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DNCP induces the differentiation of induced
pluripotent stem cells into odontoblasts by activating the
Smad/p-Smad and p38/p-p38 signaling pathways
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Abstract. In recent years, stem cells have been studied for
treating tooth loss. The present study aimed to investigate the
roles of dentin non-collagen protein (DNCP)-associated micro-
environments in the differentiation of induced pluripotent stem
cells (iPSCs) into dentin cells. iPSCs were cultured and iden-
tified by examining octamer-binding transcription-factor-4
(Oct-4) and sex-determining region-Y-2 (Sox-2) expression.
iPSCs were differentiated by culturing DNCP-associated
microenvironments (containing specific growth factors), and
they were divided into control, DNCP, DNCP+bone morpho-
genetic proteins (BMPs) and DNCP+Noggin (a BMP inhibitor)
groups. Msh homeobox 1 (Msx-1), dentin sialophosphoprotein
(DSPP) and dentin matrix protein 1 (DMP-1) mRNA expres-
sion was evaluated using reverse transcription-quantitative
PCR. The levels of p38, phosphorylated (p)-p38, Smad and
p-Smad were determined by western blotting. Upon treatment
with mouse embryonic fibroblasts, iPSCs-dependent embryoid
bodies (EBs) were successfully generated. iPSCs exhibited
increased Oct-4 and Sox-2 expression. Differentiated iPSCs
had higher expression levels of DSPP, DMP-1 and Msx-1 in
the DNCP group compared with those in the control group
(P<0.05). Noggin treatment significantly downregulated,
while BMPs administration significantly increased the expres-
sion levels of DSPP, DMP-1 and Msx-1 compared with those
of the DNCP group (P<0.05). The ratios of p-p38/p38 and
p-Smad/Smad were significantly higher in the DNCP group
compared with those in the control group (P<0.05). Noggin and
BMPs significantly decreased ratios of p-p38/p38, compared
with those of the DNCP group (P<0.05). In conclusion, DNCP
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induced the differentiation of iPSCs into odontoblasts by acti-
vating the Smad/p-Smad and p38/p-p38 signaling pathways.

Introduction

With the development of therapeutic strategies and tech-
nologies, the dental retention rates are increasing every year;
however, certain non-reversible diseases, such as caries, can
cause tooth loss, periodontal diseases and tooth trauma (1,2).
Although numerous novel materials for replacing lost teeth
have been identified, various deficiencies in the reliability and
tolerance of these materials exist (3).

Stem cells have been extensively applied in the treatment
of tooth loss, and this method has been demonstrated to be a
novel strategy (4), particularly in tissue engineering technology,
which can induce stem cell differentiation into bioactive teeth.
Teeth generation-associated stem cells mainly include dental
stem cells and non-dental stem cells. The unavailability of
dental stem cells, including dental pulp stem cells, dental
follicle stem cells and periodontal ligament stem cells, limit
their wide clinical application (5,6). Non-dental stem cells are
characterized by weak differentiation and inability to convert
into bioactive stem cells (5,6). Despite the fact that embry-
onic stem cells have an infinite proliferative ability and high
self-renewal capability, they are affected by immune rejection
and ethical controversies (7). In previous years, pluripotent
stem cells (PSCs) have been prepared by transplanting nuclei
separated from mother cells into somatic cells; however, the
obtained PSCs exhibit decreased synthesis efficacy (8). In
2006, Japanese scientists successfully synthesized a category
of multipotent cells with characteristics of embryonic stem
cells, named induced PSCs (iPSCs) (9). A recent study has
indicated that iPSCs can differentiate into several functional
cells, including nerve, islet secretory, hematopoietic, liver and
renal cells (10). Additionally, a previous study has revealed
that co-culturing iPSCs with odontogenic cells in microenvi-
ronments containing specific growth factors can differentiate
them into ameloblasts and odontoblasts (11). Therefore, iPSCs
are considered to be the main source of seed cells for inducing
new teeth and triggering dental replacement therapy.

In mature teeth, the pulp-dentin complex has powerful
regenerative functions (9,10). However, when dental caries or
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injuries occur, the specific pathological environment induces
the release of bioactive extra-cellular matrix (ECM) and
further initiates dentin repair (12). The ECM is composed
of growth factors and bioactive factors, such as TGF-f,
insulin-like growth factor-1, fibroblast growth factor (FGF)
and vascular endothelial growth factor, and serves critical
roles in cell adhesion, proliferation, differentiation and angio-
genesis (13,14). Additionally, the ECM contains collagen I and
various non-collagen components, such as dentine sialopro-
tein, dentine phosphoprotein, dentin matrix protein 1 (DMP-1),
osteopontin and bone sialoprotein, which are beneficial for the
formation of the main part of teeth (15,16). Furthermore, dentin
non-collagen proteins (DNCPs), which consist of sialoproteins,
glycoproteins, proteoglycans, phosphoproteins and growth
factors, are involved in the modulation of dentin mineraliza-
tion and the promotion of cell differentiation (17,18).

Stem cell-associated tissue regeneration mainly involves
three aspects, including seed cells, growth factors and scaf-
fold materials. Among these factors, the appropriate growth
factor [such as transforming growth factor § (TGF-f)] is
considered to be the most important one for simulating the
growth processes of natural teeth. Bone morphogenetic protein
(BMP), a type of multifunctional glycoprotein, belongs to the
TGF-p protein family, and serves crucial roles in treating
bone defects, osteoporosis and periodontal diseases (19,20).
BMPs includes >20 subtypes, of which BMP-4 and BMP-2
are the proteins most associated with dental development (19).
Previous studies have reported that targeted inactivation of
BMP-2 and BMP-4 causes damage of mature odontoblasts
and root development defects (20,21). The BMP signaling
pathway can regulate dentin sialophosphoprotein (DSPP) gene
expression, which is the specific terminal differentiation gene
with the highest expression in the odontoblasts (22). It has been
previously reported that transfection of plasmids containing
BMP-4 and paired box-containing-9 induces iPSC differentia-
tion into dentin-like cells (23,24). Therefore, the present study
investigated the roles of DNCP-associated microenvironment
(containing specific growth factors) in the differentiation of
iPSCs into dentin cells.

Materials and methods

iPSC culture. Mouse iPSCs (OSKM strain, a type of iPSCs)
were purchased from The Cell Bank of Type Culture Collection
of The Chinese Academy of Sciences, and the cells were main-
tained according to a previous study (25). The OSKM strain
of iPSCs was established from adult human somatic stem cells
through the transient expression of c-Myc (OSKM) transcrip-
tion factor reprogramming technology (26). The iPSCs were
cultured by seeding a layer of feeder cells, which could not
secrete various growth factors and promote the proliferation
and differentiation of iPSCs, keeping their pluripotency (27).
The seeded layer of feeder cells was prepared and treated
as previously described (28). In brief, iPSCs were cultured
in the presence of mitomycin C (Thermo Fisher Scientific,
Inc.)-arrested mouse embryonic fibroblasts (MEFs; The Cell
Bank of Type Culture Collection of The Chinese Academy
of Sciences) and human iPSCs medium consisting of DMEM
(Gibco; Thermo Fisher Scientific, Inc.), 10% FBS (Gibco;
Thermo Fisher Scientific, Inc.), L-glutamine (EMD Millipore),

2-mercaptoethanol (Sigma-Aldrich; Merck KGaA), leukemia
inhibitory factor (LIF; AmylJet Scientific, Inc.) and non-essen-
tial amino acids (Gibco; Thermo Fisher Scientific, Inc.) at
37°C in 5% CO,, and were passaged every 36 h using Tryp LE
Express (Invitrogen; Thermo Fisher Scientific, Inc.). In order to
exclude differentiated iPSCs, puromycin (1 xg/ml) was added
to DMEM, and the undifferentiated iPSCs were monitored
by detecting Nanog-GFP expression using a FACS Calibur
flow cytometer (BD Biosciences) equipped with Cell Quest
software 6.0 (BD Biosciences), as previously described (29).
Embryoid bodies (EBs) were generated and cultured using the
hanging-drop approach, according to a previous study (30). The
formed EBs were observed by the light microscopy (ECLIPSE
Ti-S; Nikon Corporation) at a magnification of x400.

Immunofluorescence staining for identifying iPSCs. iPSCs
were fixed using 4% paraformaldehyde (Beyotime Institute
of Biotechnology) for 15 min, treated with 0.1% Triton X-100
(Beyotime Institute of Biotechnology) for 10 min and then
blocked using 5% FBS (Gibco; Thermo Fisher Scientific,
Inc.) for 20 min, all at 37°C. Subsequently, iPSCs were
treated with mouse anti-mouse Oct-4 monoclonal antibody
(cat. no. ab184665; 1:3,000; Abcam) and mouse anti-mouse
Sox-2 monoclonal antibody (cat. no. ab171380; 1:3,000;
Abcam) at 4°C overnight. The primary antibodies were
detected using Alexa Fluor 488 (green fluorescence)-labeled
goat anti-mouse IgG (cat. no. A-10684, 1:1,000; Thermo
Fisher Scientific, Inc.) at room temperature for 2 h. iPSCs
were washed with PBS and mounted in DMEM containing
DAPI (Sigma-Aldrich; Merck KGaA) for 5 min for nuclei
visualization, and then washed three times with PBS (5 min
each wash). Finally, the stained iPSCs were visualized by
laser-scanning confocal microscopy (magnification, x400;
FV1000; Olympus Corporation).

Differentiation of iPSCs and trial grouping. For odonto-
blastic generation, iPSCs were seeded at a density of 5x104
cells/well in 60-mm culture plates (Corning, Inc.). When the
1PSCs reached 50-60% confluence, DMEM was substituted
by induction medium (DMEM containing DNCP solution at
dosage of 500 ng/ml). In this study, the DNCP was prepared
according to a previous study (31). iPSCs were cultured
for 48 h at 37°C, and the optimal concentration of DNCP
(including 10, 100, 500, 1,000 and 10,000 ng/ml) was evalu-
ated using an MTT assay. For the MTT assay, iPSCs were
treated with MTT (Amresco Inc.) at dose of 5 mg/ml and the
purple formazan was dissolved with 150 ul dimethyl sulfoxide
(DMSO, Amresco Inc.) at 37°C. Finally, the absorbance was
measured at wavelength of 570 nm. In order to determine
effects of BMP and/or Noggin (an inhibitor of BMP) on iPSCs,
the differentiated iPSCs were sub-divided into control (treated
without any reagents), DNCP (treated with 500 ng/ml DNCP),
DNCP+BMPs group (co-treated with 500 ng/ml DNCP,
25 ng/ml BMP-2 and 25 ng/ml BMP-4) and DNCP+Noggin
[co-treated with 500 ng/ml DNCP and 25 ng/ml Noggin (an
inhibitor of BMP)] groups. In the above groups, the iPSCs were
treated with the DNCP, BMPs and/or Noggin and cultured
37°C for 10 continuous days, with change of medium every
day. BMP-2 and BMP-4 were purchased from R&D Systems,
Inc., while Noggin was purchased from PeproTech, Inc.
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Table I. Primers used for reverse transcription-quantitative
PCR.

Genes Primers
Msx-1 F: 5-GAGACCAGAGGCCAAAAGG-3'
R: 5'-GGACCGGAAGCAGCTGAT-3'
DSPP F:5-GTGAGGACAAGGACGAATCTGA-3'
R: 5-CACTACTGTCACTGCTGTCACT-3'
DMP-1 F: 5'-CATTCTCCTTGTGTTCCTTTGGG-3'
R: 5-TGTGGTCACTATTTGCCTGTG-3'
GAPDH F: 5-GCTGGCGCTGAGTACGTCGT-3'

R: 5-ACGTTGGCAGTGGGGACACG-3'

F, forward; R, reverse; Msx-1, Msh homeobox 1; DSPP, dentin sialo-
phosphoprotein; DMP-1, dentin matrix protein 1.

Reverse transcription-quantitative PCR (RT-gPCR). Total
RNA was extracted from iPSCs using TRIzol® (Invitrogen;
Thermo Fisher Scientific, Inc.). cDNA was generated using
the cDNA Synthesis kit (cat. no. 18080200; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instruc-
tions. The mRNA expression levels of Msh homeobox 1
(Msx-1), DSPP and DMP-1 were evaluated using a SYBR
Green I PCR kit (Thermo Fisher Scientific, Inc.) with
specific primers (Table I). gPCR was conducted using
a Master cycler Gradient PCR system (Eppendorf).
The thermal cycles for the PCR assay were listed as the
following conditions: 95°C for 2 min, 40 cycles at 95°C
for 30 sec, 56°C for 45 sec, 72 °C for 45 sec and followed
with 95°C for 15 sec, 60°C for 15 sec. The relative gene
transcription of targeting genes were normalized to the
control gene GAPDH and analyzed with a professional
gel scanning system (GDS8000; Analytik Jena AG). The
gene expression levels were analyzed using the 2°44¢d
method (32).

Western blotting. iPSCs were lysed using Cell Lysis Buffer
(cat. no. PO013; Beyotime Institute of Biotechnology), and
total protein was extracted using a Protein Extraction kit
(cat. no. PO033; Beyotime Institute of Biotechnology). The
proteins in each group (20 ug per sample) were separated
by 12% SDS-PAGE and then electro-transferred onto nitro-
cellulose (NC) membranes (Bio-Rad Laboratories, Inc.)
with Bio-Rad170-3940 Semi-Dry Electrophoretic Transfer
(Bio-Rad Laboratories, Inc.). NC membranes were then incu-
bated with rabbit anti-mouse p38 polyclonal antibody (pAb)
(cat. no. sc-728; 1:2,000), anti-phosphorylated (p)-p38 pAb
(cat. no. sc-17852; 1:2,000), anti-Smad pAb (cat. no. sc-6031;
1:2,000), anti-p-Smad pAb (cat. no. sc-517575; 1:2,000) and
anti-GAPDH pAD (cat. no. sc-25778; 1:2,000) at 4°C overnight.
Next, the NC membranes were incubated with HRP-labeled
goat anti-rabbit IgG secondary antibodies (cat. no. sc-2004;
1:2,000) at room temperature for 2 h. All the primary and
secondary antibodies were purchased from Santa Cruz
Biotechnology, Inc. Finally, the NC membranes were incu-
bated with the components of an ECL kit (EMD Millipore) for
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Figure 1. Culture and identification of iPSCs. (A) Evaluation of the
undifferentiated state of iPSCs using flow cytometry. (B) iPSCs colony for-
mation (scale bar, 10 ym). (C) Embryoid bodies formation (scale bar, 10 ym).
(D) Identification of iPSCs by detecting Oct-4 and Sox-2 expression using
immunofluorescence staining (Scale bar, 20 pm). The ‘ball’ (black arrow)
in panel C represents the embryoid bodies. All the experiments in each
group were conducted at least for 6 repeats. iPSCs, induced pluripotent stem
cells; Oct-4, octamer-binding transcription-factor-4; Sox-2, sex-determining
region-Y-2.
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Figure 2. Evaluation of the proliferation of induced pluripotent stem cells
exposed to different concentrations of DNCP by MTT assay. The MTT assay
with different concentrations of DNCP treatment at each time point was
conducted at least for 6 repeats. 'P<0.05 vs. the other groups at the same time
point. DNCP, dentin non-collagen protein.

2 min in the dark. The western blotting bands were analyzed
with Labworks™ Analysis Software 4.0 (Analytik Jena AG).

Statistical analysis. The data are represented as the mean + SD.
The data were analyzed with SPSS software 23.0 (IBM Corp.).
The one-way ANOVA followed by Tukey's post-hoc test was
used to compare the differences among multiple groups.
P<0.05 was considered to indicate a statistically significant
difference. All experiments or tests were conducted for at least
6 repeats.
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Figure 3. Detection of DMP-1, DSPP and Msx-1 mRNA expression in iPSCs exposed to different treatments assessed via RT-qPCR. Statistical analysis of
(A) DMP-1, (B) DSPP and (C) Msx-1 mRNA expression. The RT-qPCR assay for each gene in each group was conducted at least for 6 repeats. "P<0.05.
DMP-1, dentin matrix protein 1; DSPP, dentin sialophosphoprotein; Msx-1, Msh homeobox 1; RT-qPCR, reverse transcription-quantitative PCR; BMP, bone

morphogenetic protein; DNCP, dentin non-collagen protein.
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Figure 4. p38/p-p38 and Smad/p-Smad signaling pathways participate in the DNCP-mediated differentiation of iPSCs. (A) Evaluation and statistical analysis
of p38 and p-p38 levels in iPSCs. (B) Evaluation and statistical analysis of Smad and p-Smad levels in iPSCs. The western blot analysis for each protein in
each group was conducted at least for 6 repeats. "P<0.05 and “P<0.01 vs. control. DNCP, dentin non-collagen protein; iPSCs, induced pluripotent stem cells;

p, phosphorylated; BMP, bone morphogenetic protein.

Results

Undifferentiated state of iPSCs. Undifferentiated iPSCs
were monitored by detecting Nanog-GFP expression via flow
cytometry. The flow cytometry results indicated that the popu-
lation of Nanog-GFP-positive iPSCs reached 97.88% (Fig. 1A),
suggesting that the iPSCs were in an undifferentiated state.

Induction of iPSCs and EBs. At ~5 days post co-culture, iPSCs
appeared surrounded by MEFs (Fig. 1B). Clone clusters of
iPSCs exhibited a small and irregular spherical shape with
clear borders. EBs were also generated successfully and had a
spherical-shape morphology (Fig. 1C).

Identification of iPSCs. In the present study, iPSCs were
identified using an immunofluorescence staining method.
The results indicated that the multifunctional genes Oct-4 and
Sox-2 were positively expressed in iPSCs (Fig. 1D), suggesting
that iPSCs exhibited increased pluripotency at the primary
stage of EBs.

Optimal concentration of DNCP for iPSCs differentiation.
The results revealed that the proliferative rates of iPSCs were
increased after treatment with DNCP for a prolonged time
(Fig. 2). However, the proliferative rate in iPSCs treated with
500 ng/ml DNCP for 72 and 96 h was significantly higher
compared with that in the other DNCP groups at the respec-
tive time points (P<0.05; Fig. 2). This result suggested that
500 ng/ml DNCP was the optimal concentration for iPSC
differentiation and was therefore employed in subsequent
experiments.

Differentiated iPSCs exhibit higher levels of odontoblastic
biomarkers. In the present study, the odontoblastic biomarkers
DSPP and DMP-1 (33) were examined by RT-qPCR. The
results revealed that the expression levels of DMP-1 (Fig. 3A)
and DSPP (Fig. 3B) were significantly higher in the DNCP
group compared with those in the Control group (P<0.05). For
iPSCs undergoing DNCP and Noggin treatment, the levels of
DMP-1 (Fig. 3A) and DSPP (Fig. 3B) were significantly down-
regulated compared with those of iPSCs treated only with
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DNPC (P<0.05). Furthermore, BMPs treatment significantly
enhanced the expression levels of DMP-1 (Fig. 3A) and DSPP
(Fig. 3B) in DNCP-treated iPSCs (P<0.05).

Differentiated iPSCs exhibit higher Msx-1 expression. Msx-1,
a key molecule of the BMP/Smad signaling pathway, is closely
associated with bone and teeth formation. The present results
demonstrated that DNCP treatment significantly enhanced
Msx-1 expression compared with the control group (P<0.05;
Fig. 3C). However, Noggin treatment significantly decreased
Msx-1 expression (P<0.05), while BMPs treatment signifi-
cantly increased Msx-1 expression in DNCP-treated iPSCs
(P<0.05; Fig. 3C).

p38/p-p38 signaling pathway serves critical roles in iPSCs
differentiation. The western blotting results indicated that
ratio of p-p38/p38 was significantly increased in the DNCP
group compared with those of the Control group (P<0.05;
Fig. 4A). Noggin treatment significantly decreased ratio of
p-p38/p-38 in DNCP-treated iPSCs compared with DNCP
treatment alone (P<0.05; Fig. 4A). Co-treatment with DNCP
and BMPs significantly decreased the ratio of p-p38/p38
compared with that of the DNCP group (P<0.05; Fig. 4A).
However, when compared with the DNCP group, there were
no specific effects of Noggin and BMPs on the ratios of
p-p38/p38 (Fig. 4A).

Smad/p-Smad signaling pathway is involved in iPSCs differ-
entiation. The western blotting findings revealed that the
ratios of p-Smad/Smad were significantly higher in the DNCP
group compared with those in the Control group (P<0.05;
Fig. 4B). Noggin treatment significantly decreased ratio of
p-Smad/Smad in DNCP-treated iPSCs (P<0.05; Fig. 4B).
However, no significant differences for ratios of p-Smad/Smad
were observed between the DNCP and DNCP+BMPs groups
(P>0.05; Fig. 4B). Furthermore, DNCP treatment significantly
decreased the ratio of p-Smad/Smad compared with that of
the Control group (P<0.05), and no other effects of Noggin or
BMPSs on p-Smad/Smad were observed (Fig. 4B).

Discussion

Tooth development undergoes a series of stages, among which
differentiation and generation of odontoblasts serve critical
roles in forming crowns (34). Usually, dental mesenchymal
cells can differentiate into odontoblasts (35), although with
lower differentiating efficacy compared with other stem cells.
iPSCs are considered to be characterized by their ability to
differentiate into numerous types of cells, including odonto-
blast-like cells, neural cells, adipocytes and osteoblasts (36).
Therefore, the present study established a DNCP-induced
strategy to induce the differentiation of iPSCs into odon-
toblast-like cells, which may be useful for developing novel
therapeutic methods.

In the present study, iPSCs were cultured by seeding a
layer of feeder cells, which could not secrete various growth
factors and promote the proliferation and differentiation of
iPSCs (27). The formation of EBs is a critical stage of PSCs,
such as their differentiation into embryonic stem cells (37).
Therefore, EBs were generated in the present study using the

hanging-drop culture method to obtain large quantities of
EBs (27,28,37).

The undifferentiation and pluripotency of iPSCs must
be maintained by exposure to exogenous cytokines (such as
LIF and BMP-4) (38) and intracellular transcription factors
(such as Oct-4, Sox-2, Kruppel-like factor-4 and c-Myc) (39).
Therefore, in order to verify the pluripotency of iPSCs at EBs
stage, the pluripotent cell biomarkers Oct-4 and Sox-2 were
examined using immunofluorescence staining. The present
results indicated that iPSCs exhibited higher Oct-4 and Sox-2
expression after 5 days of culturing in differentiated medium.
These results suggested that iPSCs may differentiate into
odontoblast-like cells.

Normally, epithelial and mesenchymal cells can secrete
associated signaling molecules, including BMPs, FGFs, Sonic
hedgehog and Wnt molecules, all of which can induce cell
differentiation and the formation of odontogenic cells, such as
odontoblasts, ameloblasts and dentin cells (37-40). Therefore,
both epithelial and mesenchymal cells appear to be necessary
for iPSC differentiation. However, the present study employed
a more simple and direct method to differentiate iPSCs. The
current results indicated that iPSCs could be differentiated
into odontogenic cells without induction by other cytokines or
epithelial cells. In the present study, the in vivo microenviron-
ment was simulated using 500 ng/ml DNCP, which promotes
the proliferation of dental pulp, embryoid and epithelial
cells (40). A total of 500 ng/ml DNCP was employed as the
optimal concentration for treating iPSCs, according to the MTT
results. However, the proliferation of cells cannot accurately
reflect cell differentiation, particularly in the case of stem cells,
which is a limitation of the present study. In future studies, the
optimal concentration of DNCP in iPSCs should be determined
by examining biomarkers for iPSCs. Furthermore, the present
findings revealed that DNCP-induced differentiated iPSCs
exhibited higher levels of the odontoblastic biomarkers DMP-1
and DSPP (41,42). In addition, the expression levels of a bone
formation-associated protein, Msx-1 (43), were significantly
increased in DNCP-induced iPSCs. These data suggested that
iPSCs were successfully differentiated into odontoblast-like
cells. However, due to limited time and funding, the secretory
functions of differentiated odontoblasts were not evaluated in
the present study. In future studies, the optimal therapeutic
effects of differentiated odontoblasts on tooth repair should
be evaluated using animal models. Furthermore, the present
study only examined the expression levels of odontoblastic
biomarkers, including DMP-1, DSPP and Msx-1, which is not
sufficient for determining the differentiation from iPSCs into
odontoblasts. In future studies, the expression levels of odon-
togenic biomarkers should be detected, and the mineralization
of the iPSCs should be determined.

According to the crucial roles of BMPs in dental germ
development and dentin formation (44), and the fact that DNCP
contained BMPs, differentiated odontoblasts supplemented
with BMPs were incubated together. The results indicated that
exogenous BMPs treatment markedly enhanced DMP-1 and
DSPP expression in differentiated odontoblasts. Furthermore,
the BMP inhibitor, Noggin, was used to suppress BMP expres-
sion in differentiated odontoblasts. It was found that Noggin
treatment significantly decreased the BMP production effi-
ciency of dentin cells. The aforementioned results suggested
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that blocking or enhancing BMP signals induced the differen-
tiation of iPSCs. Therefore, BMPs may be critical for iPSCs
differentiation-associated microenvironments.

A previous study reported that BMPs mainly serve
Smad-dependent roles in the development of teeth (44). In the
cytoplasm, Smad phosphorylation leads to its translocation to
the nucleus where it regulates Msx-2 gene expression (45). The
present results indicated that DNCP treatment significantly
increased ratio of p-Smad/Smad, while Noggin significantly
decreased ratio of p-Smad/Smad in DNCP-treated iPSCs.
Exogenous BMPs treatment increased ratio of p-Smad/p-Smad
in DNCP-treated iPSCs. Therefore, the Smad/p-Smad signaling
pathway may be involved in iPSCs differentiation, which is
consistent with the results of a previous study (46). Another
study has revealed that the BMP-2/p38 M APK/Wnt/B-catenin
signaling pathway participates in the induction of odontoblast
differentiation (47). The present results indicated that DNCP
treatment significantly enhanced ratio of p-p38/p38, while
Noggin treatment decreased ratio of p-p38/p38; however,
there were no additional effects of exogenous BMPs on ratio
of p-p38/p38 expression. These results suggested that the
DNCP-mediated differentiation of iPSCs maybe initiated
through the p38/p-p38 MAPK signaling pathway. However,
Noggin and BMP treatments led to the inconsistent changes of
p-p38/p38 and p-Smad/Smad ratios in DNCP-treated iPSCs.
Therefore, there may be other molecules involved in the differ-
entiation of iPSCs into odontoblast-like cells or odontoblasts,
which require to be clarified in future studies.

However, the present study presents a limitation. Whether
the effect of DNCP on iPSCs is BMP-dependent has not been
clarified, which is a promising field to further explore the
effect of DNCP on iPSCs.

In conclusion, 500 ng/ml DNCP-associated microen-
vironment may induce the differentiation of iPSCs into
odontoblast-like cells. The Smad/p-Smad and p38/p-p38
signaling pathways may serve critical roles in the
DNCP-mediated differentiation of iPSCs into odontoblasts.
The establishment of the method described in the present study
may provide further insight into the differentiation of iPSCs
and repair of tooth damage and may benefit the transplantation
of iPSCs into animal models.
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