

[image: image]





FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual articles in this ebook is the property of their respective authors or their respective institutions or funders. The copyright in graphics and images within each article may be subject to copyright of other parties. In both cases this is subject to a license granted to Frontiers. 

The compilation of articles constituting this ebook is the property of Frontiers. 

Each article within this ebook, and the ebook itself, are published under the most recent version of the Creative Commons CC-BY licence. The version current at the date of publication of this ebook is CC-BY 4.0. If the CC-BY licence is updated, the licence granted by Frontiers is automatically updated to the new version. 

When exercising any right under the CC-BY licence, Frontiers must be attributed as the original publisher of the article or ebook, as applicable. 

Authors have the responsibility of ensuring that any graphics or other materials which are the property of others may be included in the CC-BY licence, but this should be checked before relying on the CC-BY licence to reproduce those materials. Any copyright notices relating to those materials must be complied with. 

Copyright and source acknowledgement notices may not be removed and must be displayed in any copy, derivative work or partial copy which includes the elements in question. 

All copyright, and all rights therein, are protected by national and international copyright laws. The above represents a summary only. For further information please read Frontiers’ Conditions for Website Use and Copyright Statement, and the applicable CC-BY licence.



ISSN 1664-8714
ISBN 978-2-8325-4187-6
DOI 10.3389/978-2-8325-4187-6

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is a pioneering approach to the world of academia, radically improving the way scholarly research is managed. The grand vision of Frontiers is a world where all people have an equal opportunity to seek, share and generate knowledge. Frontiers provides immediate and permanent online open access to all its publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-access, online journals, promising a paradigm shift from the current review, selection and dissemination processes in academic publishing. All Frontiers journals are driven by researchers for researchers; therefore, they constitute a service to the scholarly community. At the same time, the Frontiers journal series operates on a revolutionary invention, the tiered publishing system, initially addressing specific communities of scholars, and gradually climbing up to broader public understanding, thus serving the interests of the lay society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely collaborative interactions between authors and review editors, who include some of the world’s best academicians. Research must be certified by peers before entering a stream of knowledge that may eventually reach the public - and shape society; therefore, Frontiers only applies the most rigorous and unbiased reviews. Frontiers revolutionizes research publishing by freely delivering the most outstanding research, evaluated with no bias from both the academic and social point of view. By applying the most advanced information technologies, Frontiers is catapulting scholarly publishing into a new generation.

What are Frontiers Research Topics? 

Frontiers Research Topics are very popular trademarks of the Frontiers journals series: they are collections of at least ten articles, all centered on a particular subject. With their unique mix of varied contributions from Original Research to Review Articles, Frontiers Research Topics unify the most influential researchers, the latest key findings and historical advances in a hot research area.


Find out more on how to host your own Frontiers Research Topic or contribute to one as an author by contacting the Frontiers editorial office: frontiersin.org/about/contact





Perspectives in genetic and epigenetic regulatory mechanisms in dental and craniofacial biology

Topic editors

Weimin Lin – Sichuan University, China

Dian Jing – Shanghai Jiao Tong University, China

Yunshu Wu – Peking University Hospital of Stomatology, China

Long Guo – Laboratory for Bone and Joint Diseases, RIKEN Center for Integrative Medical Sciences, Japan

Citation

Lin, W., Jing, D., Wu, Y., Guo, L., eds. (2024). Perspectives in genetic and epigenetic regulatory mechanisms in dental and craniofacial biology. Lausanne: Frontiers Media SA. doi: 10.3389/978-2-8325-4187-6





Table of Contents




Crucial Roles of microRNA-16-5p and microRNA-27b-3p in Ameloblast Differentiation Through Regulation of Genes Associated With Amelogenesis Imperfecta

Akiko Suzuki, Hiroki Yoshioka, Teng Liu, Aania Gull, Naina Singh, Thanh Le, Zhongming Zhao and Junichi Iwata

Case Report: Prenatal Diagnosis of a Novel Variant c.251dupT (p.N87Kfs*6) in BCOR Resulting in Oculofaciocardiodental Syndrome Using Whole-Exome Sequencing

Jianlong Zhuang, Chunnuan Chen, Yu’e Chen, Shuhong Zeng, Yuying Jiang, Yuanbai Wang, Xinying Chen, Yingjun Xie and Gaoxiong Wang

Oral Phenotype of Singleton–Merten Syndrome: A Systematic Review Illustrated With a Case Report

Margot Charlotte Riou, Muriel de La Dure-Molla, Stéphane Kerner, Sophie Rondeau, Adrien Legendre, Valerie Cormier-Daire and Benjamin P. J. Fournier

Targeted re-sequencing on 1p22 among non-syndromic orofacial clefts from Han Chinese population

Mu-Jia Li, Jia-Yu Shi, Bi-He Zhang, Qian-Ming Chen, Bing Shi and Zhong-Lin Jia

Frequent cleft lip and palate in families with pathogenic germline CDH1 variants

Benjamin L. Green, Grace-Ann Fasaye, Sarah G. Samaranayake, Anna Duemler, Lauren A. Gamble and Jeremy L. Davis

Exploring the causal relationship between gastroesophageal reflux and oral lesions: A mendelian randomization study

Linjing Shu and Xu Tong

Ectomesenchymal Six1 controls mandibular skeleton formation

Songyuan Luo, Zhixu Liu, Qian Bian and Xudong Wang

Effects of Dlx2 overexpression on the genes associated with the maxillary process in the early mouse embryo

Jian Sun, Jianfei Zhang, Qian Bian and Xudong Wang

Candidate genes for obstructive sleep apnea in non-syndromic children with craniofacial dysmorphisms – a narrative review

Zuzana Marincak Vrankova, Jan Krivanek, Zdenek Danek, Jiri Zelinka, Alena Brysova, Lydie Izakovicova Holla, James K. Hartsfield Jr and Petra Borilova Linhartova

Case report: ADULT syndrome: a rare case of congenital lacrimal duct abnormality

Jichao Zhou, Yuchen Wang, Yinghong Zhang, Debo You and Yi Wang



		ORIGINAL RESEARCH
published: 25 March 2022
doi: 10.3389/fgene.2022.788259


[image: image2]
Crucial Roles of microRNA-16-5p and microRNA-27b-3p in Ameloblast Differentiation Through Regulation of Genes Associated With Amelogenesis Imperfecta
Akiko Suzuki1,2, Hiroki Yoshioka1,2, Teng Liu3, Aania Gull1,2, Naina Singh2, Thanh Le1,2, Zhongming Zhao3,4,5* and Junichi Iwata1,2,5*
1Department of Diagnostic and Biomedical Sciences, School of Dentistry, The University of Texas Health Science Center at Houston, Houston, TX, United States
2Center for Craniofacial Research, The University of Texas Health Science Center at Houston, Houston, TX, United States
3Center for Precision Health, School of Biomedical Informatics, The University of Texas Health Science Center at Houston, Houston, TX, United States
4Human Genetics Center, School of Public Health, The University of Texas Health Science Center at Houston, Houston, TX, United States
5MD Anderson Cancer Center UTHealth Graduate School of Biomedical Sciences, Houston, TX, United States
Edited by:
James Kennedy Hartsfield, University of Kentucky, United States
Reviewed by:
Brad A. Amendt, The University of Iowa, United States
Anne George, University of Illinois at Chicago, United States
* Correspondence: Zhongming Zhao, Zhongming.Zhao@uth.tmc.edu; Junichi Iwata, Junichi.Iwata@uth.tmc.edu
Specialty section: This article was submitted to Genetics of Common and Rare Diseases, a section of the journal Frontiers in Genetics
Received: 08 October 2021
Accepted: 11 March 2022
Published: 25 March 2022
Citation: Suzuki A, Yoshioka H, Liu T, Gull A, Singh N, Le T, Zhao Z and Iwata J (2022) Crucial Roles of microRNA-16-5p and microRNA-27b-3p in Ameloblast Differentiation Through Regulation of Genes Associated With Amelogenesis Imperfecta. Front. Genet. 13:788259. doi: 10.3389/fgene.2022.788259

Amelogenesis imperfecta is a congenital disorder within a heterogeneous group of conditions characterized by enamel hypoplasia. Patients suffer from early tooth loss, social embarrassment, eating difficulties, and pain due to an abnormally thin, soft, fragile, and discolored enamel with poor aesthetics and functionality. The etiology of amelogenesis imperfecta is complicated by genetic interactions. To identify mouse amelogenesis imperfecta-related genes (mAIGenes) and their respective phenotypes, we conducted a systematic literature review and database search and found and curated 70 mAIGenes across all of the databases. Our pathway enrichment analysis indicated that these genes were enriched in tooth development-associated pathways, forming four distinct groups. To explore how these genes are regulated and affect the phenotype, we predicted microRNA (miRNA)-gene interaction pairs using our bioinformatics pipeline. Our miRNA regulatory network analysis pinpointed that miR-16-5p, miR-27b-3p, and miR-23a/b-3p were hub miRNAs. The function of these hub miRNAs was evaluated through ameloblast differentiation assays with/without the candidate miRNA mimics using cultured mouse ameloblast cells. Our results revealed that overexpression of miR-16-5p and miR-27b-3p, but not miR-23a/b-3p, significantly inhibited ameloblast differentiation through regulation of mAIGenes. Thus, our study shows that miR-16-5p and miR-27b-3p are candidate pathogenic miRNAs for amelogenesis imperfecta.
Keywords: enamel, amelogenesis imperfecta, tooth defects, pathogenic gene, microRNA, ameloblast differentiation
INTRODUCTION
Enamel is composed of inorganic and organic matter and water. The inorganic component, called hydroxyapatite, mainly comprises calcium, phosphate, magnesium, potassium, fluoride, and sodium, whereas the organic component includes enamel matrix proteins and enzymes. FAM20C is a Golgi-localized serine/threonine-protein kinase that is activated by FAM20A (Cui et al., 2015; Ohyama et al., 2016) and phosphorylates enamel matrix proteins, including Amelogenin (AMELX), Amelotin (AMTN), and Enamelin (ENAM), for mineralization (Ishikawa et al., 2012; Tagliabracci et al., 2012; Wang et al., 2013; Cui et al., 2015). The phosphorylated enamel matrixes provide a platform for further mineralization, during which they are cleaved and degraded by MMP20 and KLK4, and then removed from the hydroxyapatite crystals (Hu et al., 2007; Hu and Simmer, 2007). A failure in the degradation of the enamel matrixes leads to retention of enamel matrix residues between the hydroxyapatite crystals, abnormal crystal formation, and immature enamel formation (Simmer and Hu, 2002; Kwak et al., 2016; Yamazaki et al., 2019). Recent studies suggest that WDR72 may be important for the resorption of the enamel matrixes (especially for AMELX) from the extracellular matrix (ECM) through endocytosis of ameloblasts (Katsura et al., 2014; Wang et al., 2015).
Amelogenesis imperfecta (a.k.a. enamel hypoplasia) is a congenital disorder that affects the tooth surface and is characterized by abnormal enamel formation (Gadhia et al., 2012; Williams and Letra, 2018). The frequency of the condition varies among different populations worldwide, e.g., 1:700 in Sweden (Backman and Holm, 1986), 43:10,000 in Turkey (Altug-Atac and Erdem, 2007), and 1:14,000 in the United States (Crawford et al., 2007). The disorder may manifest by itself through a mutation in genes encoding enamel proteins or may accompany other morphological defects in tooth development (Aldred et al., 2003; Stephanopoulos et al., 2005; Smith et al., 2017). The affected enamel displays a wide range of severity of abnormalities, ranging from pits and grooves on the tooth’s surface to a complete loss of enamel, which results in easily brittle and worn teeth. These patients suffer from poor esthetic appearance due to tooth discoloration, abnormal tooth shape, open bite, and premature tooth loss, in addition to tooth pain, eating difficulties, and frequent and full-mouth dental maintenance and treatment (Hashem et al., 2013).
Based on the distinct phenotype and mode of inheritance, amelogenesis imperfecta can be divided into four major categories: hypoplastic enamel, hypomaturation enamel, hypocalcified enamel, and hypomature-hypoplastic enamel with taurodontism (Aldred and Crawford, 1995; Aldred et al., 2003). In hypoplastic enamel (type I), the enamel is thinner than usual but can retain its typical hardness and translucency. Due to the enamel matrix’s malfunction, the mature enamel layer often presents pits and grooves; other consequences of the thin enamel include lack of occlusion owing to small or absent cusps in the posterior molars. A distinct difference in density between dentin and the enamel layers can be seen in radiographs (Witkop, 1988; Wright, 2006). In the case of hypomaturation enamel (type II), the enamel is softer than normal due to a failure in protein removal during the maturation stage of amelogenesis. These enamel proteins that remain in the matrixes compromise the enamel matrix structure and crystal growth. While enamel thickness appears normal, its hardness is lower, resulting in pits on the surface and rapid wear. In radiographs, the enamel layer appears similar to dentin due to reduced density (Witkop, 1988; Wright, 2006). In hypocalcified enamel (type III), the enamel is softer, rougher, and more prone to rapid wear than in type II cases due to abnormal mineralization (Witkop, 1988; Urzua et al., 2011). While the enamel appears to be of normal thickness, the abnormal mineralization leads to extremely brittle teeth without a smooth and translucent appearance. The dentin in these cases is more radiopaque than the enamel (Witkop, 1988; Wright, 2006). Lastly, in the hypomature/hypoplastic enamel with taurodontism (type IV), patients have thin, pitted enamel with enlarged pulp chambers in the molars (Witkop, 1988; Wright, 2006).
Clinically, patients often present a mixed phenotype. Treatment for amelogenesis imperfecta consists in the prevention of gradual occlusal wear, in which case early detection is beneficial. Full-mouth prosthetics can preserve the remaining enamel, prevent further tooth loss, and reduce pain caused by dentin exposure (Strauch and Hahnel, 2018).
While various genetic mutations have been reported in amelogenesis imperfecta, the regulatory network remains unknown. MicroRNAs (miRNAs), typically 21–22 nucleotide long, negatively regulate gene expression at the post-transcriptional stage and usually have multiple target genes and control their expression at the regulatory network level (Guo et al., 2010; Li et al., 2020). Recent studies suggest that miRNAs play crucial roles in tooth development (Fan et al., 2015; Farmer and Mcmanus, 2017; Jin et al., 2017); therefore, this study aimed to identify the regulatory network of genes and miRNAs associated with amelogenesis imperfecta. A better understanding of the mechanism of amelogenesis imperfecta can potentially lead to the development of novel preventive and therapeutic interventions.
MATERIALS AND METHODS
Eligibility Criteria for the Systematic Review
This systematic review followed the publishing guidelines and checklist established by PRISMA (Preferred Reporting Items for Systematic Review and Meta-Analysis). Articles were included and excluded based on the following eligibility criteria: 1) Inclusion criteria: described genes causing or potentially associated with amelogenesis imperfecta and enamel hypoplasia in species other than humans; published as original articles (not as review articles, editorials, dissertations, conference proceedings, or comments); and published in the English language; 2) Exclusion criteria: gene mutations were not described in the original articles; enamel defects resulting from exposure to environmental risk factors; cell-based experiments, molecular and biochemical analyses, structural and component analyses, and evolutional researches; and the articles failed to fit in any of the above criteria but did not include amelogenesis imperfecta candidate genes or related information.
Information Sources and Search
The search for articles was conducted through three central literature databases: Medline (Ovid), PubMed (National Library of Medicine), and Embase (Ovid). In addition, relevant articles were searched in Scopus (Elsevier) to retrieve any studies missed in the database searches. Concepts included in the search to identify studies were amelogenesis imperfecta and genetics (gene mutation). No specific species was included in the keywords since our review included all species. A combination of Medical Subject Headings (MeSH) terms and titles, abstracts, and keywords was developed to obtain the initial Medline search string, and then adapted to the searches of the other databases. The Mouse Genome Informatics (MGI) database was searched using keywords “amelogenesis imperfecta,” “enamel hypoplasia,” “tooth enamel,” “tooth mineralization,” and “enamel mineralization” in order to provide a means of comparison and validation for the systematic review and identify genes that were potentially missed in the database searches.
Study Selection and Data Collection
The citations searched were stored in Rayyan (https://rayyan.qcri.org/welcome), an online application for systematic reviews that stores the citations/results, automatically processes the removal of duplicates obtained through various database searches, and tracks the decisions made during the systematic review. The primary Excel workbook designed for the systematic review (http://libguides.sph.uth.tmc.edu/excel_SR_workbook) was also used for tracking search strategies and results. A Cohen’s kappa test was conducted by two screeners to check the reliability of study selection during title and abstract screening. After achieving a >90% score for the Cohen’s Kappa test, all the titles and abstracts found through the database search were full-text reviewed by the two screeners independently. All the screening results were recorded in the Primary Excel workbook, and a codebook for data collection from eligible articles was developed as previously described (Sangani et al., 2015).
Bioinformatics Analysis
The Database for Annotation, Visualization, and Integrated Discovery (DAVID) (http://david.abcc.ncifcrf.gov/) was used for the gene set enrichment analysis. Gene Ontology (GO), including its Biological Process (BP), Molecular Function (MF), and Cellular Component (CC), and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were used as reference gene sets (Sun H. et al., 2019). The top five most significant pathways or GO terms were selected for further analysis. k-means was used to cluster the gene functional enrichment results and the square error to extract the closest clusters. The highly-expressed mouse tooth miRNAs were retrieved from the publications (Cao et al., 2010). The miRNA-mAIGene regulations were integrated using the data from four databases: TargetScan (version 7.1) (Agarwal et al., 2015), miRanda (August 2010 Release) (John et al., 2004), miRTarBase (Release 7.0) (Huang et al., 2020), and PITA (version 6) (Kertesz et al., 2007). Considering the possibility of false results and multiple targets for each miRNA in these databases, the intersection of miRanda and PITA was merged with the intersection of TargetScan and miRTarBase to obtain reliable miRNA-mAIGene pairs. This conservative approach was demonstrated to effectively reduce the prediction of false-positive miRNA-mAIGene pairs (Jiang et al., 2016; Bonnet et al., 2020). Each gene set (GO term or KEGG pathway) containing at least two genes was used in the core miRNA family-based regulatory network. A Fisher’s exact test was applied to assess the enrichment significance of the miRNAs. All networks were visualized using Cytoscape (Shannon et al., 2003).
Cell Culture
The mHAT9d mouse dental epithelial cell line originated from the apical bud of the incisors was a gift from Dr. Hidemitsu Harada (Iwate Medical University, Iwate, Japan). mHAT9d cells were cultured in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12; Thermo Fisher Scientific) supplemented with B-27 (Thermo Fisher Scientific), 25 ng/ml basic FGF (233-FB; R&D Systems), 20 ng/ml EGF (2028-EG; R&D Systems), and penicillin/streptomycin (Otsu et al., 2016). The LS8 cell line (Chen et al., 1992) was provided by Dr. Malcolm Snead (University of Southern California). Cells were plated at a density of 60,000 cells onto a 12-well cell culture plate and maintained until 80% confluence. The cells were treated with mimic for a negative control, miR-16-5p, miR-23a-3p, miR-23b-3p, miR-27b-3p, or miR-214-3p (mirVana miRNA mimic, Thermo Fischer Scientific) using Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific), according to the manufacturer’s protocol (24 pmol of mimic and 3 μL of transfection reagent in 1 ml of medium per well). After 24 h of treatment, the cells at 100% confluence were cultured with differentiation medium [including 15 μg/ml retinoic acid (R2625, Sigma Aldrich) and 0.1 μM dexamethasone (D4902, Sigma Aldrich)] in order to induce ameloblast differentiation.
Bromodeoxyuridine (BrdU) Incorporation Assay
mHAT9d cells were plated onto ibiTreat 8-well μ-slides (ibidi GmbH, Munich district, Germany) at a density of 10,000/chamber and cultured until 80% confluence. Cells were then treated with a mimic for miR-16-5p, miR-27b-3p, or control using Lipofectamine RNAiMAX transfection reagent (4.8 pmol of mimic with 0.48 µL of transfection reagent in 200 µL of proliferation medium). After 24 h of transfection, the cells were cultured under differentiation medium for 48 h. In addition, cells were treated with 100 μg/ml BrdU (Sigma Aldrich) for 1 h at day 2 of differentiation (n = 6 per group) and visualized with a rat monoclonal antibody against BrdU (ab6326; Abcam, 1:1,000), as previously described (Yoshioka et al., 2021a). BrdU-positive cells were quantified using images from six independent experiments.
RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction
Total RNAs were isolated from cells treated with mimics for the target miRNAs or negative control (n = 6 per group) using the QIAshredder and RNeasy mini extraction kit or the miRNeasy mini kit (QIAGEN), as previously described (Suzuki et al., 2019; Yan et al., 2020). In addition, total RNAs were isolated from ameloblasts at each stage of differentiation (pre-secretion, secretion, and maturation) in the lower incisors of 8-week old males C57BL/6J mice (n = 3). Briefly, the lower incisors were extracted, and ameloblasts were manually dissected and separated into three parts [apical 1/3 (pre-secretion), middle 1/3 (secretion), and incisal 1/3 (maturation) between the cervical loop and bony ridge of the incisor] under a dissection microscope. cDNA was reverse-transcribed with the iScript Reverse Transcription Super Mix (BioRad) and amplified with the iTaq Universal SYBER Green Super Mix (BioRad) using a CFX96 Touch Real-Time PCR Detection System (BioRad). The expression of genes was normalized with Gapdh. miRNA expression during ameloblast differentiation was detected with Taqman Fast Advanced Master Mix and Taqman Advanced miR cDNA Synthesis Kit (Thermo Fisher Scientific), according to the manufacturer’s instructions. The PCR primers used are listed in Supplementary Table S1.
Immunofluorescence Analysis
The cells were plated onto ibiTreat 8-well μ-slides (ibidi GmbH, Munich district, Germany) at a density of 10,000/chamber and maintained until 80% confluency. The cells were then treated with mimics for miR-16-5p, miR-27b-3p, or a negative control, using Lipofectamine RNAiMAX transfection reagent (4.8 pmol of mimic with 0.48 µL of transfection reagent in 200 µL of differentiation medium) (n = 4 per group). After 24 h of treatment, the medium was replaced with differentiation medium for 2 days. AMELX expression was detected with anti-AMELX rabbit polyclonal antibody (ab153915, Abcam, 1:250), as previously described (Yoshioka et al., 2021b). Immunofluorescent images were captured with a confocal microscope (Ti-E, Nikon United States).
Immunoblotting
The cells were plated onto 12-well plates at a density of 60,000 per well, maintained until 80% confluence, and treated with either miR-16-5p, miR-27b-3p, or a negative control mimic, for 24 h (n = 3 per group). The cells were then cultured in ameloblast differentiation medium for another 48 h. The treated cells were lysed with RIPA buffer (Thermo Fisher Scientific) containing a protease inhibitor cocktail (Roche) and centrifuged at 21,130 × g for 20 min at 4°C. The protein concentration of the supernatants was measured with the BCA protein kit (Pierce). Protein samples (30 μg) were applied to Mini-PROTEAN TGX Gels (Bio-Rad) and transferred to a polyvinylidene difluoride (PVDF) membrane. Anti-AMELX rabbit polyclonal antibody (ab153915, Abcam, 1:1,000), anti-KLK4 rabbit polyclonal antibody (PA5-109888, Thermo Fisher Scientific, 1:750), anti-MMP20 rabbit polyclonal antibody (55467-1-AP, Proteintech, 1:750), and anti-GAPDH mouse monoclonal antibody (MAB374, Millipore, 1:6,000) were used for immunoblotting. Peroxidase-conjugated anti-rabbit IgG (7074, Cell Signaling Technology, 1:100,000) and anti-mouse IgG (7076, Cell Signaling Technology, 1:100,000) were used as secondary antibodies. All immunoblotting experiments were performed three times to validate the results.
Rescue Experiment
Cells were plated on 12-well cell culture plates at a density of 60,000 cells per well, or on ibiTreat 8-well μ-slides (ibidi GmbH, Munich district, Germany), at a density of 10,000 cells per well and maintained until 80% confluence. The cells were treated with mimics for a negative control, miR-16-5p, or miR-27b-3p (4.8 pmol for 12-well plates and 1.2 pmol for ibiTreat 8-well μ-slides) with a combination of overexpression vectors [100 ng (12-well plates) or 25 ng (ibiTreat 8-well μ-slides)] using Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific), according to the manufacturer’s protocol, which was followed by treatment with Eda (Antibodies-online Inc., ABIN3291185), Relt (Antibodies-online Inc., ABIN4054001), or Smad3 (Antibodies-online Inc., ABIN3809504) for the miR-16-5p mimic, or Bmp2 (Antibodies-online Inc., ABIN4045152), Pax9 (Antibodies-online Inc., ABIN4216431), or Slc24a4 (Addgene, 75208) for the miR-27b-3p mimic (n = 6 per group). After 24 h of transfection, the medium was switched to differentiation medium for 2 days.
Statistical Analysis
Statistical comparisons between two groups were performed with a two-tailed Student’s t-test. Multiple comparisons were conducted with one-way analysis of variance with the Tukey–Kramer post hoc test. A p-value of less than 0.05 was considered as statistically significant. For all groups, data were represented as mean ± SD.
RESULTS
Literature and Database Search
A total of 4,846 articles were extracted from a database compilation of multiple sources through a search conducted using Rayyan (Ouzzani et al., 2016). After resolving duplicates with RefWorks, 2,306 articles were selected for further screening. A total of 2,207 articles were excluded because there was no underlying genetic mechanism dictating the gene findings or the articles did not mention any relevant study or research conducted in humans. A total of 99 articles were further reviewed and qualified through a full-text review (Figure 1A), referring to 89 studies in mice, seven in rats, two in dogs, and one in cattle. A total of 44 genes [42 genes in mice with single gene mutations and two additional genes (Bmp4 and Stim2) in compound mutant models] were identified in mice as genes associated with amelogenesis imperfecta through the systematic review (Supplementary Table S2). A search of the Mouse Genome Informatics (MGI) database identified a total of 59 mouse lines after the removal of duplicates. Upon validation of the enamel phenotype through review of the extracted articles, we identified 35 genes primarily associated with amelogenesis imperfecta (Supplementary Table S3). Among these 35 genes, 15 were uniquely found in the MGI search, and 19 were common in the systematic review and MGI search. Through a manual literature search, we identified additional 11 genes associated with amelogenesis imperfecta (Supplementary Table S4). As a result, a total of 70 genes were identified and curated [68 genes in single-gene mutant mice (Table 1) and two additional genes (after exclusion of overlapping genes in Table 1) in compound mutant mice (Table 2)] as genes associated with amelogenesis imperfecta (a.k.a. enamel hypoplasia) in mice (Figure 1B), hereafter referred as mouse amelogenesis imperfecta-related genes (mAIGenes). In addition, we found that three genes in rats, three genes in dogs, and one gene in cattle were reported in amelogenesis imperfecta (Supplementary Table S5). Among the 70 genes, mutations in 33 genes were reported in humans with amelogenesis imperfecta in isolated or syndromic cases.
[image: Figure 1]FIGURE 1 | Summary of the literature search. (A) PRISMA flowchart for amelogenesis imperfecta articles in different species other than humans. (B) Venn diagram for the amelogenesis imperfecta study.
TABLE 1 | Single mutation mouse models with enamel defects
[image: Table 1]TABLE 2 | Compound mutant mouse models with enamel defects.
[image: Table 2]These mAIGenes were further categorized into three classes of amelogenesis imperfecta based on gross anatomical observation, histological analysis, microCT, and component analyses, which all are established in human cases: hypoplastic/enamel hypoplasia/no enamel (40 genes), hypomaturation (6 genes), hypomineralized/hypocalcified (39 genes), and unknown detailed classification (4 genes) (Table 3). Some genes exhibited a combined phenotype, as seen in humans. It should be noted that different mutational strategies for deletion, overexpression, or knock-in of the same gene sometimes resulted in different tooth phenotypes. This suggests that subtle changes in the expression or deletion of non-coding genomic sequences may affect the expression and function of genes that are crucial for enamel formation.
TABLE 3 | Classification of enamel defects.
[image: Table 3]Among the mAIGenes, 12 genes (Ambn, Amelx, Amtn, Col17a1, Csf1, Dmp1, Dspp, Enam, Lama3, Lamb3, Lamc2, and Postn) were grouped in the extracellular matrix (ECM) pathway, 11 genes (Alpl, Fam20a, Fam20c, Hras, Klk4, Map3k7, Mmp20, Plau, Rac1, Rhoa, and Tcirg1) in the enzyme pathway, and seven genes (Cftr, Cnnm4, Slc4a4, Slc10a7, Slc12a2, Slc13a5, and Slc24a4) in the ion exchanger/transporter pathway. Moreover, three genes (Stim1, Stim2, and Tmbim6) were related to a calcium ion sensor or regulator, and six genes (Cldn3, Cldn16, Ctnnb1, Gja1, Nectin1, and Nectin3) were involved in cell-cell or cell-ECM adhesions. Since ameloblasts secrete enamel proteins, mutations in genes related to ECM and enamel proteins support their causal roles in amelogenesis imperfecta. In addition, a substantial number of genes were involved in growth factor signaling cascades: four were growth factors (Bmp2, Bmp4, Gdnf, and Tgfb1), five receptors (Fgfr1, Itgb1, Itgb6, Relt, and Tgfbr2), 15 transcription factors (Ascl5, Bcl11b, Ctnnb1, Dlx3, Foxo1, Irf6, Msx2, Pax9, Pitx2, Runx1, Runx2, Sp3, Sp6, Sp7, and Tbx1), two transcriptional regulators (Hmgn2 and Med1), and one a signal mediator (Smad3). Since these factors are involved in various developmental processes, the mutations would be related to syndromic cases with various developmental defects beyond amelogenesis imperfecta (Table 4).
TABLE 4 | Functional category of amelogenesis imperfecta-related genes.
[image: Table 4]Functional Enrichment Analysis of mAIGenes
To further explore the functional features of mAIGenes, we performed a functional enrichment analysis and functional module cluster analysis (Figure 2A). Using a false discovery rate (FDR) < 0.01, we obtained 32 gene sets that were significantly enriched in mAIGenes, including four pathways from Kyoto Encyclopedia of Genes and Genomes (KEGG) annotations, 24 Gene Ontology (GO) Biological Process (BP) terms, three GO Cellular Component (CC) terms, and one GO Molecular Function (MF) term (Table 5). Among the top 20 most significant gene sets, genes associated with tooth development (e.g., enamel mineralization, biomineral tissue development, and odontogenesis of dentin-containing tooth) were among the most significantly enriched (Figure 2B). To investigate how these functional terms and pathways are interrelated, we used the k-means algorithm to cluster them (Supplementary Figure S1A). This analysis revealed four groups (Table 5), including the 32 gene sets mentioned above and 63 mAIGenes in the module network (Figure 2C). The groups were ordered by number of gene set, with the smaller number being named first. Group 1 had one gene set— “Protein binding” —, which included Stim1, Stim2, Slc4a4, Slc12a2, etc. (Figure 2C), whereas Group 2 was related to biomineral development and ECM. These two pathways are closely related, since most of the biomineral development process occurs in extracellular fluids (Figure 2C). Enam, Ambn, Amtn, and Amelx were commonly involved in biomineralization during tooth enamel development and located at the ECM (Figure 2C). Cell proliferation and cancer-related gene sets were clustered in Group 3, including “Cell proliferation”, “Pathways in cancer”, “Cell adhesion”, and “Positive regulation of cell migration” (Figure 2C). Group 4 highly reflected the tooth and bone development, as it contained “Odontogenesis of biomineral tissue development”, “Odontogenesis of dentin-containing tooth”, “Ossification”, “Osteoblast differentiation”, and “Skeletal system development” (Figure 2C). Bmp2, Bmp4, and Runx2 connected most of the gene sets in Group 4 (Supplementary Figure S1B), and these genes have been reported to play critical roles in bone development.
[image: Figure 2]FIGURE 2 | Functional enrichment analysis of mouse amelogenesis imperfecta-related genes (mAIGenes). (A) Flowchart of the functional enrichment analysis. Significant Gene Ontology (GO) terms and KEGG pathways were determined by a false discovery rate (FDR) < 0.01. The significant gene sets were then clustered into functional modules using a k-means clustering algorithm. (B) Top 20 GO terms or KEGG pathways. Gene sets related to tooth development and cell proliferation were among the top enriched sets. (C) The gene set network showed four groups, which were ordered by the number of gene sets (the smallest number of gene sets was in Group 1). These gene sets were related to protein banding, enamel mineralization, cancer, and bone development, respectively.
TABLE 5 | Top functional enrichment clusters.
[image: Table 5]miRNA-mAIGene Regulatory Network and Identification of Critical miRNAs
For the miRNA-mAIGene regulatory network analysis, we performed miRNA-mAIGene enrichment analysis and miRNA regulatory network analysis (Figure 3A). We identified 35 Highly Expressed MiRNAs (HEMs) in mouse incisors and 32 HEMs in molars with a frequency >1%; 26 mouse tooth HEMs were then curated by taking the intersection of the incisor and molar HEMs (Supplementary Table S6) [26]. A total of 21 of these HEMs did not have a confident -3p or -5p; therefore, we considered that these had both -3p and -5p and identified 47 HEMs, all with a certain -3p or -5p. Based on these 47 HEMs, we predicted that 32 HEMs might target the 42 mAIGenes by using our pipeline and the four miRNA-target gene databases: TargetScan, miRanda, miRTarBase, and PITA. By performing the miRNA-mAIGene regulatory relationship enrichment analysis with a cutoff adjusted p-value < 0.05, we identified 27 notable miRNAs, 41 genes, and 161 miRNA-mAIGene pairs. A total of 17 miRNAs or miRNA groups, 41 genes, and 103 miRNA-mAIGene pairs were extracted after merging the miRNAs or miRNA groups that shared the same targets (such as miR-23a/b-3p and miR-125a/b-5p) (Table 6). Three miRNAs (miR-16-5p, miR-27b-3p, and miR-23a/b-3p) were considered to be hubs in the miRNA regulatory network (Figure 3B) because they had the highest degrees (Figure 3C, Supplementary Table S7), which are defined as the number of partners that immediately interact with a node of interest in the network (Sun et al., 2012), and the lowest adjusted p-values (Table 6). The sub-network of miR-16-5p, miR-27b-3p, and miR-23a/b-3p showed that Smad3 was regulated by all the three hub miRNAs. Stim2, Csf1, Slc10a7, Bcl11b, Slc12a2, Slc12a2, Slc4a4, and Pax9 were regulated by two of these three hub miRNAs or miRNA group, whereas the other genes were regulated by one miRNA or miRNA group (Figures 3D,E). As above, miR-16-5p, miR-27b-5p, and miR-23a/b-3p were considered to be promising miRNA candidates for amelogenesis imperfecta in mice.
[image: Figure 3]FIGURE 3 | miRNA-mAIGene regulatory network and features. (A) Flowchart of the miRNA regulatory network analysis. The miRNA-mAIGene pairs were first identified using four miR-target databases with adjusted p-value < 0.05. Next, the miRNA regulatory network analysis was performed. (B) The miRNA regulatory network, which included 17 miRNAs, 41 mAIGenes, and 103 miRNA-mAIGene pairs. Three miRNAs (i.e., miR-16-5p, miR-27b-3p, and miR-23a/b-3p) were the hub miRNAs in the network. (C) Degree distribution of the miRNAs in the miRNA-mAIGene regulatory network in B, with miR-16-5p, miR-27b-3p, and miR-23a/b-3p having the highest degrees. (D) The sub-network of miR-16-5p, miR-27b-3p, and miR-23a/b-3p. (E) The sub-network of genes regulating more than two miRNAs in Figure 3D.
TABLE 6 | MicroRNA (miRNA) enrichment analysis of mouse genes related to amelogenesis imperfecta.
[image: Table 6]Experimental Validation
To evaluate the function of the miRNAs predicted by the bioinformatic analyses, we conducted ameloblast differentiation assays using mHAT9d cells, a mouse dental epithelial cell line. Although the mouse ameloblast-like cells LS8 (Chen et al., 1992) have been widely used for ameloblast studies, they are limited in their ability to differentiate. We analyzed both LS8 and mHAT9d cells under differentiation conditions and found that mHAT9d cells reacted better to the induction of differentiation (Figure 4A). For instance, the expression of the ameloblast differentiation maker genes was induced more strongly in mHAT9d cells compared to LS8 cells (Supplementary Figures S2, S3). Therefore, mHAT9d cells were used in this study. We found that expression of ameloblast differentiation marker genes (i.e., Ambn, Amelx, Enam, Klk4, and Mmp20) was induced with ameloblast differentiation medium (Figure 4B, Supplementary Figure S3). In addition, we tested whether other genes associated with amelogenesis imperfecta were induced. Among the 27 genes regulated by miR-16-5p, miR-23a-3p, miR-23b-3p, miR-27b-3p, and miR-214-3p, we found 14 genes that were upregulated under differentiation conditions (Supplementary Figure S4). miR-16-5p and miR-27b-3p were induced at relatively high expression levels in mHAT9d cells, and their expression did not change under differentiation conditions (Supplementary Figure S5A). In addition, we found that miR-16-5p and miR-27b-3p were expressed at the pre-secretion, secretion, and maturation stages of ameloblast differentiation in mouse lower incisors (Supplementary Figure S5B). Overexpression of either miR-16-5p or miR-27b-3p significantly anti-correlated with downregulation of expression of Amelx and Enam, but not Ambn, Klk4, and Mmp20, in mHAT9d cells (Figure 4B). We confirmed that the expression levels of AMELX, but not KLK4 and MMP20, were decreased by overexpression of miR-16-5p and miR-27b-3p with immunoblotting (Figure 4C). The expression of AMELX was further confirmed by immunocytochemical analysis (Figure 4D). By contrast, mimics for miR-23a-3p, miR-23b-3p, and miR-214-3p did not affect the gene expression of the ameloblast differentiation makers (Figure 4B). These results indicate that miR-16-5p and miR-27b-3p may play a critical role in ameloblast differentiation through the regulation of genes that are crucial for ameloblast differentiation.
[image: Figure 4]FIGURE 4 | Effects of overexpression of candidate miRNAs asssociated with amelogenesis imperfecta on ameloblast differentiation. (A) Schematic of the experiment. (B) Gene expression of the indicated genes after treatment with the mimic for the indicated miRNA in mHAT9d cells (n = 6). **p < 0.01; ***p < 0.001. (C) Immunoblotting for AMELX, KLK4, MMP20, and GAPDH (internal control) in mHAT9d cells under the indicated conditions. Graph shows the quantification of the immunoblotting. n = 3 per group. *p < 0.05; **p < 0.01; ***p < 0.001. (D) ICC for AMELX in mHAT9d cells under the indicated conditions. Scale bar, 50 μm. Graph shows the quantification of images from four independent experiments. **p < 0.01; ***p < 0.001.
Next, to identify the miRNA-mAIGene regulatory mechanism(s), we conducted quantitative RT-PCR (qRT-PCR) analyses for the predicted target genes for each miRNA (Bcl11b, Csf1, Eda, Fgfr1, Med1, Relt, Slc4a4, Slc10a7, Slc12a2, Smad3, Stim1, and Stim2 for miR-16-5p; Bmp2, Csf1, Foxo1, Pax9, Runx1, Slc10a7, Slc24a4, Smad3, Sp6, Sp7, Stim2, and Tmbim6 for miR-27b-3p) in mHAT9d cells. The expression of Eda, Relt, Slc4a4, and Smad3 was significantly downregulated in mHAT9d cells treated with miR-16-5p mimic (Figure 5A, Supplementary Figure S6). Similarly, the expression of Bmp2, Pax9, and Slc24a4 was significantly downregulated in mHAT9d cells treated with miR-27b-3p mimic (Figure 5B, Supplementary Figure S6). Furthermore, we confirmed that treatment of inhibitor for either miR-16-5p or miR-27b-3p had no effect on expression of Amelx and Enam, while the expression of the target genes of each miRNA was upregulated (Supplementary Figure S7). Indeed, the predicted target genes contained miRNA recognition sites for their correlated miRNAs on the 3′-UTR (Supplementary Figure S8). By contrast, there was no potential recognition site for miR-16-5p on Amelx and Enam and for miR-27b-3p on Amelx, while there was a potential recognition site for miR-27b-3p on Enam, and treatment with either mimic or inhibitor for miR-16-5p and miR-27b-3p failed to alter the expression of Amelx and Enam, suggesting that these genes are indirectly regulated by miR-16-5p and miR-27b-3p in mHAT9d cells.
[image: Figure 5]FIGURE 5 | Effects of overexpression of miR-16-5p and miR-27b-3p on expression of target genes. (A) Quantitative RT-PCR analyses for target genes after treatment with control and miR-16-5p mimic under differentiation conditions (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. (B) Quantitative RT-PCR analyses for target genes after treatment with control and miR-27b-3p mimic under differentiation conditions (n = 6). **p < 0.01; ***p < 0.001.
Finally, to examine the functional relevance of genes that were significantly downregulated under treatment with either miR-16-5p or miR-27b-3p mimic, we conducted rescue experiments by overexpressing the target genes (Figure 6A). We found that overexpression of Eda, Relt, and Smad3 under conditions of overexpression of miR-16-5p partially restored mRNA and protein expression of Amelx and Enam (Figures 6B,C). Similarly, overexpression of Bmp2, Pax9, and Slc24a4 partially restored mRNA and protein expression of Amelx and Enam when miR-27b-3p was overexpressed (Figures 6B,C). Taken together, our results show that overexpression of miR-16-5p and miR-27b-3p inhibits ameloblast differentiation through the regulation of mAIGenes.
[image: Figure 6]FIGURE 6 | Overexpression of target genes following overexpression of miR-16-5p and miR-27b-3p. (A) Schematic of the experiment. (B) Gene expression of Amelx and Enam following overexpression of Eda, Relt, and Smad3 under overexpression of control and miR-16-5p mimic, or of Bmp2, Pax9, and Slc24a4 under overexpression of control and miR-27b-3p mimic, in mHAT9d cells (n = 6). *p < 0.05; **p < 0.01; ***p < 0.001. (C) ICC for AMELX in mHAT9d cells under the indicated conditions. Scale bar, 50 μm. Graph shows the quantification of images from four independent experiments. **p < 0.01; ***p < 0.001.
DISCUSSION
This study aimed to identify regulatory networks for the genes and miRNAs involved in amelogenesis imperfecta in mouse models. Through a literature and MGI searches, we identified 70 genes associated with ameloblast imperfecta and predicted 27 miRNAs to be involved in the development of amelogenesis imperfecta in mice. We found that overexpression of miR-16-5p and miR-27b-3p in mHAT9d cells suppresses Amelx and Enam under ameloblast differentiation conditions, respectively.
In this study, we found that overexpression of miR-16-5p inhibited expression of Eda, Relt, Slc4a4, and Smad3. miR-16-5p has been detected in osteosarcoma, osteoarthritis, and bone fracture healing. Its overexpression induces suppression of SMAD3, resulting in inhibition of cell proliferation, migration, and invasion in osteosarcoma cells (Gu et al., 2020), and in downregulation of COL2A1 and Aggrecan and upregulation of ADAMTS in chondrocytes, which may be involved in the development of osteoarthritis (Li et al., 2015). In addition, overexpression of miR-16-5p suppresses BACH2 in gingival epithelial cells and Bcl2 and Ccnd1 in MC3T3-E1 cells, resulting in apoptosis and G1/S cell cycle arrest (Sun Y. et al., 2019; Liu et al., 2020).
RELT, a TNF receptor superfamily, is cleaved at the extracellular domain by ADAM10, a metalloprotease that is expressed at the apical loop during the transition stage of ameloblasts (Ikeda et al., 2019). ADAM10 also cleaves type XVII collagen, a component of the basement membrane (Franzke et al., 2009). Mice deficient for either Relt or Col17a1 display a hypomineralized enamel defect (Asaka et al., 2009; Kim et al., 2019). Currently, no mutations in ADAM10 have been reported in amelogenesis imperfecta in humans and mice; therefore, the role of ADAM10 in amelogenesis imperfecta is unclear.
EDA is a TNF family transmembrane protein that binds to its receptor EDAR and initiates NF-κB signaling. Overexpression of Eda in mice results in hypoplastic amelogenesis imperfecta (Mustonen et al., 2003); in humans, mutations in either EDA or EDAR have been found in hypohidrotic ectodermal dysplasia and isolated tooth agenesis, but not in amelogenesis imperfecta (Shen et al., 2019; Wright et al., 2019; Yu et al., 2019; Andreoni et al., 2021).
SLC4A4, a sodium bicarbonate co-transporter (NBCe1), is involved in the regulation of bicarbonate transportation and intracellular pH homeostasis (Bernardo et al., 2006; Urzua et al., 2011). Mice deficient for Slc4a4 exhibit hypomineralized amelogenesis imperfecta; therefore, NBCe1 is responsible for a change in extracellular pH during enamel maturation (Lacruz et al., 2010; Jalali et al., 2014).
SMAD3 transduces canonical TGF-β signals together with SMAD2 and SMAD4 in the regulation of downstream genes under developmental and pathological conditions. Smad3 knockout mice exhibit hypomineralized amelogenesis imperfecta through downregulation of genes involved in biomineralization (e.g., Ambn, Amel, Enam, Mmp20, Klk4, and Gja1) (Yokozeki et al., 2003; Poche et al., 2012).
In addition, we found that overexpression of miR-27b-3p inhibits expression of Bmp2, Pax9, and Slc24a4. Previous studies suggest that overexpression of miR-27b-3p in stem cells in the bone marrow or the maxillary sinus membrane suppresses osteogenic differentiation via suppression of KDM4B or Sp7, respectively (Peng et al., 2017; Zhang et al., 2020). Moreover, miR-27b-3p is downregulated in cartilage in patients with rheumatoid arthritis compared to healthy individuals. In chondrocytes, overexpression of miR-27b-3p suppresses Caspase-3 and upregulates BCL-2, resulting in apoptosis inhibition (Zhou et al., 2019).
BMP2 is a TGF-β superfamily growth factor involved in the development and homeostasis of mineral tissues (Chen et al., 2004; Halloran et al., 2020). Mice with a deletion of Bmp2 in osteogenic and odontogenic cells (Osx-Cre;Bmp2F/F cKO) exhibit hypomineralized amelogenesis imperfecta and incisal malocclusion through downregulation of Enam, Amelx, Mmp20, and Klk4 (Feng et al., 2011; Guo et al., 2015). Moreover, mice with an odontoblast-specific deletion of Bmp2 (Dmp1-Cre;Bmp2 and Wnt1-Cre;Bmp2 cKO) show dentinogenesis imperfecta without enamel formation defects (Jani et al., 2018; Malik et al., 2018).
PAX9, a transcription factor, plays a role in craniofacial and skeletal development, including the development of tooth, bone, cartilage, and muscle (Monsoro-Burq, 2015; Farley-Barnes et al., 2020). Several single nucleotide polymorphisms (SNPs) in PAX9 are reported to be associated with tooth size and shape as well as tooth agenesis (Lee et al., 2012; Wong et al., 2018; Safari et al., 2020; Alkhatib et al., 2021). While Pax9 null mice exhibit cleft palate and tooth developmental arrest at the bud stage (Zhou et al., 2011), hypomorphic Pax9 mutant mice exhibit hypoplastic amelogenesis imperfecta in the lower incisors and tooth agenesis of the third molars (Kist et al., 2005).
SLC24A4, a potassium-dependent sodium/calcium exchanger (NCKX4), is expressed in ameloblasts at the maturation stage and plays an important role in calcium ion transport by exchanging intracellular Ca2+ and K+ with extracellular Na2+ for Ca2+ supply into the developing enamel crystals (Hu et al., 2012; Bronckers et al., 2015). A deficiency of Slc24a4 causes hypomineralized amelogenesis imperfecta in mice (Parry et al., 2013), and mutations in SLC24A4 are associated with isolated amelogenesis imperfecta (either hypomineralized or hypomaturation types) in humans (Parry et al., 2013; Seymen et al., 2014; Herzog et al., 2015; Khan et al., 2020).
Our results from the rescue experiments suggest that miR-16-5p and miR-27b-3p are involved in amelogenesis imperfecta through dysregulation of mAIGenes. In summary, our systematic search for mAIGenes provides an overview of the genes involved in this condition. Our bioinformatics pipeline identified three potential miRNAs that may actively interact with mAIGenes, and two of these miRNAs were experimentally validated in mouse cell lines. These results will expand our knowledge of the genetics of amelogenesis imperfecta in animal models, which can be translated into human studies and help develop clinical approaches for diagnosis and treatment. We will need to further evaluate the functional significance of these miRNA-gene regulatory networks in vivo. Both the negative and positive feedback loops between the miRNAs and target genes should also be further evaluated in various cell lines and in vivo since miRNAs may regulate the expression of multiple genes and multiple miRNAs may regulate the expression of a single gene. In addition, transcription factors may be involved in these miRNA-gene regulatory networks; for example, a direct regulation between miRNA and mAIGenes may be bypassed through other transcription factors.
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Case Report: Prenatal Diagnosis of a Novel Variant c.251dupT (p.N87Kfs*6) in BCOR Resulting in Oculofaciocardiodental Syndrome Using Whole-Exome Sequencing
Jianlong Zhuang1, Chunnuan Chen2, Yu’e Chen3, Shuhong Zeng1, Yuying Jiang1, Yuanbai Wang1, Xinying Chen1, Yingjun Xie4,5* and Gaoxiong Wang6*
1Prenatal Diagnosis Center, Quanzhou Women’s and Children’s Hospital, Quanzhou, China
2Department of Neurology, The Second Affiliated Hospital of Fujian Medical University, Quanzhou, China
3Ultrasonography, Quanzhou Women’s and Children’s Hospital, Quanzhou, China
4Department of Obstetrics and Gynecology, Key Laboratory for Major Obstetric Diseases of Guangdong Province, The Third Affiliated Hospital of Guangzhou Medical University, Guangzhou, China
5Key Laboratory of Reproduction and Genetics of Guangdong Higher Education Institutes, The Third Affiliated Hospital of Guangzhou Medical University, Guangzhou, China
6Quanzhou Women’s and Children’s Hospital, Quanzhou, China
Edited by:
Sadeq Vallian, University of Isfahan, Iran
Reviewed by:
Aideen McInerney-Leo, The University of Queensland, Australia
Valentina Massa, University of Milan, Italy
* Correspondence: Gaoxiong Wang, wanggaoxiong2013@163.com; Yingjun Xie, xieyjun@mail2.sysu.edu.cn
Specialty section: This article was submitted to Genetics of Common and Rare Diseases, a section of the journal Frontiers in Genetics
Received: 06 December 2021
Accepted: 22 February 2022
Published: 25 March 2022
Citation: Zhuang J, Chen C, Chen Y, Zeng S, Jiang Y, Wang Y, Chen X, Xie Y and Wang G (2022) Case Report: Prenatal Diagnosis of a Novel Variant c.251dupT (p.N87Kfs*6) in BCOR Resulting in Oculofaciocardiodental Syndrome Using Whole-Exome Sequencing. Front. Genet. 13:829613. doi: 10.3389/fgene.2022.829613

Background: Oculofaciocardiodental (OFCD) syndrome is an X-linked dominant syndrome caused by BCOR variants, which manifests only in females and presumed leading to male lethality. Herein, we aim to present a prenatal diagnosis for OFCD syndrome associated with a novel hemizygous variant in BCOR gene.
Case presentation: A 29-year-old pregnant woman from Quanzhou Fujian Province, China, with fetal ultrasound anomalies, was enrolled in this study. A normal 46, XY karyotype with no abnormalities was observed in the fetus detected on microarray. Furthermore, a whole-exome sequencing (WES) detection result demonstrated that a novel hemizygous variant of c.251dupT (p.N87Kfs*6) in the BCOR gene was identified in the fetus, which was a frameshift mutation and classified as a likely pathogenic variant, and may lead to OFCD syndrome according to the clinical feature of the fetus. In this case, male lethality had not occurred by the end of the second trimester, then termination of the pregnancy was conducted at a gestational age of 26 weeks. Sanger sequencing of parental samples revealed that the variant was maternally transmitted, which was consistent with the OFCD syndrome phenotypic features observed in her.
Conclusions: In the study, we first present the affected male with a novel variant in BCOR that leads to the OFCD syndrome. Additionally, our study broadened the spectrum of BCOR results in the OFCD syndrome and provided the valuable references for prenatal genetic consultation.
Keywords: oculofaciocardiodental, chromosomal microarray analysis, whole-exome sequencing, BCOR, frameshift mutation, hemizygous variant
INTRODUCTION
With the continuous application and development of high-throughput sequencing technology, whole-exome sequencing (WES) based on next-generation sequencing technology has been increasingly used in scientific research and clinical diagnosis. The human exome contains about 180,000 exons, accounting for only 1% of the whole human genome; however, around 85% of the variants related to diseases exist in the exon region (Choi et al., 2009; Ng et al., 2010). Recent studies have shown that variants in a single gene would exhibit fetal ultrasound abnormalities in utero, with normal karyotype and chromosomal microarray analysis results. An additional pathogenic mutation detection rate of 6.2%–80.0% was observed by prenatal WES detection over chromosomal microarray analysis (CMA) detection (Best et al., 2018; Lord et al., 2019; Petrovski et al., 2019). Therefore, it is of great value using WES technology to investigate pathogenic mutations of fetal ultrasonic structural abnormalities at a single-gene level.
Pathogenic variants in the BCL-6 corepressor (BCOR, OMIM: 300485) on chromosome Xp11.4 will result in two distinct syndromes including oculofaciocardiodental syndrome (OFCD, OMIM: 300166) and Lenz microphthalmia syndrome (OMIM: 309800) (Ng et al., 2004). OFCD syndrome is a rare X-linked dominant genetic disorder, which typically affects females and is presumed to lead to male lethality caused by a variety of BCOR null mutations including deletional, nonsense, splicing, truncating, and frameshift mutations (Wilkie et al., 1993; Ragge et al., 2019). It is characterized by congenital cataract, dental anomalies, skeletal abnormalities, cardiac septal defect, cleft palate, etc. (Ng et al., 2004; Hilton et al., 2009). In contrast, Lenz microphthalmia syndrome is an X-linked recessive inheritance pattern, which showed normal clinical phenotype in females, and only affected males with microphthalmia, intellectual disability, skeletal and urogenital malformations, and other anomalies. While a previous study conducted by Horn et al. (Horn et al., 2005) indicated that the BOCR gene may not be the major gene in the Lenz microphthalmia syndrome, to date, only one specific missense mutation of c.254C > T (p.P85L) in BCOR has been reported to associate with the Lenz microphthalmia syndrome (Temtamy et al., 2000; Ersin et al., 2003).
To date, only a previous report, which referred to a prenatal diagnosis analysis of the Lenz microphthalmia syndrome associated with the typical mutation of c.254C > T, was conducted in 2013 (Suzumori et al., 2013). No report of prenatal diagnosis analysis of X-linked dominant OFCD syndrome relevant to the BCOR gene was observed. In this study, we report the first case of prenatal diagnosis for the OFCD syndrome in an affected male with a novel frameshift mutation in the BCOR gene.
CASE PRESENTATION
A 29-year-old gravida 2, para 1 pregnant woman from Quanzhou Fujian Province, China, referred to the Prenatal Diagnosis Center of Quanzhou Women’s and Children’s Hospital at the gestational age of 16 + 2 weeks. Her husband was 31 years old, and the couple denied any family history of inheritance disease and consanguinity. At her first pregnancy, a female infant was delivered at the gestational age of 39 + 6 weeks in 2019. At present, she is 2.5 years old with a normal phenotype. At this pregnancy, the second trimester Down’s screening was performed, and moderate risk of trisomy 21 (1/552) was observed. The subsequent noninvasive prenatal testing test results elicited a low risk of T21, T18, and T13. However, ultrasonic examination conducted at 17 + 6 weeks of gestation suggested the possibility of fetal duodenal obstruction and a variety of soft index abnormalities, including an enhanced echo of fetal renal parenchyma and punctate hyperechoic of the left ventricle.
After genetic counseling and informed consent, amniocentesis was performed at 20 weeks. Karyotype analysis combined with CMA was used to detect fetal chromosomal abnormalities and copy number variants, while no obvious abnormalities were found. At the gestational age of 24 weeks, a three-dimensional color Doppler ultrasound was performed and indicated several fetal structure anomalies including fetal right nasal fissure, duodenal obstruction, cleft palate, ventricular septal defect, and toe syndactyly (Figure 1).
[image: F1]FIGURE1 | Prenatal ultrasound examination results in the fetus with BOCR variant. (A) Ultrasound detection results showed right alar fissure in the fetus. (B) Fetal ultrasound results indicated continuous interruption of cleft palate. HP, hard palate. (C) Fetal ultrasound results elicited fetal ventricular septal defect (VSD). (D) Toe syndactyly was also observed in the fetus by ultrasound examination.
The remaining amniotic fluid was used for DNA extraction and further WES detection. The WES detection result delineated a novel hemizygous variant of c.251dupT (p.N87Kfs*6) in exon 4 of the BCOR gene, which was identified in the male fetus (Figure 2). It was a frameshift mutation and classified as a likely pathogenic variant according to the ACMG guidelines (Richards et al., 2015), with no frequency that has been reported in databases including gnomAD, 1000 genomes, dbSNP, Clinvar, ExAC, as well as PubMed databases. According to the variant type and fetal clinical phenotypes, the frameshift mutation in the BCOR gene may lead to OFCD syndrome. Male lethality was not observed by the end of the second trimester, then termination of pregnancy was conducted at the gestational age of 26 weeks. Segregation analysis indicated that the variant in the BCOR gene was inherited from his mother who exhibited a phenotype associated with OFCD syndrome including long, thin face, flat nasal bridge, broad nasal tip, high palate, microphthalmia, dental anomalies (teeth are crowded and irregularly arranged), and ventricular septal defect, but with normal mental and physical development and without congenital cataract. Moreover, the novel variant in the BCOR gene was absent in the proband’s sister who exhibits a normal clinical phenotype.
[image: F2]FIGURE2 | The variant in the BCOR gene was detected by whole-exome sequencing and further verified by Sanger sequencing. (A) A frameshift mutation c.251dupT (p.N87Kfs*6) of the BCOR gene in the fetus was detected by WES technology. (B) shows the hemizygosity of the variant in the affected fetus, while (C) demonstrated that the mother was heterozygous and (D) showed that the frameshift variant was not present in his father.
DISCUSSION AND CONCLUSION
Variants of the BCOR gene will result in two distinct syndromes including the OFCD syndrome and Lenz microphthalmia syndrome. A prenatal diagnosis analysis for the Lenz microphthalmia syndrome associated with typically missense mutation of c.254C > T was also identified (Suzumori et al., 2013). To date, no information is available on prenatal diagnosis analysis of the OFCD syndrome that associates with the BCOR gene variants. Here, the first case of prenatal diagnosis for the OFCD syndrome with a novel frameshift mutation c.251dupT (p.N87Kfs*6) in exon 4 of the BCOR gene was identified. Moreover, this was also the first case of a male fetus who carried the BCOR mutation that resulted in OFCD syndrome to the best of our knowledge. It is worth noting that for the affected male fetus, the mother was still undergoing pregnancy at 26 weeks of gestation.
OFCD syndrome is typically caused by BCOR variants that lead to premature termination codons, including frameshift mutations in the form of small deletions or duplications, or microdeletions in the BCOR gene. The Lenz microphthalmia syndrome is usually caused by missense mutations, which only lead to changes in amino acids. In the present study, we report a novel frameshift variant of c.251dupT (p.N87Kfs*6) in exon 4 of the BCOR gene in a male fetus, and ultrasound examination results showed that the fetus had several fetal structure anomalies including fetal right nasal fissure, duodenal obstruction, cleft palate, ventricular septal defect, and toe syndactyly. This hemizygous variant has never been reported and has no frequency in the database, which was classified as a likely pathogenic variant according to the ACMG guidelines (PVS1 + PM2). Additionally, the fetus’ mother harbored the same variant and exhibited a phenotype associated with the OFCD syndrome including facial deformity, microphthalmia, dental anomalies, and ventricular septal defect. According to the inheritance pattern and the clinical phenotypes in the fetus and his mother, we believe that the novel frameshift mutation in BCOR would lead to the OFCD syndrome.
Phenotypic variability was also present in the OFCD syndrome and shows different clinical symptoms in the same family (Lozić et al., 2012). A previous study conducted by Davoody et al. elicited a heterozygous frameshift variant of c. 2858_2859delAA (p.K593SfsX7) in exon 4 of the BCOR gene was identified in a female patient with characteristic facial features, while no indication of atrial septal defect or ventricular septal defect existed (Davoody et al., 2012). Additionally, a novel mutation c.265G > A on exon 4 was identified in a Japanese female and diagnosed as OFCD syndrome that exhibits clinical phenotypes including congenital cataract, ventricular septal defect, dental deformity, and without cleft palate (Kato et al., 2018). The largest study (Hilton et al., 2009) reported 34 female patients in 20 families with variants of the BCOR gene exhibiting the OFCD syndrome. All of the patients had congenital cataract, and microphthalmia and/or microcornea that were observed in 28 cases. In contrast, the study conducted by Michelle et al. (Hamline et al., 2020) showed that 55% (23/42) of OFCD animals had lens opacification (indicative of cataracts), and 35% (8/23) were affected bilaterally, which showed clinical diversity of ocular deformity. In the present case, the mother did not have a cataract feature and cleft palate, while a high palate was observed. Moreover, BCOR hemizygosity mouse model showed early male embryo lethality by E9.5 (Cox et al., 2010; Hamline et al., 2020). Interestingly, in our study, the mother of the affected male fetus was still undergoing pregnancy at 26 weeks of gestation. Moreover, more work needs to be done to determine whether the male embryo with the presented variant in the BCOR gene will lead to lethality in the third trimester.
In conclusion, a prenatal diagnosis was first conducted eliciting a novel frameshift mutation c.251dupT (p.N87Kfs*6) in exon 4 of the BCOR gene and resulted in the OFCD syndrome. Moreover, the affected male fetus of the OFCD syndrome was first reported, and the pregnancy was still ongoing at the end of the second trimester. Our study provides valuable data for prenatal genetic consultation of OFCD syndrome and further strengthened the application value of WES in prenatal diagnosis.
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Background: Singleton–Merten syndrome type 1 (SGMRT1) is a rare autosomal dominant disorder caused by IFIH1 variations with blood vessel calcifications, teeth anomalies, and bone defects.
Aim: We aimed to summarize the oral findings in SGMRT1 through a systematic review of the literature and to describe the phenotype of a 10-year-old patient with SGMRT1 diagnosis.
Results: A total of 20 patients were described in the literature, in nine articles. Eight IFIH1 mutations were described in 11 families. Delayed eruption, short roots, and premature loss of permanent teeth were the most described features (100%). Impacted teeth (89%) and carious lesions (67%) were also described. Our patient, a 10-year-old male with Singleton–Merten syndrome, presented numerous carious lesions, severe teeth malposition, especially in the anterior arch, and an oral hygiene deficiency with a 100% plaque index. The panoramic X-ray did not show any dental agenesis but revealed very short roots and a decrease in the jaw alveolar bone height. The whole-genome sequencing analysis revealed a heterozygous de novo variant in IFIH1 (NM_022168.4) c.2465G > A (p.Arg822Gln).
Conclusion: Confused descriptions of oral features occurred in the literature between congenital findings and “acquired” pathology, especially carious lesions. The dental phenotype of these patients encompasses eruption anomalies (delayed eruption and impacted teeth) and lack of root edification, leading to premature loss of permanent teeth, and it may contribute to the diagnosis. An early diagnosis is essential to prevent teeth loss and to improve the quality of life of these patients.
Systematic Review Registration: [https://www.crd.york.ac.uk/prospero/], identifier [CRD42022300025].
Keywords: Singleton–Merten syndrome, rare diseases, oral physiopathology, genetics, type 1 interferonopathy
INTRODUCTION
Singleton–Merten syndrome type 1 (SGMRT1, OMIM: 182250) is a rare autosomal dominant disorder associated with severe calcification of the ascending aorta and valves; acro-osteolysis widened medullary cavities of the distal limbs, scoliosis, and tooth anomalies (Singleton and Merten, 1973). The clinical characteristics of SMS showed a large variability of expressions. Psoriasis, muscular weakness, and glaucoma represent less frequently observed symptoms (Feigenbaum et al., 2013). Since its first description in 1973, few cases have been reported because of its low prevalence (1 < 1,000,000). A first missense heterozygous variant in the interferon-induced helicase C domain-containing protein 1 (IFIH1) gene was identified in three families (Rutsch et al., 2015). Since then, seven other pathogenic variants have been identified in patients with SGMRT1 (Bursztejn et al., 2015; de Carvalho et al., 2017; Takeichi et al., 2018; Vengoechea and DiMonda, 2020; Xiao et al., 2021; Hasegawa et al., 2022).
IFIH1 encodes MDA5 protein, a member of the RIG-1-like receptor (RLR) family, which functions as a cytoplasmic pattern-recognition receptor recognizing viral double-stranded RNA (dsRNA) and secreted bacterial nucleic acids. Moreover, variants in the DDX58 gene that encodes an RNA helicase were identified in individuals with similar phenotypes without dental anomalies (Jang et al., 2015). On the other hand, variants in the IFIH1 gene were also causative of the Aicardi-Goutieres syndrome (AGS-7; OMIM 615846), an autosomal dominant inflammatory disorder characterized by severe neurologic impairment such as progressive encephalopathy, spastic paraplegia, and calcification of basal ganglia (Crow et al., 2015). The recent studies have also reported overlapping of the clinical findings of both syndromes (Bursztejn et al., 2015; Xiao et al., 2021; Hasegawa et al., 2022). Consequently, clinical diagnosis may be challenging.
Dental findings in SGMRT1 are described by OMIM as “delayed primary tooth exfoliation and permanent tooth eruption, truncated tooth root formation, early-onset periodontal disease, and severe root and alveolar bone resorption associated with dysregulated mineralization, leading to tooth loss” (SGMRT1, OMIM: 182250). Other authors describe “root dysplasia” (Takeichi et al., 2018), “primary dentition as hollow shells” (Vengoechea and DiMonda, 2020) or “severe dysplasia of root cementum and dentin” (Pettersson et al., 2017). Other features such as root defects seem unclear, and the frequency of their occurrence is not known. Moreover, craniofacial defects are reported but without precise description or prevalence.
We examined a patient with SGMRT1 and observed oral and craniofacial features. We, therefore, wondered whether the observed clinical manifestations were constant in previously reported cases. The purpose of this work was to summarize the oral signs associated with the SGMRT1 through a systematic review of the literature. We illustrated and compared it with a description of a clinical case. A more precise description of the clinical manifestations may allow an easier clinical diagnosis.
REVIEW OF THE LITERATURE
Methods
We conducted a systematic review of the literature using the PubMed database up until September 2021. To ensure its reproducibility, PRISMA guidelines were followed (Page et al., 2021), and the PRISMA flowchart was filled. The search term was “Singleton–Merten”. We aimed to precisely determine the oral clinical features of SGMRT1 patients with reported IFIH1 variants. This review was registered with n°CRD42022300025.
Inclusion and Exclusion Criteria
The inclusion criteria were as follows: articles in English or French and the phenotype in a human patient with an IFIH1 mutation. The exclusion criteria were as follows: another language than English or French, animals or in vitro studies, narrative reviews, and lack of patient’s phenotype description, and Singleton–Merten patients with a variant in DDX58, or for whom the genetic cause has not been defined.
Article Selection
The articles were evaluated for eligibility by title/abstract and then full-text screening using the Rayyan website (Ouzzani et al., 2016). Two reviewers assessed the articles separately. The recorded data were as follows: title/journal/date of publication of the article; authors; the number of patients, and their age/gender; mutation description and; description of dental phenotype with delayed eruption/carious lesions/short roots/premature loss of teeth/dental agenesis/low height of alveolar bone. We had chosen to group the different root manifestations/pathology/anomaly (resorption and lack of edification) under the term “short roots”.
Visualization of Mutations
Using the Reference sequence of the IFIH1 gene (NM_022168.4) and the associated protein sequence of melanoma differentiation-associated protein 5 (MDA5) (NP_071451.2), the domains in which the various mutations were located were determined using the Plot Protein website (Turner, 2013). For the conservation analysis, a multiple sequence alignment was generated using the following orthologs of human IFIH1: house mouse (NP_082111.2), zebrafish (NP_001295492.1), Norway rat (NP_001102669.1), pig (NP_001093664.1), tropical clawed frog (NP_031749133.1), chimpanzee (NP_°16805442.2), and coelacanth (NP_014348983.1).
SEM Observation
A first permanent maxillary molar and a second primary mandibular molar were observed using SEM. The teeth were collected following the relevant guidelines related to research involving the patients’ samples in France (ethical approval n°19.11.04.64248, ORCELL). The samples were dehydrated using an ethanol gradient, before being thinly coated with gold using a Q15OR ES system (Quorum Technologies Ltd., East Sussex, UK). Then, it was observed using a SEM (TM3030 Tabletop Microscope, Hitachi) under few magnifications (from x1,5 k to x3,0 k) with a composite view.
RESULTS
Article Selection
A total of 44 articles were retrieved from the PubMed database. After full-text screening, 11 articles were included and analyzed (Figure 1), of which six were case reports and five were case series; two articles described the same patients: clinical description for the first one and mutation description for the second one. A total of 22 patients were described, 11 girls and 11 boys.
[image: Figure 1]FIGURE 1 | Flow chart of PRISMA.
Mutation Description
Eight IFIH1 mutations were described (Table 1) in 11 families. One hotspot mutation seems to be evident (c.2465G > A) with nine patients through four families. To visualize the positions of protein domains and their amino acid boundaries’ positions, we used the RefSeq IFIH1, found on NCBI protein, NP_071451.2, containing 1025 amino acid residues (Figure 2). Five mutations were in helicase domain 1 (Hel1), two in helicase domain 2 (Hel2), and the last one in the pincer domain, which connects Hel2 and the C-terminal domain (CTD). In one article (Ghadiam and Mungee, 2017), an IFIH1 mutation was reported but was neither described nor detailed.
TABLE 1 | Mutation description.
[image: Table 1][image: Figure 2]FIGURE 2 | Visualization of the SMGRT1 mutations in MDA5. Plots of all disease-causing mutations in MDA5 associated to SGMRT1. The conservation score is between 0 and 1, with 0 indicating no other sequences matching the reference (Homo sapiens NP_071451.2) at the position, and 1 indicating all sequences matching the reference at that position. CARD1: caspase activation and recruitment domain found in MDA5, first repeat; CARD2: caspase activation and recruitment domain found in MDA5, second repeat; DEXHC: DEXH-box helicase domain of RLR-2; MDA5_ID: insert domain of MDA5; SF2: C-terminal helicase domain of the endoribonuclease dicer; MDA_C: C-terminal domain of melanoma differentiation-associated protein 5. The hotspot is represented in orange.
Phenotype Description
The dental findings descriptions are summarized in Table 2. When signs were not reported, we specified (“not reported”).
TABLE 2 | Patients’ dental descriptions.
[image: Table 2]The most frequent dental findings were as follows: short roots, delayed eruption, and premature loss of permanent teeth (present in 100% of screened patients). The patients showed in addition impacted permanent teeth (89%), a decreased height of alveolar bone (86%), and carious lesions (67%). Two patients were described with dental agenesis (Table 3). However, oral data were absent in almost 50% of patients, and the most constant sign examined or reported was “premature loss of permanent teeth”.
TABLE 3 | Oral and dental phenotypes of Singleton–Merten patients.
[image: Table 3]The patient described by Takeichi et al. (2018) showed a different oral phenotype/manifestation. On the X-rays, we observed that none of the primary and permanent teeth were erupted, while all the dental germs were visible in the jawbones.
CASE-REPORT
A 10-year-old child was referred to the Reference Centre of Oral and Dental Rare Diseases at Rothschild Hospital (AP-HP). Written informed consent was obtained from the patient and his legal guardian mother for the publication of any potentially identifiable images or data included in this article. The patient experienced pain due to numerous carious lesions, associated with dental and jawbone anomalies visible on the panoramic radiograph (Figure 3). He was the third child of a sibship of four healthy children from a non-consanguineous union. He had recently arrived in France, for medical reasons. According to his mother, he walked until he was 1 year old and then progressively developed walking difficulties and muscle weakness requiring a wheelchair at 10 years of age. He presented cutaneous xerosis and ophthalmologic glaucoma. No intellectual disability was noticed.
[image: Figure 3]FIGURE 3 | Case report. (A) Orthopantomogram X-ray of our 10-year-old Singleton-Merten patient. In orange, a first permanent molar (tooth n°46) and central permanent mandibular incisors (teeth n° 31–41) with short roots were highlighted. To compare, a healthy patient’s teeth are shown in a green insert. (B) Photography of the patient. (C,D) Intra-oral photographies of the maxillary and the mandibular arch. (E) First molar enamel. (F) Second temporary molar dentin. (G) First molar cement.
We observed dysmorphic facial features: fine and space hair, cranial malformation as trigonocephaly with a triangular face, discrete hypertelorism, long arched eyebrow, and low set-ears. He had clubfeet, joint retractions, and scoliosis. The weight and height were below—2SD. Intra-oral examination revealed multiple caries, severe teeth malposition, especially in the anterior arch, and oral hygiene deficiency with a 100% plaque index (Figure 3). On X-ray examination, we did not find any dental agenesis. All the germs of the permanent teeth were visible, including the third permanent molars. The examination revealed the presence of thin roots in primary teeth and undeveloped roots in permanent teeth. The roots were shortened beyond the first root third despite the closure of the dental apices. Almost all primary teeth and permanent molars presented extensive-stage caries with abscesses (ICDAS codes 5 and 6, RC 6). The teeth morphology showed a bulbous-shaped crown, with normal pulp chamber volume. Teeth were mobile (mobility II-III). We observed a moderate to severe gingival inflammation: bright surface inflammation, erythema, edema and/or hypertrophy of gingiva, and some spontaneous bleedings. We did not observe deep pockets or recessions. The panoramic X-ray revealed a reduction in the alveolar bone height. The whole-genome sequencing analysis revealed a heterozygous de novo variant in the IFIH1 gene (NM_022168.4) c.2465G > A (p.Arg822Gln).
SEM analysis showed that neither enamel nor dentin defects were associated with SGMRT1, and normal cementum was present. Indeed, we observed normal enamel prisms, dentin tubules, and a visible cementum layer.
DISCUSSION
The oral phenotype of Singleton–Merten syndrome was confusing in the literature. The most frequent anomaly concerns root, dental eruption, and premature tooth loss. In this systematic review, 100% of the case reports described “short roots” and “premature loss of permanent teeth.” The short root is a quantitative tooth anomaly easily recognizable on X-rays. Regarding the X-rays available within articles, the short roots were mostly concerned with permanent dentition (primary teeth show long and fine roots). The shortness of the roots may result from congenital root deficiency during root formation or in the radicular resorption process. Root resorption is defined as a progressive loss of dentin and cementum through the continued action of osteoclastic cells (Fuss et al., 2003). In this literature review, the authors described indifferently “short roots” (Pettersson et al., 2017), “loss of root tooth structure,” and “aggressive resorptive process” (Feigenbaum et al., 2013). We analyzed the available X-rays to clarify these findings. We did not find any radiographic signs of resorption, such as an enlargement of the root canal, an asymmetric bowl-shaped radiolucency, or an asymmetric loss of root, as described in classical root resorption (Patel and Saberi, 2018). Conversely, we observed closed root apices. We suggested that the root defects observed in SGMRT1 patients are an impairment in root elongation more than in a resorption phenomenon. This lack of root development seems to be the cause of the premature loss of permanent teeth, as described by the majority of the authors (Feigenbaum et al., 2013; Bursztejn et al., 2015; Rutsch et al., 2015; de Carvalho et al., 2017; Pettersson et al., 2017; Xiao et al., 2021; Hasegawa et al., 2022) and as observed in the patient. Teeth root anomalies are also observed in radicular dentin dysplasia and Fraser syndrome. We can discriminate the SGMRT1 patients from radicular dentin dysplasia because of the lack of pulp obliteration and from Fraser syndrome because of the lack of short roots in primary teeth (de La Dure-Molla et al., 2015; Luder, 2015).
When reported, “delayed eruption” was observed in 100% of the patients, and “impacted teeth,” in 89%. Delayed eruption and impacted teeth can be difficult to discriminate. A normal eruption occurred over a period of 2 years, and a delayed eruption is defined by a tooth eruption more than 2 SD beyond the mean eruption age (de La Dure-Molla et al., 2019). The eruption must be tracked over time to determine if teeth are impacted or had just a delayed eruption. In this review, the patients were often too young, and this finding must be reevaluated in adults. So we cannot conclude if the tooth eruption has been delayed or failed. In our patient, no impacted tooth was noticed. However, three patients had no tooth eruption (Singleton and Merten, 1973; Takeichi et al., 2018). For the patients described by Singleton and Merten, no genetic analysis was performed; for the second report, the patient was diagnosed with SMS and AGS-7. We concluded that the pathology of an eruption occurring in SMS must be confirmed by a refined analysis comparing the dental age and civil age.
Furthermore, a great diversity of features appeared in the various case reports, such as deficiency of alveolar bone and carious lesions. Several SGMRT1 patients presented a deficiency of alveolar bone growth. Osteopenia is often reported in SGMRT1 patients’ limbs, which might be also found in jawbones. The alveolar bone growth is directly linked to root development and teeth eruption. The absence of root elongation and the premature loss of the teeth may therefore lead to this defective bone.
Our patient was in mixed dentition. The remaining primary teeth had thin roots with normal length, and all erupted permanent teeth had short roots and mobility. Clinical examination and SEM observation did not reveal any dental tissue (enamel, dentin, and cementum) anomalies. A radiological exam was necessary to identify the root anomalies. Here, we reported a heterozygous de novo variant in IFIH1 c.2465G > A (p.Arg822Gln). This variant has been previously described in Singleton–Merten syndrome in nine patients through four families (Feigenbaum et al., 2013; Rutsch et al., 2015; Pettersson et al., 2017). It is the most prevalent reported hotspot. Until now, all reported variants are missense with a gain-of-function effect and an enhanced expression of type I interferon-stimulated genes (Rice et al., 2020).
The role of IFIH1 is still poorly understood, and a systematic description of dental signs in patients with an IFIH1 mutation should help improve the understanding of its function in odontogenesis. IFIH1 gain-of-function is associated with dysregulation of mineralization genes in pulp cells (Lu et al., 2014). However, its role in odontogenesis, root edification, periodontium development, and homeostasis is yet to be explored. IFIH1 plays a role in response to viral infection and then participates in nuclear factor kappa-B (NFkB) and interferon regulatory factors (IRF) activation. Amazingly, the SGMRT1 patients do not present any reported higher risks of viral infections. The only infectious feature reported in SGMRT1 patients was dental caries. It is an infectious disease linked to bacteria (Chardin et al., 2006). Finally, confused descriptions on oral features occurred in the literature between congenital findings and “acquired” pathology in the SGMT1 patients. Indeed, caries can be explained by oral hygiene deficiency and painful or mobile teeth. It may also be attributed to the muscular weakness or glaucoma exhibited by some SGMRT1 patients.
CONCLUSION
The dental anomalies observed in SGMRT1 seem to affect mainly permanent teeth with variable expressivity. Two main features appeared constant: tooth permanent short roots with closed apex inducing premature loss and tooth eruption defects (delayed or potentially impacted teeth). The pathological exfoliation of the permanent teeth could be considered a pathognomonic and could help in diagnosis. A more systematic description of the dental phenotype with well-defined diagnosis criteria is necessary to better understand the dental phenotype in these patients. Also, an oral evaluation and a follow-up by a dental surgeon are recommended. A fundamental research is needed to understand the dental root formation and tooth eruption and the IFIH1 impact on these processes.
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Rs560426 at 1p22 was proved to be associated with NSCL/P (non-syndromic cleft lip with or without the palate) in several populations, including Han Chinese population. Here, we conducted a deep sequencing around rs560426 to locate more susceptibility variants in this region. In total, 2,293 NSCL/P cases and 3,235 normal controls were recruited. After sequencing, association analysis was performed. Western blot, RT-qPCR, HE, immunofluorescence staining, and RNA sequencing were conducted for functional analyses of the selected variants. Association analysis indicated that rs77179923 was the only SNP associated with NSCLP specifically (p = 4.70E-04, OR = 1.84), and rs12071152 was uniquely associated with LCLO (p = 4.00E-04, OR = 1.30, 95%CI: 1.12–1.51). Moreover, de novo harmful rare variant NM_004815.3, NP_004806.3; c.1652G>C, p.R551T in ARHGAP29 resulted in a decreased expression level of ARHGAP29, which in turn affected NSCL/P-related biological processes; however, no overt cleft palate (CP) phenotype was observed. In conclusion, rs12071152 was a new susceptible variant, which is specifically associated with LCLO among the Han Chinese population. Allele A of it could increase the risk of having a cleft baby. Rs77179923 and rare variant NM_004815.3, NP_004806.3; c.1652G>C, p.R551T at 1p22 were both associated with NSCLP among the Han Chinese population. However, this missense variation contributes to no overt CP phenotype due to dosage insufficiency or compensation from other genes.
Keywords: 1p22, targeted re-sequencing, association analysis, LCLO, RNA sequencing
INTRODUCTION
Non-syndromic cleft lip with or without the palate (NSCL/P), one of the most common orofacial clefts, has an average prevalence of 1/1,000 live births worldwide, with a relatively high prevalence among Asians (Croen et al., 1998; Tolarova and Cervenka, 1998; Mossey and Modell, 2012). The affected kids usually suffer from a number of problems related to clefts, such as speech, hearing, and psychological disorders (Lewis et al., 2017). It is necessary for them to receive coordinated multidisciplinary care that lasts from the stage of infant to adulthood, which imposes a heavy financial burden on their families.
NSCL/P is a complex disorder, with genetic and environmental factors and their interplay involved (Dixon et al., 2011; Rahimov et al., 2012; Worley et al., 2018). However, genes play a dominant role (Grosen et al., 2010; Dixon et al., 2011; Rahimov et al., 2012; Baldacci et al., 2018). Thus, lots of studies have been designed to shed light on the susceptibility genes or loci for NSCL/P, among which genome-wide association studies (GWASs) have identified an unprecedented number of genetic variants associated with it, and to date, over 40 risk loci for NSCL/P have been identified (Leslie and Marazita, 2013; Lin-Shiao et al., 2019). However, those findings only account for about 20% estimated heritability of NSCL/P (Beaty et al., 2016; Lin-Shiao et al., 2019); the missing heritability is partially attributed to the strict significance threshold of GWAS, which leads to the failed detection of that single-nucleotide polymorphism (SNP) with modest effect (Manolio et al., 2009; Tam et al., 2019); in addition, those risk loci identified by GWAS are usually driven by associated genetic variants due to linkage disequilibrium (Altshuler et al., 2008; Dickson et al., 2010), thus making it difficult to pinpoint the casual variants. Based on this, high-depth sequencing targeted at those risk loci is a cost-effective method to identify variants with larger effect sizes that are missed by GWAS, and this would also facilitate the discernment of casual variants (Manolio et al., 2009; Sazonovs and Barrett, 2018).
1p22, which contains rs560426, was initially identified as one of the risk loci for NSCL/P because of the statistically significant association between rs560426 and NSCL/P via GWAS (Beaty et al., 2010). Our previous study indicated that rs560426 was significantly associated with NSCL/P among the Han Chinese population, which further conferred susceptibility to 1p22. Rs560426 is located in ABCA4 gene, which is surely excluded from the candidate susceptibility genes in 1p22 due to its expression restricted to the retina (Beaty et al., 2010). Leslie et al. (2012) identified several rare variants that were associated with NSCL/P in ARHGAP29, which is adjacent to ABCA4 and expressed in the developing face. Therefore, ARHGAP29 was highly suspected as a susceptibility gene of NSCL/P in 1p22. From then on, a surge of studies focused on 1p22, and plenty of rare variants in ARHGAP29 were identified in multiple ethnicities (Leslie et al., 2012; Butali et al., 2014; Chandrasekharan and Ramanathan, 2014; Letra et al., 2014; Gowans et al., 2016; Savastano et al., 2017).
In this study, we aim to conduct a deep screening targeting the 1p22 locus to fully dig into susceptibility SNPs or indels through bioinformatics, statistics analysis, and functional experiments, hoping to identify more susceptibility variants at this locus for NSCL/P among the Han Chinese population.
MATERIALS AND METHODS
Sample collection and ethics statement
In total, 159 NSCL/P cases were included in the deep sequencing phase of our study, whereas 542 controls’ WGS data with an average coverage of 39.89 was downloaded from the Novogene internal database (http://www.novogene.com/); 2,134 NSCL/P (1047 NSCLO and 1087 NSCLP) and 2,693 normal controls from West China Second University Hospital, Sichuan University, were recruited in the replication phase. Cases were collected between 2016 and 2018 from the Cleft Lip and Palate Surgery Department of West China Hospital of Stomatology, Sichuan University. All the participants were self-recognized as the Han Chinese and denied family history as well as other congenital diseases, therein, the phenotype of the patients was assessed by both physicians and geneticists. More details of samples are shown in Supplementary Table S1.
Our study abides by the STOBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines and was approved by HEC (the Hospital Ethics Committee) of West China Hospital of Stomatology. All individuals voluntarily joined this study with informed consent (WCHSIRB-D-2016-012R1).
Targeted region deep sequencing
DNA was extracted from peripheral blood of each sample by the salting-out method. After quality control, 1.0 μg of each DNA sample was enriched by using Agilent SureSelectXT Custom kit. Then, sequencing was conducted on the Illumina Hiseq X Ten platform to get paired-end 150bp reads by Novogene (China). The sequenced region was selected around rs560426 (GRCh37/hg19, chr1:94,453,779 to 94,739,314) based on the LD structure in CHB/JPT HapMap project.
Bioinformatics analysis
After removing adapter-related reads, N-containing reads, and low-quality reads, the clean sequence data were mapped to the human genome GRCh37/hg19 by Burrows–Wheeler Aligner (BWA) software (Li and Durbin, 2009). Then, 943 single nucleotide variants (SNPs) and 390 insertion/deletions (In/Dels) were identified by the Sequence Alignment Map (SAM tools) (Li et al., 2009) and merged by VCF (variant call format) tools (version 0.1.13) (Danecek et al., 2011). Later, variants were annotated by ANNOVAR (version 201707) (Wang et al., 2010), followed by function prediction via SIFT (Ng and Henikoff, 2003), v1.3 CADD (Kircher et al., 2014), Polyphen-2 (http://genetics.bwh.harvard.edu/pph2/) (Adzhubei et al., 2013), and MutationTaster (http://www.mutationtaster.org/) (Schwarz et al., 2010).
Statistical analysis
In the discovery phase, variants were categorized as either common or rare. Variants with MAF (minor allele frequency) ≥1% were referred to as common variants (they were Single nucleotide polymorphisms or SNPs), and case–control association analysis was performed after excluding SNPs that deviated from Hardy–Weinberg equilibrium (HWE). Three rare variants selected by three conditions were enrolled into burden analysis calculated by the R package SKAT: ① MAF <1% in the CHB population (Beijing Han Chinese population) and CHS population (Southern Han Chinese population) from 1000 Genomes Project database and Novogene internal database; ② MAF <0.001 in the Genome Aggregation Database (GnomAD); ③ at least two prediction tools suggested its harmfulness (SIFT, v1.3 CADD, Polyphen-2, and MutationTaster).
In the replication phase, SNP genotyping data were retrieved from two GWASs we have ever participated in (Sun et al., 2015; Huang et al., 2019). PLINK software (version 1.9) was used to perform the HWE test, calculate MAF, and perform a case–control association analysis for each SNP (Purcell et al., 2007). The threshold of P-value is 0.05/99 = 5.05E-04.
Sanger sequencing
Three novel harmful rare variants, which were not reported in a public database, such as dbSNP (https://www.ncbi.nlm.nih.gov/SNP/) (Smigielski et al., 2000), 1000 Genome (https://www.internationalgenome.org/), ExAC (http://exac.broadinstitute.org) (version 0.3.1) (Lek et al., 2016), CADD (http://cadd.gs.washington.edu/snv) (Rentzsch et al., 2018), and HGMD (http://www.hgmd.org) (Stenson et al., 2009), were further validated in carriers and their parents by Sanger sequencing, and PCR primers for genomic sequence were designed using Primer 3 (https://bioinfo.ut.ee/primer3-0.4.0/) (Supplementary Table S2). Then, for amplification, a mixture of Taq polymerase enzyme, PCR primers, water, and DNA sample was prepared. The amplified DNA products were then sequenced using the ABI 3730 Sequencer and analyzed with Sequence Scanner v1.0.
Cell culture and transient transfection
HEK-293T cell line was cultured in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine serum (PAN Biotech, Germany) and 1% Penicillin–Streptomycin Solution (Gibco, Foster City, CA, United States).
Full-length cDNA of ARHGAP29 (NM_004815.3) was synthesized and sub-cloned into pcDNA3.1 plasmid, to which site-directed mutagenesis was applied and thus obtained pcDNA3.1-ARHGAP29R551T plasmid (GeneChem, China). Then, they were transfected into HEK-293T cells by using Lipofectamine 3000 (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions, respectively.
Construction of the Arhgap29R553T mutant mouse model
The homology analysis of the amino acid sequences of human and mouse ARHGAP29 revealed that the 553rd amino acid of mouse ARHGAP29 was identical to the 551st amino acid of humans. Therefore, the CRISPR/Cas9 system was used to engineer a single base substitution mutation from G to C at the 1658th nucleotide of the cDNA of the Arhgap29 gene in the C57BL/6J mouse, resulting in a change from arginine (R) to threonine (T) at the 553rd amino acid. This part of the experiment was conducted by Gempharmtech Biotechnology Company (China), from whom we acquired F1 heterozygous Arhgap29R553T/+ mice for the subsequent experiments.
Due to the limited number of F1 heterozygous Arhgap29R553T/+ mice, they were crossed to C57BL/6J wild-type mice to generate a sufficient number of heterozygous mice. After genotyping the offsprings, heterozygous Arhgap29R553T/+ mice were chosen to be maintained. To be specific, 1–2 mm tail tissue was cut off from each mouse, from which DNA was extracted and amplified by PCR (Forward primer: CCACCACTTCTGTGGTGTCCTTG, reverse primer: CTACCCATGTTCTGCCTGTTGAG), both of which were completed using One Step Mouse Genotyping Kit (Vazyme, China). Sanger sequencing was then performed on those PCR products to confirm the genotype of each mouse.
After that, heterozygous Arhgap29R553T/+ mice were crossed overnight, females were examined for the presence of a vaginal plug the next morning, and the day when the vaginal plug was observed was designated as embryonic day 0.5 (E0.5).
RNA extraction
RNA was extracted from each group of HEK-293T cells using RNA-easy Isolation Reagent (Vazyme, China) 48 h after transfection. At E13.5, RNA was extracted from the secondary palate of homozygous Arhgap29R553T/R553T and wild-type mice. A total of 500 ng RNA was undertaken reverse transcription PCR to form cDNA by Takara PrimeScript kit.
RNA sequencing
Using the BGISEQ-500 platform, RNA sequencing was performed on the cDNA library of Arhgap29R553T/R553T and wild-type mice (BGI, China). In each group, two biological replications were included. Using DEseq2 and the Gene Ontology (GO) database, differential gene expression analysis and annotation for the biological process of DEGs (differential expression genes) were conducted.
Quantitative real-time qPCR
RT-qPCR was performed by using Takara TB Green Premix ExTaq. GAPDH was chosen as a reference gene, and primers are shown in Supplementary Table S3. Results were analyzed using the 2−ΔΔCt method. Each of the three biological replications was accompanied by three technical replications. Statistical analysis was calculated by the unpaired two-tailed t-test in GraphPad Prism 8 software.
Western blot
Furthermore, 48 h after transfection, after discarding the culture medium and washing with PBS, 250 μl of lysate was added to each well (containing 10 dsμl of PMSF per 1000 μl of RIPA) (Beyotime, China), carefully pipetted, and placed on ice for 10 min. Then, the lysate was collected and centrifuged at 10,000g for 3 min, the supernatant was diluted with ×5 loading buffer (Beyotime, China) and boiled for 10 min.
Subsequently, protein samples were separated by electrophoresis in agarose gels and transferred onto PVDF membranes, which were then blocked by 5% milk for 1 h and incubated with rabbit anti-human Arhgap29 antibody (Novus Biologicals, United States) at 4°C overnight, followed by incubation with anti-rabbit antibody (Proteintech, China) at room temperature for 1 h. At last, proteins were visualized by ECL substrate (Epizyme, China).
Micro-CT scanning
Three homozygous Arhgap29R553T/R553T and wild-type mice were selected and their entire body bone tissues were scanned by Micro-CT. The X-ray tube voltage was set to 70 kV, and the current was 114 A. The reconstruction was performed with Mimics 21.0.
HE and immunofluorescence staining
Embryos from E13.5 to E15.5 were fixed overnight in 4% paraformaldehyde and then fixed in paraffin. Serial paraffin sections of 7 μm were collected and deparaffinized in xylene and rehydrated with a range of ethanol concentrations. For regular histology, hematoxylin and eosin were used to stain tissue sections. For immunofluorescence, after heat-induced antigen retrieval, samples were blocked for 1 h with 5% bovine serum albumin in phosphate-buffered saline. The rabbit anti-human Arhgap29 antibody (Novus Biologicals, United States) was incubated overnight at 4°C. Following a PBST wash, rabbit IgG Alexa 488 (Abcam, United States) was applied for 1 h at room temperature, followed by another wash. Images were captured after mounting samples with DAPI.
RESULTS
Rs77179923 was specifically associated with NSCLP
By targeted region sequencing, we detected a total of 943 single nucleotide variations (SNVs) and 390 In/Dels. Of them, 656 SNVs were recognized as common variants and recruited into case–control association analysis, whereas 3 rare variants were enrolled in burden analysis (data did not show any significance).
In the discovery phase, 99 of the 656 SNVs in our targeted region were identified to be potential susceptibility variants of NSCL/P with a P-value less than 0.05 (Supplementary Figure S1 and Supplementary Table S4). Subsequently, all the 99 SNPs were replicated among 1,626 NSCL/P cases and 2,255 controls. According to the significance threshold after multiple corrections, the SNPs with a P-value less than 5.05E-04 are associated with the replication phase.
MAF and HWE (Supplementary Table S5) of the replicated SNPs were calculated, and those SNPs with MAF above 1% and P-value of HWE above 0.05 were recruited into the association analysis. Interestingly, we found that rs77179923 was specifically associated with NSCLP (p = 4.70E-04, OR = 1.84, 95%CI: 1.31–2.58), and its T allele was at risk for NSCLP, which indicated that the carries could have a higher risk to give birth a cleft baby. Rs12071152 was marginally associated with NSCLO (p = 9.40E-04, OR = 1.27, 95%CI:1.10–1.46). None of SNPs was identified to be associated with NSCL/P (Table1 and Figure 1A).
TABLE 1 | Replication of the association analysis in 1p22.
[image: Table 1][image: Figure 1]FIGURE 1 | Radar chat for the replication of the association analysis. Log P value with base 10 were shown in the chat, while blue, red and green line indicate the result of rs77179923, rs12071152 and significance threshold respectively. Significance threshold in the replication phase is 5.05E-04, which is adjusted by multiple correction.
Rs12071152 was uniquely associated with LCLO
To further test if the 99 SNPs associated with sub-phenotypes of NSCLO, we divided NSCLO into BCLO (bilateral cleft lip only), UCLO (unilateral cleft lip only), RCLO (right cleft lip only), and LCLO (left cleft lip only). Intriguingly, we noticed that rs12071152 showed specific association with LCLO (p = 4.00E-04, OR = 1.30, 95%CI: 1.12–1.51); although the association between rs12071152 and NSCLO (p = 9.40E-04, OR = 1.27, 95%CI: 1.10–1.46) did not survive after multiple corrections, its association with BCLO (p = 0.002, OR = 1.28, 95%CI:1.10–1.49), RCLO (p = 0.005, OR = 1.24, 95%CI:1.07–1.45), and UCLO (p = 0.001, OR = 1.27, 95%CI:1.10–1.47) were all not reached the significance threshold of 5.05E-04 (Table 2; Figure 1B). Our data indicated that there existed genetic heterogeneity among BCLO, UCLO, RCLO, and LCLO.
TABLE 2 | Replication of the association analysis in 1p22 among sub-phenotype of NSCLO.
[image: Table 2]De novo harmful rare variant ARHGAP29R551T was identified to be associated with NSCLP
Three harmful rare variants were identified to be novel (NM_000350.2: c.979C>T in ABCA4 and NM_004815.3: c.1652G>C and NM_004815.3: c.559G>A in ARHGAP29), which have not been reported in public databases such as 1000 Genome, Esp6500, ExAC, and GnomAD.
We validated all of them by Sanger sequencing on carriers and their parents, through which NM_000350.2: c.979C>T in ABCA4 and NM_004815.3: c.559G>A in ARHGAP29 were shown to be inherited from the parents of carriers, whereas NM_004815.3: c.1652G>C in ARHGAP29 was proved to be de novo, and it resulted in a missense mutation of 551 amino acids (p.R551T) of ARHGAP29 that is highly conserved across several species (Figure 2A). Then, NM_004815.3: c.1652G>C was further screened among 508 NSCLP cases and 438 normal controls, but it did not appear. Based on the conservation and harmfulness, we speculated that NM_004815.3: c.1652G>C in ARHGAP29, a de novo harmful rare variant, would be a risk factor for NSCLP.
[image: Figure 2]FIGURE 2 | (A) Sanger sequencing results of the de novo harmful rare variant in ARHGAP29. Sequence chromatograms indicate the heterozygous variant (NM_004815.3, NP_004806.3; c.1652G>C, p.R551T). The red letter and box emphasize the cross-species conservation of the altered amino acid. (B, C) Western blot and RT-qPCR analysis of the ARHGAP29 expression in HEK-293T cells 48 h after plasmid transfection. The results are presented as mean values with standard deviation (SD) normalized to GAPDH, and there were three biological replicates, ***p < 0.001.
ARHGAP29R551T results in a decreased expression level of ARHGAP29 in vitro
Expression of fluorescence demonstrated that both pcDNA3.1-ARHGAP29 and pcDNA3.1-ARHGAP29R551T were efficiently expressed in HEK-293T cells. Western Blot revealed that the expression levels of ARHGAP29 in homozygous Arhgap29R553T/R553T and wild-type group were comparable (Figure 2B). However, compared to the wild-type group, RT-qPCR revealed that homozygous Arhgap29R553T/R553T led to the lower mRNA expression level of ARHGAP29 (Figure 2C).
Additionally, we examined its effect in vivo. At E18.5, there were no significant differences in body length, craniofacial morphology, or bone growth between Arhgap29R553T/R553T and wild-type mice embryos, and no overt cleft palate phenotype was observed (Figure 3A). From E13.5 to E15.5, HE images of coronal sections showed normal elevation and fusion of palate shelves in both Arhgap29R553T/R553T and wild-type mice embryos (Figure 3B). Furthermore, ARHGAP29 was expressed similarly in the palatal epithelium of Arhgap29R553T/R553T and wild-type mice embryos (Figure 3C).
[image: Figure 3]FIGURE 3 | (A). Macroscopic and palatal phenotypes of E18.5 embryos; (B,C) HE and immunofluorescence staining of palatal coronal sections of E13.5–E15.5 embryos.
ARHGAP29R551T affects NSCL/P-related biological processes
Even though considering the decreased expression mRNA level of ARHGAP29 in vitro, we decided to further explore the influence of Arhgap29R553T/R553T on the transcriptome in vivo by RNA sequencing on the secondary palate tissue of E13.5 homozygous Arhgap29R553T/R553T and wild-type mice embryos. As predicted, the expression level of the Arhgap29 gene transcript NM_172525.2, which is identical to the transcript, where the de novo harmful rare variant NM_004815.3: c.1652G>C located at the human genome, was also significantly downregulated when compared to the expression level in wild-type mice.
In addition, decreased Arhgap29 led to significant changes in 174 genes, 121 of which were upregulated and 53 of which were downregulated (Figure 4A). The conditions for differential gene expression analysis include FPKM (wild-type)> 1, |log2|≥ 0.8, and p < 0.05.
[image: Figure 4]FIGURE 4 | Results of RNA sequencing on Arhgap29R553T/R553T and wild-type mice. (A) Volcanic maps of differential expression genes. (B) GO analysis of DEGs. All the shown GO terms were significantly enriched with Q-value less than 0.05.
Gene Ontology (GO) analysis for DEGs revealed that 15 biological processes were significantly enriched in upregulated genes, of which “epithelial cell differentiation” was the most relevant term to NSCL/P. In addition, most downregulated genes were significantly enriched in biological processes related to transcription, such as “regulation of transcription, DNA-templated” and “negative regulation of transcription by RNA polymerase II” (Figure 4B).
DISCUSSION
Since GWAS indicated that 1p22 was associated with NSCL/P (Beaty et al., 2010), a large number of common and rare variants have been identified in this region (Leslie et al., 2012; Butali et al., 2014; Chandrasekharan and Ramanathan, 2014; Letra et al., 2014; Gowans et al., 2016; Savastano et al., 2017). In this study, we aim to identify additional susceptibility variants for NSCL/P in the 1p22 region among the Han Chinese population using deep sequencing.
For common variants, we performed an initial association analysis and additional replications to investigate their associations. We found that rs77179923 was specifically associated with NSCLP (p = 4.70E-04, OR = 1.84, 95%CI: 1.31–2.58) (Table 1); rs77179923 is located in the introns of ABCA4 gene, it was once reported to be significantly associated with NSCL/P among Asian trios by Leslie et al. (2015), but subsequent research indicated that it may not be functional (Liu et al., 2017a). In addition, rs12071152 was marginally associated with NSCLO (p = 9.40E-04, OR = 1.27, 95%CI: 1.10–1.46) (Table 1), and we first identified its unique association with LCLO (p = 4.00E-04, OR = 1.30, 95%CI: 1.12–1.51) (Table 2); since it is located in the intergenic non-coding region, we used HaploReg (Version v4.1) and RegulomeDB (Version 2.0.3) to annotate rs12071152, and its A allele was observed to have altered seven motifs and showed four eQTL signals (Supplementary Tables S6, S7, and Supplementary Figure S2); these results suggested that rs12071152 is a regulatory SNP, it may function by affecting the expression of ARHGAP29 in the etiology of LCLO, whereas further validation is required.
So far, we have identified two SNPs that are specifically associated with NSCLP or LCLO. However, none were associated with the other sub-phenotypes of NSCLO, indicating genetic heterogeneity among sub-phenotypes of NSCLO. In fact, numerous studies support this viewpoint. Carlson et al. (2017) found that different regions on chromosome 13 were specifically associated with UCLO and BCLO among Asian populations; our previous study also indicated that rs1345186 in the TP63 gene was significantly associated with RCLO rather than LCLO and BCLO among the Han Chinese population (Yin et al., 2021). Moreover, these results remind us that the risk variants are likely to be masked by other signals when the association analysis was performed between controls and cases containing several subtypes. Consequently, a more detailed classification of the phenotype will be required in future genetic research to unearth more susceptibility variants.
Rare variants, with MAF less than 0.05% (Wagner, 2013), have a higher contribution to complex traits, meaning they confer a larger effect size than common variants; a portion of the common variants that show significant association with diseases are likely to be driven by rare variant (Bodmer and Bonilla, 2008; Nelson et al., 2012; Tennessen et al., 2012; Tada et al., 2016). So far, it has been reported that rare variants of ARHGAP29 play crucial roles in the etiology of NSCL/P (Chandrasekharan and Ramanathan, 2014; Liu et al., 2017b; Paul et al., 2017; Savastano et al., 2017). Liu et al. (2017b) once identified a rare variant (NM_004815.3, NP_004806.3; c.1654T>C, p.Ser552Pro) adjacent to ours in a European CPO-defected family. This mutation decreased the stability of ARHGAP29, which inhibits cell migration in immortalized human keratinocytes (iNHKs); the mutant zebrafish failed to delay epiboly, and it was thus suggested to be a loss-of-function variant (Liu et al., 2017b). In addition, Paul et al. (2017) identified a point mutation p.K326X at ARHGAP29 in the NSCL/P case, and the heterozygous Arhgap29K326X mutant mouse had abnormal adhesion prior to the formation of the palate.
Here, we identified a heterozygous missense variant NM_004815.3, NP_004806.3; c.1652G>C, p.R551T (ARHGAP29) that was de novo, highly conserved across species; it is predicted to be harmful by all in silico tools, and it is a pathogenic variant by the ACMG guideline (PS2, PS3, and PM2) (Richards et al., 2015). Based on this evidence and its adjacent missense mutation p.Ser552Pro functions as a loss-of-function variant (Liu et al., 2017b), we constructed a mouse model harboring Arhgap29R553T, which is identical to ARHGAP29R551T, to clarify its function. However, neither overt cleft palate phenotype nor abnormal palate shelves elevation or fusion was observed (Figure 3A, B). We inferred that this attributed to the insufficient dose effect of Arhgap29R553T/R553T, because Western blot and immunofluorescence assay demonstrated that both ARHGAP29R551T and Arhgap29R553T did not affect the expression of ARHGAP29 protein (Figure 2B and Figure 3C). In addition, NSCL/P is a polygenic disease involving multiple genes; thus, the effect of ARHGAP29R551T may be compensated by other genes or its functions in the etiology of NSCL/P by interacting with other genes in the signaling cascade of craniofacial embryology. Even though we cannot ignore the change of mRNA expression level of ARHGAP29 result from ARHGAP29R551T, this mouse model is valuable for identifying covariates of Arhgap29R553T/R553T at the transcriptome level, as well as discovering more NSCL/P-associated biological processes that ARHGAP29 might participate in (Paul et al., 2017). In this study, we found that the genes affected by Arhgap29R553T/R553T were enriched in the biological processes of epithelial cell differentiation and transcriptional regulation that may be related to NSCL/P, but whether they are truly involved in the occurrence of NSCL/P needs further in-depth research.
In conclusion, via targeted sequencing on 1p22 among the Han Chinese population, we found that rs77179923 was specifically associated with NSCLP; rs12071152 was significantly and specifically associated with LCLO. In addition, de novo harmful rare variants NM_004815.3, NP_004806.3; c.1652G>C, p.R551T (ARHGAP29), which decreased ARHGAP29 expression, were identified to be a risk factor for NSCLP. We generated a mouse model harboring variant identical to the de novo harmful variants; although no overt phenotype was observed, several susceptibility NSCL/P-related biological processes that are affected by Arhgap29R553T/R553T were observed after RNA-sequencing of the E13.5 secondary palate; however, the mechanism requires further investigation.
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Pathogenic and likely pathogenic (P/LP) germline variants in the tumor suppressor gene CDH1 (E-cadherin) result in increased lifetime risk of diffuse-type gastric cancer and lobular breast cancer. CDH1 variants are also associated with hereditary cleft lip and palate (CLP), the mechanism of which is not well understood. We sought to determine the prevalence of CLP in families who carry P/LP CDH1 variants. Patients with P/LP CDH1 variants who were enrolled in a prospective clinical trial were reviewed (NCT03030404). The cohort included 299 individuals from 153 families that had 80 unique P/LP variants in CDH1. The rate of CLP was 19% (29/153) in families reporting CLP in at least one family member, and 2.7% (8/299) among individuals with confirmed germline CDH1 P/LP variants. There were 22 unique variants in CDH1 among the 29 families that reported CLP, or a CLP rate of 27.5% per variant (22/80). 10 of the variants were not previously reported to be associated with CLP. We observed that 24% (7/29) of CLP-associated gene variants involved large-scale (≥1 exon) deletions. Among families with CLP, 69% (20/29) had a member diagnosed with gastric cancer, and 79% (23/29) had a member with breast cancer, which were similar to rates observed in non-CLP families (p >0.3 for both). Our analysis suggests that the prevalence of CLP in families with germline CDH1 P/LP variants was high in this large cohort, and there was no genotype-phenotype pattern. Genetic testing for CDH1 variants should be considered in families with CLP and history of either diffuse-type gastric or lobular breast cancer.
Keywords: cleft lip, cleft palate, CDH1, E-cadherin, cleft lip/palate, hereditary diffuse gastric cancer syndrome
REPORT
E-cadherin is a glycoprotein involved in maintaining the integrity of mucosal epithelium via trans-homophilic binding at cell-cell junctions (Takeichi, 2014; Mendonsa et al., 2018). Germline pathogenic or likely pathogenic (P/LP) variants in the CDH1 gene, which encodes E-cadherin, lead to the Diffuse Gastric and Lobular Breast Cancer (DGLBC, formerly hereditary diffuse gastric cancer, HDGC [MIM: 137215]) syndrome with an autosomal dominant pattern of inheritance. Lifetime disease penetrance estimates for gastric cancer and breast cancer in patients bearing a P/LP variant in CDH1 are approximately 25–42% and 42–55%, respectively (Roberts et al., 2019; Xicola et al., 2019).
In addition to cancer phenotypes, CDH1 variants are associated with Blepharocheilodontic syndrome (MIM: 119580) and cleft lip and palate (CLP). CLP, the most common congenital craniofacial abnormality, is a uni- or bilateral non-union of pharyngeal arch 1 structures and occurs in approximately 1 in 700 live births (Dixon et al., 2011). Most cases of CLP are idiopathic, but CLP may also present in the context of certain congenital syndromes (Venkatesh, 2009; Ghoumid et al., 2017). E-cadherin protein expression in the developing frontonasal prominence reportedly increases during weeks four–six of embryonic development (Frebourg et al., 2006), and epithelial cell adhesion is an important contributor to proper development of this structure (Cox et al., 2018). A prior study reported an association between variants in the linker regions of the E-cadherin protein and CLP, however, no mechanistic evidence has been provided to explain this phenomenon (Selvanathan et al., 2020).
To evaluate the association between CDH1 variants and CLP, we analyzed a large single-institution cohort of 299 patients with confirmed CDH1 P/LP variants enrolled in a prospective natural history study from 2017 through 2021. A total of 299 individual study participants were enrolled (211 female, 88 male) from 153 different families, the majority of whom identified as White (Table 1). Although the individual rate of CLP among patients with germline CDH1 P/LP variants was 2.7% (8/299), 19% (29/153) of families identified at least one relative with CLP (Median: 1, range 1–5). Of the study participants and their relatives identified with CLP (n = 47), 15 were positive for a P/LP variant in CDH1, 1 was an obligate carrier, and 31 were untested but at-risk to carry the familial CDH1 variant. Individuals with CLP were 45% (21/47) female, 19% (4/21) of whom had a personal history of breast cancer. Advanced gastric cancer was identified in 13% (6/47) of individuals with CLP. For families with CLP, 69% (20/29) reported at least one member with advanced gastric cancer, and 79% (23/29) reported breast cancer, which were similar to rates observed in non-CLP families (breast cancer Χ2 = 0.33, p = 0.566; gastric cancer Χ2 = 0.33, p = 0.567).
TABLE 1 | Family demographic and variant characteristics of CLP and non-CLP cohorts.
[image: Table 1]Next, we analyzed the CDH1 genotype of the cohort (Figure 1). There were 80 unique CDH1 P/LP variants among 153 different families. Of the 29 families that reported CLP, there were 22 unique variants in CDH1, 10 of which had not been associated previously with CLP (Table 2). The rate of CLP per unique CDH1 P/LP variant was 27.5% (22/80). Truncation of E-cadherin was predicted in 55% (16/29) of families reporting CLP based on either nonsense or frameshift variants in CDH1 (Table 2). An additional 24% (7/29) of CLP families had large deletions of ≥1 exon, including two families that were heterozygous for complete CDH1 gene deletion. Interestingly, there were two other families in the CLP-negative cohort heterozygous for the same complete CDH1 gene deletions that denied a known history of CLP. In contrast, there was only 1 missense cryptic splice variant in CLP-positive families (3%) compared with 21 missense mutations in the CLP-negative families (17%). The missense cryptic splice variant in the CLP-positive subgroup was not located within a cadherin-repeat linker region. Surprisingly, variants located at EC-EC linker regions were found in families without a history of CLP. The most common location for a CDH1 variant in both subgroups was in EC4. The frequency of variants of intracytoplasmic or transmembrane domains were similar in both CLP-positive and CLP-negative groups.
[image: Figure 1]FIGURE 1 | Map of variants in CDH1 for patients reporting family history of CLP.
TABLE 2 | CDH1 variant genotype for each family with CLP.
[image: Table 2]Here, we have reported the largest known single-institution analysis of CLP prevalence in subjects with germline CDH1 P/LP variants. The rarity of DGLBC syndrome and CDH1 P/LP variants presents challenges for any analysis. A prior study of CDH1 variant data pooled from the literature and public genetic variation databases found that 13% of CDH1 variants were associated with syndromic CLP (only DGLBC and Blepharocheilodontic syndrome) and non-syndromic CLP (Selvanathan et al., 2020). Our dataset, in contrast, allowed for CLP status to be systematically collected. We were able to determine that 27.5% of unique CDH1 P/LP variants were associated with CLP. Additionally, 19% of families with germline CDH1 P/LP variants reported at least one relative with CLP. These data demonstrate that CLP may be more prevalent in families with CDH1 P/LP variants than previously described.
Identification of individuals with a CDH1 P/LP variant provides opportunities for cancer risk reduction and early detection. Due to the high incidence of CLP in the general population, a diagnosis of isolated CLP at birth would be insufficient to recommend germline CDH1 genetic testing. Detailed individual and family criteria for CDH1 germline genetic testing have been developed by the International Gastric Cancer Linkage Consortium (Blair et al., 2020). Of the nine specific testing criteria, only one addresses CLP which recommends CDH1 testing for individuals with diffuse gastric cancer at any age and a personal or family history of CLP. Based on this report, it appears quite reasonable to expand the criteria to include a recommendation for CDH1 genetic testing in individuals with lobular breast cancer at any age with a personal or family history of CLP. Another consideration is that in families with features of hereditary cancer, there will be relatives with syndrome associated cancers who are deceased or uninterested/unable to undergo genetic testing. Therefore, we suggest that CDH1 genetic testing criteria also include testing for unaffected individuals with a family history of CLP and diffuse gastric cancer or lobular breast cancer.
Genotype-phenotype correlations have been elusive for CDH1. We found no difference in the rates of CLP in families reporting a history of gastric or breast cancer. Functionally, E-cadherin can form hetero- and homodimers on the cell surface and initiates intracellular signal transduction via β-catenin signaling and cytoskeletal modulation (Mendonsa et al., 2018). A previous study suggested mechanistic associations that might explain phenotypic differences between CLP and cancer development, specifically implicating linker regions of E-cadherin enriched for CLP-associated variants (Selvanathan et al., 2020). However, we found no evidence of region-specific variants that correlated with the presence of CLP. The CLP-positive subgroup demonstrated variants throughout the entire gene, including two patients with full CDH1 gene deletions which had not been reported previously. Interestingly, there were two additional families with full CDH1 gene deletions that reported no CLP. In addition, the only missense mutation in the CLP + group was a known cryptic splice site, generating premature termination codon that potentially resulted in reduced abundance of CDH1 mRNA via the nonsense-mediated decay (NMD) pathway (Kaurah et al., 2007; Karam et al., 2008). Together, these findings suggest that quantity, not quality, of functional E-cadherin may be a driver of CLP phenotype in CDH1 P/LP carriers, and that CLP is likely a multifactorial phenotype.
MATERIALS AND METHODS
The study was conducted in accordance with the Declaration of Helsinki (as revised in 2013). Patients were enrolled in National Institutes of Health (NIH) protocol number 17-C-0043 (NCT ID: NCT03030404) from 2017 to 2021. The study was approved by the institutional review board of the National Institutes of Health (reference number 385481) and informed consent was taken from all patients. Patients were enrolled if they had positive genotyping for a P/LP variant in CDH1. Patients had genetic testing at a CLIA certified lab. Results were reviewed by a certified genetic counselor. All data were analyzed by SPSS version 25® (IBM, IL, United States). Chi-squared statistical test was used where appropriate.
SUMMARY
Approximately 1 in 5 families with germline CDH1 pathogenic variants identified a family member with cleft lip/palate. This rate of cleft lip/palate associated with germline CDH1 variants should be incorporated into considerations for genetic testing in patients with a personal or family history of diffuse gastric cancer or lobular breast cancer.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary materials, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Institutional Review Board of the National Institutes. Informed consent was taken from the patients involved.
AUTHOR CONTRIBUTIONS
Conceptualization: BG and JD data curation: All authors formal analysis: All authors funding acquisition: JD investigation: BG and JD methodology: All authors project administration: BG and JD resources: JD software: n/a Supervision: JD validation: All authors visualization: BG, LG, SS writing—original draft: BG and JD writing—review and editing: All authors.
FUNDING
This research was supported in part by the Intramural Research Program, National Cancer Institute, National Institutes of Health.
ACKNOWLEDGMENTS
The authors would like to acknowledge Dr. Chimene Kesserwan for providing variant classification and interpretation guidance.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Blair, V. R., McLeod, M., Carneiro, F., Coit, D. G., D'Addario, J. L., van Dieren, J. M., et al. (2020). Hereditary diffuse gastric cancer: Updated clinical practice guidelines. Lancet. Oncol. 21 (8), e386–e397. doi:10.1016/S1470-2045(20)30219-9
 Cox, L. L., Cox, T. C., Moreno Uribe, L. M., Zhu, Y., Richter, C. T., Nidey, N., et al. (2018). Mutations in the epithelial cadherin-p120-catenin complex cause mendelian non-syndromic cleft lip with or without cleft palate. Am. J. Hum. Genet. 102 (6), 1143–1157. doi:10.1016/j.ajhg.2018.04.009
 Dixon, M. J., Marazita, M. L., Beaty, T. H., and Murray, J. C. (2011). Cleft lip and palate: Understanding genetic and environmental influences. Nat. Rev. Genet. 12 (3), 167–178. doi:10.1038/nrg2933
 Frebourg, T., Oliveira, C., Hochain, P., Karam, R., Manouvrier, S., Graziadio, C., et al. (2006). Cleft lip/palate and CDH1/E-cadherin mutations in families with hereditary diffuse gastric cancer. J. Med. Genet. 43 (2), 138–142. doi:10.1136/jmg.2005.031385
 Ghoumid, J., Stichelbout, M., Jourdain, A. S., Frenois, F., Lejeune-Dumoulin, S., Alex-Cordier, M. P., et al. (2017). Blepharocheilodontic syndrome is a CDH1 pathway-related disorder due to mutations in CDH1 and CTNND1. Genet. Med. 19 (9), 1013–1021. doi:10.1038/gim.2017.11
 Karam, R., Carvalho, J., Bruno, I., Graziadio, C., Senz, J., Huntsman, D., et al. (2008). The NMD mRNA surveillance pathway downregulates aberrant E-cadherin transcripts in gastric cancer cells and in CDH1 mutation carriers. Oncogene 27 (30), 4255–4260. doi:10.1038/onc.2008.62
 Kaurah, P., MacMillan, A., Boyd, N., Senz, J., De Luca, A., Chun, N., et al. (2007). Founder and recurrent CDH1 mutations in families with hereditary diffuse gastric cancer. JAMA 297 (21), 2360–2372. doi:10.1001/jama.297.21.2360
 Mendonsa, A. M., Na, T. Y., and Gumbiner, B. M. (2018). E-cadherin in contact inhibition and cancer. Oncogene 37 (35), 4769–4780. doi:10.1038/s41388-018-0304-2
 Roberts, M. E., Ranola, J. M. O., Marshall, M. L., Susswein, L. R., Graceffo, S., Bohnert, K., et al. (2019). Comparison of CDH1 penetrance estimates in clinically ascertained families vs families ascertained for multiple gastric cancers. JAMA Oncol. 5, 1325–1331. doi:10.1001/jamaoncol.2019.1208
 Selvanathan, A., Nixon, C. Y., Zhu, Y., Scietti, L., Forneris, F., Uribe, L. M. M., et al. (2020). CDH1 mutation distribution and type suggests genetic differences between the etiology of orofacial clefting and gastric cancer. Genes 11 (4), E391. doi:10.3390/genes11040391
 Takeichi, M. (2014). Dynamic contacts: Rearranging adherens junctions to drive epithelial remodelling. Nat. Rev. Mol. Cell Biol. 15 (6), 397–410. doi:10.1038/nrm3802
 Venkatesh, R. (2009). Syndromes and anomalies associated with cleft. Indian J. Plast. Surg. 42, S51–S55. doi:10.4103/0970-0358.57187
 Xicola, R. M., Li, S., Rodriguez, N., Reinecke, P., Karam, R., Speare, V., et al. (2019). Clinical features and cancer risk in families with pathogenic CDH1 variants irrespective of clinical criteria. J. Med. Genet. 56 (12), 838–843. doi:10.1136/jmedgenet-2019-105991
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Green, Fasaye, Samaranayake, Duemler, Gamble and Davis. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 29 November 2022
doi: 10.3389/fgene.2022.1046989


[image: image2]
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Background: Clinical observations and retrospective studies have observed that patients with gastroesophageal reflux disease (GERD) have an increased probability of dental erosion, periodontitis and oral mucosal lesions and other common oral lesions. However, whether there is a genetic causal relationship between GERD and the occurrence of oral lesions has not been reported.
Methods: In this study, we extracted instrumental variables from the largest published summary statistics of the oral lesion phenotype GWAS in UK Biobank (UKBB) and GERD GWAS. Then, we performed a causal inference analysis between GERD and common oral lesions by mendelian randomization (MR) analysis with the R package “TwoSampleMR”.
Results: We observed a significant causal relationship between GERD and several common oral lesion phenotypes (painful gums, loose teeth, toothache, and mouth ulcers). GERD showed a positive correlation with the occurrence of these oral lesions. After removing outlier SNPs via the MR-PRESSO package, our conclusions were still robust.
Conclusion: Our findings provide the first evidence for a genetic causal effect of GERD on oral lesion pathogenesis. For patients with confirmed GERD, attention should be paid to taking interventions to prevent the occurrence of oral lesions.
Keywords: mendelian randomization, causal relationship, gastroesophageal reflux disease, oral disease, periodontitis, toothache, oral ulcer
INTRODUCTION
As an important part of the digestive system, the occurrence of digestive system diseases can also lead to changes in the oral environment. Gastroesophageal reflux disease (GERD) is a series of chronic symptoms and esophageal mucosal damage caused by reflux of gastric contents due to dysfunction of the lower esophageal sphincter. The prevalence of GERD in adults in Western countries ranges from 10% to 20% (Chen et al., 2014; El-Serag et al., 2014). In addition to affecting the esophagus, GERD leads to a series of extraesophageal symptoms known as extraesophageal syndrome, including chronic cough, hoarseness, asthma, globus sensation, sleep disturbance, and oral lesions (Jung et al., 2020). Various forms of dental erosion are considered to be the most important oral manifestations of GERD, and the relationship between GERD and dental erosion and tooth loss has been widely observed. Picos et al. (2013) found that dental erosion prevalence in patients with GERD was 35% by investigating the oral health status of GERD patients. Similarly, due to the defect of tooth enamel, the incidence of dental caries in GERD patients also increased (Linnett et al., 2002). Furthermore, the colonization of the tooth surfaces by S. salivarius and Streptococcus mutans was significantly increased in children with GRED (Ersin et al., 2006). In addition, the relationship between changes in salivary flow rate and salivary buffering capacity (Hauk, 2018), changes in taste (Steele, 2016), damage to the oral mucosa, and the onset of chronic periodontitis (Song et al., 2014) have also been reported (Jajam et al., 2017). In previous studies, an increased incidence of tooth erosion, periodontitis, oral mucosal lesions, and dysgeusia was observed in patients with GERD. Although there appears to be a strong association between GERD and oral lesions, previous evidence from either cross-sectional or case-control studies, the direction of the causal relationship between oral lesions and GERD remains uncertain.
Mendelian randomization methods use genetic variation as an instrumental variable reflecting exposure factors (intermediate phenotypes). Since the alleles of genetic variation follow the Mendelian independent distribution law of random separation and combination from parents to offspring when gametes are formed, the random distribution of alleles makes the process of randomization of genetic variation in the population. The relationship between genetic variation and exposure is fixed during conception, independent of postnatal environmental exposures, confounding, and outcomes, and throughout the lifespan to rationalize causal timing (Lawlor et al., 2008). At the same time, genetic variation can be directly and accurately measured, and it can be used as an instrumental variable while avoiding the bias introduced by measurement error. Therefore, mendelian randomization takes genetic variation as an instrumental variable of the exposure factors to be studied, and it is feasible to use the relationship of “genetic variation-study outcome” to simulate the relationship of “exposure factor-study outcome” to infer disease etiology (Neeland and Kozlitina, 2017). In this study, we performed a causal inference analysis between GERD and common oral lesions by mendelian randomization analysis.
METHODS
Instrumental variable selection
The GWAS summary data for gastroesophageal reflux comes from the largest published GWAS study of gastroesophageal reflux in European populations (Ong et al., 2022), which included a total sample size of 602,604, including 129,080 cases and 473,524 controls. First, this study selected SNPs that reached the genome-wide significant threshold (p < 5 × 10−8). At the same time, in order to avoid potential bias caused by linkage disequilibrium (LD) relationship between SNPs, we set the physical distance between SNPs >10 000 kb by setting the clump_data function in the TwoSampleMR package, and the R2 of LD between genes <0.001, the instrumental variable is finally obtained.
GWAS summary statistics data for several common oral disease phenotypes, including loose teeth, bleeding gums, toothache, and oral ulcers were downloaded from UKBB, and β, SE, and p values were extracted for these outcome factors.
The published data used in this study were derived from analyses limited to European population data, and basic information on these subjects is presented in Table 1.
TABLE 1 | Basic information on the GWAS applied in this study.
[image: Table 1]Mendelian randomization analysis
In this study, we used inverse variance weighted (IVW) as the main analysis method. And the median weighted method, weighted mode method, MR Egger method, Simple mode method and Weighted mode method were used as Supplementary Method. The IVW principle used the reciprocal of the variance of each instrumental variable as a weight for weighted calculation under the premise of ensuring that all instrumental variables were effective, and the final result was the weighted average of the effect values of all instrumental variables. The above analysis was implemented through the TwoSampleMR package.
Sensitivity analysis
First, we performed a heterogeneity test for the included instrumental SNPs using Cochran’s Q test and I2 statistic. If the test results suggested an existed heterogeneity, we further detected the outlier SNPs by MR-PRESSO package (Verbanck et al., 2018). And after removing the detected outliers SNPs, Mendelian randomization analysis was performed again and heterogeneity was checked again (Figure 1). The horizontal pleiotropy of instrumental variables was then detected by the MR-Egger method (Bowden et al., 2015). If the p-value of the intercept term of the regression equation is >0.05, it indicates that horizontal pleiotropy is not exhibited. Similarly, in order to verify the stability of the analysis results, we performed a leave-one-out analysis through the leave_one_plot () function in the TwoSampleMR package (Hemani et al., 2017). The funnel plot and forest plot were also generated by TwoSampleMR package. The principle of the leave-one-out method is to eliminate each SNP one by one and calculate the combined effect of the remaining SNPs, so as to determine whether the main effect of an instrumental variable leads to the causal relationship between the exposure factor and the outcome variable.
[image: Figure 1]FIGURE 1 | Flow chart and design of this mendelian randomization study.
ETHICAL APPROVAL
The GWAS summary data used in this study were obtained from published studies that have been approved by institutional review boards in their respective studies.
RESULT
Causal relationship between GERD and oral lesions
After screening the GERD GWAS summary statistics, a total of 80 SNPs were selected as instrumental variables (Supplementary Table S1). After mendelian randomization analysis using the TwoSampleMR package, IVW analysis showed that GERD showed a causal relationship with almost all oral lesions, including loosen teeth (p = 3.98E-06), oral ulcer (p = 0.00779079), bleeding gum (p = 0.01627596) and toothache (p = 0.01627596). p = 0.02197819). Also, MR Egger analysis, weighted median analysis and simple mode analysis also demonstrated a causal relationship between GERD and these common oral lesions (Table 2). In addition, although the slopes calculated by the different analyses were different, all analyses showed a positive relationship between GERD and oral lesions (Figure 2).
TABLE 2 | MR analysis results of five common methods of GERD to painful gums, loosen teeth, toothache and mouth ulcers.
[image: Table 2][image: Figure 2]FIGURE 2 | Scatterplot of the effect size for each SNP on GERD and the risk of (A) Painful gums, (B) Loosen teeth, (C) Toothache, (D) Mouth ulcers.
Stability analysis by leave-one-out method showed that no single SNP significantly altered the overall effect of GERD on several oral lesions (Figure 3), indicating the stability of our analysis. Also, the funnel plots and forest plots showed that there was no significant heterogeneity of the selected instrumental variable SNPs (Supplementary Figures S1, S2). We then performed a heterogeneity analysis and found a significant heterogeneity in the causal relationship between GERD and loosen tooth (MR Egger p = 0.000375318, IVW p = 0.000484792), bleeding gums (MR Egger p = 0.000140049, IVW p = 0.000163869), mouth ulcers (MR Egger p = 5.68E-08, IVW p = 1.62E-08). The heterogeneity between toothache and gum pain was not significant (Supplementary Table S2). After removing several detected outlier SNPs using MR-PRESSO analysis, heterogeneity analysis showed that all heterogeneity in the causal relationship was not significant between GERD and oral common diseases (Supplementary Tables S3, S4). We then performed the Mendelian randomization analysis and the results still suggested a causal relationship between GERD and oral lesions (Supplementary Table S3). Horizontal pleiotropy analysis showed that, except for gingival bleeding, there was no horizontal pleiotropy between several oral lesions and the occurrence of GERD (p > 0.05) (Supplementary Table S5).
[image: Figure 3]FIGURE 3 | Leave-one-out analysis for the impact of individual SNPs on the association between GERD and the risk of oral lesions. (A) Painful gums, (B) Loosen teeth, (C) Toothache, (D) Mouth ulcers.
DISCUSSION
In this study, we used a two-sample MR approach to analyze the causal relationship between GERD and oral lesions. We conclude that GERD is positively associated with an increased incidence of oral lesions in the European population. Our findings were valid and stable in IVW analysis before and after exclusion of outliers SNPs, and were also stable in sensitivity analysis.
Clinically, oral lesions are frequently observed in patients with GERD, where gastric contents (pH 1–1.5) consisting of acids, pepsin, bile salts, and trypsin may reflux to the esophagus and reach the oral cavity, leading to high levels of dental erosion and sometimes caries, and may also cause damage to oral soft tissues that are not adapted to their harmful potential (Tjon et al., 2021; Ribolsi et al., 2022). Various studies have demonstrated an increased prevalence of tooth erosion and caries in individuals with GERD compared to controls. At present, there are the following reports and speculations about the causes of different oral lesions caused by GERD.
Dental erosion refers to the reduction of dental mineralization due to chemical or ionization processes caused by non-bacterial factors (Donovan et al., 2021), and is not associated with bacterial infection. Hydroxyapatite crystals in tooth enamel can disintegrate in an acid environment with pH lower than 5.5, while the pH of refluxed gastric contents is usually lower than 2.0, which is conducive to the occurrence of tooth erosion (Shellis et al., 2014). Following tooth erosion, incomplete tooth surfaces are more susceptible to friction and wear, resulting in occlusal wear and loss. In addition, GERD patients often have abnormal esophageal motility, which is closely related to delayed acid clearance. Usually under physiological conditions, gastric reflux is caused by swallowing to induce peristaltic return to the stomach or by stimulating the esophageal mucosa to induce secondary peristaltic clearance. In GERD patients, however, this process is often impeded, and therefore acid clearance is delayed. A study of esophageal motility in patients with tooth erosion found a mean of 8% in patients with tooth erosion and 0% in healthy controls, suggesting that poor esophageal motility may be a risk factor for tooth erosion (Bartlett et al., 2000). Similarly, acidity from gastroesophageal reflux can also lead to oral soft tissue lesions (Watanabe et al., 2017). In GERD patients, palatal mucosal epithelial atrophy and increased fibroblasts were observed. However, these changes which are only detected by morphometry (Silva et al., 2001). In another study, soft/hard palate and uvula erythema and a burning sensation in the mouth were more common in GERD patients (Di Fede et al., 2008). GERD has been reported to cause esophageal mucosal damage and esophagitis (Mari et al., 2022). But so far, there have been very limited reports on whether GERD can lead to oral ulcers. In an experimental model of rat chronic acid reflux esophagitis, in addition to tooth erosion, the researchers also observed inflammatory cell infiltration in the mucosa of the back of the tongue, proving that acid reflux can also lead to an inflammatory response in the oral mucosa (Shimazu et al., 2018). Our study is the first to identify a causal relationship between GERD and oral ulcers through genetic evidence.
The effect on the secretion and properties of saliva is also one of the important causes of oral lesions caused by GERD. Under physiological conditions, the removal of acidic substances in esophageal reflux includes peristaltic clearance and salivary chemical clearance. Saliva not only buffers acid, but also stimulates esophageal motility after being swallowed, causing further acid removal. Therefore, saliva is considered to be an important protective mechanism of the esophagus and oral mucosa against acid reflux, and both the quality and quantity of saliva secretion directly affect the occurrence of dental erosion. In addition to its role in buffering the acidic environment, saliva also plays a major role in the maintenance of oral health and the repair of hard and soft oral tissues, including antibacterial effects, promotion of remineralization and wound healing. A reduction in saliva flow can speed up the process of tooth erosion. Likewise, a reduction in saliva, along with changes in its quality, is thought to be the main cause of periodontitis in GERD patients. In the study of Song et al. (2014), GERD was considered as an independent risk factor for periodontitis.
In addition, considering that proton pump inhibitors are currently recommended as the preferred treatment for GERD, the use of proton pump inhibitors (PPI) is thought to affect the secretion and properties of saliva. In GERD patients taking PPIs, their salivary flow rate was significantly lower than controls, and their acid buffering capacity decreased (Tanabe et al., 2021). Therefore, drug use accompanying GERD may also be a causative factor for oral lesions.
Despite the validity and robustness of our MR results, the current study has some limitations. First, since the GWAS data for oral lesions and GERD used in this study were derived from European populations, our findings may not be scalable to other populations. Second, since large-scale oral lesion GWAS are rarely published, we selected only the phenotypes of the major oral lesions disclosed in the UKBB. However, most of these oral lesion phenotypes are local manifestations of common oral diseases (caries, periodontitis) rather than directly representing the occurrence of these diseases. The causal relationship between these diseases and GERD remains to be further confirmed. Finally, the occurrence of all these oral lesions is determined by a combination of genetic as well as environmental factors, and our results only partially explain the causal effect of GERD on oral lesions.
In conclusion, our study demonstrated a causal relationship between GRED and several common oral lesions, including toothache, loose teeth, bleeding gums, painful gums, and oral ulcers, through mendelian randomization analysis. When the MR analysis was repeated after removing outlier SNPs, our results were still robust. The present findings suggest that interventions should be taken to prevent the occurrence of oral lesions in patients with confirmed GERD. Considering that a large number of undiagnosed GERD patients showed oral lesions as the first symptom, dentists should consider GERD in the etiological analysis of these common oral lesions, especially tooth erosion.
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Craniofacial development requires intricate cooperation between multiple transcription factors and signaling pathways. Six1 is a critical transcription factor regulating craniofacial development. However, the exact function of Six1 during craniofacial development remains elusive. In this study, we investigated the role of Six1 in mandible development using a Six1 knockout mouse model (Six1−/−) and a cranial neural crest-specific, Six1 conditional knockout mouse model (Six1f/f; Wnt1-Cre). The Six1−/− mice exhibited multiple craniofacial deformities, including severe microsomia, high-arched palate, and uvula deformity. Notably, the Six1f/f; Wnt1-Cre mice recapitulate the microsomia phenotype of Six1−/− mice, thus demonstrating that the expression of Six1 in ectomesenchyme is critical for mandible development. We further showed that the knockout of Six1 led to abnormal expression of osteogenic genes within the mandible. Moreover, the knockdown of Six1 in C3H10 T1/2 cells reduced their osteogenic capacity in vitro. Using RNA-seq, we showed that both the loss of Six1 in the E18.5 mandible and Six1 knockdown in C3H10 T1/2 led to the dysregulation of genes involved in embryonic skeletal development. In particular, we showed that Six1 binds to the promoter of Bmp4, Fat4, Fgf18, and Fgfr2, and promotes their transcription. Collectively, our results suggest that Six1 plays a critical role in regulating mandibular skeleton formation during mouse embryogenesis.
Keywords: Six1, craniofacial development, mandibular skeletal development, cranial neural crest cells, osteogenic differentiation
INTRODUCTION
The craniofacial development of vertebrates is precisely regulated by various genes and signaling pathways, including BMP, FGF, and WNT (Yin et al., 2015; Graf et al., 2016). Most craniofacial tissues are derived from cranial neural crest cells (CNCCs), which arise from the dorsal central nervous system and migrate into the developing craniofacial region (Liao et al., 2022). Within maxillary and mandibular prominences, CNCCs differentiate into ectomesenchymal cells, and the ectomesenchymal cells subsequently differentiate into various cell and tissue types, including the frontonasal skeleton, bone and cartilage of the jaw and middle ear (Liao et al., 2022). In contrast to other mesoderm-derived bones of the skeleton, the mandibular skeleton is generated during mandibular development via an intramembranous process in which ectodermal mesenchymal cells aggregate and then differentiate into bone (Parada and Chai, 2015; Liao et al., 2022).
The intricate regulation of craniofacial development and differentiation requires a number of transcription factors, such as the MSX family, DLX family, and the SIX family transcription factors, among others (Alappat et al., 2003; Takechi et al., 2013). The SIX family is a group of evolutionarily conserved transcription factors, which are expressed in multiple organs of humans, mice, drosophila, and other organisms, and play an essential role in the development of the craniofacial skeleton, kidney, ear, nose, brain, muscle, and gonads (Serikaku and O'Tousa, 1994). The mammalian SIX family consists of six members (SIX1-6). SIX family genetic mutations lead to various deformities, including craniofacial deformities, hearing disorders, visual disturbance, renal hypoplasia, and muscular dysplasia. (Kumar, 2009).
Six1 has been demonstrated to be a crucial member of the SIX family transcription factors in the embryonic development (Wu et al., 2014; Liu et al., 2019). Six1 knockout mice exhibited craniofacial deformity, hypoplastic kidneys (Xu et al., 2003), and severely dysplastic lungs (El-Hashash et al., 2011). Previous studies have shown that Six1 exerts versatile transcription regulatory effects by interacting with different molecular partners. SIX1 can form a complex with EYA1 and activate transcription (Li et al., 2003). Moreover, SIX1 can also form a transcription complex with members of the DACH family and repress the expression of downstream genes (Li et al., 2003). Six1 regulates Fgf10 and Bmp4 expression in the otic vesicle and interacts with Runx1 to regulate the cell fate of the Müllerian duct epithelium (Zheng et al., 2003; Terakawa et al., 2020).
It has been suggested that Six1 participates in the development of the craniofacial skeleton (Tavares et al., 2017). Six1 is widely expressed in craniofacial tissues of different origins, such as ectoderm, mesoderm, and endoderm (Liu et al., 2019). SIX1 mutation causes human branchio-oto-renal syndrome (BOR), characterized by hearing loss, auricular deformities, residual branchial arches, and renal abnormalities (Kumar et al., 2000; Ruf et al., 2004; Feng et al., 2021). However, the mechanisms by which SIX1 regulates craniofacial development, and skeletogenesis remain unclear.
In this study, we generated a Six1 knockout mouse model and conditional deletion of Six1 in cranial neural crest cells to investigate the role of Six1 in ectomesenchymal cells during murine embryonic mandibular development. We found that the mandibles of both Six1−/− and Six1f/f; Wnt1-Cre were significantly shortened, indicating that ectomesenchymal Six1 participates in mandibular skeletal development. Combining RNA-seq and immunofluorescence staining, we demonstrated that mandibular osteogenesis is impaired in E18.5 and E16.5 Six1−/− mice. In particular, mRNA expression levels of several key osteogenesis-related genes, such as Osteopontin (Opn), Osteocalcin (Ocn) and Osterix (Osx), were found to be downregulated. In vitro, the knockdown of Six1 in the mouse embryonic mesenchymal stem cell line C3H10 T1/2 resulted in decreased osteogenic differentiation capacity and dysregulation of ossification-related genes. By performing CUT&Tag, we further demonstrated that Six1 directly binds to the promoters of Bmp4, Fgfr2, Fgf18, and Fat4, all of which are critical genes involved in skeletal formation and regulates their expression (Hung et al., 2016; Crespo-Enriquez et al., 2019; Motch Perrine et al., 2019; Xu et al., 2021). Taken together, our data suggest that Six1 plays a critical role in the regulation of ossification during embryonic mandibular skeletal development and elucidates the potential Six1-dependent gene regulation networks involved in mandibular development.
MATERIALS AND METHODS
Animals
The Six1 knockout homozygous (Six1−/−) and Six1 conditional knockout (Six1f/f) mouse models were generated using the CRISPR/Cas9 system on a C57BL/6J mouse background by GemPharmatech Co., Ltd (Nanjing, China). The mouse strain creation strategy involved the knockout of exon1-2 of the Six1-201 (ENSMUST00000050029.7) transcript region. Wnt1-Cre mice were obtained from the Jackson Laboratory (Bar Harbor, ME, United States). Six1f/f mice were crossed with Six1f/+; Wnt1-cre mice to generate Six1f/f; Wnt1-Cre embryos. (Supplementary Figure 1; Supplementary Table S1).
Embryos were obtained for subsequent experiments at E18.5, E16.5, and E14.5 days. The day of the appearance of a vaginal plug was defined as E0.5, and the embryos were obtained at 12:30 on each day in question. All mice were maintained and used in experiments according to the guidelines approved by the Institutional Animal Care and Use Committee (IACUC) of the Shanghai Ninth People’s Hospital affiliated to Shanghai Jiao Tong University School of Medicine.
Skeletal preparation
Skin and soft tissue were carefully removed from E18.5 embryos and the embryos were treated in 95% ethanol overnight, followed by staining with Alcian blue for 48 h at 37°C. Embryos were washed twice with 95% ethanol for 2 h each, treated with 1% KOH for 1 h, and stained with Alizarin red for 2 h. The embryonic bone tissue was soaked in a gradient mixture of 1% KOH in glycerol (75%, 50%, 25%) and photographed.
Histology and immunofluorescence, and TUNEL assay
The heads of the embryos were surgically isolated and fixed overnight with 4% PFA at 4°C, followed by gradient dehydration using an ethanol solution, embedded using paraffin. Hematoxylin–Eosin (HE) and Alcian blue staining were performed on 7 µm-thick paraffin sections. Immunofluorescence staining was performed with anti-Osteopontin Polyclonal antibody (22952-1-AP, Proteintech, Rosemont, IL, United States; 1:50), anti-Osterix antibody (ab209484, Abcam, Cambridge, United Kingdom; 1:200), or anti-Ki67 antibody (ab16667, Abcam; 1:100) followed by goat secondary antibody to rabbit IgG(A-11008, Thermo Fisher Scientific, Waltham, MA, United States; 1:500) following a previously described protocol (Ha et al., 2022). TUNEL staining was performed using In Situ Cell Death Detection Kit (11684795910, Roche, Mannheim, Germany) according to the manufacturer’s instructions. Nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI). Images were captured using an Olympus IX83 inverted microscope (Olympus, Tokyo, Japan).
Cell culture, osteogenic differentiation, alkaline phosphatase (ALP) staining and cell proliferation assay
C3H10 T1/2 cells were purchased from the Cell Bank of the Chinese Academy of Sciences, Shanghai. The cells were maintained at 37°C with 5% CO2, and were cultured in MEM-α containing 10% FBS (10099141C, Gibco™, Thermo Fisher Scientific), 1% penicillin/streptomycin, 1% Non-Essential Amino Acids, and 1% GlutaMAX™ Supplement, and the culture medium was replaced every 2 days. Osteogenic induction medium (MUXMT-90021, Cyagen Biosciences Inc., Guangzhou, China) was used in the process of cell osteogenic differentiation (Ma et al., 2021). C3H10 T1/2 cells were seeded into 6-well plates at 50,000 cells per well and incubated at 37°C, 5% CO2 for 24 h. Then the regular cell culture medium was replaced with osteogenic induction medium. The osteogenic induction medium was changed every 48 h. ALP staining and RNA extraction were performed 7 days after osteogenic induction. The cells were fixed for 30 min with 4% paraformaldehyde, and ALP staining was performed using the BCIP/NBT Alkaline Phosphatase color development kit following the manufacturer’s instructions (C3206, Beyotime Biotechnology, Beijing, China). Cell proliferation was analyzed using the Cell Counting Kit-8 according to the manufacturer’s instructions (C0037, Beyotime Biotechnology). Cells were seeded in a 96-well plate at a density of 1,000 cells per well and incubated at 37°C, 5% with complete MEM-α. At 24, 48, 72, 96, and 120 h, the medium was removed and added CCK-8 solution was added to the medium and incubated for 1 h. Then, the reaction solution was read with a multimode reader (BioTek, Winooski, VT, United States) to obtain the absorbance at 450 nm.
RNA extraction and quantitative RT-PCR
The RNA was extracted using a total RNA extraction kit (LS1040, Promega, Madison, WI, United States). Following the manufacturer’s instructions, 1 µg of total RNA was reverse transcribed into cDNA using Hifair first Strand cDNA Synthesis SuperMix (11141ES10, Yeasen Biotech, Shanghai, China) for RT-qPCR analysis. Quantitative PCR was performed on a Lightcycler 96 (Roche, Basel, Switzerland) with Hieff qPCR SYBR Green Master Mix (No Rox) (11201ES03; Yeasen Biotech). The relative expression was calculated for each gene by the 2−ΔΔCT method, normalized against GAPDH expression, and presented as fold changes relative to the control. The sequences of all the primers used in this study are shown in Supplementary Table S2.
Construction of knockdown short hairpin RNA vectors and cell infection
Short hairpin RNA (shRNA) targeting Six1 (NM_009189.3) was designed with the following sequence: GCT​CAT​GTC​CAG​CTC​AGA​AGA. The shRNA was transfected into the pLV-shRNA-EGFP(2A) Puro vector. Six1-shRNA lentiviruses were packaged and amplified by co-transfecting recombinant vector together with pSPAX2 and pMD2G into 293T cells with lipo8000 and culturing for 48 h. Then the cell culture supernatants were collected and concentrated using a Universal Virus Concentration Kit (C2901M, Beyotime Institute of Biotechnology, Jiangsu, China). The virus concentrate was added to C3H10 T1/2 cells at an MOI of 50 with polybrene(12 μg/mL) and cultured for 6 h. Subsequently, the cell medium was changed and cells were cultured for a further 72 h. To obtain stably transfected cells, C3H10 T1/2 cells were cultured in MEM-α supplemented with puromycin dihydrochloride (10 μg/mL, Beyotime Institute of Biotechnology) for 7 days.
RNA sequencing
An RNA sequencing library was prepared using a NEBNext Ultra™ RNA Library Prep Kit for Illumina and was sequenced on an Illumina novaseq6000. Differentially-expressed genes (DEGs) were determined with log2 expression fold change(log2FC) > 1 and a p-value (padj) < 0.05. Gene Ontology (GO) enrichment analysis of DEGs was performed using the clusterProfiler package in R.
Cleavage under targets and tagmentation (CUT&Tag) library preparation
Cleavage under targets and tagmentation (CUT&Tag) libraries were prepared using an In-Situ ChIP Library Prep Kit (TD901, Vazyme Biotech, Nanjing, China). Adherent cultured cells were digested with 0.25% trypsin, and 50,000 C3H10 T1/2 cells per sample were used in two biological replicates. After centrifugation at 600 g for 5 min at room temperature, the cells were washed twice with Wash Buffer. Cells were bound to conA beads and incubated with anti-Six1 antibody (#12891, CST, Danvers, MA, United States; 1:50) overnight at 4°C. The primary antibody was removed, and then a secondary antibody (Goat Anti-Rabbit IgG, Vazyme) was diluted (1:100) in DIG Wash buffer and incubated with cells at room temperature in a shaker for 1 h. Next, cells were incubated with pA-Tn5 transposon complex (0.04 µM) at room temperature for 1 h. DNA was extracted and then purified using Hieff NGS® DNA Selection Beads (12601ES03, Yeasen Biotech). The libraries were sequenced on the Novaseq-150PE platform and 150-bp pair-end were generated. The sequencing depth was 10G base pair raw data.
Statistical analysis
GraphPad Prism v.9.0 for Windows (GraphPad Software, LaJolla, CA, United States) was used for statistical analysis. All numerical data are presented as means ± SD. Independent two-tailed Student’s t-tests were used for comparisons between two groups, and differences were considered statistically significant at a p-value < 0.05.
RESULTS
The Six1 knockout mice exhibited craniofacial deformity
To explore the role of Six1 in craniofacial development, we generated Six1 knockout mice using the CRISPR/Cas9-based approach. To ensure the efficiency of Six1 knockout in Six1−/− mice, we examined the RNA-seq data at E18.5 and verified the Six1 expression level by RT-qPCR (Supplementary Figure S5). By comparing gross images and skeletal staining of Six1+/+ (n = 4) and Six1+/− (n = 4) embryos at E18.5, we found that the heterozygous embryos had no craniofacial deformities and no differences in mandibular length, and that heterozygous mice survived and reproduced normally (Figures 1A–D). Hence, we used Six1+/− to mate with each other to obtain Six1−/− pups, and the Six1−/− birth probability conformed to the Mendelian ratio (14/55). All the Six1−/− mice that died at birth exhibited a wide range of craniofacial deformities, including microsomia, high arched palate, and a small tongue. Morphologic observation and examination of skeletal preparations at E18.5 revealed that the mandible length of Six1−/− mice (n = 3) was significantly shorter than wild-type or heterozygous littermates. Analyses of HE staining of E16.5 embryos revealed that Six1−/− (n = 3) mice exhibited a high palate and small tongue with ankyloglossia (Figure 1B). The volume of tongue muscle of Six1−/− mice was significantly reduced. We also found that mice (1/3) exhibited bifurcated ribs, characterized by abnormal fusion between the upper and lower rib cartilage (Figure 1D). The mandibular length of Six1−/− (n = 3) embryos at E18.5 was significantly shorter than that of Six1+/+(n = 4) (p < 0.0001) (Figures 1C, E). Six1 knockout mice exhibited a stable phenotype of a short jaw with 100% penetrance (14/14). The craniofacial phenotype of Six1 knockout mice was similar to that reported in the literature (Liu et al., 2019), and the skeletal deformities were also as reported in the literature (Li et al., 2003). These results demonstrate that Six1 knockout mice were successfully constructed, and this model is suitable for studying the causes of the short mandible.
[image: Figure 1]FIGURE 1 | The Six1 deletion mice resulted in craniofacial deformity. (A) Lateral view (top) and frontal (bottom) gross morphology of E18.5 heads of the Six1−/−, Six1 ± and Six1+/+ embryos. Six1−/− embryos exhibit short mandible and classical abnormal curve between nose and forehead (white arrowhead). (B) Hematoxylin and eosin (HE) and Alcian blue staining of sagittal sections (top) and frontal (bottom) sections of Six1−/−, Six1+/− and Six1+/+ embryo at E16.5. Six1−/− embryos display a short mandible, ankyloglossia (black arrow), and uvula deformity (white star). (C) Skeletal staining of E18.5 mandible of the Six1−/− and Six1+/+ embryo. Six1−/− mice exhibit a shortened mandible. L: length of mandible. (D) Skeletal alizarin red and Alcian blue staining of E18.5 heads (top) and body (bottom) of the Six1−/−, Six1+/− and Six1+/+ embryo. The black arrowhead points to bifurcated ribs. (E) Quantification of the mandibular length from Six1−/−, Six1+/− and Six1+/+ embryos at E18.5.
Conditional knockout of Six1 in cranial neural crest cells caused microsomia and cleft palate
The mandible is derived from neural crest cell-derived tissues (Parada and Chai, 2015). To explicitly assess whether the craniofacial defects were caused by the loss of Six1 function in CNCC-derived ectomesenchyme, we generated Six1f/f mice and crossed them with Wnt1-Cre mice to conditionally knockout Six1 in CNCCs (Six1f/f; Wnt1-Cre). Wnt1-Cre pups were born in accordance with the Mendelian ratio. However, the majority of Six1f/f; Wnt1-Cre pups died at birth. By morphological analysis and examination of skeletal preparations at E18.5, we found that all Six1f/f; Wnt1-Cre (n = 3) pups exhibited microsomia compared with control littermates, and the phenotype was similar to that of Six1 knockout mice (Figure 2A).
[image: Figure 2]FIGURE 2 | The conditional knockout of Six1 in cranial neural crest cells (CNCCs) results in microsomia. (A) Gross morphology of E18.5 heads of the Six1f/f; Wnt1-Cre and Six1f/f embryos. (B) HE and Alcian blue staining of sagittal sections showing the morphology of mandible of the Six1f/f; Wnt1-Cre and Six1f/f embryos at E18.5. Six1f/f; Wnt1-Cre embryo shows a short mandible. (C, D) HE and Alcian blue staining of frontal sections of the Six1f/f; Wnt1-Cre and Six1f/f embryos at E16.5 (C) and E14.5 (D). Six1f/f; Wnt1-Cre embryo shows cleft palate at E16.5 and E14.5.
Interestingly, a new phenotype, cleft palate (70%, 7/10) with ankyloglossia, was found in Six1f/f; Wnt1-Cre mice without atrophy of tongue muscle. We further studied the Six1f/f; Wnt1-Cre mice at E16.5 (n = 3) and E14.5 (n = 3), and found that the tongue muscle occupied the development space of the palate at E14.5, which prevented palatal lifting and led to the development of cleft palate (Figures 2C, D). Tongue connective tissue is derived from CNCCs, whereas the skeletal muscles originate from the myoblasts (Noden and Francis-West, 2006). The reduction in oral volume was due to the lack of mandibular development, while the unaffected tongue muscle volume resulted in an increased tongue muscle height. Therefore, the cleft palate phenotype of conditional knockout Six1 mice might be a secondary cleft palate. These data indicate that Six1 plays a crucial role in the growth and differentiation of CNCC-derived mesenchyme during craniofacial development.
Six1 knockout resulted in decreased mandibular bone formation and altered gene expression in mice
We reasoned that Six1 deletion might disrupt the complex gene expression pattern during craniofacial development. To reveal the key genes regulated by the transcription factor Six1 during mandibular development, we surgically isolated mandibular skeletal tissues and surrounding soft tissues from E18.5 Six1−/− or littermate control wild-type Six1+/+ mice and performed bulk RNA-seq on two independent biological replicates for each genotype. Analysis of the RNA-seq data revealed that the Six1 transcripts were completely absent in Six1−/−. Comparing the results of Six1−/− and Six1+/+ mice revealed that 196 genes exhibited significant expression changes (log2FC > 1, padj < 0.05). Among these, 172 genes were downregulated, and 24 genes were upregulated (Figure 3A; Supplementary Table S1). Correlation analysis of RNA-seq showed that Six1−/− and Six1+/+ were significantly different (Supplementary Figure S2). The uniquely mapped reads were all greater than 85%, indicating high-quality sequencing data (Supplementary Table S3). Notably, Six1−/− showed significantly downregulated expression of osteogenic and mineralization genes at E18.5, including Opn, Ocn, and Osx (Figure 3B). GO enrichment analysis of downregulated DEGs showed that multiple development-related biological processes were impacted, and the DEGs were significantly enriched in “ossification”, “biomineralization”, and “biomineral tissue development” (Figure 3C; Supplementary Table S2). Using immunofluorescence staining, we further verified that the level of Opn in the Six1−/− mandible was significantly lower than that in heterozygous littermates at E16.5 and E18.5 (Figure 3D). We also found a moderate downregulation in the mandibular region of Six1−/− mice by Osx immunofluorescence staining, which was consistent with the RT-qPCR results (Supplementary Figure S3). Six1−/− knockout mice had no significant effect on the proliferation and apoptosis of the mandible at E16.5 (Supplementary Figure S4). Collectively, these data suggest that the knockout of Six1 impaired mandibular bone formation by regulating the expression of critical genes involved in osteogenesis.
[image: Figure 3]FIGURE 3 | RNA-seq of the mandibular tissue from E18.5 Six1−/− and Six1+/+ embryos. (A) Volcano plots show differentially expressed genes between Six1−/− and Six1+/+ mandibular samples. (B) RT-qPCR analysis of Opn, Ocn, Osx and Etv1 in Six1−/− and Six1+/+ mandibular tissues at E18.5. (C) GO enrichment analysis of genes significantly downregulated in Six1−/− mandible. (D) Immunofluorescence staining of OPN in mandible of Six1−/− and Six1+/+ embryos at E16.5 and E18.5.
Interestingly, we also found that genes related to muscle development were significantly downregulated (Figure 3C). Observing the downregulated GO term “muscle organ development” revealed that their enriched genes include Etv1(Tenney et al., 2019), Tcap (Markert et al., 2010), Lbx1(Wang et al., 2022), Actn3 (Nicot et al., 2021), and Fos (Almada et al., 2021), which could explain the uvula deformity observed in Six1−/− mice. RT-qPCR showed that Etv1 expression was significantly reduced in the mandibular tissues of Six1−/− mice (Figure 3B). These results suggest that the craniofacial defects observed in Six1−/− mice result from profound dysregulation of genes related to skeletal and muscle development.
Six1 knockdown decreased the osteogenic differentiation capacity of C3H10 T1/2 cells
To further explore the role of Six1 during mandibular osteogenesis, we performed osteogenic induction assay on the mouse embryonic mesenchymal stem cell line (C3H10 T1/2) to investigate the potential mechanisms in vitro. By performing RT-qPCR, we showed that the expression of Six1 could be readily detected in C3H10 T1/2 cells (Figure 4A). We then performed Six1 knockdown by infecting C3H10 T1/2 cells with lentivirus expressing an shRNA specifically targeting Six1, and verified that the Six1 mRNA was markedly depleted in Six1 knockdown cells (p < 0.0001). RT-qPCR analysis showed that several critical osteogenic genes, including Osx, Runx2, Alp, and Dlk1, were downregulated in Six1 knockdown cells (Figure 4B). We further compared the osteogenic differentiation capacity of control and Six1 knockdown C3H10 T1/2 cells after osteogenic induction for 7 days by quantifying alkaline phosphatase (ALP) staining as well as measuring the mRNA levels of Alp, Osx, Opn, and Ocn by RT-qPCR (Figure 4C). Six1 knockdown C3H10 T1/2 cells exhibited lower ALP activity and downregulation of Osx, Opn, and Ocn expression. The proliferation activity of Six1 knockdown C3H10 T1/2 cells was inhibited (Supplementary Figure S4). These results indicate that Six1 knockdown leads to the decline of osteogenic marker genes expression and reduced osteogenic differentiation in osteogenesis.
[image: Figure 4]FIGURE 4 | The effect of Six1 on the osteogenic differentiation of C3H10 T1/2 cells. (A) RT-qPCR analysis of C3H10 T1/2 cells transfected with negative control (Control) or Six1 knockdown cells (Six1kd) (n = 6). (B) RT-qPCR analysis of Osx, Runx2, Alp, and Dlk1 in control and Six1 knockdown cells (Six1kd). (C) Alkaline phosphatase (ALP) staining of negative control C3H10 T1/2 cells (control) and Six1kd cells after osteogenic induction for 7 days. RT-qPCR analysis of Alp, Osx, Opn, and Ocn after osteogenic induction for 7 days of control and Six1kd cells. Scale bar in C, 1000 µm.
Six1 promotes osteogenic function by regulating multiple osteogenesis-related genes
To investigate the underlying mechanism by which Six1 regulates osteogenic differentiation of C3H10 T1/2 cells, we analyzed the transcriptional effect of Six1 knockdown on C3H10 T1/2 cells by performing RNA sequencing on three biological replicates of control and Six1 knockdown cells. The knockdown and control groups showed a more significant correlation with each other, indicating good quality and repeatability of the RNA sequencing dataset (Figure 5B, Supplementary Figure S2). Analysis of the DEGs (log2FC > 1, padj<0.05) revealed that 662 genes were downregulated and 660 genes were upregulated in Six1 knockdown cells compared with that in control cells (Figure 5A; Supplementary Table S3). GO analysis of the downregulated DEGs showed that the knockdown of Six1 suppressed osteogenic differentiation through the regulation of biological processes associated with “ossification” and “muscle tissue development” (Figure 5C; Supplementary Table S4). We further validated the mRNA expression of several osteogenic differentiation related genes in Six1 knockdown C3H10 T1/2 cells. Consistent with the RNA-Seq results, the mRNA expression of Bmp4, Fat4, Fgf18, Fgfr2, and Runx1 significantly decreased (Figure 5D).
[image: Figure 5]FIGURE 5 | RNA-seq of C3H10 T1/2 cells transfected with negative control (Control) or Six1-shRNAs (Six1kd) lentivirus (n = 3). (A) Volcano plots for all the genes of the control and Six1kd groups. Dots on both sides indicate up and downregulated differentially expressed genes (DEGs; p-adj < 0.05). (B) PCA plot showing the correlation between RNA-seq replicates. (C) The terms associated with biological processes (p-adj < 0.05) involving the downregulated genes in the Six1kd group. (D) RT-qPCR analysis of Bmp4, Fat4, Fgf18, Fgfr2, and Runx1 in control and Six1kd cells.
SIX1 directly binds to the promoters of Bmp4, Fgfr2, Fgf18, and Fat4 and regulates their expression
To further explore the mechanism by which Six1 regulates osteogenesis, we examined the genome-wide occupancy of Six1 in C3H10 T1/2 cells by performing CUT&Tag. The IDR consistency test was performed on the two sets of CUT&Tag data, and a total of 19,728 peaks were obtained (Figure 6A; Supplementary Table S5). Among the Six1 peaks, 40.26% were located in the promoter region (≤ 1 kb from the TSS), while 24.87% were located in the distal intergenic region (Figure 6B). These CUT&Tag peaks were annotated to the 10,788 closest genes. In addition, CUT&Tag assay showed that Six1 directly regulated the promoters of Bmp4, Fgfr2, Fgf18, and Fat4, all of which have been reported to play important roles in osteogenesis and were downregulated in Six1 knockdown C3H10 T1/2 cells (Figure 6C). Importantly, nearly 3/4 (2,157/3,027) of the DEGs from RNA-seq were associated with the Six1 peaks (Figure 6D). GO enrichment analysis of these 2,157 Six1-bound DEGs again showed that the ossification function was significantly enriched (Figure 6E). Six1 was also showed to bind to the promoter of Etv1, a gene involved in muscle development (Tenney et al., 2019). Taken together, our data strongly suggest that Six1 regulates the expression of a group of genes involved in bone and muscle development by binding to their promoters or cis-regulatory regions, thereby influencing craniofacial development and morphogenesis.
[image: Figure 6]FIGURE 6 | SIX1 directly regulates the promoter of osteogenic differentiation-related genes. (A) IDR tests the peaks of two biological replication. (B) Genomic distribution of Six1-enriched regions. (C) Six1 directly binds the promoter of Bmp4, Fgfr2, Fgf18, and Fat4. (D) A Venn diagram indicating overlap of Six1-binding genes and RNA-seq DEGs. (E) GO enrichment analysis of shared genes between Six1-binding genes and RNA-seq DEGs.
DISCUSSION
Six1 plays an important role in embryonic development and is one of the pathogenic genes of human Branchio-oto-renal syndrome (BOR) (Shah et al., 2020). Children with BOR show hearing loss, renal abnormalities, and microsomia(Kochhar et al., 2007). Six1 is widely expressed in the mesenchymal and sensory epithelium of the craniofacial region (Liu et al., 2019; Li et al., 2020). Studies have revealed that Six1 regulates auditory sensory epithelial differentiation, and participates in ear development (Li et al., 2020). For craniofacial development, Six1-null mice exhibit abnormal craniofacial skeletal development, including microsomia and the formation of a novel bone in the zygomatic arch (Tavares et al., 2017; Liu et al., 2019). However, the mechanisms of Six1 during mandibular development remain unclear.
Tavares et al. found that Six1−/− mice upregulated Edn1 signaling in the first and second branchial epithelium, while Six1 was expressed in the adjacent mesenchymal region, suggesting that Six1 may participate in craniofacial development through epithelial-mesenchymal interaction (Tavares et al., 2017). We demonstrated that the conditional knockout of Six1 in mesenchyme largely phenocopied the underdevelopment of the mandible observed in Six1−/− mice, thus demonstrating that Six1 regulates development of the mandible in the ectodermal mesenchyme. Interestingly, Six1f/f; Wnt1-Cre mice showed normal tongue muscle but the cleft palate, a more severe craniofacial deformity. Tongue muscle originates from mesodermal myoblasts, and CNCC-derived mesenchyme in tongue development acts as a scaffold for the organization of migrating myoblasts into the myogenic core (Parada and Chai, 2015). Hence, Wnt1-cre does not knockout Six1 in the tongue muscle, but specifically knockout Six1 in the mandible. Six1f/f; Wnt1-Cre mice exhibited no tongue abnormalities, but showed a lack of Six1 expression in the mandible, resulting in reduced oral volume. We surmise that when the palate begins to fuse at E14.5, the insufficient oral volume in Six1f/f; Wnt1-Cre mice may cause the tongue to occupy the palatal space, thereby affecting the palatal lift and eventually leading to secondary cleft palate.
We found that the expression of osteogenesis-related genes, such as Opn, Ocn and Osx, was significantly downregulated in the mandible of Six1−/− mice at E18.5, suggesting that Six1 may regulate multiple osteogenesis-related genes. It was previously reported that Six1−/− mice showed increased Osx expression in the maxillary and hinge region, and zygomatic process hyperplasia which developed into a thicker rod-shaped bone (Tavares et al., 2017). However, in our study, Six1−/− mice showed reduced Osx expression in the mandible and defects in mandibular osteogenesis. Six1 does not affect the proliferation and apoptosis of mandibular development at the late stages of embryonic development. We propose that Six1 regulates different signaling pathways in the maxilla and mandible, thus producing different biological effects. More studies are needed further to explore the mechanism of Six1 during craniofacial skeletal development.
Our analyses of C3H10 T1/2 cells and mandibular tissue RNA-seq indicate that Six1 regulates the expression of multiple osteogenesis-related genes. The spatiotemporal expression of Bmp4 highly coincides with that of Six1, and it directly regulates the expression of Msx1 and other genes in the BMP family, and plays an important role in the process of mandibular osteogenesis(Xu et al., 2021). Bmp4f/f; Wnt1-Cre mutant pups exhibited short mandible (Xu et al., 2021). Similar phenotypes were observed in Fgf18−/− embryos (Hung et al., 2016). In addition, mice with deletion of Fgf18 in neural crest cells also exhibited a shortened mandible, suggesting that Six1 and Fgf18 in neural crest mesenchymal cells may be jointly involved in mandibular osteogenesis (Yue et al., 2021). Low expression of Fgfr2 is also closely related to cells’ decreased osteogenic ability (Jiang et al., 2019). The Dchs1-Fat4 signaling pathway is involved in the process of osteoblast differentiation in the mouse mandible and skull and plays a positive role in early Runx2 progenitors (Mao et al., 2016; Crespo-Enriquez et al., 2019). Our data suggest that Six1 regulating mandible development at least in part through regulating downstream genes Fgfr2, Fgf18, Bmp4, and Fat4. Future in vivo studies will shed more light on how Six1 coordinates the spatiotemporal expression of these genes to achieve proper craniofacial skeletal formation.
CUT&Tag assay showed that nearly half of the Six1 binding sites were located near the promoter of the downstream gene. Our results demonstrated that the changes in gene expression induced by Six1 knockdown were largely due to the direct regulation of Six1 on its downstream genes. For example, Six1 directly binds to the promoters of Fgfr2, Fgf18, Bmp4, and Fat4 and regulates their transcription. Interestingly, our results also showed that a significant fraction of Six1 peaks are located in the intergenic regions, which likely correspond to cis-regulatory elements such as enhancers. Increasing evidence suggests that the enhancers play critical roles in orchestrating the precise gene expression patterns during craniofacial development (Attanasio et al., 2013). Future investigation on these Six1-bound enhancers may open new avenues for studying the functions of Six1 in craniofacial development and abnormality.
CONCLUSION
In conclusion, our findings suggest that the transcription factor Six1 is critical for mandible development. Our Six1 knockout and conditional knockout mouse models provide valuable animal models for future studies of skeletal development during craniofacial development. By integrating RNA-Seq and CUT&Tag, we identified potential target genes of Six1 that are involved in osteogenic differentiation. Future studies building on these findings will further elucidate the mechanisms by which Six1 regulates mandibular osteogenesis during embryonic development.
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The transcription factor Dlx2 plays an important role in craniomaxillofacial development. Overexpression or null mutations of Dlx2 can lead to craniomaxillofacial malformation in mice. However, the transcriptional regulatory effects of Dlx2 during craniomaxillofacial development remain to be elucidated. Using a mouse model that stably overexpresses Dlx2 in neural crest cells, we comprehensively characterized the effects of Dlx2 overexpression on the early development of maxillary processes in mice by conducting bulk RNA-Seq, scRNA-Seq and CUT&Tag analyses. Bulk RNA-Seq results showed that the overexpression of Dlx2 resulted in substantial transcriptome changes in E10.5 maxillary prominences, with genes involved in RNA metabolism and neuronal development most significantly affected. The scRNA-Seq analysis suggests that overexpression of Dlx2 did not change the differentiation trajectory of mesenchymal cells during this development process. Rather, it restricted cell proliferation and caused precocious differentiation, which may contribute to the defects in craniomaxillofacial development. Moreover, the CUT&Tag analysis using DLX2 antibody revealed enrichment of MNT and Runx2 motifs at the putative DLX2 binding sites, suggesting they may play critical roles in mediating the transcriptional regulatory effects of Dlx2. Together, these results provide important insights for understanding the transcriptional regulatory network of Dlx2 during craniofacial development.
Keywords: Dlx2, bulk RNA-seq, maxillary process, craniofacial development, scRNA-Seq
INTRODUCTION
Dlx2 (Distal-less homeobox 2) is a member of the Dlx family transcription factors that play critical roles in forebrain and craniofacial development. In mice, Dlx2 is located on chromosome 2 at 42.65 cM (Tan and Testa, 2021). During embryonic development, Dlx2 is expressed in the epithelial cells of the maxillary and mandibular processes, as well as the cranial neural crest cells (CNCC)-derived mesenchyme, indicative of its significant regulatory functions during the development of craniomaxillofacial tissues.
Dlx2 has been shown to regulate several critical signaling pathways involved in development and differentiation. Dlx2 is a transcription activator for Wnt1 and can activate the Wnt/β-Catenin signaling pathway (Zeng et al., 2020). It can also promote the expression of TARBP2 and thus further activates the JNK/AKT signaling pathway (Fang et al., 2020). The Dlx2/GLS1/Gln metabolic axis is an important regulator of the TGF-β/Wnt-induced snail-dependent epithelial-mesenchymal transition (Lee et al., 2016).
The regulation of skeletogenesis by Dlx2 has been extensively demonstrated in vitro. An experiment in human bone marrow mesenchymal stem cells confirmed that overexpression of Dlx2 can upregulate the expression of osterix, BSP, and MSX2 and elevate cellular alkaline phosphatase activity in the early stage of osteogenesis induction. It can also upregulate OCN expression at a later stage, thereby accelerating the mineralization of BMSC (Qu et al., 2014; Zeng et al., 2020). Studies in MC3T3-E1 cells have also reached the same conclusion, that Dlx2 overexpression can upregulate osteogenic related genes, such as Alp and Msx2 (Sun et al., 2015). Dlx2 overexpression can also stimulate both OCN and ALP promoter activity, thereby enhancing osteogenic differentiation (Zhang et al., 2019). MMP13 is a major collagenase that degrades aggrecan and type II collagen in the late stage of chondrogenesis. Its promoter contains two Dlx2-response elements. Dlx2 can inhibit the expression of MMP13 and reduce cartilage degradation by directly combining with these two elements (Zhang et al., 2018).
In addition to regulating osteogenesis and chondrogenesis, Dlx2 also plays a critical regulatory role in neural development. Mice lacking DLX1 and DLX2 have a time-dependent block in striatal differentiation (Anderson et al., 1997b), showed no detectable cell migration from the subcortical telencephalon to the neocortex and also had few GABA-expressing cells in the neocortex (Anderson et al., 1997a). The transient overexpression of the transcription factors Ascl1 and Dlx2 in neural progenitor cells is sufficient to induce neuronal morphology, GABAergic gene expression and synaptic electrophysiological maturity (Barretto et al., 2020).
Recent advances in the development of transgenic mouse models have provided critical insights for understanding craniofacial development and malformations (Chai and Maxson, 2006). Previous studies have shown that Dlx2 deletion and overexpression mutants exhibit craniofacial malformations. It has also been revealed that a null mutation of Dlx2 may cause odontogenic cells to reprogram into chondrocytes and express Sox9 (Thomas et al., 1997). In E13.5 mouse dental germ, overexpression of Dlx2 can also increase the expression of Sox9 (Dai et al., 2017). Hence, it is speculated that Sox9 may be a downstream effector of Dlx2. In addition, in mouse E13.5 dental germ that exhibits overexpression of Dlx2, the expression levels of TGFβR1, TGFβR2, Smad4, and Msx2 are upregulated. In the epithelium, Msx2 is also upregulated and the expression of Runx2, an osteogenic and odontogenic marker, is downregulated in dental germ and alveolar bone (Dai et al., 2017). This indicates that the overexpression of Dlx2 may interfere with the development of tooth and bone through its interaction with these genes. However, the complex gene regulatory network, downstream of Dlx2, has not yet been fully described.
In our earlier work, we constructed a mouse model that can overexpress Dlx2 in cells derived from neural crest cells (Sun et al., 2022). Such a mouse model enables us to determine the transcriptional effects of Dlx2 overexpression on the mouse maxilla. In the present study, by comparing the transcriptomes of the maxillary process in E10.5 Dlx2-overexpressing mice and wild-type mice, we showed that the effect of Dlx2 overexpression on the development of the maxillary process began at the earliest stage of maxillary process development and the transcriptional effect changed over time. Single-cell RNA sequencing (scRNA-Seq) of the early maxillary process showed that Dlx2 inhibited cell proliferation and promoted cell differentiation without changing the trajectory of differentiation. Moreover, cleavage under targets and tagmentation (CUT&Tag) analysis revealed the putative target genes that Dlx2 may interact with. These comprehensive analyses provide important insights for understanding the regulatory roles of Dlx2 during craniofacial development and pave the road for further functional dissection of the downstream regulatory network of Dlx2.
MATERIALS AND METHODS
Animals
We obtained wnt1cre mice from the Jackson laboratory. The Rosa26CAG-LSL-Dlx2−3xFlag mouse was constructed by the Shanghai Model Organisms Center, Inc. (Shanghai, China). To generate wnt1cre; Rosa26Dlx2/- mice, which could specifically overexpress Dlx2 in neural crest cells, we mated wnt1cre mice with Rosa26CAG-LSL-Dlx2−3xFlag mice. Wildtype C57BL/6J mice were purchased from Shanghai Jihui Laboratory Animal Care Co. Ltd. (Shanghai, China). All mice were maintained under SPF conditions at the Animal Center of the Ninth People’s Hospital affiliated with Shanghai Jiao Tong University School of Medicine. The day of the appearance of a vaginal plug was defined as E0.5 in all timed pregnancies. Embryos at the E10.5 and E12.5 stages (12:00 h of the day when the vaginal plug was detected was counted as E0.5) and P0 pups were collected for subsequent experiments. All animal experiments were approved by the Animal Care and Usage Committee of the Ninth People’s Hospital affiliated to Shanghai Jiao Tong University School of medicine.
Micro-computed tomographic (micro-CT) imaging and 3D reconstruction
Micro-CT was performed using a SkyScan 1176 (Bruker, Germany). Micro-CT images were acquired from P0 mice, with an x-ray source voltage of 45 kV and current of 550 µA. The data were collected at a resolution of 18 µm. Volume rendering in 3D was achieved using Mimics Medical 21.0 (Materialize). We evaluated micro-CT scans from three replicates per genotype. All landmarks were determined based on Mouse Development (Eds. J Rossant and P.L.Tam, 2002) and www.getahead.la.psu.edu.
All bones used in this study were manually segmented. Micro-CT scanning data were uploaded to Mimics as DICOM files. The background noise from these segmentations and bones outside the scope of this study were manually removed using Mimics’ editor tools. The remaining craniofacial bones were isolated and labeled using pre-scale thresholds that allowed only bones to be labeled. Reconstruction data were then rendered using Mimics’ 3D calculation tools and analysis tools were used for the measurements of isolated bones. The mean measurements of the maxillary bones were compared between the P0 wildtype and Dlx2 overexpression groups.
Statistical analysis
GraphPad Prism v.8 for Windows (GraphPad Software, La Jolla, CA, United States) was used for the statistical analysis. For all graphs, error bars represent standard deviations. Independent two-tailed Student’s t-tests were applied for comparisons between two groups. Differences were considered to be statistically significant at p-values < 0.05.
Isolation of mouse maxillary processes
In E10.5 and E12.5, pregnant C57BL/6 females were euthanized using isoflurane and cervical dislocation. The embryos were removed from the uterus into cold PBS and transferred into a 6 cm Petri dish, using a disposable glass straw. For sequences library construction, complete maxillary processes were carefully dissected out from embryos using micro tweezers under a stereomicroscope.
Bulk RNA-seq and data analysis
Total RNA was extracted using Trizol from freshly dissected E10.5 maxillary process tissues. Three independent RNA samples were prepared for each genotype (WT and wnt1cre; Rosa26Dlx2/-). We used 2 μg total RNA as input material for the library preparations for each sample. Sequencing libraries were generated using the NEBNext® UltraTM RNA Library Prep Kit for Illumina® (#E7530L, NEB, United States) following the manufacturer’s recommendations. The libraries were sequenced on an Illumina HiSeq X ten platform and 150 bp paired-end reads were generated. Sequenced reads were mapped to the mm 10 genome using STAR aligner version 2.7.3a. Comparisons between the RNA-seq datasets were performed using the DESeq2 package in R. Enrichment analyses and visualization of functional profiles of differentially expressed genes (DEGs) were performed using the clusterProfiler package in R.
ScRNA-seq and UMAP analysis
Fresh maxillary process tissues were conserved in the GEXSCOPE® Tissue Preservation Solution (Singleron) until library preparation. The scRNA-Seq libraries were constructed in accordance with the Singleron GEXSCOPE™ protocol from the GEXSCOPE™ Single-Cell RNA Library Kit (Singleron Biotechnologies). Pools were sequenced on the Illumina HiSeq X to generate 150 bp paired-end reads. Unsupervised clustering of cell populations was performed using the tSNE and UMAP analysis from the Seurat R package.
CUT&Tag analysis
After obtaining fresh cells from the maxillary processes of E12.5 wildtype mice, the CUT&Tag libraries were prepared using the Hyperactive In-Situ ChIP Library Prep Kit for Illumina (Vazyme Biotech, TD901) as previously described (Zuo et al., 2021). Approximately 50,000 cells were used per sample. The Anti-DLX2 antibody (Abcam, ab272902) was used as the primary antibody and goat anti-rabbit IgG (Vazyme, Ab206-10-AA) was used as the secondary antibody. All CUT&Tag libraries were sequenced on the Illumina Nova Seq 6000 platform at PE150 mode. Low-quality reads and adapters were trimmed by Trim Galore (v0.6.5). The clean reads were mapped to the mm 10 genome using bowtie2 (v2.4.2).
RESULTS
Micro-CT reveals abnormal bone formation in Wnt1cre; Rosa26Dlx2/- mouse
The wnt1cre; Rosa26Dlx2/- mice, with Dlx2 overexpressed in neural crest-derived cells exhibit craniofacial deformities such as cleft palate (Sun et al., 2022). To quantify the effect of Dlx2 overexpression on craniofacial bone formation, we performed Micro-CT scanning on the head of P0 wild-type and wnt1cre; Rosa26Dlx2/- mice. Micro-CT analysis provides comprehensive information on anatomical landmarks and the size of each craniofacial bone (Ho et al., 2015). The premaxilla and nasal bone, maxilla, palatine bone, frontal bone, parietal bone, interparietal bone, occipital bone and mandible were isolated for analysis (Figure 1A). Obvious ectopic bone formation and absorption were found in the premaxilla and nasal bone, frontal bone and parietal bone of the wnt1cre; Rosa26Dlx2/- mice. The cranial anteroposterior diameter of the wnt1cre; Rosa26Dlx2/- mice was significantly smaller than that of wild-type mice. We isolated the maxilla from wild-type and wnt1cre; Rosa26Dlx2/- mice and defined the anatomical landmarks (Figure 1B). We next quantitatively compared the sizes of the maxilla using the landmarks (Figures 1C–G). The full width and half-width of the maxilla of the wnt1cre; Rosa26Dlx2/- mice were significantly decreased (Figures 1D, E) but there was no significant difference in the length and height (Figures 1C–F). The distance between the left and right halves of the maxilla in wnt1cre; Rosa26Dlx2/- mice was significantly increased (Figure 1G), which was consistent with the cleft palate phenotype. In summary, the quantitative comparison of Micro-CT scans revealed that Dlx2 overexpression had a teratogenic effect on the mouse maxilla.
[image: Figure 1]FIGURE 1 | The conditional overexpression of Dlx2 in cranial neural crest cells results in underdeveloped maxilla. (A) Top, front and lateral views of micro-computed tomographic rendering of a skull of a P0 wildtype and wnt1cre; Rosa26Dlx2/- mouse. (B) Isolated maxilla from wildtype and wnt1cre; Rosa26Dlx2/- mice. P←→A: Posterior to Anterior. Definitions of landmarks: a. Medial point of the premaxillary-maxillary suture; b. Posterior point of the maxilla; c. Right tip of the zygomatic process of maxilla; d. Left tip of the zygomatic process of maxilla; e. Right posterior-medial point of the palatine process of the maxilla; f. Anterior point of the maxilla; g. Left posterior-medial point of the palatine process of the maxilla. (C–G) Quantification of the size (length (C), full width (D), half width (E), height (F), and distance (G)) of the maxilla in wildtype and wnt1cre; Rosa26Dlx2/- mice. *<0.05; ns. not significant. Definitions of landmarks: a. medial point of the premaxillary-maxillary suture; b. posterior point of the maxilla; cd. tip of the zygomatic process of maxilla; e.g., posterior-medial point of the palatine process of the maxilla; f. anterior point of the maxilla.
Dlx2 overexpression causes substantial gene expression changes in the E10.5 maxillary process
In previous research, it was found that the overexpression of Dlx2 had an impact on gene expression in E12.5 maxillary processes. However, the temporal and spatial expression analysis of Dlx2 showed that the overexpression was already evident in the earliest stage (E10.5) of maxillary process formation (Sun et al., 2022). In order to further understand how the overexpression of Dlx2 affects the development of maxillary processes, bulk RNA-Seq was performed on the maxillary processes of E10.5 wild-type and wnt1cre; Rosa26Dlx2/- mice. The individual replicates exhibited a high degree of correlation among the same genotype but a lower correlation was observed between replicates of different genotypes (Figure 2A), suggesting the overexpression of Dlx2 already induced transcriptome changes at this stage.
[image: Figure 2]FIGURE 2 | Bulk RNA-Seq data for the maxillary processes from E10.5 wildtype and wnt1cre; Rosa26Dlx2/- embryos. (A) Sample distances matrix showing the correlation between RNA-seq replicates. (B) Volcano plots to show differentially expressed genes between wildtype and wnt1cre; Rosa26Dlx2/- samples. (C,D) GO enrichment analysis of genes significantly upregulated or downregulated in wnt1cre; Rosa26Dlx2/-. (E) Venn diagram to show the overlap between DEGs obtained from bulk RNA-Seq analysis of E10.5 and E12.5 mice. (F–H) GO enrichment analysis of genes expressed in E10.5 mice only (F), E10.5-E12.5 overlap (G), E12.5 only (H). WT, wildtype; OE, wnt1cre; Rosa26Dlx2/-.
Comparisons between the wnt1cre; Rosa26Dlx2/- and wild-type mice revealed that 6,230 genes exhibited significant expression changes. Of these genes, 2,192 genes were significantly upregulated and 1,762 genes were significantly downregulated (Figure 2B). The Gene Ontology (GO) enrichment analysis of DEGs that were significantly upregulated revealed that they are involved in critical biological processes and molecular pathways, such as organic cyclic compound catabolic process, peptidyl-lysine modification, ncRNA processing and RNA catabolic process. The upregulated genes were also involved in a variety of RNA metabolic processes, which included ncRNA metabolic process, regulation of mRNA metabolic process, tRNA metabolic process and mitochondrial RNA metabolic process (Figure 2C). Notably, the downregulated DEGs are enriched for functional terms related to neuronal development, such as synapse organization, axonogenesis, dendrite development and axon guidance (Figure 2D), which reflects the neural crest-origin of the maxillary processes.
We found the DEGs of E10.5 are significantly different from the previously reported bulk RNA-Seq DEGs of the mouse maxillary process in E12.5 wildtype and wnt1cre; Rosa26Dlx2/- mice (Sun et al., 2022). Between the 6230 E10.5 DEGs and the 2428 E12.5 DEGs, only 780 genes are common (Figure 2E). Among the 5,450 genes that were unique to E10.5, the most enriched GO terms are related to cell proliferation and transcription, such as mRNA processing, DNA repair, regulation of DNA metadata process and mitotic nuclear division (Figure 2F). The 780 DEGs that were shared by E10.5 and E12.5 are enriched for GO terms involved in neuronal development, such as axonogenesis, regulation of neurogenesis, neuron project guidance and axon guidance (Figure 2G). Notably, the 1648 DEGs that were unique to E12.5 mice are enriched for ossification related genes (Figure 2H). Thus, the overexpression of Dlx2 can lead to different transcriptional responses and physiological outcomes at different stages of craniofacial development.
Dlx2 overexpression inhibits proliferation and promotes cell differentiation in maxillary process cells
Our bulk RNA-Seq analyses reveal pronounced transcriptional regulatory effects of Dlx2 during early maxillary development. However, the inability to distinguish among different cell subpopulations within maxillary processes precludes further dissection of transcriptome changes associated with the differentiation of mesenchyme. Overcoming these limitations requires transcriptome profiling at single-cell resolution.
In the maxillary process at E10.5, the differentiation of most tissue types has not occurred and the mesenchymal cell population is relatively homogeneous. In order to more clearly reveal whether overexpression of Dlx2 affects the differentiation trajectory of cells, we isolated the maxillary process tissues of E12.5 wild-type and wnt1cre; Rosa26Dlx2/- mice for single-cell RNA sequencing. The two scRNA-Seq datasets were combined and further analyzed. After dimensional reduction, the main cell populations from the two different samples largely overlapped with each other, indicating the batch effect was minimal (Figure 3A). The combined data were further clustered into 14 cell populations, with the largest cell populations corresponding to mesenchymal cells (Figure 3B). The nine mesenchymal clusters (clusters 0, 1, 2, 3, 4, 6, 7, 8, and 9) were selected for further analysis (Figure 3C).
[image: Figure 3]FIGURE 3 | ScRNA-Seq analysis suggested that Dlx2 overexpression inhibits proliferation and promotes cell differentiation of maxillary process cells. (A) Combined scRNA-Seq data of E12.5 wildtype and wnt1cre; Rosa26Dlx2/- mice. The coincidence degree was high. (B) TSNE and UMAP showing all cell clustering of combined data. (C) TSNE and UMAP showing mesenchymal cell clustering of combined data. (D) The cell proportions of wnt1cre; Rosa26Dlx2/- mice samples to wildtype cells in each mesenchymal cell cluster corresponds to Figure 3C. It was higher in clusters 0, 3, 6, and lower in clusters 1, 8. (E) Some differentially expressed markers in clusters 0, 3, 6, which include multiple developmental systems. (F) Schematic diagram of cell cycle of mesenchymal cells after data was combined. (G) Pie chart of cell cycle proportion of wildtype (left) and wnt1cre; Rosa26Dlx2/- (right) mesenchymal cells in the combined data. (H) Pseudotime differentiation trajectories of combined data from E12.5 wildtype and wnt1cre; Rosa26Dlx2/- mice.
In order to identify the cell populations most affected by Dlx2 overexpression, we quantified the relative proportions of wnt1cre; Rosa26Dlx2/- mice samples to wild-type cells in each of the 9 mesenchymal cell clusters. In each cell cluster, the number of cells from wnt1cre; Rosa26Dlx2/- mice samples was divided by the number of cells from the wild-type samples. We found that the wnt1cre; Rosa26Dlx2/- cells were relatively enriched in clusters 0, 3, and 6, while depleted in the other clusters, particularly for clusters 1 and 8 (Figure 3D). To further understand the identities of clusters 0, 3, and 6, we examined their marker genes. For each of these clusters, several marker genes related to different tissue types can be found (Figure 3E), suggesting these cells may represent various precursor cells that have not fully committed to a specific cell type.
Notably, we also found that there are a large number of marker genes related to the cell cycle in each cell population (Supplementary Figure S1). We assessed the cell cycle stages for each mesenchymal cell and found that clusters 0, 3, and 6 mainly consisted of cells in the G1 phase, while clusters 1 and 8 consisted of cells in the G2M phase (Figure 3F). When comparing the cell cycle composition of mesenchymal cells from the two genotypes, we found that the proportion of cells in the G1 phase markedly increased, while the proportion of cells in G2M and S phase decreased in the wnt1cre; Rosa26Dlx2/- mice cells (Figure 3G). These results suggest the overexpression of Dlx2 led to a slowdown of cell cycle progression and inhibition of cell proliferation.
To further understand how the overexpression of Dlx2 affects the differentiation trajectory of maxillary mesenchymal cells, we performed pseudotime developmental trajectory analysis on the combined scRNA-Seq dataset. While the cells from wild-type and Dlx2-overexpressing mice exhibit similar trajectories without obvious divergence, the cells from the wnt1cre; Rosa26Dlx2/- mice were located at more downstream positions on the pseudotime trajectory compared to the wild-type cells (Figure 3H). This difference was further confirmed by quantifying the pseudotime scores for the cells from the two genotypes (Supplementary Figure S2). These analyses thus suggest the overexpression of Dlx2 caused the mesenchymal cells within the maxillary process to enter a more differentiated state.
Taken together, our scRNA-Seq result suggests that overexpression of Dlx2 had two related effects: inhibition of cell proliferation and promotion of differentiation. In Dlx2-overexpressing mice, the maxillary process cells may have precociously entered a more downstream differentiation state before they had sufficient proliferation, thereby impairing the development of the maxillary bone and ultimately causing the phenotypes of narrowing width, widening distance and cleft palate.
CUT&Tag identifies candidate targets of DLX2
To uncover the regulatory mechanism of Dlx2 in early maxillary process development, CUT&Tag analysis was performed. CUT&Tag is a novel and highly sensitive method used to identify transcription factor occupancy sites (Kaya-Okur et al., 2019; Kaya-Okur et al., 2020). We used this method to identify candidate direct targets of DLX2. We performed DLX2 CUT&Tag on two replicates of wild-type mice maxillary processes and identified 14,738 and 6899 peaks in each replicate. Intersection was used to obtain 3518 peaks that were common to both replicates. Through annotation of these peaks, we found that less than 7% were located in the promoter area (within 2 kb from the TSS) (Figure 4A). The largest proportion of DLX2 occupancy sites was located between genes, which indicated that DLX2 may bind to potential enhancer regions to regulate the expression of protein-coding genes (Figure 4A).
[image: Figure 4]FIGURE 4 | CUT&Tag analysis display of Dlx2 downstream regulatory gene locus information. (A) Location of DLX2-occupancy peaks relative to the nearest annotated gene identified by CUT&Tag analysis. (B) Ten most enriched sequence motifs at DLX2-occupancy sites as determined using HOMER. The matched Motifs contained Mnt and Runx2. (C,D) Venn diagram to show the overlap between annotated genes identified by CUT&Tag analysis and E10.5 upregulated (C) or downregulated (D) DEGs. (E, F) GO enrichment analysis of the overlapping genes between annotated genes identified by CUT&Tag analysis and E10.5 upregulated (E) or downregulated (F) DEGs.
The ten most enriched known motifs identified by HOMER software are listed in Figure 4B. Among these enriched motifs, Runx2 was of particular interest because substantial in vivo and in vitro studies have shown that this gene is strongly associated with osteogenesis (Tosa et al., 2019; Deiana et al., 2020). This suggested that Dlx2 may function in collaboration with Runx2 to reshape the transcriptome when Dlx2 is overexpressed. Mnt is likely to be a transcriptional repressor and an antagonist of Myc-dependent transcriptional activation and cell growth (Hurlin et al., 1997), which may explain in part the inhibition of cell proliferation found by scRNA-Seq.
The CUT&Tag peak annotation identified 2,511 genes that are associated with DLX2 peaks. By cross-referencing these genes with bulk RNA-Seq upregulated DEGs, 83 upregulated Dlx2 target genes were obtained (Figure 4C). These genes were enriched for genes involved in the regulation of binding, regionalization, negative regulation of cell development and regulation of Notch signaling pathway (Figure 4E). Interestingly, the Notch signaling pathway has been shown to play an important role in palatal development (Casey et al., 2006). The 254 downregulated Dlx2 target genes were enriched for genes involved in axonogenesis and synapse organization (Figures 4D, F), consistent with the earlier analysis results. Among these downregulated genes, key osteogenic genes such as Zeb2 (Wang et al., 2022) and Rora (Tao C et al., 2022) were significantly expressed in mesenchymal cell clusters 0 and 3 of scRNA-seq respectively, and these two clusters of cells constituted the majority of the mesenchymal cell group of wnt1cre; Rosa26Dlx2/-. Overexpression of Dlx2 affects the osteogenesis of most mesenchymal cells. These putative Dlx2 target genes may be the most direct effectors in the downstream regulatory network of Dlx2.
DISCUSSION
The conditional overexpression mouse model makes it possible to obtain stable Dlx2 overexpression in mouse craniofacial tissues across different developmental stages. In previous work, we have performed a preliminarily exploration of the phenotypic characteristics of this mouse and described the gene expression changes of Dlx2 overexpression in the maxillary process of E12.5 mice. The maxillary process is formed at the E9.5 stage. As Dlx2 was overexpressed at the beginning of the maxillary process formation, we chose the earlier E10.5 maxillary process to describe the changes in gene expression. The DEGs at E10.5 share some similarities with those at E12.5, but there were also notable differences. Both sets of DEGs contain genes involved in the development of the nervous system, such as axonogenesis and regulation of neurogenesis. However, the DEGs specific to E10.5 are enriched for genes involved in RNA metabolism. In contrast, the DEGs specific to E12.5 are more enriched for genes involved in ossification. Such stage-dependent transcription effects may be attributed to several reasons. First, this may reflect the differences between the endogenous maxillary transcriptome at E10.5 versus E12.5, as early neurogenesis starts at E10.5 (Yun et al., 2002), which is slightly earlier than bone development. Second, maxillary cells at E10.5 and E12.5 may exhibit different chromatin accessibility landscapes. As a result, overexpression of Dlx2 may affect different target genes in different stages. Third, maxillary cells at E10.5 and E12.5 may express different sets of transcriptional co-activators/co-repressors that function collaboratively with Dlx2, leading to different transcriptional outcomes.
By performing scRNA-Seq and comparing the pseudotime development trajectories of wildtype and wnt1cre; Rosa26Dlx2/- cells, we found that overexpression of Dlx2 had little effect on the differentiation trajectory of cells and did not cause alterations in cell fates, or loss of specific cell types. Thus, although the overexpression of Dlx2 resulted in abnormal gene expression in early maxillary processes, this did not significantly change the direction of cell development. Rather, the main effects of Dlx2 overexpression are decreased cell proliferation and premature differentiation. The precocious differentiation was sufficient to disrupt the normal developmental timing of tissues, which resulted in defects of maxillary development and a series of other phenotypes, highlighting the intricacies of the gene regulation of craniofacial development.
As a transcription factor, there are many downstream target genes of Dlx2 in this regulatory process. Our CUT&Tag results suggest Dlx2 may regulate some genes in collaboration with Mnt and Runx2. However, more experimental evidence is needed to further confirm their co-occupancy at Dlx2 binding sites and collaboration in transcriptional regulation. In addition to the previously recognized Wnt signaling pathway, we found that Notch signaling pathway was also regulated by Dlx2. The Notch signaling pathway has a central role in cell fate specification and differentiation (Yun et al., 2002). Early activation of this pathway is a common feature of most potent inducers of neural differentiation (Teratani-Ota et al., 2016) and there was a direct link between the level of Notch activation, pro-osteogenic gene expression and corresponding osteogenic induction (Kostina et al., 2021).
Although this study is an in-depth analysis of the regulatory role and mechanism of Dlx2 in the early stage of maxillary process development, the roles of approximately 300 direct regulatory gene sites in the downstream complex regulatory network are still unclear. A large number of in vivo or in vitro experiments are still needed to verify the targets. Still, our study provides important information and resources that will facilitate the functional dissection of the Dlx2 regulatory network down the road.
DATA AVAILABILITY STATEMENT
The data presented in the study have been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) under the accession codes GSE217214. The bulk RNA-Seq data for E12.5 mouse maxillary process have been deposited in GEO under the accession code GSE185279. The scRNA-Seq data for E12.5 wildtype mice maxillary process have been deposited in GEO under the number GSE161143.
ETHICS STATEMENT
The animal study was reviewed and approved by Animal Care and Usage Committee of the Ninth People’s Hospital affiliated to Shanghai Jiao Tong University School of medicine.
AUTHOR CONTRIBUTIONS
XW and QB designed this experiment and coordinated the experiment. JS carried out all the experimental operations and analyzed them together with JZ.
FUNDING
This work was supported by the National Natural Science Foundation of China (82071096 to XW, 31801056 and 31970585 to QB), Rare Disease Registration Platform of Shanghai Nineth People’s Hospital, Shanghai Jiao Tong University School of Medicine (JYHJB05), Fundamental research program funding of Ninth People’s Hospital affiliated to Shanghai Jiao Tong University School of Medicine (JYZZ179 to JS).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1085263/full#supplementary-material
Supplementary Figure S1 | The top 10 differentially expressed genes of each cell cluster in Figure 3B.
Supplementary Figure S2 | The quantification of the pseudotime difference between wildtype and wnt1cre; Rosa26Dlx2/- cells.
REFERENCES
 Anderson, S. A., Eisenstat, D. D., Shi, L., and Rubenstein, J. L. (1997a). Interneuron migration from basal forebrain to neocortex: Dependence on Dlx genes. Science 278, 474–476. doi:10.1126/science.278.5337.474
 Anderson, S. A., Qiu, M., Bulfone, A., Eisenstat, D. D., Meneses, J., Pedersen, R., et al. (1997b). Mutations of the homeobox genes Dlx-1 and Dlx-2 disrupt the striatal subventricular zone and differentiation of late born striatal neurons. Neuron 19 (1), 27–37. doi:10.1016/s0896-6273(00)80345-1
 Barretto, N., Zhang, H., Powell, S. K., Fernando, M. B., Zhang, S., Flaherty, E. K., et al. (2020). ASCL1-and DLX2-induced GABAergic neurons from hiPSC-derived NPCs. J. Neurosci. Methods 334, 108548. doi:10.1016/j.jneumeth.2019.108548
 Casey, L. M., Lan, Y., Cho, E. S., Maltby, K. M., Gridley, T., and Jiang, R. (2006). Jag2-Notch1 signaling regulates oral epithelial differentiation and palate development. Dev. Dyn. 235 (7), 1830–1844. doi:10.1002/dvdy.20821
 Chai, Y., and Maxson, R. E. (2006). Recent advances in craniofacial morphogenesis. Dev. Dyn. 235 (9), 2353–2375. doi:10.1002/dvdy.20833
 Dai, J., Si, J., Ouyang, N., Zhang, J., Wu, D., Wang, X., et al. (2017). Dental and periodontal phenotypes of Dlx2 overexpression in mice. Mol. Med. Rep. 15 (5), 2443–2450. doi:10.3892/mmr.2017.6315
 Deiana, M., Dalle Carbonare, L., Serena, M., Cheri, S., Mutascio, S., Gandini, A., et al. (2020). A potential role of RUNX2- RUNT domain in modulating the expression of genes involved in bone metastases: An in vitro study with melanoma cells. Cells 9 (3), 751. doi:10.3390/cells9030751
 Fang, T., Zhao, Z., Yuan, F., He, M., Sun, J., Guo, M., et al. (2020). Actinidia Chinensis Planch Root extract attenuates proliferation and metastasis of hepatocellular carcinoma by inhibiting the DLX2/TARBP2/JNK/AKT pathway. J. Ethnopharmacol. 251, 112529. doi:10.1016/j.jep.2019.112529
 Ho, T. V., Iwata, J., Ho, H. A., Grimes, W. C., Park, S., Sanchez-Lara, P. A., et al. (2015). Integration of comprehensive 3D microCT and signaling analysis reveals differential regulatory mechanisms of craniofacial bone development. Dev. Biol. 400 (2), 180–190. doi:10.1016/j.ydbio.2015.02.010
 Hurlin, P. J., Queva, C., and Eisenman, R. N. (1997). Mnt: A novel max-interacting protein and Myc antagonist. Curr. Top. Microbiol. Immunol. 224, 115–121. doi:10.1007/978-3-642-60801-8_11
 Kaya-Okur, H. S., Janssens, D. H., Henikoff, J. G., Ahmad, K., and Henikoff, S. (2020). Efficient low-cost chromatin profiling with CUT&Tag. Nat. Protoc. 15 (10), 3264–3283. doi:10.1038/s41596-020-0373-x
 Kaya-Okur, H. S., Wu, S. J., Codomo, C. A., Pledger, E. S., Bryson, T. D., Henikoff, J. G., et al. (2019). CUT&Tag for efficient epigenomic profiling of small samples and single cells. Nat. Commun. 10 (1), 1930. doi:10.1038/s41467-019-09982-5
 Kostina, A., Lobov, A., Semenova, D., Kiselev, A., Klausen, P., and Malashicheva, A. (2021). Context-specific osteogenic potential of mesenchymal stem cells. Biomedicines 9 (6), 673. doi:10.3390/biomedicines9060673
 Lee, S. Y., Jeon, H. M., Ju, M. K., Jeong, E. K., Kim, C. H., Park, H. G., et al. (2016). Dlx-2 and glutaminase upregulate epithelial-mesenchymal transition and glycolytic switch. Oncotarget 7 (7), 7925–7939. doi:10.18632/oncotarget.6879
 Qu, B., Liu, O., Fang, X., Zhang, H., Wang, Y., Quan, H., et al. (2014). Distal-less homeobox 2 promotes the osteogenic differentiation potential of stem cells from apical papilla. Cell Tissue Res. 357 (1), 133–143. doi:10.1007/s00441-014-1833-9
 Sun, H., Liu, Z., Li, B., Dai, J., and Wang, X. (2015). Effects of DLX2 overexpression on the osteogenic differentiation of MC3T3-E1 cells. Exp. Ther. Med. 9 (6), 2173–2179. doi:10.3892/etm.2015.2378
 Sun, J., Ha, N., Liu, Z., Bian, Q., and Wang, X. (2022). A neural crest-specific overexpression mouse model reveals the transcriptional regulatory effects of Dlx2 during maxillary process development. Front. Physiol. 13, 855959. doi:10.3389/fphys.2022.855959
 Tan, Y., and Testa, J. R. (2021). DLX genes: Roles in development and cancer. Cancers (Basel) 13 (12), 3005. doi:10.3390/cancers13123005
 Tao C, L. J., Li, Z., Lai, P., Zhang, S., Qu, J., Tang, Y., et al. (2022). DNMT1 is a negative regulator of osteogenesis. Biol. Open 11 (3), bio058534. doi:10.1242/bio.058534
 Teratani-Ota, Y., Yamamizu, K., Piao, Y., Sharova, L., Amano, M., Yu, H., et al. (2016). Induction of specific neuron types by overexpression of single transcription factors. Vitro Cell Dev. Biol. Anim. 52 (9), 961–973. doi:10.1007/s11626-016-0056-7
 Thomas, B. L., Tucker, A. S., Qui, M., Ferguson, C. A., Hardcastle, Z., Rubenstein, J. L., et al. (1997). Role of Dlx-1 and Dlx-2 genes in patterning of the murine dentition. Development 124 (23), 4811–4818. doi:10.1242/dev.124.23.4811
 Tosa, I., Yamada, D., Yasumatsu, M., Hinoi, E., Ono, M., Oohashi, T., et al. (2019). Postnatal Runx2 deletion leads to low bone mass and adipocyte accumulation in mice bone tissues. Biochem. Biophys. Res. Commun. 516 (4), 1229–1233. doi:10.1016/j.bbrc.2019.07.014
 Wang, Q., Lin, H., Ran, J., Jiang, Z., Ren, Q., He, W., et al. (2022). miR-200a-3p represses osteogenesis of human periodontal ligament stem cells by targeting ZEB2 and activating the NF-κB pathway. Acta Odontol. Scand. 80 (2), 140–149. doi:10.1080/00016357.2021.1964593
 Yun, K., Fischman, S., Johnson, J., Hrabe de Angelis, M., Weinmaster, G., and Rubenstein, J. L. (2002). Modulation of the notch signaling by Mash1 and Dlx1/2 regulates sequential specification and differentiation of progenitor cell types in the subcortical telencephalon. Development 129 (21), 5029–5040. doi:10.1242/dev.129.21.5029
 Zeng, X., Wang, Y., Dong, Q., Ma, M. X., and Liu, X. D. (2020). DLX2 activates Wnt1 transcription and mediates Wnt/β-catenin signal to promote osteogenic differentiation of hBMSCs. Gene 744, 144564. doi:10.1016/j.gene.2020.144564
 Zhang, J., Zhang, W., Dai, J., Wang, X., and Shen, S. G. (2019). Overexpression of Dlx2 enhances osteogenic differentiation of BMSCs and MC3T3-E1 cells via direct upregulation of Osteocalcin and Alp. Int. J. Oral Sci. 11 (2), 12. doi:10.1038/s41368-019-0046-1
 Zhang, J., Zhang, W., Shi, J., Dai, J., and Shen, S. G. (2018). Dlx2 overexpression enhanced accumulation of type II collagen and aggrecan by inhibiting MMP13 expression in mice chondrocytes. Biochem. Biophys. Res. Commun. 503 (2), 528–535. doi:10.1016/j.bbrc.2018.05.066
 Zuo, W., Chen, G., Gao, Z., Li, S., Chen, Y., Huang, C., et al. (2021). Stage-resolved Hi-C analyses reveal meiotic chromosome organizational features influencing homolog alignment. Nat. Commun. 12 (1), 5827. doi:10.1038/s41467-021-26033-0
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Sun, Zhang, Bian and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.









	
	TYPE Review

PUBLISHED 27 June 2023
DOI 10.3389/fped.2023.1117493






[image: image2]

Candidate genes for obstructive sleep apnea in non-syndromic children with craniofacial dysmorphisms – a narrative review

Zuzana Marincak Vrankova1,2,3, Jan Krivanek4, Zdenek Danek2,3, Jiri Zelinka2, Alena Brysova1, Lydie Izakovicova Holla1, James K. Hartsfield Jr5 and Petra Borilova Linhartova1,2,3*

1Clinic of Stomatology, Institution Shared with St. Anne's University Hospital, Faculty of Medicine, Masaryk University, Brno, Czech Republic

2Clinic of Maxillofacial Surgery, Institution Shared with the University Hospital Brno, Faculty of Medicine, Masaryk University, Brno, Czech Republic

3RECETOX, Faculty of Science, Masaryk University, Kotlarska 2, Brno, Czech Republic

4Department of Histology and Embryology, Faculty of Medicine, Masaryk University, Brno, Czech Republic

5E. Preston Hicks Professor of Orthodontics and Oral Health Research, University of Kentucky Center for the Biologic Basis of Oral/Systemic Diseases, Hereditary Genetics/Genomics Core, Lexington, KE, United States

EDITED BY
Long Guo, RIKEN Center for Integrative Medical Sciences, Japan

REVIEWED BY
Nathalia Carolina Fernandes Fagundes, University of Alberta, Canada
Nuntigar Sonsuwan, Chiang Mai University, Thailand

*CORRESPONDENCE Petra Borilova Linhartova petra.linhartova@recetox.muni.cz

RECEIVED 06 December 2022
ACCEPTED 06 June 2023
PUBLISHED 27 June 2023

CITATION Marincak Vrankova Z, Krivanek J, Danek Z, Zelinka J, Brysova A, Izakovicova Holla L, Hartsfield JK and Borilova Linhartova P (2023) Candidate genes for obstructive sleep apnea in non-syndromic children with craniofacial dysmorphisms – a narrative review.
Front. Pediatr. 11:1117493.
doi: 10.3389/fped.2023.1117493

COPYRIGHT © 2023 Marincak Vrankova, Krivanek, Danek, Zelinka, Brysova, Izakovicova Holla, Hartsfield and Borilova Linhartova. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Pediatric obstructive sleep apnea (POSA) is a complex disease with multifactorial etiopathogenesis. The presence of craniofacial dysmorphisms influencing the patency of the upper airway is considered a risk factor for POSA development. The craniofacial features associated with sleep-related breathing disorders (SRBD) – craniosynostosis, retrognathia and micrognathia, midface and maxillary hypoplasia – have high heritability and, in a less severe form, could be also found in non-syndromic children suffering from POSA. As genetic factors play a role in both POSA and craniofacial dysmorphisms, we hypothesize that some genes associated with specific craniofacial features that are involved in the development of the orofacial area may be also considered candidate genes for POSA. The genetic background of POSA in children is less explored than in adults; so far, only one genome-wide association study for POSA has been conducted; however, children with craniofacial disorders were excluded from that study. In this narrative review, we discuss syndromes that are commonly associated with severe craniofacial dysmorphisms and a high prevalence of sleep-related breathing disorders (SRBD), including POSA. We also summarized information about their genetic background and based on this, proposed 30 candidate genes for POSA affecting craniofacial development that may play a role in children with syndromes, and identified seven of these genes that were previously associated with craniofacial features risky for POSA development in non-syndromic children. The evidence-based approach supports the proposition that variants of these candidate genes could lead to POSA phenotype even in these children, and, thus, should be considered in future research in the general pediatric population.
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1. Introduction

Both pediatric (POSA) and adult obstructive sleep apnea (OSA) count among sleep-related breathing disorders (SRBD). POSA is considered a multifactorial disease triggered by the combination of genetic predispositions and several risk factors, including obesity, neuromuscular factors, adenotonsillar hypertrophy, and specific craniofacial features (1, 2). In adults, the genetic background leading to the OSA phenotype has been studied more intensively than in children.

So far, several studies on candidate genes, phenome-wide association studies of OSA genomic variation, and genome/phenome-wide association studies (GWAS/PheWAS) on adult patients with OSA have been published (3–5), while only a single GWAS focusing on children has been reported (6). That study included 1,486 subjects, 1 week to 18 years old, 46.3% of whom were European-Americans and 53.7% African-Americans. The study identified genomic loci associated with POSA at 1p36.22, 15q26.1, 18p11.32 (rs114124196), 1q43 (rs12754698), 2p25 (rs72775219). 8q21.11 (rs6472959), 11q24.3 (rs4370952), and 15q21.1 (rs149936782); children with craniofacial disorders were excluded from that study (6).

Moreover, single nucleotide polymorphisms (SNPs) in genes encoding apolipoprotein E, fatty-acid binding protein 4, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, and the macrophage migration inhibitory factor were associated with increased or decreased odds of POSA development in children (7–9). These genes are considered to be candidate genes for POSA development (i.e., they are likely to be related to this disease because of their genomic location or known function). All four mentioned genes are associated with lipid metabolism and/or immune system function. It is, therefore, possible that the susceptibility of carriers of these SNPs to POSA is associated with their role in the development of obesity.

However, genetic background is involved, to some extent, in all of the most commonly reported POSA risk factors – besides obesity, body fat distribution, ventilation control mechanisms, upper airway neural control, and soft tissue morphology, genetic background plays a role also in craniofacial dysmorphisms (10–13). In this narrative review, we closely focus on specific genes involved in the development of the orofacial area and of certain craniofacial features, which makes them possible candidate genes for POSA. Thus, we aimed to (i) describe craniofacial anomalies associated with POSA development, (ii) select syndromes characterized by severe craniofacial dysmorphisms associated with OSA and/or high prevalence of pediatric SRBD, (iii) summarize information about the genetic background of these syndromes, and (iv) suggest candidate genes for POSA in non-syndromic patients with craniofacial dysmorphisms.



2. Craniofacial characteristics associated with POSA development

As the upper airway dimensions and morphology of the craniofacial area are closely related, it is no surprise that some abnormalities in its soft and bony structures may contribute to the narrowing and easier collapse of the airway, resulting in OSA, both in children and adults (14–16). Patients suffering from severe skeletal craniofacial malformations could be at a three times higher risk of POSA development than the general pediatric population (17). The importance of craniofacial morphology in OSA development was confirmed also by Kim et al., who reported the presence of craniofacial dysmorphisms, such as the narrow nasomaxillary complex or underdeveloped mandible, in 93.3% of children diagnosed with sleep-disordered breathing (18).

Multiple studies described craniofacial characteristics that are more often present in children suffering from SRBD than in children without these conditions (19–24). These include the size of the maxillo-mandibular complex, their (absolute and mutual) position, and growth pattern, as well as dental occlusion and facial appearance. The craniofacial dysmorphisms associated with the increased risk of POSA development are summarized in Figure 1. Extended facial profile and retrognathia have also been suggested to be more common in children with OSA; however, a recent systematic review by Fagundes et al. did not confirm this association (25).
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FIGURE 1
Craniofacial dysmorphisms as risk factors for pediatric obstructive sleep apnea development.



2.1. Skeletal anomalies in the orofacial area risky for POSA development

Premature bone fusion, craniosynostosis, is one of the key features playing role in the narrowing and easier collapse of the airways. It is often diagnosed together with midface hypoplasia, i.e., a combination of the underdevelopment of the maxilla, cheekbones, and eye sockets (although both these features may occur also independently). Even though these features are well-recognized factors in POSA development, the etiology is usually multifactorial and many children suffer from multilevel airway obstruction (24). Underdevelopment of the upper jaw, i.e., maxillary hypoplasia or, in the case of more pronounced narrowing, maxillary constriction, which are often associated also with narrow and/or high arched palate and lateral crossbite, are other characteristics often present in children suffering from POSA (19, 23, 24, 26). Severe reduction of the naso- and oro-pharyngeal airway space may be present in children with craniosynostosis, in patients with clefts originating from prenatal incomplete tissue fusion (20, 21, 27), or in those with anomalies of the mandible, especially if the mandible is undersized, (i.e., micrognathia; (19, 23, 24, 26). However, the underdevelopment of the maxillo-mandibular complex is not the only factor decreasing the airway patency. According to cephalometric studies, sagittal and vertical maxillo-mandibular complex discrepancies, such as mandibular retrognathia, often diagnosed as skeletal class II malocclusion, and increased overjet or open bite, which may appear due to increased mandibular plane angle, are overrepresented in children diagnosed with POSA (22, 26, 28, 29). This hyperdivergent skeletal pattern may lead to the development of the long-face syndrome, which is another facial appearance typical of patients with SRBD (28, 30, 31). Negative anterior overjet and skeletal class III malocclusion are not as often associated with POSA; still, the association is possible, especially if they are caused by severe maxillary deficiency (32). The lower position of the hyoid bone is another skeletal risk factor that can be diagnosed in a cephalogram. As some lingual muscles insert on that bone, their pull in a downward direction can also cause the narrowing of the airway space and, in effect, apnea (14, 33–35).



2.2. Soft tissue anomalies in the orofacial area risky for POSA development

The morphology of soft tissues plays an important role, too. Adeno-tonsillar hypertrophy is a well-described etiological factor of POSA. The deviation or deformity of the nasal septum, hypertrophy of nasal turbinates, or nasal polyps may also increase nasal resistance (36–38) and contribute towards mouth breathing, often accompanied by unphysiological head posture, insufficient lip seal or open bite, all of which are characteristics often present in patients with POSA (16). The lack of nasal breathing accompanied by an imbalance in muscle activity, often associated with the hypotony of orofacial muscles, have a huge impact on the development and growth of the maxillo-mandibular complex and may contribute to its abnormal shape and size (16, 39, 40).

The tongue is another factor playing a key role in the narrowing and collapse of the upper airway. The short sublingual frenulum (or ankyloglossia) in its most severe form leads to a low tongue position and disrupted tongue movement and has been already associated with the POSA phenotype (16, 41–43). An insufficient stimulation of the palatal suture, caused by this unphysiological tongue position, may result in the formation of a narrow palate and decreased volume of nasal cavities, which, again, contributes to the preference for mouth breathing and airway narrowing (16, 33). POSA has also a high prevalence in patients with glossoptosis, which is a down- and backward position of the base of the tongue (44). The combination of glossoptosis with micrognathia or retrognathia leads to a high risk of tongue-based airway obstruction (24, 45). In addition, macroglossia and/or an elongated soft palate could reduce airway volume and contribute to airway obstruction (14, 34).

These craniofacial characteristics are associated with several syndromes; however, they could be also found in non-syndromic children (14, 15, 19). Even though they are usually present in less severe forms, they could still contribute to airway obstruction. Craniofacial features associated with POSA could be easily diagnosed and their heritability is estimated to be high. This is especially true for the size of the maxillo-mandibular complex and the timing of its growth (11, 13, 46).




3. Craniofacial syndromes associated with a high prevalence of pediatric SRBD

The prevalence of SRBD, including POSA, may be very high in syndromic children with a severe form of craniofacial dysmorphism. In a population-based case-control study, an OSA diagnosis was associated with the presence of craniofacial anomalies, in particular with orofacial clefting and Down syndrome (46). To better understand the role of genetic factors in both POSA and craniofacial anomalies associated with this diagnosis, we have reviewed the current body of literature and selected syndromes, which: (1) are characterized by severe craniofacial abnormalities associated with POSA, (2) have a high prevalence, or have been already related to the co-incidence of SRBD and POSA in children, and (3) have a known genetic background.

Based on these criteria, 26 syndromes and disorders were selected, namely achondroplasia, Antley-Bixler, Apert, Auriculocondylar, Beare-Stevenson, Cohen, and Collins syndromes, congenital central hypoventilation, craniofacial microsomia (Goldenhar syndrome, oculo-auriculo-vertebral spectrum), craniofrontonasal dysplasia, Crouzon, Down, Ehlers-Danlos, Ellis-van Creveld, Jackson-Weiss, Marfan, and Marshall-Stickler syndromes, mucopolysaccharidosis IV and VI, Muenke, Noonan, abd Pfeiffer syndromes, Pierre Robin sequence, Prader-Willi, Saethre-Chotzen and Treacher-Collins syndromes. From the craniofacial dysmorphisms associated with OSA, craniosynostosis, oral clefts, midface and maxillary hypoplasia, narrow high-arched palate, micrognathia, retrognathia, choanal atresia, macroglossia, and glossoptosis were the features found most frequently in these syndromes (21, 4–70). It is necessary to mention that in syndromes associated with high POSA prevalence, a combination of several of these features is often present. For example, the Pierre Robin sequence associated with high POSA prevalence consists of the following: micrognathia, glossoptosis, narrow and/or high-arched palate, and cleft palate (45).

The information about the genetic background and prevalence of SRBD in these syndromes, including POSA, is summarized in Supplementary Table S1 in the Supplement. The prevalence of pediatric SRBD in children suffering from the mentioned syndromes ranges between 10%–87.5%, which is much higher than in the common pediatric population (2%–4%) (21, 45, 53, 54, 56, 58, 63, 69–87). High prevalences of SRBD were found particularly in populations of children with Treacher-Collins syndrome, mucopolysaccharidosis IV and VI, Apert, and Prader-Willi syndrome, in which limited midfacial development is a characteristic feature (21, 53, 54, 69, 70, 72). Despite their shared relationship to craniofacial dysmorphisms and high SRBD prevalence, these syndromic phenotypes are associated with different genes. In total, aneuploidy in Down syndrome and variations in 30 genes in the other 25 mentioned syndromes (see Supplementary Table S1 in the Supplement) are considered causative or risk factors for SRBD development.



4. Possible candidate genes for POSA development in children with craniofacial dysmorphisms

We prepared an overview of possible candidate genes and loci for pediatric SRBD. Figure 2 depicts genes and loci associated both with POSA in children without craniofacial features, and those associated with syndromes manifested by craniofacial features risky for SRBD in children (6–9).
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FIGURE 2
An overview of possible candidate genes for pediatric sleep-related breathing disorders (SRBD), especially pediatric obstructive sleep apnea (POSA) in children with craniofacial dysmorphisms. APOE, apolipoprotein E; ARSB, N-acetylgalactosamine-4 sulfatase; COLs (- ED), collagens gene family (genes associated with Ehlers-Danlos syndrome); EFNB1, ephrin-B1; EDN1, endothelin 1; EVC1, EvC ciliary complex subunit 1; EVC2, EvC ciliary complex subunit 2; FABP4, fatty acid-binding protein 4; FBN1, fibrillin 1; FGFR1, fibroblast growth factor receptor 1; FGFR2, fibroblast growth factor receptor 2; FGFR3, fibroblast growth factor receptor 3; GALNS, galactosamine-6-sulfatase; GLB1, b-D-galactosidase; MAGEL2, MAGE-like protein 2; MIF, macrophage migration inhibitory factor; NDN, necidin; NOX, NADPH oxidase 1; PHOX2B, paired like homeobox 2B; POR, cytochrome P450 oxidoreductase; PTPN11, protein tyrosine phosphatase non-receptor type 11; SF3B2, splicing factor 3B subunit 2; SOX9, SRY-box 9; SNORD116, CD box 116; TCOF1, treacle ribosome biogenesis factor 1; TGFBR1, transforming growth factor-β receptor 1; TGFBR2, transforming growth factor-β receptor 2; TWIST1, twist family bHLH transcription factor 1; VPS13B, vacuolar protein sorting 13 homolog B.


Although these syndromes do not share the same genetic background, some of the associated genes affect similar processes, such as the skeletal system development (including the cranial area), organ growth, or embryonic organ morphogenesis. Figure 3 demonstrates both known and predicted interactions and similarities among 30 considered genes; their functions and importance are described below.
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FIGURE 3
Clusters of candidate genes for pediatric obstructive sleep apnea (POSA) development in children with craniofacial dysmorphisms and their interactions (created in string, https://string-db.org/cgi/network?taskId = bF5B2GAcAUOE&sessionId = bSUqeCIqj6OL). Proteins encoded by these genes are clustered into 3 main groups using the Markov Clustering Algorithm. yellow dots: genes associated with non-/syndromic craniosynostosis. red, purple, and green dots: other genes associated with non-/syndromic retrognathia and/or micrognathia. grey and blue dots: other genes associated with non-/syndromic midface or maxillary hypoplasia. ARSB, N-acetylgalactosamine-4 sulfatase; COL1A1, collagen type I alpha 1 chain; COL2A1, collagen type II alpha 1 chain; COL3A1, collagen type III alpha 1 chain; COL5A1, collagen type V alpha 1 chain; COL5A2, collagen type V alpha 2 chain; COL5A3, collagen type V alpha 3 chain; COL11A1, collagen type XI alpha 1 chain; EFNB1, ephrin-B1; EDN1, endothelin 1; EVC1, EvC ciliary complex subunit 1; EVC2, EvC ciliary complex subunit 2; FBN1, fibrillin 1; FGFR1, fibroblast growth factor receptor 1; FGFR2, fibroblast growth factor receptor 2; FGFR3, fibroblast growth factor receptor 3; GALNS, galactosamine-6-sulfatase; GLB1, b-D-galactosidase; MAGEL2, MAGE-like protein 2; NDN, necidin; PHOX2B, paired like homeobox 2B; POR, cytochrome P450 oxidoreductase; PTPN11, protein tyrosine phosphatase non-receptor type 11; SF3B2, splicing factor 3B subunit 2; SOX9, SRY-box 9; SNORD116, CD box 116; TCOF1, treacle ribosome biogenesis factor 1; TGFBR1, transforming growth factor-β receptor 1; TGFBR2, transforming growth factor-β receptor 2; TWIST1, twist family bHLH transcription factor 1; VPS13B, vacuolar protein sorting 13 homolog B.



4.1. Genes associated with non-/syndromic craniosynostosis

The etiology of craniosynostosis may involve genetic, epigenetic, and/or environmental factors (88). Craniosynostosis is associated with a high prevalence of POSA. It is a common feature in patients with Antley-Bixler, Apert, Beare-Stevenson, Crouzon, Pfeiffer, Muenke, Jackson-Weiss, Craniofrontonasal, and Saethre-Chotzen syndromes (89–92). SRDB was present also in 50% of children suffering from non-syndromic craniosynostosis (NSC) (89).

Deviations in the development of the craniofacial area are also associated with a variability in the fibroblast growth factor receptor (FGFR) genes, which are important for cell specialization as well as for bone growth and modeling, especially in the process of ossification and bone fusion (48, 93, 94). Severe mutations in FGFR genes are associated with premature cranial bone fusion and craniosynostosis. These mutations were found in several craniofacial syndromes with a high prevalence of SRBD in children, such as achondroplasia, Antley-Bixler, Beare-Stevenson, Jackson-Weiss, Apert, Crouzon, Pfeiffer, and Saethre-Chotzen syndromes (21, 51, 92, 95–99). These FGFR-related craniosynostosis syndromes are autosomal-dominantly inherited.

Moreover, variants in FGFR genes could also lead to NSC (95, 100, 101). Genes most commonly mutated in familial craniosynostosis include, besides FGFR2 and FGFR3, the twist family bHLH transcription factor 1 (TWIST1) and ephrin-B1 (EFNB1) (102). More than 100 mutations in the EFNB1 gene have been found to cause the craniofrontonasal syndrome, which was confirmed in a study with knockout mice models (103). This rare x-linked disorder shows paradoxically greater severity in heterozygous females than in hemizygous males. TWIST1 acts through Eph–ephrin interactions to regulate the development of the boundary that forms the coronal suture (104). The TWIST1 gene associated with the Saethre-Chotzen syndrome is believed to regulate bone formation through other genes, such as FGFR and RUNX2 (63, 64). Genetic testing of FGFR1, FGFR2, FGFR3, and TWIST1 was even suggested as a first-line test for patients with NSC (101).

Interestingly, not only rare mutations of these genes but also SNPs of these genes are associated with craniofacial dysmorphia. For example, Da Fontoura et al. found an association between SNPs rs11200014 and rs2162540 in FGFR2 and sagittal maxilla-mandibular discrepancy, so-called skeletal malocclusion (both skeletal class II and III). They also found an association between the SNP rs2189000 in TWIST1 and a larger body and shorter ramus of the mandible (62). Although FGFR3 gene variants are associated with Muenke and Crouzon syndromes manifested by craniosynostosis, this feature, surprisingly, was not exhibited in the FGFR3 A385E/+ mice model (105–107). Thus, FGFR2 seems to be more important for craniosynostosis development than FGFR3. On the other hand, a mutation in FGFR3 causes achondroplasia, which, according to a recent study by Legare et al., has craniosynostosis as a co-occurring feature (108).

A missense mutation in the Protein Tyrosine Phosphatase Non-Receptor Type 11 (PTPN11) gene was found in almost 50% of patients diagnosed with Noonan syndrome (109). This gene encodes tyrosine phosphatase Shp-2, an enzyme involved in multiple signal transduction cascades including receptors for growth factors involved in the developmental processes, such as FGFR (110). The Noonan syndrome is manifested by micrognathia, maxillomandibular discrepancy, narrow and/or high-arched palate, and long face syndrome (hyperdivergence) (111, 112). Also, craniosynostosis was described in some patients suffering from this syndrome. Mutations in the PTPN11, KRAS, or Leucine-Rich Repeat Scaffold Protein (SHOC2) gene are causally involved in craniosynostosis (113–115). In patients with the Antley-Bixler syndrome, characterized by craniosynostosis, brachycephaly, midface hypoplasia, and choanal atresia and/or stenosis, variants have been found not only in FGFR2, but also in the gene encoding cytochrome p450 oxidoreductase (POR) (116–119). This enzyme transfers electrons from NADPH to all microsomal cytochrome P450 enzymes. While individuals with an ABS-like phenotype and normal steroidogenesis are carriers of FGFR2 mutations, those with genital anomalies and disordered steroidogenesis should be recognized as having a POR deficiency (116).



4.2. Genes associated with non-/syndromic retrognathia and/or micrognathia

The SRY-box 9 transcription factor (SOX9) gene plays an important regulatory role during craniofacial development (120). In a rat model with upper airway obstruction, SOX9 level was found to be downregulated, which explains the bone architecture abnormalities (121). This gene is also associated with the Pierre Robin sequence (122). Repressed SOX9 expression leads to changes in the expression of genes essential for normal development of the mandible, causing micrognathia, and, consequently, glossoptosis, airway obstruction, and often, cleft palate (123). The expression of SOX9 is influenced, among others, by FGFR3. Therefore, dysregulation of SOX9 levels, a major regulator of chondrogenesis, is an important underlying mechanism in skeletal diseases caused by mutations in FGFR3 (124–126). Interestingly, the SNP rs12941170 of SOX9 was associated with non-syndromic orofacial clefting. However, its role in these non-syndromic clefts remains unclear (124).

Similarly to SOX9, variants in endothelin 1 (EDN1), the Splicing factor 3B subunit (SF3B2), and Treacle ribosome biogenesis factor 1 (TCOF1) were associated with syndromes manifesting in children by both micrognathia and glossoptosis. EDN1 encodes a vasoactive peptide belonging to the family of endothelins and is associated with the auriculocondylar syndrome (127), a rare syndrome that usually affects facial features. It is characterized by micrognathia, microstomia, and anomalies in the temporomandibular joint and the condyle (127). Also, studies using mice models with the EDN1 gene knocked out or deficient have shown several craniofacial dysmorphisms, mandibular dysfunction, and severe retrognathism (62, 127). SF3B2 may be, according to a study by Timberlake et al., an important factor in the development of craniofacial microsomia, which was also confirmed by a recent review covering this congenital facial anomaly (128, 129). TCOF1 presents an important factor for the undisrupted formation and development of the craniofacial area, cartilage, and skeleton (55, 130, 131). Mutations in these genes were found in patients with Treacher-Collins syndrome (130, 131).

Ehlers-Danlos syndrome, manifesting through retrognathia, micrognathia, and maxillary constriction, has been previously proposed as a genetic model for pediatric OSA (60, 61, 132). Variants in genes encoding and/or influencing the expression of collagens (COL gene family) and others (see Supplementary Table S1 in the Supplement) were associated with this rare connective tissue disorder (60, 133). The minor allele of SNP rs2249492 in the Collagen type I alpha 1 chain (COL1A1) has been previously associated with the increased risk of a sagittal maxilla-mandibular discrepancy (skeletal class III malocclusion) in non-syndromic children (62). The results of the study by Topârcean et al. showed a tendency towards a class II skeletal malocclusion pattern determined by mandibular retrognathism rather than maxillary prognathism among the individuals possessing the mutant allele of this SNP (134).

Other genes for collagens, COL2A1 and COL11A1, are associated with Marshall-Stickler syndrome (86). Collagens II and XI are present throughout the Meckel's cartilage, which provides mechanical support for the developing mandible. The characteristic craniofacial features of Marshall-Stickler syndrome are midface hypoplasia, micrognathia, cleft palate, and Pierre Robin anomaly (50). Variants in COL2A1 and COL11A1 were also associated with the Robin sequence in nonsyndromic patients (135).

Besides collagens, fibrillin and elastin are also present in the architectural scaffolds that impart specific mechanical properties to tissues and organs. The FBN1 gene is essential for the production of fibrillin, and its mutation could cause Marfan syndrome (57, 136).

Fibrillin is crucial for bone and muscle rigidity; hence, its disruption can increase the laxity of airway connective tissues and predispose them to easier collapsibility (56). At the same time, patients often have their maxillo-mandibular complex in a retrognathic position, with a narrow maxilla and palate, and a “long face” appearance (56–58, 137).

Besides FBN1, mutations in the transforming growth factor-β receptor 1 (TGFBR1) and transforming growth factor-β receptor 2 (TGFBR2) may also be found in Marfan syndrome (138). TGFBR2 protein forms a complex with TGFBR1, and both are involved in a signaling pathway responsible for the proliferation, differentiation, and apoptosis of cells throughout the body (139). They are extremely important for bone growth and extracellular matrix formation; moreover, they play a role in the fusion of craniofacial sutures (140). The development of micrognathia and retrognathism was observed in mice with an impaired TGFB2 gene, giving evidence to its importance in craniofacial morphology (141).

The gene for vacuolar protein sorting-associated protein 13B (VPS13B), also called the COH1 gene, encodes a protein forming a part of the Golgi apparatus membrane. Its disruption may be involved through various cellular mechanisms, in several clinical features of Cohen syndrome (142, 143), including micrognathia, constricted hard palate, insufficient lip seal, and truncal obesity. All of these issues increase the risk of the collapse of the upper airway and the development of POSA (65, 66, 142, 143).

Mutations in necidin (NDN) and the melanoma antigen family member L2 (MAGEL2), both localized on chromosome 15, were found in the Prader-Willi syndrome, a complex genetic disorder characterized by several features, such as midface hypoplasia and micrognathia (144). The phenotype of this syndrome includes hypoplastic midface area, hypotonia, and a changed viscosity in secretions. All these factors facilitate the collapse of upper airways and apnea (52, 53, 144). Some polymorphisms in NDN were determined in extremely obese German children and adolescents as well as in neonates examined by polysomnography. However, there was a lack of association with juvenile-onset human obesity or sleep and respiratory parameters (145, 146).



4.3. Genes associated with non-/syndromic midface or maxillary hypoplasia

Midface or maxillary hypoplasia are typical features of several syndromes, including mucopolysaccharidosis, Ellis-van Creveld, or congenital central hypoventilation syndrome, the genetic backgrounds of which are described below.

Mucopolysaccharidosis (MPS) is a metabolic disorder characterized by the deficiency or total absence of enzymes responsible for the degradation of glycosaminoglycans. It can be classified into 7 types based on the specific malfunctioning enzyme and clinical manifestations (147). The Morquio syndrome (MPS IV) can be caused by a mutation either in the N-acetylgalactosamine-6-sulfatase (GALNS) gene (MPS type IVA), or in the gene for galactosidase beta 1 (GLB1; MPS type IVB). Among other clinical manifestations, the Morquio syndrome includes also craniofacial dysmorphisms such as mid-facial hypoplasia, condylar deformities, open bite, macroglossia, or abnormal teeth (148, 149).

The mutated gene for arylsulfatase B (ARSB) leads to the reduced function of the enzyme, causing a lysosomal storage disorder – MPS type VI, also known as Maroteaux-Lamy syndrome (117). This syndrome is associated with orofacial manifestations such as macroglossia, malocclusions, or disrupted dental eruption (150).

In syndromic children, the TWIST gene and the genes of the FGFR family, described in detail above, were associated with maxillary hypoplasia. In addition, the EvC ciliary complex subunit 1 (EVC1) and subunit 2 (EVC2) genes were found to be causative for the formation of the Ellis-van Creveld syndrome manifested also by maxillary hypoplasia and mandibular prognathism (151, 152). They encode proteins, the functions of which are not completely understood yet, but appear to be important in the physiological growth and development of bones and teeth (153).

The paired-like homeobox 2B (PHOX2B) transcription factor plays a crucial role in the autonomic nervous system development. Mutations in the PHOX2B gene are known to cause the congenital central hypoventilation syndrome with a specific craniofacial phenotype – maxillary hypoplasia, box-shaped face, and brachycephaly (68). However, a “silent” mutation in this gene was found in children with class III skeletal malocclusion and a history of sleep apnea (63, 154, 155).




5. Discussion

As POSA may cause serious health problems in young, growing patients, it would be highly beneficial to diagnose the increased risk of its development as soon as possible. While much of the POSA etiopathogenesis remains underexplored, craniofacial dysmorphisms leading to the narrowing of the airways undoubtedly play an important role (15, 17). Their severe forms can be found in craniofacial syndromes, which are also associated with a much higher prevalence of SRBD and POSA compared to the general pediatric population (21, 45, 53, 54, 56, 58, 63, 69–87). However, similar craniofacial features may be present also in healthy, non-syndromic patients. These skeletal variations could be mild when compared to syndromic phenotypes, but they could still lead to the collapse of the upper airways and POSA development. This is supported by Kim et al. who reported that the majority of non-syndromic, non-obese children diagnosed with POSA have craniofacial anomalies that are possible risk factors for POSA (18).

Several studies have already explored genes associated with OSA etiopathogenesis in adults, including the genes associated with the craniofacial area and characteristic features (4, 156). The heritability of craniofacial traits varies but is generally estimated to be high and very similar in healthy subjects and in patients suffering from OSA (11, 13, 46, 157). This is supported by several studies reporting an increased incidence of the above-mentioned OSA risk features among relatives (157–160). The first phenome-wide association study of genomic variation in adult OSA was recently published by Veatch et al. (5). None of the three SNPs in the leptin receptor (LEPR), the matrix metallopeptidase 9 (MMP9), and the Gamma-aminobutyric acid type B receptor subunit 1 (GABBR1), the association of which with OSA diagnosis was validated in their study, was associated with other non-OSA clinical traits once they controlled for multiple testing (5).

Cade at al. performed a GWAS investigating genetic associations of OSA in Hispanic/Latino Americans from three cohorts. They identified two loci (rs11691765 in the G protein-coupled receptor 83 gene, GPR83; and rs35424364 in the pseudogene CCDC162P) associated with the AHI and the respiratory event duration, respectively (3). Another GWAS study, focusing on European Caucasians, reported five genes to be associated with facial characteristics, namely the paired-box gene 3 (PAX3), the PR-set domain 16 (PRDM16), the transcription factor TP63, small integral membrane protein 23 (C5orf50), and the Collagen type XVII alpha 1 chain (COL17A1A), the variants of which contribute to the facial morphology in young adults (4). Some variants of these genes and their possible association with craniofacial abnormalities were also explored in another GWAS study focusing on young adults of European-ancestry from the Avon Longitudinal Study of Parents and Children (161) as well as in mice models (162, 163).

Unfortunately, most publications focus on the genetic background of OSA in adult patients, not the pediatric population. To this date, only one GWAS has been performed in relation to POSA, including European American and African American children without craniofacial disorders (6). The study identified several genomic loci (see the Introduction). However, only one genetic marker, located at 18p11.32, was shared by groups of both ancestries. Their study, therefore, emphasizes the importance of study populations with diverse ethnic backgrounds to identify unique and shared genetic markers that contribute to the heterogeneity of POSA (6).

It follows that specific genes involved in the development of the orofacial area and associated with craniofacial OSA features should be also considered as candidate genes for POSA. Here, we provide an overview of genes that are known to be involved in the development of craniofacial syndromes in children with high SRBD prevalence, including POSA, see Supplementary Table S1 in the Supplement. All these genes are, to some extent, involved in the formation of tissues of the orofacial area. The candidate genes for POSA can be classified into three major groups based on their involvement in the development of specific craniofacial features. These groups would consist of genes associated with non-/syndromic (i) craniosynostosis, (ii) retrognathia and/or micrognathia, and (iii) midface or maxillary hypoplasia. While certain mutations cause various rare syndromes, other variants in these same genes were suggested to be associated with non-syndromic skeletal variations in the orofacial area (62, 63, 101, 154, 164). So far, variants in FGFR1, FGFR2, FGFR3, TWIST, SOX9, COL1A1, and PHOX2B are known to play a role in syndrome development as well as in the development of skeletal malocclusions (sagittal maxillo-mandibular complex discrepancies in non-syndromic patients). These genes, therefore, can be considered promising candidate genes for testing of genetic susceptibility to POSA development in various populations.

Although the inheritance pattern of POSA as well as OSA is unclear, most cases with these diseases do not adhere to classical models of inheritance, suggesting that multiple genes could be involved in their development. We believe that besides the GWAS approach, strategies based on candidate genes are also necessary for further research of both these multifactorial diseases. Considering the results of the mentioned genetic association studies (3–9) it appears that there is not much overlap between candidate variants/genes for the POSA and OSA development. In addition, these studies also revealed a high interpopulation variability that should be taken into account in the further research of these disorders. The low match in candidate genes for OSA between children and adults is to be expected since those diseases differ in their etiopathogenesis, clinical presentation as well as polysomnographic characteristics; there are also major differences in therapy approaches and possible consequences if left untreated (165).

Recently, Yoon et al. proposed a clinical guideline for application of multidisciplinary care in children with SRBD, emphasizing the importance of dentofacial interventions that target variable growth patterns (166). In the last years, craniofacial modification by orthodontic techniques is increasingly incorporated into the multidisciplinary management of SRBD in children and adolescents. In view of the multifactorial etiology of POSA, a better understanding of the risk factors contributing to its development may be useful not only for predicting the risk of POSA development but, even more importantly, for selecting the best therapeutic approach. Research of genetic predispositons to OSA in children as well as in adults may improve our understanding of the underlying biological mechanisms of susceptibility to these diseases.



6. Conclusion

Genetic background plays an important role in both POSA and craniofacial dysmorphisms. Therefore, genes associated with specific craniofacial features more common in patients suffering from POSA may be also considered candidate genes for this disease. We have reviewed a large body of literature and focused on the genes known to be involved in the development of cranio-facial syndromes with a high POSA prevalence. Based on the review, we chose 30 candidate genes for pediatric SRBD. Variants in seven of them (FGFR1, FGFR2, FGFR3, TWIST, SOX9, COL1A1, and PHOX2B) are known to play a role not only in syndrome development but also in skeletal malocclusions that are typical of pediatric orthodontic patients. Considering this, these seven genes appear to have the highest potential for targeted analysis of POSA risk in non-syndromic children.
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Case report: ADULT syndrome: a rare case of congenital lacrimal duct abnormality
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Acro-dermato-ungual-lacrimal-tooth (ADULT) syndrome is a rare autosomal dominant inherited disease caused due to mutations in the TP63 gene. More commonly, mutations in the TP63 gene result in ectodermal dysplasia and/or orofacial cleft. ADULT syndrome is a type of ectoderm-related tissue dysplasia. This case report describes a patient with chronic tearing, congenital atresia, and obstruction of the lacrimal ducts, which are the main clinical manifestations of ADULT syndrome. This patient also presented with some clinical manifestations that were different from those of ADULT syndrome, namely, mild eyelid fusion and abnormal development of the fifth finger (a stiff fifth finger with camptodactyly that was shortened in length). The gene mutation in this patient was also at a site different from those usually reported in the literature. In this patient, c.518G > T resulted in p. G173V (accession number: NM_003722; exon4). We performed successful dacryocystorhinostomy and artificial lacrimal duct implantation. As shown above, we discussed the clinical characteristics and genetics of the disease in detail. In sharing this case, we aim to contribute to the current understanding of the genes and clinical manifestations of ADULT syndrome and to assist clinicians in the clinical diagnosis of TP63 mutation-related diseases.
Keywords: TP63 gene, ADULT syndrome, congenital nasolacrimal duct obstruction, ectodermal dysplasia, dacryocystorhinostomy
INTRODUCTION
The presence of epiphora early in life is recognized as congenital nasolacrimal duct obstruction, with an incidence ranging from 5% to 20% (Petris and Liu, 2017). When considered as a single disease, obstruction is most often caused by a membrane at the end of the nasolacrimal duct called the valve of Hasner; this manifestation accounts for 73% of this disease, and 96% of the obstructions caused by the valve of Hasner resolve spontaneously (CASSADY, 1952). However, when congenital nasolacrimal duct obstruction or atresia is associated with dysplasia of other systemic organs, ectodermal dysplasia is often suspected. Acro-dermato-ungual-lacrimal-tooth (ADULT) syndrome is a common congenital disease associated with dysplasia of the lacrimal duct. It is a rare autosomal dominant genetic disease, first described in 1993, and is a type of ectodermal dysplasia. Other forms of ectodermal dysplasia include (Rinne et al., 2007) ankyloblepharon-ectodermal dysplasia-clefting syndrome (AEC), limb mammary syndrome (LMS), Rapp–Hodgkin syndrome (RHS), split-hand/split-foot malformation (SHFM), and ectrodactyly ectodermal dysplasia-cleft lip/palate syndrome (EEC). These ectodermal dysplasia types, including ADULT syndrome, are associated with mutations in the TP63 gene (Avitan-Hersh et al., 2010; Prontera et al., 2011), which has a critical role in embryonic development, especially in the development of the limbs, ectodermal tissues, such as hair, skin, teeth, nails, and mammary glands. ADULT syndrome is characterized by sparse hair on the scalp and the axilla, lacrimal duct stenosis or atresia, onychodysplasia, hypodontia or the early loss of permanent teeth, athelia or hypoplastic nipples, and breast hypoplasia (Chan et al., 2004; Slavotinek et al., 2005). Some of the features of ADULT syndrome overlap with those of the other five types (mentioned above) of ectodermal dysplasia. The literature suggests that frequently mutated amino acids including R298Q, R298G, R243W, R227Q, P127L, R337Q, V114M and N6H, may be involved in ADULT syndrome (Slavotinek et al., 2005; Berk et al., 2012). In this report, we describe a patient with ADULT syndrome associated with a rare mutation of the TP63 gene and atypical clinical features including mild symblepharon and a shortened, stiff fifth finger with camptodactyly.
CASE REPORT
A 16-year-old Chinese female was referred to our hospital because of epiphora. The patient had experienced continuous and excessive production of tears without any stimuli since childhood, and there has been no significant change over the past 10 years. Over the last 4 years, she experienced sustained swelling, mild tenderness, and a detectable local mass on the right inner canthus that progressively enlarged. The ocular skin became dark and dull, and excessive tearing persisted. The patient’s personal and menstrual history were normal. Both the patient and her parents did not have any significant medical history, including history of carcinomas. Moreover, the patient’s mother and brother also presented with similar features including abnormal hair, nails, teeth, skin, and lacrimal ducts (Table 1). On clinical examination, the patient demonstrated the following features. The puncta were stenotic and bilaterally covered with a membrane. As a result, probing of the nasolacrimal duct was not possible on either side. Thus, aplasia of both lacrimal ducts with chronic tear production and the expansion of the obstructed lacrimal ducts leading to local enlargement around the lower lacrimal tubules were assumed. Furthermore, mild fused lower eyelids were evident.
TABLE 1 | Clinical features noted in the affected family members.
[image: Table 1]On physical examination, the following features were observed. (1) Skin: sweaty, pale, and without freckles; (2) Hair: brown and sparse, especially in the front of her scalp; (3) Oral cavity: conical teeth and hypodontia or oligodontia; (4) Nose and ears: small ears and a hooked nose; (5) Mammary glands: absent and bilateral hypoplastic nipples; (6) Hands: brachydactyly, which was most prominent in her fifth fingers, and bilateral fifth finger clinodactyly and camptodactyly; (7) Nails: discolored and irregularly shaped, with short and dystrophic nail plates and horizontal grooves along the length of the nails (Figures 1–3).
[image: Figure 1]FIGURE 1 | The eyes of the patient (A) The clinical appearance of the eyes. (B) The enlargement around the lower lacrimal tubules. (C) Absence of the upper puncta and closure of lower puncta.
[image: Figure 2]FIGURE 2 | Orofacial and mammary glands’ features of the patient (A) Facial phenotype of the proband with sparse eyebrows with tattooing, absent eyelashes, small ears, and a hooked nose. (B) Sparse brown hair, especially in the front of her scalp. (C) A hollow facial appearance. (D) Dental abnormalities including hypodontia or oligodontia and conically shaped teeth. (E, F) Absent mammary glands with bilateral hypoplastic nipples.
[image: Figure 3]FIGURE 3 | The hands and feet of the patient (A) Bilateral clinodactyly of the fifth finger. (B) Palmar hyperlinearity. (C) Radiograph of the hands showing clinodactyly of the fifth fingers. (D) Dystrophic nail plates and horizontal grooves along the length of the nails. (E) Radiograph of the feet.
After obtaining written informed consent from the patient and her parents, peripheral blood samples were collected. Whole-exome sequencing was performed to screen for candidate mutations. Called mutations were validated using Sanger sequencing. We identified a heterozygous G>T transition at cDNA position 518 of TP63 (accession number: NM_003722; exon4; OMIM number 103285) (Figure 4). This mutation is predicted to result in amino acid substitution p. G173V, and its functional effect, analyzed by two prediction tools (SIFT and PolyPhen), was predicted to be deleterious, thus supporting its pathogenicity. In the literature, mutation at cDNA position 518 has been previously reported (Chan et al., 2004) in a patient with ADULT syndrome, with cleft lip and palate. However, the transverse changes of the amino acids in that case were different from those in our patient. To the best of our knowledge, this is the first reported clinical variation of ADULT syndrome with a rare mutation, distinguished by the clinical manifestation of symblepharon and camptodactyly. After confirming the diagnosis, the patient’s chronic epiphora was addressed via binocular dacryocystorhinostomy under general anesthesia, during which artificial tear ducts were placed to drain the tears, and the enlarged lacrimal duct was removed. The surgery was successful, and the patient showed no lacrimal abnormalities on follow-up (Figure 5).
[image: Figure 4]FIGURE 4 | TP63 mutation analysis A heterozygous G>T transition at cDNA position 518 of the TP63 gene is found in the patient, as well as in her mother and brother.
[image: Figure 5]FIGURE 5 | The patient after surgery (A–B) The ocular appearance after surgery. (C) The artificial nasolacrimal duct. (D) The close-up appearance of the opened punctum.
DISCUSSION
The TP63 gene is highly expressed in the nuclei of the basal cells of the skin, cervix, tongue, mucosa, esophagus, mammary glands, prostate, and urothelium (Rinne et al., 2007). A crucial transcriptional regulator factor, p63 is often expressed in the epithelial and mesenchymal tissues (Otsuki et al., 2020). It is expressed very early during embryogenesis and epidermal development and plays an essential role in the induction of the ectoderm and the orofacial, limb, and epidermal stratification processes. Moreover, the expression of P-cadherin, which is regulated by p63, acts as a critical regulator of hair development. Previous studies have confirmed that the normal expression of p63 can inhibit the terminal differentiation of keratinocytes, which contributes to maintaining the proliferative potential of the basal cell layer and promoting its formation and integrity (Avitan-Hersh et al., 2010). In view of this, in vitro experiments performed in 1999 confirmed that TP63 gene knockout mice developed ectodermal developmental defects, such as limb defects and the loss of the prostate, mammary glands, epidermis, and other related tissues (Wang et al., 2009). These features were representative of defective ectodermal stem cells and were consistent with the physiological functions of the TP63 gene (Rinne et al., 2007). Since then, syndromes associated with TP63 mutations have been recognized in multiple reports, including the AEC, LMS, ADULT, RHS, SHFM, and EEC. The specific clinical manifestations of these six diseases are summarized in Table 2 (Duijf et al., 2002; Rinne et al., 2006a; Rinne et al., 2006b; Rinne et al., 2007; Otsuki et al., 2016).
TABLE 2 | Clinical features in six overlapping syndromes.
[image: Table 2]Our patient presented with clinical features of ectodermal dysplasia, with sparse hair, dystrophic nails, small teeth, oligodontia (11 teeth left), lacrimal duct stenosis, and hypoplastic nipples. These clinical features are observed in different syndromes. For EEC, orofacial cleft and ectrodactyly are typical manifestations. In contrast, cleft lip and palate are typically not detected in ADULT syndrome. Hence, this feature can be used to distinguish EEC from ADULT syndrome. On the contrary, it is difficult to distinguish between LMS and ADULT syndrome. LMS also manifests as a form of ectodermal dysplasia with oligodontia, lacrimal atresia, and nail dystrophy, in addition to abnormal development of the mammary glands and hypoplastic nipples. These findings may render a definitive diagnosis challenging. However, most patients with ADULT syndrome present with ectrosyndactylia and hair and skin abnormalities that have not been reported in LMS, and thus, these features may assist with diagnosis. Moreover, our patient had mild symblepharon that can also be observed in AEC, as well as ectodermal-related manifestations, which led us to suspect that the patient may have AEC. However, according to a literature review (Slavotinek et al., 2005; Kawasaki de Araujo et al., 2017), cleft lip and palate are characteristic of most patients with AEC, and more than half of all patients with AEC have hearing impairment and urinary system diseases, which were not consistent with the presentation of our patient. Furthermore, AEC is not typically associated with abnormal limb development. Hence, our patient, with her shortened fifth fingers, was suspected to have ADULT syndrome. Clinically, the six diseases mentioned above share some common manifestations. However, they have different gene inheritance patterns and also some relatively unique features (Rinne et al., 2006a; Rinne et al., 2006b; Rinne et al., 2007).
The literature suggests that the most common site of mutation of the TP63 gene is the DNA binding region, due to a missense point mutation, resulting in the substitution of arginine 298 by glycine or glutamine. In vitro experiments (Chan et al., 2004) confirmed that R298 is not adjacent to the DNA binding domain. Therefore, the mutation of amino acid 298 does not lead to any adverse effects, but results in high transactivation activities of ΔN-p63γ, which may be 25% higher than those of wild-type p63 (Duijf et al., 2002). Missense point mutations in exon 3 can result in the substitution of p. N6H (asparagine to histidine), ultimately resulting in ADULT syndrome. N6H is in the upstream region of the DNA domain of p63 and is only contained in the p63 subtype of the transactivation domain of this protein, which does not affect the activity of the p63 DNA binding domain (DBD) (Slavotinek et al., 2005). However, the above mutations are significantly different from those in EEC. For example, R298G and R298Q increase the activity of p63, while N6H, which is outside the functional domain of p63, does not affect the expression of p63. However, missense mutations in EEC are likely to result in the loss of DNA binding and impaired transactivation activities (Amiel et al., 2001). As a result, an essential difference is detectable at the genetic level, and this can be used to exclude ADULT syndrome.
In our patient, the mutation site was p63, p. G173V, which was consistent with a previously reported mutation. Monti et al. (2013) detected the transactivation abnormality and interfering ability of this mutant protein in yeast and mammalian cells and quantified the protein functional changes after mutation. Monti et al. detected wild-type and p63 p. G173V protein changes by inducing galactosyl-dependent protein expression in yeast through the inducible GAL1, 10 promoter and revealed that the mutation resulted in a 20% reduction in transactivation activities at relatively high galactose concentrations (0.128%). In mammalian cells, the mutation p. G173V retains partial transactivation activity. For example, p. G173V mutants show a high residual transactivation potential on the P21, MDM2, PUMA, and BAX targets, which are regulated by p63, and are involved in the regulation of the cell cycle, protein stability, apoptosis, and epithelial cells.
PERP and COL18A1 are well-known p63-regulated genes involved in skin and epithelial development. As for the interfering ability, the p. G173V mutant clearly interferes only with PERP and COL18A1 targets to lower the transactivation ability compared to wild-types. Considering the corresponding structure and function, the region corresponding to amino acid 173 protrudes on the surface of the protein, so that the protein’s functional structure does not change. The reason for these functional changes may be that amino acid 173 is close to the N-terminus of the DBD, which is involved in the recruitment and assembly of tetramer proteins that affects the machinery of transcription proteins. Meanwhile, amino acid 173 is located in the proline-rich region of the C-terminus, which is important for the structural integrity and apoptosis-inducing function of the transcription protein. Thus, the mutation induces changes in the transactivation and interference ability of the protein.
Different amino acid mutations result in different transactivation abnormalities and interfering abilities, as well as different clinical phenotypes. However, it can be seen from the above discussion that the clinical manifestations of the six TP63-related syndromes overlapped greatly. One amino acid mutation site can cause more than one syndrome. For example, as reported by Avitan-Hersh et al. (2010), the mutated amino acid p. R243W was previously reported to be associated with EEC and LMS. Brunner and Van Bokhoven (2002) also reported a patient with the ADULT syndrome phenotype, but her mutated amino acid (R227Q) was previously related to EEC and LMS. As such, in addition to the overlapping clinical phenotypes, the mutations affecting the amino acids in the TP63 gene also have a certain crossover potential. In other words, even subtle phenotypic differences can represent diversities at the molecular level. For example, the ADULT syndrome mutations can occur in exons 3, 4, 6, or 8, while LMS mutations can occur in exons 4, 13, and 14 (Rinne et al., 2007), and EEC mutations can occur in exon 5–8, 13, or 14 (Rinne et al., 2007; Whittington et al., 2016). For this reason, (Monti et al., 2013), proposed that clinical conditions should be integrated with the functional parameters of p63 mutated proteins, such as the transactivation ability of target genes involved in specific developmental pathways and the interaction and interference ability of mutant isomers, for better genetic diagnosis and differentiation of the overlapping clinical phenotypes (Serra et al., 2011).
At present, there is no treatment for conditions caused by TP63 mutations. However, we can focus on ensuring an accurate diagnosis by differentiating the different types of diseases with TP63 mutations and further improve the accuracy of genetic counseling through gene analysis. In the future, we hope we can assist patients in making reproductive plans and offer therapeutic means to cure the genetic disease from the embryonic stage through the classification of gene variants, such as gain-functional mutations or loss-functional mutations (van Zelst-Stams and van Steensel, 2009; Monti et al., 2013).
CONCLUSION
In summary, we reported a case of ADULT syndrome caused by a rare amino acid mutation with a rare clinical phenotype, including eyelid fusion and abnormal development of the fifth finger. These findings add to our current understanding of ADULT syndrome and other TP63-related diseases.
All relevant information was explained to the patient and his mother, and written informed consent was obtained from the patient and his mother for publication of this case report and accompanying images.
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miR ID Target Genes #7Targets  Adjusted p-value FDR

miR-16-5p Bal11b, Csf1, Eda, Fgfr1, Med?1, Relt, Sicdad, Sic10a7, Sic12a2, Smad3, Stim1, Stim2 12 3.94 x 107 1.63 x 10°°
miR-27b-3p Bmp2, Csf1, Foxo, Pax9, Runx1, Slc10a7, Slc24ad, Smad3, Sp6, Sp7, Stim2, Tmbimé 12 412 x 107 1.69 x 107
miR-23a/b-3p Bal11b, Clon16, Gial, Hmgn2, Pax9, Runx2, Slcdad, Slc12a2, Smad3, Tgibr2 10 851x10° 2,01 x10°
miR-214-3p Csf1, Ctnnb1, Fgfr1, Irf6, Sp7, Stim2. 6 9.38 x 10° 1.43 x 10°°
miR-30b/c-5p Bel11b, Csf1, Eda, Ganf, Gial, Pax9, Runx1, Runx2, Stim2 9 3.82x 10 4.49 x 10°°
miR-125a/b-5p Fam20a, Fam83h, Gdnf, Gja1, Pax9, Sicda4, Stim1 T 7.57 x 107 7.86 x 10°°
let-7a/i-1-3p Cttr, Ctnnb1, Foxo1, Rhoa 4 9.98x 107 9.85 x 107
let-7b-3p Cftr, Ctnnb?1, Foxo1, Rhoa 4 9.98 x 107 9.85 x 10°
let-7c-2-3p Cttr, Ctnnb1, Foxo1, Rhoa 4 9.98 x 107 9.85 x 107
miR-181b-5p Lama3, Pax9, Plau, Pitx2, Runx1, Stim2, Tgfb1 7 303x10° 2.45 x 107
miR-206-3p. Alpl, Csf1, Gjal, Med1, Slc10a7 5 8.07 x 102 5.53 x 1072
let-7¢c-1-3p. Ganf, Runx2 2 1.29 x 107 8.20 x 107
let-7b-5p Cnnm4, Dmp1, Eda, Sicdad, Sic10a7, Stim1 6 177 x10% 1.07 x 107"
miR-199a-3p Gjal, Runx1, Stim2 3 340x 107 1.89 x 107"
let-7a/c/d/e/f/g/-5p  Cnnmd, Dmpl, Eda, Sicdad, Sic10a7 5 3.43x 107 1.90 x 107"
miR-214-5p Csfl, Slc13a5 2 392x 107 214 x 107"
miR-26a-5p ltgb1, Pib2, Slcdad, Sic12a2, Sic24ad 5 491 x 107 262 x 107"

Adjusted p-value < 0.05 was used as the cutoff threshold. FDR: false discovery rate. miRNAs sharing the same target genes and with the same adjusted p-value were merged (e.g., miR-
23a/b-3p).
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Hmgn2, Itgb1, Irf6, Lama3, Ltbp3, Mmp20, Msx2, Pax9, Plau, Postn, Rac1, Rhoa, Runx1, Sic4a4, Sic13a5, Sp3, Sp6,
Stim1, Tox1, Tgfb1, Tgfor2, Ambn and Enam, Kiké & Mmp20

Amitn, Col17a1, Enam, Foxo1, Slc10a7, Wdr72

Amelx, Amtn, Bel1 1b, Bmpz, Ctr, Cldn3, Cldn16, Cnnmé, Col17a, Ctnnb1, D3, Dmp1, Fam20a, Fam20c, Hras, Itgb6,
Kikd, Lamc2, Map3k7, Med1, Mmp20, Nectin1, Rec, Rett, Runx2, Smad3, Sicdad, Sic10a7, Sic12a2, Sic24ad, Stimf,
Teirg1, Tafb1, Tgfbr2, Tmbim6, Walr72, Bmp2 & Bmpd, Klkd & Mmp20, Stim1 & Stim2

Lamb3, Nectin3, Pitx2, Sp7





OPS/images/fped-11-1117493/fped-11-1117493-g001.jpg
Nasal septum defects

Nasal septum deviation

Nasal polyps

Midface hypoplasia
Narrow and/or high
arched palate
Maxillary hypoplasia and/or
constriction
Orofacial clefts
Micrognathia
Retrognathia
Hypotonia
Inferior position of the hyoid bone






OPS/images/fgene-13-788259/fgene-13-788259-t004.jpg
Category Name

Extracelular matrix
Enzyme

Receptor

Receptor binding molecule

lon exchanger or transporter

Calcium sensor o regulator

Cel-cell or cel-ECM adhesion molecule
Growth factor

Transcriptional factor

Transcriptional regulator

Signal mediator

Unknown

Gene Symbols

Ambn, Amelx, Amtn, Col17at, Csf1, Dmp1, Dspp, Enam, Lama3, Lamb3, Lamc2, Postn
A, Fam20a, Fam20c, Hras, Kikd, Map3k7, Mmp20, Plau, Rec, Rhoa, Tcirg

Fgr1, Itgb1, ltgh6, Rett, Tgfbr2

Ltbp3

Cftr, Cnnm4, Slcdad, Slc10a7, Sic12a2, Sic13a5, Slc24ad

Stim1, Stim2, Tmbimé

Cldn, Cldn16, Ctnnb1, Gjai, Nectini, Nectin3

Bmp2, Bmp4, Gdnf, Tgib1

Ascl5, Bell 1b, Ctnnb1, Di3, Foxo, If6, Msx2, Pax9, Pitx2, Runx1, Runx2, Sp3, Sp6, Sp7, Thx1
Hmgn2, Med1

Smad3

Fam8sh, Wid72





OPS/images/fped-11-1117493/fped-11-1117493-g002.jpg
Midface N Pediatric SRBD
hypoplasia

GALNS  GLB1

Pediatric OSA

PHOX28

Ever

Lo

o o6z

Maxillary i
hypoplasia ’

18p11.32 (55114124196)

52)
156211 (15149936782)

Narrow and/or
high arched palate






OPS/images/fgene-13-788259/fgene-13-788259-t005.jpg
Pathway Cluster #

positive regulation of cell migration

transforming growth factor-beta receptor signaling pathway
growth factor activity

transforming growth factor-beta receptor binding
TGF-beta signaling pathway

apical junction complex

cell adhesion molecule binding

adherens junction

colorectal cancer

basement membrane

laminin-5 complex

pathways in cancer

focal adhesion

enamel mineralization

biomineral tissue development

odontogeness of dentin-containing tooth
structural constituent of tooth enamel
proteinaceous extracelular matrix

extracellular region

protein binding

N e I N R S A3 I Y SN N NN





OPS/images/fped-11-1117493/fped-11-1117493-g003.jpg





OPS/images/fgene-14-1085263/fgene-14-1085263-g002.gif





OPS/images/fgene-14-1085263/fgene-14-1085263-g003.gif





OPS/images/fgene-14-1085263/fgene-14-1085263-g004.gif
eiteidicls

il

Mt






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Perspectives in genetic and epigenetic regulatory mechanisms in dental and craniofacial biology



		Crucial Roles of microRNA-16-5p and microRNA-27b-3p in Ameloblast Differentiation Through Regulation of Genes Associated With Amelogenesis Imperfecta



		Introduction



		Materials and Methods



		Eligibility Criteria for the Systematic Review



		Information Sources and Search



		Study Selection and Data Collection



		Bioinformatics Analysis



		Cell Culture



		Bromodeoxyuridine (BrdU) Incorporation Assay



		RNA Extraction and Quantitative Reverse Transcription-Polymerase Chain Reaction



		Immunofluorescence Analysis



		Immunoblotting



		Rescue Experiment



		Statistical Analysis









		Results



		Literature and Database Search



		Functional Enrichment Analysis of mAIGenes



		miRNA-mAIGene Regulatory Network and Identification of Critical miRNAs



		Experimental Validation









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		Supplementary Material



		References









		Case Report: Prenatal Diagnosis of a Novel Variant c.251dupT (p.N87Kfs*6) in BCOR Resulting in Oculofaciocardiodental Syndrome Using Whole-Exome Sequencing



		Introduction



		CASE PRESENTATION



		Discussion and conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Publisher’s Note



		Acknowledgments



		References









		Oral Phenotype of Singleton–Merten Syndrome: A Systematic Review Illustrated With a Case Report



		Introduction



		Review of the Literature



		Methods



		Inclusion and Exclusion Criteria



		Article Selection



		Visualization of Mutations



		SEM Observation









		Results



		Article Selection



		Mutation Description



		Phenotype Description









		Case-Report



		Discussion



		Conclusion



		Data Availability Statement



		Author Contributions



		Funding



		Publisher’s Note



		References









		Targeted re-sequencing on 1p22 among non-syndromic orofacial clefts from Han Chinese population



		Introduction



		Materials and methods



		Sample collection and ethics statement



		Targeted region deep sequencing



		Bioinformatics analysis



		Statistical analysis



		Sanger sequencing



		Cell culture and transient transfection



		Construction of the Arhgap29R553T mutant mouse model



		RNA extraction



		RNA sequencing



		Quantitative real-time qPCR



		Western blot



		Micro-CT scanning



		HE and immunofluorescence staining









		Results



		Rs77179923 was specifically associated with NSCLP



		Rs12071152 was uniquely associated with LCLO



		De novo harmful rare variant ARHGAP29R551T was identified to be associated with NSCLP



		ARHGAP29R551T results in a decreased expression level of ARHGAP29 in vitro



		ARHGAP29R551T affects NSCL/P-related biological processes









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Publisher’s note



		Supplementary material



		References









		Frequent cleft lip and palate in families with pathogenic germline CDH1 variants



		Report



		Materials and methods



		Summary



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Publisher’s note



		References









		Exploring the causal relationship between gastroesophageal reflux and oral lesions: A mendelian randomization study



		Introduction



		Methods



		Instrumental variable selection



		Mendelian randomization analysis



		Sensitivity analysis









		Ethical approval



		Result



		Causal relationship between GERD and oral lesions









		Discussion



		Data availability statement



		Author contributions



		Acknowledgments



		Publisher’s note



		Supplementary material



		References









		Ectomesenchymal Six1 controls mandibular skeleton formation



		Introduction



		Materials and methods



		Animals



		Skeletal preparation



		Histology and immunofluorescence, and TUNEL assay



		Cell culture, osteogenic differentiation, alkaline phosphatase (ALP) staining and cell proliferation assay



		RNA extraction and quantitative RT-PCR



		Construction of knockdown short hairpin RNA vectors and cell infection



		RNA sequencing



		Cleavage under targets and tagmentation (CUT&Tag) library preparation



		Statistical analysis









		Results



		The Six1 knockout mice exhibited craniofacial deformity



		Conditional knockout of Six1 in cranial neural crest cells caused microsomia and cleft palate



		Six1 knockout resulted in decreased mandibular bone formation and altered gene expression in mice



		Six1 knockdown decreased the osteogenic differentiation capacity of C3H10 T1/2 cells



		Six1 promotes osteogenic function by regulating multiple osteogenesis-related genes



		SIX1 directly binds to the promoters of Bmp4, Fgfr2, Fgf18, and Fat4 and regulates their expression









		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Publisher’s note



		Supplementary material



		References









		Effects of Dlx2 overexpression on the genes associated with the maxillary process in the early mouse embryo



		Introduction



		Materials and methods



		Animals



		Micro-computed tomographic (micro-CT) imaging and 3D reconstruction



		Statistical analysis



		Isolation of mouse maxillary processes



		Bulk RNA-seq and data analysis



		ScRNA-seq and UMAP analysis



		CUT&Tag analysis









		Results



		Micro-CT reveals abnormal bone formation in Wnt1cre; Rosa26Dlx2/- mouse



		Dlx2 overexpression causes substantial gene expression changes in the E10.5 maxillary process



		Dlx2 overexpression inhibits proliferation and promotes cell differentiation in maxillary process cells



		CUT&Tag identifies candidate targets of DLX2









		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Publisher’s note



		Supplementary material



		References









		Candidate genes for obstructive sleep apnea in non-syndromic children with craniofacial dysmorphisms – a narrative review



		1. Introduction



		2. Craniofacial characteristics associated with POSA development



		2.1. Skeletal anomalies in the orofacial area risky for POSA development



		2.2. Soft tissue anomalies in the orofacial area risky for POSA development









		3. Craniofacial syndromes associated with a high prevalence of pediatric SRBD



		4. Possible candidate genes for POSA development in children with craniofacial dysmorphisms



		4.1. Genes associated with non-/syndromic craniosynostosis



		4.2. Genes associated with non-/syndromic retrognathia and/or micrognathia



		4.3. Genes associated with non-/syndromic midface or maxillary hypoplasia









		5. Discussion



		6. Conclusion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References









		Case report: ADULT syndrome: a rare case of congenital lacrimal duct abnormality



		Introduction



		Case report



		Discussion



		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Acknowledgments



		Publisher’s note



		Supplementary material



		References























OPS/images/fgene-13-947126/fgene-13-947126-g004.gif
Differential Expressed Genes(174)






OPS/images/fgene-13-947126/fgene-13-947126-t001.jpg
SNP

NSCL/P

P

OR (95%CI)

NSCLP

P’

OR (95%CI)

NSCLO

P

OR (95%ClI)

52282229
1511165065
5560426
1577179923
512088309
152297636
1512057375
153789434
154147810
152297635
153789438
1511165079
rs11165080
151931570
151931566
1512071152

>0 H20=22>00=200mx=05> >

0.150
0350
0430
0013
0.050
0077
0.043
0.050
0.042
0.048
0.040
0340
0300
0.340
0340
0.002

084 (0.67-1.06)
091 (075-1.11)
1.05 (0.94-1.17)
147 (1.08-2.00)
111 (1.00-123)
110 (0.99-1.22)
113 (1.00-1.26)
112 (1.00-1.26)
113 (1.00-1.26)
1.12 (1.00-1.26)
113 (1.01-127)
094 (0.82-1.07)
093 (0.82-1.06)
094 (0.82-1.07)
094 (0.82-1.07)
119 (1.06-1.33)

0.640
0370
0.730
4.70E-04
0.190
0.700
0.140
0.170
0.140
0170
0.160
0580
0560
0.600
0590
0.060

1.08 (0.78-1.49)
113 (0.87-147)
1.03 (0.88-120)
1.84(1.31-2.58)
1.10 (0.95-1.28)
1.03 (0.89-1.19)
113 (096-132)
112 (0.95-131)
113 (0.96-132)
1.12 (0.95-1.31)
112 (0.96-131)
095 (0.79-1.14)
095 (0.79-1.14)
095 (0.79-1.15)
095 (0.79-1.14)
116 (0.99-1.36)

0.021
0.057
0.550
0.640
0.066
0.018
0.110
0.110
0.100
0.110
0.093
0.340
0.300
0.340
0330
9.40E-04

071 (0.54-0.95)
0.79 (0.62-1.01)
1.04 (0.91-1.20)
113 (0.68-1.89)
113 (099-1.28)
117 (1.03-133)
112 (0.97-1.30)
112 (0.98-1.30)
113 (0.98-1.30)
112 (0.97-1.30)
113 (0.98-1.30)
0.93 (0.79-1.09)
0.92 (0.78-1.08)
0.93 (0.79-1.09)
0.92 (0.79-1.08)
127 (110-146)

The table shows SNPs with p < 0.05 in the replication phase. A1, minor allele; SN

ingle nucleotide polymorphisms; NSCL/P, non-syndromic cleft lip with or without the pala

CLP,

non-syndromic clefi lip with the cleft palate; NSCLO, non-syndromic clei lip only. OR refers to odds ratio. 95%CI refers to 95% confidence interval. P refers to P-value for this test. The bold

character:

dicated the significant SNPs after multiple corrections (significant threshold is 5.05E-04).





OPS/images/fgene-13-788259/fgene-13-788259-g003.gif
nggﬁ Frh





OPS/images/fgene-13-947126/crossmark.jpg
©

|





OPS/images/fgene-13-788259/fgene-13-788259-g004.gif





OPS/images/fgene-13-947126/fgene-13-947126-g001.gif





OPS/images/fgene-13-788259/fgene-13-788259-g001.gif
| Tt
1 l:z [
. BT et 1






OPS/images/fgene-13-947126/fgene-13-947126-g002.gif
H
£

) Tniiiadntl






OPS/images/fgene-13-788259/fgene-13-788259-g002.gif





OPS/images/fgene-13-947126/fgene-13-947126-g003.gif





OPS/images/fgene-13-788259/fgene-13-788259-t001.jpg
#

2

3

23

28

30

31
32
33

34
35
36

37

38

39

40

a1

42

43

44
45

46

47

48

49

61

62

Al amelogenesis imperfecta; OF: osteapstrotic Tor

Gene
Symbol

Apl

Ambn

Amelx

Amin

Arhgap6

Ascls
(aka.
AmeloD)
Bell1b
Bmp2
cfir

Cldn3
Cldn16

Cnnm4

Col17at

Csfl
(aka
Mesf)

Ctnnb1
Dix3

Dmp1

Dspp
Eda

Enam

Fam20a

Fam20c

Fam83h

Fofr1

Foxol

Ganf

Gial
(@ka.
Cx43)

Hmgn2

Hras

6

Itgb1
tgb6
Kik4

Lama3
Lamb3
Lamc2

Ltbp3

Map3k7
(aka.
Tak1)
Med1

Mmp20

Msx2

Nectin1
Nectin3
Pax9
Plau

(aka.
uPA)

Pitx2

Postn

Rac1

Relt

Rhoa

Runx1

Runx2

Slcdad

Slc10a7

Slc12a2

Slc13a5

Slc24a4

Smad3

Sp3

Sp6

Sp7
(aka.

Stim1

Tox1

Teirg1
(aka.
ATP6a3)

Tom1

Tgtbr2

Tmbim6

Wadr72

Gene Name

alkaline phosphatase, liver/
bone/kidney

ameloblastin

amelogenin, X-inked

amelotin

Rho GTPase activating
protein 6

achaste-scute family bHLH
transcription factor 5

B cell leukemia/
lymphoma 118

bone morphogenetic
protein 2

cystic fibrosis
transmembrane

conductance regulator
claudin 3

claudin 16

cyclin M4
collagen, type XVII alpha 1

colony-stimulating factor 1
(macrophage)

catenin beta 1

distal-less homeobox 3

dentin matrix protein 1

dentin sialophosphoprotein
ectodysplasin-A

enamelin

family with sequence
similarity 20, member A

family with sequence
similarity 20, member C

family with sequence
similarity 83, member H

fibroblast growth factor
receptor 1

forkhead box O1

glial cell line derived
neurotrophic factor

gap junction protein,
apha 1

high mobilty group
nucleosomal binding
domain 2

Harvey rat sarcoma virus
oncogene

interferon regulatory
factor 6

integrin beta 1
integrin beta 6

kalikrein-related peptidase
4 (prostase, enamel matrix,
prostate)

laminin, alpha 3
laminin, beta 3

laminin gamma 3

latent transforming growth
factor-beta binding
protein 3

mitogen-activated protein
kinase kinase 7

mediator complex
subunit 1

matrix metallopeptidase 20
(enamelysin)

msh homeobox 2

nectin cell adhesion
molecule 1

nectin cell adhesion
molecule 3

paired box 9

plasminogen activator,
urokinase

paired-like homeodomain
transcription factor 2

periostin, osteoblast-
specifc factor

Rac family small GTPase 1

RELT tumor necrosis factor
receptor

ras homolog family
member A

runt-related transcription
factor 1

runt-related transcription
factor 2

solute carrier family 4 (anion
exchanger), member 4

solute carrier family 10
(sodiunvbile acid
cotransporter family),
member 7

solute carrier family 12,
member 2

solute carrier family 13
(sodium-dependent citrate
transporter), member 5

solute carrier family 24
(sodiunvpotassium/
calcium exchanger),
member 4

SMAD family member 3

trans-acting transcription
factor 3

trans-acting transcription
factor 6

trans-acting transcription
factor 7 (osterix

stromal interaction
molecule 1

T-box 1

T cell, immune regulator 1,
ATPase, H+ transporting,
lysosomal VO protein A3

transforming growth factor,
beta 1

transforming growth factor,
beta receptor I

transmembrane BAX
inhibitor motif containing 6

WD repeat domain 72

Location
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and
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hypomineraiized

hypomineralized

hypomineralized
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and
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hypoplastic
hypoplastic
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enamel

no enamel or
hypoplastic
hypoplastic and
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enamel)

hypoplastic (o
ename))
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hypomineraiized
hypoplastic and
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hypoplastic
hypoplastic
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hypomaturation
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hypoplastic
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pitted enamel
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Osx-Cre;Bmp2”"

ot~

Cldn3™~
Cldn167~

Cnnmd4™~
Colt7a1™~

OP/OP
OP/OP; Tg (csCSF-1)

Amelx-Cre;Ctnnb1 7%

K14-Cre;Dx3™"
Dmp1~”

Tg (under Amelx)
Tg (under K14)

Enanfloscs2iRgses21

Enanf950395/Rgsc395 g

Enam9ses14/Rascs 14
EnamP,Q1760pQ176X

(ATE1)
Enamt-2e7acZ

Enanp-Ss5p:sssl o
Enarmp-S55V+

Fam20a™~
K14-Cre;Fam20a”™

Sox2-Cre;Fam20a™"

Fam20c™
K14-Cre;Fam20¢™"

Sox2-Cre;Fam20¢™"

Fam83h™~
T (truncated protein
1-296)

K14-CreFgi1™
Rx-Cre;Foxo1”" & K14-
Cre;Foxo1™

Ganf "~

PGK-Cre;Cx43%" %+
Ga1®®%" aka. Gl

Tg (under K14)

Caggs-Cre;Hras®'?/*
Pitx2-Cre;irf6™

K14-Cre;ltgb1”"

Itgh6™~
Kig-ac21acz

3
Lambg-aeac

Spontaneous (Lamc2®)
Tg (TetO-Lamc2™~;K14-
HTATetO-HumLAMC?)

Ltbp3™~

CaMapk7 (under Amelx)

K14-Cre;Med1™"

Mmp20™~

Tg (under Amelx)

Msxplaciacz

Nectin1™~
Necting™~
Paxgreoheo

Tg (under K5)

P~

Postrf-2c21acz

Postn™~

K14-Cre;Rac1™

Reltp P300p P390

Tg (dominant-negative,
under Amelx)
K14-Cre;Runx1™"

K14-Cre;Runx2”™™

Slcdad™

Stc10a77
Sle10a77~

Sic12a2™

Sic13a5™~

Sle24a4™~

Smad3™"

Sp37"

Sp6~

Sp77~

K14-Cre;Stim1™"
Amelx-Cre;Stim1™"

Tox17~

spontaneous

Tg (under Dspp)

Tafb1 T09Taw3
K14-Cre;Tgh1™"

Amelx-Cre; Tgfor2™"

Tmbim6™~

Wolrzokeenses,

PMID

10871245

12657627
15583034;
19375505
31402633
16612084

11406633;
18390542;
18701811;
22243229
16707492;
11243888;
12619931

17384027
20067920;
24363885
25117480

20042744

25715379

16007484

30504223

23727454

21597270;
25545831

9206347;
8708137;
12161463

28596736
2642691

24339795
19036806

17126805
17126805

30066216

27760456;
29745813

14966118;
14514755

16014627
12812793

15649948;
20698351
15649948

15271968;
17662207
18252720;
24603688
28334996

22732358

27281036

31667691

22732358

24026952

22936805

30714208
31060110

18296607

22291941

11878293

18003637
16155213;
20127707

23975681

24057668;
19416908

27369589

25830530
23264742
19678120

10366601
27626380

20336083
26956061;
23029085

25669657;
28084688

29024853

24949995,
28673966

12393861;
15557396;
24466234
24466234;
29481294

20934968;
17878071

18703497;
21038445
21038445
16236760
9927592;

15161662

27626380

16314533

16497272

22243243
30606946
21676911;
23841780

30026553

29941908

20529845;
25012520

30082715
30082715

29209227

28406943

23375655

12763048

10675334

30504223;
18156176;
18297738

29405385

28732182
31329049

19233165

23174213

16674669;
11116156
24056369
30243146

24278477

30963569

25008349;
26247047

Human Disease

hypophosphatasia-enamel hypoplasia

isolated Al

isolated Al

isolated Al

isolated Al

cystic fibrosis—Al

familfal hypercalciuria and
hypomagnesemia with
nephrocalcinosis (FHHNC)—AI

Jalii syndrome—Al

Junctional epidermolysis bullosa—Al

trichodentoosseous syndrome—Al

hypophosphatemia—Al

dentinogenesis imperfecta type ll—Al
hypohidrotic ectodermal dysplasias
not Al

isolated Al

enamek-renal-gingival syndrome—Al

Raine syndrome—Al

isolated Al

Pleiffer syndrome—not Al Jackson-
Weiss syndrome—not Al

Hirschsprung disease type 3—not Al

oculodentodigital dysplasia - Al

Costello syndrome —ename! defect

van der Woude syndrome—not Al
popiteal pterygium syndrome —not Al

isolated Al
isolated Al

junctional epidermolysis bullosa—Al
junctional epidermolysis bullosa—Al

cortical malformation, occipital—not Al

dental anomalies and short stature
(DASS)—Al

cardiospondylocarpofacial
syndrome—not Al frontometaphyseal
dysplasia 2—not Al

isolated Al

isolated Al enlarged parietal foramina
1—not Al craniosynostosis type 2 -
not Al

dleft lip and palate/ectodermal
dysplasia 1—not Al

tooth agenesis, selective, 3—not Al

Axenfeld-Rieger syndrome—not Al
iridogoniodysgenesis syndrome - not
Al Peters anomaly—not Al

mental retardation, autosomal
dominant, 48—not Al

isolated Al

Braddock-Carey syndrome (BCS)—Al

metaphyseal dysplasia with maxilary
hypoplasia and brachydactyly—Al
cleidocranial dysplasia—not Al

proximal renal tubular acidosis—Al

skeletal dysplasia—Al

Kohischiitter-Ténz syndrome (KTS)—
Al early infantile epileptic
encephalopathy 25 (EIEE25)-tooth
hypoplasia and hypodontia—not Al

isolated Al

Loeys-Dietz syndrome—not Al

osteogenesis imperfecta type XI -
not Al

Al tubular aggregate myopathy—not
Al Stormorken syndrome—not Al

22q-11.2 deletion syndrome
(DiGeorge syndrome)—Al

autosomal recessive
osteopetrosis—not Al

Camurati-Engelmann disease—not Al

Loeys-Dietz syndrome —not Al familial
thoracic aortic aneurysm and
dissection - not Al

isolated Al
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Gene Symbol

Ambn and
Enam

Bmp2 and
Bmp4
Kikd and
Mmp20

Stim1 and
Stim2

Gene Name

ameloblastin and enamelin

bone morphogenetic protein 2 & bone morphogenetic
protein 4

kalikrein related-peptidase 4 and matrix
metallopeptidase 20

stromal interaction molecule 1 and stromal interaction
molecule 2

Location

5E1and 5 E1

2F2and 14C4

7 B3and 9 A1

7 E2-E3 and
5Ct

Enamel Phenotype

hypoplastic
hypomineralized
hypoplastic and

hypomineralized
hypomineralized

Mouse Strain
Ambn* ;Enam*”

K14-Cre;Bmp2™";
Bmpd"/

Klkd™~;Mmp20~~

K14-Cre;Stim1™";
Stim2™"

PMID

31478359

27146352

27066511

28732182
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Gene

IFIH1
IFIH1
IFIH1
IFIH1
IFIH1
IFIH1
IFIH1

IFIH1

IFIH1
Total

Gene

©.986T > C

©992C > G
c992C>T

©.1465G > A
€.1465G > T
C.2390A > T
€.2465G > A

€.2661T > A

NR

Protein

p.Leud29Pro
p.Thi331Arg
p.Thiag1lle

p.Alad89Thr
p.Alad489Ser
p.Asp797Val
p.Ag822Gin

p.Met854Lys

NR

Domain

Hel1 domain*
Hel1 domain
Hel1 domain
Hel1 domain
Hel1 domain
Hel2 domain
Hel2 domain*

Hel2-CTD
connection
NR

Patient
number
N; %)

1(6%)
2(10%)
3(15%)
1(5%)
1(5%)
1(5%)
9 (45%)

1(5%)

1 (5%)
20 (100%)

Family
number
N; %)

18%)
1(8%)
18%)
1(8%)
1(8%)
1(8%)
4 (33%)

1(8%)

1(8%)
12 (100%)

Article

(Vengoechea and DiMonda, 2020)

(de Carvalho et al., 2017)

(de Carvalho et al., 2017)

(Bursztejn et al., 2015)

(Xiao et al., 2021)

(Hasegawa et al., 2022)

(Feigerbaum et al., 2013; Rutsch et al., 2015; Pettersson et al.,
2017)

(Takeichi et al,, 2018)

(Ghadiam and Mungee, 2017)

*The mutation associated domain was not notified in the article—NR: non-reported—all percentages have been rounded to the closet unit.
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Mutation
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C.1465G > A
c.1465G > T
©.2465G > A

c.2561T > A
c986T>C

c992C > G

c992C>T

Article

(Hasegawa et al., 2022)
(Bursztejn et al., 2015)
(Xiao et al., 2021)
(Pettersson et al., 2017)

(Feigenbaum et al., 2013;
Rutsch et al., 2015)
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Delayed eruption
Carious lesions

Short roots

Premature loss of permanent teeth
impacted testh

Dental agenesis

Low height of alveolar bone

N: number of concerned patients: NR: non-reported.

Yes (%)

12 (60%)
3(15%)
11 (65%)
16 (80%)
8(40%)
2(10%)
6(30%)

No (%)

0(0%)
2 (10%)
0(0%)
0(0%)
1 (6%)
4 (20%)
1 (6%)

NR (%)

8 (40%)
15 (75%)
9 (45%)
4 (20%)
11 (55%)
14 (70%)
13 (65%)

% Among patients
with oral examination
(% yes)

100
60
100
100
89
33
86
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TP63 mutation syndromes

Mother
Sex Female Female Male
Age [ 16 50 5
Ectodermal Teeth v v v
Skin v v v
Hair v N v
Nails v v v
Lacrimal ducts v v v
Breasts v v v

Sweat glands - - -
Fused eyelids v = E
Ectrodactyly - - -

Ceenter lip and palate : - .

Others - - -

V The clinical manifestations were observed, - The clinical manifestations were not observed.
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GWAS ID

ebi-a-GCSTI0000514
ukb-b-11161
ukb-b-12849
ukb-b-19191
ukb-b-6458

Year

2021
2018
2018
2018
2018

Trait

Gastroesophageal reflux disease
Mouth/teeth dental problems: Painful gums
Mouth/teeth dental problems: Loose teeth
Mouth/teeth dental problems: Toothache

Mouth/teeth dental problems: Mouth ulcers

Consortium

NA

MRC-IEU
MRC-IEU
MRC-IEU
MRC-IEU

Sample size

6, 02, 604
4,61, 113
4,61, 113
4,61, 113
4,61, 113

Number of SNPs

23, 20, 781
98, 51, 867
98, 51, 867
98, 51, 867
98, 51, 867
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Characteristic, n (%) CLP N =29 Non-CLP N = 124

Family history of breast cancer

Yes 23 (79) 92 (74)
No 6 (1) 32 (26)
Family history of gastric cancer
Yes 20 (69) 92 (74)
No 9(31) 32 (26)
Race
White 28(97) 111 (90)
Black - 3(2)
Asian - 3
Hispanic - 1)
Multiple/Other 103) 6(5)
Variant domain
All 2 32
Pre - 7(6)
Pro 2 10 (8)
Cadherin 1 7 (29) 18° (15)
Cadherin 2 - 8(6)
Cadherin 3 103) 10 (8)
Cadherin 4 6(21) 23" (19)
Cadherin 5 2(7) 16° (13)
Transmembrane 4(14) 20 (16)
Cytoplasmic 5017 9.(7)
Variant Type
Deletion 8(28) 9(7)
Frameshift 4(14) 33(27)
Missense (Cryptic Splice) 103) 21 (17)
Nonsense 7(24) 40 (32)
Splice site (Canonical) 9(31) 21 (17)

“Two variants are in the Pro-ECI, linker region.
"One variant is in the EC3-EC4 linker region.
“One variant is in the EC4-EC5 linker region.
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Family CDHI1 variant Variant domain Variant type Amino acid Prior report
change in CLP

1 5'UTR_3'UTRdel All Deletion (Complete) - None
2 5'UTR_3'UTRdel All Deletion (Complete) - None
3 c.261del Cadherin pro Frameshift Arg87fs None
4 Deletion (Exon 3) Cadherin pro Deletion (Large) - None
5 Deletion (Exons 3-5) Cadherin pro through extracellular Cadherin 1 Deletion - None
6 Deletion (Exons 4-5) Cadherin pro through extracellular cadherin 1 Deletion - None
7 Deletion (Exon 16) Cytoplasmic Deletion (Large) - None
8 EX16_3'UTRdel Cytoplasmic Deletion (Large) - None
9 2430del Cytoplasmic Frameshift Phe810fs Present
10 c2474dup Cytoplasmic Nonsense p.Pros26fs Present
1 €2287G>T Cytoplasmic Nonsense Glu763Ter Present
12 €.480_486del Extracellular cadherin 1 Frameshift plle161AlafsTer52 None
13 c640del Extracellular cadherin 1 Nonsense Leu214Ter None
14 €532:1G>C Extracellular cadherin 1 Canonical splice - Present
15 ¢.720del Extracellular cadherin 1 Frameshift Asn240fs None
16 c715G>A Extracellular cadherin 1 Missense (Cryptic splice) Gly239Arg Present
17 Cl137G>A Extracellular cadherin 3 *Canonical splice — Present
18 1565+ 2dupT Extracellular cadherin 4 Canonical splice - Present
19 €1565 + 1G>C Extracellular cadherin 4 Canonical splice - Present
20 1565 + 1G>A Extracellular cadherin 4 Canonical splice - Present
21 1565 + 1G>A Extracellular cadherin 4 Canonical sSplice - Present
22 €1565 + 1G>C Extracellular cadherin 4 Canonical splice e Present
23 1565 + 1G>A Extracellular cadherin 4 Canonical splice - Present
24 Deletion (Exon12) Extracellular cadherin 5 Deletion (Large) - None
25 €1792C>T Extracellular cadherin 5 Nonsense Arg598Ter Present
26 €2064_2065del Transmembrane Nonsense pCys688Terfs Present
27 €2064_2065del Transmembrane Nonsense P.Cys688Terfs Present
28 €2064_2065del Transmembrane Nonsense pCys688Terfs Present
29 €2165-1G>C Transmembrane Canonical splice - Present

BN N B vt i kel the: A e
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SNP

152282229
1511165065
152297636
rs10782976
154147804
154147803
153761911
151931572
1512407620
151931571
1512730118
157550646
156698524
156701591
534497591
rs1931569
151931568
151931567
1534781620
rs12071152
1517398522
156686599
157546201
156541410
558544825
157512276
52483793
157551877

>H > 00>H>05>0>00 > >

>0 00

>> 0> 0> >0

BCLO

P

0.026
0.046
0019
0.055
0.067
0.053
0.079
0.080
0.079
0.080
0.065
0.065
0.065
0.066
0.065
0.065
0.065
0.065
0.065
0.002
0.065
0.055
0.030
0.034
0.042
0.047
0.046
0072

OR (95%CI)

071 (0.52-0.96)
0.77 (0.59-1.00)
119 (1.03-137)
0.86 (0.74-1.00)
087 (0.74-1.01)
086 (0.74-1.00)
087 (0.75-1.02)
087 (0.75-1.02)
0.87 (0.75-1.02)
087 (0.75-1.02)
087 (0.74-1.01)
087 (0.74-1.01)
0.87 (0.74-1.01)
087 (0.74-1.01)
087 (0.74-1.01)
087 (0.74-1.01)
087 (0.74-1.01)
087 (0.74-1.01)
087 (0.74-1.01)
128 (1.10-1.49)
087 (0.74-1.01
0.86 (0.74-1.00
084 (0.72-0.98
085 (0.73-0.99
085 (0.73-0.99
086 (0.73-1.00
086 (0.73-1.00)
087 (0.74-1.01)

)
)
)
)
)
)

LCLO

P

0.031
0.065
0.034
0.028
0.039
0.030
0.040
0.041
0.040
0.041
0.033
0033
0033
0.033
0033
0.033
0.033
0033
0033
4.00E-04
0.033
0.034
0015
0017
0.021
0.023
0.021
0.046

OR (95%CI)

072 (0.54-0.97)
079 (0.62-1.02)
116 (1.01-1.33)
085 (0.73-0.98)
086 (0.74-0.99)
085 (0.73-0.98)
086 (0.74-0.99)
0386 (0.74-0.99)
086 (0.74-0.99)
086 (0.74-0.99)
085 (0.74-0.99)
085 (0.74-0.99)
0.85 (0.74-0.99)
085 (0.74-0.99)
085 (0.74-0.99)
085 (0.74-0.99)
085 (0.74-0.99)
0385 (0.74-0.99)
085 (0.74-0.99)
1.30(1.12-1.51)
085 (0.74-0.99)
085 (0.74-0.99)
083 (0.72-0.97)
084 (0.72-0.97)
0.84 (0.73-0.97)
084 (0.73-0.98)
084 (0.73-0.97)
086 (0.74-1.00)

RCLO

P

0.038
0.056
0.039
0.068
0.087
0.070
0.114
0.115
0.114
0.115
0.095
0.095
0.095
0.096
0.095
0.095
0.095
0.095
0.095
0.005
0.095
0.083
0.048
0.053
0.064
0.070
0.068
0.091

OR (95%CI)

073 (0.54-0.98)
0.78 (0.60-1.01)
116 (1.01-1.33)
087 (0.75-1.01)
088 (0.75-1.02)
087 (0.75-1.01)
089 (0.76-1.03)
089 (0.76-1.03)
089 (0.76-1.03)
089 (0.76-1.03)
0.88 (0.76-1.02)
088 (0.76-1.02)
0.88 (0.76-1.02)
088 (0.76-1.02)
0.88 (0.76-1.02)
0.88 (0.76-1.02)
088 (0.76-1.02)
088 (0.76-1.02)
088 (0.76-1.02)
1.24 (1.07-145)
088 (0.76-1.02)
0.88 (0.75-1.02)
086 (0.74-1.00)
086 (0.74-1.00)
0.87 (0.75-1.01)
087 (0.75-1.01)
087 (0.75-1.01)
088 (0.75-1.02)

UCLO

P

0.039
0.067
0.044
0.039
0.054
0.043
0.063
0.064
0.063
0.064
0.052
0053
0053
0,053
0053
0.053
0,053
0053
0053
0.001
0,053
0.054
0.026
0.029
0035
0.037
0.035
0.064

OR (95%ClI)

0.74 (0.55-0.99)
079 (0.62-1.02)
115 (1.00-1.31)
0.86 (0.74-0.99)
0.87 (0.75-1.00)
0.86 (0.75-1.00)
0.87 (0.76-1.01)
0.87 (0.76-1.01)
0.87 (0.76-1.01)
0.87 (0.76-1.01)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
1.27 (1.10-147)
0.87 (0.75-1.00)
0.87 (0.75-1.00)
0.85 (0.74-0.98)
0.85 (0.74-0.98)
0.86 (0.74-0.99)
0.86 (0.74-0.99)
0.86 (0.74-0.99)
0.87 (0.75-1.01)

The table shows SNPs with p < 0.05 in the replication phase. A1, minor allele; SNP, single nucleotide polymorphism; BCLO,
right cleft lip only; LCLO, left left lip only; OR refers to odds ratio. 95%CI refers to 95% confidenc
NPy s fer msltinle soorections (xinibesnt thosshold

5.05E-04).

ilateral cleft lip only; UCLO, unilateral cleft lip only; RCLO,
erval. P refers to P-value for this test. The bold characters indicated the significant





