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Abstract. Numerous studies have demonstrated that 
microRNAs (miRNAs or miRs) play an important role in regu‑
lating osteogenic differentiation, but their specific regulatory 
mechanism requires further investigation. In the present study, 
it was revealed that during osteogenic differentiation of rat 
bone marrow mesenchymal stem cells (BMSCs), the expression 
level of miR‑144‑3p was decreased with increased osteogenic 
induction duration and was negatively associated with osteo‑
genic marker gene expression. Overexpression of miR‑144‑3p 
inhibited osteogenic differentiation, while inhibition of 
miR‑144‑3p expression promoted osteogenic differentiation. 
In addition, dual‑luciferase activity analysis and adenovirus 
infection experiments revealed that GATA binding protein 4 
targeted miR‑144‑3p for regulation and that overexpression of 
GATA4 promoted the expression of miR‑144‑3p. These data 
indicated that miR‑144‑3p plays a role in inhibiting BMSC 
osteogenic differentiation and that GATA4 inhibits osteogenic 
differentiation by targeting miR‑144‑3p expression.

Introduction

Osteoporosis (OP) is characterized by reduced bone forma‑
tion, increased bone resorption, and destruction of the bone 
microstructure, resulting in reduced bone strength, increased 
brittleness and metabolic osteopathic syndrome, which predis‑
poses patients to fractures (1,2). Currently, the effects of OP 
treatments are not ideal, and additionally, more detailed basic 
research studies are necessary to identify a new target for 
treatment.

Bone marrow mesenchymal stem cells (BMSCs) are a 
subgroup of adult stem cells with multiple differentiation 

potential found in the bone marrow matrix of mammals. 
BMSCs exhibit the potential to differentiate into a variety of 
cell types, high plasticity, the easy introduction and expres‑
sion of exogenous genes and other advantageous biological 
characteristics and can differentiate into osteoblasts in an 
osteoblast‑induced microenvironment (3,4). Due to this char‑
acteristic, BMSCs play an important role in the basic research 
of OP.

MicroRNAs (miRNAs or miRs), a type of endogenous 
single‑stranded noncoding small RNA that has been revealed 
in previous studies to be widespread in animals and plants, 
are important posttranscriptional regulators (5,6). In previous 
studies, miRNAs have been revealed to be involved in the 
regulation of a variety of physiological and pathological 
processes in the body and have gradually become the focus of 
life science research (7,8). miRNAs play an important regula‑
tory role in the proliferation and differentiation of osteoblasts, 
osteoclasts and chondrocytes by regulating the expression of 
target genes through relevant signaling pathways, ultimately 
affecting bone production and metabolism (9,10). miRNAs 
are expected to become potential gene therapy targets for the 
clinical treatment of bone metabolic diseases and bone injury. 
Previous studies have found stable miRNAs in circulating 
blood and identified significantly different expression levels of 
various miRNAs in the peripheral blood of patients with OP 
compared with those in healthy subjects (11,12). Our previous 
study demonstrated that the expression of miR‑144‑3p in the 
peripheral blood and bone tissues of OP patients was signifi‑
cantly decreased (13).

Members of the GATA family of transcription factors are 
highly evolutionarily conserved, zinc finger domain‑specific 
transcription factors that bind a specific DNA sequence, (A/T)
GATA(A/G), and regulate a variety of biological processes. 
GATA binding protein 4 (GATA 4) is one of six transcription 
factors in the family (14). Most previous studies of GATA4 
have focused on its role in the heart (15,16). Another previous 
study also revealed that GATA4 plays an important role in 
the regulation of bone metabolism, especially in the differ‑
entiation and formation of osteoblasts (17). After consulting 
the literature and miRNA Base (13), it was hypothesized that 
GATA4 is an upstream targeted regulator of miR‑144‑3p.

In the present study, the role of miR‑144‑3p in regulating 
the osteogenic differentiation of BMSCs and the effect of 
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GATA4 on osteogenic differentiation by targeting miR‑144‑3p 
was demonstrated.

Materials and methods

Animals. A total of six male Sprague‑Dawley rats aged 
2‑3 weeks and weighing 40‑60 g, were obtained from the 
Experimental Animal Centre of Guizhou Medical University, 
(Guizhou, China) and were used in the present study. The rats 
were kept in a temperature‑controlled room, with a humidity 
of 40‑70%, in a 12 h light‑dark cycle with free access to stan‑
dard chow and tap water. All animals were reared in a specific 
pathogen‑free environment at a comfortable temperature and 
humidity (18). The BMSC extraction process was approved 
by the Experimental Animal Ethics Committee of Guizhou 
Medical University (approval no. 1702032).

Identification rat BMSCs by using flow cytometry. To identify 
the target cell, fluorescein isothiocyanate (FITC)‑conjugated 
CD90 (1:100; cat.  no.  561973; BD  Biociences), CD45 
(1:100; cat.  no.  561867; BD  Biosciences), and phyco‑
erythrin (PE)‑conjugated CD 44 (1:100; cat. no. MA5‑16908; 
Thermo Fisher Scientific Inc.) were used to label the BMSC 
membranes. A flow cytometer (FC 500; BD Biosciences) 
and FlowJo software v.10.5.2 (BD Biosciences) were used for 
analysis.

Mesenchymal stem cell culture and osteogenic differentiation. 
The isolation and culture of BMSCs were conducted as 
previously described (13). Briefly, the rats were weighed and 
150 mg/kg of pentobarbital sodium were administered intra‑
peritoneally for euthanasia. After euthanasia, BMSCs were 
isolated from bilateral femurs and tibia of rats and cultured in a 
cell incubator containing 5% CO2 at 37˚C. Medium consisting 
of Dulbecco's modified Eagle's medium (DMEM; Gibco; 
Thermo Fisher Scientific, Inc.), 10 ml of fetal bovine serum 
(FBS; Biological Industries), and 1 ml of secondary antibody 
(cat. no. 30‑002‑CI; Beijing Solarbio Science & Technology 
Co., Ltd.), at a ratio of 100:10:1 was prepared and replaced 
every 2‑3 days. When the cells reached 80% confluence, they 
were digested with a trypsin‑EDTA solution (Beijing Solarbio 
Science & Technology Co., Ltd.) and passaged at a ratio of 1:2.

Osteogenic induction medium was prepared by adding 
10% FBS, 100 mmol/l dexamethasone, 0.05 mmol/l vitamin C, 
and 10 mmol/l glycerophosphate (all purchased from Beijing 
Solarbio Science & Technology Co., Ltd.) to 90  ml of 
high‑glucose DMEM and stored at 4˚C. During in vitro osteo‑
genic differentiation, cells were seeded in 6‑well plates and 
induced by osteogenic induction medium, which was replaced 
every 2‑3 days.

Alkaline phosphatase (ALP) and Alizarin Red S staining. 
BMSCs from generations 4 and 5 were inoculated in 6‑well 
plates, and osteogenic induction medium was added when the 
cells reached 70‑80% confluence for induction. Alizarin Red S 
(Beijing Solarbio Science & Technology Co., Ltd.) staining was 
then carried out on days 0, 7, 14 and 21 strictly according to 
the manufacturer's protocol. The medium in the plate was first 
discarded, and the cells were washed 3 times with PBS. After 
fixation with 4% paraformaldehyde for 10‑15 min at room 

temperature, the fixation solution was discarded and the cells 
were washed 3 times with ddH2O. After dd (double distilled) 
H2O was completely absorbed, an 4% Alizarin Red S staining 
solution was slowly added and incubated with the cells at 37˚C 
in a humidified atmosphere of 5% CO2 for 20‑30 min. The 
dye was discarded and the cells were washed 3‑5 times with 
ddH2O. The appropriate amount of ddH2O was added to each 
well to prevent the cells in the well from drying. The cells were 
observed, and images were captured under a light microscope 
(Leica DMi8 M/C/A; Leica Microsystems, GmbH) (magnifi‑
cation, x100).

An ALP staining kit (Beyotime Institute of Biotechnology) 
was used for staining according to the manufacturer's instruc‑
tions. The medium in 6‑well plates was discarded, and cells 
were washed 3  times with PBS. The reagent (75% fixative 
solution) was used to fix the cells for 2‑5 min at room tempera‑
ture, and the cells dried naturally. The fixative solution was 
discarded, and the cells were rinsed with distilled water for 
30 sec. After the distilled water had been discarded, the matrix 
solution was added, and the cells were incubated at 37˚C in 
the dark for 15 min. After the excess dye had been absorbed, 
200 µl color solution A was immediately added, followed 
by incubation for 5 min at room temperature and washing 
for 30 sec. The excess water was discarded, and 10 µl color 
solution B was added, followed by incubation for 5 min at 
room temperature and washing for 30 sec. After the excess 
water had been discarded, dye was added for 30 sec, followed 
by a washing step for 30 sec, after which the excess water 
was discarded. The cells were then observed under a light 
microscope (Nikon TE‑2000; Nikon Corporation) (magnifica‑
tion, x40) and images were captured.

Transfection assays. All transfection reagents [the miR‑144‑3p 
oligonucleotides (miR‑144‑3p mimic 5'‑UAC​AGU​AUA​GAU​
GAU​GUA​CU‑3', negative mimic control 5'‑UUC​UCC​GAA​
CGU​GUC​ACG​UTT‑3, miR‑144‑3p inhibitor 5'‑AGU​ACA​
UCA​UCU​AUA​CUG​UA3', inhibitor negative control 5'‑CAG​
UAC​UUU​UGU​GUA​GUA​CAA) and GP‑siRNA‑Mate Plus] 
were purchased from Shanghai GenePharma Co., Ltd. BMSCs 
at generations 4‑5 were digested, seeded into 6‑well plates 
at a density of 3x105 cells/ml and cultured to a confluence of 
60‑80% for transfection. Prior to transfection, the transfection 
reagent (RNA oligo) was prepared at the desired concentra‑
tion (4 µl) according to the manufacturer's instructions, mixed 
directly with the GP‑siRNA‑Mate Plus transfection reagent 
at room temperature, and left to rest for 10‑15  min. The 
compound was added to 300 µl of complete medium, mixed 
and added to a 6‑well plate. After 6‑8 h, this solution was 
added to complete medium or osteogenic induction medium. 
mRNA and protein expression was detected at 36‑72 h after 
transfection. For each group of tests, 3 wells containing the 
compound were prepared, and the mean value was obtained. 
The experiment was repeated three times.

Adenovirus infection. The cells were inoculated into a 48‑well 
plate at a density of 1x105 cells/well. A total of 250 µl of 
DMEM containing 10% FBS, 100 µl adenovirus (Shanghai 
GenePharma Co., Ltd) and 100  µl Lipofectamine  2000® 

reagent (Invitrogen; Thermo Fisher Scientific, Inc) was added 
to each well. After mixing, the cells were cultured for 24 h 
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in an incubator containing 5% CO2 at 37˚C. The adenovirus 
with AdGATA4 (Shanghai GenePharma Co., Ltd.) in the 
48‑well plate was absorbed and 500 µl of DMEM containing 
10% FBS was added to each well, followed by continued 
culture at 37˚C in an incubator containing 5% CO2

 for 48 h. 
After 48 h, RT‑qPCR for detection of GATA binding protein 4 
and miR‑144‑3p expression was performed. The adenovirus 
infection efficiency was observed under a confocal microscope 
(Nikon eclipse 80i; Nikon Corporation) (magnification, x40). 
B was the blank control group (untransfected cells).

Dual‑luciferase reporter assay. For luciferase reporter 
assays, three plasmids were designed: Plasmids containing 
one cis‑GATA4 motif from the miR‑144 promoter  (P1) or 
two cis‑GATA4 motifs from the miR‑144  promoter  (P2) 
and the pGL3‑basic vector. The plasmids were purchased 
from Shanghai GenePharma Co., Ltd. and the sequences 
are listed in Tables I and II. After 293T cells (Shanghai Furi 
Technology Co., Ltd.) had been cultured in a 10‑cm culture 
dish until reaching 80‑90% confluence, the cells were diluted 
to 1x106 cells/ml. The cells were used to inoculate 12‑well 
plates at a density of 5x105 cells/well, mixed and cultured for 
24 h at 37˚C in an atmosphere containing 5% CO2. The culture 
medium in the 12‑well plate was aspirated and the transfection 
mixture GP‑transfect‑Mate (Shanghai GenePharma Co., Ltd.) 
was added dropwise into the 12‑well plate at room tempera‑
ture for 20 min. After mixing, the mixture was incubated 
for 5 h at 37˚C under 5% CO2 for 24 and 48 h, and samples 
were collected. The cells were used for dual‑luciferase assays 
in which luciferase activity was assessed using the Dual‑Glo 
Luciferase Assay System (Promega Corporation). Three repli‑
cates were performed for each group, the mean values were 
obtained, and the detection time‑point was 48 h. The experi‑
ment was repeated three times.

Reverse transcription‑quantitative (RT‑q)PCR for mRNA 
and miRNA. Cell samples to be collected were obtained, and 
the culture medium was discarded. Then, cells were washed 

with PBS, and TRIzol reagent (Thermo Fisher Scientific, 
Inc.) was used to extract total RNA from the cells. A total 
of 2 µg of RNA was used for reverse transcription. The 
total RNA was converted to cDNA with a Custom Gene 
RT‑qPCR Quantitation Kit according to the manufacturer's 
instructions (Shanghai GenePharma Co., Ltd). Quantitative 
PCR was performed using a Bio‑Rad CFX 96 Touch 
real‑time PCR system (Bio‑Rad Laboratories, Inc.) and was 
executed using the TB Green Premix Ex Taq II (Shanghai 
GenePharma Co., Ltd.) with 2 µl of cDNA template in a 
25‑µl final reaction mixture (95˚C for 30 sec; 95˚C for 5 sec, 
60˚C for 30 sec, 40 cycles). The average threshold cycle (Ct) 
for each gene was determined from triplicate reactions; the 
relative expression level of mRNA or miRNAs was normal‑
ized to that of the internal controls, β‑actin or U6 using the 
2‑ΔΔCq method (19).

The primers specific for mRNAs were purchased from 
Shanghai GenePharma Co., Ltd. and the sequences are listed 
in Table III.

Western blot analysis. After 72 h of transfection, the cells 
were washed with PBS and lysed with RIPA lysis buffer 
(cat. no. KGP702; Nanjing KeyGen Biotech Co., Ltd.). Protein 
determination was performed using the bicinchoninic acid 
(BCA) method. Samples (20 µg/well) were separated by 8 and 
15% SDS‑PAGE. After electrophoresis, a PVDF membrane 
was immersed in methanol for 10 sec, and the gel and PVDF 
membrane soaked in methanol were immersed in rapid 
electrophoretic buffer for 10 min. Non‑specific binding was 
blocked with 5% non‑fat skimmed milk in Tris‑buffered saline 
plus 0.1% TBST (cat. no. T1081; Beijing Solarbio Science 
& Technology Co., Ltd.) at 25˚C for 2 h. Membranes were 
probed with primary antibodies overnight at 4˚C, including 
Runt‑related transcription factor  2 (Runx2) polyclonal 
antibody (1:1,000; cat. no. ab23981; Abcam) and ALP mono‑
clonal antibody (1:2,000; cat. no. ab194297; Abcam). β‑actin 
(1:10,000; cat. no. A5441; Sigma‑Aldrich; Merck KGaA) was 
used as a loading control. After washing with TBS containing 

Table I. Gene sequences of plasmid P1.

pGL3‑miR‑144‑p1 (568 bp)

CTAGCATCTTCAGCCTTCAGTTTCATTCCCAGCACAGGAAACTAAGCAGA
AGATAAACAAAAAGGGAGCCAAGCCTCAGCTTGTCTCAGGAAGCCAGC
AGGCAAAGAGTTAAGAAGCAGGGACTTCTAGAACCCGGGAAAACGTGC
CCCACCCAGGGGAGGGGCCAGAGGGTTAAAAGCCAAGCTGCTTGAGTG
AGAAGAGACAAGGCAGGCTCTCCCTGTGCAGAGGATTCCCTGGACGAG
GCTCCAGCTCCACTCCAGCTCCAGGTAAGCAGTCCTTGGAGTGGCTGTC
AGCCTGCTTATAGGTCTGCCCAGAGGGAAGCTCCTGCCTCACAACTTCGT
TTCTGCCTGTAACTCTGGATCCCTAAGAGACCCGAGTAGACCTTAGCTTC
CTTCTCTAAGCCACCTGGGGTTATCCTGGACCACAGGATCAGGGAGATGC
TGCTCTGGGAGGGAAGTGGAGGAGCAGAGGTAGGGACTTAGGTGTCCC
TGACTGACCCTGAGCCAATCCCCTGGCTCACTCCAGGCCTGCTGCTCAC
CTCCTCCTCCAGGACCTTGGCTGGGATATC 

miR, microRNA.
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0.1% Tween‑ 20, the immobilized primary antibodies were incu‑
bated with a horseradish peroxidase‑conjugated secondary goat 
anti‑rabbit IgG antibody (1:2,000; cat. no. ab205718; Abcam) 
for 1 h at 25˚C. Then, SuperSignal West Pico chemilumines‑
cent substrate (P0018S; Beyotime Institute of Biotechnology) 
and a full‑function FR‑1800 luminescence and fluorescence 
biological image analysis system (Shanghai Furi Technology 
Co., Ltd.) were used for chemiluminescence detection. Gel‑Pro 
Analyzer software version 4.0 (Media Cybernetics, Inc.) was 
used for analysis and processing.

Statistical analysis. All data are expressed as the mean ± stan‑
dard deviation (SD). Statistical analyses were performed with 
SPSS (version 17.0; SPSS, Inc.). Comparisons between only 
two groups were performed by the Student's t‑test. One‑way 

or two‑way ANOVAs, with Bonferroni's post hoc tests were 
performed for comparisons among multiple groups. P<0.05 
was considered to indicate a statistically significant difference.

Results

Expression of miR‑144‑3p is downregulated during osteo‑
genic differentiation. Our previous study revealed that the 
expression of miR‑144‑3p in the serum and bone tissue of 
OP patients was significantly increased compared with that 
of healthy individuals (13). BMSCs in rats were induced to 
undergo osteogenic differentiation to investigate whether the 
expression of miR‑144‑3p would change during the osteogenic 
differentiation of BMSCs in rats. The result of flow cytometry 
demonstrated that BMSCs were positive for CD44 (95.48%), 

Table II. Gene sequences of plasmid P2.

pGL3‑miR‑144‑p2 (969 bp)

TCAGCTTCCCAGCAGAGGCCCACTTGTCCACGGACCTTGCCAGAGGTGG
CTTGCAAGCTTCAGCTCTGCCCACCCAGCTCAAACAGAGTCAAAGCCTA
GGGATGGAGTCAGGCTGAGGGTACATGGAGCCTGCTCCCAGATAGATTC
CATCTAGGTCCAGTTGCCAGGACCTCCCTGTCCTATTCAGATTCAACTAA
CATTCCCATCATCACCCACAACAAACTGGGACCTTTCAGCGAGGCCCGA
ACAACTAAGCCCTGAAGGACGTGGTGAGGGTCTTTCTCTTTCCTAGCCC
AGTGGGGTAGGCAGGTAACCTTCTTTGTGGGGTTGGGGGTGAATGGTCA
CCCACTTAGAAGACGGGAGGCAGGGTGGCGGTGTAGTGTCAGTGTTGG
GGTTCTTGGCTAGCATCTTCAGCCTTCAGTTTCATTCCCAGCACAGGAAA
CTAAGCAGAAGATAAACAAAAAGGGAGCCAAGCCTCAGCTTGTCTCAG
GAAGCCAGCAGGCAAAGAGTTAAGAAGCAGGGACTTCTAGAACCCGGG
AAAACGTGCCCCACCCAGGGGAGGGGCCAGAGGGTTAAAAGCCAAGCT
GCTTGAGTGAGAAGAGACAAGGCAGGCTCTCCCTGTGCAGAGGATTCCC
TGGACGAGGCTCCAGCTCCACTCCAGCTCCAGGTAAGCAGTCCTTGGAG
TGGCTGTCAGCCTGCTTATAGGTCTGCCCAGAGGGAAGCTCCTGCCTCAC
AACTTCGTTTCTGCCTGTAACTCTGGATCCCTAAGAGACCCGAGTAGACC
TTAGCTTCCTTCTCTAAGCCACCTGGGGTTATCCTGGACCACAGGATCAG
GGAGATGCTGCTCTGGGAGGGAAGTGGAGGAGCAGAGGTAGGGACTTA
GGTGTCCCTGACTGACCCTGAGCCAATCCCCTGGCTCACTCCAGGCCTG
CTGCTCACCTCCTCCTCCAGGACCTTGGCTGGGATATC 

miR, microRNA.

Table III. Primers used in reverse transcription‑quantitative PCR.

Gene	 Forward primer 	 Reverse primer 

Rat‑miR‑144‑3p 	 GCAGAGTACAGTATAGATGATG	 GTGCAGGGTCCGAGGT 
rat‑GATA4 	 GGGCTGTCATCTCACTATGGG 	 TGGATAGCCTTGTGGGGAGA 
rat‑U6 	 CAGCACATATACTAAAATTGGAACG 	 GTGCAGGGTCCGAGGT 
rat‑ALP 	 CGATGGCTTTGGTACGGAGT	 TGCGGGACATAAGCGAGTTT
rat‑RUNX2	 TGAGATTTGTAGGCCGGAGC	 CTGAGGCGGTCAGAGAACAA
rat‑ACTB	 CGTAAAGACCTCTATGCCAACA	 GGAGGAGCAATGATCTTGATCT

miR, microRNA; ALP, alkaline phosphatase; RUNX2, Runt‑related transcription factor 2; ACTB, β‑actin.
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CD29  (99.31%) and  negative for CD45  (0.20%) (Fig.  S1). 
During osteogenic differentiation of BMSCs, ALP staining 
and Alizarin Red staining gradually deepened with time 
prolonging (Fig. 1A and B). As induction duration increased, 
the mRNA expression of miR‑144‑3p was decreased, and the 
mRNA expression of the osteogenic marker genes ALP and 
Runx2 was significantly increased (Fig. 1C). These results 
indicated that miR‑144‑3p was negatively associated with the 
expression of osteogenic marker genes.

miR‑144‑3p inhibits osteogenic differentiation. As previously 
demonstrated, miR‑144‑3p was involved in the osteogenic 
differentiation of BMSCs, but the specific regulatory role was 
not further examined. In this part of the study, the expression 
of miR‑144‑3p was regulated by cell transfection, and the rela‑
tionship between the expression of miR‑144‑3p and osteogenic 
marker genes was analyzed to determine whether miR‑144‑3p 
negatively regulates the differentiation of osteoblasts.

The mRNA expression of miR‑144‑3p was assessed at 
48 h after transfection in BMSCs transfected with miR‑144‑3p 
mimic, inhibitor and the corresponding controls. The expres‑
sion of miR‑144‑3p mRNA in the transfected miR‑144‑3p 
mimic group was significantly increased compared with that 
in the corresponding negative control (NC) treatment group, 
while the expression of miR‑144‑3p mRNA in the miR‑144‑3p 
inhibitor group was significantly decreased compared with 
that in the inhibitor NC group (Fig. 2A). After BMSCs were 
transfected with the miR‑144‑3p mimic, the mRNA and 
protein expression of the osteogenic marker genes ALP and 
Runx2 were significantly decreased compared with that in 
the corresponding NC treatment group, while the mRNA 
and protein expression of the osteogenic marker genes ALP 
and Runx2 were significantly increased in the transfected 
miR‑144‑3p inhibitor group compared with the inhibitor NC 
group (Fig. 2A‑C). These results indicated that miR‑144‑3p was 
a negative regulatory factor in the osteogenic differentiation 

Figure 1. Expression of miR‑144‑3p is downregulated during osteogenic differentiation. (A and B) During osteogenic differentiation of BMSCs, ALP staining 
and Alizarin Red staining gradually deepened with time prolonging. The results were performed to ensure efficient osteogenic differentiation of BMSCs. 
(C) miR‑144‑3p, ALP, and Runx2 expression levels in BMSCs were quantitatively assessed by reverse transcription‑quantitative PCR at the indicated 
time‑points (0, 7, 14 and 21 days) during osteogenic differentiation. The data, normalized to β‑actin (for mRNA) or U6 (for miRNA), are the mean ± SD of 
three experiments. miR, microRNA. *P<0.05, **P<0.01 and ***P<0.001. ALP, alkaline phosphatase; BMSCs, bone marrow mesenchymal stem cells; RUNX2, 
Runt‑related transcription factor 2.
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of BMSCs and inhibited the expression of osteogenic marker 
genes.

GATA4 directly targets miR‑144‑3p. In our previous 
study (13), it was revealed that miR‑144‑3p was significantly 
downregulated during the osteogenic differentiation of 
BMSCs in rats and plays a negative regulatory role in this 
process. Huang et al demonstrated that miR‑144‑3p could 
affect the osteogenic differentiation process in rat BMSCs 
by regulating Smad4 (20), which demonstrated that Smad4 
is a regulatory gene targeted by miR‑144‑3p; however, the 
regulatory factors upstream of miR‑144‑3p in the osteogenic 
differentiation process have not yet been studied, to the best 
of our knowledge. As mentioned above, GATA4 may be 

an upstream regulator of miR‑144‑3p. To further demon‑
strate the direct targeting relationship between GATA4 
and miR‑144‑3p, an adenovirus infection experiment was 
conducted and dual‑luciferase reporter gene detection was 
used.

BMSCs were infected by adenovirus carrying AdGATA4, 
and cell samples were collected after 48 h of infection for 
RT‑qPCR detection. The mRNA levels of GATA4 and 
miR‑144‑3p were increased compared with those of the NC 
group (Fig. 3A and B). These differences were statistically 
significant, indicating that GATA4 had a positive regulatory 
effect on the expression of miR‑144‑3p. Next, whether GATA4 
directly regulates miR‑144 promoter activity was investi‑
gated. Two miR‑144 promoter‑luciferase plasmids containing 

Figure 2. miR‑144‑3p inhibits osteogenic differentiation. (A) miR‑144‑3p mimic/miR‑144‑3p inhibitor or their corresponding negative controls were trans‑
fected into bone marrow mesenchymal stem cells. The mRNA levels of osteogenic markers (ALP and Runx2) and miR‑144‑3p were quantified by reverse 
transcription‑quantitative PCR. β‑actin (for mRNA) or U6 (for miRNA) were used as the internal controls. The values of each group are expressed as the 
mean ± SD of three independent experiments performed in triplicate. (B and C) Protein levels of ALP and Runx2 were analyzed by western blotting. *P<0.05, 
**P<0.01 and ***P<0.001. miR, microRNA; ALP, alkaline phosphatase; RUNX2, Runt‑related transcription factor 2; NC, negative control.
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one (P1) or two (P2) putative GATA‑binding sites at positions 
‑568 and ‑969 of the miR‑144 promoter region were gener‑
ated (Fig. 3C). These luciferase reporter constructs and the 
pGL3‑basic vector were cotransfected into 293T cells with 
AdGATA4. After 48 h of transfection, the luciferase activity of 
plasmids P1 and P2 was significantly increased compared with 
that of the control transfection group. Moreover, plasmid P2, 
which contained two binding sites, exhibited stronger lucif‑
erase activity compared with plasmid P1, which contained 
one binding site (Fig. 3C and D). Therefore, the experimental 
results indicated that the GATA4 regulatory site played a posi‑
tive role in regulating the regions of the miR‑144 promoter at 
‑568 and ‑969.

Discussion

miRNAs are important posttranscriptional regulators 
confirmed by numerous studies to be involved in the 

regulation of bone metabolism (21,22). In normal human 
serum, the type and amount of miRNAs are essentially 
stable. When tissues are destroyed, miRNAs in tissues will 
be released into the blood, causing an aberrant increase in 
the miRNA content in the serum (23,24). In addition, when 
lesions occur in the body, such as those due to tumors and 
OP, the miRNA content in serum will also become aber‑
rant (25,26). Therefore, miRNAs can serve as biomarkers for 
the early diagnosis of OP.

Previous basic studies on OP have revealed that the selec‑
tion of target miRNAs in BMSC osteogenic differentiation can 
be achieved by miRNA microarray detection and analysis of 
miRNA expression in BMSCs undergoing osteogenic differ‑
entiation (27) or by collecting blood samples from OP patients 
and healthy controls for the screening of target miRNAs by 
RT‑qPCR (28). After a target gene was identified, cellular 
experiments in which the target gene was overexpressed or 
inhibited were conducted to further verify its role in BMSC 

Figure 3. GATA4 has a positive regulatory effect on the expression of miR‑144‑3p and directly targets miR‑144‑3p. (A) RT‑qPCR for detection of GATA binding 
protein 4 expression in AdGATA4‑infected BMSCs. β‑actin was used as the loading control. B group is a blank control (untransfected cells). (B) RT‑qPCR for 
the detection of miR‑144‑3p expression in AdGATA4‑infected BMSCs, with U6 used as the loading control. (C and D) Both ‑568 and ‑969 GATA sites were 
responsible for GATA4‑induced activation of the miR‑144 promoter in BMSCs. All data are the mean ± SD from three independent experiments. *P<0.05, 
**P<0.01 and ***P<0.001. miR, microRNA; RT‑qPCR, reverse transcription‑quantitative PCR; BMSCs, bone marrow mesenchymal stem cells; NC, negative 
control.
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osteogenic differentiation (29). In our previous study (13), 
miR‑144‑3p was selected as a target gene by assessing the 
first group of selected targets; determining the 10 most likely 
candidate target genes, again through the collection of blood 
samples from OP patients and healthy controls and RT‑qPCR 
detection of mRNA levels of candidate target genes; and 
selecting the target genes with the greatest reliability, which 
revealed miR‑144‑3p as a target gene. In the present study, 
during osteogenic induction and differentiation, the expres‑
sion of miR‑144‑3p was decreased, while the expression of 
osteogenic marker genes (ALP and Runx2) was increased. 
After further cell transfection, the expression of endog‑
enous miR‑144‑3p was inhibited, osteogenic induction and 
differentiation continued, and the expression of osteogenic 
marker genes was increased. Overexpression of miR‑144‑3p 
inhibited the expression of osteogenic markers. These results 
indicated that miR‑144‑3p negatively regulated the osteo‑
genic differentiation of BMSCs. Our previous study revealed 
that miR‑144‑3p expression was significantly reduced in the 
peripheral blood and bone tissue in patients with OP and that 
through targeting RANK, miR‑144‑3p regulated osteoclast 
formation, further affecting bone metabolism and the bone 
formation process, leading to the occurrence of OP  (13). 
Research on miR‑144‑3p is limited to its targeting of RANK 
to regulate the osteoclast formation process, and the role 
of miR‑144‑3p in the differentiation of BMSCs has not yet 
been studied, to the best of our knowledge. Nevertheless, the 
regulatory factors upstream of miR‑144‑3p in the osteogenic 
differentiation process have not yet been studied, to the best 
of our knowledge.

In previous years, most studies on GATA4 have examined 
its role in regulating the differentiation of myocytes from 
BMSCs. GATA4 has been revealed to also play an important 
role in the regulation of bone metabolism, primarily by regu‑
lating the differentiation of BMSCs into osteoblasts (30,31). 
Song  et  al  demonstrated that GATA4 could negatively 
regulate osteogenic differentiation in BMSCs (17). Other 
previous studies have reported that GATA4 could not only 
inhibit the expression of RANKL in the process by which 
BMSCs differentiate into osteoblasts but also regulate the 
differentiation of osteoclasts (32‑35). In addition, GATA4 
has been revealed to participate in the regulation of tooth 
development by affecting the expression of osteogenesis 
regulatory factors and promoting the proliferation of tooth 
mesenchymal cells (36). Zhang et al reported that GATA4 
could directly regulate the miR‑144/451 gene cluster in 
the mechanism of myocardial ischemia and reperfusion 
and played a protective role in myocardial cells  (37). To 
further study the roles of GATA4 and miR‑144‑3p in osteo‑
genic differentiation, an adenovirus infection experiment 
was designed. Adenovirus carrying AdGATA4 was used 
to infect BMSCs, and RT‑qPCR detection was conducted 
at 48 h after infection. The mRNA expression levels of 
AdGATA4 and miR‑144‑3p were increased compared with 
those in the NC group. Then, by dual‑luciferase assay, it 
was revealed that the GATA4 regulatory site played a posi‑
tive role in regulating the regions of the miR‑144 promoter 
at ‑568 and ‑969.

In conclusion,  our  results  demonst rated that 
miR‑144‑3p played a negative regulatory role in the 

osteogenic differentiation of BMSCs and that GATA4 
inhibited osteogenic differentiation by targeting the expres‑
sion of miR‑144‑3p. However, the downstream mechanism 
of GATA4‑mediated miR‑144‑3p regulation in osteogenic 
differentiation requires further investigation. OP is caused 
by the imbalance between bone formation and bone resorp‑
tion (38). In the present study, only osteogenic differentiation 
was examined, and no relevant studies were conducted on 
osteoclast differentiation. Future studies will include in vivo 
experiments to investigate the effects of miR‑144‑3p on 
bone formation and bone resorption. Thus, further in vivo 
experiments are necessary to verify the clinical application 
of miR‑144‑3p in the treatment of OP.
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