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During embryonic organogenesis, the odontogenic potential resides in dental mesenchyme
from the bud stage until birth. Mouse dental mesenchymal cells (mDMCs) isolated from the
inductive dental mesenchyme of developing molars are frequently used in the context of
tooth development and regeneration. We wondered if and how the odontogenic potential
could be retained when mDMCs were cultured in vitro. In the present study, we undertook
to test the odontogenic potential of cultured mDMCs and attempted to maintain the potential
during culturing. We found that cultured mDMCs could retain the odontogenic potential for
24 h with a ratio of 60% for tooth formation, but mDMCs were incapable of supporting tooth
formation after more than 24 h in culture. This loss of odontogenic potential was accompanied by widespread transcriptomic alteration and, specifically, the downregulation of some
dental mesenchyme-specific genes, such as Pax9, Msx1, and Pdgfrα. To prolong the odontogenic potential of mDMCs in vitro, we then cultured mDMCs in a serum-free medium with
Knockout Serum Replacement (KSR) and growth factors (fibroblastic growth factor 2 and
epidermal growth factor). In this new micromilieu, mDMCs could maintain the odontogenic
potential for 48 h with tooth formation ratio of 50%. Moreover, mDMCs cultured in KSR-supplemented medium gave rise to tooth-like structures when recombined with non-dental second-arch epithelium. Among the supplements, KSR is essential for the survival and
adhesion of mDMCs, and both Egf and Fgf2 induced the expression of certain dental mesenchyme-related genes. Taken together, our results demonstrated that the transcriptomic
changes responded to the alteration of odontogenic potential in cultured mDMCs and a new
micromilieu partly retained this potential in vitro, providing insight into the long-term maintenance of odontogenic potential in mDMCs.
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Introduction
Vertebrate organs, including tooth, develop upon interactions typically between epithelial and
mesenchymal tissues, with one tissue component producing inductive stimuli and another one
responding to the induction [1–2]. Odontogenic potential represents an instructive induction
capability of a tissue to induce gene expression in an adjacent tissue and to initiate tooth development [3]. In mice, the odontogenic potential shifts from the epithelial compartment to dental mesenchyme at the early bud stage [4–5]. The inductive dental mesenchyme is able to
determine the odontogenic fate of dental and non-dental epithelium [4, 6–9].
Dental mesenchymal cells isolated from prenatal or postnatal tooth germs participate in
whole-tooth regeneration in mice, pigs, and rats [10–12]. Mouse dental mesenchymal cells
(mDMCs) give rise to the whole dental pulp mesenchyme, including the odontoblasts. However, preparation of embryonic cells is time-consuming and acquisition of embryos at the right
stage is laborious. In addition, embryonic tooth germ cells are inaccessible in the adult, and
xenogenic embryonic tooth germ cells suffer from immune rejection, especially in humans.
Thus, several easily available cell sources potentially could be employed to regenerate a whole
tooth, including ecto-mesenchymal cells prepared from postnatal teeth, immortalized cell
lines, and induced pluripotent stem cells.
Postnatal dental pulp contains stem cells that are capable of generating a dentin-like structure lined with odontoblast-like cells [13]. Although dental pulp stem cells potentially could be
used for dentinal repair of teeth [14], they do not induce tooth formation when recombined
with dental epithelium [3]. Several immortalized cell lines have been established from mouse
and human dental mesenchymal cells and display similar characteristics of the primary cells
[15–19]. These immortalized cells express tooth-specific genes and can differentiate towards a
odontoblast fate. But immortalized cell lines from dental mesenchyme of the bell stage fail to
induce the morphogenesis of tooth [20]. Recently, mouse induced pluripotent stem cells
showed the potential to differentiate into mDMC-like cells through neural crest-like cells
(NCLCs) [21]. Although the recombinant with mDMC-like cells and incisor dental epithelium
demonstrated calcified tooth germ-like structures with bone [22], whether the mDMC-like
cells possess odontogenic potential was not identified. Collectively, a cell source with odontogenic potential other than mDMCs has not been reported. Efficient strategies for the culture of
odontogenic mDMCs are essential for the study of tooth development and would provide
opportunities in regenerative medicine.
However, in vitro expansion of mDMCs without impairing the odontogenic potential
remains a great challenge. The odontogenic potential of mDMCs of embryonic day 14 is lost in
the course of culturing [20]. Similarly, the loss of potential has also been reported for hematopoietic stem cells (HSCs). The potential of HSCs expanded in vitro is impaired in subsequent
in vivo regenerative assays [23]. Various cytokine cocktails have been used to support HSC
growth in vitro, and many factors are found to promote the survival and regenerative potential
of HSCs [24–25]. Thus, we wonder if supplementation of growth factors would facilitate the
maintenance of odontogenic potential in vitro.
In the present study, we have examined the odontogenic potential of cultured mDMCs and
found a new approach to maintain the potential during culture based on the transcriptomic
data of mDMCs (Fig 1). Our results showed that cultured mDMCs rapidly lost odontogenic
potential. RNA-seq analysis revealed a rapid loss of the dental mesenchymal signature in cultured mDMCs and a deviation away from the neural crest. To avoid cell apoptosis and cell differentiation towards fibroblasts, Knockout Serum Replacement (KSR) was used to culture
mDMCs instead of fetal bovine serum (FBS). Fibroblastic growth factor 2 (Fgf2), and epidermal growth factor (Egf) that are essential for the development of neural crest and tooth were
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Fig 1. Design of the study. Dental mesenchyme tissues from embryonic day 14.5 (E14.5) mice were digested with trypsin. Freshly isolated mouse dental
mesenchymal cells (mDMCs) were divided into three groups: One group was recombined with embryonic dental epithelial and cultured in kidney; the second
was submitted for RNA-seq; the third was cultured in vitro and harvested at indicated time points.
doi:10.1371/journal.pone.0152893.g001

also used. The new culture micromilieu with KSR/Fgf2/Egf retained the expression of some
dental mesenchyme-specific genes and delayed the loss of odontogenic potential by 24 h. Our
work revealed the characteristics and behavior of mDMCs in culture and suggested routes for
tooth regeneration from cultured mDMCs.

Materials and Methods
Cell culture
All animal procedures were approved by the Animal Care Committee of Peking University and
Guangzhou Institutes of Biomedicine and Health Ethical Committee (permit Number:
CMU-B20100106). Tooth germs of the mandibular first molar in embryonic day 14.5 (E14.5)
mouse embryos were dissected using fine needles and treated with dispase to separate dental
mesenchyme from the epithelium. The isolated dental mesenchyme was digested with trypsin
and filtered through a 40-μm cell sieve to obtain single cells. mDMCs were cultured at a density
of 1 × 104/cm2 in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand Island, NY)
supplemented with 10% FBS (Gibco), 100 U/ml penicillin, and 100 g/ml streptomycin. To prolong the odontogenic potential of mDMCs, freshly isolated cells were cultured on gelatincoated plates in a new medium with 10% KSR (Invitrogen, Carlsbad, CA), 20 ng/ml FGF2
(R&D system) and 20 ng/ml EGF (R&D system).

Tissue recombination and subrenal culture
Freshly isolated and cultured mDMCs were harvested at indicated time points. About 1 × 105
mDMCs were spun down to make a cell pellet and left in the centrifuge tube for aggregation
for 2 h in DMEM + 10%FBS. The cell pellets was then recombined with freshly isolated E14.5
dental epithelium as previously described [9]. All recombinants were further cultured for 24 h
prior to subrenal culture in adult male ICR mice. The host mice were sacrificed 3 weeks later
and the grafted tissues were harvested. Grafts were fixed in 4% PFA/PBS, embedded in paraffin,
and sectioned at 7 μm. Sections were stained with H&E for histological analysis.

RNA isolation and sequencing
Total RNA from freshly isolated and cultured mDMCs was extracted using the RNeasy mini
kit and RNase-Free DNase set (Qiagen GmbH, Hilden, Germany). RNA library from each
sample was prepared according to the instructions with the Illumina TruSeq RNA kit and
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Table 1. Primers for quantitative real-time PCR.
Forward

Reverse

Actin

5’-GGC TGT ATT CCC CTC CAT CG-3’

5’-CCA GTT GGT AAC AAT GCC ATG T-3’

Dlx1

5’-GGC TAC CCC TAC GTC AAC TC-3’

5’-TTT TTC CCT TTG CCG TTA AAG C-3’

Lhx6

5’-CAT TGA GAG TCA GGT ACA GTG C-3’

5’-GGG CCG TCC AAA TCA GCT T-3’

Pax9

5’- CAT TCG GCT TCG CAT CGT G -3’

5’- CTC CCG GCA AAA TCG AAC C-3’

Bmp4

5’-TTC CTG GTA ACC GAA TGC TGA-3’

5’-CCT GAA TCT CGG CGA CTT TTT-3’

Dlx2

5'- CTA CGG CAC CAG TTC GTC TC -3'

5'- CCG TTC ACT ATT CGG ATT TCA GG-3'

Msx1

5'- GCA CAA GAC CAA CCG CAAG-3'

5'- CGC TCG GCA ATA GAC AGG T-3'

Fgf10

5'- GCA GGC AAA TGT ATG TGG CAT-3'

5'- ATG TTT GGA TCG TCA TGG GGA-3'

Alp

5’- CCA ACT CTT TTG TGC CAG AGA-3’

5'- GGC TAC ATT GGT GTT GAG CTT TT-3'

Wnt5a

5'- CAA CTG GCA GGA CTT TCT CAA-3'

5'- CAT CTC CGA TGC CGG AAC T-3'

doi:10.1371/journal.pone.0152893.t001

sequenced on an Illumina Hiseq 2000 in duplicate or triplicate. Raw data of the performed
RNA-Seq experiments have been recorded in the GEO public database (accession number:
GSE78228).

Quantitative reverse transcription PCR (qRT-PCR)
Total RNA was extracted with Trizol and complementary DNA was synthesized using an
RT-PCR kit (TaKaRa Bio, Otsu, Japan). Real-time PCR was performed in triplicates in a Thermal CyclerDice7™ RealTime System with SYBR Green Premix EXTaq™ (Takara Bio). The primers are listed in Table 1. RNA expression was normalized to Actin and freshly isolated samples
using the 2-ΔΔCt method.

Immunofluorescence analysis
mDMCs were cultured for the indicated periods and fixed in 4% paraformaldehyde. Fixed cells
were treated with 0.1% Triton X-100 for 5 min, blocked with 5% BSA for 60 min, and further
incubated with primary antibodies at 4°C overnight. The primary antibodies were anti-Msx1
goat monoclonal IgG (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), anti-Pax9 rabbit
polyclonal IgG (1:100; Cell Signaling, Danvers, MA), anti-Pdgfrα rabbit monoclonal IgG
(1:100; Origene, Rockville, MD), anti-p75 rabbit polyclonal IgG (1:50; Santa Cruz), and antiBmp4 rabbit polyclonal IgG (1:500; Abcam, UK). The secondary antibodies Alexa Fluor 568
donkey Anti-rabbit IgG (1:1000), FITC-conjugated goat anti-rabbit IgG (1:1000) and FITCconjugated donkey anti-goat IgG (1:1000) were applied for 60 min. The cells were counterstained with DAPI (5 μg/mL) and sealed with mounting medium. Blocking buffer with BSA
was used as a negative control.

Cell proliferation analysis
Cell counting kit 8 (CCK8; Dojindo, Tokyo, Japan) was used to measure the cell viability
according to the protocol. Briefly, freshly isolated mDMCs were seeded in a 96-well plate and
cultured in the incubator for 6 h to allow cell attachment. Subsequently, the media was replaced
with FBS- or KSR-supplemented medium. After indicated time, 10 μl CCK-8 solution was
added to each well and incubated for 3 h at 37°C. The optical density was measured at an
absorbance of 450 nm using a microplate reader (ELx800; BioTek Instruments, Inc., Winooski,
VT, USA).

PLOS ONE | DOI:10.1371/journal.pone.0152893 April 6, 2016

4 / 16

Prolonged Odontogenic Potential In Vitro

Bioinformatics analysis
RNA-sequencing reads were trimmed for adaptor sequence, mapped to the mouse transcriptome (mm10, Ensembl v73) and then aligned using bowtie (v1.0.1) and RSEM (v1.2.12). Differentially-expressed genes were identified using DESeq2 (v1.12.0); a p-value <0.05 and fold
change >2 were used as the threshold to define significant differences in gene expression. The
Database for Annotation, Visualization and Integrated Discovery was used to determine the
GO categories and KEGG pathways using the entire mouse transcriptome as background gene
set. The appropriate modules in glbase were used for hierarchical clustering and principal components analysis (PCA) [26]. Other RNA-seq was reanalyzed from GSE39918 [27], GSE55966
[28] and GSE29278 [29].

Statistical analysis
Statistical analyses were performed using the SPSS for Windows software package (v18; SPSS
Inc., Chicago, IL). Data from at least three independent experiments were used for analysis.
The data were shown as means ± standard deviations (SD) and differences among groups were
analyzed using one-way ANOVA. A two-tailed p value <0.05 was considered to be statistically
significant.

Results
Loss of odontogenic potential in mouse dental mesenchymal cells
Among the isolated mDMCs, some displayed a spindle-shaped, fibroblast-like morphology
and others an elliptic morphology when adhering to the plates (Fig 2A). The cells continued to
proliferate in culture and cell quantity doubled in 48 h (Fig 2B). When recombined with E14.5
dental epithelium, both freshly isolated mDMCs and molar mesenchyme tissues developed
into teeth with well-differentiated odontoblasts after 3 weeks of subrenal culture (Fig 2C). The
tooth-formation ratio for freshly isolated cells was 21/28 and for molar mesenchyme tissue was
11/11. The first- (120 h) and second-passage (192 h) mDMCs showed no tooth formation
when recombined with E14.5 dental epithelium, suggesting that the odontogenic potential was
lost during in vitro culture (Table 2). Given the possible influence of culture duration, the
odontogenic potential of cells cultured for shorter periods was then examined. Recombinants
with cells cultured for 48 h failed to develop into dental tissue, forming cysts with an amorphous matrix. In contrast, recombinants with cells cultured for 24 h gave rise to well-organized,
tooth-like structures with a ratio of 17/28 (Fig 2C, Table 2). Collectively, these data demonstrated the culture-induced impairment of odontogenic potential in mDMCs, and mDMCs lost
their odontogenic potential after 24 h in culture.

Changes in the transcriptome profiles induced in vitro
To reveal the underlying mechanism of the impairment of odontogenic potential, we generated
gene expression profiles from mDMCs in culture using RNA-seq. Correlation analysis performed at the cell population level showed that there were 2 main clusters (Fig 3A). Cluster I
comprised freshly isolated mDMCs and dental mesenchymal tissues, indicating comparable
odontogenic potential between the two components. Cell populations in cluster II exhibited a
high mutual positive correlation and were those associated with cultured cells. However, the link
between cluster I and mDMCs cultured for 12 h or 24 h was relatively strong compared with that
of cells cultured for 36 h or 48 h. PCA was used to map cell populations, and a dominant component (PC3) matching the sequence of progressive loss of odontogenic potential was identified
(Fig 3B). In addition, the magnitude of transcriptional changes during culture was reflected by
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Fig 2. Impaired odontogenic potential in cultured mDMCs. (A) mDMCs possess a fibroblast-like or elliptic
morphology. Cell density increased significantly and the morphological alteration was visible from 24 h to 96
h. (B) Cells continued to proliferate in culture and cell quantity doubled in 48 h. (C) Recombinants with freshly
isolated mDMCs and cells cultured for 24 h formed tooth after subrenal culture, but recombinants with cells
cultured for 48 h formed cysts. Recombinants with E14.5 dental mesenchyme (Tis) were used as positive
control. H&E staining showed the presence of tooth structure or eosinophilic amorphous matrix. D, dentin;
PD, predentin; DP, dental pulp; OD, odontoblast. Scale bar: A, B = 50 μm; C = 500 μm.
doi:10.1371/journal.pone.0152893.g002

the number of transcripts induced or repressed at a given time point. A remarkable number of
genes were differentially expressed between freshly isolated and cultured mDMCs. However, culturing mDMCs for >24 h had a comparatively minor effect on transcription (Fig 3C).
To group the transcripts with similar behavior during culture, genes differentially expressed
between freshly isolated and cultured mDMCs were divided further into eight clusters according to their expression patterns. Each cluster included genes exclusively upregulated or downregulated during the interval in culture (Fig 3D). Functional annotation analysis was
performed to gain insight into the function of genes in each cluster. Much of the transcriptional
change affected genes controlling proliferation and various ‘housekeeping’ activities such as
transcription, cell motion, cell adhesion, and cytoskeletal organization. Interestingly, genes
encoding skeleton- and ossification-related categories underwent downregulation during the
intervals 0–12 h and 24–36 h, when the odontogenic potential of mDMCs evidently was degenerating. Throughout the culture duration, expression of genes controlling the negative regulation of cell proliferation, positive regulation of apoptosis, and cell-cycle arrest were enhanced.
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Table 2. Ratios of tooth formation in tissue recombination assays.
Type of recombinant

Culture medium

No. of recombinants

No. of tooth formation

Tooth formation ratio (%)

Mesenchyme

Epithelium

Dm E14.5

De E14.5

---

11

11

100

mDMCs 0h

De E14.5

M-FBS

28

21

78.8

mDMCs 24h

De E14.5

M-FBS

28

17

60.7

mDMCs 48h

De E14.5

M-FBS

30

0

0

mDMCs 120h

De E14.5

M-FBS

28

0

0

mDMCs 192h

De E14.5

M-FBS

32

0

0

mDMCs 0h

De E14.5

M-KSR

5

5

100

mDMCs 24h

De E14.5

M-KSR

27

14

51.9

mDMCs 48h

De E14.5

M-KSR

30

15

50

mDMCs 0h

Se E10.5

M-KSR

18

7

38.8

mDMCs 24h

Se E10.5

M-KSR

14

4

28.6

mDMCs 48h

Se E10.5

M-KSR

14

3

21.4

Abbreviations: Dm, dental mesenchyme; De, dental epithelium; Se, second-arch epithelium; mDMCs, mouse dental mesenchymal cells; M-FBS, FBS
supplemented medium; M-KSR, KSR supplemented medium.
doi:10.1371/journal.pone.0152893.t002

Collectively, mDMCs underwent a major perturbation in their biological processes that coincided with the loss of odontogenic potential.

Phenotype alterations in cultured mouse dental mesenchymal cells
The expression pattern of some dental mesenchyme-specific genes (Msx1, Pax9, Lhx6, Dlx1,
and Dlx2) was examined using qRT-PCR and immunofluorescence analysis. In agreement
with RNA-seq results (Fig 4A), these genes were downregulated in a temporal pattern approximately concordant with the loss of odontogenic potential (Fig 4B). Freshly isolated mDMCs
were stained positive for Pax9 (~60%) and Msx1 (~73%). However, the fraction of cells positive
for Pax9 (~25%) and Msx1 (~11%) declined remarkably during culture and was hardly detectable at 48 h (~1.5%; Fig 4C). mDMCs contained only a small fraction of cells positive for p75
(Ngfr, ~30%), which had almost completely disappeared at 48 h. In addition, expression of
Pdgfrα was also decreased under in vitro conditions. However, the expression of Bmp4, Wnt5a
and fgf10 did not show a trend that is concordant with the loss of odontogenic potential (Fig
4B). Thus, the temporal pattern of some dental mesenchyme-specific genes like Msx1 and Pax9
corresponds to the change in odontogenic potential, and the decreased expression of these
genes may contribute to the loss of odontogenic potential.

Maintenance of odontogenic potential in mouse dental mesenchymal
cells in culture
Since dental mesenchyme is derived from the neural crest, the RNA-seq data of tooth and neural crest obtained by others was then integrated with our data to understand the relationship of
mDMCs to normal neural crest cell types. A relational network was built based on the strength
of the correlation between pairs of samples (Fig 5A). Freshly isolated mDMCs were associated
closely with the neural crest cells, but particularly with the upper and lower molars. When
mDMCs were cultured, they came to resemble fetal fibroblasts more closely as they lost their
odontogenic potential. We then investigated whether supplementation with growth factors
essential for the development of neural crest and tooth could prolong the odontogenic
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Fig 3. Global transcriptome profiles of mDMCs. (A) Hierarchical clustering analysis of dental mesenchymal tissue or cell samples. Tis, dental
mesenchymal tissues. (B) Principal components analysis (PCA) showed the distances between various cell populations. Variation between two adjacent cell
populations was reduced with time. (C) The number of differentially expressed genes between every two cell populations was listed. The red bracket
indicates the number of upregulated genes and the blue indicates the downregulated genes. (D) Differentially expressed genes were divided into eight
clusters according to their temporal patterns. Functional annotation analysis of genes in each cluster was performed, and the biological processes were
reconstructed. The red bracket indicates processes involving the upregulated genes in the given time interval and the blue bracket indicates those involving
the downregulated genes. * indicated the biological processes associated with tooth development.
doi:10.1371/journal.pone.0152893.g003

potential. Egf and Fgf2 were incorporated into the culture medium to inhibit cell apoptosis and
promote cell proliferation. Moreover, KSR was used to skip undefined factors in FBS and avoid
cell differentiation towards fibroblasts. mDMCs in the new medium proliferated robustly, with
a significantly higher rate than those in the FBS-supplemented medium (Fig 5B). The KSRsupplemented medium increased the mRNA expression of Lhx6 and Fgf10, and maintained
the expression of Pax9, Msx1, Wnt5a, Bmp4, and Dlx1, but failed to maintain the expression of
Dlx2 and Alp after 48 h in culture (Fig 5C). In addition, protein levels of Msx1, Pax9, and
Pdgfrα in mDMCs cultured in KSR-supplemented medium were comparable to freshly isolated
mDMCs but significantly higher than those in FBS-supplemented medium (Fig 5D). The
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Fig 4. Phenotypic alteration of cultured mDMCs. (A) Heat map showed the decreased expression of dental mesenchyme-related genes in cultured
mDMCs. (B) The mRNA levels of some dental mesenchyme-related genes. (C) Decreased expression of Msx1, Pax9, P75, and Pdgfrα in cultured mDMCs
was examined by immunofluorescence assays. *p < 0.05 compared with the D0 cells. Scale bar: 100 μm.
doi:10.1371/journal.pone.0152893.g004

protein level of Bmp4 was slightly increased in KSR-supplemented medium and slightly
decreased in FBS-supplemented medium (S1 Fig). Surprisingly, the KSR-supplemented
medium was capable of extending odontogenic potential of mDMCs, and tooth formation
could be derived at 48 h (Fig 5E; 15/30; Table 2). The potential is lost gradually thereafter, and
recombinants with mDMCs cultured for 72 h developed into only thin and tiny tooth-like
structures with a ratio of 7/19. Since E14.5 dental mesenchyme also possesses the capability to
instruct tooth formation when recombined with epithelia of non-dental origin, mDMCs cultured in KSR-supplemented medium were recombined with E10.5 mouse second-arch epithelium. Tooth-like structures were found in the recombinants of cultured mDMCs and secondarch epithelium (Fig 5F, Table 2), confirming the retained odontogenic potential in cultured
mDMCs. Thus, it is possible to maintain the odontogenic potential of mDMCs in vitro by
modulating the composition of culture medium.
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Fig 5. KSR, Fgf2 and Egf facilitate the maintenance of odontogenic potential in cultured mDMCs. (A) The relational network was constructed based on
the strength of correlation between pairs of samples, showing the relationship of mDMCs to normal neural crest cell types. (B) mDMCs proliferated at a
significantly higher rate in KSR-supplemented medium (M-KSR) than FBS-supplemented medium (M-FBS). (C) The mRNA levels of some dental
mesenchyme-related genes in mDMCs cultured in medium with KSR. (D) Immunofluorescence analysis of Msx1, Pax9, and Pdgfrα in mDMCs cultured in
medium with KSR or FBS. (E) Recombinants with mDMCs cultured for 24 h and 48h in KSR-supplemented medium developed into teeth after subrenal
culture for 3 weeks. R, ratio of tooth formation. (F) Recombinants of epithelium from E10.5 mouse second-arch (mse) and cultured mDMCs developed into
tooth-like structures. *p < 0.05 compared with the freshly isolated cells. Scale bar: D = 100 μm; E, F = 500 μm.
doi:10.1371/journal.pone.0152893.g005
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The effects of KSR, Fgf2, and Egf on cultured mDMCs
To identify the differential effect of individual supplement, one or two supplements were used
to cultured mDMCs. When Egf/Fgf2 were used and KSR was removed from the medium,
mDMCs poorly attached to the culture flasks. When Egf or Fgf2 was removed, the cells displayed normal morphology but proliferated relatively slowly (Fig 6A). KSR/Fgf2 increased the
expression of Fgf10, Wnt5a, and Bmp4, but decreased the expression of Dlx2. KSR/Egf

Fig 6. The effects of KSR, Fgf2, and Egf on cultured mDMCs. (A) Images of cells cultured in the medium
with Egf/Fgf2, KSR/Egf, KSR/Fgf2, and KSR/Egf/Fgf2. Scale bar: 50 μm. (B) The mRNA levels of some
dental mesenchyme-related genes in freshly isolated (D0) mDMCs and mDMCs cultured in KSR-, KSR/Fgf2, KSR/Egf-, and KSR/Egf/Fgf2-supplemented medium. *p < 0.05 compared with the D0 cells.
doi:10.1371/journal.pone.0152893.g006
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increased the expression of Msx1, Dlx1, and Bmp4, while KSR increased the expression of
Fgf10 (Fig 6B). Moreover, the downstream effects of Egf and Fgf2 were predicted using bioinformatic approaches. Egf was predicted to restore the expression of Egr1, Egr2, Jund, and Fos
(S2 Fig). Fgf2 was predicted to restore the expression of Runx2 and Twist2 (S3 Fig). Thus, KSR
is essential for the survival of mDMCs, and both Egf and Fgf2 induced the expression of some
dental mesenchyme-related genes.

Discussion
mDMCs possess rigorous odontogenic potential; nevertheless, in vitro expansion of odontogenic mDMCs has proven to be a great challenge. In the present study, cultured mDMCs rapidly lost their odontogenic potential. The loss of epithelial-mesenchymal interaction and cellcell communication may account for the loss of odontogenic potential when cells are grown as
a monolayer. A previous study demonstrated that the odontogenic potential of mDMCs was
lost rapidly in the course of culture and mDMCs cultured for 24 h did not support tooth formation [20]. However, we successfully maintained the odontogenic potential of mDMCs for 48 h
in a KSR-supplemented medium, suggesting a new route to long-term maintenance of odontogenic potential.
Tooth development involves epithelial-mesenchymal interactions mediated by conserved
signals in the signal families BMP, FGF, Hh, and Wnt [1–2]. Odontogenic potential shifts to
dental mesenchyme at the bud stage [4–5]. FGF and BMP are potential signals transmitting
odontogenic potential from the epithelial to mesenchymal compartment [30–31]. Unexpectedly, the temporal pattern of Bmp4 and Fgf10 did not correspond to the change in odontogenic
potential in our study. Expression of Fgf3 decreased dramatically in cultured mDMCs. However, restored expression of Fgf3 does not rescue the odontogenic potential of cultured
mDMCs [20]. Hence, other genes could also contribute to the loss of odontogenic potential.
BMPs and FGFs induce expression of several mesenchymal transcription factors, including
Msx1, Msx2, Pax9, Dlx1, Dlx2, Lef1, and Lhx6 [32–33]. Several of these genes perform essential
functions during tooth development, because deletion of their functions in transgenic mice
results in arrest in tooth development [34–37]. In our study, Msx1, Pax9, Dlx1, Lef1, and Lhx6
were significantly reduced in cultured mDMCs, leading to impairment of the odontogenic
potential and, ultimately, the failure of tooth formation. Although Bmp4 was shown to activate
the expression of Msx1 [38], Bmp4 was maintained and Msx1 was downregulated in FBS-supplemented medium. The deregulation of other growth factors like Fgf8 [38] and transcription
factors like Crebbp and Sp1 may lead to the decreased expression of Msx1 [39]. Recently, transfection of Pax9 and Bmp4 into iPS-derived NCLCs has been shown to promote differentiation
into odontoblast-like cells [40]. Our results indicated that overexpression of genes other that
Pax9 and Bmp4 are needed to confer odontogenic potential on iPS-derived NCLCs.
Although the molecular mechanisms regulating the odontogenic potential are not fully
understood, our data demonstrated that medium supplemented with KSR, Fgf2, and Egf prolonged the odontogenic potential of mDMCs. KSR is a defined and serum-free formulation
used to support the growth of stem cells since it prevents spontaneous differentiation. Transferrin, which is contained in KSR, is necessary for development of cap-staged tooth in organ culture and stimulates cell proliferation in tooth germs [41]. In addition, insulin in KSR facilitates
the proliferation of stem cells. In the present study, KSR is essential for the survival of mDMCs
and cells proliferated robustly in KSR-supplemented medium. Fgf2 and Egf were also employed
to maintain the odontogenic potential of mDMCs. Fgf2 facilitates the maintenance of the specific properties of various progenitor cell types, including bone marrow and dental pulp stem
cells [42–43]. Egf induces the proliferation of dental tissue, and Egf down-regulation during
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early mouse development results in impaired tooth formation. We found that both Egf and Fgf2
contributed to the expression of certain genes that are important for tooth development. Coincidently, the combination of Egf and Fgf2 has been used to derive neural crest cells from embryonic stem cells [44–45]. Neural crest cells contribute to a variety of derivatives including teeth
and are found mainly in the condensed dental mesenchyme under the enamel organ [46–47]. In
the present study, the transcriptomic link between mDMCs and the neural crest was abrogated
when mDMCs were cultured in FBS-supplemented medium, but Fgf2 and Egf which trigger
mitosis in neural crest cells facilitated the maintenance of odontogenic potential.
mDMCs cultured in KSR-supplemented medium for 72 h also expressed the dental mesenchyme-specific markers, but the morphology of regenerated tooth-like structure was abnormal.
Thus, other regulatory signals should be considered to maintain the odontogenic potential of
mDMCs. Gene expression profiling was used to explore the possible mechanism in the present
study. The relationships among the transcriptome profiles of mDMCs recapitulated the evolvement of odontogenic potential impairment. Genes controlling the skeleton- and ossificationrelated activities were downregulated, providing insights into the optimization of culture
medium in the future. Besides, considering the cell heterogeneity in the dental mesenchyme
[48], the inability to sustain a certain cell population may also lead to the culture-induced
impairment of odontogenic potential and the altered transcriptomic profiles. However, further
studies are still needed to identify the transcriptomic profiles for different cell populations in
dental mesenchyme before we can determine the transition of cell heterogeneity. Moreover,
three-dimensional (3D) culture scaffolds mimic the in vivo microenvironment that is essential
to the function of cells. Thus, the 3D culture scaffolds, instead of traditional two-dimensional
(2D) culture methods, would manage to prolong the properties of cultured mDMCs, and therefore exhibits promising potential in tooth regeneration.
In summary, our results showed the culture-induced impairment of odontogenic potential
and provided a panoramic view of the transcriptomic landscape of cultured mDMCs. Notably, a
new culture micromilieu ameliorated the impairment of odontogenic potential in 48 h, providing a clue for long-term culture of mDMCs without compromising their odontogenic potential.
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(TIF)

Author Contributions
Conceived and designed the experiments: DQP SCW YFZ JLC APH. Performed the experiments: YFZ PFL DDY SBC. Analyzed the data: YFZ LFJ APH. Contributed reagents/materials/
analysis tools: JLC DQP SCW. Wrote the paper: YFZ JLC LHG DQP SCW.

References
1.

Saxen L, Thesleff I. Epithelial-mesenchymal interactions in murine organogenesis. Ciba Found Symp.
1992; 165:183–93. PMID: 1516468

PLOS ONE | DOI:10.1371/journal.pone.0152893 April 6, 2016

13 / 16

Prolonged Odontogenic Potential In Vitro

2.

Tucker A, Sharpe P. The cutting-edge of mammalian development; how the embryo makes teeth. Nat
Rev Genet. 2004; 5(7):499–508. PMID: 15211352

3.

Hu X, Lin C, Shen B, Ruan N, Guan Z, Chen Y, et al. Conserved odontogenic potential in embryonic
dental tissues. J Dent Res. 2014; 93(5):490–5. doi: 10.1177/0022034514523988 PMID: 24554539

4.

Mina M, Kollar EJ. The induction of odontogenesis in non-dental mesenchyme combined with early
murine mandibular arch epithelium. Arch Oral Biol. 1987; 32(2):123–7. PMID: 3478009

5.

Lumsden AG. Spatial organization of the epithelium and the role of neural crest cells in the initiation of
the mammalian tooth germ. Development. 1988; 103 Suppl:155–69. PMID: 3250849

6.

Kollar EJ, Baird GR. Tissue interactions in embryonic mouse tooth germs. II. The inductive role of the
dental papilla. J Embryol Exp Morphol. 1970; 24(1):173–86. PMID: 5487155

7.

Angelova Volponi A, Kawasaki M, Sharpe PT. Adult human gingival epithelial cells as a source for
whole-tooth bioengineering. J Dent Res. 2013; 92(4):329–34. doi: 10.1177/0022034513481041 PMID:
23458883

8.

Wang B, Li L, Du S, Liu C, Lin X, Chen Y, et al. Induction of human keratinocytes into enamel-secreting
ameloblasts. Dev Biol. 2010; 344(2):795–9. doi: 10.1016/j.ydbio.2010.05.511 PMID: 20678978

9.

Cai J, Zhang Y, Liu P, Chen S, Wu X, Sun Y, et al. Generation of tooth-like structures from integrationfree human urine induced pluripotent stem cells. Cell Regen (Lond). 2013; 2(1):6.

10.

Duailibi MT, Duailibi SE, Young CS, Bartlett JD, Vacanti JP, Yelick PC. Bioengineered teeth from cultured rat tooth bud cells. J Dent Res. 2004; 83(7):523–8. PMID: 15218040

11.

Honda MJ, Tsuchiya S, Sumita Y, Sagara H, Ueda M. The sequential seeding of epithelial and mesenchymal cells for tissue-engineered tooth regeneration. Biomaterials. 2007; 28(4):680–9. PMID:
17045644

12.

Nakao K, Morita R, Saji Y, Ishida K, Tomita Y, Ogawa M, et al. The development of a bioengineered
organ germ method. Nat Methods. 2007; 4(3):227–30. PMID: 17322892

13.

Gronthos S, Mankani M, Brahim J, Robey PG, Shi S. Postnatal human dental pulp stem cells (DPSCs)
in vitro and in vivo. Proc Natl Acad Sci U S A. 2000; 97(25):13625–30. PMID: 11087820

14.

Saito K, Nakatomi M, Ohshima H. Dynamics of bromodeoxyuridine label-retaining dental pulp cells during pulpal healing after cavity preparation in mice. J Endod. 2013; 39(10):1250–5. doi: 10.1016/j.joen.
2013.06.017 PMID: 24041386

15.

MacDougall M, Thiemann F, Ta H, Hsu P, Chen LS, Snead ML. Temperature sensitive simian virus 40
large T antigen immortalization of murine odontoblast cell cultures: establishment of clonal odontoblast
cell line. Connect Tissue Res. 1995; 33(1–3):97–103. PMID: 7554969

16.

Priam F, Ronco V, Locker M, Bourd K, Bonnefoix M, Duchene T, et al. New cellular models for tracking
the odontoblast phenotype. Arch Oral Biol. 2005; 50(2):271–7. PMID: 15721161

17.

Wang F, Wu LA, Li W, Yang Y, Guo F, Gao Q, et al. Immortalized mouse dental papilla mesenchymal
cells preserve odontoblastic phenotype and respond to bone morphogenetic protein 2. In Vitro Cell Dev
Biol Anim. 2013; 49(8):626–37. doi: 10.1007/s11626-013-9641-1 PMID: 23813243

18.

Huang Y, Yang Y, Jiang M, Lin M, Li S, Lin Y. Immortalization and characterization of human dental
mesenchymal cells. J Dent. 2015; 43(5):576–82. doi: 10.1016/j.jdent.2015.02.008 PMID: 25687752

19.

Wu L, Wang F, Donly KJ, Wan C, Luo D, Harris SE, et al. Establishment of Immortalized Mouse Bmp2
Knock-out Dental Papilla Mesenchymal Cells Necessary for Study of Odontoblastic Differentiation and
Odontogenesis. J Cell Physiol. 2015; 230(11):2588–95. doi: 10.1002/jcp.25061 PMID: 26037045

20.

Keller L, Kuchler-Bopp S, Mendoza SA, Poliard A, Lesot H. Tooth engineering: searching for dental
mesenchymal cells sources. Front Physiol. 2011; 2:7. doi: 10.3389/fphys.2011.00007 PMID: 21483728

21.

Otsu K, Kishigami R, Oikawa-Sasaki A, Fukumoto S, Yamada A, Fujiwara N, et al. Differentiation of
induced pluripotent stem cells into dental mesenchymal cells. Stem Cells Dev. 2012; 21(7):1156–64.
doi: 10.1089/scd.2011.0210 PMID: 22085204

22.

Otsu K, Kumakami-Sakano M, Fujiwara N, Kikuchi K, Keller L, Lesot H, et al. Stem cell sources for
tooth regeneration: current status and future prospects. Front Physiol. 2014; 5:36. doi: 10.3389/fphys.
2014.00036 PMID: 24550845

23.

Miller CL, Eaves CJ. Expansion in vitro of adult murine hematopoietic stem cells with transplantable
lympho-myeloid reconstituting ability. Proc Natl Acad Sci U S A. 1997; 94(25):13648–53. PMID:
9391080

24.

Benveniste P, Serra P, Dervovic D, Herer E, Knowles G, Mohtashami M, et al. Notch signals are
required for in vitro but not in vivo maintenance of human hematopoietic stem cells and delay the
appearance of multipotent progenitors. Blood. 2014; 123(8):1167–77. doi: 10.1182/blood-2013-07505099 PMID: 24363404

PLOS ONE | DOI:10.1371/journal.pone.0152893 April 6, 2016

14 / 16

Prolonged Odontogenic Potential In Vitro

25.

Sauvageau G, Iscove NN, Humphries RK. In vitro and in vivo expansion of hematopoietic stem cells.
Oncogene. 2004; 23(43):7223–32. PMID: 15378082

26.

Hutchins AP, Jauch R, Dyla M, Miranda-Saavedra D. glbase: a framework for combining, analyzing
and displaying heterogeneous genomic and high-throughput sequencing data. Cell Regen (Lond).
2014; 3(1):1.

27.

Jia S, Zhou J, Gao Y, Baek JA, Martin JF, Lan Y, et al. Roles of Bmp4 during tooth morphogenesis and
sequential tooth formation. Development. 2013; 140(2):423–32. doi: 10.1242/dev.081927 PMID:
23250216

28.

Brunskill EW, Potter AS, Distasio A, Dexheimer P, Plassard A, Aronow BJ, et al. A gene expression
atlas of early craniofacial development. Dev Biol. 2014; 391(2):133–46. doi: 10.1016/j.ydbio.2014.04.
016 PMID: 24780627

29.

Shen Y, Yue F, McCleary DF, Ye Z, Edsall L, Kuan S, et al. A map of the cis-regulatory sequences in
the mouse genome. Nature. 2012; 488(7409):116–20. doi: 10.1038/nature11243 PMID: 22763441

30.

Liu C, Gu S, Sun C, Ye W, Song Z, Zhang Y, et al. FGF signaling sustains the odontogenic fate of dental
mesenchyme by suppressing beta-catenin signaling. Development. 2013; 140(21):4375–85. doi: 10.
1242/dev.097733 PMID: 24067353

31.

Thesleff I, Vaahtokari A, Partanen AM. Regulation of organogenesis. Common molecular mechanisms
regulating the development of teeth and other organs. Int J Dev Biol. 1995; 39(1):35–50. PMID:
7626420

32.

Tummers M, Thesleff I. The importance of signal pathway modulation in all aspects of tooth development. J Exp Zool B Mol Dev Evol. 2009; 312B(4):309–19. doi: 10.1002/jez.b.21280 PMID: 19156667

33.

Zhang YD, Chen Z, Song YQ, Liu C, Chen YP. Making a tooth: growth factors, transcription factors, and
stem cells. Cell Res. 2005; 15(5):301–16. PMID: 15916718

34.

Thomas BL, Tucker AS, Qui M, Ferguson CA, Hardcastle Z, Rubenstein JL, et al. Role of Dlx-1 and
Dlx-2 genes in patterning of the murine dentition. Development. 1997; 124(23):4811–8. PMID:
9428417

35.

Satokata I, Maas R. Msx1 deficient mice exhibit cleft palate and abnormalities of craniofacial and tooth
development. Nat Genet. 1994; 6(4):348–56. PMID: 7914451

36.

Peters H, Neubuser A, Kratochwil K, Balling R. Pax9-deficient mice lack pharyngeal pouch derivatives
and teeth and exhibit craniofacial and limb abnormalities. Genes Dev. 1998; 12(17):2735–47. PMID:
9732271

37.

Kratochwil K, Dull M, Farinas I, Galceran J, Grosschedl R. Lef1 expression is activated by BMP-4 and
regulates inductive tissue interactions in tooth and hair development. Genes Dev. 1996; 10(11):1382–
94. PMID: 8647435

38.

Bei M, Maas R. FGFs and BMP4 induce both Msx1-independent and Msx1-dependent signaling pathways in early tooth development. Development. 1998; 125(21):4325–33. PMID: 9753686

39.

Shetty S, Takahashi T, Matsui H, Ayengar R, Raghow R. Transcriptional autorepression of Msx1 gene
is mediated by interactions of Msx1 protein with a multi-protein transcriptional complex containing
TATA-binding protein, Sp1 and cAMP-response-element-binding protein-binding protein (CBP/p300).
Biochem J. 1999; 339 (Pt 3):751–8. PMID: 10215616

40.

Seki D, Takeshita N, Oyanagi T, Sasaki S, Takano I, Hasegawa M, et al. Differentiation of OdontoblastLike Cells From Mouse Induced Pluripotent Stem Cells by Pax9 and Bmp4 Transfection. Stem Cells
Transl Med. 2015; 4(9):993–7. doi: 10.5966/sctm.2014-0292 PMID: 26136503

41.

Partanen AM, Thesleff I. Growth factors and tooth development. Int J Dev Biol. 1989; 33(1):165–72.
PMID: 2485697

42.

Bianchi G, Banfi A, Mastrogiacomo M, Notaro R, Luzzatto L, Cancedda R, et al. Ex vivo enrichment of
mesenchymal cell progenitors by fibroblast growth factor 2. Exp Cell Res. 2003; 287(1):98–105. PMID:
12799186

43.

Morito A, Kida Y, Suzuki K, Inoue K, Kuroda N, Gomi K, et al. Effects of basic fibroblast growth factor on
the development of the stem cell properties of human dental pulp cells. Arch Histol Cytol. 2009; 72
(1):51–64. PMID: 19789412

44.

Lee G, Kim H, Elkabetz Y, Al Shamy G, Panagiotakos G, Barberi T, et al. Isolation and directed differentiation of neural crest stem cells derived from human embryonic stem cells. Nat Biotechnol. 2007; 25
(12):1468–75. PMID: 18037878

45.

Minamino Y, Ohnishi Y, Kakudo K, Nozaki M. Isolation and propagation of neural crest stem cells from
mouse embryonic stem cells via cranial neurospheres. Stem Cells Dev. 2015; 24(2):172–81. doi: 10.
1089/scd.2014.0152 PMID: 25141025

PLOS ONE | DOI:10.1371/journal.pone.0152893 April 6, 2016

15 / 16

Prolonged Odontogenic Potential In Vitro

46.

Imai H, Osumi-Yamashita N, Ninomiya Y, Eto K. Contribution of early-emigrating midbrain crest cells to
the dental mesenchyme of mandibular molar teeth in rat embryos. Dev Biol. 1996; 176(2):151–65.
PMID: 8660858

47.

Chai Y, Jiang X, Ito Y, Bringas P Jr., Han J, Rowitch DH, et al. Fate of the mammalian cranial neural
crest during tooth and mandibular morphogenesis. Development. 2000; 127(8):1671–9. PMID:
10725243

48.

Keller LV, Kuchler-Bopp S, Lesot H. Restoring physiological cell heterogeneity in the mesenchyme during tooth engineering. Int J Dev Biol. 2012; 56(9):737–46. doi: 10.1387/ijdb.120076hl PMID: 23319349

PLOS ONE | DOI:10.1371/journal.pone.0152893 April 6, 2016

16 / 16

