
Multilineage differentiation of dental follicle cells and the roles of Runx2

over-expression in enhancing osteoblast ⁄cementoblast-related gene expression in

dental follicle cells

K. Pan*,†,1, Q. Sun*,1, J. Zhang*, S. Ge*, S. Li*, Y. Zhao‡ and P. Yang*

*Department of Periodontology and Institute of Oral Biomedicine, School of Dentistry, Shandong University, Jinan, China, †Department of
Stomatology, The Affiliated Hospital of Qingdao University Medical College, Qingdao, China, and ‡Department of Orthodontics, Stomatology
Hospital, Tianjin Medical University, Tianjin, China

Received 13 October 2008; revision accepted 27 August 2009

Abstract
Objectives: Dental follicle cells (DFCs) provide the
origin of periodontal tissues, and Runx2 is essential
for bone formation and tooth development. In this
study, pluripotency of DFCs was evaluated and
effects of Runx2 on them were investigated.
Materials and methods: The DFCs were induced to
differentiate towards osteoblasts, adipocytes or chon-
drocytes, and alizarin red staining, oil red O staining
or alcian blue staining was performed to reveal the
differentiated states. Bone marrow stromal cells
(BMSCs) and primary mouse fibroblasts served as
controls. DFCs were also infected with recombinant
retroviruses encoding either full-length Runx2 or
mutant Runx2 without the VWRPY motif. Western
blot analysis, real-time real time RT-PCR and in vitro
mineralization assay were performed to evaluate the
effects of full-length Runx2 or mutant Runx2 on
osteogenic ⁄ cementogenic differentiation of the cells.
Results: The above-mentioned staining methods
demonstrated that DFCs were successfully induced
to differentiate towards osteoblasts, adipocytes or
chondrocytes respectively, confirming the existence
of pluripotent mesenchymal stem cells in dental folli-
cle tissues. However, staining intensity in DFC cul-
tures was weaker than in BMSC cultures. Real-time
PCR analysis indicated that mutant Runx2 induced a
more pronounced increase in expression levels of

OC, OPN, Col I and CP23 than full-length Runx2.
Mineralization assay also showed that mutant Runx2
increased mineralization nodule formation more
prominently than full-length Runx2.
Conclusions: Multipotent DFCs can be induced
to differentiate towards osteoblasts, adipocytes or
chondrocytes in vitro. Runx2 over-expression up-
regulated expression levels of osteoblast ⁄cemento-
blast-related genes and in vitro enhanced osteogenic
differentiation of DFCs. In addition, mutant Runx2-
induced changes in DFCs were more prominent than
those induced by full-length Runx2.

Introduction

Periodontal disease, the most common oral malady in
adults, destroys tooth-supporting alveolar bones and
results in tooth loosening and eventual tooth loss. Much
attention has been attracted to regeneration of periodontal
tissues, but the molecular and cellular bases of periodontal
tissue formation, repair and regeneration are still poorly
understood, despite considerable research effort in this
area (1). According to the classical theory of periodontal
development, dental follicle cells (DFCs) are the origins
of periodontal tissues, cementum, periodontal ligaments
(PDL) and alveolar bone (2–6). It has been reported that
in vitro, DFCs are plastic-adherent colony-forming cells
that express putative mesenchymal stem cell markers (7).
However, controversies still exist regarding the cellular
mechanisms underlying periodontal development (8).
Furthermore, attempts to regenerate periodontal tissues
have not yet been successful, which may be in part due to
a lesser degree of understanding of molecular events lead-
ing to initiation and development of root and periodontal
tissues (1). Based on these facts, it is of great significance
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to isolate and characterize mesenchymal stem cells exist-
ing in dental follicle tissues.

Runx2 (also known as Cbfa1, OSF2, AML3, Peb-
p2aA) is a master transcription factor essential for skeletal
development (9,10). Analysis of Runx2-deficient mice has
revealed complete absence of mature osteoblasts and ossi-
fication; just few immature osteoblasts were observed in
these mice, which weakly expressed alkaline phosphatase
(ALP) but did not express osteopontin (OPN) or osteocal-
cin (OC) (11,12). In addition, molar development in
Runx2-deficient mice was arrested at early cap stage,
which indicates that Runx2 is also important in tooth for-
mation (13). Furthermore, patients suffering from cleidoc-
ranial dysplasia (CCD) show multiple dental defects
including supernumerary teeth, delayed tooth eruption
and absence of cellular cementum formation (14,15).
Researchers also detected Runx2 expression in dental fol-
licle tissues throughout development of periodontal tis-
sues, suggesting a potential role of Runx2 in formation of
periodontium (13,16). In 1998, a structure-function analy-
sis revealed the existence of a five-amino acid motif,
VWRPY, at the C-terminal end of Runx2, which is
responsible for repressing transcriptional activation by
Runx2. However, effects of this VWRPY motif on tran-
scriptional activity of Runx2 in DFCs remained unclear.

In this study, pluripotency of DFCs was further inves-
tigated, and effects of full-length Runx2 and mutant
Runx2 without the VWPRY motif were evaluated.

Materials and methods

Cell culture

Retroviral packaging cell line PT67 (Clontech, Palo Alto,
CA, USA) and murine fibroblast cell line NIH3T3 (Amer-
ican Type Culture Collection, Rockville, MD, USA) were
maintained in a-minimum essential medium (a-MEM;
HyClone, Logan, UT, USA) supplemented with 10%
(v ⁄v) foetal bovine serum (FBS; HyClone), 100 U ⁄ml
penicillin (Invitrogen, Carlsbad, CA, USA) and
100 lg ⁄ml streptomycin (Invitrogen).

The DFCs were isolated from BALB ⁄ c mice (5–
7 days old) as described previously (17). Briefly, bilateral
first mandibular molar germs were removed using a dis-
secting microscope and treated with 1% trypsin at 4 �C
for 1.5 h. After digestion, loose dental follicle tissues were
isolated and cultured in a-MEM supplemented with 20%
(v ⁄v) FBS, 100 U ⁄ml penicillin and 100 lg ⁄ml strepto-
mycin at 37 �C in a 5% CO2 humidified incubator. Non-
adherent tissues were removed 24 h later and medium was
changed every 3 days. Expressions of mesenchymal mar-
ker vimentin and epithelial marker cytokeratin in these
cultured cells were determined by immunohistochemical

analysis, and DFCs were identified as vimentin-positive
and cytokeratin-negative cells as described previously
(17–20). DFCs at up to three passages were used for fur-
ther experiments.

As described previously, bone marrow stromal cells
(BMSCs) were obtained from BALB ⁄ c mice (6–8 weeks
old) and were cultured under non-differentiating condi-
tions (a-MEM with 20% FBS, 100 U ⁄ml penicillin and
100 lg ⁄ml streptomycin) (21). Oral fibroblasts were
isolated from BALB ⁄ c mice (6–8 weeks old) and were
cultured in DMEM with 10% FBS, 100 U ⁄ml penicillin
and 100 lg ⁄ml streptomycin.

Animals used in this study were maintained and used
in accordance with guidelines established by the Insti-
tutional Animal Care and Use Committee of Shandong
University in Jinan, Shandong Province, P.R. China.

In vitro differentiation of DFCs

The DFCs were induced to differentiate towards osteo-
blasts, adipocytes and chondrocytes as described previ-
ously (22). Briefly for osteogenic differentiation, DFCs
were cultured in a-MEM supplemented with 10% FBS,
100 U ⁄ml penicillin, 100 lg ⁄ml streptomycin, 10)2

M

b-glycerophosphate, 10)8
M dexamethasone and 10)4

M

ascorbic acid. For chondrogenic differentiation, cells were
cultured in the medium supplemented with 10)8

M dexa-
methasone and 50 lg ⁄ml ascorbic acid. For adipogenic dif-
ferentiation, cells were cultured in regular culture medium
supplemented with 10)8

M dexamethasone and 6 ng ⁄ml
insulin. As described previously, alizarin red staining, al-
cian blue staining, or oil red O staining were performed to
detect differentiation of these cells towards osteoblasts,
chondroblasts or adipocytes respectively (22). In these
experiments, BMSCs served as positive control, and pri-
mary murine oral fibroblasts served as negative control.

Quantification of alizarin red staining was performed
as described previously (23,24). Briefly, alizarin red-S was
extracted with 10% cetylpyridinium chloride and assessed
at 562 nm. For quantification of alcian blue staining and
oil red O staining, digital images of the stained cultures
were captured using a Nikon Eclipse E600 microscope
(Nikon Corporation, Tokyo, Japan). Percentage of posi-
tively stained areas was determined in six different fields
of each well and in three independent experiments, using
Spot Advanced software (Diagnostic Instruments, Sterling
Heights, MI, USA).

Construction of Runx2 recombinant retroviral plasmids

Retroviral plasmid pLEGFP-IRES-Runx2, encoding full-
length mouse Runx2 cDNA with MASNSL as the N-ter-
minal sequence, was constructed as described previously
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(19). Mutant Runx2 without VWRPY motif was
generated from plasmid pCMV5-Cbfa1 (kindly provided
by Dr Patricia Ducy, University of Texas M. D. Anderson
Cancer Center). Primers were: 5¢-CTCGAGATGGTGGA-
GATCATCGCGGACCT-3¢ and 5¢-ACGCGTTTACAA-
AACAG TTGGGGAACTG-3¢. Construction of retroviral
vector encoding mutant Runx2 was similar to that of
pLEGFP-IRES-Runx2 (19), and the new construct was
named pLEGFP-IRES-Runx2(M).

Production of viral stocks and viral infection

Retroviral stocks of pLEGFP-IRES-Runx2 or pLEGFP-
IRES-Runx2(M) were prepared as described previously
(19). Briefly, the retroviral construct was transfected
into PT67 packaging cells using LipofectamineTM 2000
(Invitrogen), and the stable virus-producing PT67 cells
were selected with 400 lg ⁄ml G418 (Takara) for 2 weeks.
The supernatant of these stable virus-producing PT67 cells
was collected, filtered through a 0.45 lmfilter and stored at
)80 �C. The viral titre was determined indirectly using
NIH3T3 cells as described previously (25). DFCswere then
plated in six-well plates (1 · 105 cells ⁄well) and trans-
duced with viral stocks of pLEGFP-IRES-Runx2, pLE-
GFP-IRES-Runx2(M) or empty vector in the presence of
polybrene (6 lg ⁄ml, Sigma, St Louis, MO, USA) for 8 h.
Twenty-four hours after infection, DFCs were subjected to
G418 selection (300 lg ⁄ml) for 2 weeks. The stably trans-
duced DFCs were used for the following experiments, and
stably transducedNIH3T3 cells served as controls.

Real-time reverse-transcriptase polymerase chain
reaction

Real-time RT-PCR was performed as described previously
(19). Briefly, total RNA was extracted and reverse tran-
scribed. Real-time PCR was then performed using Light-
Cycler FastStart DNA Master SYBR Green I (Roche
Applied Science, Mannheim, Germany). Sequences of the
primers for amplification of mouse glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), b-actin, ALP, a1(II)
procollagen, lipoprotein lipase (LPL), Runx2, OPN, OC,
bone sialoprotein (BSP), collagen I (Col I), cementum
attachment protein (CAP) and cementum protein 23
(CP23) were exactly as reported previously (19,22).
Amount of mRNA was calculated for each sample, based
on the standard curve using LightCycler Software 4.0
(Roche). b-actin or GAPDH was used as internal control.

Western blot analysis

Cells were harvested using 0.25% trypsin and washed
twice in PBS. Proteins were extracted using lysis buffer

(25 mM Tris–HCl, pH 7.2, 1% Triton X-100, 0.1% SDS,
1% sodium deoxycholate, 0.1 M NaCl and 1 mM EDTA)
containing a protease inhibitor cocktail (Roche). Proteins
were separated by SDS–polyacrylamide gel electrophore-
sis and transferred to a Protran nitrocellulose membrane,
which was saturated overnight in Tris-buffered saline with
Tween (TBST) and 5% low fat milk. The membrane was
incubated with anti-Runx2 antibody (1:500, Santa Cruz,
CA, USA) followed by incubation with rabbit horseradish
peroxidase-conjugated IgG (1:10,000, Sigma). Blots were
visualized using diaminobenzidine, and b-actin was used
as internal control. Images of blots were analysed using
JD801 IMAGE 4.11 program (Dahui Biotechnology,
Guangzhou, China).

Mineralization assay

Cells were incubated with mineralizing media (a-MEM
supplemented with 10% FBS, 100 U ⁄ml penicillin,
100 lg ⁄ml streptomycin, 10)2

M b-glycerophosphate,
10)8

M dexamethasone and 10)4
M ascorbic acid). In vitro

mineralization assay was performed at weeks 2, 3 and 4
with von Kossa staining (26). Nodules were photographed
using an Olympus camera and area covered by mineral
nodules in each well was determined using image analysis
system DT2000 software V1.0 (Tansi Technology Co.
Ltd, Nanjing, China).

Statistical analysis

Data are shown as mean ± SE from at least three experi-
ments and t-test was used to test significance using SPSS
(SPSS Inc., USA) 12.0 software. P < 0.05 was considered
statistically significant.

Results

Pluripotency and differentiation of DFCs towards
osteoblasts, chondrocytes and adipocytes in vitro

After chondrogenic and adipogenic induction, the corre-
sponding special staining methods demonstrated existence
of chondrocytes or adipocytes in DFC cultures and BMSC
cultures. However, positive staining was barely detectable
in oral fibroblast cultures. DFC cultures showed lower
percentages of positively stained areas compared to
BMSC cultures (Fig. 1a,b). After osteogenic induction,
alizarin red staining showed deposition of densely stained
extracellular matrix in both DFC cultures and BMSC cul-
tures, with staining intensity being lower in DFC cultures
than in BMSC cultures. In contrast, deposition of extracel-
lular matrix was negligible in oral fibroblast cultures
(Fig. 1c). Real-time RT-PCR analysis also showed that
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expression levels of osteoblast-specific ALP, adipocyte-
specific LPL and chondrocyte-specific a1(II) procollagen
were significantly lower in DFCs than in BMSCs after dif-
ferential induction (Fig. 1d).

Retroviral infection of DFCs

Recombinant retroviral vector pLEGFP-IRES-Runx2(M)
was verified by digestion with restriction endonucleases.
As shown in Fig. 2, size of Runx2(M) fragment was
1218 bp. Sequence of Runx2(M) was consistent with the
sequence published in GenBank (Runx2: NM_009820).

No significant morphological changes were observed
in cells transduced with retroviral vectors, easily identified

by expression of green fluorescence protein (GFP), using
an inverted fluorescence microscope (Fig. 3a1,a2). Real-
time RT-PCR and Western blot analysis also showed that
expression level of Runx2 was higher in cells transduced
with pLEGFP-IRES-Runx2 or pLEGFP-IRES-Runx2(M)
compared to control cells transduced with empty vector
(P < 0.01) (Fig. 3b1,b2,c1,c2,d1,d2).

Effects of Runx2 over-expression on osteoblast ⁄
cementoblast-related gene expression

Expression levels of osteoblast ⁄ cementoblast-related
genes, including Col I, OPN, BSP, OC, CAP and CP23
were determined using real-time RT-PCR; all were

(a)

(c) (d)

(b)

Figure 1. Multilineage differentiation of dental follicle cells. (a) Demonstrative photos and quantification of chondrogenesis in dental follicle cells
(DFCs), bone marrow stromal cells (BMSCs), and primary oral fibroblasts (Fibroblasts). (b) Demonstrative photos and quantification of adipogenesis in
DFCs, BMSCs and fibroblasts. (c) Demonstrative photos and quantification of osteogenesis in DFCs, BMSCs and fibroblasts. (d) Real time RT-PCR
analysis of expression levels of osteoblast-specific ALP, adipocyte-specific LPL, and chondrocyte-specific a1(II) procollagen in DFC cultures and
BMSC cultures after differential induction. *P < 0.05 vs. BMSC cultures.

� 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 219–228.

222 K. Pan et al.



detected in DFCs (Fig. 4a). Furthermore, in DFCs trans-
duced with full-length Runx2 or mutant Runx2, expres-
sion levels of these osteoblast ⁄ cementoblast-related genes
were higher than those in non-transduced DFCs or DFCs
transduced with empty vector (P < 0.01). Moreover,
DFCs transduced with mutant Runx2 demonstrated a
more prominent increase in expression levels of OC,
OPN, Col I and CP23 compared to those transduced with
full-length Runx2 (P < 0.01). In contrast, CAP level in
full-length Runx2-transduced DFCs was higher than that
in mutant Runx2-transduced DFCs (P < 0.01). There was
no statistically significant difference in BSP expression
level between full-length Runx2-transduced DFCs and
mutant Runx2-transduced DFCs (P > 0.05).

In NIH3T3 cells (Fig. 4b), over-expression of full-
length Runx2 or mutant Runx2 also increased expressions
of OPN, BSP, OC and Col I. In addition, expression levels
of OC and OPN in NIH3T3 cells transduced with mutant
Runx2 were higher than those in cells transduced with
full-length Runx2 (P < 0.05). However, expression level
of Col I in mutant Runx2-transduced cells was lower than
in full-length Runx2-transduced cells (P < 0.01). There
was no statistically significant difference in BSP expres-
sion level between full-length Runx2-transduced NIH3T3
cells and mutant Runx2-transduced NIH3T3 cells
(P > 0.05). Expression of neither CAP nor CP23 were
detected in all four groups of NIH3T3 cells.

Effects of Runx2 over-expression on in vitro cell
mineralization

In vitro mineral nodule formation assay revealed that both
full-length Runx2-transduced DFCs and mutant Runx2-
transduced DFCs exhibited a larger area covered by min-
eral nodules compared to non-transduced DFCs or DFCs
transduced with empty vector (Fig. 5a). In addition, the
area covered by mineral nodules in DFCs transduced with
mutant Runx2 was higher than in DFCs transduced with
full-length Runx2 (P < 0.05). Similar results were also
observed in NIH3T3 cells (Fig. 5b).

Discussion

Although exciting advancements have been made in
research of early tooth development, attempts to regener-
ate periodontal tissues have not been successful (1). This
may be, at least in part, due to an incomplete degree of
understanding of molecular and cellular events leading to
initiation and development of periodontal tissues (8). The
dental follicle is of loose connective tissue derived from
ectomesenchyme, surrounding the enamel organ and den-
tal papilla of the developing tooth germ prior to eruption
(27). Although controversies still exist regarding forma-
tion of periodontal tissues, it has been widely accepted
that dental follicle tissues are the origin of periodontal tis-
sues or at least play an essential role during development
of periodontal tissues (5,6,28–30). Like BMSCs, in vitro
DFCs are plastic-adherent and colony-forming cells, and
can differentiate into osteoblast-like cells (31). DFCs can
also differentiate into connective tissue cells and produce
mineral nodules (32). In addition, DFCs express typical
markers of PDL and cementum, such as collagen type XII
(Col 12) and CAP (33). In a recently published study,
DFCs were subjected to flow cytometric surface marker
expression analysis (7). It was reported that they posi-
tively expressed the putative stem cell marker STRO-1,
adhesion molecules CD29, CD105 and CD106, receptor
molecule CD44 and extracellular matrix protein CD90
(7), which confirmed existence of mesenchymal stem cells
in dental follicle tissues. In this study, DFCs were success-
fully induced to differentiate towards osteoblasts, adipo-
cytes and chondrocytes in vitro, which further confirmed
them pluripotent mesenchymal stem cells in dental follicle
tissues.

The BMSCs, also known as non-haematopoietic
bone marrow-derived mesenchymal stem cells
(BMMSCs), have long been used in adult stem cell
investigation and tissue engineering. BMSCs are also
pluripotent and can be induced to differentiate towards
osteoblasts, chondrocytes and adipocytes in vitro (34).
In this study, pluripotent BMSCs were used as

Figure 2. PCR products and restriction endonuclease digestion anal-
ysis of retroviral plasmids pLEGFP-IRES-Runx2(M). The recombi-
nant retroviral plasmids pLEGFP-IRES-Runx2(M) was verified by
digestion with restriction endonucleases. Lane M, wide range DNA
marker (0.5–12.0 kb, Takara); lane 1, mutant Runx2 gene amplified from
plasmid pCMV5-Cbfa1; lane 2, plasmid pLEGFP-IRESRunx2(M)
digested with Xho I and Mlu I; lane 3, plasmid pLEGFP-IRES-
Runx2(M) digested with Xho I and Sal I.
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positive control to evaluate ability of DFCs to differ-
entiate towards multiple cell types. Our results demon-
strated that after differential induction, staining
intensities or percentages of positively stained areas,
in DFC cultures were lower than those in BMSC cul-
tures. Moreover, expression levels of osteoblast-

specific ALP, adipocyte-specific LPL and chondrocyte-
specific a1(II) procollagen were significantly lower in
DFCs than in BMSCs after differential induction.
These results indicated that pluripotency of DFCs was
weaker than BMSCs, or else stem cell percentage in
the DFC cultures was lower than BMSC cultures.

(a1)

(b1)

(c1)

(d1)

(a2)

(b2)

(c2)

(d2)

Figure 3. DFCs stably overexpressing Runx2. DFCs and NIH3T3 were infected by retrovirus and selected by G418. (a1, a2) Green fluorescence
could be detected in the stably transduced cells but without significant morphological changes. (b1, b2) Real-time RT-PCR confirmed that the transduced
cells overexpressed Runx2 gene. (c1, c2) Representative images demonstrated that the presence of Runx2 protein in cell extract could be detected by
Western blot with Runx2 antibody. (d1, d2) Protein levels were normalized with that of b-actin. Runx2 was up-regulated in pLEGFPIRES-Runx2 and
pLEGFP-IRES-Runx2(M) infected cells, respectively. **P < 0.01 vs. DFCs and DFCs-EGFP, §§P < 0.01 vs. NIH3T3 and NIH3T3-EGFP. Statistical
significance was determined using t-test.
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Extracellular matrix of differentiated cells has been
reported to induce differentiation of mesenchymal stem
cells. For example, the extracellular matrix of osteo-
blasts was shown to enhance expression of osteoblast-
specific ALP and deposition of calcium (35). During
development of periodontal tissues, the microenviron-
ment of DFCs is filled with molecular signals from
odontoblasts, epithelial root sheath cells and other dif-
ferentiated cells, which may induce DFCs to differen-
tiate. In contrast, low oxygen tension is thought to be
characteristic of the native bone marrow microenviron-
ment, which is important in maintenance of prolifera-
tion and pluripotency of stem cells (36,37). Thus, the
microenvironment of BMSCs is more appropriate to
maintain stemness of these cells, which may be the
reason that here the percentage of undifferentiated
stem cells in DFCs was lower than that of BMSCs.

Forced expression of Runx2 can induce expression of
osteoblast-specific genes in non-osteoblastic cells (9). Fur-
thermore, the core binding factor site of Runx2 protein is
found in promoter regions of all major extracellular matrix
proteins of mineralizing tissues such as OC, Col I, BSP,
OPN and ALP (38). Our data also showed that Runx2
over-expression in DFCs increased expression levels of
OPN, Col I, OC, BSP, CP23 and CAP. Also, mineraliza-
tion assay demonstrated that Runx2 over-expression
enhanced in vitro mineralization of DFCs. These
results clearly indicated that Runx2 over-expression
enhanced differentiation of DFCs towards osteoblasts ⁄
cementoblasts.

In this study, transcriptional activity of a mutant
Runx2, without terminal five amino acids (the VWRPY
motif) was also investigated. VWRPY motif has been
reported to bind to co-repressor proteins of TLE or Grg
family, which is considered to be a potential mechanism
for Runx2 repression during cell differentiation (39,40).

(a)

(b)

Figure 4. Effects of Runx2 overexpression on osteoblast ⁄ cemento-
blast-related gene expressions. Total RNA was isolated from DFCs,
NIH3T3 and the cells infected with pLEGFP-N1, pLEGFP-IRESRunx2
and pLEGFP-IRES-Runx2(M). Real-time RT-PCR was performed to
investigate the effects of Runx2 overexpression on osteoblast ⁄ cemento-
blast-related gene expressions, including Col I, OPN, BSP, OC, CAP and
CP23. All values were normalized with b-actin levels and the data were
presented as the mean ± SE for three experiments. *P < 0.05 vs. DFCs
and DFCs-EGFP, **P < 0.01 vs. DFCs and DFCs-EGFP, ††P < 0.01 vs.
DFCs-Runx2. §§P < 0.01 vs. NIH3T3 and NIH3T3-EGFP, ‡‡P < 0.01
vs. NIH3T3-Runx2, ‡P < 0.05 vs. NIH3T3-Runx2. Statistical signifi-
cance was determined using t-test.

(a)

(b)

Figure 5. Effects of Runx2 overexpression on mineral nodule forma-
tion. Cells were cultured in mineralizing media and von Kossa staining
was performed to evaluate the mineral nodule formation on week 2, 3, 4.
The area covered by mineral nodules in each well was determined. The
data were presented as the mean ± SE for three experiments. **P < 0.01
vs. DFCs and DFCs-EGFP, †P < 0.05 vs. DFCs-Runx2, ††P < 0.01 vs.
DFCs-Runx2, §§P < 0.01 vs. NIH3T3 and NIH3T3-EGFP, ‡‡P < 0.01
vs. NIH3T3-Runx2, ‡P < 0.05 vs. NIH3T3-Runx2. Statistical signifi-
cance was determined using t-test.
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For instance, researchers found that transactivation func-
tion of Runx2 was inhibited by interaction of Runx2 at its
VWRPY motif with TLE2, which is a mammalian homo-
logue of Drosophila Groucho (41). Consistent with these
findings, we found that mutant Runx2 resulted in higher
levels of OPN, Col I and CP23 in dental follicle cells com-
pared to full-length Runx2.

Interestingly, we also found that in NIH3T3 cells,
mutant Runx2 resulted in higher level of OPN but lower
level of Col I when compared with full-length Runx2. In
addition, the level of another putative molecular marker
for cementoblasts, CAP, was found to be lower in DFCs
transduced with mutant Runx2 when compared to those
transduced with full-length Runx2. C terminus of Runx2
protein has been reported to support either activation or
repression of cell type-specific gene expression, and the
overall effect of Runx2 on target genes depends on cell
type, regulatory organization of target promoter, existence
of certain co-activators or co-repressors, and subnuclear
localization of Runx2 protein (39). It was reported that
ALY, a context-dependent co-activator of Runx family
proteins, binds to C terminus of Runx2 and activates its
transcriptional activity (42). Transcriptional co-activator
with PDZ-binding motif (TAZ), CCAAT ⁄enhancer bind-
ing protein b (C ⁄EBPb) and p300 also act as multifunc-
tional transcriptional co-activators, binding to C terminus
of Runx2 and serving as adapters for this potent osteo-
genic transcription factor (43–45). Consistent with these
previous findings, our results suggested that transcrip-
tional activity of Runx2 is subtly regulated, and the final
effect of Runx2 may not only be cell-specific, but also
gene-specific.

CAP (46) and CP23 (47) are both putative molecular
markers synthesized by cementoblasts, which are
expressed in cementum and cementoblast subpopulations
and progenitor cells of human periodontal ligaments. CAP
is a 56-kDa collagenous protein, which has been shown to
promote several biological activities, such as cell attach-
ment, chemotaxis and differentiation (48,49). This protein
preferentially promotes adhesion of osteoblastic cells, and
periodontal cells strongly binding to CAP have been
reported to form cementum-like mineralized tissue in vitro
(50). CAP was also shown to promote proliferation of
monkey BMSCs, while having little effects on mineraliza-
tion (51). In contrast, CP23 plays an important role during
the early stage of biomineralization processes by promot-
ing octacalcium phosphate crystal nucleation (52). This
protein has been implicated in regulating deposition rate,
composition and morphology of hydroxyapatite crystals
formed by putative human cementoblasts (53). For the
first time, our results have indicated that expression of
these cementum-derived matrix proteins is stringently reg-
ulated during cementogenesis and root formation, and

expression of CAP is more prominently enhanced by
Runx2 when compared to that of CP23. As an important
transcription factor for both osteogenesis and cementogen-
esis, Runx2 protein is present in early proliferative osteo-
blasts ⁄ cementoblasts, a developmental stage at which cell
proliferation is still required to obtain enough committed
cells for matrix formation. A higher level of CAP at this
early stage of cementogenesis is consistent with its func-
tion in promoting cell proliferation. In contrast, CP23 has
a more important role in mineralization, and moderate
expression level of CP23 at this early stage may better
control the process of mineralization.

In conclusion, our study further has confirmed
pluripotency of DFCs. We also showed that Runx2
over-expression in DFCs enhanced expression of
osteoblast ⁄ cementoblast-related genes, and mutant Runx2
without the VWRPY motif showed different transcrip-
tional activities compared to full-length Runx2, indicating
an important regulatory effect of this motif. Although the
in vitro findings may not necessarily represent
actual events in vivo, these results strongly indicate that
Runx2 is important in differentiation of DFCs towards
osteoblasts ⁄ cementoblasts.
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