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ABSTRACT

Osteoblast differentiation is a vital process in maintaining bone homeostasis in which various tran-
scriptional factors, signaling molecules, and microRNAs (miRNAs) are involved. Recently, signal trans-
ducer and activator of transcription 1 (STAT1) has been found to play an important role in regulating
osteoblast differentiation. Here, we identified that STAT1 expression was regulated by miR-194. Using
mouse bone mesenchymal stem cells (BMSCs), we found that miR-194 expression was significantly
increased following osteoblast differentiation induction. Overexpression of miR-194 by lentivirus-
mediated gene transfer markedly increased osteoblast differentiation, whereas inhibition of miR-194
significantly suppressed osteoblast differentiation of BMSCs. Using a dual-luciferase reporter assay, a
direct interaction between miR-194 and the 3’-untranslated region (UTR) of STAT1 was confirmed.
Additionally, miR-194 regulated mRNA and protein expression of STAT1 in BMSCs. Further analysis
showed that miR-194 overexpression promoted the nuclear translocation of runt-related transcription
factor 2 (Runx2), which is critical for osteoblast differentiation. In contrast, inhibition of miR-194 blocked
the nuclear translocation of Runx2. Moreover, overexpression of STAT1 significantly blocked Runx2
nuclear translocation and osteoblast differentiation mediated by miR-194 overexpression. Taken
together, our data suggest that miR-194 regulates osteoblast differentiation through modulating STAT1-

mediated Runx2 nuclear translocation.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The main cells that regulate bone homeostasis in the bone are
osteoblasts and osteoclasts that cooperatively mediate bone-
forming and bone-resorbing [1]. The imbalance between bone-
forming and bone-resorbing results in bone loss leading to osteo-
porosis or bone fractures [2]. However, current therapies for the
treatment of bone loss are still limited. Osteoblasts are the major
cells that contribute to bone formation by secreting alkaline
phosphatase (ALP) and bone matrix proteins that induce bone
matrix mineralization [3,4]. In recent years, targeting osteoblast
differentiation has been suggested to be a promising therapeutic
method to treat bone damage and bone loss. Therefore, it is of great
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importance to find a novel molecular target that regulates osteo-
blast differentiation.

In recent years, microRNAs (miRNAs), a subset of small non-
coding RNAs, have been classified as regulatory RNAs that regu-
late multiple gene expression by targeting the 3’-untranslated re-
gion (UTR) of messenger RNA (mRNA) [5,6]. Therefore, miRNAs
have been anticipated to play an important role in cell develop-
ment, including cell proliferation, apoptosis and differentiation,
and thus, in the pathogenesis of various diseases [7,8]. Nowadays,
the important role of miRNAs in bone formation and osteoblast
differentiation has been highlighted [9—11]. The critical roles of
several miRNAs in regulating osteoblast differentiation have been
reported. For instance, miR-141 and -200a are reported to regulate
osteoblast differentiation through the translational repression of
distal-less homeobox 5, an important bone-generating transcrip-
tion factor [12]. Mizuno et al. revealed that miR-210 is capable of
promoting osteoblast differentiation via targeting and inhibiting
activin-A receptor type 1B [13]. A group of miRNAs, including miR-
23a, miR-30c, miR-34c, miR-133a, miR-135a, miR-137, miR-204,
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miR-205, miR-217 and miR-338, have been demonstrated to
impede osteoblast differentiation through targeting runt-related
transcription factor 2 (Runx2), which has been taken as the mas-
ter transcription factor for osteoblast differentiation and bone for-
mation [14]. These findings suggest that targeting critical miRNAs
to develop methods for improving osteoblast differentiation is
feasible. However, the precise mechanism of miRNAs in regulating
osteoblast differentiation remains largely unknown.

Recently, the role of signal transducer and activator of tran-
scription 1 (STAT1), which is an important signaling molecule in the
interferon signaling pathway [15,16], has been widely studied in
regulating osteoblast differentiation [17]. Although, it has been
found that mice lacking STAT1 showed increased osteoclasts and
bone resorption [18,19], the mice also have increased bone forma-
tion and bone mass in vivo [20]. Generally, it is suggested that
STAT1 interacts with and impedes nuclear translocation in Runx2,
thus leading to a blockage of osteoblast differentiation [20]. Runx2
is an important transcription factor for osteoblastogenesis, and
mice lacking Runx2 completely abrogate bone formation [21—-23].
Therefore, STAT1 has been considered an important component in
maintaining skeletal homeostasis. Given that, one can speculate
that targeting the gene regulation of STAT1 could provide a po-
tential strategy for improving osteoblast differentiation. Interest-
ingly, we found that STAT1 was a putative target gene of miR-194
using a bioinformatics analysis. Accordingly, we hypothesized that
miR-194 might be involved in osteoblast differentiation through
regulating STAT1 expression. Mesenchymal stem cells (MSCs) are
pluripotent progenitors that are capable of undergoing osteoblast
differentiation in certain situations [24]. In this study, we used
mouse bone mesenchymal stem cells (BMSCs) to investigate the
potential role and underlying mechanism of miR-194 in regulating
osteoblast differentiation.

2. Materials and methods
2.1. Cell culture

Mouse bone mesenchymal stem cells (BMSCs) were provided by
Type Culture Collection of the Chinese Academy of Sciences
(Shanghai, China) and cultured in an o-minimal essential medium
(a-MEM; Gibco, Rockville, MD, USA) supplemented with 10% fetal
bovine serum (FBS) plus 1% penicillin/streptomycin in a humidified
atmosphere containing 5% CO, at 37 °C. To induce osteoblast dif-
ferentiation, cells were cultured in an osteogenic differentiation
medium (HyClone, Logan, UT, USA) containing 10% FBS, 50 pg/ml
ascorbic acid, 5 mM sodium B-glycerophosphate and 2 mM -
glutamine, which was refreshed every two days [25].

2.2. Quantitative real-time PCR (qPCR)

Total RNA was extracted with the miRNeasy mini kit (Qiagen,
Dusseldorf, Germany) according to the protocol provided by the
manufacturer. For mRNA expression analysis, cDNA was synthe-
sized using M-MLV reverse transcriptase (Clontech, Palo Alto, CA,
USA). For miRNA expression analysis, a cDNA synthesis was per-
formed using a miScript reverse transcription kit (Qiagen). The
gene expression level was quantified using SYBR Green Master Mix
(Life Technologies, Carlsbad, CA, USA). The relative expression was
normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) for mRNA or RNU6 for miRNA.

2.3. Cell infection

Recombinant lentivirus vectors carrying miR-194 precursor (LV-
miR-194) or miR-194 inhibitor (LV-anti-miR-194) were purchased

from Genepharma (Shanghai, China). Lentivirus vectors were
transduced into cells according to the supplier's instructions.
Briefly, cells were cultured in a normal medium for 24 h. Then they
were cultured in a medium containing Polybrene (Cruz Biotech-
nology, Santa Cruz, CA, USA). Thereafter, cells were infected with
the lentivirus at the 0.5 x 10° plaque-forming unit (pfu) overnight.
The medium was refreshed and incubated overnight without Pol-
ybrene. Then, stable clones expressing miR-194 or anti-miR-194
were selected with Puromycin dihydrochloride (Santa Cruz
Biotechnology). For STAT1 overexpression, 0.5 pug of pcDNA3/STAT1
was transfected into cells using Lipofectamine™ 2000 (Life Tech-
nologies, Carlsbad, CA, USA).

2.4. Detection of osteoblast differentiation

Alkaline phosphatase (ALP) activity was measured using an ALP
assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) according to the standard protocol. Briefly, cells stably
expressing miR-194 or miR-anti-194 were cultured in an osteogenic
differentiation medium for three, seven and nine days. Cells were
harvested, washed with a phosphate buffer solution (PBS), and
lysed with a lysis buffer. After centrifugation (2500 g for 15 min at
4 °C), the supernatants were collected and incubated with Senso-
Lyte p-nitrophenylphosphate. The absorbance at 405 nm was
determined by an ELISA reader (Bio-tek, Winooski, VT, USA). Matrix
mineralization was detected with Alizarin red S staining. Briefly,
cells were fixed with 70% ethanol for 1 h, and then washed with
distilled PBS. Then, cells were stained with Alizarin red S solution
(40 mM) for 10 min. Excessive stain was removed using distilled
PBS washes. Alizarin red S stained mineral deposits were extracted
and dissolved in NaOH (0.1 N), and the absorbance at 540 nm was
determined by an ELISA reader (Bio-tek).

2.5. Nuclear protein extraction

Nuclear protein was isolated using a Nuclear and Cytoplasmic
Protein Extraction Kit (Beyotime, Haimen, China) according to the
manufacturer's instructions. Briefly, cells were harvested and
washed with PBS, and then were centrifuged at 8000 g for 10 min.
The cell sediments were collected and resuspended in 20 pl of PBS
and mixed with 200 pl of Buffer A containing 1 mM Phenyl-
methylsulfonyl fluoride (PMSF). After being vibrated, cells were
subjected to an ice bath for 10 min. Thereafter, 10 pl of Buffer B was
added. The cells were again vibrated and subjected to an ice bath
for one minute followed by centrifugation at 12,000 g for five mi-
nutes at 4 °C. The supernatants containing cytoplasmic protein
were collected. The remaining sediments were collected and
resuspended in 50 pl of a nuclear protein extraction agent and
subjected to an ice bath for 30 min with a vortex at an interval of
two minutes. After centrifugation (12,000 g for 10 min at 4 °C), the
supernatants containing nuclear protein were collected and stored
at —70 °C for further analysis.

2.6. Western blot analysis

Equal amounts of proteins were loaded on a 12.5% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
apparatus, separated and transferred to a nitrocellulose membrane
(Miltenyi Biotec, Auburn, CA, USA). The membranes were then
blocked with 3.0% nonfat milk for one hour at 37 °C and incubated
overnight with primary antibodies at 4 °C. After they were washed
with a Tris buffered saline with Tween20 (TBST), secondary anti-
bodies (1:2000; Bioss, Beijing, China) were added for one hour at
room temperature. After they had been washed thrice with TBST,
the signals were detected by an enhanced chemiluminescence



484 J. Li et al. / Biochemical and Biophysical Research Communications 460 (2015) 482—488

reagent. Quantitation analysis for Western blotting was performed
using Image-Pro Plus 6.0 software (Media Cybernetics, Inc., Rock-
ville, MD, USA). The data were presented after normalization with
the control group. The primary antibodies used in the experiment
were as follows: anti-STAT1, anti-Runx2, anti-GAPDH and anti-
Lamin B purchased from Santa Cruz Biotechnology (Santa Cruz,
CA, USA).

2.7. Dual-luciferase reporter assay

The STAT1 3’-UTR cDNA fragment containing the putative
binding site of miR-194 was amplified and subcloned into a pGL3
luciferase promoter vector (Promega, Madison, WI, USA). Human
embryo kidney 293 (HEK293) cells were seeded into six-well plates
at 1 x 10° cells per well proceeding LV-miR-194 or LV-anti-miR-194
infection for 24 h. About 0.5 pg pGL3-STAT1 3’-UTR vectors trans-
fected into HEK293 cells using a Lipofectamine 2000 transfection
reagent (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer's protocol. After 48 h of incubation, cells were harvested and
lysed in a reporter lysis buffer, and the relative luciferase activity
was determined using a dual-luciferase reporter assay kit
(Promega).

2.8. Data analysis

Data were expressed as mean =+ standard deviation (SD). Sta-
tistical differences were analyzed with SPSS version 11.5 (SPSS Inc.,
Chicago, IL, USA) using one-way ANOVAs followed by Bonferroni
post hoc tests. Differences were considered statistically significant
if they had p-values less than 0.05.

3. Results
3.1. miR-194 expression is elevated during osteoblast differentiation

To explore whether miR-194 is involved in regulating osteoblast
differentiation, we analyzed the expression of miR-194 in BMSCs
post osteoblast differentiation by qPCR. The results showed that
miR-194 expression was significantly increased post osteoblast
differentiation (Fig. 1A), implying that miR-194 plays an important
role in osteoblast differentiation. To further validate the critical role
of miR-194 in regulating osteoblast differentiation, we generated
BMSCs stably expressing miR-194 precursor or miR-194 inhibitor
by lentivirus mediated gene transfer in which miR-194 expression
was significantly increased or decreased, respectively (Fig. 1B).
Furthermore, we demonstrated that miR-194 overexpression by
LV-miR-194 markedly increased ALP activity (Fig. 1C) and matrix
mineralization (Fig. 1D) in BMSCs during osteoblast differentiation.
In contrast, inhibition of miR-194 by LV-anti-miR-194 significantly
inhibited ALP activity and matrix mineralization (Fig. 1C and D).

3.2. STAT1 is a target gene of miR-194

Next, we sought to investigate the target gene of miR-194 that
contributed to regulating osteoblast differentiation. Intriguingly,
we found that STAT1, which was a critical gene for osteoblast dif-
ferentiation, was a predicted target gene of miR-194 (Fig. 1E) by
bioinformatics analysis. To validate the interaction between miR-
194 and STAT1, we performed a dual-luciferase reporter assay.
The results showed that overexpression of miR-194 significantly
decreased the luciferase activity in pGL3-STAT1 3’-UTR transfected
cells, whereas it had no effect on pGL3-mut STAT1 3’-UTR (Fig. 1F).

3.3. miR-194 regulates the expression of STAT1 in BMSCs

To evaluate whether miR-194 regulated STAT1 expression, we
detected the mRNA and protein expression level of STAT1 in LV-
miR-194 or LV-anti-mRNA infected cells. qPCR analysis showed
that the mRNA level of STAT1 was significantly downregulated or
increased by miR-194 overexpression or inhibition, respectively
(Fig. 2A). Furthermore, Western blot analysis showed that miR-194
overexpression markedly decreased the protein level of STAT],
whereas miR-194 inhibition increased the protein expression of
STAT1 (Fig. 2B).

3.4. miR-194 mediates Runx2 nuclear translocation

Previously, studies have reported that STAT1 regulates osteo-
blast differentiation associated with modulating Runx2 nuclear
translocation [20], a master transcription factor of osteoblast dif-
ferentiation [14]. Considering the regulatory effect of miR-194 on
STAT1 expression, it was expected that miR-194 played an impor-
tant role in regulating Runx2. Next, we aimed to determine
whether miR-194 regulated Runx2 nuclear translocation. Western
blot analysis showed that miR-194 overexpression significantly
increased the nuclear translocation of Runx2, whereas Runx2 nu-
clear translocation was significantly inhibited by miR-194 inhibi-
tion (Fig. 2C and D).

3.5. Overexpression of STAT1 blocks the Runx2 nuclear
translocation induced by miR-194 overexpression

To further validate miR-194 regulated Runx2 nuclear trans-
location through modulating STAT1, we detected the effect of STAT1
overexpression (Fig. 3A) on Runx2 nuclear translocation induced by
miR-194 overexpression. The results showed that when the effect
of miR-194 overexpression on Runx2 nuclear translocation was
enhanced, it was apparently blocked by STAT1 overexpression
(Fig. 3B). As expected, the osteoblast differentiation indicated by
ALP activity (Fig. 4A) and matrix mineralization (Fig. 4B) upregu-
lated by miR-194 overexpression was also notably impeded by
STAT1 overexpression.

4. Discussion

In the present study, our findings have provided evidence that
miR-194 is an important regulator of osteoblast differentiation
through modulating STAT1, an inhibitor of osteoblasts. Our data
demonstrated that miR-194 was increased during osteoblast dif-
ferentiation and overexpression of miR-194 significantly increased
osteoblast differentiation of BMSCs, whereas inhibition of miR-194
significantly blocked osteoblast differentiation. Using a dual-
luciferase reporter assay, we validated a direct interaction be-
tween miR-194 and the 3’-UTR of STAT1. In BMSCs, the mRNA and
protein expression of STAT1 was also regulated by miR-194, thus
disrupting the interaction of STAT1 with Runx2 and promoting
Runx2 nuclear translocation. Our data delineated a critical role and
mechanism of miR-194 in osteoblast differentiation in which miR-
194 regulates STAT1 expression.

The role of miR-194 in various cellular processes in various cell
types has been widely investigated. MiR-194 has been earlier re-
ported to be involved in intestinal epithelial cell differentiation,
which is controlled by hepatocyte nuclear factor-1alpha [26,27].
The relevant role of miR-194 has been implicated in various can-
cers, including colon cancer, gastric cancer and liver cancer
[28—31]. It has reported that miR-194 inhibits metastasis of non-
small cell lung cancer via targeting bone morphogenetic protein 1
and cyclin-dependent kinase inhibitor 1B [32]. More recently,
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Fig. 1. The role of miR-194 in osteoblast differentiation. (A) Analysis of miR-194 expression during osteoblast differentiation of BMSCs by qPCR. BMSCs were cultured in an
osteogenic differentiation medium, and miR-194 expression was detected at days 0, 1, 3, 7 and 14 post-osteogenic differentiation induction. N = 3, *p < 0.05, **p < 0.01 vs. day 0. (B)
Detection of miR-194 expression in LV-miR-194 or LV-anti-miR-194 infected cells by qPCR. LV-NC encoding nonspecific miRNAs was taken as a control. N = 3, **p < 0.01 vs. LV-NC.
(C) ALP activity was detected in LV-miR-194 or LV-anti-miR-194 infected cells post osteoblast differentiation using an ALP activity kit, and the absorbance was read at 405 nm. N = 6,
*p < 0.05 vs. LV-NC. (D) Mineralization was detected by Alizarin red S staining, and the absorbance was quantified at 540 nm. N = 6, *p < 0.05 vs. LV-NC. (E) Schematic diagram of
miR-194 target site in the 3’-UTR of STAT1 mRNA. (F) Dual-luciferase reporter assay was performed to detect the interaction between miR-194 and the 3’-UTR of STAT1. LV-miR-194
was co-transfected with pGI3 reporter vectors into HEK293 cells for 48 h. N = 6, *p < 0.01 vs. LV-NC.

various target genes of miR-194, including RING box protein 1 [33],
mitogen activated protein kinase 4 kinase [34], AKT2 [35], and an
insulin-like growth factor 1 receptor [36] have been reported.
Moreover, Xu et al. have revealed that miR-194 mediates chon-
drogenic differentiation by regulating the expression of SRY-related
high mobility group-Box gene 5 [37]. In the present study, we found
that miR-194 was involved in regulating osteoblast differentiation
through targeting and regulating STAT1 expression. Our finding is
consistent with the reports of Jeong et al., which demonstrate that
miR-194 is increased during osteoblast differentiation or decreased
in adipocyte differentiation, and overexpression of miR-194 pro-
motes osteoblast differentiation [38]. However, they found that
miR-194 reciprocally regulated osteogenesis and adipogenesis
through regulating chicken ovalbumin upstream promoter-

transcription factor II, which was an important regulator of the
MSCs fate by suppressing Runx2 activity [39]. Here, our data indi-
cated that STAT1 was a target gene of miR-194 through which miR-
194 could also regulate Runx2 activity and osteoblast differentia-
tion in BMSCs. Nonetheless, all these findings support the notion
that miR-194 is an important regulator of osteoblast differentiation.

STAT1 is an important signaling molecule in interferon signaling
pathways [15,16]. Previous studies have suggested that interferon
systems, including interferon-a, § and vy, are involved in regulating
interferon systems via inhibiting osteoclastogenesis, in which
STAT1 is essential for interferon-mediated signal termination
[18,40]. It has been reported that mice that lacked STAT1 showed
increased osteoclast numbers and bone resorption in vivo [18,19].
Meanwhile, another study has demonstrated that the mice lacking
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STAT1 have increased bone formation and bone mass in vivo [20], Runx2 nuclear translocation [20]. In contrast, overexpression of
implying that STAT1 also participated in osteoblast differentiation. STAT1 significantly impeded Runx2 nuclear translocation [20].
They found that lack of STAT1 resulted in an enhanced activation of Consistent with the findings, our data demonstrated that inhibition
Runx2 and osteoblast differentiation by disrupting the interaction of STAT1 by miR-194 significantly promoted osteoblast differenti-
between STAT1 and Runx2, which leads to an accumulation of ation by upregulation of Runx2 nuclear translocation. Besides,
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overexpression of STAT1 could apparently abolish the positive ef-
fect of miR-194 overexpression on osteoblast differentiation and
blocked Runx2 nuclear translocation. Overall, these data provided a
better understanding of miR-194 in regulating osteoblast
differentiation.

Interestingly, it has been demonstrated that STAT1-deficient
mice showed increased fracture callus remodeling and membra-
nous ossification in a mouse model of bone fractures [41].
Furthermore, administration of fludarabine, which is a potent
STAT1 inhibitor, significantly promoted bone formation in a het-
erotopic ossification model [41]. It has been demonstrated that the
acceleration of ubiquitination and degradation of STAT1 protein by
double-stranded RNA-dependent protein kinase in a STAT-
interacting LIM protein-dependent manner increased Runx2 ac-
tivity and osteoblast differentiation [42]. More recently, Fujie et al.
showed that B cell lymphoma 6, a transcriptional repressor, inhibits
STAT1 expression by binding to the promoter region in osteoblasts
that stimulate Runx2 nuclear translocation and osteoblast differ-
entiation [43]. These findings indicate that targeting and inhibiting
STAT1 is an effective way to improve osteoblast differentiation.

Inhibiting STAT1 using miRNAs has been demonstrated by
several studies. For instance, miR-146a inhibits anti-hepatitis B
virus immune response via downregulating STAT1 in hepatocytes
[44]. In chronic hepatitis B patients, miR-146a is found to be highly
upregulated, which inhibits T cell immune function by targeting
and inhibiting STAT1 [45]. MiR-145 inhibits colon cancer by directly
suppressing gene expression of STAT1 [46]. Therefore, these reports
hint that inhibiting STAT1 expression with miRNAs is a feasible
method. Taken together, our data suggest that suppressing STAT1
expression with miR-194 accelerates osteoblast differentiation,
thus implying that miR-194 could be used as a potential molecular
target for improving bone homeostasis.
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