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Abstract: Rupture of the basement membrane in fused palate tissue can cause the palate to separate
after fusion in mice, leading to the development of cleft palate. Here, we further elucidate the
mechanism of palatal separation after palatal fusion in 8–10-week-old ICR female mice. On day 12 of
gestation, 40 µg/kg of 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), sufficient to cause cleft palate in
100% of mice, was dissolved in 0.4 mL of olive oil containing toluene and administered as a single dose
via a gastric tube. Fetal palatine frontal sections were observed by H&E staining, and epithelial cell
adhesion factors, apoptosis, and cell proliferation were observed from the anterior to posterior palate.
TUNEL-positive cells and Ki67-positive cells were observed around the posterior palatal dissection
area of the TCDD-treated group. Moreover, in fetal mice exposed to TCDD, some fetuses exhibited
cleft palate dehiscence during fusion. The results suggest that palatal dehiscence may be caused by
abnormal cell proliferation in epithelial tissues, decreased intercellular adhesion, and inhibition of
mesenchymal cell proliferation. By elucidating the mechanism of cleavage after palatal fusion, this
research can contribute to establishing methods for the prevention of cleft palate development.

Keywords: cleft lip; cleft palate; palatal fusion; rupture; TCDD; epithelial cell adhesion; cell proliferation

1. Introduction

Cleft lips and palates are the most common external deformities among congenital
anomalies in humans. The incidence of cleft lip and cleft palate is highest among Asians,
with an incidence of 1 in 500–600 in the Japanese population [1,2]. In a previous study
analyzing births in the Tokai region of Japan over 37 years, the incidence of cleft lip and
palate ranged from 0.11% to 0.21% [3]. Among the two deformities, the estimated incidence
of cleft palate is approximately 33% [4]. However, the underlying mechanism of cleft palate
induction has not been elucidated.

In the human palate, the palatine process [5], which is the precursor to palate formation,
occurs on both sides of the tongue at approximately 6 weeks of fetal age. At approximately
8 weeks of fetal age, the tongue moves downward, and the left and right palatine processes
are elevated to a horizontal position above the tongue. The horizontal left and right
palatine processes then elongate toward the midline and come into contact with each
other at approximately 10 weeks of fetal age. At the midline contact point, the palatine
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processes on both sides form an epithelial cord and begin to fuse together. At approximately
12 weeks of fetal age, the epithelial cords disappear because of apoptosis of the epithelial
cells, completing palatal fusion and forming the palate. Cleft palate is thought to be an
abnormality caused during palate development via one of the following mechanisms the
left and right palatine processes are not elevated, and horizontal dislocation does not
occur [6]; palatine processes are elevated but do not grow horizontally and do not make
contact [7]; or left and right palatine processes make contact and do not fuse because
of horizontal dislocation and horizontal growth of the palatine processes [8,9] and cleft
palate, resulting in separation of the palate after fusion of the palatine processes [10,11].
Genetic factors include such as mutations in TGFβ, MSX1, TBX22, IRF6, and MEOX2, and
Hoxc, HOXB3, and TFAP2A [12–17]. The multifactorial threshold theory suggests that
environmental factors, such as alcohol and tobacco consumption, maternal obesity, and
exposure to chemicals such as TCDD and vitamin A [18–20] interact to cause cleft palate
once a certain threshold is exceeded. TCDD is considered the most toxic of all dioxins and
causes hydronephrosis and cleft palate in mice by exerting teratogenic effects [21].

In previous laboratory experiments, we also constructed mouse models of cleft palate
formation. Yamada et al. [22] reported that 100% of pregnant mice administered a critical
concentration of TCDD during fetal palate formation developed cleft palate. Furthermore,
Imura et al. [23] reported that when fetuses were removed at 18 days of fetal life from
pregnant mice administered a critical concentration of TCDD, 100% of the fetuses developed
cleft palate; however, when fetuses were removed at 14, 15, and 16 days of fetal life, only
4%, 17%, and 13% of the fetuses developed cleft palate, respectively, indicating that cleft
palate formation occurred after palatal fusion. Furthermore, we previously showed that
rupture in the basement membrane of fused palate tissue can cause the palate to separate
after fusion [24].

Therefore, in this study, we elucidate the mechanism of cleft palate development after
palatal fusion in mice.

2. Results
2.1. Histological Observations

Hematoxylin and eosin (H&E) staining in the control group showed that the palate
fused from the anterior to the posterior end, and epithelial cords were observed in the mid-
line of the palatal shelf (Figure 1A, B, arrows). In the TCDD-treated group, anterior palate
fusion and posterior palate dehiscence were histologically confirmed in 15 of 38 fetuses
exhibiting anterior palate fusion and posterior palate dehiscence under stereomicroscopy;
representative H&E staining images are shown in Figure 1C, D. In the control group, cells
were found in the entire palatal shelf at anterior palatal fusion (Figure 1A), whereas cell
density in the nasolacrimal mucosa was sparse in the TCDD-treated group (Figure 1C,
arrow). In addition, separation of the palate from the oral cavity side was observed in the
posterior part of the palate (Figure 1D, arrow).
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cells in the epithelial cord near the palatine detachment (Figure 2J–L, large arrow), and 

laminin staining was observed (Figure 2K,L, large arrow). 

Figure 1. H&E staining images of palatal frontal sections from control and TCDD-treated groups.
(scale bar: 100 µm). In the control group, the palate was fused from the anterior to posterior end at
14 days of age (A,B), and epithelial cords were present (A,B, arrow). The palatal shelf of the control
group shows the presence of uniform cells throughout (A,B). In the TCDD group, there was fusion
in the anterior part of the palate (C) and separation in the posterior part of the palate (D). In the
anterior part of the palate of the TCDD-treated group, the submucosal cell density on the nasal side
was sparse (C, arrow). The posterior part of the palate showed separation of the palate from the oral
side (D, arrow).

2.2. Observation of Epithelial and Interepithelial Cell Adhesion Factors and Basement Membrane

In the anterior and posterior palates of the control group, E-cadherin, an epithelial
cell adhesion factor, was positive for epithelial cells in the nasal and oral mucosa and
epithelial cords, and laminin, a component of the basement membrane, showed continuous
staining images (Figure 2A–C,G–I). In the anterior palatine fossa of the TCDD-treated
group, E-cadherin was positive for epithelial cells in the nasal and oral mucosa and ep-
ithelial cords, and laminin was stained continuously in the nasal mucosa and epithelial
cords (Figure 2D–F), but showed discontinuous staining in the oral mucosa (Figure 2E,F,
arrowheads). In the posterior part of the palatal dehiscence, the oral mucosa showed
dehiscence (Figure 2J–L, small arrows), laminin showed discontinuous staining in the oral
mucosa (Figure 2K,L, arrowheads), and epithelial cells in the same area were negative for
E-cadherin (Figure 2J–L, arrowheads). In addition, E-cadherin was positive for epithelial
cells in the epithelial cord near the palatine detachment (Figure 2J–L, large arrow), and
laminin staining was observed (Figure 2K,L, large arrow).
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terior palatine detachment, epithelial cells were positive for β-catenin and α-catenin in the 

Figure 2. E-cadherin and laminin staining images of palatal frontal sections from control and TCDD-
treated groups (scale bar: 100 µm). In the control group, E-cadherin was positive for epithelial cells in
the nasal and oral mucosa and epithelial cords in the anterior and posterior palatal areas, and laminin
showed continuous staining (A–C,G–I). In the TCDD group, E-cadherin was positive for epithelial
cells in the nasal and oral mucosa and epithelial cords at the anterior palatal fusion site; laminin
was stained continuously in the nasal mucosa and epithelial cords (D–F) but showed discontinuous
staining in the oral mucosa (E,F, arrowheads). In the posterior part of the palate, there was a break
in the mucosa on the oral side (J–L, small arrows). E-cadherin was positive for epithelial cells in
the mucosa on the nasal and oral sides, and laminin was stained continuously in the mucosa on the
nasal side (J–L). However, laminin was also stained discontinuously in the mucosa on the oral side,
even outside the break (K,L, arrowheads). The epithelial cells in the same area were negative for
E-cadherin (J–L, arrowheads). In addition, E-cadherin was positive in epithelial cells in the epithelial
cord near the palatine detachment (J–L, large arrows), and laminin staining was observed (K,L, large
arrows).

We also observed and examined localization of β-catenin and α-catenin, which are
epithelial cell adhesion factors that form a complex with E-cadherin. In the control group,
epithelial cells were positive for β-catenin and α-catenin in the nasal and oral mucosa and
epithelial cords in the anterior and posterior palates (Figure 3A,B,E,F). In the TCDD-treated
group, β-catenin and α-catenin were positive for epithelial cells in the nasal and oral mucosa
in the anterior palatal fusion area, as in the control group, but negative in the median nasal
mucosa (Figure 3C,D). Epithelial cells were positive for β-catenin and α-catenin in the
epithelial cords of the midline palate (Figure 3C,D, arrowheads). In the posterior palatine
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detachment, epithelial cells were positive for β-catenin and α-catenin in the nasal and oral
mucosa (Figure 3G,H), and β-catenin and α-catenin were positive for epithelial cells in the
epithelial cord near the palatine detachment (Figure 3G,H, arrowheads).
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Figure 3. Staining images of β-catenin and α-catenin in the palatal frontal sections of control and
TCDD-treated groups (scale bar: 100 µm). In the control group, β-catenin and α-catenin were positive
for epithelial cells in the anterior and posterior palate, the nasal and oral mucosa, and the epithelial
cord (A,B,E,F). In the TCDD group, β-catenin and α-catenin were positive for epithelial cells in the
nasolacrimal and oral mucosa at the anterior palatal fusion but negative in the median nasolacrimal
mucosa (C,D). β-catenin and α-catenin were positive for epithelial cells in the epithelial cord of the
midline palate (C,D, arrowheads). In the posterior palatal detachment, β-catenin and α-catenin were
positive for epithelial cells in the nasal and oral mucosa (G,H) and in the epithelial cord near the
palatal detachment (G,H, arrowheads).

2.3. Observation of Apoptosis

In the control group, TUNEL-positive cells were observed in the anterior and posterior
palates, indicating that apoptosis occurred in the epithelial cords (Figure 4A,B, arrowheads).
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In the TCDD-treated group, TUNEL-positive cells were found in the epithelial cords in the
anterior palatal fusion area as well as in the control group (Figure 4C, arrowhead). In the
posterior palatal dissection area, TUNEL-positive cells were found around the dissection
area (Figure 4D, arrowhead).
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Figure 4. TUNEL stained images of palatal frontal sections from control and TCDD-treated groups
(scale bar: 100 µm). In the control group, TUNEL-positive cells were found in the epithelial cords in
the anterior and posterior palates (A,B, arrowheads). In the TCDD-treated group, TUNEL-positive
cells were found in the epithelial cords in the anterior palate (C, arrowhead), as in the control group.
In the posterior palate, TUNEL-positive cells were found around the dissection area (D, arrowhead).

2.4. Observation of Cell Proliferation

In the control group, cells staining positive for Ki67, a cell proliferation marker, were
observed in the nasal and oral mucosa and around the epithelial cord in the anterior palate
(Figure 5A, arrowhead). In the posterior palate, Ki67-positive cells were found in the nasal
and oral mucosa and the entire palatal shelf (Figure 5B, arrowhead). In the TCDD-treated
group, Ki67-positive cells were found in the anterior palatal fusion area on the nasal and
oral sides of the mucosa and around the epithelial cord (Figure 5C, arrowhead). In the
posterior part of the palatal dissection, Ki67-positive cells were found around the dissection
area (Figure 5D, arrowhead).
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Figure 5. Ki67-stained images of anterior palatal sections from control and TCDD-treated groups
(scale bar = 100 µm). In the control group, Ki67-positive cells were found in the anterior palate on the
nasal and oral sides of the mucosa and around the epithelial cord (A, arrowhead). In the posterior
palate, Ki67-positive cells were found in the nasal and oral mucosa and the entire palatal shelf (B,
arrowhead). In the TCDD-treated group, Ki67-positive cells were found in the anterior palatal fusion
area on the nasal and oral sides of the mucosa and around the epithelial cord (C, arrowhead). In the
posterior part of the palate, Ki67-positive cells were found around the dissection area (D, arrowhead).

3. Discussion

TCDD, an endocrine disruptor, is known to induce a variety of biological toxicities
and exhibits acute toxicity, immunotoxicity, reproductive toxicity, developmental toxicity,
and carcinogenicity [25]. In particular, disorders related to tissue developmental toxic-
ity such as hydronephrosis and cleft palate are caused by TCDD exposure during fetal
life [21,26], as well as disorders related to cellular developmental toxicity such as epithelial
dysplasia [27]. Moreover, genetic mutations and genetic polymorphisms in several genes,
including extracellular matrix genes, soluble factors, and enzymes responsible for extra-
cellular matrix remodeling, may play a role in the etiology of cleft palate [28]. In addition,
maternally expressed gene 3 (MEG3) is abundantly expressed in many tissues, and plays
a major role in growth and development [29]. MEG3 is also strongly expressed during
palatogenesis; its inhibition by proliferation of palatal mesenchymal cells involved in the
TGF-β/Smad pathway can result in cleft palate in mouse fetuses exposed to TCDD [30].
A study on the mechanism of TCDD toxicity found that 100% of fetuses exposed to a
specific concentration of TCDD at 12.5 days of fetal life developed cleft palate; however,
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when the same concentration of TCDD was administered to knockout mice, no cleft palate
developed, suggesting that the presence of aryl hydrocarbon receptor (AhR) is important
for the development of cleft palate via TCDD exposure during the fetal period [31]. AhR is
a ligand-dependent transcription factor that is activated when TCDD binds to cytoplasmic
AhR in vivo. However, when TCDD was administered to AhR-deficient pregnant mice,
no fetal malformations occurred, suggesting that AhR is essential for the teratogenicity
of TCDD. In addition, AhR in the palate is mostly expressed in epithelial tissues and less
expressed in mesenchymal tissues [32,33].

The mechanism of TCDD-induced cleft palate has been reported as follows: Cleft
palate is caused by either failure of the palatine processes to make contact because of
insufficient horizontal elongation of the palatine processes [31] or failure of the left and
right palatine processes to fuse because of inability of the epithelial cord to disappear after
contact with the palatine processes [34]. In this study, we investigated the mechanism of
cleft palate induction using a stereomicroscope. Thirty-eight TCDD-treated mouse fetuses
showed anterior palatal fusion and posterior palatal separation under a stereomicroscope
at 15 days of age; among them, 15 also exhibited anterior palatal fusion and posterior
separation in the histological analysis.

When the left and right palatine processes fuse after contact, epithelial cells lose
their polarity in the epithelial cord and either reconstruct their cytoskeleton to convert to
mesenchymal cell traits, which is called the epithelial–mesenchymal transition (EMT), or
undergo apoptosis [35–40]. In this study, E-cadherin-, β-catenin-, and α-catenin-positive
cells were found in the midline epithelial cord of the anterior palate in the TCDD-treated
group, and TUNEL-positive cells were found in the same area. Thus, the palate was in the
process of fusion. In addition, in the posterior palate, E-cadherin-, β-catenin-, and α-catenin-
positive cells were found in the epithelial cords near the detachment, and TUNEL-positive
cells were found around the detachment of the palate. In the control group, the left and
right palatine processes were in the process of fusion, and TUNEL-positive cells resulting
from the EMT were observed around the remaining epithelial cord in the posterior median
palate. However, in the TCDD group, apoptosis was observed in the anterior mid-palate.
In the anterior part, apoptosis was similar to that of the control group, and was considered
to occur during palatal fusion. In the posterior part of the palate, the palate tissue was
ruptured, and TUNEL-positive cells were found around the ruptured part of the palate,
suggesting that the rupture occurred during palatal fusion.

Gao et al. [41] reported the possibility of cleft palate development in TCDD-treated
mice through inhibited differentiation of cells in the epithelial cord via accelerated cell
proliferation. In this study, Ki67-positive cells were found around the posterior palatal
cleft in the TCDD-treated group, suggesting that abnormal cell proliferation may inhibit
the differentiation of epithelial cord cells during palatal fusion, resulting in palatal cleft
formation [42].

Cancer invasion and metastasis are phenomena in which adherent tissues are torn.
When cancer cells migrate to other tissues, they are assumed to disrupt the basement
membrane multiple times as the first step [43,44]. The basement membrane exists between
epithelial and mesenchymal tissues and is composed of laminin, type IV collagen, heparan
sulfate proteoglycans, entactin, and perlecan [45,46]. Laminin, in particular, is involved in
cell adhesion and assumed to be involved in the metastatic potential of cells [47]. Moreover,
laminin and collagen are extracellular matrices that fill the extracellular space and are
responsible for cell adhesion, tissue development, and maintenance of the structure [48].
We have already reported the influence of the basement membrane on the mechanism of
palatal cleft after palatal fusion [24].

TCDD may cause fragility in epithelial tissues [49–51]. This suggests that the epithelial
tissue may be abnormal in the nasal mucosa after palatal fusion. As β-catenin is reportedly
involved in the signaling pathway of epithelial cord loss via the EMT [52], the loss of
β-catenin-positive cells in the nasolateral mucosal epithelium anterior to the palate in the
TCDD-treated group may be due to an abnormality in the signaling pathway using β-
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catenin as a ligand, which prevents the normal loss of epithelial cords and prevents palatal
fusion. Epithelial cells construct epithelial tissues via intercellular adhesion, and E-cadherin
is an intercellular adhesion factor expressed on cell membranes. In cancer cells, E-cadherin
binds to β-catenin in the cytoplasm, and β-catenin binds to α-catenin [53], forming a triadic
complex on epithelial cell membranes. When E-cadherin expression is decreased in cancer
cells, the expression of intercellular adhesion factors and the extracellular matrix is lost [54].
Moreover, E-cadherin is a representative epithelial marker [55]. The loss of E-cadherin in
TCDD-treated palates suggests that the loss of basement membrane and epithelium in these
palates may be due to a lack of epithelial tissue strength resulting from reduced adhesion
of basement membrane and epithelial cells. This suggests that the mechanism of palate
dehiscence may be similar to that of cancer metastasis.

According to previous reports and the results of this study, the mechanism of cleft
palate development after fusion may be complicated by rupture of the basement membrane
and abnormal proliferation of epithelial tissue in the once-fused palate, as well as reduced
intercellular adhesion and the inhibition of mesenchymal cell proliferation, resulting in
abnormal EMT and the development of cleft palate.

Previously, it was generally believed that cleft palate was caused by failure of the
left and right palatal processes to fuse during palatogenesis. Although various studies
have analyzed the causes of palatal fusion failure [6–9,31,34], they have not been able to
prevent the disease. In contrast, this study showed that cleft palate may occur when the
already-fused palate begins to separate, indicating that separation after fusion of the palate
is one of the pathogenesis mechanisms of cleft palate. Thus, future research may be able to
identify the factors that prevent separation of the palate, which could lead to a new method
for preventing the development of cleft palate.

4. Materials and Methods
4.1. Experimental Animals and Embryo Extraction

Eight- to 10-week-old Institute of Cancer Research (ICR) female mice (CLEA, Tokyo,
Japan) were purchased and maintained at an appropriate room temperature (22 ± 1 ◦C)
and humidity (50 ± 10%) under regular 12-h light/dark cycles with unrestricted access
to standard solid chow and drinking water. Female heifers were mated overnight with
mature male mice of the same strain, and vaginal plug formation was confirmed the next
morning, which was assumed to represent a pregnancy at midnight on the same day; this
was designated embryonic day 1. On day 12 of gestation, 0.4 mL of olive oil containing
toluene was administered to the control group, and 40 µg/kg of TCDD (Accu Standard
Inc., New Haven, CT, USA), which is the concentration that results in cleft palate in 100% of
mice, was dissolved in 0.4 mL of olive oil containing toluene and administered as a single
dose by gastric tube (Accu Standard Inc., New Haven, CT, USA). To observe the palate
during the palatogenesis period, fetuses removed by cesarean section were used in this
study. Thirty-eight mouse fetuses were removed at 15 days of fetal age, which exhibited
the highest frequency of palate fusion in previous studies [23], and 38 fetuses with anterior
palate fusion and posterior palate separation were used in the TCDD group. As the stage of
palatogenesis was delayed by approximately 1 day in the TCDD-treated group compared
to that in the control group [56], four mouse fetuses at 14 days of age were used as the
control group. The study protocol was approved by the Animal Care and Use Committee of
the School of Dentistry, Aichi Gakuin University (approval No. AGUD404, 2018). Animal
care and experimental procedures were conducted in accordance with the Regulation on
Animal Experimentation at the School of Dentistry, Aichi Gakuin University.

4.2. Tissue Fixation and Section Preparation

The removed fetal heads were immersed in 4% paraformaldehyde in 0.1 M of phos-
phate buffer solution (PBS) with a pH of 7.4 for 24 h. The cells were dehydrated, degreased
using an ascending ethanol series and xylene, and embedded in paraffin. Frontal sections
of the fetal heads with a thickness of 6 µm were prepared using a rotary microtome.
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4.3. Histological Observation

H-E staining was performed on the frontal sections of the fetal palate to observe the
palate from the anterior to the posterior end during palatogenesis, and the results were
compared between the control and TCDD-treated groups.

4.4. Immunohistological Observations
4.4.1. Observation of Epithelial Tissue, Interepithelial Cell Adhesion Factor, and Basement
Membrane Tissue via Fluorescent Immunohistochemistry

Mouse monoclonal anti-E-cadherin antibody (ab76055, Abcam, Cambridge, UK) and
rabbit polyclonal anti-laminin antibody (L9393, Sigma, St. Louis, MO, USA) were used as
primary antibodies. Anti-E-cadherin antibody was used to observe epithelial tissue and
interepithelial cell adhesion factors, and anti-laminin antibody was used to observe the
basement membrane tissue.

Fetal palatine frontal sections were deparaffinized and exposed to microwave irradi-
ation in boiling citrate buffer (pH 7.0) for 5 min for antigen activation, then treated with
15,000 U/mL hyaluronidase (H0164, Tokyo Chemical Industry, Tokyo, Japan)/0.01 M PBS
at 37 ◦C for 30 min. After blocking with 5% Block Ace (UKB80, DS Pharma Biomedical,
Osaka) for 2 h, the cells were immersed in a mixture of primary antibodies diluted to a
concentration optimized by preliminary experiments, shaken for 1 h at room temperature,
and further incubated at 4 ◦C overnight. After 1 day, the secondary antibodies were reacted
for 2 h at room temperature, washed, sealed, and observed from the anterior to posterior
palate. The secondary antibodies used in this study were goat anti-mouse IgG (H + L),
Alexa Fluor 488 (A-11029, Invitrogen, Carlsbad, CA, USA), goat anti-rabbit IgG (H + L),
and Alexa Fluor 594 (R37117, Invitrogen, Waltham, MA, USA).

4.4.2. Observation of Epithelial Cell Adhesion Factors

Rabbit monoclonal anti-β-catenin antibody (ab32572, Abcam) and mouse monoclonal
anti-α-catenin antibody (66221-1-lg, Proteintech, Rosemont, IL, USA) were used as primary
antibodies to observe interepithelial cell adhesion factors from the anterior to posterior
palate.

Antigen activation was conducted via deparaffinization of the anterior section of the
fetal palate and microwave irradiation in boiling citrate buffer (pH 7.0) for 5 min, followed
by blocking with 5% Block Ace (UKB80, DS Pharma Biomedical, Osaka, Japan) for 2 h. The
cells were then immersed in a mixture of primary antibodies diluted to a concentration
optimized by preliminary experiments, shaken for 1 h at room temperature, and further
incubated at 4 ◦C overnight. The next day, the cells were reacted with the labeled polymer
corresponding to the primary antibody for 30 min at room temperature, then stained using
a peroxidase staining kit (Nova RED Substrate Kit, SK-4800, Vector, Burlingame, CA, USA)
for 5–10 min at room temperature.

4.4.3. Observation of Apoptosis

Fetal palatine frontal sections were deparaffinized and subjected to a series of ma-
nipulations using the TUNEL assay kit (ab66110, Abcam) for fluorescent TUNEL staining.
Nuclei were stained with DAPI (D9542; Sigma). Apoptosis was observed from the anterior
to posterior palate.

4.4.4. Observation of Cell Proliferation

The primary antibody used in this study was mouse monoclonal anti-Ki67 antibody
(RM-9106, Lab Vision, Fremont, CA, USA), and cell proliferation was observed from the
anterior to posterior palate. Antigen activation treatment was performed by deparaffiniza-
tion of the anterior section of the fetal palate and microwave irradiation in boiling citrate
buffer (pH 7.0) for 5 min. The cells were then immersed in a mixture of primary antibodies
diluted to a concentration optimized by preliminary experiments, shaken for 1 h at room
temperature, and further incubated at 4 ◦C overnight. The next day, the cells were reacted
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with the labeled polymer corresponding to the primary antibody for 30 min at room tem-
perature, then stained using a peroxidase staining kit (Nova RED Substrate Kit, SK-4800,
Vector) for 5–10 min at room temperature. All tissue sections subjected to H&E staining and
immunohistochemistry were examined and photographed using an all-in-one fluorescence
microscope (BZ-X710, Keyence, Osaka, Japan).

5. Conclusions

In fetal mice exposed to TCDD at concentrations that cause cleft palate in 100% of
cases, some of the fetuses exhibited cleft palate dehiscence during palatal fusion. The
mechanism of cleft palate generation by cleavage after palatal fusion in TCDD-treated mice
may be similar to that of cancer metastasis. Cleft palate development after fusion may be
caused by an abnormal EMT resulting from the complex effects of abnormal proliferation
of epithelial tissues, abnormal intercellular adhesion, and inhibition of mesenchymal cell
proliferation along with rupture of the basement membrane.

By elucidating the mechanism of cleft palate cleavage, this research may lead to the
identification of factors that prevent cleft palate cleavage and the establishment of new
preventive methods.

Author Contributions: Conceptualization, H.I. and N.N.; methodology, T.Y.; software, Y.I.; validation,
A.H. and N.N.; formal analysis, C.S.; investigation, M.I.; resources, C.S. and H.I.; data curation,
C.S.; writing—original draft preparation, C.S.; writing—review and editing, H.I.; visualization, Y.I.;
supervision, N.N.; project administration, H.I.; funding acquisition, C.S. and H.I. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by a Grant-in-Aid for Scientific Research (Category C, No.
19K10325-Hideto Imura) and a Grant-in-Aid for Young Scientists (Category B, No. 21K17194-Chisato
Sakuma) from the Japan Society for the Promotion of Science.

Institutional Review Board Statement: The study protocol was approved by the Animal Care and
Use Committee of the School of Dentistry, Aichi Gakuin University (approval No. AGUD404, 2018).

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Xue, A.S.; Buchanan, E.P.; Hollier, L.H. Update in Unilateral Cleft Lip Surgery. Plast. Reconstr. Surg. 2021, 148, 262e–274e.

[CrossRef]
2. Imura, H.; Suzuki, S.; Mizuno, S.; Sakuma, C.; Natsume, N. A case of Tetrasomy 15q with left cleft lip and alveolus. J. Oral

Maxillofac. Surgery, Med. Pathol. 2017, 29, 427–429. [CrossRef]
3. Natsume, N.; Furukawa, H.; Niimi, T.; Takeuchi, K.; Yoshida, W.; Sakuma, C.; Imura, H.; Fujiwara, K.; Akashi, J.; Hayami, K.; et al.

Changes in the birth prevalence of orofacial clefts in Japan, Has the birth prevalence of orofacial clefts been affected by improved
accuracy of prenatal diagnosis? Congenit. Anom. 2022, 62, 11–17. [CrossRef]

4. Xu, J.; Liu, F.; Xiong, Z.; Huo, J.; Li, W.; Jiang, B.; Mao, W.; He, B.; Wang, X.; Li, G. The cleft palate candidate gene BAG6
supports FoxO1 acetylation to promote FasL-mediated apoptosis during palate fusion. Exp. Cell Res. 2020, 396, 112310. [CrossRef]
[PubMed]

5. Bush, J.O.; Jiang, R. Palatogenesis: Morphogenetic and molecular mechanisms of secondary palate development. Development
2012, 139, 231–243. [CrossRef]

6. Murray, S.A.; Oram, K.F.; Gridley, T. Multiple functions of Snail family genes during palate development in mice. Development
2007, 134, 1789–1797. [CrossRef]

7. Fitch, N. Developmental of cleft palate in mice homozygous for the shorthead mutation. J. Morph. 1961, 109, 151–157. [CrossRef]
8. Jin, J.-Z.; Warner, D.R.; Lu, Q.; Pisano, M.M.; Greene, R.M.; Ding, J. Deciphering TGF-β3 function in medial edge epithelium

specification and fusion during mouse secondary palate development. Dev. Dyn. 2014, 243, 1536–1543. [CrossRef]
9. Pratt, R.M. Mechanisms of fetal posture and casual mechanisms of congenital deformity of the palate, mandible and limbs. J.

Dent. Res. 1966, 45, 584–596.
10. Kitamura, H. Epithelial remnants and pearls in the secondary palate in the human abortus: A contribution to the study of the

mechanism of cleft palate formation. Cleft Palate J. 1966, 3, 240–257. [PubMed]
11. Kitamura, H. Evidence for cleft palate as a postfusion phenomenon. Cleft Palate J. 1990, 28, 195–211. [CrossRef]

http://doi.org/10.1097/PRS.0000000000008141
http://doi.org/10.1016/j.ajoms.2017.03.005
http://doi.org/10.1111/cga.12444
http://doi.org/10.1016/j.yexcr.2020.112310
http://www.ncbi.nlm.nih.gov/pubmed/32991875
http://doi.org/10.1242/dev.067082
http://doi.org/10.1242/dev.02837
http://doi.org/10.1002/jmor.1051090204
http://doi.org/10.1002/dvdy.24177
http://www.ncbi.nlm.nih.gov/pubmed/5220834
http://doi.org/10.1597/1545-1569_1991_028_0195_efcpaa_2.3.co_2


Int. J. Mol. Sci. 2022, 23, 2069 12 of 13

12. Mijiti, A.; Ling, W.; Guli; Moming, A. Association of single-nucleotide polymorphisms in the IRF6 gene with non-syndromic
cleft lip with or without cleft palate in the Xinjiang Uyghur population. Br. J. Oral Maxillofac. Surg. 2015, 53, 268–274. [CrossRef]
[PubMed]

13. Mori, A.; Imura, H.; Suzuki, S.; Ono, M.; Hayakawa, T.; Minami, K.; Niimi, T.; Furukawa, H.; Komada, M.; Ikeda, Y.; et al. Genetic
analysis of MEOX2 in Japanese non-syndromic cleft palate patients. Aichi Gakuin Dent. Sci. 2016, 29, 9–17.

14. Tran, D.L.; Imura, H.; Mori, A.; Suzuki, S.; Niimi, T.; Ono, M.; Sakuma, C.; Nakahara, S.; Nguyen, T.T.; Pham, P.T.; et al.
Association of MEOX2 polymorphism with nonsyndromic cleft palate only in a Vietnamese population. Congenit. Anomalies 2017,
58, 124–129. [CrossRef]

15. Hirata, A.; Katayama, K.; Tsuji, T.; Imura, H.; Natsume, N.; Sugahara, T.; Kunieda, T.; Nakamura, H.; Otsuki, Y. Homeobox family
Hoxc localization during murine palate formation. Congenit. Anomalies 2016, 56, 172–179. [CrossRef]

16. Vaivads, M.; Akota, I.; Pilmane, M. Cleft Candidate Genes and Their Products in Human Unilateral Cleft Lip Tissue. Diseases
2021, 9, 26. [CrossRef] [PubMed]

17. Nguyen, D.M.; Suzuki, S.; Imura, H.; Niimi, T.; Furukawa, H.; Ta, T.V.; Tong, S.M.; Nguyen, T.T.; Pham, L.N.G.; Tran, D.L.; et al.
Family based and case-control designs reveal an association of TFAP2A in non-syndromic cleft lip only among Vietnamese
population. Mol. Genet. Genomic Med. 2021, 9, e1754. [CrossRef]

18. Blanco, R.; Colombo, A.; Suazo, J. Maternal obesity is a risk factor for orofacial clefts: A meta-analysis. Br. J. Oral Maxillofac. Surg.
2015, 53, 699–704. [CrossRef] [PubMed]

19. Jaruga, A.; Ksiazkiewicz, J.; Kuzniarz, K.; Tylzanowski, P. Orofacial Cleft and Mandibular Prognathism—Human Genetics and
Animal Models. Int. J. Mol. Sci. 2022, 23, 953. [CrossRef]

20. Wang, C.; Zhai, S.-N.; Yuan, X.-G.; Zhang, D.-W.; Jiang, H.; Qiu, L.; Fu, Y.-X. Common differentially expressed proteins were
found in mouse cleft palate models induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin and retinoic acid. Environ. Toxicol. Pharmacol.
2019, 72, 103270. [CrossRef]

21. Couture, L.A.; Harris, M.W.; Birnbaum, L.S. Characterization of the period of sensitivity for the induction of hydronephrosis in
C57BL/6N mice following exposure to 2,3,7,8-tetrachlorodibenzo-p-dioxin. Fundam. Appl. Toxicol. 1990, 15, 142–150. [CrossRef]

22. Yamada, T.; Mishima, K.; Fujiwara, K.; Imura, H.; Sugahara, T. Cleft lip and palate in mice treated with 2,3,7,8-tetrachlorodibenzo-
p-dioxin: A morphological in vivo study. Congenit. Anomalies 2006, 46, 21–25. [CrossRef] [PubMed]

23. Imura, H.; Yamada, T.; Mishima, K.; Fujiwara, K.; Kawaki, H.; Hirata, A.; Sogawa, N.; Ueno, T.; Sugahara, T. Effect of 2,3,7,8-
tetrachlorodibenzo-p-dioxin suggests abnormal palate development after palatal fusion. Congenit. Anomalies 2010, 50, 77–84.
[CrossRef] [PubMed]

24. Sakuma, C.; Imura, H.; Yamada, T.; Sugahara, T.; Hirata, A.; Ikeda, Y.; Natsume, N. Cleft palate formation after palatal fusion
occurs due to the rupture of epithelial basement membranes. J. Cranio-Maxillofacial Surg. 2018, 46, 2027–2031. [CrossRef]

25. Fujimaki, H.; Nohara, K.; Kobayashi, T.; Suzuki, K.; Eguchi-Kasai, K.; Tsukumo, S.; Kijima, M.; Tohyama, C. Effect of a single oral
dose of 2,3,7,8-tetrachlorodibenzo-p-dioxin on immune function in male NC/Nga mice. Toxicol. Sci. 2002, 66, 117–124. [CrossRef]
[PubMed]

26. Chen, Q.; Ding, X.; Lei, J.; Qiu, L. Comparison of the biological behaviors of palatal mesenchymal and epithelial cells induced by
2,3,7,8-tetrachlorodibenzo-p-dioxin in vitro. Toxicol. Lett. 2020, 333, 90–96. [CrossRef]

27. Puhvel, S.M.; Sakamoto, M.; Puhvel, M.S.S.M. Effect of 2,3,7,8-Tetrachlorodibenzo-p-Dioxin on Murine Skin. J. Investig. Dermatol.
1988, 90, 354–358. [CrossRef]

28. Paiva, K.B.S.; Maas, C.S.; Dos Santos, P.M.; Granjeiro, J.M.; Letra, A. Extracellular Matrix Composition and Remodeling: Current
Perspectives on Secondary Palate Formation, Cleft Lip/Palate, and Palatal Reconstruction. Front. Cell Dev. Biol. 2019, 7, 340.
[CrossRef]

29. Al-Rugeebah, A.; Alanazi, M.; Parine, N.R. MEG3: An Oncogenic Long Non-coding RNA in Different Cancers. Pathol. Oncol. Res.
2019, 25, 859–874. [CrossRef]

30. He, Z.; Liu, X.; Liu, X.; Cui, L.; Yuan, Y.; Zhang, H.; Chen, Y.; Tao, Y.; Yu, Z. The role of MEG3 in the proliferation of palatal
mesenchymal cells is related to the TGFβ/Smad pathway in TCDD inducing cleft palate. Toxicol. Appl. Pharmacol. 2021, 419,
115517. [CrossRef]

31. Mimura, J.; Yamashita, K.; Nakamura, K.; Morita, M.; Takagi, T.N.; Nakao, K.; Ema, M.; Sogawa, K.; Yasuda, M.; Katsuki, M.; et al.
Loss of teratogenic response to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in mice lacking the Ah (dioxin) receptor. Genes Cells
1997, 2, 645–654. [CrossRef]

32. Yoshioka, W.; Tohyama, C. Mechanisms of Developmental Toxicity of Dioxins and Related Compounds. Int. J. Mol. Sci. 2019, 20,
617. [CrossRef]

33. Liu, X.; Li, X.; Tao, Y.; Li, N.; Ji, M.; Zhang, X.; Chen, Y.; He, Z.; Yu, K.; Yu, Z. TCDD inhibited the osteogenic differentiation of
human fetal palatal mesenchymal cells through AhR and BMP-2/TGF-β/Smad signaling. Toxicology. 2020, 15, 152353. [CrossRef]

34. Takagi, T.N.; Matsui, K.A.; Yamashita, K.; Ohmori, H.; Yasuda, M. Pathogenesis of cleft palate in mouse embryos exposed to
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Teratog. Carcinog. Mutagen. 2000, 20, 73–86. [CrossRef]

35. Hutson, M.S.; Leung, M.C.K.; Baker, N.C.; Spencer, R.M.; Knudsen, T.B. Computational Model of Secondary Palate Fusion and
Disruption. Chem Res. Toxicol. 2017, 30, 965–979. [CrossRef] [PubMed]

36. Greenburg, G.; Hay, E.D. Epithelia suspended in collagen gels can lose polarity and express characteristics of migrating
mesenchymal cells. J. Cell Biol. 1982, 95, 333–339. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bjoms.2014.12.008
http://www.ncbi.nlm.nih.gov/pubmed/25592222
http://doi.org/10.1111/cga.12259
http://doi.org/10.1111/cga.12153
http://doi.org/10.3390/diseases9020026
http://www.ncbi.nlm.nih.gov/pubmed/33917041
http://doi.org/10.1002/mgg3.1754
http://doi.org/10.1016/j.bjoms.2015.05.017
http://www.ncbi.nlm.nih.gov/pubmed/26073906
http://doi.org/10.3390/ijms23020953
http://doi.org/10.1016/j.etap.2019.103270
http://doi.org/10.1016/0272-0590(90)90171-F
http://doi.org/10.1111/j.1741-4520.2006.00097.x
http://www.ncbi.nlm.nih.gov/pubmed/16643595
http://doi.org/10.1111/j.1741-4520.2010.00271.x
http://www.ncbi.nlm.nih.gov/pubmed/20156238
http://doi.org/10.1016/j.jcms.2018.09.016
http://doi.org/10.1093/toxsci/66.1.117
http://www.ncbi.nlm.nih.gov/pubmed/11861978
http://doi.org/10.1016/j.toxlet.2020.08.001
http://doi.org/10.1111/1523-1747.ep12456367
http://doi.org/10.3389/fcell.2019.00340
http://doi.org/10.1007/s12253-019-00614-3
http://doi.org/10.1016/j.taap.2021.115517
http://doi.org/10.1046/j.1365-2443.1997.1490345.x
http://doi.org/10.3390/ijms20030617
http://doi.org/10.1016/j.tox.2019.152353
http://doi.org/10.1002/(SICI)1520-6866(2000)20:2&lt;73::AID-TCM3&gt;3.0.CO;2-M
http://doi.org/10.1021/acs.chemrestox.6b00350
http://www.ncbi.nlm.nih.gov/pubmed/28045533
http://doi.org/10.1083/jcb.95.1.333
http://www.ncbi.nlm.nih.gov/pubmed/7142291


Int. J. Mol. Sci. 2022, 23, 2069 13 of 13

37. García de Herreros, A. Epithelial to mesenchymal transition in tumor cells as consequence of phenotypic instability. Front. Cell.
Dev. Biol. 2014, 2, 71. [CrossRef] [PubMed]

38. Porto, L.P.A.; Dos Santos, J.N.; Ramalho, L.M.P.; Figueiredo, A.L.; Júnior, B.C.; Gurgel, C.A.; Paiva, K.B.S.; Xavier, F.C.A. E-
cadherin regulators are differentially expressed in the epithelium and stroma of keratocystic odontogenic tumors. J. Oral Pathol.
Med. 2015, 45, 302–311. [CrossRef] [PubMed]

39. Fitchett, J.E.; Hay, E.D. Medial edge epithelium transforms to mesenchyme after embryonic palatal shelves fuse. Dev. Biol. 1989,
131, 455–474. [CrossRef]

40. Iseki, S. Disintegration of the medial epithelial seam: Is cell death important in palatogenesis? Dev. Growth. Differ. 2011, 53,
259–268. [CrossRef] [PubMed]

41. Gao, Z.; Bu, Y.; Zhang, G.; Liu, X.; Wang, X.; Ding, S.; Wang, E.; Shi, R.; Li, Q.; Fu, J.; et al. Effect of TCDD on the fate of epithelial
cells isolated from human fetal palatal shelves (hFPECs). Toxicol. Appl. Pharmacol. 2016, 305, 186–193. [CrossRef]

42. Tao, Y.; Liu, X.; Cui, L.; Liu, X.; Chen, Y.; He, Z.; Ji, M.; Gao, Z.; Li, N.; Wan, Z.; et al. Oct4 plays a role in 2,3,7,8-tetrachlorobenzo-
p-dioxin (TCDD) inducing cleft palate and inhibiting mesenchymal proliferation. Toxicology 2020, 30, 438.

43. Barsky, S.H.; Siegal, G.P.; Jannotta, F.; A Liotta, L. Loss of basement membrane components by invasive tumors but not by their
benign counterparts. Lab. Investig. 1983, 49, 140–147.

44. Liotta, L.A. Adhere, Degrade, and Move: The Three-Step Model of Invasion. Cancer Res. 2016, 76, 3115–3117. [CrossRef] [PubMed]
45. Furuyama, A.; Mochitate, K. Assembly of the exogenous extracellular matrix during basement membrane formation by alveolar

epithelial cells in vitro. J. Cell Sci. 2000, 113, 859–868. [CrossRef] [PubMed]
46. Wang, X.; Li, C.; Zhu, Z.; Yuan, L.; Chan, W.Y.; Sha, O. Extracellular Matrix Remodeling During Palate Development. Organogenesis

2020, 16, 43–60. [CrossRef]
47. Halper, J.; Kjaer, M. Basic Components of Connective Tissues and Extracellular Matrix: Elastin, Fibrillin, Fibulins, Fibrinogen,

Fibronectin, Laminin, Tenascins and Thrombospondins. Prog. Heritable Soft Connect. Tissue Dis. 2013, 802, 31–47. [CrossRef]
48. Kjaer, M.; Magnusson, P.; Krogsgaard, M.; Moller, J.B.; Olesen, J.; Heinemeier, K.; Hansen, M.; Haraldsson, B.; Koskinen, S.;

Esmarck, B.; et al. Extracellular matrix adaptation of tendon and skeletal muscle to exercise. J. Anat. 2006, 208, 445–450. [CrossRef]
49. Abbott, B.D.; Birnbaum, L.S.; Pratt, R.M. TCDD-Induced hyperplasia of the ureteral epithelium produces hydronephrosis in

murine fetuses. Teratology 1987, 35, 329–334. [CrossRef]
50. Abbott, B.; Birnbaum, L. TCDD alters medial epithelial cell differentiation during palatogenesis. Toxicol. Appl. Pharmacol. 1989, 99,

276–286. [CrossRef]
51. Bryant, P.L.; Reid, L.M.; E Schmid, J.; Buckalew, A.R.; Abbott, B.D. Effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) on fetal

mouse urinary tract epithelium in vitro. Toxicology 2001, 162, 23–34. [CrossRef]
52. Deshpande, A.S.; Goudy, S.L. Cellular and molecular mechanisms of cleft palate development. Laryngoscope 2018, 4, 160–164.

[CrossRef]
53. Mehta, S.; Nijhuis, A.; Kumagai, T.; Lindsay, J.; Silver, A. Defects in the adherens junction complex (E-cadherin/β-catenin) in

inflammatory bowel disease. Cell Tissue Res. 2015, 360, 749–760. [CrossRef] [PubMed]
54. Takeichi, M. Cadherin Cell Adhesion Receptors as a Morphogenetic Regulator. Science 1991, 251, 1451–1455. [CrossRef] [PubMed]
55. Theiery, J.P. Epithelial-mesenchymal transitions in tumor progression. Nat. Rev. Cancer 2002, 2, 442–454. [CrossRef] [PubMed]
56. Fujiwara, K.; Imura, H.; Sugahara, T.; Yamada, T.; Mishima, K. Morphological and immunohistochemical studies on cleft palates

induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin in mice. Congenit. Anom. 2008, 48, 68–73. [CrossRef]

http://doi.org/10.3389/fcell.2014.00071
http://www.ncbi.nlm.nih.gov/pubmed/25566541
http://doi.org/10.1111/jop.12382
http://www.ncbi.nlm.nih.gov/pubmed/26525778
http://doi.org/10.1016/S0012-1606(89)80017-X
http://doi.org/10.1111/j.1440-169X.2010.01245.x
http://www.ncbi.nlm.nih.gov/pubmed/21338351
http://doi.org/10.1016/j.taap.2016.06.016
http://doi.org/10.1158/0008-5472.CAN-16-1297
http://www.ncbi.nlm.nih.gov/pubmed/27251085
http://doi.org/10.1242/jcs.113.5.859
http://www.ncbi.nlm.nih.gov/pubmed/10671375
http://doi.org/10.1080/15476278.2020.1735239
http://doi.org/10.1007/978-94-007-7893-1_3
http://doi.org/10.1111/j.1469-7580.2006.00549.x
http://doi.org/10.1002/tera.1420350307
http://doi.org/10.1016/0041-008X(89)90010-0
http://doi.org/10.1016/S0300-483X(01)00362-6
http://doi.org/10.1002/lio2.214
http://doi.org/10.1007/s00441-014-1994-6
http://www.ncbi.nlm.nih.gov/pubmed/25238996
http://doi.org/10.1126/science.2006419
http://www.ncbi.nlm.nih.gov/pubmed/2006419
http://doi.org/10.1038/nrc822
http://www.ncbi.nlm.nih.gov/pubmed/12189386
http://doi.org/10.1111/j.1741-4520.2008.00181.x

	Introduction 
	Results 
	Histological Observations 
	Observation of Epithelial and Interepithelial Cell Adhesion Factors and Basement Membrane 
	Observation of Apoptosis 
	Observation of Cell Proliferation 

	Discussion 
	Materials and Methods 
	Experimental Animals and Embryo Extraction 
	Tissue Fixation and Section Preparation 
	Histological Observation 
	Immunohistological Observations 
	Observation of Epithelial Tissue, Interepithelial Cell Adhesion Factor, and Basement Membrane Tissue via Fluorescent Immunohistochemistry 
	Observation of Epithelial Cell Adhesion Factors 
	Observation of Apoptosis 
	Observation of Cell Proliferation 


	Conclusions 
	References

