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a b s t r a c t

Dentin regeneration remains a great challenge in clinic. Dental pulp stem cells (DPSCs) actively
contribute to dentinogenesis, which is orchestrated by a spectrum of signaling factors. However, the
exact mechanism underlying the reparative dentin regeneration process is largely unknown and the
application of DPSCs in the repair of dentin defect is thus limited. Here, using a rat reparative dentin
regeneration model, we observed that DPSCs underwent a proliferation phase followed by a differen-
tiation phase after dental injury. A transient elevation of nephroblastoma overexpressed (NOV, or CCN3)
expression correlated with this progressive dental tissue restoration process. Further studies revealed
that over-expression of CCN3 promoted human DPSCs proliferation via activation of Notch. Moreover,
using cocultured cells (DPSCs/CCN3 and DPSCs) in vitro and the cocultured cells-poly (lactic-co-glycolic
acid) (PLGA) scaffold complex in vivo, we demonstrated that CCN3 was capable of promoting minerali-
zation in a non-cell autonomous manner through promoting secretion of BMP2. CCN3 can promote
dentinogenesis by coordinating proliferation and odontoblastic differentiation of DPSCs via modulating
Notch and BMP2 signaling pathways and CCN3 is a promising therapeutic target in dentin tissue
engineering.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Dentin functions to provide protection for dental pulp and
support for enamel. The repair of defective dentin tissue remains a
great challenge in clinic. Dentinogenesis occurs with terminal
odontoblastic differentiation during embryonic development and
continues throughout the whole tooth life [1]. Distinct from pri-
mary and secondary detinogenesis, which occurs during tooth
development, post-natal tertiary dentinogenesis is a reparative
response to cavities and trauma stimulation, which can protect
dental pulp from external damage. Dental pulp stem cells (DPSCs), a
unique group of cells with clonogenic ability, high reproductive
activity and multiple differentiation potentials, have been demon-
strated to be an extremely crucial element for tertiary dentino-
genesis [2e5]. Upon dentin damage, DPSCs migrate, proliferate and
differentiate into odontoblasts, which then synthesize matrix to
form the tertiary dentin at the damaged sites [6,7]. DPSCs have
All rights reserved.
been cultured on a variety of scaffolds to engineer dentin tissues
[8,9]. However, the signaling underlying the regulation of DPSCs in
dentin regeneration remains largely unknown, limiting their
effective application in dentin tissue engineering.

Dentinogenesis is influenced by many signaling factors, partic-
ularly Notch and bone morphogenetic protein (BMP) signaling.
During tooth development, Notch receptors as well as Notch li-
gands are expressed in both epithelial and mesenchymal cells,
which initiate the stage of epithelialemesenchymal interactions for
tooth morphogenesis [10,11]. Notch signaling has been indicated to
be critical for fate determination of progenitor cells during terminal
odonotoblastic differentiation. Besides critical function during
primary and secondary dentinogenesis, Notch signaling is also
important for tertiary dentinogenesis. While Notch receptors are
weakly expressed in normal adult dental tissues, their expression is
strongly upregulated following dentin injury [12,13], with Notch1
mainly expressed in the stem cell compartment of dental pulp
[12,14], and Notch2 in subodontoblasts and odontoblasts [15].
BMPs are also important for dentinogenesis. BMPs are identified to
be crucial signal in transmitting inductive signal between the
dental epithelium and mesenchyme [16]. BMP2 transcripts are
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restricted in dental papillae, and are upregulated remarkably dur-
ing odontoblastic differentiation [16,17]. However, how these fac-
tors are orchestrated in tertiary dentinogenesis remains to be
elucidated. Knowledge gain in these aspects will directly set the
bases for dentin regeneration treatments and further clinical
exploitation.

Nephroblastoma overexpressed (NOV, or CCN3) was firstly
characterized as a promoter of progenitor activity of human he-
matopoietic stem cells, as knockdown of CCN3 can abrogate the
function of primitive progenitors [18]. Recent studies showed that
CCN3 is also actively involved in the process of wound healing.
CCN3 is highly expressed in granulation tissues of cutaneous
wounds and capable of inducing synthetic responses of fibroblasts
[19,20]. With all knowledge on CCN3 promoting hematopoietic
stem cells activity and cutaneous wounds healing, little is known in
its function in DPSCs mediated tertiary dentinogenesis. For
exploring our hypothesis that CCN3 may function to coordinate
proliferation and odontoblastic differentiation together during
tertiary dentinogenesis, and CCN3 could be a promising therapeutic
target in dentin tissue engineering, in this present study, we
identified CCN3 expression in rat dental pulp following dental tis-
sue injury and then investigated the effects of CCN3 on the prolif-
eration and odontoblastic differentiation of DPSCs.

2. Method

2.1. Reparative dentin regeneration model

Adult male (SpragueeDawley, SD) rats (Animal Research Center, Third Military
Medical University, China) weighing 250e280 g were used. The experimental pro-
cedures were approved by the Animal Research Committee of ThirdMilitaryMedical
University. Rats were anaesthetized by sodium pentobarbital. The incisor teeth were
cleaned by sterilized instruments. Exposed pulpal cavities (depth range 0.5e1.0mm)
were prepared by diamond cylindrical burs mounted on a high-speed
(300,000 rpm) dental handpiece with sterile saline cooling. The animals were
euthanatized at 0, 5, 10, 15 d post-surgery, and the injured incisor teeth were
collected. The pulps were extracted for cryosection, quantitative reverse
transcription-PCR (qRT-PCR) assay and western blot analysis. Expression of Dentin
sialophosphoprotein (DSPP), which is a marker of dentinogenesis and highly
expressed in mineralized tissues [21], was examined by western blot analysis. Co-
localization of CCN3 with stem cell markers including Stro-1, CD90 or CD105 were
examined by double immunofluorescence staining of the sections and laser scan-
ning confocal microscopy (ZEISS LSM 510). CCN3mRNA and protein expressionwere
examined by qRT-PCR and western blot analysis respectively.

2.2. CCN3 over-expression and Notch1 mRNA interference

2.2.1. CCN3 over-expression
pcDNA-CCN3 (NCBI accession no. NM_002514) was constructed by Neuro-

nbiotech (Neuronbiotech, Shanghai, China). All constructs were prepared with
standard DNA recombination on techniques. Briefly, CCN3 insert was isolated by PCR
amplification from pcDNA-CCN3 with two pairs of restriction primers. PCR products
were sequenced and confirmed (Invitrogen, Carlsbad, CA, USA) to contain the entire
CCN3 coding sequence. The insert was cloned into the pLOV-UbiC-EGFP plasmid,
and thenwere co-transfected with packaging helper plasmids (Invitrogen, Carlsbad,
CA, USA) into 293T cells. The CCN3 viral supernatant (Lenti-CCN3) was harvested,
filtered and concentrated. The mock viral supernatant (Lenti-vector), without the
CCN3 insert, was prepared similarly. Virus-infected cells were selected with 10 mg/
ml puromycin (Invitrogen). The antibiotic-resistant clones were pooled and used for
subsequent studies.

2.2.2. Notch1 mRNA interference
Synthetic oligonucleotides containing the human Notch1 splice variant (NCBI

accession no. NM_017617) RNA interference target CGCTGCCTGGACAAGATCAAT was
synthesized, annealed and ligated into the pLKD-CMV-GEP lentiviral vector (Neu-
ronbiotech) between the AgeI and EcoRI restriction enzyme sites following the U6
promoter. The oligo sequences are 50-CCGGCGCTGCCTGGACAAGATCAATCTCGA-
GATTGATCTTGTCCAGGCAGCGTTTTTTg-30(sense); 50AATTCAAAAAACGCTGCCTGGA-
CAAGATCAATCTCGAGATTGATCTTGTCCAGGCAGCG-30(antisense). The Notch1 shRNA
viral supernatant (Lenti-Notch1-RNAi) was harvested, filtered and concentrated as
above-mentioned.

Human DPSCs used in this study were isolated, cultured and characterized ac-
cording to previous studies [3,4,22]. Positive expression percentage of Stro-1, CD90
and CD105 in human DPSCs were detected by flow cytometry assay. DPSCs at pas-
sage 3 were plated at 6 � 104 cells/well in 6-well plates. The cells were infected with
Lenti-CCN3 and/or Lenti-Notch1-RNAi at the multiplicity of infection (MOI) of 20 in
DMEM supplemented with 10% FBS and 5 mg/ml polybrene. The GFP-positive DPSCs
were confirmed under a fluorescence microscope. Sustained CCN3 over-expression
or Notch1 down regulation were confirmed by qRT-PCR and western blot analysis.

2.3. qRT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen). Reverse transcription
was performed using a First Strand cDNA Synthesis kit (TaKaRa, CA, USA). Real-Time
PCR reactionswere performed utilizing a QuantiTect SYBRGreen PCR kit (TaKaRa) on
a PCR machine (7500 Real-Time PCR Detection System, Applied Biosystems,
Alameda, CA, USA). Primers used are listed in Supplemental Table 1.

2.4. Western blot analysis

Total proteins were extracted from DPSCs with cell lysis buffer (Pierce
Biotechnology, Rockford, IL, USA) supplemented with proteinase inhibitor (GBio-
sciences, Louis, MO, USA) and phosphatase inhibitor (Roche Applied Science, Ger-
many). Protein concentrations in the extracted lysates were determined using a
Protein Assay Solution kit (Bio-Rad, Berkeley, CA, USA) and quantified with a
microplate reader at 595 nm wavelength. The cell lysates were separated by 10%
SDS-PAGE and then transferred to polyvinylidene fluoride (PVDF) membranes using
a semi-dry transfer apparatus. The blots were blocked in 5% non-fat milk TBST buffer
for 1 h at room temperature and then incubated in primary antibody overnight at
4 �C. The blots were incubated in the secondary antibody for 2 h at 37 �C. Dilutions
for primary antibodies were as following: anti-CCN3, anti-Hes1 and anti-Hey1
(1:1000, Abcam, Cambridge, MA, USA), anti-NICD (1:500, Abcam), anti-
proliferating cell nuclear antigen (PCNA, 1:500, Santa Cruz, Dallas, TX, USA), anti-
BMP2 (1:500, Abcam), anti-Smad 1/5 (1:500, Santa Cruz), anti-phospho-Smad
1/5/8 (1:1000, Cell Signaling, Danvers, MA, USA), anti-Runx2 (1:1000, Abcam), anti-
DSPP (1:500, Santa Cruz), anti-DMP-1 (1:1000, Abcam), anti-b-actin (1:1000, Santa
Cruz). The secondary antibody was diluted at 1:2000 (Santa Cruz). Proteins were
subsequently detected by an Enhanced Chemiluminescence (ECL) kit (Pierce
Biotechnology) according to the manufacturer protocol.

2.5. Cell cycle analysis and cell viability assay

2.5.1. Cells cycle analysis
DPSCs were harvested by trypsin and washed twice with ice-cold phosphate-

buffered saline (PBS). Cells were fixed in 70% ethanol at 4 �C overnight. After centri-
fugation, cell pellets were washed once with ice-cold PBS and stained with 500 ml PBS
containing 50 mg/ml propidium iodide,100 mg/ml ribonuclease and 0.2% (v/v) Triton X-
100 for 30 min at 4 �C in dark. The cell cycle distribution was then measured with a
flow cytometry instrument. The proliferation index (PI) was determined according to
the following formula: PI ¼ (G2/M þ S)/(G0/G1 þ S þ G2/M) � 100%.

2.5.2. Cell viability assay
Cells were counted and platedwith a final density of 5000 cells/well in a 96-well

plate. Viabilities of cells were assessed daily for consecutive 7 days using a Cell
Counting Kit-8 (CCK-8) kit (Beyotime, Peking, China). The absorbance was detected
with a microplate reader at 650 nm wavelength.

2.6. ELISA

Monoclonal BMP2 antibody (Abcam) was diluted to 10 mg/ml in coating buffer.
The diluted antibody solution was added to an ELISA plate in 50 ml/well and incu-
bated overnight at 4 �C. Wells were washed with Tris High Salt buffer-Tween (THST)
solution, and then were blocked in 200 ml 4% milk at 37 �C for 90 min. Reference
standards of BMP2 was prepared by diluting rh-BMP2 (Abcam) to a serial dilution
points as following, 4 ng/ml, 2 ng/ml, 1 ng/ml, 0.5 ng/ml, 0.25 ng/ml, 0.125 ng/ml,
and 0.0625 ng/ml respectively. Conditioned medium from DPSCs/CCN3, DPSCs/
vector and DPSCs culture were collected and added into the coated capture plate at
dose of 50 ml/well. After incubation at room temperature for 3 h, secondary antibody
IgG-HRP (1:5000 dilutions, Beijing Biosynthesis, Beijing, China) was applied at 50 ml/
well followed by incubation for 1.5 h at room temperature. Each assay was colored
by addition of ABST per well followed by addition of stop solution at dose of 100 ml/
well. Each well was finally assayed at 405 nmwavelength with a microplate reader.

2.7. Alkaline phosphatase (ALP) assay, Alizarin red S staining and calcium content
quantification

Cells were plated in 6-well plates at a final density of 2 � 105 cells/well with the
odontogenic medium containing 2 mM of b-glycerophosphate, 10 nM of dexameth-
asone and 100 mM of ascorbic acid. For ALP activity assay, cells were induced for 14 d
and 21 d. The ALP staining and activity assay was performed with an ALP Activity kit
(Nanjing Jiancheng, Jiangsu, China). The absorbance was measured on a microplate
reader at 520 nm wavelength. For mineralization assay, the cells were induced for
14 d, 21 d and 28 d. The mineralized matrices were stained with Alizarin red S
(Sigma). The calcium content was determined using a Calcium Assay kit (Nanjing
Jiancheng) according to the manufacturer’s instruction. The absorbance was
measured on a microplate reader at 610 nm wavelength.
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2.8. Ectopic dentin regeneration

Cells (1 � 106 in cell number) were seeded into porous poly (lactic-co-glycolic
acid) (PLGA) (nLA/nGA ¼ 75/25, Mw 100 KDa) scaffolds (Shandong Daigang, Shan-
dong, China), with an average pore size around 250 mm and a porosity around 90%.
PLGA scaffold is in disk shape with a diameter of 6 mm and a thickness of 2 mm. The
cell-scaffold constructs were induced in odontogenic medium for 2 wk and then
subcutaneously transplanted into nude mice. Animal was euthanized and the
transplants were harvested at 14 d, 21 d and 28 d post-surgery. The total proteins
were extracted for western blot analysis on DSPP and DMP-1 expression. For his-
tological analysis with von Kossa staining, implants were harvested at 28 d post
transplantation followed with fixation in 10% formalin for 24 h before histology
processing. Other implants were harvested after 28 d of transplantation and
immediately fixed in 10% formalin for 24 h. The samples were then processed for
histological analysis with von Kossa staining.

2.9. Statistical analysis

Results were expressed as Mean � SD. Comparisons between different groups
were performed with one-way analysis of variance (ANOVA) using SPSS software
(SPSS, San Rafael, CA, USA). (Values of *p ＜ 0.05 were considered statistically
significant).
3. Results

3.1. Transient enhancement of CCN3 during reparative
dentinogenesis

To study tertiary dentinogenesis in response to injury, an
exposed dentin cavities were created in rat incisor by diamond
cylindrical burs under aseptic conditions (Fig. 1A). Compared to
untreated teeth (Fig. 1B, left panel), reparative dentin tissues
formed in pulp chambers of injured teeth within 15 days of resto-
ration (Fig. 1B, right panel). We observed an elevated DSPP
expression pattern in dental pulp tissues starting from day 10 post-
surgery (Fig. 1C, D), indicating a progressive process of reparative
dentin regeneration. Different from the continuously elevated
expression pattern of DSPP, we observed a transient elevation of
CCN3 expression, in both mRNA level (Fig. 1E) and protein level
(Fig. 1F, G), peaking at day 5 post-surgery, followed by a steady
decrease through the next 10 days (day 5 to day 15) post-surgery. To
investigate the potential biological function of transient elevation
of CCN3 expression following injury, we firstly profiled the popu-
lation of cells in dental pulp that specifically expresses CCN3. A
double immuno-labeling of CCN3 with Stro-1, CD90 or CD105, the
DPSCs markers, in dentin pulp collected from 0 day to 15-day
incisor post-surgery, indicated that CCN3was exclusively expressed
in DPSCs (Fig. 1H) (Supplemental Fig. 1). Compared to day 0 post-
surgery, we observed that the number of DPSCs per view peaked
at day 5 post-surgery, followed by a steady decrease in the next 10
days (Fig. 1I). Interestingly, this cell mobilization pattern correlated
with CCN3 expression pattern as mentioned above. Moreover, we
observed that in individual DPSC there was a transient but signif-
icantly increase of CCN3 expression at day 5 post-surgery and fol-
lowed by a steady decrease in the next 10 days (Fig. 1J). These data
indicated that the total increase of CCN3 expression level was not
only due to the increased number of DPSCs (CCN3 expressing cells),
but also contributed by the elevation of CCN3 in individual DPSCs.
Collectively, these results demonstrated that CCN3, specifically
expressed in dentin pulp stem cells, was transiently upregulated
during recovery process.

3.2. Promoted proliferation of DPSCs/CCN3 via Notch signaling

To investigate the effect of CCN3 on DPSCs proliferation, human
DPSCs was infected by lenti-virus coding CCN3 (DPSCs/CCN3).
Positive expression of Stro-1, CD90 and CD105 in human DPSCs
were confirmed by flow cytometry assay (Supplemental Fig. 2).
Comparing to wild-type DPSCs (DPSCs/wt) or DPSCs infected with
empty virus vector (DPSCs/vector), DPSCs/CCN3 bear 6 folds of
CCN3 protein (Supplemental Fig. 3). Coinciding with enhanced
expression of CCN3, a dramatic increase of S phase cells and a
decrease of G1/G0 phase cells were observed (Fig. 2A), suggesting
an elevated proliferation rate in DPSCs/CCN3 cells. Consistently, we
observed a significant increase of cell viability in DPSCs/CCN3
comparing to DPSCs/wt or DPSCs/vector by using CCK-8 assay
(Fig. 2B) and a two folds elevation of PCNA expression in DPSC/
CCN3 as well (Fig. 2C, D). Previous report has demonstrated that
CCN3 is capable of interacting with Notch1 [23] and activating
Notch signaling. Thus we examined whether Notch signaling was
elevated in response to enhanced CCN3 expression. Total cell ly-
sates was applied for western blot and a nearly two folds increase of
NCID was observed (Fig. 2E, D). Consistently elevations of two
downstream targets of Notch signaling, namely Hes1 and Hey1
were also observed in both mRNA level (Fig. 2G, H) and in protein
level (Fig. 2I, J), suggesting an activated Notch signaling in DPSCs/
CCN3. To further validate whether elevated Notch signaling was
responsible for enhanced proliferation, Notch1, the Notch receptor
expressed in human DPSCs, was knocked down by lenti-virus car-
rying corresponding shRNA in DPSCs/CCN3 cells. The results
showed that Notch1 knockdown led to decreased proliferation
evidenced by both cell cycle analysis (Fig. 2K) and CCK-8 assay
(Fig. 2L). Taken together, our data demonstrated that enhanced
expression of CCN3 led to elevated proliferation via activating
Notch signaling.
3.3. Inhibited odontoblastic differentiation of DPSCs/CCN3 via
Notch signaling

We then examined the impact of enhanced expression of CCN3
on odontoblastic differentiation of DPSCs. DPSCs/CCN3 was
cultured in odontoblastic differentiation medium for 14 days and
21 days. Comparing to DPSCs/wt and DPSCs/vector culture, a
dramatically decreased alkaline phosphatase activity was observed
in DPSCs/CCN3 culture, indicating an inhibited differentiation of
DPSCs/CCN3 into odontoblasts (Fig. 3A). Alizarin red S staining
showed less calcified nodules in DPSCs/CCN3 culture comparing to
control culture (Fig. 3B). Consistently, the extracted calcium
amount from DPSCs/CCN3 culture was significantly lower than that
from DPSCs/wt or DPSCs/vector culture (Fig. 3C). These data
collectively showed that over-expression of CCN3 significantly
inhibited odontoblastic differentiation. To investigate the under-
lying mechanisms, we evaluated the expression of Runx2, the key
transcription factor involved in odontoblastic differentiation
[24,25]. We observed a dramatic decrease of Runx2 expression in
both mRNA level and protein level in DPSCs/CCN3 (Supplemental
Fig. 4). The decrease of Runx2 expression at mRNA level (Fig. 3D)
and protein level (Fig. 3E, F) was rescued to normal level when
Notch1 is knocked down by lenti-virus carrying corresponding
shRNA. Taken together, these results showed that enhanced
expression of CCN3 led to attenuated odontoblastic differentiation
via activating Notch signaling.
3.4. Up-regulated BMP2 signaling in DPSCs/CCN3

BMP signaling has been documented to promote odontoblastic
differentiation of DPSCs. To investigate whether enhanced expres-
sion of CCN3 could inhibit odontoblastic differentiation via medi-
ating BMP signaling, we evaluated the expression of BMP2, a potent
ligand responsible for odontoblastic differentiation of DPSCs
[26,27]. Surprisingly, we observed an increased BMP2 expression in
DPSCs/CCN3 at both mRNA level (Fig. 4A) and intracellular protein
level (Fig. 4B). Further analysis demonstrated a corresponding



Fig. 1. Transient elevation of CCN3 expression in DPSCs during reparative dentin regeneration (A) Rat incisor teeth with pulpal cavities were prepared by diamond cylindrical burs.
Arrowhead indicates the cavity. (B) Normal teeth (left panel) and reparative teeth (right panel) at 15 d post injury. Arrowhead indicates the tertiary dentin formation in injured pulp
tissue. (C) Western-blot analysis of DSPP protein expression of pulp tissue at indicated time points post-surgery. Results shown are representative of three independent experi-
ments. (D) Quantification of western blot in C (*p < 0.05, **p < 0.001, n ¼ 3). (E) qRT-PCR analysis of CCN3 mRNA level and (F) western blot analysis of CCN3 protein level showed
that CCN3 expression in pulp tissues increased significantly at 5 days post injury and then reduced progressively to normal level at 15 d post injury. Results shown are representative
of three experiments. (G) Quantification of F (*p < 0.05, **p < 0.001, n ¼ 3). (H) Representative images of double-staining of CCN3 (Red) and Stro-1 (Green) in pulp tissues Indicated
that CCN3 was specifically expressed in DPSCs. The cell nuclei are counter-stained with DAPI, Scale bars ¼ 50 mm. (I) DPSCs number per view of the images of double-staining of
CCN3 (Red) and Stro-1 (Green) in pulp tissues indicated a peak percentage of DPSCs at 5 days post-surgery (*p < 0.05, **p < 0.001, n ¼ 3). (J) Quantification of CCN3 fluorescence
intensity in H (*p < 0.05, **p < 0.001, n ¼ 3). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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extracellular increase of BMP2 secretion in DPSCs/CCN3 culture
(Fig. 4C). This increased extracellular BMP2 also led to the activa-
tion of BMP signaling, evidenced by dramatically increased
phosphor-Smad 1/5/8 in DPSCs/CCN3 (Fig. 4D, E). These data sug-
gested that although BMP signaling was activated as well, the
elevated Notch signaling surpassed the effect of BMP signaling and
the cells were prevented to differentiate into mature odontoblasts
in DPSCs/CCN3 culture.
3.5. Promoted odontoblastic differentiation in non-cell autonomous
manner

Our above results demonstrated that enhanced expression of
CCN3 led to elevated BMP2 secretion, which however could not led
to elevated odontoblastic differentiation in DPSCs/CCN3. Then we
investigated whether elevated BMP2 secretion in DPSCS/CCN3
would be able to promote DPSCs differentiation through non-cell



Fig. 2. Ectopic expression of CCN3 promoted proliferation of human DPSCs through elevated Notch signaling. (A) The proliferation index (PI) was evaluated in DPSCs with CCN3 ectopic expression (DPSCs/CCN3) (**p < 0.001, n ¼ 4). (B)
CCK-8 assays performed at indicated time points showed an increased proliferation in DPSCs/CCN3 (**p < 0.001, n ¼ 4). (C) An enhanced PCNA expression level in DPSCs/CCN3 was detected by western blot (**p < 0.001, n ¼ 4). (E) An
increased NICD expression of DPSCs/CCN3 was detected by western blot analysis (**p < 0.001, n ¼ 4). (G) Enhanced mRNA level of Hes1 and (H) Hey1 in DPSCs/CCN3 were detected by qRT-PCR (**p < 0.001, n ¼ 4). (I) Elevated protein
level of Hes1 and Hey1 in DPSCs/CCN3 were detected by western blot analysis. Results shown are representative of four experiments. (J) Quantification of I (**p < 0.001, n ¼ 4). (K) Cell cycle analysis and (L) CCK-8 assay showed that
Notch1 knocked down led to a decreased proliferation of DPSCs/CCN3.
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Fig. 3. Enhanced expression of CCN3 inhibited odontoblastic differentiation of DPSCs via decrease of Runx2 expression mediated by elevated Notch. (A) Inhibition of alkaline
phosphate (ALP) activity was assayed in DPSCs/CCN3 at indicated time points post odontoblastic differentiation induction. (**p < 0.001, n ¼ 4). (B) Suppression of Alizarin red S
staining on DPSCs/CCN3 at indicated time points post-odontoblastic differentiation induction. Results shown are representative of four independent experiments. (C) Calcium
amounts of DPSCs/CCN3 were assayed at indicated time points of post odontoblastic differentiation induction. (**p < 0.001, n ¼ 4). A-C demonstrated that enhanced expression of
CCN3 inhibited odontoblastic differentiation of DPSCs. (D) Quantification of mRNA level (*p < 0.05, **p < 0.001, n ¼ 4) and (E) protein level of Runx2 in DPSCs/CCN3 with or without
Notch1 knockdown showed that enhanced expression of CCN3 inhibited Runx2 expression, and the decrease of Runx2 expression was rescued to normal when Notch1 is knocked
down by RNAi. Western-blot results are representative of four independent experiments. (F) Quantification of (E) (**p < 0.001, n ¼ 4).
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autonomous manner. DPSCs/CCN3 and DPSCs/vector were thus
mixed at a ratio of 1:4 and co-cultured in odontoblastic differen-
tiation medium. Interestingly, the ALP activity of co-cultured cells
was remarkably increased, not only higher than that of DPSCs/CCN3
culture, but also significantly higher than that of DPSCs/wt or
DPSCs/vector culture (Fig. 5A). The Alizarin red S staining (Fig. 5B),
Fig. 4. Enhanced expression of CCN3 led to elevated BMP2 expression and activated BMP si
(**p < 0.001, n ¼ 4). (B) An enhanced intracellular protein level of BMP2 in DPSCs/CCN3 w
experiments. (C) Quantification of B (**p < 0.001, n ¼ 4). (D) An increased secretion of BMP2
of phosphorylated Smad 1/5/8 in DPSCs/CCN3 was detected by western blot assay. Results sh
extracellular calcium quantification (Fig. 5C) and the secreted DSPP
(Fig. 5D) all confirmed the enhanced mineralization in co-cultured
cells. ALP staining (Fig. 5E), ALP activity assay (Fig. 5F) and the
calcium quantification (Fig. 5G) demonstrated that this increased
mineralization was suppressed by the addition of Noggin, a potent
BMPs inhibitor, into cultured medium, showing the effect was
gnaling. (A) An elevated mRNA level of BMP2 in SPSCs/CCN3 was detected by qRT-PCR
as detected by western blot analysis. Results are representative of four independent
from DPSCs/CCN3 culture was detected by ELISA (**p < 0.001, n ¼ 4). (E) Enhancement
own are representative of four experiments. (F) Quantification of E (**p < 0.001, n ¼ 4).



Fig. 5. Co-culture of DPSCs/CCN3 with DPSCs promotes in vitro odontoblastic differentiation. DPSCs/CCN3 and DPSCs/vector were mixed at a ratio of 1:4 and the co-culture is
induced with odontoblastic medium. (A) The ALP activity, (B) calcium nodules with Alizarin red S staining, (C) calcium amount and (D) DSPP secretion were increased in co-culture,
compared to those of separate cultures at indicated time points. (E) ALP staining, (F) ALP activity assay and (G) calcium amount measurement showed that the treatment with
Noggin in co-culture decreased the ALP and calcium amount. (**p < 0.001, n ¼ 4).
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mediated by elevated BMP2 secretion. Taken together, enhanced
expression of CCN3 was able to promote odontoblastic differenti-
ation via BMP signaling in non-cell autonomous manner.
3.6. Enhanced dentin regeneration of DPSCs/CCN3 in vivo

To evaluate whether enhanced expression of CCN3 can promote
in vivo mineralization and dentin regeneration, DPSCs/vector,
DPSC/CCN3 or DPSCs/CCN3 & DPSCs/vector were seeded into
porous PLGA scaffolds (Fig. 6A) respectively. The cell-scaffold con-
structs were induced in vitro for 2 weeks and then subcutaneously
transplanted into nude mice. After 4 weeks post transplantation,
von Kossa staining of the transplants showed the mineralization
was more extensive in co-culture group, compared to that in
DPSCs/vector group or DPSCs/CCN3 group (Fig. 6B). DSPP (Fig. 6C,
D) and DMP-1 (Fig. 6E, F), the extracellular matrix protein critical
for proper mineralization of bone and dentin Refs. [28], were both
increased in protein level with the time of transplantation, and
were highest in co-culture group at all time points of examination.
These results indicated that over-expression of CCN3 can be applied
to promote dentin regeneration in non-cell autonomous manner.
3.7. Inhibition of CCN3 expression via BMP2 feedback

Our above data showed that elevated CCN3 expression led to
elevated BMP2 synthesis and secretion, which was capable of
promoting odontoblastic differentiation of DPSCs/wt and DPSCs/
vector, but not DPSCs/CCN3. One of the reasons is that CCN3 was
constitutively expressed under the control of UbiC promoter, which
was not responsive to any feedback of activated signaling. To verify
this hypothesis, we treated DPSCs with BMP2 ligand in the culture
medium. The result showed that BMP2 treatment (3.5 nM) led to a
significant down regulation of CCN3 expression in DPSCs for both
mRNA level (Fig. 7A) and protein level (Fig. 7D, E). Consistently,
downstream targets of Notch signaling, including NICD protein
level (Fig. 7D, E), mRNA level of Hes1 (Fig. 7B) and Hey1 (Fig. 7C)



Fig. 6. Co-culture of DPSCs/CCN3 with DPSCs promoted in vivomineralization and dentin regeneration. (A) Scanning electron microscope (SEM) images of blank PLGA scaffold (left)
and cells in PLGA scaffold (right). (B) Von Kossa staining of the sections of subcutaneous transplants at 4 wks post transplantation indicated an enhanced mineralization of co-
cultured cells (DPSCs/CCN3 and DPSCs). (C) DSPP protein expression evaluated by western blot analysis, (D) quantification of C (**p < 0.001, n ¼ 4), (E) DMP-1 protein expres-
sion evaluated by western blot analysis and (F) quantification of E (**p < 0.001, n ¼ 4) at indicated time points post transplantation illustrated the promoted mineralization in co-
cultured cells (DPSCs/CCN3 and DPSCs).
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and protein level of Hes1 and Hey1 (Fig. 7D, E) were attenuated
with BMP2 treatment. Taken together, CCN3 is able to induce BMP2
ligand secretion, which then functions as a feedback inhibition on
CCN3 expression and as a result, leads to a down regulation of
Notch signaling.

4. Discussion

Tertiary dentinogenesis is a reparative response to cavities and
trauma stimulation, in which odontoblast differentiation of DPSCs
is involved. Comprehensive analysis on rat injury model strongly
suggested that during this process, DPSCs will undergo two district
processes, proliferation and differentiation. During proliferation
phase, a rapid increase of DPSCs population in dental pulp was
observed, with limited odontoblast differentiation, evidence by
observation at 5 days post-surgery that there is a remarkable in-
crease of DPSCs with limited DSPP synthesis. Following the prolif-
eration phase, DSPP synthesis increased dramatically with DPSCs
population starting to decrease after 5 days post-surgery, sug-
gesting a differentiation initiation of DPSCs. Our data provide a role
of CCN3 during tertiary dentinogenesis: CCN3 function to coordi-
nate proliferation and differentiation of DPSCs.



Fig. 7. BMP2 feedback inhibited CCN3 expression and Notch signaling. (A) Suppression of mRNA and protein level of CCN3 expression in human DPSCs treated with BMP2 (3.5 nM)
was evaluated by qRT-PCR analysis (**p < 0.001, n ¼ 4). Inhibition of mRNA level of Notch target gene (B) Hes1 and (C) Hey1 under BMP2 treatment was detected by qRT-PCR
analysis (**p < 0.001, n ¼ 4). (D) Western-blot analysis showed that the protein level of Notch downstream, NICD, Hes1 and Hey1 were all inhibited under BMP2 treatment.
Results shown are representative of four independent experiments. (E) Quantification of D (**p < 0.001, n ¼ 4). (F) Schematic illustration of the function of DPSCs in response to
dentin injury (see detail in discussion).
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CCN3 belongs to CCN family, which shares highly conserved
insulin-like growth factor binding protein domain (IGFBP), von
Willebrand type C repeat (VWC), thrombospondin type I domain
(TSP-1) and cysteine knot carboxyl terminal (CT) [29]. CCN proteins
have been documented to be involved in several biological pro-
cesses such as angiogenesis, tumorigenesis, chondrogenesis, and
hematopoiesis, particularly through regulation of cell proliferation,
adhesion, migration, differentiation, apoptosis, and extracellular
matrix production [29e31]. Our investigation on mechanistic
function of CCN3 in reparative dentinogenesis originated from the
observation that CCN3 expression transiently increased following
rat incisor injury, and that the elevated CCN3 expression peaked at
5 days post-surgery. Similarly in femur injury model [32] and in
granulation tissue of cutaneous wounds [20], there are transient
elevations of CCN3 expression observed as well. These common
expression patterns of CCN3 suggest an important role of CCN3 in
reparative tissue regeneration.

One of our unique findings is that enhanced expression of CCN3
in human DPSCs led to up-regulation of BMP2 secretion, evidenced
by both elevated intracellular BMP2 synthesis, extracellular BMP2
level and most strikingly elevated accumulation of phosphorylated
Smad 1/5/8 in DPSCs/CCN3. Many studies have demonstrated that
BMP2 is capable of inducing odontoblastic differentiation and
reparative dentin formation [26,27,33,34]. Different from previous
reports [35], in our system, attenuated odontoblastic differentiation
of DPSCs/CCN3 was observed with elevated BMP2 signaling. It
should be noted that BMP signaling does play a pro-differentiation
role during odontoblastic differentiation of DPSCs, evidenced by
observation that DPSCs/CCN3 is capable of promoting odontoblastic
differentiation in non-cell autonomous, but BMP dependent
manner. Consistently our data obtained from in vitro cultured sys-
tem was confirmed in a transplanted model as well. These obser-
vations suggest that presence of active Notch signaling is capable of
suppressing pro-differentiation impact from activated BMP
signaling, which is consistent with commonly accepted concept
that Notch signaling is critical for keeping stem cells at an un-
committed/naive state [36].

Another interesting observation in our work is that BMP2 is able
to negatively regulate CCN3 expression in DPSCs. Similarly, it was
reported that in vitro cultured osteoblast, addition of BMP2 ligand
can effectively down-regulate CCN3 expression [37]. This obser-
vation brings in a potential feedback inhibition on injury-mediated
proliferation of DPSCs driven by CCN3, which may function to
prevent unregulated proliferation of DPSCs during dental pulp
injury recovery. This was also supported by our observation that, in
rat injury model, we observed that expression of CCN3 peaked at
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day 5-post-injury, while there was only limited elevation of DSPP
level observed. Consistently, dramatic DSPP elevation was associ-
ated with decreasing of CCN3 total level, CCN3 intracellular level
and cell number of DPSCs in dentin pulp tissue.

Collectively, we proposed our model as following to explain the
role of CCN3 in coordinating Notch and BMP signaling during
reparative dentinogenesis, as illustrated in Fig. 7F. Initial acute in-
juries in teeth induce elevation of CCN3 expression in DPSCs in
dental pulp. Elevated CCN3 expression thereafter induces Notch
signaling to promote a self-replication but simultaneously keeps
DPSCs in uncommitted state, which results in a rapid increase of
DPSCs population in a short time. Elevated CCN3 will also promote
BMP2 ligand synthesis and secretion as well. Activation of BMP
signaling will not immediately induce odontoblastic differentiation
in DPSCs due to the presence of active Notch signaling. On the other
hand, active BMP signaling will slowly attenuated Notch signaling
through inhibiting CCN3 expression in transcription level. Until
CCN3 level is below certain threshold, active BMP signaling will
start to dictate odontoblastic differentiation of DPSCs, which finally
contribute to tertiary dentin synthesis. Taken together, our studies
revealed that CCN3 plays a central role inmodulating dentingenesis
and CCN3 is thus a promising therapeutic target in dentin tissue
engineering.

5. Conclusions

CCN3 can promote dentinogenesis by coordinating proliferation
and odontoblastic differentiation of DPSCs via modulating Notch
and BMP2 signaling pathway. CCN3 is a promising therapeutic
target in dentin tissue engineering.
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