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Abstract. MicroRNAs (miRNAs) are known to have regu-
latory roles in the osteogenic differentiation of various 
mesenchymal stem cells (MSCs), although their regulatory 
role on human adipose‑derived mesenchymal stem cells 
(hADSCs) remains unclear. The aim of the present study was 
to investigate the biological function and underlying molec-
ular mechanism of miRNAs in regulating the osteogenic 
differentiation of hADSCs using microarray assay. hADSCs 
differentiated into osteoblasts under culture with osteogenic 
medium, with an increase observed in calcium deposits and 
alkaline phosphatase activity. The mRNA levels of bone 
sialoprotein, osteopontin and osteocalcin increased, whereas 
Runt‑related transcription factor‑2 expression decreased 
during osteogenic differentiation. In addition, miR‑143 was 
markedly downregulated during osteogenic differentiation, 
while miR‑143 overexpression inhibited and miR‑143 knock-
down enhanced this process. miR‑143 overexpression also 
blocked extracellular signal‑regulated kinase 1/2 (ERK1/2) 
pathway activation, while miR‑143 inhibition enhanced it. 
The promoting effects of miR‑143 knockdown on the osteo-
genic differentiation of hADSCs were partly diminished by 
the mitogen‑activated protein kinase (MEK) inhibitors U0126 
and PD98059. Bioinformatics analysis further revealed that 
miR‑143 targets k‑Ras and directly binds to the 3'‑untrans-
lated region of its mRNA. Inhibition of miR‑143 enhanced 
the activation of the k‑Ras/MEK/ERK pathway during osteo-
genic differentiation, whereas miR‑143 overexpression had 
the opposite effect. Collectively, these results demonstrated 
that miR‑143 negatively regulates the osteogenic differen-
tiation of hADSCs through the k‑Ras/MEK/ERK pathway, 

providing further insight into the underlying molecular 
mechanisms.

Introduction

Human adipose‑derived mesenchymal stem cells (hADSCs) 
are a type of adult mesenchymal stem cells (MSCs) that have 
the plasticity to differentiate into osteoblasts, chondrocytes 
and adipocytes in response to the appropriate conditions (1‑3). 
In recent studies, hADSCs have been successfully induced 
into an osteogenic lineage in vitro and have been used as seed 
cells to effectively repair bone defects  (4,5). However, the 
molecular mechanisms governing the osteogenic differentia-
tion of hADSCs are not fully elucidated, and thus investigating 
the potential mechanisms is of great importance.

MicroRNAs (miRNAs) are small (18‑25 nucleotides in 
length), single‑stranded noncoding RNAs that mediate gene 
suppression by binding to the 3'‑untranslated region (3'UTR) 
of target mRNAs by promoting degradation or inhibiting the 
translation of target mRNAs (6,7). Recently, several studies 
have revealed that miRNAs serve critical roles in the regula-
tion of MSC osteogenic differentiation. For instance, miR‑145 
was decreased during osteogenic differentiation of C2C12 
and MC3T3‑E1 cells, and may suppress their osteogenic 
differentiation potential by targeting Sp7 (8). Wang et al (9) 
further revealed that miR‑193a served a suppressive role in 
the osteogenic differentiation of human bone marrow‑derived 
stromal cells (hBMSCs) via targeting high mobility group 
box 1 (HMGB1). In addition, Li et al have indicated that 
miR‑23a suppressed the osteogenic differentiation of hBMSCs 
by possibly targeting low‑density lipoprotein receptor‑related 
protein 5 (10). However, the roles of miRNAs in regulating 
the osteogenic differentiation of hADSCs remain largely 
unknown.

Osteogenic differentiation is a complex process governed 
by the interplay of multiple signaling pathways, such as bone 
morphogenetic protein (11), Wnt (12) and mitogen‑activated 
protein kinase (MAPK) signaling pathways (13,14). These 
pathways are often constitutively activated during osteo-
genic differentiation of MSCs. It has been reported that 
MAPK signaling components, including extracellular‑signal 
regulated kinase 1/2 (ERK1/2), strongly increased the 
expression of Runt‑related transcription factor‑2 (Runx2) 
protein, which is one of several key transcriptional factors 
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in osteogenesis (15). Furthermore, several studies revealed 
that the ERK signaling pathway is closely associated with the 
osteogenic differentiation of rat and human MSCs (16,17). 
For example, Ye et al (18) demonstrated that knockdown of 
forkhead box protein A2 enhanced the osteogenic differen-
tiation of BMSCs partly via activation of the ERK signaling 
pathway. Wang et al (19) further reported that naringin, a 
traditional Chinese medicine, enhanced the BMSC osteogenic 
differentiation through the activation of ERK signaling. Each 
of these studies has led us to speculate that ERK signaling 
may serve an important role in the differentiation of hADSCs 
into an osteogenic lineage.

In the present study, the expression profiles of miRNAs 
during osteogenic differentiation of hADSCs were analyzed 
using miRNA microarray, and revealed that miR‑143 was 
significantly downregulated in this process. The study then 
investigated the underlying mechanisms involved in the regu-
latory role of miR‑143 on hADSC osteogenic differentiation in 
order to identify a potential molecular therapeutic strategy for 
bone regeneration.

Materials and methods

Cell culture. All protocols involving human subjects were 
approved by the Ethics Committee of Minhang Hospital, 
Fudan University (Shanghai, China). Adipose tissue speci-
mens were obtained from five healthy donors undergoing 
tumescence liposuction (age range, 32‑53 years; median age, 
41 years; 2 males and 3 females) who underwent surgery at 
Minhang Hospital, Fudan University between April 2017 and 
April 2018. Clinical and biochemical examinations confirmed 
that these subjects did not have acute inflammation, cancer, 
endocrine diseases or infectious diseases. The inclusion criteria 
were as follows: i) Patients who were willing to participate 
in the study; and ii) clinical and biochemical examinations 
confirmed that these subjects did not have acute inflammation, 
cancer, endocrine diseases or infectious diseases. Patients who 
received chemotherapy prior to the study were excluded from 
the present study. Written informed consent for participation 
in the study was obtained from all patients. The hADSCs were 
isolated from the adipose tissues according to a previously 
described method (20).

Following isolation, hADSCs were cultured in basal 
MSC culture medium (bM), containing Dulbecco's modified 
Eagle medium (DMEM), 10% fetal calf serum, 1% antibiotics 
(100 U/ml penicillin and 100 mg/ml streptomycin; Thermo 
Fisher Scientific, Inc.) and 1% L‑glutamine (200 mM; Lonza) 
at 37˚C with 5% CO2.

Adipogenic, osteogenic and chondrogenic differentiation. For 
adipogenic differentiation, hADSCs (3x105 cells/well) were 
seeded into 6‑well culture plates and cultured for 21 days 
with adipogenic differentiation medium (Cyagen Bioscience, 
Inc.), and the medium was replaced every 3 days. Following 
the culture, the cells were washed with PBS and then fixed 
for 30 min at room temperature with 4% paraformaldehyde 
solution. Next, 0.6% Oil Red O (Sigma‑Aldrich; Merck KGaA) 
solution was used to stain the fixed cells for 1 h at room 
temperature, and the cells were then observed using a phase 
contrast microscope (Motic).

For osteogenic differentiation, hADSCs (3x105 cells/well) 
were seeded into 6‑well culture plates containing 3 ml bM. On 
the following day, the osteogenic differentiation was initiated 
by replacing the bM with osteogenic differentiation medium 
(odM), which consisted of DMEM, 100 nM dexamethasone, 
L‑glutamine, 50 mM ascorbate, 1% antibiotics, mesangial cell 
growth supplement and 10 mM β‑glycerophosphate (Lonza). 
The medium was replaced with fresh odM every 2‑3 days 
thereafter. After the cells were cultured with odM for a 
maximum of 21 days, Alizarin Red S staining was performed 
to assess the osteogenic differentiation potential of hADSCs. 
For this, the cells were fixed in 4% paraformaldehyde solu-
tion for 15 min, followed by staining with 2% Alizarin Red S 
(Sigma‑Aldrich; Merck KGaA) solution for 40 min at room 
temperature. Images were captured under a light microscope 
(DM‑1000 Microscope; Leica Microsystems). Subsequently, 
the stained cells were incubated with 10% acetic acid for 30 min 
and collected with a cell scraper and vortexed. Samples were 
then heated at 85˚C for 10 min, cooled down, and centrifuged 
at 20,000 x g for 15 min. The supernatant was neutralized with 
10% ammonium hydroxide. The absorbance was measured at 
405 nm as previously described (21).

For the differentiation of hADSCs into chondrocytes, an 
MSC Chondrogenic Differentiation kit (Cyagen Bioscience, 
Inc.) was used according to the manufacturer's protocol. 
Next, Alcian Blue staining was performed to assess the 
chondrogenic differentiation potential of hADSCs. Briefly, 
the cells were fixed with 4% paraformaldehyde solution 
for 30 min, washed three times with PBS, stained with 1% 
Alcian Blue (Solarbio Science & Technology Co., Ltd.) 
solution, and finally observed under a microscope (Olympus 
Corp.).

Alkaline phosphatase (ALP) activity. ALP activity was 
determined using an Alkaline Phosphatase Diethanolamine 
Activity Detection kit (cat. no. AP0100‑1KT; Sigma‑Aldrich; 
Merck KGaA) according to the manufacturer's protocol.

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR). Total cellular RNAs were isolated 7, 14 and 
21 days after osteogenic differentiation using TRIzol reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's protocol. For miR‑143 detection, RT was 
performed using the miScript II RT kit (Qiagen), while for 
the detection of Runx2, bone sialoprotein (BSP), osteopontin 
(OPN), osteocalcin (OCN) and k‑Ras mRNA levels, RT was 
performed using the High Capacity cDNA reverse transcrip-
tion kit (Invitrogen; Thermo Fisher Scientific, Inc.). miR‑143 
were measured using the miScript SYBR® Green PCR kit 
(Exiqon; Qiagen), while Runx2, OCN, BSP, OPN and k‑Ras 
expression levels were measured using a Power SYBR Green 
PCR Master mix (Roche Diagnostics), on a Light Cycler 
instrument (Bio‑Rad Laboratories, Inc.). The primers for qPCR 
analysis were as follows: miR‑143 forward, 5'‑ACA​CTC​CAG​
CTG​GGG​GTG​CAG​TGC​TGC​ATC​‑3', and reverse, 5'‑CTC​
AAC​TGG​TGT​CGT​GGA​GTC​GGC​AAT​TCA​GTT​GAG​ACC​
AGA​‑3'; U6 forward, 5'‑GCT​TCG​GCA​GCA​CAT​ATA​CTA​
AAA​T‑3', and reverse, 5'‑CGC​TTC​ACG​AAT​TTG​CGT​GTC​
AT‑3'; Runx2 forward, 5'‑GTC​TCA​CTG​CCT​CTC​​ACT​TG‑3', 
and reverse, 5'‑CAC​ACA​TCT​CCT​CCC​TTC​TG‑3'; OCN 
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forward, 5'‑ACA​GAC​AAG​TCC​CAC​ACA​GCA​GC‑3', and 
reverse, 5'‑TGA​AGG​CTT​TGT​CAG​ACT​CAG​GGC‑3'; BSP 
forward, 5'‑GCC​AGA​GGA​GCA​ATC​ACC​AA‑3', and reverse, 
5'‑CAG​GCT​GGA​GGT​TCA​CTG​GT‑3'; OPN forward, 5'‑TTG​
GCT​TTG​CAG​TCT​CCT​GCG​G‑3', and reverse, 5'‑AGG​CAA​
GGC​CGA​ACA​GGC​AAA‑3'; k‑Ras forward, 5'‑ACT​GAA​
TAT​AAA​CCT​TGT​GGT​AG‑3', and reverse, 5'‑TCA​AAG​
AAT​GGT​CCT​GGA​CC‑3'; GAPDH forward, 5'‑CGA​GCC​
ACA​TCG​CTC​AGA​CA‑3', and reverse, 5'‑GTC​TCA​CTG​CCT​
CTC​ACT​TG‑3'. The thermocycling were as follows: 95˚C for 
1 min; and 40 cycles of 95˚C for 30 sec, 58˚C for 30 sec and 
68˚C for 3 min/kb; followed by 68˚C for 10 min. The rela-
tive expression of each gene was calculated using the 2‑∆∆Cq 
method (22).

Microarray assay. Total cellular RNA were extracted 14 days 
after osteoinduction using miRNeasy mini kit (Qiagen). Next, 
the samples were assessed using the miRCURY LNA™ Array 
kit, version 18.0 (Exiqon; Qiagen). The procedure and imaging 
processes were performed as previously described (23).

Cell transfection. When hADSCs in a 6‑well plate were 
grown to ~80% confluence, miR‑143 mimics, mimics negative 
control (NC), miR‑143 inhibitor and inhibitor NC (Shanghai 
GenePharma Co., Ltd.) were transfected into the cells using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, 
Inc.), according to the manufacturer's protocol.

In addition, transfection of cultured hADSCs with 
agomir‑143, agomir NC, antagomir‑143 and antagomir‑NC 
(Shanghai GenePharma Co., Ltd.) was performed at a final 
concentration of 100 nM in bM. The medium was replaced 
with osteogenic medium after 16  h, and hADSCs were 
continuously cultured in odM for 14 days and then cells were 
harvested for RT‑qPCR and western blot analyses.

MEK/ERK inhibition. To block the activity of the ERK1/2 
signaling pathway, hADSCs were treated with the pathway 
inhibitors U0126 (10 µmol/l; cat no. 662009; Sigma‑Aldrich; 
Merck KGaA) or PD98059 (10  µmol/l; cat no.  P215; 
Sigma‑Aldrich; Merck KGaA) at 37˚C for 15 min.

Dual‑luciferase reporter assay. miRNA target predic-
tion tools, including Miranda (http://miranda.org.uk) and 
TargetScan v7.0 (http://targetscan.org/) were used to search 
for the putative targets of miR‑143. Dual‑Luciferase Reporter 
Assay system (Promega Corporation) was used to analyze the 
double luciferase activities according to the manufacturer's 
protocol. In brief, a sequence containing miR‑143‑predicted 
target within the k‑Ras 3' untranslated region (UTR) or a 
mutant sequence lacking any complementarity with miR‑143 
seed sequence were cloned in the 3' UTR of the luciferase 
gene, generating the reporter vector wild‑type‑pGL3‑k‑Ras 
or mut‑type‑pGL3‑k‑Ras, respectively. When hADSCs 
grew to 60‑70% confluence in 12‑well plates, the cells were 
co‑transfected with 50 nM miR‑143 mimics, miR‑143 inhibitor 
and 2 µg luciferase reporter plasmids using Lipofectamine 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Luciferase 
activity was determined 48 h after transfection. Normalization 
of firefly luciferase activity to Renilla luciferase activity was 
performed.

Western blot analysis. Western blot analysis was performed as 
previously described (19). Briefly, cells were lysed with RIPA 
buffer (cat. no. P0013C; Beyotime Institute of Biotechnology), 
and the total protein concentration was determined with using 
a bicinchoninic acid assay (cat. no. P0012; Beyotime Institute 
of Biotechnology). Subsequently, 40  µg protein samples 
were separated by 12% SDS‑PAGE, and then transferred 
onto a polyvinylidene difluoride (Millipore) membrane, and 
this membrane was then blocked with 5% skim milk for 
2 h at 4˚C overnight. Next, the samples were probed with 
primary antibodies at 37˚C for 2 h as follows: k‑Ras (1:1,000; 
ab180772), p‑p38 (1:1,000; ab31828) and c‑Raf/1 (1:1,000; cat. 
no. ab137435), purchased from Abcam; p‑c‑Raf/1 (1:1,000; 
cat. no. sc‑81513), obtained from Santa Cruz Biotechnology, 
Inc., mitogen‑activated protein kinase 1/2 (MEK1/2; 1:1,000; 
cat. no. 9122), p‑MEK1/2 (1:1,000; cat. no. 9121), ERK1/2 
(1:2,000; cat. no. 4695), p‑ERK1/2 (1:2,000; cat. no. 4370), 
c‑Jun N‑terminal kinase (JNK; 1:1,000; cat. no. 9258), p‑JNK 
(1:1,000; cat. no.  4671) and p38 (1:2,000; cat. no.  9212), 
purchased from Cell Signaling Technology, Inc.; and β‑actin 
(1:1,000; bs‑0061R) from Beijing Biosynthesis Biotechnology 
Co., Ltd. Membranes were subsequently incubated with 
horseradish peroxidase‑conjugated anti‑rabbit IgG secondary 
antibody (1:2,000; cat. no. 7074; Cell Signaling Technology, 
Inc.) for 1 h at room temperature. Protein bands were visual-
ized using an enhanced chemiluminescence detection system 
(GE Healthcare Life Sciences), and the blot bands were then 
quantified with ImageJ software (version 1.46; National 
Institutes of Health).

Statistical analysis. The difference between means was 
analyzed using Student's t‑test and analysis of variance using 
SPSS software package, version 13.0 (SPSS, Inc.). All data 
are showed as the mean ± standard deviation (SD). A P‑value 
of <0.05 was considered to denote a statistically significant 
difference.

Results

Aberrant expression of miRNAs during osteogenic differentia‑
tion. After hADSCs were isolated, the cells were cultured to 
induce adipogenic, osteogenic and chondrogenic differentia-
tion to assess their multilineage differentiation potential. As 
shown in Fig. 1A, hADSCs were able to differentiate into 
adipocytes (Oil Red O staining), osteogenic cells (Alizarin 
Red S staining) and chondrocytes (Alcian Blue staining), which 
suggest that the isolated hADSCs exhibit the typical character-
istics of MSCs. Next, Alizarin Red S staining was conducted to 
observe the changes of the extracellular matrix mineralization 
and the results showed that extracellular matrix mineralization 
was significantly increased under osteogenic differentiation 
conditions in a time‑dependent manner (Fig. 1B). In addition, 
ALP activity was further measured by ALP assay. As shown 
in Fig. 1C, ALP activity increased with a peak at 14 days and 
then decreased, typical of the well‑established program of 
osteoblast differentiation.

Multiple transcription factors drive the control of osteo-
genesis, such as Runx2, BSP, OPN and OCN. Runx2 is a 
key transcriptional regulator that promotes differentiation by 
inducing the expression of osteo‑specific genes during the 
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early stages of differentiation (24), whereas OCN is one of 
the late‑onset genes associated with osteogenesis (25). BSP 
and OPN are non‑collagenous phosphoproteins proven to be 
involved in the mineralization of bone (26). In the present study, 

RT‑qPCR was subsequently used to analyze the expression 
levels of these osteogenic specific genes. The results demon-
strated that the expression of Runx2 was time‑dependently 
decreased under osteogenic differentiation conditions, while 

Figure 1. miR‑143 was downregulated during hADSC differentiation. (A) hADSCs were seeded in 6‑well plates, incubated in normal, adipogenic, osteogenic 
or chondrogenic differentiation medium for 21 days, and then stained with Oil Red O, Alizarin Red S or Alcian Blue, respectively. Representative images are 
shown. The control group was stained by Alizarin Red S. Magnification, x200. (B) Alizarin Red S staining to examine the mineralization of hADSCs cultured 
in odM or bM at 7, 14 and 21 days. A representative example of three independent experiments is shown. Magnification, x200. (C) ALP activity was assessed 
by colorimetric assay. (D) Runx2, (E) BSP, (F) OPN and (G) OCN mRNA levels were assessed by RT‑qPCR analysis on days 7, 14 and 21 post‑induction of 
osteogenic differentiation. Data are represented as the mean ± standard deviation of three independent experiments. *P<0.05, **P<0.01 vs. bM group. miR, 
microRNA; hADSCs, human adipose‑derived mesenchymal stem cells; odM, osteogenic differentiation medium; bM, basal medium; ALP, alkaline phospha-
tase; Runx2, Runt‑related transcription factor‑2; BSP, bone sialoprotein; OPN, osteopontin; OCN, osteocalcin; RT‑qPCR, reverse transcription‑quantitative 
polymerase chain reaction.
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the expression levels of BSP, OPN and OCN were significantly 
increased (Fig. 1D‑G). These data suggested that osteogenic 
differentiation of hADSCs was successfully induced using an 
osteogenic induction medium.

miR‑143 expression was downregulated during the osteo‑
genic differentiation of hADSCs. To screen the expression 
patterns of miRNAs involved in the osteogenic differentiation 
of hADSCs, a microarray analysis was performed. Compared 
with the control group, 31 miRNAs were upregulated and 
28 miRNAs were downregulated following osteogenic 
differentiation (Fig. 2A). Among the aberrantly expressed 
miRNAs, miR‑143 was selected for further investigation 
in the present study, since its expression level was the most 
significantly downregulated in the osteogenic differentiation 
group. Previous studies have reported the suppressive func-
tions of miR‑143 in different MSCs (18,27); however, whether 
miR‑143 has a similar role in the osteogenic differentiation of 
hADSCs remains unknown. To further verify the microarray 
analysis results on miR‑143 expression, the miR‑143 levels 
were detected at different time points during the osteogenesis 
process. As shown in Fig. 2B, miR‑143 expression was signifi-
cantly decreased during this process in a time‑dependent 
manner, compared with the control group. These results 

implied that miR‑143 may be involved in the osteogenic 
differentiation of hADSCs.

miR‑143 negatively regulates the osteogenic differentiation 
of hADSCs. To investigate the role of miR‑143 in the osteo-
genic differentiation of hADSCs, the cells were transfected 
with agomir‑143 and antagomir‑143, and the efficiency of 
transfection was determined by qPCR on day 21 of osteogenic 
differentiation of hADSCs. The results of RT‑qPCR (Fig. 3A) 
revealed that miR‑143 was notably upregulated and downregu-
lated following agomir‑143 and antagomir‑143 transfection, 
respectively. Subsequently, Alizarin Red S and ALP staining 
were performed to evaluate the effects of miR‑143 on calcium 
deposits and ALP activity during the osteogenic differen-
tiation of hADSCs. The results demonstrated that agomir‑143 
treatment led to a significant decrease in both calcium deposits 
and ALP activity compared with those in the agomir‑NC 
group, while antagomir‑143 transfection markedly enhanced 
these processes (Fig. 3B and C). RT‑qPCR was also conducted 
to assess the mRNA expression levels of the bone markers 
Runx2, OPN, BSP and OCN. The results demonstrated that 
agomir‑143 significantly reduced the expression levels of these 
markers, whereas antagomir‑143 significantly promoted these 
levels compared with those in the corresponding NC groups 

Figure 2. miR‑143 expression is downregulated during the osteogenic differentiation of hADSCs. (A) Heat map of differentially expressed miRNAs between 
differentiated and non‑differentiated hADSCs. Green indicates low expression levels, and red indicates high expression levels. (B) RT‑qPCR analysis was used 
to assess the expression levels of miR‑143 on days 7, 14 and 21 post‑induction of osteogenic differentiation. Data are represented as the mean ± standard devia-
tion of three independent experiments. **P<0.01 vs. bM group. miR, microRNA; hADSCs, human adipose‑derived mesenchymal stem cells; odM, osteogenic 
differentiation medium; bM, basal medium; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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(Fig. 3D‑G). Collectively, these data suggested that miR‑143 
was a negative regulator of hADSC osteogenesis.

miR‑143 negatively regulates the ERK1/2 signaling pathway 
during the osteogenic differentiation of hADSCs. Previous 
studies have reported that MAPKs, including ERK, JNK and 
p38‑MAPK, are important signal transducers during osteo-
genic differentiation of MSCs (28‑30). Therefore, the present 
study attempted to investigate whether miR‑143 can influence 
the MAPK (ERK1/2, JNK, and p38) signaling pathways during 
hADSC osteogenic differentiation. Consistent with the find-
ings of previous studies (31,32), the levels of p‑ERK1/2, p‑JNK 
and p‑p38 were significantly increased during osteogenic 

differentiation compared with undifferentiated control groups 
(Fig. 4A and B). Notably, agomir‑143 and antagomir‑143 trans-
fection resulted in a decrease and increase, respectively, only in 
the expression of p‑ERK1/2, whereas the expression levels of 
p‑JNK or p‑p38 were not markedly affected (Fig. 4A and B). 
Taken together, these results suggested that miR‑143 was a 
negative regulator of the ERK1/2 signaling pathway during the 
osteogenic differentiation of hADSCs.

miR‑143 downregulation enhances osteogenic differentia‑
tion of hADSCs through activation of the ERK1/2 signaling 
pathway. To investigate whether the ERK1/2 signaling 
pathway is critically involved in the positive effect of miR‑143 

Figure 3. miR‑143 negatively regulated the osteogenic differentiation of hADSCs. hADSCs were transfected with agomir‑143, antagomir‑143 or the corre-
sponding NC (100 nM) for 16 h. The medium was then replaced with odM, and hADSCs were continuously cultured for 14 days. (A) miR‑143 expression was 
assessed by RT‑qPCR. (B) Osteogenic differentiation was determined by Alizarin Red S staining and (C) ALP activity was assessed by colorimetric assay on 
day 14 post‑induction. Magnification, x200. (D) Runx2, (E) BSP, (F) OPN and (G) osteocalcin mRNA levels were assessed by RT‑qPCR analysis on day 14 
post‑induction. Data represent the mean ± standard deviation of three independent experiments. **P<0.01 and ##P<0.01. miR, microRNA; hADSCs, human 
adipose‑derived mesenchymal stem cells; NC, negative control; odM, osteogenic differentiation medium; ALP, alkaline phosphatase; Runx2, Runt‑related 
transcription factor‑2; BSP, bone sialoprotein; OPN, osteopontin; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.
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on the osteogenic differentiation of hADSCs, the activity of 
the ERK1/2 signaling pathway was blocked using the pathway 
inhibitors U0126 and PD98059 (33). The results revealed that 
the level of p‑ERK1/2 was markedly increased in the odM 
+ antagomir‑143 group compared with that in odM group; 
however, the protein levels of p‑ERK1/2 were significantly 
decreased upon U0126 or PD98059 treatment (Fig.  5A). 
Next, Alizarin Red S and ALP staining were conducted to 
measure the calcium deposits and ALP activity, respectively. 
The results indicated that both U0126 and PD98059 mark-
edly reversed the antagomir‑143‑induced increase in calcium 
deposits and ALP activity (Fig. 5B and C). In addition, the 
upregulation of Runx2, OPN, BSP and OCN levels induced 
by antagomir‑143 was also abrogated by U0126 and PD98059 
treatment (Fig. 5D‑G). These results indicated the significance 
of the ERK1/2 signaling pathway in the osteogenic differentia-
tion of hADSCs mediated by antagomir‑143.

k‑Ras is a direct target of miR‑143. Through bioinformatics 
prediction using TargetScan 7.0 and miRanda, a putative target 
site of miR‑143 was identified in the 3'‑UTR of k‑Ras mRNA 
(Fig. 6A and B). To further validate that miR‑143 targeted 
k‑Ras, a dual‑luciferase reporter assay was conducted. The 
results demonstrated that miR‑143 mimics markedly inhib-
ited the luciferase activity of the k‑Ras‑3'UTR WT reporter, 
whereas co‑transfection with the miR‑143 inhibitor and WT 
reporter resulted in increased luciferase activity; however, no 
evident changes were observed following co‑transfection of 
k‑Ras 3'‑UTR‑Mut with miR‑143 mimics or inhibitor (Fig. 6C). 
Furthermore, to determine whether miR‑143 regulates k‑Ras, 
the mRNA and protein levels of k‑Ras were measured by 
RT‑qPCR and western blot analysis, respectively. As shown 
in Fig. 6D and E, k‑Ras expression was markedly decreased 

following miR‑143 mimics transfection, while its expression 
was increased by miR‑143 inhibitor in hADSCs at the mRNA 
and protein levels. It was also observed that k‑Ras levels 
were markedly downregulated in hADSCs transfected with 
agomir‑143 during osteogenic differentiation, but upregulated 
in cells transfected with antagomir‑143 (Fig. 6F). These data 
indicated that miR‑143 directly targeted k‑Ras during the 
osteogenic differentiation of hADSCs.

miR‑143 negatively regulates the k‑Ras/MEK/ERK signaling 
pathway during osteogenic differentiation of hADSCs. It has 
been reported that k‑Ras functions as an important activator 
of the ERK signaling pathway, which has been implicated in 
the regulation of the osteogenic differentiation of MSCs (34). 
Given this, in the present study, it was speculated that miR‑143 
may modulate the ERK signaling pathway via targeting 
k‑Ras during osteogenic differentiation of hADSCs. As 
shown in Fig. 7A and B, miR‑143 overexpression significantly 
decreased the expression levels of k‑Ras, p‑c‑Raf/1, p‑MEK1/2 
and p‑ERK1/2, as compared with those in the agomir NC 
group. By contrast, inhibition of miR‑143 enhanced the 
expression levels of these proteins when compared with those 
in antagomir‑NC group. These findings indicated that inhibi-
tion of miR‑143 may promote the osteogenic differentiation 
of hADSCs via activating the k‑Ras/MEK/ERK signaling 
pathway.

Discussion

In the present study, the data revealed that miR‑143 was down-
regulated during the osteogenic differentiation of hADSCs. 
Functional analyses indicated that miR‑143 overexpression 
suppressed the osteogenic potential of hADSCs, whereas 

Figure 4. miR‑143 negatively regulated the ERK1/2 signaling pathway. hADSCs were transfected with agomir‑143, antagomir‑143 or the corresponding NC 
(100 nM) for 16 h. The medium was replaced with osteogenic medium, and hADSCs were continuously cultured for 14 days. (A) Western blot analysis was 
used to assess the protein expression levels of p‑ERK1/2, ERK1/2, p‑JNK, JNK, p‑P38 and P38, with β‑actin used as an internal control. (B) The bands were 
semi‑quantitatively analyzed using ImageJ software and normalized to β‑actin density. Data represent the mean ± standard deviation of three independent 
experiments. *P<0.05 and **P<0.01, vs. control group; ##P<0.01 and $$P<0.01. miR, microRNA; hADSCs, human adipose‑derived mesenchymal stem cells; NC, 
negative control; ERK1/2, extracellular‑signal regulated kinase 1/2; JNK, c‑Jun N‑terminal kinase.
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miR‑143 inhibition enhanced this potential. Notably, the 
current study data revealed that miR‑143 knockdown promoted 
the osteogenic differentiation of these cells by activating the 
k‑Ras/MEK/ERK signaling pathway. These findings suggested 
that miR‑143 serves a potentially crucial role in the osteogenic 
differentiation of hADSCs.

Mounting evidence has indicated the vital roles of several 
other miRNAs in the osteogenic differentiation of hADSCs. For 
instance, Kim et al (35) reported that miR‑196a is a key modu-
lator of this process in hADSCs, and lentiviral overexpression 
of this miRNA enhanced osteogenic differentiation by targeting 
HOXC8. Luzi et al  (36) observed that miR‑26a expression 
increased during hADSC differentiation, while inhibition of 
miR‑26a modulated late osteogenic differentiation by targeting 
the SMAD1 transcription factor. Zeng et al (37) also identified 
miR‑100 as a negative regulator of the osteogenic differentiation 

of hADSCs, and overexpression of miR‑100 inhibited this differ-
entiation. In the present study, using an miRNA microarray, 
several miRNAs were found to be differently expressed during 
hADSC osteogenic differentiation. In particular, the study 
focused on miR‑143, since its expression was decreased the most 
during this process. It has previously been reported that miR‑143 
was downregulated in MSC osteogenic differentiation and nega-
tively regulated this process by targeting different genes (27,38). 
However, little is known regarding the effect of miR‑143 on the 
differentiation of hADSCs. To the best of our knowledge, the 
present study investigated is the first to investigate the role of 
miR‑143 in the osteogenic differentiation of hADSCs. The data 
revealed that overexpression of miR‑143 significantly inhibited 
osteogenic differentiation, while inhibition of miR‑143 enhanced 
this process, suggesting the important role of this miRNA in this 
cellular change.

Figure 5. miR‑143 downregulation enhanced the osteogenic differentiation of human adipose‑derived mesenchymal stem cells through activation of the 
ERK1/2 signaling pathway. Cells were treated with antagomir‑143 or antagomir NC, with or without 10 µmol/l U0126 or PD98059 for 15 min. (A) Protein 
expression levels of p‑ERK1/2 and ERK1/2, detected by western blot analysis and quantified using ImageJ software. (B) Graphical representation of the optical 
density following Alizarin Red S staining at day 21 of culture. (C) ALP activity assessed by colorimetric assay. (D) Runx2, (E) BSP, (F) OPN and (G) osteo-
calcin mRNA levels were assessed by reverse transcription‑quantitative polymerase chain reaction analysis. Data represent the mean ± standard deviation of 
three independent experiments. *P<0.05 and **P<0.01, vs. odM group; ##P<0.01 vs. antagomir‑143 + odM group. miR, microRNA; ERK1/2, extracellular‑signal 
regulated kinase 1/2; NC, negative control; ALP, alkaline phosphatase; Runx2, Runt‑related transcription factor‑2; BSP, bone sialoprotein; OPN, osteopontin; 
odM, osteogenic differentiation medium.
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Activation of the MAPK signaling pathway, particularly 
of ERK1/2, has been implicated in the process of osteogenic 
differentiation of hADSCs (18) and human periodontal liga-
ment stem cells (hPDLSCs) (33). For instance, activation of the 
ERK1/2 signaling pathway has been demonstrated to mediate 
the promoting effect of fibroblast growth factor‑7 on the 
osteogenic differentiation of embryonic stem cells (39) and the 
naringin‑induced osteogenic differentiation of immortalized 
hPDLSCs (33). Notably, previous studies have reported that 
miRNAs are important in the regulation of osteogenic differ-
entiation of MSCs through activating the ERK1/2 signaling 

pathway. For example, Mei et al  (40) revealed that miR‑21 
modulated ERK‑MAPK signaling activity by repressing 
SPRY2 expression to affect the human MSC differentiation. 
Of note, Dong and Hu (41) demonstrated that overexpression 
of miR‑143 suppressed the phosphorylation of ERK1/2 in 
non‑small‑cell lung cancer PC9/GR cells. To further elucidate 
the mechanisms by which miR‑143 promotes the osteogenic 
differentiation of hADSCs, the effects of miR‑143 downregu-
lation on key kinases in the MAPK signaling pathway were 
examined in the present study. The data revealed that only the 
ERK1/2 signaling pathway was regulated by miR‑143, whereas 

Figure 6. k‑Ras was a direct target of miR‑143. (A) Sequences of miR‑143 binding sites are highly conserved among different species. (B) Putative binding site 
of miR‑143 and k‑Ras. (C) Luciferase activity of hADSCs co‑transfected with luciferase reporter constructs containing WT or Mut k‑Ras 3'‑UTR, and with 
miR‑143 mimics, miR‑143 inhibitor or NC (n=3). (D) Reverse transcription‑quantitative polymerase chain reaction and (E) western blot analysis of mRNA 
and protein expression levels of k‑Ras in hADSCs transfected with miR‑143 mimics, miR‑143 inhibitor or NC miRNA (n=3). (F) Western blot analysis of 
k‑Ras protein expression in hADSCs transfected with agomir‑143, antagomir‑143 and the corresponding NC. The medium was replaced with odM after 16 h, 
and hADSCs were continuously cultured for 14 days prior to protein level assessment. Data represent the mean ± standard deviation of three independent 
experiments. **P<0.01 and ##P<0.01. miR, microRNA; hADSCs, human adipose‑derived mesenchymal stem cells; WT, wild‑type; Mut, mutant; NC, negative 
control; odM, osteogenic differentiation medium.
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the p38 and JNK pathways did not appear to be involved. 
Further assessments indicated that the promoting effect of 
antagomir‑143 on the osteogenic differentiation of hADSCs 
was markedly reversed by treatment with MEK‑specific inhibi-
tors, U0126 and PD98059, which suggested that the promoting 
effects of miR‑143 on the osteogenic differentiation of hADSCs 
may be mediated by the ERK1/2 signaling pathway.

It is well‑known that k‑Ras is an upstream regulator of the 
ERK1/2 signaling pathway (42). Under physiological condi-
tions, k‑Ras stimulates the transformation of Ras‑GTP to 
Ras‑GDP and promotes the activation of downstream of MEK, 
which in turn activates the ERK1/2 pathway  (43,44). The 
Ras/Raf/MEK/ERK signaling pathway has been reported to 
be closely associated with osteogenic differentiation of MSCs. 
A previous study by Feng et al (45) indicated that the HMGB1 
promoted the secretion of multiple cytokines and potentiated 
the osteogenic differentiation of MSCs through promoting 
the activation of the Ras/MAPK signaling pathway. Another 
study also revealed that strontium enhanced the MSC osteo-
genic differentiation by activating the Ras/MAPK signaling 
pathway (46). It has previously been reported that miR‑143 
directly targets k‑Ras in human cancer  (47,48); however, 
whether k‑Ras is a functional target of miR‑143 during hADSC 
osteogenic differentiation was unclear. In the present study, 
k‑Ras was confirmed as a direct target of miR‑143 in hADSCs. 

Furthermore, it was observed that miR‑143 blocked the activa-
tion of k‑Ras/c‑Raf/MEK/ERK signaling, whereas inhibition 
of miR‑143 enhanced this signaling. Collectively, these find-
ings indicated that miR‑143 may regulate the osteogenic 
differentiation of hADSCs through the k‑Ras/MEK/ERK 
signaling pathway.

To date, the majority of cell‑based therapies are conducted 
using the well‑characterized BMSCs. The osteogenic process 
of BMSCs is a critical step for bone formation, and it has 
been already used in clinical trials for bone damage treat-
ment (49‑51). Compared with the BMSCs, hADSCs displayed 
a significantly higher proliferating ability and differentiation 
potential, thus confirming that hADSCs are a better candidate 
for clinical application (52,53). In addition, hADSC harvesting 
involves less pain and ethical issues (54). Since BMSCs have 
been involved for some time in clinical protocols of cell 
therapy, we will further verify the results of the present study 
on BMSCs in the future.

In conclusion, the data demonstrated that miR‑143 
was the most significantly downregulated miRNA during 
osteogenesis in hADSC. Furthermore, miR‑143 inhibition 
promoted the osteogenic differentiation of hADSCs by acti-
vating k‑Ras/c‑Raf/MEK/ERK pathway. The present study 
may provide a theoretical basis for the development of stem 
cell‑based therapy of bone fractures in the future.

Figure 7. miR‑143 negatively regulated k‑Ras/MEK/ERK signaling pathway during osteogenic differentiation of hADSCs. hADSCs were transfected with 
agomir‑143, antagomir‑143 or the corresponding NC, and osteogenic differentiation medium was added. (A) Western blot analysis was used to assess the 
protein expression levels of k‑Ras, p‑Raf/1, Raf/1, p‑MEK1/2, MEK1/2, p‑ERK1/2 and ERK1/2, with β‑actin used as an internal control. (B) The bands were 
semi‑quantitatively analyzed using ImageJ software and normalized to β‑actin density. Data represent the mean ± standard deviation of three independent 
experiments. **P<0.01 and ##P<0.01. miR, microRNA; hADSCs, human adipose‑derived mesenchymal stem cells; MEK, mitogen‑activated protein kinase; 
ERK, extracellular‑signal regulated kinase; NC, negative control.
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