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Abstract

:

The mammalian secondary palate is formed through complex developmental processes: growth, elevation, and fusion. Although it is known that the palatal elevation pattern changes along the anterior–posterior axis, it is unclear what molecules are expressed and whether their locations change before and after elevation. We examined the expression regions of molecules associated with palatal shelf elevation (Pax9, Osr2, and Tgfβ3) and tissue deformation (F-actin, E-cadherin, and Ki67) using immunohistochemistry and RT–PCR in mouse embryos at E13.5 (before elevation) and E14.5 (after elevation). Pax9 was expressed at significantly higher levels in the lingual/nasal region in the anterior and middle parts, as well as in the buccal/oral region in the posterior part at E13.5. At E14.5, Pax9 was expressed at significantly higher levels in both the lingual/nasal and buccal/oral regions in the anterior and middle parts and the buccal/oral regions in the posterior part. Osr2 was expressed at significantly higher levels in the buccal/oral region in all parts at E13.5 and was more strongly expressed at E13.5 than at E14.5 in all regions. No spatiotemporal changes were found in the other molecules. These results suggested that Pax9 and Osr2 are critical molecules leading to differences in the elevation pattern in palatogenesis.
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1. Introduction


Craniofacial development is a complex, multistep morphological process. This process is spatiotemporally regulated by numerous molecular mechanisms [1]. Cranial neural crest cells are regulated by N-cadherin signaling for directional cell migration during embryonic development, thus contributing to the formation of each structure, such as cartilage, bone, smooth muscle, and many others, in the particular location at which they arrive [2,3]. Similarly, the organizers that supply morphogens for craniofacial morphogenesis are located in certain areas of the facial ectoderm [4]. Disruption of these molecular mechanisms results in craniofacial malformation [5]. In the oral region, it has been shown that paired-box gene 9 (Pax9) is important for maintaining the expression of genes such as msh homeobox 1 (MSX1) and lymphoid enhancer-biding factor 1 (LEF1), and these defects have been associated with a lack of tooth buds and hypodontia [6,7]. Moreover, one of the most common congenital anomalies of the craniofacial region is cleft palate [8].



The secondary palate is formed by an ordered sequence of events: growth, elevation, and fusion. Palate development starts from the appearance of palatal primordia at the lateral edges of the maxillary process. The bilateral palatal shelves subsequently grow down vertically along the sides of the tongue. Then, the palatal shelves undergo a process called palatal shelf elevation, in which the vertical palatal shelves orient horizontally above the tongue from embryonic day 13.5 (E13.5) to E14.5 in mice. After palatal elevation, the palatal shelves grow toward the midline and fuse with each other to form a continuous palate [9,10]. Previous studies have shown that palate development is mediated by multiple molecules [11,12,13]. Studies of mutant mice revealed that paired-box-gene-9 (Pax9)-deficient, odd-skipped-related-transcription-factor-2 (Osr2)-null, and transforming growth factor beta3 (Tgfβ3) mice exhibit complete cleft palate [6,14,15]. In addition, these molecules have been reported to cooperate with each other and contribute to normal palatal development [10,12].



We focused on palatal shelf elevation. Previous studies suggested that the elevation pattern differs along the anterior–posterior axis of the palatal shelf. One is the “flip-up” model in the anterior (coronal plane anterior to the molar tooth bud) and middle (coronal plane identical to the molar tooth bud) parts, in which the palate shelves move from lateral to above the tongue and change their orientation in the oral cavity from vertical to horizontal; the other is the “flow” model in the posterior (coronal plane posterior to the molar tooth bud) part, in which the horizontal palate shelves are formed by outgrowth from the side of the vertical palate shelves and flow over the tongue [16,17]. These different elevation patterns suggest the involvement of region-specific molecules. The expression patterns of Pax9, Osr2, and Tgfβ have been analyzed through in situ hybridization [15,18,19,20]; however, those data cannot be simply compared due to differences in the genetic backgrounds and the lack of analysis regions. Therefore, we examined the expression region of molecules associated with palatal shelf elevation and tissue deformation in mouse embryos with the same genetic background. To perform a more detailed spatiotemporal analysis, we examined the lingual/nasal and buccal/oral regions of the palatal shelf in E13.5 and E14.5 mouse embryos before and after elevation separately for the three parts along the anterior–posterior axis of the palate: anterior, middle, and posterior. In each of these regions, we examined the expression of Pax9, Osr2, and Tgfβ3 in relation to palatal shelf elevation and that of F-actin, E-cadherin, and Ki67 in relation to tissue deformation.




2. Materials and Methods


2.1. Animals


Pregnant ICR mice were obtained from Sankyo Labo Service (Tokyo, Japan). Embryonic day zero (E0.5) was defined as the day of vaginal plug identification. We chose E13.5 at 12:00 a.m. in mouse embryos in which the palatal shelves grew down vertically along the sides of the tongue and palatal elevation had not yet occurred, and we chose E14.5 at 12:00 a.m. in mouse embryos in which palatal elevation had been finished.



This study was approved by the animal ethics committee, as described in the Institutional Review Board Statement section.




2.2. Immunofluorescence


E13.5 and E14.5 embryo heads were fixed in 4% paraformaldehyde overnight, immersed for 24 h in 30% sucrose, embedded in OCT compound (Sakura Finetek Japan, Tokyo, Japan), frozen, and sectioned coronally (16 μm thick). Frozen sections were treated with the following primary antibodies: anti-Pax9 (rat, sc-56823, Santa Cruz Biotechnology, 1/300, Dallas, TX, USA), anti-Osr2 (mouse, sc-393516, Santa Cruz Biotechnology, 1/100), anti-TGF beta 3 (rabbit, ab15537, Abcam, 1/1000, Cambridge, UK), anti-E-cadherin (rabbit, 20874-1-AP, Proteintech, 1/400, Wuhan, Hubei), and anti-Ki67 (rabbit, NB500-170, Novus Biologicals, 1/400, Littleton, CO, USA). After washing, the sections were treated with secondary antibodies conjugated with Alexa Fluor 488 (A11034, A11006, Invitrogen, 1/200, Waltham, MA, USA) or Phalloidin-iFluor 488 conjugate (20549, Cayman Chemicals, 1/500, Ann Arbor, MI, USA). Confocal images were obtained with an LSM800 confocal laser microscope (Carl Zeiss, Obercohen, Germany) equipped with Zen 2.1 software (Carl Zeiss). The objective lens used was a Plan-Apochromat 20×/0.8 M27.




2.3. Preparation of Palatal Shelf Samples for Real-Time PCR


To measure region-specific differences, the palatal shelf was freshly isolated from embryos at E13.5 and E14.5 and processed microsurgically in DMEM/F12 (05177-15, Nacalai Tesque, Kyoto, Japan). The palatal shelf was sectioned into anterior, middle, and posterior parts and then separately sectioned into lingual/nasal and buccal/oral regions (n = 5 mouse embryos for each region).




2.4. Quantitative Real-Time PCR


Total RNA was extracted by using an RNeasy Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA was reverse-transcribed with a Transcriptor First Strand cDNA Synthesis Kit (Roche, Basel, Switzerland). Quantitative PCR amplifications were performed in a LightCycler 480 (Roche) using the LightCycler 480 SYBR GreenIMaster Mix (Roche). Primer pairs for Pax9-F (5′-CAGCAGCTAAGGTGCCTACA-3′) and Pax9-R (5′-CTGTCGCTCACTCCTTGGTC-3′), Osr2-F (5′-ACCAATTACCGCTGTCGCTT-3′) and Osr2-R (5′-ACAACAGCACGCAGAGGAAT-3′), Tgfβ3-F (5′-ACTGGCGGAGCACAATGAA-3′) and Tgfβ3-R (5′-GTGCTCATCCGGTCGAAGTA-3′), Cadherin-F (5′-GGCTGGACCGAGAGAGTTAC-3′) and Cadherin-R (5′-TGTGCTCAAGCCTTCACCTT-3′), Actin-F (5′-ACAGAGAGAAGATGACGCAGATAA-3′) and Actin-R (5′-CATGACAATGCCAGTGGTGC-3′), Ki67-F (5′-AAGACAATCATCAAGGAACGCC-3′) and Ki67-R (5′-ATGGATGCTCTCTTCGCAGG-3′), and glyceraldehydo-3-phosphate dehydrogenase (GAPDH)-F (5′-GGTTGTCTCCTGCGACTTCA-3′) and GAPDH-R (5′-GCCGTATTCATTGTCATACCAGG-3′) were obtained from Eurofins Genomics (Tokyo, Japan). The expression levels of the target genes in each sample were normalized to the GAPDH levels. The results are expressed as the fold change in gene expression compared to the lingual/nasal regions and E13.5 as a control, and they are presented as the mean ± SEM. Student’s t-test was used to analyze the difference, and p < 0.05 and p < 0.01 were considered statistically significant.





3. Results


3.1. Spatiotemporal Expression Location of Molecules Related to Palatal Shelf Elevation


To investigate the localization of molecules during palatal shelf elevation, we observed both the lingual/nasal and buccal/oral regions of the palatal shelf in E13.5 and E14.5 mouse embryos separately for the three parts along the anterior–posterior axis: anterior (anterior to the molar tooth bud), middle (same plane as the molar tooth bud), and posterior (posterior to the molar tooth bud) (Figure 1). We first examined the expression regions of molecules related to palatal shelf elevation and tissue deformation through immunohistochemistry.



Pax9 is a member of the transcription factor family, which is characterized by the paired-class DNA-binding domain [21]. Pax9 was more strongly expressed in the lingual/nasal region than in the buccal/oral region in the anterior and middle parts of the palatal mesenchyme at E13.5. In contrast, in the posterior part of the palatal mesenchyme at E13.5, Pax9 was more strongly expressed in the buccal/oral region than in the lingual/nasal region (Figure 2A–C). At E14.5, Pax9 was expressed throughout the palatal mesenchyme in the anterior parts. In the middle and posterior parts, Pax9 was expressed in the palatal mesenchyme near the fusion site. In addition, as in E13.5, the buccal/oral region expression was stronger than the lingual/nasal region expression in the posterior part (Figure 2D–F).



Osr2 is a mammalian homolog of the Drosophila odd-skipped family developmental regulators [22,23]. Osr2 was expressed throughout the palatal mesenchyme from anterior to posterior at E13.5, with the lingual/nasal regions expressing more strongly than the buccal/oral regions (Figure 2G–I). In E14.5, Osr2 expression was reduced throughout the palatal shelf in the anterior to posterior direction compared to E13.5 (Figure 2J–L).



Tgfβ3 is a member of a large family of cytokines called the transforming growth factor beta superfamily [24]. Tgfβ3 was expressed at both E13.5 and E14.5 in the anterior-to-posterior epithelium, and it was equally expressed in the lingual/nasal and buccal/oral regions (Figure 2M–R).




3.2. Spatiotemporal Expression Location of Molecules Related to Tissue Deformation


We next examined the expression regions of molecules related to tissue deformation. Fluorescently labeled phalloidin is a marker for the cytoskeletal F-actin network. F-actin was expressed throughout the epithelium and mesenchyme from the anterior to posterior palatal shelf at both E13.5 and E14.5. It was also expressed to the same extent in the lingual/nasal and buccal/oral regions (Figure 3A–F). Cadherin is a family of glycoproteins involved in the Ca2+-dependent cell–cell adhesion mechanism [25]. E-cadherin was expressed at a similar location to that of Tgfβ3 in the anterior-to-posterior epithelium and was equally expressed in the lingual/nasal and buccal/oral regions at both E13.5 and E14.5 (Figure 3G–L). Ki67 is a marker of cell proliferation and the cell cycle. Ki67 was widely expressed in the epithelium and mesenchyme from the anterior to posterior palatal shelf and equally expressed in the lingual/nasal and buccal/oral regions (Figure 3M–R).




3.3. Spatial Differences in the Gene Expression Locations of Molecules


We observed locational molecular changes through immunohistochemistry before and after palatal shelf elevation. To quantify the extent to which there were differences in expression, we performed real-time PCR. First, to clarify spatial differences, we compared gene expression levels between the lingual/nasal and buccal/oral regions in the palatal shelf at E13.5 (Figure 4A–F). Pax9 gene expression was significantly higher in the lingual/nasal region than in the buccal/oral region, both in the anterior and middle parts. In contrast, the buccal/oral region expression in the posterior part was significantly higher than that in the lingual/nasal region (Figure 4A). Osr2 gene expression was significantly higher in the buccal/oral region than in the lingual/nasal region in the anterior, middle, and posterior parts (Figure 4B). There was no significant difference in the gene expression of Tgfβ3, F-actin, E-cadherin, or Ki67 in the lingual/nasal and buccal/oral regions (Figure 4C–F).



On the palatal shelf at E14.5, Pax9 gene expression was not significantly different in the anterior and middle parts, but was significantly higher in the buccal/oral region than in the lingual/nasal region in the posterior part, as in E13.5 (Figure 4G). In contrast to E13.5, Osr2 gene expression was not significantly different between the lingual/nasal and buccal/oral regions (Figure 4H). Tgfβ3, F-actin, E-cadherin, and Ki67 gene expression was not significantly different in the lingual/nasal and buccal/oral regions, as in E13.5 (Figure 4I–L). Moreover, we showed spatial differences in the locations of Pax9 and Osr2 gene expression in the E13.5 and E14.5 palatal shelves.




3.4. Temporal Differences in the Gene Expression Locations of Molecules


To clarify the temporal differences, we next compared the gene expression levels in E13.5 and E14.5 in the lingual/nasal region of the palatal shelf (Figure 5A–F). Pax9 gene expression was not significantly different between E13.5 and E14.5 (Figure 5A). Osr2 gene expression was significantly higher at E13.5 than at E14.5 in the anterior, middle, and posterior parts (Figure 5B). There were no significant differences in the gene expression of Tgfβ3, F-actin, E-cadherin, or Ki67 between E13.5 and E14.5 (Figure 5C–F).



In the buccal/oral region, a similar expression trend was observed for the lingual/nasal region. Osr2 gene expression was significantly higher at E13.5 than at E14.5 in the anterior, middle, and posterior parts (Figure 5H). There were no significant differences in the gene expression of Pax9, Tgfβ3, F-actin, E-cadherin, or Ki67 between E13.5 and E14.5 (Figure 5G,I–L). We showed temporal differences in the locations of Osr2 gene expression in the E13.5 and E14.5 palatal shelf.





4. Discussion


In this study, we investigated the changes in the spatiotemporal expression locations of molecules related to palatal shelf elevation and tissue deformation before and after elevation. Immunohistochemistry and RT–PCR focusing on three regions along the anterior–posterior axis of the palatal shelf showed significant changes in Pax9 and Osr2. Pax9 and Osr2 are important regulators of palatal mesenchyme proliferation and function, working in concert [12]. Pax9-mutant palatal shelves exhibited delayed elevation in the anterior and middle parts at E14.5. At E15.5, the palatal shelf was elevated but not elongated toward the midline, resulting in a cleft palate. In the posterior part of Pax9-mutant palatal shelves at E14.5, the vertically elongated shelf was shorter. At E15.5, palatal shelves were not observed [6,18]. Osr2-mutant mice showed cleft palate due to impaired mesenchymal cell proliferation and delayed palatal elevation, and the same was true for Pax9-mutant mice [15]. This dysplasia of the palatal shelves in these mutant mice is suggested to be due to decreased mesenchymal cell proliferation. Pax9 was more strongly expressed in the lingual/nasal region than in the buccal/oral region in the anterior and middle parts of the palatal mesenchyme at E13.5. In contrast, in the posterior part of the palatal mesenchyme between E13.5 and E14.5, Pax9 was more strongly expressed in the buccal/oral region than in the lingual/nasal region (Figure 4A,G). Moreover, we showed that Osr2 gene expression was significantly higher in the lingual/nasal region than in the buccal/nasal region in E13.5 (Figure 4B), whereas in E14.5, Osr2 expression was reduced throughout the palatal shelf from the anterior to the posterior region compared to E13.5. This spatiotemporal difference in the expression region may be one of the factors leading to a bias in cell behavior, including cell number and cell density, leading to differences in the elevation pattern (“flip-up” model and “flow” model) in normal palatal development. Meanwhile, we showed that Ki67 was widely expressed in the epithelium and mesenchyme from the anterior to posterior palatal shelf (Figure 3M–R). It has been reported that cell proliferation is not biased in the palatal mesenchymal cells, which is consistent with our results [26]. However, since our results were obtained before and after elevation time points, cell proliferation and density in mesenchymal cells may be biased immediately before and during elevation.



A recent study reported that Osr2 negatively regulates the Sema3a and Sema3d genes, which encode members of class 3 semaphorins [27], which are expressed in the developing palatal mesenchyme [28]. The Sema3a and Sema3d mRNAs were expressed in the anterior to posterior regions in the lingual/nasal regions at E13.5 [28] and not in the Osr2 expression regions (the buccal/oral region from anterior to posterior parts) obtained in this study (Figure 4B). In addition, the above report suggested that Osr2 contributes to normal palate development via Sema3 signaling, since the Sema3 signaling family plays a role in regulating cell proliferation, migration, and differentiation [28]. The influence of cell migration on palatal elevation is still unknown, but cell migration is an important factor in tissue formation. Cell migration in the lingual/nasal regions where Sema3a and Sema3d are expressed may contribute to normal palatal development, including elevation.



Tgfβ3 was expressed at both E13.5 and E14.5 in the anterior-to-posterior epithelium, and it was equally expressed in the lingual/nasal and buccal/oral regions (Figure 2M–R). Tgfβ3 has been reported to be a key factor in removing epithelial cells called medial edge epithelial cells and facilitating the disappearance of the midline epithelial seam during palatal fusion [10,29]. Mutant mice lacking Tgfβ3 exhibited a cleft palate [14], and Pax9 expression was reduced in the anterior-to-posterior regions at the palatal medial edge [19]. In addition, it was reported that Tgfβ increases interferon regulatory factor 6 (IRF6) expression, suggesting that IRF6 is important for palatal development [30]. Another report suggested that IRF6 may regulate cell migration [31]. Whether and how Tgfβ3 is involved in normal palate elevation is unknown. Nevertheless, the observation of Tgfβ3 expression at E13.5 before elevation (Figure 2M–O) suggests that Tgfβ3, along with Pax9 and IRF6, is involved in the behavior that contributes to palatal elevation in mesenchymal and epithelial cells.



Palatal elevation is a large-scale tissue deformation that is thought to occur and be accomplished by the coordination of mechanical factors at the cellular and tissue levels. Although the underlying mechanism of this deformation is not understood, remodeling of the extracellular matrix and cytoskeletons, local changes in cell density, and cell proliferation have been hypothesized to be driving forces behind the elevation [15,26,32,33,34]. F-actin was expressed throughout the epithelium and mesenchyme, while E-cadherin was only expressed in the epithelium. These were similarly expressed from the anterior to posterior parts in the lingual/nasal and buccal/oral regions at E13.5 and E14.5 (Figure 3A–L). It has been suggested that actin-dependent contractility in the palatal mesenchyme may contribute to elevation by changing the arrangement of mesenchymal cells [32], and actomyosin-driven cellular extrusion is integral to palatal fusion [34]. In addition, forces generated in the epithelium by actomyosin are known to be important in tissue deformation [35,36]. On the other hand, E-cadherin is thought to sustain tissue structure through cell adhesion, and it was reported that E-cadherin is a mechanosensor mediated by actomyosin that probes the mechanical environment [37]. Actin and E-cadherin probably work in concert to regulate the magnitude and direction of the generated forces, thereby contributing to the formation and sustainment of a normal palate.



We examined the changes in the spatiotemporal localization of molecules expressed in the entire palatal tissue, including the epithelium and mesenchyme, after and before elevation. No change in expression location was observed for some molecules, but since elevation is thought to be elevated for a short time period, observations on shorter time scales may bias the locational distribution of the expressed molecules. In addition, more detailed observation of cell behavior is expected to lead to an understanding of palatal elevation, including differences in elevation patterns in the anterior–posterior axis.







Author Contributions


A.N. and O.A. conceived the experiments and wrote the manuscript. A.N. performed all experiments and analyzed the data. K.S. and Y.B. assisted in the RT–PCR experiments. M.Y. and S.A. reviewed and edited the manuscript. O.A. supervised and coordinated the study. All authors approved the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by JSPS KAKENHI with grant numbers 20K18463 (A.N.) and 21K09820 (O.A.), Meikai University Miyata Research grants (2020 A and 2021 A) (A.N.), and a research grant from the Onuki Foundation to the Meikai University School of Dentistry.




Institutional Review Board Statement


All of the animal procedures were in accordance with the Guidelines for Care and Use of Laboratory Animals of Meikai University School of Dentistry, and these experiments were approved by the Meikai University Animal Ethics Committee (B1902, B2003, and A2105).




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank the members of the Amano laboratory and Abe laboratory for their discussion with us.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Murillo-Rincón, A.P.; Kaucka, M. insights into the complexity of craniofacial development from a cellular perspective. Front. Cell Dev. Biol. 2020, 8, 620735. [Google Scholar] [CrossRef] [PubMed]

	



Kuriyama, S.; Theveneau, E.; Benedetto, A.; Parsons, M.; Tanaka, M.; Charras, G.; Kabla, A.; Mayor, R. In vivo collective cell migration requires an LPAR2-dependent increase in tissue fluidity. J. Cell Biol. 2014, 206, 113–127. [Google Scholar] [CrossRef] [PubMed]

	



Kaucka, M.; Ivashkin, E.; Gyllborg, D.; Zikmund, T.; Tesarova, M.; Kaiser, J.; Xie, M.; Petersen, J.; Pachnis, V.; Nicolis, S.K.; et al. Analysis of neural crest-derived clones reveals novel aspects of facial development. Sci. Adv. 2016, 2, e1600060. [Google Scholar] [CrossRef] [PubMed]

	



Reid, B.S.; Yang, H.; Melvin, V.S.; Taketo, M.M.; Williams, T. Ectodermal Wnt/β-catenin signaling shapes the mouse face. Dev. Biol. 2011, 349, 261–269. [Google Scholar] [CrossRef] [PubMed]

	



Abramyan, J. Hedgehog signaling and embryonic craniofacial disorders. J. Dev. Biol. 2019, 7, 9. [Google Scholar] [CrossRef]

	



Peters, H.; Neubüser, A.; Kratochwil, K.; Balling, R. Pax9-deficient mice lack pharyngeal pouch derivatives and teeth and exhibit craniofacial and limb abnormalities. Genes Dev. 1998, 12, 2735–2747. [Google Scholar] [CrossRef] [PubMed]

	



Bhol, C.S.; Patil, S.; Sahu, B.B.; Patra, S.K.; Bhutia, S.K. The clinical significance and correlative signaling pathways of paired box gene 9 in development and carcinogenesis. Biochim. Biophys. Acta Rev. Cancer 2021, 1876, 188561. [Google Scholar] [CrossRef]

	



Dixon, M.J.; Marazita, M.L.; Beaty, T.H.; Murray, J.C. Cleft lip and palate: Understanding genetic and environmental influences. Nat. Rev. Genet. 2011, 12, 167–178. [Google Scholar] [CrossRef]

	



Ferguson, M.W. Palate development. Development 1988, 103, 41–60. [Google Scholar] [CrossRef]

	



Li, R.; Chen, Z.; Yu, Q.; Weng, M.; Chen, Z. The function and regulatory network of Pax9 gene in palate development. J. Dent. Res. 2019, 98, 277–287. [Google Scholar] [CrossRef]

	



Yamada, T.; Sasaki, A.; Bando, Y.; Sakiyama, K.; Suda, N.; Kanegae, H.; Amano, O. Immunolocalization of heat shock protein 25 (Hsp25) in developing secondary palate pf mouse embryos. Pediatr. Oral Maxillofac. Surg. 2014, 24, 27–37. [Google Scholar]

	



Li, C.; Lan, Y.; Jiang, R. Molecular and cellular mechanisms of palate development. J. Dent. Res. 2017, 96, 1184–1191. [Google Scholar] [CrossRef] [PubMed]

	



Paiva, K.B.S.; Maas, C.S.; Santos, P.M.D.; 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. [Google Scholar] [CrossRef] [PubMed]

	



Proetzel, G.; Pawlowski, S.A.; Wiles, M.V.; Yin, M.; Boivin, G.P.; Howles, P.N.; Ding, J.; Fergson, M.W.; Doetschman, T. Transforming growth factor-beta 3 is required for secondary palate fusion. Nat. Genet. 1995, 11, 409–414. [Google Scholar]

	



Lan, Y.; Ovitt, C.E.; Cho, E.S.; Maltby, K.M.; Wang, Q.; Jiang, R. Odd-skipped related 2 (Osr2) encodes a key intrinsic regulator of secondary palate growth and morphogenesis. Development 2004, 131, 3207–3216. [Google Scholar] [CrossRef]

	



Jin, J.-Z.; Tan, M.; Warner, D.R.; Darling, D.S.; Higashi, Y.; Gridley, T.; Ding, J. Mesenchymal cell remodeling during mouse secondary palate reorientation. Dev. Dyn. 2010, 239, 2110–2117. [Google Scholar] [CrossRef]

	



Yu, K.; Ornitz, D.M. Histomorphological study of palatal shelf elevation during murine secondary palate formation. Dev. Dyn. 2011, 240, 1737–1744. [Google Scholar] [CrossRef]

	



Zhou, J.; Gao, Y.; Lan, Y.; Jia, S.; Jiang, R. Pax9 regulates a molecular network involving Bmp4, Fgf10, Shh signaling and the Osr2 transcription factor to control palate morphogenesis. Development 2013, 140, 4709–4718. [Google Scholar] [CrossRef]

	



Sasaki, Y.; O’Kane, S.; Dixon, J.; Dixon, M.J.; Ferguson, M.W.J. Temporal and spatial expression of Pax9 and sonic hedgehog during development of normal mouse palates and cleft palates in TGF-beta3 null embryos. Arch. Oral Biol. 2007, 52, 260–267. [Google Scholar] [CrossRef]

	



Fitzpatrick, D.R.; Denhez, F.; Kondaiah, P.; Akhurst, R.J. Differential expression of TGF beta isoforms in murine palatogenesis. Development 1990, 109, 585–595. [Google Scholar] [CrossRef]

	



Stapleton, P.; Weith, A.; Urbánek, P.; Kozmik, Z.; Busslinger, M. Chromosomal localization of seven PAX genes and cloning of a novel family member, PAX-9. Nat. Genet. 1993, 3, 292–298. [Google Scholar] [CrossRef] [PubMed]

	



Lan, Y.; Kingsley, P.D.; Cho, E.S.; Jiang, R. Osr2, a new mouse gene related to Drosophila odd-skipped, exhibits dynamic expression patterns during craniofacial, limb, and kidney development. Mech. Dev. 2001, 107, 175–179. [Google Scholar] [CrossRef]

	



Gao, Y.; Lan, Y.; Ovitt, C.E.; Jiang, R. Functional equivalence of the zinc finger transcription factors Osr1 and Osr2 in mouse development. Dev. Biol. 2009, 328, 200–209. [Google Scholar] [CrossRef] [PubMed]

	



Herpin, A.; Lelong, C.; Favrel, P. Transforming growth factor-beta-related proteins: An ancestral and widespread superfamily of cytokines in metazoans. Dev. Comp. Immunol. 2004, 28, 461–485. [Google Scholar] [CrossRef]

	



Takeichi, M. The cadherins: Cell-cell adhesion molecules controlling animal morphogenesis. Development 1988, 102, 639–655. [Google Scholar] [CrossRef]

	



Brock, L.J.; Economou, A.D.; Cobourne, M.T.; Green, J.B.A. Mapping cellular processes in the mesenchyme during palatal development in the absence of Tbx1 reveals complex proliferation changes and perturbed cell packing and polarity. J. Anat. 2016, 228, 464–473. [Google Scholar] [CrossRef]

	



Ryynänen, J.; Kriebizsch, C.; Meyer, M.B.; Janssens, I.; Pike, J.W.; Verlinden, L.; Verstuyf, A. Class 3 semaphorins are transcriptionally regulated by 1,25(OH)2D3 in osteoblasts. J. Steroid. Biochem. Mol. Biol. 2017, 173, 185–193. [Google Scholar] [CrossRef]

	



Fu, X.; Xu, J.; Chaturvedi, P.; Liu, H.; Jiang, R.; Lan, Y. Identification of Osr2 transcriptional target genes inn palate development. J. Dent. Res. 2017, 96, 1451–1458. [Google Scholar] [CrossRef]

	



Hammond, N.L.; Dixon, J.; Dixon, M.J. Periderm: Life-cycle and function during orofacial and epidermal development. Semin. Cell Dev. Biol. 2019, 91, 75–83. [Google Scholar] [CrossRef]

	



Iwata, J.; Suzuki, A.; Pelikan, R.C.; Ho, T.-V.; Sanchez-Lara, P.A.; Urata, M.; Dixon, M.J.; Chai, Y. Smad4-Irf6 genetic interaction and TGFβ-mediated IRF6 signaling cascade are crucial for palatal fusion in mice. Development 2013, 140, 1220–1230. [Google Scholar] [CrossRef]

	



Biggs, L.C.; Naridze, R.L.; Demali, K.A.; Lusche, D.F.; Kuhl, S.; Soll, D.R.; Schutte, B.C.; Dunnwald, M. Interferon regulatory factor 6 regulates keratinocyte migration. J. Cell Sci. 2014, 127, 2840–2848. [Google Scholar] [CrossRef] [PubMed]

	



Chiquet, M.; Blumer, S.; Angelini, M.; Mitsiadis, T.A.; Katsaros, C. Mesenchymal remodeling during palatal shelf elevation revealed by extracellular matrix and F-actin expression patterns. Front. Physiol. 2016, 7, 392. [Google Scholar] [CrossRef]

	



Wang, X.; Li, C.; Zhu, Z.; Yuan, L.; Chan, W.Y.; Sha, O. Extracellular matrix remodeling during palate development. Organogenesis 2020, 16, 43–60. [Google Scholar] [CrossRef] [PubMed]

	



Du, W.; Bhojwani, A.; Hu, J.K. FACEs of mechanical regulation in the morphogenesis of craniofacial structures. Int. J. Oral Sci. 2021, 13, 4. [Google Scholar] [CrossRef] [PubMed]

	



Heisenberg, C.-P.; Bellaïche, Y. Forces in tissue morphogenesis and patterning. Cell 2013, 153, 948–962. [Google Scholar] [CrossRef] [PubMed]

	



Kindberg, A.; Hu, J.K.; Bush, J.O. Forces to communicate: Integration of mechanical and biochemical signaling in morphogenesis. Curr. Opin. Cell Biol. 2020, 66, 59–68. [Google Scholar] [CrossRef] [PubMed]

	



Le Duc, Q.; Shi, Q.; Blonk, I.; Sonnenberg, A.; Wang, N.; Leckband, D.; de Rooji, J. Vinculin potentiates E-cadherin mechanosensing and is recruited to actin-anchored sites within adherens junctions in a myosin Ⅱ-dependent manner. J. Cell Biol. 2010, 189, 1107–1115. [Google Scholar] [CrossRef]








[image: Ijms 23 05160 g001 550] 





Figure 1. Hematoxylin- and eosin-stained coronal sections of the developing palatal shelves. Histological changes before (E13.5) and after (E14.5) palatal elevation. Coronal planes along the anterior–posterior axis in embryos: anterior (anterior to molar tooth bud), middle (same plane as molar tooth bud), and posterior (posterior to molar tooth bud). The boxed areas show the corresponding areas at higher magnification in Figure 2 and Figure 3. Scale bar: 500 μm. 
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Figure 2. The immunohistochemical patterns of Pax9, Osr2, and Tgfβ3 expression during palate development. Confocal micrographs of immunostaining for (A–F) Pax9, (G–L) Osr2, and (M–R) Tgfβ3 obtained at both E13.5 and E14.5 palatal shelves in anterior-to-posterior parts. Scale bar: 50 μm. 
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Figure 3. The immunohistochemical patterns of F-actin, E-cadherin, and Ki67 expression during palate development. Confocal micrographs of immunostaining for (A–F) F-actin, (G–L) E-cadherin, and (M–R) Ki67 obtained at both E13.5 and E14.5 palatal shelves in anterior-to-posterior parts. Scale bar: 50 μm. 
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Figure 4. Spatial differences in anterior-to-posterior parts of the palatal shelf in both (A–F) E13.5 and (G–L) E14.5 through an RT–PCR assay. The results are expressed as the fold change in gene expression compared to lingual/nasal regions as a control and are presented as the mean ± SEM (n = 5). Student’s t-test was used to analyze the difference. * p < 0.05 and ** p < 0.01 were considered statistically significant. 
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Figure 5. Temporal differences in anterior-to-posterior parts of the palatal shelf in both (A–F) lingual/nasal and (G–L) buccal/oral regions through an RT–PCR assay. The results are expressed as the fold change in gene expression compared to E13.5 as a control and are presented as the mean ± SEM (n = 5). Student’s t-test was used to analyze the difference. ** p < 0.01 was considered statistically significant. 
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