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Abstract. Human pluripotent stem cells have the potential 
assist in the identification of genes involved in mammalian 
development. The human placenta is considered a repository of 
stem cells, termed placenta‑derived multipotent cells (PDMCs), 
which are able to differentiate into cells with an osteoblastic 
phenotype. This plasticity of PDMCs maybe applied clinically 
to the understanding of osteogenesis and osteoporosis. In the 
presentstudy, osteoblasts were generated by culturing PDMCs 
in osteogenic medium. Reverse transcription quantitative 
polymerase chain reactionand the degree of osteoblast 
calcification were used to evaluate the efficacy of osteogenesis. 
The results suggestedthat the expression of mothers against 
decapentaplegic homolog 3 (SMAD3) increased in the initial 
stages of osteogenic differentiation but decreased in the later 
stages. However, osteogenesis was inhibitedwhen the PDMCs 
overexpressed SMAD3 throughout the differentiation period. 
In addition, the rate of osteogenic differentiation was decreased 
when SMAD3 signaling was impaired. In conclusion, SMAD3 
serves an important role in osteoblast differentiation and 
bone formation in a time‑dependent manner. The data from 
the present study indicate that arapid increase in SMAD3 
expression is crucial for osteogenesis and suggest a role for 
PDMCs in the treatment of patients with osteoporosis.

Introduction

Human pluripotent stem cells have the potential to assist in the 
identification of ����������������������������������������gene������������������������������������s associated with������������������� mammalian develop-
ment (1,2), and the plasticity of stem cells suggests that they 
may have a wide range of clinical applications (3,4). Bone tissue 
engineering has also been explored for clinical purposes (5,6).

A number of growth factors, cytokines, drugs and gene 
products are critical for the differentiation of stem cells, 
including osteoblast differentiation (7‑9). Indeed, one of the 
pivotal factors in the health and maintenance of bone density 
is the coordinated activity of osteoblasts and osteoclasts (10). 
For example, bone loss in older people due to imbalances 
between osteoblast and osteoclast activitymay servea role 
in post‑fracture mortality  (11,12). In addition, appropriate 
osteoblast calcification or bone mineralization is essential 
for complete bone formation (13‑15). The process of bone 
regeneration has the potential to treat defects in bone healing in 
patients with osteoporosis with bone fractures or abnormalities 
in osteogenesis (9,16,17).

Osteoporosis is a musculoskeletal disease characterized 
by decreasedbone mineral density and an increased risk of 
fragility fractures (18). It is known that in the bones of patients 
with osteoporosis, resorption by osteoclasts exceeds bone 
formation by osteoblasts (19). Clinically, osteoporotic fractures 
result in notable mortality and morbidity (18). Alendronate 
acid, a bisphosphonate, is the primary agent used to prevent 
and treat osteoporosis (20‑22). Pharmacokinetic studies have 
indicated that ~50% of the alendronate absorbed into the body 
binds to bone surface, while the other 50% is rapidly excreted 
from the kidneys (20,23,24). Besides conventional chemical 
therapy, stem cell therapy has been demonstrated to lead to an 
improvement �������������������������������������������������in patients with osteoporosis �������������������by promoting osteo-
genesis and preventing the progression of osteoporosis (25,26). 
We previously isolated a population of multipotent cells from a 
human full‑term placenta, termed placenta‑derived multipotent 
cells (PDMCs), which were able to differentiate into a range of 
cell types, including cells with an osteoblastic phenotype (27). 
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In addition, human PDMCs have demonstrated �������������marked ������thera-
peutic effects in animal models following their engraftment 
within a lesion (28). Therefore, understanding the molecular 
mechanism of the differentiation of PDMCs into osteoblasts 
may assist in treating patients with osteoporosis.

The present study aimed to identify molecules that were 
differentially expressed during osteogenic development. Firstly, 
the significant genes were identified from a microarray dataset in 
the gene expression omnibus (GEO) repository. Osteoblasts were 
generated by culturing PDMCs in osteogenic medium (OM) for 
different times. Reverse transcription quantitative polymerase 
chain reaction���������������������������������������������� (��������������������������������������������RT‑�����������������������������������������qPCR) was performed and osteoblast calci-
fication was measured to evaluate the efficacy of osteogenesis.

Materials and methods

Isolation and phenotypic characterization of PDMCs. A 
full‑term placenta (38‑40 weeks gestation) from a healthy 
27‑year‑old woman was obtained under a procedure approved 
by the Institutional Review Board of Cathay General Hospital 
(Taipei, Taiwan; approval no. CT98115). The individual provided 
informed consent. The stem cells (PDMCs) were isolated as 
described previously  (7,27). Prior to any differentiation, a 
minimal immunophenotyping was performed as previously 
described, with minor modifications of the antibody titers 
as described, to validate the stemness of the PDMCs using a 
FACSCalibur flow cytometer and CellQuest software (v.3.3; 
both BD Biosciences, Franklin Lakes, NJ, USA) (29,30). Briefly, 
‘stemness’ was defined as cells within the PDMC population 
predominantly staining for integrin β1 (cat. no.  303003; 
BioLegend, San Diego, CA, USA) (1:50), cluster of differentiation 
(CD)44 (cat. no. 555478) (1:50), 5'‑nucleotidase (cat. no. 550256) 
(1:50), Thy‑1 membrane glycoprotein (cat. no. 555595; all BD 
Biosciences) (1:50), endoglin (cat. no. MAB2152; Chemicon, 
EMD Millipore, Billerica, MA, USA) (1:50), and CD166 (cat. 
no. MCA 1926F; AbDSerotec, Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) (1:5) and lacking expression of human 
leukocyte antigen‑DR isotype (cat. no. 555818;) (Class II, 1:50), 
hematopoietic progenitor cell antigen CD34 (cat. no. 341071; 
both BD Biosciences) and receptor‑type tyrosine‑protein 
phosphatase C (1:50), and monocyte differentiation antigen 
CD14 (cat. no. 301805; BioLegend) (1:50) (31,32).

Osteoblast differentiation. Induced osteoblast differentia-
tion was achieved as described previously, with certainminor 
modifications (27,33). Briefly, PDMCs were maintained in a 
basal medium, and osteogenic differentiation was induced by 
culture in OM, which consisted of basal medium containing 
0.1 µM dexamethasone, 10 mM β‑glycerol phosphate, and 
50 µM sodium L‑ascorbate (all Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany), at a density of 17,000 cells/cm2. The 
differentiated cells were then harvested for subsequent analysis.

Expression profile data. Data in GSE35959, deposited by 
Benisch et al (34) was downloaded from the Gene Expression 
Omnibus (GEO: www.ncbi.nlm.nih.gov/geo/) database. A 
total of two groups (Group 1:4 controls without osteoporosis; 
1 male and 3 females; age range: 79‑89 years and Group 2: 
5 patients with osteoporosis; 5 females; age range: 79‑94 years) 
were enrolled to study the differentially expressed genes.

Validation of gene expression and RT‑qPCR. To determine 
gene expression levels, total RNA was extracted from cells at 
each experimental time point using TRIzol® reagent (Thermo 
Fisher Scientific, Inc., Waltham, MA, USA). Total RNA 
(1 µg) was reverse‑transcribed using oligo (dT)20 primer and 
SuperScript III First‑Strand Synthesis System (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's protocol. The relative mRNA level of the target gene 
was quantified using qPCR with a TaqMan probe and TaqMan 
Master Mix in a LightCycler Nano instrument (both Roche 
Diagnostics GmbH, Mannheim, Germany), according to the 
manufacturer's protocol. Amplification primers and specific 
TaqMan probes for candidate genes were designed by Roche 
Diagnostics GmbH, and are summarized in Table I. Expression 
of each gene was normalized to that of GAPDH to avoid errors 
due to sample‑to‑sample differences in RNA quantity. Light 
Cycler Software (version 1.1.0; Roche Diagnostics GmbH) was 
used to analyze the PCR kinetics and to calculate quantitative 
results. The two‑step qPCR conditions were as follows: Initial 
denaturation at 95˚C for 2 min, then 50 cycles of amplification 
(denaturation at 95˚C for 20 sec; annealing and elongation 
at 60˚C for 20 sec). The data were analyzed using the 2‑ΔΔCq 
method, and results are expressed as the ratio of expression at 
the designated time compared with that at time 0 (35).

Mothers against decapentaplegic homolog 3 (SMAD3) 
overexpression. To produce tetracycline‑inducible SMAD3, 
the cDNA encoding SMAD3 was prepared by amplifica-
tion with forward primer (5'‑GCT​AGC​ATG​TCG​TCC​ATC​
CTG​CCT​TT‑3') and reverse primer (5'‑GAT​ATC​AGA​CAC​
ACT​GGA​ACA​GCG​G‑3') from a human placenta library 
(Sigma‑Aldrich; Merck KGaA) and then sequenced to 
confirm gene identity. SMAD3‑overexpressing PDMCs (over 
SMAD3‑PDMCs) were generated by lentiviral transduction 
using the all‑in‑one tetracycline‑inducible plasmid (pAS4.1w.
Ppuro‑aOn). This doxycycline‑induced SMAD3 contained 3 
extra amino acids at the C‑terminus of SMAD3 due to the 
cloning strategy. Infection of each lentivirus into PDMCs was 
performed according to the protocol used in the National RNAi 
Core Facility at the Institute of Molecular Biology/Genomic 
Research Center, Academia Sinica (Taipei, Taiwan)  (36). 
Briefly, 1.5x106 cells were grown in a 10 cm dish for 24 h, 
and a multiplicity of infection of 3 was used for subsequent 
lentiviral infections. In the presentstudy, all plasmids and the 
viral particles generated were purchased from the National 
RNAi Core Facility. Firstly, the over SMAD3‑PDMCs 
were used to elucidate the molecular effects of SMAD3 on 
osteogenic differentiation. Conditional SMAD3 expression 
in over SMAD3‑PDMCs was induced by adding doxycycline 
(1 µg/ml) to cause overexpression of SMAD3 3 days prior, on 
the day, 3 days following, and 6 days following OM treatment 
for osteogenic differentiation. These cells were lysed and 
harvested using radioimmunoprecipitation assay lysisbuffer 
containing Protease Inhibitor Cocktail (both Sigma‑Aldrich; 
Merck KGaA) according to the manufacturer's protocol. 
The protein aliquot (20 µg) of each lysate, quantified using 
Bradford protein assay (Bio Rad Laboratories, Inc.), was 
separated by the NuPAGE 4‑12% Bis‑Tris Gel (Thermo Fisher 
Scientific, Inc.) and transferred onto a polyvinylidene fluoride 
membrane (Merck KGaA) using a TE70 Semi‑Dry Transfer 
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Unit (GE Healthcare, Chicago, IL, USA). This membrane was 
then blocked in 3% bovine serum albumin (cat. no. A3803; 
Sigma‑Aldrich; Merck KGaA) and 10%  non‑fat milk for 
30 min at room temperature, and SMAD3 protein levels were 
detected with anti‑SMAD3 antibodies (cat. no.  ab40854; 
1:5,000; Abcam, Cambridge, MA, USA) for 30 min. The 
protein level of GAPDH was treated as a protein‑loading 
control to ensure equal protein levels in all the samples 
using an anti‑GAPDH antibody (cat. no. AM4300; dilution; 
1:6,000; Thermo Fisher Scientific, Inc.). The secondary 
antibodies were biotinylated anti‑rabbit anti‑SMAD3 IgG 
(cat. no.  BA‑1000; cat. no.  1:1,000; Vector Laboratories, 
Burlingame, CA, USA) and horseradish peroxidase‑conju-
gated anti‑mouse anti‑GAPDH IgG (cat. no.  ab6808; cat. 
no. 1:5,000; Abcam). The bands were then visualized using the 
VECTASTAIN ABC‑AmP Chemiluminescence Detection 
kit (cat. no. AK‑6601; Vector Laboratories) for the SMAD3 
protein and the Western Lightning Ultra‑ECL (PerkinElmer, 
Waltham, MA, USA) for the GAPDH protein, according to the 
manufacturers' protocol. Finally, images were captured using 
an Alpha InnotechFluorChem FC2 Imager (Alpha Innotech; 
ProteinSimple, San Jose, CA, USA).

Inhibition of SMAD3 signaling. The SMAD3 inhibitor, SIS3 
(cat. no. 1009104‑85‑1; Cayman Chemical Company, Ann 
Arbor, MI, USA), was applied to inhibit SMAD3 signaling. 
Briefly, different concentrations of SIS3 (0, 1, 3 and 10 µM) 
in combination with doxycycline (1 µg/ml) were added to the 
over SMAD3‑PDMCs for 3 days prior to the addition of OM 
to induce osteogenic differentiation.

Alizarin red staining (ARS). Staining with alizarin red, an 
anthraquinone dye that indicates calcium deposition, was 
performed to evaluate the efficacy of osteogenic differentia-
tion. Briefly, the cells were fixed in 70% ethanol at 4˚C for 
1 h, then washed with PBS. Next, the cells were incubated 

with staining solution (40 mM alizarin red S; pH 4.2; cat. 
no. A5533; Sigma‑Aldrich; Merck KGaA) at room tempera-
ture for 5 min and then washed 3 times with distilled water. 
Images were captured using an Olympus IX70 microscope 
with the magnification x100 (Olympus Corporation, Tokyo, 
Japan) and Nikon COOLPIX5000 (Nikon Corporation, 
Tokyo, Japan). The ARS signals were identified as regions of 
red or reddish color, and were calculated as the ratios in the 
regions of interest (ROIs) using CellCloud software (v.0.8; 
Meridigen Biotechnology, Taipei, Taiwan). The positive 
signals in each raw image were calculated using superpixels, 
segmentation and object identification. Briefly, the analysis 
module firstly used a superpixel algorithm to partition the 
image into multiple segments, using a set of parameters to 
identify the ROIs in each raw image that exhibited positive 
ARS, and then calculate the ratio of the ROIs.

Calcium colorimetric assay. Calcification was assessed using 
the calcium O‑cresolphthaleincomplexone method (37). Briefly, 
the cell medium at each experimental time point was removed 
and cells were washed twice with PBS. The cells were mixed 
with 0.5 M acetic acid for 20 min at room temperature. The 
samples (10 µl) were transferred into a microtiter plate, and 
200 µl 2‑amino‑2‑methyl‑1‑propanol solution (Sigma‑Aldrich; 
Merck KGaA) and 200  µl O‑cresolphthaleincomplexone 
reagent (Sigma‑Aldrich; Merck KGaA) were added. The plates 
were incubated at 25˚C for 15 min and then the absorbance 
at 575 nm was determined using a Synergy HT Microplate 
Reader (BioTek Instruments, Inc., Winooski, VT, USA).

Statistical analysis. All values were obtained from 
independently performed duplicate or triplicate experiments. 
Data are presented as the mean ± standard deviation. Statistical 
comparisons were conducted using One‑way analysis of 
variance followed by a post‑hoc test using Bonferroni 
correction. The unpaired t‑test was used to analyze two 

Table I. Amplification primers and specific TaqMan probes for candidate genes.

Gene name	 Accession no.	 Sequence (5' to 3')	 UPL probe no.

GAPDH	 NM_002046.3	 F: CTCTGCTCCTCCTGTTCGAC	 60
		  R: ACGACCAAATCCGTTGACTC	
ALP	 NM_001127501.1	 F: AGAACCCCAAAGGCTTCTTC	 12
		  R: CCTGCTTGGCTTTTCCTTC	
BMP‑2	 NM_001200.2	 F: CAGACCACCGGTTGGAGA	 31
		  R: CCCACTCGTTTCTGGTAGTTCT	
COL1A1	 NM_000088.3	 F: GGGATTCCCTGGACCTAAAG	 67
		  R: GGAACACCTCGCTCTCCA	
RUNX2	 NM_004348.3	 F: GTGCCTAGGCGCATTTCA	 29
		  R: GCTCTTCTTACTGAGAGTGGAAGG	
SMAD3	 NM_005902.3	 F: GTCTGCAAGATCCCACCAG	 79
		  R: AGCCCTGGTTGACCGACT	

GADPH, Glyceraldehyde 3‑phosphate dehydrogenase; ALP, Alkaline phosphatase; BMP‑2, Bone morphogenetic protein 2; COL1A1, 
Collagen, type I, α1 chain; RUNX2, Runt‑related transcription factor 2; SMAD3, mothers against decapentaplegic homolog 3; UPL, universal 
probe library; F, forward primer; R, reverse primer.



LIN et al:  DYNAMIC EXPRESSION OF SMAD3 IS CRITICAL IN OSTEOBLAST DIFFERENTIATION OF PDMCs1088

independent groups. Statistical analyses were performed using 
IBM SPSS v. 22.0 software (IBM Corp., Armonk, NY, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Changes in ARS signals in OM‑treated PDMCs. The ARS 
signals in OM‑treated PDMCs increased in strength in a 
time‑dependent manner (Fig. 1A). The relative intensity of 
the ARS signals was quantified, and it was demonstrated that 
PDMCs with calcium deposition (0.78±0.13%) were identified 
at day 15 of OM treatment and intense calcium deposition 
was detected on day 21 (21.89±1.01%; Fig. 1B). Using a data-
base (GSE35959 for osteoporosis) from the Gene Expression 
Omnibus repository, it was identified that SMAD3 expression 
was upregulated (log2 ratio=5.14) in the mesenchymal stem 
cells of patients with primary osteoporosis compared with 
that in individual controls (Table II). Therefore, SMAD3 was 
selected for additional analysis due to its significance in bone 
mineralization and osteoblast differentiation (38,39).

Quantification of osteogenesis‑associated genes and SMAD3 
in OM‑treated PDMCs. The mRNA levels of several other 
osteogenesis‑associated genes and SMAD3 in OM‑treated 
PDMCs compared with the levels in cells on day 0 of osteo-
genic differentiation were quantified. Firstly, the expression 
of bone morphogenic protein 2 (BMP‑2), an important 
factor in osteogenesis, was increased in OM‑treated PDMCs 
on day 6 (3.81) and at day 15 (4.02). By contrast, collagen 
type alpha 1 chain (COL1A1), a marker of chondrogenesis, 

was downregulated after 6 (0.62) and 15 (0.13) days in OM 
(Fig. 1C). The changes in expression of two molecules closely 
associated with the osteoblast phenotype, runt‑related tran-
scription factor 2 (RUNX2) and alkaline phosphatase (ALP) 
(Fig. 1D) were also quantified. RUNX2 and ALP were induced 
at day 6 (RUNX2=2.45; ALP=1.93), but decreased at day 15 
(RUNX2=0.91; ALP=1.10); this expression pattern was similar 
to that observed for SMAD3. As indicated in Fig. 1E, SMAD3 
expression increased to 2.39 at day 6 of OM treatment and 
then markedly decreased to 0.76 at day 15.

Role of SMAD3 in mineralization during osteogenesis. In an 
attempt to understand the role of SMAD3 in mineralization 
during osteogenesis, over SMAD3‑PDMCs that overexpressed 
SMAD3 via a doxycycline‑inducible system were constructed. 
Fig. 2A describes the experimental design, indicating the 
times of doxycycline induction, osteogenic differentiation by 
OM, and analyses following harvesting of the cells. Fig. 2B 
demonstrates that there were increases of up to 10‑fold in 
the mRNA expression of SMAD3 in over SMAD3‑PDMCs 
induced by doxycycline prior to OM treatment compared with 
that in the non‑induced cells. When the calcium deposition 
was analyzed by ARS, the red signal intensity reached a peak 
at day 21 following OM treatment (Fig. 2C). Quantification 
of the ARS signal and the intracellular level of calcium 
ions indicated a markedly high production of calcium at 
day  21 [ARS signal=86.03±2.14% (Fig.  2D); intracellular 
calcium=18.49±0.17 mg/dl (Fig.  2E)]. However, the over 
SMAD3‑PDMCs also exhibited early deposition of calcium 
(ARS signal=53.96±7.42%; Fig. 2D) and a higher level of intra-
cellular calcium (18.10±0.29 mg/dl; Fig. 2E) at day 9 following 

Figure 1. Efficacy results of osteogenic differentiation and relative gene expression levels under OM treatment. (A) The ARS signals in OM‑treated PDMCs. 
ARS signals were acquired from cells following OM treatment at different days. (A‑a) Day 1. (A‑b) Day 6. (A‑c) Day 15. (A‑d) Day 21. (B) The relative intensity 
of the ARS signals in OM‑treated PDMCs. (C) Expression levels of target osteogenic genes RUNX2 and ALP. (D) Expression levels of target osteogenic genes 
COL1A1 and BMP‑2; (E) SMAD3 gene expression levels. All gene expressions were compared with that of GAPDH. The ARS signals were calculated as the 
ratios in the regions of interest using CellCloud software. Statistical analysis was performed by one‑way analysis of variance. *P<0.05, **P<0.01 and ***P<0.001. 
ARS, alizarin red staining; OM, osteogenic medium; PDMCs, placenta‑derived multipotent cells; SMAD3, mothers against decapentaplegic homolog 3; 
RUNX2, Runt‑related transcription factor 2; ALP, alkaline phosphatase; COL1A1, Collagen, type I, alpha 1 chain; BMP‑2, Bone morphogenetic protein 2.
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OM treatment, and the ARS signaling (94.34±1.11%; Fig. 2D) 
and intracellular calcium levels (31.88±0.77 mg/dl; Fig. 2E) 

were additionally increased at day 21. By contrast, the positive 
ARS signals were delayed and inhibited if the expression of 

Figure 2. Effect of SMAD3 overexpression in mineralization during osteogenesis via a doxycycline‑inducible system. (A) The experimental design. (B) SMAD3 
mRNA expression. (C) The ARS signal intensity following OM treatment. (D) Quantification of the ARS signal. (E) The intracellular level of calcium ions. 
The ARS signals were calculated as the ratios in the regions of interest using CellCloud software. The statistic was calculated by one‑way analysis of variance 
for ARS signals and intracellular calcium and the unpaired t‑test for SMAD3 expressions, **P<0.01 and ***P<0.001. SMAD3, mothers against decapentaplegic 
homolog 3; OM, osteogenic medium; Dox, doxycycline (1 µg/ml); ARS, alizarin red staining.

Table II. Top 10 significant genes with differential expression in patients with osteoporosis. 

Gene name	 Accession no.	 log2 ratio	 Regulation (up or down)	 P‑valuea

SMAD3	 NM_005902.3	 5.14	 Up	 0.000079
COL1A1	 NM_000088.3	 4.22	 Up	 0.000007
IGF2	 NM_000612	 4.18	 Up	 0.015652
TGFB2	 NM_003238	 3.93	 Up	 0.004562
FGFR1	 NM_015850	 3.65	 Up	 0.000044
COL14A1	 NM_021110	‑ 3.789	 Down	 0.012965
FGFR2	 NM_000141	‑ 3.042	 Down	 0.002195
NOG	 NM_005450	‑ 2.355	 Down	 0.016054
CDH11	 NM_001797	‑ 2.210	 Down	 0.024306
SMAD2	 NM_005901	‑ 1.744	 Down	 0.009018

Data was extracted from the GSE35959 dataset including two groups (Group 1: 4 controls without osteoporosis; 1 male and 3 females; age range, 
79‑89 years. Group 2: 5 patients with osteoporosis; 5 females; age range, 79 ‑94 years). SMAD3, mothers against decapentaplegic homolog 3; 
COL1A1, Collagen, type I, α1 chain; IGF2, Insulin like growth factor 2; TGFB2, Transforming growth factor β2; FGFR1, Fibroblast growth 
factor receptor 1; COL14A1, Collagen type XIV α1 Chain; FGFR2, Fibroblast growth factor receptor 2; NOG, Noggin; CDH11, Cadherin 11; 
SMAD2, mothers against decapentaplegic homolog 2. aP‑values were acquired by comparing two groups using the unpaired t‑test.
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SMAD3 was induced by doxycycline following the initiation 
of OM treatment, as demonstrated in Fig. 3A. The increased 
doxycycline‑induced SMAD3 was revealed on different 
days using western blot analysis (Fig.  3B). A decreased 
ARS signal was observed (Fig. 3C) and quantified (Fig. 3D). 
Briefly, decreased ARS signals were detected in the cells with 
doxycycline induction 6 days following OM treatment (day 9, 
0.02±0.02%; day 21, 55.63±3.28%) compared with the cells 
with doxycycline induction 3 days following OM treatment 
(1.20±0.48% at day 9 and 63.84±10.48% at day 21).

Impairment of ARS signals in the presence of SMAD3 
inhibitor SIS3. The data indicated the molecular significance 
of SMAD3 in the initial stages of osteoblast differentiation, 
so the SMAD3 inhibitor, SIS3 (CAS 1009104‑85‑1), was 
used to selectively inhibit SMAD3‑mediated signaling (40). 
As indicated in Fig.  4, the positive ARS signal in the 
over SMAD3‑PDMCs decreased with increasing levels 
of SMAD3 inhibitor. Over SMAD3‑PDMCs that were 
not induced by doxycycline exhibited a low ARS signal 
(0.05±0.03%), but those induced by doxycycline exhibited 
a high ARS signal (91.56±2.70%) on day 9 following OM 
treatment (Fig. 4A). However, this increased ARS signal 
decreased when the over SMAD3‑PDMCs were also 
treated with SIS3. Decreasing ARS signals were detected 
in the presence of increasing concentrations of SIS3 (from 
1‑10 µM) at day 21. As indicated in Fig. 4B, the lowest ARS 

signal at day 21 (7.11±4.44%) was obtained in the over 
SMAD3‑PDMCs treated with the highest SMAD3 inhibitor 
concentration (10 µM).

Discussion

Osteoporosis is a disease of the bones, in which the rate of 
bone resorption by osteoclasts exceeds the rate of bone 
formation by osteoblasts  (41). The therapeutic strategy for 
treating patients with osteoporosis is straightforward: Either 
decrease the activity of osteoclasts with bisphosphonates and 
estrogen‑associated compounds or increase the activity of 
osteoblasts with parathyroid hormones (42). Therefore, the 
agent alendronate acid is widely used to increase bone marrow 
density in clinics (43,44).

In the presentstudy, it was demonstrated that PDMCs, like 
other stem cell lineages, �����������������������������������may �������������������������������undergo osteogenic differentia-
tion when cultured in OM (5). However, PDMCs are markedly 
different from other stem cell lineages as they are abundant, 
the harvesting procedure is non‑invasive and they do not cause 
safety concerns  (29,45). We previously demonstrated that 
PDMCs may differentiate into osteoblasts through a different 
process to other stem cells (27).������������������������� The present study������� demon-
strated that, like osteoblasts derived from human mesenchymal 
stem cells  (46,47), OM‑treated PDMCs expressed BMP‑2. 
BMPs are known to stimulate new bone formation  (48). 
Sun et al (46) revealed that BMP‑2 may improve bone healing 

Figure 3. Expression of SMAD3 is induced by doxycycline following the initiation of OM treatment. (A) The experimental design. (B) Western blot analysis 
for SMAD3. (C) Changes in ARS signals and (D) quantification of ARS signals. The ARS signals were calculated as the ratios in the regions of interest using 
CellCloud software. Statistical analysis was performed by one‑way analysis of variance. *P<0.05 and **P<0.01. SMAD3, mothers against decapentaplegic 
homolog 3; OM, osteogenic medium; Dox, doxycycline (1 µg/ml); ARS, alizarin red staining; ‑3, induction of SMAD3 expression 3 days prior to OM treatment; 
0, induction of SMAD3 expression on the same day of OM treatment; 3, induction of SMAD3 expression 3 days after OM treatment; 6, induction of SMAD3 
expression 6 days following OM treatment.
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in an animal model. Furthermore, the molecules RUNX2 and 
ALP, which are associated with osteoblast differentiation and 
bone activity, were also upregulated during the initial stages 
of differentiation  (49‑51). It was also identified that these 
two molecules were expressed consistently and concurrently 
with the expression of SMAD3. RUNX2 was previously 
demonstrated to be upregulated by SMADs, and ALP serves 
a procalcification role in mineralization (52,53). The early 
peak of ALP expression in OM‑treated PDMCs observed in 
the present study was similar to that revealed by previous 
studies investigating mesenchymal stem cells (MSCs) (53,54). 
Taken together, the results of the present study suggest that 
upregulation of SMAD3 may change the microenvironment 
of undifferentiated cells and, at least for OM‑treated PDMCs, 
promote SMAD3‑dependent osteoblast differentiation.

SMADs are a group of cytoplasmic signal transducers 
of transforming growth factor‑β and BMP signaling (55,56). 
These molecules have widely recognized roles in bone forma-
tion during mammalian development (56). Therefore, SMADs 
may serve an integral role in the normal maintenance of bone 
and osteogenic differentiation. Although SMAD3 signaling 
is known to be involved in a number of cellular functions 
including fibrogenesis and wound healing (57‑60), the present 

study clarified the significance of SMAD3 function in 
osteogenesis. In fact, it has been demonstrated that SMAD3 
serves an important role in regulating bone formation (38). 
Furthermore, Borton et al (61) indicated that SMAD3‑null 
mice had decreased bone mineral density. This may also be 
inferred from the data in the present study with OM‑treated 
PDMCs in the presence of SMAD3 inhibitor. Brief ly, 
increases in the concentration of SMAD3 inhibitor resulted 
in the detection of decreased ARS signals. Therefore, in light 
of �������������������������������������������������������������the ���������������������������������������������������������results�������������������������������������������������� from the present study���������������������������, the defect in bone forma-
tion described by Borton et al (61) may have resulted from the 
absence of SMAD3 at the initial stages of development.

In addition, the present study identified that the pattern 
of expression of SMAD3 exhibited an increase during 
osteoblast differentiation, with early peaks and then 
decreasesat later stages in the process of osteogenesis of 
PDMCs to ARS‑positive osteocytes under OM treatment. This 
suggested that SMAD3 may differentially affect osteoblast 
differentiation depending upon the differentiation stage (38). 
microRNA‑145 was demonstrated to epi‑genetically regulate 
osteogenesis by decreasing SMAD3 expression  (62). It is 
reasonable to suggest that osteoblast differentiation, epigenetic 
regulation and SMAD3 expression are associated. Conversely, 
Tamai et al (63,64) suggested that alendronate acid may activate 
SMAD3 to regulate cytokines production. It was hypothesized 
that the once‑ or twice‑weekly alendronate acid administration 
may cause the rapid increase of SMAD3 expression and 
improve the osteoblast differentiation (65,66). Taken together, 
these data imply that a therapeutic equivalent of alendronate 
acid may result in a rapid activation of SMAD3 expression 
for osteoblast differentiation. The expression of SMAD3 
using the tetracycline‑controlled transcriptional activation 
gene expression system was additionally controlled  (67). 
The forced expression of SMAD3 following OM treatment 
in PDMCs decreased and delayed the ARS signals. This is 
consistent with other studies suggesting that SMAD3 may 
suppress the commitment of MSCs to osteoblasts, and that a 
loss of SMAD3 may promote the osteocytic development of 
the osteoblasts (38,61).

In conclusion, the results of the present study demonstrated 
that PDMCs may develop into osteocytes under OM treatment 
and ���������������������������������������������������������that the ������������������������������������������������osteoblast differentiation of PDMCs ������������may be asso-
ciated with the dynamic expression of SMAD3. In addition, it 
was �������������������������������������������������������conclude�����������������������������������������������d���������������������������������������������� that SMAD3 ����������������������������������serves ���������������������������an important role in osteo-
blast differentiation and bone formation in a time‑dependent 
manner; i.e., SMAD3 must be upregulated at the initial stage 
of osteogenesis and then downregulated at the calcification 
stage. This rapid increase in SMAD3 expression is crucial for 
osteogenesis.
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