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Abstract

Objective: To explore the regulation of LncRNA TUG /miRNA-204/SIRT1 pathway on osteogenic differentiation of
bone marrow mesenchymal stem cells (BMSCs), so as to provide a new theoretical basis for the clinical treatment of
osteoporosis. Methods: Detect changes of LncRNA and miRNA expression predicted in post-differentiation BMSCs with
Western blot and gPCR tests. Verify the regulatory relationship between LncRNA and miRNA, miRNA and SIRT1 through
the luciferase reporter assay. Transfect recombinant plasmids with LncRNA and their shRNA or transfected miRNA mimics
and inhibitors. Results: According to the bioinformatic prediction, LncRNA TUG/miR-204 affected the regulation of SIRT 1
on osteogenic differentiation of BMSCs, which were consistent with the results of luciferase reporter assay, namely, there
are direct regulation targets between LncRNA TUG and miR-204, miR-204 and SIRT 1. Overexpression and knockdown
experiments revealed that LncRNA TUG overexpression/knockdown down/up-regulated miR-204 expression, which
otherwise increased/decreased SIRT1 levels, and was positively correlated with osteogenic differentiation of BMSCs.
Conversely, miR-204 was negatively correlated with LncRNA TUG and SIRT1, and negatively regulated osteogenic
differentiation. Conclusion: This study found the direct requlatory relationship of LncRNA TUG/miR-204/SIRT1 during
the osteogenic differentiation of BMSCs, and revealed that SIRT 1 positively requlates the osteogenic differentiation of
BMSCs, which provides a theoretical basis and potential therapeutic targets for a series of osteogenic differentiation-

related diseases including osteoporosis.
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Introduction

In recent years, osteoporosis has become a common
chronic metabolic disease with increasing prevalence. It
seriously affects the life and health of patients, as well as
bone fragility and fracture risk, which is also affected by
genetic and environmental factors'=. Osteoblasts play an
important role in bone formation and bone development,
most of which are derived from bone marrow mesenchymal
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stem cells (BMSCs), a kind of cells with multi-directional
differentiation potential. It can induce differentiation into
osteoblasts and adipocytes under certain conditions,
and is widely used in tissue engineering and genetic
engineering*®. At present, the clinical treatment of
osteoporosis mainly includes vitamin D, calcium, physical
exercise, reasonable diet and so on, which cannot
effectively control the occurrence and development of
osteoporosis. Hence, it is of great clinical significance to
find an effective treatment for osteoporosis®.

With the increase of age and the decrease of hormone
level, the expression of inflammatory factors is increasing,
which affects the survival of osteoblasts in bone marrow
microenvironment, breaking the dynamic balance between
osteoblasts and osteoclasts, with a large loss of sclerotin,
eventually causing osteoporosis. Many evidence suggests
that the epigenetic modifications can be applied to explain
the potential mechanism of association between genetic
and environmental factors with osteoporosis and increased
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risk of fracture, and therefore, the exploration of epigenetic
inheritance for this process is expected to be a key in the
treatment of osteoporosis’.

Sirtuin 1 (SIRT1) interacts with proteins such as
transcription factors, c-myc, NF-kB, IGFBP1, p300, and p53
in various signal transduction pathways. And it participates in
the neuroprotection, cell senescence and apoptosis, glycolipid
metabolism, inflammatory oxidative stress response and so
on, playing its regulatory function on genes. Studies have
confirmed that SIRT1 is an important positive reqgulator of
osteoblast formation and bone mass, which can be activated
by kinases such as adenosine monophosphate-activated
protein kinase, JNK1 and casein kinase 2, as well as small
molecular drugs such as resveratrol’. These kinases and
drugs affectbone metabolism, and studies have authenticated
that SIRT1 signaling pathway can also directly regulate bone
metabolism, but the specific regulatory mechanism remains
unclear. Therefore, our study took SIRT1 as the entry point of
the osteogenic differentiation requlatory pathway, in order to
explore and improve the requlatory mechanism of SIRT1 on
osteogenic differentiation.

In order to explore the regulatory mechanism of SIRT1
on osteogenic differentiation, our research focused
on the epigenetic reqgulators that play important roles
in gene expression, biological life processes and bone
differentiation of cells, including microRNAs (miRNAs)
and long non-coding RNAs (LncRNAs)'°. Among them,
miRNA is widely studied, as a class of non-coding single-
stranded RNA molecules with the length as about 22
noncoding single-stranded RNA molecules of ribonucleic
acid. It participates in the occurrence and development of
many diseases by complementing the untranslated region
of target gene mRNA at the post-transcriptional level,
combined with the inhibition of target gene expression'’.
Reportedly, some miRNAs can be involved in bone
formation, bone development, and then participate in the
occurrence and development of bone related diseases. For
example, some researchers have found that knockdown
miR-185 can requlate BMP/Smad pathways, promote
osteogenic differentiation, inhibit bone loss in patients
with osteoporosis'?. miR-103a and miR-660 are related to
bone structure in patients with osteoporosis'®. miR-204
is involved in Runt transcription-related factor 2 (Runx2)
/ ALP/BMP2 signaling pathways, which regulates the
differentiation of BMSCs, inhibit osteoporosis caused by
the imbalance due to osteogenic differentiation of BMSC'4.

As studies on LncRNA continue, LncRNA TUG1 may
negatively regulate miR-204 to reduce inflammation
and insulin resistance by promoting SIRT1 pathway has
been revealed. Other studies have proposed the role of
Lnc RNA TUG1 in promoting osteoblast proliferation and
differentiation by luohan V'S, However, specific mechanism
of LncRNA TUG on osteogenic differentiation of BMSCs has
not been elucidated, and its downstream targets need to be
further verified.

Hence, based on the above theoretical basis, this study
revealed that the regulatory function of LncRNA TUG/miRNA
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-204/SIRT1 during osteogenic differentiation may contribute
to identifying potential therapeutic targets for osteoporosis.
Therefore, according to the above theoretical basis, this
study aims to explain the regulatory function of LncRNA TUG/
miRNA-204/SIRT1 pathway in osteogenic differentiation of
BMSCs, with the specific experimental schemes as follows:

Details of experimental methods
BMSCs cultivation

BMSCs were purchased from Procell, China, which were
cultured with a special complete medium (Procell, Wuhan,
China) to human BMSCs containing 10% FBS, mesenchymal
stem cell growth additive, 1% glutamine and 1% double
antibody. Then, the cells were cultivated in the incubator
(Thermo, CA, USA) with 5%CO0, at 37°C'°.

Induction in osteogenic differentiation of BMSCs

Human BMSCs (Catalogue Number HUXMA-01001;
Cyagen Biosciences, CA, USA) were cultured in the humid
atmosphere containing 10% FBS (Gibco, Thermo Fisher
Scientific, Inc, CA, USA), DMEM of 100U/ml penicillin and
100U/ml streptomycin (HyClone, UT, USA), with 5% CO,,
at 37°C. To induce osteogenic differentiation, the cells were
cultured in DMEM containing 10% FBS, dexamethasone (100
nM; Sigma-Aldrich, MO, USA), with ascorbic acid 2-phosphate
(200 pM; Sigma-Aldrich, MO, USA) and B-glycerophosphate
(10 mM; Sigma-Aldrich, MO, USA) at 37°C for 15 days,
changing the culture media every three days'.

Prediction of potential binding sites

Potential binding sites between miR-204 and TUG1, miR-
204 and SIRT1 were predicted with network tools, such
as StarBase (http://starbase.sysu.edu.cn/index.php) and
Targetscan (http://www.targetscan.org/vert_72/)'®.

Determination of luciferase activity

The luciferase kit was purchased from Beyotime Biological
Co., Ltd (Nanjing, China). BMSCs were inoculated into a 24-
well plate, which were transfected with calcium phosphate
after 24 h, to transfect all required DNA. After abandoning
the culture, the cells were washed with PBS once, added
120 pL lysate to each hole, placed at 4°C for 10 min,
with centrifugation at 13000 rpm for 5 min, to take the
supernatant. 20 yL lysate was mixed with 10 pL luciferase
test reagent well, which was immediately detected for
fluorescent signals with sepctrafluor plus, to analyze the
relative activity of luciferase after fluorescence calibration'.

Detection of alkaline phosphatase (ALP) activity

ALP kit was purchased at Beyotime Biological Co.,
Ltd. (Nanjing, China). 100 pL substrate buffer and 20
uL samples were added to a 96-well microporous plate,
incubated at 37°C for 15 min after fully oscillating on the
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Figure 1. Changes of LncRNA TUG, miR-204 and SIRT1 after osteogenic differentiation of BMSCs. A: Od was used as a comparison
control. Changes of markers, such as Runx2, OCN, OPN, ALP and ARS, for osteogenic differentiation of BMSCs detected before induction
(Od), the 7t day after induction (7d), and the 14t day after induction (14d), n=3, ***P<0.001; B-E: Od was used as a comparison control.
Changes of LncRNA TUG, miR-204 and SIRT1 mRNA levels before and after osteogenic differentiation detected with real-time PCR;
Changes of SIRT1 proteins detected with Western blot methods, n=3, ***P<0.001.
- J

microplate vibrator for 1 min. 80 pL reaction termination
solution was added, and measured with enzyme labeling
instrument for absorption values at 405 nm after fully
oscillating on the microplate vibrator for 1 min. The
detection of blank control and standards were carried out
with the same method?°.
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Alizarin red staining (ARS)

ARS kit was purchased from Beyotime Biological Co.,
Ltd. (Nanjing, China). BMSCs were aspirated the culture
solution, and washed with PBS three times. 1 ml 10%
CPC (10mM Na2HPO4, prepared pH 7.0 10% CPC) was
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Figure 2. Direct regulation of SIRT1 expression by miR-204 in BMSCs. A: Sites of interaction between miR-204 and SIRT1 mRNA
predicted with the bioinformatics tool STARBASE; B: Targeted regulation effect of miR-204 on SIRT1 mRNA in BMSCs and the sites with
interaction detected with the luciferase reporter, n=3, ***P<0.001; C, D: Changes of SIRT1 mRNA and protein levels detected with real-
time PCR and Western blot, n=3, ***P<0.001.

added to each hole of a 6-hole plate, shook on the shaker RNA extraction and gPCR amplification

for 15 minto 1 h. The eluted CPC was transferred into the According to previous studies, total RNAs were extracted
EP tube. The cells were diluted 20 times with 10% CPC. g5 celis with TRIzol reagent (Invitrogen, CA, USA), and were
and determined with an enzyme marker at 562 nm of also extracted from chondrocytes with TRIzol reagent. High
wavelength, with 10% CPC to zero. When the measured  yolume cDNA reverse transcription kit (Applied Biosystems,
value is between 0-1.8, it shows a better linear, and the CA, USA; Cargo number: 4368814) was also adopted
standard curve can be drawn?'. according to the instructions. The levels of LncRNA TUGI,
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miR-204, SIRT1, Runx2, osteopontin (OPN), osteocalcin
(OCN), GAPDH and U6 were determined with SYBR Green and
ABI 7500 fast real-time PCR system (Applied Biosystems,
CA, USA). GAPDH and U6 were taken as internal controls. All
experiments were repeated three times?2.

Western blot analysis

Protein extraction and Western blot analysis were
performed referring to the literature step by step. Antibody:
SIRT1, Runx2, OPN, OCN (1:1000, diluted, ab109520,
abcam, USA), GAPDH (1:1000, diluted, ab8245, abcam,
USA). The polyclonal goat anti-rabbit antibody (Cell Signaling
Technology, MA, USA) and Western blotting detection system
(Odyssey, LI-COR, LN, USA) were used for detection?2.

Cellular transfection

BMSCs were inoculated on the 6-hole plate with a
inoculation density of 2x10° cells/hole. Before transfection,
serum-free culture media was used to culture for 24 h.
Lipofect 2000 transfection reagent was used to transfect
100nM pGL6-NC, pGL6-TUGT, sh-NC, sh-TUG1, miR-204-
NC, miR204, AMO-204, AMO-NC (Santa Cruz technology, TX,
USA; Cargo Number: sc-29428, USA), the transfection was
operated according to the product instruction. After 6 h of
transfection, the transfected culture media was replaced with
the conventional culture media. After 48 h of transfection,
the cells were harvested for in vitro experimental?3.

Statistical analysis

Data were analyzed with GraphPad Prism 7.0 software.
All results were expressed as the mean + Standard Error of
the Mean (SEM). The statistical comparison was conducted
by t test or one-way ANOVA between the two groups, and
the statistically significant difference was set to P<0.05.
“Relative level” means paired-comparison of each parallel
group in the following results.

Results

Changes of LncRNA TUG, miR-204 and SIRT1 after osteogenic
differentiation of BMSCs

In order to study the osteogenic differentiation of BMSCs
in osteoporosis, we induced osteogenic differentiation of
BMSCs, and detected the changes of markers, such as the
changes of Runx2, OCN, OPN, ALP and ARS in osteogenic
differentiation. Figure 1A demonstrates the establishment
of the induction on osteogenic differentiation of BMSCs in
this study. The changes of LncRNA TUG, miR-204 and SIRT1
expression were detected before osteogenic differentiation
of BMSCs and on the 7" and 14™ days after osteogenic
differentiation of BMSCs with real-time PCR, Western blot
and other methods. As shown in Figure 1B-E, LncRNA TUG1
expression was continuously up-requlated and miR-204 was
gradually down-regulated with the induction of osteogenic
differentiation, while the levels of SIRT1 mRNA and proteins
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were gradually up-requlated, suggesting a correlation
between LncRNA TUG, miR-204 and SIRT1 with osteogenic
differentiation of BMSCs.

miR-204/SIRT1 regulating osteogenic differentiation in
BMSCs

The sites where miR-204 interacted with SIRT1 mRNA
were predicted with bioinformatics tool STARBASE (Figure
2A), so we're assuming that MiR-204 affects the process
of osteogenic differentiation of BMSCs by requlating the
transcription of SIRT1. To test this hypothesis, we first
explored whether it has a direct target with double luciferase
reporter. As shown in Figure 2B, through the analysis of
double luciferase activity, miR-204 overexpression can
significantly reduce SIRT1-WT activity compared with its
negative control group (NC), but overexpression of miR-
204 mimics has no significant effect on SIRT1-MUT activity.
Meanwhile, overexpression of miR-204 mimics can also
significantly inhibit the expression of SIRT1 mRNA and
proteins (Figure 2C-D). These results suggest that SIRT1 is
a direct target of miR-204, and may be negatively requlated.

To verify miR-204/SIRT1 regulation on osteogenic
differentiation of BMSCs, we transfected miR-204, miR-
204+AMO-204 in BMSCs, and compared them with negative
control group as a reference. As shown in Figure 3, 7 and
14 days after the introducing of osteogenic differentiation,
miR-204 significantly inhibited the expression of SIRTI,
Runx2, OPN and OCN, and the levels of ALP and ARS, while
the inhibitor AMO-204 increased the protein levels of these
osteogenic differentiation markers, neutralized the effect of
miR-204 on osteogenic differentiation, indicating that miR-
204 is indeed the upstream of SIRT1, which can mediate the
regulation on osteogenic differentiation of BMSCs.

Direct regulatory relationship between LncRNA TUG and miR-
204 in BMSCs

Similarly, the sites where LncRNA TUG interacted with
miR-204 were predicted with bioinformatics tool StarBase
(Figure 4A), and the interaction between the two was verified
by luciferase reporter assay (Figure 4B). The effects of
knockdown LncRNA TUG expression in BMSC on osteogenic
differentiation were explored through transfecting shRNA or
its negative control shRNA (sh-NC) of LncRNA TUG. As shown
in Figure 4C, after sh-TUG, miR-204 was up-regulated, with
down-regulation of SIRT1 expression. The expression of
osteogenic differentiation markers, such as Runx2, OCN
and OPN decreased significantly, the levels of ALP and ARS
were significantly down-requlated. To verify LncRNA/miR-
204 regulation on osteogenic differentiation of BMSCs, we
transfected miR-204 analogues and LncRNA overexpression
plasmids at the same time. As shown in Figure 4D, LncRNA
TUG and miR-204 were co-transfected, which hindered
miR-204 regulation on osteogenic differentiation of BMSCs,
suggesting that LncRNA TUG is really a upstream regulator
of miR-204 in BMSCs.
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Figure 4. LncRNA/miR-204 regulating on osteogenic differentiation of BMSCs. A: Sites where LncRNA TUG interacted with miR-204
were predicted with the bioinformatics tool StarBase; B: Targeted requlation effect of miR-204 on LncRNA TUG in BMSCs and the
sites with interaction detected with the luciferase reporter, n=3,
shRNA of LncRNA TUG on miR-204, SIRT1, and markers of osteogenic differentiation detected with real-time PCR, Western blot, ALP
and ARS methods, n=3, ***P<0.001; D: NC was used as a comparison control. Changes in miR-204, SIRT1, and markers of osteogenic
differentiation detected with real-time PCR, Western blot, ALP and ARS methods, n=3, ***P<0.001.
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***P<0.001; C: sh-NC was used as a comparison control. Effects of

As shown above, our study verified the requlatory
relationship of LncRNA/miR-204/SIRT1 in BMSCs, clarified
the effects of this pathway on osteogenic differentiation of
BMSCs, and revealed the important mechanism of LncRNA-
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miRNA-mRNA in osteoporosis, which provides a new
research theory for the basic research in this field and a
new therapeutic target and intervention mechanism for the
treatment of osteoporosis.
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Discussion

Inthis study, we had three findings: 1) During the osteogenic
differentiation of BMSCs, the expression of LncRNA TUG1
was up-regulated, the expression of miR-204 was down-
requlated, and the expression of SIRT1 was up-regulated;
2) LncRNA TUGT interacted with miR-204 and negatively
requlated the expression of miR-204; miR-204 specifically
bound to SIRT1 and negatively regulates the expression of
SIRT1; 3) LncRNA TUG1 promoted osteogenic differentiation
by requlating the expression of miR-204/SIRT1, confirming
the role of LncRNA TUG1/miR-204/SIRT1 pathway in the
osteogenic differentiation of BMSCs.

Bone marrow mesenchymal stem cells, BMSCs, are
multifunctional cells that can differentiate into different types
of connective tissue cells, namely osteoblasts, chondrocytes,
adipocytes, myoblasts andsoon.BMSCs canbe usedfortissue
engineering repair or replacement of tissues and organs,
which can be differentiated into adipogenic, cartilaginous,
myogenic, neurogenic and osteoblast lineage pathways. In
vitro osteoblast differentiation of BMSCs is crucial for the
progress in bone regeneration and osteoporosis. Adipocytes
in bone marrow increase in age-related osteoporosis. As we
all know, osteoporosis is associated with postmenopausal
estrogen deficiency, which is one of the most common causes
of age-related bone loss. Hormone replacement therapy
(HRT) can inhibit endocrine-deficient postmenopausal
osteoporosis and reduce the incidence of fractures, but
adverse side effects of these drugs have recently been
identified. HRT can increase the risk of breast cancer and
endometrial cancer, accompanied by other adverse side
effects, including fluid retention, headache, mood swings,
and depression, significantly reducing women’s quality of
life. Therefore, more effective, safer and selective treatment
strategies are needed to osteoporosis. Hence, the research
on the pathogenesis of osteoporosis lays a theoretical
foundation for the treatment of osteoporosis?52°,

To date, LncRNAs and miRNAs are considered to play a
key requlatory function in the biological process of many
diseases, which may have good diagnostic, therapeutic and
prognostic value for various chronic metabolic diseases.
Non-coding RNA is a key regulator of osteogenic induction
of stem cells3°3'. There is growing evidence that LncRNA can
combine specific miRNA, further give play to its reqgulatory
function by combining targeted mRNA. Some studies have
reported that LncRNA-miRNA-mRNA regulatory pathways
can regulate osteogenic differentiation, which in turn affects
many orthopaedic diseases including osteoporosis3?33,
MicroRNAs (miRNAs) are approximately 22 nucleotides long,
which play arole in gene regulation during posttranscriptional
reqgulation. Recently, a report indicated that miR-214 can
regulate osteogenic differentiation and bone formation, and
high levels of miR-214 are associated with low bone formation.
Moreover, MiR-214 can inhibit osteoblastic function by
targeting ATF434. MiR-204 can also be up-requlated during
osteoclast formation, and promote osteoclast formation.
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In addition, miR-204 can also attenuate osteogenic
differentiation of mesenchymal stem cells®526, Qur study
predicted a binding site between miR-204 and SIRT1 by
bioinformatics. Besides, there has been no report elucidating
miR-204 reqgulation on osteogenic differentiation of BMSCs
through direct regulation of the signaling pathway. Long non-
coding RNAs (LncRNAs) are over 200 nucleotides long, which
are involved in multiple cellular processes, and can regulate
osteogenic differentiation that has been reported in other
studies. LncRNA TUG is an antisense LncRNA on human TUG
sites to promote epithelial cell proliferation and epithelial-
mesenchymal transition that has been reported as well. It
also mediates the growth of hepatocellular carcinoma as
competing endogenous RNA (ceRNA)*". Recently, there have
also been reports showing that it can promote osteogenic
differentiation by activating Wnt/B-catenin signaling
pathways to alleviate osteolytic®. Through literature and
bioinformatics analysis, the direct interaction between miR-
204 and LncRNA TUG can be inferred. However, whether
TUG can regulate osteogenic differentiation by neutralizing
miR-204 has not been reported, which need to be further
clarified.

SIRT1 silencing information regulator 1 is a highly
conservative NAD* dependent protein deacetylases,
also known as anti-aging enzyme. SIRT1 can interact
with forkhead-box transcription factors (FOX0) 1/3/4,
c-myc, NF-kB, IGFBP1, p300, p53 and other proteins,
which is involved in neuroprotection, cell senescence,
apoptosis, glycolipid metabolism, inflammatory oxidative
stress, acting with its reqgulatory function on genes. Given
above functions, SIRT1 has attracted wide attention of
researchers in various disciplines. In addition to being
widespread in mature tissues, SIRT expresses high in fetal
brain tissues and adult brain tissues, skeletal muscle,
kidney and heart. Because of the differences of cells in the
organism, SIRT1 location is different, some only express
in the nucleus, some only express in the cytoplasm, and
some express in both of them. SIRT1 plays an important
role in maintaining genome stability, repairing DNA
damage, regulating mitosis, antioxidant stress, anti-
inflammatory response, anti-apoptosis and other life
activities. It can interact with different substrates, playing
different biological functions. Research indicates that
SIRT1 can inhibit the cell death induction mechanism
and promote cell survival by enhancing the expression of
FOXO target genes and changing the cell cycle retention or
arrest in the process of anti-oxidative stress. SIRT1 either
directly or indirectly regulates the cell cycle, indicating
that SIRT1 is involved in the cell development cycle, as a
certain role. Studies have found that SIRT1 can regulate
insulin secretion and indirectly requlate glucose and lipid
metabolism by directly binding to the decoupling protein
promoter gene and inhibiting UCP2 expression. SIRT1
protein activity is known to be modulated by resveratrol
and nicotinamide, which activate and inhibit SIRT1,
respectively, and SIRT1 activation reduces adipocyte
formation during mesenchymal stem cell osteoblast
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differentiation. In previous studies, treatment with SIRT1
inhibitor nicotinamide down-requlated bone-specific
matrix compounds, suggesting that SIRT1 seems to be
a reqgulator of mesenchymal stem cell differentiation
into osteoblasts. Additionally, nicotinamide-treated
pre-osteoblasts down-regulated bone-specific matrix
components, with apoptosis, while activating SIRT1 can
reduce adipocyte differentiation, and increase osteoblast
differentiation. This differentiation is accompanied by the
expression of the osteoblastic transcription factor Runx2,
which leads to early initiation of osteoblast differentiation
procedures. SIRT1 can promote osteoblast differentiation
by directly requlating Runx2 and other factors, as
well as the NCoR and PPAR-c of nuclear receptor co-
inhibitors3°-44, Even so, for osteogenic differentiation, the
upstream regulation network of SIRT1 is still incomplete,
there are still a lot of research vacancies. Consequently,
the exploration of key regulatory factors upstream of
SIRT1 is the theoretical basis for perfecting SIRT1 as a
potential therapeutic target for osteoporosis.

Through the study, we determined the reqgulatory role
of SIRT1 in the process of osteogenic differentiation, and
further improved the regulatory network of SIRT1-related
osteogenic differentiation process. Our study complemented
the upstream requlatory pathway of SIRT1, an important
reqgulator of bone differentiation, and validated the effect of
disrupting this regulatory pathway on bone differentiation.
As shown in result section 4, exogenous interference
upstream of SIRT1 can significantly affect the osteogenesis
regulation of BMSCs, suggesting that the targeted regulation
of LncRNA TUG or/and miR-204 can be a potential target for
future clinical treatment.

In addition, based on our research, we can also provide
bolder inspiration for future research directions: 1) Whether
the treatment methods for non-orthopaedic diseases that can
affect LncRNA TUG or/and miR-204 can affect the related
diseases of abnormal osteogenic differentiation; 2) Can the
tissue or serum levels of LncRNA TUG and miR-204 be used
as diagnostic criteria to indicate disease progression? Joint
exploration and clarification are still needed.

Authors’ contributions

XO designed the study and drafted the manuscript. YD and LY were
responsible for the collection and analysis of the experimental data.
FX and XY revised the manuscript critically for important intellectual
content. All authors read and approved the final manuscript.

References

1. Black DM, Rosen CJ. Clinical Practice. Postmenopausal
Osteoporosis. N Engl J Med 2016;374(3):254-62.

2. Ensrud KE, Crandall CJ. Osteoporosis. Ann Intern Med
2017;:167(3):TC17-ITC32.

3. Aspray TJ, Hill TR. Osteoporosis and the Ageing
Skeleton. Subcell Biochem 2019;91:453-476.

4. FuX,LiuG,HalimA,JuY,Luo Q, Song AG. Mesenchymal
Stem Cell Migration and Tissue Repair. Cells 2019;

www.ismni.org

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

8(8):784.

BrownC, McKee C,Bakshi S, Walker K, HakmanE, Halassy
S, Svinarich D, Dodds R, Govind CK, Chaudhry GR.
Mesenchymal stem cells: Cell therapy and regeneration
potential. J Tissue Eng Regen Med 2019;13(9):1738-
1755.

Khosla S, Hofbauer LC. Osteoporosis treatment: recent
developments and ongoing challenges. Lancet Diabetes
Endocrinol 2017;5(11):898-907.

Lee WC, Guntur AR, LongF, Rosen CJ. Energy Metabolism
of the Osteoblast: Implications for Osteoporosis. Endocr
Rev 2017;38(3):255-266.

Anesi A, Generali L, Sandoni L, Pozzi S, Grande A.
From Osteoclast Differentiation to Osteonecrosis of
the Jaw: Molecular and Clinical Insights. Int J Mol Sci
2019;20(19):4925.

ChenY, Zhou F, Liu H, Li J, Che H, Shen J, Luo E. SIRT1,
a promising requlator of bone homeostasis. Life Sci
2021;269:119041.

Matsui M, Corey DR. Non-coding RNAs as drug targets.
Nat Rev Drug Discov 2017;16(3):167-179.

Lu TX, Rothenberg ME. MicroRNA. J Allergy Clin
Immunol 2018;141(4):1202-1207.

Cui Q, Xing J, Yu M, Wang Y, Xu J, Gu Y, Nan X, Ma W,
Liu H, Zhao H. Mmu-miR-185 depletion promotes
osteogenic differentiation and suppresses bone loss
in osteoporosis through the Bgn-mediated BMP/Smad
pathway. Cell Death Dis 2019;10(3):172.

Valassi E, Garcia-Giralt N, Malouf J, Crespo |, Llauger J,
Diez-Pérez A, Webb SM. Circulating miR-103a-3p and
miR-660-5p are associated with bone parameters in
patients with controlled acromegaly. Endocr Connect
2019;8(1):39-49.

Jiang X, Zhang Z, Peng T, Wang G, Xu Q, Li G. miR-204
inhibits the osteogenic differentiation of mesenchymal
stem cells by targeting bone morphogenetic protein 2.
Mol Med Rep 2020;21(1):43-50.

Zhang Y, Gu M, Ma Y, Peng Y. LncRNA TUG1 reduces
inflammation and enhances insulin sensitivity in white
adipose tissue by regqulating miR-204/SIRT1 axis in
obesity mice. Mol Cell Biochem 2020;475(1-2):171-
183.

Liu X, Zheng L, Zhou Y, Chen Y, Chen P, Xiao W. BMSC
Transplantation Aggravates Inflammation, Oxidative
Stress, and Fibrosis and Impairs Skeletal Muscle
Regeneration. Front Physiol 2019;10:87.

Wang, Zhang X, Shao J, Liu H, Liu X, Luo E. Adiponectin
regulates BMSC osteogenic differentiation and
osteogenesis through the Wnt/B-catenin pathway. Sci
Rep 2017;7(1):3652.

Wang W, Lou W, Ding B, Yang B, Lu H, Kong Q, Fan W.
A novel mMRNA-miRNA-IncRNA competing endogenous
RNA triple sub-network associated with prognosis of
pancreatic cancer. Aging (Albany NY) 2019;11(9):2610-
2627.

Nair AK, Baier LJ. Using Luciferase Reporter Assays to
Identify Functional Variants at Disease-Associated Loci.

409



X. Ouyang et al.: LncRNA TUG/miR-204/SIRT1 regulates osteogenic differentiation of BMSCs

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Methods Mol Biol 2018;1706:303-319.

Liu X, Zou L, Yang X, Wang Q, Zheng Y, Geng X, Liao
G, Nie W, Wang K. Point-of-Care Assay of Alkaline
Phosphatase Enzymatic Activity Using a Thermometer
or Temperature Discoloration Sticker as Readout. Anal
Chem 2019;91(12):7943-7949.

Chen S, Tang, Liu Y, Zhang P, Lv L, Zhang X, Jia L, Zhou
Y. Exosomes derived from miR-375-overexpressing
human adipose mesenchymal stem cells promote bone
regeneration. Cell Prolif 2019;52(5):e12669.

Hayashi S, Fujishiro T, Hashimoto S, Kanzaki N, Chinzei
N, Kihara S, Takayama K, Matsumoto T, Nishida K,
Kurosaka M, Kuroda R. p21 deficiency is susceptible to
osteoarthritis through STAT3 phosphorylation. Arthritis
Res Ther 2015;17:314.

Liu Z, Sun M, Lu K, Liu J, Zhang M, Wu W, De W, Wang Z,
Wang R. The long noncoding RNA HOTAIR contributes
to cisplatin resistance of human lung adenocarcinoma
cells via downrequaltion of p21(WAF1/CIP1) expression.
PLoS One 2013;8(10):e77293.

Zhang T, Li Y, Zhu R, Song P, Wei Y, Liang T, Xu G.
Transcription Factor p53 Suppresses Tumor Growth by
Prompting Pyroptosis in Non-Small-Cell Lung Cancer.
Oxid Med Cell Longev 2019;2019:8746895.

Yang X, Yang J, Lei P, Wen T. LncRNA MALAT1 shuttled
by bone marrow-derived mesenchymal stem cells-
secreted exosomes alleviates osteoporosis through
mediating microRNA-34¢/SATB2 axis. Aging (Albany
NY) 2019;11(20):8777-8791.

Liu H, Yi X, Tu S, Cheng C, Luo J. Kaempferol
promotes BMSC osteogenic differentiation and
improves osteoporosis by downregulating miR-10a-
3p and upreqgulating CXCL12. Mol Cell Endocrinol
2021;520:111074.

Jing H, Liao L, Su X, Shuai Y, Zhang X, Deng Z, Jin Y.
Declining histone acetyltransferase GCN5 represses
BMSC-mediated angiogenesis during osteoporosis.
FASEB J 2017;31(10):4422-4433.

Gialeraki A, Valsami S, Pittaras T, Panayiotakopoulos
G, Politou M. Oral Contraceptives and HRT Risk of
Thrombosis. Clin Appl Thromb Hemost 2018;24(2):217-
225.

Langer RD. The evidence base for HRT: what can we
believe? Climacteric 2017;20(2):91-96.

Liu S, Xie X, Lei H, Zou B, Xie L. Identification of Key
circRNAs/IncRNAs/miRNAs/mRNAs and Pathways in
Preeclampsia Using Bioinformatics Analysis. Med Sci
Monit 2019;25:1679-1693.

Huang Y. The novel reqgulatory role of INcRNA-miRNA-
mRNA axis in cardiovascular diseases. J Cell Mol Med
2018;22(12):5768-5775.

www.ismni.org

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Jin D, Wu X, Yu H, Jiang L, Zhou P, Yao X, Meng J,
Wang L, Zhang M, Zhang Y. Systematic analysis of
IncRNAs, mRNAs, circRNAs and miRNAs in patients
with postmenopausal osteoporosis. Am J Transl Res
2018;10(5):1498-1510.

Yang Y, Yujiao W, Fang W, Linhui Y, Zigi G, Zhichen W,
Zirui W, Shengwang W. The roles of miRNA, IncRNA and
circRNA in the development of osteoporosis. Biol Res
2020;53(1):40.

Wang CG, Wang L, Yang T, Su SL, Hu YH, Zhong D.
Pseudogene PTENP1 sponges miR-214 to reqgulate
the expression of PTEN to modulate osteoclast
differentiation and attenuate osteoporosis. Cytotherapy
2020;22(8):412-423.

Sacchetti B, Fatica A, Sorci M, Sorrentino A, Signore M,
Cerio A, Felicetti F, Feo A, Pelosi E, Caré A, Pescarmona
E, Gordeladze JO, Valtieri M. Effect of miR-204&211
and RUNX2 control on the fate of human mesenchymal
stromal cells. Regen Med Res 2017;5:2.

Zeng X, Feng Q, Zhao F, Sun C, Zhou T, Yang J, Zhan
X. Puerarin inhibits TRPM3/miR-204 to promote
MC3T3-E1 cells proliferation, differentiation and
mineralization. Phytother Res 2018;32(6):996-1003.
Xie C, Chen B, Wu B, Guo J, Cao Y. LncRNA TUGI
promotes cell proliferation and suppresses apoptosis in
osteosarcoma by requlating miR-212-3p/FOXA1 axis.
Biomed Pharmacother 2018;97:1645-1653.

YangH, He X, Wang C, ZhangL, Yu J, Wang K. Knockdown
of TUG 1 suppresses hypoxia-induced apoptosis of
cardiomyocytes by up-requlating miR-133a. Arch
Biochem Biophys 2020;681:108262.

Chen C, Zhou M, Ge Y, Wang X. SIRT1 and aging related
signaling pathways. Mech Ageing Dev 2020;187:111215.
Chang HC, Guarente L. SIRT1 and other sirtuins in
metabolism. Trends Endocrinol Metab 2014;25(3):138-
45,

Tang BL. Sirtl and the Mitochondria.
2016;39(2):87-95.

Bartoli-Leonard F, Wilkinson FL, Langford-Smith AWW,
Alexander MY, Weston R. The Interplay of SIRT1 and
Wnt Signaling in Vascular Calcification. Front Cardiovasc
Med 2018;5:183.

Zainabadi K, Liu CJ, Guarente L. SIRT1 is a positive
regulator of the master osteoblast transcription factor,
RUNX2. PLoS One 2017;12(5):e0178520.
Bartoli-Leonard F, Wilkinson FL, Schiro A, Inglott FS,
Alexander MY, Weston R. Suppression of SIRT1 in
Diabetic Conditions Induces Osteogenic Differentiation
of Human Vascular Smooth Muscle Cells via RUNX2
Signalling. Sci Rep 2019;9(1):878.

Mol Cells

410



