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ARTICLE INFO ABSTRACT

Keywords: Objective: To explore the mechanism by which the Wnt/p-catenin pathway induces osteogenic
ECtOderm"ﬂ. dysplasia differentiation of bone marrow-derived stem cells (BMSCs) in anhidrotic ectodermal dysplasia
Osteogenesis (AED) with an Ectodysplasin A (EDA)/EDA receptor (EDAR)/EDARADD mutation.

Mesenchymal stem cell

. Methods: An AED patient served as the AED group, whereas the other patients without AED were
Wnt/p-Catenin pathway

included in the normal group. Peripheral venous blood collected from the AED patient was
subjected to whole-genome resequencing. BMSCs from the mandible of patients with AED and
normal individuals were isolated and cultured in vitro. Cell proliferation assay was performed to
compare the growth speed of BMSCs between the AED and normal groups. CHIR-99021, an
activator of the Wnt/f-catenin pathway and XAV-939, an inhibitor, was used to manage BMSCs in
an osteogenic environment in both groups. The expression of p-catenin was detected by quanti-
tative polymerase chain reaction, while that of RUNX2 was detected by western blotting. Alizarin
red was used for staining.

Results: A novel mutation (¢.152T > A in EDA) and two known mutations (¢.1109T > C in EDAR
and ¢.27G > A in EDARADD) were identified. The growth rate in the normal group was higher
than that in the AED group. In the normal group, the number and size of calcified nodes and the
expression of RUNX-2 increased with CHIR-99021 treatment, which could be inhibited by XAV-
939. In contrast, CHIR-99021 inhibited osteogenesis in the AED group and this effect was pro-
moted by XAV-939.

Conclusion: Activation of the Wnt/p-catenin pathway downregulates osteogenesis of BMSCs in
AED patients with EDA/EDAR/EDARADD gene mutations. Further investigation in more AED
patients is required, given the wide range of mutations involved in AED.
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1. Introduction

Hypohidrotic ectodermal dysplasia (HED), also known as anhidrotic ectodermal dysplasia (AED), is an X-linked genetic disease
involving the hair, teeth, nails, and sweat glands [1,2]. Cluzeau et al. [3] studied the prevalence rate of gene mutations in HED patients
and concluded that 92 % of these patients experienced at least one mutation in Ectodysplasin A (EDA), EDA receptor (EDAR), EDARADD,
and WNT10A. The appearance of HED/AED in the oral cavity is mainly manifested by tooth malformations, oligodontia/anodontia,
and decreased secretory function of the glands [4]. Generally, the treatment for oligodontia or anodontia in patients with HED/AED
includes removable dentures or implant-fixed/removable dentures, depending on the age of the patient [5]. Implant-fixed denture
(according to the all-on-four protocol) was performed in a 20-year-old AED patient in our hospital, but two of the four implants failed 2
years after surgery because of poor osteointegration, which was different from the results of other studies which suggested that dental
implants had favourable success rates in adult patients with HED/AED [4].

Osteoblast differentiation on titanium surfaces is a key step in osteointegration after implantation. Bone marrow mesenchymal
stem cells (BMSCs) play an important role in osteoblast differentiation during osteointegration and are regulated by the Wnt/p-catenin
signaling pathway. The Wnt/p-catenin signaling pathway also modulates osteoblast differentiation when activated by the titanium
surface of dental implants [6]. Besides, it also exerts important function in regulating the proliferation and differentiation of meso-
dermal and ectodermal cells in the early embryo state, while EDA participates in this program [7]. Zhang et al. [8] suggested that the
Wnt/p-catenin signaling pathway acts upstream of EDAR, the activity of which may be necessary for invoking p-catenin. Moreover, the
EDA/NF-kB signaling pathway activates Wnt/p-catenin signaling-associated components in the mammary glands of HED patients [9].
Thus, it was suspected that implant failure in the 20-year-old patient might be related to the abnormality of the Wnt/B-catenin
signaling pathway caused by EDA/EDAR/EDARADD mutation. However, there is insufficient evidence to explore the effects of BMSCs
on HEDs/AEDs. Therefore, bone marrow mesenchymal stem cells (BMSCs) were isolated from the mandible of one patient to inves-
tigate the probable reasons for implant failure through the Wnt/p-catenin signaling pathway in this patient.

2. Method and materials
2.1. Study subjects

This study was reviewed and approved by the Ethics Committee of the Nanjing Stomatological Hospital, Medical School of Nanjing
University (NO.2018NL-032). A 20-year-old male patient with tooth malformations, hypodontia, mandibular atrophy, and anhidrosis
was diagnosed with AED and served as the AED group. Peripheral venous blood (4 mL) was phlebotomised from this patient and
submitted to BGI Genomics Co., Ltd. (Shenzhen, China) for whole-genome resequencing. The normal group included people aged
20-30 years from the Department of Implantology in Nanjing Stomatological Hospital, excluding ectodermal dysplasia. All the ex-
periments were performed in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki). All donors
agreed and provided written informed consent for the donation of materials and the medical information being submitted for
publication.

2.2. Cells isolation

BMSCs were isolated from the cancellous mandible and bone marrow of two groups of patients who underwent implant surgery in
our department with their agreement. One AED patient (aged 20 years) and three normal donors (aged 23 years, 19 years, and 21
years) who underwent dental implant surgery were included. The donors signed an informed consent form for cell isolation. The
isolation of primary BMSCs was approved by the Ethics Committee of Nanjing Stomatological Hospital (NO.2018NL-032). Cancellous
bone and bone marrow from the mandible were collected at the implant site after drilling the trajectory. Once the collection was
completed, the tissues were rapidly seeded into a-MEM (Hyclone, USA) with 1 % penicillin-streptomycin (Hyclone, USA) on ice, and
subsequently delivered to the laboratory.

The isolation procedure was performed using biohazard safety equipment. The jawbone and bone marrow were placed on 60-mm
dishes (Corning, USA) with 3 mL a-MEM medium containing 15 % foetal bovine serum (FBS, Sciencell, USA) and 0.1 mM tr-Ascorbic
acid (Sigma-Aldrich, USA), and incubated at 37 °C with 5 % CO; as previously described [10]. On day 3, half of the medium was
removed and new medium was added to the dishes. The entire culture medium was changed every 3 days. Adherent cells were
observed on day 7. Cells were detached with 0.25 % Trypsin-EDTA (Hyclone, USA) when the cells reached 80 % of confluence, and
were generated into three plates described before [10]. The cells from the three donors were pooled during the first generation to avoid
individual heterogeneity, which was described by Widholz et al. [10,11].

2.3. Flow cytometric analysis

To identify cell types, 5 x 10° cells at generation 3 were incubated with FITC or PE-Vio770 labelled monoclonal antibodFies
(Miltenyi Biotec, Germany), including FITC-CD73, FITC-CD90, PE-Vio770-CD34, and PE-Vio770-CD45, on ice for 30 min, as rec-
ommended. This assay was repeated three times. Fluorescence was analysed using a fluorescence-activated cell sorter (FACS, LSR
Fortessa, BD Pharmingen, USA), and the data were analysed using FlowJo software (FlowJo V 10.0.7).
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2.4. Proliferation assay

Cells at generation 3 were detached and resuspended in culture medium and seeded in 96-well plates (5000 cells per well) for the
CCK-8 proliferation assay. The cells were incubated for seven days, and the CCK-8 assay was performed once every 24 h. Briefly, the
culture medium was replaced with 100 pL medium containing 10ul. CCK-8 resolution (Dojindo, Japan) according to the manufac-
turer’s instructions and incubated at 37 °C for 1 h. The absorbance of the suspensions was measured at 450 nm using a microplate
reader (SpectraMax M5, MD) to estimate the cell count. The cell count was recorded at baseline and once every 24 h thereafter. Six
parallel replications were designed for technical repeats.

2.5. Colony formation assay

For the colony formation assay, cells at generation 2 were detached and counted using an automated cell counter (Countess;
Invitrogen). 102 cells were seeded on an average of 10 cm dish, and incubated under 5 % CO4 at 37 °C for 14 days. The culture medium
was changed once every three days. After 14 days, the medium was removed, and the cells were washed three times with PBS. Cells
were fixed with 4 % formalin, stained with 1 % toluidine blue (Sigma-Aldrich) at room temperature overnight, and washed several
times with water until the free stain was completely removed. The numbers of colonies were counting by ImageJ (V1.8.0.112 64-bit),
and compared between two groups. This assay was repeated three times.

2.6. CHIR-99021 and Xav-939 regulated the osteogenesis induction in vitro

Two groups of cells at generation 4 with 100 % confluency were cultured in osteogenic induction medium as control group (a-MEM,
15 % FBS, 0.1 mM r-Ascorbic acid, 1.8 mM KH,PO4, 10~8 M dexamethasone). In addition, to evaluate the potential effect of AED on the
Wnt/p-catenin signaling pathway in bone formation, CHIR-99021 (3uM and 6uM, Selleck, USA) (an activator of Wnt/B-catenin
pathway) and XAV-939 (3uM and 6uM, Selleck, USA) (an inhibitor) were added to process the cells in an osteogenic environment for
14 days in 6-well plates and 21 days in 12-well plates. The culture medium was changed once every three days. Cells in the 6-well
plates cultured for 14 days were subjected to quantitative polymerase chain reaction (Q-PCR) and Western blot assays, while the
12-well plates were cultured for 21 days for Alizarin Red staining.

2.7. Quantitative polymerase chain reaction (Q-PCR)

Total RNA was extracted using TRIzol Reagent kit (Invitrogen, USA) according to the manufacturer’s instructions. The RNA was
reverse transcribed into cDNA using the PrimeScript™ RT Reagent Kit (TAKARA, Japan) and then amplified using KAPA SYBR® FAST
Q-PCR Kits (KAPA, UK) with the ABI QuantStudio™ 6 Flex system (Thermo Fisher Scientific, USA). The primer sequences were as
follows: GAPDH: Forward: ATCACTGCCACCCAGAAG, Reverse: TCCACGACGGACACATTG; RUNX-2: Forward: CGCATTCCTCATCC-
CAGTAT Reverse: GACTGGCGGGGTGTAAGTAA; f-catenin: Forward: AAAGCGGCTGTTAGTCACTGG, Reverse: CGAGTCATTGCA-
TACTGTCCAT. Q-PCR was performed in triplicate for each group, and the results were analysed using the 272" method and
normalised to GAPDH.

2.8. Western blot assay

Western blot assay was performed as previously described [10]. Briefly, protein was extracted with RIPA lysis buffer (Beyotime
Biotechnology, China) on ice, quantified using the Pierce™ BCA Protein Assay Kit (Invitrogen, USA), and mixed with 5X loading buffer
(Beyotime). The mixture was heated at 95 °C for 10 min to denature the protein and then loaded into the SDS-PAGE system. The
primary antibodies used were anti-RUNX-2 rabbit mAb (Cell Signaling Technology, USA) and anti-GAPDH rabbit pAb (Goodhere
Biotechnology, China), while the secondary antibody was goat anti-rabbit IgG-HRP (Santa Cruz Biotechnology, USA). The fluorescence
of the cell membranes was scanned using an ImageQuant Las 4000 (Life Technologies, USA). To quantify the outcome, ImageJ software
was used to analyse the bands, and each band was repeated three times.

2.9. Alizarin red staining
After 21 days of cell processing in 12-well plates, the culture medium was removed and the cells were fixed with 70 % isopropanol.

The 12-well plate was then hydrated with pure water and stained with Alizarin Red (Sigma-Aldrich, USA). The alizarin red-positive
area was calculated using ImageJ software (V1.8.0.112 64-bit) [12].

2.10. Statistical analysis

GraphPad Prism 6.0 software was applied for all data analysis. The data were expressed by the mean =+ standard deviation and one-
way ANOVA was used for intergroup comparison. P < 0.05 was considered statistically significant.
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3. Results
3.1. Case analysis of the AED patient

In this case, a 20-year-old male patient visited our department for restoration of anodontia (Fig. 1. A and Fig. 1B). The patient
reported that he was the only AED patient in his family (Fig. 1C). During implantation, a rare amount of cancellous bone or bone
marrow at the implant site was noted due to the extremely atrophic mandible (Fig. 1. D). Panoramic and cone-beam computed to-
mography revealed that four implants (Nobel Active, Sweden) were inserted correctly according to the all-on-4 protocol (Fig. 1. E1).
Unfortunately, one implant (Fig. 1. E2, marked in red) was lost six months later. After three months, a second surgery was performed to
insert an implant at the same site (Fig. 1. E3). However, an additional implant (Fig. 1. E4, marked in red) failed again 1 year after the
primary surgery. A third surgery was performed, and the patient finally received an all-on-4 restoration 1 year later (Fig. 1. E5).

3.2. Whole-genome resequencing

The whole-genome resequencing results revealed one missense mutation in the coding regions of EDA, EDAR and EDARADD,
respectively. Three heterozygous mutations of EDA, EDAR and EDARADD, including one novel mutation (c.152T > A in EDA) and two
known mutations (c.1109T > C in EDAR and ¢.27G > A in EDARADD) (Table 1.) were found [13]. The Likelihood Ratio Test (LRT),
Functional Analysis Through Hidden Markov Models (FATHMM) [14], and Mutation Taster were used to predict the possibility of the
disease, and the outcomes are shown in Table 1. The prediction was made by BGI Genomics Co., Ltd. (Shenzhen, China).

3.3. Cells characteristics

Cells with fibroblast-like morphology were observed 7 days after seeding on a 60 mm dish. The primary cells reached 80 %
confluence on day 17 and retained spindle-like morphology (Fig. 2. A).

Flow cytometric analysis showed that the expression of surface markers was similar between the two groups. The surface markers
included typical BMSC (CD73 and CD90) and haematopoietic stem cell (CD34 and CD45) markers. The normal group expressed CD73
(98.9 %), CD90 (99.4 %), CD34 (1.89 %), and CD45 (1.56 %), whereas the AED group expressed CD73 (99.8 %), CD90 (99.8 %), CD34
(0.41 %), and CD45 (0.26 %) (Fig. 2. B). The results indicated that the cells in the AED patient might normally express the BMSCs
specific surface markers, indicating that BMSCs existed in the jawbone marrow of the AED patient.

3.4. Cells proliferation and colony formation

Cell proliferation was evaluated with CCK-8 kits using absorbance to represent the cell count. The results demonstrated a significant
difference in the proliferation ability of cells between the two groups. Cells in the normal group grew faster and reached stationary
phase on day 5. However, the cells of the AED patient reached the same level on day 7 (Fig. 3. A). This finding suggests that the
augmentation function of BMSCs in the AED patient was lower than that in the normal group.

Fig. 1. Clinical figure of the AED patient. (A) Frontal facial image. (B) The preoperative panoramic radiograph. (C) Pedigree chart. (D) Intraoral
image showed the donor site during implant surgery. (E) Panoramic of patient after surgery. E1. Inmediate postoperative image. E2. Implant (Red
labelled) lose after 6 months. E3. Second surgery involving an implant insertion. E4. Implant (Red labelled) failure again. E5. Restoration 1 year
after the third surgery.
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Table 1

Summary of mutation of EDA, EDAR, EDARADD.

Heliyon 10 (2024) e23057

Gene Nucleotide Change Amino Acid Change LRT FATHMM Mutation Taster
EDA ¢.152T > A p.Leu51Gln N D,D,D,D,D,D

EDAR ¢.1109T > C p.Val370Ala D D,D,D

EDARADD c.27G > A p-Met9lle U T

LRT: N-Neutral, D-Deleterious, U-Unknown. FATHMM: D-Deleterious, T-Tolerated. Mutation Taster: p-Disease causing, P-Polymorphism automatic
(demonstrated in the database).
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Fig. 2. Characteristics of the cells. (A) The fibroblast-like morphology cells could be observed at day 7 in both groups. Cells reach 80 % confluence
in day 17 with fibroblast-like morphology. (B)The surface marker expression of both groups of cells showed positive expression in CD73 and CD90,
and negative expression in CD34 and CD45.
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Fig. 3. (A) Proliferation analysis revealed that the cells in normal group grew faster and reached the stationary phase in day 5, while those in the
AED group reached the same level in day 7, indicating a difference proliferation ability between the two groups. (B) Colony formation in the two
groups; both could form colonies and did not differ in terms of the amounts of colonies. Data are means + SEM. * means p < 0.05, ** means p <

0.01, *** means p < 0.001.
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Colony formation analysis suggested that cell activity was not significantly different between the two groups. Cells in both groups
formed colonies, and the number of colonies did not show any statistically significant difference (Fig. 3. B).

3.5. Q-PCR

CHIR-99021 promoted while XAV-939 suppressed the f-catenin expression, indicating that the Wnt/p-catenin signaling pathway
was regulated by the activator or inhibitor in both groups (Fig. 4A).
However, the osteogenesis-related gene RUNX-2 showed discrepant expression between the normal and AED group (Fig. 4B). The

A Normal AED
*
L ]
1) * 1 "
|_| [l 1
} KKk i v % !
209 207 —
= £5
58 159 2 15
s 2 w3
Q5 Qs
&£ 1.04 < £ 1.0
o w o w
=< 2g
&2 © 2
T X 051 s 0.5
¢ E & E
0.0 0.0
> N N N N N
L & ¢ ) ¢
S $ R~ ) PN S S
& ¥ ¥ + RN & ¥ +
S G I & S S
o 5 o &
B Normal AED
mRNA Protein mRNA Protein
**
37 ————
*%
—* P
N o * %
X X —
Z5 S5 24 %%
532 S 3 H
X o X v
o 9 o 9
22 22
sd S
[}
& &

RUNX-2 ' . - p - .

GAPDH -----

> N N () ()
O’
& &Q"' qq& & & & Q515‘ q@‘ o ol
¢ &£ & ud P
& & & &
& N & S R
L4 54 ) B @
PO

Fig. 4. (A) Q-PCR analysis results showed that CHIR-99021 or XAV-939 activated or inhibited p-catenin expression in both groups, indicating that
the canonical Wnt/f-catenin signaling pathway is regulated by CHIR-99021 and XAV-939. (B) Q-PCR analysis and Western Blot. CHIR-99021
enhanced the RUNX-2 gene expression in the normal group while CHIR-99021 inhibited the expression in the AED group. The RUNX-2 expres-
sion was higher under the stimulation of XAV-939 in the AED Group. Western Blot results suggested that CHIR-99021 upregulated the RUNX-2
protein expression in the normal group. XAV-939 increased the RUNX-2 protein expression in the AED group. Non-adjusted images of Western
Blot were provided in Supplementary material (See in Supplementl and Supplement2). Data are means + SEM. * means p < 0.05, ** means p <
0.01, *** means p < 0.001.
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mRNA expression of RUNX-2 was markedly increased in the normal group after incubation with CHIR-99021, especially at a con-
centration of 6 pM. In contrast, CHIR-99021 obviously inhibited the expression of RUNX-2 in the AED group. Furthermore, XAV-939
incubated BMSCs from the normal group showed no statistically significant difference relative to the osteogenic medium only, but 6uM
XAV-939 strongly increased the expression of RUNX-2. These findings revealed that there was a significant difference in the effect of
CHIR-99021 and XAV-939 between the normal and AED groups.

3.6. Western blot assay

The Western blot bands for the two groups were assessed (Fig. 4B). Non-adjusted images of Western Blot were provided in Sup-
plementary material (See in Supplementl and Supplement2). In the normal group, CHIR-99021 enhanced the expression of RUNX-2,
especially at a concentration of 6uM, which showed the same trend as the results of Q-PCR. However, CHIR-99021 did not reduce the
expression of RUNX-2 protein in the AED group, as in the Q-PCR analysis, while XAV-939 enhanced the expression of RUNX-2 in the
AED group.

3.7. Alizarin red staining

Alizarin red staining represents the mineralisation ability of the cells in vitro. These results indicated that both groups formed
mineralisation nodes in vitro in an osteogenic environment. However, CHIR-99021 promoted osteogenesis and inhibited node for-
mation in the normal and AED groups, respectively. XAV-939 slightly reduced the osteogenesis effect in the normal group while
extraordinarily increasing that in the AED group (Fig. 5. A). The percentage of positive areas was calculated using ImageJ software
(Fig. 5. B). The opposite effects of CHIR-99021 and XAV-939 on bone formation showed similar trends in RUNX-2 expression. The
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Fig. 5. (A) Alizarin red staining revealed that CHIR-99021 increased the osteogenesis ability in the normal group and decreased it in the AED group.
Conversely, XAV-939 decreased the osteogenesis ability in the normal group and decreased the ability in the AED group. (B) Statistic results of the
area of the nodes. Data are means + SEM. * means p < 0.05, ** means p < 0.01, *** means p < 0.001.
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above findings indicate that the Wnt signaling pathway may play different roles in the osteogenesis of BMSC between the normal and
AED groups.

4. Discussion

Ectodermal dysplasia (ED) is defined as a series of related syndromes caused by 77 different identified genetic mutations and can be
inherited in the next generation [15]. More than 170 types of ED have been described, of which X-linked HED or AED is the most
common, depending on the secretion of perspiration [16]. The incidence of HED or AED is 1:17,000 in live births [17], but N. Ngoc
et al. reported that the prevalence of HED is only 1:1,000,000 in the general population [18]. 92 % of these patients have at least one
gene mutation in EDA, EDAR, EDARADD and WNT10A [3]. Whole-genome resequencing was initially performed for this AED patient,
and one novel mutation (c.152T > A in EDA) and two known mutations (c.1109T > C in EDAR and ¢.27G > A in EDARADD) were found
in the coding sequence (CDS). No mutations in CDS of WNT10A has been observed. The ¢.152T > A mutation leads to the Leu®! of
transmembrane protein EDA (isoform 1) to Gln according to the database (https://www.ncbi.nlm.nih.gov/gene/1896). Prediction
software revealed that the ¢.152T > A mutation may lead to disease. Liu [19] reported a novel missense mutation, p. S305R, in EDA
which led to an insoluble EDA1 protein. The pathogenesis of this ¢.152T > A mutation requires further research.

The EDA-1 protein is a significant component encoded by the gene EDA located on the X chromosome. It binds to EDAR as a ligand
and raises the cascade of the NF-kB signaling pathway to regulate cell apoptosis [20]. Wnt/p-catenin signaling plays a critical role in
the proliferation and differentiation of mesenchymal stem cells (MSCs), thus inducing osteogenesis and tooth development [21,22]. It
can also activate Wnt/p-catenin signaling-associated components in the mammary glands of HED patients [9], but the mechanism
through Wnt/p-catenin signaling in ectopic teeth remains unclear. Wnt/p-catenin signaling is an important pathway in osteoblasto-
genesis and osseointegration of titanium dental implants. Primary stability of the implant is essential for osseointegration. Implants
inserted without primary stability upregulate the expression of sclerostin, an inhibitor of the Wnt/p-catenin signaling pathway, and
then cause failure of osseointegration of implants [23]. Titanium also regulates the Wnt/p-catenin signaling pathway to induce
osteoblast differentiation which is highly associated with BMSCs [24]. The crucial role of the Wnt/p-catenin signaling pathway in tooth
genesis, osteogenesis, and osteoblast differentiation of BMSCs in osseointegration between titanium dental implants and alveolar
bones has been previously confirmed. In this study, it was assumed that mutations in EDA, EDAR, EDARADD probably affected these
processes. BMSCs were originally isolated from a 20-year-old AED patient and the osteogenesis abilities through the Wnt/B-catenin
signaling pathway were explored to determine the association between EDA mutation, Wnt/p-catenin signaling pathway, and the
function of BMSCs in AED/HED patients.

The types of cells isolated were identified. In the flow cytometry analysis, the expression of the surface markers CD73 and CD90 in
BMSCs in the AED group showed no significant difference relative to those in the normal group. CD90 is distributed in any type of
mesenchymal stem cell and is able to activate proliferation to cure wounds [25]. Moraes et al. (Moraes et al., 2016) suggested that
CD90 can prevent stem cell differentiation as an inhibitor. The high expression level of CD90 represents the stemness of the cells and
decreases when the cells initiate differentiation [26]. Therefore, the cytometry data showed that there was no significant difference in
the stemness between the two groups. Additionally, the proliferation of AED BMSCs was lower in the AED group than that in the
normal group. The Wnt signaling pathway can regulate the stem cell proliferation [27]. In AED cells, proliferation may be inhibited by
the Wnt pathway, resulting in a lack of stem cells to form new bone, which still needs to be further verified.

The Wnt signaling activator CHIR-99021 and inhibitor XAV-939 were used to regulate the pathway [28,29], and PCR data specific
to B-catenin expression confirmed the effectiveness of both. p-catenin is required in the canonical Wnt signaling pathway in the
cytoplasm, where fB-catenin is translocated into the nucleus and then activates the downstream gene of Wnt [30] after binding to
LEF/TCF as a transcription factor. The effects of these activators and inhibitors on osteogenesis of BMSCs were analysed in the normal
and AED groups. Consistent with previous studies, the Wnt/p-catenin signaling pathway plays a regulatory role in bone formation
enhancement in different cell types [31,32]. The canonical Wnt signaling pathway promotes RUNX2 gene expression via the p-cat-
enin/TCF complex and stimulates bone formation in mice [33]. RUNX2 is a key downstream regulator that is activated by the ca-
nonical Wnt/f-catenin pathway. In this study, the osteogenesis results in the normal group demonstrated the same trend as those in
other studies. However, the effect of the canonical Wnt/f-catenin signaling pathway on osteogenesis has been argued by Harada et al.
who suggested that several markers of osteogenic differentiation were downregulated by Wnt [34]. Moreover, osteogenic differen-
tiation was strongly inhibited by Wnt3a and transduction of Wntl in hMSC, as reported by Liu et al. [35]. Hence, the most crucial
marker RUNX2 in gene and protein expression was examined in the present study, and the results revealed that RUNX2 expression was
promoted under the effect of CHIR-99021, whereas it was inhibited by XAV-939 in the normal group. However, the RUNX2 expression
in AED group was inhibited when Wnt/B-catenin signaling pathway was activated by CHIR-99021. As mentioned before, Titanium
could upregulate the Wnt/p-catenin signaling pathway to induce osteoblast differentiation resulting in osseointegration, which was a
crucial step in implant restoration [24]. RUNX2 was essential for osteoblast differentiation and bone formation, Hata et al. demon-
strated that Titanium-MAPK-RUNX2 pathway might play important roles in osseointegration [36]. Thus, the Wnt/p-catenin signaling
activated by Titanium might downregulate the transcription of RUNX2 and hence reduced the osseointegration of dental implant,
finally causing implant failure. Furthermore, RUNX2 could regulate the proliferation of osteoblast progenitors and their differentiation
into osteoblasts via Wnt/B-catenin signaling pathway [37]. The reduce expression of RUNX2 could inhibit the differentiation of BMSCs
to osteoblastic cells, resulting a negative effect on osteogenesis.

Osteogenesis of AED BMSCs was suppressed when Wnt/p-catenin was activated, which indicated that the Wnt/f-catenin pathway
might play a different role in BMSCs from normal people or AED patients. Xu et al. suggested that downstream p-catenin pathway
activation was reduced in the absence of WNT10A, which occurred in patients with WNT10A mutations [38]. However, the
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whole-gene sequencing results of this patient showed no WNT10A gene mutations. This suggests that the opposite result may be
associated with EDA/EDAR/EDARADD gene mutation. However, the underlying mechanism among Wnt/p-catenin, EDA/EDAR/-
EDARADD gene mutation and bone development was still unclear. In our study, the expression of f-catenin indicated that the
Wnt/f-catenin pathway was activated by CHIR-99021 and inhibited by XAV-939 both in Normal group and AED group, but the
expression of RUNX2 and the osteogenesis outcome were different between Normal group and AED group. This result might be
associated with EDA/EDAR/EDARADD gene mutation. The Wnt/f-catenin pathway is required for EDA/EDAR/NF-kB signaling and
EDA is a direct target of p-catenin [8], and Zhang et al. demonstrated that EDAR could deactivate the Wnt/p-catenin pathway, and the
silencing EDAR showed upregulation of p-catenin [39]. Hence, we supposed that the mutation of EDAR might disordered the
expression of -catenin and resulted negative feedback to bone formation. However, this hypothesis needs more experiments to be
strictly proved. Besides, the canonical Wnt/p-catenin signaling pathway showed multifaceted effects in bone development depending
on different environment. Suppressing Wnt/f-catenin signaling pathway could also promote the osteogenic differentiation of rat bone
marrow-derived mesenchymal stem cells [40], and Almasoud et al. found that XAV-939 could enhance osteoblastogenesis and min-
eralisation in hMSC-TERT (Telomerase Reverse Transcriptase gene) [41]. These multifaceted effects might also be the reason why our
study showed discrepancy results in Normal group and AED group. Most studies have revealed that Wnt/p-catenin is crucial for
ectodermal development and formation by regulating EDA family, especially in the tooth and hair follicle formation [42-45]. How-
ever, the regulation of osteo-related morphogenesis in the EDA family has not yet been explored. Although the EDA family seems
unrelated to osteogenesis, a genome study showed that mouse mandible length was associated with EDAR genotype [46]. The
mandible is a special bone originally derived from the neural crest, a dorsal region of the neural fold [47]. Neural crest cells have been
confirmed as a group of multipotent cells in vivo that undergo epithelial-to-mesenchymal transformation [48]. Studies have indicated
that the mandible originates both ectodermally and mesodermally, which is quite different from other bones (only mesodermally). This
may explain why the HED/AED patients in this study appeared normal in other skeletons but suffered from extreme mandibular
atrophy.

5. Conclusion

In this study, a novel mutation in the coding sequence of EDA was identified in a 20-year-old AED patient. The proliferation of
BMSCs from this AED patient was significantly decreased relative to that of normal BMSCs. The activation of the Wnt/p-catenin
signaling pathway may downregulate osteogenesis in AED patients with EDA/EDAR/EDARADD gene mutations. However, owing to
the rarity of HED/AED, only one case of HED has been assessed in our unit to date. BMSCs obtained from a single AED patient are not
representative of all AED patients, given the wide range of mutations involved in these diseases. Despite these insufficiencies, we
determined some valuable information about the mechanism of Wnt/B-catenin signaling in AED patients, which may elucidate a new
direction to further explore the mechanism of Wnt/p-catenin signaling in HED/AED and treat these patients.
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