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Abstract

Introduction: Although the results of our previous
studies showed that the stromal cell-derived factor
(SDF)-1a–CXC chemokine receptor 4 (CXCR4) axis
may play a role in the recruitment of CXCR4-positive
dental pulp cells (CXCR4+ DPCs) toward the damaged
sites, the specific function of CXCR4+ DPCs in the
injured dental pulp was still unknown. The purpose of
this study was to verify whether CXCR4+ DPCs
possessed stem cells properties so that we can under-
stand their role in area of injury. Methods: CXCR4+

DPCs were isolated from normal DPCs with magnetic-
activated cell sorting. The characteristics of the cells
from the 3 groups of cells (ie, CXCR4+ DPCs, CXCR4�

DPCs, or nonsorted DPCs) were analyzed in colony
formation, proliferation, and multilineage differentiation
including odontogenic and adipogenic lineages.
Results: The results showed that CXCR4+ DPCs were
the most dominant population in colony formation,
proliferation, alkaline phosphatase activity, calcium
content, and adipogenic differentiation among the 3
groups. Conclusions: CXCR4+ DPCs may contain
more stem cells than nonsorted DPCs. (J Endod
2012;38:642–647)
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The human dental pulp is enriched with stem/progenitor cells, which are capable of
healing in response to carious stimuli as well as local injury (1, 2). Reparative

dentinogenesis occurring after dental injury is considered the innate capacity of
human dental pulp for repair. The formation of reparative dentin results from the
recruitment, proliferation, and differentiation of dental pulp stem cells (DPSCs) (3).
Under physiological conditions, most of these cells are localized to a perivascular
area (4). However, under pathological conditions, they are attracted to an injury site
and differentiate into a second generation of odontoblasts or odontoblast-like cells
(5, 6).

It has been described that DPSCs have high proliferative potential for self-renewal
and the capacity for multilineage differentiation into cell types such as osteoblasts,
adipocytes, and neural-like cells (3, 7, 8). In addition, there have been many
attempts to isolate stem/progenitor cells from dental pulp cells (DPCs) (9–11).
However, the mechanism by which these cells migrate toward the injury site remains
largely unknown.

CXC chemokine receptor 4 (CXCR4) is the receptor for the chemokine stromal
cell-derived factor (SDF)-1a, which can attract CXCR4-positive (CXCR4+) cells in
response to the stimulation related to tissue/organ damage from their niches (12). It
has also been reported that the SDF-1a–CXCR4 axis participated in the migration
and differentiation of tissue-committed stem cells to injury sites under some patholog-
ical conditions, such as diabetes, liver cirrhosis, or myocardial infarction (13–15). In
addition, CXCR4 has been considered to be a new surface marker expressed by stem
cells (16). Besides hemopoietic stem cells, CXCR4 has also been expressed by other
tissue-specific stem cells, such as skeletal muscle satellite cells, which are responsible
for the migration of satellite cells toward an SDF-1 gradient (17).

In previous studies, we found that the SDF-1a–CXCR4 axis plays an important role
in the recruitment of CXCR4+ DPCs toward the damaged sites in dental pulp (18).
Another study group also found that in inflamed dental pulp positive staining of this
axis could be detected in endothelial cells of the microblood vessels, which were sur-
rounded by a large number of pulp cells (19). Furthermore, they showed that inflam-
mation and hypoxia might regulate the SDF-1a–CXCR4 axis, which further recruits
DPSCs to participate in reparative dentinogenesis (20). Therefore, we hypothesized
that CXCR4+ DPCs possess properties of DPSCs. In the present study, in order to verify
this notion, we first isolated CXCR4+ DPCs by magnetic-activated cell sorting (MACS)
and systematically characterized CXCR4+ DPCs, CXCR4-DPCs, or nonsorted DPCs
in vitro. Our findings may provide the direct evidences on the role of CXCR4+ DPCs
in the injury area of dental pulp.

Materials and Methods
Isolation with MACS

The DPCs were cultured as described before (18). The single-cell suspension of
the third passage DPCs (1� 107/mL) were incubated with 5 mg of biotin-labeled anti-
human CXCR4 antibody (eBioscinece, San Diego, CA) for 45 minutes at room temper-
ature. The cells were washed using 2 mL phosphate-buffered saline (PBS) with 5% fetal
bovine serum (FBS) and centrifuged at 1,000 r/min for 5 minutes. Then, the superna-
tant containing unbound primary antibody was completely removed. The 90 mL of
single-cell suspension was resuspended in 10mL Streptavidin-LinkedMicroBeads (Mil-
tenyi Biotec, Inc, Auburn, CA) and incubated for 45minutes on ice. Then, the DPCs were
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sorted using a mini-MACSmagnetic column (Miltenyi Biotec, Inc) in the
magnetic field according to the protocol. CXCR4+ cells were collected
and seeded onto 6-well plates in DMEM (Gibco, Grand Island, NY)
medium supplemented with 20% FBS (Gibco). Once cells were cultured
to 80% confluency, they were detached by trypsinization (Gibco) and
subcultured at a 1:4 dilution for > 10 passages. Nonsorted DPCs and
CXCR4� cells were also collected and cultured under the same condi-
tions used as controls for the following experiments.
Cell Proliferation and Colony Formation Efficiency
Tomeasure proliferation of the 3 cell populations, these expanded

cells were seeded at a density of 2 � 103/well in a 96-well plate with
DMEMmedium. One, 3, 5, 7, and 9 days after plating, 20mL methylthia-
zol tetrazolium (MTT; Amresco, Solon, OH) was added to each well.
Four hours later, aspirate off the medium containing MTT, and replace
with 150 mL of dimethyl sulfoxide (Sigma, St Louis, MO) to dissolve the
formazan crystals by gentle shaking of the plate. The optical density was
detected using a microplate reader (Labsystems, Helsinki, Finland) at
490 nm.

For the colony formation efficiency assay, single-cell suspensions
of the 3 cell populations were seeded at a density of 1 � 104/well on
coverslips in 6-well plates and then cultured in DMEM supplemented
with 20% FBS at 37�C in 5% CO2. The medium was changed every 5
days. After being cultured for 14 days, the cells were fixed with 4%
formalin and then stained with 0.1% toluidine blue. Aggregates of
$50 cells were scored as colonies.
ALP Activity and Calcium Content
In order to estimate the ability of mineralization, the 3 types of cells

were induced as follows. Cells were seeded on 6-well plates at a density
of 1� 105/well with growth media. After the cells were 80% confluent,
the medium was replaced with odontogenic medium, which was DMEM
supplemented with 10% FBS, 10 mmol/L sodium b-glycerophosphate
(Sigma), 10�8 mol/L dexamethasone (Sigma), and 50 mg/mL L-ascor-
bic acid (Sigma). After induction for 4, 7 days, alkaline phosphatase
activity (ALP) staining was performed as described in the manufac-
turer’s instructions (Compal Medical Reagent Corp, Shanghai, China).

To compare the activity of ALP in the 3 groups, half-quantity detec-
tion of ALP was performed using a 4-nitrophenyl phosphate colori-
metric assay. Briefly, cells (2 � 104 cells/well) were seeded into
24-well plates and cultured by media. After induction for 4, 7 days,
the cells were rinsed with PBS, followed by the addition of 500 mL
0.1% Triton X-100, and then incubated for 4 hours at 37�C. The super-
natant was collected after gentle shaking of the plate and added to
a 96-well plate with 100 mL/well. ALP substrate (Sigma) was added
to react with 100mL/well in 30minutes at 37�C. Reactions were stopped
by the addition of 50 mL 0.2 mol/L NaOH for each well. Absorbance at
405 nm was then measured using an automated plate reader. After
induction for 20 or 40 days, calcium deposits were detected by treat-
ment with 2% alizarin red (pH = 4.2).
TABLE 1. Specific Primers for Real-time PCR

Gene Primer sequence (forward)

OCN 5’-GGCAGCGAGGTAGTGAAGA-3’
DSPP 5’-AGTGACAGCCAGAGCAAG-3’
COL-I 5’-GCCCTGTCTGCTTCCTGTA-3’
PPAR-g2 5’-AGGAGCAGAGCAAAGAGG-3’
GAPDH 5’-GACCTGACCTGCCGTCTA-2’
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Induced Adipogenic Differentiation
Expanded cells of the CXCR4+ DPCs, CXCR4� DPCs, or nonsorted

cells were seeded in a 6-well plate at a density of 1 � 105/well and
cultured in adipogenic differentiation medium (Cyagen, Goleta, CA)
for human mesenchymal stem cells for 21 days. Adipocyte formation
was determined by standard Oil Red (Sigma) staining to identify cells
with lipid inclusions.

Real-time Quantitative PCR
After 4 and 10 days of odontogenic or adipogenic induction, total

RNA of the 3 groups of cells was extracted using Trizol (Invitrogen,
Carlsbad, CA). Purified RNA was measured with a spectrophotometer,
and 1 mg RNA was used to synthesize complementary DNA by using
the RT Reagent Kit (Takara, Shiga, Japan) according to the manufac-
turer’s instruction. The obtained complementary DNA was used as
a template in polymerase chain reaction (PCR). The odontogenic-
induced differentiation of cells was monitored by specific markers, os-
teocalcin (OCN), dentin sialophosphoprotein (DSPP), and collagen-_.
Peroxisome proliferator-activated receptor-g2 (PPAR-g2) was de-
tected for comparison with adipogenic induction. A housekeeping
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used
as the internal control to normalize the gene expression level of the
target gene to the amount of input RNA in each sample. The sequences
of primers and products size were showed in Table 1. Real-time PCR
was performed using the SYBR Green PCR kit (Takara) and controlled
in the Biorad IQ5 real-time PCR system (Bio-Rad, Hercules, CA). DNA
amplifications were performed under the following conditions: 2
minutes at 50�C, 10 minutes at 95�C, 40 cycles of 15 seconds at
95�C, and 1 minute at 60�C followed by data collection in the last 30
seconds. The amplification efficiency of different genes was determined
relative to GAPDH as the internal control (DCt = Ctgene� CtGAPDH).
Interested mRNA in each sample was calculated by a comparativeDDCt
(DCtgene � DCtcontrol) value method. The relative changes in the
differential expression for each gene mentioned previously were deter-
mined by the 2�DDCt method (21).

Statistical Analysis
All experiments were repeated aminimumof 3 times. Data analysis

was performed using SAS 6.12 (Raleigh, NC). Statistical significance
among groups was determined by using 1-way analysis of variance. A
P value of < .05 was considered significant. Error bars represent
mean � standard deviation.

Results
Isolation with MACS

All isolated cells had a typical fibroblast-like morphology without
an apparent difference observed among nonsorting DPCs, CXCR4+

DPCs, and CXCR4� DPCs by inverted phase-contrast microscopy.

Cell Proliferation and Colony Formation Efficiency
The MTT assay was used to assess the proliferation of the 3 groups

of cells. The data from the cells cultured for 3, 5, 7, and 9 days showed
Primer sequence (reverse) Product size (bp)

5’-CCTGAAAGCCATGTGGT-3’ 148
5’-CCTATCCCATTACCAAACT-3’ 157
5’-TTTGGGTTGCGCTGTTT-3’ 205

5’-TTGGTCGTTCAAGTCAAGAT-3’ 131
S’-AGGAGTGGGTGTCGCTGT-3’ 148
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Figure 1. (I) The proliferation of nonsorted DPCs (N), CXCR4+ cells (C+), and CXCR4� DPCs (C�) determined by MTT test. The results of the 3 groups cultured
for 3, 5, 7, and 9 days showed a significant difference at the level of proliferation (*P < .05). (II) Colony formation from DPC. (A) A colony was formed form
a clonogenic DPC (original magnification, 10�). (B) Colonies in nonsorted DPCs. (C) Colonies in CXCR4+ DPCs. (D) Colonies in CXCR4� DPCs.
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that the proliferation capability of the CXCR4�DPCs group was far lower
than that of the CXCR4+ DPCs group or the nonsorted cells group. The
growth of CXCR4+ DPCs and nonsorted cells was similar (Fig. 1I). The
yield of colonies of CXCR4+ DPCs group (45–82 colonies/well) was
significantly higher than that of nonsorted cells (24–31 colonies/
well) and CXCR4� DPCs group (15–21 colonies/well) (Fig. 1II).
ALP Activity
After the cells were induced for 4 or 7 days, the 3 groups displayed

positive color signal of the ALP staining. The CXCR4+ DPCs group always
showed more intensive signal compared with the other 2 groups. The
ALP activity for the 3 groups on the seventh day was much higher
than that on the fourth day (Fig. 2I and II).
Calcium Content
On the 20th day, the stain of alizarin red showed that few sparsely

scatter calcium deposits were found in nonsorted cells (Fig. 3A) and no
deposits existed in CXCR4� cells (Fig. 3C). In contrast, CXCR4+ cells
produced many calcium nodes (Fig. 3B). Many cells of the 3 groups
were senescent or even dead after induced for 40 days. However, there
Figure 2. (I) ALP staining and (II) half-quantity detection of ALP of nonsorted D
induction for mineralization (*P < .05).
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were extensive sheets of calcified deposits over the entire adherent layer
of the CXCR4+ DPCs group (Fig. 3E).
Adipogenic Differentiation
The adipogenic potential was examined in the 3 groups. Much

more red lipid droplets were observed in CXCR4+ DPCs after they
were stained with oil red O (Fig. 3H), whereas nonsorted DPCs
(Fig. 3G) and CXCR4� DPCs (Fig. 3I) displayed very rare lipid droplets.
Real-time Quantitative PCR
The total messenger RNA was extracted from the 3 groups of cells 4

and 10 days after odontogenic induction or adipogenic induction for
real-time quantitative PCR analysis. Results showed that DSPP
messenger RNA was up-regulated significantly in CXCR4+ DPCs group
after 4 days of odontogenic induction. (It was approximately 8.2-fold
to the CXCR4� DPCs group at 4 days). OCN messenger RNA also re-
vealed some differences in the 3 groups. As shown in Figure 4, after
10 days of odontogenic induction, the expression of messenger RNA
for OCN in CXCR4+ DPCs is higher than in nonsorted DPCs or CXCR4�

DPCs. (It was approximately 3.2-fold to CXCR4� DPCs). However, the
expression levels of COL-_ messenger RNA were not significantly
PCs (N), CXCR4+ cells (C+), and CXCR4� DPCs (C�) after 4 or 7 days of
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Figure 3. (A–F) Calcium nodes staining with alizarin red after the induction of mineralization. (A) Nonsorted DPCs exposed to alizarin red for 20 days. (B)
CXCR4+ cells exposed to alizarin red for 20 days. (C) CXCR4� DPCs exposed to alizarin red for 20 days. (D) Nonsorted DPCs exposed to alizarin red for 40
days. (E) CXCR4+ cells exposed to alizarin red for 40 days. (F) CXCR4� DPCs exposed to alizarin red for 40 days. (G–I) Oil red staining of nonsorted DPCs,
CXCR4+ DPCs, and CXCR4� DPCs after adipogenic induction. (G) A cluster of red lipid droplets in nonsorted DPCs. (H) More cells were differentiated into adipo-
cytes in CXCR4+ cell sample. Clusters of lipid-containing adipocytes were observed obviously. (I) Fewer cells in CXCR4� DPCs group were differentiated into adipo-
cytes. Nonsorted DPCs (N), CXCR4+ cells (C+), and CXCR4� DPCs (C�) (original magnification 10�).
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different in the 3 groups at the 2 time points. In the 3 groups of adipo-
genic induction, the expression levels of PPAR-g2 messenger RNA also
showed different profiles after 10 days of adipogenic induction. The
level of PPAR-g2 messenger RNA in CXCR4+ DPCs was higher than in
nonsorted DPCs or CXCR4� DPCs. (It was approximately 5.4-fold to
CXCR4� DPCs).

Discussion
Initial descriptions have shown that DPSCs, like all adult stem cells,

can differentiate into specialized cell types under both in vitro and
JOE — Volume 38, Number 5, May 2012
in vivo situations (22, 23). It has also been shown that DPSCs could
form dentin-pulp complex-like structures or a woven bone-like struc-
ture in vivo (7, 8). All of these studies imply that DPSCs have been
a source of seed cells of tissue engineering for dental tissue repair or
replacement by regenerating dental substitutes (24, 25). Although
some approaches about the isolation of DPSCs have been reported
(26, 27), the attention regarding the migration of DPSCs, which
reside in a perivascular niche under physiological conditions, is less.
In previous research (18), we hypothesized the following: during the
pulp tissue injury, DPCs at the injured site are stimulated to actively
Characteristic of CXCR4-positive DPCs 645



Figure 4. Real-time quantitative PCR analyses of gene expressions of OCN,
DSPP, COL-I, and PPAR-g2 at 4 and 10 days. Results were standardized using
GAPDH as a housekeeping gene. N4, nonsorted DPCs at 4 days; N10, nonsorted
DPCs at 10 days; C+4, CXCR4+ cells at 4 days; C+10, CXCR4+ cells at 10 days;
C-4: CXCR4� at 4 days; C-10, CXCR4� at 10 days (*P < .05).
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synthesize SDF-1a, and the DPSCs, which reside in themicrovasculature
of the pulp tissues, are induced to proliferate by inflammation media-
tors. Then, the newly proliferated CXCR4+ DPCs are subsequently
chemoattracted to the damaged site with a high level of SDF1-a via
the SDF-1a–CXCR4 axis and result in reparative dentin formation
(Fig. 5). In the present study, we isolated CXCR4+ cells with MACS,
and systematic studies have been performed to evaluate the properties
of CXCR4+ DPCs in vitro. This hypothesis would be confirmed to some
extent if we showed that CXCR4+ DPCs behaved like stem cells.

In general, tissue-specific stem cells have a capacity to divide, self-
renew, and differentiate into cells characteristic of that particular tissue
(28). Gronthos et al (3, 7) reported that DPSCs were a clonogenic,
rapidly proliferative population of cells, which were derived from
enzymatically disaggregated adult human dental pulp (3, 7). To
detect the capacity of proliferation, we compared CXCR4+ DPCs with
nonsorted DPCs and CXCR4� DPCs by MTT assays. The results
exhibited that CXCR4+ DPCs had no significant difference compared
with nonsorted DPCs in proliferation in vitro; however, both of them
have a higher proliferation rate compared with CXCR4� DPCs. The
results may be attributed to the less stem cells in CXCR4� DPCs.
Furthermore, the colony-forming efficiency assay showed that the colo-
nies of CXCR4+ DPCs occurred at an apparently higher yield in compar-
ison to nonsorted DPCs. In addition, the number of colonies in CXCR4�

DPCs was minor compared with nonsorted DPCs. These collective
Figure 5. CXCR4+ DPCs were recruited toward the damaged site along an SDF-1
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results suggested that CXCR4+ DPCs were enriched with cells that had
clonogenic capacity.

ALP is considered an important factor in the initiation of connec-
tive tissue mineralization (29). Not only is ALP a prerequisite for the
functional differentiation of bone marrow stromal cells (BMSCs) and
DPCs in vivo and in vitro (30, 31) but also ALP has been found to
be expressed concurrently with the onset of odontoblast
differentiation in developing teeth (32). In our study, CXCR4+ DPCs
showed significant ALP activity 4 days and 7 days after mineralization-
induced treatment. Furthermore, the stain of the calcium content was
similar to the results for ALP.

The messenger RNA expressions of OCN, DSPP, and COL-_ were
chosen as differentiation markers of the odontogenic phenotype for
real-time quantitative PCR. OCN, a noncollagenous protein, is usually re-
garded as a late marker for osteoblast differentiation and is able to
promote hard-tissue regeneration (33). DSPP is themajor dentinal non-
collagenous protein and plays a crucial role during dentin mineraliza-
tion (34). The increased expression of these genes suggests that these
cells exhibit odontogenic potential. Our study indicated that CXCR4+

DPCs possess relatively high expression levels of these genes when
they were induced with odontogenic medium. However, COL-_, the
predominant collagen in the dentin and bone matrix (35, 36), was
expressed in almost the same level in the 3 groups. These findings
suggest that CXCR4� DPCs may possess the capacity to produce the
extracellular matrix, which is not weaker than CXCR4+ DPCs or the
nonsorted DPCs, whereas, for matrix mineralization, CXCR4+ DPCs
possess a better capacity than CXCR4� DPCs or nonsorted DPCs.

To evaluate the potential of transdifferentiation, the adipogenic
induction was executed in the 3 types of cells. The messenger RNA of
PPAR-g2 was detected by real-time PCR. PPAR-g is also a marker for
adipogenesis because it is mainly expressed in fat tissue and can activate
adipocyte differentiation (37). However, the formation of true adipo-
genesis always takes prolonged periods of time (38). After 10 days of
being cultured in the dipogenenic-inductive culture medium, CXCR4+

DPCs group showed the highest levels of gene expression in the 3
groups. Gronthos et al (3) initially reported that DPSCs were unable
to develop adipocytes after treatment with the glucocorticoid dexameth-
asone as seen in dexamethasone-induced bone marrow–derived
mesenchymal stem cells (3). However, after 2 years, they stated that
DPSCs could be induced to be adipocytes by a more potent
adipogenenic-inductive culture medium (7). Recently, a study showed
that the adipogenic potential of DPSCs was less than bone marrow–
derived mesenchymal stem cells (39). Alongi et al (40) reported the
gradient.
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DPSCs were not potent in adipogenesis. In our study, the red O–positive
lipid-containing adipocytes could be found in nonsorted DPCs after
being induced. Furthermore, CXCR4+ DPCs also showedmore potential
for adipogenesis compared with nonsorted DPCs or CXCR4� DPCs. The
phenomenon implies that most stem cells that can be induced for the
differentiation of adipocytes maybe exist in CXCR4+ DPCs.

In conclusion, the results show that CXCR4+ DPCs possess more
clonogenic cells, a higher proliferative rate, and a higher capacity of
odontoblast or adipocyte differentiation than nonsorted DPCs. Collec-
tively, these data suggest that a CXCR4+ subpopulation of DPCs is en-
riched with stem cells. For dental tissue engineering, CXCR4+ DPCs
may be a candidate source of seed cells. Further studies are needed
to observe the formation of hard tissue by CXCR4+ DPCs in vivo.
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