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Abstract

The formation and attachment of new cementum is crucial for periodontium regeneration. Tissue engineering is currently
explored to achieve complete, reliable and reproducible regeneration of the periodontium. The capacity of multipotency
and self-renewal makes adipose tissue-deprived stem cells (ADSCs) an excellent cell source for tissue regeneration and
repair. After rat ADSCs were cultured in dental follicle cell-conditioned medium (DFC-CM) supplemented with DKK-1, an
inhibitor of the Wnt pathway, followed by 7 days of induction, they exhibited several phenotypic characteristics of
cementoblast lineages, as indicated by upregulated expression levels of CAP, ALP, BSP and OPN mRNA, and accelerated
expression of BSP and CAP proteins. The Wnt/b-catenin signaling pathway controls differentiation of stem cells by
regulating the expression of target genes. Cementoblasts share phenotypical features with osteoblasts. In this study, we
demonstrated that culturing ADSCs in DFC-CM supplemented with DKK-1 results in inhibition of b-catenin nuclear
translocation and down-regulates TCF-4 and LEF-1 mRNA expression levels. We also found that DKK-1 could promote
cementogenic differentiation of ADSCs, which was evident by the up-regulation of CAP, ALP, BSP and OPN gene
expressions. On the other hand, culturing ADSCs in DFC-CM supplemented with 100 ng/mL Wnt3a, which activates the
Wnt/b-catenin pathway, abrogated this effect. Taken together, our study indicates that the Wnt/b-catenin signaling
pathway plays an important role in regulating cementogenic differentiation of ADSCs cultured in DFC-CM. These results
raise the possibility of using ADSCs for periodontal regeneration by modifying the Wnt/b-catenin pathway.
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Introduction

Periodontitis is one of the most common dental infectious

diseases, in which inflammation extends deep into the tissues, thus

damaging the periodontal tissue composed of periodont ligament,

gingiva, alveolar bone and cementum covering the tooth root. In

advanced cases, the destruction of periodontal ligament tissue and

alveolar bone may result in tooth loss [1]. The ultimate goal of

periodontal therapy is the regeneration of the original architecture

and function of the multiple and complex tissues that comprise the

periodontium. Periodontal regeneration requires new connective

tissue formation and attachment to the root surface, a process that

involves the regeneration of periodontal fibers and the insertion of

these fibers into the newly formed cementum and bone.

Cementum is a calcified connective tissue covering the tooth root

surface that, in conjunction with the periodontal ligament and the

alveolar bone, forms a rigid tooth-anchoring structure in

periodontal tissue [2]. Therefore, cementogenesis is a critical

process for the homeostasis and regeneration of the periodontium.

To date, adipose tissue-derived stem cells (ADSCs) have been

extensively used in tissue engineering [3–5]. Manipulating culture

conditions and the cells’ microenvironment to direct desired cell

lineage differentiation has also been studied extensively. It has

been proposed that intercellular communication through growth

factors and extracellular matrix (ECM) is the basis for advancing

differentiation of adult mesenchymal stem cells into periodontal

cells (including cementoblasts, fibroblasts and osteoblasts) [6,7]. As

a preliminary attempt to recapitulate events involved in early

cementogenesis, our group could demonstrate that dental follicle

cell-conditioned medium (DFC-CM), which likely contains mul-

tiple molecular signals and growth factors necessary for ADSC

proliferation and differentiation, is able to provide the cemento-

genic microenvironment and to induce differentiation of ADSCs

along the cementoblast lineage [8]. For this to occur, concerted

and sequential spatial and temporal events must take place,

involving signaling molecules, soluble and insoluble ECMs, and

responding stem cells. However, the molecular mechanisms that

regulate these processes are still somewhat obscure.

PLOS ONE | www.plosone.org 1 May 2014 | Volume 9 | Issue 5 | e93364

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0093364&domain=pdf


The canonical Wnt/b-catenin pathway stabilizes b-catenin; on

activation of the canonical Wnt pathway, b-catenin binds to the T-

cell factor/lymphoid enhancer-binding factor (TCF/LEF) tran-

scription factors and mediates the transcription of Wnt target

genes [9–11]. The Wnt signaling pathway plays an important role

not only in embryonic development but also in the maintenance

and differentiation of the stem cells [12–15]. In particular, Wnt

signaling has been shown as an important regulatory pathway in

the osteogenic differentiation of mesenchymal stem cells. Dentin

and cementum share many similarities with bone in their

biochemical compositions and biomechanical properties. A recent

study showed that Wnt/b-catenin over-activation during tooth

morphogenesis is sufficient to cause dramatic alterations in the

adult tooth by delaying cellular differentiation and stimulating

proliferation of the dental mesenchyme of developing teeth [16].

Epiprofin/Specificity Protein 6 (Epfn) is a Krüppel-like family

(KLF) transcription factor that is critically involved in tooth

morphogenesis and dental cell differentiation. Epfn enhances

canonical Wnt/b-catenin signaling in the developing dental pulp

mesenchyme and regulates Wnt-BMP signaling and the establish-

ment of cellular junctions during the bell stage of tooth

development [17]. Scheller et al. indicated that Wnt/b-catenin

signaling negatively regulates the odontoblast-like differentiation of

dental pulp stem cells [18].

Wnt signaling acting on cementoblasts could inhibit cell

differentiation while stimulating cell proliferation [19]. Cho et al.

found that the Wnt/b-catenin pathway promoted proliferation

and suppressed osteogenic differentiation of human adipose-

derived MSCs [20]. A recent study found that by 2 months after

implantation, ADSCs incubated with platelet-rich plasma devel-

oped into periodontal tissue with the correct architecture,

including alveolar bone, cementum-like structures and periodontal

ligament-like structures [21]. We speculated that the Wnt signaling

pathway could affect the differentiation potential of ADSCs

induced by a DFC-CM microenvironment. Thus, we aimed to

better define how Wnt influences ADSC commitment along

cementoblast-like cell differentiation as well as the mechanisms

involved.

Materials and Methods

All animal experiments were approved by the Animal Care and

Use Committee of Third Military Medical University and were

carried out in compliance with the ‘‘Guide for the Care and Use of

Laboratory Animals’’ published by the National Institutes of

Health. All surgery was performed under sodium pentobarbital

anesthesia, and all efforts were made to minimize suffering.

Animals
Harlan Sprague–Dawley (SD) filial rats (7 days old) were used

for ADSC culture. SD rats were obtained from the Laboratory

Animal Research Centre of the Third Military Medical University,

China, and maintained on a daily diet of Purina rodent chow in

housing quarters with a light:dark cycle (12 h L:D), regulated

temperature, and sterile water.

Cell culture and identification
ADSCs were isolated and cultured using a previously described

method [3]. Isolated adipose tissues were finely minced into

161 mm3 small pieces, then incubated in 60 units/mL type I

collagenase (Gibco BRL) for 60 min at 37uC to partially dissociate

adipose tissues. Single cell-derived colony cultures were obtained

using the limiting dilution technique as previously described [22].

After 2–3 weeks in culture, the single cell-derived clones were

harvested and mixed together. To assess colony-forming efficiency,

subconfluent cultures of ADSCs were fixed with 70% ethanol and

then stained with 0.1% Crystal Violet [22]. Then, fluorescence-

activated cell sorting (FACS) analysis was used for analyzing

STRO-1, CD146, CD31, CD90, CD105, CD34 and CD45

(eBioscience, San Diego, CA, USA). Cells in passage three were

cultured in osteoblastic conditions containing L-ascorbate-2-

phosphate, dexamethasone, and inorganic phosphate for 21 days.

Alizarin Red S (Sigma, St. Louis, MO, USA) staining was

performed to determine mineralization. For adipocyte differenti-

ation, cells were incubated for 3 days in adipogenic induction

medium (DMEM) with 10% FCS, 1 mM dexamethazone, 10 mM

insulin, 0.5 mM 3-isobutyl-1-methyl-xanthine (IBMX) and

100 nM indomethacin) followed by 24 h in maintenance medium

DMEM with high glucose, 10% fetal bovine serum (FBS, Hyclone,

USA) and 10 mM insulin) (Sigma). This regime comprised one

cycle of induction and maintenance. After 21 days of culture, cells

were characterized for formation of oil globules by Oil Red O

staining.

Preparation of dental follicle cell-conditioned medium
(DFC-CM)

Rat DFCs were isolated and cultured as described previously

[8]. Briefly, dental follicle tissue was separated from the first molars

under a dissecting microscope. The dental follicles were aseptically

dissected and placed in phosphate buffered solution (PBS). The

tissue blocks were incubated in DMEM supplemented with 10%

FBS in a humidified atmosphere at 37uC and 5% CO2. The

isolated cells from the DF(dental follicle) grew to confluence in

about 2 weeks and remained fibroblastic in shape. No contam-

ination of epidermal cells was observed after two passages. Once

the cells reached confluence, culture medium was changed every

day and collected for 3 days. The collected media were filtered

through a 0.2 mm Millipore strainer and mixed with an equal

volume of fresh DMEM supplemented with 10% FBS, then stored

at 280uC before used as dental follicle cell-conditioned media.

Wnt3a or DKK-1 treatment
The primary group of cultures was treated with 100 ng/mL

recombinant Wnt3a (R&D Systems) [23], and a subset of these

cultures was treated with the soluble Wnt inhibitor DKK-1

(recombinant DKK-1; Peprotech) at 100 ng/mL [24]. Cells were

seeded at a density of 5000 cells/cm2 in the culture flasks,

maintained and expanded in DMEM (10% FBS), and allowed to

adhere overnight. The culture medium was then changed to DFC-

CM, which contained either Wnt3a or DKK-1 used for the ADSC

cultures. On culture day 7, the cells were harvested and subjected

to assays for in vitro cementoblast-like differentiation.

Immunohistochemistry
ADSCs were seeded into a 24-well plate (56103 cells/well) and

cultured in basic medium (DMEM plus 10% FBS) for 1 day.

Then, the cells were incubated with DFC-CM for another 7 days.

They were then fixed in 4% paraformaldehyde for 15 min, after

which the cells were incubated with b-catenin (Abcam,32572),

CAP (cemetum attachment protein) or BSP (bone sialoprotein) at

dilutions ranging from 1:100 to 1:200 (Santa Cruz Biotechnology,

Inc., Santa Cruz, CA, USA) for 2 h and subsequently incubated

with FITC(Fluorescein Isothiocyanate)- or Rhodamine-conjugated

anti-rabbit or anti- goat secondary antibodies. Then, sections were

counterstained with Hoechst 33342 (5 mg/mL; Sigma) to identify

all nuclei. The image collection and superimposition were

processed by DP controller (Olympus Optical, Tokyo, Japan)
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and DP manager (Olympus Optical, Tokyo, Japan). Isotype-

matched control antibodies were used under the same conditions.

Real-time PCR analysis
Total RNA was isolated from cultured cells using the Trizol

reagent (Invitrogen). Approximately 2–5 mg of total RNA was

converted to cDNA using the Super Script First Strand Synthesis

Kit (Invitrogen). The real-time PCR reactions were performed

using the QuantiTect SYBR Green PCR Kit (Toyobo, Osaka,

Japan) and the Applied Biosystems 7500 Real-Time PCR

Detection System. Two independent experiments were performed

for each reaction in triplicates. The primers used are listed in

Table 1.

Western blot analysis
ADSCs were harvested in a RIPA lysis buffer (P0013B,

Beyotime Co., Shanghai, China). After whole cell protein extracts

were quantified by a BCA assay, they were separated on NuPAGE

10%–12% polyacrylamide gels, transferred to PVDF membranes

(Millipore, Billercia, MA, USA), blocked in 5% BSA in TBST, and

hybridized with antibodies against primary mouse b-actin/

GAPDH antibody (1:2000, Abcam, Cambridge, UK), primary

rabbit b-catenin (1:800, Abcam, Cambridge, UK), primary rabbit

GSK3b antibody (1:800, Cambridge, UK), primary mouse CAP

antibody (1:800, Santa Cruz, CA, USA), primary mouse BSP

antibody (1:1000, Santa Cruz, CA, USA), and primary rabbit

OPN antibody (1:1000, Santa Cruz, CA, USA), respectively. Beta-

actin or GAPDH on the same membrane were used as a loading

control. Signals were revealed after incubation with anti-rabbit or

anti-mouse IgG secondary antibody (1:2000) coupled to peroxi-

dase by using ECL. Densitometry of Western blots was analyzed

with Quantity One software and normalized to respective loading

control signal on each blot.

Statistical analysis
Data are presented as mean 6 SD. Comparisons were made

using a t-test or one-way ANOVA for experiments with more than

three groups. All experiments were repeated three times, and

representative experiments are shown. Differences were consid-

ered significant at P,0.05.

Results

Biological characteristics of ADSCs
To identify putative stem cells, single-cell suspensions were

generated from rat adipose tissues. Colonies that stained with

toluidine blue exhibited typical fibroblastic morphology. These

cells were termed clonogenic populations of ADSCs (Fig. 1A). Ex

vivo expanded ADSCs expressed the cell surface molecules STRO-

1 (24.7%) and CD146 (31.2%), two early mesenchymal stem-cell

markers. FACS profiling also showed that ADSCs expressed

CD31 (1.8%), CD34 (2.4%), CD45 (2.0%), CD90 (100%), and

CD105 (96.1%) (Fig. 1B).The potential for osteoblastic and

adipogenic differentiation of ADSCs were determined. The

ADSCs were grown in osteogenic-inducing medium; dark red

mineralized bone matrix (bone nodules) was visualized in alizarin

red-stained sections (Fig. 1C). Adipogenic differentiation of

ADSCs was confirmed by Oil Red O staining. The induced

ADSCs populations formed Oil Red O-positive lipid clusters after

3 weeks of adipogenic induction (Fig. 1C).

ADSCs acquired cementoblast features after DFC-CM
treatment

ADSCs have been reported to possess the potential to

differentiate into cementoblasts [8]. The attachment proteins

CAP, ALP, BSP, and OPN act as cementum components, and

their presence appears to be limited to cementoblasts and their

progenitors [25,26]. After 7 days of DFC-CM treatment the

mineralization behavior of differentiated ADSCs was observed, in

which mineralization-related markers, including CAP, ALP, BSP,

and OPN, were detected at mRNA or protein levels. The

expression of these marker genes in ADSCs treated with DFC-CM

compared to the control group increased by the factor 15.1247

(CAP), 4.0856 (ALP), 3.3543 (BSP) and 3.1054 (OPN), respectively

(Fig. 2A). To further confirm these findings, a Western blot

analysis was used for protein detection. The results also indicated

that CAP, BSP, and OPN protein levels increased in ADSCs

treated with DFC-CM for 7 days (Fig. 2B). CAP proteins were

expressed only when cells were grown in the presence of DFC-CM

(Fig. 2B).The histogram showed the quantitative analysis of the

OPN, BSP, ALP and CAP. Significantly higher expression of the

proteins were again observed in the DFC-CM induced group than

the control group (Fig. 2C).

DCF-CM microenvironment suppressed Wnt/b-catenin
signaling pathway of ADSCs

Wnt/b-catenin signaling plays a critical role in bone formation

and regeneration [9,23]. Dentin and cementum share many

similarities with bone in their biochemical compositions and

biomechanical properties. During tooth development, it was found

that canonical Wnt signaling operates at multiple stages of tooth

morphogenesis [27]. Several Wnt genes are broadly expressed in

dental epithelium and mesenchyme during early tooth develop-

ment [28]. Thus, we postulated that the DFC-CM cultured

condition would affect Wnt/b-catenin signaling pathway during

the differentiation process of ADSCs. In order to investigate of the

mechanism of the Wnt/b-catenin signaling pathway on cementum

regeneration, immunofluorescence staining and Western Blot were

used for determining the protein expression in ADSCs cultured in

DFC-CM. The results showed that intense staining of b-catenin

protein was observed in both the control and the DFC-CM

cultured groups, while the positive expression rate decreased in the

DCF-CM treated group (Fig. 3A). Western blot analysis confirmed

that DFC-CM induction of ADSCs could significantly decrease b-

catenin expression levels (P,0.05, Fig. 3B). Canonical Wnt

Table 1. Primer sequences.

Gene Primer Sequence

CAP forward:59-TCTGACGACTCTGCTTCACG-39

reverse:59- TTCAGGGCATGTGTGATGCT -39

ALP forward:59-ATGTCAACCGAAACGCCTCAG-39

reverse:59- ATGGCGGAGTCGAACATGGCA-39

BSP forward:59-ACAGCTGACGCGGGAAAGTTG-39

reverse:59-ACCTGCTCATTTTCATCCACTTC-39

OPN forward:59-AGACCATGCAGAGAGCGAG-39

reverse:59- ACGTCTGCTTGTGTGCTGG-39

LEF-1 forward:59-GGCCCCTCCTACTCCAGTTA-39

reverse:59- TAGACATGCCTTGCTTGGGG-39

TCF-4 forward:59-ATGCATGGGATCATCGGACC-39

reverse:59-GGTCAGCCAACTCGTCACAGTC-39

b-ACTIN forward:59-CCCTGAAGTACCCCATTGAA-39

reverse:59-CTAAGTCATAGTCCGCCTAGAAGCA -39

doi:10.1371/journal.pone.0093364.t001
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Figure 1. Isolation and identification of ADSCs. (A) Representative images of colonies formed by ADSCs at low seeding density after 2 weeks in
culture. (B). Flow cytometry analysis of the expression of cell surface markers related to mesenchymal (CD31, CD90, CD105, CD146 and STRO-1) or
hematopoietic stem cells (CD34 and CD45). Cont: isotype control. (C) After ADSCs were cultured under osteogenic inductive conditions for 21 days,
mineralized nodules were detected following alizarin red staining. ADSCs formed lipid clusters that stained positive for Oil Red O after 21 days of
adipogenic induction. Scale bars represent 100 mm.
doi:10.1371/journal.pone.0093364.g001
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signaling stabilizes b-catenin, which subsequently translocates into

the nucleus to activate the transcription of TCF/LEF family genes.

Consistent with the effects of LEF/TCF, we examined the mRNA

expression of LEF-1 and TCF-4. The results showed that LEF-1

and TCF-4 expression levels were significantly decreased under

DFC-CM condition compared to the control group (Fig. 3C).

In vitro regulation of ADSCs differentiation into
cementoblast-like cells by the Wnt/b-catenin signaling
pathway

Canonical Wnt signaling appears to be capable of maintaining

certain stem cell populations in a proliferative and non-differen-

tiating state. The inhibition of canonical Wnt signaling either by

deleting LEF-1 or by over-expressing the Wnt antagonist Dickkopf

(DKK)1 arrests tooth morphogenesis at the late bud stage [29,30],

and oral epithelium expressing constitutively active b-catenin

results in the formation of multiple teeth, following transplantation

to a kidney capsule [31]. To investigate whether the differentiation

potential of ADSCs cultured in DFC-CM could be improved, we

cultured ADSCs in the presence of exogenous recombinant rat

Wnt3a or DKK1 to activate or inactivate the Wnt/b-catenin

signaling pathway.

Firstly, we determined the levels of b-catenin and GSK3b
(glycogen synthase kinase 3 beta) by Western blot analysis during a

period of 7 d in order to investigate whether treatment of ADSCs

with recombinant rat Wnt3a (100 ng/mL) influenced the Wnt

signaling pathway in ADSCs on the protein level. ADSCs

expressed the b-catenin protein in both the control group and

the DCM-CM cultured group, and its expression was increased

following Wnt3a treatment (Fig. 4A). In marked contrast,

treatment with DKK-1 at 100 ng/mL resulted in decreased

expression levels of b-catenin, with the strongest decrease observed

in the group of ADSCs grown in DFC-CM in the presence of

DKK-1 (Fig. 4A). After cultured in DFC-CM, the expression of

GSK3b was up-regulated in ADSCs. We found that treatment

with Wnt3a led to decreased expression of GSK3b in both the

control group and the DFC-CM group. Moreover, when we

inhibited the Wnt pathway with DKK-1 under control or DFC-

CM induction conditions, GSK3b expression was slightly changed

(Fig. 4A). In addition, our results showed that expression of LEF-1

and TCF-4 in both the control groups and the DFC-CM

induction groups were up-regulated in the presence of exogenous

DKK1 and down-regulated in the presence of exogenous Wnt3a

(Fig. 4B, C).

In order to investigate the ability of ADSCs to differentiate into

cementoblast-like cells, immunofluorescence staining was used for

determining the protein expression in ADSCs. The results showed

that ADSCs cultured in DFC-CM were positive for BSP and CAP.

And then we treated ADSCs with DKK-1(100 ng/mL) under

DFC-CM induction conditions, we found that the number of BSP

and CAP positive expression cells were increased (Fig. 5A).

Furthermore, Wnt3a treatment showed BSP and CAP negative

expression at both the control group and the DFC-CM group

(Fig. 5A). DKK-1 significantly promoted ADSC differentiation

into cementoblast-like cells as shown by Real Time-PCR.

Expression levels of CAP (Fig. 5B), ALP (Fig. 5C), BSP (Fig. 5D)

and OPN (Fig. 5E) in DFC-CM groups were significantly up-

regulated compared with DFC-CM+PBS group. In contrast to

treatment with DKK-1, Wnt3a treatment significantly down-

regulated the expression of CAP (Fig. 5B), ALP (Fig. 5C), BSP

(Fig. 5D) and OPN (Fig. 5E) groups compared with the DFC-

CM+PBS group. The same passage of ADSCs and the same

conditions were used for the experiments showing up-regulation of

the Wnt pathway by Wnt3a and down-regulation of the Wnt/b-

catenin pathway by DKK-1.

Discussion

It is widely accepted that periodontal defects usually do not heal

spontaneously. Periodontal regeneration requires new connective

tissue attachment to the root surface, a process that involves the

formation of new cementum on previously exposed root surfaces,

the synthesis of Sharpey’s fibers and their insertion into newly

formed cementum. Therefore, a variety of procedures have been

advocated in order to ensure an outcome in which periodontal

tissue regeneration can occur. Many studies have reported that

dental stem cells can form structures resembling tooth tissue, and

that dental pulp stem cells (DPSCs) and dental follicle cells have

the ability to form odontoblast-like cells that produce dentine [32].

However, the paucity of supply of a patients’ own dental stem cells

limits the use of this approach. Stem cells are uncommitted entities

capable of both self-renewal and differentiation into multiple cell

lineages. A recent study showed that ADSCs are defined as non-

hematopoietic cells (CD452, CD342) but express other molecules,

the combination of which is largely used for their description:

Figure 2. DFC-CM microenvironments induce ADSC differentiation into cementoblast-like cells. (A) Real-time PCR analysis of the
expression of CAP, ALP, BSP and OPN in ADSCs grown in DFC-CM for 7 days. The expression levels were normalized to that of b-actin. The results
represent mean values (�xx 6 SD) from three independent experiments performed in triplicates. *P,0.05 vs. the control group. (B) CAP, BSP, and OPN
were measured by Western blot in ADSCs grown in basal medium or in cells cultured in DFC-CM for 7 d. GAPDH was used as control for equal
loading. (C) Quantitative analysis of the OPN, BSP, ALP and CAP. *P,0.05 vs. the control group.
doi:10.1371/journal.pone.0093364.g002
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Figure 3. DFC-CM condition effect Wnt/b-catenin signaling pathway in ADSCs. (A) Immunocytochemical staining showed that ADSCs
cultured in basic medium or in DFC-CM condition expressed b-catenin. Scale bar represents 100 mm. (B) Beta-Catenin levels were examined by
Western blot analysis and scanning densitometer. Beta-actin was used as internal control. (C). LEF-1and TCF-4 mRNA were subjected to real time-PCR
analysis after cells were cultured in DFC-CM or basal medium (control) for 7 days. The expression levels were normalized to those of b-actin. The
results represent mean values (SD) from three independent experiments performed in triplicates. *P,0.05 vs. the control group.
doi:10.1371/journal.pone.0093364.g003

Figure 4. Wnt3a or DKK1 activate or inactivate the Wnt/b-catenin signaling pathway. (A) The expression of b-catenin as well as GSK3b
were measured by Western blot in ADSCs grown in DFC-CM or in basal medium (control) with or without the presence of Wnt3a (100 ng/mL)/DKK-1
(100 ng/mL) for 7 d. Beta-actin was used as control for equal loading. (B, C) Expression of LEF-1 (B) and TCF-4 (C) genes in ADSCs cultured in basal
medium or in DFC-CM with Wnt3a (100 ng/mL)/DKK-1 (100 ng/mL) for 7 d. PBS was used as control condition. The expression levels were normalized
to that of b-actin. The results represent mean values (SD) from three independent experiments performed in triplicates. *P,0.05 vs. the PBS group.
doi:10.1371/journal.pone.0093364.g004
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CD73+, CD44+, CD105+, CD90+, CD146+ and STRO-1+ [33].

We also found that ADSCs have the potential to differentiate into

osteogenic and adipogenic cell lineages. ADSCs represent a very

promising potential for tissue regeneration.

Cementogenesis has received attention due to its importance in

periodontal maintenance and regeneration. In the present study,

expression of CAP as a putative cementoblast marker has been

detected in cultured ADSCs stimulated with DFC-CM. In

addition to osteoblastic/cementoblastic differentiation of ADSCs,

the osteogenic differentiation of PDLSC(periodontal ligament

stem cells) and DPSC(dental pulp stem cell) has been also

reported. PDLSCs were allowed to differentiate in the presence

of ascorbic acid-2-phosphate. This resulted in the expression of

alkaline phosphatase, mineralization-related genes, and the

formation of mineralized nodules, thus indicating osteoblastic/

cementoblastic cell lineage differentiation [22]. In another study,

Ikeda et al. reported in vitro osteoblastic/cementoblastic differen-

tiation of DPPSCs in the presence of ascorbic acid, b-

glycerophosphate, and dexamethasone. This differentiation was

Figure 5. Regulation of cementogenic differentiation of ADSCs by Wnt/b-catenin signaling pathway. (A) Immunostaining of BSP and
CAP in ADSCs cultured in basal medium or DFC-CM with or without Wnt3a (100 ng/mL)/DKK-1 (100 ng/mL) treatment for 7 d. Scale bar represents
100 mm. (B–E) Expression of CAP (B), ALP (C), BSP (D), and OPN (E) genes in ADSCs cultured in basal medium or in DFC-CM with Wnt3a (100 ng/mL)/
DKK-1 (100 ng/mL) for 7 d. PBS was used as control condition. The expression levels were normalized to that of b-actin. The results represent mean
values (SD) from three independent experiments performed in triplicates. *P,0.05 vs. the PBS group.
doi:10.1371/journal.pone.0093364.g005
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evidenced by high alkaline phosphatase activity, osteocalcin

content, and mineralized nodule formation [34].

The dental follicle (DF) is a specialized connective tissue, a loose

connective tissue sac that surrounds the unerupted tooth and

which plays different roles in the development of a tooth. Although

some studies suggest that some of the cementoblasts may arise

from Hertwig’s epithelial root sheath, as well as from the DF [35],

other studies indicate that all cementoblasts arise from the DF

[36]. Together with our results that a DFC-CM microenviron-

ment could induce ADSC differentiation into cementoblast-like

cells, these findings suggest that the dental follicle could be a niche

for stem cells.

Persistent stabilization of b-catenin in the dental mesenchyme

leads to premature differentiation of odontoblasts and differenti-

ation of cementoblasts, and induces excessive dentin and

cementum formation in vivo [37]. Intriguingly, our results showed

that the b-catenin levels were lower in ADSCs cultured in DFC-

CM than in those cultured in basal medium. b-catenin is known to

associate with the LEF/TCF transcription factor family and

promote the expression of several genes through the recruitment of

other factors to form a transcriptionally active complex [9–11].

LEF-1 is reported to have an important role in osteoblast

maturation for its ability in the regulation of expression of genes

involved in the stimulation of bone formation, such as Runx2 and

Col-1 [38,39]. A recent report examining the role of the LEF-1 in

the regulation of bone mass found that LEF1+/2 female mice had

decreased trabecular bone mass due to reduced osteoblast activity

[40]. TCF4 is expressed in the ventral diencephalon early in

pituitary development, rostral to a domain of BMP and FGF

expression [41]. b-catenin/TCF-4 transcriptional complex and its

downstream targe c-Myc are both regulating the OPN expression

[42]. In our study, DFC-CM treatment resulted in significantly

decreased levels of LEF-1 and TCF-4 in ADSCs. This is mainly

due to the fact that the Wnt target genes are kept in a repressed

state in the nucleus by interacting with TCF and LEF transcription

factors with associated co-repressors [43]. Canonical Wnt signal-

ing has been reported to contribute positively to osteoblast

differentiation as measured by induced expression of genes

encoding ALP and Runx2 in murine pluripotent mesenchymal

cell lines, C3H10T1/2, C2C12, or in MC3T3-E1, a murine

osteoblast cell line [44,45]. On the other hand, negative effects of

canonical Wnt signaling on osteoblast differentiation have also

been reported. Activation of Wnt signaling by Wnt3a or LiCl

inhibits dexamethasone-induced mineralized nodule formation

with reduced osteogenic markers such as the ALP gene in human

mesenchymal cells and C3H10T1/2 [24,46,47]. In functional

studies, Chen et al. used inducible conditional mutations of b-

catenin in mice [48]. After fracture and deletion of b-catenin,

MSCs could be attracted and could proliferate, but they

differentiated into chondroblasts instead of osteoblasts, leading to

failed bone healing.

The aim of this research was to successfully regenerate

cementum tissue. Dkk1 specifically inhibits canonical Wnt

signaling by binding as a high-affinity antagonist to LRP5/6 co-

receptors. Currently, we do not know whether down-regulated b-

catenin levels could help to promote ADSC differentiation into

cementoblast-like cells via inhibition of the n Wnt/b-catenin

signaling pathway in vitro. We found that ADSCs treated with

DKK-1 displayed dramatically reduced baseline levels of b-

catenin, whereas DKK-1 induced CAP, ALP, BSP, and OPN

activation to promote osteoblastic/cementoblastic differentiation.

Enhanced Wnt/b-catenin signaling either by Wnt overexpression

or by deficiency of Wnt antagonists is associated with increased

bone formation in mice and humans [9,20]. However, this

mechanism is not consistent with our results, along with those of

recent studies [18,23,24] that activation of the canonical Wnt

pathway inhibited osteogenic differentiation of ADSCs in DFC-

CM induction microenvironments. Here, we provide evidence

that Wnt/b-catenin up-regulated by 100 ng/mL Wnt3a signifi-

cantly decreased mRNA expression levels of CAP, ALP, BSP, and

OPN in ADSCs. At this point, the specific signaling pathway(s)

involved in DKK or Wnt3a-induced ADSCs differentiation

remain unclear.

In this study, it has been suggested that the use of ADSCs could

be an alternative potent source for the application of tissue

engineering given their comparatively easy accessibility and

multidifferentiation capacity. Our study has provided new insights

into the molecular mechanisms of the Wnt/b-catenin signaling

pathway, thus showing that it acts as an important regulator

controlling cementoblastic differentiation of ADSCs induced in a

DFC-CM microenvironment. A down-regulated Wnt/b-catenin

signaling pathway could promote ADSC differentiation into

cementoblast-like cells in a DFC-CM microenvironment. Future

efforts should focus on developing an in-depth understanding of

the regulation and functions of the Wnt pathway in the

cementoblastic differentiation of MSCs, which could improve

periodontal tissue regeneration.
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