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Abstract. – OBJECTIVE: To investigate the 
role of microRNAs (miRNAs) and its mechanism 
in osteoblast mineralization.

MATERIALS AND METHODS: Real-time poly-
merase chain reaction (PCR), Northern Blot, and 
Western Blot were used to identify the expression 
mode of regulators. Overexpression and down-reg-
ulation experiments were carried out to study the 
role of miR-98 and interactions between regulators. 
Bioinformatics calculation and luciferase reporter 
assay were used to prove the target gene. Electro-
phoretic mobility shift assay (EMSA), chromatin im-
munoprecipitation (CHIP), and promoter luciferase 
reporter assay confirmed the relationship between 
the regulator and the promoter of miR-98. 

RESULTS: MiR-98 was up-regulated during os-
teoblast mineralization. Overexpression of miR-98 
promoted osteoblast mineralization. Factor inhib-
iting activating transcription factor 4 (ATF4)-me-
diated transcription (FIAT), a negative regulator 
of osteoblast differentiation, was confirmed to be 
a target of miR-98. As a motivator in osteoblast 
mineralization, Sp7 transcription factor 7 (Sp7) 
promoted miR-98 transcription by a combination 
on the promoter region.   

CONCLUSIONS: Our study showed that miR-
98 was an important regulator in osteoblast 
mineralization and miR-98 carried out its func-
tion through a novel miR-98-FIAT/Sp7 regulato-
ry loop. It provides new insights into the roles 
of miRNAs in osteoblast mineralization.
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Introduction

MicroRNAs (miRNAs) are small, functional, 
highly conserved, noncoding RNAs of 19 to 23 
nucleotides that regulate the transcription of mR-
NAs1,2. MiRNAs negatively regulate translation 
of specific mRNAs by base pairing with partially 
or fully complementary sequences in target mR-
NAs to modulate diverse biological and cellular 
processes3,4.

Recent studies have suggested that miRNAs 
played crucial roles in osteoblast differentiation5. 
Nakamura et al6 confirmed that microRNA-140 
regulates endochondral bone development via 
targeting Dnpep to modulate bone morphogenetic 
protein (BMP) signaling. Mann et al7 found that 
miR-155 inhibits osteogenesis by downregula-
tion of microphthalmia-associated transcription 
factor (MITF). miR-23a~27a~24-2 cluster was 
verified to regulate the osteoblast differentiation 
program through a network connecting RUNX2 
and special AT-rich sequence binding protein 2 
(SATB2)8. Two new miRNAs (miR-2861/miR-
3960 cluster) in mouse osteoblasts were identified 
in our previous studies. We found also that they 
promoted osteoblast differentiation by repressing 
histone deacetylase 5 (HDAC5) and homeobox 
A2 (HOXA2) expression at the post-transcrip-
tional level9,10. However, given the great deal of 
miRNAs, we still need to study the function way 
of miRNA in osteoblast differentiation.

Matrix mineralization is a key stage in bone 
formation which is a tightly regulated process. 
Bone-specific genes and signaling pathways are 
involved in the regulation of osteoblast mineral-
ization11,12. Primary osteoblasts are able to form 
mineralized nodules in the process of terminal os-
teoblast differentiation13. The present study aimed 
at investigating the role of target miRNA in the 
process of osteoblast mineralization in vitro. 

Materials and Methods

Cell Cultures
Primary mouse osteoblasts were established 

from calvaria of C57BL/6 mice as previously 
described14. Mouse calvarial osteoblast cultures 
were grown in a-minimum essential medium 
(α-MEM, Invitrogen, Carlsbad, CA, USA) sup-
plemented with 5% fetal bovine serum (FBS, 
Gibco, Rockville, MD, USA), 100 units/mL pen-
icillin, and 100 μg/mL streptomycin. For the 
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induction of mineralization, osteoblasts were 
cultured in mineralization-inducing medium, 
α-MEM supplemented with 50 mg/L ascorbic 
acid (Invitrogen, Carlsbad, CA, USA) and 10 
mM β-glycerophosphate (β-GP) (Sigma-Aldrich 
Chemical Corp., St. Louis, MO, USA) for 21 days 
in a humidified 5% CO2 atmosphere at 37°C. The 
culture medium was changed every 2 days. 

Quantitative Reverse Transcriptase-
Polymerase Chain Reaction
(qRT-PCR) Analysis

Quantitative reverse transcriptase PCR (qRT-
PCR) for mRNA or miRNA was performed as 
previously described using a Roche LightCycler® 
(Roche Applied Science, Mannheim, Germany)15. 
Total RNA from cultured cells was isolated us-
ing TRIzol reagent (Invitrogen, Carlsbad, CA, 
USA). qRT-PCR was performed using primers 
for miR-98 or FIAT. Primers were synthesized 
by PE Applied Biosystems (Norwalk, CT, USA). 
Amplification data were analyzed using the Se-
quence Detector System Software (Applied Bio-
systems, Foster City, CA, USA). Relative quanti-
fication was calculated by normalizing the cross-
ing threshold (Ct) values of the test samples with 
that of the amplified glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) or U6 control. 

Northern Blot
Northern blotting was performed as described 

previously16. 20 μg of RNA was separated on a 
15% polyacrylamide gel in 0.5×Tris borate-ED-
TA (Ethylene Diamine Tetraacetic Acid, Thermo 
Fisher Scientific, Waltham, MA, USA) and trans-
ferred to a Hybond-N+ nylon membrane (Amer-
sham Pharmacia Biotech, Tokyo, Japan) using a 
semidry transfer cell (Bio-Rad Laboratories, Inc., 
Hercules, CA, USA). Hybridization was execut-
ed according to the manufacturer’s instructions. 
Digoxin-Labeled oligonucleotide probes comple-
mentary to the mature miR-98 were used in the 
hybridization. The probes for miR-98 and U6 
were 5’-GAATAATATAACTTACTACCTCA-3’ 
and 5’-ATATGGAACGCTTCACGAATT-3’, re-
spectively.

Western Blotting
Protein (100 μg) from each sample was loaded 

into a 7.5% polyacrylamide gel. After electro-
phoresis, the sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) separated 
proteins were transferred to a polyvinylidene di-
fluoride (PVDF) membrane (Millipore, Billerica, 

MA, USA). The membrane was blocked with 5% 
nonfat milk in phosphate buffered saline (PBS) 
and then incubated with antibodies against FIAT, 
MAD homolog 7 (SMAD7), and Eph receptor 
A4 (EPHA4) (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA), or β-actin (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) in PBS for 3 h. 
The membrane was then reprobed with appropri-
ate secondary antibodies conjugated with horse-
radish peroxidase for 1 h. Blots were processed 
using an enhanced chemiluminescence (ECL) 
kit (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) and exposed to film.

Alizarin Red S Staining
Osteoblasts were seeded at a density of 2×104 

cells/well in 24-well plates and treated with me-
dium containing both ascorbic acid and β-GP for 
21 days. Mineralization of calcium deposits was 
assessed by Alizarin Red S (Sigma-Aldrich, St. 
Louis, MO, USA) staining which was conducted 
as previously described15. To stain for mineraliza-
tion, cells were fixed with 70% ethanol, rinsed five 
times with deionized water, treated 10 min with 40 
mM Alizarin red stain at pH 4.2, and then, washed 
with 1×phosphate buffered saline for 15 min with 
gentle agitation. The stained matrix was assessed 
using a Nikon Diaphot inverted microscope and 
was photographed using a Nikon 35-mm camera 
(Nikon, Tokyo, Japan). As described by Bodine et 
al17, Alizarin Red S staining was released from cell 
matrix by incubation in cetyl-pyridinium chloride, 
and the amount of released dye was quantified by 
spectrophotometry at 540 nm.

Bioinformatics Analysis
TargetScan (http://www.targetscan.org/) was 

used to predict the target gene of miR-98. TF 
Search (http://www.cbrc.jp/research/db/TF-
SEARCH.html) was used to find transcription 
factors which can combine with the promoter of 
miR-98.

Lentiviral Transduction
The expression vector for the full-length 

mouse FIAT was constructed by RT-PCR am-
plification from mouse mRNA using the sense 
primer 5’-CGTCTAGAGTCCCCAGCTCGAG-
GATGG-3’ and anti-sense primer 5’-GCCGT-
GGTACCTTAGTGACTGCCTAACA-3’. The 
PCR product was digested with XbaI-BamHI. 
Full-length mouse FIAT was transfected into 
osteoblasts by lentivirus vector named PAJ- FI-
AT (Auragene Bioscience Inc., Changsha, China) 
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expressing the reporter gene green fluorescent 
protein (GFP). F: 5’-CGTCTAGATGCTGCCGT-
CACCTCATGG-3’ R: 5’-GCCGTGGTACCTTA-
ATCTCTACAGAATT- 3’. An 108-bp genomic 
sequence of the miR-98 precursor (pre-miR-98) 
was inserted into the PAJ-U6-CMV-eGFP vector 
(Auragene bioscience, Changsha, China). The 
primers were 5’-AATTCGCTGCACATGCTGG-
GGTGAGGTAGTAAGTTGTATT GTTGTGGG-
GTAGGGATTTTAGGCCCCAGTAAGAAGA-
TAACTATACAACTTACTACTTTCCTTG-
GTGTGTGGCATGGAAA-3’ (forward) and 
5’-GATCCTTCCATGCCACACACCAAG-
GAAAGTAGTAAGTTGTATAGTTATCTTCT-
TACTGGGGCCTAAAATCCCTACCCCACAA-
CAATACAACTTACTACCTCACCCCAGCAT-
GTGCAGCG-3’ (reverse). The oligos were in-
serted into the Eco.R1-BamHI site in the vector.

The 3’-UTR of mouse FIAT was amplified 
from total RNA extracted from osteoblasts by 
reverse transcription-PCR (RT-PCR) using prim-
ers designed according to the 3’ UTR regions 
of the mouse FIAT sequence (F: 5’-GGCTCTA-
GAGTCACCTCAGCGGCCATTC-3’; R: 5’-GG-
CCGGCCCCGACAGCCAGTCAAAGA-3’) The 
QuikChange site-directed mutagenesis kit (Strata-
gene, Santa Clara, CA, USA) was used to generate 
the two mutations in the binding sites of miR-
98 in FIAT (mutant FIAT) (F: 5’-CAGGTGTTG-
CAGAAAAAAAAATCTAGGTCTTTCAGACT-
GTAGATGG-3’; R: 5’-CCATCTACAGTCT-
GAAAGACCTAGATTTTTTTTTCTGCAA-
CACCTG-3’) by PCR using the WT FIAT construct 
as the template. The introduced mutations did not 
result in amino acid changes in the FIAT protein. 
Finally, the WT and mutant FIAT were cloned into 
the pAJ expression vector (Auragene Bioscience, 
Changsha, China) at XbaI-BamHI (FseI) sites.

Gene silencing was performed by using lentivi-
ral shRNA. A lentiviral shRNA vector, named PAJ-
sh-FIAT (Auragene Bioscience, Changsha, China) 
containing shRNA sequence directed against FI-
AT was produced by Auragene. The product was 
digested with Eco.R1-BamHI and subcloned into 
the vector containing a GFP cassette for checking. 
The scrambled control (TTCTCCGAACGTGT-
CACGT) was used as a control named PAJ-sh-C 
(Auragene Bioscience, Changsha, China).

The virus was packaged in HEK293T (ATCC, 
Manassas, VA, USA) cells. Transfection experi-
ment was carried out according to the manufac-
turer’s protocols. Osteoblasts were infected with 
FIAT, pre-miR-98, WT- FIAT, MUT-FIAT, and 
FIAT shRNA lentiviral particles or their controls 

at 30% to 40% confluence on day 3 and then 
cultured in differentiation medium. Lentiviral 
transduction efficiency was checked by observing 
GFP expression. Then, osteoblasts were seeded 
at a density of 2×104 cells/well in 24-well plates 
to assay osteogenic functions of interventions 
following differentiation for 21 days. The mRNA, 
protein levels and Alizarin Red S staining were 
detected on day 5 or 21.

The miRNA inhibitors 2′-O-methyl antisense 
oligonucleotide targeted toward miR-98 (an-
ti-miR-98) and miRNA inhibitor negative control 
(anti-miR-C) were purchased from GenePharma 
Co. (Shanghai, China). For stable transfection 
of pre-miR-98, cells were transfected with the 
plasmid construct using Lipofectamine 2000 (In-
vitrogen, Carlsbad, CA, USA) according to the 
manufacturer’s instructions. Stably transfected 
cells were selected using puromycin (1 μg/mL). 
For transient transfection, a complex of Lipofect-
amine 2000 (Invitrogen, Carlsbad, CA, USA) and 
plasmids or RNA oligonucleotides were prepared 
according to the manufacturer’s instructions and 
directly mixed with cells in 24-well cell culture 
plates at a density of 3 × 104 cells per well. 

Luciferase Reporter Assay
Pre-miR-98 was inserted into the BamHI-Hin-

dIII site in the pSilencer 4.1-CMV vector (Ambion, 
Austin, TX, USA). The putative target site of miR-
98 was amplified using mouse cDNA as template. 
The PCR products were inserted into the XbaI-
FseI site immediately at the downstream of the 
stop codon in the pGL3 basic luciferase reporter 
vector (Promega Corp., Madison, WI, USA). 

Full-length mouse SP7 was constructed by 
RT-PCR amplification (F: 5’-CGTCTAGAGTC-
CCCAGCTCGAGGATGG-3’. R: 5’-GCCGTG-
GATCCTTAGTGACTGCCTAACA-3’). Promoter 
PCR product was subcloned into the pGL3 basic 
vector (Promega, Madison, WI, USA). A 517 bp 
DNA fragment of the mouse upstream promoter 
regions of miR-98 containing the putative target 
site of Sp7 was PCR-amplified using mouse cD-
NA as template (F: 5′-GGGCGGGCTCTAAAT-3′ 
R: 5′-AAACACCCTCCCTGGT-3′). The Quik-
Change site-directed mutagenesis kit (Strata-gene, 
La Jolla, CA, USA) was used to introduce mu-
tations into the seed region of WT-pGL3-Sp7 or 
WT-pGL3-promoter. The primers for miR-98 pro-
moter mutagenesis were: F: 5’-GAAAAGCAG-
GAAGGACCCTCGCCCTTCAAACCC-3’; R: 
5’-GGGTTTGAAGGGCGAGGGTCCTTCCT-
GCTTTTC-3’. WT-pGL3-Sp7 or WT-pGL3-pro-
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moter and MUT-pGL3-Sp7 or MUT-pGL3-pro-
moter used for the luciferase reporter assay were 
produced as described in a previous study15.

Osteoblasts were transfected using Lipofect-
amine 2000 with either the wild-type or mutant 
pcDNA3.1-Sp7 and pre-miR-98 or miR-C con-
structs for 48 h. In another group, osteoblasts were 
transfected using Lipofectamine 2000 with either 
the wild-type or mutant promoter and full-length 
Sp7 or control constructs for 48 h. As a positive 
control, the modified pcDNA3.1 control vector 
was used without a CDS or full-length Sp7 insert. 
Cells treated solely with Lipofectamine served as 
negative controls. Firefly and Renilla luciferase 
activities were determined using the Dual-Lucif-
erase Reporter Assay System (Promega, Madison, 
WI, USA) with firefly luciferase activities, which 
is normalized by Renilla luciferase activities from 
the cotransfected phRL-null vector.

Electrophoretic Mobility 
Shift Assay (EMSA)

Preparation of nuclear extracts and EMSA 
were performed as previously described15. For 
the gel shift assay, double-stranded oligonucle-
otide probes containing the binding sequence 
for Sp7 were derived from the miR-98 promoter 
(wild-type oligo D1 sequence: 5’-CAACTTC-
CCCGTCCCAGGAAGGAC-3’. The probe and 
the complementary strand were annealed and 
end-labeled with digoxin using T4 polynucleotide 
kinase according to the manufacturer’s protocols 
(Roche Applied Science, Basel, Switzerland). 
For competition, the EMSA was performed by 
adding a 1:10 or 1:100 excess of unlabeled wild-
type or mutant oligonucleotide (mutant oligo D1 
sequence, 5’-CAACTT CCCCtTatC AGGAAG-
GAC-3’. For supershift, antibodies against Sp7 
or control antibodies (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) were added to the incu-
bation mixture. EMSA was performed using a 
digoxin gel shift kit following the manufactur-
er’s instructions (Roche Applied Science, Basel, 
Switzerland).

Chromatin Immunoprecipitation (ChIP)
Cells were grown to 70% confluence and cross-

linked with 1% formaldehyde at 37°C in the pres-
ence of 4% CO2 for 15 min. The cells were then 
lysed, DNA-protein complexes were immunopre-
cipitated, and the formaldehyde-cross-linked DNA 
was reverse cross-linked with a ChIP assay kit 
(Upstate, Charlottesville, VA, USA) according to 
the manufacturer’s protocol. DNA-chromatin com-

plexes were immunoprecipitated with anti-Sp7 
(Santa Cruz, Santa Cruz, CA, USA), no antibody, 
or normal mouse IgG (Santa Cruz Biotechnolo-
gy, Santa Cruz, CA, USA) as an internal control. 
The precipitated DNA was analyzed by PCR. The 
primers used for this analysis were as follows: 
Primer A (-1746/-1562): F: TGTCAAGTTCTG-
GTCGTG R: GGAATAACCGCCTCC; Primer B 
(-1968/-1769): F: TGGTTCCTAACGGGAGA R: 
GCTGTGGGAATGTCCC; Primer C (-221/-62): F: 
GGACCTCTGGACTATTGG R: TAGGGTCATG-
GTCTCCC.

Statistical Analysis
All experiments were repeated at least three 

times, and representative experiments are shown. 
Statistical Product and Service Solutions (SPSS) 
19.0 software (IBM, Armonk, NY, USA) was 
used for statistical analysis. All quantitative data 
were expressed as mean ± standard deviation. 
Comparison between groups was done using 
One-way ANOVA test followed by Post Hoc Test 
(Least Significant Difference). p values < 0.05 
were considered statistically significant.

Results

MiR-98 Expression Dramatically 
Up-Regulated During Osteoblast
Differentiation 

Our previous study15 found that miR-98 ex-
pression was significantly up-regulated during os-
teoblast mineralization. Osteoblasts were cultured 
in medium supplemented with 50 mg/L ascorbic 
acid and 10 mM β-glycerophosphate. In the pres-
ent study, qRT-PCR analysis was used to prove 
the miR-98 expression pattern during osteoblast 
mineralization. Expression of mature miR-98 in-
creased about 8.5 fold from low level on day 3 
to high level on day 21 in the process (Figure 1). 
The results of qRT-PCR showed that miR-98 was 
significantly up-regulated during ascorbic acid and 
β-glycerophosphate induced osteoblast mineral-
ization. It indicated that miR-98 probably played a 
role in osteoblast mineralization. 

MiR-98 Regulated Ascorbic 
Acid + β-Glycerophosphate Induced 
Osteoblast Mineralization

The role of miR-98 in osteoblast mineraliza-
tion was determined by overexpressing experi-
ment. Ascorbic acid + β-glycerophosphate was 
used to induce osteoblast mineralization. 
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Osteoblasts were transfected with lentiviral pre-
miR-98 on day 3 in the differentiation medium. As 
a result, after transfection of pre-miR-98 expression 
vectors, the expression levels of miR-98 was appar-
ently increased compared to empty vector miR-C 
transfection control (Figure 2A). It indicated that the 
miR-98 expression vector was constructed success-
fully and transfection with pre-miR-98 could result 
in stable overexpression miR-98 in OBs.

Mineralized matrix formation in osteoblasts 
were evaluated by Alizarin red-S staining after 
cultured for 14 and 21 days in differentiation 
medium (Figure 2B). We found that miR-98 over-
expression rather than the control reduced the 
mineralized nodules of osteoblasts. These results 
indicated that overexpression of miR-98 inhibited 
mineralization of osteoblasts.

To study the effect of miR-98 on osteoclasto-
genesis, we constructed miR-98 expression vector 
by using pre-miR-98. Pre-miR-98 (MI0000586) 
was the precursor sequence of miR-98 which lo-
cated in 151913214-151913321 of chromosome X 
with a length of 107bp and was acquired in the 
miRBase database. 

To detect the effection of miR-98 on the min-
eralization of osteoblast, we carried out Alizarin 
red-S staining. Mineralized matrix formation in 

osteoblasts were evaluated by Alizarin red-S 
staining after cultured for 14 and 21 days in dif-
ferentiation medium (Figure 2C). We found that 
miR-98 overexpression rather than the control 
increased the mineralized nodules of osteoblasts. 
These results indicated that overexpression of 
miR-98 promoted mineralization of osteoblasts.

MiR-98 Directly Targeted Factor Inhibiting 
Activating Transcription Factor 4 
(ATF4)-Mediated Transcription (FIAT)

TargetScan was utilized to analyze and predict 
the target gene of miR-98. We found a segment in 
the 3′UTR region of FIAT with well complemen-
tarity to miR-98 (Figure 3A) and this sequence 
was highly conserved among species. Besides, 
we corroborated TargetScan results with other 
softwares such as RNA22-HSA (https://cm.jef-
ferson.edu/rna22v1.0-homo_sapiens/). FIAT was 
reported to play a key role in osteogenesis. It sug-
gested the potential regulatory effect of miR-98 
on FIAT gene in osteogenesis. FIAT expression 
was decreased gradually during osteoblast min-
eralization (Figure 3B). 

To verify that miR-98 functions through bind-
ing to the 3’UTR of FIAT mRNA, the 3’UTR 
fragment containing miR-98 binding site was 

Figure 1. Expression of miR-98 during 
mineralization of OBs. A, Northern 
blot to verify the expression of miR-98 
during mineralization of OBs induced 
by 50 mg/L ascorbic acid and 10 mM 
β-glycerophosphate. U6 snRNA was 
used as loading control (n = 3). B, qRT-
PCR analysis showed the time-depend 
ent expression of miR-98 during osteo-
blasts differentiation and mineralization. 
Expression of mature miR-98 increased 
about 8.5 fold from low level on day 3 to 
high level on day 21 in the process, with 
a continuous high level during the min-
eralization process. The level of miR-98 
mRNA was normalized to U6 (n = 5). 
Data were shown as means ± SD.
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cloned to 3’UTR of dual luciferase reporter 
gene vector Pgl3 to construct wild-type report-
er vector WT-pGL3-FIAT-3’UTR. Either WT-
pGL3-FIAT-3’UTR or MUT-pGL3-FIAT-3′UTR 
was co-transfected into OBs with pre-miR-98 or 
miR-C, The results showed that, during co-trans-
fection of WT-pGL3-FIAT-3′UTR with miR-98 
expression vector, miR-98 bound to 3’UTR of 
FIAT mRNA so that the luciferase activity was 
markedly repressed. When the co-transfection 
system was replaced by miR-C control vector or 
MUT-pGL3-FIAT-3′UTR, the luciferase activity 
was not attenuated (Figure 3B). The results vali-
dated that miR-98 bound to 3’UTR of FIAT and 
FIAT was the target gene of miR-98. 

Besides, pre-miR-98 was introduced into 
OBs to identify the function of miR-98 on FIAT 

directly. Then, ascorbic acid and β-glycerophos-
phate were treated to induce mineralization of 
OBs. The results showed that overexpression of 
miR-98 decreased FIAT protein levels but FIAT 
mRNA levels was not attenuated (Figure 3C). 
To evaluate whether miR-98 functions through 
regulation of other genes than FIAT, which 
are critical for osteoblast mineralization such 
as SMAD7 and EPHA4. OBs were transfected 
with pre-miR-98 or miR-C, and anti-miR-98 or 
anti-C, the protein levels of SMAD7 and EPHA4 
were detected 48h after transfection. The results 
showed that miR-98 had no affection on SMAD7 
and EPHA4. It indicated that miR-98 inhibited 
FIAT expression at the post-transcriptional level 
and miR-98 regulated osteoblast mineralization 
by targeting FIAT. 

Figure 2. Effects of miR-98 on osteoblast mineralization were shown. A, OBs were transfected with pre-miR-98 or anti-miR-98 ex-
pression vector. Expression levels of miR-98 in OBs transfected with pre-miR-98 or anti-miR-98 was shown as fold induction relative 
to β-actin. Expression levels of miR-98 was detected by qRT-PCR. B, Microscopic view (left) of effects of miR-98 overexpression 
on mineralization of the matrix. Osteoblasts infected by lentivirus were cultured in medium with 50 mg/L ascorbic acid and 10 mM 
β-glycerophosphate for 14 or 21 days. Mineralization of the matrix was determined by Alizarin Red S staining. It was shown a rep-
resentative microscopic view at a magnification of 200× for control and cells treated with lentivirus infection in cultures of 14 and 21 
days. Quantification of Alizarin Red S stains (right) via extraction with cetyl-pyridinium chloride. The amount of released dye was 
quantified by spectrophotometry at 540 nm. The bars represent the mean ± SD (n = 5; *p<0.05 vs. control).

A

B
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We next cotransfected the WT or mutant FIAT 
3ʹ-UTR construct with pre-miR-98 into osteoblasts 
to determine whether the biological effects of miR-
98 could be canceled by the mutant FIAT 3ʹ-UTR 

construct. Osteoblasts were cotransfected with the 
WT or mutant FIAT 3ʹ-UTR construct and pre-
miR-98 or miR-C. Western blotting showed that 
the mutant FIAT 3ʹ-UTR construct was able to 

Figure 3. MiR-98 directly targeted FIAT. A, Schematic representing the putative target site of miR-98 in mouse FIAT 3’UTR 
and the base pairing of miR-98 sequences with wild-type (WT) and mutant (MUT) 3’UTR regions of FIAT. Three mutations 
were underlined. B, miR-98 targeted the FIAT 3’UTR. On the left, FIAT expression levels during OB mineralization. FIAT 
relative protein expression was negatively correlated with miR-98. FIAT expression levels were detected by Western Blot 
(n=3). On the right, Osteoblasts were cotransfected with the luciferase reporters carrying wild-type FIAT 3’UTR (WT-FIAT-
3’UTR) or mutated FIAT 3’UTR (MUT- FIAT-3’UTR) and pre-miR-98 or miR-C for 48 h. The bar chart showed the luciferase 
activities. Concurrent transfection of pre-miR-98 decreased the reporter activity of WT-FIAT-3’UTR but not the reporter 
activity of MUT-FIAT-3’UTR. The error bars represented the mean ± SD (*, p<0.05 versus MUT-FIAT-3’UTR; n = 5). C, 
miR-98 repressed FIAT expression post-transcriptionally. Osteoblasts were infected by pre-miR-98 or miR-C lentivirus and 
protein was extracted after culture for 48 hours. On the left, Western blot showed only FIAT protein expression was reduced 
in the group by miR-98 over-expression. miR-98 overexpression resulted in an about threefold decrease in the amount of FIAT 
protein. Results were indicated as the ratio of FIAT/β-actin. On the right, Quantitative RT-PCR was used to determine the 
levels of FIAT mRNA. There is no significant change in FIAT mRNA level in response to miR-98 over-expression. The level 
of FIAT mRNA was normalized to GAPDH. The error bars represent the mean±SD (*p<0.05 vs. miR-C; n=5).

A

B

C
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rescue the pre-miR-98-induced downregulation of 
FIAT protein (Figure 4A). And results showed that 
the mutant FIAT 3ʹ-UTR construct was also able 
to cancel the pre-miR-98-induced promotion of os-

teoblast mineralization (Figure 4B). This showed 
that miR-98 regulated osteoblast mineralization 
by targeting FIAT and fiat was the very important 
target gene of miR-98 in osteoblast mineralization. 

Figure 4. The mutant FIAT-3′UTR 
construct canceled miR-98-in-
duced promotion of osteoblast 
mineralization. Osteoblasts were 
co-transfected with the wild-type 
(WT) or mutant FIAT-3′UTR con-
struct and pre-miR-98 or miR-C 
for 21 days. A, ransfection of the 
mutant FIAT-3′UTR into osteo-
blasts canceled the pre-miR-98-
induced downregulation of FIAT 
protein. B   ,  Transfection of mu-
tant FIAT-3′UTR into osteoblasts 
canceled the pre-miR-98-induced 
increase of mineralized nodules. 
Data are shown as means SD 
(*p<0.05 vs. pre-miR-98+WT-Sp7, 
n =3). 

A

B
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Sp7 Bound to Promoter of miR-98 
and Promoted Transcription of miR-98 

The primary assembly of miR-98 was in 
151913214-151913321 of chromosome X. Re-
cently, Marson et al18 predicted and validated 
the promoter and transcription start sites (TSS) 
for miRNA used the genomic coordinates of 
the trimethylation of Lys 4 of histone 3 (H3K-
4me3)-enriched loci derived from multiple cell 
types and bioinformatic analysis. The TSS of 
miR-98 was located in 147143897-147144097 of 
mouse sapiens chromosome X. We examined 2 
kb of the regions upstream of the miR-98 TSS. 
Using the TF-Search prediction program, we 
found a potential binding site for Sp7 located 
1706-1714 nucleotides upstream from the TSS of 
the miR-98 (Figure 5A). As our previous study re-
ported15, Sp7 expression was gradually increased 
during osteoblast mineralization and reached a 
peak on day 14.

To verify whether Sp7 bound to the predicted 
binding site in the promoter of miR-98, EMSA 
was performed with nuclear protein extracted 
from ascorbic acid + β-glycerophosphate induced 
osteoblast mineralization. Double-stranded oli-
gonucleotides containing Sp7 putative binding 
site were labeled and used as probes. The shift 
band of wild-type probes and Sp7 complex was 
formed. The specificity of the binding was con-
firmed by the competition and supershift assays. 
An unlabeled wild-type probe competed with the 
binding complex in a dose-dependent manner. In 
contrast, a mutant probe had no such competitive 
effect. To verify the existence of Sp7 in the bind-
ing complex, a specific Sp7 antibody was added 
and a supershift band was then observed, whereas 
control IgG antibody had no such effect (Figure 
5B). To further validate that Sp7 bound to the 
promoter of miR-98 endogenously in osteoblast, 
ChIP assay was performed. The cross-linked and 
fragmented protein-chromatin complexes were 
immunoprecipitated with Sp7 antibody, no anti-
body or control IgG antibody. The precipitated 
DNA was subjected to PCR amplification with 
specific primers for miR-98 promoter region con-
taining Sp7 binding site. Primer A (-1562--1746) 
spans the putative binding site of Sp7 in the 
promoter of miR-98. Primer B and Primer C that 
span the 5’- and 3’- distal regions of the putative 
binding site were used as negative controls in 
the PCR assays. PCR product of miR-98 was ob-
tained from DNA immunoprecipitated with Sp7 
antibody, while no PCR product was obtained 
from DNA immunoprecipitated with control an-

tibody (Figure 5C). These findings provided ev-
idence that Sp7 bound to a putative binding site 
of the miR-98 promoter. 

To verify the link between Sp7 and miR-
98 expression, the promoter regions of miR-98 
contained the Sp7 binding site or Sp7 binding 
site mutation (Figure 5D) was cloned into lu-
ciferase reporter, and then, cotransfected with 
full-length Sp7 or empty vector for promoter 
activity assays. As shown in Figure 5D, com-
pared to control, miR-98 promoter activities 
were significantly reduced by Sp7 while there 
was no significant difference in the promoter 
activities between the Sp7 binding site muta-
tion transfected and control cells (Figure 5D). 
These data suggested that Sp7 directly promoted 
expression of miR-98 via physical binding the 
promoter regions of miR-98. 

To further investigate the action of Sp7 on 
miR-98 transcription, we changed the expression 
levels of Sp7 in OBs by means of full-length 
Sp7 or short hairpin RNA (shRNA) against Sp7 
lentivirus expression vectors. Empty vector or 
shRNA control was used as a control. The re-
sults showed that overexpression of Sp7 promot-
ed miR-98 transcription, and down-regulation 
of Sp7 expression caused a decrease in miR-98 
transcription in OBs (Figure 5E). These results 
suggested that Sp7 promoted the transcription of 
miR-98 by binding to the putative binding site of 
its promoter.

Discussion

Our study showed that miR-98 regulated os-
teoblast mineralization through the bone-specific 
factor FIAT and the expression of miR-98 was 
regulated by Sp7.

Many miRNAs and factors participated in 
osteoblast differentiation, proliferation, and min-
eralization19. In our previous report15, microarray 
revealed that miR-98 increased greatly during os-
teoblast mineralization. We then verified that the 
expression of miR-98 gradually increased during 
osteoblast mineralization. It suggested that miR-
98 played an important role in osteoblast min-
eralization. The functional role of miR-98 was 
further confirmed by overexpression experiment. 
Promotion of mineralization occurred in the miR-
98 overexpression group compared with the con-
trol. These results indicated that miR-98 regulat-
ed osteoblast mineralization, and then our study 
revealed the mechanism of this action.
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Targetscan was used to predict the target 
genes related to osteoclast differentiation. Tar-
getScan predicts biological targets of miRNAs 
by searching for the presence of conserved 8 mer 
and 7 mer sites that match the seed region of each 
miRNA. We found that factor inhibiting activat-

ing transcription factor 4 (ATF4)-mediated tran-
scription (FIAT), a leucine zipper nuclear protein, 
was one of the predicted genes by TargetScan. 
Targetscan provided us one conserved miR-98 
target in 3’UTR of FIAT. Furthermore, our data 
showed that FIAT decreased during osteoblast 

A

B

C

E

D

Figure 5. Analysis of Sp7 binding to promoter of miR-98. A, A Sp7 binding site was located upstream of miR-98. B, EMSA 
for Sp7 binding to the promoter of the miR-98. Electrophoretic mobility shift assays were performed using labeled oligonu-
cleotide probes derived from the promoter of miR-98 of induced osteoblasts. The labeled oligonucleotide probes (WT Oligo 
1) were incubated alone (lane 1), in combination with nuclear extracts (NE; lane 2), in the presence of 10- or 100-fold molar 
excess of specific unlabeled competitor probe (WT Oligo1) (comp; lanes 3 and 4) or unlabeled mutant (Mt) competitor probe 
(comp; mutant Oligo 1) (lanes 5 and 6), and in the presence of the Sp7 antibody (anti-Sp7) (Ab; lane 7) or IgG control antibody 
(Ab; lane 8) (n = 3). C, Upper, Schematic representation of the promoter region of miR-98. The positions of the Sp7 binding 
site and primer sites for ChIP assays are indicated. Lower, ChIP assay showed Sp7 binding to miR-98 through the putative 
Sp7 binding site. ChIP assays were performed using no-antibodies (input; lanes 1, 2, and 3), Sp7 antibodies (lanes 4, 5, and 6), 
and control IgG antibody (lane 7). Primer-B (-1968/-1769; lanes 2 and 5) and primer-C (-221/-62, lanes 3 and 6) were used as 
negative controls for PCR. D, Osteoblasts were infected with Sp7 lentivirus (PAJ-Ubi-Sp7), sh-Sp7 lentivirus (PAJ-sh-Sp7) or 
PAJ-C, shRNA control (sh-C) for 48 h. Sp7 protein levels were elevated or decreased after infection for 48 h. E, qRT-PCR 48 
hours after Sp7 lentivirus transduction and the 0, 7, 14, and 21 day of Sp7-overexpressing cells showed miR-98 increased and 
Sp7-knockdown cells showed miR-98 decreased (*, p<0.05 vs. miR-C; n=5).
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mineralization. Meanwhile, the 3ʹUTR of FIAT 
harbors a binding site for miR-98, suggesting 
that FIAT might be a direct target of miR-98. We 
therefore evaluated the effect of miR-98 on FIAT.

FIAT is a transcription factor playing a crucial 
role in osteoblast mineralization. It impairs os-
teoblast activity20. FIAT can both modulate early 
osteoblast activity by interacting with ATF4 and 
regulate later osteoblast function21. FIAT inhibi-
tion of matrix mineralization requires dimeriza-
tion with ATF4 through the second leucine zip-
per. Furthermore, transgenic mice overexpressing 
FIAT exhibit osteopenia22. Due to this critical 
regulation of the osteoblast phenotype by FIAT, 
identifying upstream regulators of this gene is 
the key to our understanding of osteoblast min-
eralization.

Our results showed that during osteoblast min-
eralization the level of miR-98 gradually increased 
which was reverse to that of FIAT. MiRNAs carry 
out functions by negatively regulating translation 
of specific mRNAs23. We explored the effects of 
miR-98 on FIAT. As a result, overexpression of 
miR-98 only decreased the expression of FIAT 
protein but not mRNA, which suggested that miR-
98 regulates osteoblast mineralization via sup-
pressing FIAT in post-transcriptional level.

MiRNAs perform the post-transcriptional in-
hibition of their target mRNAs mainly by base 
pairing to the complementary sites in the 3’-UTR 
of the target mRNA or CDS region of transcrip-
tion factors24-26. The 3’UTR of FIAT harbored a 
potential target of miR-98 which was predicted 
by Rna22. The repressive effect of miR-98 on 
the targeted site of FIAT 3’-UTR was proven by 
luciferase reporter assay, and mutations of the 
target site in the FIAT 3’-UTR abolished this re-
pression. It confirmed that FIAT was the targeted 
mRNA of miR-98.

Marson et al18 predicted promoter sites and 
TSS for miRNAs by use of the genomic coordi-
nates of the H3K4me3-enriched loci derived from 
multiple cell types and bioinformatics analysis. 
The authors created a library of candidate pro-
moters and TSS for miRNA in both the human 
and mouse genomes. In the present study, we 
predicted the promoter and TSS of miR-98 based 
on these published data.

We then examined the promoter region using 
the TF-Search prediction program and found 
a potential binding site (CCCTGCCCC)27 for 
Sp7 just upstream of the miR-98 TSS. Sp7 has 
been demonstrated to be indispensable for the 
mineralization of osteoblasts in vivo28-31. In our 

studies, osteoblasts transfected with Sp7 vec-
tor showed increased miR-98 expression level, 
whereas, block of Sp7 expression inhibited miR-
98 transcription. It verified that FIAT acted as 
an inhibitor of miR-98 expression in osteoblast 
mineralization. Furthermore, some experiments, 
such as EMSA, CHIP, and promoter luciferase 
reporter assay confirmed that Sp7 increased miR-
98 expression through binding to the promoter re-
gions of the miR-98. Therefore, we revealed that 
FIAT protein levels were decreased in osteoblast 
mineralization via the combination between Sp7 
and miR-98 promoter, which transcriptionally 
promoted the expression of miR-98.

These data allowed us to develop a model 
to demonstrate miR-98-FIAT/Sp7 function loop 
(Figure 6) which was a part of the complex reg-
ulatory network in osteoblast. During the process 
of osteoblast mineralization, FIAT was a crucial 
factor that inhibited osteoblast mineralization. 
Firstly, miR-98 inhibited the expression of FI-
AT protein, then Sp7 promoted the expression 
of miR-98. It suggested that there was a unique 
autoregulatory feedback loop between miR-98, 
FIAT and Sp7. 

Figure 6. Graphic representation of feedback loop between 
miR-98, FIAT and Sp7. FIAT was a crucial factor that inhib-
ited osteoblast mineralization. MiR-98 represses the protein 
levels of FIAT. In turn, Sp7 trans inactivates miR-98. They 
keep a relative balance in osteoblast mineralization.
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Many miRNAs have been identified to me-
diate osteoblast metabolism. For instance, miR-
133 and miR-135 induce osteogenesis of C2C12 
mesenchymal cells via regulating RUNX2 and 
SMAD5, respectively32. miR-26a negatively reg-
ulates osteoblast differentiation by targeting the 
SMAD1 transcription factor33. miR-206 regulat-
ed osteoblast differentiation by targeting Cx4334. 
MiR-98, FIAT and Sp7 worked along with those 
regulatory factors, and played its role in osteo-
blast differentiation and mineralization.

Conclusions

Our investigation provided evidence that the 
miR-98 plays an important role in osteoblast 
mineralization through a novel miR-98-FIAT/
Sp7 regulatory feedback loop. Our findings also 
provide new insights into the roles and regulatory 
mechanisms of miRNAs in osteoblast mineral-
ization.
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