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MicroRNA-15a-5p plays a role in osteogenic MC3T3-E1 cells differentiation by 
targeting PDCD4 (programmed cell death 4) via Wnt/β-catenin dependent 
signaling pathway
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ABSTRACT
Osteoporosis is defined as a bone condition characterized by bone mass reduction, bone micro- 
architectural and quality deterioration, leading to compromised strength and increased chances of 
fracture. Evidence have shown an essential role of microRNAs (miRNAs) in various osteogenic 
differentiation processes. However, the function of miR-15a-5p in the differentiation of osteogenic 
cells and possible mechanisms remains unclear. The present study explored the expression of miR- 
15a-5p in human osteoporosis specimens and during the osteogenic differentiation of MC3T3-E1 cells. 
Functions of miR-15a-5p were determined using miR-15a-5p mimics and inhibitors. Luciferase assay 
was used to verify the binding of miR-15a-5p and PDCD4 3ʹUTR. Alizarin Red Staining (ARS) and 
Alkaline phosphatase (ALP) activity were used to determine the miR-15a-5p role in osteogenic 
differentiation. Finally, Wnt pathway inhibitor was used to determine the miR-15a-5p/PDCD4/Wnt 
signaling pathway in regulating osteogenic differentiation. We found miR-15a-5p expression was 
increased in human osteoporosis specimens and during differentiation of MC3T3-E1 cells. PDCD4 was 
also identified as a target of miR-15a-5p and was found to be involved in osteogenic differentiation. 
Further, miR-15a-5p mimics attenuated the effects of PDCD4 overexpression. Finally, use of XAV939 
(Wnt pathway inhibitor) downregulated osteogenic differentiation in miR-15a5p/PDCD4/Wnt- 
dependent signaling pathway. In conclusion, miR-15a-5p induced differentiation of osteoblasts and 
mineralization by modulating osteoblast differentiation factors, mainly OSX, ALP, OCN, and RUNX2, by 
inhibiting PDCD4 and Wnt signaling pathways. This study provides a modality for the future use of 
miR-15a-5p in the treatment and prevention of osteoporosis.
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1. Introduction
Osteoporosis (OP) is a bone condition marked by 
bone mass reduction, weakened bone microarchi-
tecture and quality, leading to hindered strength 
and increased risks of fracture [1,2]. The disease 
also has socio-economic effects with prevalence of 
approximately 6.6% in men and 22.1% in women 
above 50 years [3,4]. Fundamental interactions of 
osteoclasts and osteoblasts regulate bone metabo-
lism. Osteoclasts accelerate resorption through 
bone break-down, whereas osteoblasts induce 
bone production through regulation of differentia-
tion and proliferation of osteoblasts precursors [5]. 
Osteoblast differentiation is controlled through 
essential factors of transcription, like runt-related 
transcription factor 2 (Runx2) and osterix (Osx), 
and an upregulated bone matrix proteins 

expression, for instance, type 1 collagen (ColA1), 
osteopontin (OPN), and alkaline phosphatase 
(ALP) [6]. The differentiation of these factors 
induces mineralization, and leads to bone 
formation.

MicroRNA are epigenetic regulators that inter-
fere with expression of mRNA by binding the 
target’s 3′-untranslated region (3′-UTR), conse-
quently changing the biological activity [7]. 
According to evidence, microRNAs have a role in 
osteoclast behavior and osteoblast function during 
development, metastasis, and degeneration of 
bones. For instance, in women, serum miR-22-3p 
and miR-328-3p levels are linked to osteoporotic 
fracture [8]. In menopausal diabetic women, 
serum miR-188-3p, miR-550a-5p, and miR-382- 
3p are specific skeletal fracture signatures [9]. In 
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in vivo osteoporosis models, miR-188 deficient 
mice demonstrate minor responses to overproduc-
tion of marrow fat mediated by age and loss of 
bone [10]. MiR-503 silencing ramps up the forma-
tion of CD14-positive peripheral blood mononuc-
lear cells (PBMCs) by the osteoclast in human, 
hence worsening osteoporosis development in 
ovariectomized mice. Severe loss and increased 
bone resorption are displayed in osteoclast- 
specific miR-34a knockout mice, while skin can-
cer-mediated bone metastasis and estrogen defi-
ciency-mediated osteoporosis are compromised in 
mice with miR-34a overexpression [11].

MiR-15a-5p plays important functions in cancer 
regulation [12]. For instance, miR-15a-5p inhibits 
hepatocellular carcinoma through BDNF targeting 
[13]and fibrosis through vascular endothelial 
growth factor A (VEGFA) targeting [14]. MiR- 
15a/16-2 has been associated with the WNT5A 
interference to regulate mesenchymal stem cells 
osteogenesis [15]. MiR-15a-5p has been reported 
to modulate viability and degradation of osteoar-
thritis chondrocytes matrix through VEGFA tar-
geting [16]

The programmed cell death 4 (PDCD4) is 
a tumor inhibitor and its aberrant expression has 
been reported in various types of cancers, such as 
pancreatic [17], lung [18]and breast cancers [19]. 
In osteogenesis, PDCD4 suppress mesenchymal 
cells differentiation and proliferation and subse-
quently induce their apoptosis through Wnt/ 
B-catenin pathway suppression [20]. Wnt/β- 
catenin pathway positively influences bone mass 
by replicating pre-osteoblast enhancement, stimu-
lating osteoblastogenesis, inhibiting osteoblast, and 
eventually inducing osteocyte’s apoptosis [21] 
However, the role of miR-15a-5p in osteogenic 
differentiation is still unclear.

The present investigation hypothesized that 
MicroRNA-15a-5p could induce osteogenic 
MC3T3-E1 cells differentiation by targeting 
PDCD4 via Wnt/β-catenin dependent signaling 
pathway. This study aimed at assessing the role 
of MicroRNA-15a-5p and PDCD4 in osteogenic 
differentiation of MC3T3-E1 cells. Further, the 
study investigated whether miR-15a-5p overex-
pression attenuates the effects of PDCD4 

overexpression in osteogenic differentiation of 
MC3T3-E1 cells. Finally, the effects of XAV939 
(Wnt pathway inhibitor) on osteogenic differentia-
tion of MC3T3-E1 cells was also investigated.

2. Materials and methods

2.1. Human clinical samples

During the period from March 2016 to June 2018, 
bone tissue specimens were extracted from the 
transcervical region of the femoral neck from 20 
patients with OP and 20 normal subjects having 
osteoarthritis at the Department of Orthopedic 
Surgery of Changshu Hospital Affiliated to 
Nanjing University of Chinese Medicine. The 
study approval was obtained from Changshu 
Hospital Affiliated to Nanjing University of 
Chinese Medicine Ethical Committee of the 
Hospital, which adhered to the Helsinki 
Declaration. Written informed consents were 
obtained from the patients or their guardians.

2.2. Cell culture and differentiation

MC3T3-E1 cells were used in the investigation. 
Cells were acquired from the Chinese Academy 
of Science biobank and maintained in α-MEM 
media containing 10% FBS. The media was also 
supplemented with 100 μg/mL of streptomycin 
and 100 units/mL of penicillin A. The cells were 
cultured at 37°C and 5% CO2. MC3T3-E1 cells’ 
differentiation was induced by cultivation in osteo-
genic medium (OM), made by supplementing α- 
MEM media with 0.05 mmol/L L-ascorbic acid- 
2-phosphate, 100 nmol/L dexamethasones, and 
10 mmol/L β-glycerophosphate.

2.3. Cell transfection

MC3T3-E1 (3 × 105) cells were plated into 6-well 
plates for 24 hours prior to transfection. The 
MC3T3-E1 cells were then transfected using 
miR-15a-5p mimic or inhibitors and PDCD4- 
siRNA. For the PDCD4 overexpression (OE), 
PDCD4-OE plasmid was constructed by cloning 
the full-length coding sequence of PDCD4into the 
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pcDNA3.1 plasmid (Invitrogen). All the oligonu-
cleotide sequences were purchased from 
Genepharma (Shanghai). The transient cells trans-
fection was done with Lipofectamine 2000TM 

(Invitrogen, Carlsbad, CA, USA) as per the man-
ufacturer’s guidelines.

2.4. Cell proliferation

Cell proliferation assessment was done using MTT 
assay. Experimental MC3T3-E1 cells (103 cells/ 
well) were inoculated in a 96-well culture plate 
and grown for 16 days in α-MEM supplemented 
with 10% FBS in the presence or lack of an osteo-
genic media (OM). The sampling and counting of 
cells were done every 4 days, during which 0.5 mg/ 
mL of MTT was added. Cells were then cultured 
for 3 hours at 37°C to allow for the formation of 
MTT-formazan. Supernatant was later discarded 
followed by an addition of dimethyl sulfoxide 
(DMSO). Finally, the absorbance was determined 
spectrophotometrically in a microplate reader at 
an optical density of 490 nm.

2.5. Alkaline phosphatase (ALP) activity

ALP activity was spectrophotometrically assessed 
[22]. The α-MEM culture media was eliminated 
and cells subsequently washed thrice using PBS. 
The cells were then lysed using a lysis buffer made 
of 10 mM Tris-HCL at pH 7.5 and 0.1% Triton 
X 100 (Sigma–Aldrich), at 4°C for 1 h. Cells were 
later incubated for 30 min at 37°C using 10mMp- 
nitrophenyl phosphate (p-NP) in alkaline buffer 
(100 Mm diethanolamine and 0.5mMMgCl2, pH 
10.5). The reaction was then blocked in 0.2 
M NaOH and the absorbance was assessed at 
405 nm using a Spectrophotometric ELISA reader. 
The ALP activity, U/cell number, was determined 
on the 7th, 14th and 31s day. Normalization of ALP 
activity to the total content of deoxyribonucleic acid 
(DNA) was done, and results finally presented in 
µM/(min × µg DNA). Three independent assays 
were performed and data presented as means ±SD.

2.6. Alizarin red S (ARS) staining

Deposition of calcium was assessed using alizarin 
red S (ARS) [23]. Approximately 2 × 104 cells / 

cm2 were seeded in a 24-well culture plates and 
stimulated using medium (OM) containing 
50 µg/mLL-AA and 10mMβ-GP for 7 and 
14 days. Fixation of cells was done for 10 minutes 
in 10% formalin in PBS at a room temperature, 
followed by washing in distilled water. 
Subsequently, the cells were stained for 10 min 
at 37°C using 2% ARS (pH 4.2). The ARS solu-
tion were then removed, and the cell samples 
were later washed thrice in deionized water. 
Calcium quantification was done by treatment 
with cetylpyridinium chloride (CPC) (Sigma). 
The samples stained by ARS were treated for 1 
h using 10% CPC solution (1 ml), to desorb 
calcium ions. Later, 100 ul of the eluted stain 
was then added to a 96-well plate. The solution’s 
absorbance was determined at using multifunc-
tion microplate scanner at 590 nm. A standard 
curve was made using the RS and CPC. The 
calcium deposition expression was done as 
molar equivalent of calcium. One mole of ARS 
binds to two moles of calcium in the Alizarin Red 
S-calcium complex.

2.7. RT-quantitative polymerase chain reaction

Extraction of total RNA from MC3T3-E1 cells was 
done by RT-qPCR RNAiso Plus (TaKaRa 
Biotechnology, China), according to the manufac-
turers’ instructions. Total concentration and purity 
of RNA were detected using Nanodrop Assay 
(Thermofisher). Reverse transcription was carried 
out with Prime Script™ RT Master Mix, to synthe-
size the first strand cDNA. qPCR was also done 
with SYBR Premix Ex Taq II (TaKaRa 
Biotechnology, China). The assay primer sequence 
was as follows:

RUNX2, F: 5ʹ- CCCAGTATGAGAGTAGGTG 
TCC −3ʹ, R: 5ʹ- GGGTAAGACTGGTCATAGG 
ACC −3ʹ;

ALP, F: 5ʹ-ACACCTTGACTGTGGTTACTG-3, 
R: 5ʹ-CCATATAGGATGGCCGTGAAG-3ʹ;

OCN, F: 5ʹ-ACACCATGAGGACCATCTTTC 
-3, R: 5ʹ-CGGAGTCTGTTCACTACCTTATT-3;

PDCD4, F 5ʹ-TCG TCGTTACGATTGGTT 
AGTC-3, R5ʹ-GAAAAATCTCTA ACCCTTC 
TCGC-3ʹ;

β-actin, F:5ʹ-AATGTGGCTGAGGACTTTG-3, 
R: 5ʹ-GGGACTTCCTGTAACCACTTATT-3ʹ.
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U6: 5ʹ-CTCGCTTCGGCAGCACA-3ʹ; R, 5ʹ- 
TGGTGTCGTGGAGTCG-3ʹ.

The system was then run through Applied 
Biosystems 7500 Real-Time PCR (Applied 
Biosystems, Canada). The amplification of qPCR 
was done as follows: initial denaturation at 95°C 
for 10 min, followed by 40 cycles at 95°C for 30 s, 
58°C for 1 min, and 72°C for 1 min. The relative 
gene expression levels were assessed using 2−∆∆Ct 
method.

2.8. Bioinformatics analysis

TargetScan (http://www.targetscan. org), and 
miRanda (http://www.microrna.org) and PicTar 
(http://pictar.mdc-berlin.de) were used for the 
analysis of potential miR-15a-5p binding sites on 
the target genes. The analysis consistency and pre-
dictions through these websites confirms their 
reliability.

2.9. Luciferase reporter gene assay

Luciferase reporter gene experiment was done by 
an overnight inoculation of approximately 5 × 105 

HEK293T cells into a 24-well plate. We created 
pmirGLO-PDCD4-WT or PDCD4-Mut plasmids 
having wildtype PDCD4 3ʹUTR or mutant 
PDCD4 3ʹUTR, respectively. Then, co-transfected 
pmirGLO-miR-15-5pWT reporter plasmids or its 
mutant vector (at 150 ng each) into MC3T3-E1 
cells with 50 nM miR-15a-5p mimics using 
Lipofectamine 2000 reagent. Cells were cultured 
further for 48 hours. The firefly and renilla luci-
ferase activity were assessed by Dual-Luciferase 
Reporter Analysis System following the manufac-
turer’s guideline (Promega). The relative luciferase 
activity was finally determined based on the ratio 
of the fluorescence of firefly/renilla.

2.10. Western blot analysis

SDS-PAGE was carried out on Bio-Rad mini- 
protean electrophoresis system. For every sample, 
20 µg of total protein was extracted and mixed 
using 6X SDS sample buffer, and heated for 
5 min at 90°C. The proteins were later transferred 

into the membrane of polyvinylidene fluoride 
(PVDF), which was then blocked for 1 hour at 
room temperature using 5% nonfat milk (in 1 
X PBS). It was then incubated overnight, at 4 °C 
using specific rabbit primary antibodies against 
various proteins as follows: OCN (1:1000), 
RUNX2 (1:1000), ALP (1:1000), PDCD4 (1:1000), 
and β− actin (1:1000). The membrane was later 
washed and then incubated at a room temperature 
for 2 h in diluted horseradish peroxidase (HRP)- 
conjugated anti-rabbit secondary antibodies, in 5% 
nonfat milk (in 1 X PBS) in the ratio 1:5,000. The 
membrane was rewashed in for three times in 0.5% 
PBST. Band detection was finally done using 
Western Chemiluminescent HRP Substrate in the 
Protein Simple detection machine.

2.11. Data analysis

Graph pad prism software was used for the analy-
sis of data. The numerical values presentation was 
done as the means ± S.E.M. Mann-Whitney U test 
was used for analysis of data and results were 
significant were p < 0.05.

3. Results

3.1. miR-15a-5p is upregulated during 
osteogenic differentiation

Osteoporosis is a state of the bone characterized by 
reduction of the bone mass, degeneration of bone 
micro-architecture and quality, resulting in weak-
ening and chances of fracture. MicroRNAs have 
a role in osteoclast behavior and osteoblast func-
tion during development, metastasis, and degen-
eration of bones. MiR-15a-5p is an important 
molecule which might contribute to osteogenic 
differentiation. The current investigation postu-
lated that MicroRNA-15a-5p induce the osteo-
genic differentiation of MC3T3-E1 cells by 
targeting PDCD4 via Wnt/β-catenin dependent 
signaling pathway. Western blot, RT-qPCR and 
MTT assays were used to determine MicroRNA- 
15a-5p role in osteogenic differentiation of 
MC3T3-E1 cells.

The results showed that miR-15a-5p expression 
was considerably downregulated in the human OP 
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samples (Figure 1(a)). To determine miR-15a-5p 
effect in osteogenic differentiation, cells were sepa-
rately grown in a complete α-MEM media or in 
the presence of an osteogenic media (OM). 
Assessment of cell viability using MTT assay 
showed a significant increase of MC3T3-E1 cell 
growth when cultured in osteogenic media, as 
shown in Figure 1(b).

We then used RT-qPCR to assess the relative 
mRNA expression of osteogenesis-associated genes 
(ALP, RUNX2, and OCN in the cells post- 
osteogenic media treatment for 0, 7, and 14 days. 
According to the results, ALP expression, OCN, 
and RUNX2 were significantly increased 14 days 
after treatment with OM, as shown in Figure 1(c).

ALP, OCN, and RUNX2 protein expressions 
were further determined in the OM treated cells 
through western blotting. Similar to RT-qPCR 
results, these proteins’ expression was significantly 
elevated 14 days post-OM treatment (Figure 1(d, 
e)). Later, ALP activity was determined, and the 
results demonstrated a significantly elevated activ-
ity after 7 and 14 days of cell treatment with 
osteogenic media (Figure 1(f)). Finally, we deter-
mined the expression of miR-15a-5p in the cells 

post-OM treatment for 0, 7, and 14 days. Our 
observations indicated an increased miR-15a-5p 
expression at 7 and 14 days, as demonstrated in 
Figure 1(g). According to these results, miR-15a- 
5p expression is generally upregulated in osteo-
genic differentiation.

3.2. MiR-15a-5p promotes osteogenic 
differentiation of MC3T3-E1 cells

To assess miR-15a-5p role in osteogenic differen-
tiation, MC3T3-E1 cells were transfected with 
mock, miR-15a-5p mimics, mimics-NC, miR- 
15a-5p inhibitors, and inhibitors-NC. 
Determination of miR-15a-5p relative expression 
was then done using RT-qPCR. According to our 
observations, miR-15a-5p relative expression was 
significantly elevated in cells transfected using 
miR-15a-5p-mimics but significantly lowered fol-
lowing transfection using miR-15a-5p-inhibitors, 
as shown in Figure 2(a). We also determined the 
levels of expression of osteogenesis-associated 
proteins in the transfected cells. The RT-qPCR 
results indicated a significant elevation of ALP, 
OCN, and RUNX2 in the cells transfected with 

Figure 1. Expression of miR-15a-5p is upregulated during osteogenic differentiation in MC3T3-E1.
a: Expression of miR-15a-5p in human osteoporosis specimens. b: Cell viability of MC3T3-E1 cells induced with osteogenic media. c-e: 
Relative mRNA (c), and protein (d) expression along with quantification (e) of ALP, OCN and RUNX2 genes detected in MC3T3-E1 
induced with osteogenic media through RT-qPCR and Western blot. f: Relative activity of ALP in MC3T3-E1 induced with osteogenic 
media. G: Relative miR-15a-5p expression in MC3T3-E1 induced with osteogenic media. (Data presented as means ± SEM; *p < 0.05, 
**p < 0.01) 
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miR-15a-5p mimics, but a significant reduction 
following transfection with miR-15a-5p- 
inhibitors, as shown in Figure 2(b). 
Determination of ALP activity demonstrated 
increased ALP activity in cells transfected with 
miR-15a-5p-Mimics, but a significant drop fol-
lowing transfection using miR-15a-5p-inhibitors, 
as shown in Figure 2(c). Finally, we used Alizarin 
Red staining to assess miR-15a-5p effects on 

mineralization. The results demonstrated 
a significantly increased and deep staining of 
miR-15a-5p mimics-transfected, than miR-15a- 
5p-inhibitors-transfected cells grown in osteo-
genic media, as compared to those cells grown 
in the general media and OM (Figure 2(d,e)). 
From the observations, we generally surmised 
that miR-15a-5p promotes osteogenic 
differentiation.

Figure 2. Overexpression of miR-15a-5p promotes osteogenic differentiation.
a: Expression of miR-15a-5p in MC3T3-E1 after transfection of miR-15-a-5p mimics and inhibitors. b: Relative mRNA expression of 
ALP, OCN and RUNX2 genes detected in MC3T3-E1 cells after transfection of miR-15-a-5p mimics and inhibitors. c: Relative activity of 
ALP in MC3T3-E1 cells after transfection of miR-15-a-5p mimics and inhibitors. d: Alizarin Red staining of MC3T3-E1 cells after 
transfection of miR-15-a-5p mimics in presence of general media. e: Alizarin Red staining of MC3T3-E1 cells after transfection of miR- 
15-a-5p mimics and inhibitors in the presence of osteogenic media. (Data presented as means ± SEM; **p < 0.01) 
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3.3. PDCD4 is a target of miR-15a-5p and is 
involved in osteogenic differentiation of 
MC3T3-E1 cells

We then aimed at studying the mechanisms 
employed by miR-15a-5p promoting osteogenic 
differentiation. For confirmation, the activity of 
luciferase was determined by dual-luciferase 

reporter technique. Our findings indicated 
a significantly reduced luciferase activity in 
PDCD4-WT MC3T3-E1 cells treated using mimics 
of miR-15a-5p than in the PDCD4-MUT MC3T3- 
E1 cells treated using miR-15a-5p (Figure 3(a,b)). 
Next, we used RT-qPCR to determine the PDCD4 
mRNA expression in MC3T3-E1 transfected using 
miR-15a-5p mimics, mimics-NC, miR-15a-5p 

Figure 3. MiR-15a-5p targets 3ʹUTR of PDCD4 and regulate osteogenic differentiation.
a: Binding site of mutant and wild type 3ʹUTR of PDCD4 compared to the miR-15a-5p. b: Relative luciferase activity to represent the 
binding of miR-15a-5p and 3ʹUTR of PDCD4. C: Relative mRNA expression of PDCD4 in MC3T3-E1 cells after transfection of miR-15- 
a-5p mimics and inhibitors. d-e: Relative protein expression of PDCD4 in MC3T3-E1 cells after transfection of miR-15-a-5p mimics and 
inhibitors. f: Relative PDCD4 mRNA expression in MC3T3-E1 induced with osteogenic media. g: Relative PDCD4 mRNA expression in 
MC3T3-E1 cells after transfection of si-PDCD4. h: Relative mRNA expression of ALP, OCN and RUNX2 genes detected in MC3T3-E1 
cells after transfection of si-PDCD4. I: Western blot showing expression of PDCD4, ALP, OCN and RUNX2 proteins in MC3T3-E1 cells 
after transfection of si-PDCD4. j: Relative ALP activity in MC3T3-E1 cells after transfection of si-PDCD4. k: Alizarin Red staining of 
MC3T3-E1 cells after transfection of si-PDCD4. (Data presented as means ± SEM; **p < 0.01) 
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inhibitors, and inhibitors-NC. Our observations 
indicated a significantly increased PDCD4 mRNA 
expression in miR-15a-5p-inhibitors, and 
decreased in the miR-15a-5p mimics as compared 
to their respective NC groups (Figure 3(c)). 
Western blot analysis also demonstrated a higher 
expression of PDCD4 in the miR-15a-5p inhibitors 
transfected cells and decrease in cells transfected 
with miR-15a-5p mimics as compared to NC, as 
shown in Figure 3(d,e).

Further, expression of PDCD4 in the cells post- 
OM treatment for 0, 7, and 14 days was detected 
through RT-qPCR. Our findings showed 
a significantly reduced mRNA expression of 
PDCD4 after 14 days of treatment with the OM 
compared to the time point 0 (Figure 3(f)). To 
further elucidate the effect of PDCD4 on differen-
tiation of osteogenic cells, MC3T3-E1 cells were 
transfected with si-PDCD4 and the corresponding 
si-NC. The PDCD4 mRNA expression was then 
determined using RT-qPCR. According to our 
observations, the expression of PDCD4 was signif-
icantly lowered in the cells transfected with si- 
PDCD4, as shown in Figure 3(g). We then deter-
mined the relative mRNA expression of osteogenic 
differentiation associated genes in the si-PDCD4 
and si-NC transfected MC3T3-E1 cells. As indi-
cated in Figure 3(h), mRNA expressions of ALP, 
OCN, and RUNX2 were significantly increased in 
the cells transfected with si-PDCD4 (Figure 3(h)). 
The western blot protein expression also indicated 
decreased PDCD4 expression, and increased ALP, 
OCN, and RUNX2 in the cells transfected with si- 
PDCD4, Figure 3(i). Finally, determination of the 
ALP activity and mineralization (Alizarin Red 
staining) indicated an increased ALP activity and 
increased mineralization in si-PDCD4 transfected 
cells (Figure 3(j,k)). These data summarized 
demonstrate that miR-15a-5p targets PDCD4 and 
the latter is involved in osteogenic differentiation.

3.4. Overexpression of miR-15a-5p attenuates 
the effects of PDCD4 overexpression in 
osteogenic differentiation of MC3T3-E1 cells

To understand PDCD4 overexpression effects on 
miR-15a-5p in osteogenic differentiation, the 
experimental MC3T3-E1 cells were transfected 
together with Mimics-NC+pcDNA3.1-NC, miR- 

15a-5p mimics+pcDNA3.1-NC, miR+ PDCD4 
OE plasmid or miR-15a-5p+ PDCD4-OE. We 
then assessed the relative mRNA expression of 
PDCD4 post-transfection through RT-qPCR. 
According to our observations, PDCD4 mRNA 
was highly expressed after the overexpression of 
PDCD4 using pcDNA3.1-PDCD4 plasmid, but 
significantly reduced following the co-transfection 
with miR-15a-5p mimics+pcDNA3.1-PDCD4, as 
shown in Figure 4(a). We further determined the 
mRNA expressions of associated osteogenic genes 
in the same cells through RT-qPCR. The results 
also demonstrated lower ALP, OCN, and RUNX2 
mRNA levels following transfection of PDCD4 
overexpression plasmid, but a later significant 
upregulation of these genes following the co- 
transfection of miR-15a-5p+pcDNA3.1-PDCD4, 
as shown in Figure 4(b). The western blot assay 
confirmed the lower ALP OCN, and RUNX2 
expression, whereas increased PDCD4 expression, 
following PDCD4 overexpression plasmid trans-
fection. However, co-transfection of miR-15a-5p 
mimics and PDCD4-OE plasmid significantly 
reduced the expression of PDCD4 and improved 
the expression of ALP OCN, and RUNX2 than in 
PDCD4 overexpression cells, Figure 4(c,d).

Similarly, the ALP activity significantly 
decreased after PDCD4 overexpression plasmid 
transfection, but co-transfection of miR-15a-5p 
+pcDNA3.1-PDCD4 plasmid significantly 
improved the level ALP activity (Figure 4(e)). 
Mineralization was then determined through 
Alizarin Red staining. According to our observa-
tions, the staining was considerably decreased 
after PDCD4 overexpression plasmid transfec-
tion, but co-transfection of miR-15a-5p 
+pcDNA3.1-PDCD4 plasmid significantly 
increased the staining intensity (Figure 4(f)). 
These data together show that miR-15a-5p over-
expression attenuates the effects of PDCD4 over-
expression in osteogenic differentiation.

3.5. Use of XAV939 (Wnt pathway inhibitor) 
downregulate osteogenic differentiation of 
MC3T3-E1 cells in miR-15a5p/PDCD4/Wnt- 
dependent signaling pathway

Finally, we aimed at investigating the possible 
effect of Wnt pathway inhibition on osteogenic 
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differentiation in miR-15a5p/PDCD4/Wnt- 
dependent signaling pathway. MC3T3-E1 cells 
were transfected with 5, 10, 20 uM of XAV939 
(Wnt-inhibitor), and relative miR-15a-5p and 
PDCD4 mRNA expressions were determined 
through RT-qPCR. We observed a reduction of 
miR-15a-5p mRNA proteins with an increasing 
XAV939 dose (Figure 5(a)), whereas increasing 

PDCD4 expression was observed with an increas-
ing XAV939 dose (Figure 5(b)). We then deter-
mined the relative mRNA expressions of 
associated osteogenic proteins following transfec-
tion of cells with 20uM of XAV939. Our observa-
tions pointed to a significantly lowered ALP, OCN, 
and RUNX2, respectively, the expression following 
the treatment with 20uM of XAV939, Figure 5(c). 

Figure 4. Overexpression of miR 15a 5p attenuates the effects of PDCD4 overexpression in osteogenic differentiation of MC3T3-E1 
cells.
a: Relative mRNA expression of PDCD4 in MC3T3-E1 cells after co-transfection of miR-15-a-5p mimics and PDCD4 overexpression 
plasmid. b: Relative mRNA expression of ALP, OCN and RUNX2 genes detected in MC3T3-E1 cells after co-transfection of miR-15-a-5p 
mimics and PDCD4 overexpression plasmid. c-d: Relative protein expression of ALP, OCN and RUNX2 genes detected in MC3T3-E1 
cells after co-transfection of miR-15-a-5p mimics and PDCD4 overexpression plasmid. e: Relative activity of ALP in MC3T3-E1 cells 
after co-transfection of miR-15-a-5p mimics and PDCD4 overexpression plasmid. f: Alizarin Red staining of MC3T3-E1 cells after co- 
transfection of miR-15-a-5p mimics and PDCD4 overexpression plasmid. (Data presented as means ± SEM; **p < 0.01) 

BIOENGINEERED 8181



Determination of protein expressions through 
western blot assay also significantly increased 
PDCD4, whereas decrease in ALP, OCN, and 
RUNX2 expression following the VAX939 treat-
ment (20 µM), Figure 5(d). Lastly, Alizarin Red 
S staining following VAX939 treatment demon-
strated a significant reduction of the intensity of 
staining (Figure 5(e)). Altogether, these data indi-
cate that XAV939, as a Wnt pathway inhibitor, 
downregulates osteogenic differentiation in miR- 
15a5p/PDCD4/Wnt-dependent signaling pathway.

4. Discussion

Bone formation is multifaceted and involve osteo-
blast’s cell lineage proliferation, pre-osteoblast’s 
mobilization and differentiation, and osteoblast’s 
maturation. Recovery of bone tissue after bone 
damage, including migration, differentiation of 
cells, and mineralization of the bone matrix, also 
depends on osteoblasts. Consequently, osteoblasts 
regulate homeostasis of bones from birth to death, 

and osteoblast dysregulation leads to bone marrow 
diseases, such as osteoporosis. This study con-
firmed that miR-15a-5p upregulation promotes 
osteogenic differentiation and that miR-15a-5p 
induces differentiation by targeting PDCD4. We 
finally confirmed that Wnt pathway inhibition 
suppresses differentiation in miR-15a5p/PDCD4/ 
Wnt-dependent signaling pathway.

Changes in osteogenic media have been 
reported to cause a significant increase in 
miRNA profiling, for instance, the elevated 
miRNA levels in the skeletal muscles [24] and 
miR-378 is significantly increased during the myo-
genic differentiation of C2C12 [25]. Osteogenic 
media also accelerates osteogenic differentiation 
and cell proliferation and osteogenic differentia-
tion markers such as ALP [26].

According to recent reports, miRNAs have 
essential functions in osteogenic differentiation 
via targeting important transcription factors 3�- 
UTR for osteogenic differentiation [27]. MiR-346, 
which is increased during hBMSCs osteoblastic 

Figure 5. Use of Wnt pathway inhibitors (XAV939) decreases osteogenic differentiation of MC3T3-E1 cells in miR-15a5p/PDCD4/Wnt- 
dependent signaling pathway.
a: Relative miR-15a-5p expression in MC3T3-E1 cells stimulated with different doses of XAV939. b: Relative mRNA expression of 
PDCD4 in MC3T3-E1 cells stimulated with different doses of XAV939. c: Relative mRNA expression of ALP, OCN and RUNX2 genes 
detected in MC3T3-E1 cells stimulated with XAV939. d: Western blot showing expression of PDCD4, ALP, OCN and RUNX2 proteins in 
MC3T3-E1 cells stimulated with XAV939. E: Alizarin Red staining of MC3T3-E1 cells after stimulation with XAV939. (Data presented as 
means ± SEM; **p < 0.01) 
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differentiation, enhances osteogenic differentiation 
via GSK-3beta targeting and controlling the Wnt/β 
catenin differentiation pathway. Overexpression of 
miR-21 has been reported to significantly initiate 
the hUMSCs osteogenic differentiation by directly 
suppressing PTEN. MiR-15a-5p expression has 
been linked with progression of tumor, especially 
regarding cell proliferation and differentiation. 
According to some reports, miR-15a-5p expres-
sion was suppressed in human Osteoarthritis 
chondrocytes [28]. In our findings, MiR-15a-5p 
expression was gradually increased during 
MC3T3-E1 cells osteogenic differentiation, signify-
ing the direct participation of miR-15a-5p in the 
regulation of this complex process.

MiR-15a-5p has also been linked with the reg-
ulation of the cartilage matrix degradation through 
ADAMTS5 targeting, in human chondrocytes 
[29]. MiR-15a-5p further alleviates response of 
inflammation and arterial injury in diabetes 
through FASN targeting [30]

Studies have revealed that microRNAs plays 
a regulatory role on osteogenic differentiation 
markers, for instance, miR-125b overexpression 
was reported to inhibit ALP activity [31]. 
However, microRNA overexpression has also 
been linked with increased expression of osteo-
genic differentiation markers as reported severally, 
for instance, miR-223 increased the ALP, OCN 
and RUNX2 activity [32]. In our findings, MiR- 
15a-5p was also associated with increased osteo-
genic differentiation, which was demonstrated by 
increased osteoblastic markers ALP, OCN, OPN, 
and RUNX2, and increased levels of matric miner-
alization and ALP activity.

MicroRNAs and Wnt/β-catenin pathway both 
form network important in regulating key biologi-
cal processes [33]. The Wnt/β-catenin signaling 
also has an essential role in osteogenesis. The 
Wnt/β-catenin pathway regulates osteoblast genic 
proliferation, differentiation, and mineralization 
[34]. Wnt signaling can also increase osteogenesis 
through the regulation of RUNX2 expression [35]. 
Further, Wnt/β-catenin is also inactivated by 
PDCD4 in osteoporosis [36]. In the current report, 
miR-15a-5p initiates the differentiation of 
MC3T3-E1 cells by directly suppressing PDCD4. 

Our findings agree with the previous work that 
reported PDCD4 as a repressor of osteoclastogen-
esis gene and are directly suppressed by miR-21 
[37]. Inhibition of PDCD4 is important for osteo-
genesis since its presence suppresses and hampers 
the function of c-Fos [38]. In our findings, Runx2 
expression was increased to integrate pathways of 
PDCD4 and Wnt/β-catenin in regulating of osteo-
blast differentiation.

5. Conclusion

Consequently, miR-15a-5p impacts both differentia-
tion of osteoblast and osteoclastogenesis via coopera-
tive association of Wnt/β-catenin and PDCD4 
pathways. In conclusion, miR-15a-5p induced differ-
entiation of osteoblasts and mineralization by mod-
ulating osteoblast differentiation factors, mainly ALP, 
OCN, and RUNX2, by inhibiting PDCD4 in Wnt 
signaling pathways. Wnt/β-catenin pathway may sti-
mulate the expression of miR-15a-5p, and upregulate 
osteoblast differentiation proteins, including ALP, 
and OPN, and RUNX2. This study provides 
a possible novel alternative of using miR-15a-5p in 
the treatment and prevention of osteoporosis.
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