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Stem cell–mediated tooth regeneration is an ideal ther-
apy for tooth loss but still presents many problems, such 
as limited seed cells and poor efficacy.1,2 In tooth tissue, 
stem cells, growth factors and the extracellular matrix 
(ECM) in the niche and their multiple interactions deter-
mine tooth development, eruption and biological basis 
for the formation of pulp dentine and so on. However, 
due to being limited by the current methods, the niche 
cannot be maintained when mesenchymal stem cells 
(MSCs) are isolated and cultured in vitro. Disruption of 
the niche may impede MSC-mediated tooth regener-
ation.3-5 The stem cell niche plays a key role in homeo-
stasis and tissue regeneration. 

From the perspective of the stem cell microenvir-
onment, previous studies conducted by the present 
authors6,7 revealed that bone morphogenetic proteins 
(BMPs) are downregulated in stem cells from the apical 
papilla (SCAPs) compared with the tissues from the ap-
ical papilla, but the antagonist of bone morphogenetic 
protein- Gremlin1 (GREM1) is upregulated. In vitro 
experiments showed that BMP6 could significantly 
enhance the proliferation and differentiation potential 
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of SCAPs, and that BMP2, BMP6 and BMP7 are nega-
tively regulated by GREM1, suggesting that the GREM1-
BMP signalling pathway may play an important role in 
regulating the function of stem cells.6,7 

GREM1 belongs to the DNA family of secreted BMP 
antagonists. GREM1 is involved in bone development, 
and Grem1 mutant mice develop severe limb skeletal 
deformities.8,9 As an endogenous antagonist of BMP, 
GREM1 not only binds to extracellular BMP but also 
prevents the secretion of BMP through intracellular 
BMP and GREM1 interactions and effectively inhibits 
its activity.10 Studies have confirmed that Grem1 blocks 
the classical BMP signalling pathway by inhibiting the 
phosphorylation of smad1/5/8, but can also directly 
regulate p38, ERK and JNK.11 However, until recently, 
the interaction between BMP signalling and GREM1 
in MSCs has been unclear. A previous study revealed 
that GREM1 can bind to tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase activation protein eta 
(YWHAH),12 a member of the 14-3-3 gene family. The 
14-3-3 protein family is a group of highly conserved 
acidic proteins that are highly expressed in nervous tis-
sues; it interacts with more than 100 proteins that are 
critical for many cellular physiological processes, such 
as signalling, cell growth, division, adhesion, deriva-
tives and apoptosis, and thus plays an important role in 
cell proliferation and transformation.13-15 These studies 
indicated that YWHAH might be a downstream gene of 
GREM1, and regulate BMP2, BMP6 and BMP7 and stem 
cell function16,17; however their function and molecu-
lar mechanism are not clear. In this study, the present 
authors investigated the biological regulatory function 
of GREM1 in DPSCs, and the underlying molecular 
mechanism to explain how GREM1/YWHAH regulate 
BMPs in DPSCs.

Materials and methods

Cell culture

With the approval of the Beijing Stomatology Hospi-
tal, School of Stomatology, Capital Medical University 
(CMUSH-IRB-KJ-PJ-2023-28), human impacted third 
molars were collected from 10 healthy patients. The pulp 
tissues were treated aseptically and washed with solu-
tions of phosphate-buffered saline (PBS). DPSCs were 
isolated and cultured as previously described. Briefly 
cells were grown in a humidified atmosphere of 5% CO2 
at 37°C, and the medium was changed every 3 days. 

Plasmids and viruses

Plasmids were produced using standard methods, and 
enzyme digestion, sequencing or both confirmed the 
structures of all plasmids. Human full-length YWHAH 
cDNA with an HA tag was generated via standard gene 
synthesis. This fragment (HA-YWHAH) was inserted 
into the PQCXIN plasmid between the AgeI and BamH1 
restriction sites. GREM1 shRNA, YWHAH shRNA and con-
trol shRNA were purchased from Genepharma (Suzhou, 
China). DPSCs were seeded into plates overnight growth 
and transfected for 12 hours with the virus using poly-
brene (Sigma Aldrich, St. Louis, MO, USA). After 48 hours 
of transfection, the cells were selected in the presence 
of an appropriate antibiotic. The sequences of the shR-
NAs used were follows: LV3 shRNA (Consh), 5'-TTCTC-
CGAACGTGTCACGTTT-3'; GREM1 shRNA (GREM1-sh), 
5'-GCAAGCCC AAGAAATTCACTA-3'. NC shRNA (Consh), 
5'-CCATGATTCCTTCATATTTGC-3'; YWHAH shRNA 
(YWHAH-sh), 5'-GAGCCGACACGGGTTAGGATCC-3'.

Cell ALP activity assay and alizarin red staining

DPSCs were grown in mineralisation-inducing medium 
using a Stem Pro Osteogenesis Differentiation Kit (Inv-
itrogen, Carlsbad, CA, USA). Cells were cultured for 5 
days, and the ALP activity assay was performed with an 
ALP kit according to the manufacturer’s protocol (Sigma 
Aldrich) and normalised based on protein concentra-
tions. The protein concentration was quantitatively 
determined using Bio-Rad protein assay solution (Bio-
Rad Laboratories, Hercules, CA, USA). To detect min-
eralisation, the cells were induced for 2 weeks, fixed 
with 70% ethanol and stained with 2% alizarin red (Sig-
ma Aldrich). To quantitatively determine the calcium 
mineral content, alizarin red was destained with 10% 
cetylpyridinium chloride in 10 mM sodium phosphate 
for 60 minutes at room temperature. The concentration 
was determined by absorbance measurement at 562 nm 
on a multiplate reader using a standard calcium curve 
in the same solution. The final calcium level in each 
group was normalised to the total protein concentration 
prepared from a duplicate plate.18

Reverse transcriptase polymerase chain reaction 
(RT-PCR) and real-time RT-PCR

Total RNA was isolated from DPSCs with TRIzol reagent 
(Invitrogen). We synthesised cDNA from 2 µg aliquots of 
RNA, random hexamers or oligo (dT) and reverse tran-
scriptase, according to the manufacturer’s protocol (Inv-
itrogen). Real-time PCR was performed with a Quanti-
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Tect SYBR Green PCR Kit (Qiagen, Hilden, Germany) 
and an Icycler iQ Multicolor Real-time PCR Detection 
System (Bio-Rad Laboratories). The primers for specific 
genes are shown in Table S1 and the PCR conditions are 
presented in Table S2 (both provided on request).

Scratch migration assays

A scratch-simulated wound migration assay was imple-
mented to assess the function of MSC migration. Upon 
reaching 80% confluence, the cells were digested with 
0.25% trypsin-ethylenediaminetetraacetic acid (EDTA) 
(Gibco, Life Technologies, Carlsbad, CA, USA), seeded 
onto six-well plates at a density of 2 × 105 cells/well and 
allowed to grow to close to 95% confluence. The cells 
were grown in DMEM supplemented with alpha modi-
fied Eagle medium (Invitrogen) without foetal bovine 
serum (FBS; Invitrogen). After culturing for 24 hours, a 
cross scratch was made in the cell layer along the diam-
eter of the well with a 200-µl pipette tip (Axygen, Corn-
ing, NY, USA), and the cells were grown in fresh culture 
media. Images from the same view were taken under 
a microscope at baseline (0 hours), 24 hours and 48 
hours after wounding to determine the extent of wound 
closure. Image-Pro1.49v (National Institutes of Health, 
Bethesda, MD, USA) was used to measure the void area 
(VA) and the height and relative width were evaluated 
(area% = VA/height) in each group.

Western blot

Total proteins were extracted from DPSCs, and SDS 
polyacrylamide gel electrophoresis was performed as 
described previously. The primary antibodies used in 
this study were against GREM1 (cat no. G4672; Sigma 
Aldrich), YWHAH (cat no. F1804; Sigma Aldrich) and 
GAPDH (cat. no. G8795, Sigma Aldrich). 

Coimmunoprecipitation (Co-IP) assay

DPSCs were lysed with IP lysis buffer (Invitrogen). The 
cell lysates were incubated with a specific primary anti-
body and protein A/G Sepharose (Santa Cruz Biotechnol-
ogy, Dallas, TX, USA) was added overnight at 4°C. After 
washing, the immunoprecipitated complex was treated 
with either RNase A or RNase inhibitor (Sigma Aldrich) 
for 5 minutes at 37°C. The cells were resuspended in 
SDS-PAGE loading buffer for Western blot analysis using 
the corresponding antibodies. The primary antibodies 
used in this study were against GREM1 (cat no. G4672; 
Sigma Aldrich), YWHAH (cat no. G7633; Sigma Aldrich) 
and GAPDH (cat. no. G8795, Sigma Aldrich). 

Peptide microarray

Polypeptide chip sealing 

After the array membrane was activated, sealing solu-
tion was added and the membrane was sealed for 4 
hours with shaking at room temperature.

Reactive protein labelling

A biotin labelling kit (EZ-LINKTMNHS-PEG4-BIOTIN, 
PIECE, LOT#tg263646) was used to label the GREM1-
isoform1 protein with a biotin reminder. The binding 
of polypeptide chip was incubated with reactive pro-
tein, and the biotin-labelled GREM1-isoform1 protein 
was diluted with sealing solution and incubated with the 
array. The experimental group was incubated with 10 ml 
reaction solution at a concentration of 4 µg/ml, and the 
control group chip was incubated with sealing fluid. The 
membrane was shaken overnight at 4°C, the diaphragm 
was removed, and the membrane was washed with TBST 
five times. 

Polypeptide chip and HRP-labelled secondary 
antibody incubation

The membrane was washed with high-sensitivity 
streptavidin-HRP (Pierce CA#:21130) and diluted with 
sealing solution. After 1:8,000, the membranes in the 
experimental group and control group were incubated 
with 5 ml each, shaken at room temperature for 2 hours, 
and then washed five times. 

Colour development 

TotalLab image analysis software (TotalLab, Gosforth, 
UK) was used to analyse the optical density values of 
colour rendering points for imaging images. The "Spot 
Edge Average" algorithm reads the colour rendering val-
ues of all peptide segments and sets the colour point 
light on the film. The highest density value is 100%, with 
reference to the surrounding background values of each 
colour developing point, and the optical density values 
of other points are calculated as the percentage values 
of the optical density values of the point. The possible 
binding sites and fragment sequences of GREM1 and 
YWHAH were obtained through bioinformatics com-
parative analysis.
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Nude mouse transplantation with haematoxylin-eosin 
(HE) staining and immunohistochemical staining

A total of 2.0 × 106 DPSCs were mixed with MC (Engin-
eering Research Center for Biomaterials, Tsinghua Uni-
versity, Beijing, China) at 37°C for 2 hours, and then 
the mixture was subcutaneously transplanted into the 

backs of nude mice (10-week-old females, nu/nu). After 
8 weeks, the subcutaneous transplanted tissues were 
collected, fixed with 10% formalin and decalcified in 
10% EDTA. The tissues were stained with haematoxy-
lin-eosin (HE). Image-Pro Plus software (Media Cyber-
netics, Rockville, MD, USA) was used to calculate the 
area of bone/dentine-like tissue. Immunohistochemical 

Fig 1a to l  Knockdown of 
GREM1 promoted the osteo-/
dentinogenic differentiation of 
DPSCs in vitro. Western blot 
analysis of GREM1 expression 
(a). Real-time RT-PCR showed 
the knockdown efficiency of 
GREM1 in DPSCs (b). ALP ac-
tivity assay (c). Alizarin red 
staining (d). Quantitative cal-
cium analysis (e). The expres-
sion of DSPP (f), DMP1 (g), 
BSP (h), OPN (i) and OCN (j) 
was detected by real-time RT-
PCR at 14 days after induction. 
The results of the scratch-
simulated wound migration 
assay (k  and l). GAPDH was 
used as an internal control. A 
Student t test was performed 
to determine statistical signifi-
cance. All error bars represent 
the standard deviation (n = 6).  
*P ≤ 0.05, **P ≤ 0.01.
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staining was performed as described previously.18 The 
primary antibodies used were DSPP (cat no. bs10316R, 
Bioss, China) and BSP (cat no. bs2668R, Bioss, China). 
The present research was carried out in accordance with 
the animal experiment regulations.

Statistical analysis

Statistical calculations were implemented using SPSS 
10.0 statistical software (SPSS, Chicago, IL, USA). Stat-
istical significance was analysed using a Student t test; 
P ≤ 0.05 was defined as statistically significant.

Results

Knockdown of GREM1 promoted the osteo/dentino-
genic differentiation of DPSCs in vitro and in vivo

First, we constructed a short hairpin RNA (shRNA) to 
inhibit GREM1 expression and introduced it into DPSCs 
via lentiviral infection. Infected cells were selected 
with 2 µg/ml puromycin for 3 days, and the efficien-
cy of GREM1 knockdown was confirmed by real-time 
RT-PCR and western blotting (Fig 1a and b). After the 
cells were cultured in osteogenic induction medium, 
we evaluated their osteogenic differentiation potential. 
After osteogenic induction for 5 days, the ALP activity 
in GREM1 knockdown DPSCs was greater than that in 
control DPSCs (Fig 1c). Alizarin red staining and quan-
titative calcium measurements showed that GREM1 
depletion in DPSCs promoted mineralisation compared 
to that in control DPSCs (Fig 1d and e). The real-time 
RT-PCR results showed that GREM1 depletion in DPSCs 
enhanced BSP, DSPP, DMP1, OCN and OPN expression 
on day 14 after induction (Fig 1f to j). Then, the scratch-
simulated wound migration assay results showed that 
GREM1 knockdown promoted the migration of DPSCs 
at 48 hours (Fig 1k and l). Finally, control DPSCs and 
GREM1 knockdown DPSCs were transplanted subcu-
taneously into nude mice. We discovered that GREM1 
knockdown DPSCs formed more bone/dentine-like tis-
sues (Fig 2a and b). Moreover, immunohistochemical 
staining and quantitative analysis revealed that DSPP 
and BSP expression were greater in GREM1 knockdown 
DPSCs than in control DPSCs (Fig 2c to f). 

GREM1/YWHAH can regulate BMP2, BMP6 and 
BMP7 expression

We used real-time RT-PCR to detect BMP expression. 
The results showed that GREM1 depletion in DPSCs 

enhanced BMP2, BMP6 and BMP7 expression (Fig 3a 
to c). Knocking down YWHAH in DPSCs suppressed 
the expression of BMP2, BMP6 and BMP7 (Fig 3d to f). 
Overexpression of YWHAH promoted the expression of 
BMP2, BMP6 and BMP7 (Fig 3g to i).

GREM1 can bind to YWHAH in DPSCs

We examined the association of GREM1 with YWHAH 
in DPSCs. Co-IP showed that the formation of GREM1-
YWHAH protein complexes increased with HA-GREM1 
overexpression in DPSCs (Fig 4a). In addition, deple-
tion of GREM1 decreased the formation of GREM1-
YWHAH protein complexes in DPSCs (Fig 4b). Co-IP 
results showed that the overexpression of YWHAH pro-
moted the association of GREM1 and YWHAH in DPSCs 
(Fig 4c), and knocking down of YWHAH in DPSCs sup-
pressed this association (Fig 4d). Furthermore, poly-
peptide microarray results showed that the polypeptide 
array derived from the YWHAH protein sequence can 
bind to the reactive protein GREM1-isoform1 protein, 
and the protein binding polypeptide points 29, 46 and 
47 have obvious colour rendering effects (Fig 4e). Taken 
together, these results indicate that GREM1 binds to 
YWHAH. The effective binding sites were- L R D N L T 
L W T S D Q Q D E and -T L W T S D Q Q D E E A G E G. 

Knockdown of YWHAH suppressed the osteo-/denti-
nogenesis of DPSCs in vitro

To verify the role of YWHAH in DPSCs osteo/dentino-
genic differentiation, we constructed a short hairpin 
RNA (shRNA) to inhibit YWHAH expression and intro-
duced it into DPSCs via lentiviral infection. Infected 
cells were selected with 2 µg/ml puromycin for 3 days, 
and the efficiency of YWHAH knockdown was con-
firmed by real-time RT-PCR and western blotting (Fig 5a 
and b). After osteogenic induction for 5 days, the ALP 
activity decreased in YWHAH knockdown DPSCs com-
pared to control DPSCs (Fig 5c). Alizarin red staining 
and quantitative calcium measurements showed that 
YWHAH depletion in DPSCs suppressed mineralisation 
compared to that in control DPSCs (Fig 5d and e). The 
real-time RT-PCR results revealed that YWHAH deple-
tion in DPSCs inhibited BSP, DSPP and DMP1 expression 
on day 14 after induction. There were no statistical dif-
ferences in OCN and OPN (Fig 5f to j). Then, the scratch-
simulated wound migration assay results showed that 
YWHAH knockdown repressed the migration ability of 
DPSCs at 48 hours (Fig 5k and l).
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Overexpression of YWHAH promoted the osteo-/denti-
nogenesis of DPSCs in vitro and in vivo

The function of YWHAH in DPSCs was investigated by 
inserting the YWHAH sequence into a retroviral vector. 
Retroviral infected DPSCs were selected with 600 µg/ml 
G418 for 7 days, and western blot and real-time RT-PCR 
results confirmed the ectopic expression of YWHAH 

(Fig 6a and b). After osteogenic induction for 5 days, ALP 
activity increased in YWHAH overexpressing DPSCs 
compared to control DPSCs (Fig 6c). Alizarin red staining 
and quantitative calcium measurements revealed that 
compared with control DPSCs, YWHAH-overexpressing 
DPSCs promoted mineralisation (Fig 6d and e). The real-
time RT-PCR results showed that YWHAH-overexpress-
ing DPSCs exhibited increased BSP, DSPP, DMP1, OCN 

Fig 2a to f  Knockdown of GREM1 pro-
moted the osteo-/dentinogenic differ-
entiation of DPSCs in vivo. HE staining 
results showing bone/dentine-like tissue 
formation. Scale bar 100 μm. B, bone/
dentine-like tissues; CT, connective tis-
sue; MC, mineral collagen (a). Quantitative 
measurement of the HE staining results 
(b). Immunohistochemical staining and 
quantitative analysis of DSPP (c and d). 
Immunohistochemical staining and quan-
titative analysis of BSP. Scale bar 50 μm 
(e and f). A Student t test was performed 
to determine statistical significance. All 
error bars represent the standard devi-
ation (n = 6). *P ≤ 0.05, **P ≤ 0.01.
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and OPN expression on day 14 after induction (Fig 6f to 
j). The results of the scratch-simulated wound migration 
showed that YWHAH knockdown promoted the migra-
tion ability of DPSCs at 48 hours (Fig 6k and l). Finally, 
control DPSCs and YWHAH-overexpressing DPSCs were 
transplanted subcutaneously into nude mice. The pres-
ent authors discovered that YWHAH-overexpressing 
DPSCs formed more bone/dentine-like tissues (Fig 7a 
and b). Moreover, immunohistochemical staining and 
quantitative analysis revealed that DSPP and BSP expres-
sion were greater in YWHAH-overexpressing DPSCs 
than in control DPSCs (Fig 7c to f). 

Discussion

In tooth tissue engineering, using appropriate stem 
cells and scaffold materials, the present authors aimed 
to identify key target genes that affect the function of 
stem cells in the microenvironment, and apply genes to 
modify stem cells to improve their differentiation abil-
ity and enhance their performance, further improving 
the success rate of biological tooth root regeneration 

and shortening the regeneration cycle. GREM1, a mem-
ber of the BMP antagonist family, plays an important 
role in regulating organogenesis, body patterning and 
tissue differentiation. Like other extracellular BMP 
antagonists, GREM1 contains a cysteine knot.19-21 The 
role of GREM1 as a BMP antagonist has been identi-
fied in the kidney, limb development and lung branch-
ing morphogenesis.22-24 A previous study conducted by 
the present authors found that GREM1 inhibited ADSC 

Fig 3a to i  GREM1/YWHAH can regulate BMP2, BMP6 and 
BMP7 expression. The expression of BMP2 (a), BMP6 (b) and 
BMP7 (c) was detected by real-time RT-PCR after knocking 
down GREM1 in DPSCs. The expression of BMP2 (d), BMP6 (e) 
and BMP7 (f) was detected by real-time RT-PCR after YWHAH 
was knocked down in DPSCs. The expression of BMP2 (g), 
BMP6 (h) and BMP7 (i) was detected by real-time RT-PCR after 
YWHAH was overexpressed in DPSCs.

Fig 4a to e  GREM1 binds to YWHAH in DPSCs. Western blot 
showing individual signals (input, 1% lysate) and coimmunopre-
cipitated protein complexes (IP, 99% lysate). Co-IP results show-
ing more GREM1-YWHAH complexes in GREM1 overexpress-
ing DPSCs (a). Co-IP results showing fewer GREM1-YWHAH 
complexes in GREM1 silenced DPSCs (b). Co-IP results show-
ing more GREM1-YWHAH complexes in YWHAH overexpress-
ing DPSCs (c). Co-IP results showing fewer GREM1-YWHAH 
complexes in YWHAH silenced DPSCs (d). There were bind-
ing sites in the polypeptide array experimental group. The grey 
value analysis software Total Lab TL100 showed that protein 
binding polypeptide points 29, 46 and 47 have obvious colour 
rendering effects (e). GAPDH was used as an internal control.
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senescence and osteogenic differentiation potential and 
repressed BMP transcription. The present results pro-
vide new insights into the regulation of MSC functions 
and target the use of MSCs for bone regeneration. Thus, 
the authors conducted experiments to investigate the 
role of GREM1 in the osteo-/dentinogenic differentia-
tion and migration of DPSCs in vitro and in vivo. First, 
alkaline phosphatase (ALP) activity, alizarin red staining 
and scratch migration assays showed that knockdown 
of GREM1 promoted osteo-/dentinogenic differentia-
tion and migration of DPSCs in vitro. Our group has 

previously conducted in-depth studies on the ability of 
GREM1 knockdown to promote the osteogenic differen-
tiation of MSCs, and the ability of GREM1 overexpres-
sion to inhibit their osteogenic differentiation; however, 
to date, no experiments have confirmed the regulatory 
effect of GREM1 on the osteogenic differentiation of 
DPSCs in vivo. Therefore, we conducted subcutaneous 
implantation experiments in nude mice, and HE stain-
ing and immunohistochemical staining confirmed that 
knockdown of GREM1 promoted osteo-/dentinogenic 
differentiation of DPSCs in vivo. To explore the regula-

Fig 5a to l  Knockdown of YWHAH sup-
pressed the osteo-/dentinogenic differentia-
tion of DPSCs in vitro. Western blot showing 
YWHAH expression (a). Real-time RT-PCR 
showed the knockdown efficiency of YWHAH 
in DPSCs (b). ALP activity assay (c). Alizarin 
red staining (d). Quantitative calcium analysis 
(e). The expression of DSPP (f), DMP1 (g) and 
BSP (h), OPN (i) and OCN (j) was detected by 
real-time RT-PCR at 14 days after induction. 
The results of the scratch-simulated wound 
migration assay (k and l). GAPDH was used 
as an internal control. A Student t test was 
performed to determine statistical signifi-
cance. All error bars represent the standard 
deviation (n = 6). *P ≤ 0.05, **P ≤ 0.01.
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tory mechanism of GREM1, we performed a co-IP assay 
and found that GREM1 can bind to YWHAH in DPSCs. 
Functional verification revealed that YWHAH knock-
down suppressed the osteo-/dentinogenesis of DPSCs in 
vitro, whereas YWHAH overexpression promoted the 
osteo-/dentinogenesis of DPSCs in vitro. The product of 
the YWHAH gene is the 14-3-3 eta protein.25-27 The 14-3-3 
proteins are a family of conserved regulatory molecules 
expressed in all eukaryotic cells. A striking feature of 
these proteins is their ability to bind a multitude of func-
tionally diverse signaling proteins, including kinases, 

phosphatases and transmembrane receptors.28,29 This 
plethora of interacting proteins allows 14-3-3 to play im-
portant roles in a wide range of vital regulatory process-
es, such as mitogenic signal transduction, apoptotic cell 
death and cell cycle control.30,31 Acronyms14-3-3 family 
proteins interact with many signalling molecules, such 
as MAPK kinase, Raf-1, Wee1, Cdc25, cyclin B1, protein 
kinase C, IGF-I receptor, insulin receptor substrate 1, 
Bad and Bcl, and regulate several signal transduction 
pathways. Additionally, 14-3-3 proteins help two mol-
ecules interact or interrupt the association between 

Fig 6a to l  Overexpression of YWHAH pro-
moted the osteo-/dentinogenic differentia-
tion of DPSCs in vitro. Western blot showing 
YWHAH expression (a). Real-time RT-PCR 
showed the overexpression efficiency of 
YWHAH in DPSCs (b). ALP activity assay 
(c). Alizarin red staining (d). Quantitative cal-
cium analysis (e). The expression of DSPP 
(f), DMP1 (g) and BSP (h), OPN (i) and OCN 
(j) was detected by real-time RT-PCR at 14 
days after induction. The result of scratch-
simulated wound migration assay (k and l). 
GAPDH was used as an internal control. A 
Student t test was performed to determine 
statistical significance. All error bars repre-
sent the standard deviation (n = 6). *P ≤ 0.05, 
**P ≤ 0.01.
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them by functioning as molecular scaffolds.32 How-
ever, the effect of YWHAH on osteogenic differentia-
tion of dental stem cells is still unclear, and the pres-
ent study demonstrated for the first time the ability of 
YWHAH to promote the differentiation of dental pulp 
stem cells. Through the above experiments, we suggest 
that YWHAH might be an important downstream gene 
of GREM1 that regulates BMP expression and stem cell 
function. In the future, we will conduct further research 
on the GREM1-YWHWH complex interaction and the 
effect of small molecule polypeptides on the differentia-
tion of DPSCs to lay a foundation for the application of 
small molecule preparations in root regeneration and 
clinical practice.

Conclusion

In conclusion, the present findings highlight the key 
role played by GREM1 in osteo-/dentinogenic differen-
tiation of DPSCs, which may be a potential target gene 
for promoting MSC osteo-/dentinogenic differentiation 
and tissue regeneration. 
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Fig 7a to f  Overexpression of 
YWHAH promoted the osteo-/
dentinogenic differentiation of 
DPSCs in vivo. HE staining results 
showing bone/dentine-like tissue 
formation. Scale bar 100 μm. B, 
bone/dentine-like tissues; CT, 
connective tissue; MC, mineral 
collagen (a). Quantitative meas-
urement of the HE staining results 
(b). Immunohistochemical stain-
ing and quantitative analysis of 
DSPP (c and d). Immunohisto-
chemical staining and quantita-
tive analysis of BSP. Scale bar: 
50 μm (e and f). A Student t test 
was performed to determine stat-
istical significance. All error bars 
represent the standard deviation 
(n = 6). *P ≤ 0.05, **P ≤ 0.01.
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