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Abstract

Introduction: Lately, several new stem cell sources and
their effective isolation have been reported that claim to
have potential for therapeutic applications. However, it
is not yet clear which type of stem cell sources are most
potent and best for targeted therapy. Lack of under-
standing of nature of these cells and their lineage-
specific propensity might hinder their full potential.
Therefore, understanding the gene expression profile
that indicates their lineage-specific proclivity is funda-
mental to the development of successful cell-based ther-
apies. Methods: We compared proliferation rate, gene
expression profile, and lineage-specific propensity of
stem cells derived from human deciduous (SCD) and
permanent teeth (DPSCs) over 5 passages. Results:
The proliferation rate of SCD was higher (cell number,
25 � 106 cells/mL; percent colony-forming units
[CFUs], 151.67 � 10.5; percent cells in S/G2 phase,
12.4 � 1.48) than that of DPSCs (cell number, 21 �
106 cells/mL; percent CFUs, 133 � 17.62; percent cells
in S/G2 phase, 10.4 � 1.18). It was observed that fold
expression of several pluripotent markers such as
OCT4, SOX2, NANOG, and REX1 were higher (>2) in
SCD as compared with DPSCs. However, DPSCs showed
higher expression of neuroectodermal markers PAX6,
GBX2, and nestin (fold expression >100). Similarly,
higher neurosphere formation and neuronal marker
expression (NF, GFAP) were found in the differentiated
DPSCs into neuron-like cells as compared with SCD.
Conclusions: This study thus demonstrates that both
SCD and DPSCs exhibit specific gene expression profile,
with clear-cut inclination of DPSCs toward neuronal
lineage. (J Endod 2010;36:1504–1515)
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The therapeutic potential of stem cells derived from human dental pulp since its
discovery (1) in regenerative medicine has been extensively studied at several

preclinical (2) and clinical levels (3). The dental pulp tissue (DPT) appears to be
an excellent source for stem cells because it can be obtained from the deciduous
dentition requiring extraction as part of a planned serial extraction for management
of occlusion and is originated from migrating neural crest cells during early devel-
opment of embryos (4). The DPT can be isolated from various age groups and teeth;
for example, cells isolated from dental tissue of human impacted tooth germ are
known as tooth germ progenitor cells (TGPCs) (5); stem cells from human exfoliated
deciduous teeth are known as SHED (6), and stem cells can also be isolated from
human permanent teeth (impacted molar) (DPSCs) (7) or from apical papilla
(SCAP) (8).

Our present work is specifically focused on stem cells from extracted deciduous
(SCD) and permanent teeth (DPSCs). Past studies showed that both these groups of
cells are able to differentiate into osteogenic, chondrogenic, adipogenic, and myogenic
cells in culture (9, 10). Moreover, recent studies have shown that both SHED and
permanent teeth are able to break germ layer commitment and differentiate into
cells expressing neurons (11) and hepatocytes (12). Furthermore, this group of cells
has been reported to have potential for use in cell-based therapy for neurodegenerative
and cardiac diseases (13, 14).

It has been established that gene expression and growth factor profile reflect the
source of tissue from which the stem cells have been obtained. This indicates that stem
cell heterogeneity is biologically relevant. We have demonstrated previously that gene
expression profile, growth pattern, and propensity of human embryonic stem cells,
bone marrow–derived mesenchymal stromal cells, and umbilical cord are different,
and hence mesenchymal stem cells derived from various tissue sources are different
from each other and indicate their propensity toward a specific lineage (15, 16).
Therefore, it is logical that different tissue sources might generate stem cell products
producing different cytokines and growth factors that might be more suited for
specific clinical applications. Similarly, we hypothesized that gene expression varies
within various sources of the same group such as in the case of stem cells of dental
origin, which determines the development pathway of these cells.

Although during the past few years the interest in dental stem cells has risen mark-
edly and several reports on characterization and differentiation of dental stem cells from
different sources and age groups have been published (17), the gene expression
profile–dependent propensity toward lineage specificity remains poorly understood.
Therefore, we undertook this present study comparing proliferation rate, gene
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expression profile, and their lineage propensity of SCD and DPSCs to
better understand their inherent therapeutic potential for specific clin-
ical indications.
Materials and Methods
Isolation and Culture of SCD and DPSCs

Sound intact human third molars from adults (24–35 years of
age) and deciduous teeth (5–8 years of age) were collected with
informed consent from patients undergoing extraction at the Depart-
ment of Children Dentistry and Orthodontics and Department of Oral
and Maxillofacial Surgery, University of Malaya, respectively, under
approved guidelines set by the Medical Ethics Committee, Faculty of
Dentistry, University of Malaya (Medical Ethics Clearance Number DF
CD0907/0042(L). Root surfaces were cleaned with povidone-iodine
(Sigma Aldrich, St Louis, MO), and the pulps were extirpated within
2 hours after extraction and processed. The pulp tissue was minced
into small fragments before digestion in a solution of 3 mg/mL collage-
nase type I (Gibco, Grand Island, NY) for 40 minutes at 37�C. After
neutralization with 10% of fetal bovine serum (FBS) (Hyclone; Thermo
Fisher Scientific Inc, Waltham, MA), the cells were centrifuged and were
seeded in culture flasks with culture medium containing a-MEM (Invi-
trogen, Carlsbad, CA), 0.5% 10,000 mg/mL penicillin/streptomycin (In-
vitrogen); 1% 1 � Glutamax (Invitrogen) and 10% FBS, with
humidified atmosphere of 95% of air and 5% of CO2 at 37�C. Non-
adherent cells were removed 48 hours after initial plating. The medium
was replaced every 3 days. When primary culture became subconfluent,
after 10–14 days, cells were collected by trypsinization and processed
for subsequent passages. All the experiments were done with pool of 5
dental pulp tissues. Therefore, 3 different pooled samples were used in
3 replicates. Human bone marrow samples were taken after written
consent by using guidelines approved by the Ministry of Health,
Malaysia. Bone marrow–derived mesenchymal stem cells (BM-MSCs)
cultures were established from 3 donors (age range, 18–25 years)
as previously described (18).
TABLE 1. List of Primers Used in this Study

Gene symbol / name Forward

18s RNA CGGCTACCATCCAAGGAA
REX1 GCGTACGCAAATTAAAGTCCAGA
OCT 3/4 (POU5F1) CGACCATCTGCCGCTTTGAG
SOX2 CCCCCGGCGGCAATAGCA
NANOG CCTCCTCCATGGATCTGCTTATTCA
Osteocalcin CATGAGAGCCCTCACA
Osterix GCAGCTAGAAGGGAGTGGTG
ABCG2 GTTTATCCGTGGTGTGTCTGG
AFP AGAACCTGTCACAAGCTGTG
PAX6 ATGAACAGTCAGCCAATGGG
GATA2 AGCCGGCACCTGTTGTGCAA
b-III Tubulin AACAGCACGGCCATCCAGG
MSX1 CCTTCCCTTTAACCCTCACAC
NF ACGCCTGAGGAATGGTTCACG
BMP 4 GTCCTGCTAGGAGGCGCGAG
hTERT AGCTATGCCCGGACCTCCAT
Nestin CAGCGTTGGAACAGAGGTTGG
HNF-3 Beta GACAAGTGAGAGAGCAAGTG
HAND 1 TGCCTGAGAAAGAGAACCAG
GFAP CGATCAACTCACCGCCAACA
KRT1-5 CACAGTCTGCTGAGGTTGGA
NUUR1 CGGACAGCAGTCCTCCATTAAGGT
TH TCATCACCTGGTCACCAAGTT
KRT-8 TGAGGTCAAGGCACAGTACG
TGF 1 GCCCGCTTCTCTTACAGTGTGATT
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Colony-forming Units
The number of colony-forming units (CFUs) was determined by

plating 100 cells in 35-mm dish. After 14 days in culture, the cells
were fixed in 100% methanol for 20 minutes and stained by 3% crystal
violet stain. Colonies more than 2 mm in diameter were counted. The
CFU equals the total number of colonies divided by the initial number
of cells multiplied by 100%.

Growth Kinetics
The proliferation rate was determined by plating 5000 cells/cm2

from SCD and DPSCs per T25 cm2 culture flask (BD Pharmingen,
San Diego, CA). Three replicates were performed for each passage
and time point. Cells were detached by trypsinization after reaching con-
fluency of 90%. Cells were counted and assessed for viability by means
of trypan blue dye exclusion before the next passage. Cells were re-
plated for subsequent passages, and total of 5 passages were studied
in this experiment. Growth kinetics was analyzed by calculating popu-
lation doubling (PD) time. The PD time was obtained by the formula:
TD = tplg2/(lgNH – lgNI), where NI is the inoculum cell number, NH
is the cell harvest number, and t is the time of the culture (in hours).

Cell Cycle Analysis
Cells were seeded at 5000 cells/cm2 on a 35-mm tissue culture

dish (BD Pharmingen) and cultured until reaching a confluence of
90%. The cells were detached, fixed, and permeabilized in 70% ethanol
overnight in the dark at 4�C. DNA was stained with propidium iodide/
RNase staining buffer (BD Pharmingen) in a volume of 500 mL (con-
taining 1 � 106 cells) for 15 minutes at room temperature and then
washed in DPBS (Invitrogen). DNA content was analyzed on Guava
Technologies (Millipore, Billerica, MA) flow cytometer by using Cyto-
soft, Version 5.2, Guava Technologies software.

Flow Cytometric Analysis
The immunophenotyping was done by using flow cytometry at

passage 5. On reaching 90% confluency, the cells were harvested
Reverse Base pairs

GCTGGAATTACCGCGGCT 186
CAGCATCCTAAACAGCTCGCAGAAT 282

CCCCCTGTCCCCCATTCCTA 572
TCGGCGCCGGGGAGATACAT 447
TCGGCGCCGGGGAGATACAT 259

AGAGCGACACCCTAGAC 314
GCAGGCAGGTGAATTCTTCC 358
CTGAGCTATAGAGGCCTGGG 651
GACAGCAAGCTGAGGATGTC 675
CACACCAGGGGAAATGAGTC 625
TGACTTCTCCTGCATGCACT 243

CTTGGGGCCCTGGGCCTCCGA 242
CCGATTTCTCTGCGCTTTTC 284

GCCTCAATGGTTTCC 555
GTTCTCCAGATGTTCTTCG 338

GCCTGCAGCAGGAGGATCTT 184
TGGCACAGGTGTCTCAAGGGTAG 388

ACAGTAGTGGAAACCGGAG 234
AGGATGAACAAACAC 254

GTGGCTTCATCTGCTTCCTGTC 158
GAGCTGCTCCATCTGTAGGG 155

CTGAAATCGGCAGTACTGACAGCG 711
GGTCGCCGTGCCTGTACT 124

TGATGTTCCGGTTCATCTCA 160
AGTACGTGCAGACGGTGGTAGTTT 497
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Figure 1. Morphology, CFUs, DNA content, and growth kinetics of SCD and DP-MSC. (A, B) Phase contrast microscope; original magnification, �10 of SCD and
DPSCs, respectively, at passage 5; (C, D) CFUs of SCD and DPSCs, respectively, at passage 5; (E) long-term growth curves of SCD and DPSCs; (F) PD time of SCD and
DPSCs at passages 1; and (G, H) assessment of DNA content in SCD and DPSCs, respectively, at passage 5. In all experiments, the results represent average of 5
culture replicates with SD, and a representative photomicrograph was given for each experiment. SD, standard deviation. Scale bar, 100 mmol/L. (This figure is
available in color online at www.aae.org/joe/.)
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with 0.05% trypsin (Invitrogen) and resuspended in phosphate-
buffered saline (PBS) at a cell density of 1.5 � 106 cells/mL. Two
hundred microliters of the cell suspension (1 � 105 cells) was incu-
bated with the labeled antibodies in the dark for 1 hour at 37�C. The
following antibodies were used to mark the cell surface epitopes:
CD90-phycoerythrin (PE), CD44-PE, CD73-PE, CD166-PE and CD34-
PE, CD45-fluoroisothiocyanate (FITC), and HLA-DR-FITC (all from
BD Pharmingen). All analyses were standardized against negative
control cells incubated with isotype-specific immunoglobulin (Ig)
G1-PE and IgG1-FITC (BD Pharmingen). At least 10,000 events were
acquired on Guava Technologies flow cytometer, and the results were
analyzed by using Cytosoft, Version 5.2, Guava Technologies.

Differentiation of DPSCs
The cultures were initiated at a density of 1000 cells/cm2 in 6-well

plates and were grown to confluence and subjected to differentiation
into adipogenic, chondrogenic, and osteogenic lineages as per the
method described earlier (18).
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Adipogenic lineage was stimulated by inducing the cells with
10% FBS, 200 mmol/L indomethacin, 0.5 mmol/L 3-isobutyl-1-me-
thyxanthine (IBMX), 10 mg/mL insulin, and 1 mmol/L dexamethasone
(all reagents from Sigma Aldrich). Lipid droplets were visualized by
staining with oil red O staining (Sigma Aldrich). The percent of
adipocytes was estimated by counting 500 total cells in multiple
fields.

For chondrogenesis differentiation, briefly cells were cultured in
media supplemented with ITS+1 (Sigma Aldrich), 50 mmol/L L-ascor-
bic acid-2 phosphates (Sigma Aldrich), 55 mmol/L sodium pyruvate
(Invitrogen), 25 mmol/L L-proline (Sigma Aldrich), and 10 ng/mL of
transforming growth factor-beta (TGF-b) (Sigma Aldrich). Assessment
of proteoglycan accumulation was visualized by alcian blue staining
(Sigma Adrich).

The osteogenic differentiation was stimulated in a 3-week culture
in media supplemented with 10% FBS, 10�7 mol/L dexamethasone, 10
mmol/L b-glycerol phosphate (Fluka, Buchs, Switzerland), and 100
mmol/L of L-ascorbic acid-2 phosphates. Assessment of calcium
JOE — Volume 36, Number 9, September 2010
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TABLE 2. Phenotype Characterization, Colony-forming Ability, DNA Content
and Differentiation Potential of SCD and DPSCs Cultured at Passage 5

Parameters SCD DPSCs

Phenotypic
characterization (%)*
CD34 0 0
CD44 94.21 � 2.9 95.83 � 1.8
CD45 0 0
CD73 99.88 � 3.1 99.45 �4.1
CD90 93.71 � 0.9 99.49 � 0.8
CD166 98.11 � 0.8† 79.85 � 6.8
HLA-DR 0 0

Colonies (CFU)
(% cells seeded)‡

151.67 � 10.5† 133 � 17.62

Cell cycle
analysis§

% of G1/G0 phase 87.6 � 1.48 89.6 � 1.18
% of S/G2 phase 12.4 � 1.48† 10.4 � 1.18

In vitro adipogenic
differentiationk

58 � 8† 45 � 6

In vitro osteogenic
differentiation¶

59 � 5 64 � 8

SCD, stem cells derived from human deciduous teeth; DPSCs, stem cells derived from human perma-

nent teeth.

*Fluorescence-activated cell sorter analysis (FACS) of SCD and DPSCs: The result shows the average

value of % positive cells � standard deviation to the total number of cells analyzed (n $ 5).
†P < .05.
‡Percent SCD and DPSCs colonies grown at passage 5. Data are expressed as average value of % of

colonies � standard deviation.
§Percent DNA content in SCD and DPSCs observed in G1/GO and S/G2 phase at passage 5.
kPercent neutral oil droplet formation stained with red O cells out of 500 total cell counted.
¶Percent mineralized area.
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accumulation was visualized by von Kossa staining. Percentage of
calcium accumulation was analyzed by using Image ProPlus software
(Media Cybernetics, San Diego, CA). Osteogenic differentiation is pre-
sented as percent of the mineralized area in the total culture area. Quan-
titative amplifications of osteogenic markers (osteocalcin and osterix)
were carried out in duplicate by using SYBR green master mix (Applied
Biosystems, Foster City, CA). Polymerase chain reactions were run on an
ABI 7900HT RT-PCR system (Applied Biosystems), and SDS v2.1 soft-
ware was used to analyze the results. All measurements were normalized
by 18s rRNA. The sense and antisense primers used for each gene are
shown in Table 1.

Human Taqman Low Density Array
Human Taqman Low Density Array (TLDA) (Applied Biosystems)

containing a well-defined set of validated gene expression markers to
characterize embryonic stem cell identity was used for analyzing the
expression of a focused panel of pluripotent and stem cell markers.
The 384 wells of each TLDA card were preloaded with fluorogenic
probes and primers (Applied Bioystems). The pooled cDNAs were
loaded on the microfluidic cards for thermal cycling on an ABI PRISM
7900HT Sequence Detection System (Applied Biosystems). Expression
values for target genes were normalized to the expression of 18s
rRNA. Transcriptional analysis was performed for BM-MSCs (early
passage), SCD and DPSCs (both early and late passages). For data
analysis, the ABI PRISM 7900HT sequence detection system software
(SDS) calculated the levels of target (SCD and DPSCs) gene expres-
sion in samples relative to the level of expression in the calibrator
(BM-MSCs) with comparative CT method (DDCT). For estimation
of the fold change by TLDA when the initial transcript levels were
undetectable, the initial cycle threshold (CT) value was assigned to
be 39, which would lead to a possible underestimation of the actual
fold change.
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Reverse Transcription Polymerase Chain Reaction and
Real-time Reverse Transcription Polymerase Chain
Reaction

Total RNA was extracted by using Trizol (Invitrogen) according to
the manufacturer’s instructions. The RNA was reverse-transcribed into
cDNA by using Superscript II reverse transcriptase (Invitrogen) accord-
ing to the manufacturer’s instructions. cDNA amplification was per-
formed in a thermocycler by using Taq polymerase supplied with KCl
buffer and 1.5 mmol/L MgCl2 (Invitrogen) at 94�C/1 min, 58�C/30
sec, 72�C/1 min. Polymerase chain reaction (PCR) products were
resolved on 1.5% agarose (Invitrogen) gel run in 1� Tris borate–ethyl-
enediaminetetraacetic acid buffer. The primer sequences are tabulated
in Table 1.

For the real-time PCR, the amplification reaction was performed by
using Taqman Universal Master Mix and Assay-on-Demand Taqman
primer/probe sets (Applied Biosystems) according to manufacturer’s
protocol using the ABI 7900HT RT-PCR system (Applied Biosystems).
The assays for OCT 4, SOX 2, NANOG, and DNMT1 were
Hs00742896_s1 (130 base pairs [bp]), Hs02387400_g1 (122 bp),
Hs02387400_g1 (109 bp), and Hs00945900_g1 (100 bp). Eukaryotic
18S rRNA (assay ID Hs99999901_s1 [188 bp]) was used as an internal
control in all assays. The relative quantification of gene expression was
assessed by DDCT method. All PCRs were performed in duplicates. The
expressions of some primers in the semiquantitative reverse transcrip-
tion (RT)-PCR analysis were quantified in duplicate by using SYBR
green master mix. PCR reactions were run on an ABI 7900HT RT-
PCR system, and SDS v2.1 software was used to analyze the results.
All measurements were normalized by 18s rRNA.
Neurogenic Differentiation
For neuronal differentiation, SCD and DPSCs were cultured at the

rate of 10,000 cells/mL in a non-coated 35-mm dish containing Neuro-
basal-A medium (Invitrogen) supplemented with B-27 supplement (In-
vitrogen), penicillin-streptomycin, L-glutamine, epidermal growth
factor (EGF), and basic fibroblast growth factor (bFGF) (all from Invi-
trogen) for 15 days. Neurosphere-like bodies generated after 15 days
were then counted. Briefly, a fixed area (10 mm2) of the center of
each well was converted into a digital image with a digital still camera
(DSC-S70; Sony, Tokyo, Japan), and the number of neurospheres
with a diameter of more than 60 mm was counted with a Scion Image
Beta 4.02 (Scion Corporation, Frederick, MD).

Neurospheres that were generated after 15 days of incubation were
triturated by using poliSCD glass pipettes, and single-cell suspension
was obtained and seeded on gelatin-coated 35-mm dishes in neurodif-
ferentiation medium one (Neurobasal A) containing 1 mg/mL laminin
(Invitrogen), 5 mg/mL fibronectin (Nitta Gelatin, Osaka, Japan), 2
mmol/L L-glutamine, 10 mg/mL N2 supplement (Invitrogen), 20 ng/
mL bFGF, and 40 ng/mL EGF. The medium was changed to neurodiffer-
entiation medium 2 (Neurobasal A) containing 1 mg/mL laminin, 5 mg/
mL fibronectin, 2 mmol/L L-glutamine, 10 mg/mL N2 supplement, 20
ng/mL neurotrophin-3 (Peprotech, Rocky Hill, NJ) after 24 hours of
cultivation. The medium was changed every 3 days. Immunocytochem-
ical analysis was performed 21 days after cultivation. The cells were
fixed for 30 minutes in cold 4% paraformaldehyde in PBS, treated
with 0.1% Triton-X for optimal penetration of cell membrane, and incu-
bated at room temperature in a blocking solution (0.5% bovine serum
albumin; Sigma Aldrich) for 30 minutes. The primary antibodies used
were goat anti-human-OCT4 (1:400; ABCAM Inc, San Francisco, CA),
mouse anti-human-GFAP (1:400; Chemicon, Temecula, CA), and
mouse anti-human-b-III tubulin (1:400; Chemicon). Secondary anti-
bodies used were FITC-conjugated rabbit anti-goat IgG (1:700;
opensity Lineage-specific Potential of Various Sources of Dental Stem Cells 1507



Figure 2. Immunophenotype analysis of SCD and DPSCs at passage 5. Cells were tested against human antigens CD34, CD44, CD45, CD73, CD90, CD166, and HLA-
DR. 7-Amino-actinomycin D (7-AAD) was used to check the viability of the cells. SD, standard deviation; CD, cluster of differentiations. Scale bar, 100 mmol/L. (This
figure is available in color online at www.aae.org/joe/.)
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Chemicon) and rhodamine-conjugated anti-mouse IgG (1:500; Chem-
icon). Slides were counterstained with 4’, 6’-diamidino-2-phenylindole
dihydrochloride (DAPI; Chemicon) for 5 minutes. Fluorescent images
were captured by using a Nikon Eclipse 90i microscope (Nikon, Tokyo,
Japan) and Image-Pro Express software (Media Cybernetics, Inc, Silver
Spring, MD).

Karyotype Analysis
Cultures were treated with colcemid 2 hours before harvest,

detached by trysinization, and treated with 0.5 mol/L hypotonic solution
(KCl/water) before fixing with Conroy’s solution (3:1 methanol/glacial
acetic acid). The spreads were treated with 0.005% trypsin, stained with
Giemsa (Sigma Aldrich), and 20–30 separate metaphase spreads were
examined for each culture.

Data and Statistical Analysis
The descriptive statistical analyses were performed by using the

software SPSS for Windows (Version 11.0; SPSS Predictive Analytics,
Chicago, IL). The data were analyzed by using two-way analysis of vari-
ance (ANOVA). The significance level was set at P = .05. Tukey post hoc
multiple comparison tests were carried out to determine the differences
between groups. To visualize the differences between SCD and DPSCs,
we applied a novel approach based on principle component analysis
(PCA) (Plymouth Routines In Multivariate Ecological Research version
1508 Govindasamy et al.
6 [PRIMER 6] software [http://www.zen87707.zen.co.uk/primer-e])
on our pluripotent array results. PCA is a mathematical algorithm
that describes the data on the basis of their dissimilarity, so that a greater
distance corresponds with a greater dissimilarity. The main aim of this
technique is to reduce the dimensionality and to display the nature of the
variation present in the data. This is achieved by creating new variables,
the’’ principle components’’ that are linear combinations of the obser-
vations (19). The first principle component explains as much of the
variation as possible with a single statistic. The second principal compo-
nent, which is uncorrelated with the first, accounts for as much as
possible of the remaining variation, and so on. If there are P variables,
then it is possible to calculate P different principle components, but the
first few will normally account for most of the variation, and these might
therefore be used to describe the data without undue loss of information
(20).

Results
Isolation and Characterization of SCD and DPSCs

Morphologic characteristics of SCD and DPSCs displayed indistin-
guishable fibroblastic morphology resembling that of BM-MSCs
(Fig. 1A, B). The colony-forming properties of SCD and DPSCs were
assessed. The CFUs were higher in SCD as compared with those of
DPSCs (P < .05) (Table 2). The number and size of colonies were
more in SCD than in DPSCs, indicating that SCD has higher
JOE — Volume 36, Number 9, September 2010
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Figure 3. In vitro mesoderm differential potentiality of SCD and DPSCs. Osteogenesis was confirmed by mineralized matrix deposition stained with von Kossa
staining at day 21 in SCD (A) and DPSCs (B) followed by confirmation of osteogenesis at mRNA level; mRNA expression of osterix and osteocalcin by RT-PCR
by using SYBR green reagent, and values were normalized to 18sRNA. Adipogenesis was detected by neutral oil droplet formation stained with oil red O at day
21 in SCD (C) and DPSCs (D). Chondrogenesis was detected by the presence of proteoglycans stained with alcian blue at day 21 in SCD (E) and DPSCs (F).
All experiments were conducted at passage 5. Results represent average of 5 culture replicates. (This figure is available in color online at www.aae.org/joe/.)
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proliferation rate than DPSCs (Fig. 1C, D). This result reflected the
growth kinetics of the cells. After the end of passage 5, overall cell
yield was significantly higher in SCD (25� 106 cells) in T25 cm2 flask
as compared with DPSCs (21 � 106 cells) (Fig. 1E) (P < .05). The
time required for PD varied between approximately 27 hours (P1) and
29 hours (P5) for SCD, whereas approximately 28 (P1) and 29 hours
(P5) were observed in DPSCs (Fig. 1F). We further analyzed cell cycle
analysis of SCD and DPSCs at passage 5. Flow cytometry analysis re-
vealed that the percentage of proliferation rate was higher in SCD (S
+ G2 + M = 12.4� 1.48) (P < .05) with approximately 85% of cells
in phase G1/GO, as compared with that of DPSCs (S + G2 + M = 10.4
JOE — Volume 36, Number 9, September 2010 Inherent Pr
� 1.18) with approximately 90% of the cells in phase G1/GO (Table 2;
Fig. 1G, H).

Cell Surface Antigen Profile of SCD and DPSCs
Immunophenotyping of stem cells derived from SCD or DPSCs

showed that the cells were negative for hematopoietic markers (21)
CD34 and CD45 and HLA-DR, whereas more than 90% of cells were
positive for mesenchymal stem cell markers (22) CD44, CD73,
CD90, and CD166. Cells from SCD expressed higher percentage of
CD166 (98.11 � 0.8) (P < .05) than cells derived from DPSCs
(79.85 � 6.8) (Table 2; Fig. 2).
opensity Lineage-specific Potential of Various Sources of Dental Stem Cells 1509
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Figure 4. Karyotyping analysis of SCD and DPSCs. (A) Karyotype expanded in SCD and DPSCs at passage 5 revealed chromosomal stability. Results are represen-
tative of 3 experiments.
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Differentiation of SCD and DPSCs Into Classic Lineages
Osteogenic differentiation was confirmed in both SCD and DPSCs

by the deposition of a silver-stained mineralized matrix (Fig. 3A, B).
Percent mineralization was 59 � 5 for SCD and 64 � 8 for DPSCs,
respectively (Table 2). The mRNA expression of 2 osteoblast markers,
osteocalcin and osterix (22, 23), was found to be higher in SCD as
compared with DPSCs. Observations from the real-time PCR analyses
were in line with the results from the staining assays. Adipogenic differ-
entiation was confirmed in both SCD and DPSCs by the accumulation of
neutral lipid vacuoles (Fig. 3C, D). After adipogenic induction, 58%�
8% of SCD and 45%� 6% of DPSCs possessed cells with an adipogenic
phenotype (Table 2). Thus, a higher number of SCD (P < .05) than that
of DPSCs featured an adipogenic differentiation capacity. Chondrogenic
differentiation was confirmed by the formation of spheres in the micro-
mass culture and the secretion of cartilage-specific proteoglycans stain-
able. Both SCD and DPSCs demonstrated a cartilage-like phenotype with
chondrocyte-like lacunae (Fig. 3E, F).

Cytogenetic Stability of SCD and DPSCs
Both SCD and DPSCs showed normal karyotypes at passage 5. A

representative ideogram is illustrated in Fig. 4.

Pluripotent Gene Array Analysis between SCD and DPSCs
Pluripotent marker profiles of SCD and DPSCs were compared

with BM-MSCs as a calibrator to evaluate the stability of the gene expres-
sion profile over the course of culture. Forty-one genes were up-
regulated, whereas 12 genes were down-regulated in either SCD or
DPSCs as compared with BM-MSCs (Fig. 5A–C). On the whole, the
pluripotent was highly maintained in SCD as compared with DPSCs
and BM-MSCs. The expression profiles (ratio [DPSCs were kept at
1]) of some of the pluripotent markers (16, 23) between DPSCs and
SCD at passage 5 were as follows: POU5F1 (OCT3/4) (18.54); TDGF1
(17.98); SOX2 (10.14); GABR3 (21.73); GAL (32.4); IFTM1
(28.40); and LIN28 (9.72). We also found that SCD expressed some
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of the endoderm and mesoderm markers such as GATA6, GATA4,
SOX17, CDH5, FLT1, and DES (22, 23) as compared with DPSCs.
Interestingly, DPSCs expressed higher neuron/ectoderm markers
(24). The expression profiles (ratio [SCD was kept at 1]) at passage
5 were as follows: nestin (10.08); GBX2 (1.14); PAX6 (1.50); and
TH (2.09). PCA (Fig. 5D), on the basis of up-regulated genes, showed
98.7% of all the variance between the experimental groups (SCD and
DPSCs at passages 1 and 5) could be described by using the first
(#PC1) and second principle (#PC2) component analysis. The remain-
ing principle component (#PC3) had minor contributions to the total
gene expression variance and produced no significant shifts between
the experimental groups.

Confirmation of Pluripotent Array Analysis
The expression of OCT4, SOX2, and NANOG was significantly up-

regulated (P < .05) in SCD as compared with DPSCs (Fig. 6A, B). On
the contrary, the expression of some of the neuron markers (25)
(PAX6, NUUR1, nestin, b-III tubulin) was up-regulated in DPSCs
compared with in SCD. These results were consistent with the pluripo-
tent array results (Fig. 6A, C).

Neuronal Differentiation in SCD and DPSCs
As shown in Fig. 7A, B, both SCD and DPSCs are capable of forming

3 distinct neurospheres. The neurospheres counted at day 15 revealed
that DPSCs had a significantly increased number of neurites as
compared with SCD. The total neurospheres counted per 10 mm2

between SCD and DPSCs were as follows: 30� 7 and 39� 9, respec-
tively, (P < .001) in the range of neurosphere sizes from 60–80 mmol/
L; 29 � 1 and 25 � 5, respectively, in the range of neurosphere sizes
from 81–100 mmol/L; and 9 � 1 and 12 � 2, respectively, in neuro-
sphere sizes greater than 100 mmol/L (Fig. 7C). Once attached in coated
dish at day 16, these neurospheres spontaneously show outgrowth and
dendrite-like structure by day 5 (Fig. 7D–I). Real-time PCR showed
a higher expression of neuronal markers (23) (bIII-tubulin, NF,
JOE — Volume 36, Number 9, September 2010



Figure 5. Expression profile of pluripotent/stem cells and lineage markers of SCD and DPSCs at passages 1 and 5. Expression levels of set of pluripotent/lineage
marker genes. Gene levels were normalized against 18s, and mRNA from BM-MSCs was used as calibrator. (A) The genes were represented in the heat map (low
expression in black and high expression in red); (B) percentage of up-regulated genes in SCD or DPSCs as compared with BM-MSCs; (C) percentage of down-
regulated genes in SCD or DPSCs as compared with BM-MSCs; (D) PCA of pluripotent/stem cells and lineage markers of SCD and DPSCs. Cells were plotted accord-
ing to their coordinates on PC1 and PC2. (This figure is available in color online at www.aae.org/joe/.)
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GFAP; P < .05; P < .001) with the down-regulation of OCT4 in neuronal
cells differentiated from DPSCs, as compared with neuronal cells differ-
entiated from SCD (Fig. 7J). This was also established at protein level
(Fig. 7K–N).
Discussion
The aim of this study was to characterize and to assess the propen-

sity toward specific lineage of SCD and DPSCs. The growth kinetics
results revealed that SCD possessed higher proliferation rate than
DPSCs. Our results are concurrent with previous reports on the
comparison between SCD and DPSCs (26). The use of SCD and DPSCs
is easy for several reasons. The first and foremost reason is the ease of
isolation, noninvasive collection with less or no ethical issues compared
with BM-MSCs (26).

We further demonstrated that both SCD and DPSCs were able to
differentiate into osteoblasts, adipocytes, and chondrocytes, thus qual-
ifying the minimum requirement of MSCs (27). However, quantification
JOE — Volume 36, Number 9, September 2010 Inherent P
results of osteogenic and adipogenic indicated that SCD exhibited better
differentiation capability than DPSCs. SCD was regarded as a novel pop-
ulation of stem cells that is capable of differentiating into various cell
types (at both in vitro and in vivo) into osteoblasts, odontoblasts,
adipocytes, chondrocytes, and even hepatocytes (12, 28–30). On the
other hand, DPSCs were considered to be more appropriate
candidates for dental tissue regeneration (31) and neurodegenerative
diseases (32). Nonetheless, most of the stem cells might differentiate
in vitro into the desirable cells through well-defined transcriptional
cascade, which can be initiated experimentally with xenobiotics such
as IBMX, dexamethasone, and insulin (33–35).

In the current study we have investigated the inherent propensity of
the stem cells to differentiate into their natural destiny on the basis of
their origin. We found that SCD highly expressed many pluripotent
markers as compared with DPSCs. Similar findings have been reported
previously by our group (16) by using Wharton’s jelly mesenchymal
stem cells (WJ-MSCs), whereby higher expression of pluripotent
markers was found in WJ-MSCs as compared with BM-MSCs. Hence,
ropensity Lineage-specific Potential of Various Sources of Dental Stem Cells 1511
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Figure 6. Expression profile of pluripotent and lineage-specific stem cell markers of SCD and DPSCs. (A) Semiquantitative RT-PCR of selected pluripotent/stem
cells and lineage markers. (B) Relative levels of selected pluripotent/stem cells and lineage markers were performed by Taqman-based assay qRT-PCR. (C) Relative
levels of selected pluripotent/stem cells and lineage markers were performed by SYBR green–based qRT-PCR. The lower the CT value, the more copies are present in
the specific sample. Values are presented after normalized to 18s RNA level. The average of 2 replicates is displayed.
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these data support the notion that SCD is more primitive or pluripotent
population of cells similar to WJ-MSCs. One of the striking features of
this study is the overexpression of many transcription factors such as
POU5F1 (also known as OCT3/4), SOX2, NANOG, and LIN28 that are
responsible for the maintenance of pluripotency in early embryos
and embryonic stem cells (36, 37). The abundant persistence of
these markers leading to stemness status was very recently shown
where limbal progenitor cells could be induced to pluripotent stem
cells with the characteristics of embryonic stem cells under different
culture conditions and without induction of exogenous transcription
factors (38). Given that cells from the same organ or tissue will share
some commonalities in gene expression and share the same microen-
vironmental niche (39), we hypothesize that the generation of
ectoderm-specific cell type would be highly efficient as compared
with BM-MSCs, because DPSCs are of neural crest origin (4). On the
basis of our results, we predicted that SCD could also be forced to
form desired cell type under the influence of appropriate microenviron-
ment. PCA performed on the dataset by using the regulated genes
showed that SCD and DPSCs exhibited a distinct expression pattern.
1512 Govindasamy et al.
Van de Waterbeemd et al (40) used this PCA method to study the optimal
harvest point in bacterial vaccine production, and Liu et al (41)
described the detection of endogenous signaling activation pathways
by an oncogenic stimulus. Here we show yet another novel facet of
PCA method to distinguish between gene expression pattern of SCD
and DPSCs.

Dental cells are neural crest derived (4), and because neural crest
stem cells can differentiate into neural cells in vivo (42, 43), dental
pulp stem cells are likely to have a greater potential for neural
differentiation than any other stem cells. However, our data revealed
differential admixture of lineage proclivity between DPSCs and SCD,
although both came from the same origin. The ectoderm lineage
commitment of DPSCs was reflected by their ability to express higher
neuronal mRNA in undifferentiated state. To test whether the
variation of neuronal mRNA found in undifferentiated DPSCs and SCD
will reflect their end point differentiation, we detoured
undifferentiated DPSCs and SCD cells into neuronal cells and
characterized them. A generally accepted experiment for the
presence of neuronal cells is the induction of neurospheres (44–46)
JOE — Volume 36, Number 9, September 2010



Figure 7. Schematic overview of the generation of neurospheres in SCD and DPSCs and gene expression profile of selected neuron markers. (A, B) Formation of
neurosphere in non-coated dish for 15 days under neuron media in SCD and DPSCs, respectively; (C) the neurospheres formed under neuron-condition media at
day 15. The number of neurosphere was divided with small (61–80 mmol/L), medium (81–100 mmol/L), and large diameters (>100 mmol/L). (D, E) Neuro-
spheres were transferred into a coated dish at day 16 and were migrated radially out of the sphere in SCD and DPSCs, respectively. (F, G) After 2 days of maturation,
cells had morphologic features typical of neuron in SCD and DPSCs, respectively. (H, I) After 5 days of maturation, dendrite-like outgrowth from SCD and DPSCs,
respectively, showing complex neuronal processess (arrow and insert); (J) gene expression profile of OCT4, nestin, b-III tubulin, GFAP, and NF at day 20 in SCD
and DPSCs. (K–N) Specific co-immunocytochemical staining of neurospheres indicated the presence of b-III tubulin and GFAP at day 20 in SCD and DPSCs, respec-
tively. In both co-immunocytochemical pictures, nuclei were stained with DAPI (blue) and OCT4 (green); )P < .05, ))P < .01, and )))P < .001. (This figure
is available in color online at www.aae.org/joe/.)
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in which cells aggregate to floating spheres. We found higher
neurospheres in DPSCs as compared with SCD. One of the probable
reasons could be the tremendous fold expression of nestin that was
found in DPSCs as compared with SCD. Nestin, the marker for
neuroepithelial stem cells (47, 48), seems to be essential for the
induction of neurospheres (49). Wislet-Genedebien et al (50) gener-
ated neurospheres only from rat BM-MSCs after induction of nestin
expression by supplementation with N2 and B27. This abundant expres-
sion of nestin could potentially enable DPSCs to differentiate more effi-
ciently than SCD into neural cells and/or act neuroprotective after
transplantation. Whether DPSCs indeed possess the ability to differen-
tiate into neuronal committed cells is currently under investigation.
We are aware that the expression of 1 or 2 markers like GFAP, NF, or
bIII-tubulin is not sufficient proof for neuronal functionality. Neverthe-
less, our finding is a step forward in evaluating higher propensity of
DPSCs toward neuronal lineage as compared with SCD, which is novel
and unexpected.

In conclusion, our study showed that gene variations occurred
within the different sources of the same stem cells, and these variations
determine their lineage propensity toward a specific destination. From
this study we infer that SCD retained their plasticity over the passages,
whereas DPSCs lost their plasticity and were shown to be more
committed toward neuronal lineage. Our results clearly demonstrated
that both SCD and DPSCs could act as useful candidates for regenerative
medicine in various diseases, emphasizing the usage of DPSCs for
neurologic diseases.
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