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Abstract: Dental pulp stem cell (DPSC)-based odontogenic regeneration in inflammatory conditions is important in
the process of pulpitis. DPSCs have been reported to lose potential for odontogenic regeneration in inflammatory
conditions. This study aims to determine the mechanism of impaired odontogenic differentiation of DPSCs in an
inflammatory microenvironment. We regulated Wnt4 expression using recombinant lentiviral Wnt4 and Wnt4 siRNA.
Alkaline phosphatase (ALP) and Alizarin red S (ARS) staining as well as Real-Time PCR were performed to evaluate
the osteogenic differentiation potential of DPSCs with either upregulated or downregulated Wnt4. Furthermore,
SP600125 was used to inhibit the potential downstream factor JNK1, and the osteogenic differentiation ability of
DPSCs was evaluated. As shown, Wnt4 was downregulated in DPSCs under inflammatory conditions. Inhibition of
Wnt4 expression in DPSCs negatively regulated odontogenic differentiation. Overexpression of Wnt4 in LPS-treated
DPSCs promoted odontogenic differentiation. In addition, JNK1 was responsible for Wnt4-mediated odontogenic
differentiation of DPSCs. Taken together, Wnt4 may function by affecting JNK signaling pathways in the process of

impaired odontogenic regeneration by DPSCs under inflammatory conditions.
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Introduction

As one of the most important endodontic dis-
eases, pulpitis threatens people’s oral health
and causes great inconvenience to people’s
daily lives [1]. To date, the most commonly used
treatment is root canal therapy, which removes
the infected pulp in the pulp cavity and fills the
cavity with dental materials [2]. The limitation
of this treatment is the loss of a nutrient supply,
which causes increased brittleness and short-
ens the survival time of a tooth [3, 4]. Stem cell-
based regeneration of odontogenic tissues has
attracted more attention in recent years due to
the noninvasive process and the longer survival
time of the original tooth [5, 6]. Dental pulp
stem cells (DPSCs) from dental pulp tissues are
the most important contributors to odontogen-
ic regeneration [7, 8].

DPSCs from dental pulp tissues repair and re-
generate dental tissues [9]. Under physiologi-

cal conditions, DPSCs differentiate into odonto-
blasts and express the dentin-specific proteins
DSPP and DMP [10, 11]. Odontoblasts secrete
dentin components and proteoglycans to main-
tain the normal structure and function of den-
tin. Factors, such as inflammation, that affect
the normal microenvironment of DPSCs and
inhibit odontogenic differentiation influence the
repair and regeneration of dental tissues [12].

Wnt signaling pathways are considered one of
the most important regulated pathways in hu-
mans that are involved in crucial aspects of
organogenesis, cell migration, and cell fate de-
termination [13, 14]. Both canonical and non-
canonical pathways are important components
of Wnt signaling [15]. The canonical Wnt path-
way has been reported to regulate stem cell dif-
ferentiation in many aspects [16]. Canonical
Wnt signaling regulates pluripotent stem cell
differentiation. During the embryonic stem cell
differentiation process, canonical Wnt plays
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key roles in hematopoietic stem cells [17]. In-
hibition of the canonical Wnt signaling pathway
has been shown to prevent neural differentia-
tion of mesenchymal stem cells [18]. However,
the role of the noncanonical Wnt pathway in cell
differentiation is not well understood.

Wnt4 is reported as a noncanonical Wnt4 path-
way component, which plays crucial roles in
both physiological and pathological conditions
[19]. It can be considered a potential noninva-
sive biomarker of cisplatin-induced acute kid-
ney injury, as its expression is significantly up-
regulated in the early stages of injury [20]. It is
also an important contributor to the regenera-
tion of limbs [21]. More importantly, Wnt4 has
been shown to inhibit bone resorption that
inhibited osteoclast formation [22]. Whether
Wnt4 also contributes to odontogenic differ-
entiation in dental regeneration attracted our
attention.

Functioning in many physiological processes,
such as embryonic development, cell prolifera-
tion and differentiation, the C-Jun N-terminal
kinase (JNK) pathway is considered one of the
most critical signaling pathways in humans
[23]. Disruptions of JNK signaling leads to many
pathological consequences. Abnormal JNK ac-
tivation is responsible for pancreatic tumors
[24]. Loss of JNK1 expression has been shown
to cause impaired bone formation, which re-
sults in severe osteopenia in mice [25]. In addi-
tion, crosstalk between the JNK pathway and
the canonical Wnt pathway is important for epi-
thelial morphogenesis [26]. However, whether
the noncanonical Wnt pathway also interacts
with the JNK pathway to regulate the physio-
logical and pathological processes is still not
well understood but merits investigation.

In this study, we aim to determine the mecha-
nism of impaired odontogenic differentiation of
DPSCs. Wnt4 was found to be a key contributor
to the process, and the JNK pathway was fur-
ther influenced.

Materials and methods
Cell culture

Normal and inflamed dental pulp were collect-
ed from the Department of Oral and Maxillofa-
cial Surgery and Department of Endodontics
at the Xi'an Jiaotong University Stomatological
Hospital. Normal pulp was derived from the
mandibular third molar that was voluntarily
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removed from the patients. Inflamed pulps
were derived from pulps extracted before root
canal treatment of patients with irreversible
pulpitis. Dental pulps were washed with phos-
phate buffered saline (PBS) containing 1% pen-
icillin/streptomycin three times. 3 mg/ml type
IV collagenase with 4 mg/ml dispase Il were
used to digest cells for 1 h at 37°C. After dig-
estion, cells were suspended in Dulbecco’s-
modified Eagle’s media (DMEM) containing
15% fetal bovine serum (FBS) and 1% penicil-
lin/streptomycin.

Stem cell characterization

DPSCs were collected for characterization at
passage 3. The mesenchymal stem cell mark-
ers Strol-1, CD90, and CD105 were considered
positive markers, and CD34 and CD45 were
considered negative markers. All antibodies
were obtained from Abcam (Cambridge, Eng-
land). For immunofluorescence staining, cells
were fixed with 4% paraformaldehyde (PFA) for
15 minutes and then washed with PBS three
times. Then, cells were blocked with 5% bovine
serum albumin (BSA) for 1 h and incubated with
primary antibodies at 4°C overnight. Secondary
antibodies with labeled fluorescence probes
were added and incubated the following day.

LPS treatment

Then, 1 yg/ml lipopolysaccharide (Sigma-Aldri-
ch, St Louis, MO) was added to the culture
media of normal pulp-derived DPSCs to simu-
late inflammation of DPSCs.

Osteogenic differentiation

DPSCs at passage 3 were cultured with osteo-
genic differentiation media for 7 and 21 days
for alkaline phosphatase (ALP) and Alizarin red
S (ARS) staining. Osteogenic differentiation me-
dia contained 10 mmol/L beta sodium glycero-
phosphate, 0.05 mmol/L ascorbic acid, and
100 mmol/L dexamethasone. Osteogenic dif-
ferentiation media was changed every 2 days.
For ALP and ARS staining, cells were fixed with
70% ethanol for 10 minutes, and ALP or ARS
staining buffer was then added for 15 minutes
of incubation.

Cell transfection
DPSCs from normal dental pulp were transfect-

ed with Wnt4 siRNA to knockdown the expres-
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Figure 1. Wnt4 was downregulated in DPSCs under inflammatory conditions.

A. Wnt4 expression in normal dental pulps (N-DP) and inflamed dental pulps
(I-DP) at both the mRNA (upper) and protein (lower) levels. B. Relative Wnt4
expression in DPSCs from normal dental pulp (N-DPSCs) and DPSCs treated

with 1 ug/ml LPS (I-DPSCs).

sion of Wnt4. DPSCs from inflamed dental
pulps were transfected with recombinant len-
tiviral Wnt4 to upregulate the expression of
Wnt4.

The concentration of siRNA and the multiplicity
of infection (MOI) of the Wnt4 recombinant len-
tivirus were 50 nM and 10 nM.

Real-time PCR

First, RNA was extracted from cells. The extrac-
tion procedure was performed according to the
manufacturer’s instructions (Takara, Japan).
The extracted RNA was then quantified and re-
verse transcribed into cDNA with a PrimeScript
RT regent kit (Takara, Japan). SYBR Premix EX
Taq (Perfect Real Time) was used to quantita-
tively determine gene expression. Reverse tran-
scription parameters were set as follows: 37°C
for 60 min, 85°C for 5 s. For gPCR assay, each
reaction was performed as follows: 10 ul Premix
Ex Taq (2X), 0.4 ul PCR forward primer (10 uM),
0.4 pl PCR reverse primer (10 uM), 0.4 yl ROX
Reference Dye Il (50X), 2 ul cDNA template, and
6 ul sterile purified water. Number of cycles: 40,
95°Cfor5s, 60°C for 34 s.

Western blotting

Cells were lysed in cell lysis buffer, and the
protein concentration was then quantified with
a protein quantification kit. After electropora-
tion, proteins were transferred to PVDF mem-
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nal antibodies and secondary
antibody was goat polyclonal
secondary antibody to rabbit
all purchased from Abcam,
Cambridge.

Statistical analysis

Unpaired Student’s t-tests were performed be-
tween two groups. One-way ANOVA was used
for multiple group comparisons. A significant
difference was defined as a P-value less than
0.05.

Results

Wnt4 was downregulated in DPSCs under in-
flammatory conditions

The expression of Wnt4 was first investigated in
both normal and inflamed dental pulp tissues.
As shown in Figure 1A, Wnt4 was downregulat-
ed in inflamed dental pulp tissues at both the
MRNA and protein levels. Next, we investigated
the expression level of Wnt4 of DPSCs in nor-
mal dental pulp tissues and DPSCs treated with
1 pug/ml LPS. LPS was used to imitate an inflam-
matory microenvironment. The results showed
that when treated with 1 pyg/ml LPS for 72 h,
the expression level of Wnt4 was downregulat-
ed compared with DPSCs in normal dental pulp
tissues (Figure 1B).

Inhibition of Wnt4 expression in DPSCs nega-
tively regulated odontogenic differentiation

We knocked down the expression of Wnt4 with
siRNA in DPSCs. The knockdown efficiency was
evaluated in Figure 2A. After 7 days of os-
teogenic/odontogenic induction, a reduction of
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Figure 2. Inhibition of Wnt4 expression in DPSCs negatively regulated odontogenic differentiation. A. The transfec-
tion efficiency of Wnt4 siRNA in DPSCs. B. ALP staining of DPSCs with inhibited Wnt4 expression. C. ARS staining
of DPSCs with inhibited Wnt4 expression. D. Relative expression of Runx2, IBSP, DSPP and COL1A1 in DPSCs with

Wnt4 inhibition. ***P<0.001.

ALP-stained cells was observed with the inhibi-
tion of Wnt4 expression (Figure 2B). In addition,
after 14 days of osteogenic/odontogenic in-
duction, the Wnt4 knockdown group showed
decreased ARS-stained mineralized modules
(Figure 2C). The expression of Runx2, DSPP,
IBSP and COL1A1 was negatively regulated by
Wnt4 inhibition (Figure 2D).

Overexpression of Wnt4 in LPS-treated DPSCs
promoted odontogenic differentiation

Wnt4 was overexpressed in LPS-treated DPSCs
with a lentiviral vector for 48 h. The MOl is sh-
own in Figure 3A. Increased amounts of ALP-
stained cells were observed after 7 days of
osteogenic/odontogenic induction compared
to cells transfected with the negative control
(Figure 3B). Furthermore, increased amounts
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of ARS-stained mineralized modules were ob-
served in the Wnt4d-upregulated DPSCs com-
pared with the negative control group after 14
days of osteogenic/odontogenic induction (Fig-
ure 3C). The expression of Runx2, DSPP, IBSP
and COL1A1 was upregulated by Wnt4 overex-
pression (Figure 3D).

Upregulation of Wnt4 in inflamed dental pulp-
derived DPSCs restored odontogenic differen-
tiation potential

DPSCs were isolated from inflamed dental
pulps of patients. Characterization of stem cell
properties was performed as previously des-
cribed. Wnt4 overexpression was induced by a
lentiviral vector that was transfected into DP-
SCs from inflamed dental pulps for 48 h. The

MOI is shown in Supplementary Figure 1A.
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Figure 3. Overexpression of Wnt4 in LPS-treated DPSCs promoted odontogenic differentiation. A. The MOI and
transfection efficiency of the lentiviral vector used for Wnt4 overexpression in LPS-induced DPSCs (LPS-DPSCs).
B. ALP staining of LPS-DPSCs with upregulated Wnt4 expression. C. ARS staining of LPS-DPSCs with upregulated
Wnt4 expression. D. Relative expression of Runx2, IBSP, DSPP and COL1A1 in LPS-DPSCs overexpressing Wnt4.

**%*P<0.001.

Decreased amounts of ALP-stained cells were
observed in DPSCs from inflamed dental pulps,
while overexpression of Wnt4 restored this ef-
fect (Supplementary Figure 1B). A similar trend
was observed with ARS staining (Supplementary
Figure 1C). In addition, the expression of Runx2,
DSPP, IBSP and COL1A1 was restored by Wnt4

overexpression (Supplementary Figure 1D). Ta-
ken together, the upregulation of Wnt4 restored
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the impaired odontogenic differentiation po-
tential of DPSCs derived from inflamed dental

pulps.

JNK activity is closely related in Wnt4-
mediated odontogenic differentiation of DPSCs

DPSCs were transfected with a lentiviral vector
to overexpress and Wnt4 siRNA to knockdown

Am J Transl Res 2019;11(3):1819-1826
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Figure 4. JNK activity is closely related in Wnt4-mediated odontogenic differ-
entiation of DPSCs. A. Evaluation of JNK1 and JNK phosphorylation in DPSCs
with Wnt4 upregulation and downregulation by western blotting. B. ALP and
ARS staining of DPSCs with JNK inhibition by SP600125. C. Expression of
STAT3 with JNK inhibition by SP600125. D. ALP and ARS staining of DPSCs

with Wnt4 inhibition and subsequent JNK rescue.

Wnt4 expression for 48 h, and the kinetics of
JNK phosphorylation were evaluated by west-
ern blotting. As shown in Figure 4A, JNK1 in-
creased in the Wnt4 overexpressed group and
decreased in the Wnt4 knockdown group. How-
ever, p-JNK1 was not affected in both groups.
Next, we inhibited JNK with SP600125 and
evaluated the odontogenic differentiation abi-
lity of DPSCs. After 7 days of osteogenic/odon-
togenic induction, a reduction in the amount of
ALP stained cells was observed with the inhibi-
tion of JNK. In addition, after 14 days of osteo-
genic/odontogenic induction, DPSCs showed
reduced amounts of ARS-stained mineralized
modules with JNK inhibition (Figure 4B). Nu-
clear proteins were extracted to evaluate the
expression level of STAT3, as shown in Figure
4C. STAT3 was downregulated with the inhibi-
tion of JNK. Finally, we recovered JNK activity
in Wnt4 downregulated DPSCs. As shown in
Figure 4D, the odontogenic differentiation po-
tential was restored, as indicated by ALP and
ARS staining.

Discussion

This study revealed that Wnt4 is crucial for
DPSC odontogenic differentiation in both nor-
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mal and inflammatory condi-
tions. Loss of Wnt4 in DP-
SCs in the inflammatory
microenvironment prevented
normal odontogenic differen-
tiation potential. Restoration
of Wnt4 promoted odonto-
genic differentiation of LPS-
treated DPSCs and DPSCs
from inflamed tissues. In ad-
dition, the downstream JNK-
mediated signaling pathway
was responsible for the redu-
& ced odontogenic differentia-
tion of DPSCs.

In this study, we demonstrat-
ed that Wnt4 was downregu-
lated in inflamed dental pulps
compared with normal dental
pulps. According to previous
reports, undifferentiated me-
senchymal stem cells are one
of the most important compo-
nents in dental pulp tissues
[27, 28]. Therefore, we specu-
lated whether the expression
of Wnt4 also changed in DPSCs. The results
showed that Wnt4 expression was decreased
in DPSCs from inflamed dental pulps, which
suggested that the loss of Wnt4 expression
may affect the function of DPSCs, mainly in
odontogenic differentiation. To determine the
effects of inflammatory conditions on DPSCs,
we stimulated DPSCs from normal dental pulp
tissues with LPS, which mimicked the inflam-
matory microenvironment of DPSCs. When tre-
ated with LPS, the expression of Wnt4 decre-
ased, consistent with the observations of DP-
SCs from inflamed dental pulps.

When the expression of Wnt4 was inhibited in
DPSCs, the odontogenic potential decreased.
ALP activity was evaluated, which is a function-
al indicator of odontoblasts and is important in
the calcification process of odontoblasts and
enamel [29, 30]. The early odontogenic marker
Runx2 was downregulated in the Wnt4 inhibi-
tion group, which suggested that the loss of
Wnt4 expression affected DPSCs from an early
stage of injury. As one of the most important
markers of odontoblast differentiation [31], the
expression of DSPP was inhibited by the down-
regulation of Wnt4. These results may explain
why there are no functional DPSCs in inflamed
dental cavities.

Am J Transl Res 2019;11(3):1819-1826
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We also investigated the effects of inflamma-
tory conditions on DPSCs. LPS was used to
simulate the microenvironment DPSCs in which
the expression of Wnt4 was downregulated,
and the odontogenic differentiation of DPSCs
was inhibited. However, when we restored the
expression of Wnt4 in LPS-treated DPSCs, we
also restored the odontogenic differentiation
potential, which suggested that Wnt4 inhibition
in inflammatory conditions was a contributor to
nonfunctional DPSCs.

In our study, a decrease in Wnt4 expression
affected the expression of JNK instead of JNK
phosphorylation. Activated or inhibited down-
stream molecules that may be involved inclu-
de c-Jun, SMADA4, p53, and STAT3 [32-34]. The
expression of STAT3 in the nucleus was down-
regulated by JNK inhibition, which suggested
that STAT3 may be a downstream effector
of Wnt4-regulated odontogenic differentiation.
Therefore, JNK was shown to regulate odonto-
genic differentiation of DPSCs in normal and
inflammatory conditions.

In conclusion, inflammation in dental pulps de-
creased the expression of Wnt4 in DPSCs. Loss
of Wnt4 expression impaired the odontogenic
differentiation potential of DPSCs. However, re-
storation of Wnt4 was able to rehabilitate the
impaired odontogenic differentiation potential.
In addition, we determined that Wnt4 may func-
tion through its effect on JNK signaling path-
ways. These results may provide a potential
method of reconstructing odontogenic tissues
through DPSCs in inflammatory conditions.
Therefore, this study provides a therapeutic
approach for treating irreversible pulpitis and
may extend the survival of afflicted teeth.
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Supplementary Figure 1. Up-regulation of Wnt4 in inflammatory dental pulp derived DPSCs restored the odonto-
genic differentiation potential. A. The multiplicity of infection (MOI) and efficiency of Wnt4 overexpression lentivirus
vector in DPSCs from inflammatory dental pulps (IP-DPSCs). B. ALP staining of IP-DPSCs up-regulated with Wnt4
expression. C. ARS staining of IP-DPSCs up-regulated with Wnt4 expression. D. Relative expression of Runx2, IBSP,
DSPP and Collal in IP-DPSCs with Wnt4 overexpression. ***P<0.001.



