized (Figure 4A) and luciferase 
reporter assay was performed. Compared with 
the control, the luciferase activity of BMMs that 
co-transfected with miR-1897 mimic and MIRG-
wt was significantly decreased (p<0.05), and it 
was reversely increased in MIRG-mut compared 
with MIRG-wt (p<0.01) (Figure 4B). These data 
demonstrated that miR-1897 could directly bind 
to MIRG. Besides, MIRG overexpression sup-
pressed miR-1897 expression and MIRG inhi-
bition reversely facilitated miR-1897 expression 
in BMMs (Figure 4C, 4D). Additionally, we also 
transfected miR-1897 mimic and miR-1897 in-
hibitor into BMMs. The results revealed that 
miR-1897 mimic inhibited MIRG expression and 
miR-1897 inhibitor increased MIRG expression 
(Figure 4E, 4F). These findings suggested that 

Figure 1. MIRG and its co-expressed mRNA NFATc1 were highly expressed in osteoclasts. (A) Relative mRNA expression 
levels of CTSK, DC-STAMP, MMP-9, TRAP of osteoclasts at different stages during osteoclastogenesis (0 h, 24 h and 72 h). 
(B) The cluster heat map of expression profiles of 13 lncRNAs at different stages during osteoclastogenesis. (C) Relative ex-
pression of MIRG and its co-expression gene NFATc1 at different stages during osteoclastogenesis (0 h, 24 h and 72 h) assessed 
by qRT-PCR. The data in the figures represent the averages ± SD. Statistically significant differences between the treatment 
and control groups are indicated as * (p < 0.05) or ** (p < 0.01).
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miR-1897 directly bound to MIRG at the recog-
nition sites.

MIRG Acts as a Molecular Sponge for 
miR-1897 and Controls the miR-1897 
Target, NFATc1

NFATc1 is one of the most important tran-
scription factors regulating osteoclastogenesis. 
To test whether miR-1897 targets the NFATc1, 

we performed RT-QPCR analysis for NFATc1 
in the presence of miR-1897 mimics or inhibitor. 
We observed decreased NFATc1 expression when 
BMMs were treated with the miR-1897 mimics, 
indicating that miR-1897 downregulated NFATc1 
expression (Figure 5A). To validate this mecha-
nism, we cloned the mice NFATc1 3′-UTR into 
the luciferase reporter vector and constructed 
miR-1897 binding mutants in which the putative 

Figure 2. MIRG expression is associated with osteoclastogenesis and bone resorption function. (A) Relative mRNA expres-
sion levels of MIRG in osteoclasts transfected with si-control and si-MIRG. (B) Absorption at 490 nm of BMMs treated with 
MIRG detected by CCK-8 assay at 1 d, 2 d and 3 d. (C) Quantification of osteoclasts in each well. (D) Relative mRNA expres-
sion levels of NFATc-1, c-FOS and TRAP in osteoclasts transfected with si-control and si-MIRG detected by qRT-PCR. (E) 
Relative mRNA expression levels of CTSK, MMP-9 and DC-STAMP in osteoclasts transfected with si-control and si-MIRG 
detected by qRT-PCR. The data in the figures represent the averages ± SD. Statistically significant differences between the 
treatment and control groups are indicated as * (p < 0.05) or ** (p < 0.01). 
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miR-1897 binding sites CGAGU in the NFTAc1 
3′-UTR were mutated into GCUCA (Figure 
5B). As expected, double luciferase report re-
sults showed that miR-1897 mimics significantly 

downregulated the NFATc1 expression whereas 
point mutations in the NFATc1 3′-UTR abrogat-
ed the suppressed effect of miR-1897 (Figure 5C). 
Next, we validated whether MIRG can regulate 

Figure 4. MIRG could directly bind with miR-1897 in osteoclasts. (A) Schematic illustration of the predicted miR-1897 bind-
ing sites and mutant sites in MIRG. (B) Relative luciferase activity of BMMs. (C-D) qRT-PCR analysis of miR-1897 expression 
level in BMMs transfected with lentiviral MIRG and si- MIRG. (E-F) Relative MIRG expression was detected in BMMs after 
miR-1897 mimic and miR-1897 inhibitor by RT-PCR. The data in the figures represent the averages ± SD. Statistically signifi-
cant differences between the treatment and control groups are indicated as * (p < 0.05) or ** (p < 0.01). 

Figure 3. miR-1897 was downregulated in osteoclasts and negatively correlated with MIRG. (A) Relative miR-1897 expres-
sion in BMMs and osteoclasts detected by qRT-PCR. (B) Correlation analysis was performed to evaluate the relationship be-
tween miR-1897 and MIRG. The data in the figures represent the averages ± SD. Statistically significant differences between 
the treatment and control groups are indicated as * (p < 0.05) or ** (p < 0.01). 
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NFATc1 expression via competition for miR-1897 
binding. The results showed that MIRG could sig-
nificantly increase NFATc1 expression; however, 
mutagenesis of the miR-1897 recognition ele-
ment in MIRG abrogated the function effectively 
(Figure 5D). Conversely, inhibition of miR-1897 
overcame the suppression of NFATc1 by MIRG 
knockdown (Figure 5E). Taken together, these 
data indicate that by interacting with miR-1897, 
MIRG acts as a molecular sponge for the miR-
1897 target NFATc1, to partly modulate the inhib-
itory effect of miR-1897 on NFATc1.

Discussion

Osteoclastogenesis is a highly regulated pro-
cess, which is important for bone health29,30. The 
expression of genes of osteoclasts undergoes great 
changes during osteoclastogenesis, resulting 
in differences in cells shape and function29,31-33. 

Therefore, the intervention and regulation of sev-
eral osteoclast-associated genes during osteoclas-
togenesis is of great significance for regulating 
osteoclastogenesis34-36. 

As a “bridge” between DNA and protein, the 
complicated regulatory role of RNA has long 
been neglected. In eukaryotic cells, protein-cod-
ing RNA (mRNA) only accounts for about 2% of 
the genome, the rest large number of transcripts 
were categorized to non-protein coding RNAs 
(ncRNAs). Unlike ribosomal RNA (rRNA) and 
transfer RNA (tRNA), which have been well ac-
knowledged, other noncoding RNAs (ncRNAs) 
were thought to be transcriptional “noises” once 
upon a time. However, more and more researches 
have revealed that ncRNAs play a pivotal role in the 
cellular process37,38. In the past decade, miRNAs 
(20–24 nt) were most intensively studied among 
all the ncRNAs. These small miRNAs bind to the 
complementary site on the 3′ untranslated region 
(UTR) of targeting mRNAs called miRNA binding 

Figure 5. MIRG acts as a molecular sponge for miR-1897 and controls the miR-1897 target, NFATc1. (A) qRT-PCR analysis 
of NFATc1 mRNA expression level in BMMs treated with the miR-1897 mimics. (B) Schematic illustration of the predicted 
NFATc1 binding sites and mutant sites in miR-1897. (C) mRNA expression levels of NFATc1 in BMMs transfected with si-
MIRG, si-MIRG and miR-1897 inhibitor by qRT- PCR. (D) mRNA expression levels of NFATc1 in BMMs transfected with 
MIRG and MIRG mut-MRE. (E) Relative luciferase activity of BMMs. The data in the figures represent the averages ± SD. 
Statistically significant differences between the treatment and control groups are indicated as * (p < 0.05) or ** (p < 0.01).
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elements (MREs) and block protein translation or 
modulate mRNA stability on a post-transcription-
al level39. However, different from miRNAs, the 
role of lncRNAs is barely studied. LncRNAs have 
transcripts longer than 200 nucleotides. Due to its 
length, lncRNAs can fold into secondary or high-
er orders of structure, thus making it more flexi-
ble in targeting proteins or gene sites40. Moreover, 
because of the differential splicing and alternative 
transcription initiation sites, lncRNAs is becoming 
more and more complex41. 

There is bare of research about ncRNAs in 
the skeletal system. Pioneering studies were per-
formed on the expression profile of lncRNAs 
during chondrogenic differentiation and osteo-
genic differentiation. Furthermore, research was 
done on the relationship between lncRNAs and 
bone diseases such as osteoarthritis, osteoporo-
sis and bone tumors. More and more studies have 
revealed that lncRNAs is tissue-specific and dif-
ferentially expressed across diverse stages during 
cell differentiation41,42. Moreover, recent research 
from Zhu et al43 have found out that lncRNAs play 
a vital role in regulating bone development and 
remodeling processes.

Conclusions

In this study, we first verified the high expres-
sion of MIRG in osteoclasts and found its import-
ant role in osteoclastogenesis, a bone resorption 
function. Through target prediction, we found 
miR-1897 as a target miRNA of MIRG and val-
idate the combination relationship of MIRG and 
miR-1897 using luciferase reporter assay. Next, 
we observed that miR-1897 can bind with MIRG 
co-expression gene NFATc1 and downregulate the 
expression of NFATc1. MIRG could significantly 
upregulate NFATc1 gene expression; however, mu-
tagenesis of the miR-1897 recognition element in 
MIRG abrogated the function effectively. There-
fore, we proved that MIRG served as ceRNA of 
miR-1897 to upregulate NFATc1 expression.
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