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Chondrogenesis of periodontal ligament stem cells by
transforming growth factor-b3 and bone morphogenetic
protein-6 in a normal healthy impacted third molar

Sunyoung Choi1,2,*, Tae-Jun Cho1,2,*, Soon-Keun Kwon1,2, Gene Lee2,3 and Jaejin Cho1,2

The periodontal ligament-derived mesenchymal stem cell is regarded as a source of adult stem cells due to its multipotency. However,

the proof of chondrogenic potential of the cells is scarce. Therefore, we investigated the chondrogenic differentiation capacity of

periodontal ligament derived mesenchymal stem cells induced by transforming growth factor (TGF)-b3 and bone morphogenetic

protein (BMP)-6. After isolation of periodontal ligament stem cells (PDLSCs) from human periodontal ligament, the cells were cultured

in Dulbecco’s modified Eagle’s medium (DMEM) with 20% fetal bovine serum (FBS). A mechanical force initiated chondrogenic

differentiation of the cells. For chondrogenic differentiation, 10 mg?L21 TGF-b3 or 100 mg?L21 BMP-6 and the combination treating

group for synergistic effect of the growth factors. We analyzed the PDLSCs by fluorescence-activated cell sorting and chondrogenesis

were evaluated by glycosaminoglycans assay, histology, immunohistochemistry and genetic analysis. PDLSCs showed mesenchymal

stem cell properties proved by FACS analysis. Glycosaminoglycans contents were increased 217% by TGF-b3 and 220% by BMP-6.

The synergetic effect of TGF-b3 and BMP-6 were shown up to 281% compared to control. The combination treatment increased Sox9,

aggrecan and collagen II expression compared with not only controls, but also TGF-b3 or BMP-6 single treatment dramatically. The

histological analysis also indicated the chondrogenic differentiation of PDLSCs in our conditions. The results of the present study

demonstrate the potential of the dental stem cell as a valuable cell source for chondrogenesis, which may be applicable for regeneration

of cartilage and bone fracture in the field of cell therapy.
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INTRODUCTION

Stem cells are undifferentiated, have the potential to proliferate without

differentiation, and can change their identity in an organ specific man-

ner.1 Adult tissues include not only fully differentiated and specialized

cells, but also pluripotent cells, which function similarly to embryonic

stem cells, and are called adult stem cells. These adult stem cells have

been focused upon as a promising tool for understanding tissue develop-

ment and regeneration.2 Stem cells are also present in dental tissues,

including dental pulp, periapical follicles and periodontal ligaments.3

Periodontal ligaments (PDLs) are a specialized connective tissue,

consisting mainly of collagen fibers that attach a tooth to the alveolar

bone. The fibers help the tooth withstand the loading during chewing

and remain embedded in the alveolar bone socket. PDLs also contain

several cellular components such as fibroblasts, osteoblasts and

cementoblasts.4 PDL-derived mesenchymal stem cells have the ability

to regenerate periodontal tissues and pulp. A previous study reported

that during the periodontal wound healing process, these cells

migrated from the residual PDL to regenerate alveolar bone tissue.4

Recently, several studies reported the pluripotency of periodontal

ligament cells.4–8 It was found that cells in the periodontal ligament

express markers of bone marrow mesenchymal stem cells, which sug-

gests that stem cells are present in the periodontal ligament.5–6 Under

specialized conditions, these stem cells, called periodontal ligament

stem cells (PDLSCs), differentiated into cementoblast-like cells and

adipocyte-like cells, and even exhibited the capacity to generate a

structure similar to cementum and PDL architecture when trans-

planted into immunocompromised rodents.5,8 Additionally, it was

reported that these cells might have the potential to differentiate into

chondrocyte-like cell types and express small amounts of collagen type

II and glycosaminoglycans (GAG) in chondrogenesis-inducing cul-

tures.7 Chondrogenesis of PDLSCs has also been attempted with

demineralized dentin implanted into PDLs in vivo;9 however, the pur-

pose of these trials was simply to demonstrate the multipotent ability

of PDLSCs.
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Chondrogenesis is defined as the process through which mesen-

chymal stem cells differentiate into chondroblasts that subsequently

develop into either adult chondrocytes or undergo hypertrophy and

apoptosis.10 Chondrogenesis of stem cells has been focused upon to

complement the low self-repairing ability of natural articular cartilage.

Unlike most natural tissues, articular cartilage has only a limited capa-

city for self-repair, and thus even minor damage can have detrimental

effects. Specifically, it is the damage of the related articular cartilage

that causes osteoarthritis, which is a very irritable and painful disease

and substantially decreases quality of life. Until now, treatment of this

disease focused on assuaging symptoms. Although numerous bio-

logical approaches for articular cartilage repair have been attempted,

they are still experimental and their efficacy is questionable. However,

replacement of damaged cartilage with new cartilage may be a solution

to this condition. Indeed, cell therapy using chondrocytes or their

precursors embedded in some biocompatible scaffold is a possible

approach for cartilage reconstruction.2 Finding proper cells that can

differentiate into chondrocytes, as well as identifying the conditions

necessary for inducing chondrogenesis is a first step for the regenera-

tion of articular cartilage. Furthermore, formation of artificial carti-

lage could be applied to plastic surgery of the nose or ears.

Thus, the aim of this study was to demonstrate the stem cell pro-

perties of PDLSCs by inducing chondrogenesis with the known chon-

drogenic growth factors transforming growth factor (TGF)-b and

bone morphogenetic protein (BMP)-6 in order to contribute to a

better understanding of the development of articular cartilage.

Furthermore, the results suggest a potential step toward the formation

of artificial cartilage.

MATERIALS AND METHODS

Cell isolation and cell culture

PDL-derived cells were obtained from the normal healthy impacted

third molar of a patient at Seoul National University Dental Hospital;

this protocol was approved by the Institutional Review Boards (IRB)

of Seoul National University Medical Ethics Committee. After wash-

ing the tooth with fresh Hank’s balanced salt solution (HBSS) supple-

mented with a 3% antibiotic-antimycotic solution (GIBCO, Grand

Island, NY, USA), PDL tissue was separated from the surface of the

tooth and digested in 1 g?L21 collagenase type I and 2.4 g?L21 dispase

(GIBCO, Grand Island, NY, USA) for 1 h at 37 6C, followed by filtering

through 100 mm mesh. The solution was then centrifuged at 400g for

4 min at 4 6C and the resulting cell PDL-derived cell pellet was resus-

pended in Dulbecco’s modified Eagle’s medium (DMEM; Welgene,

Daegu, Korea) containing 20% fetal bovine serum (FBS; HyClone

Laboratories, Vancouver, Canada). The cells were cultured in DMEM

solution containing 20% FBS (HyClone Laboratories, Vancouver,

Canada) with a 1% antibiotic-antimycotic solution at 37 6C in a 5%

CO2 humidified atmosphere. Cells at the sixth passage were used for

experiments.11

Chondrogenic differentiation

To trigger chondrogenesis of PDLs, a mechanical force formed three-

dimensional (3D) cell cluster was created using 250 000 PDLs per

cluster by centrifugation at 500g for 5 min at 4 6C.12 The PDL-derived

3D clusters were differentiated with TGF-b3 and BMP-6, which are

known chondrogenic growth factors for mesenchymal stem cells

derived from bone marrow and adipose tissue. Defined medium,

which was optimized in our lab, consisted of 100 nmol?L21 dexame-

tasone, 50 mg?L21 ascorbate-2-phosphate, 100 mg?L21 sodium pyru-

vate, 40 mg?L21 L-proline and 1% ITS1Premix (all Sigma-Aldrich, St.

Louis, MO, USA) based on high-glucose DMEM; this media served as

a control. For chondrogenesis, the defined media was supplemented

with either 10 mg?L21 TGF-b3 (R&D Systems, Minneapolis, MN, USA)

or 100 mg?L21 BMP-6 (R&D Systems, Minneapolis, MN, USA). To

evaluate the synergistic effects of both TGF-b3 and BMP-6 for chon-

drogenesis on human PDLSCs (hPDLSCs), a defined media containing

both TGF-b3 and BMP was used. We maintained the chondrogenic

differentiation process for 14 days.

Fluorescence-activated cell sorting analysis

For fluorescence-activated cell sorting (FACS) analysis, hPDLSCs were

harvested on day 14 of culture after isolation and purification. The cells

were washed with phosphate buffer solution (PBS) and then stained

with the following antibodies: fluorescein isothiocyanate (FITC)-

conjugated mouse anti-human CD14, CD31, CD44 and CD45; phy-

coerythrin (PE)-conjugated mouse anti-human CD29, CD73 and CD117;

PE.Cy5-conjugated mouse anti-human CD90; antigen-presenting cell-

conjugated mouse anti-human CD34 and HLA-DR; streptavidin-

conjugated PE; biotin-conjugated HLA class I (all from BD, San Diego,

CA, USA); and antigen-presenting cell-conjugated mouse anti-human

CD105 (eBioscience, San Diego, CA, USA). Each primary antibody was

incubated with 100 000 cells for 30 min on ice. After washing, the sec-

ondary antibody was applied for 30 min on ice and then cells were fixed

with 4% paraformaldehyde at 4 6C. The fluorescence intensity was mea-

sured with a FACSCalibur flow cytometer (BD, San Diego, CA, USA) and

data were analyzed via FLOWJO software (Tree Star, Inc., San Carlos, CA,

USA).

Macroscopic analysis

hPLDSC pellets were observed on day 14 using a stereoscopic micro-

scope (SMZ645; Nikon, Tokyo, Japan) and photographs were taken

with a microruler for size analysis.

GAGs assay

The level of sulfated GAGs in the hPDLSC pellets harvested on day 14

of culture was measured using a Blyscan Sulfate Glycosaminoglycan

Assay (Biocolor Ltd, Belfast, Ireland) according to the manufacturer’s

instructions. Pellets were digested in 1 mL Papain buffer (100 mL of

0.2 mol?L21 sodium phosphate buffer, 0.1 mol?L21 sodium acetate,

10 nmol?L21 ethylene diaminetetraacetin acid (EDTA), 5 mmol?L21

L-cysteine and HCl, pH 6.4) with 10 mg?L21 of papain for 24 h in a

60 6C water bath, and then centrifuged at 3 300g for 5 min. Absorbance

of the samples was measured with an enzyme-linked immunosorbent

assay (ELISA) reader (S500; BIO-RAD, Hercules, CA, USA) at 656 nm

and chondroitin-4-sulfate solution was used as a standard. Total cel-

lular DNA content was measured using a pico-green dsDNA assay kit

(Invitrogen, Camarillo, CA, USA) according to the manufacturer’s

instructions. The level of GAGs was normalized versus the total

amount of DNA.

Total RNA extraction and reverse transcription-polymerase chain

reaction

On day 14, total RNA was extracted from hPDLSC pellets using Trizol

reagent (Invitrogen, Carlsbad, CA, USA) and treated with DNase I

(Roche, Mannheim, Germany) to remove possible DNA contami-

nants. The RNA was reverse-transcribed into complementary DNA

by M-MLV reverse transcriptase (Invitrogen, Camarillo, CA, USA)

according to the manufacturer’s protocols. The amount of cDNA

was determined by PCR using AccuPower PCR PreMix (Bioneer,

Daejeon, Korea) according to the manufacturer’s instructions. In this
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way, the gene expression level of chondrogenic markers including

collagen type I, II and X; SOX9, RUNX2; and aggrecan in the pellets

was measured and normalized to their glyceraldehyde-3-phosphate

dehydrogenase mRNA level (Table 1).

Histological and immunohistochemical analysis

Three-dimensional hPDLSC pellets harvested after 14 days of culture

were embedded in paraffin and sectioned as 4-mm-thick slices. The

paraffin sections were deparaffinized using Histo-clear II (Natural

Diagnostics, Blackburg, VA, USA) and hydrated in alcohol. The speci-

mens were stained with hematoxylin and eosin (Sigma-Aldrich, St.

Louis, MO, USA) to identify and evaluate cell morphology. GAGs

were visualized by staining with alcian blue (Wako, Osaka, Japan)

and safranin-O/fast green (Fisher, Fair Lawn, NJ, USA).

Synthesized type I collagen in the pellets was detected by immuno-

histochemical staining using the ABC kit (Invitrogen, Camarillo, CA,

USA) according to the manufacturer’s instructions. Briefly, deparaffi-

nized sections were hydrated with gradual concentrations of ethanol

and incubated with serum blocking solution (Invitrogen, Camarillo,

CA, USA) for 30 min to block non-specific background on the slides.

The specimens were then stained with polyclonal rabbit anti-human

type I collagen (Abcam, Cambridge, UK) as a primary antibody and

incubated for 60 min at room temperature. After washing with

Dulbecco’s phosphate-buffered saline (DPBS; GIBCO, Grand Island,

NY, USA), they were incubated again with anti-rabbit IgG (Invitrogen,

Camarillo, CA, USA), a secondary antibody, for 30 min. Type I collagen

was visualized by applying streptavidin-HRP-conjugated tertiary anti-

body (Invitrogen, Camarillo, CA USA), followed by diaminobenzidine

(DAB kit; Invitrogen, Camarillo, CA, USA). The same procedures were

followed for staining of type II collagen, except monoclonal mouse

anti-human type II collagen (Calbiochem, Darmstadt, Germany) as

a primary antibody and anti-mouse IgG (Invitrogen, Camarillo, CA,

USA) as a secondary antibody were used.

Statistical analysis

Four independent experiments were performed in triplicate and the

data are presented as means6s.d. Data analysis was performed using

Student’s t-test at a significance level of P,0.05.

RESULTS

FACS analysis and macroscopic analysis

For the characterization of hPDLSC properties, we analyzed stem cell

surface markers by FACS. Mesenchymal stem cell markers were homo-

geneously expressed in the cells as follows: 99.73% CD29, 99.54%

CD44, 97.55% CD73, 84.80% CD90 and 51.54% CD105. The hemato-

poietic and endothelial markers were expressed in a small number of

cells as follows: 0.3% CD14, 0.17% CD31, 0.35% CD34, 0.16% CD45,

0.17% CD117 and 0.65% HLA-DR. These results are consistent with

previously published data (Figure 1a).6,13–15 The size of the chon-

droclusters was measured with a stereoscopic microscope and a

microruler. Although the chondroclusters were each treated in a dif-

ferent medium, they were similar in size, approximately 0.7 mm

(Figure 1b).

GAG assay

The sulfated GAG contents of the pellets were measured after 14 days

and normalized according to the total amount of cellular DNA. GAG

synthesis was increased by 217% in cells treated with 10 mg?L21 TGF-

b3 and by 220% in those treated with 100 mg?L21 BMP-6. The com-

bination treatment of TGF-b3 and BMP-6 induced an even higher

increase in GAG content (281%). Further, the medium containing

both growth factors induced GAG synthesis 130% more than TGF-

b3 alone and 128% more than BMP-6. The increases in GAG levels

were all statistically significant (P,0.01). Total DNA levels, which

reflected the viability and proliferation of cells in the four conditions,

were similar, indicating that these results are reliable (Figure 2).

Reverse transcription-polymerase chain reaction

The expression of genetic markers related to chondrogenesis was mea-

sured by reverse transcription-polymerase chain reaction (RT-PCR).

The genes assayed in this experiment were SOX9, aggrecan, collagen

type II, collagen type I, collagen type X and RUNX2. hPDLSCs cul-

tured in the defined media expressed all markers except collagen type

X. Both TGF-b3 and BMP-6 increased the expression of SOX9, which

is known as a critical chondrogenesis related transcription factor, by

1.46- and 2.71-fold, respectively, compared to the control treatment.

Furthermore, combination treatment with TGF-b3 and BMP-6

increased the expression of SOX9 by 3.97-fold compared with the

control treatment. Further, the combination of both growth factors

upregulated SOX9 expression compared to TGF-b3 alone by 2.71-fold

and BMP-6 alone by 1.46-fold. Aggrecan expression was also increased

in the presence of the growth factors compared to the control treat-

ment as follows: 4.69-fold with TGF-b3, 7.50-fold with BMP-6 and

18.60-fold with both. The expression of collagen type II was increased

considerably more than the other markers in the presence of the

growth factors. Specifically, TGF-b3 increased collagen type II

expression by 5.29-fold, BMP-6 by 4.63-fold and both by 23.15-fold

compared with the control treatment. Lastly, with respect to increases

Table 1 Primers for PCR

Target genes Sequences Annealing temperature/6C Size/bp Cycles

COLI F: 59-GGACACAATGGATTGCAAGG-39

R: 59-TAACCACTGCTCCACTCTGG-39

54 461 28

COLII F: 59-TGGCCTGAGACAGCATGAC-39

R: 59-AGTGTTGGGAGCCAGATTGT-39

58 373 35

COLX F: 59-GAACATCACCTACCACTGCAAG-39

R: 59-GCAGAGTCCTAGAGTGACTGAG-39

58 468 35

SOX9 F: 59-ATCTGAAGAAGGAGAGCGAG-39

R: 59-TCAGAAGTCTCCAGAGCTTG-39

60 264 35

Aggrecan F: 59-TCCTCTCCGGTGGCAAAGAAGTTG 39

R: 59-CCAAGTTCCAGGGTCACTGTTACCG-39

59 271 35

RUNX2 F: 59-CAGAACCCACGGCCCTCCCT-39

R: 59-TCTGAAGCACCTGAAATGCGCCT-39

64 242 35

GAPDH F: 59-TGTTGCCATCAATGACCCCTT-39

R: 59-CTCCACGACGTACTCAGCG-39

55 202 35
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Figure 1 FACS analysis and macroscopic sizing. (a) Immunophenotype characterization of PDLSCs at passage 6. Cells were homogeneously positive for mesenchy-

mal stem cell markers (99.73% CD29, 99.54% CD44, 97.55% CD73, 84.80% CD90, 51.54% CD105) and negative for markers of hematopoietic stem cells or

endothelial cells (0.3% CD14, 0.17% CD31, 0.35% CD34, 0.16% CD45, 0.17% CD117, 0.65% HLA-DR). (b) Picture of the chondro-balls cultured in four different

kinds of chondrogenic media for 14 days. They were of similar size despite the different media compositions. D: control; T: 10 mg?L21 TGF-b3, B: 100 mg?L21 BMP-6;

T1B: 10 mg?L21 TGF-b3 plus 100 mg?L21 BMP-6. FACS, fluorescence-activated cell sorting; PDLSC, periodontal ligaments stem cell; TGF, transforming growth factor;

BMP, bone morphogenetic protein.
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Figure 2 Differentiation ability of periodontal ligament derived cells into chondrocyte. (a) Relative amount of glycosaminoglycan/DNA content in each chondro-ball

grown in the four different media types. GAG synthesis was increased by 217% in TGF-b3 containing media and by 220% in BMP-6 containing media. The presence of

both TGF-b3 and BMP-6 increased GAG synthesis by 281%. (b) Total amount of DNA in each chondro-ball, indicating that the viability and proliferation of cells in the

four conditions were similar, which implies that the results are reliable. D: control; T: 10 mg?L21 TGF-b3, B: 100 mg?L21 BMP-6; T1B: 10 mg?L21 TGF-b3 plus

100 mg?L21 BMP-6. GAG, glycosaminoglycan; TGF, transforming growth factor; BMP, bone morphogenetic protein.
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in the expression of chondrocyte hypertrophy markers, the expression

of collagen type X and Runx2, both osteogenic genes, were increased

by medium containing both TGF-b3 and BMP-6 compared with the

control treatment (Figure 3a and 3b).

Histological and immunohistochemical analysis

Hematoxylin and eosin staining showed that the cells cultured with

BMP-6 were more spindle-shaped compared to others, and that cells

grown in a cocktail of TGF-b3 and BMP-6 had larger nuclei and

appeared to be arranged in two layers, namely, an inner layer and an

outer layer. In the inner layer, the cells and nuclei appeared round;

however, in the outer layer, the cells had a spindle shape. Alcian blue

staining also showed a similar arrangement of the cells cultured in the

cocktail. The nuclei of the cells were more prominent and round with

safranin-O staining, while the layering pattern was clearly observed in

the immunohistochemical staining for type I collagen. In the cells

grown with both growth factors, the staining was much more intense

in the outer layer of the cell clusters compared to the inner layer. Type I

collagens were evenly distributed in the extracellular matrix in cells

cultured in the TGF-b3 or BMP-6 medium. With respect to immuno-

histochemical staining for collagen type II, a pale brownish color was

evenly distributed (Figure 4).

DISCUSSION

In this study, we demonstrated that human periodontal ligament-

derived mesenchymal stem cells underwent chondrogenic induction

upon treatment with growth factors, demonstrating sulfated glycosa-

minoglycan synthesis, expression of chondrogenesis-related genes,

and increased chondrogenic protein abundance by immunohisto-

chemistry. The growth factors TGF-b3 and BMP-6 not only induced

a

d e f

b c

g h i

j k l

m n o

Figure 4 Histological and immunohistochemical analysis. PDLSCs cultured in

the four different types of media for 14 days. (a–c) Hematoxylin and eosin staining

of the chondro-balls seeded in 10 mg?L21 TGF-b3, 100 mg?L21 BMP-6, and both

10 mg?L21 TGF-b3 and 100 mg?L21 BMP-6, respectively. (d–f) Alcian blue stai-

ning of the chondro-balls seeded in 10 mg?L21 TGF-b3, 100 mg?L21 BMP-6, and

both 10 mg?L21 TGF-b3 and 100 mg?L21 BMP-6, respectively. (g–i) Safranin O

staining of the chondro-balls seeded in 10 mg?L21 TGF-b3, 100 mg?L21 BMP-6,

and both 10 mg?L21 TGF-b3 and 100 mg?L21 BMP-6, respectively. (j–l) Type I

collagen immunohistochemical staining of the chondro-balls seeded in 10 mg?L21

TGF-b3, 100 mg?L21 BMP-6, and both 10 mg?L21 TGF-b3 and 100 mg?L21 BMP-6,

respectively. (m–o) Type II collagen staining of the chondro-balls seeded in

10 mg?L21 TGF-b3, 100 mg?L21 BMP-6, and both 10 mg?L21 TGF-b3 and

100 mg?L21 BMP-6, respectively. PDLSC, periodontal ligaments stem cell; TGF,

transforming growth factor; BMP, bone morphogenetic protein.
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Figure 3 RT-PCR analysis during chondrogenesis of periodontal ligament

derived cells. (a) RT-PCR assay for chondrogenesis-associated genes in

PDLSCs. (b) The relative absorbance of each gene in the RT-PCR assay shows

the relative gene expressions of each chondro-related RNA in the chondro-balls

cultured in the four different chondrogenic media. The addition of TGF-b3 or

BMP-6 considerably increased the expression of chondrocyte-related markers,

SOX9, aggrecan (AGG), and collagen type II (COL2). Likewise, the combination of

both growth factors was synergistic with respect to increased expression of these

genes. The expression of Collagen type X (COLX) and RUNX2 were also induced

by the growth factors. D: control; T: 10 mg?L21 TGF-b3, B: 100 mg?L21 BMP-6;

T1B: 10 mg?L21 TGF-b3 plus 100 mg?L21 BMP-6. RT-PCR, reverse transcrip-

tion-polymerase chain reaction; PDLSC, periodontal ligaments stem cell; TGF,

transforming growth factor; BMP, bone morphogenetic protein.
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chondrogenesis on their own, but also showed a synergistic effect. The

ability of TGF-b3 to enhance chondrogenic differentiation has been

widely demonstrated and applied in various studies.16 BMP-6 induces

chondrogenesis more efficiently than TGF-b3 in adult stem cells

derived from adipose tissue.17 TGF-b3 and BMP-6 may promote very

early events in chondrogenesis and directly or indirectly maintain

their regulation during the differentiation and maturation of chon-

drocytes.18 Similar to other stem cells, PDLSCs underwent chondro-

genesis more efficiently in the presence of both TGF-b3 and BMP-6.

Even though there was no significant difference between the two

growth factors in terms of induction, the combination of the growth

factors stimulated increased chondrogenesis.

As shown in Figure 1a, the homogeneously high expression of CD29

(b1-integrin) and CD44 (hyaluronic acid receptor) indicated that the

PDLSCs used in this study were mainly mesenchymal stem cells.14

CD90 (Thy-1) is a marker of various kinds of stem cells and speci-

fically, it is a major marker of hematopoietic stem cells in combination

with CD34. The CD90 positivity with the low level of CD34 expression

demonstrated that there were few hematopoietic stem cells present in

the isolated PDL cells.15 Further, the relatively low level of CD105

(endoglin), which is a specific marker for mesenchymal stem cells,

implied the existence of an osteogenic differentiation process.14

Lastly, the low levels of CD14, a monocyte and macrophage marker,

CD31, an endothelial cell marker, CD34, the hematopoietic early pro-

genitor marker, CD45, the leukocyte common antigen, and CD117, a

hematopoietic stem cell marker, demonstrated that the PDLSCs used

in this study were not contaminated by hematopoietic stem cells or

endothelial cells. In general, the cell surface marker expression of

PDLSc showed similar expression as MSC. It means that the cells

can be used as a strong stem cell source for cell therapy.

Chondrogenesis-related markers, SOX9, aggrecan, and collagen

type II were all upregulated upon treatment with the growth factors.

The first step in chondrogenesis is mesenchymal condensation

mediated first by paracrine factors and subsequently by SOX9.19

Previous studies found that SOX9 is the clearest marker of chondro-

genesis, as cells undergoing mesenchymal condensation begin to

differentiate into chondrocytes.20–21 SOX9 is responsible for the

expression of some of the key genes in chondrogenesis, namely

SOX5, SOX6 and collagen II a1 (Col2a1).18 It was previously reported

that the expression of SOX9 is regulated by members of the TGF-b,

bone morphogenetic protein (BMP), FGF and Wnt families.22–23 Thus,

the increased expression of SOX9 in our results implies the stimulation

of chondrogenesis. However, the expression of both collagen type X, a

hypertrophy-related factor, and Runx2, an osteogenesis-related factor,

were also increased.

The mesenchymal stem cell properties of the cultured PDLSCs were

indicated by the homogeneously positive expression of several stem

cell specific markers on the surface, including CD29 and CD44.

Furthermore, homogeneously negative expression of CD14, CD31,

CD34, CD45 and CD117 indicated that the cells were not contami-

nated with hematopoietic stem cells or endothelial cells.

The growth factors enhanced the synthesis of GAG while maintai-

ning a constant level of cell proliferation and viability. Proteoglycans

are the second-most abundant proteins in cartilage matrix, and chon-

droitin sulfate is the predominant glycosaminoglycan in cartilage.24

The combination of growth factors induced more GAG production,

which confirmed their synergistic effect. This was also supported by

the increased expression of chondrogenesis-related genes. In response

to the growth factors, chondrogenesis-related genes, SOX9, aggrecan

and collagen type 10, were upregulated. The expression of aggrecan

and collagen type II were considerably increased by the cocktail of the

growth factors. Aggrecan, one of the substrates of chondroitin sulfate,

is the most abundant proteoglycan in cartilage.25 Deposition of aggre-

can has been considered a hallmark of chondrogenesis.26

Immunohistochemical staining indicated synthesis of type I and

type II collagens in the extracellular matrix. Cells cultured in BMP-6

medium appeared to be more spindle-shaped than others, and those

grown in both TGB-b3 and BMP-6 seemed arranged in two distinct

layers, namely, an inner layer and an outer layer. Most of the results

suggest that the growth factors TGF-b3 and BMP-6 induced chondro-

genesis in PDLSCs; however, expression of several unexpected mar-

kers such as collagen type X and Runx2 were also stimulated by the

growth factors. This limitation should be evaluated in further studies.

PDLSCs showed a similar pattern of chondrogenic differentiation

compared with other stem cells, expressing chondrogenesis-related

genes and synthesizing extracellular matrix proteins successfully in

the presence of growth factors.

Since PDLSCs are neural crest origin, known as a type of MSC, have

a high proliferative and multipotent capacity. Extracted supernume-

rary or the third molar teeth, which was wastes of dental procedures,

might be a valuable stem cell sources. In technically, getting bone

marrow is aggressive, and needing general anesthesia but teeth can

be easily obtained during dental treatment. In this reason, MSC from

teeth, like PDLSc, can be banked for long period and used as a source

of stem cell therapy for many diseases.27–28

In summary, we investigated the stem cell properties of PDL cells by

inducing chondrogenesis using growth factors, TGF-b3 and BMP-6.

This work demonstrated the potential of dental stem cells as a valuable

cell source for chondrogenesis, which can be applied to the regenera-

tion of cartilage in the tissue engineering field. These results also

confirm that PDLSCs can be used in tissue-engineering approaches

for the treatment of osteoarthritis, temporomandibular joint disorder,

and cartilage reconstruction.
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