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Background: This study aimed to investigate the role 
of long non-coding (Lnc) RNA MEG3 on the osteogen-
esis of human bone marrow mesenchymal stem cells  
(hBMSCs). Materials and Methods: The binding of miR-
21-5p to LncRNA MEG3 and SOD3 was determined using 
luciferase reporter assay; fluorescence quantitative PCR 
was used to detect the expression of LncRNA MEG3 at 
different induction times. hBMSCs were transfected with 
LncRNA MEG3 overexpression vector and induced for os-
teoblasts for 14 days. Alkaline phosphatase (ALP) stain-
ing, and alizarin red staining were used to detect bone 
differentiation, immunofluorescence assays were used 
to detect the expression of SOD3 and COL2A1. Results: 
Luciferase reporter assay revealed that miR-21-5p bond 
to LncRNA MEG3 and SOD3. Flow cytometry analysis 
showed that hBMSCs were highly pure. After osteogenic 
induction for 14 days, compared with the control group, 
the overexpression of LncRNA MEG3 significantly in-
creased the activity of ALP and enhanced the formation 
of calcium nodules in hBMSCs. The overexpression also 
increased the expression of COL2A1 and SOD3 signifi-
cantly (P<0.05). Conclusions: LncRNA MEG3 can promote 
the osteogenesis and bone regeneration of hBMSCs and 
increasing the expression of SOD3 and COL2A1 via tar-
geting the miR-21-5p/SOD3 axis
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INTRODUCTION

Trauma, infection, congenital diseases, and tumors 
may cause bone defects and the repair of large bone de-
fects is still a challenging issue in clinical practice (Cui et 
al., 2018). At present, the filling materials for bone de-
fects mainly include autogenous, allogeneic, xenogeneic 
and artificial bone. Autologous bone transplantation, es-
pecially autogenous bone transplantation with microvas-
cular anastomosis to reconstruct blood vessels, can mini-
mize adverse recipient reactions, and change the process 
of creeping substitution to direct fracture healing. The 
disadvantage of autologous bone transplantation is that 
the amount of bone to be taken is limited and it may 
cause a series of potential complications at the donor 

site such as trauma (Li et al., 2019; Verbeek et al., 2019). 
Compared with other seed cells, human bone marrow 
mesenchymal stem cells (hBMSCs) have a number of ad-
vantages. They are easy to obtain, can be cultured in vitro 
for quick proliferation, have excellent adhesive ability, 
and could maintain typical characteristics of stem cells 
even if the donors are aged. In addition, hBMSCs are 
not immunogenic (de Boeck et al., 2010; Liu et al., 2018a; 
Wu et al., 2018).

The treatment and rehabilitation of bone diseases are 
very important in clinical medicine. The occurrence of 
bone diseases is often due to the disturbance to dynamic 
balance in the bone. There are three cell types in bone 
tissue: osteoblasts, osteoclasts, and osteocytes. Among 
them, osteoblasts are the main functional cells for bone 
formation, responsible for synthesis, secretion, and min-
eralization of bone matrix. Osteoblasts mainly come 
from bone marrow-derived stroma cells (BMSCs). Dif-
ferentiation of osteoblasts from BMSCs has been widely 
studied for the treatment of bone diseases (Yang et al., 
2012; Zou et al., 2021).

Long noncoding RNA (LncRNA) is a class of RNAs 
with a length of more than 200 nucleotides. It is located 
in the cytoplasm or the nucleus but does not encode 
proteins. Its expression is highly tissue-specific (Kawa-
saki et al., 2018). In recent years, it has been found that 
LncRNA is involved in many biological processes, such 
as maintaining homeostasis in cells and tissues (Zhang 
et al., 2018). In the immune system, LncRNA regulates 
the differentiation, activation, proliferation, apoptosis, 
and cytokine expression of T lymphocytes (Li et al., 
2018; Xiong et al., 2018). LncRNA MEG3 is an imprint-
ed gene located on human chromosome 14q32.3 (Zhou 
et al., 2017) and is shown to block tumor progression 
by inhibiting angiogenesis (Liu et al., 2018c), indicating 
that it has a crucial role in angiogenesis that is closely 
related to the development of osteoarthritis (Gordon et 
al., 2010). Similarly, Su et al. showed that the expression 
of MEG3 in the cartilages of patients with osteoarthritis 
was significantly down-regulated, and its expression level 
was negatively correlated with the level of vascular en-
dothelial growth factor (VEGF), suggesting that MEG3 
may participate in the occurrence and development of 
osteoarthritis through regulating angiogenesis (Su et al., 
2015a). However, there are few studies on the role of 
LncRNA MEG3 in osteogenesis.

MicroRNA (miRNA) is a group of short non-coding 
RNA with a length of 21-23 nucleotides, which play an 
important regulatory role in many biological processes 
(Lichner et al., 2013). MiRNA can inhibit the expression 
of proteins or induce the degradation of mRNA through 
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complementary pairing with the base of the target gene 
at specific site to participate the regulation of gene ex-
pression (Zhao et al., 2017). The miRNA-21 family is a 
highly conserved miRNA family, which regulates apopto-
sis, differentiation, vascular remodeling and insulin syn-
thesis (Balaban et al., 2005; Horton Jr. et al., 2006; Sun 
et al., 2013). miR-21-5p is the precursor of 5-miRNA-21. 
The role of miR-21-5p in the differentiation of os-
teoblasts remains largely unknown. Recent studies have 
shown that in liver adipogenesis, MEG3 reduces exces-
sive lipid deposition, likely via regulating the expression 
of LRP6 by binding with miR-21 (Su et al., 2015b). In 
cancer cells, one of the main targets of miR-21 is su-
peroxide dismutase 3 (SOD3). Increased SOD3 protein 
level was observed during chondrogenesis of BMSCs. 
The overexpression of SOD3 increased the collagen type 
IIA1 level (COL2A1), a chondrogenic marker, promot-
ing chondrogenesis of BMSCs (Shi et al., 2019a). On the 
other hand, knockout of the SOD3 gene inhibited the 
expression of COL2A1. However, whether MEG3 plays 
a role in osteoblast differentiation through miR-21-5p re-
mains to be further investigated.

Taken together, how LncRNA regulates the differen-
tiation of stem cells into osteoblasts is still largely un-
clear and the mechanism underlying MEG3 mediated-
osteogenesis of BMSC needs to be explored. Based on 
the previous studies, we speculated that LncRNA MEG3 
may promote the osteogenesis of hBMSCs by regulating 
the miR-21-5p/SOD3 axis. In this study, hBMSCs were 
used to investigate the role of LncRNA MEG3 in regu-
lating the miR-21-5p/SOD3 axis to promote osteogen-
esis. The findings would provide insights into the role 
of LncRNA MEG3 on osteogenesis of hBMSCs for the 
repair of bone defects and cues for molecular therapy of 
bone injury.

MATERIALS AND METHODS

Experimental cells

hBMSCs HUM-iCell-s011 (http://www.icellbioscience.
com/cellDetail/916) were purchased from Biohippo, 
USA and cultured in ICell Primary Mesenchymal Stem 
Cell Culture System (cat no. PriMed-iCell-012, iCell, 
USA) at 37°C in CO2 incubator. Human embryonic 
kidney HEK293 cells were obtained from Therofisher, 
USA.

Reagents and instruments

Fetal bovine serum (FBS) (04-007-1A) was obtained 
from Biogen, USA; dexamethasone (SD9530), vitamin C 
(A8100), alkaline phosphatase staining solution (G1481) 
and alizarin red S (G8550) were purchased from Solar-
bio, USA; Lipofectamine 3000 (Transfection Reagent, 
L3000015) was obtained from Invitrogen, USA; double 
luciferase reporter gene detection kit (RG027) was a 
product of Beyotime Biotech, Beijing; CD29-PE (Biole-
gen 303003), CD44-PE-CY7 (Biolegen 338815), CD45 
FITC (Biolegen 368507), CD90 FITC (Biolegen 328107), 
CD105 APC (Biolegen 323207) and CD73 PERCP/
CY5.5 (Biolegen 344013 ) were purchased from Biole-
gen, USA; lentivirus vectors empty and LncRNA MEG3 
over-expression vector were obtained from ZGLAB, 
Shenzhen; Trizon reagent (CW0580S), ultrapure RNA 
Extraction Kit (CW0581M), miRNA qPCR Assay Kit 
(CW2142S), miRNA Purification Kit (CW0627S) and 
miRNA cDNA Synthesis Kit (CW2141S) were obtained 

from Cwbiotech, Beijing; MitoSOX Red Mitochon-
drial Superoxide indicator (M36008) was obtained from 
Thermo Fisher Scientific, USA; HiScript II qRT Super-
Mix for qPCR (+gDNA wiper) (R223-01) was purchased 
from Vazyme, USA; 2×SYBR Green PCR Master Mix 
(A4004M) was obtained from Lifeint, Beijing; SOD3 
(DF7753) and collagen II (AF0135) were purchased 
from Affinity, USA. Microscopes (CX41) and fluores-
cence microscope (CKX53) were products of Olympus, 
Japan; cytometer Novocyte (NovoCyte 2060R) was pur-
chased from Essen Biology, Hangzhou; real time fluo-
rescent PCR (CFX connect) was obtained from Biorad, 
Shanghai.

Luciferase reporter assay

The assays were carried out as previously described 
(Huang et al., 2019a; Teoh-Fitzgerald et al., 2012). There 
were seven groups including (1) control that did not re-
ceive any treatment (control), (2) LncRNA MEG3, (3) 
dual luciferase reporter vector with LncRNA MEG3 + 
mimic NC (negative control), (4) dual luciferase reporter 
vector with LncRNA MEG3+miR-21-5p mimic, (5) dual 
luciferase reporter vector with SOD3, (6) dual luciferase 
reporter vector with SOD3+mimic NC, and (7) dual lu-
ciferase reporter vector with SOD3+miR-21-5p mimic. 
The cells were digested, counted, and diluted according 
to the needs of the experiment. Cells (8×104 per well) 
were evenly seeded and cultured in the incubator until 
they were completely adherent to the wall. When the cell 
reached 70% of confluence, the medium was changed to 
low serum medium (5% FBS). The cells were transfected 
with dual luciferase reporter vectors. HEK 293 T cells 
(3.5×10 4) were transfected with pRL-SV40 containing 
different 3′-UTR sequences from LncRNA MEG3 and 
SOD3 using Lipofectamine 2000. The transfections were 
carried out in the presence and absence of 25 nM hsa-
miR-21-5p mimics whose sequence is AGUUGUAGU-
CAGACUAUUCGAU. 48 hours later, the transfected 
cells were harvested and assayed for luciferase activity 
using the Dual-Luciferase Reporter Assay System follow-
ing the manufacturer’s instructions. Firefly luciferase ac-
tivities were normalized to Renilla luciferase activity. The 
firefly luciferase activity of the cells that were transfected 
with miRNA mimics was represented as the percentage 
of activity relative to that of the cells that were trans-
fected with negative controls. All experiments were per-
formed in triplicate.

Characterization of hBMSCs

At 90% confluency, cells were harvested, washed with 
PBS twice and digested with trypsin for 3 min and sus-
pended in complete culture medium containing 10% 
FBS. The cells were pelleted by centrifugation at 1500 
rpm for 5 min and re-suspended in 50 μL PBS and 
added with 5 μL each of antibodies against CD29-PE, 
CD44-PE-CY7, CD45 FITC, CD73 PERCP/CY5.5, 
CD90 FITC and CD105 APC. After gently mixing, they 
were incubated at room temperature in the dark for 15 
min, centrifuged to remove excessive dyes and loaded on 
to a flow cytometer (NovoCyte 2060R, from ACEA Bio-
sciences Inc, USA.) for analysis.

Osteoblast induction

 hBMSCs were cultured in DMEM medium contain-
ing 10% FBS and antibiotics (penicillin and streptomycin, 
100 µg/ml) and were subcultured when the confluency 
reached 80–90%. 24 h after the subculture, the medium 
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was replaced with fresh osteoblast induction medium 
(PriMed-iCell-012+10% FBS+penicillin and streptomy-
cin (100µg/ml)+100 nM/L dexamethasone+50 mg /L 
vitamin C+10 mM/L β-glycerophosphate sodium). The 
medium was refreshed every three days and cells were 
harvested on day 7 and 14 for LncRNA MEG3 expres-
sion analysis.

Real time fluorescent quantitative PCR (qRT-PCR)

Total RNA was isolated from cultured hBMSCs using 
the Trizol Reagent according to manufacturer’s instruc-
tions and reversely transcripted to cDNA for mRNA ex-
pression analysis using miRNA cDNA Synthesis kit ac-
cording to manufacturer’s protocols. HiScript II qRT Su-
perMix for qPCR was used for quantification of cDNA 
according to manufacturer’s protocols. Normalization 
was done with GAPDH and U6. The PCR was carried 
out in a total volume of 10 μl containing 1.5 μl of di-
luted and pre-amplified cDNA, 10 μl of 2×SYBR Green 
PCR Master Mix and 1 μl of each fluorescence probe. 
The cycling conditions were 50ºC for 2 min, 95ºC for 
10 min followed by 45 cycles, each one consisting of 10 
s at 95ºC and 30 s at 58ºC. Samples were run in trip-
licate and the mean value was calculated for each case. 
The data were managed according to the previously de-
scribed protocol (Livak & Schmittgen, 2001). The prim-
ers used for qRT-PCR are listed in Table 1.

Transfection

At confluency of 60%, cells were harvested and trans-
fected with lentivirus and Lipofectamine 3000 at final 
concentration of 10 µg/ml according to manufacturer’s 
protocols. The cells were either transfected with empty 
vector (Vector) or LncRNA MEG3 overexpression vec-
tor (LncRNA MEG3) or not transfected (Control). Af-
ter cultured at 37ºC in 5% CO2 incubator for 12 hours, 
fresh complete culture medium was added, and cells 
were cultured for 48 h and then harvested for analysis or 
used for osteoblast induction.

Alkaline phosphatase  (ALP) assay

ALP assay was carried out as described (Sun et al., 
2018). Briefly, after transfection and cultured for 4 days 
in the osteoblast induction medium, hBMSCs were har-
vested, washed with PBS for 3 times and fixed in 4% 
paraformaldehyde for 10–15 min. The cells were then 
washed with PBS and stained in ALP incubation solu-
tion at 37ºC for 5–15 min according to the manufactur-
er’s protocols and photographed under microscope.

Alizarin red staining

The fixed hBMSCs were washed with PBS for 3 times 
and dried. 1% Alizarin red staining solution was added, 
and cells were immersed for 5–10 min. After washing 
with distilled water, the cells were spread onto slides and 
photographed under microscope.

Immunofluorescence assays

Cells were fixed in 4% paraformaldehyde for 10-15 
min and rinsed 3 times with PBS for 3 minutes each 
time. The cells were cleared with 0.5% Triton X-100 (in 
PBS) at room temperature for 20 min and washed with 
PBS for 3 times, 5 min each time. After blocking with 
5% BSA at 37ºC for 30 min, antibodies against SOD3 
(1:250) and collagen II (1:250) were added and the slides 
were incubated overnight at 4ºC. Then, the slides were 

immersed in PBS for three times, three minutes each 
and added with diluted (1:200) fluorescent secondary an-
tibody against Cy3. After incubation at 37ºC for 45 min-
utes and counter-strained with DAPI in dark for 5 min, 
images were captured using a fluorescence microscope.

Statistical analysis

 SPSS 20.0 software was used for statistical analysis. 
The measurement data were expressed as means ± S.D., 
and single factor analysis of variance was used for com-
parison using the Tukey test as post post-hoc test. All 
assays were performed with triplicate in three independ-
ent experiments. A value of P<0.05 was considered sta-
tistically significant.

RESULTS

miR-21-5p bound to LncRNA MEG3 and SOD3

To assess the binding of miR-21-5p to LncRNA 
MEG3 and SOD3, we first assessed the transfection ef-
ficiency of LncRNA MEG3 in hBMSCs. RT-PCR analy-
sis showed that after transfection with LncRNA MEG3 
overexpression vector, the levels of LncRNA MEG3 

Table 1. Primers used for real-time reverse transcriptio n poly-
merase chain reaction

Primer Sequence

LncRNA MEG3 F CCCACCAACATACAAAGCAG

LncRNA MEG3 R TGAGCATAGCAAAGGTCAGG

GAPDH F TGACTTCAACAGCGACACCCA

GAPDH R CACCCTGTTGCTGTAGCCAAA

U6 F GCTTCGGCAGCACATATACTAAAAT

U6 R CGCTTCACGAATTTGCGTGTCAT

Figure 1. Expression of Long non-coding RNA (LncRNA) MEG3 
(A) and microRNA (miR)-21-5p (B) after transfection with LncR-
NA MEG3 overexpression vector and luciferase activities after 
co-transfection with LncRNA MEG3 (C) and SOD3 (D). 
*denotes P<0.05 vs control group.
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mRNA were significantly increased (Fig. 1A), suggesting 
that the transfection is successful. On the other hand, 
the mRNA levels of miR-21-5p were significantly down-
regulated (Fig. 1B) in the transfected cells, indicating that 
LncRNA MEG3 may interact with miR-21-5p. Dual-
luciferase reporter assay showed that when miR-21-5p 
was co-transfected with LncRNA MEG3 or SOD3, the 
luciferase activities were significantly reduced, indicating 
that miR-21-5p is able to bind to LncRNA MEG3 and 
SOD3 (Fig. 1C and D).

Characteristics of hBMSCs

In order to detect the purity of primary hBMSCs, 
flow cytometry was used to analyze the phenotypic 
markers CD29, CD44 and CD45. Results revealed that 
97.21% and 97.70% of the cells were positive for CD29 
and CD44 (Fig. 2), and only 0.43% cells were positive 
for CD45, demonstrating that the purity of hBMSCs 
is high. Also, microscopy studies showed that the cells 
had typical morphology of MSCs (Fig. 3). In addition, 
assessments with phenotypical CD73, CD90 and CD105 
markers showed that these markers were expressed in 

99.86%, 99.98% and 99.94% hBMSCs, further confirm-
ing that the cells had high purity.

Osteoblast induction reduced LncRNA MEG3 expression

Expression of LncRNA MEG3 in osteoblast differen-
tiation process was analyzed. qRT-PCR analysis showed 
that 7 days after osteoblast induction, the mRNA lev-
els of LncRNA MEG3 were similar between the control 
and induced hBMSCs (Fig. 4). However, when assessed 
on the 14th day, the mRNA level in the induced hBM-
SCs was significantly reduced (P<0.05), suggesting that 
LncRNA MEG3 might play a role in osteogenic differ-
entiation of hBMSCs.

LncRNA MEG3 overexpression enhanced osteogenic 
differentiation

To explore the effect of LncRNA MEG3 on os-
teogenic differentiation of hBMSCs, we overexpressed 
LncRNA MEG3 in the cells. ALP assay and alizarin 
red staining showed that ALP activities and formation 
of calcium nodules were remarkably increased in the  
hBMSCs overexpressing LncRNA MEG3 as indicated by 
enhanced staining (Fig. 5).

LncRNA MEG3 overexpression up-regulated COL2A1 
and SOD3

To elucidate the mechanism of LncRNA MEG3-medi-
ated enhanced osteoblast differentiation, the expressions 
of SOD3 and COL2A1 in the hBMSCs were assessed. 
The results showed that SOD3 level was increased in 
the process of bone formation in hBMSCs. As showed 
above, SOD3 could bind to miR-21-5p in the dual lu-
ciferase assays. Therefore, we investigated the effect of 
LncRNA MEG3 overexpression on SOD3 protein level. 
In addition, overexpression of SOD3 can increase the 
level of COL2A1. Therefore, in order to further confirm 
the effect of LncRNA MEG3 overexpression on the os-
teogenic differentiation of hBMSCs at the protein level 

Figure 2. Flow cytometry analysis of cell surface markers CD29, 
CD44, CD45, CD73, CD105 and CD90 in human bone marrow-
derived mesenchymal stem cells. 
(A) flow cytometry results, (B) Expression level of CD29, CD44, 
CD45, CD73, CD105 and CD90.

Figure 3. Human bone marrow-derived mesenchymal stem cells 
showing fibroblast-like morphology under phase contrast mi-
croscope (50 x magnification).

Figure 4. mRNA levels of LncRNA MEG3 during osteogenic dif-
ferentiation of human bone marrow-derived mesenchymal stem 
cells.
*denotes P<0.05 vs control group.

Figure 5. Alkaline phosphatase assay and alizarin red staining of 
human bone marrow-derived mesenchymal stem cells overex-
pressing long non-coding RNA (LncRNA) MEG3 after cultured in 
osteogenic medium for 14 days.
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and explore the effect of LncRNA MEG3 on proteins 
downstream miR-21-5p/SOD3, we investigated the ef-
fect of LncRNA MEG3 overexpression on the level 
of COL2A1. Immunofluorescence assays showed that 
compared with the control, overexpression of LncRNA 
MEG3 significantly increased the expression of COL2A1 
and SOD3 by 1.6 and 3.3 folds (P<0.05, Fig. 5), respec-
tively, demonstrating that overexpression of LncRNA 
MEG3 up-regulates the expression of SOD3 and CO-
L2A1 during the osteogenic differentiation of hBMSCs.

DISCUSSION

Treatments of bone defects based on BMSC have 
been widely used for bone repair. BMSC is a clonogen-
ic cell population that is characterized by self-renewal 
capacity and differentiation potential into osteoblasts. 
It can be induced to differentiate into bone, cartilage, 
tendon, fat, and other cells under specific conditions. 
BMSC is easy to isolate and can be proliferated in vitro, 
therefore it is an ideal seed cell source for tissue en-
gineering. Inducers and microenvironment are impor-
tant for BMSC to differentiate into osteoblast (Liu et 
al., 2018b). Studies have shown that TGF-β superfam-
ily can promote ossification of BMSC in vitro and in 
vivo (Wang et al., 2010) and BMSC has the ability to 
transform into bone-like cells (Zhou et al., 2019). More 
recently, studies have shown that other bioactive fac-
tors such as fibroblast growth factor-2 (FGF-2) and 
bone morphogenetic protein-2 (BMP-2) are capable of 
up-regulating the expression of osteogenic-related gene 
markers and subsequent osteogenic differentiation of 
BM-MSC (Gromolak et al., 2020), and that TGF-β1 as 
a multifunctional cytokine belonging to the transform-
ing growth factor superfamily also plays an important 
role in the differentiation of BMSCs (Lv et al., 2020; 
Zhang et al., 2020). It is generally believed that BMSCs 
express membrane antigens such as CD44 and CD29, 
but not CD45. In this study, the expression of CD44, 
CD29 and CD45 was detected by flow cytometry, and 
it was found that in most hBMSCs CD29 and CD44 
were positive, while CD45 was negative. The results 

demonstrated that the purity of primary hBMSCs is 
high.

Some LncRNAs have been identified as diagnostic 
or prognostic markers as well as potential therapeutic 
targets. In addition, they are also considered as endog-
enous miRNA sponges (Rapicavoli et al., 2013). LncR-
NA MEG3 is an important regulatory factor, which 
regulates at the transcriptional, post transcriptional 
and epigenetic levels to impact the occurrence of dis-
eases (Wu et al., 2020). LncRNA MEG3 also plays 
an important role in regulating the differentiation of 
BMSCs (Wang et al., 2017). During liver adipogenesis, 
LncRNA MEG3 could alleviate excessive lipid deposi-
tion, which may be achieved through its binding with 
miR-21 to regulate the expression of LRP6 (Huang et 
al., 2019b). The main targets of miR-21 are SOD3 and 
TNFα. MiR-21 reduces the level of SOD2 by directly 
down-regulating SOD3, leading to increased metabo-
lism of hydrogen peroxide by superoxide produced 
by endogenous basic activity or exposure to ionizing 
radiation (IR), and enhanced infrared-induced cell 
transformation (Zhang et al., 2012). During the osteo-
genesis of BMSCs SOD3 protein was found increased 
(Nightingale et al., 2012). In this study, BMSCs were 
induced to form osteoblasts. During this process, the 
expression of LncRNA MEG3 decreased significant-
ly at 14 days, suggesting that LncRNA MEG3 might 
play role in osteogenesis of BMSCs. To confirm this, 
LncRNA MEG3 was overexpressed in the hBMSCs, 
which resulted in increased SOD3 level and decreased 
miR-21-5p level. In addition, luciferase reporter as-
says showed that miR-21-5p could bind with LncRNA 
MEG3 and SOD3, leading to significantly reduced lu-
ciferase activity, indicating that miR-21-5p has binding 
sites with LncRNA MEG3 and SOD3 and this path-
way might be therefore involved in osteogenic process 
of BMSCs.

ALP is an enzyme functioning in osteoblasts and its 
activities can reflect the differentiation degree of cells 
to osteoblasts (Panteghini & Pagani, 1989; Wu et al., 
2012; Wei et al., 2017). This enzyme plays a key role 
in calcium deposition. Increased ALP activity is an im-
portant indication that BMSCs have differentiated to 
osteoblasts. In order to further explore the effect of 
overexpression of LncRNA MEG3 on the osteogenic 
differentiation, we examined the ALP activity and the 
formation of calcium nodules in induced hBMSCs us-
ing ALP and alizarin red staining. The results showed 
that LncRNA MEG3 could promote ALP activity and 
the formation of calcium nodules, indicating that LncR-
NA MEG3 promotes the differentiation of BMSCs 
into osteoblasts.

The SOD3 gene is the last identified SODS gene. It 
is located on human chromosome 4. SOD3 is essen-
tial for the clearance of ROS in the extracellular matrix. 
ROS overexpression plays an important role in the de-
velopment of osteoarthritis (Loeser et al., 2016). Earlier 
studies have shown that SOD3 is significantly increased 
in the process of bone formation from BMSCs (Shi et 
al., 2019b) and deficiency of SOD3 aggravates collagen-
induced arthritis (Ross et al., 2004). When the SOD3 
gene is knockout, the expression of collagen type-α 1 
chain (COL2A1) is suppressed. On other hand, over-
expression of SOD3 increases the level of osteogenic 
marker COL2A1. When SOD3 is knockdown, the level 
superoxide anion is increased, indicating that SOD3 
can promote bone formation of BMSCs (Shi et al., 
2019b). Our results showed that the overexpression of 
LncRNA MEG3 promotes the expression of SOD3 

Figure 6. Expression of SOD3 and COL2A1 in human bone mar-
row-derived mesenchymal stem cells overexpressing long non-
coding RNA (LncRNA) MEG3 after cultured in osteogenic medi-
um for 14 days. 
*denotes P<0.05 vs control group.
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and COL2A1, indicating that LncRNA MEG3 may tar-
get miR-21-5p/SOD3 axis to induce bone formation in 
hBMSCs and confirming that SOD3 and COL2A1 are 
osteogenic markers.

CONCLUSION

Our work demonstrates that LncRNA MEG3 is the 
target of miR-21-5p and SOD3; it could up-regulate 
SOD3 and COL2A1 expressions via miR-21-5p and pro-
mote osteogenic differentiation of BMSCs via regulating 
the miR-21-5p/SOD3 axis.

Declarations

Ethics approval and consent to participate

This work does not involve human or animal study.

Consent for publication

Not applicable

Availability of data and material

The datasets used during the current study are avail-
able from the corresponding author on reasonable re-
quest.

Competing interests

The authors declare that they have no competing in-
terests

Funding

This project did not receive specific private or public 
fund.

Authors’ contributions

SW, GX and NL designed the study. SW, GX, RN, 
ZP, MX and ZZ collected the data and performed 
analysis. RN, ZP, MX and NL drafted the manuscript. 
All authors read and approved the final version of the 
manuscript.

REFERENCES

Balaban RS, Nemoto S, Finkel T (2005) Mitochondria, oxidants, and 
aging. Cell 120: 483–495. https://doi.org/10.1016/j.cell.2005.02.001

de Boeck A, Narine K, de Neve W, Mareel M, Bracke M, de Wever O 
(2010) Resident and bone marrow-derived mesenchymal stem cells 
in head and neck squamous cell carcinoma. Oral Oncol 46: 336–342. 
https://doi.org/10.1016/j.oraloncology.2010.01.016

Cui P, Liu H, Sun J, Amizuka N, Sun Q, Li M (2018) Zoledronate 
promotes bone formation by blocking osteocyte-osteoblast com-
munication during bone defect healing. Histol Histopathol 33: 89–99. 
https://doi.org/10.14670/HH-11-893

Gordon FE, Nutt CL, Cheunsuchon P, Nakayama Y, Provencher KA, 
Rice KA, Zhou Y, Zhang X, Klibanski A (2010) Increased expres-
sion of angiogenic genes in the brains of mouse meg3-null embryos. 
Endocrinology 151: 2443–2452. https://doi.org/10.1210/en.2009-1151

Gromolak S, Krawczenko A, Antonczyk A, Buczak K, Kielbowicz Z, 
Klimczak A (2020) Biological characteristics and osteogenic differ-
entiation of ovine bone marrow derived mesenchymal stem cells 
stimulated with FGF-2 and BMP-2. Int J Mol Sci 21: https://doi.
org/10.3390/ijms21249726

Horton Jr. WE, Bennion P, Yang L (2006) Cellular, molecular, and 
matrix changes in cartilage during aging and osteoarthritis. J Musculo-
skelet Neuronal Interact 6: 379–381

Huang P, Huang FZ, Liu HZ, Zhang TY, Yang MS, Sun CZ (2019a) 
LncRNA MEG3 functions as a ceRNA in regulating hepatic lipo-
genesis by competitively binding to miR-21 with LRP6. Metabolism 
94: 1–8. https://doi.org/10.1016/j.metabol.2019.01.018

Huang P, Huang FZ, Liu HZ, Zhang TY, Yang MS, Sun CZ (2019b) 
LncRNA MEG3 functions as a ceRNA in regulating hepatic lipo-
genesis by competitively binding to miR-21 with LRP6. Metabolism 
94: 1–8. https://doi.org/10.1016/j.metabol.2019.01.018

Kawasaki N, Miwa T, Hokari S, Sakurai T, Ohmori K, Miyauchi K, 
Miyazono K, Koinuma D (2018) Long noncoding RNA NORAD 
regulates transforming growth factor-beta signaling and epithelial-to-
mesenchymal transition-like phenotype. Cancer Sci 109: 2211–2220. 
https://doi.org/10.1111/cas.13626

Li H, Zhong X, Chen Z, Li W (2019) Suppression of NLRP3 inflam-
masome improves alveolar bone defect healing in diabetic rats. J 
Orthop Surg Res 14: 167. https://doi.org/10.1186/s13018-019-1215-9

Li S, Yang J, Xia Y, Fan Q, Yang KP (2018) Long noncoding RNA 
NEAT1 promotes proliferation and invasion via targeting miR-181a-
5p in non-small cell lung cancer. Oncol Res 26: 289–296. https://doi.
org/10.3727/096504017X15009404458675

Lichner Z, Fendler A, Saleh C, Nasser AN, Boles D, Al-Haddad S, 
Kupchak P, Dharsee M, Nuin PS, Evans KR, Jung K, Stephan C, 
Fleshner NE, Yousef GM (2013) MicroRNA signature helps dis-
tinguish early from late biochemical failure in prostate cancer. Clin 
Chem 59: 1595–1603. https://doi.org/10.1373/clinchem.2013.205450

Liu C, Feng X, Wang B, Wang X, Wang C, Yu M, Cao G, Wang H 
(2018a) Bone marrow mesenchymal stem cells promote head and 
neck cancer progression through Periostin-mediated phospho-
inositide 3-kinase/Akt/mammalian target of rapamycin. Cancer Sci 
109: 688–698. https://doi.org/10.1111/cas.13479

Liu C, Liu D, Wang Y, Li Y, Li T, Zhou Z, Yang Z, Wang J, Zhang 
Q (2018b) Glycol chitosan/oxidized hyaluronic acid hydrogels func-
tionalized with cartilage extracellular matrix particles and incorpo-
rating BMSCs for cartilage repair. Artif Cells Nanomed Biotechnol 46: 
721–732. https://doi.org/10.1080/21691401.2018.1434662

Liu G, Zhao X, Zhou J, Cheng X, Ye Z, Ji Z (2018c) Long non-
coding RNA MEG3 suppresses the development of bladder urothe-
lial carcinoma by regulating miR-96 and TPM1. Cancer Biol Ther 19: 
1039–1056. https://doi.org/10.1080/15384047.2018.1480279

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expres-
sion data using real-time quantitative PCR and the 2(-Delta Delta 
C(T)) Method. Methods 25: 402–408. https://doi.org/10.1006/
meth.2001.1262

Loeser RF, Collins JA, Diekman BO (2016) Ageing and the pathogen-
esis of osteoarthritis. Nat Rev Rheumatol 12: 412–420. https://doi.
org/10.1038/nrrheum.2016.65

Lv Y, Li XJ, Wang HP, Liu B, Chen W, Zhang L (2020) TGF-beta1 
enhanced myocardial differentiation through inhibition of the Wnt/
beta-catenin pathway with rat BMSCs. Iran J Basic Med Sci 23: 1012–
1019. https://doi.org/10.22038/ijbms.2020.42396.10019

Nightingale H, Kemp K, Gray E, Hares K, Mallam E, Scolding N, 
Wilkins A (2012) Changes in expression of the antioxidant enzyme 
SOD3 occur upon differentiation of human bone marrow-derived 
mesenchymal stem cells in vitro. Stem Cells Dev 21: 2026–2035. htt-
ps://doi.org/10.1089/scd.2011.0516

Panteghini M, Pagani F (1989) Reference intervals for two bone-de-
rived enzyme activities in serum: bone isoenzyme of alkaline phos-
phatase (ALP) and tartrate-resistant acid phosphatase (TR-ACP). 
Clin Chem 35: 180–181

Rapicavoli NA, Qu K, Zhang J, Mikhail M, Laberge RM, Chang HY 
(2013) A mammalian pseudogene lncRNA at the interface of in-
flammation and anti-inflammatory therapeutics. Elife 2: e00762. 
https://doi.org/10.7554/eLife.00762

Ross AD, Banda NK, Muggli M, Arend WP (2004) Enhancement of 
collagen-induced arthritis in mice genetically deficient in extracel-
lular superoxide dismutase. Arthritis Rheum 50: 3702–3711. https://
doi.org/10.1002/art.20593

Shi Y, Hu X, Zhang X, Cheng J, Duan X, Fu X, Zhang J, Ao Y 
(2019a) Superoxide dismutase 3 facilitates the chondrogenesis of 
bone marrow-derived mesenchymal stem cells. Biochem Biophys Res 
Commun 509: 983–987. https://doi.org/10.1016/j.bbrc.2019.01.042

Shi Y, Hu X, Zhang X, Cheng J, Duan X, Fu X, Zhang J, Ao Y 
(2019b) Superoxide dismutase 3 facilitates the chondrogenesis of 
bone marrow-derived mesenchymal stem cells. Biochem Biophys Res 
Commun 509: 983–987. https://doi.org/10.1016/j.bbrc.2019.01.042

Su W, Xie W, Shang Q, Su B (2015a) The long noncoding RNA 
MEG3 is downregulated and inversely associated with VEGF 
levels in osteoarthritis. Biomed Res Int 2015: 356893. https://doi.
org/10.1155/2015/356893

Sun J, Zhao J, Bao X, Wang Q, Yang X (2018) Alkaline phosphatase 
assay based on the chromogenic interaction of diethanolamine with 
4-aminophenol. Anal Chem 90: 6339–6345. https://doi.org/10.1021/
acs.analchem.8b01371

Sun YQ, Zheng S, Yu J, Yan K, Tian W (2013) Effect of total disc 
replacement on atypical symptoms associated with cervical spondy-
losis. Eur Spine J 22: 1553–1557. https://doi.org/10.1007/s00586-
013-2785-6

Teoh-Fitzgerald ML, Fitzgerald MP, Jensen TJ, Futscher BW, Domann 
FE (2012) Genetic and epigenetic inactivation of extracellular su-
peroxide dismutase promotes an invasive phenotype in human lung 

https://doi.org/10.1016/j.cell.2005.02.001
https://doi.org/10.1016/j.oraloncology.2010.01.016
https://doi.org/10.14670/HH-11-893
https://doi.org/10.1210/en.2009-1151
https://doi.org/10.3390/ijms21249726
https://doi.org/10.3390/ijms21249726
https://doi.org/10.1016/j.metabol.2019.01.018
https://doi.org/10.1016/j.metabol.2019.01.018
https://doi.org/10.1111/cas.13626
https://doi.org/10.1186/s13018-019-1215-9
https://doi.org/10.3727/096504017X15009404458675
https://doi.org/10.3727/096504017X15009404458675
https://doi.org/10.1373/clinchem.2013.205450
https://doi.org/10.1111/cas.13479
https://doi.org/10.1080/21691401.2018.1434662
https://doi.org/10.1080/15384047.2018.1480279
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1038/nrrheum.2016.65
https://doi.org/10.1038/nrrheum.2016.65
https://doi.org/10.22038/ijbms.2020.42396.10019
https://doi.org/10.1089/scd.2011.0516
https://doi.org/10.1089/scd.2011.0516
https://doi.org/10.7554/eLife.00762
https://doi.org/10.1002/art.20593
https://doi.org/10.1002/art.20593
https://doi.org/10.1016/j.bbrc.2019.01.042
https://doi.org/10.1016/j.bbrc.2019.01.042
https://doi.org/10.1155/2015/356893
https://doi.org/10.1155/2015/356893
https://doi.org/10.1021/acs.analchem.8b01371
https://doi.org/10.1021/acs.analchem.8b01371
https://doi.org/10.1007/s00586-013-2785-6
https://doi.org/10.1007/s00586-013-2785-6


Vol. 69       77LncRNA and osteogenesis

cancer by disrupting ECM homeostasis. Mol Cancer Res 10: 40–51. 
https://doi.org/10.1158/1541-7786.MCR-11-0501

Verbeek JFM, Hannink G, Defoort KC, Wymenga AB, Heesterbeek 
PJC (2019) Age, gender, functional KSS, reason for revision and 
type of bone defect predict functional outcome 5 years after re-
vision total knee arthroplasty: a multivariable prediction model. 
Knee Surg Sports Traumatol Arthrosc 27: 2289–2296. https://doi.
org/10.1007/s00167-019-05365-x

Wang Q, Li Y, Zhang Y, Ma L, Lin L, Meng J, Jiang L, Wang L, Zhou 
P, Zhang Y (2017) LncRNA MEG3 inhibited osteogenic differenti-
ation of bone marrow mesenchymal stem cells from postmenopau-
sal osteoporosis by targeting miR-133a-3p. Biomed Pharmacother 89: 
1178–1186. https://doi.org/10.1016/j.biopha.2017.02.090

Wang W, Li B, Yang J, Xin L, Li Y, Yin H, Qi Y, Jiang Y, Ouyang 
H, Gao C (2010) The restoration of full-thickness cartilage defects 
with BMSCs and TGF-beta 1 loaded PLGA/fibrin gel constructs. 
Biomaterials 31: 8964–8973. https://doi.org/10.1016/j.biomateri-
als.2010.08.018

Wei K, Xie Y, Chen T, Fu B, Cui S, Wang Y, Cai G, Chen X (2017) 
ERK1/2 signaling mediated naringin-induced osteogenic differen-
tiation of immortalized human periodontal ligament stem cells. Bio-
chem Biophys Res Commun 489: 319–325. https://doi.org/10.1016/j.
bbrc.2017.05.130

Wu C, Zhou Y, Lin C, Chang J, Xiao Y (2012) Strontium-containing 
mesoporous bioactive glass scaffolds with improved osteogenic/
cementogenic differentiation of periodontal ligament cells for peri-
odontal tissue engineering. Acta Biomater 8: 3805–3815. https://doi.
org/10.1016/j.actbio.2012.06.023

Wu J, Zhao J, Sun L, Pan Y, Wang H, Zhang WB (2018) Long non-
coding RNA H19 mediates mechanical tension-induced osteogenesis 
of bone marrow mesenchymal stem cells via FAK by sponging miR-
138. Bone 108: 62–70. https://doi.org/10.1016/j.bone.2017.12.013

Wu L, Zhu L, Li Y, Zheng Z, Lin X, Yang C (2020) LncRNA MEG3 
promotes melanoma growth, metastasis and formation through 
modulating miR-21/E-cadherin axis. Cancer Cell Int 20: 12. https://
doi.org/10.1186/s12935-019-1087-4

Xiong WC, Han N, Wu N, Zhao KL, Han C, Wang HX, Ping GF, 
Zheng PF, Feng H, Qin L, He P (2018) Interplay between long 

noncoding RNA ZEB1-AS1 and miR-101/ZEB1 axis regulates pro-
liferation and migration of colorectal cancer cells. Am J Transl Res 
10: 605–617.

Yang Z, Huang JH, Liu SF, Zhao YJ, Shen ZY, Wang YJ, Bian Q 
(2012) The osteoprotective effect of psoralen in ovariectomy-in-
duced osteoporotic rats via stimulating the osteoblastic differentia-
tion from bone mesenchymal stem cells. Menopause 19: 1156–1164. 
https://doi.org/10.1097/gme.0b013e3182507e18

Zhang J, Li Z, Liu L, Wang Q, Li S, Chen D, Hu Z, Yu T, Ding 
J, Li J, Yao M, Huang S, Zhao Y, He X (2018) Long noncoding 
RNA TSLNC8 is a tumor suppressor that inactivates the interleu-
kin-6/STAT3 signaling pathway. Hepatology 67: 171–187. https://
doi.org/10.1002/hep.29405

Zhang P, Zhang H, Lin J, Xiao T, Xu R, Fu Y, Zhang Y, Du Y, 
Cheng J, Jiang H (2020) Insulin impedes osteogenesis of BMSCs by 
inhibiting autophagy and promoting premature senescence via the 
TGF-beta1 pathway. Aging (Albany NY) 12: 2084–2100. https://doi.
org/10.18632/aging.102723

Zhang X, Ng WL, Wang P, Tian L, Werner E, Wang H, Doetsch P, 
Wang Y (2012) MicroRNA-21 modulates the levels of reactive oxy-
gen species by targeting SOD3 and TNFalpha. Cancer Res 72: 4707–
4713. https://doi.org/10.1158/0008-5472.CAN-12-0639

Zhao N, Lin T, Zhao C, Zhao S, Zhou S, Li Y (2017) MicroRNA-588 
is upregulated in human prostate cancer with prognostic and func-
tional implications. J Cell Biochem https://doi.org/10.1002/jcb.26417

Zhou Q, Gu X, Dong J, Zhu C, Cai Z, He D, Yang C, Xu L, Zheng 
J (2019) The use of TLR2 modified BMSCs for enhanced bone re-
generation in the inflammatory micro-environment. Artif Cells Na-
nomed Biotechnol 47: 3329–3337. https://doi.org/10.1080/21691401.2
019.1626867

Zhou X, Yuan P, Liu Q, Liu Z (2017) LncRNA MEG3 regulates 
imatinib resistance in chronic myeloid leukemia via suppress-
ing microRNA-21. Biomol Ther (Seoul) 25: 490–496. https://doi.
org/10.4062/biomolther.2016.162

Zou J, Du J, Tu H, Chen H, Cong K, Bi Z, Sun J (2021) Resvera-
trol benefits the lineage commitment of bone marrow mesenchymal 
stem cells into osteoblasts via miR-320c by targeting Runx2. J Tissue 
Eng Regen Med https://doi.org/10.1002/term.3176

https://doi.org/10.1158/1541-7786.MCR-11-0501
https://doi.org/10.1007/s00167-019-05365-x
https://doi.org/10.1007/s00167-019-05365-x
https://doi.org/10.1016/j.biopha.2017.02.090
https://doi.org/10.1016/j.biomaterials.2010.08.018
https://doi.org/10.1016/j.biomaterials.2010.08.018
https://doi.org/10.1016/j.bbrc.2017.05.130
https://doi.org/10.1016/j.bbrc.2017.05.130
https://doi.org/10.1016/j.actbio.2012.06.023
https://doi.org/10.1016/j.actbio.2012.06.023
https://doi.org/10.1016/j.bone.2017.12.013
https://doi.org/10.1186/s12935-019-1087-4
https://doi.org/10.1186/s12935-019-1087-4
https://doi.org/10.1097/gme.0b013e3182507e18
https://doi.org/10.1002/hep.29405
https://doi.org/10.1002/hep.29405
https://doi.org/10.18632/aging.102723
https://doi.org/10.18632/aging.102723
https://doi.org/10.1158/0008-5472.CAN-12-0639
https://doi.org/10.1002/jcb.26417
https://doi.org/10.1080/21691401.2019.1626867
https://doi.org/10.1080/21691401.2019.1626867
https://doi.org/10.4062/biomolther.2016.162
https://doi.org/10.4062/biomolther.2016.162
https://doi.org/10.1002/term.3176

