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Abstract. Pulp capping is a restorative technique employed in 
an attempt to maintain pulpal vitality and generate reparative 
dentin. Ca2+ released from capping materials is suggested to 
promote reparative dentin formation. Transient receptor poten-
tial channel 6 (TRPC6) is a receptor-operated Ca2+ channel 
that serves an important role in Ca2+ influx in the majority of 
non‑excitable cells, and influences the calcium signaling and 
cell respond. Therefore, the purpose of the present study was 
to gain an insight into the role of TRPC6 in the odontoblastic 
differentiation of human dental pulp cells (HDPCs). Human 
dental pulp tissues and HDPCs were obtained from healthy 
third molars. By immunohistochemical staining, TRPC6 was 
observed to be highly expressed in the dental pulp tissue, 
particularly in the odontoblast layer. In addition, the protein 
level of TRPC6 was increased in a time-dependent manner 
during odontogenic differentiation of HDPCs. Downregulation 
of TRPC6 by a lentivirus vector containing TRPC6 shRNA 
inhibited the process of odontogenic differentiation in HDPCs. 
In conclusion, the current data demonstrated that TRPC6 
served a significant role in the odontogenic differentiation of 
HDPCs, suggesting it may be a promising therapeutic target in 
regenerative endodontics.

Introduction

The prime objective of restorative dentistry is to maintain 
pulpal vitality and function. Occasionally, pulp tissue may 

be exposed accidentally during a clinical procedure, such as 
deep caries removal or restorative procedures. In cases where 
the pulp tissue is healthy or diagnosed with reversible pulpitis, 
direct pulp capping is regarded as an effective approach to 
preserve the pulp vitality and function by forming a dentinal 
bridge against pulp exposure (1,2). Calcium ions (Ca2+) released 
from calcium hydroxide or mineral trioxide aggregate have 
been certified as classic direct pulp capping materials, and are 
key factors promoting the healing process (3-5). Besides, as 
a ubiquitous second messenger, Ca2+ is involved in abundant 
physiological functions, including proliferation and differentia-
tion. The role of calcium signaling in osteogenic differentiation 
is of prime interest for both normal bone homeostasis and 
bone regeneration (6). However, the mechanism underlying 
the effect of Ca2+ on the odontoblastic differentiation of dental 
pulp cells has yet to be fully elucidated.

The elevation of cytosolic calcium concentration can be 
achieved by two major mechanisms: Discharge of intracellular 
Ca2+ stores, and extracellular Ca2+ influx. Ca2+ current is medi-
ated mostly by calcium channels located in membranes. The 
intracellular stores are regulated by inositol triphosphate (IP3) 
receptors, while extracellular Ca2+ influx is mainly regulated 
by the canonical transient receptor potential (TRPC) channels 
and the ORAI channels (7). ORAI channels and certain TRPC 
members are regulated by depletion of intracellular stores, which 
refers to the store-operated Ca2+ entry (SOCE) (8). SOCE is a 
broadly existent mechanism in non‑excitable cells, responding 
to the cytosolic Ca2+ change and refilling Ca2+ stores. A recent 
study revealed that ORAI1 is involved in the odontogenic 
differentiation of human dental pulp cells (HDPCs), which 
implied that Ca2+ mobilization is vital for the odontogenic 
differentiation (9). Furthermore, several TRPC members are 
activated by diacylglycerol in the store‑independent manner, 
which refers to the receptor-operated Ca2+ entry (ROCE) (8). 
Another previous study demonstrated that rat odontoblasts 
expressed RNA transcripts for TRPC1 and TRPC6 (10).

TRPC6, the Ca2+‑permeable non‑selective cation 
channel, has been suggested as a ROCE channel. Activation 
of TRPC6 by diacylglycerol (DAG) analogues, such as 
1‑oleoyl‑2‑acetyl‑sn‑glycerol (OAG) (11), resulted in elevated 
intracellular Ca2+, which then influenced the calcium entry or 
calcium signaling. However, limited information is available 
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on the importance of TRPC channels in dental pulp cells. 
Consequently, the present study hypothesized that TRPC6 is 
expressed in the human dental pulp and participates in the 
odontogenic differentiation of dental pulp cells.

Materials and methods

Tooth preparation. In this study, all teeth were obtained from 
the Department of Oral and Maxillofacial Surgery, Guanghua 
School and Hospital of Stomatology, Sun Yat‑sen University, 
(Guangzhou, China) between December 2014 and February 
2015. A total of 22 caries-free human wisdom teeth were 
extracted from 22 different patients aged 18‑25 undertaking 
orthodontic treatment. All patients provided informed 
consent prior to treatment. The experimental protocols were 
approved by the Ethics Committee of the Guanghua School of 
Stomatology.

Tissue sample preparation. Four healthy teeth were randomly 
sectioned to reveal the healthy pulp inside, fixed with 4% para-
formaldehyde overnight and then decalcified in 10% EDTA 
for 3 months. Subsequently, decalcified tissues were embedded 
in paraffin and placed onto slides. Following deparaffiniza-
tion, five random sections with integral structure in each tooth 
were selected for immunohistochemical staining. Four pulp 
tissue samples from another four teeth were prepared to detect 
TRPC6 for western blotting, as described below.

Cell culture and odontoblastic differentiation. HDPCs were 
established from healthy third molars by growing the minced 
explants as described previously (12). In brief, teeth were 
split and the dental pulp tissue was collected into a 35-mm 
Petri dish. The tissues were minced into pieces and cultured 
antiseptically during the whole process. Cells were cultured in 
Dulbecco's modified Eagle's medium (DMEM) with 10% fetal 
bovine serum (FBS) at 37˚C in the presence of 95% air and 5% 
CO2. To induce odontogenic differentiation, cells at passage 
3 were grown in 6‑well dishes at a density of 1x105 cells 
per well with a DMEM containing 10% FBS, 0.2 mmol/l 
ascorbic acid, 10 mmol/l β-glycerophosphate and 100 nmol/l 
dexamethasone. The medium were refreshed every 2 days for 
14 days. Subsequently, Alizarin red S staining was performed 
to confirm the mineralization. HDPCs from four healthy third 
molars extracted from patients (two female and two male) 
were used to detect TRPC6 expression level by western blot-
ting analysis. In addition, HDPCs from another 10 teeth were 
prepared for the subsequent experiments, such as the experi-
ment to induce odontoblast differentiation of HDPCs, Ca2+ 
concentration detection and the knockdown experiments.

The human embryonic kidney 293T cell line was purchased 
from American Type Culture Collection (Manassas, VA, 
USA). 293T cells were grown in 100 mm2 dishes at a density 
of 1.2x106 cells per well with DMEM containing 10% FBS.

Short hairpin RNA (shRNA) and lentivirus constructs. 
Lentivirus‑based shRNA knockdown pLKO.1 puro vector 
(Addgene plasmid #8453; Addgene, Cambridge, MA, USA) 
was used to stably knockdown the expression of TRPC6 
(Genbank accession no. NM_004621.5), and shRNA 
constructs were generated as described previously (13). Target 

sequences (Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) were selected through software provided on the manu-
facturer's website. Oligo sequences were annealed, subcloned 
into the pLKO.1 vector by T4 DNA ligase between the AgeI 
and EcoRI sites, according to the manufacturer's protocols. 
The selected TRPC6 hairpin oligo sequence for the study was 
as follows: 5'‑GCG ACA GAG CAT CAT TGA CGC AAA TCT 
GTG AAG CCA CAG ATG GGA TTT GCG TCA ATG ATG CTC 
TGG TGC TTT TTT‑3'. In addition, a non‑target scrambled 
shRNA (with a sequence of 5'‑GCG CGT AGT AAT GAC AAT 
CCG CGC TCT GTG AAG CCA CAG ATG GGA GCG CGG ATT 
GTC ATT ACT ACT TGC TTT TTT‑3') served as the negative 
control. The shRNA‑expressing vectors were transfected 
into 293T cells together with the lentiviral helper plasmids to 
generate respective lentiviruses. After 48 h, lentiviruses were 
collected from the culture medium and used to infect target 
cells. HDPCs were transfected with the lentiviruses three times 
a day, and the medium was replaced with growth medium 
supplemented with 10% FBS. Next, medium containing 
2 µg/ml puromycin (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) was used to isolate cells stably transduced with 
shRNA. The successful knockdown of TRPC6 was verified by 
western blot analysis.

Western blot analysis. Total protein was extracted from the 
HDPCs or pulp tissue samples using RIPA medium containing 
phenylmethanesulfonyl f luoride (Beyotime Institute of 
Biotechnology, Haimen, China). Protein concentrations were 
determined using a BCA Protein Assay kit (P0012; Beyotime 
Institute of Biotechnology). Equivalent amounts of diluted 
protein samples were separated by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred onto 
a polyvinylidene difluoride membrane. After blocking for 1 h 
at room temperature in 5% skim milk solution, the membranes 
were subsequently incubated with anti‑TRPC6 antibodies 
(1:500; ab62461; Abcam, Cambridge, UK), anti‑dentin sialo-
phosphoprotein (anti‑DSPP) antibodies (1:500; sc73632; Santa 
Cruz Biotechnologies, Inc., Dallas, TX, USA), anti‑dentin 
matrix protein‑1 (anti‑DMP‑1) antibodies (1:500; sc73633; 
Santa Cruz Biotechnology, Inc.) overnight at 4˚C. Secondary 
antibody anti‑mouse IgG/anti‑rabbit IgG, HRP‑linked anti-
body (7076S/7074S; Cell Signaling Technology, Inc., Danvers, 
MA, USA) was then added at a dilution of 1:5,000 for 1 h at 
room temperature after the membranes were washed with 
Tris‑buffered saline with Tween‑20. Relative band intensi-
ties were detected by densitometry using Quantity One 1‑D 
analysis software (version 4.6.2; Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA).

Immunohistochemical staining. Immunohistochemical 
staining was performed mainly in the humidity chamber as 
described in a previous study (12). Briefly, each section was 
pretreated with 3% hydrogen peroxide in ice‑cold methanol for 
20 min in order to block endogenous peroxidase activity. Next, 
slide‑loaded sections were bathed in 0.01 M sodium citrate 
buffer (pH 6.0) at 95‑100˚C in a microwave oven for antigen 
retrieval. After blocking with normal goat serum for 20 min 
at room temperature, slides were incubated with primary 
anti‑TRPC6 antibody (1:100; ab62461; Abcam) overnight at 
4˚C. Slides were subsequently incubated with the secondary 
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antibodies, goat anti‑rabbit IgG (1:200; ab205718, Abcam) 
and stained with 3,3'‑diaminobenzidine (Boster Systems, 
Inc., Pleasanton, CA, USA) and hematoxylin according to the 
manufacturer's instructions. Finally, the slides were observed 
using a light microscope.

Measurement of cytosolic Ca2+ concentration([Ca2+]c). 
HDPCs at passage 3 were plated into 96-well assay plates at 
a density of 1x105 cells per well and loaded with 5 mM Fura 
2/AM for 30 min at 37˚C. [Ca2+]c in cells was determined by 
a spectrofluorometer at excitation wavelengths of 340 and 
380 nm, and an emission wavelength of 510 nm. Background 
fluorescence intensities were subtracted from each data point. 
The calcium concentration can be calculated according to the 
following formula: [Ca2+]c = Kd x β x (R‑Rmin) / (Rmax-R), where 
Kd represents the dissociation constant and β is a constant. 
Rmax and Rmin were obtained while the cells were perfused and 
exposed to high and zero calcium settings, respectively (14). 
Next, 100 µM OAG (Sigma‑Aldrich; Merck KGaA) was used 
as an analogue of DAG to activate TRPC6. The absence of 
extracellular Ca2+ was determined by incubation of HDPCs 
in Ca2+‑free Hank's balanced salt solution (Thermo Fisher 
Scientific, Inc.) with 3 mM EGTA. Supplement of extracellular 
Ca2+ was achieved by addition of 2 mmol/l CaCl2.

Statistical analysis. The values are demonstrated as the 
mean ± standard deviation. Statistical analyses were performed 
using one‑way analysis of variance, followed by the Bonferroni 
multiple-comparison test, with a statistically significant 
difference detected when P<0.05. Statistical analyses were 
performed with SPSS 17.0 (SPSS Inc., Chicago, IL, USA).

Results

Expression of TRPC6 in human dental pulp tissue and 
HDPCs. Pulp tissue harbors various cell types. To determine 
which type of cells in the pulp tissue express TRPC6, the 
TRPC6 antibody was used to perform immunohistochemical 
staining in the pulp tissue samples. The results indicated that 
TRPC6 was expressed in the dental pulp tissue particularly 
in the odontoblast layer (Fig. 1A). In the negative control 
group, no positive staining was detected in the healthy dental 
pulp (Fig. 1A). In addition, the protein expression of TRPC6 
in pulp tissue, as well as in HDPCs, was further detected 
by western blotting. TRPC6 protein expression in dental 
pulp tissues was significantly higher compared with that in 
HDPCs (P<0.05; Fig. 1B and C). Thus, these findings suggest 
that both human dental pulp tissues and HDPCs expressed 
TRPC6.

TRPC6 is markedly upregulated during odontoblastic differ-
entiation of HDPCs. Subsequent to confirming that TRPC6 is 
expressed in HDPCs by immunohistochemical staining, the 
expression levels of TRPC6, as well as that of the odontoblastic 
differentiation-associated proteins DSPP and DMP-1, were 
further analyzed during cell differentiation. In the differenti-
ated cells, the expression level of TRPC6 was enhanced in a 
time-dependent manner compared with that in undifferenti-
ated cells, with significantly increased levels observed at 7 and 
14 days (P<0.05; Fig. 2A and B). A similar trend was observed 

for the DSPP and DMP‑1 expression levels (P<0.05; Fig. 2A, 
C and D).

Knockdown of TRPC6 inhibits the odontoblastic differentia-
tion of HDPCs. To verify whether the upregulation of TRPC6 
was indispensable during odontoblastic differentiation, 
lentiviruses contained TRPC6 shRNA were used to knock 
down TRPC6 expression in HDPCs. The results demon-
strated that the lentiviruses expressing shRNA were able to 
knock down the endogenous TRPC6 by up to 75% (Fig. 3A). 
In addition, TRPC6 knockdown functionally inhibited Ca2+ 
influx, indicating that ROCE was impaired (Fig. 3B). In the 
TRPC6-shRNA group, a significant decline was detected 
in the calcium nodule formation (Fig. 3C). Accordingly, the 
protein levels of DSPP and DMP-1 were all also reduced in 
the TRPC6 knockdown groups on day 14 after odontoblastic 
induction (Fig. 3D and E), which indicated that knockdown of 
TRPC6 inhibited the odontoblastic differentiation of HDPCs.

Discussion

TRPC6 is a receptor-operated Ca2+ channel that serves an 
important role in regulating Ca2+ influx in the majority of 
non‑excitable cells (15-17). A recent study reported that TRPC6 
is expressed in the brain, kidney, smooth muscle tissues, as 
well as in immune and blood cells (18). In the present study, 
it was demonstrated that TRPC6 was expressed in dental pulp 
tissue, and was required for the odontogenic differentiation of 
HDPCs. To the best of our knowledge, this is the first study 
reporting an essential role of TRPC6 in the odontoblastic 
differentiation of HDPCs.

Although a recent study demonstrated that TRPC6 
mRNA was detected in rat odontoblasts by single‑cell reverse 
transcription-polymerase chain reaction (10), there is limited 
knowledge about the role of TRPC6 in dental pulp cells. The 
results of the present immunohistochemistry experiments 
revealed that TRPC6 was expressed in human dental pulp 
tissue and mainly in the odontoblast layer. Odontoblasts are 
considered to be the terminally differentiated cells, which 
are responsible for dentin formation. During dentin forma-
tion, Ca2+ is conveyed to the extracellular mineralization 
front against concentration gradients by odontoblasts (19). In 
contrast to odontoblasts, HDPCs can be easily obtained from 
extracted teeth. Besides, HDPCs as a heterogeneous popula-
tion consist of the multipotent stem/progenitor cells that can 
differentiate into odontoblast‑like cells during the formation 
of the reparative dentin due to the similar phenotypical 
properties they share with odontoblasts (20,21). Since the 
endogenous expression of TRPC6 in HDPCs was detected 
by western blotting in the present study, it is presumed that 
TRPC6 was involved in the odontoblastic differentiation of 
HDPCs.

In vitro experiments in the present study identified 
that TRPC6 expression was significantly enhanced in a 
time‑dependent manner when odontoblastic differentia-
tion was induced in HDPCs, particularly on days 7 and 14. 
This finding leads to the question of whether TRPC6 was 
indispensable during odontoblastic differentiation. Thus, 
the function of TRPC6 in the odontoblastic differentiation 
of HDPCs was explored. The results demonstrated that 
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downregulation of TRPC6 inhibited the odontoblastic differ-
entiation and mineralization, as indicated by the reduction in 
the deposition of mineralized matrix and by the downregula-
tion of DSPP and DMP-1 levels. DMP-1 and DSPP are known 
as mineralization markers in the odontoblasts‑like differen-
tiation of HDPCs. DMP-1 is essential to the formation and 
mineralization of dentine (22), while DSPP is the predomi-
nant non-collagen protein in dentin formation (23,24). These 
results demonstrated a tight coupling between TRPC6 and 
odontoblastic differentiation, which may be mediated by 
calcium signaling.

A recent study brought to light that the ORAI1 protein, a 
calcium channel operated by calcium store, served an impor-
tant role in odontogenic differentiation (9). Knockdown of 
ORAI1 expression suppressed odontogenic differentiation 
and mineralization in vivo and in vitro (9). Meanwhile, it has 
been confirmed that mutation of ORAI1 may lead to the defi-
ciency of dental enamel calcification (25). TRPC6 is believed 
to be activated by DAG and it is not sensitive to the change 
of calcium concentration in the endoplasmic reticulum, 
which defined TRPC6 as a receptor‑operated channel rather 
than a store-operated channel (11,26). However, several 

Figure 1. Expression of TRPC6 in human dental pulp tissue and HDPCs. (A) Positive anti‑TRPC6 staining was detected in the cytoplasm of odontoblasts (white 
arrow) situated in the outermost layer of healthy dental pulp. Positive anti‑TRPC6 staining was not evident in the pulp fibrobasts (black arrow) and the negative 
control of healthy pulp tissues. Scale bar, 100 µm. Upper images, magnification x200. Lower images, magnification x400. (B) Expression of TRPC6 protein 
(106 kDa) was detected by western blotting in the dental pulp tissue (n=4) and HDPCs (n=4). β-actin was used as a loading control. (C) Densitometric values 
for each group are shown in the bar graph as the mean ± standard deviation. All data are representative of three separate experiments. *P<0.05 vs. HDPCs. 
HDPCs, human dental pulp cells; TRPC6, transient receptor potential channel 6; DP, dental pulp; d, dentin; pd, predentin; p, pulp; od, odontoblast; pc, human 
dental pulp cell.

Figure 2. Expression of TRPC6 during odontoblastic differentiation of HDPCs. (A) Western blotting of TRPC6, DSPP, and DMP‑1 in HDPCs undergoing 
odontogenic differentiation, with total proteins collected at 0, 3, 7 and 14 days. Quantitative analysis of (B) TRPC6, (C) DSPP and (D) DMP-1 in HDPCs is 
shown. The results are expressed as the mean ± standard deviation of three different experiments. *P<0.05 vs. cells on day 0. HDPCs, human dental pulp cells; 
TRPC6, transient receptor potential channel 6; DSPP, dentin sialophosphoprotein; DMP‑1, dentin matrix protein 1.
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lines of evidence indicated that TRPC6 may also affect the 
SOCE (27,28). Notably, TRPC6 was also found to react with 
ORAI1 (29). Although the detailed mechanism remains 
debated, functional studies in different cell types implied 
a direct link between TRPC6, Ca2+ signaling and cellular 
responses. Collectively, these factors affected various cellular 
functions and maintained the cellular homeostasis (18,30-32).

Ca2+ was recognized to be a critical cellular cation that 
regulates physiological and pathologic processes, including 
proliferation, transcription and contraction. In clinical prac-
tice, Ca2+ released from pulp-capping materials was proven 

to participate in forming calcium carbonate, which affected 
the proliferation and differentiation of HDPCs and then 
promoted the mineralization (33). Furthermore, an in vitro 
study observed that addition of extracellular Ca2+ increased 
the expression of bone‑associated genes, including BMP‑2, 
and promoted odontoblastic differentiation of dental pulp 
cells (34). Therefore, further investigations focusing on the 
association between TRPC6 and calcium signaling, as well 
as the possible underlying pathway, are required.

In conclusion, the present study demonstrated that TRPC6 
was expressed in dental pulp tissue and was involved in the 

Figure 3. Effect of TRPC6 shRNA on odontoblastic differentiation of HDPCs. (A) Western blotting was performed to confirm the successful TRPC6 knock-
down. (B) Intracellular Ca2+ imaging assay was performed to confirm the TRPC6 function following shRNA transfection. (C) Alizarin red S staining in 
HDPCs on day 14 after odontogenic differentiation in the absence or presence of TRPC6 shRNA. Scale bar, 200 µm. Magnification, x50. (D) Western blotting 
was performed to examine the expression levels of TRPC6, DSPP and DMP‑1 in all groups. (E) Quantitative analysis of TRPC6, DSPP and DMP‑1 protein 
expression levels in HDPCs. The results are expressed as the mean ± standard deviation of three different experiments. *P<0.05 vs. control group; #P<0.05 vs. 
undifferentiated control. HDPCs, human dental pulp cells; TRPC6, transient receptor potential channel 6; DSPP, dentin sialophosphoprotein; DMP-1, dentin 
matrix protein 1; OAG, 1‑oleoyl‑2‑acetyl‑sn‑glycerol; Undiff, undifferentiated; Diff, differentiated. 
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odontogenic differentiation process of HDPCs. This raised 
the possibility that TRPC6 may be a useful therapeutic target 
in promoting reparative dentin formation.
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