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1  | INTRODUCTION

The dental pulp contains undifferentiated mesenchymal cells and 
plays roles in dentinogenesis.1 Dental pulp stem cells (DPSCs) can pro-
liferate and differentiate into odontoblasts (OD) to create reparative 

dentin in response to the appropriate stimuli.2,3 A number of factors 
are involved in regulating reparative dentin formation, such as BMP2,4 
HMGB1,5 NOTCH6 and so on. Understanding the genetic and molecu-
lar events that regulate the reparative dentin formation will be applied 
to prevent and treat the heritable and acquired loss.

Delta-like homologue 1 (DLK1), also named preadipocyte fac-
tor 1, pG2, or foetal antigen 1, imprinted cluster located on human 
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Abstract
Introduction: This study aimed to investigate the functions of delta-like homologue 1 
(DLK1) in the proliferation and differentiation of human dental pulp stem cells 
(hDPSCs).
Methods: Immunohistochemical analysis was used to determine the expression of al-
kaline phosphatase (ALP), dentin sialophosphoprotein (DSPP), DLK1, NOTCH1 and 
p-ERK1/2 in the mouse first maxillary molar. Recombinant lentivirus was constructed 
to overexpress DLK1 stably in hDPSCs. The cell viability and proliferation of hDPSCs 
were examined by CCK8 and EdU incorporation assay respectively. The odontoblastic 
differentiation of hDPSCs was determined by detection of ALPase activity assay, ALP 
and alizarin red staining and the expression of mineralization-related genes including 
ALP, DSPP and dental matrix protein. The mRNA and protein levels of DLK1 and p-
ERK1/2 protein expression were detected. ERK inhibitor was used to test the differ-
entiation effect of DLK1 on hDPSCs.
Results: Delta-like homologue 1 was highly expressed on the odontoblasts and dental 
pulp cells on the first maxillary molar; the expression of p-ERK1/2 is similar with the 
DLK1 in the same process. The expression level of DLK1 increased significantly after 
the odontoblastic induction of hDPSCs. DLK1 overexpression increased the prolifera-
tion ability of hDPSCs and inhibited odontoblastic differentiation of hDPSCs. The pro-
tein level of p-ERK1/2 significantly increased in hDPSCs/dlk1-oe group. ERK signalling 
pathway inhibitor reversed the odontoblastic differentiation effects of DLK1 on 
hDPSCs.
Conclusions: The proliferation of hDPSCs was promoted after DLK1 overexpression. 
DLK1 inhibited the odontoblastic differentiation of hDPSCs, which maybe through 
ERK signalling pathway.

www.wileyonlinelibrary.com/journal/cpr
http://orcid.org/0000-0002-0224-3255
mailto:raoraowang@tongji.edu.cn
mailto:amyxyz01@sina.com


2 of 12  |     QI et al.

chromosome 14q32, is a transmembrane and secreted protein.7 It is 
highly expressed in diverse embryonic tissues during early organogen-
esis and adulthood, and it maintains precursor cell populations and 
inhibits differentiation. DLK1 has also been proven to play important 
roles in development and differentiation of many tissues for it is a 
feature of stem cell niches.8,9 Moreover, DLK1 is also found locally 
overexpressed in adult tissues after injury, which may be associated 
with stem cell activation and tissue repair responses.10,11 Therefore, 
we hypothesized that DLK1 may exert effects on odontoblastic differ-
entiation during tooth development and reparative dentin formation 
in caries.

In the present study, the expression of DLK1 in mouse tooth OD 
and mouse DPCs was detected by immunohistochemical analysis. 
Meanwhile, the expression of DLK1 during human dental pulp stem 
cells (hDPSCs) odontoblastic differentiation was detected by quanti-
tative real-time polymerase chain reaction (RT-PCR) and Western blot 
analysis, then DLK1 was stably overexpressed in hDPSCs to determine 
its effects on proliferation and odontoblastic differentiation of hDP-
SCs, and the molecular mechanism was analysed.

2  | MATERIALS AND METHODS

The entire study was performed according to an informed proto-
col approved by the Ethics Committee of Shanghai Tenth People’s 
Hospital, Tongji University School of Medicine.

2.1 | Immunohistochemical analysis

The adult C57BL/6J mice were mated overnight. The day that a new 
born mouse observed was designated as postnatal 0 (PN0). The PN 
mice at tooth developmental stage (PN2, PN6 and PN20) were used in 
the study. For immunohistochemistry, maxillaries of each stage were 
fixed in 4% paraformaldehyde overnight at 4°C and demineralized 
with 10% ethylenediamine tetra-acetic acid (pH 7.4) from 2 to 14 days 
depending on stages at 4°C. After being dehydrated and embedded 
in paraffin, these samples were sectioned at a thickness of 5 μm. 
Sections were dipped into xylene to remove the paraffin, rehydrated 
through a series of alcohol. Sections were incubated in 3% hydrogen 
peroxide for 10 minutes at room temperature to prevent endogenous 
peroxidase activity, and then were incubated in 0.01 mol/L citrate 
for 10 minutes at 100°C followed by cooling down at room tempera-
ture for 20 minutes. Then slides were blocked in 5% bovine serum 
albumin in phosphate-buffered saline (PBS). Subsequently, slides 
were incubated with primary antibodies against alkaline phosphatase 
(ALP) (1:300, rabbit monoclonal antibody; Abcam Inc., Cambridge, 
MA, USA), dentin sialophosphoprotein (DSPP) (1:50, rabbit poly-
clonal antibody; Santa Cruz Biotechnology, Inc, Santa Cruz, CA, USA), 
DLK1 (1:300, rabbit polyclonal antibody; Santa Cruz Biotechnology, 
Inc), NOTCH1 (1:150, rabbit monoclonal antibody; Abcam, Inc) and 
p-ERK1/2 (1:100, rabbit monoclonal antibody; Abcam, Inc) over-
night at 4°C, while for negative control, slides were incubated with 
PBS. Then, the slides were washed with PBS and incubated with the 

polymer helper and poly-HRP-anti-Rabbit IgG (Zhong Shan Golden 
Bridge Biotechnology, Beijing, China) for 1 hour at 37°C. After being 
counterstained with haematoxylin, the samples were visualized under 
a light microscope (Carl Zeiss, Hamburg, Germany).

2.2 | Cell culture and differentiation

The primary cultured hDPCs were isolated from healthy human 
premolars undergoing tooth extraction for orthodontic treatment 
(12-14 years old) with informed consent obtained before tooth extrac-
tion, and were cultured in high-glucose Dulbecco’s modified Eagle’s 
medium (DMEM; Gibco-BRL, Grand Island, NY, USA) supplemented 
with 20% foetal bovine serum (FBS; Gibco-BRL Life Technologies, 
Paisley, UK, USA) and antibiotics (100 U/mL penicillin and 100 U/mL 
streptomycin; Gibco-BRL, USA) in a humidified atmosphere of 5% CO2 
at 37°C. The isolation of hDPSCs was performed according to previ-
ously described methods.12 When primary cells reached 80% conflu-
ence, the cells were digested to isolate single cell clones by limiting 
dilution in 96-well plates. The cells from these clones were observed 
as hDPSCs and were designed as passage 0. hDPSCs were expanded 
for the following experiments. Cell cultures between the third and 
sixth passages were used.

DMEM supplemented with 10% FBS, antibiotics, 50 μg/mL ascor-
bic acid (Sigma, St. Louis, MO, USA), 10 mmol/L sodium β-glycero-
phosphate (Sigma), and 10 nmol/L dexamethasone (Sigma) was used 
as odontoblastic induction medium. The cultured hDPSCs were ran-
domly divided into two groups: wild-type hDPSCs without infection 
were cultured in odontoblastic induction medium for 0, 3, 7, 11 and 
14 days and hDPSCs infected by lentivirus were cultured in odonto-
blastic induction medium for 0, 7 and 14 days. The RNA and protein of 
these two groups were extracted for real-time reverse transcription-
polymerase chain reaction (RT-PCR), Western blot analysis and ALPase 
activity assay.

2.3 | DLK1 lentivirus transfection

For the lentivirus transfection, lentivirus harbouring human Dlk1 
gene was constructed (GeneChem, Shanghai, China) (The struc-
ture of lentivirus vectors is provided in supplement.) hDPSCs were 
seeded in 6 cm plates, and reached about 50% confluence before 
transfection, which was performed according to the manufacturer’s 
recommendations. After hDPSCs were infected using polybrene 
(Sigma) for 24 hours, 8 μg/mL Puromycin (Sigma) was added to 
select the positive transfected cells for 1 week at 37°C, 5% CO2. 
Stably infected cells (termed as hDPSC/control or hDPSC/dlk1-oe) 
were chosen and used for further experiments. The transfected cells 
were analysed by fluorescent microscope, verified by RT-PCR and 
Western blots.

2.4 | Cell viability and proliferation assay

The Cell Counting Kit-8 (CCK-8; Dojindo Kagaku Co, Kumamoto, 
Japan) was used to analyse the effects of DLK1 on hDPSCs viability 
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according to the manufacturer’s protocols. Briefly, the hDPSC/wt, 
hDPSC/control or hDPSC/dlk1-oe were seeded at a density of 
5 × 103 cells/well in four 96-well plates (Corning Inc, Corning, NY, 
USA) and then were cultured overnight. Subsequently, fresh medium 
with 10% FBS was changed every 3 days. After the cells were cul-
tured for 1, 3, 5 and 7 days, the number of cells was assessed using 
a cell counting kit. Absorbance was measured using a microplate 
reader at 450 nm to determine the number of vital cells in each 
well. The well with medium and CCK-8 solution but without cells 
was used as a blank control. Cell proliferation was represented as 
the mean ± standard deviation (SD) of absorbance for five wells from 
each group.

Meanwhile, the newly synthesized DNA of replicating cells were 
detected using a Cell-Light 5-ethynyl-2′-deoxyuridine (EdU) DNA 
cell proliferation kit according to the manufacturer’s instructions 
(Guangzhou RiboBio, Guangzhou, China). Briefly, adherent hDPSCs in 
a 96-well plate (Falcon) plated at a density of 2 × 104 cells/well were 
serum starved for 12 hours, incubated with EdU for 3 hours and fixed 
in 4% paraformaldehyde. Nuclei were stained with Hoechst 33342 
before mounting by fluorescent microscopy. Data were obtained 
from the counts of EdU-positive cells. Statistical analysis of the EdU-
positive cells between groups was performed.

2.5 | Alizarin red staining and alkaline 
phosphatase staining

The hDPSC/wt, hDPSC/control or hDPSC/dlk1-oe cells were incu-
bated under odontoblastic induction for 14 days. The induction 
medium was replaced every 3 days. Mineralization was assessed 
by alizarin red staining. Briefly, 1% alizarin red (pH=4.3) (Sigma) was 
prepared in distilled water, and then applied to the cells in six-well 
plates for 30 minutes at 37°C. For ALP staining, the plates were har-
vested at 7 days. The ALP colour development kit (Beyotime Institute 
of Biotechnology, Shanghai, China) was used in the study according 
to the manufacturer’s protocols. Moreover, for determining whether 
DLK1 inhibited the odontoblastic differentiation through ERK sig-
nalling pathway. hDPSC/control or hDPSC/dlk1-oe groups were 
incubated under odontoblastic induction containing the special ERK 
signalling pathway inhibitor U0126 (10 nmol/L) for 7 days, then 
alizarin red staining and ALP staining were conducted. All the cells 
were washed thrice with distilled water and then observed by phase-
contrast microscopy.

2.6 | ALPase activity assay

ALPase activity was determined using cell lysates. Briefly, 220 μL 
of 0.9 mmol/L 2-amino-2-methyl-1-propanol buffer was added to 
5 μL of samples or standards. Subsequently, 25 μL of 15 mmol/L 
p-nitrophenyl phosphate was added and mixtures were incubated 
at 37°C for 30 minutes. ALP activity was measured at 405 nm using 
an ELISA microplate reader (Bio-Tek Instruments Inc, Winooski, 
Vermont, USA). ALPase activity (U/mg) was defined as the release 
of 1 mol p-nitrophenol per mg total cellular protein.

2.7 | RNA isolation and quantitative RT-PCR analysis

Total RNA of the hDPSC/wt, hDPSC/control or hDPSC/dlk1-oe cul-
tured in odontoblastic induction for different times was isolated with 
TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) following the manu-
facturer’s protocol. cDNA synthesized by a PrimeScript RT reagent 
Kit with gDNA Eraser (Takara Bio, Shiga, Japan) was used as a tem-
plate in PCR. The odontoblastic differentiation of the cells was moni-
tored by analysing the OD-related markers DSPP, dental matrix pro-
tein (DMP1) and ALP. Glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) was used to normalize the RNA expression. The sequences 
of the specific primers used in this study were as follows: DSPP (for-
ward: 5′-TCG GTT ACC GGT TGA CAT GG-3′, reverse:5′- TCA CAA 
GGG AGA AGG GAA TGG-3′); DMP1 (forward: 5′-CCC TTG GAG 
AGC AGT GAG TC-3′, reverse: 5′-CTC CTT TTC CTG TGC TCC TG-
3′); ALP (forward: 5′-CCA CAA GCC CGT GAC AGA-3′, reverse: 5′-
GCG GCA GAC TTT GGT TTC-3′); DLK1 (forward: 5′-CTC CCT GAC 
TCT TGT TTG G-3′, reverse: 5′-AAC GGT GAC AAT GAC TTG C-3′); 
GAPDH (forward: 5′-TCA TGG GTG TGA ACC ATG AGA A-3′, reverse: 
5′- GGC ATG GAC TGT GGT CAT GAG-3′). Real-time PCR reaction 
was amplified with HieffTM qPCR SYBR® Green Master Mix (Yeasen 
Bio, Shanghai, China) in an ABI 7500 Real-Time PCR System (Applied 
Biosystems, Foster City, CA, USA). Amplification and detection were 
performed at the following conditions: 5 minutes hot start at 95°C 
in the holding stage; 40 cycles of 10 seconds at 95°C, 30 seconds at 
60°C in the cycling stage; and 15 seconds at 95°C, 1 minute at 60°C, 
and 15 seconds at 60°C in the melt curve stage. Relative gene expres-
sion was calculated using the comparative 2−ΔΔCt method. The mean 
Ct value of target gene was normalized to its averaged Ct values of 
GAPDH to obtain a ΔCt value, which was then normalized to control 
samples to obtain a ΔΔCt value. Each measurement was assessed in 
triplicate. The gene expression ratio was shown as mean ± SD from 
three independent experiments.

2.8 | Western blot analysis

The hDPSC/wt, hDPSC/control or hDPSC/dlk1-oe cultured in 
odontoblastic induction for different days (0, 7 and 14 days) was 
lysed in a protein extraction kit (Piece, Rockford, IL, USA). Protein 
concentrations were determined using a bicinchoninic acid pro-
tein assay kit (Piece). An equal amount of proteins was separated 
and then transferred onto the nitrocellulose membranes (Millipore 
Corporation, Billerica, MA, USA). After blocking, the primary antibod-
ies of rabbit anti-mouse DLK1 (1:1000; Santa Cruz Biotechnology, 
Inc.), rabbit anti-mouse DMP1 (1:1000; Bio Vision Research Products, 
Mountain View, CA, USA), rabbit anti-mouse DSPP (1:500; Santa Cruz 
Biotechnology, Inc.), phosphorylated ERK1/2 (p-ERK1/2) (1:1000, 
rabbit monoclonal antibody; Abcam, Inc) or total ERK1/2 (1:1000; 
Santa Cruz Biotechnology, Inc.) and rabbit anti-mouse β-actin (1:5000; 
Santa Cruz Biotechnology, Inc.) were used. After washes, membranes 
were incubated with goat anti-mouse IRDye800 or goat anti-rabbit 
IRDye680 (1:10 000; Invitrogen). After the final wash, the membranes 
were visualized using the Odyssey LI-CDR system.
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2.9 | ERK signalling pathway inhibitor

ERK signalling pathway special inhibitor U0126 was chosen in the study. 
The different concentrations of U0126 (0, 2.5, 5, 10 and 20 nmol/L) 
were chosen to treat the hDPSC/control or hDPSC/dlk1-oe for 7 days. 
Cells were lysed using a protein extraction kit (Piece), and the protein 
level of p-ERK1/2 and total ERK1/2 was evaluated using Western blot 
analysis. The appropriate concentration of U0126 was chosen and used 
in the next experiment according to the results of Western blot analysis.

2.10 | Statistical analysis

Experiments were performed in triplicate, and data were presented as 
mean ± SD. Data were evaluated by one-way ANOVA using the spss 
software (version 10.0; SPSS, Chicago, IL, USA). P values <.05 were 
considered statistically significant.

3  | RESULTS

3.1 | Location of DLK1 protein during mouse tooth 
development

To detect the expression and location of ALP, DSPP and DLK1, immu-
nohistochemical analysis was used in the front sections of mouse 
first maxillary molar at PN2, PN6 and PN20. ALP and DSPP were 
increased during the dentin development (Figure 1). Dentin began 
formation at PN2, DLK1 was located in the ameloblasts and odonto-
blasts (OD), and also mildly expressed in dental pulp cells (DPCs) near 
the OD (Figure 2A,a). Dentin was formed at PN6, DLK1 was strongly 
expressed in OD, and detected in some DPCs (Figure 2B,b). After 
dentin development finished at PN20, DLK1 was not only highly 
expressed in ODs but also strongly located in a large number of 
DPCs (Figure 2C,c). During the dentin development, DLK1 positive 

F IGURE  1 Alkaline phosphatase 
(ALP) and dentin sialophosphoprotein 
(DSPP) protein expression in the first 
maxillary molar in mice were detected 
by immunohistochemical analysis. A(a), 
B(b) and C(c) show the result of ALP. D(d), 
E(e) and F(f) show the result of DSPP. 
Both of them were increased during the 
development (IEE: inner enamel epithelium; 
OD: odontoblast; DP: dental pulp; E: 
enamel; D: dentin; A-F: 200×; a-f: 400×)

(A) (B) (C)

(D) (E) (F)

(d) (e) (f)

(a) (b) (c)
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expression in ODs and DPCs near the ODs was observed. Moreover, 
DLK1 expression was up-regulated gradually in ODs and DPCs from 
PN2 to PN20 (Figure 2), which showed the same trend with ALP and 
DSPP (Figure 1).

3.2 | Expression of DLK1 during odontoblastic 
differentiation of hDPSCs

To detect the expression of DLK1 during odontoblastic induction, the 
mRNA and protein levels of DMP1, DSPP, ALP and DLK1 were measured 
by real-time PCR and Western blot analysis during the odontoblastic 
induction of hDPSCs (Figure 3). The mRNA and protein levels of DMP-
1, DSPP and ALP increased during the induction (Figure 3A-C, F-G, and 
I). ALPase activity exhibited the same trend as ALP mRNA expression 
(Figure 3D). Meanwhile, the mRNA and protein levels of DLK1 were up-
regulated during the odontoblastic differentiation (Figure 3E, H and I).

3.3 | Stable overexpression of DLK1 in hDPSCs

To construct stably transfected hDPSC/control and hDPSC/dlk1-
oe, hDPSCs were transfected with either lentiviral vector expressing 
green fluorescent protein (GFP) alone or lentiviral vector expressing 
DLK1 and GFP in vitro. The results demonstrated GFP expression in 
almost all cells after selecting the positive transfected cells using puro-
mycin (Sigma) for 1 week (Figure 4A). The mRNA and protein expres-
sion of DLK1 were obviously higher in hDPSC/dlk1-oe than those in 
hDPSC/control (Figure 4B-D). These results showed that DLK1 was 
stably overexpressed in hDPSC/dlk1-oe group.

3.4 | DLK1 promotes proliferation of hDPSCs

To measure cell proliferation, EdU labelling was performed. In the 
hDPSC/dlk1-oe group, cells showed red fluorescence indicating 
EdU labelling were much more than those in groups of hDPSC/con-
trol (Figure 5A,B). Meanwhile, we measured cell viability using CCK8 
according to the manufacturer’s instructions. The results indicated 
that the cell viability of hDPSC/dlk1-oe groups were much higher 
than the hDPSC/control groups (P<.05) on days 1, 3, 5 and 7 (P>.05) 
(Figure 5C). These results indicated that DLK1 overexpression up-
regulated the proliferation and viability of hDPSCs.

3.5 | Inhibition of odontoblastic differentiation of 
hDPSCs after overexpression of DLK1

To directly address a functional role for DLK1 in odontoblas-
tic differentiation, mineralization assay, ALPase activity and 
mineralization-related genes were measured. After 14 days of cul-
ture in the odontoblastic induction medium, mineralized nodule for-
mation was observed by scanner and phase-contrast microscopy. 
A significantly lower ALP staining in the hDPSC/dlk1-oe group on 
7 days compared with in the hDPSC/wt and hDPSC/control groups 
was found (Figure 6A,B). The amount of mineralized nodules formed 
in the hDPSC/dlk1-oe group on 14 days showed the same trend as 
the ALP staining in the three groups (Figure 6C,D). Overexpression of 
DLK1 also inhibited mRNA levels of DMP-1, DSPP and ALP (P<.05; 
Figure 7A-C). Also ALPase activity, DMP-1 and DSPP protein levels 
in the DLK1 overexpression groups were lower than control groups 

F IGURE  2 Delta-like homologue 1 (DLK1) protein expression in the first maxillary molar in mice was detected by immunohistochemical 
analysis. A(a), At PN2,DLK1 was expressed in the ODs, and mildly expressed in a few dental pulp cells near ODs layer. B(b): At PN6, strong 
positive immunolabelling was observed in the whole ODs layer, and DLK1 was much higher in some DPCs near ODs layer. C(c): At PN6, DLK 
was not only highly expressed in ODs but also strongly located in a large number of DPCs in DP. Primarily, DLK1 was increasingly expressed in 
the ODs and DPCs. (IEE: inner enamel epithelium; OD: odontoblast; DP: dental pulp; CL: cervical loop; E: enamel; D: dentin; DPCs: dental pulp 
cells; white arrows mean DPCs; black arrows mean ODs; A-C: 200×; a-c: 400×)

(A) (B) (C)

(a) (b) (c)
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(Figure 7D-G). These results indicated that DLK1 overexpression 
inhibited the odontoblastic differentiation of hDPSCs.

3.6 | DLK1 regulates the differentiation through ERK 
signalling pathway

To clarify the mechanism of DLK1 on the differentiation of hDPSCs, 
the protein of total ERK1/2 and p-ERK1/2 were detected after DLK1 
was overexpressed in hDPSCs for 1 and 7 days. Western blot analysis 
showed that there were two bands for the protein of ERK: p-ERK1/2 
relative to total ERK1/2 was up-regulated in hDPSC/dlk1-oe group, 
which suggested that ERK signalling pathway was activated after 
DLK1 was overexpressed (Figure 8A,C). Meanwhile, the expression 
and location of p-ERK1/2 was detected using immunohistochemical 
analysis in the front sections of mouse first maxillary molar at PN2, 

PN6 and PN20. p-ERK1/2 protein level was increased in DPCs dur-
ing the process (Figure 9), which showed the similar trend with DLK1 
(Figure 2).

Furthermore, different concentrations of ERK-specific inhibitor 
U0126 were used in hDPSC/dlk1-oe group for 7 days. The p-ERK1/2 
protein level was down-regulated after treatment with different con-
centrations of the inhibitor U0126 (Figure 8B). After quantification 
of protein level, 10 nmol/L of U0126 was chosen as the appropri-
ate concentration (Figure 8D) and was used in the next experiment 
(Figure 10). Mineralized nodule formation and ALP staining were 
significantly higher in U0126-treated hDPSC/dlk1-oe groups than 
hDPSC/dlk1-oe without U0126 groups (Figure 10), which suggested 
the inhibitor effects of DLK1 on odontoblastic differentiation were 
reversed. These results suggested that DLK1 may regulate the odon-
toblastic differentiation of hDPSCs via the ERK signalling pathway.

F IGURE  3 The expression of delta-like homologue 1 (DLK1) during odontoblastic differentiation of hDPSCs. A, B, C and E represent the up-
regulation of mRNA levels of DMP1, DSPP, ALP and DLK1 during the induction respectively. D shows the increased ALP activity in the process. I 
shows the Western blots results of DMP1, DSPP and DLK1 during the induction. F-H show the quantification protein level of DMP1, DSPP and 
DLK1 relative to β-actin according to the Western blots results, which showed the same trend with mRNA. The data represent the mean ± SD of 
three independent experiments
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4.  | DISCUSSION

Human dental pulp cells contain progenitor/stem cells of OD lineage 
which has the ability to proliferate and differentiate into OD. hDPSCs 
can form primary, secondary and reactionary tertiary dentin which are 
very important for dentin repair.13,14 Tooth development and dentin 

repair involve a variety of growth factors and signalling molecules.14 
For example, HMGB1 promotes the proliferation and odontoblastic 
differentiation of hDPCs.5 Leukaemia inhibitory factor promotes the 
proliferation of DPCs, and inhibits the odontoblastic differentiation 
via the Jak2-Stat3 signalling pathway. NRAGE regulates the odonto-
blastic differentiation of hDPCs through NF-kB signalling pathway.15 

F IGURE  5 Delta-like homologue 1 
(DLK1) promotes the proliferation of 
hDPSCs. A: shows the EdU labelling in 
hDPSC/dlk1-oe and hDPSC/control group 
(red: EdU labelling; blue: DAPI; 200×). 
B: shows the quantified results of EdU 
analyses (by measuring the positive cells); 
there were much more EdU-positive cells in 
hDPSC/dlk1-oe group than hDPSC/control 
groups (P<.0001). C: CCK-8 assay indicated 
that the cell viability of hDPSC/dlk1-oe 
groups was much higher than the hDPSC/
control groups (P<.05) on days 1, 3, 5 and 
7, and the data represent the mean ± SD of 
three independent experiments

F IGURE  4 Stable overexpression of DLK1 in hDPSCs. A: hDPSCs transfected with lentiviral vector in vitro demonstrated GFP expression 
after being infected and selected for 1 wk (200×). B and D show the mRNA and protein levels of DLK1 after hDPSCs transfected with lentiviral 
vector in vitro for 7 and 14 d. C presents the quantification result of D
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The ERK signalling pathway plays important roles in odontogenic dif-
ferentiation of hDPSCs and repair after dental pulp injury.

In most previous studies, DLK1 as a Notch regulator, exerts regu-
latory effects on cell differentiation fate and regulates variety of sig-
nalling pathway during development.16 Variety of defects is observed 
in DLK1-null mice: growth retardation, obesity and skeletal malforma-
tions.17 DLK1 has a more restricted expression pattern in the adult, 
where it is mainly found in undifferentiated cells in fat, liver and brain. 
While the functions of DLK1 in vivo and vitro on proliferation and OD 
differentiation of hDPSCs is unclear. This study would appear to be the 
first one to analyse the function of DLK1 during the proliferation and 
odontoblastic differentiation of hDPSCs.

During embryonic development, DLK1 is highly expressed in many 
tissues including the chondroblasts18 and skeletal myotubes.19 DLK1 
is a negative regulator of multiple differentiation processes including 
neuroendocrine differentiation19 and osteogenesis, as well as chon-
drogenesis18 and muscle regeneration.20 Meanwhile, DLK1 plays as 
a niche in bone marrow to control osteoblast differentiation.21More-
over, DLK1-positive skeletal cells contribute at different levels and 
time points during skeletal muscle remodelling in response to myo-
sitis, myopathies and acute injure. DLK1 is uniquely found in a con-
densation of cells within the regenerating tissue, and may contribute 
to the regenerative capacity of tissue wound. In our study, DLK1 was 

highly expressed on OD and DPCs on PN2, PN6 and PN20 and gradu-
ally increased during the dentin development (Figure 2). These results 
suggested that DLK1 may play a key role in regulating dentin devel-
opment and repair.

Dental matrix protein-1, alkaline phosphatase (ALP) and DSPP are 
used as mineralization markers for the odontoblastic differentiation 
of DPSCs.22 DSP/DSPP was reported to be OD-specific markers.23 In 
this study, ALP expression and ALPase activity were increased during 
the odontoblastic induction of hDPSCs. DMP1 and DSPP were up-
regulated during the same process (Figure 3). These results manifest 
that the cells were differentiated into OD-like cells. Meanwhile, the 
mRNA and protein levels of DLK1 were significantly up-regulated in 
this process (Figure 3).

To further prove the functions of DLK1 on odontoblastic differen-
tiation and proliferation of hDPSCs in vitro, hDPSCs were cultured as 
previous methods.12 Lentiviral vectors provided efficient gene overex-
pression and infected hDPSCs in vitro (Figure 4). The results of CCK8 
and EdU demonstrated that DLK1 overexpression increased the hDP-
SCs cell viability and proliferation (Figure 5), which showed the same 
trend as in chondroblasts,18 skeletal myotubes19 and osteoblasts.21

In this study, ALP staining and mineralization assays proved that 
DLK1 overexpression inhibited the mineralization potential of hDP-
SCs (Figure 6). To confirm this result, the mRNA and protein levels 

F IGURE  6 ALP staining and mineralized 
nodule formation results. (A and B) A 
significantly lower ALP staining in the 
hDPSC/dlk1-oe group on 7 d compared 
with in the hDPSC/wt and hDPSC/control 
groups was found. (C and D) The amount of 
mineralized nodules formed in the hDPSC/
dlk1-oe group was much less than control 
groups (A, C: scanner; B and D: phase-
contrast microscopy, 50×)
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of the odontoblastic differentiation markers, which includes DMP1, 
DSPP and ALP, were also down-regulated in hDPSC/DLK1-oe group 
(Figure 7). All of these results suggested that DLK1 inhibit odonto-
blastic differentiation, which may prevent excessive dentin formation 
thereby regulating the dentin formation during tooth development. 
As we mentioned previously, the immunohistochemical assay showed 

that DLK1 immunoreactivity within OD was stronger than that in den-
tal pulp core. The DLK1 expression was also up-regulated during the 
odontoblastic differentiation of hDPSCs. These phenomena seems 
somewhat contradictory with DLK1 inhibited the odontoblastic differ-
entiation. From the results, we hypothesized that DLK1 up-regulation 
was not the reason, but the results of dentin development in mouse 

F IGURE  7 The inhibition effect of 
DLK1 on the odontoblastic differentiation 
of hDPSCs. A, B and C represent the mRNA 
level of DMP1, DSPP and ALP after DLK1 
overexpression in hDPSCs during the 
odontoblastic differentiation. D shows the 
ALP activity after DLK1 overexpression. 
G shows the protein level of DMP1 and 
DSPP by Western blot analysis. E and F 
show the quantified protein level of DMP1 
and DSPP relative to β-actin during the 
induction according to Western blots. All 
the data represent the mean±SD of three 
independent experiments
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molar and odontoblastic differentiation, which will play a negative 
feedback regulating the odontoblastic differentiation. Actually, none 
of the single factor can control the effect or function of DPSCs, 
which was controlled by the balance of promotion and inhibition by 
cytokines, growth factors and hormones. For example, transforming 
growth factor-β and epidermal growth factor also inhibit the odonto-
blastic differentiation, whereas they are highly expressed in OD and 
up-regulated during the induction. Therefore, the eventual effects may 
depend on the balance between promotion and inhibition.

DLK1 activate the NOTCH signalling, which plays key roles in 
differentiation of OD and osteoblasts, calcification of tooth hard 
tissue, formation of cusp patterns and generation of tooth roots.24 
Meanwhile, DLK1 activates human stem cell through interruption of 
Shh signalling pathway,25 and DLK1 regulates osteogenesis and chon-
drogenesis through PI3K/AKT signalling.18 DLK1 also activates the 
MAPK pathways to inhibit the adipogenesis and chondrogenesis.26 

DLK1 strongly inhibits cell differentiation into mature adipocytes by 
binding to fibronectin.27 The ERK signalling pathway plays important 
roles in odontogenic differentiation of hDPCs and repair after dental 
pulp injury.28–30 Most importantly, most studies focused on the role of 
DLK1 through NOTCH signalling pathway, rarely focused on the ERK 
signalling pathway. Therefore, this study mainly declares the commu-
nication of DLK1 and ERK signalling pathway during hDPSCs differen-
tiation. Furthermore, NOTCH1 and p-ERK1/2 protein level were up-
regulated during the dentin development in vivo (Figure 8), p-ERK1/2 
expression was much stronger than NOTCH1, and p-ERK1/2 expres-
sion pattern was much more similar with DLK1, especially on ODs at 
PN20 in our study (Figure 8C,c). DLK1 also inhibited the hDPSCs dif-
ferentiation, and the ERK signalling pathway was activated after DLK1 
overexpression in hDPSCs (Figure 9A,C). Therefore, we hypothesized 
that DLK1 regulated the hDPSCs differentiation via the ERK signal-
ling pathway. The ERK signalling pathway special inhibitor U0126 was 

F IGURE  8 p-ERK1/2 and NOTCH1 
protein expression in the first maxillary 
molar in mice were detected by 
immunohistochemical analysis. A(a), B(b) 
and C(c) show the result of p-ERK1/2. D(d), 
E(e) and F(f) show the result of NOTCH1. 
p-ERK1/2 expression pattern was much 
more similar with the DLK1 than NOTCH1 
during the tooth development. (IEE: inner 
enamel epithelium; OD: odontoblast; DP: 
dental pulp; E: enamel; D: dentin; A, B, C, 
D, E and F: 200×; a, b, c, d, e and f:400×)

(A) (B) (C)

(D) (E) (F)

(d) (e) (f)

(a) (b) (c)
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used in the study. The p-ERK1/2 protein level was down-regulated 
after treatment with the inhibitor (Figure 9B,D). Considering the func-
tions of ERK signalling pathway in odontoblastic differentiation of 
hDPSCs, the p-ERK1/2 protein level being similar to the expression 
in the hDPSC/control group was designed as standard to choose the 

appropriate concentration after treatment with different concentra-
tions of U0126. That meant the up-regulation of p-ERK1/2 protein 
level resulting from DLK1 overexpression was inhibited by the appro-
priate concentration of U0126. Therefore, the appropriate concentra-
tion was 10 nmol/L (Figure 9B,D), which was used in ALP staining and 

F IGURE  9 DLK1 regulates the 
differentiation through ERK signalling 
pathway. A shows activation of p-ERK1/2 
after DLK1 overexpression. B shows that 
the appropriate concentration of U0126 
was 10 nmol/L, which shows the similar 
level with the control group. C and D 
show the quantification protein level of 
p-ERK1/2 relative to total ERK1/2 of A and 
B respectively

F IGURE  10 A and B present the ALP 
staining results; C and D show mineralized 
nodule formation results, all of which 
suggested that the inhibitor effects of 
DLK1 on odontoblastic differentiation were 
reversed by U0126 (10 nmol/L)
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mineralization assays. The results showed that the inhibitor effects 
of DLK1 on odontoblastic differentiation were reversed, which sug-
gested that DLK1 may regulate the odontoblastic differentiation of 
hDPSCs via the ERK signalling pathway (Figure 10). More intensive 
studies are still required to explicit the relationship between DLK1 
and the ERK signalling pathway in the odontoblastic differentiation.

In summary, this study demonstrated that hDPSCs exhibit 
increased proliferation ability, decreased mineralization and expres-
sion of mineralization-associated genes and proteins by DLK1 overex-
pression, which maybe through ERK signalling pathway.
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