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Abstract

Although the BMPR-SMAD-RUNX?2 signaling pathway plays widely recognized roles in BMP-induced osteogenesis,
factors regulating this pathway remain to be defined. In this study, we used simulated microgravity models, which represent
mechanical unloading conditions, to detect miRNAs that function in osteoblast differentiation. We found that miR-494 was
persistently increased in C2C12 cells subjected to clinorotation conditions and in osteoblasts isolated from tail-suspended
rats. Experiments showed that the overexpression of miR-494 correlated with a marked reduction in osteoblast
differentiation genes and a decrease in osteogenesis in BMP2-induced osteogenetic differentiation. In contrast, the inhibition
of miR-494 promoted BMP2-induced osteogenesis and partially rescued osteoblast differentiation disorder under simulated
microgravity conditions. Mechanism studies revealed that miR-494 directly targeted BMPR2 and RUNX2, both of which
play vital roles in the BMPR-SMAD-RUNX2 signaling pathway. More importantly, we demonstrated a positive feedback
loop between miR-494 and MYOD, a critical transcription factor for myogenesis, indicating that miR-494 may participate in
deciding cell fate of the multipotent mesenchymal stem cells (MSCs). Collectively, our study reveals an important role for
miR-494 in regulating osteogenesis, the identification of which not only clarifies a regulator of BMP2-induced osteoblast
differentiation, but also offers a possible strategy for preventing bone loss under microgravity conditions.

Keywords Osteogenesis * Osteoblast differentiation * miRNA - BMP2 - Simulated microgravity

Introduction

Osteoblast differentiation is a critical step in the main-
tenance of bone homeostasis and is generally maintained by
growth hormone and various other endocrine and autocrine/
paracrine factors. Multiple signaling pathways, including
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BMP, Wnt, and Notch, play important roles in osteoblast
differentiation [1]. BMP2 is one of the most potent osteo-
blast differentiation factors in vitro, and signaling through
BMP2 is transduced from the plasma membrane receptors
to the nucleus mainly through the BMPR-SMAD-RUNX2
pathway [2]. Although the BMPR-SMAD-RUNX2 signal-
ing pathway is one of the best-defined osteogenesis path-
ways, additional factors, including miRNAs, that regulate
BMP2 signaling remain to be identified.

miRNAs are small regulatory RNAs that serve important
roles in a variety of diverse physiological and pathological
processes, including cell proliferation, apoptosis, cancer,
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and metabolic abnormalities [3—-6]. Recent evidence has
shown that osteogenetic induction and differentiation are
also regulated by miRNAs [7-11]. Mouse studies in which
mature miRNA production was ablated by the conditional
deletion of Dicer alleles at different stages of bone forma-
tion have demonstrated that miRNAs control early and late
steps of osteogenesis [7]. Huang J. et al. also reported that
miR-204 and miR-211 act as important endogenous nega-
tive regulators of RUNX2. The expression of these miRNAs
results in the inhibition of osteogenesis and an increase in
adipogenesis in mesenchymal progenitor cells and bone
marrow stem cells [12]. Furthermore, RUNX?2 negatively
regulates the miRNA cluster miR-23a-27a-24-2 by a feed-
forward mechanism that causes the derepression of SATB2
and RUNX2, suggesting an important role of this miRNA
cluster in the progression and maintenance of the osteocyte
phenotype [13]. Moreover, miR-125 [14], miR-133, and
miR-135 [15] inhibit the differentiation of osteoprogenitors
in ST2 and C2C12 mesenchymal cells, whereas miR-29b
[16] and miR-2861 [17] have been characterized as positive
regulators of osteoprogenitor differentiation by targeting
inhibitors of osteoblast differentiation. However, most of
the aforementioned studies on osteoblast differentiation
were conducted under conditions of normal gravity and
mechanical loading. The function of miRNAs in osteoblast
differentiation under microgravity or unloading conditions
remains largely unknown.

In this study, we used microarrays to determine the
miRNA expression profiles in C2C12 cells under simulated
microgravity conditions. Our results show a marked
increase in miR-494 expression when C2CI12 cells were
exposed to simulate microgravity conditions. Furthermore,
miR-494 inhibits osteogenesis by direct inhibiting two
pivotal factors of the BMP signaling, BMPR2 and RUNX2.
We also experimentally determined that miR-494 was under
the control of the key myogenic transcription factor MYOD.
Consistent with the importance of miR-494 under simulated
microgravity conditions, the inhibition of miR-494 expres-
sion partially rescued the defects in osteoblast differentia-
tion under simulated microgravity conditions.

Materials and methods
Cell culture

Mouse pre-myogenic C2C12 cells and HEK 293T cells
were purchased from the Classical Type Collection
(Shanghai, China) and were maintained in Dulbecco’s
Modified Eagle Medium (DMEM; Life Technologies,
Grand Island, NY, USA) containing 10% FBS (Life Tech-
nologies, Grand Island, NY, USA) and antibiotics (100 U/
ml of penicillin-G and 100 pg/ml of streptomycin) at 37 °C

in a humidified atmosphere in the presence of 5% CO,.
Osteogenesis was induced by following a previously pub-
lished protocol [18]. Briefly, cells were cultured in medium
containing 0.25% BSA for 24 h, after which they were
treated with 300 ng/ml recombinant human BMP2 (R&D
Systems, Minneapolis, MN, USA) or vehicle (as control)
and harvested at the indicated time points.

Statistical analysis

Statistical analysis was performed using SPSS 15.0 soft-
ware (SPSS Inc., USA). Data are expressed as the mean +
standard deviation from at least three separate experiments.
Differences between groups were analyzed using Student’s
t-test to compare two groups or by one-way ANOVA for the
comparison of more than two groups. A p-value of P < 0.05
was considered to be statistically significant.

More detailed “Materials and methods” are available in
the Supplemental section.

Results

Osteogenesis is suppressed under simulated
microgravity conditions

To identify the alterations in osteoblast differentiation
induced by microgravity at the cellular level, multipotent
mesenchymal progenitor C2C12 cells were cultured under
clinorotation conditions for 72h, and then quintessential
osteoblast differentiation markers, including alkaline phos-
phatase (ALP), osteocalcin (OC), osterix (OSX), and runt-
related transcription factor 2 (RUNX2), were monitored by
qRT-PCR. All of these genes were downregulated (Fig. 1a),
which is consistent with previous reports [19, 20]. Next, we
used a tail-suspended rat model, which mimics a simulated
microgravity environment by suspending the load from the
hind limbs of the rat to evaluate the in vivo osteogenetic
effects of microgravity. Bone formation and loss in the rats
were monitored by radionuclide bone scintigraphy at dif-
ferent time points after the initiation of tail suspension.
Compared with the control group, tail-suspended rats
showed greater than 30% decrease in the accumulation of
9MTc-MDP in the bones and the joints by the end of the
second week of tail suspension. Bone loss was even more
obvious after a 4-week tail-suspension, at which point bone
formation decreased by approximately 50% compared with
the control rats (Fig. 1b). These results suggest that osteo-
blast differentiation and bone formation are suppressed
under simulated microgravity conditions.

To evaluate the effects of BMP2 on osteoblast differ-
entiation under simulated microgravity conditions, C2C12
cells were treated with 300 ng/ml BMP2 under normal
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Fig. 1 Osteoblast differentiation and maturation are suppressed under
simulated microgravity conditions. a C2C12 cells were cultured with
clinorotation for 72 h and then harvested for subsequent analysis. qRT-
PCR was performed to determine the expression of several osteo-
genesis genes. ALP alkaline phosphatase, OC osteocalcin, OSX
osteoprotegerin, RUNX2 runt-related transcription factor 2, NG nor-
mal gravity, and MG simulated microgravity. b The tail-suspended
hind limb unloading rat model was performed as described in the
“Materials and methods” section. Bone scintigraphy images were
taken at the indicated time points, and 9mTe_MDP accumulation was
calculated to determine bone metabolic activity in the bones (upper)

culture conditions and clinorotation culture conditions. As
expected, osteoblast differentiation markers significantly
increased when BMP2 was added to the culture medium
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and joints (lower). ¢ C2C12 cells were cultured for 72 h in the presence
of 300 ng/ml BMP2 or vehicle control, after which qRT-PCR analysis
was performed. d C2C12 cells were cultured for 72 h in the presence
of 300 ng/ml BMP2 under normal gravity and simulated microgravity
culture conditions. Cells were then harvested and qRT-PCR analysis
was performed. e Western blot analysis of cell lysates obtained from
C2C12 cells treated without (—) or with (4) 300 ng/ml BMP2 under
normal gravity and simulated microgravity culture conditions.
GAPDH was used to normalize the qRT-PCR data. Data shown
represent the mean+SD based on three independent experiments.
*p <0.05, **p<0.01

(Fig. 1c). However, BMP2-induced C2C12 osteoblast dif-
ferentiation was circumvented when cells were cultured
under simulated microgravity conditions (Fig. 1d). Similar
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results were also observed in MC3T3-El pre-osteoblast
cells (data not shown). We then determined the protein
expression levels of RUNX?2, the key transcriptional factor
in osteoblast differentiation, in BMP2-treated C2C12 cells
under normal gravity and simulated microgravity condi-
tions. Our results revealed that although RUNX?2 expression
increased in BMP2-treated cells compared with the
untreated control cells, the RUNX2 protein levels decreased
under simulated microgravity conditions compared with
cells cultured under normal gravity in the presence and
absence of BMP2 (Fig. le), indicating that the inhibition of
osteogenesis occurs under simulated microgravity condi-
tions, even in the presence of BMP2.

miR-494 is upregulated in response to simulated
microgravity conditions

Because miRNAs play important roles in a variety of phy-
siological and pathological processes, we investigated whe-
ther miRNAs might also contribute to the inhibition of
osteoblast differentiation under simulated microgravity con-
ditions. C2C12 cells were cultured under normal conditions
and under clinorotation for 12 h, after which microarrays were
performed to detect changes in miRNA expression during
early time points of exposure to simulate microgravity con-
ditions. Of the hundreds of miRNAs analyzed, miR-494
showed a twofold increase, whereas miR-18*, miR-122a,
miR-143, miR-301, and miR-340 showed decreases in
expression greater than twofold (Fig. 2a). Next, qPCR was
performed to verify the results from the microarray. Con-
sistent with the microarray data, miR-494 showed robust
upregulation, whereas miR-340 and miR-122a showed sig-
nificant downregulation in C2C12 cells when cultured under
clinorotation conditions. However, in contrast with the
microarray results, significant changes were not observed for
the expression of miR-18*%, miR-143, and miR-301 (Fig. 2b).
Next, we validated the expression pattern of miR-494, miR-
122a, and miR-301 during osteoblast differentiation in C2C12
cells under simulated microgravity conditions at different
time. C2C12 cells were cultured under clinorotation condi-
tions for 0, 2, 8, 12, 24, 48, and 72 h, after which the cells
were harvested and prepared for gPCR analysis. miR-494
expression increased immediately after simulated weight-
lessness, and although there was a slight decrease in miR-494
expression at the 24 h time point, the increase in miR-494
expression persisted until the end of the 3-day observation
period, reaching levels of expression sixfold greater than
baseline expression (Fig. 2¢). In contrast, miR-340 and miR-
122a showed persistently decreased levels, with ~70%
reduction in miR-340 expression and 90% reduction in miR-
122a expression after 72 h of clinorotation (Fig. 2c).

To further evaluate the expression patterns of these
miRNAs in osteoblasts over a longer time period in an

in vivo setting, we performed qPCR using osteoblasts iso-
lated from tail-suspended rats. Consistent with the results
from the clinorotation cell experiment, our results showed
that miR-494 expression markedly increased after 2 weeks
of tail-suspension by almost tenfold and further increased to
approximately 30-fold after 4 weeks of tail suspension
(Fig. 2d). However, we found no obvious expression
changes for either miR-340 or miR-122a after 2 or 4 weeks
of tail suspension (Fig. 2d); this is in contrast with our
in vitro data, in which C2C12 cells showed consistently
decreased miR-340 and miR-122a expression (Fig. 2c).
These results indicate that in osteoblasts, miR-494, miR-
340, and miR-122a are gravity-sensitive miRNAs. How-
ever, the decrease in miR-340 and miR-122a expression
caused by simulated weightlessness can be compensated in
a longer time, whereas the increase in miR-494 expression
could not be compensated under simulated microgravity
conditions and increases rapidly in a time-dependent man-
ner. Considering that simulated microgravity induces
osteoporosis and bone loss [21-23], we speculated that
miR-494 might play a role in osteoblast differentiation and
abnomal simulated microgravity-induced osteblastogenesis.

miR-494 inhibits the BMP2-induced differentiation
of osteoblasts in vitro

To study the effect of miR-494 expression on osteoblasts,
we transfected miR-494 mimics and miR-494 inhibitors into
C2C12 cells. Cell proliferation levels were measured by the
MTT assay, which revealed that neither miR-494 mimics
nor miR-494 inhibitor had significant effects on cell pro-
liferation in either cell line (Fig. S1). Next, we assessed the
rate of osteoblast differentiation in C2C12 cells transfected
with miR-494 mimics in the presence of 300 ng/ml BMP2.
gPCR results revealed that ectopic expression of miR-494
decreased the mRNA levels of ALP, OC, OSX, and
RUNX2 in C2C12 cells (Fig. 3a). Notably, although
BMP2 stimulated osteoblast differentiation, miR-494
expression markedly inhibited the capacity of BMP2 to
upregulate osteoblast markers in cells (Fig. 3a).

In addition to the changes in the mRNA levels of these
osteoblast genes, we performed enzyme assays, histological
staining, ELISA, and western blotting to evaluate changes
in the protein levels of these markers as well as changes in
their functional capacity. ALP activity in C2C12 cells
transfected with miR-494 was significantly decreased rela-
tive to cells transfected with negative control (NC) in the
presence and absence of BMP2 (Fig. 3b). The down-
regulation of ALP activity was further confirmed by histo-
logical staining (Fig. 3c). Similar results were observed for
RUNX2. RUNX?2 protein expression was upregulated in the
presence of BMP2, but was decreased in cells transfected
with miR-494 compared with cells transfected with NC
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Fig. 2 miR-494 was downregulated under simulated microgravity
conditions. a miRNA microarray analysis of C2C12 cells cultured
under normal gravity or simulated microgravity culture conditions for
12 h. miRNAs with a fold-change (MG versus NG)>2 or <0.5 are
shown. b qRT-PCR analysis of selected miRNAs that were differen-
tially regulated in the cells as described in (a). ¢ qRT-PCR analysis of
miR-494, miR-340, and miR-122a in C2C12 cells under simulated

(Fig. 3d). Moreover, ELISA analysis showed that miR-494
reduced the secretion of OC induced by BMP2 (Fig. 3e).
These data suggest that miR-494 can inhibit osteoblast
differentiation induced by BMP2.

Because mesenchymal stem cells have multipotent
differentiation potential, we determined whether miR-494
might play roles in myogenesis and adipogenesis. To this
end, we used qPCR to examine the expression of key
genes involved in myogenesis and adipogenesis in miR-
494-transfected C2C12 cells. We found that ectopic
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microgravity culture conditions at the indicated time points. d gRT-
PCR analysis of miR-494, miR-340, and miR-122a in osteoblasts
isolated from tail-suspended rats at the indicated time points. The
mouse U6 gene was used to normalize the qRT-PCR data. Data shown
represent the mean+SD based on three independent experiments.
*p <0.05, **p <0.01

expression of miR-494 increased the expression level of
the myogenic genes MYOD and MYOGENIN, whereas
the reduction of endogenous miR-494 correlated with
decreased expression of MYOD and MYOGENIN
(Fig. 3f, g). The expression of PPARY, a transcription
factor involved in adipose differentiation, was not affected
by the introduction of miR-494 (Fig. 3h). Taken together,
our data suggest that miR-494 not only inhibits osteo-
blastic differentiation in C2C12 cells but also promotes
muscle-specific differentiation.
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<« Fig. 3 miR-494 inhibits BMP2-induced differentiation of osteoblasts

in vitro. a—f C2C12 cells transfected with miR-494 or negative control
(NC) were treated with or without 300 ng/ml BMP2 for 72 h. After
treatment, gRT-PCR analysis was performed to detect changes in the
mRNA levels of ALP, OC, OSX, and RUNX2 (a). ALP activity (b) and
ALP histological staining (c¢) were analyzed to determine the functional
level and total protein level of ALP. Western blot and ELISA were
conducted to detect protein changes of RUNX2 (d) and OC (e). g—i
C2C12 cells were transfected with NC, miR-494, NC miRNA inhibitor,
or miR-494 inhibitor for 72 h, after which the cells were harvested. qRT-
PCR analysis was performed to detect changes in the mRNA levels of
MYOD (g), MYOGENIN (h) and PPARy (i). GAPDH was used to
normalize the qRT-PCR data. Data shown represent the mean+SD
based on three independent experiments. *p < 0.05, **p <0.01

BMPR2 and RUNX2 are direct targets of miR-494 in
C2C12 cells

To understand the mechanism by which miR-494 inhibits
osteoblast differentiation, we sought to determine the spe-
cific targets of miR-494 that are relevant to bone formation.
Using TargetScan, Pictar, and miRBase programs and
databases, we searched for potential miR-494 targets. Over
1000 genes with at least one binding site corresponding to
the mature miR-494 sequence were identified as candidates
(data not shown). From the predicted genes, we selected 18
putative miR-494 target genes, all of which are cell cycle
regulators, transcription factors or signaling molecules
involved in osteogenesis. All of the 3™-untranslated region
(3-UTR) sequences containing putative miR-494 binding
sites of the selected genes were cloned into a pGL3-based
luciferase reporter vector and were co-transfected with miR-
494 or NC into 293A cells (Fig. S2). miR-494 cotransfec-
tion markedly reduced the luciferase activity in cells
transfected with reporter plasmids containing BMPR2 and
RUNX2 compared with NC, indicating that these genes
could be legitimate targets of miR-494 (Fig. S2). We then
made several mutations within the seed regions of the miR-
494 binding sites of the reporter plasmids, after which
luciferase reporter assays were performed in 293A cells. We
found no clear change in the luciferase signal in cells
transfected with the mutated reporter plasmids relative to
cells that received the NC control, suggesting that sup-
pression of the luciferase activity is specific to miR-494
(Fig. 4b). Additional experiments showed that when C2C12
cells were transfected with miR-494, the mRNA and protein
levels of BMPR2 and RUNX?2 decreased significantly (Fig.
4c, d). Taken together, our data suggest that BMPR2 and
RUNX?2 are novel miR-494 target genes.

miR-494 inhibits BMP2-induced osteogenesis
through BMPR2 and RUNX2

To further address whether miR-494 prevented osteogenesis
by targeting BMPR2 and RUNX2, we used siRNA

@ Springer

constructs to silence these three genes in C2C12 cells.
When C2C12 cells were transfected with the siRNA con-
structs, the expression of BMPR2 and RUNX2 decreased
significantly (Fig. 5a). qPCR analysis suggested that
knockdown of BMPR2 and RUNX2 in C2C12 cells resul-
ted in the suppression of osteoblast differentiation markers
(ALP, OC, OSX, and RUNX2). Similarly, when miR-494
or mixed siRNA constructs targeting BMPR2 and RUNX2
were transfected into cells, BMP2-induced osteogenesis
was equally suppressed (Fig. 5b).

To test whether miR-494 inhibits BMP2-induced osteo-
genesis through BMPR2 and RUNX2, we performed a
“rescue” experiment in which BMPR2 and RUNX2 were
reintroduced by an expression plasmid containing the
BMPR2 or RUNX2 coding sequence into miR-494-
transfected and BMP2-treated C2C12 cells. We found that
the simultaneous ectopic expression of miR-494 and the
BMPR2 or RUNX?2 coding sequence rescued the inhibitory
effect of miR-494 on osteoblast differentiation (Fig. 5c).
These results indicate that miR-494 suppresses BMP2-
induced C2C12 osteogenetic differentiation by inhibiting
BMPR2 and RUNX2 expression.

miR-494 inhibitor partially rescues the functional
defects of osteoblasts cultured in the presence of
simulated microgravity

Based on our results suggesting that miR-494 inhibits osteo-
genesis, we expected the knockdown of miR-494 to have the
opposite effect on osteoblast differentiation under simulated
microgravity conditions. C2C12 cells were transfected with
either miR-494 inhibitor or inhibitor control and then were
cultured under clinorotation conditions for 72 h before har-
vest. qQPCR was performed to monitor the expression of
osteogenetic markers. Our results show that in the presence of
300 ng/ml BMP2, which induces osteoblast differentiation,
miR-494 inhibitor significantly increased the expression of
ALP, OC, OSX, and RUNX2 compared with the control
inhibitor, suggesting that miR-494 inhibition promotes
osteogenesis under simulated microgravity conditions
(Fig. 6a). However, in the non-BMP2-treated group, com-
pared with the inhibitor control, miR-494 inhibitor showed no
obvious change in osteogenetic marker expression (Fig. 6a).
In addition, the ability of miR-494 inhibitor to partially rescue
simulated microgravity-induced osteogenetic differentiation
suppression was further demonstrated using an ALP staining
assay, the results of which showed stronger ALP staining in
the miR-494 inhibitor-treated group compared with the
control-treated group (Fig. 6b). Finally, we observed a sig-
nificant increase in the BMPR2 and RUNX2 expression level
in C2C12 cells subjected to clinorotation when miR-494
inhibitor was added regardless of the presence or absence of
BMP2 (Fig. 6¢, d). Altogether, our data show that knocking
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Fig. 4 miR-494 targets BMPR2 and RUNX2 in C2C12 cells. a The
predicted wild-type miR-494 binding sequences within the 3~-UTR of
BMPR?2 and RUNX2 and mutated derivatives of these binding sites. b
pGL3 constructs containing wild-type or mutated 3~-UTR sequences
corresponding to BMPR2 or RUNX2 were cotransfected into cells
along with scrambled miRNA or miR-494 mimics. Luciferase activity

down endogenous miR-494 could partially rescue simulated
microgravity-induced osteoblast differentiation defects and
thus could be used to understand and prevent osteoporosis in
spaceflight.

Myogenic transcription factor MYOD positively
regulates the expression of miR-494

The functional identification of the regulatory genes
upstream of miRNAs that are responsible for controlling the

was measured 48 h after transfection. ¢, d C2C12 cells transfected with
miR-494 mimics or control oligonucleotides were subjected to qRT-
PCR (c) or western blot analysis (d). GAPDH was used to normalize
the qRT-PCR data. Data shown represent the mean + SD based on
three independent experiments. *p < 0.05, **p <0.01

spatial and temporal expression of specific miRNAs is vital
for a comprehensive understanding of the functions of
miRNAs. We examined possible transcription factors that
might be involved in the regulation of miR-494 by using the
TRANSFAC online database. We noticed the presence of
several predicted MYOD binding sites within the 3-kb
upstream region of mouse pre-mir-494. A MYOD/MYOG
binding site (—40) and a MYOD/E47 binding site (—166)
were predicted in the proximal portion of this region, a
MYOD/E47 binding site (—908) was found in the middle of
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Fig. 5 miR-494 inhibits BMP2-
induced osteogenesis through
RUNX2 and BMPR2. a C2C12
cells were transfected with
siRNA or negative control
siRNA for 48 h. Western blot
analysis of BMPR2 and RUNX2
was conducted to determine the
knockdown efficiency of the
siRNA constructs. b C2C12
cells were transfected with
siRNA, negative control siRNA,
or miR-494 for 12 h, at which
point BMP2 was added to the
culture medium at a final
concentration of 300 ng/ml.
Cells were cultured for an
additional 72 h before harvesting
the cells and subjecting them to
qRT-PCR analysis. ¢ C2C12
cells were transfected with
negative control and miR-494
with or without BMPR2
expression plasmid and RUNX2
expression plasmid in
combination with miR-494 for
12 h, at which point BMP2 was
added to the culture medium at a
final concentration of 300 ng/ml.
Cells were cultured for an
additional 72 h before harvesting
the cells and subjecting them to
qRT-PCR analysis. GAPDH
was used to normalize the qRT-
PCR data. Data shown represent
the mean + SD based on

three independent experiments.
*p <0.05, **p<0.01

this region, and a MYOD binding site (—2700) was
observed in the distal portion of this region (Fig. 7a). Based
on the function of MYOD as a key transcription factor in
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regulating muscle differentiation and based on the mutual
exclusivity of muscle differentiation and osteogenesis dif-
ferentiation, we investigated whether MYOD might play a
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which luciferase activity was determined. f Luciferase assay results
from C2C12 cells cotransfected with pMYOD and different reporter
plasmids containing 3 kb of sequence upstream of miR-494 but lack-
ing the proximal, middle or distal MYOD binding sites. g ChIP ana-
lysis results from C2C12 cells using anti-M'YOD antibody to probe for
enrichment in miR-494 gene and miR-494 regulatory sequence pull-
down relative to nonspecific IgG (control). Quantitative PCR was used
to determine the fold-enrichment of MYOD-miR-494 binding. PDR:
primers for a “promoter desert” region of genomic DNA upstream of
the miR-494 promoter. GAPDH was used to normalize the qRT-PCR
data. Data shown represent the mean + SD based on three independent
experiments. *p <0.05
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role in regulating miR-494 expression. To address this
hypothesis, we analyzed MYOD expression in clinorotated
C2C12 cells and found that MYOD mRNA increased in a
time-dependent manner (Fig. 7b). In contrast, during
BMP2-induced osteogenesis differentiation in C2C12 cells,
MYOD expression gradually decreased, which correlated
perfectly with the decrease in miR-494 expression (Fig. 7c).
To determine whether MYOD regulates the expression of
miR-494, we transfected C2C12 cells with pMYOD, which
expresses the MYOD coding sequence in the pcDNA3.1
vector backbone. We detected a greater than twofold
increase in miR-494 expression 48 h after the transfection,
indicating a positive regulatory relationship between
MYOD and miR-494 expression (Fig. 7d).

Next, we explored whether the regulation of miR-494 by
MYOD occurred via the direct binding of MYOD in the
regulatory region of miR-494 by using a luciferase reporter
system. We constructed several reporter plasmids by intro-
ducing different lengths of upstream DNA sequence into the
pGL3-control vector. The results of the luciferase assay in
C2C12 cells showed that transfection of the control vector
pcDNA3.1 did not affect the luciferase activity level in the
presence of any of the constructs; however, transfection of
pMYOD caused a significant increase in luciferase activity
(Fig. 7e). pMYOD transfection increased luciferase expres-
sion more than 100-fold in the presence of the pGL3c-
(0-3k) and pGL3c-(0—4k) constructs, both of which contain
all four predicted MYOD binding sites. In other constructs
that lack one, two or three MYOD binding sites, luciferase
expression increased 30- and 80-fold, respectively, sug-
gesting that the proximal, middle and distal MYOD binding
sites functional and important in the regulation of miR-494
transcription (Fig. 7e). We also constructed several reporter
plasmids in which the proximal, middle or distal MYOD
binding sites were mutated. These plasmids were cotrans-
fected with pMYOD vector into C2C12 cells, and luciferase
activity was measured 48 h post transfection. Consistent
with the results of the truncated luciferase reporter assay, the
results of the mutated sites suggest that all MYOD binding
sites upstream of miR-494 play important roles in regulating
miR-494 expression (Fig. 7f). Finally, chromatin immuno-
precipitation assays were performed, which revealed that the
proximal, middle, and distal MYOD binding sites were
bound directly by MYOD (Fig. 7g). Taken together, our data
show that the myogenic transcription factor MYOD can bind
to the upstream regulatory region of miR-494 to positively
regulate miR-494 transcription.

Discussion

In normal bone, equilibrium exists between bone formation
and resorption. Systemic hormones and local factors

regulate bone remodeling that involves the resorption of
bone by osteoclasts and the deposition and mineralization of
bone matrix by osteoblasts [24, 25]. Biomechanical forces
play critical roles in the development of the skeletal system
[26-29], whereas mechanical unloading or microgravity,
which is encountered during spaceflight or confined bed
rest, can cause bone loss and osteoporosis [20, 23, 30, 31].
Microgravity-induced osteoporosis is one of the main pro-
blems associated with spaceflight and has been estimated to
cause a decrease of ~2% in bone mineral density after only
1 month [20, 23]. Although the molecular mechanism
remains unclear, studies have indicated that the
microgravity-induced changes in bone mass are associated
with decreased bone formation and increased bone resorp-
tion [19, 32-34].

miRNAs play diverse roles in different physiological
and pathological processes, including osteogenesis
[7, 8, 12, 13, 15]. However, the involvement and the
mechanism underlying changes in miRNA expression and
their target genes involved in osteogenesis regulation under
microgravity conditions remain poorly understood. Using a
well-defined cell model that simulates weightlessness, we
analyzed the miRNA expression profile in C2C12 cells and
found that miR-494 was markedly increased under simu-
lated microgravity conditions. We tested the function of
miR-494 in BMP2-induced osteogenetic differentiation and
demonstrated its suppressive role in this process (Fig. 3).
Importantly, inhibition of miR-494 could partially rescue
the functional defect of osteoblasts in simulated micro-
gravity (Fig. 6), indicating that miR-494 might be a
potential target for preventing bone loss and osteoporosis
during spaceflight.

miR-494 is located within the Dlk1-Dio3 imprinted locus
on human chromosome 14q32, a region that contains 54
miRNAs and constitutes one of the largest miRNA clusters
in the human genome [35]. Several studies have explored the
expression patterns and the clinical significance of this vital
genomic region given that miRNA clusters play important
roles in development and disease, including cancer [36-38].
However, the expression pattern and roles of miR-494 in
different types of tumors remain controversial, suggesting
that miR-494 may exhibit tissue-dependent expression and
context-dependent function [39-43].

In a report that identified 11 miRNAs involved in
pathological pathways activated in skeletal muscle damage
and regeneration by the absence of dystrophin and by acute
ischemia, miR-494 was upregulated in human myoblasts
following differentiation [44]. miR-494 was characterized
as one of the “regeneration miRNAs” that is induced in
MDX mice, patients with DMD, the regenerative phase of
the hind-limb ischemia response, and newborn mice, indi-
cating a potent role for miR-494 in the promotion of skeletal
muscle differentiation and regeneration [44]. Intriguingly,
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our study describes another crucial function of miR-494 in
restraining the differentiation of multipotent mesenchymal
progenitor C2C12 cells toward osteogenesis. miR-494
regulates BMP signaling by directly targeting BMPR2
and RUNX2, and thus suppresses BMP2-induced osteoge-
netic differentiation at multiple levels. Importantly, we
identified that miR-494 is controlled by the myogenic
transcription factor MYOD, which is consistent with our
observation that miR-494 facilitates myoblastic lineage
differentiation while inhibiting osteogenetic differentiation.
More interestingly, we noticed that ectopic expression of
miR-494 upregulated the myogenic markers MYOD and
MYOGENIN in C2C12 cells, indicating a positive feedback
loop between MYOD and miR-494 that synergistically
promotes myogenic differentiation (Fig. 3f, g). Collectively,
our findings suggest that miR-494 plays a pivotal role in
bone formation by negatively regulating osteogenetic dif-
ferentiation. However, the molecular mechanisms through
which miR-494 promotes myoblast differentiation and
whether miR-494 also plays a role in adipose differentiation
will require further exploration.
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