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Induction of neural crest cells from human dental pulp-derived induced plu-

ripotent stem cells
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ABSTRACT

We previously generated induced pluripotent stem (iPS) cells from human dental pulp cells of de-

ciduous teeth. Neural crest cells (NCCs) play a vital role in the development of the oral and max-

illofacial region. Therefore, NCCs represent a cell source for bone, cartilage, and tooth-related 

tissue engineering. In this study, we examined whether iPS cells are capable of differentiating into 

NCCs through modification of the human embryonic stem cell protocol. First, iPS cells were dis-

sociated into single cells and then reaggregated in low-cell-adhesion plates with neural induction 

medium for 8 days in suspension culture to form neurospheres. The neurospheres were transferred 

to fibronectin-coated dishes and formed rosette structures. The migrated cells from the rosettes 
abundantly expressed NCC markers, as evidenced by real-time polymerase chain reaction, immu-

nofluorescence, and flow cytometric analysis. Furthermore, the migrated cells exhibited the ability 
to differentiate into neural crest lineage cells in vitro. They also exhibited tissue-forming potential 

in vivo, differentiating into bone and cartilage. Collectively, the migrated cells had similar charac-

teristics to those of NCCs. These results suggest that human dental pulp cell-derived iPS cells are 

capable of differentiating into NCCs. Therefore, iPS cell-derived NCCs represent cell sources for 

bone and cartilage tissue engineering.

Many factors lead to tooth loss, including dental 
caries, periodontal disease, and traumatic injury (19). 
The methodology for generating a whole tooth using 
stem cell-based tissue engineering from human cells 
has not been established, although there are many 
approaches for tooth-tissue engineering using rodent 
teeth. These approaches are categorized according to 

whether the cell source derives from post-natal- or 
embryonic-tooth bud cells (13, 16, 17, 21, 40, 41, 
63), and results from these two sources differ con-
siderably. When porcine post-natal tooth buds at 
late-bell stages are used, tissues are regenerated with 
structures containing dentin and enamel (14, 15, 52, 
63). However, most produced tissues exhibit a dis-
organized heterogeneous morphology (14, 15, 52, 
63). On the other hand, our previous study showed 
that mouse molar tooth bud cells at the cap stage of 
embryonic day 14 (ED14) are able to form teeth 
with regular crown shapes (21). Furthermore, other 
groups also report that in mouse, bioengineered 
teeth with regular shapes erupt and reach occlusion 
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cells were also reported to retain epigenetic memory 
for their parental cell source, which influences iPS 
cells to preferentially differentiate to the tissue of 
origin (23, 45). So, dental pulp cell-derived iPS 
cells could be an optimal cell source for tooth-tissue 
engineering. In recent years, the ability of iPS cells 
to differentiate into cells that could serve for tooth 
regeneration has been examined. Arakaki et al. re-
ported that mouse iPS cells could differentiate into 
ameloblasts via interaction with the dental epitheli-
um (3). To date, several groups have reported proto-
cols for the differentiation of human ES or iPS cells 
into NCCs (4, 30, 31, 57). Soon after, another group 
differentiated mouse iPS cells into NCCs and used 
them to generate odontoblasts (43, 44). Therefore, 
iPS cell-derived dental epithelial cells and iPS cell- 
derived NCCs represent potential cell sources for 
tooth-tissue engineering.

　Classic tissue recombination studies using epithe-
lium and mesenchyme of different origins and stag-
es have shown that early oral epithelium has the 
potential to induce tooth formation (33, 37). At the 
cap and bell stages in mouse embryonic tooth germs, 
however, this potential is exhibited by dental mesen-
chyme derived from NCCs, which is capable of in-
structing the morphogenesis of a complete tooth. 
Thus, tooth regeneration can occur using epithelial 
or mesenchymal cells with tooth-forming capacities 
in combination with non-dental mesenchymal or ep-
ithelial cells, respectively (25–27, 46). These results 
suggest that when establishing tooth-generating 
methods, either early oral epithelial cells or NCC- 
derived dental mesenchymal cells at the cap stage 
are required.

　We previously generated human iPS cells from de-
ciduous dental pulp cells using four factors: OCT3/4, 
SOX2, KLF4, and c-MYC (59). However, it is un-
known whether human deciduous dental pulp-de-
rived iPS cells have the potential to differentiate into 
NCCs. The purpose of this study was therefore to 
examine whether human iPS cells can differentiate 
into NCCs using previously reported protocol (4).

MATERIALS AND METHODS

In accordance with the Helsinki Declaration, this 
study was approved by the Ethics Committee of 
Nihon University School of Dentistry (approval num-
bers 2010-7 and 2014-13). Animal experiments were 
also approved by the Nihon University Animal Care 
and Use Committee (approval numbers AP13D003-2 
and AP15D030) and performed in accordance with 
the institutional animal care guidelines of Nihon 

with opposing teeth after transplantation of bioengi-
neered tooth germs that are reconstituted from ED14 
molar tooth bud cells (17, 40). These results indi-
cate that it is difficult to clinically apply tissue-engi-
neering approaches to post-natal tooth bud cells 
since post-natal tooth bud cells lose the ability to re-
generate teeth with regular shapes. However, using 
embryonic tooth germ cells is not practical for clini-
cal applications owing to moral and legal issues. 
Therefore, another approach is needed to establish 
methods for tooth-tissue engineering at present.

　The neural crest is a group of cells located in the 
neural folds at the boundary between the neural and 
epidermal ectoderms. Neural crest cells (NCCs) are 
a transient population of multipotent progenitors that 
migrate throughout the body to generate a diverse ar-
ray of tissues, such as the peripheral nervous system, 
endocrine cells in the adrenal and thyroid glands, 
skin melanocytes, and craniofacial cartilage and bone 
(7, 28–30, 57). In addition, previous studies have 
shown that NCCs migrate to tooth-forming sites and 
give rise to dental mesenchymal cells, which pro-
duce dentin, dental pulp, and a part of the periodon-
tium (7, 18). A series of reciprocal interactions 
between dental epithelial cells and dental mesenchy-
mal cells is required for tooth development (7, 18, 
50). Therefore, NCCs could represent a key cell 
source for tooth-tissue engineering.

　Induced pluripotent stem (iPS) cells are generated 
from a variety of somatic cells such as dermal fibro-
blasts (53, 54), blood cells, (12) and dental pulp cells 
(42, 55, 59, 62) by induction with several factors. 
iPS cells are able to differentiate into all three germ 
layers with large-scale expansion (12, 42, 53–55, 59, 
62), bypassing the potential ethical problems of us-
ing embryonic stem (ES) cells. Therefore, iPS cells 
offer the potential to derive patient- and lineage-spe-
cific cells for clinical applications and have emerged 
as a potential cell source for regenerative medicine 
and tissue engineering. Previous studies suggested 
that cell proliferation ability (42, 59) or endogenous 
expression of reprogramming factors (10, 55) in par-
ent cells is positively related to the reprogramming 
efficiency. Human dental pulp cells as parent cells 
for iPS cells exhibit higher reprogramming efficiency 
than do human dermal fibroblasts (42, 55) because 
they show rapid cell proliferation (42) and high ex-
pression of endogenous reprogramming factors, 
c-MYC and KLF4 (55), compared to human dermal 
fibroblasts. Since dental pulp cells are readily ob-
tained from extracted teeth and can proliferate well 
in normal culture conditions (55), no further proce-
dures are necessary in regard to the donors. iPS 
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plemented with 0.5× N-2 (Thermo Fisher Scientific), 
0.5× B-27 (Thermo Fisher Scientific), 5 μg/mL insu-
lin (Sigma-Aldrich), 20 ng/mL bFGF (Wako), 20 ng/
mL epidermal growth factor (EGF; Sigma-Aldrich), 
50 U/mL penicillin, and 50 μg/mL streptomycin, as 
in previous studies (4, 39, 43). After 8 days in sus-
pension culture, neurospheres were transferred to cul-
ture dishes coated with 5 mg/mL fibronectin (Wako) 
and were cultured in neural induction medium. The 
attached neurospheres formed rosette structures and 
led to emergence of migrating cells (Fig. 1C). The 
rosettes were then artificially removed (Fig. 1D), and 
the migrated and remaining cells showed a stellate 
morphology. Migrated and remaining cells (migrated 
cells) were subcultured on fibronectin-coated dishes 
(Fig. 1E) in neural induction medium, which was 
changed every 2 days.

RNA extraction and quantitative real-time polymerase 
chain reaction (PCR). Total RNA was extracted us-
ing the TRI Reagent (Molecular Research Center, 
Cincinnati, OH, USA) according to the manufactur-
er’s protocol when the cells had reached 70% con-
fluence. RNA concentration was determined using a 
NanoDrop 1000 (Thermo Fisher Scientific). First-
strand complementary DNA (cDNA) was synthesized 
from 500 ng of total RNA and amplified using Rever-
Tra Ace qPCR RT Master Mix with gDNA Remover 
(Toyobo, Osaka, Japan) according to the manufactur-
er’s instructions. Aliquots (2 μL) of the cDNA sam-
ples were subjected to real-time PCR using SYBR 
Premix Ex Taq II (Takara, Shiga, Japan). Real-time 
PCR was performed in a thermal cycler (C1000; 
Bio-Rad Laboratories, Hercules, CA, USA), and the 
data were analyzed using CFX Manager Software 

University.

Human iPS cell culture. In our previous study, we 
generated iPS cells from the dental pulp cells of a 
deciduous tooth from a 7-year-old boy through ret-
roviral transduction of OCT3/4, SOX2, KLF4, and 
c-MYC (Fig. 1A) (59). To maintain an undifferenti-
ated state, iPS cells were cultured on mitotically in-
activated mouse embryonic fibroblast feeder layers 
in 1 : 1 Dulbecco’s modified Eagle medium : Ham’s 
nutrient mixture F-12 (DMEM-F12) (Sigma-Aldrich, 
St. Louis, MO, USA), 20% KNOCKOUT Serum 
Replacement (Thermo Fisher Scientific, Waltham, 
MA, USA), 0.1 mM nonessential amino acid (Thermo 
Fisher Scientific), 0.11 mM 2-mercaptoethanol (Ther-
mo Fisher Scientific), 100 U/mL penicillin, 100 μg/
mL streptomycin, and 2 mM L-glutamine (PSG; Sig-
ma-Aldrich) supplemented with 5 ng/mL recombinant 
human basic fibroblast growth factor (bFGF) (Wako, 
Osaka, Japan). Cultures were maintained at 37°C in 
a 5% CO2 incubator, and the medium was changed 
daily.

Induction of NCCs from iPS cells. We modified the 
induction method reported by Bajpai et al. (4) to 
turn iPS cells into NCCs. First, iPS cells were dis-
sociated into single cells with trypsin/EDTA and 
then were cultured (9,000 cells/well in 200 μL) in a 
neural induction medium containing 20 mM Y-27632 
(Wako) using U-bottomed conical wells in low-cell- 
adhesion 96-well plates (Sumitomo Bakelite, Tokyo, 
Japan). Cells formed floating aggregates known as 
neurospheres (Fig. 1B). The neural induction medi-
um consisted of DMEM-F12 (Sigma-Aldrich) and 
neurobasal medium (Thermo Fisher Scientific) sup-

Fig. 1　Protocol for induction of neural crest cells (NCCs) from induced pluripotent stem (iPS) cells. (A) Human iPS cells 
were maintained in an undifferentiated state on mouse embryonic fibroblast feeders. (B) Human iPS cells were dissociated 
into single cells and cultured in suspension in neural induction medium to form neurospheres. (C) After 8 days in suspen-
sion culture, neurospheres were allowed to voluntarily attach to fibronectin-coated dishes, and cells migrated away from at-
tached neurospheres. (D) The rosettes generated from neurospheres were manually removed, and the remaining cells with 
stellate morphology were regarded as migrated cells. (E) The migrated cells were subcultured in neural induction medium 
on fibronectin-coated dishes.
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Cells were analyzed by BD FACS Aria (BD Biosci-
ences), and flow cytometry data were analyzed using 
FlowJo software (Treestar, San Carlos, CA, USA).

Immunocytochemistry. Migrated cells were fixed 
with 4% paraformaldehyde in PBS and rendered 
permeable with 0.1% Triton X-100 (Sigma-Aldrich). 
After blocking in 2% bovine serum albumin (Sig-
ma-Aldrich) for 30 min, cells were incubated with 
the following primary antibodies: mouse monoclo-
nal anti-human nuclear transcription factor activator 
protein (AP)-2α (1 : 100; Santa Cruz Biotechnology, 
Santa Cruz, CA, USA), mouse monoclonal anti-hu-
man NESTIN (1 : 200; Millipore, Billerica, MA, 
USA), rabbit anti-human P75 (1 : 100; Promega, 
Madison, WI, USA), mouse monoclonal anti-human 
SSEA-4 (1 : 100; Millipore), mouse monoclonal anti- 
human glial fibrillary acidic protein (GFAP) (1 : 100; 
Abcam, Cambridge, MA, USA), and rabbit anti-hu-
man S100 calcium binding protein B (S100B) (1 : 50; 
GeneTex, San Antonio, TX, USA). Secondary anti-
bodies used were Alexa Fluor 488 goat anti-mouse 
IgG (1 : 500; Thermo Fisher Scientific) and Alexa 
Fluor 594 goat anti-mouse IgG (1 : 500; Thermo 
Fisher Scientific). Cells were then counterstained with 
1 μg/mL 4’,6-diamidino-2-phenylindole (DAPI; 
Dojindo, Kumamoto, Japan) and observed by BZ-
8100 fluorescence microscope (KEYENCE, Osaka, 
Japan).

　To confirm the specificity of anti-human nuclei 
antibody against human-derived cells, human dental 
pulp cells, porcine dental papilla cells, and rat bone 
marrow cells (20) were cultured. Mouse monoclonal 
anti-human nuclei antibody (1 : 250; Millipore) was 
used as a primary antibody, and Alexa Fluor 488 goat 
anti-mouse IgG (1 : 500; Thermo Fisher Scientific) 
was used as a secondary antibody.

(ver. 2.1). Real-time PCR cycling conditions were as 
follows: 45 cycles at 95°C for 5 s and 60°C for 30 s. 
Each real-time PCR reaction was performed in trip-
licate, and mRNA expression levels were calculated 
and normalized to the level of human glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH) mRNA. 
Furthermore, relative mRNA expression levels were 
calculated relative to levels in control cultures (hu-
man iPS cells) by using the ΔΔCt method (49). Spe-
cific primer sequences for each gene are listed in 
Table 1.

Analysis of cell surface markers. Cell phenotypes 
were identified using flow cytometry as described 
previously (47, 60). Cells were suspended at a den-
sity of 1 × 10

6
 cells per tube and then incubated 

with antibodies against the following antigens: clus-
ter of differentiation (CD) 44—hyaluronate receptor, 
phagocytic glycoprotein-1— (CD44-FITC; BD Biosci-
ences, San Jose, CA, USA), CD73/Ecto-5-prime-nu-
cleotidase (NT5E) (CD73-PE; Biolegend, San Diego, 
CA, USA), CD90/Thy-1 (CD90-APC; BD Biosci-
ences), CD105/endoglin (CD105-FITC; Biolegend), 
CD146 —the cell surface glycoprotein MUC18, the 
melanoma cell adhesion molecule (MCAM)—
(CD146-PE; BD Biosciences), the neurotrophin recep-
tor P75 (P75) — CD271, nerve growth factor receptor 
(NGFR) — (P75-APC; Biolegend), stage-specific em-
bryonic antigen (SSEA)-4 (SSEA-4-Alexa Fluor 647; 
BD Biosciences), and human natural killer (HNK)-
1—the neural cell adhesion molecule (NCAM), 
CD57— (Sigma-Aldrich). Mouse IgG1-APC, -FITC, 
-PE, or -Alexa Fluor 647 or mouse IgM were also in-
cubated as an isotype control. As a secondary anti-
body, sheep anti-mouse IgG (whole molecule) F(ab′)2 
fragment-FITC (Sigma-Aldrich) was used for HNK-
1 and mouse IgM isotype control (Sigma-Aldrich). 

Table 1 　Sequence of primer pairs for real time PCR

Target gene Primer Sequence (F: Forward, R: Reverse) Size (bp) Accession number

Paired box 3 

(PAX3)

F: TCCATACGTCCTGGTGCCAT  65 NM_000438.5

R: TTCTCCACGTCAGGCGTTG

Nerve growth factor receptor 

(P75/NGFR)

F: CCTCATCCCTGTCTATTGCTCC 109 NM_002507.3

R: GTTGGCTCCTTGCTTGTTCTGC

Snail family transcriptional 

repressor 2 (SLUG)

F: TGTCATACCACAACCAGAGA 172 NM_003068.4

R: CTTGGAGGAGGTGTCAGAT

Snail family zinc finger 1 
(SNAIL)

F: CCTCTTCCTCTCCATACCT 141 NM_005985.3

R: TTCATCAAAGTCCTGTGGG

SRY (sex determining region Y) 

-box 9 (SOX9)

F: AGCGAACGCACATCAAGAC  85 NM_000346.3

R: CTGTAGGCGATCTGTTGGGG

Glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH)

F: GCACCGTCAAGGCTGAGAAC 138 NM_002046.3

R: TGGTGAAGACGCCAGTGGA
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or immunohistochemical reagents (see below).

Immunohistochemistry. Immunohistochemical analy-
ses were performed with the ImmPRESS HRP an-
ti-mouse IgG (peroxidase) polymer detection kit 
(Vector Laboratories Inc., Burlingame, CA, USA). 
Primary antibodies included the mouse monoclonal 
anti-human nuclei antibody (1 : 10; Millipore) and 
the mouse monoclonal anti-human osteocalcin anti-
body (clone 5-12H, 1 : 200; Takara), which were di-
luted with 2.5% normal horse serum and incubated 
for 60 min. To confirm the specificity of binding, 
2.5% normal horse serum was also applied instead 
of primary antibody as a negative control. After the 
sections were washed in PBS three times, they were 
then visualized with a 3,3′-diaminobenzidine (DAB) 
substrate kit (Vector Laboratories). Sections were 
counterstained with hematoxylin, mounted in Eukitt 
(Kindler, Freiburg, Germany), and observed by a 
Nikon microscope (Nikon Eclipse LV100POL; Nikon, 
Tokyo, Japan).

Schwann cell differentiation. Schwann cell differenti-
ation of migrated cells was performed with previous-
ly described methods (4) with some modifications. 
Migrated cells were plated on BioCoat Poly-L-Orni-
thine/Laminin 6-well plates (1 × 105 cells/well) (Corn-
ing) in growth-factor-reduced medium containing a 
3 : 1 ratio of DMEM-F12 (Sigma-Aldrich) and neuro-
basal medium (Thermo Fisher Scientific) supplement-
ed with 0.25× B-27 (Thermo Fisher Scientific), 0.5× 
L-glutamine (Thermo Fisher Scientific), 50 U/mL 
penicillin, and 50 μg/mL streptomycin (Wako) for 5 
weeks. The medium was changed weekly. Cells were 
fixed and analyzed by immunocytochemistry for 
GFAP and S100B at 5 weeks after differentiation.

Statistical analyses. All statistical analyses were per-
formed using Microsoft Office Excel 2013 for Win-
dows (Microsoft, Redmond, WA, USA). Statistical 
differences were evaluated using Student’s t-test, 
and P < 0.05 was considered statistically significant.

RESULTS

Characteristics of iPS cell-derived NCCs
The mRNA expression levels of NCC marker genes 
in the migrated cells were compared to those of iPS 
cells using real-time PCR. Expression levels of PAX3, 
P75, SLUG, SNAIL, and SOX9 were significantly 
upregulated by 14.1-fold (P < 0.05), 88.4-fold (P <  
0.01), 89.6-fold (P < 0.05), 4.6-fold (P < 0.01), and 
19.9-fold (P < 0.05), respectively, in the migrated 

In vitro clonal assay. Migrated cells were plated at 
1.0 × 10

4
 cells or 0.5 × 10

4
 cells per well in 6-well 

plates and incubated for 21 and 49 days, respectively, 
in neural induction medium. Cells were then stained 
with 0.05% (w/v) crystal violet (Wako) for 30 min, 
and colonies of more than 50 cells were counted. 
Assay was conducted in triplicate, and the results 
are presented as the mean ± standard deviation (SD).

Cell proliferation assay. Migrated cells were plated 
at 1 × 10

5
 cells per well in 6-well plates and cultured 

for 1, 3, 5, or 7 days in neural induction medium or 
mesenchymal stem cell (MSC) growth medium con-
sisting of the alpha modification of Eagle’s medium 
(α-MEM; Wako) supplemented with 10% fetal bo-
vine serum, 50 U/mL penicillin, and 50 μg/mL strep-
tomycin (Wako). Cell proliferation was determined 
by water-soluble tetrazolium salt (WST)-8 assay us-
ing a Cell Counting Kit-8 (CCK-8; Dojindo) accord-
ing to the manufacturer’s instructions as described 
previously (47, 60).

Osteogenic differentiation. Osteogenic differentiation 
potential was examined by staining cells with alka-
line phosphatase (ALP; NBT/BCIP Tablets; Roche 
Diagnostics, Penzberg, Germany), and alizarin red S 
staining was performed for the detection of calcium 
deposition. Cells were fixed in 10% neutral buffered 
formalin for 15 min and then stained with solution 
for 30 min or 1% alizarin red S solution (pH 6.5, 
Wako) for 3 min on the indicated days.

Bone and cartilage formation in vivo. Dental epithe-
lium was obtained from third molar tooth buds at 
the late-bell stage from the mandibles of 6-month-
old pigs (Tokyo Shibaura Zoki, Tokyo, Japan). The 
migrated cells (4 × 10

7
 cells), which were suspended 

in 50 μL of gelled collagen (collagen I, rat tail; 
Corning, Tewksbury, MA, USA), were placed on the 
surface of the porcine dental epithelium and then en-
folded in the dental epithelium as tissue-engineered 
constructs. The constructs were next wrapped around 
the omenta of 9-week-old male immunocompro-
mised nude rats (n = 2, F344/NJcl-rnu/rnu; Nihon 
Clea, Tokyo, Japan) to promote vascularization and 
maturation of the constructs. At 16 weeks after 
transplantation, implants were fixed with 4% (w/v) 
paraformaldehyde and were decalcified with Morse’s 
solution (10% sodium citrate and 22.5% formic acid). 
Paraffin-embedded tissues were processed for histo-
logical observation by staining with Mayer’s hema-
toxylin solution (Wako) and 0.5% eosin Y ethanol 
solution (Wako) (H–E), alcian blue (Sigma-Aldrich), 
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CD146. The migrated cells were negative, however, 
for the iPS cell marker SSEA-4 (Fig. 3). Microsco-
py confirmed that the migrated cells expressed the 
three NCC marker proteins AP2-α, NESTIN and 
P75 (Fig. 4A–C) but were negative for the iPS cell 
marker protein SSEA-4 (Fig. 4D). According to the 
clonal assay, an average of 7 ± 2 colony-forming 
units were observed at 49 days when 0.5 × 10

4
 cells 

cells compared to those in iPS cells (Fig. 2). Flow 
cytometric analyses showed that the migrated cells 
included a large proportion of cells expressing the 
NCC marker P75 (97.5%), a small proportion of 
cells expressing the NCC marker HNK-1 (27.3%), 
and some P75/HNK-1-double positive cells (23.8%). 
In addition, the migrated cells expressed the five 
MSC markers CD44, CD73, CD90, CD105, and 

Fig. 3　Immunophenotyping of migrated cells by flow cytometric analysis. The migrated cells were positively stained for 
NCC-associated markers (P75 and HNK-1) and MSC-associated markers (CD44, CD73, CD90, CD105, and CD146). Cells 
were negative for iPS cell marker SSEA-4. Blue histograms show specific staining for the indicated markers, and red histo-
grams show nonspecific staining for isotype controls.

Fig. 2　mRNA expression of NCC marker genes by quantitative real-time PCR analysis. The relative expression levels of 
PAX3, P75, SLUG, SNAIL, and SOX9 were significantly higher in the migrated cells than those in iPS cells. GAPDH was 
used as an internal control. Data represent mean ± standard error (SE) (n = 3). *P < 0.05, **P < 0.01.
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over time, and alizarin red S-positive nodules formed 
at 21 days after osteogenic induction (Fig. 6B). In 
addition, we analyzed the expression of cell surface 
markers of migrated cells which were cultured in 
the MSC growth medium for 2 weeks. Under this 
condition, the expression of P75 or HNK-1 de-
creased, however the expression of an MSC marker 
CD73 increased to 99% (Table 3).

　In the in vivo analysis, a hard tissue mass was ob-
served within the wrapped rat omentum (Supple-
mentary Fig. 1A) at 16 weeks after implantation, 
with approximately 12–18 mm in diameter (Supple-

per well were plated, and an average of 5 ± 2 colo-
nies were observed at 21 days when 1.0 × 10

4
 cells 

per well were plated (Table 2). The migrated cells 
thus possessed replicative potential.

Proliferative potential
The migrated cells were cultured in both neural in-
duction medium and the MSC growth medium. The 
migrated cells exhibited a significantly higher prolif-
eration rate in the MSC growth medium than that in 
neural induction medium on days 3, 5, and 7 (Fig. 5).

Differentiation potential of migrated cells in vitro 
and in vivo
The osteogenic differentiation potentials of the mi-
grated cells were determined by ALP activity and 
alizarin red S staining in vitro and bone formation 
in vivo at 16 weeks after implantation. When neural 
induction medium was immediately replaced with 
osteogenic induction medium, the level of ALP ac-
tivity was quite low, and alizarin red S staining re-
vealed no calcium accumulation in the migrated cells 
(Fig. 6A). However, after the migrated cells were 
cultured for 2 weeks in the MSC growth medium 
and then replaced with osteogenic induction medium, 
the migrated cells exhibited increased ALP activity 

Fig. 4　Migrated cells express NCC-associated marker proteins. The migrated cells were positively stained with antibodies 
against (A) AP2-α, (B) NESTIN, and (C) P75. The migrated cells were negatively stained with an antibody against (D) 
SSEA-4. Overlaid images of (E) AP2-α, (F) NESTIN, (G) P75, and (H) SSEA-4 with DAPI are shown. Scale bars, 10 µm.

Fig. 5　Cell proliferation (WST-8) assay. The migrated cells 
were cultured in neural induction medium or the MSC growth 
medium for 7 days, and cell proliferation rates were then 
measured by Cell Counting Kit-8 on the indicated days 
(n = 3). At 3, 5, and 7 days, the proliferation rates of migrat-
ed cells were significantly higher in the MSC growth medi-
um than those in neural induction medium. Data represent 
mean ± standard deviation (SD) (n = 3). **P < 0.01.

Table 2 　Colony-forming unit assay

Number of cells seeded 

(cells/well in 6 well-plates)
Day 21 Day 49

0.5 × 10
4

0 7 ± 2

1.0 × 10
4

5 ± 2 –*

* Not conducted
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and anti-human osteocalcin antibody (Fig. 7E). The 
extracellular matrix around the chondrocytes in the 
newly formed cartilage was stained with alcian blue 
(Fig. 7G, H). In addition, immunohistochemical anal-
ysis showed that chondrocytes were positively stained 
with anti-human nuclei antibody.

　To exclude the possibility of cell contamination, 
we next attempted to confirm the specificity of anti- 
human nuclei antibody by using human dental pulp 
cells, porcine dental papilla cells, and rat bone mar-
row cells. The anti-human nuclei antibody stained 
positively for the nuclei of human dental pulp cells 
(Fig. 8A), and negatively for porcine dental papilla 
cells and rat bone marrow cells (Fig. 8B, C).

　To examine whether the migrated cells could dif-
ferentiate into Schwann cells, which are neural crest 
derivatives, cells were characterized by cell mor-
phology and assessed for the expression of GFAP 
and S100B immunoreactivity. The migrated cells 
were found to be slender and elongated in shape for 
5 weeks in induction culture (Fig. 9A). Schwann 
cell induction of the migrated cells by culturing in 
growth-factor-reduced medium for 5 weeks resulted 
in positive immunofluorescence with anti-GFAP and 
S100B antibodies. The expression of S100B immu-
noreactivity was especially strong in nuclei (Fig. 9B–
D).

DISCUSSION

In this study, we examined whether cells migrated 
from rosettes, which are aggregates of human iPS 
cells, exhibited the characteristics of NCCs based on 
sequential in vitro and in vivo studies. The protocol 
reported by Bajpai et al. (4) was used in a previous 
study to induce NCCs from human ES cells. Using 
the original method, single cells were seeded into 
Petri dishes for suspension culture; however, cell ag-
gregates were slow to form, and the shapes and siz-
es of aggregates were heterogeneous (61). Therefore, 
the method was modified in the present study by in-
troducing a low-cell-adhesion (U-bottomed) 96-well 
plate (11). The modified method offers the advantag-
es of quick cell aggregation (within a few hours) and 
uniformly sized neurospheres. In addition, the neu-

mentary Fig. 1B). Newly formed bone and cartilage 
tissues were histologically observed in the hard tis-
sue mass after H–E (Fig. 7A, B) and alcian blue 
(Fig. 7G, H) staining. Osteoblasts were aligned to 
the newly formed bone surface, and osteocytes were 
included in the bone (Fig. 7B). To determine the or-
igin of osteoblasts and osteocytes, cells were treated 
with anti-human nuclei antibody. Immunohistochem-
ical analysis showed that osteoblasts and osteocytes 
were clearly positive for anti-human nuclei antibody 

Table 3 　Expression of cell surface markers of migrated cells cultured in MSC 
growth medium for 2 weeks

Cell surface marker P75 HNK-1 CD73 SSEA-4

Percentage of 

positive cells (%)*
3.4 ± 1.8 0.25 ± 0.28 99.2 ± 0.81 0.01 ± 0.01

* Data indicate mean ± SD (n = 4)

Fig. 6　Osteogenic differentiation potential in vitro. (A) After 
the migrated cells were cultured in neural induction medium 
to 80% confluence, the medium was replaced with osteo-
genic induction medium or the MSC growth medium as a 
control. (B) The migrated cells were first cultured for 2 weeks 
in the MSC growth medium before osteogenic induction. Af-
ter the migrated cells were subcultured to 80% confluence 
in the MSC growth medium, the medium was replaced with 
osteogenic induction medium. As a control, the cells were 
subsequently cultured in the MSC growth medium.
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Fig. 7　Histological and immunohisto-
chemical analyses of bone and carti-
lage tissue formation. (A) Hematoxylin–
eosin (H–E)-stained sections reveal 
newly formed calcified tissue in im-
plants. (B) Higher magnification of the 
boxed area in (A). Spindle-shaped cells 
lined the surfaces of bone-like tissues. 
(C) Osteoblasts (arrows) and osteocytes 
(arrowheads) were immunopositive for 
human osteocalcin in the adjacent sec-
tion of (B). (D) Sections incubated with 
2.5% normal horse serum in place of 
primary antibody (anti-human osteocal-
cin) served as a negative control. (E) 
Both osteoblasts and osteocytes were 
immunopositive for human nuclei anti-
body in the adjacent section of (B). (F, 
J) Sections incubated with 2.5% normal 
horse serum in place of primary anti-
body (anti-human nuclei antibody) 
served as a negative control. (G) Alcian 
blue-stained cartilage was observed in 
the implants. (H) Higher magnification 
of (G). Chondrocytes were observed 
and the extracellular matrix was stained 
with alcian blue. (I) Chondrocytes were 
immunopositive for human nuclei anti-
body. Scale bars, 100 µm.
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rospheres grown in U-bottomed wells are bigger than 
those grown in flat, unattached-culture dishes, as the 
modified rapid-aggregation procedure allows early 
restoration of cell–cell interactions (11). Another 
study has found that a small neurosphere size is asso-
ciated with efficient neuralization of ES cells (5). In 
contrast, large neurosphere size contributes to sup-
pression of ES cell neuralization and promotes me-
soderm differentiation (38). Further study is needed 
to determine whether larger neurosphere size would 
provide an advantage for NCC differentiation.

　We proceeded to examine the characteristics of 
the migrated cells from rosettes based on mRNA ex-
pression of NCC marker genes such as PAX3, P75, 
SLUG (SNAIL2), SNAIL (SNAIL1), and SOX9 (1, 
35, 36, 43, 58). Expression levels of these genes in 
the migrated cells were significantly higher than 
those in original dental pulp-derived iPS cells. To 
further characterize the migrated cells, we per-
formed the surface marker expression analysis. A 
previous study reported that P75 can be used with 
fluorescence-activated cell sorting (FACS) to enrich 
for NCCs (22). We did not use FACS to enrich for 
P75-positive cells in this study, however, because 
flow cytometric analysis revealed that the proportion 
of P75-positive cells was already 98%. HNK-1 has 
been used as a general marker for NCCs in avian 
embryos (6) and in human neural crest stem cells 
(NCSCs) (31). Therefore, we assessed the propor-
tion of P75 and HNK-1 double-positive (P75

+/HNK-

1
+
) cells as a marker for NCSCs (22) and found that 

24% of cells were P75
+/HNK-1+

. HNK-1 is expressed 
in primitive NCSCs immediately after migrating 
from rosettes. A previous report indicated that P75

+/
HNK-1

−
 cells, however, exhibit characteristics of 

post-migratory NCSCs (22, 48). Taken together, 
these findings suggest that our culture conditions in-
duce post-migratory NCSCs rather than primitive 
NCSCs.

　NCSCs induced from periodontal ligament cell- 
derived iPS cells (58) and primitive NCSCs (2, 33) 
express mesenchymal stem cell markers, such as 
CD44, CD73, CD90, CD105, and CD146. The mi-
grated cells from rosettes in the present study 
showed similar expression of MSC markers, as was 
observed in other studies (2, 34, 58). However, while 
a previous report showed that human ES cell-de-
rived NCSCs do not express CD73 (31), our migrat-
ed cells exhibited higher levels of CD73 expression, 
in consistent with previous reports (8, 58). Further 
analyses are required to examine the differences be-
tween iPS cell-derived and ES cell-derived NCCs in 
terms of CD73 expression.

　We next tested whether the migrated cells had the 
potential to differentiate into multi-lineage neural 
crest derivatives, such as osteoblasts, chondrocytes, 
and Schwann cells, by in vitro and in vivo assays (9). 
As a preliminary experiment, the osteogenic differ-
entiation potential of the migrated cells was tested 
by directly switching to osteogenic induction medi-

Fig. 8　Specificity of anti-human nuclei antibody for human origin cells. (A) Human dental pulp cells were immunopositive 
for anti-human nuclei antibody. (B) Porcine dental papilla cells and (C) rat bone marrow cells were immunonegative for an-
ti-human nuclei antibody. (D–F) Nuclear stain, DAPI, shown in blue. Scale bars, 100 µm.
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Fig. 9　Schwann cell differentiation potential in vitro. (A) 
Phase-contrast microscopic images after 35 days of culture 
in growth-factor-reduced medium for Schwann cell differen-
tiation. Culture in growth-factor-reduced medium accelerat-
ed the extension of cellular processes in migrated cells. (B, 
C) Immunocytochemical analyses showed that migrated 
cells in growth-factor-reduced medium for Schwann cell dif-
ferentiation at 35 days were positive for (B) GFAP and (C) 
S100B. (D) Merged image of GFAP, S100B, and DAPI stain-
ing. Scale bars, 50 µm.

um from neural induction medium at 80% confluen-
cy, however the migrated cells did not exhibit 
osteogenic differentiation potential. Cell growth was 
also low in neural induction medium. A previous re-
port indicated that NCCs exhibit characteristics of 
MSCs after being cultured in the MSC growth me-
dium for 2 weeks (31). Therefore, we cultured the 
migrated cells in the MSC growth medium for 2 
weeks, so that few migrated cells expressed NCC 
markers (3.4% P75 and 0.25% HNK-1), while most 
expressed an MSC marker (99.2% CD73) as shown 
in Table 3, consistent with a previous report (31). In 
terms of osteogenic differentiation potential, the mi-
grated cells showed higher osteogenic potential in vi-
tro (30, 31). When the migrated cells were combined 
with dental epithelium and implanted, newly gener-
ated osteoblasts were positively stained with anti-hu-
man osteocalcin and anti-human nuclei antibodies. 
Based on these in vitro and in vivo results, we con-
clude that the migrated cells have the potential to 
differentiate into osteoblasts and to generate bone.

　To assess chondrogenic differentiation potential, 
the migrated cells were combined with dental epi-
thelium and implanted into the omenta of immuno-
deficient rats. We have previously shown that dental 
epithelial cells have the potential to induce chondro-
cytes from mesenchymal cells (14, 15). The extra-
cellular matrix in the regenerated cartilage was 

strongly stained with alcian blue (14, 15, 56). To 
exclude the possibility of cell contamination, we 
confirmed that only human-origin cells were stained 
positive for anti-human nuclei antibody, while rat- 
and porcine-origin cells were not stained. Taken to-
gether, these results indicate that the migrated cells 
have the potential to differentiate into chondrocytes. 
Interestingly, tooth-forming cells were not observed 
in any of the implants.

　Schwann cells are the principle glia of the periph-
eral nervous system, which keep peripheral nerve fi-
bers (both myelinated and unmyelinated) alive (32). 
We assessed whether the migrated cells were able to 
differentiate into Schwann cells based on morpholo-
gy and protein expression of the Schwann cells 
markers GFAP (51) and S100B (24, 31). The mi-
grated cells were positively stained for both GFAP 
and S100B. These results suggest that the migrated 
cells have the potential to differentiate into Schwann 
cells.

　In summary, the migrated cells from rosettes ex-
pressed neural crest markers, based on mRNA and 
protein expression. The migrated cells also exhibited 
the potential to differentiate into neural crest lineage 
cells, including osteoblasts, chondrocytes, and 
Schwann cells. These findings indicate that the mi-
grated cells have similar characteristics to those of 
NCCs. In conclusion, deciduous dental pulp-derived 
iPS cells are capable of differentiating into NCCs 
through modification of the protocol used for human 
ES cells. Human iPS cell-derived NCCs have the 
potential to regenerate bone and cartilage as well, 
based on in vivo experiments, indicating that they 
represent a useful cell source for bone and cartilage 
tissue engineering.
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Supplementary Fig. 1　(A) Image showing the appearance of the implants (arrow) within the wrapped rat omentum 16 
weeks after transplantation. (B) Gross appearance of the hard tissue mass. Scale bar, 1 cm.


