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Abstract. Odonto/osteogenic differentiation of stem cells 
from the apical papilla (SCAPs) is a key process in tooth root 
formation and development. However, the molecular mecha-
nisms underlying this process remain largely unknown. In the 
present study, it was identified that guanine and nucleotide 
binding protein 3 (GNAI3) was at least in part responsible 
for the odonto/osteogenic differentiation of SCAPs. GNAI3 
was markedly induced in mouse tooth root development 
in vivo and in human SCAPs mineralization in vitro. Notably, 
knockdown of GNAI3 by lentiviral vectors expressing 
short‑hairpin RNAs against GNAI3 significantly inhibited the 
proliferation, cell cycle progression and migration of SCAPs, 
as well as odonto/osteogenic differentiation of SCAPs in vitro, 
suggesting that GNAI3 may play an essential role in tooth root 
development. The promotive role of GNAI3 in odonto/osteo-
genic differentiation was further confirmed by downregulation 
of odonto/osteogenic makers in GNAI3‑deficient SCAPs. In 
addition, knockdown of GNAI3 effectively suppressed activity 
of c‑Jun N‑terminal kinase (JNK) and extracellular‑signal 
regulated kinase (ERK) signaling pathways that was induced 
during SCAPs differentiation, suggesting that GNAI3 promotes 
SCAPs mineralization at least partially via JNK/ERK 
signaling. Taken together, the present results implicate GNAI3 
as a critical regulator of odonto/osteogenic differentiation of 

SCAPs in tooth root development, and suggest a possible role 
of GNAI3 in regeneration processes in dentin or other tissues.

Introduction

Mesenchymal stem cells (MSCs) have been widely used for 
cell‑based treatment of various diseases due to their immuno-
modulatory and anti‑inflammatory properties (1). As a type 
of multipotent cell originating from bone marrow, MSCs 
can differentiate into various cell types including osteoblast, 
chondrocyte, myocyte and adipocyte cells  (2‑5). Dental 
stem cells are MSC‑like cells isolated from dental tissues, 
and are classified into stem cells from the apical papilla 
(SCAPs), stem cells from human exfoliated deciduous teeth, 
periodontal ligament stem cells and dental pulp stem cells 
according to the subsites of dental tissues from which the 
cells are isolated (6‑8). Dental tissues including wisdom and 
primary teeth are a reservoir of MSCs, contributing to the 
regeneration of dental tissues (9). Thus, MSCs are considered 
as a promising source in the context of regenerative medi-
cine (10‑13). Among the MSC types, SCAPs are present in 
the root apex of developing teeth, where they are considered 
to be associated with root development (14). SCAPs can be 
readily isolated from extracted wisdom teeth that are gener-
ally considered useless (15). In response to inflammatory 
stimuli, SCAPs have been identified to exhibit increased 
osteogenic and angiogenesis potential due to enhanced 
vitality and stemness (16).

Guanine nucleotide binding proteins (G proteins) are 
a family of regulatory proteins responsible for molecular 
signal transduction of extracellular signals to the intracellular 
environment (17). G proteins are typically composed of α, 
β and γ subunits. Gα subunits are categorized into 4 major 
classes based on sequence similarity and function of the 
α‑subunit, termed Gαs, Gαi/o, Gαq/11 and Gα12/13 (18). The 
guanine nucleotide binding protein 3 (GNAI3) belongs to the 
Gαi subunit class and is located on chromosome 17q22‑24 (19). 
Increasing evidence has demonstrated that GNAI3 is involved 
in a variety of cellular processes including proliferation, 
apoptosis and differentiation (19‑22). GNAI3 has also been 
reported to regulate craniofacial growth and development, 
and homeotic modifications in the human GNAI3 gene may 
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lead to auriculo‑condylar syndrome (ACS), an uncommon 
craniofacial natal defect characterized by mandible 
hypoplasia (23).

Mitogen‑activated protein kinase (MAPK) has three 
major subfamilies, extracellular‑signal regulated kinases 
(ERKs), c‑Jun N‑terminal kinases (JNKs) and p38 MAPKs. 
MAPK signaling serves an essential role in regulating cell 
proliferation and differentiation, and accumulating experi-
mental data have demonstrated that MAPK is associated with 
osteogenic differentiation (24,25). Furthermore, bioinformatic 
analysis has identified that MAPK signaling pathways may 
play an important role in the SCAPs niche (26).

A previous study by our group demonstrated that GATA 
binding protein 4 (GATA4) regulated root development via 
GNAI3 (27). However, to our knowledge the role and mecha-
nism of GNAI3 remain unknown. In the present study, the role 
of GNAI3 in regulating the proliferation, cell cycle progression, 
apoptosis, migration and odonto/osteogenic differentiation of 
SCAPs was investigated using loss‑of‑function assays. The 
molecular mechanism underlying the function of GNAI3 was 
also examined.

Materials and methods

Animals and histological analysis. A total of 20, 14 day‑old 
male mice (C57BL/6J; weight 5.2‑8.7g) were provided by 
the Animal Center of Nanjing Medical University (Nanjing, 
China) and maintained in a temperature‑controlled room 
(room temperature 24±1˚C; relative humidity 50±10%; 12‑h 
light/dark cycle; free access to mouse chow and water). The 
maxillary halves of the mice were isolated, fixed in 4% 
buffered formalin for 24 h at 4˚C, decalcified in 10% EDTA 
(pH 7.4) for 7 days at room temperature, paraffin‑embedded 
and sectioned into 5‑µm slices. Ethical approval for the animal 
experimentation was provided by the Experimental Animal 
Care and Use Committee of Nanjing Medical University 
(approval no. 2015‑03‑40).

The tissue sections were treated with 3%  H2O2 for 
30  min followed by normal goat serum (Wuhan Boster 
Biological Technology, Ltd., Wuhan, China) for 30 min at 
37˚C, and subject to immunohistochemical staining for 
histological investigation. The sections were incubated with 
primary rabbit anti‑mouse GNAI3 antibody (1:200 dilution; 
cat. no. ab154024) and primary monoclonal mouse anti‑mouse 
nestin (1:100 dilution; cat. no. ab11306; both from Abcam, 
Cambridge, MA, USA) overnight at 4˚C. Nestin was used as 
a biomarker of mature and differentiated odontoblasts (28). 
Following three washes with 0.1 mol/l phosphate‑buffered 
saline (PBS), the sections were incubated with secondary 
horseradish peroxidase (HRP)‑conjugated antibody 
(KIT‑5020; MaxVision Biosciences Inc., Fuzhou, China) for 
30 min at 37˚C. The immunoreaction was localized using a 
diaminobenzidine kit (Beyotime Institute of Biotechnology, 
Haimen, China) according to the manufacturer's protocol 
and the sections were counterstained with hematoxylin for 
5 min at 37˚C. Stained sections were observed and analyzed 
by ImageJ v.1.45 software (National Institutes of Health, 
Bethesda, NJ, USA) under a light microscope (DM4000; 
Leica Microsystems GmbH, Wetzlar, Germany) at x400 
magnification.

Cell cultures and stem cell characterization. Between 
January  and D ecember  2017, a total of 20  male healthy 
patients (14‑18 years of age) underwent extraction surgery at 
Stomatological Hospital of Jiangsu Province, Nanjing, China, 
and 20 wisdom teeth (one tooth per patient) with open apices 
were acquired. The use of human samples for the study was 
approved by the Medical Ethics Committee of Stomatological 
Hospital of Jiangsu Province (approval no. PJ2016‑038‑001). 
Consent was provided by the patients or their next of kin for 
the collection of the dental samples. Soft tissues of the root 
apex were collected immediately and washed with PBS. The 
separated apex tissues were minced with sterilized scissors 
and then digested with 3 mg/ml collagenase type I (Sigma 
Aldrich Chemie, Taufkirchen, Germany) and 4  mg/ml 
dispase (Roche Applied Science, Penzberg, Germany) for 
1 h at 37˚C, and then the single cell suspensions were grown 
in α‑minimum essential medium supplemented with 10% 
fetal bovine serum (FBS), 2 mmol/l glutamine, 100 U/ml 
penicillin and 100 mg/ml streptomycin (all from Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a 
humidified 5% CO2 incubator at 37˚C. The culture medium 
was changed every 3 days. SCAPs at passage 2‑5 were used 
in the subsequent experiments. To address the potential roles 
of JNK and ERK signaling pathways, specific JNK inhibitor 
(20  µM; SP600125), specific ERK inhibitor (20  µM; 
U0126; both from Beyotime Institute of Biotechnology) and 
dimethyl sulfoxide (20 µM; Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) as a control were respectively added 
to the SCAPs, and the cells were incubated at 37˚C for 
5 min (29,30). As for the characterization of cultured SCAPs, 
the cells were digested with trypsin (Roche Applied Science), 
collected and incubated with f luorochrome‑conjugated 
rabbit anti‑human antibodies: Cluster of differentiation 
(CD)90‑f luorescein isothiocyanate (FITC; 561969), 
CD44‑phycoerythrin (PE; 561858), CD45‑allophycocyanin 
(560973) and CD14‑PE‑cyanine 7 (560919; all at 0.5 mg/ml; 
BD Biosciences, San Jose, CA, USA) for 1 h at 4˚C in the 
dark to detect the SCAPs phenotype  (31,32). Following 
fixation with 4% paraformaldehyde buffer for 30 min at 
4˚C, cells were washed twice with PBS containing 2% FBS 
(Hyclone; GE Healthcare Life Science, Logan, UT, USA) 
and stained cells were characterized and identified by flow 
cytometry (BD FACSCalibur™; BD Biosciences) (33). Data 
were analyzed with Summit 5.1 software (Beckman Coulter, 
Inc., Brea, CA, USA).

Lentiviral transduction. Recombinant lentiviral LV‑3 
[pGLVH1/green fluorescent protein (GFP)+Puro] vectors 
expressing GAIN3 short‑hairpin RNAs (shGNAI3‑GFP) were 
purchased from Shanghai GenePharma Co., Ltd. (Shanghai, 
China). The short‑hairpin sequence was 5'‑CCA​GGG​AAU​
AUC​AGC​UCA​ATT‑3', and the sequence of 5'‑TTC​TCC​
GAA​CGT​GTC​ACG​T‑3' was used as the negative control 
(shCTRL‑GFP). When SCAPs were at 60‑80% confluence, 
lentiviral particles were added to the medium with a multi-
plicity of infection of 30. The virus‑containing medium 
was replaced with fresh normal medium after 24 h at 37˚C. 
The transduced cells (GFP‑positive) were observed under a 
fluorescence microscope (DMI3000B; Leica Microsystems 
GmbH) at x100 magnification 72 h after transduction. GNAI3 
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inhibition efficiency was confirmed by western blotting and 
reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR) assays.

Cell proliferation assay. The cell proliferation capacity of 
SCAPs following different treatments was evaluated by Cell 
Counting Kit‑8 assay (CCK8; Dojindo Molecular Technologies, 
Inc., Kumamoto, Japan) according to the manufacturer's 
protocol. At 72 h after transduction of lentiviral vectors or 
exposure to inhibitors, the cells were seeded at a density of 
1x103 cells/well in 96‑well plates. A total of 100 µl CCK8 solu-
tion was added on days 0, 1, 2, 3, 4, 5 and 6 days of cell plating, 
and the plates were incubated for 1 h at 37˚C. Cell number 
was assessed based on optical density (OD) measurements at 
450 nm using a microplate reader. To assess cell cycle arrest, 
SCAPs transduced with lentiviral vectors or exposed to inhibi-
tors were grown for 72 h, and then collected, washed with PBS 
and fixed overnight with 70% ethanol at 4˚C. Subsequently, 
the cells were washed and treated with RNase, then stained 
with 20 mg/ml propidium iodide (PI) for an additional 1 h at 
room temperature. Cell cycle distribution (populations in G1, 
G2, and S phases) was determined by flow cytometry (BD 
FACSverse™; BD Biosciences) and analyzed using FlowJo V7 
software (Tree Star, Oregon, USA). For analysis of apoptosis, 
SCAPs were digested with 4 mg/ml trypsin and washed with 
ice‑cold PBS at 72 h after transduction with shGNAI3‑GFP or 
shCTRL‑GFP. The SCAPs were then resuspended in ice‑cold 
0.1 mol/l PBS and stained with an Annexin V‑FITC/PI kit 
(Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) for 
15 min in the dark at room temperature, according to the 
manufacturer's instructions. The apoptotic rates of the SCAPs 
were determined by flow cytometry (BD FACSverse™) and 
analyzed with FlowJo V7.

Cell migration assay. The cell migration capacity of SCAPs 
following different treatments was evaluated by a scratch 
wound healing assay. Cultured cells in 6‑well plates at 
80% confluence were mechanically wounded with a 200 µl 
sterile pipette tip. Cell debris was removed gently and the 
remaining cells were incubated with normal media. After 0, 
12 and 24 h of incubation, photographs were taken under a 
light microscope (DMIL LED; Leica Microsystems GmbH) 
at x100. Cell migration rate was quantified by counting the 
migrating cells.

Alkaline phosphatase (ALP) activity assay. ALP activity 
was evaluated using a BCIP/NBT Alkaline Phosphatase 
Color Development kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's protocol. SCAPs transduced 
with shGNAI3‑GFP or shCTRL‑GFP after 72 h were seeded 
at a density of 1x105 cells/well in 6‑well plates and cultured 
in mineralization‑inducing media containing α‑minimum 
essential medium (Gibco; Thermo Fisher Scientific, Inc.), 
10% FBS (Hyclone; GE Healthcare Life Science), 100 U/ml 
penicillin, 100 µg/ml streptomycin, 100 µM ascorbic acid, 
2  mM 2‑glycerophosphate and 10  nm dexamethasone for 
5 days at 37˚C. Images were captured using a light microscope 
(DMIL LED) at x100 magnification. The staining intensity was 
determined using ImageJ v.1.45 software (National Institutes 
of Health, Bethesda, NJ, USA).

Matrix mineralization assay. Alizarin red S (ARS) staining 
was performed to assess extracellular matrix mineralization. 
SCAPs transduced with shGNAI3‑GFP or shCTRL‑GFP after 
72 h were seeded at a density of 1x105 cells/well in 6‑well plates 
and cultured in mineralization‑inducing media for 2 weeks at 
37˚C, followed by fixation with 75% ethanol for 30 min at room 
temperature. A 2% ARS solution was used for detection of 
calcium deposits. Images were captured using a light microscope 
(DMIL LED) at x100 magnification. The OD of ARS staining 
was measured using a microplate reader at 560 nm.

Western blot analysis. SCAPs following the indicated treat-
ments were harvested and lysed in radioimmunoprecipitation 
assay buffer (Beyotime Institute of Biotechnology) containing 
1 mM phenylmethylsulfonyl fluoride for 30 min at 4˚C. Cell 
debris was eliminated by centrifugation at 240 x g for 15 min 
at 4˚C and protein concentration was determined by the bicin-
choninic acid method. A total of 30 µg protein per lane was 
loaded on 10% sodium dodecyl sulfate‑polyacrylamide gels 
for electrophoresis, and then transferred to polyvinylidene 
fluoride membranes followed by blocking in 5% nonfat milk in 
tris‑buffered saline/Tween‑20. The membranes were incubated 
with primary antibodies overnight at 4˚C, then with secondary 
antibodies for 1 h at room temperature. The protein bands 
were visualized with electrochemiluminescence substrate 
solution (GE Healthcare Life Sciences, Little Chalfont, UK), 
and images were captured using a Micro Chemiluminescence 
system  4.2 (DNR Bio‑Imaging Systems, Ltd., Jerusalem, 
Israel). Semi‑quantitative analysis were performed using 
ImageJ v.1.45 software.

Protein expression of dentin sialophosphoprotein 
(DSPP), runt‑related transcription factor 2 (RUNX2), osterix 
(OSX), osteopontin (OPN), osteocalcin (OCN) and bone 
morphogenetic protein  4 (BMP4), as established osteo-
genic and odontogenic markers  (34‑38), was determined. 
Activity of MAPK and JNK signaling was also assessed 
based on phosphorylation levels. The primary antibodies 
used were as follows: Rabbit anti‑GNAI3 (1:1,000 dilu-
tion; cat. no. ab154024; Abcam), mouse anti‑DSPP (1:1,000 
dilution; cat. no. sc73632; Santa Cruz Biotechnology, Inc., 
Dallas, TX, USA), mouse anti‑ RUNX2 (1:1000; dilution; 
cat. no. ab76956), polyclonal rabbit anti‑OSX (1:1,000 dilu-
tion; cat. no. ab22552), rabbit anti‑OPN (1:1,000 dilution; 
cat. no. ab63856), polyclonal rabbit anti‑OCN (1:1,000 dilu-
tion; cat. no. ab93876), rabbit anti‑BMP4; 1:1,000 dilution; 
cat.  no.  ab39973; all from Abcam), rabbit anti‑GAPDH 
(1:1,000 dilution; cat.  no. AP0063; Bioworld Technology, 
Inc., St. Louis Park, MN, USA), anti‑phosphorylated (p)‑JNK 
(dilution 1:1,000; cat. no. 4668), anti‑JNK (dilution 1:1,000; 
cat. no. 9252), anti‑p‑p38 (dilution 1:1,000; cat. no. 9211), 
anti‑p38 (dilution 1:1,000; cat. no. 9212), anti‑p‑ERK (dilu-
tion 1:1,000; cat. no. 4370) and anti‑ERK (dilution 1:1,000; 
cat. no. 4694; all from Cell Signaling Technology, Inc., Danvers, 
MA, USA). HRP‑conjugated secondary antibodies were used 
prior to detection (1:8,000 dilution; cat. no. ZB‑2301; Origene 
Technologies, Beijing, China) for 1 h at room temperature. 
Band densities were quantified relative to that of GADPH.

RT‑qPCR. RNA expression of the osteogenic and odonto-
genic gene markers dentin matrix acidic phosphoprotein 1 
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(DMP1), DSPP, OCN, OPN, OSX and RUNX2  (39) was 
determined. Total RNA was extracted from SCAPs using an 
RNApure High‑purity Total RNA Rapid Extraction kit 
(Invitrogen; Thermo Fisher Scientific, Inc.) and then reverse 
transcribed into complementary DNA using a PrimeScript 
RT reagent kit (Takara Bio, Inc., Otsu, Japan) according to 
the manufacturer's protocol. The qPCR reactions were 
performed using a SYBR‑Green RT‑qPCR kit (Vazyme, 
Piscataway, NJ, USA) in 96‑wells plates according to the 
manufacturer's protocol on a 7300 Real‑Time PCR System 
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Each 
20‑µl qPCR reaction system contained 10 µl SYBR‑Green 
qPCR Master Mix, 2 µl cDNA and 0.4 µl of each primer 
(final primer concentration of 0.2 µM). The amplifications 
were performed under the following conditions: 95˚C for 
30 sec, followed by 40 cycles of 95˚C for 10 sec, 60˚C for 
30 sec, 95˚C for 15 sec, 60˚C for 1 min and 95˚C for 15 sec. 
GAPDH was used as the internal control. The primer 

sequences were as follows: GNAI3 forward, 5'‑GGGAAG 
ACAAATGAAAGAGAA‑3' and reverse, 5'‑CCAACAAAG 
GCACTGAAC‑3'; DMP1 forward, 5'‑GGAAGAGGTGGT 
GAGTGAG‑3' and reverse, 5'‑TTGAGTGGGAGAGTGTG 
TG‑3'; DSPP forward, 5'‑CCATTCCAGTTCCTCAAA‑3' 
and reverse, 5'‑GCCTTCCTCTATCACCTTC‑3'; OCN 
forward, 5'‑CACACTCCTCGCCCTATT‑3' and reverse, 
5'‑GGTCTCTTCACTACCTCGCT‑3'; OPN forward, 5'‑CTC 
CAATCGTCCCTACAGTCG‑3' and reverse, 5'‑CCAAGC 
TATCACCTCGGCC‑3'; OSX forward, 5'‑CTACCCATC 
TGACTTTGCTC‑3' and reverse, 5'‑CACTATTTCCCA 
CTGCCTT‑3'; RUNX2 forward, 5'‑AGTTCCCAAGCA 
TTTCATC‑3' and reverse, 5'‑GGCAGGTAGGTGTGG 
TAGT‑3'; and GAPDH forward, 5'‑TGAACCATGAGAAGT 
ATGACAACA‑3' and reverse, 5'‑TCTTCTGGGTGG 
CAGTG‑3'. RT‑qPCR for each sample was performed in 
triplicate and repeated three times. The relative expression 
of target mRNAs was determined using the 2‑∆∆Cq method (40).

Figure 1. Upregulation of GNAI3 in mouse tooth root development in vivo and in human SCAPs mineralization in vitro. (A) Immunohistochemical staining 
for nestin (a biomarker of differentiated odontoblasts) and GNAI3 in mouse tooth roots on postnatal day 14. (B) Western blot analysis of GNAI3 expres-
sion in SCAPs following mineralization induction for the times indicated. (C) Quantification of western blot results in (B) by normalization to GAPDH. 
(D) Characterization of isolated human SCAPs by flow cytometry. (E) Detection of transduction efficiency of lentiviral particles expressing shRNA (multi-
plicity of infection of 30) in human SCAPs. After 3 days of transduction, GFP fluorescence was observed under a fluorescence microscope. (F) Western blot 
analysis of GNAI3 expression in SCAPs transduced with shGNAI3‑GFP or shCTRL‑GFP. (G) Quantification of western blot results in (F) by normalization 
to GAPDH. Scale bars: (A) 100 µm; (E) 400 µm. **P<0.01 vs. (B) day 0 group or (G) shCTRL group. GNAI3, guanine and nucleotide binding protein 3; 
SCAPs, stem cells of the apical papilla; sh[RNA], short hairpin [RNA]; GFP, green fluorescent protein; CTRL, control; CD, cluster of differentiation; FITC, 
fluorescein isothiocyanate; PE, phycoerythrin; APC, allophycocyanin; CY7, cyanine 7.
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Statistical analysis. Data are expressed as the mean ± standard 
deviation and were analyzed using SPSS 13 software (SPSS, 
Inc., Chicago, IL USA). The column graphs and line charts 
were generated using GraphPad Prism 7 (GraphPad, Inc., La 
Jolla, CA, USA). Independent two‑sample t‑tests were applied 
to compare the differences between the experimental and 
control groups. P<0.05 was considered to indicate a statisti-
cally significant difference.

Results

GNAI3 is induced in tooth root development in vivo and in 
SCAP mineralization in vitro. To determine the role of GNAI3 
in tooth root development (dentin mineralization), the expres-

sion pattern of GNAI3 during root development and dentin 
mineralization was first examined. As depicted in Fig. 1A, 
GNAI3 was primarily expressed in Hertwig's epithelial root 
sheath (HERS) and the surrounding mesenchyme in mice, 
suggesting the possible involvement of GNAI3 in tooth 
root development. In addition, it was identified that GNAI3 
expression was significantly upregulated in human SCAPs 
as early as 3  days after mineralization induction, with a 
peak at 7 days of induction (P<0.01; Fig. 1B and C). These 
results suggested that GNAI3 may be involved in tooth root 
development in vivo and in vitro.

To further investigate whether GNAI3 plays a role in 
mineralization induction of human SCAPs that were defined 
as CD90+/CD44+/CD45‑/CD14‑ (Fig. 1D), lentiviral vector 

Figure 2. (A‑G) Effect of GNAI3 knockdown on the proliferation and migration of SCAPs. (A) Cell Counting Kit‑8 assay of the time course of SCAPs pro-
liferation. (B and E) Flow cytometry assay of cell cycle progression in SCAPs. (C and F) Flow cytometry assay of SCAPs apoptosis and necrosis. (D) Scratch 
wound healing assay of SCAPs migration rates at 12 and 24 h of mineralization induction. (G) Quantification of SCAPs migration rates in (D). Scale bar: 
200 µm. *P<0.05 and **P<0.01 vs. corresponding shCTRL group. GNAI3, guanine and nucleotide binding protein 3; SCAPs, stem cells of the apical papilla; 
sh[RNA], short hairpin [RNA]; CTRL, control; OD, optical density; PI, propidium iodide; FITC, fluorescein isothiocyanate.
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expressing shGNAI3 (shGNAI3‑GFP) was used to knock down 
the expression of GNAI3. Lentiviral transduction efficiency 
(~90%) is shown in Fig. 1E. Importantly, shGNAI3‑GFP effec-
tively inhibited the expression of GNAI3 in SCAPs, compared 
with the control group (P<0.01; Fig. 1F and G), indicating that 
shGNAI3‑GFP could be used for loss‑of‑function assays to 
detect the function of GNAI3 in SCAPs.

GNAI3 knockdown suppresses the proliferation and 
migration of SCAPs. It was subsequently determined 
whether GNAI3 regulates the proliferation and migration 
of SCAPs, two important processes in tooth root develop-
ment. The results (Fig. 2) showed that GNAI3 knockdown 
by shGNAI3‑GFP inhibited SCAPs growth over 2‑6 days 
after transduction (P<0.01) in an apparent time‑dependent 
manner (Fig.  2A), as well as cell cycle progression, as 
evidenced by G1 phase arrest (increased G1‑phase cells) and 
decreased S and G2‑phase populations of GNAI3‑deficient 
SCAPs (P<0.05; Fig. 2B and E). However, GNAI3 knock-
down had no apparent effect on the apoptosis or necrosis of 
SCAPs (Fig. 2C and F). In addition, GNAI3‑deficient SCAPs 
exhibited markedly reduced migration ability 12 and 24 h 
after wounding, compared with control SCAPs (P<0.01; 
Fig. 2D and G). Collectively, these data indicated that GNAI3 
is required for SCAPs proliferation and migration in vitro.

GNAI3 knockdown inhibits the odonto/osteogenic differentiation 
of SCAPs. Since dentin mineralization is a key event in tooth root 
development, the effects of GNAI3 knockdown on dentin mineral-
ization resulting from odonto/osteogenic differentiation of SCAPs 
were investigated (Fig. 3). As displayed in Fig. 3A and C, GNAI3 
knockdown significantly decreased ALP activity in SCAPs 
5 days after mineralization induction (P<0.01). Consistently, 

GNAI3 knockdown significantly reduced ARS staining intensity 
2 weeks after the mineralization induction of SCAPs (P<0.01; 
Fig. 3B and D). These results demonstrated that GNAI3 deficiency 
may increase calcium loss in SCAPs, suggesting an essential role 
of GNAI3 in the dentin mineralization and/or odonto/osteogenic 
differentiation of SCAPs.

To further confirm the function of GNAI3 in the 
odonto/osteogenic differentiation of SCAPs, the expression 
of odonto/osteogenic differentiation and mineralization 
markers was examined in GNAI3‑deficient SCAPs. As 
shown in Fig. 3E, GNAI3‑deficient SCAPs exhibited signifi-
cantly decreased mRNA expression of the markers DMP1 
(P<0.01), DSPP (P<0.05), OCN (P<0.01), OPN (P<0.01), 
OXS (P<0.05) and RUNX2 (P<0.01), compared with 
control SCAPs. Similar results were observed at the level 
of protein expression for the markers DSPP, RUNX2, OSX, 
OPN, OCN and BMP4 (all P<0.05 or <0.01; Fig. 4A and B). 
DMP1 protein expression was not detected as sufficient 
bands could not be obtained despite multiple attempts with 
different antibodies. Taken together, these data demonstrate 
that GNAI3 may be a critical regulator of odonto/osteogenic 
differentiation in SCAPs, suggesting a potential function in 
tooth root development.

GNAI3 knockdown inactivates JNK/ERK signaling path‑
ways in the odonto/osteogenic differentiation of SCAPs. 
Subsequently, the molecular mechanisms underlying the 
function of GNAI3 in the odonto/osteogenic differentia-
tion of SCAPs were investigated. SCAPs transfected with 
shGNAI3 or shCTRL lentivirus underwent osteogenic 
differentiation for 7 days before extracting total protein. It 
was observed that GNAI3 knockdown markedly downregu-
lated the phosphorylation levels of JNK (P<0.01) and ERK 

Figure 3. Effect of GNAI3 knockdown on the odonto/osteogenic differentiation of SCAPs. (A) ALP staining assay of SCAPs mineralization. (B) ARS staining 
assay for the accumulation of calcium during SCAPs mineralization. (C) Quantification of ALP staining in (A). (D) Quantification of ARS staining in (B). 
(E) Quantitative polymerase chain reaction detection of the mRNA expression of odonto/osteogenic markers as indicated. Scale bar: 200 µm. *P<0.05 and 
**P<0.01 vs. corresponding shCTRL group. GNAI3, guanine and nucleotide binding protein 3; SCAPs, stem cells of the apical papilla; sh[RNA], short hairpin 
[RNA]; CTRL, control; DMP1, dentin matrix acidic phosphoprotein 1; DSPP, dentin sialophosphoprotein; OCN, osteocalcin; OPN, osteopontin; OSX, osterix; 
RUNX2, runt‑related transcription factor 2.
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(P<0.05) 7 days after the mineralization induction of SCAPs, 
while having no significant effect on p38 phosphorylation 
(Fig. 5A and B), suggesting that JNK and ERK, but not p38, 
are the downstream targets of GNAI3. Furthermore, JNK 
phosphorylation was found to be induced in an apparent 
time‑dependent manner between 0‑7  days during the 
odonto/osteogenic differentiation of SCAPs (Fig. 5C and D), 
suggesting that JNK proteins may be actively involved in 
this differentiation process. Additionally, it was found 
that JNK inhibitor SP600125 and ERK inhibitor U0126 
markedly suppressed the proliferation and migration of 
the SCAPs. Specifically, results indicated that SP600125 
and U0126 significantly inhibited cell proliferation after 
2‑6 days in an apparent time‑dependent manner (P<0.01; 
Fig. 6A and B), as well as cell cycle progression, as evidenced 
by G1 phase arrest, and S and G2‑phase cell reductions (all 
P<0.05 or <0.01; Fig. 6C‑F). In addition, treatment with 
SP600125 and U0126 caused inhibited migration ability at 
12 and 24 h after exposure (P<0.01; Fig. 6G‑J). The inhibi-
tory effects of these specific JNK and ERK inhibitors on 
SCAPs proliferation and migration were consistent with the 
effects of GNAI3‑deficiency in corresponding assays. Taken 
together, these results suggested that GNAI3 promotes 
odonto/osteogenic differentiation of SCAPs possibly via 
JNK and ERK signaling pathways.

Discussion

Tooth root development is a complicated process involving 
biomineralization, molecular signaling, the development of 
dental tissue and tooth movement (41,42). Following crown 
formation, the inner and outer epithelium of the enamel organ 
extends downwards and forms a double‑layered tip known 
as HERS. In response to the occlusal movement of the teeth, 
HERS induces the formation and mineralization of the root 
and determines the tooth morphology (43). GNAI3 has been 
demonstrated to play a role in regulating various cellular 
processes including proliferation, cytokinesis, apoptosis, 
migration and invasion  (19,20,44). Causative variants in 
phospholipase C beta 4, GNAI3 and endothelin 1 during early 
pharyngeal arch patterning have been identified in ACS, which 
is characterized by mandibular hypoplasia, suggesting that 
GNAI3 may be involved in osteogenesis (45). Our previous 
study demonstrated that GATA4 regulated tooth root devel-
opment through mediating the expression of GNAI3  (27), 
which prompted the current investigation into the association 
of GNAI3 with tooth root development. Since in mice, molar 
tooth crown and root formation occurs on approximately 
postnatal day 11 (46), the expression of GNAI3 was detected 
in the molar teeth of mice on postnatal day 14. It was identi-
fied that GNAI3 was markedly upregulated in HERS and 

Figure 4. Effect of GNAI3 knockdown on the protein expression of odonto/osteogenic markers. Protein lysates of stem cells of the apical papilla trans-
duced with shGNAI3‑GFP or shCTRL‑GFP were collected 7 days after mineralization induction. (A) Western blot analysis of the protein expression of 
odonto/osteogenic markers as indicated. (B) Quantification of western blot results in (A) by normalization to GAPDH. *P<0.05 and **P<0.01 vs. corresponding 
shCTRL group. GNAI3, guanine and nucleotide binding protein 3; sh[RNA], short hairpin [RNA]; CTRL, control; DSPP, dentin sialophosphoprotein; OCN, 
osteocalcin; OPN, osteopontin; OSX, osterix; RUNX2, runt‑related transcription factor 2.
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the surrounding mesenchyme, which serve as two major 
contributors to root formation, and this was consistent with 
our previous observation (27), suggesting the possible role of 
GNAI3 in tooth root development.

SCAPs are located around the open apex of premature 
tooth root and have odonto/osteogenic potential  (47‑49). 
Therefore, we focused on the expression and function of 
GNAI3 in the odonto/osteogenic differentiation of SCAPs. 
Consistent with the in vivo data, GNAI3 was significantly 
induced in SCAPs 7 days after mineralization induction. 
Notably, knockdown of GNAI3 could inhibit the proliferation, 
migration and odonto/osteogenic differentiation of SCAPs, 
as key events involved in tooth root development. These 
results indicated that GNAI3 is required for the mineraliza-
tion induction of SCAPs. Moreover, knockdown of GNAI3 
also suppressed the accumulation of calcium in SCAPs, as 
evidenced by the decreased ALP activity and ARS staining 
intensity in GNAI3‑deficient SCAPs, suggesting a promotive 
role of GNAI3 in dentin mineralization.

DMP1, as an acidic non‑collagenous protein expressed in 
a variety of bone and tooth structures, plays a key role during 
dentin and bone formation  (39). DSPP is expressed only 

in secretory odontoblasts, and regarded as a tooth‑specific 
marker contributing to the formation of dentin (34). RUNX2 is 
a transcription factor of OSX, and functions in the initial stage 
of osteogenesis, whereas OPN, OCN and BMP4 have been 
identified as late stage markers of osteogenesis (35‑38). The 
current study indicated that knockdown of GNAI3 suppressed 
the expression of these markers at both transcriptional and 
translational levels, suggesting that GNAI3 plays a universal 
role in regulating odonto/osteogenic differentiation of SCAPs 
in vitro.

The MAPK signaling pathway is a major orchestrator of 
complex networks, governing a number of cellular processes 
and activities including epithelial‑to‑mesenchymal transi-
tion and cell differentiation (24,25,50‑55). Recently, it has 
been established that MAPK signaling may be involved in 
odonto/osteogenic differentiation of SCAPs (26). However, 
it remains largely unknown whether GNAI3 functions via 
MAPK signaling. In the current study, it was found that 
knockdown of GNAI3 significantly inhibited the phosphory-
lation of JNK and ERK, two main subfamilies of MAPKs, 
during SCAPs mineralization. We further determined that 
specific JNK1/2/3 inhibitor (SP600125) and specific ERK1/2 

Figure 5. Effect of GNAI3 knockdown on JNK and ERK activation. (A) Western blot analysis of the expression of p‑JNK, JNK, p‑ERK, ERK, p‑p38 and p38. 
(B) Quantification of western blot results in (A) by normalization to GAPDH. (C) Osteogenic differentiation of stem cells of the apical papilla was induced 
for the times indicated. The protein levels of p‑JNK and JNK were determined by western blotting. (D) Quantification of western blot results in (C). *P<0.05 
and **P<0.01 vs. corresponding shCTRL group. GNAI3, guanine and nucleotide binding protein 3; sh[RNA], short hairpin [RNA]; CTRL, control; JNK, c‑Jun 
N‑terminal kinase; ERK, extracellular‑signal regulated kinase; p‑, phosphorylated; ns, not significant.
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inhibitor (U0126) markedly inhibited the proliferation and 
migration of the SCAPs, consistent with the results that 
knockdown of GNAI3 inhibited the proliferation and migra-
tion of the SCAPs. Thus, it appears that GNAI3 promotes 
odonto/osteogenic differentiation of SCAPs and tooth root 
development at least partially through activation of JNK and 
ERK signaling pathways.

To further verify the role of GNAI3 in odonto/osteogenic 
differentiation of SCAPs and tooth root development, future 
studies by our group will perform gain‑of‑function assays 
(overexpression of GNAI3) to investigate whether GNAI3 
itself is sufficient to induce the odonto/osteogenic differentia-
tion of SCAPs in vitro. Furthermore, GNAI3 transgenic mice 
or SCAPs‑specific GNAI3 knockout mice should be used 
for examination of the in vivo role of GNAI3 in tooth root 
development, which is warranted in further studies.

In conclusion, the present study identified GNAI3 as a 
novel regulator of odonto/osteogenic differentiation of SCAPs, 

and provided insight for understanding the mechanisms 
underlying the regeneration of dentin or other tissues.
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