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Dental pulp stem cells (DPSCs), which arise from cranial neural crest cells, are multipotent, making them
a candidate for use in tissue engineering that may be especially useful for craniofacial tissues. Costal
chondrocytes (CCs) can be easily obtained and demonstrate higher initial cell yields and expansion than
articular chondrocytes. CCs have been found to retain chondrogenic capacity that can effectively repair
articular defects. In this study, human CCs were co-cultured with human DPSCs, and the results showed
that the CCs were able to supply a chondro-inductive niche that promoted the DPSCs to undergo
chondrogenic differentiation and to enhance the formation of cartilage. Although CCs alone could not
prevent the mineralization of chondro-differentiated DPSCs, CCs combined with exogenous FGF9 were
able to simultaneously promote the chondrogenesis of DPSCs and partially inhibit their mineralization.
Furthermore, FGF9 may activate this inhibition by binding to FGFR3 and enhancing the phosphorylation
of ERK1/2 in DPSCs. Our results strongly suggest that the co-culture of CCs and DPSCs combined with
exogenous FGF9 can simultaneously enhance chondrogenesis and partially inhibit ossification in engi-
neered cartilage.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Interest in the use of cell-based cartilage regeneration to repair
impaired articular cartilage is growing, and autologous articular
chondrocytes (ACs) are currently the most commonly transplanted
cell source [1,2]. However, a limited proliferative capability and
rapid dedifferentiation following expansion have always been
shortcomings of ACs [3]. In contrast, mesenchymal stem cells
(MSCs) can be easily isolated and expanded in vitro for chondro-
genesis [4,5]. Unfortunately, the use of MSCs alone to repair the
functional properties of native articular cartilage remains chal-
lenging. Recent studies have shown that paracrine factors released
by articular chondrocytes can induce the chondrogenesis of MSCs,
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simultaneously enhancing the functional properties of engineered
cartilage and inhibiting its hypertrophy during co-culture [6e10],
which suggests that the co-culture of MSCs with chondrocytes may
be an effective approach for cartilage regeneration.

Dental pulp stem cells (DPSCs) express various embryonic stem-
cell markers and are multipotent [11,12]. These cells are thought to
derive from migrating cranial neural crest cells [13]. DPSCs can be
easilyobtained fromextracted thirdmolars, deciduous teethandother
healthy teeth. Under specific stimuli, DPSCs can differentiate into
several different cell types, including neurons, odontoblasts, osteo-
blasts, adipocytes and chondrocytes [14e16]. These results suggest
thatDPSCsmaybean alternative cell source for cartilage regeneration.

Chondrocytes harvested from different cartilaginous sites (such
as articular, nasoseptal, costal and auricular cartilage) have
demonstrated chondrogenic potential and may reproduce their
own developmental characteristics in tissue-engineered neo-
cartilage [17,18]. ACs may be the most suitable cell option for
articular cartilage regeneration, but sources of these cells are
al chondrocytes and dental pulp stem cells combinedwith exogenous
ered cartilage, Biomaterials (2012), http://dx.doi.org/10.1016/
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limited. Fortunately, costal cartilage provides a potential alternative
cell source with some advantages. Larger amounts of costal carti-
lage can be easily obtained with less harm to the donor site.
Additionally, costal chondrocytes (CCs) have demonstrated higher
initial cell yields and higher cell expansion than ACs, and even fully
dedifferentiated CCs can successfully redifferentiate into hyaline
cartilage when cultured at high density [19]. Furthermore, costal
cartilage is a hyaline cartilage that is similar to articular cartilage,
and several reports have demonstrated that the application of CCs
can effectively repair articular defects [20e22]. However, it should
also be noted that tissue-engineered hyaline cartilage from CCsmay
retain an intrinsic tendency to ossify [23].

FGF9, a member of the fibroblast growth factor (FGF) family, is
involved in a variety of biological processes, including embryonic
development, cell proliferation and differentiation [24e26]. With
respect to chondrocytes, FGF9 may play a crucial and complex role
in intramembranous bone formation and endochondral ossification
[27e29]. Clinical examination and animal and cell studies have also
shown that FGF9 can inhibit the terminal differentiation of chon-
drocytes [30e32], suggesting that exogenous FGF9 may be applied
as an inhibitor of the ossification of tissue-engineered hyaline
cartilage from CCs.

In this study, CCs were co-cultured with DPSCs to investigate
whether CCs could be utilized to create a chondro-inductive niche
that would enhance the chondrogenesis of DPSCs in vitro and
in vivo. Next, exogenous FGF9 was added to prevent hypertrophic
differentiation and to stabilize the phenotype of chondro-
differentiated DPSCs. Finally, we investigated whether FGF9 could
inhibit the hypertrophy of chondro-differentiated DPSCs by binding
to FGFR3 and enhancing the phosphorylation of ERK1/2 (p-ERK1/2).

2. Materials and methods

2.1. Isolation and culture of human DPSCs and CCs

After informed consent was obtained, normal third molars were collected from
adult humans (ranging from 16 to 25 years in age, mean ¼ 18 � 3.2) at the oral and
maxillary facial surgery clinic in our hospital. DPSCs were isolated by direct cell
outgrowth from the dental pulp tissues and cultured as previously reported [33].
Briefly, the obtained pulp tissues were dissected into 0.5- to 1-mm fragments, which
were placed in a 6-cm culture dish with Dulbecco’s modified Eagle medium (DMEM)
(Gibco) supplemented with 20% fetal bovine serum (FBS) (Hyclone) and antibiotics
and then incubated at 37 �C under 5% CO2. At confluence, the outgrown cells from 2
to 3 patients were mixed together and then passaged for further experiments. Cells
from the third passage (P3) were used in this study. Cells used for experimental and
control group comparisons came from the same batch of mixed cells, and experi-
mental replicates were performed with different batches of mixed cells.

To induce adipogenesis, a mixture including 0.5 mM isobutylmethylxanthine,
0.5 mM hydrocortisone, and 60 mM indomethacin was added to the culture medium
and subsequently replaced every 3 days for 3 weeks. The culture was then fixed
using 4% paraformaldehyde (PFA) and stained with 0.0125% oil red O in isopropanol
for 20 min at room temperature. For osteogenic differentiation assays, the osteo-
genic medium was composed of DMEM, 10% FBS, 10�8

M dexamethasone (Sigma),
5 mmol/L KH2PO4, 50 mg/ml L-ascorbic acid and 50 mg/ml gentamicin, which was
replaced every 3 days for 3 weeks. The culture was then fixed in 95% ethanol and
stained with 1% Alizarin red S (Sigma) for 20 min at room temperature, followed by
thorough washing and scanning.

Costal cartilage was obtained from human donors (ranging from 18 to 35 years in
age, mean¼ 22� 5.2) who had undergone rhinoplasty, and the patients’ consent was
obtained under local ethical committee guidelines. The isolation and culture of CCs
were conducted as previously described [20]. Briefly, dissected cartilage fragments
were digested using a solution of 0.25% trypsineEDTA (Sigma) for 30min, followed by
digestion with 0.3% type II collagenase (Sigma) in DMEM at 37 �C overnight. The CCs
were expanded for 1 week in a 10-cm dish with DMEM-F12 (Gibco) containing 10%
FBS, 100U/ml penicillin, 100 mg/ml streptomycin (Gibco), and 10 mg/ml L-ascorbate-2-
phosphate (Gibco) at 37 �C under 5% CO2. The culture medium was changed every 2
days, and cells from the second passage (P2) were used in this study.

2.2. Colony-forming efficiency and proliferation potential assays

The colony-forming efficiency (CFE) of the P3 DPSCs was determined by plating
1000 mixed cells in a 10-cm culture dish, followed by 14 days of culture in DMEM.
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After 2 weeks in culture, the cells were fixed in 100% methanol for 20 min and
stained with Giemsa. All colonies of more than 50 cells were counted. The CFE was
calculated by dividing the total number of colonies by the initial number of cells.

2.3. Cell viability and proliferation assays using MTT

A total of 104 DPSCs per well were plated in 96-well plates and cultured in 200 ml
DMEMwith 10% FBS. The proliferation of the DPSCs was then evaluated on different
days using thiazolyl blue staining (MTT). Briefly, the cells were incubated with
0.5 mg/ml MTT (Sigma) under normal culture conditions for 4 h. The medium was
subsequently removed, and 200 ml DMSO was added to each well. The plates were
shaken for 10 min, and the absorbance of each solution at 490 nm was measured
using a spectrophotometer and corrected with an NP blank (Bio-Tek, Elx 800,
Winooski, VT, USA). The growth curve was drawn based on the obtained absorbance
values.

2.4. DPSCseCCs pellets co-culture in vitro

In vitro chondrogenesis was performed in pellet cultures using P3 DPSCs and P2
CCs as previously described [34]. Briefly, DPSCs and CCs were washed twice with PBS
and resuspended in chondrogenic medium (Cyagen, China) consisting of DMEM-F12
supplemented with 1% ITS (Sigma), 0.1 mM L-ascorbate-2-phosphate, 0.4 mM proline
(Sigma) and the chondrogenic factors 10�7

M dexamethasone (Sigma) and 10 ng/ml
transforming growth factor-b3 (TGFb3, Sigma). Then, the DPSCs and CCs were mixed
at different ratios, and 5�105 cells (DPSCs, CCs, or amixture of the two)were pelleted
for each sample. The cells were centrifuged in 15-ml polypropylene tubes at 500g and
maintained at 37 �C under 5% CO2. The caps of the tubeswere loosened to allow for air
exchange. Themediumwas changed every 2 days. After 6weeks of culture, the pellets
were collected and processed for histology and immunohistochemistry (IHC) anal-
yses, ALP staining, semi-quantification of glycosaminoglycan (GAG) and analysis of
mRNA expression. The supernatants were collected weekly to assess the ALP activity
and secretion of the FGF9 protein. All pellet groups for the different experiments were
prepared as follows: (1) DPSCs-Control: DPSCs alone cultured in DMEM including 10%
FBS; (2) DPSCs þ TGFb3: DPSCs alone cultured in chondrogenic medium including
TGFb3; and (3) DPSCs þ CM: DPSCs alone cultured in conditioned medium (CM). The
CM was defined as follows: P2 CCs were pellet-cultured in chondrogenic medium,
and the medium was changed and collected every 2 days. Then, fresh chondrogenic
medium and the collected medium from the pellet cultures were mixed at a ratio of
1:1 to constitute the CM. The CCs used in each batch were obtained from a single
donor population. (4) DPSCs þ CCs (5:5) þ TGFb3 or DPSCs þ CCs (7:3) þ TGFb3:
DPSCs and CCs mixed at a ratio of 5:5 or 7:3 and cultured in chondrogenic medium
with TGFb3; (5) DPSCs þ TGFb3 þ FGF9: DPSCs alone cultured in chondrogenic
medium with TGFb3 and 10 nM FGF9; (6) DPSCs þ CCs þ TGFb3 þ FGF9: DPSCs and
CCsmixed at a 7:3 ratio and cultured in chondrogenic mediumwith TGFb3 and 10 nM

FGF9; (7) DPSCs þ CCs þ TGFb3 þ FGF9 þ PD98059: DPSCs and CCs mixed at a 7:3
ratio and cultured in chondrogenic medium with TGFb3, 10 nM FGF9 and PD98059;
and (8) CCs þ TGFb3: CCs alone cultured in chondrogenic medium with TGFb3.

2.5. In vitro co-culture of DPSCs and CCs on polyglycolic acid scaffolds and in vivo
transplantation

Fibrous polyglycolic acid (PGA) scaffolds (Tianqing, China) were prepared in
cylinders 10 mm in diameter and 3 mm in height as previously described [6]. To
form cell-scaffold constructs, P3 DPSCs and P2 CCs were mixed at different ratios
(5:5 or 7:3) and then seeded into the PGA scaffolds (1.0� 107 cells per scaffold, n¼ 6)
(DPSCs þ CCs (5:5) þ TGFb3 or DPSCs þ CCs (7:3) þ TGFb3). The constructs were
cultured in chondrogenic medium for 4 weeks and then subcutaneously trans-
planted onto the backs of skin flaps of nude mice. DPSCs cultured in chondrogenic
medium (DPSCs þ TGFb3) or regular DMEM medium (DPSCs-Control) were also
seeded into the PGA scaffolds as references. The total number of implants was 6 per
nude mouse, and 3 nude mice were used in each group. All of the transplants were
harvested 8 weeks after implantation for histological and IHC examination, semi-
quantification of GAG, analysis of mRNA expression and analysis of ALP activity.

2.6. Real-time PCR

Total cellular RNA from pellet samples was extracted using the TRIzol reagent
(Invitrogen) according to the recommended protocol. The total RNA was subse-
quently converted to cDNA in accordance with the instructions for the PrimeScript-
RT reagent kit (Takara Bio). A housekeeping gene, GAPDH, was used as an internal
control to quantify and normalize the results. The gene-specific primers listed in
Supplementary Table S1 were used for amplification of the following genes: sex-
determining region Y-box 9 (SOX9); aggrecan (ACAN); collagen, type II, alpha 1
(COL2); collagen, type X (COL10); and alkaline phosphatase (ALP). All of the quan-
titative RT-PCR reactions were performed using the SYBR Green system in a total
volume of 20 ml with a MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad
Laboratories, USA). For quantitative PCR, 10 ml SYBR Premix Ex Taq�, 0.8 ml mixed
primers, 1 ml cDNA template (a quantity of cDNA converted from approximately
100 ng total RNA) and 8.2 ml RNase-free distilled water were combined. The PCR
al chondrocytes and dental pulp stem cells combinedwith exogenous
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programwas as follows: 95 �C for 4min, followed by 35 cycles of 95 �C for 20 s, 60 �C
for 15 s and 72 �C for 20 s. The amplification efficiency of different genes was
determined relative to GAPDH as an internal control (DCt ¼ Ct gene � Ct GAPDH).
The mRNA in each sample was calculated by the fold change method (2�DDCt,
DDCt¼ DCt gene� DCt control). All PCR amplifications were performed in triplicate.

2.7. Alkaline phosphatase staining and activity assays

ALP staining was performed with an alkaline phosphatase staining kit (Biyun-
tian, China). Briefly, for the cryosections, 5-mm-thick frozen sections were incubated
with alkaline dye for 60 min at room temperature, followed by thorough washing
and microscopic examination. For the DPSCs and CCs in monolayer cultures, the
culturewas washed twice with PBS, fixed in 4% PFA and stained with alkaline dye for
30 min at room temperature, followed by thorough washing and scanning.

The level of ALP activity was determined as follows: cells or cryosections were
washed three times with PBS and suspended in lysis buffer with 0.2% NP-40. P-
nitrophenyl phosphate (pNPP, Sigma) was used as the substrate, and pNPP (1mg/ml)
in 1 M diethanolamine buffer was added to each sample, followed by incubation at
37 �C for 30 min. The ALP activity was quantified by measuring the absorbance at
405 nm (Bio-Tek, Winooski, VT). The total protein content in these samples was
determinedwith a Bio-Rad protein assay kit, read at 630 nm and calculated based on
a standard curve of a series of bovine serum albumin (BSA, Sigma) dilutions. The ALP
activity was expressed as the absorbance at 405 nm (OD value) per milligram of total
protein. All experiments were performed in triplicate.

2.8. Histology and immunohistochemistry

Pellets (in vitro) and cellePGA transplants (in vivo) were fixed for 4 h in 4% PFA,
embedded in paraffin and cut into 5-mm-thick sections. The samples were evaluated
histologically using hematoxylin and eosin (H&E), Alcian blue and Safranin-O
staining.

IHC analysis of COL2 in the cryosections was performed as previously described
[8]. Briefly, after antigen retrieval by boiling in a sodium citrate solution for 15 min,
samples were pretreated with 0.01% Triton-100 for 20 min, 3% H2O2 for 20 min and
3% bovine serum albumin (BSA) for 30 min. The detection of STRO-1, FGFR3, ERK1/2,
p-ERK1/2 and COL2 in DPSCs in the monolayer culture was similar to that used for
the cryosections. The slides were then incubated in a humid chamber at 4 �C
overnight with the appropriate primary antibody (1:100 STRO-1 (BD Biosciences,
USA); 1:100 FGFR3 (Cell Signaling Technology); 1:50 ERK1/2 or p-ERK1/2 (Cell
Signaling Technology); 1:100 COL2 (Abcam, USA)) in PBS. After washing, the
samples were incubated with HRP-labeled secondary antibodies at a dilution of
1:150 at room temperature for 2 h. The samples were treated with a dia-
minobenzidine (DAB) staining kit (Maixin, China) for 3e5 min, and the cells were
counterstained with hematoxylin. For detection of COL2 in DPSCs in the monolayer
culture, a FITC-conjugated secondary antibody was applied. Incubation without the
primary antibody was used as a negative control.

2.9. GAG quantification of pellets and cellePGA transplants

GAG quantitative analysis of pellets (in vitro) and cellePGA transplants (in vivo)
was performed as previously described [35,36]. Briefly, the Alcian blue dye stock
solution and the working dye solution were prepared followed the standard
protocol. The samples were triturated to prepare the protein solution. A series of
reagents was added following the standard steps. All GAGs were precipitated
specifically in 8 M guanidine-HCl at a low pH and high salt concentration in
combination with detergent. The precipitate was dissolved in a mixture of
guanidine-HCl and propanol. For quantification, 300 ml of sample was transferred to
a 96-well plate, and the absorbance at 600 nm was measured and recorded in
a microplate reader. A linear standard curve (0e20 mg) was obtained by adding
known amounts of proteoglycans. The GAG content was normalized to the wet
weight of the pellets or cellePGA transplants and expressed as the GAG/wet weight
ratio. The results were analyzed with an independent test, and p < 0.05 was
considered statistically significant.

2.10. Western blotting

Pellets or monolayer cells were washed three times with ice-cold PBS and
subjected to lysis in RIPA buffer containing protease inhibitors (Biyuntian, China).
The lysates were centrifuged at 12,000g for 30 min at 4 �C, and the supernatants
were boiled in sodium dodecyl sulfate sample buffer containing 0.5 M mercaptoe-
thanol. The samples were then separated on a 10% SDS polyacrylamide gel and
transferred to a PVDF membrane using a semidry transfer apparatus (Bio-Rad,
Hercules, CA, USA). The membranes were blocked with 5% milk for 2 h and then
incubated with rabbit anti-human COL2 (1:1000 dilution, Abcam, USA), human
ERK1/2, p-ERK1/2 (1:1000 dilution, Cell Signaling Technology, USA) or goat anti-
human COL10 (1:1000, Santa Cruz, CA) in PBST buffer overnight. Then, the immu-
nocomplexes were incubated with horseradish peroxidase-conjugated anti-rabbit
or anti-goat IgG (1:3000 dilution, Santa Cruz, CA) and visualized with an ECL
Please cite this article in press as: Dai J, et al., The effect of co-culturing cost
FGF9 protein on chondrogenesis and ossification in engine
j.biomaterials.2012.07.020
western blotting kit (Pierce, USA) or incubated with fluorescence-labeled secondary
antibodies and visualized using an Odyssey Infrared Imaging System (LI-COR, USA).

2.11. Enzyme-linked immunosorbent assay

The supernatants from the DPSCs and CCs pellets were collected when the
medium was changed (days 1, 7, 14, 21, 28, 35, and 42), and the levels of FGF9 and
ALP were measured using commercially available ELISA kits (R&D Systems) as rec-
ommended by the manufacturer. The optical density was measured at 450 nmwith
a SpectraMax Plus450 (Molecular Devices, Sunnyvale, CA). The experiments were
performed in triplicate.

2.12. Cell cycle and apoptosis analysis

P3 DPSCs were seeded in 6-well plates (5 � 105 cells/well) and cultured in
regular medium (DMEM þ 10% FBS) for 48 h. The cells were then cultured in regular
medium (DPSCs-Control), chondrogenic medium (DPSCs þ TGFb3) or chondrogenic
mediumwith 10 nM FGF9 (DPSCs þ TGFb3 þ FGF9). For cell cycle analysis, cells were
cultured for an additional 24 h, harvested for PI/RNase staining (BD Pharmingen,
USA), and analyzed by flow cytometry (FCM) as recommended by the manufacturer.
For cell apoptosis analysis, cells were cultured for another 24 h and then harvested
for Annexin V-FITC/PI staining (BD Pharmingen, USA) according to the manufac-
turer’s instructions. Cells that exhibited Annexin V staining (Annexinþ) were defined
as apoptotic. The apoptosis rate was measured with FCM (Becton Dickinson, USA)
using CellQuest software.

2.13. Statistical analysis

All data are expressed as the mean � standard deviation (SD); assays were
repeated in at least three independent experiments, each of whichwas performed in
triplicate. Comparisons of data between two groups were assessed by an indepen-
dent samples test with SPSS 18.0, and p < 0.05 was interpreted as statistically
significant.

3. Results

3.1. Morphological and growth features of DPSCs and CCs

The P3 DPSCs had a predominantly long and spindle-shaped
morphology (Supplementary Fig. S1A). The DPSCs began to grow
exponentially at day 2, after an initial lag phase (Supplementary
Fig. S1B). In the logarithmic phase, the population doubling time
(PDT) was 1.92 days, which is similar that shown in a previous
report [37]. Our results demonstrate that DPSCs can readily form
a colony from a single cell in vitro (Supplementary Fig. S1C), and in
this case, the colony-forming efficiency (CFE) was 7%. This partially
demonstrates the capability for self-renewal of DPSCs and is similar
to previous results [38]. Some of the DPSCs also expressed the cell-
surface molecule STRO-1 (Supplementary Fig. S1D), an early MSCs
marker previously found in BMSCs and DPSCs [39]. Osteogenesis of
the DPSCs was indicated by the formation of mineralization
nodules (Supplementary Fig. S1E), adipogenesis of the DPSCs was
clearly confirmed by the formation of fat droplets (Supplementary
Fig. S1F), and chondrogenesis of the DPSCs was indicated by the
expression of COL2 (Supplementary Fig. S1G).

The P2 CCs appeared cuboid and irregularly polygonal, the
typical pavingstone pattern was observed after confluence, and
cartilage-specific COL2 was detected by immunofluorescence
staining (Supplementary Fig. S1H), suggesting that these cells
retained chondrocytic characteristics and could be used in our
study.

3.2. Chondrogenic differentiation in co-cultured DPSCseCCs pellets
in vitro

Cell pellets were cultured in 15-ml polypropylene tubes for 6
weeks (Supplementary Fig. S2A). The co-cultured DPSCs and CCs
formed pellets within 24 h, and the resultant spherical, translucent
pellets continuously grew during culture. Pellets formed from
DPSCs alone cultured in chondrogenic medium increased in size
al chondrocytes and dental pulp stem cells combinedwith exogenous
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only slightly, while DPSCs cultured in regular medium remained
small and produced oval pellets of a softer consistency. When the
number of CCs was increased relative to the number of DPSCs, the
co-culture pellets acquired a more spheroid shape, a larger size and
greater wet weight; the pellets co-cultured at the 7:3 ratio were
smaller than those co-cultured at the 5:5 ratio (Supplementary
Fig. S2B and C).

A histological analysis showed that the co-cultured DPSCseCCs
(5:5) pellets formed homogeneous, cartilage-like tissues with
a typical cartilaginous histological structure: a large number of
chondrocytes surrounded by lacuna-like cartilage structures.
However, the tissues arising from the DPSCseCCs (7:3) pellets
exhibited fewer chondrocytes that were sparsely scattered between
these collagen bundles. The DPSCs alone, when cultured in chon-
drogenic medium, also formed chondrocyte-like polygonal cells, but
the cartilage lacuna-like structure was less evident. In contrast, the
DPSCs cultured in regular medium formed only fibrous tissues. The
co-culturedDPSCseCCspellets also produced an extracellularmatrix
that was rich in sulfated proteoglycans, glycosaminoglycan (GAG)
and COL2 (as detected by Safranin-O, Alcian blue and COL2 IHC
staining (Fig. 1A)), whereas the DPSCs-only pellets cultured in
chondrogenic medium underwent only partial chondrogenesis
leading to a reducedproductionof proteoglycans andGAG. COL2was
onlyobserved in someareasof thesepellets, andnocartilage-specific
extracellularmatrix was observed. Only fibrous tissuewas formed in
thecontrol culture. The semi-quantificationofGAGalso revealed that
the amount of deposited GAG was substantially higher in the co-
cultured pellets when compared to the DPSC pellets (Fig. 1B and C).

3.3. In vivo ectopic chondrogenesis of co-cultured DPSCs and CCs

PGA scaffolds have been extensively used in cartilage tissue
engineering, and previous reports have shown good attachment of
cells to PGA fibers [35]. In this study, the cellePGA constructs were
cultured invitro for4weeks (SupplementaryFig. S3AandB) andthen
subcutaneously transplanted onto the backs of nude mice. Eight
weeks after subcutaneous implantation, the general morphology
showed that the co-cultured DPSCseCCsePGA transplants were
larger than theDPSCePGA transplants (Supplementary Fig. S3C), and
quantitative analysis demonstrated that the average wet weight of
the co-cultured DPSCseCCsePGA transplants was significantly
higher than that of the DPSCsePGA transplants (Supplementary
Fig. S3D), indicating that the co-culture of DPSCs and CCs markedly
increased cartilaginous matrix deposition. As shown in Fig. 2A, the
PGA scaffolds were completely degraded, and the co-cultured
DPSCseCCs (5:5) transplant also formed homogeneous cartilage
tissue with a typical histological structure and specific matrix
deposition. The co-cultured DPSCseCCs (7:3) transplant displayed
more fibers and fewer chondrocytes. This finding echoes the in vitro
results, where the DPSCs cultured in chondrogenic medium formed
chondrocyte-like cells with cartilage-specific matrix deposition, but
without the typical cartilage lacuna structure. These results provide
evidence that the addition of CCs may enhance the histological
properties of engineered cartilage. In contrast, onlyfibrous tissuewas
formed in control specimens from DPSCs-only transplants cultured
in regular DMEM, and vascular invasion in the transplant was
observed. The semi-quantification of GAG also revealed that the
amount of deposited GAG was higher in the DPSCseCCsePGA
transplants compared to the DPSCsePGA transplants (Fig. 2B and C).

3.4. Expression of chondrogenic and hypertrophic markers in DPSCs
in response to exogenous FGF9 or conditioned medium

ELISAwas used to detect the secretion of FGF9 from CC and DPSC
pellets cultured in chondrogenic medium; the CCs levels were
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higher than those of the DPSC pellets, and FGF9 from both cultures
appeared to increase to a peak concentration after 2 weeks of
culture and to then decrease and plateau over time (Fig. 3A). This
change in expression level suggests that FGF9 might be involved in
the chondrogenesis and hypertrophy of DPSCs.

To investigate the chondrogenesis and hypertrophy of treated
DPSCs, we used real-time PCR to assess the expression of several
chondrogenic and hypertrophic markers. The results reveal that the
expression levels of SOX9 (Fig. 3B), COL2 (Fig. 3C) and ACAN
(Fig. 3D), three chondrogenic markers, were up-regulated in DPSCs
cultured in chondrogenic medium without exogenous FGF9
(DPSCs þ TGFb3), chondrogenic medium with exogenous FGF9
(DPSCs þ TGFb3 þ FGF9), and conditioned medium (DPSCs þ CM)
compared to levels from DPSCs cultured in regular DMEM (DPSCs-
Control). The DPSCs cultured in conditioned medium (CM) dis-
played the highest expression levels of all three markers.

DPSCs cultured in chondrogenic medium without FGF9 showed
the highest expression level of COL10, an early hypertrophic marker
of chondrocytes, whereas the expression level of COL10 just slightly
increased in DPSCs cultured in CM compared with control, and
exhibited no obvious enhancement in DPSCs cultured in chondro-
genic mediumwith exogenous FGF9 (Fig. 3E). The observed expres-
sion levels of ALP, a marker of mineralization, were not proportional
to those observed for COL10. Among all three groups, the DPSCs
cultured in CMshowed the highest expression level of ALP, while this
marker showed reduced expression in DPSCs cultured in chondro-
genicmediumwithorwithout FGF9compared to thecontrol (Fig. 3F).

The protein expression of COL2 observed by Western blotting
was higher in DPSCs cultured in CM or chondrogenic mediumwith
FGF9. The expression level of COL2 in the co-cultured DPSCseCCs
pellets (7:3) even reached a level comparable to that of the CCs.
The protein expression of COL10 largely paralleled the results for
the mRNA expression, which showed a moderate level in the
control, strong expression in DPSCs cultured in chondrogenic
medium without FGF9, and a comparably weak expression in
DPSCs cultured in CM, the co-cultured DPSCseCCs pellets (7:3), and
CCs (Fig. 3G, H and I).

The results of the ALP activity assay show that the co-cultured
DPSCseCCs pellets (7:3) and DPSCs cultured in CM displayed
higher ALP activity than the DPSCs cultured in chondrogenic
medium without FGF9, and that the DPSCs cultured in chondro-
genic mediumwith FGF9 exhibited the lowest ALP activity (Fig. 3J).
The secretion of ALP from DPSCs cultured in chondrogenic medium
with or without FGF9 was detected by ELISA and was found to be
lower with the addition of FGF9. The secretion levels of ALP under
both culture conditions appeared to gradually decrease and plateau
over time (Fig. 3K).

All of these results suggest that chondrogenic medium can
promote the chondrogenic differentiation and early hypertrophy
(expression of COL10) of DPSCs. The addition of CM yielded not only
the greatest chondro-inductive capacity but also accelerated the
progression of ossification, as determined by ALP expression. In
contrast, the addition of exogenous FGF9 was able to simulta-
neously enhance the chondrogenesis of DPSCs and inhibit hyper-
trophy and ossification in chondro-differentiated DPSCs.

3.5. Effects of exogenous FGF9 in the progression of ossification in
co-cultured DPSCseCCs pellets

After 6 weeks of in vitro culture, a histological evaluation using
H&E staining and COL2 IHC staining showed that the co-cultured
pellets (7:3) cultured in chondrogenic medium with (DPSCs þ CCs
(7:3)þ TGFb3þ FGF9) or without FGF9 (DPSCsþ CCs (7:3)þ TGFb3)
showed a histology typical of cartilage, with a large number of
chondrocytes surrounded by cartilage lacuna-like structures. The
al chondrocytes and dental pulp stem cells combinedwith exogenous
ered cartilage, Biomaterials (2012), http://dx.doi.org/10.1016/



Fig. 1. Chondrogenic differentiation in co-cultured DPSCseCCs pellets in vitro. Co-cultured DPSCseCCs (5:5/7:3) pellets cultured in chondrogenic medium, DPSCs-alone pellets
cultured in chondrogenic medium and DPSCs-alone pellets cultured in regular DMEM for six weeks. (A) Chondrogenic differentiation is assessed using H&E, Alcian blue, Safranin-O
and COL2 immunohistochemical staining. The scale bar in the low magnification images is 500 mm, and in the high magnification images, it is 50 mm. (B) GAG quantification of the
pellets. (C) The GAG content of pellets normalized to the wet weight. The results are expressed as the mean � standard deviation (n ¼ 3). *p < 0.05, **p < 0.01.
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co-culture pellets with added FGF9 demonstrated more intense
Alcian blue and COL2 staining. DPSCs alone cultured in chondro-
genic mediumwith FGF9 (DPSCsþ TGFb3 þ FGF9) showed stronger
staining for COL2 than those cultured in chondrogenic medium
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without FGF9. However, these cells merely formed chondrocyte-like
polygonal cells, and they displayed fewer typical cartilage lacuna-
like structures and weaker staining for COL2 than the co-cultured
pellets (Fig. 4A).
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Fig. 2. In vivo ectopic chondrogenesis of co-cultured DPSCs and CCs. DPSCs and CCs are mixed at ratios of 5:5 and 7:3, seeded into PGA scaffolds and then cultured in chondrogenic
medium; DPSCs alone are seeded into PGA scaffolds and cultured in chondrogenic medium; and DPSCs alone are seeded into PGA scaffolds and cultured in regular DMEM for 4
weeks. Culture is followed by subcutaneous transplantation onto the backs of nude mice for an additional 8 weeks. (A) Chondrogenesis is assessed using H&E, Alcian blue, and
Safranin-O staining and COL2 immunohistochemical staining. An arrowhead shows the small vessels. Scale bar ¼ 50 mm. (B) GAG quantification of the transplants. (C) The GAG
content of transplants normalized to the wet weight. The results are expressed as the mean � standard deviation (n ¼ 3). *p < 0.05, **p < 0.01.
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The qPCR results show that the expression of COL10 was
slightly enhanced in co-cultured DPSCseCCs pellets (7:3)
cultured in chondrogenic medium without FGF9, but the addi-
tion of exogenous FGF9 reversed this enhancement (Fig. 4B). The
results from the ALP staining showed strong ALP staining in co-
cultured pellets cultured in chondrogenic medium without FGF9
(this staining was mainly located in the center of the aggre-
gates), whereas only weak ALP staining was observed in the co-
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cultured pellets and the DPSCs-only pellets cultured in chon-
drogenic medium with FGF9 (Fig. 4A). Both the qPCR and ALP
activity test results were consistent with the ALP staining
results, and these combined results demonstrate that the co-
cultured pellets in chondrogenic medium without FGF9 exhibi-
ted higher expression levels of ALP and ALP activity, whereas
exogenous FGF9 inhibited ALP expression and activity (Fig. 4C
and D).
al chondrocytes and dental pulp stem cells combinedwith exogenous
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Fig. 3. Expression of chondrogenic and hypertrophic markers in DPSCs in response to exogenous FGF9 or conditioned medium. (A) FGF9 secreted from CCs and DPSCs cultured in
chondrogenic medium is detected by ELISA. (B, C, D, E, F) The mRNA expression of chondrogenic and hypertrophic markers in treated DPSCs, including SOX9 (B), COL2 (C), ACAN (D),
COL10 (E), and ALP (F), is investigated using qPCR. (G, H, I) The protein expression levels of COL2 and COL10 are investigated by western blotting. (J) The ALP activity is determined
semi-quantitatively. (K) The secretion of ALP from DPSCs cultured in chondrogenic medium with or without exogenous FGF9 is detected by ELISA. The data are presented as the
mean � standard deviation. *p < 0.05, **p < 0.01.
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3.6. Role of FGFR3 and ERK1/2 phosphorylation in FGF9-induced
inhibition of ossification in DPSCs in vitro

To investigate whether FGFR3 is the FGF9 receptor in DPSCs, IHC
was performed to detect FGFR3, and the results demonstrated
intense FGFR3 staining in monolayer DPSCs cultured in CM with
FGF9 (DPSCs þ CM þ FGF9), whereas weaker FGFR3 staining was
observed in DPSCs cultured in CM without FGF9 (DPSCs þ CM)
(Fig. 5A).

The ERK1/2 signaling pathway plays a crucial role in chon-
drocyte differentiation and chondrogenesis of MSCs. In this study,
the IHC results showed strong phosphorylation of ERK1/2 (p-ERK1/
2) staining in monolayer DPSCs cultured in CM with FGF9
(DPSCs þ CM þ FGF9) but only a slight increase in ERK1/2
compared with DPSCs cultured in CM without FGF9 (DPSCs þ CM)
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(Fig. 5B). The western blotting results show that the p-ERK1/2 level
was higher in monolayer DPSCs cultured in CM with FGF9 than in
monolayer DPSCs cultured in regular DMEM medium (DPSCs-
Control) or in CM without FGF9. In contrast, exogenous PD98059
(an inhibitor of the ERK1/2 signaling pathway) was able to inhibit
the phosphorylation of ERK1/2 (DPSCs þ CM þ FGF9 þ PD98059)
(Fig. 5C and D).

The histological results show that co-cultured DPSCseCCs
pellets (7:3) cultured in chondrogenic medium with FGF9 and
PD98059 presented intense Alcian blue and COL2 staining.
However, stronger ALP staining was also observed in this group
(Fig. 5E). The qPCR results show that the addition of FGF9 can up-
regulate the expression of ACAN and COL2 and down-regulate the
expression of ALP in co-cultured DPSCseCCs (7:3) pellets. Although
PD98059 was able to up-regulate the expression of chondrogenic
al chondrocytes and dental pulp stem cells combinedwith exogenous
ered cartilage, Biomaterials (2012), http://dx.doi.org/10.1016/



Fig. 4. Effects of exogenous FGF9 in the progression of ossification in co-cultured DPSCseCCs pellets. (A) Chondrogenesis and hypotrophy are assessed using Alcian blue staining,
COL2 immunohistochemical staining and ALP staining. The scale bar in the low magnification images is 500 mm, and in the high magnification images, it is 50 mm. (B, C) The mRNA
expression levels of COL10 (B) and ALP (C) are detected using qPCR. (D) ALP activity is determined semi-quantitatively. The data are presented as the mean � standard deviation
(n ¼ 3). *p < 0.05, **p < 0.01.
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Fig. 5. Role of FGFR3 and ERK1/2 phosphorylation in FGF9-induced inhibition of ossification in DPSCs in vitro. (A) The expression of FGFR3 in treated monolayer DPSCs is detected
by immunohistochemical staining. (B, C, D) The expression of ERK1/2 and p-ERK1/2 in treated monolayer DPSCs is detected by immunohistochemical staining (B) and western
blotting (C, D). Scale bar ¼ 50 mm. (E, F, G) After 6 weeks of in vitro culture, the chondrogenesis and hypotrophy of treated pellets are assessed by Alcian blue staining, COL2 IHC
staining and ALP staining combined with qPCR (F) and an ALP activity test (G). (H, J) Several representative images of ALP staining of treated monolayer DPSCs (H) and monolayer
CCs (J) are shown. (I, K) The ALP activity in treated monolayer DPSCs (I) and monolayer CCs (K) is determined semi-quantitatively. The data are presented as the mean � standard
deviation (n ¼ 3). *p < 0.05, **p < 0.01.
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markers even further, it was also able to simultaneously reverse the
inhibitory effect of FGF9, leading to enhanced expression of ALP
(Fig. 5F). The ALP activity effect was paralleled in the qPCR and IHC
results (Fig. 5G).

To further confirm our results, we performed ALP staining and
an ALP activity test on monolayer DPSCs and CCs. Monolayer DPSCs
cultured in CM (DPSCs þ CM) exhibited enhanced ALP staining and
activity, FGF9 significantly inhibited the ALP activity, but the
addition of PD98059 reversed the inhibition of ALP expression
(Fig. 5H and I). Monolayer CCs cultured in regular DMEM medium
(CCs-Control) or treated with FGF9 (CCs þ FGF9) and PD98059
(CCs þ FGF9 þ PD98059) showed results similar to those observed
in DPSCs (Fig. 5J and K).

3.7. Effects of exogenous FGF9 on DPSC proliferation, viability and
apoptosis

Compared to the control cells, the proliferation of DPSCs
cultured in chondrogenic medium was significantly inhibited,
whereas the proliferation of DPSCs cultured in chondrogenic
medium with FGF9 was slightly enhanced (Fig. 6A).

The cell cycle analysis results show that a lower percentage of
DPSCs cultured in chondrogenic mediumwith FGF9 were in the G1
phase of the cell cycle compared to the control or to DPSCs cultured
in chondrogenic mediumwithout FGF9 (p < 0.01) (Fig. 6B, C, D and
E). The percentages of G2/M cells among DPSCs cultured in chon-
drogenic mediumwith or without FGF9 were similar to those of the
control, and no statistically significant differences (p > 0.05) were
observed among these three groups. These results show that there
was no obvious G2/M cell cycle arrest in DPSCs cultured in chon-
drogenic medium with or without FGF9 (Fig. 6B, C, D and F). The
proportion of cells cultured in chondrogenic medium with FGF9 in
the S phase was higher than that observed in the control (p< 0.01),
but it was similar to the level observed for DPSCs cultured in
chondrogenicmediumwithout FGF9 (p> 0.05) (Fig. 6B, C, D and G).

The apoptosis analysis results reveal that the apoptosis rate of
the DPSCs cultured in chondrogenic mediumwith FGF9 was similar
to that of the DPSCs cultured in chondrogenic medium without
FGF9 (p> 0.05), and the apoptosis rates of both groups were higher
than that of the control (p < 0.01) (Fig. 6HeK).

4. Discussion

The co-culture of articular chondrocytes with MSCs to provide
chondrogenic stimuli has recently gained particular attention, and
encouraging results have been observed [6,8,10]. In this study, CCs
were co-cultured with DPSCs to investigate their chondro-
inductive stimulus potential.

The stem-cell properties of DPSCs, such as their multipotent
behavior, have been reported in previous studies [38,40]. In this
study, we observed the relevant properties of colony formation,
expression of the MSCs marker STRO-1, and successful responses to
adipogenic and osteogenic stimuli. With regard to chondrogenesis,
DPSCs induced by chondrogenic medium expressed chondrocytic
markers and extracellular matrix (ECM), but they lacked a typical
cartilaginous histological structure. The pellet culture technique
was chosen for co-culturing DPSCs and CCs in vitro. This technique,
which is commonly used in studies investigating cell chondro-
genesis in vitro, allows for cellecell interactions, cell-ECM interac-
tions and responses to soluble factors thatmay occur during cellular
cross-talk in a co-culture system [8]. Our present studyproduced the
encouraging result that homogeneous cartilage-like tissues with
a typical cartilaginous histological structure formed in the co-
cultured pellets. Sulfated proteoglycan and COL2 expression were
also observed. Although pellets with a low percentage of CCs (30%)
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displayed some chondro-inductive potential, pellets with a higher
percentage of CCs (50%) showed enhanced chondrogenic differen-
tiation of DPSCs. Several previous studies have reported that artic-
ular chondrocytes may offer in situ or heterotopic chondro-
inductive niches for MSCs [6,8]. The results of this study demon-
strate that CCs can also supplya chondro-inductiveniche to enhance
the chondrogenic differentiation of DPSCs (as compared to DPSCs-
only pellets cultured in chondrogenic medium).

Our results indicate that CCs can enhance the expression of SOX9,
ACAN and COL2 and that they can down-regulate the expression of
the early hypertrophic marker COL10. However, the expression of
ALP, an ossificationmarker,was up-regulated in this study. There are
some similarities and somedifferenceswhen our data are compared
with those of previous studies. Giovannini et al. reported that
chondrogenic medium with TGFb3 caused further hypertrophic
differentiation of BMSCs but that articular chondrocytes decreased
COL10 deposition without a decrease in ALP secretion by MSCs [8].
Bian et al. showed that the co-culture of MSCs and articular chon-
drocytes reduced hypertrophy [10]. Lee and Im reported that the
hypertrophy that occurred inMSCsdidnot seem tobe suppressedby
co-culture with articular chondrocytes [7]. These results, which are
in contrast to our data, suggest that CCsmayhave different chondro-
inductive characteristics in comparison to ACs. In addition, the
stem-cell type, donor age, donor state of health and position of the
chondrocytes may influence the features of tissue-engineered
cartilage. A previous study indicated that chondrocytes from
immature cartilage had a higher potential to form neocartilage
when compared to chondrocytes from mature cartilage [41].
Another study showed that chondrocytes from growth plates with
arthritis might express higher levels of COL10 and ALP [42]. Weisser
et al. reported that chondrocytes from the resting zone or the
proliferative zone exhibit lower expression of the hypertrophic
markers COL10 and ALP than cells from the hypertrophic zone
[43].The high expression levels of ALP observed in co-cultured
DPSCseCCs pellets and DPSCs-only pellets cultured in conditioned
medium (CM) in this study may be due to the terminal differentia-
tion of the CCs and chondrogenically differentiated DPSCs. This
result may also partially be due to the inclusion of hypertrophic
chondrocytes or osteoblasts during the process of harvesting CCs.
We also speculate that there may be some osteoinductive factors
existing in CM secreted by CCs that direct the osteogenic differen-
tiation of DPSCs, resulting in a high level of ALP expression.

FGF9, a member of the FGF family, plays a complex role in
regulating chondrocyte differentiation. Weksler et al. reported that
FGF9 promoted proliferation and had no effect on early differenti-
ation but inhibited terminal differentiation in a rat calvaria-derived
cell line that spontaneously undergoes chondrocyte differentiation
[31]. Wu et al. showed that loss of function mutations for FGF9 led
to skeletal dysplasias as well as enhanced osteogenic differentia-
tion and matrix mineralization in BMSCs [30]. However, other
reports have shown that FGF9 can regulate early hypertrophic
chondrocyte differentiation and induce endochondral ossification
in cranial mesenchyme or long bones [27,28]. In this study, our
results reveal that CCs combinedwith exogenous FGF9 can promote
the chondrogenesis of DPSCs and simultaneously partially inhibit
the ossification of chondro-differentiated DPSCs.

FGFR3 is the highest-affinity receptor of FGF9, and both show
similar expression patterns in chondrocytes [31,44]. Conditional
over-expression of FGF9 in the cartilage of transgenicmice has been
found to inhibit the terminal differentiation of chondrocytes in
a manner similar to that observed in achondroplasia and thanato-
phoric dysplasia caused by activation mutations in FGFR3 [45].
Consistent with these findings, our IHC results also showed that
DPSCs cultured in chondrogenic medium with FGF9 exhibited
higher expression levels of FGFR3.
al chondrocytes and dental pulp stem cells combinedwith exogenous
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Fig. 6. Effects of exogenous FGF9 on DPSC proliferation, viability and apoptosis. (A) The effects of exogenous FGF9 on the viability and proliferation of treated DPSCs are exam ed by an MTT assay. (B, C, D) Three representative FCM
histograms show the cell cycle distribution in treated DPSCs as determined by PI staining and detected by FCM. (E, F, G) A summary of the different cell phases of treated DPSCs. , I, J) Three representative FCM histograms stained with
Annexin V-FITC/PI. Annexin Vþ cells are designated as apoptotic. (K) The apoptosis rate of treated DPSCs as determined by FCM. The bars represent the mean � standard de ation (n ¼ 3). **p < 0.01.
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In this study, exogenous FGF9 induced a rapid increase in phos-
phorylated ERK1/2, whereas the addition of PD98059 (an inhibitor
of ERK1/2 pathway) inhibited this activation triggered by FGF9
during the chondrogenic differentiation of DPSCs. However, we also
found that inhibition of the ERK1/2 signaling pathway could up-
regulate the expression of two chondrogenic markers: ACAN and
COL2. This finding suggests that the ERK1/2 signaling pathway
might play a complex role during the chondrogenesis of DPSCs, and
we speculate that inhibiting the ERK/MAPK signaling pathway
might promote the chondrogenesis of DPSCs at an early stage but
inhibit chondrocyte hypertrophy at a later stage. Previous studies
have also demonstrated that the FGF9/FGFR3 signaling pathway can
activate the ERK1/2 pathway in regulating chondrocyte differenti-
ation [30]. Some studies have shown that inhibiting the ERK/MAPK
signaling pathway can promote chondrogenesis and inhibit hyper-
trophy in MSCs, whereas others have demonstrated that inhibiting
the ERK/MAPK signaling pathway impairs chondrogenesis in MSCs
[46e49]. These contradictory results show that the role of the ERK/
MAPK signaling pathway in MSC chondrogenesis might vary with
gene dosage, developmental stage, and cell type.

Our present results show that chondrogenic medium without
FGF9 significantly inhibits DPSC proliferation, whereas exogenous
FGF9 slightly promotes DPSC proliferation compared to the control.
These results agreewith previous reports suggesting that FGF9may
induce MSCs proliferation. Apoptosis has been observed during the
formation of articular cartilage and endochondral ossification of the
growth plate [50]. Apparent apoptosis has also been reported in
MSCs during chondrogenesis [51]. Here, our apoptosis results
demonstrated that DPSCs cultured in chondrogenic medium
showed an increased apoptotic rate and that the addition of
exogenous FGF9 slightly increased the apoptosis rate of the DPSCs.
These results support those of previous studies, and we speculate
that apoptosis may be a possible mechanism that explains how
exogenous FGF9 reduces the number of hypertrophic chondrocytes
[51]. Also, the exogenous FGF9 could be acceptable used in our
experiment.

5. Conclusions

In summary, this study demonstrated that CCs can enhance the
chondrogenic differentiation of DPSCs during co-culture. However,
our results also demonstrated that CCs alone could not prevent the
ossification of engineered cartilage. When combined with the addi-
tion of exogenous FGF9, co-culture simultaneously promoted the
chondrogenesis of DPSCs and partially inhibited the ossification of
thesecells.Additionally, FGF9might activate this inhibitionbybinding
to FGFR3 and enhancing the phosphorylation of ERK1/2 in DPSCs.
These findings provide important insights into the mechanisms by
which the native chondrogenic niche of CCs combined with exoge-
nousFGF9 canenhance the chondrogenic differentiationofDPSCs and
simultaneously inhibit the ossification of engineered cartilage,
offering a possible choice for cell-based cartilage regeneration.
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