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Abstract. Dental pulp cells (DPCs) are a promising source 
of transplantable cells in regenerative medicine. However, 
DPCs have not been fully characterized at the molecular 
level. The aim of the present study was to distinguish DPCs 
from various source-derived mesenchymal stem cells (MSCs), 
fibroblasts (FBs) and other cells by the expression of several 
DPC-characteristic genes. DPCs were isolated from human 
pulp tissues by the explant method or the enzyme digestion 
method, and maintained with media containing 10% serum 
or 7.5% platelet-rich plasma. RNA was isolated from the 
cells and from dental pulp tissue specimens. The mRNA 
levels were determined by DNA microarray and quantitative 
polymerase chain reaction analyses. The msh homeobox 1, 
msh homeobox 2, T‑box 2 and ectonucleoside triphosphate 
diphosphohydrolase 1 mRNA levels in DPCs were higher than 
that of the levels identified in the following cell types: MSCs 
derived from bone marrow, synovium and adipose tissue; and 
in cells such as FBs, osteoblasts, adipocytes and chondrocytes. 

The enhanced expression in DPCs was consistently observed 
irrespective of donor age, tooth type and culture medium. In 
addition, these genes were expressed at high levels in dental 
pulp tissue in vivo. In conclusion, this gene set may be useful in 
the identification and characterization of DPCs in basic studies 
and pulp cell-based regeneration therapy.

Introduction

Dental pulp cells (DPCs) show odontoblast-like differentiation, 
with increased expression of alkaline phosphatase and osteo-
calcin and matrix calcification in vitro following exposure to 
osteogenesis induction medium (1-3). In addition, transplan-
tation of DPCs enhances the regeneration of various tissues, 
including dental, skeletal and nerve tissues (4,5). However, 
DPCs have not been fully characterized at the molecular level.

DPCs derived from pulp tissue explants by direct 
outgrowth have been widely used in dental biology. In addi-
tion, dental pulp stem cells (DPSCs), stem cells from human 
exfoliated deciduous teeth and cluster of differentiation 105 
(CD105)-positive DPCs were isolated from dental pulp 
by enzymatic digestion, clonal expansion and/or fluores-
cence-activated cell sorting (4,6,7). These cells may be more 
multipotent than DPCs (8). In the present study, DPCs and 
DPSCs obtained by outgrowth and enzymatic disaggregation 
were used, respectively, to characterize dental pulp-derived 
stromal cells.

DPCs and DPSCs were maintained in Dulbecco's modified 
Eagle's medium (DMEM) or α-MEM. The media were supple-
mented with 10% serum or 7.5% platelet-rich plasma (PRP), as 
PRP enhanced the proliferation and calcification of DPCs (9).

DPCs and DPSCs may be similar to mesenchymal stem 
cells (MSCs), as MSCs also have osteogenic potential and 
MSC-like cells can be isolated from various tissues such 
as bone marrow, adipose tissue and synovium. In addition, 
certain fibroblasts (FBs) have osteogenic potential at low 
levels (10) and gingival FBs have an MSC‑like activity (11), 
suggesting a similarity among DPCs/DPSCs, MSCs derived 
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from other tissues and FBs. Therefore, it is noteworthy to 
examine whether certain genes are expressed at high levels 
only in DPCs/DPSCs among numerous types of MSCs and 
FBs.

In the present study, four genes were expressed selectively 
in DPCs and DPSCs but not in various MSCs, FBs, osteo-
blasts (OBs), chondrocytes (CHs) and adipocytes (ADs). These 
genes may be useful in characterization of dental pulp stromal 
cells in basic studies and regenerative medicine.

Materials and methods

Isolation of DPCs by the explant outgrowth method. 
Healthy teeth were obtained with informed consent from 
donors (Table I), following protocols approved by the 
Hiroshima University Ethics Authorities (permit no. D88‑2; 
Hiroshima, Japan). DPCs were grown out of dental pulp tissue 
explants in the presence of DMEM (Sigma‑Aldrich, St. Louis, 
MO, USA) supplemented with 10% fetal bovine serum (FBS; 
Biowest LLC, Miami, FL, USA or GE Healthcare Life 
Sciences, HyClone Laboratories, Logan, UT, USA) and a 1% 
antibiotic-antimycotic solution (Invitrogen Life Technologies, 
Carlsbad, CA, USA) in 95% air (5% CO2) at 37˚C (1). Migrating 
cells were briefly incubated with a 0.05% trypsin-EDTA 
solution (Sigma-Aldrich) and harvested cells were plated at 
4x104 cells/cm2 in 10-cm tissue culture dishes (BD Biosciences, 
San Jose, CA, USA) and incubated with DMEM supplemented 
with 10% FBS, 1% antibiotic‑antimycotic solution and 1 ng/ml 
fibroblast growth factor‑2 (FGF‑2) (medium A). These DPCs 
were confirmed to induce matrix calcification following expo-
sure to osteogenesis induction medium (data not shown).

Isolation of DPSCs by the enzymatic digestion method. DPSCs 
were isolated at Hiroshima University with informed consent 
from donors (Table I), using the enzyme digestion method (6,7). 
Pulp tissues were digested with 3 mg/ml collagenase type 1 
(Life Technologies, Carlsbad, CA, USA) and 4 mg/ml dispase 
(Life Technologies), in the presence of DMEM, in 95% air 
(5% CO2) at 37˚C for 1 h. Dispersed cells were filtered through 
a 70-µm mesh (BD Biosciences) and seeded at a low density 
of 1x104 cells/10-cm tissue culture dishes in DMEM supple-
mented with 20% FBS and a 1% antibiotic‑antimycotic solution. 
Colony-forming cells were incubated briefly with a 0.05% 
trypsin-EDTA solution (Sigma-Aldrich) and harvested cells 
were plated at 4x105 cells/cm2 in 10-cm tissue culture dishes and 
incubated with medium A. These DPSCs also induced calci-
fication following exposure to osteogenesis‑induction medium 
(data not shown). In certain studies, cells were incubated with 
α‑MEM supplemented with 10% FBS or 7.5% PRP. PRP was 
prepared using a kit from AdiStem Ltd. (Hong Kong, China).

Preparation of FBs and MSCs. Human skin FBs were obtained 
from Kurabo Industries Ltd. (Osaka, Japan). Human gingival 
FBs were obtained with informed consent from donors and 
were isolated as described by Kawahara and Shimazu (12). Bone 
marrow-derived MSCs (BM-MSCs) were isolated with informed 
consent from donors (13), or were obtained from Cambrex 
Bio Science Walkersville Inc. (Walkersville, MD, USA) and 
PromoCell GmbH (Heidelberg, Germany). Osteoarthritis and 
rheumatoid arthritis synovium-derived MSCs (OA-MSCs and 

RA-MSCs) and adipose tissue-derived MSCs (A-MSCs), were 
obtained from Cell Applications, Inc., (San Diego, CA, USA) 
and Zen‑Bio, Inc., (Research Triangle Park, NC, USA) (Table I).

Table I. Information on human cells and tissues used in the 
present study.

 Donor information
 ----------------------------------------------
Cells/tissues Age, years Gender Origin

DPCs-1 18 Male Permanent molar
DPCs‑2 24 Female Permanent molar
DPCs‑3 25 Female Permanent molar
DPCs‑4 25 Female Permanent molar
DPCs‑5 27 Female Permanent molar
DPSCs-1 18 Male Permanent molar
DPSCs-2   6 Male Primary incisor
DPSCs‑3   7 Female Primary incisor
DPSCs-4   6 Male Primary incisor
DPSCs‑5   7 Female Primary incisor
FBs‑1 29 Female Skin
FBs‑2 33 Female Skin
FBs‑3 18 Female Gum
FBs‑4 41 Female Gum
FBs‑5 29 Female Skin
FBs‑6 47 Male Skin
BM-MSCs-1 18 Male Bone marrow
BM-MSCs-2 24 Male Bone marrow
BM-MSCs-3 26 Male Bone marrow
BM‑MSCs‑4 29 Male Bone marrow
BM‑MSCs‑5 56 Female Bone marrow
BM‑MSCs‑6 22 Female Bone marrow
BM-MSCs-7 24 Male Bone marrow
A‑MSCs‑1 32 Female Adipose tissue
A‑MSCs‑2 37 Female Adipose tissue
A‑MSCs‑3 41 Female Adipose tissue
A-MSCs-4 42 Male Adipose tissue
A‑MSCs‑5 62 Female Adipose tissue
OA-MSCs-1 54 Male Synovial tissue
OA‑MSCs‑2 54 Female Synovial tissue
OA-MSCs-3 61 Male Synovial tissue
RA‑MSCs‑1 30 Female Synovial tissue
RA‑MSCs‑2 40 Female Synovial tissue
RA‑MSCs‑3 72 Female Synovial tissue
Pulp-1 18 Male Permanent molar
Pulp-2   8 Male Primary incisor
Pulp-3   8 Male Primary incisor
Pulp‑4 57 Female Permanent premolar
Gingiva-1 18 Male Gum

DPCs, dental pulp cells; FBs, fibroblasts; BM‑MSCs, bone 
marrow-derived mesenchymal stem cells; A-MSCs, adi-
pose tissue-derived MSCs; OA-MSCs, osteoarthritis arthritis 
synovium-derived MSCs; RA-MSCs, rheumatoid arthritis 
synovium-derived MSCs.
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DNA microarray analysis. Different cell types (donor infor-
mation in Table I) were cultured by incubating the cells 
with medium A at specific passage numbers, as follows: 
DPCs (DPCs-2, -3 and -4), BM-MSCs (BM-MSCs-1, 
-2 and -3), A-MSCs (A-MSCs-1, -2 and -3), OA-MSCs 
(OA-MSCs-1, -2 and -3) and RA-MSCs (RA-MSCs-1, 
‑2 and ‑3) at passages 5‑9; and skin FBs (FBs‑1 and ‑2) and 
gingival FBs (FBs‑3) at passages 7‑14. Cells were cultured 
under similar conditions using the same batch of FBS. These 
cells were expanded with FGF‑2 to maintain their multipotent 
nature throughout several mitotic divisions (14). FGF‑2 was 
removed from the culture medium 72 h before the isolation of 
RNA to decrease a direct effect of the growth factor on gene 
expression. The total RNA was isolated, 24 h after the cultures 
reached confluency, using TRIzol (Life Technologies) and an 
RNeasy Mini kit (Qiagen, Chatsworth, CA, USA). In addition, 
total RNA was isolated from OBs, ADs and CHs, which were 
derived from BM-MSC (BM-MSCs-1, -2 and -3) cultures 
exposed to appropriate differentiation‑inducing media for 
28 days (13). DNA microarray analyses were carried out by a 
Kurabo GeneChip Custom Analysis Service with the Human 
Genome U133 Plus 2.0 chips (Affymetrix Inc., Santa Clara, 
CA, USA). Raw data were standardized by the global median 
normalization method using GeneSpring (Silicon Genetics, 
Redwood City, CA, USA). Normalization was limited by 
flag values and the median was calculated using genes that 
exceeded the present or marginal flag restrictions. The raw 
data have been deposited at the Gene Expression Omnibus 
database (accession nos. GSE9451 and GSE66084) (15).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) analysis. First‑strand cDNA was synthesized from 
total RNA using ReverTra Ace reverse transcriptase (Toyobo, 
Osaka, Japan) and oligo(dT) primer. RT‑qPCR analyses were 
carried out using an ABI PRISM® 7900HT Sequence Detection 
System instrument and software (Applied Biosystems Inc., 
Foster City, CA, USA), based on the comparative Ct method. 
The cDNA were amplified using the Universal PCR Master 
mix (Applied Biosystems Inc.) with a forward and reverse 
primer (Table II). The PCR cycling conditions included an 
incubation of 50˚C for 2 min, denaturation of 95˚C for 10 min, 
followed by 40 cycles of 95˚C for 15 sec and 60˚C for 1 min. 
TaqMan probes were purchased from Roche Diagnostics 
(Basel, Switzerland). Data were normalized against 18S rRNA 
levels.

Statistical analysis. Data were analyzed by a two-way analysis 
of variance (ANOVA) and are expressed as mean ± standard 
deviation. The statistical differences between two groups were 
evaluated using Bonferroni's test when the ANOVA indicated 
a significant difference among the groups. In all analyses, 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Enhanced expression of msh homeobox 1 (MSX1), msh 
homeobox 2 (MSX2), T‑box 2 (TBX2) and ectonucleoside 
triphosphate diphosphohydrolase 1 (ENTPD1) in DPCs. 
In DNA microarray analyses, MSX1, MSX2, TBX2 and 

ENTPD1, which are involved in tooth development and calci-
fication (16‑19), were expressed at significantly higher levels 
in DPCs (>4‑fold, P<0,05) compared to FBs, BM‑MSCs, 
A‑MSCs, OA‑MSCs, RA‑MSCs, OBs, ADs and CHs (Fig. 1).

RT‑qPCR analyses of the expression of the DPC‑characteristic 
genes in DPCs, DPSCs, FBs and BM‑MSCs. Subsequently, 
the mRNA levels of the DPC-characteristic gene candi-
dates were quantitated by qPCR in DPCs, DPSCs, FBs and 
BM‑MSCs (Fig. 2). DPCs were isolated from permanent 
molar teeth by the explant method and DPSCs were isolated 
from primary incisor and permanent molar teeth by the 
enzyme digestion method (Table I). These cells consistently 
showed the enhanced expression of MSX1, MSX2, TBX2 and 
ENTPD1 mRNA when compared to FBs and BM‑MSCs, 
irrespective of the different isolation procedures, donor age, 
donor gender and tooth types. Furthermore, the selective 
expression of the four genes in DPCs/DPSCs was observed 
with cells from different donors by DNA microarray and 
qPCR analyses (Fig. 2).

Expression of the DPC‑characteristic genes in DPSCs 
under different culture conditions. DPSCs were incubated in 
α‑MEM with either 10% FBS or 7.5% PRP, as culture media 
may affect the expression of the DPC‑characteristic genes. 
In these media, DPSCs showed a higher expression of MSX1, 
MSX2, TBX2 and ENTPD1 compared to A-MSCs, irrespec-
tive of whether FBS or PRP was used (Fig. 3). Therefore, the 
enhanced expression of these genes in DPSCs could also be 
observed with α‑MEM (Fig. 3) and DMEM (Fig. 2). In the 
presence of PRP, the average expression levels of these genes 
were also higher in DPSCs compared to A-MSCs, although the 
observed differences were not statistically significant.

In a pilot study, whether the passage number affects the 
DPC‑characteristic gene expression was evaluated in DPSCs. 
The MSX1, MSX2, TBX2 and ENTPD1 genes were expressed 
at high levels in DPSCs, irrespective of the passage number; 
at least until the 11th passage (data not shown).

Table II. Primers and probes used for the quantitative poly-
merase chain reaction.

  Roche Universal
Gene Primer sequence (5'→3') probe no.

MSX1 F: ctcgtcaaagccgagagc   7
 R: cggttcgtcttgtgtttgc 
MSX2 F: tcggaaaattcagaagatgga 70
 R: caggtggtagggctcatatgtc 
TBX2 F: ctgacaagcacggcttca 28
 R: gttggctcgcactatgtgg 
ENTPD1 F: caggaaaaggtgactgagatga 52
 R: cctttactccagcgtaagatgttt 

MSX1, msh homeobox 1; MSX2 msh homeobox 2; TBX2, T‑box 2; 
ENTPD1, ectonucleoside triphosphate diphosphohydrolase 1; F, for-
ward; R, reverse.
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Expression of the DPC‑characteristic genes in vivo. Certain 
DPC‑characteristic genes may be expressed in dental pulp 
tissue in vivo. MSX1, MSX2, TBX2 and ENTPD1 were 

expressed at comparable levels in cultured DPCs‑1 and in the 
dental pulp specimens from 4 donors (Fig. 4). The expression 
levels of these genes were comparable between Pulp-1 and 

Figure 1. Comparison of the expression levels of the dental pulp cell (DPC)‑characteristic genes in various types of cells by DNA microarray analyses. Total 
RNA was extracted from DPCs‑(cultures 2‑4), fibroblasts (FBs)‑(1‑3), bone marrow‑derived mesenchymal stem cells (BM‑MSCs)‑(1‑3), adipose tissue‑derived 
MSCs (A-MSCs)-(1-3), osteoarthritis arthritis synovium-derived MSCs (OA-MSCs)-(1-3), rheumatoid arthritis synovium-derived MSCs (RA-MSCs)-(1-3), 
osteoblasts (OBs), adipocytes (ADs) and chondrocytes (CHs). Gene expression levels of the four genes [msh homeobox 1 (MSX1), msh homeobox 2 (MSX2), 
T‑box 2 (TBX2) and ectonucleoside triphosphate diphosphohydrolase 1 (ENTPD1)] were estimated by measuring the probe intensity in the microarray analyses. 
The values expressed are mean ± standard deviation for three cultures. *P<0.05, **P<0.01, ***P<0.005, ****P<0.001 vs. DPCs.

Figure 2. Quantitative polymerase chain reaction analyses of the expression of the dental pulp cell (DPC)‑characteristic genes in various cells. The  
DPCs‑(cultures 1 and 5), fibroblasts (FBs)‑(4‑6) and bone marrow‑derived mesenchymal stem cells (BM‑MSCs)‑(4‑7) were different from the cells used in 
the microarray analyses (Table I). The mRNA levels in confluent cultures of these cells, in addition to DPCs‑(2‑4) and dental pulp stem cells (DPSCs)‑(1‑3), 
were compared. The values are mean ± standard deviation for three or four cultures and are expressed as relative levels compared to the averages of the mRNA 
levels in FBs. *P< 0.05, **P<0.01 vs. DPCs or DPSCs. MSX1, msh homeobox 1; MSX2, msh homeobox 2; TBX2, T‑box 2; ENTPD1, ectonucleoside triphosphate 
diphosphohydrolase 1.
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DPCs-1, as these were isolated from the same tooth. However, 
although Pulp-1 and Gingiva-1 were obtained from the same 
donor (Table I), the expression levels of these genes were 
higher in Pulp-1 compared to Gingiva-1.

Discussion

Cells with mesenchymal stem characteristics can be obtained 
from virtually all postnatal organs and tissues (20). Therefore, 

Figure 3. Quantitative polymerase chain reaction analyses of the expression of the dental pulp cell (DPC)‑characteristic genes in dental pulp stem cells (DPSCs) 
and adipose tissue-derived mesenchymal stem cells (A-MSCs) maintained under various culture conditions. The DPSCs-(cultures 4 and 5) and A-MSCs-(4 and 5) 
cells were isolated and expanded with α‑modified Eagle's medium (α‑MEM) with 10% fetal bovine serum (FBS). These cells were incubated with α-MEM in the 
presence of 10% FBS or 7.5% platelet‑rich plasma (PRP) until cultures became confluent. The values are mean ± standard deviation for 3‑11 cultures. *P<0.05 
vs. DPSCs; NS, not significant; MSX1, msh homeobox 1; MSX2, msh homeobox 2; TBX2, T‑box 2; ENTPD1, ectonucleoside triphosphate diphosphohydrolase 1.

Figure 4. Quantitative polymerase chain reaction analyses of the expression of the dental pulp cell (DPC)‑characteristic genes in dental pulp and gingival tis-
sues. Tissues (Pulp-1, Pulp-2, Pulp-3, Pulp-4 and Gingiva-1) were obtained from several donors (Table I). The pulp cells DPCs-1 were cultured with Dulbecco's 
modified Eagle's medium in the presence of 10% fetal bovine serum. Of note, DPCs‑1, Pulp‑1 and Gingiva‑1 were obtained from the same donor. The values 
for tissues are averages of duplicate determinations, and those for DPCs are mean ± standard deviation of four cultures. MSX1, msh homeobox 1; MSX2, msh 
homeobox 2; TBX2, T‑box 2; ENTPD1, ectonucleoside triphosphate diphosphohydrolase 1.
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DPCs may be a subtype of MSCs and could be either a 
heterogeneous cell population consisting of MSCs and FBs, or 
unique cells that are different from the others. The enhanced 
expression of the four genes, MSX1, MSX2, TBX and ENTPD1, 
in DPCs and DPSCs indicates that dental pulp-derived stromal 
cells differ from other stromal cells, such as MSCs and FBs, at 
the molecular level. The uniqueness of DPCs may be associ-
ated with dentinogenesis. DPCs show a greater dentinogenic 
potential compared to BM-MSCs in the transplantation sites 
of various animals (4,6,21). However, A-MSCs were also 
reported to induce dentinogenesis following transplantation 
with bone morphogenetic protein‑2 at a site of tooth extraction 
in rabbits (22).

Certain genes may be artificially upregulated by the 
in vitro microenvironment depending upon culture conditions. 
However, the expression levels of MSX1, MSX2, TBX2 and 
ENTPD1 in DPCs in culture were comparable with those in 
dental pulp tissue in vivo. Furthermore, the enhanced expres-
sion of MSX1, MSX2, TBX2 and ENTPD1 was consistently 
observed in DPCs, irrespective of donor age, tooth type and 
culture medium. Therefore, these genes have proven to be 
useful in the characterization of DPCs.

The expression of MSX1 and MSX2 is essential for the 
development of teeth, craniofacial structures and/or limb 
structures in embryos (15,18,23), but their role in postnatal 
teeth is unknown. In our preliminary studies, knockdown of 
the protein MSX1, using small interfering RNA, suppressed 
the mineralization of DPCs (data not shown). TBX2 is involved 
in the development of tooth, heart and bone (17,24,25) and 
regulates Sonic hedgehog, bone morphogenetic protein and 
FGF signaling (26). Previous microarray analyses also showed 
greater TBX2 expression in DPCs compared to BM‑MSCs (27). 
The ENTPD1/CD39 protein is an adenosine triphosphate 
(ATP) diphosphohydrolase involved in extracellular ATP 
metabolism, purinergic signaling, immunological reac-
tion, angiogenesis and matrix calcification (16,28‑30). High 
expression of ENTPD1 in DPCs/DPSCs may act to promote 
reparative dentin formation by scavenging extracellular ATP, 
as ATP released from OBs, stromal cells and osteocytes 
stimulates osteoclast formation and inhibits bone mineraliza-
tion (31). In future studies, the roles of the four molecules in 
dental pulp and regenerating tissues should be investigated.

Molecular characterization of transplantable cells is indis-
pensable in cell-based regeneration therapy. Currently, cell 
surface antigens/CD antigens are used in cell-based therapy, 
as well as in routine tests for stem cells, including MSCs 
and DPCs. However, CD antigens may not be specific for a 
particular cell type. For example, CD105 and STRO‑1 have 
been used as markers for MSCs and DPCs. Therefore, a unique 
set of DPC‑characteristic genes identified in the present study 
may be useful in pulp cell-based regeneration therapy.

In conclusion, MSX1, MSX2, TBX2 and ENTPD1 proved 
to be useful in the identification and characterization of DPCs.
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