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Background and Objectives: Osteogenic differentiation of bone marrow mesenchymal stem cells (BMSCs) plays a critical
role in the success of lumbar spinal fusion with autogenous bone graft. This study aims to explore the role and specific
mechanism of miR-34c-5p in osteogenic differentiation of BMSCs.
Methods and Results: Rabbit model of lumbar fusion was established by surgery. The osteogenic differentiation dataset
of mesenchymal stem cells was obtained from the Gene Expression Omnibus (GEO) database, and differentially expressed miRNAs were analyzed using R language (limma package). The expressions of miR-34c-5p, miR-199a-5p,
miR-324-5p, miR-361-5p, RUNX2, OCN and Bcl-2 were determined by qRT-PCR and Western blot. ELISA, Alizarin
red staining and CCK-8 were used to detect the ALP content, calcium deposition and proliferation of BMSCs. The
targeted binding sites between miR-34c-5p and Bcl-2 were predicted by the Target database and verified using dual-luciferase reporter assay. MiR-34c-5p expression was higher in rabbit lumbar fusion model and differentiated BMSCs than
normal rabbit or BMSCs. The content of ALP and the deposition of calcium increased with the osteogenic differentiation of BMSCs. Upregulation of miR-34c-5p reduced cell proliferation and promoted ALP content, calcium deposition, RUNX2 and OCN expression compared with the control group. The effects of miR-34c-5p inhibitor were the
opposite. In addition, miR-34c-5p negatively correlated with Bcl-2. Upregulation of Bcl-2 reversed the effects of
miR-34c-5p on ALP content, calcium deposition, and the expressions of RUNX2 and OCN.
Conclusions: miR-34c-5p could promote osteogenic differentiation and suppress proliferation of BMSCs by inhibiting
Bcl-2.
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Lumbar fusion surgery is mainly used for the treatment
of lumbar disc herniation, lumbar spinal stenosis and
lumbar spondylolisthesis (1). The principle of its fusion
is to take the diseased vertebra as the center, and to fuse
the diseased upper vertebra with the next vertebra as a
unit. At present, the bone materials mainly include autogenous, allograft, xenograft, and alloplast (2). Autogenous
bone graft is regarded as the main bone graft material (3),
but the mechanism of its fusion remains unclear.
Adult bones undergo a process of continuous remodeling, beginning with the resorption of the mineralised bone
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matrix by osteoclasts, followed by the modification of the
skeleton by osteoblasts, filling the space between the graft
and the diseased upper and lower vertebrae for fusion (4,
5). However, osteoblasts are differentiated short-lived cells,
therefore bone growth and maintenance require continuous replacement of new osteoblasts produced by bone
marrow mesenchymal stem cells (BMSCs) (6). BMSCs are
a kind of primitive cells with self-renewal and multidirectional differentiation potential, and are the main source
of osteoblasts in vivo (7). Their proliferation and osteogenic differentiation are of great significance for maintaining the number of osteoblasts (7).
MicroRNAs (miRNAs) are a class of endogenous, noncoding small RNAs (18-24 nucleotides) that inhibit the initiation of translation or induce cleavage of mRNAs by
specific pairing with the 3’ Untranslated Regions (UTR)
of the target mRNAs (8). MiRNAs are important bio-regulatory factors that can affect cell differentiation, proliferation, and apoptosis (9). Current researches demonstrated that miRNAs play critical roles in osteogenic differentiation of BMSCs (10, 11). Tamura et al. (12) found
that miR-34 expression is upregulated during osteogenic
differentiation. Furthermore, Liu et al. (13) showed that
miR-34c could elevate osteogenic differentiation of mesenchymal stem cells (MSCs). Besides, miR-34c could also enhance the activity of osteoblasts (14). However, the specific
mechanism of its regulation of osteogenic differentiation
and proliferation was still unclear. Accumulating evidence
has shown that miR-34c-5p could negatively regulate Bcl-2
(15), which is an anti-apoptotic protein (16). Recombinant
overexpression of Bcl2 promotes the proliferation but inhibits the osteogenic/odontogenic potential of dental pulp
stem cells (17). In addition, TargetScan 7.2 predicted that
miR-34C-5p could target BCL2. Based on these studies,
we hypothesized that miR-34c-5p could affect osteogenic
differentiation and proliferation of BMSCs through regulating Bcl-2.
In this study, the expression of miR-34c-5p in the osteogenic differentiation induction process of BMSCs was
detected. Besides, the effect of miR-34c-5p on the proliferation, osteoblastic differentiation, calcium deposition,
and alkaline phosphatase (ALP) expression of BMSCs
were also investigated. This study investigated the mechanism of autologous bone grafting in lumbar fusion surgery
based on BMSCs.

Materials and Methods
Ethics statement
The animal experiment of this study was carried out in

strict accordance with the guidelines of China Animal
Care and Use Committee, and the discomfort and pain of
experimental animals were minimized during the processes.
The experiment was conducted in Nanfang Hospital, and
the study was approved by the Experimental Animal
Committee of Nanfang Hospital (NF201811273).

Establishment rabbit model of lumbar fusion
Twenty-four healthy adult male New Zealand white rabbits (2.5∼2.7 kg, 2∼3 months old) were randomly divided
into two groups. In the modeling group (12 rabbits), bilateral autogenous bone marrow intertransverse bone graft
posterolateral fusion was performed at L5-L6 segment,
and another 12 rabbits at the same weight in the control
group were performed with L5-L6 segment posterolateral
fusion. The rabbits were sacrificed at 4 weeks, 8 weeks and
12 weeks after the surgery, respectively. The accuracy of
fusion was determined by comparison of X-ray and CT
scan. Tissues surrounding the bone graft were collected for
qRT-PCR detection.
Bioinformatics analysis
Datasets GSE115197 and GSE19232 on osteogenic differentiation of MSCs were obtained from Gene Expression
Omnibus (GEO) database (https://medworm.com/journal/
geo-gene-expression-omnibus/). Differential expression of
miRNA was analyzed by limma packet (R language).
TargetScan 7.2 (http://www.targetscan.org/vert_72/) was
used to predict the targeted binding sites of miR-34c-5p
and Bcl-2.
Cell culture and differentiation
Human bone marrow-derived mesenchymal stem cells
(BMSCs) were purchased from ATCC (ATCCⓇ PCS-500012TM, Manasas, VA, USA) and maintained in DMEM/
F12 medium (C11330500BT, Gibco，Grand Island, NY,
USA ) containing 10% FBS (10099-141，Gibco) in an incubator (37℃, 5% CO2).
For osteogenic differentiation of BMSCs, briefly, the
cells were maintained in a specific medium for 14 days
(d), and the medium was changed every 3 d. Specific culture medium was prepared (6) by supplementing DMEM/
F12 with 1% HyClone serum (16050-122, Gibco), 200 μM
L-glutamine (25030-081, Gibco), 100 nM dexamethasone
(D4902, purity≥97%, Sigma aldrich, St. Louis, MO,
USA), 10 mM β-glycerolphosphate (50020, purity≥98%,
Sigma aldrich), 10 nM dihydroxyvitamin D3 (50020, purity≥99%, Sigma aldrich) and 80 μg/ml L-Ascorbic acid
(A7506, Sigma aldrich).
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Quantitative reverse transcription polymerase chain
reaction (qRT-PCR)
Total RNA was extracted from the differentiated BMSC
cells at 0, 3, 7 and 14 d using the mirVana kit (AM1556,
Invitrogen, Carlsbad, CA, USA). Then 1 μg of total RNA
was reverse-transcribed into cDNA using a reverse transcription kit (RR037A/D350A, TaKaRa, Kyoto, Japan).
Then the reaction system of 20 μl consisted of 2 μl
cDNA, 10 μl SYBR Mix, 0.8 μl primers, and 6.4 μl distilled water was prepared according to the kit instructions
(RR820A/DRR081, TaKaRa, Kyoto, Japan). The primers
for this experiment were provided by Sangon Biotech
(Shanghai, China) and Ribobio (Guangzhou, China), and
the primer sequences were shown in Table 1. The target
gene was then amplified in the ABI 7500 reaction system
(Biosystems, Foster City, USA) according to the reaction
conditions (at 95℃ for 30 seconds (s) and 40 cycles at 9
5℃, for 5 s, then at 60℃ for 30 s). The CT value obtained
from ABI 7500 was calculated by 2−ΔΔCT method (18). U6
was the internal reference of miRNAs and GAPDH was
the internal reference of RUNX2, OCN and Bcl-2.
Enzyme linked immuno sorbent assay (ELISA)
The ELISA kit for ALP was obtained from Nanjing
SenBeiJia Biological Technology Co., Ltd. (H0318, Nanjing,
China, http://www.senbeijia.com/). To be brief, gradient
standard substance (concentrations at 90 U/l, 60 U/l, 30
U/l, 15 U/l and 7.5 U/l) was prepared according to the
instructions and added into the substrate plate at 50 μl/
well.
Then, blank hole and sample hole were set, without liquid in the blank hole, and 40 μl sample diluent and 10

Table 1. Specific primer sequences for quantitative reverse transcription polymerase chain reaction
Gene

Primer sequence

Species

miR-199a-5p
miR-34c-5p
miR-324-5p
miR-361-5p
U6

5’- AGACTACCTGTTCGTCGTAT-3’
5’- AGGCAGTGTAGTTAGCTGAT-3’
5’- CTAGGGCATTGGTGGT-3’
5’- CAGAATCTCCAGGGGTA-3’
5’-CTCGCTTCGGCAGCACA-3’
5’-AACGCTTCACGAATTTGCGT-3’
5’-TGGTTACTGTCATGGCGGGTA-3’
5’-TCTCAGATCGTTGAACCTTGCTA-3’
5’-CACTCCTCGCCCTATTGGC-3’
5’-CCCTCCTGCTTGGACACAAAG-3’
5’-GGTGGGGTCATGTGTGTGG-3’
5’-CGGTTCAGGTACTCAGTCATCC-3’
5’-CTGGGCTACACTGAGCACC-3’
5’-AAGTGGTCGTTGAGGGCAATG-3’

Human

RUNX2
OCN
Bcl-2
GAPDH

Human
Human
Human
Human
Human
Human
Human

μl sample were added to the sample hole. After the liquid
was added, the plate was sealed with a sealing film and
incubated for 30 min (at 37℃). After the liquid was removed, the plate was dried. The plate was washed by adding sashing liquid for 5 times (30 s for each time) and
dried. Subsequently, 50 μl of enzymatic reagent was added to each well (except for blank holes). Incubation and
washing were the same as above. The reagent A of 50 μl
was added into each hole, which was then added with 50
μl reagent B. After gent shaking and mixing, the plate
was incubated in the dark for 15 min (at 37℃). Finally,
50 μl termination solution was added into each well to
terminate the reaction. After the reaction was terminated
for 15 min, the absorbance (OD value) at 450 nm wavelength was measured using a microplate reader (Molecular
Devices, Sunnyvale, CA, USA).

Alizarin red staining
BMSCs at 0, 3, 7, and 14 d of differentiation were used
for alizarin red staining. After discarding the medium in
the 6-well plate, the plate was rinsed in PBS for 3 times
(3 min for each time). Then, 4% paraformaldehyde (P0099,
Beyotime, Shanghai, China) was used to immobilize the
cells at room temperature for 10 min. Afterwards, alizarin
red solution (20 mM, ST1078, Beyotime) was used to treat
each well and stain the cells for 5 min at room temperature. Finally, the solution in the cells was removed
and rinsed again in PBS for 3 times (3 min for each time).
A small amount of water was retained in the six-well plate,
the cells were observed under an inverted microscope
(POMEAS, Guangzhou, China) and photographed (magnification at ×200).
Cell transfection
Lentivirus used for transfection (including miR-34c-5p
mimic, miR-34c-5p inhibitor, Bcl-2 overexpression, siBcl-2
and its control) in this study were designed and constructed by Genepharm (Shanghai, China). For the transfection of lentivirus into BMSC cells, the cells were planted into a 24-well plate at 1×105 cells/well. After 24 h, the
original culture medium was replaced with 2 ml fresh medium containing 6 μg/ml polybrene (H8761, Solarbio,
Beijing, China) and 4 μl lentivirus suspension. The cell
culture continued for another 24 h, and then the medium
containing the virus was replaced with a fresh medium.
Dual luciferase reporter gene assay
The 3’UTR sequence of Bcl-2 was acquired from NCBI
(https://www.ncbi.nlm.nih.gov/). Based on the predicted
result of TargetScan database, we designed the mutation
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sequence of Bcl-2’s 3’ UTR sequence. The cloned Bcl-2-WT
and Bcl-2-MUT sequences were inserted into pmiRGLO
dual luciferase reporter vector (E1303, Promega, Madison,
WI, USA) to obtain Bcl-2-WT and Bcl-2-MUT plasmid.
The BMSC cells were planted in 6-well plates at 2×105
cells/well. Co-transfection was conducted after the degree
of cell fusion reached 70∼80%. The co-transfection groups
were specifically as follows: Bcl-2-WT＋miR-34c-5p mimic, Bcl-2-WT＋mimic control, Bcl-2-MUT＋miR-34c-5p
mimic, Bcl-2-MUT＋mimic control, Bcl-2-WT＋miR-34c-5p
inhibitor, Bcl-2-WT＋inhibitor control, Bcl-2-MUT＋miR34c-5p inhibitor and Bcl-2-MUT＋inhibitor control. The
transfection was conducted the same as above. The cells
were lysed after transfection for 30 h, and fluorescence intensity was measured with a dual luciferase assay kit
(E1910, Promega).

Cell counting kit (CCK)-8
After transfection with lentivirus, the cells began to
differentiate. The cells were planted in a 96-well plate at
37℃. Cell proliferation was determined by CCK-8 kit
(C0038, Beyotime) at 0, 3, 7 and 14 d of the induction
of differentiation. For CCK-8 assay, the CCK-8 reagent of
10 μl was added to target cells and cultured together for
3 h at 37℃ (5% CO2). Then, the culture plate was taken
out, and the OD value at 450 nm was measured using a
microplate reader.
Western blot
The treated or untreated cells were collected, and the
total protein was extracted by RIPA reagent (P0013B,
Beyotime) with 1% protease inhibitors (P1030, Beyotime).
After that, the concentration of the protein was determined by BCA kit (P0012, Beyotime). Then, cellular
protein of 30 μg was separated by SDS-PAGE gel (P0012A,
Beyotime). After electrophoresis for 90 min, the proteins
were transferred on PVDF membranes (ISEQ00010/
IPVH00010, MILLIPORE, MA, USA). Then, the membranes were blocked by 5% skimmed milk (D8340,
Solarbio) for 1 h at room temperature, followed by incubation in primary antibodies (RUNX2, ab23981, 1：
1,000, 60 kDa, Abcam, Cambridge, MA, USA; OCN,
ab93876, 1：500, 11 kDa, Abcam; BCL2, ab182858, 1：
2,000, 26 kDa, Abcam; GAPDH, ab181602, 1：10,000, 36
kDa, Abcam) at 4℃ overnight. Next day, the primary antibodies were recycled, and TBST (ST-673, Beyotime) was
used to wash the membranes for 4 times (5 min for each
time). Afterwards, secondary antibody (Goat Anti-Rabbit
IgG H&L (HRP): ab6721, 1：10,000, Abcam) was incubated the membranes for 1 h (room temperature), fol-

lowed by washing with TBST for 6 times (5 min for each
time). Finally, ECL solution (WBKLS0500, MILLIPORE,
Billerica, MA, USA) was dripped onto the membrane, and
a specific imaging system (Bio-Rad, CA, USA) was used
to visualize the band.

Statistical analysis
All data were expressed as the mean±standard deviation.
Comparison among groups was performed by evaluating
one-way ANOVA, followed by Turkey’s test. Paired-sample t-test was used to analyze paired differences. p＜0.05
were considered as statistically significant. All the data
were analyzed using SPSS (IBM, NY, USA).

Results
MiR-34c-5p was positively correlated with osteogenic
differentiation
Cross-analysis of two mesenchymal stem cell osteogenic
differentiation datasets (GSR115197 and GSE19232) screened
five candidate miRNAs (miR-483-3p, miR-34c-5p, miR199a-5p, miR-324-5p, and miR-361-5p) (Fig. 1A). However,
as only miR-34c-5p, miR-199a-5p, miR-324-5p and miR361-5p were conserved in human and rabbit, we subsequently detected the expressions of miR-34c-5p, miR199a-5p, miR-324-5p and miR-361-5p in the tissues from
rabbit lumbar fusion model. The results of qRT-PCR
demonstrated that compared with the control group, the
expressions of miR-483-3p, miR-199a-5p, miR-324-5p and
miR-361-5p showed no significant difference, while the expression of miR-34c-5p was obviously higher in rabbit
lumbar fusion model group than that in the control group
(Fig. 1B; p＜0.001). Thus, miR-34c-5p was determined as
the target in this study. Then we verified the role of
miR-34c-5p in osteogenic differentiation of BMSCs at a
cellular level. According to our detection, the expression
of miRNA-34c-5p was gradually upregulated during the
process of osteogenic differentiation (Fig. 1C; p＜0.001).
Besides, the content of ALP and calcium deposition
(calcium in the alizarin red staining tissues, the red part
in the figure shows calcium deposition) was also gradually
increased with the osteogenic differentiation of BMSCs
(Fig. 1D and 1E; p＜0.001). This suggests that miR-34c-5p
was positively correlated with osteogenic differentiation of
BMSCs.
MiR-34c-5p promoted osteogenic differentiation of
BMSCs
To further understand the relationship between miR-34c5p and osteogenic differentiation of BMSCs, miR-34c-5p
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Fig. 1. During osteogenic differentiation of BMSCs, miR-34c-5p expression, ALP content and calcium deposition were promoted. (A)
Abnormal expressions of miRNAs during osteogenic differentiation of mesenchymal stem cells obtained from the GEO database (GSE115197
and GSE19232). (B) The expressions of miR-34c-5p, miR-199a-5p, miR-324-5p and miR-361-5p in rabbit lumbar fusion model rabbit or
normal rabbit were determined by qRT-PCR. (C) qRT-PCR was used to detect the expression of miR-34c-5p in BMSCs with different differentiation times (0, 3, 7 and 14 day). (D) ELISA was used to measure the content of ALP in BMSCs at different differentiation times (0,
3, 7 and 14 day). (E) Alizarin red staining of BMSCs at different differentiation times (0, 3, 7 and 14 day). Scales: 200 μm; magnifications:
×200. ^vs. Control, *vs. 0 days. ^^^ or ***p＜0.001. BMSCs, bone marrow mesenchymal stem cells; ALP, alkaline phosphatase; GEO,
gene expression omnibus; qRT-PCR, quantitative reverse transcription polymerase chain reaction; ELISA, enzyme linked immune sorbent
assay. The experiment was independently repeated three times.

was up-regulated or down-regulated in BMSCs. Transfection
efficiency of miR-34c-5p mimic and miR-34c-5p inhibitor
were shown in Fig. 2A and 2B. MiR-34c-5p mimic obviously upregulated the expression of miR-34c-5p, and
miR-34c-5p inhibitor significantly inhibited the expression of miR-34c-5p as compared with the control
group (p＜0.01, p＜0.001). Afterwards, the results of
CCK-8 proved that miR-34c-5p mimic could inhibit the
proliferation of BMSCs compared with the control group,
while miR-34c-5p inhibitor had the opposite effect (Fig.
2C and 2D; p＜0.05). Subsequent experimental results
showed that miR-34c-5p mimic increased the content of
ALP and calcium deposition compared with the control
group, and miR-34c-5p inhibitor had an opposite effect

(Fig. 2E∼H; p＜0.01, p＜0.001). The detection results of
osteogenic differentiation-related genes were also consistent with the above results. According to Fig. 3A∼F,
miR-34c-5p mimic upregulated the expressions of RUNX2
and OCN (either protein level or mRNA level) compared
with the control group (p＜0.01, p＜0.001). However, inhibition of miR-34c-5p was the opposite.

MiR-34c-5p promoted osteogenic differentiation of
BMSCs by inhibiting the expression of Bcl-2
TargetScan database is widely used to predict the downstream target genes and targeted binding sites of miRNA
(19). In this study, as shown in Fig. 4A, TargetScan predicted the targeted binding sites of miR-34c-5p and Bcl-2.
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Fig. 2. miR-34c-5p decreased cell proliferation and increased ALP content and calcium deposits of BMSCs. (A) The expression of miR-34c-5p
in BMSCs transfected with miR-34c-5p mimic or mimic control was detected by qRT-PCR. (B) The expression of miR-34c-5p in BMSCs
transfected with miR-34c-5p inhibitor or inhibitor control was detected by qRT-PCR. (C) The cell proliferation of BMSCs transfected with
miR-34c-5p mimic or mimic control was identified by CCK-8 at different times (1, 3, 5 and 7 day). (D) The cell proliferation of BMSCs
transfected with miR-34c-5p inhibitor or inhibitor control was identified by CCK-8 at different times (1, 3, 5 and 7 day). (E) The ALP content
of BMSCs transfected with miR-34c-5p mimic or mimic control was detected by ELISA. (F) The ALP content of BMSCs transfected with
miR-34c-5p inhibitor or inhibitor control was detected by ELISA. (G) Alizarin red staining of BMSCs transfected with miR-34c-5p mimic
or mimic control at 14 days. Scales: 200 μm; magnifications: ×200. (H) Alizarin red staining of BMSCs transfected with miR-34c-5p
inhibitor or inhibitor control at 14 days. Scales: 200 μm; magnifications: ×200. *vs. MC; ^vs. IC. * or ^p＜0.05; ** or ^^p＜0.01; ***
or ^^^p＜0.001. BMSCs, bone marrow mesenchymal stem cells; qRT-PCR, quantitative reverse transcription polymerase chain reaction;
CCK-8, cell counting 8; ALP, alkaline phosphatase; ELISA, enzyme linked immune sorbent assay; I, miR-34c-5p inhibitor; IC, inhibitor
control; M, miR-34c-5p mimic; MC, mimic control. The experiment was independently repeated three times.

The following dual-fluorescent reporter gene assay results
demonstrated that after mutating the targeted binding
sites of miR-34c-5p and Bcl-2, up-regulation and downregulation of miR-34c-5p expression did not affect the fluorescence intensity compared with the control group (Fig.

4B and 4C). However, in the wild-type group, overexpression
of miR-34c-5p reduced the fluorescence intensity compared with the control group, while down-regulation of
miR-34c-5p showed opposite effects (Fig. 4B and 4C; p
＜0.05, p＜0.001). This suggests that miR-34c-5p could
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Fig. 3. MiR-34c-5p promoted the expression of RUNX2 and OCN of BMSCs. (A, B) The expression of RUNX2 and OCN of BMSCs transfected
with miR-34c-5p mimic or mimic control was detected by Western blot. (C) The expressions of RUNX2 and OCN of BMSCs transfected
with miR-34c-5p mimic or mimic control were detected by qRT-PCR. (D, E) The expressions of RUNX2 and OCN of BMSCs transfected
with miR-34c-5p inhibitor or inhibitor control were detected by Western blot. (F) The expressions of RUNX2 and OCN of BMSCs transfected
with miR-34c-5p inhibitor or inhibitor control were detected by qRT-PCR. *vs. MC; ^vs. IC. ^^p＜0.01; *** or ^^^p＜0.001. BMSCs, bone
marrow mesenchymal stem cells; RUNX2, Runt-related transcription factor 2; OCN, osteocalcin; qRT-PCR, quantitative reverse transcription
polymerase chain reaction; I, miR-34c-5p inhibitor; IC, inhibitor control; M, miR-34c-5p mimic; MC, mimic control. The experiment was
independently repeated three times.

target Bcl-2. CCK-8 assay showed that overexpression of
miR-34c-5p decreased the proliferation of BMSCs compared with the control group (Fig. 4D, p＜0.05, p＜0.01).
However, upregulation of Bcl-2 reversed the effect of
miR-34c-5p mimics (Fig. 4D; p＜0.05, p＜0.01, p＜0.001).
In contrast, miR-34c-5p inhibitor promoted the proliferation BMSCs compared with control group, and
siBcl-2 reversed the effect of miR-34c-5p inhibitor (Fig.
4E, p＜0.05, p＜0.01). Moreover, miR-34c-5p mimic in-

creased the content of ALP and calcium deposition compared with the control group, and overexpression of Bcl-2
reversed the effect of miR-34c-5p mimic (Fig. 4F, p＜
0.001). Similarly, the ALP content and calcium deposition
decreased by miR-34c-5p inhibitor but were increased by
siBcl-2 (Fig. 4G, Fig. 5A and 5B; p＜0.001). Furthermore,
the expression of RNUX2 and OCN also verified the
above results. As shown in the Fig. 5C∼H, miR-34c-5p
mimic downregulated the expression of Bcl-2 and upregu-
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Fig. 4. MiR-34c-5p decreased cell activity and increased ALP content of BMSCs by inhibiting Bcl-2 expression. (A) The binding site of
miR-34c-5p and Bcl-2 was predicted by TargetScan. (B, C) Dual-luciferase reporter gene assay was used to verify the targeted binding
relationship between miR-34c-5p and Bcl-2. (D) The cell proliferation of BMSCs transfected with or untransfected miR-34c-5p mimic and/or
Bcl-2 was detected by CCK-8 at 1, 3, 5 and 7 day. (E) The cell proliferation of BMSCs treated or untreated with miR-34c-5p inhibitor
and/or siBcl-2 was detected by CCK-8 at 1, 3, 5 and 7 day. (F) The ALP content of BMSCs treated or untreated with miR-34c-5p mimic
and/or Bcl-2 was detected by ELISA. (G) The ALP content of BMSCs treated or untreated with miR-34c-5p inhibitor and/or siBcl-2 was
detected by ELISA. *vs. MC, #vs. M, †vs. BCL2, ^vs. IC, §vs. I, ‡vs. siBCL2. † or ^ or ‡ or §p＜0.05; ## or ^^ or §§p＜0.01; *** or
^^^ or ††† or ###p＜0.001. BMSCs, bone marrow mesenchymal stem cells; CCK-8, cell counting 8; ALP, alkaline phosphatase; ELISA,
enzyme linked immune sorbent assay; Bcl-2, B cell lymphoma/lewkmia-2; I, miR-34c-5p inhibitor; IC, inhibitor control; M, miR-34c-5p
mimic; MC, mimic control. The experiment was independently repeated three times.

lated the expressions of RUNX2 and OCN compared with
the control group. Meanwhile, overexpression of Bcl-2 reversed the effects of miR-34c-5p mimic. The effects of

miR-34c-5p inhibitor were opposite to those of miR-34c-5p
mimic, and inhibiting the expression of Bcl-2 could also
partially reverse the effects of miR-34c-5p inhibitor.
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Fig. 5. MiR-34c-5p promoted calcium deposits and the expression of RUNX2 and OCN of BMSCs by inhibiting Bcl-2 expression. (A) Alizarin
red staining of BMSCs treated or untreated with miR-34c-5p mimic and/or Bcl-2 at 14 days. Scales: 200 μm; magnifications: ×200. (B)
Alizarin red staining of BMSCs treated or untreated with miR-34c-5p inhibitor and/or siBcl-2 at 14 days. Scales: 200 μm; magnifications:
×200. (C, D) The expression of Bcl-2, RUNX2 and OCN of BMSCs treated or untreated with miR-34c-5p mimic and/or Bcl-2 were detected
by Western blot. (E) The expressions of Bcl-2, RUNX2 and OCN of BMSCs treated or untreated with miR-34c-5p mimic and/or Bcl-2 were
detected by qRT-PCR. (F) The expressions of Bcl-2, RUNX2 and OCN of BMSCs treated or untreated with miR-34c-5p inhibitor and/or
siBcl-2 were detected by qRT-PCR. (G, H) The expressions of Bcl-2, RUNX2 and OCN of BMSCs treated or untreated with miR-34c-5p
#
†
§
‡
†
‡
inhibitor and/or siBcl-2 were detected by Western blot. *vs. MC, vs. M, vs. BCL2, ^vs. IC, vs. I, vs. siBCL2. or * or p＜0.05;
††
‡‡‡
###
§§§
p＜0.01; *** or ^^^ or
or
or p＜0.001. BMSCs, bone marrow mesenchymal stem cells; CCK-8, cell counting 8; ALP,
^^ or
alkaline phosphatase; ELISA, enzyme linked immune sorbent assay; Bcl-2, B cell lymphoma/lewkmia-2; I, miR-34c-5p inhibitor; IC, inhibitor
control; M, miR-34c-5p mimic; MC, mimic control. The experiment was independently repeated three times.

Bin Liu, et al: miR-34c-5p and Osteogenic Differentiation 295

Discussion
MiRNAs regulate the expressions of various molecules
by inhibiting protein translation and promoting the degradation of mRNAs (20). At present, their important roles
in cell cycle regulation, proliferation, differentiation, and
apoptosis have attracted much research attention (21).
Previous studies showed that multiple miRNAs are regulators of osteogenic differentiation of MSCs (22-24).
Therefore, we analyzed the database related to osteogenic
differentiation of MSCs through bioinformatics methods,
and the obtained data were verified by qRT-PCR to finally
obtain the miRNA (miR-34c-5p) with the greatest expression difference between normal rabbit and lumbar fusion model rabbit. Liu et al. (13) found that miR-34c is
involved in osteogenic differentiation of BMSCs. In the
following experiments, we also observed that the expression of miR-34c-5p was gradually upregulated during
the osteogenic differentiation of BMSCs. In addition, our
test results proved that ALP content increased gradually
during osteogenic differentiation of BMSCs. ALP is a
marker enzyme indicative of the level of catabolism in
bone tissues, and plays a key role in calcification. Under
the action of ALP, calcium ions are deposited on collagen
to complete the matrix mineralization process. Bone tissues are formed through calcification of bone matrix,
which is synthesized and secreted by osteoblasts (25). The
ALP content of osteoblasts, which will reach the highest
at the beginning of calcification and the lowest near the
end of calcification, could reflect the differentiation degree and functional state of osteoblasts to some extent
(26). Further test results showed that calcium deposition
gradually increased with the advancement of osteogenic
differentiation of BMSCs cells. Notably, calcium deposition eventually induces calcification. It can be concluded
that miR-34c-5p is positively correlated with osteogenic
differentiation of BMSCs.
In order to further understand whether miR-34c-5p is
involved in osteogenic differentiation of BMSCs, miR-34c-5p
in BMSCs cells was overexpressed or subtracted. The experimental results showed that miR-34c-5p overexpression
alleviated the proliferation of BMSCs, and promoted the
ALP content and calcium deposition. Upregulation of
miR-34c-5p would increase the expression of RUNX2 and
OCN, but silencing miR-34c-5p results in the opposite
effect. Notably, RUNX2 is the most important transcription factor for inducing MSCs to osteoblasts (27). The
mechanisms of osteoblast differentiation regulated by
RUNX2 are complex and involve many types of
post-translational modifications (28). It has reported that

miR-34c inhibits osteoblast differentiation of MC3T3-E1
premature osteoblast by directly targeting Runx2 (29, 30).
Runx2 also interacts with other factors, such as alkaline
phosphatase (ALP), osterix (OSX), and osteocalcin (OCN),
to activate genes related to osteoblast differentiation (31).
OCN is an osteoblast-specific protein that promotes calcium and phosphorus deposition (32). The above results
indicated that miR-34c-5p is involved in the osteogenic
differentiation process of BMSCs, and provided evidence
that miR-34c-5p affects the proliferation of osteoblasts.
In this study, TargetScan predicted that miR-34c-5p
could bind to Bcl-2 gene. The regulatory relationship between miR-34c and Bcl-2 has been previously detected in
many diseases. For example, miR-34c increases the sensitivity of osteosarcoma cells to cisplatin by inhibiting Bcl-2
(33); injection of Bcl-2 protein into mouse fertilized oocytes enhances the effect of miR-34c inhibitor (34).
However, the regulatory effect between miR-3c-5p and
Bcl-2 has not been verified. Bcl-2 gene is a widely recognized apoptosis-related protein and is often considered as
an oncogene (35-37). Endothelial progenitor cell–derived
microvesicles promoted proliferation and migration of
MC3T3-E1 cell and reduced apoptosis through Erk1/2-Bcl-2
pathway (38), indicating that upregulated Bcl-2 could inhibit apoptosis and promote proliferation. In addition,
Bcl-2, which is expressed in osteoblasts, osteoclasts, chondrocytes, and osteocytes (39), plays an important role in
maintaining bone integrity (40). Bone-targeted overexpression of Bcl-2 increases osteoblast adhesion and differentiation and inhibits mineralization in vitro (41).
However, the role of Bcl-2 in affecting the osteogenic differentiation of BMSCs should be further explored.
Interestingly, recent studies indicated that Bcl-2 is associated with calcium deposition (42). Bcl-2 promotes the
differentiation, activity, and survival of both osteoblasts
and osteoclasts (43), but study also reported that overexpression of Bcl2 inhibited the osteogenic/odontogenic
potential of DPSCs, as indicated by lower levels of ALP
activity and mineralized calcium deposition (17). Our
study found that Bcl-2 promoted the proliferation of
BMSCs, reduced ALP content and calcium deposition,
and suppressed RUNX2 and OCN expression. Bcl-2 overexpression could partially reverse the regulatory effects of
miR-34c-5p on ALP content, calcium deposition and
RUNX2 and OCN expression. The above results indicated
that Bcl-2 could affect the proliferation and osteogenic differentiation of BMSCs, and these effects are regulated by
miR-34c-5p.
This study revealed that miR-34c-5p promotes the osteogenic differentiation and inhibits the proliferation of
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BMSCs by inhibiting the expression of Bcl-2. As human
BMSCs are an important source of osteoblasts, we speculate that the expression of miR-34c-5p might be an important mechanism underlying the success of lumbar fusion surgery with autogenous bone graft.

Acknowledgments
This work was supported by the Zhejiang Public Welfare
Technology Application Research Project [2017C37158];
2017 Lishui Public Welfare Technology Application
Research Project [2017GXY16]; 2018 Lishui High-level
Talent Cultivation Funding Project [2018RC08]; Lishui
People’s Hospital Talent Ladder Project [2017TC006].
Potential Conflict of Interest
The authors have no conflicting financial interest.

References
1. Schnake KJ, Rappert D, Storzer B, Schreyer S, Hilber F,
Mehren C. [Lumbar fusion-Indications and techniques].
Orthopade 2019;48:50-58. German
2. Chavda S, Levin L. Human studies of vertical and horizontal alveolar ridge augmentation comparing different types
of bone graft materials: a systematic review. J Oral Implantol
2018;44:74-84
3. Jordana F, Le Visage C, Weiss P. [Bone substitutes]. Med
Sci (Paris) 2017;33:60-65. French
4. Manolagas SC. Birth and death of bone cells: basic regulatory mechanisms and implications for the pathogenesis
and treatment of osteoporosis. Endocr Rev 2000;21:115-137
5. Park D, Spencer JA, Koh BI, Kobayashi T, Fujisaki J,
Clemens TL, Lin CP, Kronenberg HM, Scadden DT.
Endogenous bone marrow MSCs are dynamic, fate-restricted participants in bone maintenance and regeneration.
Cell Stem Cell 2012;10:259-272
6. Gómez-Puerto MC, Verhagen LP, Braat AK, Lam EW,
Coffer PJ, Lorenowicz MJ. Activation of autophagy by
FOXO3 regulates redox homeostasis during osteogenic
differentiation. Autophagy 2016;12:1804-1816
7. Wang C, Meng H, Wang X, Zhao C, Peng J, Wang Y.
Differentiation of bone marrow mesenchymal stem cells in
osteoblasts and adipocytes and its role in treatment of
osteoporosis. Med Sci Monit 2016;22:226-233
8. Tomé M, López-Romero P, Albo C, Sepúlveda JC,
Fernández-Gutiérrez B, Dopazo A, Bernad A, González
MA. miR-335 orchestrates cell proliferation, migration and
differentiation in human mesenchymal stem cells. Cell
Death Differ 2011;18:985-995
9. Krol J, Loedige I, Filipowicz W. The widespread regulation
of microRNA biogenesis, function and decay. Nat Rev
Genet 2010;11:597-610
10. Oskowitz AZ, Lu J, Penfornis P, Ylostalo J, McBride J,

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

Flemington EK, Prockop DJ, Pochampally R. Human multipotent stromal cells from bone marrow and microRNA:
regulation of differentiation and leukemia inhibitory factor
expression. Proc Natl Acad Sci U S A 2008;105:18372-18377
Wang B, Yu P, Li T, Bian Y, Weng X. MicroRNA expression in bone marrow mesenchymal stem cells from
mice with steroid-induced osteonecrosis of the femoral
head. Mol Med Rep 2015;12:7447-7454
Tamura M, Uyama M, Sugiyama Y, Sato M. Canonical Wnt
signaling activates miR-34 expression during osteoblastic
differentiation. Mol Med Rep 2013;8:1807-1811
Liu Y, Xu F, Pei HX, Zhu X, Lin X, Song CY, Liang QH,
Liao EY, Yuan LQ. Vaspin regulates the osteogenic differentiation of MC3T3-E1 through the PI3K-Akt/miR-34c
loop. Sci Rep 2016;6:25578
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-34c/SATB2 axis. Aging (Albany NY) 2019;11:
8777-8791
Hagman Z, Larne O, Edsjö A, Bjartell A, Ehrnström RA,
Ulmert D, Lilja H, Ceder Y. miR-34c is downregulated in
prostate cancer and exerts tumor suppressive functions. Int
J Cancer 2010;127:2768-2776
Ebrahim AS, Sabbagh H, Liddane A, Raufi A, Kandouz M,
Al-Katib A. Hematologic malignancies: newer strategies to
counter the BCL-2 protein. J Cancer Res Clin Oncol 2016;
142:2013-2022
Heng BC, Ye X, Liu Y, Dissanayaka WL, Cheung GS,
Zhang C. Effects of recombinant overexpression of Bcl2 on
the proliferation, apoptosis, and osteogenic/odontogenic
differentiation potential of dental pulp stem cells. J Endod
2016;42:575-583
Yuan B, Yu WY, Dai LS, Gao Y, Ding Y, Yu XF, Chen
J, Zhang JB. Expression of microRNA-26b and identification of its target gene EphA2 in pituitary tissues in
Yanbian cattle. Mol Med Rep 2015;12:5753-5761
Liu S, Xie X, Lei H, Zou B, Xie L. Identification of Key
circRNAs/lncRNAs/miRNAs/mRNAs and pathways in preeclampsia using bioinformatics analysis. Med Sci Monit
2019;25:1679-1693
Berezikov E, Guryev V, van de Belt J, Wienholds E,
Plasterk RH, Cuppen E. Phylogenetic shadowing and computational identification of human microRNA genes. Cell
2005;120:21-24
Lu TX, Rothenberg ME. MicroRNA. J Allergy Clin Immunol
2018;141:1202-1207
Fu YC, Zhao SR, Zhu BH, Guo SS, Wang XX. MiRNA27a-3p promotes osteogenic differentiation of human mesenchymal stem cells through targeting ATF3. Eur Rev Med
Pharmacol Sci 2019;23(3 Suppl):73-80
Cheng F, Yang MM, Yang RH. MiRNA-365a-3p promotes
the progression of osteoporosis by inhibiting osteogenic differentiation via targeting RUNX2. Eur Rev Med Pharmacol
Sci 2019;23:7766-7774
Chen R, Qiu H, Tong Y, Liao F, Hu X, Qiu Y, Liao Y.

Bin Liu, et al: miR-34c-5p and Osteogenic Differentiation 297

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

MiRNA-19a-3p alleviates the progression of osteoporosis by
targeting HDAC4 to promote the osteogenic differentiation
of hMSCs. Biochem Biophys Res Commun 2019;516:666672
Jaiswal N, Haynesworth SE, Caplan AI, Bruder SP.
Osteogenic differentiation of purified, culture-expanded
human mesenchymal stem cells in vitro. J Cell Biochem
1997;64:295-312
Alborzi A, Mac K, Glackin CA, Murray SS, Zernik JH.
Endochondral and intramembranous fetal bone development: osteoblastic cell proliferation, and expression of alkaline phosphatase, m-twist, and histone H4. J Craniofac
Genet Dev Biol 1996;16:94-106
Liu TM, Lee EH. Transcriptional regulatory cascades in
Runx2-dependent bone development. Tissue Eng Part B
Rev 2013;19:254-263
Jeong JH, Choi JY. Interrelationship of Runx2 and estrogen
pathway in skeletal tissues. BMB Rep 2011;44:613-618
Zhang Y, Xie RL, Croce CM, Stein JL, Lian JB, van
Wijnen AJ, Stein GS. A program of microRNAs controls
osteogenic lineage progression by targeting transcription
factor Runx2. Proc Natl Acad Sci U S A 2011;108:9863-9868
Zhang Y, Xie RL, Gordon J, LeBlanc K, Stein JL, Lian JB,
van Wijnen AJ, Stein GS. Control of mesenchymal lineage
progression by microRNAs targeting skeletal gene regulators Trps1 and Runx2. J Biol Chem 2012;287:21926-21935
Hou Z, Wang Z, Tao Y, Bai J, Yu B, Shen J, Sun H, Xiao
L, Xu Y, Zhou J, Wang Z, Geng D. KLF2 regulates osteoblast differentiation by targeting of Runx2. Lab Invest 2019;
99:271-280
Ma J, Wang Z, Zhao J, Miao W, Ye T, Chen A. Resveratrol
attenuates lipopolysaccharides (LPS)-induced inhibition of
osteoblast differentiation in MC3T3-E1 cells. Med Sci
Monit 2018;24:2045-2052
Hu Y, Yang Q, Wang L, Wang S, Sun F, Xu D, Jiang J.
Knockdown of the oncogene lncRNA NEAT1 restores the
availability of miR-34c and improves the sensitivity to cisplatin in osteosarcoma. Biosci Rep 2018;38:BSR20180375
Liu WM, Pang RT, Chiu PC, Wong BP, Lao K, Lee KF,
Yeung WS. Sperm-borne microRNA-34c is required for the

35.

36.
37.

38.

39.

40.

41.

42.

43.

first cleavage division in mouse. Proc Natl Acad Sci U S
A 2012;109:490-494
Dietrich JB. [Apoptosis and anti-apoptosis genes in the
Bcl-2 family]. Arch Physiol Biochem 1997;105:125-135.
French
Piro LD. Apoptosis, Bcl-2 antisense, and cancer therapy.
Oncology (Williston Park) 2004;18(13 Suppl 10):5-10
Bruckheimer EM, Cho SH, Sarkiss M, Herrmann J,
McDonnell TJ. The Bcl-2 gene family and apoptosis. Adv
Biochem Eng Biotechnol 1998;62:75-105
Chen G, Li P, Liu Z, Zeng R, Ma X, Chen Y, Xu H, Li
Z, Lin H. Enrichment of miR-126 enhances the effects of
endothelial progenitor cell-derived microvesicles on modulating MC3T3-E1 cell function via Erk1/2-Bcl-2 signalling
pathway. Prion 2019;13:106-115
Mocetti P, Silvestrini G, Ballanti P, Patacchioli FR, Di
Grezia R, Angelucci L, Bonucci E. Bcl-2 and Bax expression in cartilage and bone cells after high-dose corticosterone treatment in rats. Tissue Cell 2001;33:1-7
Boot-Handford RP, Michaelidis TM, Hillarby MC,
Zambelli A, Denton J, Hoyland JA, Freemont AJ, Grant
ME, Wallis GA. The bcl-2 knockout mouse exhibits marked
changes in osteoblast phenotype and collagen deposition in
bone as well as a mild growth plate phenotype. Int J Exp
Pathol 1998;79:329-335
Zhang W, Pantschenko AG, McCarthy MB, Gronowicz G.
Bone-targeted overexpression of Bcl-2 increases osteoblast
adhesion and differentiation and inhibits mineralization in
vitro. Calcif Tissue Int 2007;80:111-122
Kang J, Sun Y, Deng Y, Liu Q, Li D, Liu Y, Guan X, Tao
Z, Wang X. Autophagy-endoplasmic reticulum stress inhibition mechanism of superoxide dismutase in the formation of calcium oxalate kidney stones. Biomed
Pharmacother 2020;121:109649
Nagase Y, Iwasawa M, Akiyama T, Kadono Y, Nakamura
M, Oshima Y, Yasui T, Matsumoto T, Hirose J, Nakamura
H, Miyamoto T, Bouillet P, Nakamura K, Tanaka S.
Anti-apoptotic molecule Bcl-2 regulates the differentiation,
activation, and survival of both osteoblasts and osteoclasts.
J Biol Chem 2009;284:36659-36669

