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ABSTRACT

The field of tooth regeneration has progressed in recent years, and human tooth regeneration could
become viable in the future. Because induced pluripotent stem (iPS) cells can differentiate into
odontogenic cells given appropriate conditions, iPS cells are a potential cell source for tooth regen-
eration. However, a definitive method to induce iPS cell-derived odontogenic cells has not been
established. We describe a novel method of odontoblast differentiation from iPS cells using gene
transfection. We generated mouse iPS cell-derived neural crest-like cells (iNCLCs), which exhibited
neural crest markers. Next, we differentiated iNCLCs into odontoblast-like cells by transfection of
Pax9 and Bmp4 expression plasmids. Exogenous Pax9 upregulated expression ofMsx1 and dentin
matrix protein 1 (Dmp1) in iNCLCs but notbonemorphogenetic protein 4 (Bmp4) or dentin sialophos-
phoprotein (Dspp). Exogenous Bmp4 upregulated expression of Msx1, Dmp1, and Dspp in iNCLCs,
but not Pax9. Moreover, cotransfection of Pax9 and Bmp4 plasmids in iNCLCs revealed a higher ex-
pression of Pax9 than when Pax9 plasmid was used alone. In contrast, exogenous Pax9 downregu-
lated Bmp4 overexpression. Cotransfection of Pax9 and Bmp4 synergistically upregulated Dmp1
expression; however, Pax9 overexpression downregulated exogenous Bmp4-induced Dspp expres-
sion. Together, these findings suggest that an interaction between exogenous Pax9- and Bmp4-
induced signaling modulated Dmp1 and Dspp expression. In conclusion, transfection of Pax9
and Bmp4 expression plasmids in iNCLCs induced gene expression associated with odontoblast
differentiation, suggesting that iNCLCs differentiated into odontoblast-like cells. The iPS cell-
derived odontoblast-like cells could be a useful cell source for tooth regeneration. STEM CELLS
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SIGNIFICANCE

It has been reported that inducedpluripotent stem (iPS) cells differentiate into odontogenic cells by
administration of recombinant growth factors and coculture with odontogenic cells. Therefore,
they can be potential cell sources for tooth regeneration. However, these previous methods still
have problems, such as usage of other cell types, heterogeneity of differentiated cells, and tumor-
igenicity. In the present study, a novel method to differentiate iPS cells into odontoblast-like cells
without tumorigenicity using gene transfection was established. It is an important advance in the
establishment of efficientmethods to generate homogeneous functional odontogenic cells derived
from iPS cells.

INTRODUCTION

The treatment of congenital teeth absence or
tooth loss from periodontitis and caries typically
involves implantation of prosthetics made from
artificial biomaterials. Recently, significant prog-
ress has been made in the study of rodent tooth
regeneration [1–5], with regeneration of teeth in
humans now potentially viable. However, several
barriers remain, including establishing a suitable
cell source that requires minimal donor invasion
and overcomes ethical issues.

Inducedpluripotent stem (iPS) cells are estab-
lished by introducing Oct4, Sox2, c-Myc, and Klf4
into somatic cells [6]. Because iPS cells can differ-
entiate into odontogenic cells by administration
of recombinant growth factors and direct or indi-
rect coculture with odontogenic cells [7–9], they
represent a potential cell source for tooth regen-
eration. However, these methods still have prob-
lems, such as usage of other cell types, the
heterogeneity of differentiated cells, and tumor-
igenicity. Takayamaet al. [10] succeeded in induc-
ing differentiation of human iPS and embryonic
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stem cells into nearly homogenous functional hepatocytes
by transfection of critical transcription factors for hepatocyte
differentiation. Their report indicated that transfection of
differentiation-associated genes is a powerful tool to induce dif-
ferentiation of iPS cells. However, application of transfection to
differentiate iPS cells into odontogenic cells has not been
accomplished.

Tooth morphogenesis is regulated by sequential and recip-
rocal interactions between many molecules, including cyto-
kines and transcription factors from the epithelium and
mesenchyme [11, 12]. Pax9 induces tooth development via
upregulation of bone morphogenetic protein 4 (Bmp4) and
Msx1 expression [13, 14]. Furthermore, a deficiency of Pax9
inmice arrests tooth development at the bud stage [15]. In turn,
Bmp4 regulates expression of both Pax9 and Msx1 in dental
mesenchyme [16, 17], with deficiency of Bmp4 leading to
arrested molar development at the bud stage [18]. These find-
ings indicate that Pax9 and Bmp4 are essential factors for
odontogenic differentiation and led us to hypothesize that
induction of these molecules could increase the odontogenic
differentiation potential of iPS cells.

We describe a novel method of differentiating odontoblast-
like cells from iPS cells. We first generated mouse iPS cell-derived
neural crest-like cells (iNCLCs) asprecursorsofodontoblasts.We fur-
ther examined whether transfection of Pax9 and Bmp4 into iNCLCs
will promote differentiation into odontoblast-like cells.

MATERIALS AND METHODS

Materials and methods are described in the supplemental online
data.

RESULTS AND DISCUSSION

Generation and Characterization of iNCLCs FromMouse
iPS Cells

The establishment of differentiated cells from iPS cells is often
achievedbymimicking natural developmental procedures.Odon-
toblasts differentiate from dental mesenchymal cells, which are
derived from neural crest cells [11]. Otsu et al. [7] demonstrated
the differentiation potential of iNCLCs into dental mesenchymal
cells by means of combination cultures with dental epithelium.
Therefore, it appears that iNCLCs can be a good model for odon-
toblast differentiation from iPS cells. We generated iNCLCs from
mouse iPS cells, which showed a stellate morphology similar to
that of neural crest cells [19] (supplemental online Fig. 1A). Fur-
thermore, iNCLCs expressed theneural crestmarkersPax3, Snai1,
Snai2, p75NTR, and HNK-1 (supplemental online Fig. 1B–1E).
These results indicate that our iNCLCs possessed features of neu-
ral crest cells.

Dentalmesenchymal cells express Pax9,Msx1,Dlx1,Dlx2, and
Bmp4. Thesemolecules regulate odontoblast differentiation dur-
ing toothdevelopment [12, 20]. Therefore,weevaluated thegene
expression of these molecules to assess the odontogenic proper-
ties of iNCLCs. Theexpression levels ofPax9,Msx1,Dlx1,Dlx2, and
Bmp4were all significantly lower than the levels of dentalmesen-
chymal cells (Fig. 1A–1E; supplemental online Fig. 2A–2F). These
results suggest that the induction of the molecules associated
with odontoblast differentiation is required for iNCLCs to acquire
odontogenic properties.

Overexpression of Pax9 Upregulates Gene Expression
Associated With Odontoblast Differentiation in iNCLCs

Pax9 is a critical modulator of tooth development expressed by
dental mesenchymal cells [15]. Therefore, we examined the
effects of exogenous Pax9 expression on the odontoblast differ-
entiation of iNCLCs. Transfection of a Pax9 expression plasmid
into iNCLCs increased Pax9 mRNA and protein levels (Fig.
2A, 2B). Pax9-overexpressing iNCLCs did not display any
obvious morphological changes compared with the control
(Fig. 2C). Pax9-overexpressing iNCLCs did not show significant
changes in cell number or expression of proliferation markers
(supplemental online Fig. 3A–3E). Pax9 upregulates Msx1 and
Bmp4 promoter activity, suggesting it directly induces expres-
sion of both factors [14]. However, in the present study, exoge-
nous Pax9 upregulated expression of Msx1 but not Bmp4 (Fig.
2D, 2E). These results suggest that exogenous Pax9 activates
Msx1 signaling,with downstream targets possibly regulating dif-
ferentiation of iNCLCs into odontoblast-like cells. Because nu-
clear factor interleukin-3 (Nfil3) inhibits Bmp4 promoter
activity in osteoblast-like MC3T3-E1 cells [21], it could also neg-
atively regulate Bmp4 transcription in iNCLCs. Supplemental
online Figure 4A shows that Nfil3 was increased by exogenous
Pax9, suggesting that Nfil3 might diminish Bmp4 transcription
in Pax9-overexpressing iNCLCs. Exogenous Pax9 did not affect
the expression of othermolecules that regulate Bmp4 transcrip-
tion (supplemental online Fig. 4B–4F). Dentin matrix protein 1
(Dmp1) and dentin sialophosphoprotein (Dspp) are extracellular
matrix proteins produced by odontoblasts [22]. Expression of
Dmp1 and Dspp is detectable in murine tooth germs from

Figure 1. Expression of molecules associated with odontoblast dif-
ferentiation in iNCLCs. Second passage iNCLCs were cultured for 2
days, and the expression of Pax9 (A), Msx1 (B), Dlx1 (C), Dlx2 (D),
and Bmp4 (E) was assessed by real-time polymerase chain reaction
(p, p , .01; n = 3). Mesenchymal cells isolated from E14.5 murine
tooth germs were used as control. Abbreviation: iNCLC, induced plu-
ripotent stem cell-derived neural crest-like cell.
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embryonic days 13 and 14, respectively [22]. These findings
suggest that Dmp1 is expressed in more immature odonto-
blasts compared with Dspp. Exogenous Pax9 upregulated
Dmp1 expression but did not significantly affect expression
of Dspp and dentin sialoprotein (DSP), which is the product
of Dspp (Fig. 2F–2I). Therefore, our data suggest that Pax9-
overexpressing iNCLCs differentiate into more immature
odontoblasts.

Exogenous Bmp4 Induces Gene Expression Associated
With Odontoblast Differentiation in iNCLCs

We next examined the effects of exogenous Bmp4 on the odon-
toblast differentiation of iNCLCs. Transfection of a Bmp4 expres-
sion plasmid into iNCLCs increased Bmp4 mRNA and protein
expression (Fig. 3A, 3B). Both iNCLCs overexpressing Bmp4
and those administered recombinant Bmp4 demonstrated a
fibroblast-like spindle shape similar to that of dental mesenchymal
cells [23] (Fig. 3C; supplemental online Fig. 5A). Bmp4-overexpressing
iNCLCs did not show significant changes in cell number or the
expression of proliferation markers (supplemental online Fig.
3A–3E). Exogenous Bmp4 did not alter Pax9 expression but did in-
duce Msx1, Dlx1, and Runx2 expression in iNCLCs (Fig. 3D, 3E;
supplemental online Fig. 5B–5E). Additionally, exogenous Bmp4
significantly upregulated Dmp1, Dspp, and DSP expression (Fig.
3F–3J; supplemental online Fig. 5F, 5G). Maurin et al. analyzed
microtubule-associated protein 1B (MAP1B) expression before
and after odontoblast differentiation of dental pulp cells, result-
ing in an increase of MAP1B expression in the differentiated
cells [24]. In the present study, MAP1B expression was sig-
nificantly increased in Bmp4-overexpressing iNCLCs compared
with iNCLCs and Pax9-overexpressing iNCLCs (supplemental
online Fig. 6A, 6B). Taken together, these findings suggest that ex-
ogenous Bmp4 induces more matured odontoblast differentia-
tion of iNCLCs.

Pax9- and Bmp4-Overexpressing iNCLCs Do not
Have Tumorigenicity

Because iPS cells possess the risk of tumorigenicity [6], we exam-
ined the tumorigenicity of iNCLCs and Pax9- and Bmp4-
overexpressing iNCLCs. Transplantation of iPS cells induced
teratoma formation (supplemental online Fig. 7A, 7E). However,
iNCLCs and the transfected iNCLCs did not form teratomas
(supplemental online Fig. 7B–7D, 7F–7H). Pluripotency markers,
Oct3/4,Nanog, and Lin28, were rarely expressed in iNCLCs or the
transfected iNCLCs (supplemental online Fig. 7L–7N). These
results suggest that odontoblast-like cells derived from iNCLCs
are safe cell sources for tooth regeneration.

Combined Overexpression of Pax9 and Bmp4 Alters
Gene Expression Associated With Odontoblast
Differentiation in iNCLCs

We cotransfected Pax9 and Bmp4 expression plasmids into
iNCLCs to analyze the combined effect of these factors. Cotrans-
fection of Pax9 and Bmp4 plasmids resulted in higher expression
of Pax9 than in iNCLCs overexpressing Pax9 alone (Fig. 4A). Pax9
overexpression did not affect exogenous Bmp4-inducedMsx1 ex-
pression (Fig. 4B). Conversely, exogenous Pax9 downregulated
Bmp4 overexpression, although Bmp4 expression was still higher
than in that in the control (Fig. 4C). These data suggest that Pax9
and Bmp4 interact in iNCLCs. Combined overexpression of Pax9
and Bmp4 synergistically upregulated Dmp1 expression (Fig.
4D). However, Pax9 overexpression downregulated exogenous
Bmp4-inducedDspp expression, although the expressionwas still
higher than that in the control (Fig. 4E). These results suggest that
the interaction of exogenous Pax9 and Bmp4-induced signaling in
iNCLCs positively and negatively regulated Dmp1 and Dspp ex-
pression, respectively. Deshpande et al. [25] have demonstrated
distinct differences in the effects of Dmp1 and dentin phospho-
protein, a proteolytic cleavage product of Dspp, on collagenous

Figure 2. Overexpression of Pax9 upregulates gene expression asso-
ciated with odontoblast differentiation in induced pluripotent stem
cell-derivedneural crest-like cells (iNCLCs). APax9expressionplasmid
was electroporated into second passage iNCLCs followed by 2 days of
culture. Pax9 expression was assessed by real-time polymerase chain
reaction (PCR) (A) and Western blot (B); p, p, .01; n = 3. (C): Repre-
sentative phase-contrast micrographs of control and Pax9-transfected
iNCLCs. Scale bar = 100 mm. Expression levels ofMsx1 (D), Bmp4 (E),
Dmp1 (F), and Dspp (G) in Pax9-overexpressing iNCLCs were deter-
mined using real-time PCR; p, p , .01; n = 3. (H): Expression of DSP
was analyzed by Western blot. Total protein from dissected tooth
germs of embryonic day 18.5 mice was used as a positive control.
(I): Quantification of the DSP protein level relative to b-actin;
p, p , .01; n = 3. Abbreviation: DSP, dentin sialoprotein.
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mineralization. Therefore, our results suggest that thecotransfec-
tion of Pax9 and Bmp4 regulates Dmp1 and Dspp expression,
resulting in modulation of the mineralization function of
odontoblast-like cells derived from iPS cells.

CONCLUSION

We have demonstrated for the first time that transfection of
Pax9 and Bmp4 each and cotransfection of them in iNCLCs
induced gene expression associated with odontoblast differen-
tiation, suggesting that iNCLCs differentiated into odontoblast-
like cells. Our results have revealed that induction of iPS
cell-derived odontoblasts by gene transfection is possible, and
these cells could be a useful cell source for tooth regeneration.
However, the molecular mechanisms underlying the induction
of these odontoblastic cells from iNCLCs remain unknown.
Therefore, the establishment of efficient methods to generate
odontogenic cells derived from iPS cells requires further molec-
ular analyses.
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Figure 3. Exogenous Bmp4 induces gene expression associated
with odontoblast differentiation in induced pluripotent stem cell-
derived neural crest-like cells (iNCLCs). A Bmp4 expression plasmid
was electroporated into second passage iNCLCs followed by 2 days
of culture. Bmp4 expression was assessed by real-time polymerase
chain reaction (PCR) (A) and Western blot (B); p, p, .01; n = 3. (C):
Representative phase-contrast micrographs of control and Bmp4-
transfected iNCLCs. Scale bar = 100 mm. Expression levels of Pax9
(D), Msx1 (E), Dmp1 (F), and Dspp (G) in Bmp4-overexpressing
iNCLCs were determined by real-time PCR; p, p , .01; n = 3. (H):
The expression of DSP (green) in control and Bmp4-transfected
iNCLCs was analyzed by immunofluorescence. Nuclei are stained
with DAPI (blue). Scale bar = 20 mm. (I): Expression of DSP was an-
alyzed byWestern blot. Total protein from dissected tooth germs of
embryonic day 18.5 mice was used as a positive control. (J): Quan-
tification of theDSP protein level relative tob-actin; p, p, .01; n = 3.
Abbreviations: DAPI, 49,6-diamidino-2-phenylindole; DSP, dentin
sialoprotein.

Figure 4. Combined overexpression of Pax9 and Bmp4 alters gene
expression associated with odontoblast differentiation in induced
pluripotent stem cell-derived neural crest-like cells (iNCLCs). Pax9
and Bmp4 expression plasmids were cotransfected into second pas-
sage iNCLCs by electroporation followed by 2 days of culture. Ex-
pression levels of Pax9 (A), Msx1 (B), Bmp4 (C), Dmp1 (D), and
Dspp (E) were determined by real-time polymerase chain reaction.
The different letters (a, b, and c) indicate significant differences be-
tween the groups. Only in (B), asterisk represents significant differ-
ence between the control and Pax9 groups evaluated by Student’s t
test; p , .01; n = 3.
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