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Our recent study showed that miR-2861 promotes osteoblast
differentiation by targeting histone deacetylase 5, resulting
in increased runt-related transcription factor 2 (Runx2) pro-
tein production. Here we identified another new microRNA
(miRNA) (miR-3960) that played a regulatory role in osteoblast
differentiation through a regulatory feedback loop with miR-
2861. miR-3960 and miR-2861 were found clustered at the
same loci. miR-3960 was transcribed during bone morphogenic
protein 2 (BMP2)-induced osteogenesis of ST2 stromal cells.
Overexpression of miR-3960 promoted BMP2-induced osteo-
blastogenesis. However, the inhibition of miR-3960 expression
attenuated the osteoblastogenesis. Homeobox A2 (Hoxa2), a
repressor of Runx2 expression, was confirmed to be a target of
miR-3960. Electrophoretic mobility shift assay and chromatin
immunoprecipitation experiments confirmed that Runx2
bound to the promoter of the miR-3960/miR-2861 cluster. Fur-
thermore, overexpression of Runx2 induced miR-3960/miR-
2861 transcription, and block of Runx2 expression attenuated
BMP2-induced miR-3960/miR-2861 transcription. Here we
report that miR-3960 and miR-2861, transcribed together from
the same miRNA polycistron, both function in osteoblast differ-
entiation through a novel Runx2/miR-3960/miR-2861 regula-
tory feedback loop. Our findings provide new insights into the
roles of miRNAs in osteoblast differentiation.

MicroRNAs (miRNAs)? are an abundant class of endoge-
nous, small (~22-nucleotide), single-stranded, noncoding
RNA molecules (1). MicroRNAs mediate translational repres-
sion or degradation of target transcript by binding to sites of
complementarity in the 3'-UTRs of target mRNAs. During the
past decade, they have emerged as powerful post-transcrip-
tional regulators of gene expression (2). To date, more than 3%
of the genes in the human genome have been found to encode
for miRNAs, and over 30% of genes in the human genome are
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estimated to be regulated by miRNAs (3). It has been docu-
mented that miRNAs participate in various biological pro-
cesses, including developmental timing, cellular differentiation,
proliferation, metabolism, tissue development, protein expres-
sion, and tumor development (4-6). However, their role in
bone metabolism has just begun to be understood.

The maintenance of bone mass depends on the balance
between bone formation and bone resorption; bone morpho-
genic protein 2 (BMP2)-induced osteoblast differentiation is a
crucial component of bone formation (7). The runt-related
transcription factor 2 (Runx2), the main transcription factor
required for osteoblast differentiation, is important for osteo-
blast lineage commitment of multipotent mesenchymal cells
(8). A few studies have revealed the regulatory role of miRNAs
in osteoblastogenesis. Recent studies have discovered some
miRNAs as important regulators of bone forming genes,
including transcription factors and signaling pathway mole-
cules that are required for osteoblastogenesis (9, 10). Some
miRNAs have been reported to act as negative regulators of
osteoblast differentiation, such as miR-26a and miR-125b (11,
12). However, not all miRNAs are functional inhibitors of
osteoblastogenesis. miR-29b promotes osteogenesis by directly
down-regulating multiple inhibitors of osteoblast differentia-
tion (13), and miR-210 positively regulates osteogenesis by
inhibiting the TGF-B/activin signaling pathway (14).

Recently, we reported a novel miRNA (miR-2861) that plays
a positive regulatory role in osteoblast differentiation by target-
ing histone deacetylase 5, an enhancer of Runx2 degradation
(15). In vivo silencing of miR-2861 using a specific antagomir
inhibited bone formation in mice. Our study also discovered a
mutation in pre-miR-2861 that resulted in primary osteoporo-
sis in patients. However, the regulatory mechanism of miRNAs
in osteoblast differentiation still needs further exploration.

In the present study, we cloned and identified a new miRNA
(termed miR-3960) from osteoblasts by a small RNA cloning
method and investigated its regulatory mechanism in BMP2-
induced osteoblast differentiation. miR-3960 and miR-2861
were found to be clustered at the same loci. We then investi-
gated the transcriptional mechanism of this cluster and have
proposed a unique autoregulatory feedback loop between
Runx2 and the miR-3960/miR-2861 cluster.

EXPERIMENTAL PROCEDURES

Cell Cultures—Primary mouse calvarial osteoblasts were iso-
lated from calvaria of newborn C57BL/6 mice as reported pre-
viously (16). The cells were incubated in a-minimum essential
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medium (Invitrogen) supplemented with 5% fetal bovine serum
(FBS), 100 units/ml penicillin, and 100 pg/ml streptomycin and
maintained in a humidified 5% CO, atmosphere at 37 °C. For
small RNA isolation and cloning, osteoblasts were plated at 1 X
10° cells/25-cm? flasks and cultured in 10% FBS and 50 ug/ml
ascorbic acid for 9 days. Osteoblast differentiation was induced
by changing to medium containing 10% FBS supplemented
with 300 ng/ml BMP2 (Peprotech Inc., Rocky Hill, NJ,). Oste-
oclasts were obtained and cultured as described previously (15).
The mouse stromal cell line ST2 was obtained from RIKEN
BioResource Center (Ibaraki, Japan) and cultured in a-mini-
mum Eagle’s medium supplemented with 10% FBS, 100
units/ml penicillin, and 100 ug/ml streptomycin at 37 °C with
5% CO.,.

Small RNA Isolation and Cloning—Small RNAs were iso-
lated from mouse osteoblasts using a mirVana™ miRNA
isolation kit (Ambion, Austin, TX,) according to the manufac-
turer’s instructions. Small RNA isolation and cloning were per-
formed as described (17). Briefly, small RNAs were polyadeny-
lated, and a 5’-adapter was ligated to poly(A)-tailed RNA using
T4 RNA ligase (Invitrogen). The ligation products were reverse
transcribed to produce small RNA ¢DNAs, which were then
amplified using PCR. The PCR products were directly sub-
cloned into pcDNA3.1 TOPO vector (Invitrogen) for sequenc-
ing analysis. The sequences used in miRNA cloning are the
same as those in our previous study (15).

Bioinformatics Analysis—DNA sequences were analyzed to
locate small RNA sequences in the cloning vector. RNA
sequences were subjected to BLAST analyses against the mouse
genome. To identify miRNAs, all small RNAs were initially
searched in the miRBase (6 —8). Secondary structures of RNA
precursors were predicted by importing a fragment of ~200 bp
of genomic sequence flanking the small RNA at both the 5'-
and 3’ ends into the Mfold software (9). If a small RNA was
19-24 bases long, its precursor sequence could form a stem-
loop structure, and it had not been registered in the miRBase,
we then classified it as a novel miRNA. Genes encoding these
miRNAs were then located on chromosomes. The sequences of
the new miRNA candidates and their precursors were sub-
jected to a BLASTN search against NCBI genomes to estimate
the species conservation.

Northern Blot—Total RNA was extracted from cells and
C57BL/6 mouse (8-week-old) tissues with TRIzol reagent
(Invitrogen). Northern blotting was performed as described
previously (18). 20 ug of RNA was separated on a 15% urea-
polyacrylamide gel with 0.5X Tris borate-EDTA and trans-
ferred to a Hybond-N+ nylon membrane (Amersham Biosci-
ences) using a semidry transfer cell (Bio-Rad). Hybridization
was performed according to a standard protocol. **P-Labeled
oligonucleotide probes complementary to the mature miR-
3960 were used in the hybridization. The probes for miR-3960
and U6 were 5'-GCCCCCGCCTCCGCCGCCGCC-3' and 5'-
ATATGGAACGCTTCACGAATT-3', respectively.

Western Blot—Protein concentrations were determined
using a Bradford protein assay. Protein (100 ug) from each sam-
ple was loaded onto a 7.5% polyacrylamide gel. After electro-
phoresis, the SDS-PAGE-separated proteins were transferred
to a PVDF membrane (Millipore, Billerica, MA). The mem-
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brane was blocked with 5% nonfat milk in PBS and then incu-
bated with antibodies against Runx2 (Santa Cruz Biotechnol-
ogy, Inc., Santa Cruz, CA), homeobox A2 (Hoxa2) (Santa Cruz
Biotechnology, Inc.), Myc (Santa Cruz Biotechnology, Inc.), or
B-actin (Abcam, Cambridge, MA) in PBS for 3 h. The mem-
brane was then reprobed with appropriate secondary antibod-
ies conjugated with horseradish peroxidase for 1 h. Blots were
processed using an ECL kit (Santa Cruz Biotechnology, Inc.)
and exposed to film.

qRT-PCR Analysis— qRT-PCR was performed as previously
described using a Roche LightCycler (Roche Applied Science)
(19). Total RNA from cultured cells or tissues was isolated using
TRIzol reagent (Invitrogen), and reverse transcription was
performed using 1.0 ug of total RNA and SuperScript II (Invit-
rogen). PCRs (25-ul total volume each) were set up using
reverse transcribed cDNA as template, amplification primers,
and SYBR Green PCR Master Mix (Applied Biosystems, Shang-
hai, China). The following primer sequences were used: type
II Runx2: forward, 5'-AGCCTCTTCAGCGCAGTGAC-3’;
reverse, 5'-CTGGTGCTCGGATCCCAA-3'; and Hoxa2: for-
ward, 5'-GTCACTCTTTGAGCAAGCCC-3'; reverse, 5'-
TAGGCCAGCTCCACAGTTCT-3".

Amplification data were analyzed using the Sequence Detec-
tor System Software (Applied Biosystems). Relative quantifica-
tion was calculated by normalizing the crossing threshold (Ct)
values of the test samples with that of the amplified B-actin
control.

Plasmid Constructs and Transfections—Plasmid constructs
were performed as described previously (15). A 73-bp genomic
sequence of the miR-3960 precursor (pre-miR-3960) was
inserted into the pSilencer vector (Ambion). The primers were
5'-GATCCGGCCACGGCTTCCTGCGCCCCCGATCGGG-
GCCGCCAACAGCGCTGGCGGCGGCGGCGGAGGCGG-
GGGCAGTGGCGGAAA-3' (forward) and 5'-AGCTTTTCC-
GCCACTGCCCCCGCCTCCGCCGCCGCCGCCAGCGCT-
GTTGGCGGCCCCGATCGGGGGCGCAGGAAGCCGTG-
GCCG-3' (reverse). The oligos were annealed and subsequently
ligated with T4 DNA ligase (Invitrogen) into the BamHI-
HindlIII site in the pSilencer 4.1-CMYV vector containing the
puromycin cassette. For stable transfection of pre-miR-
3960, ST2 cells were seeded in 6-well plates at a density
of 3 X 10" cells/well and transfected with this plasmid
(pSilencer pre-miR-3960) using Lipofectamine 2000 (Invit-
rogen). Stably transfected cells were clonally selected using
puromycin (1 ug/ml). Empty vector (pSilencer control) was
also stably transfected into ST2 cells as a control.

A segment (nucleotides 281-733) of the mouse Hoxa2 cod-
ing sequence (CDS) including the predicted miR-3960 binding
site was PCR-amplified using mouse cDNA as template. The
sense primer was 5'-GGCTCTAGAGCCTGAGTATCCCTG-
GATG-3’, and the antisense primer was 5'-GGCCGGCCAC-
CCTTCCCTCTCCAGAAG-3'. The PCR product was purified
and then inserted into the Xbal-Fsel site immediately down-
stream of the stop codon in the pGL3 basic luciferase reporter
vector (Promega Corp., Madison, WI), resulting in WT-pGL3-
Hoxa2. The QuikChange site-directed mutagenesis kit (Strata-
gene, La Jolla, CA) was used to introduce mutations into the
seed region of WT-pGL3-Hoxa2. The primers for Hoxa2 CDS
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mutagenesis were 5'-CCAAGAAAACCGCGCTGCCGCCC-
GCAGCAGCATCCACGGGCC-3' (forward) and 5'-GGC-
CCGTGGATGCTGCTGCGGGCGGCAGCGCGGTTTTC-
TTGG-3' (reverse). The oligonucleotide primers, each comple-
mentary to opposite strands of the vector, were extended
during temperature cycling by using PfuTurbo DNA polymer-
ase. Incorporation of the primers generated a mutated plasmid
containing staggered nicks. Following temperature cycling, the
products were treated with Dpnl, which was used to digest the
parental DNA template and to select for the mutation-contain-
ing synthesized DNA. The nicked vector DNA incorporating
the desired mutations was named MUT-pGL3-Hoxa2.
WT-pGL3-Hoxa2 and MUT-pGL3-Hoxa2 were used for the
luciferase reporter assay.

To construct a Runx2 expression vector, pcDNA3.1-Runx2,
the Runx2 coding sequence was RT-PCR-amplified from
mouse mRNA using the primer sequences 5'-CCGGTACCT-
TTACAACAGAGGGCACAA-3’ (forward) and 5'-CGCTC-
GAGCACAGCCAACTCAAACACTA-3' (reverse). The PCR
product was digested with KpnI-Xhol and subcloned into the
similarly digested pcDNA3.1 vector (Invitrogen). The expression
vector (pcDNA3.1-Hoxa2) for the full-length mouse Hoxa2 was
constructed by RT-PCR amplification from mouse mRNA using
the primer sequences 5'-CCGGTACCCAGCAGCGATCTTCT-
ATGA-3' (forward) and 5'-CGGCTCGAGTTAAACGGAAAG-
TCCTCAA-3' (reverse). The PCR product was digested with
KpnI-Xhol and subcloned into the pcDNA3.1 vector. ST2 cells
were seeded in 6-well plates at a density of 3 X 10* cells/well and
transfected with pcDNA3.1-Runx2, pcDNA3.1-Hoxa2, or control
(empty vector pcDNA3.1) using Lipofectamine 2000 (Invitrogen).
After overnight stabilization in the maintenance medium, stably
transfected cell clones were selected with G418. After 2 weeks of
culture under the selection medium, cell colonies were subcul-
tured. All plasmids above were sequenced to ensure authenticity.

The miRNA inhibitor 2'-O-methyl antisense oligonucleo-
tides targeted toward miR-3960 (anti-miR-3960) and the
microRNA inhibitor negative control (anti-miR-C) were pur-
chased from GenePharma Co., Ltd. For transient transfection,
complexes of Lipofectamine 2000 and miRNA inhibitors were
prepared and directly mixed with cells in 24-well cell culture
plates at a density of 3 X 10* cells/well. Then these cells were
harvested after transfection for 48 h.

Alkaline Phosphatase (ALP) Activity and Osteocalcin Secre-
tion Assay—ALP activity was measured as described previously
(15). Osteocalcin released into the culture media was measured
using a specific radioimmunoassay kit (DiaSorin S.p.A., Ver-
celli, Italy). To normalize protein expression to total cellular
protein, a fraction of the lysate solution was used in a Bradford
protein assay.

Luciferase Reporter Assay—Luciferase reporter assays were
performed as described previously (15). ST2 cells were trans-
fected using Lipofectamine 2000 with either the wild-type or
mutant pcDNA3.1-Hoxa2 constructs (200 ng) and pre-miR-
3960 or miR-C for 48 h. As a positive control, the modified
pcDNA3.1 control vector was used without a CDS insert. Cells
treated solely with Lipofectamine served as negative controls.
Firefly and Renilla luciferase activities were determined using
the Dual-Luciferase Reporter Assay System (Promega) with
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firefly luciferase activities calculated as the mean * S.D. after
being normalized by Renilla luciferase activities from the
cotransfected phRL-null vector (Promega).

Preparation of Nuclear Extracts—Nuclear extracts were pre-
pared from BMP2-induced ST2 cells using the NE-PER nuclear
and cytoplasmic extraction reagents (Thermo Fisher Scientific,
Beijing, China). Cells were rinsed in ice-cold PBS, harvested by
scraping and centrifugation, and resuspended in extraction
buffer. After microcentrifugation, nuclear pellets were resus-
pended in hypertonic buffer and incubated on ice for 40 min.
The nuclear extract supernatant was obtained by centrifuga-
tion at 14,000 rpm for 30 min and stored at —80 °C. Protein
concentrations were measured using the Bio-Rad protein assay
kit.

Electrophoretic Mobility Shift Assay (EMSA)—For the gel
shift assay, double-stranded oligonucleotide probes were
derived from the miR-3960/miR-2861 cluster promoter (wild-
type oligo D1 sequence: 5'-GTAGGACCACAGACCAGGAG-3'
the italic nucleotides are the potential binding site for Runx2).
The oligonucleotide probe and the complementary strand were
annealed and end-labeled with digoxin using T4 polynucleotide
kinase according to the manufacturer’s instructions (Roche
Applied Science). Digoxin-labeled probes were incubated with
or without 5-10 ug of nuclear extracts for 30 min at room
temperature and separated on a 6% non-denaturing polyacryl-
amide gel with 0.5X Tris borate-EDTA running buffer. After
electrophoresis, DNA-protein complexes were electroblotted
onto positively charged nylon membranes (Bio-Rad). For compe-
tition, 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'-GTAGGACCgtAGACCAGGAG-3' the italic and
lowercase nucleotides are the mutant nucleotides of wild-type
oligo D1). For the supershift assay, the nuclear extracts were incu-
bated with Runx-2-specific antibodies (Santa Cruz Biotechnology,
Inc.) or control antibodies (Santa Cruz Biotechnology, Inc.) for 30
min before addition of the labeled probe. EMSA was performed
using a digoxin gel shift kit following the manufacturer’s instruc-
tions (Roche Applied Science).

Chromatin Immunoprecipitation (ChIP)—Cells were grown
to 70% confluence and cross-linked with 1% formaldehyde at
37 °Cin the presence of 4% CO,, for 15 min. The cells were then
lysed, DNA-protein complexes were immunoprecipitated, and
the formaldehyde-cross-linked DNA was reverse cross-linked
with a ChIP assay kit (Upstate, Charlottesville, VA) according
to the manufacturer’s protocol. DNA-chromatin complexes
were immunoprecipitated with anti-Runx2 (Santa Cruz Bio-
technology, Inc.), no antibody, or normal mouse IgG (Santa
Cruz Biotechnology, Inc.) as an internal control. The precipi-
tated DNA was analyzed by PCR. The primers used for this
analysis were as follows: primer-A: forward, 5'-ACAGGAGG-
GATTGGGAAACT-3'; reverse, 5'-AGGACAGCCAGGAAA-
AACAA-3'; primer-B: forward, 5'-AACTCCTGTGCAGGG-
CTAAA-3'; reverse, 5'-GCCATATGACCCAGAGCCTA-3';
and primer-C: forward, 5'-CCTCGTCTGCTCTGCCTATC-
3'; reverse, 5'-AGTGCCCTGCTCCTCCTC-3'.

Small Interfering RNA (siRNA) Duplex Preparation and
Transfection—The Runx2 siRNA was designed using The
BLOCK-iT™ RNAI Designer (Invitrogen). The sequences of
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FIGURE 1. Expression profile of miR-3960. A, sequence of mouse miR-3960. B, schematic graph of the secondary structure of pre-miR-3960. The structure was
predicted by Mfold, and the sequence of mature miR-3960 is shown by shadowed circles. C, graphic representation of the cluster of miR-3960 and miR-2861 on
mouse chromosome 2. D, Northern blot analysis of the expression of miR-3960 in osteoblast, osteoclast, and different mouse tissues. £, Northern blot analysis
showed the time-dependent expression of miR-3960 during BMP2-induced ST2 osteogenic differentiation after treatment with BMP2 (300 ng/ml) for the
indicated times. U6 snRNA was used as a loading control. Bar, mean = S.D. (*, p < 0.05 versus U6; n = 5).

siRNA specific to Runx2 are as follows: 5'-UAACAGCAGAG-
GCAUUUCGUAGCUC-3’ and 5'-GAGCUACGAAAUGCC-
UCUGCUGUUA-3'. A nonsense random sequence of siRNA
was synthesized as a negative control. The siRNAs were
transfected into 50% confluent ST2 cells with Oligo-
fectamine (Invitrogen) according to the manufacturer’s
instructions. The siRNA experiment was carried out for 72 h.
Total RNA and proteins from the specific siRNA oligonucle-
otide-treated and control siRNA oligonucleotide-treated
cells were analyzed by Western blotting and qRT-PCR.

Statistical Analyses—Data are presented as mean * S.D.
Comparisons were made using a one-way analysis of variance.
All experiments were repeated at least three times, and repre-
sentative experiments are shown. Differences were considered
significant at p < 0.05.

RESULTS

Identification of Novel miRNA from Primary Mouse
Osteoblasts—Short RNA molecules were cloned from pri-
mary mouse osteoblasts cultured in six flasks by a small RNA
cloning method described previously (17). We identified 163
clones by DNA sequencing and database searching. More
than 50% of the cloned RNAs represented breakdown prod-
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ucts of abundant non-coding RNAs such as tRNA, rRNA,
snRNA, and small nucleolar RNA. Some of them are known
miRNAs, including the newly discovered miR-2861 (15). The
remaining candidate RNA sequences were compared in the
BLAST database, and the Mfold software was used to predict
the stem-loop secondary structure of possible miRNA pre-
cursors (pre-miRNA) (20).

By bioinformatics analysis described under “Experimental
Procedures,” we focused on a putative novel 20-bp miRNA (Fig.
1A), which was located in non-coding regions of chromosome
2 and conserved in the human sequence, similar to miR-2861.
Its predicted precursor sequences showed the classical pre-
miRNA stem-loop secondary structure (Fig. 1B). The new
miRNA was subjected to the microRNA database (miRBase,
Cambridge, UK) and officially named miR-3960. When the pre-
dicted 73-bp genomic sequence of the miR-3960 precursor
(pre-miR-3960) was inserted into vector and transfected into
ST2 cells, the levels of mature miR-3960 were elevated (Fig. 24).
This result confirmed the predicted miR-3960 precursor. By
bioinformatics analysis, miR-3960 and miR-2861 were found
clustered on the same loci (Fig. 1C) where they were separated
by only 71 bp.
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FIGURE 2. miR-3960 promoted BMP2-induced ST2 osteoblast differentiation. A, Northern blot analysis of miR-3960 expression in ST2 cells transfected with
pre-miR-3960 or miR-C (control). B, overexpression of miR-3960 enhanced BMP2-induced ST2 osteoblast differentiation. ST2 cells were stably transfected with
pre-miR-3960 or miR-C and then treated with BMP2 (300 ng/ml) for 48 h. The bar graphs show the increase of ALP activity and osteocalcin secretion after
transfection of pre-miR-3960 (mean = S.D.; *, p < 0.05 versus miR-C; n = 5). C, Runx2 protein expression was determined by Western blot. The bar graph
represents the ratio of Runx2/B-actin by densitometry (mean = S.D.; ¥, p < 0.05 versus miR-C; n = 5). D, levels of Runx2 mRNA were measured by qRT-PCR. The
bar graph indicates the -fold induction of Runx2 mRNA expression in pre-miR-3960-transfected ST cells compared with the control (mean = S.D,; *, p < 0.05

versus miR-C; n = 5).

Expression Profile of miR-3960—W e assessed the expression
profile of miR-3960 across different tissues by Northern blot-
ting performed with total RNA extracted, respectively, from
primary mouse osteoblast cells, primary mouse osteoclast cells,
and mouse bone, liver, lung, heart, kidney, brain, fat, spleen, and
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skeletal muscle. The Northern blot analysis showed that there is
tissue-specific expression of miR-3960. In cultured bone cells,
miR-3960 was detected at a high level in primary mouse osteo-
blasts, but it was barely expressed in osteoclasts (Fig. 1D). In
mouse tissues, miR-3960 was highly expressed in bone and
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FIGURE 3. Inhibition of miR-3960 diminished BMP2-induced ST2 osteoblast differentiation. ST2 cells were treated with BMP2 and transiently transfected
with anti-miR-3960 or anti-miR-C. A, ALP activity and osteocalcin secretion were reduced after transfection of anti-miR-3960 for 48 h. B, the levels of Runx2
protein were decreased by anti-miR-3960 transfection. C, the decreased expression of Runx2 mRNA after anti-miR-3960 transfection. The error bars represent

the mean = S.D. (¥, p < 0.05 versus anti-miR-C; n = 5).

detected at a lower level in liver but not found in other tissues
(Fig. 1D).

To evaluate the expression profile of miR-3960 during osteo-
blast phenotype development, we treated mouse ST2 stromal
cells with BMP2 and measured miR-3960 expression after
12—-48 h. Northern blot analysis revealed that miR-3960 could
be detected after treatment with BMP2 for 12 h and increased
with time throughout osteoblast differentiation (Fig. 1E). These
results showed that the expression profile of miR-3960 with or
without BMP2 induction was similar to that of miR-2861.
These results (Fig. 1, C and D) indicated that miR-3960 and
miR-2861 might be transcribed together during osteoblast dif-
ferentiation, and miR-3960 might play a similar regulatory role
as miR-2861.

Regulation of miR-3960 in BMP2-induced ST2 Osteogenic
Differentiation—We next determined the role of miR-3960
during osteoblast differentiation by changing the functional
levels of miR-3960 in ST2 cells. After treatment with 300 ng/ml
BMP2, ST2 cells were stably transfected with pre-miR-3960,
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and Northern blotting was performed to evaluate the levels of
mature miRNAs (Fig. 24). ST2 cells transfected with miRNA
control (miR-C) were used as a control. ALP activity and osteo-
calcin secretion, as markers of osteoblast differentiation, were
evaluated after 48 h. The levels of ALP and osteocalcin were
both elevated in cells transfected with pre-miR-3960 compared
with the control (Fig. 2B). The levels of Runx2 protein and
mRNA were also elevated by miR-3960 transfection (Fig. 2, C
and D). These results indicated that overexpression of miR-
3960 promoted osteoblast differentiation of ST2 cells.

To further determine the role of miR-3960, 2'-O-methyl
antisense miR-3960 oligoribonucleotides (anti-miR-3960), a
specific blocker of miR-3960 function (21), were transfected
into BMP2-induced ST?2 cells. Anti-miRNA control (anti-miR-
C)-transfected ST2 cells were used as a control. The increases
of ALP activity and osteocalcin expression were attenuated
after transfection with anti-miR-3960 (Fig. 3A4). The levels of
Runx2 protein and type II Runx2 mRNA were also reduced in
anti-miR-3960-transfected cells (Fig. 3, B and C). Our data sug-
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gested that inhibition of endogenous miR-3960 inhibited
BMP2-induced osteogenic differentiation.

Hoxa?2 Is the Target Gene of miR-3960—Some computational
algorithms, such as Rna22, have been developed to predict the
putative miRNA targets (22). Rna22 can identify putative
miRNA binding sites along the length of the entire mRNA tran-
scripts and does not rely upon cross-species conservation. We
used Rna22 to predict the target of miR-3960. One putative
target site of miR-3960 is predicted in the CDS of Hoxa2 (Fig.
4A). We presumed that miR-3960 promoted osteoblast differ-
entiation by binding with the CDS of Hoxa2.

To experimentally validate the prediction, we produced a
luciferase reporter plasmid in which the wild-type or mutated
CDS of Hoxa2 was cloned into the 3’-UTR of the luciferase
gene (Fig. 4A). ST2 cells were cotransfected with the Hoxa2
luciferase expression vector (WT-pGL3-Hoxa2) and pre-miR-
3960 or miR-C. The luciferase expression vector containing
mutant CDS of Hoxa2 (MUT-pGL3-Hoxa2) was designed as a
control. We found that ectopic expression of miR-3960 signif-
icantly repressed luciferase activity of the wild-type Hoxa2 CDS
construct (Fig. 4B). Mutation of three nucleotides within the
putative target site in the Hoxa2 CDS (MUT-pGL3-Hoxa2)
abolished the repression (Fig. 4B). Thus, these results demon-
strated that miR-3960 directly targeted Hoxa2 by specifically
binding with the target CDS of Hoxa2.

To directly identify the action of miR-3960 on Hoxa2, we
introduced pre-miR-3960 into ST2 cells. Transfection of the
pre-miR-3960, rather than the control, resulted in a decrease in
the Hoxa2 protein levels after 48 h (Fig. 4C). However, the
Hoxa2 mRNA levels were not affected (Fig. 4D). These results
revealed that miR-3960 post-transcriptionally repressed Hoxa2
protein expression by inhibiting mRNA translation and not by
mRNA degradation.

Some studies have revealed that Hoxa2 inhibits bone forma-
tion by repressing Runx2 expression (23). We confirmed the
effects of Hoxa2 on Runx2 gene expression (5.4 kb) by experi-
ment in which Hoxa2 was overexpressed. ST2 cells were stably
transfected with Hoxa2 expression vector (pcDNA3.1-Hoxa2)
or control empty vector (pcDNA3.1) followed by 48 h of culture
in the presence of BMP2 (300 ng/ml). Western blotting con-
firmed the up-regulation of Hoxa2 protein levels (Fig. 54). As
Hoxa2 expression increased, the mRNA and protein levels of
Runx2 were subsequently down-regulated in comparison with
the control (Fig. 5, A and B). The ALP activity also decreased in
cells transfected with the Hoxa2 expression vector (Fig. 5C).
These results suggested that Hoxa2 suppressed Runx2 expres-
sion and thereby inhibited osteoblast differentiation. There-
fore, we drew the conclusion that miR-3960 promoted osteo-
genesis by directly down-regulating the expression of Hoxa2,
an inhibitor of osteoblast differentiation.

Runx2 Binds to Promoter and Activates Transcription of miR-
3960/miR-2861 Cluster—After showing the physical associa-
tion between miR-3960 and miR-2861 loci, we wanted to
explore the interaction of the two miRNAs in performing their
regulatory functions. Based on the recently published data by
Marson et al. (24), the genomic coordinates of the trimethy-
lated Lys-4 of histone 3 (H3K4me3)-enriched loci and CpG
islands found upstream of miR-3960 and miR-2861 allowed us
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to predict the transcription start sites (TSS) of miR-3960 and
miR-2861 located on mouse chromosome 2: 10,171,258 (NCBI
Reference Sequence accession number NT_039206.7).

We then examined 2 kb of the regions upstream of the miR-
3960/miR-2861 cluster TSS. Using the TF-Search prediction
program, we found a potential binding site for Runx2 located
just 1103 nucleotides upstream from the TSS of the miR-3960/
miR-2861 cluster. The sequence ACCACA was the core bind-
ing site for Runx2 (Fig. 6A).

To validate whether Runx2 could physically bind with the
putative binding sites, EMSA was performed using nuclear pro-
tein extracts from BMP2-induced ST2 cells. Double-stranded
oligonucleotides (wild-type oligo D1) containing consensus
binding sites for Runx2 in the miR-3960/miR-2861 promotor
were labeled and used as probes in the EMSA (Fig. 6B). After
incubation with the nuclear extracts of ST2 cells, the EMSA
studies showed that the wild-type probes clearly formed a bind-
ing complex with the Runx2 protein (Fig. 6B, lane 2). The spec-
ificity of binding to the Runx2 sites was detected by the compe-
tition and supershift assays. An unlabeled wild-type probe
competed with the binding complex in a dose-dependent man-
ner (Fig. 6B, lanes 3 and 4). In contrast, a mutant oligo D1
showed no significant competition effect (Fig. 6B, lanes 5 and
6). The presence of Runx2 in the binding complex was shown by
the formation of a supershift with specific anti-Runx2 antibody
(Fig. 6B, lane 7), whereas control IgG antibodies had no such
effect (Fig. 6B, lane 8).

ChIP assays were also performed to verify the possible
association of the Runx2 protein with the promoter of the
miR-3960/miR-2861 cluster in BMP2-induced ST2 cells.
Cross-linked and fragmented DNA-protein complexes were
immunoprecipitated with Runx2 antibody, no antibody, or
control IgG antibody. After immunoprecipitation, PCR analy-
sis on purified DNA was performed with primer-A that spans
Runx2 potential binding sites (—1103/—1098) in the promoter
of miR-3960/miR-2861 cluster. Primer-B and primer-C that
span the 5'- and 3'-distal regions of putative Runx2 binding
sites were used as negative controls in the PCR assays (Fig. 6, C
and D). The antibodies against Runx2 could specifically immu-
noprecipitate the DNA fragment containing the potential
Runx2 binding sites (Fig. 6D, lane 4). These findings further
confirmed that Runx2 bound to the putative binding sites of the
miR-3960/miR-2861 cluster promoter.

To further identify the impact of Runx2 levels on miR-3960/
miR-2861 gene expression, we changed the functional levels of
Runx2 in ST2 cells. First, we used a pcDNA-driven expression
vector to overexpress Runx2 protein levels. The results showed
that Runx2 overexpression could induce miR-3960 and miR-
2861 expression in ST2 cells (Fig. 7A). Furthermore, we trans-
fected siRNA designed against Runx2 into BMP2-induced ST2
cells to specifically knock down Runx2 protein levels, and
siRNA control was used as a control. Western blot analysis
revealed that si-Runx2 blocked Runx2 expression compared
with the control. The expression of miR-3960 and miR-2861
was inhibited, partially due to the knockdown of Runx2 48 h
after transfection (Fig. 7B). Taken together, all these results
suggested that Runx2 could directly induce the expression of

VOLUME 286+NUMBER 14+APRIL 8, 2011



Runx2/miR-3960/miR-2861 Feedback Loop in Osteoblasts

A 5/ UTR miR-3960 target site 3’ UTR
| | |
1 - e
1 328 1119
Hoxa2 CDS WT 5'|CGCU?|C(|:GC|C?(|}(|3C|1(|}(|3?C|}??3'
miR-3960 3G(|}GGGC|(|}(|}AC|}(|}?(|}G?(|}GC?|G5
Hoxa2 CDS MUT 5'CGCUGCCGCCCGCQGC@ cc3'
Q O WT-Hoxa2-CDS
B p,qb 120 EMUT-Hoxa2.CDS
o
6.\&’ Q‘U .‘:>,100-
% 80
miR-3960 [N 20bp 2 o
[0}
204
g miR-C pre-miR-3960
C P)q@ 807
& S S
&Q\ Q‘ -T% 60 =
Hoxa2 [ :
B 40
B-actin 2 .
S 204
o
fas)
0
miR-C  pre-miR-3960
D 57
T 4
5
<3
z
g
a2
<
5
T 1
0

miR-C  pre-miR-3960

FIGURE 4. miR-3960 directly targeted Hoxa2. A, schematic representing the putative target site of miR-3960 in mouse Hoxa2 CDS and the base pairing of
miR-3960 sequences with wild-type (WT) and mutant (MUT) CDS regions of Hoxa2. Three mutations are underlined. B, miR-3960 targeted the Hoxa2 CDS. ST2
cells were cotransfected with the luciferase reporters carrying wild-type Hoxa2 CDS (WT-Hoxa2-CDS) or mutated Hoxa2 CDS (MUT-Hoxa2-CDS) and pre-miR-
3960 or miR-C for 48 h. On the left, Northern blot analysis showed that miR-3960 was overexpressed in ST2 cells transfected with pre-miR-3960. On the right, the
bar chart shows the luciferase activities. Concurrent transfection of pre-miR-3960 decreased the reporter activity of WT-Hoxa2-CDS but not the reporter activity
of MUT-Hoxa2-CDS. The error bars represent the mean = S.D. (¥, p < 0.05 versus MUT-Hoxa2-CDS; n = 3). C, miR-3960 repressed Hoxa2 expression post-
transcriptionally. ST2 cells were transfected with 100 nm pre-miR-3960 or miR-C. Western blot showed the reduced Hoxa2 protein expression by miR-3960
overexpression. Results are indicated as the ratio of Hoxa2/B-actin by densitometry. D, quantitative RT-PCR was used to determine the levels of Hoxa2 mRNA
48 h after transfection. The error bars represent the mean = S.D. (¥, p < 0.05 versus miR-C; n = 5).
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FIGURE 5. Effect of Hoxa2 overexpression on Runx2 production in ST2
cells. ST2 cells were stably transfected with Hoxa2 expression vector
(pcDNA3.1-Hoxa2) or control empty vector (pcDNA3.1) and then treated with
BMP-2 (300 ng/ml) for 48 h. A, effect of Hoxa2 overexpression on Hoxa2 and
Runx2 expression. Hoxa2 and Runx2 expression was determined by Western
blot analysis. B, the levels of Runx2 mRNA by qRT-PCR in cells transfected with
pcDNA3.1-Hoxa2 or pcDNA3.1. C, ALP activity was reduced after transfection
of Hoxa2 expression vector. The error bars represent the mean = S.D. (*, p <
0.05 versus pcDNA3.1 control; n = 5).

the miR-3960/miR-2861 cluster by binding to the putative
binding site of its promoter.

DISCUSSION

Recently, several studies have discovered multiple miRNAs
that are involved in osteoblast differentiation. In our study, we
cloned and identified a new miRNA (miR-3960) clustered with
miR-2861 and provided evidence that miR-3960 promotes
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osteoblast differentiation by targeting Hoxa2. Furthermore,
our data showed that miR-3960 and miR-2861, which we
reported previously, represents an autoregulatory loop in
osteoblast differentiation.

Most miRNAs are expressed in a highly tissue-specific and
developmental stage-specific manner (1, 25). In this study, we
investigated the expression profile of miR-3960 in various tis-
sues. In mouse tissues, miR-3960 was preferentially expressed
inbone and was detected at alower level in liver but not in other
tissues and osteoclasts. We then showed that the expression of
miR-3960 gradually was up-regulated during BMP2-induced
osteoblast differentiation. Its expression profile was similar to
that of miR-2861, another microRNA we reported previously
that promotes osteoblast differentiation (15). Subsequent
bioinformatics analysis revealed the close proximity of the miR-
3960 and miR-2861 loci, suggesting that the two miRNAs are
transcribed as a polycistronic unit by the same transcription
factor and that miR-3960 may play a similar active role in osteo-
blast differentiation.

The functional role of miR-3960 was further confirmed by
overexpression and knockdown experiments. In ST2 cells,
overexpression of miR-3960 promoted BMP2-induced osteo-
blast differentiation, whereas knockdown of miR-3960 led to
the opposite effect, that is an apparent attenuation of BMP2-
induced osteoblastogenesis. We then explored the effects of
miR-3960 on Runx?2, the pivotal transcription factor of osteo-
blast differentiation. Unlike with miR-2861, miR-3960 overex-
pression increased the expression of Runx2 mRNA and protein.
This result suggested that miR-3960 and miR-2861 regulate
osteoblast differentiation via different mechanisms.

miRNAs mediate post-transcriptional gene silencing by base
pairing to the complementary sites in the 3'-UTR of the target
mRNA (1). However, recent studies showed that miRNAs could
also exercise their control on mRNA by binding to the CDS
region of transcription factors (26, 27). The bioinformatic algo-
rithm Rna22 predicted the CDS of Hoxa2 as a potential target of
miR-3960. The luciferase reporter assay confirmed the repres-
sive effect of miR-3960 on the targeted site of Hoxa2 CDS, and
the reduction of this repression by mutations of the target site
in the Hoxa2 CDS further confirmed the function of miR-3960.
In addition, overexpression of miR-3960 decreased the levels of
Hoxa2 protein without changing Hoxa2 mRNA levels, demon-
strating that miR-3960 directly targeted Hoxa2 by a post-tran-
scriptional regulatory mechanism.

Hoxa2, a member of the Hox homeodomain family of tran-
scription factors that regulate skeletal patterning, is found to
control Runx2 expression and is required in skeletal morpho-
genesis (23). Hoxa2 '~ mice show an up-regulation of the
Runx2 level, and Hoxa2 inhibits bone formation by repressing
Runx2 expression (23). SATB2, a nuclear matrix protein,
represses Hoxa2 expression and thereby activates Runx2-de-
pendent osteoblast differentiation (28). In our study, ST2 cells
transfected with a Hoxa2 expression vector showed reduced
Runx2 expression and ALP activity, confirming that Hoxa2 can
suppress Runx2 expression and thereby inhibits osteoblast dif-
ferentiation. Therefore, our study demonstrated that miR-3960
promotes osteoblast differentiation via down-regulation of
Hoxa2 expression.
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FIGURE 6. Analysis of Runx2 binding to promoter of miR-3960/miR-2861 cluster. A, a Runx2 binding site was located upstream of the miR-3960/miR-2861 cluster.
The schematic represents the genomic region upstream of the miR-3960/miR-2861 cluster. One Runx2 putative binding site upstream of the miR-3960/miR-2861
cluster is indicated. B, EMSA for Runx2 binding to the promoter of the miR-3960/miR-2861 cluster. Electrophoretic mobility shift assays were performed using labeled
oligonucleotide probes derived from the promoter of miR-3960/miR-2861 of BMP2-induced ST2 cells. The labeled oligonucleotide probes (WT Oligo 1) were incu-
bated 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 Oligo
1) (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 Runx2 antibody (anti-Runx2) (Ab;
lane 7) or IgG control antibody (Ab; lane 8). C, schematic representation of the promoter region of the miR-3960/miR-2861 cluster. The positions of the Runx2 binding
site and primer sites for ChIP assays are indicated. D, ChIP assay showed Runx2 binding to the miR-3960/miR-2861 cluster in BMP2-induced ST2 cells through the
putative Runx2 binding site. ChlP assays were performed using no antibodies (input; lanes 1,2,and 3), Runx2 antibodies (lanes 4, 5, and 6), and control IgG antibody (lane
7). Primer-B (—1629/—1475; lanes 2 and 5) and primer-C (—238/—84, lanes 3 and 6) were used as negative controls for PCR.
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FIGURE 7. Effects of Runx2 overexpression or knockdown on miR-3960
and miR-2861 expression. A, ST2 cells were transfected with Runx2
pcDNA3.1 vector (pcDNA3.7-Runx2) or pcDNA3.1 vector control. Western
blot analysis showed that Runx2 protein levels were elevated after trans-
fection for 48 h. Northern blot represents miR-3960 and miR-2861 expres-
sion levels in control or Runx2-overexpressing cells at 48 h after transfec-
tion. B, knockdown of Runx2 attenuated BMP2-induced miR-3960 and
miR-2861 expression. ST2 cells were transfected with si-Runx2 or siRNA
control (si-C) and then cultured with BMP2 for 48 h. Total cellular protein
was subjected to Western blot analysis using anti-Runx2 antibody. North-
ern blot revealed miR-3960 and miR-2861 expression using total RNA iso-
lated from ST2 cells at 48 h after transfection.

We previously identified that miR-2861 induces osteoblast
differentiation by repressing histone deacetylase 5, an enhancer
of Runx2 degradation (15). Therefore, we hypothesized that
miR-3960 and miR-2861 could co-regulate the Runx2 during
osteoblast differentiation via a regulatory loop.

During the course of generating functional miRNA, a mature
miRNA is processed from a primary transcript (pri-miRNA) by
RNA polymerase II. Sequential processing events by the ribo-
nuclease III enzymes Drosha and Dicer yield the mature
miRNA species (29 —32). Recently, Marson et al. (24) predicted
promoter sites and TSS for miRNAs by use of the genomic
coordinates of the H3K4me3-enriched loci derived from mul-
tiple cell types and bioinformatics analysis. The authors created
a library of candidate promoters and TSS for miRNA in both
the human and mouse genomes. In the present study, we pre-
dicted the promoter and TSS of miR-3960 and miR-2861 based
on these published data (24). We then examined the promoter
region using the TF-Search prediction program and found a
potential binding site (5'-ACCACA-3") (33) for Runx2 just
upstream of the miR-3960/miR-2861 cluster. In our studies,
EMSA and ChIP experiments confirmed that Runx2 induced
miR-3960 and miR-2861 expression through binding to the
promoter regions of the miR-3960/miR-2861 cluster. Further-
more, overexpression of Runx2 induced miR-3960/miR-2861
transcription, and block of Runx2 expression attenuated
BMP2-induced miR-3960/miR-2861 transcription. We drew
the conclusion that Runx2 binds to the miR-3960/miR-2861
cluster promoter to transcriptionally induce the expression of
miR-3960/miR-2861.

These data allowed us to develop a model for miR-3960/miR-
2861 function (Fig. 8). Osteoblast-differentiation signals lead to
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FIGURE 8. Graphic representation of autoregulatory feedback loop
between Runx2 and miR-3960/miR-2861 cluster. Osteoblast differentia-
tion signals lead to the activation of Runx2 transcription factor in stromal
cells. In addition to induction of genes essential for osteoblast differentiation,
Runx2 transactivates miR-3960/miR-2861. In turn, miR-3960 and miR-2861
maintain the levels of Runx2 mRNA and protein via repressing Hoxa2 and
histone deacetylase 5 (HDAC5) and stabilizing the osteoblast differentiation.

the activation of Runx2 transcription factor in stromal cells. In
addition to induction of genes essential for osteoblast differen-
tiation, Runx2 transactivates miR-3960/miR-2861. In turn,
miR-3960 and miR-2861 maintain the levels of Runx2 mRNA
and protein via repressing Hoxa2 and histone deacetylase 5 and
stabilizing the osteoblast differentiation. Thus, we propose that
a unique autoregulatory feedback loop exists between Runx2
and the miR-3960/miR-2861 cluster.

In conclusion, the present study provides evidence that the
newly described miR-3960 plays an important role in osteoblast
differentiation through a novel Runx2/miR-3960/miR-2861
regulatory feedback loop. Our findings also provide new
insights into the role of miRNAs in osteoblast differentiation.
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