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ABSTRACT

Osteoporosis (OP) is a systemic bone metabolic disease with complicated pathogenesis and is
difficult to cure clinically. The regulatory mechanisms of OP are needed to be further investigated.
In the present study, we focused on the role of myocardial infarction-associated transcript (MIAT)
in OP development and examined the underlying mechanism. The serum expression levels of
MIAT in samples from patients with OP and healthy controls were compared using quantitative
reverse transcription-PCR (qRT-PCR). The dual-luciferase reporter assay was used to confirm the
relationship between MIAT and its potential target microRNA, i.e., miR-150-5p. Moreover, bone
marrow-derived mesenchymal stem cells (BMSCs) were cultured and transfected with MIAT
shRNA, with or without miR-150-5p inhibitor. EdU staining and colony formation analysis were
performed to determine the proliferation ability of these cells. Furthermore, the TUNEL assay and
flow cytometry were used to assess BMSC apoptosis. Finally, RT-PCR and Western blot assays were
employed to assess the expression of osteogenic differentiation biomarkers. Compared with
controls, the expression of MIAT was significantly increased, whereas that of miR-150-5p was
markedly decreased in patients with OP. MIAT and miR-150-5p expression levels exhibited
a strong negative correlation. Furthermore, osteogenic differentiation indicators were suppressed
in serum of OP patients. MIAT was downregulated, and miR-150-5p was upregulated in induced to
osteogenic differentiation BMSCs. Furthermore, downregulation of MIAT dramatically promoted
osteogenic differentiation, increased proliferation, and inhibited apoptosis in BMSCs; miR-150-5p
inhibitor abrogated the effects of MIAT. In conclusion, IncRNA MIAT can regulate the proliferation,
apoptosis, and osteogenic differentiation of BMSCs.
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1. Introduction between bone formation and bone resorption

As the most prevalent progressive bone disease,
osteoporosis (OP) dramatically limits patient
activity and greatly increases the medical burden
[1]. OP is characterized by low bone mass, poten-
tially resulting in bone rarefaction and fractures
[2]. It is well known that bone is a continuously
and dynamically modified tissue, predominantly
consisting of osteoblasts and  osteoclasts.
Osteoblasts promote bone formation, whereas
osteoclasts can induce bone resorption [3]. The
imbalance between osteoblasts and osteoclasts has
been indicated as the primary factor resulting in
OP and other bone metabolic processes [4]. Bone
marrow-derived mesenchymal stem cells (BMSCs),
a known source of osteoblasts, maintain a balance

[5,6]. Therefore, an in-depth investigation into
the roles of BMSCs in OP is critical for early
diagnosis, as well as disease management [7].
Myocardial infarction-associated  transcript
(MIAT), a long non-coding RNA (IncRNA),
reportedly plays a key role in the development of
myocardial infarction [8]. Recent studies have
shown that MIAT is abnormally expressed in
microvascular dysfunction [9], paranoid schizo-
phrenia [10], and cancer [11]. In contrast, MIAT
was found to be downregulated in adipose tissue-
derived stem cells (ASCs) undergoing osteogenic
differentiation [12]. For instance, MIAT knock-
down obviously ameliorated diabetes mellitus-
induced retinal microvascular dysfunction by
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regulating miR-150-5p [9]. MIAT contributed to
non-small cell lung cancer proliferation and
metastasis through MMP9 activation [I11].
Moreover, MIAT silencing can induce the osteo-
genic process of mesenchymal stem cells (MSCs)
[13,14]. Nevertheless, the role of MIAT in OP
warrants further investigation.

LncRNAs are reportedly involved in exerting
biological functions [15]. Osteoblast differentiation
and osteogenesis are regulated by different
miRNAs [16]. MIAT targets distinct miRNAs in
different diseases. For instance, MIAT, which
time-dependently increases during BMSC differ-
entiation, induces BMSC differentiation into
endothelial cells by targeting miR-200a [17].
Moreover, MIAT sponges miR-150-5p to regulate
oxidative stress and modulate the function of
human lens epithelial cells [18]. In contrast, miR-
150 induces osteoblast differentiation [19] and
inhibits osteoclast growth [20].

Accordingly, in the present study, we focused
on the roles of MIAT and miR-150-5p in OP.
Interaction between MIAT and miR-150-5p, and
their effects on osteoblast differentiation of BMSCs
were investigated, which may provide a novel
treatment idea for OP.

2. Materials and Methods
2.1 Patients

Herein, we enrolled 30 healthy volunteers and 30
patients with OP, and took blood samples and iso-
lated serum samples. Patients with OP presenting
with hip fractures requiring surgical intervention,
a history of cardiovascular diseases, cancers, dia-
betes, or other metabolic problems were excluded.
Each participant provided informed consent before
study initiation. The study protocol was approved
by the Ethics Committee of the Liaohe Hospital.

2.2 Cell culture

HEK 293 T cells (ATCC, Manassas, VA) were
cultured wusing Dulbecco’s Modified Eagle
Medium (DMEM; Thermo Fisher Scientific, Inc.,
Waltham, MA, USA), supplemented with 10%
fetal bovine serum (FBS; Gibco; Thermo Fisher
Scientific, Inc.) and 1% penicillin/streptomycin

(Invitrogen) [21]. The cells were maintained at
95% humidity and 5% CO, at 37°C.

2.3 Isolation and culture of BMSCs

Gradient centrifugation was performed to isolate
MSCs from the bone marrow of rats. In brief, four
male Sprague-Dawley rats were housed under
standard conditions and allowed to access food
and water ad libitum. Bone marrow aspirates
were placed in MEM medium (Gibco), supple-
mented with 10% FBS for 24 h at 95% humidity
and 5% CO, at 37°C [22]. Suspended cells were
removed, and then cells were cultured for approxi-
mately 10 days. On reaching ~75% confluency,
cells were harvested for subsequent experiments.

2.4 shRNA transfection

MIAT  (shMIAT-1 5-GGTCAGGATTAGTG
GTCATTC-3" and shMIAT-2 5-GGTGATTACC
GTGCACCTTGA-3") and the negative control
(NGC; TTCTCCGAACGTGTCACGTTTC) were
purchased from GenePharma Co. (Suzhou,
China). shRNA transfection was performed using
Lipofectamine 2000 (Invitrogen) [23].

2.5 Dual-luciferase reporter assay

The binding sites between miR-150 and MIAT
were predicted using StarBase 3.0. To verify that
MIAT targeted miR-150, HEK 293 T cells
(2 x 10* cells/mL, 200 uL) were plated into 48-
well plates. Then, cells were treated with 400 ng
wild-type (WT) MIAT or mutant (MUT) MIAT
3'-UTR. After incubation for 6 h, HEK 293 T
cells were cultured in DMEM for an additional
48 h. Luciferase activity was determined using
a commercial kit (Promega Corporation) [24].

2.6 5-Ethynyl-2'-deoxyuridine staining (EdU)

EdU was used to examine BMSC proliferation
[25]. Briefly, BMSCs were incubated with EdU
(50 uM) for 2 h. Then, BMSCs were obtained
and stained using a kit (Ribobio). Finally, images
were visualized and photographed using
a microscope (Olympus).



2.7 Colony formation assay

In brief, BMSCs were seeded into 6-well plates and
cultured for 7 days, with the culture medium
replaced every 2 days. Thereafter, BMSCs were
stained with crystal violet (0.1%) for 10 min [26].
Colonies were visualized and counted using
a microscope (Nikon, Tokyo, Japan).

2.8 Alkaline phosphatase (ALP) assessment

The cells were fixed with 4% paraformaldehyde
(PFA) for 10 min at room temperature. Then, cells
were seeded and stained with ALP for 20 min [27].
The images were captured using a scanner. An ALP
Assay Kit was used to detect ALP activity in accor-
dance with the manufacturer’s protocol.

2.9 Cell apoptosis

Cells were stained with the propidium iodide (PI)/
Annexin V-FITC kit (Sigma) in the dark for
10 min at room temperature [28]. Then, the cells
were counted by flow cytometry (BD Biosciences).

2.10 Terminal-deoxynucleotidyl Transferase
Mediated Nick End Labeling (TUNEL) staining

TUNEL staining was used to assess BMSC death
[28]. Briefly, BMSCs were fixed and treated with
a TUNEL staining kit (Beyotime). Then, images
from six randomly selected fields were captured
using a microscope (Olympus).

2.11 Reverse transcription-polymerase chain
reaction (qRT-PCR)

RNA samples were extracted from collected serum
and BMSCs using a commercially available Kkit
(Takara, Japan). cDNA was synthesized, and PCR
was performed using a Real-Time PCR Detection
System (Bio-Rad, USA). The relative levels of MIAT,
ALP, osteocalcin (OCN), and RUNX2 were normal-
ized to GAPDH. miR-150-5p expression was standar-
dized to U6. The sequences of the primers were as
follows: Human MIAT forward: 5-CATGGCCT
CCGTAGTAACTCAC-3', reverse: 5-TCAAACC
CCAGCCACTCTTC-3; Human GAPDH for-
ward:5'- CATCATCCCTGCCTCTACTGG-3/,
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reverse 5- GTGGGTGTCGCTGTTGAAGTC-3';
Rat OCN forward: 5- CCAGCGACTCTGAG
TCTGACAA-3', reverse: 5-AACGGTGGTGCCAT
AGATGC-3; Rat ALP forward: 5-TGGACCTC
ATCAGCATTTGG-3', reverse: 5- GAGGGAA
GGGTCAGTCAGGTT-3"; Rat RUNX2 forward: 5'-
TACTCTGCCGAGCTACGAAATG-3/, reverse: 5'-
TGAAACTCTTGCCTCGTCCG-3"; Rat MIAT for-
ward: 5-GCGAGCAATCTGAAGATCCTG-3/,
reverse: 5 -GCTCTACCCCATCTCCAGAGAC-3;
Rat GAPDH forward: 5-CGCTAACATCA
AATGGGGTG-3', reverse: 5-TTGCTGACAATC
TTGAGGGAG-3; hsa-miR-150-5p forward: 5'-
TCCCAACCCTTGTACCAGTG-3, reverse 5'-
CTCAACTGGTGTCGTGGAGTC-3’; Human U6
forward: 5'- CTCGCTTCGGCAGCACAT-3, reverse:
5- AACGCTTCACGAATTTGCGT-3; rno-miR
-150-5p forward: 5- TCCCAACCCTTGTAC
CAGTG-3/, reverse: 5- CTCAACTGGTGTCGTG
GAGTC-3'; Rat U6 forward: 5- CCTGCTTCGGC
AGCACAT-3', reverse: 5- AACGCTTCACGAA
TTTGCGT-3'.

2.12 Western blotting

Protein extracts (15 pg/lane) were subjected to
10% sodium dodecyl sulfate gel electrophoresis.
The protein extracts were then transferred to
a polyvinylidene fluoride membrane (Millipore)
and incubated with primary antibodies at 4°C
overnight. On day 2, the membrane was incu-
bated with secondary antibodies for 2 h at room
temperature. Protein bands were visualized
using an ECL Western blot Kit (CWBIO).
Each protein level was normalized to that of
GAPDH.

2.13 Statistical analysis

Statistical ~analyses were performed using
GraphPad Prism 7.0 (GraphPad Software, La
Jolla, CA, USA). Data are expressed as mean +
standard deviation (SD). Comparison of two
groups was performed using Student’s t-tests.
Comparison of more than two groups was per-
formed using analysis of variance. Statistical sig-
nificance was set at P < 0.05.
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3. Results

3.1 MIAT and miR-50-5p were aberrant
expressed in patients with OP

Based on the qRT-PCR analysis, we observed
that MIAT expression was increased (Figure la,
p < 0.01), while miR-150-5p was decreased
(Figure 1b, p < 0.01) in serum samples from
patients with OP. Additionally, correlation ana-

lysis revealed that MIAT and miR-150-5p
expression levels were negatively correlated
(Figure 1c, r = - -0.4941, p = 0.0055).

Furthermore, osteogenic differentiation-related
proteins including Runx2, ALP, and OCN were
dramatically lower in serum of patients with OP
than those in healthy control group (Figure 1d-
F, p < 0.001).

3.2 MIAT targets miR-150-5p

Using bioinformatics tools, MIAT was predicted to
target miR-150-5p (Figure 2a). As shown in
Figure 2b, luciferase reporter analysis revealed
that miR-150-5p inhibitor markedly upregulated
luciferase activity in the WT-MIAT group while
demonstrating no significant effect in the MUT-
MIAT group (Figure 2b, p < 0.05).

3.3 MIAT is downregulated during osteogenic
differentiation of BMSCs

The expression level of MIAT in BMSCs was
determined by qRT-PCR. As shown in
Figure 3, osteogenic differentiation of BMSCs
was confirmed by increased levels of osteogenic
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Figure 1. Expression level of MIAT and miR-150-5p in serum samples of OP patients and healthy controls. MIAT was
increased (a) and miR-150-5p was decreased (b) in the serum from patients with postmenopausal OP compared with healthy
volunteers. A significant negative correlation was found between the levels of MIAT and miR-150-5p in serum of the OP patients (c).
Osteogenic differentiation indicators RUNX2, ALP and OCN were evaluated in the serum from patients with postmenopausal OP
compared with healthy volunteers (d-f). **p < 0.01, ***p < 0.001.



markers (Figure 3a-c). On the contrary, the
expression of MIAT was decreased (Figure 3d),
while miR-150-5p was increased during osteo-
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Figure 2. miR-150-5p is a target of MIAT. MIAT was predicted
to target miR-150-5p (a). Compared with miR-NC inhibitor
group, miR-150-5p inhibitor significantly increased the lucifer-
ase activity of the WT-MIAT (b). *p < 0.05.
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genic differentiation in a time-dependent man-
ner (Figure 3e).

3.4 Transfection of shMIAT and miR-150-5p
inhibitor in BMSCs

Compared with the shNC group, shMIAT-1 and
shMIAT-2 markedly decreased the expression level
of MIAT in BMSCs, especially in shMIAT-1 treated
cells (Figure 4a, p < 0.01). Therefore, saMIAT-1 was
used in the present study. In contrast, the miR-150-
5p inhibitor dramatically downregulated miR-150-
5p expression in BMSCs (Figure 4b, p < 0.01).

3.5 MIAT promotes the proliferation of BMSCs
by targeting miR-150-5p

Based on EdU staining (Figure 5a and b) and the
colony formation assay (Figure 5c and d), shMIAT
infection significantly enhanced BMSC proliferation
in the shMIAT group when compared with the
shNC group; the miR-150-5p inhibitor partially
inhibited the proliferative behaviors of shMIAT.
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Figure 3. MIAT is significantly downregulated during the osteogenic differentiation of BMSCs. Osteogenic differentiation of
BMSCs was evidenced by the increased expression of RUNX2, ALP and OCN (a-c). MIAT was decreased and miR-150-5p was increased
time-dependently during the osteogenic differentiation of BMSCs (c and d). *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 4. Transfection of shMIAT and miR-150-5p inhibitor in BMSCs. The level of MIAT was significantly inhibited by the transfection
of shMIAT-1 and shMIAT-2 in BMSCs (a). miR-150-5p inhibitor significantly decreased the level of miR-150-5p in BMSCs (b). **p < 0.01.
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Figure 5. MIAT can regulate the cell proliferation of BMSCs by targeting miR-150-5p. EdU staining (a and b) and colony formation (c
and d) showed that compared with shNC group, the proliferation of BMSCs was significantly increased in shMIAT group, which was
reversed by miR-150-5p inhibitor. *p < 0.05, **p < 0.01, ***p < 0.001. Note: The petri dish is 35 mm in diameter. The scale length is 50 um.

3.6 MIAT inhibits the apoptosis of BMSCs by
targeting miR-150-5p

TUNEL staining (Figure 6a and b) and flow cyto-
metry (Figure 6¢ and d) showed that apoptosis of
BMSCs was markedly decreased in the shMIAT
group. Notably, the miR-150-5p inhibitor partially
blocked the anti-apoptotic effects of shMIAT.

3.7 MIAT may regulate osteogenic
differentiation of BMSCs by targeting miR-150-5p

ALP staining and ALP activity assay were con-
ducted to evaluate osteogenic differentiation of
BMSCs. Based on ALP staining and ALP activity
assay, ALP activity was significantly increased in
the sShMIAT group when compared with the shNC



BIOENGINEERED 6349

a
shNC shMIAT shMIAT+inhibitor 151 4
=
W da Q2 W Q2 W da Q2 S
30.021 5.30 30 1.41 3o 1.99 9
© 104 |_*|
104" 104" %
Pl PI %_
10° 4 10°3 % 51 T
3
1024 1024 - o
Q3 0 4 Q3 0 49 Q3 04
6.87 3958 2.83 1945 347 A <
L} L | T T L § T T T ‘\eoé\v'.o{@
105 0 1\)3 TOA 10 o 103 104 105 2 fgv .§\
Annexin V-FITC Annexin V-FITC Annexin V-FITC &x\
@\?'
b &
TUNEL DAPI Merge
*kk
50+
shNC )
o
o
[
2 *
r
o0& | I
Q.
shMIAT o
4
o
- -
A <
0
ShMIAT+ & &
Q
inhibitor R
~
&

Figure 6. MIAT can regulate the apoptosis of BMSCs by targeting miR-150-5p. TUNEL staining (a and b) and flow cytometry (c
and d) showed that compared with shNC group, the cell apoptosis of BMSCs was significantly decreased in shMIAT group, which was
reversed by miR-150-5p inhibitor. *p < 0.05, **p < 0.01, ***p < 0.001. Note: The scale length is 50 um.

group. Moreover, transfection of miR-150-5p inhi-
bitor abrogated the MIAT-induced effects on ALP
activity (Figure 7a and b). Finally, the role of
MIAT in the expression of osteogenic markers
was evaluated by RT-PCR and Western blotting.
Compared with shNC, shMIAT significantly
increased the BMSC expression of osteogenic mar-
kers, RUNX2 and ALP (mRNA expression
(Figure 7c) and protein expression (Figure 7d)
at day 14, and the osteogenic effects of MIAT
were partially abrogated by transfection with
miR-150-5p.

4. Discussion

In the present study, we reported that IncRNA
MIAT was significantly increased in patients with
OP and could affect the growth, cell death, and

osteogenic differentiation of BMSCs by regulating
miR-150-5p expression.

It is well-established that BMSCs differentiate
into osteoblasts [29]. Therefore, the induction of
BMSC proliferation and osteogenic differentia-
tion is crucial for preventing and treating OP
[20]. Notably, IncRNA MIAT is a novel regula-
tor of multiple human disorders [30-32]. For
example, MIAT is involved in myocardial infarc-
tion [33] and microvascular dysfunction [34]. In
addition, MIAT can impact the osteogenic dif-
ferentiation of human ASCs [12]. The silencing
of MIAT reportedly promotes the osteogenesis
of MSCs [14]. Moreover, MIAT sponges miR-
150-5p in human lens epithelial cells [18].
Meanwhile, miR-150 induces osteoblast differen-
tiation [19] and suppresses osteoclast differentia-
tion [20]. However, it remains unclear whether
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Figure 7. MIAT can regulate the osteogenic differentiation of BMSCs by targeting miR-150-5p. Compared with shNC group,
the ALP activity was significantly increased in shMIAT group, which was reversed by miR-150-5p inhibitor (a and b). Compared to
shNC, shMIAT significantly increased the mRNA expression of RUNX2 and ALP (c), which were reversed by miR-150-5p inhibitor. MIAT
knockdown significantly promoted the protein expression of RUNX2 and ALP by targeting miR-150-5p (d). *p < 0.05, **p < 0.01,

**%p < 0,001.

Note: The petri dish is 35 mm in diameter. The scale length is 200 um.

MIAT regulates miR-150 in BMSCs to partici-
pate in the pathogenesis of OP.

Herein, we observed that MIAT targeted miR-
150-5p, which is in line with previous study [18].
In addition, the expression of MIAT was
increased, while that of miR-150-5p was decreased
in patients with OP. Osteogenic differentiation
indicators were also increased in serum of patients
with OP. Furthermore, the expression of MIAT
was decreased, while miR-150-5p was increased
in BMSCs during osteogenic differentiation in
a time-dependent manner. Thence, we speculated
that MIAT and miR-150-5p may participate in
osteogenic differentiation of OP.

Runx2 is an osteogenic marker related to osteo-
blast activation during osteogenesis [35], and ALP
is a marker for early osteogenic differentiation of
BMSCs and plays a role in the in vitro calcification
of BMSCs [36]. In present study, MIAT was
decreased and miR-150-5p was increased time-
dependently during the osteogenic differentiation
of BMSCs. Furthermore, MIAT knockdown sig-
nificantly promoted osteogenic differentiation of
BMSCs. Interestingly, co-transfection of miR-150-

5p abrogated the osteogenic ability of MIAT
shRNA. Therefore, our findings revealed that
MIAT might affect the osteogenic differentiation
of BMSCs by targeting miR-150-5p.

Abnormal bone reconstruction [37,38] is
another important factor in the development of
OP. In the present study, MIAT knockdown sig-
nificantly increased BMSC growth and decreased
apoptosis, while miR-150-5p partially blocked the
proliferative and anti-apoptotic effects of MIAT
shRNA. Collectively, our results indicate that
MIAT can affect the growth and apoptosis of
BMSCs by targeting miR-150-5p.

There are some limitations in this study.
Firstly, the clinical samples were not ethnically
diverse, and only Han was included. In future
experiments, the sample size should be further
expanded and the number of ethnic groups
should be increased to verify the results of this
study. Secondly, whether MIAT could regulate
OP process in vivo by binding with miR-150
should be further investigated. Finally, the down-
stream gene of miR-150 that affect osteogenic
differentiation of BMSCs should be studied.



Conclusions

In summary, MIAT was downregulated while
miR-150-5p was upregulated in a time-dependent
manner during the osteogenic differentiation of
BMSCs. Furthermore, MIAT knockdown signifi-
cantly increased ALP activity, proliferation, osteo-
genic differentiation, and osteogenesis and
inhibited apoptosis in BMSCs by targeting miR-
150-5p. These results suggest the potential role of
MIAT in the treatment of OP.

Research Highlights

(1) Compared with controls, the expression of
IncRNA MIAT is significantly increased in
patients with osteoporosis, whereas that of
miR-150-5p is markedly decreased.

(2) LncRNA MIAT can bind with miR-150-5p,
and the expression levels of each other
exhibited a strong negative correlation.

(3) Downregulation of IncRNA MIAT dramati-
cally promotes osteogenic differentiation,
increases proliferation, and inhibits apopto-
sis in BMSCs by sponging miR-150-5p
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