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Abstract

Recently, long non-coding RNAs (lncRNAs) have emerged as critical players in gene regulation for multiple biological
processes. However, their roles and functions in human adipose-derived stem cells (hASCs) differentiation remain unclear. In
the present study, we investigated the role of lncRNA myocardial infarction-associated transcript (MIAT) in the osteogenic
differentiation of hASCs. We found that the expression of MIAT was downregulated in a time-dependent manner during
hASCs osteoinduction.MIAT knockdown promoted osteogenic differentiation of hASCs both in vitro and in vivo. Moreover,
MIAT expression was increased upon tumor necrosis factor-a treatment andMIAT knockdown reversed the negative effects
of inflammation on osteoblastic differentiation. This study improves our knowledge of lncRNAs in governing the osteogenic
differentiation of hASCs and may provide novel therapeutic strategies for treating bone diseases.
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Introduction

Human adipose-derived stem cells (hASCs) are multi-
potent adult somatic stem cells that can be isolated from
adipose tissues (Dai et al., 2016). Their self-renewal ability,
high proliferative capacity, and potential for osteogenic
differentiation make them a suitable cell type for bone
tissue engineering (Rumman et al., 2015). Despite a
number of studies on controlling hASCs differentiation
into specific lineages by modulating cell signaling path-
ways, the precise molecular mechanisms of differentiation
remain unclear.

Recently, long non-coding RNAs (lncRNAs) have been
shown to regulate gene expression at the transcriptional,
post-transcriptional, or epigenetic level, and to play
important roles in various biological processes and diseases
(Lopez-Pajares, 2016; Nie et al., 2016; Schmitz et al., 2016).

Several studies have reported that some lncRNAs, such as
H19, MEG3, and ANCR, are involved in regulating the
osteogenic differentiation of stem cells (Yan et al., 2015;
Zhuang et al., 2015; Liang et al., 2016). These findings
provide evidence that targeting lncRNAs may provide
feasible and effective therapeutics for bone regeneration.

Myocardial infarction-associated transcript (MIAT) was
one of the lncRNAs first discovered in 2006 (Ishii et al.,
2006). It was found to play a critical role in many signaling
pathways and to participate in various diseases, such as
myocardial infarction, microvascular dysfunction, diabetic
retinopathy, and mental disorders (Crea et al., 2016; Shen
et al., 2016). However, the role of MIAT in osteogenesis is
still unknown.

In this study, we first confirmed that MIAT affects the
osteogenic differentiation of hASCs. In clinical therapeutic
bone regeneration, defective or injured tissues are frequently
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in an inflamed condition (Bastian et al., 2011), but
inflammation was previously reported to have a negative
effect on osteogenesis (Jang et al., 2015; Lin et al., 2016;
Wang et al., 2016). Thus, we further investigated whether
MIAT is involved in the inflammation-related inhibition of
osteoblast differentiation. Taken together, these findings are
the first to reveal the expression profiles of MIAT in the
osteogenic differentiation of hASCs, which provides an
experimental basis for bone tissue engineering.

Materials and methods

Cell culture and lentiviral transfection

Primary hASCs were obtained from ScienCell Research
Laboratories (Carlsbad, CA, USA) and cultured at sub-
confluent densities in proliferation medium (PM), made up
ofDulbecco’smodified Eaglemediumsupplementedwith 10%
fetal bovine serum and 1% antibiotics. Cells from three donors
were used for the experiments. Osteoblast differentiation of
hASCs was induced after they reached 70–80% confluence
using standard proliferation medium supplemented with
100nM dexamethasone, 200mM L-ascorbic acid, and 10mM
b-glycerophosphate. All cell-based in vitro experiments were
repeated in triplicate. Recombinant lentiviruses targeting
MIAT (shMIAT-1 and shMIAT-2) and the negative control
(NC) were obtained from GenePharma Co. (Suzhou, China).
Viral packaging and infection were performed as described
previously (Zhang et al., 2016). The sequences used forMIAT
knockdown are shown in Table 1.

Alkaline phosphatase (ALP) staining and activity

ALP staining and activity was performed as described
previously (Ge et al., 2011, 2014). Cells were washed three
times with phosphate-buffered saline (PBS) and then fixed
with 4% paraformaldehyde at room temperature for 10min.
Then, the samples were placed in the dark to undergo ALP

staining for 20min (CWBIO, Beijing, China). Then, they
were washed three times with PBS and images were obtained
under a scanner. ALP activity was analyzed using an ALP
Assay Kit (Nanjing Jian Cheng Bioengineering Institute,
Nanjing, China). Total protein content was determined in
the same sample by the bicinchoninic acid method using the
Pierce Protein Assay Kit (Thermo, Rockford, IL, USA). ALP
activity relative to that in the control was calculated after
normalization to the total protein content.

Alizarin red S (ARS) staining and quantification

Cells cultured for 14 days in osteogenic medium (OM) were
assayed as described previously (Ge et al., 2011, 2014). They
were fixed with 4% paraformaldehyde for 10min at room
temperature, washed three more times with double-distilled
water, and then stained with 2% ARS staining solution (pH
4.2; Sigma, St. Louis, MO, USA) for 30min at room
temperature. Images were then obtained. For the quantifi-
cation of mineralization, the stain was solubilized with
100mM cetylpyridinium chloride (Sigma) for 1 h and then
the solution was collected and distributed at 100mL per well
on a 96-well plate for determination of the absorbance at
562 nm using a spectrophotometer (Thermo).

RNA isolation and quantitative reverse transcription
polymerase chain reaction (qRT-PCR)

The total RNAwas extractedwithTRIzol reagent (Invitrogen,
Carlsbad, CA, USA) in accordance with the manufacturer’s
instructions. Then, it was reverse-transcribed in accordance
with the manufacturer’s instructions (Takara, Tokyo, Japan).
Quantitative PCR was performed with SYBR Green Master
Mix (Roche Applied Science, Mannheim, Germany) using a
7500 Real-Time PCRDetection System (Applied Biosystems,
Foster City, CA, USA) with glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) for normalization. The primer
sequences are shown in Table 1.

Table 1 Sequences of RNA and DNA Oligonucleotides

Name Sense strand/sense primer (50–30) Antisense strand/antisense primer (50–30)

Primers for qRT-PCR
MIAT TCTCTGGTGCTTCCCTCCTT GATCTAAGCTTGAGCCCCCA
ALP ATGGGATGGGTGTCTCCACA CCACGAAGGGGAACTTGTC
RUNX2 CCGCCTCAGTGATTTAGGGC GGGTCTGTAATCTGACTCTGTCC
OCN CACTCCTCGCCCTATTGGC CCCTCCTGCTTGGACACAAAG
GAPDH GGTCACCAGGGCTGCTTTTA GGATCTCGCTCCTGGAAGATG

shRNA
shMIAT-1 GGTCAGGATTAGTGGTCATTC
shMIAT-2 GGTGATTACCGTGCACCTTGA
NC TTCTCCGAACGTGTCACGTTTC

ALP: alkaline phosphatase; GAPDH: glyceraldehyde 3-phosphate dehydrogenase; OCN: osteocalcin; RUNX2 runt-related transcription factor 2.
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Western blot

Western blot was performed as described previously (Jia et al.,
2014). Briefly, cells were lysed in radioimmunoprecipitation
assay buffer (Sigma) supplemented with protease inhibitor
cocktail (Roche). Equal amounts of protein extract were
loaded onto gels for 10% sodium dodecyl sulfate polyacryl-
amide gel electrophoresis. After the electrophoresis, the
proteins were transferred to a polyvinylidene fluoride
membrane (Millipore, Billerica, MA, USA) and then
incubated with primary antibodies against osteocalcin
(OCN) (Abcam, Cambridge, UK) and GAPDH (Abcam) at
4�C overnight. The membrane was incubated with goat anti-
rabbit IgG (Abcam) and then visualized using ECL Western
Blot Kit (CWBIO). Protein level was quantified using the
National Institutes ofHealth ImageJ software (Bethesda,MD,
USA). The background was subtracted and the signal of each
target band was normalized to that of the GAPDH band.

Heterotopic bone formation assay in vivo

The cells were collected and loaded onto Bio-Oss Collagen
(Geistlich, GEWO GmbH, Baden-Baden, Germany) scaf-
folds and subsequently incubated at 37�C for 3 h, allowing
hASCs to attach to the graft. Then, the specimens were
followed by centrifugation at 150g for 5min and implanted
subcutaneously on the back of 6-week-old BALB/c homo-
zygous nude (nu/nu) mice (10 mice per group). Xenografts
were harvested at 8 weeks after implantation and fixed in 4%
paraformaldehyde. All animal experiments were approved
by Peking University Biomedical Ethics Committee Experi-
mental Animal Ethics Branch.

Micro-computed tomography (CT) analysis

The specimens were harvested at 8 weeks postoperatively and
scanned using a high-resolution InveonMicro-CT (Siemens,
Munich, Germany) with an effective pixel size of 9.08mm, an
X-ray source at 80 kV and 500mA, and an exposure time of
500ms for each of the 360 rotational steps. Raw images were
reconstructed with identical thresholds for all samples using
image reconstruction software. Morphometric parameters
were determined using the data analysis software Inveon
Research Workplace (Siemens, Munich, Germany). The
parameters of bone volume/total volume (BV/TV) fraction
and bone mineral density (BMD) were compared.

Hematoxylin and eosin (H&E) staining, Masson’s
trichrome, and immunohistochemistry

Specimens from each group were decalcified in 10% ethylene
diamine tetraacetic acid (pH 7.4) for 1 month. Samples were
gradually dehydrated and embedded in paraffin. Then,

sections (5mm) were cut and stained with H&E and
Masson’s trichrome, then subjected to immunohistochemi-
cal staining targeting OCN (Abcam) to observe new bone
formation under an Olympus microscope (Olympus Co.,
Tokyo, Japan).

Statistical analysis

The results represent the mean of three independent
experiments and data are presented as means� standard
deviations (SDs). Comparisons between groups were
analyzed by Student’s t-tests or analysis of variance for
experiments with more than two subgroups. All statistical
analyses were performed using GraphPad Prism 5 (Graph-
Pad Software, Inc., La Jolla, CA, USA). A two-tailed P-value
<0.05 was considered to indicate statistical significance.

Results

MIAT is significantly downregulated in osteogenic
differentiation of hASCs

To obtain insight into the involvement of MIAT in
osteogenic differentiation, we detected its expression profile
during this process. Osteogenic differentiation of hASCs was
evidenced by the increased expression of genes associated
with osteoblast differentiation, namely, RUNX2, ALP, and
OCN, at the indicated times (Figures 1A–1C). In contrast,
the mRNA expression of MIAT was downregulated in a
time-dependent manner during the process of hASCs
osteogenic differentiation (Figure 1D).

MIAT knockdown significantly promotes the osteogenic
differentiation of hASCs in vitro

To further investigate the role of MIAT in the osteogenic
differentiation of hASCs, we established MIAT knockdown
hASCs with two different short hairpin RNA sequences. The
efficiency of lentiviral transduction was >90% (Figure 1E)
and the knockdown efficiency was confirmed by qRT-PCR
(Figure 1F).

The ALP activity was significantly increased by MIAT
knockdown (Figures 2A and 2B). Compared to NC, MIAT
knockdown significantly increased the mineralization effects
in hASCs at day 14 (Figures 2C and 2D). Protein levels of
OCNwere examined in hASCs cultured withOM for 14 days.
MIAT knockdown increased the expression of OCN protein,
and the fold increases of protein levels were 3.8 and 3.9
compared to those in the NC group (Figures 2E and 2F). We
also assessed the mRNA expression of several osteogenic
markers after induction. MIAT knockdown significantly
promoted the mRNA expression of RUNX2, ALP, and OCN
(Figures 2G–2I).
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MIAT knockdown accelerates bone formation in vivo

hASCs transfected with shMIAT-1, shMIAT-2, or NC were
loaded onto Bio-Oss Collagen scaffolds, and then trans-
planted subcutaneously into the back of 6-week-old nude
mice. After 8 weeks, the transplants were harvested, scanned
by micro-CT, and then subjected to histological analysis.
Micro-CT showed that BV/TV and BMD were significantly
increased in the MIAT-knockdown group (Figures 3A and
3B). H&E staining, Masson’s trichrome staining, and
immunohistochemical staining were consistent with the

micro-CT results in showing that new bone formation was
greater in the shMIAT-1 and shMIAT-2 groups than in the
NC group (Figures 3C).

MIAT knockdown reverses the inhibition of osteogenic
differentiation induced by tumor necrosis factor (TNFa)

The expression of MIAT was significantly upregulated by
TNFa in a time- and dose-dependent manner (Figures
4A and 4B). Because MIAT increased during inflammation,
we investigated the effects of MIAT knockdown on

Figure 1 Cells were treatedwith proliferationmedium (PM) or osteogenic inductionmedium (OM) for 21 days to investigate the change in
myocardial infarction-associated transcript (MIAT) levels. (A–C) RUNX2, alkaline phosphatase (ALP), and osteocalcin (OCN) expression was
increased during the osteogenic differentiation of human adipose-derived stem cells (hASCs). (D)MIATwas downregulated in a time-dependentmanner
during osteogenic differentiation, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as a control. (E) Fluorescent photomicrographs
showing the efficiency of lentivirus transduction (>80%) in hASCs shMIAT and negative control (NC). Scale bar¼ 500 or 100mm. (F) Knockdown
efficiency of MIAT in hASCs expressing shMIAT. Results are presented as the mean� SD (�P< 0.05, ��P< 0.01).
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osteogenesis under conditions of inflammation. MIAT
knockdown dramatically reversed the negative effects of
TNFa on osteoblast differentiation, as shown by ALP
staining, ALP activity, and mineralized matrix staining
(Supplementary Figures S1A–S1D). The reduced protein
expression of OCN induced by TNFa treatment was also
reversed inMIAT-knockdown cells (Supplementary Figures
S1E and S1F). The reduced mRNA expression of osteogene-
sis-related marker genes (RUNX2, ALP, and OCN) induced

by TNFawas rescued byMIAT knockdown (Supplementary
Figures S1G–S1I).

Discussion

The present study confirmed thatMIAT was downregulated
during osteogenic differentiation and MIAT knockdown
promoted the osteoblastic differentiation of hASCs both in
vitro and in vivo.

Figure 2 KnockdownofMIAT promotes the osteogenic differentiation of hASCs. (A) Images of ALP staining. Scale bars¼ 500 or 100mm. (B) ALP
activity was determined by ALP assay and is expressed relative to total cellular protein. (C) Alizarin red S (ARS) staining images are from day 14. Scale
bars¼ 500 or 100mm. (D) Histograms show the quantification of ARS staining by spectrophotometry. (E and F) OCN levels were measured by Western
blot, with the internal control GAPDH, at day 14 of osteogenic induction. Histograms show the quantification of band intensities. (G–I) Relative mRNA
expression of RUNX2, ALP, and OCN was measured by quantitative reverse transcription polymerase chain reaction (qRT-PCR) at day 14 of osteogenic
induction. Results are presented as the mean� SD (�P< 0.05, ��P< 0.01).
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In recent years, great attention has been paid to
deciphering the mechanisms by which lncRNAs regulate
the differentiation of stem cells (Qu et al., 2016; Yu and Kuo,
2016). H19 has been reported to play an important role in
regulating the osteogenic differentiation of BMSCs. Over-
expression of H19 promotes the osteogenic differentiation of
BMSCs, whereas knockdown of H19 inhibits these effects
(Huang et al., 2015). lncRNAAK141205 has also been shown
to play important roles in regulating the osteogenic growth

peptide-induced formation of calcium salt nodules, ALP
activity, and osteogenic differentiation-associated gene
expression (Calin and Croce, 2006). Moreover, down-
regulated ANCR promotes the proliferation and osteogenic
differentiation of periodontal ligament stem cells by
upregulating the expression of osteogenic differentiation
marker genes (Yan et al., 2015).

MIAT has been reported to be involved in various
diseases, and pathological and physiological processes such

Figure 3 MIAT knockdown promoted heterotopic bone formation in vivo. (A) Reconstructed 3D micro-computed tomography images of the
tissue-engineered bone constructs from normal control (NC), shMIAT-1, and shMIAT-2 groups. (B) Percentages of new bone volume to tissue volume
(BV/TV) and bone mineral density (BMD) of cultured bone constructs. (C) Hematoxylin and eosin staining, Masson’s trichrome staining, and
immunohistochemical staining of OCN in NC, shMIAT-1, and shMIAT-2 groups. Scale bar: 50mm. Data are shown as the mean� SD (�P< 0.05).
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as myocardial infarction, diabetic retinopathy, paranoid
schizophrenia, microvascular dysfunction, the formation of
nuclear bodies, and neurogenic commitment (Yan et al.,
2015; Zhou et al., 2015; Liao et al., 2016). However, the
precise roles of MIAT in regulating osteogenic differentia-
tion remain unexplored. This study confirmed the previ-
ously uncharacterized roles of MIAT in regulating the
osteogenic differentiation of hASCs.

Furthermore, we discovered that MIAT can be upregu-
lated by TNFa, and knockdown of MIAT can rescue the
inhibition of osteogenesis induced by inflammation. It has
been reported that inflammation is a potential risk factor for
osteoporosis because proinflammatory cytokines, such as
interleukin-1 (IL-1), IL-6, and TNFa, are crucial mediators
of bone resorption (Hofbauer et al., 2000). Proinflammatory
cytokines, such as TNFa, have been reported to inhibit the
differentiation of osteoblasts from precursor cells in vitro as
well as fracture repair in vivo (Gilbert et al., 2000; Neumann
et al., 2014). Hence, it is necessary to develop more effective
therapies targeting TNFa to alleviate chronic inflammation-
related bone diseases. The present study was consistent with
previous studies in showing that the osteogenic differentia-
tion of hASCs was inhibited by TNFa at a concentration of
10 ng/mL (Chang et al., 2013). Subsequent experiments
showed that MIAT was significantly upregulated and
displayed an oscillation pattern consistent with TNFa
stimulation patterns. We detected the effects of MIAT
knockdown on the TNFa-induced inhibition of osteogene-
sis. The results showed thatMIAT knockdown could rescue
the TNFa-induced inhibition of the osteogenic differentia-
tion of hASCs.

MIAT plays important roles in inflammation-related
processes; for example, it alleviates retinal inflammation
under diabetic conditions (Yan et al., 2015). Interestingly, it
also acts as a miR-150-5p sponge and regulates its binding
to target mRNAs. It may also function as a competing

endogenous RNA by forming a feedback loop with Akt and
miR-150-5p to regulate human lens epithelial cell function
upon oxidative stress and inflammatory factor stimulus
(Shen et al., 2016). Thus, it is not surprising that MIAT
knockdown can reverse the inflammation-induced inhibi-
tion of osteogenesis. However, the precise role and
underlying mechanism have remained unexplored. Further
detailed research needs to be performed to confirm the
molecular signals involved.

Taken together, our results suggest that the knockdown of
MIAT not only promotes osteogenic differentiation but also
reverses the inhibitory effects of TNFa on osteogenesis. Our
data may lead to many therapeutic applications for tissue
engineering and regenerative medicine.

Conclusions

In conclusion, our data indicate that MIAT acts as an
important regulator of osteogenic differentiation of hASCs.
MIAT knockdown not only promotes osteogenic differenti-
ation but also reverses the inhibitory effects of TNFa on
osteogenesis.
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Figure S1. MIAT knockdown reversed the inhibition of
osteogenic differentiation induced by TNFa. hASCs were
transfected with scramble shRNA (NC) or two shRNAs
(shMIAT-1, shMIAT-2) targeting MIAT, then treated with
PBS (as control) or TNFa (10 ng/mL) during osteogenic
differentiation. (A) ALP staining were performed in NC
(with PBS), NCþTNFa, shMIAT-1þTNFa, and shMIAT-2
þTNFa at day 7. Scale bars¼ 500 or 100mm. (B) Histogram
shows ALP activity. (C) ARS staining images are from day
14. Scale bars¼ 500 or 100mm. (D) Quantification of ARS
staining by spectrophotometry. (E) Western blot of protein
expression of OCN and the internal control GAPDH at
day 14 of osteogenic induction. (F) Histograms show the
quantification of band intensities. (G–I) Relative mRNA
expressions of RUNX2, ALP, and OCN were measured by
qRT-PCR at day 14 of osteogenic induction. GAPDH was
used for normalization. Data are presented as themean� SD
(��P< 0.01).
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