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Introduction: Root dentin formation is an important process in tooth development. We tried to identify potential genes that regulate root dentin formation which could be potentially used for the regeneration and repair of defective or damaged dental roots.
Methods: Tissues harvested from the labial and lingual sides of mouse incisors were used for microarray analysis. Gene ontology (GO) analysis of differentially expressed genes indicated the critical role of extracellular matrix in the discrepancy of dentin formation between root and crown, for which hemicentin-1 (Hmcn1) was selected as the target gene. Single-cell RNA sequencing analysis the expression pattern of Hmcn1 at different developmental stages in mouse molars. The spatiotemporal expression of HMCN1 in mouse incisors and molars was detected by immunohistochemical staining. The functions of HMCN1 in human dental pulp cells, including proliferation, differentiation and migration, were examined in vitro by CCK8 assay, BrdU assay, wound-healing assay, ALP staining and alizarin red staining, respectively.
Results: It was showed that HMCN1 expression was more pronounced in papilla-pulp on the root than crown side in mouse incisors and molars. In vitro experiments presented inhibited dentinogenesis and migration after HMCN1-knockdown in human dental pulp cells, while there was no significant difference in proliferation between the HMCN1-knockdown group and control group.
Discussion: These results indicated that HMCN1 plays an important role in dentinogenesis and migration of pulp cells, contributing to root dentin formation.
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1 INTRODUCTION
The formation of dental organs is accomplished through a series of coordinated molecular interactions between the epithelial and mesenchymal cell populations of the tooth, beginning with the development of the crown and ending with the formation of the root. Previous studies have identified several important genes that are important in crown dentin formation (Thesleff and Sharpe, 1997; Jernvall and Thesleff, 2000; Tucker and Sharpe, 2004; Zhang, et al., 2005) but few in root dentin formation (Bosshardt and Nanci, 1997; Huang, et al., 2010; Liu et al., 2015; Huang X. et al., 2018). The root dentin is very important in clinical practice since the root supports the whole tooth, and short or thin root dentin can be a great challenge to root canal therapy. A thorough understanding of the precise molecular mechanisms of root dentin formation is not only crucial to tooth repair and regeneration, but also provides new ideas for clinical treatment.
Extracellular matrix (ECM) is a crucial component of the stem cell microenvironment and contributes to the regulation of mesenchymal cells differentiation to form dental root dentin. ECM regulates the transition of stem cells from quiescence to readiness to sense differentiation-inducing signals and the transition between different stages of differentiation (Novoseletskaya, et al., 2023). Besides, ECM proteins can activate intracellular signalling pathways such as the extracellular signal-regulated kinase pathway or the focal adhesion kinase pathway to induce osteogenic differentiation of mesenchymal stem cells (Morsczeck, 2022). During tooth morphogenesis, ECM whose main components are laminin, collagen IV, nidogen and sulfated proteoglycan are dramatically changed (Yoshizaki and Yamada, 2013). Therefore, accurate knowledge of the function of ECM proteins is important for understanding molecular mechanisms of root dentin formation.
Hemicentin-1 (HMCN1) is an evolutionarily highly conserved ECM protein that is also called fibulin-6, a member of the fibulin family of secreted glycoproteins (de Vega, et al., 2009; Jordan, et al., 2011). This ECM protein was first found as an analog in Caenorhabditis elegans called hemicentin, which plays an important role in cell migration and cell-cell or cell-basement conjunction formation (Vogel and Hedgecock, 2001; Bonacossa-Pereira et al., 2022). Also, in mammals, HMCN1 is essential in the dermal–epidermal and myotendinous junctions (Welcker et al., 2021). Besides, previous studies have demonstrated that HMCN1 could modulate transforming growth factor-β (TGF-β) activation and affect its signal transduction. It has been proven that HMCN1 is involved in the process of TGF-β signaling regulating the formation of fibers in neonatal mouse ventricular cardiac fibroblasts by influencing the interaction of TGF-β receptors I and II (Chowdhury et al., 2014; Chowdhury et al., 2017). Interestingly, recent work on tissue regeneration of planarians indicated that HMCN1 was required for maintaining parenchymal neoblast and parenchymal differentiated cell localization, which revealed the critical role of HMCN1 in cell location information in development (Cote, et al., 2019). However, it remained unknown whether HMCN1 participated in root dentin formation.
The mouse incisor is a lifelong growing, asymmetrical organ that continually forms enamel (crown) on the labial side and cementum (root) on the lingual side (Yu and Klein, 2020). This organ is an excellent tool for studying the differences between the root and crown of the teeth. Here, we used mouse incisors to identify important genes that have unique functions in dental root formation by comparing different expression levels of gene transcripts between the labial and lingual sides, and Hmcn1 was identified as a potential regulator of root dentin formation. Then, to examine the potential role of hemicentin-1 in root dentin formation, we analyzed the expression of Hmcn1 in single-cell RNA sequencing datasets of different mouse molar developmental stages. We further identified the localization and distribution of HMCN1 in mouse incisors and molars. Lastly, we utilized dental pulp cells as a type of mesenchymal cell, which is involved in root dentin formation, to explore the functions of HMCN1 in vitro.
2 MATERIALS AND METHODS
2.1 Laser capture microdissection and microarray analysis
The animal experiment was performed following the protocols approved by the Ethics Committee of West China School of Stomatology, Chengdu, China (SKLODLL 2013A035).
Tissues were prepared and processed as described in a previous study (Sun et al., 2012). Briefly, the sagittal sections of the mouse mandibles from three CD-1 mice on P7 were fixed with 95% ethanol for 1 min, stained with 2.8% cresol violet dissolved in 75% ethanol, and then washed in 95% ethanol twice for 1 min each time. After that, the section was washed with 100% ethanol twice. After dye treatment, the polyethylene naphtha membrane loading slide was placed in a laser capture microdissection workstation for specific tissue collection. Six groups of tissues—the cervical loop, pulp-papilla, and dental follicle from both the labial and lingual sides were harvested for RNA extraction. RNA was extracted from the collected tissue with an RNA extraction kit (PicoPure, Arcturus Bioscience, United States), and the RNA with a high RNA integrity number (RIN) was used for microarray analysis (Gene Chip Scanner 3000, Affymetrix, United States).
2.2 Principal component analysis (PCA)
The above data were used for PCA of microarray analysis Min-max normalization was utilized to normalize the selected data and the data were centered with the mean subtraction approach. OriginPro 2017 software (OriginLab, MA, United States) was used to get PCA for microarray analysis. PC1, PC2, and PC3 were utilized to represent the location of each element in a 3D graph.
2.3 Gene functional enrichment analysis
The transcriptome profile of the samples from microarray analysis was used for Gene Ontology (GO) functional annotation analysis (http://geneontology.org/) and ranked by 3 different algorithms: classic, elim and weight. Several genes that had significantly different expression between the labial and lingual sides (fold change, FC [image: image] 2 and p-value [image: image] 0.05) were compared with the GO analysis results of the transcriptome profile. Three independent ontologies, including the biological process (BP), molecular function (MF), and cellular component (CC) categories were constructed to describe gene product attributes.
2.4 Re-analysis of single-cell RNA sequencing dataset
The single-cell RNA sequencing data was from the Gene Expression Omnibus (GEO) dataset GSE189381, deposited by Jing J (Jing et al., 2022). Single-cell transcriptomes were obtained from the digestion of the tooth and its surrounding tissue at different stages (E13.5, E14.5, E16.5, PN3.5, and PN7.5) of mouse moalrs. To analyze the raw read counts at each stage, we utilized the R package Seurat (Ver.4.0) for downstream single-cell level analyses. Cells expressing genes with fewer than 200 genes and mitochondrial genes constituting more than 20% of the expression were filtered out. “SCTransform” was applied for normalization and cell cycle regression. RunPCA and RunUMAP were performed for dimensionality reduction and final visualization of the clustering.
2.5 Tissue fixation and immunohistochemical (IHC) staining
Mice were euthanized at 1, 7, 10, 14, and 21 days after birth, and the mouse heads were soaked in Bouin’s fixation solution for 24 h, washed for 3 times with 70% ethanol, and preserved in 70% ethanol at 4°C. These heads were then dissected to harvest the mandibles (samples taken 1 day after birth were treated without dissection), which were cut in half before they were placed in an AFS demineralization solution for 1∼3 weeks at 4°C (no demineralization for the samples from 1-day-old mouse pups). Dehydrated samples embedded with paraffin were set horizontally, fixed at room temperature, and sectioned.
The immunohistichemical staining was performed as in our previous study (Cui et al., 2023). After deparaffinization and hydration of the tissue slices, antigen repair was conducted using citrate antigen re-trieval solution (Beyotime, Shanghai, China) at 100°C for 15 min. Next, the tissue slices were treated with H2O2 for 30 min and blocked for 1 h. Then, tissue sections were treated with an immunohistochemical staining kit (Vector, United States) and stained with an anti-mouse hemicentin-1 antibody (ProteinTech, United States) followed by horseradish peroxidase staining (AEC horseradish peroxidase staining kit, Vector, United States), and were finally stained with Harris’ hematoxylin (EMD company, United States).
2.6 Isolation and culture of dental pulp cells
Human dental pulp was extracted from integrated third molars without caries from healthy adults aged 18–20 in the West China Hospital of Stomatology under a protocol approved by the hospital’s Ethics Committee (WCHSIRB-D-2021-129). The dental pulps were digested for 2–4 h by collagenase type I (3 mg/mL, dissolved in PBS, Gibco, Life Technologies) to isolate human dental pulp cells (HDPCs). After centrifugation, the pelleted cells were maintained in 6 cm dishes in the common medium consisting of Dulbecco’s modified Eagle’s medium (DMEM) containing high glucose (4.5 mg/mL) and supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (PS) mixture. These cells were passaged once or twice in 10-cm dishes before transfection.
2.7 ShRNA transfection
Cells were seeded into 6-well plates and incubated for 12 h before transfection. Lentiviral vectors containing HMCN1-knockdown shRNA or scramble control as well as the GFP and PURO genes were synthesized by Hanheng Biological Engineer Company (Shanghai, China). The HMCN1-knockdown and scramble vectors with polybrene (3 μg/mL) were added to 30%–40% confluent HDPCs. The medium was changed to the common medium 18 h later and changed again to medium with 2 μg/mL puromycin when fluorescence was observed (approximately 72 h later). Forty-8 hours later, the cells were maintained in the common medium for the following experiments.
2.8 Mineralization and differentiation induction
The mineralization induction was performed as in our previous study (Cui et al., 2020). Post-transfected dental pulp cells were maintained in a mineralization-induced medium, which consisted of DMEM, 10% FBS, 1% PS, 10 mmol/L β-sodium glycerophosphate, 50 mg/L vitamin C and 0.1 [image: image] mol/L dexamethasone (Sigma-Aldrich, United States). Briefly, cells were treated with mineralization-induced medium for 7 days. The medium was changed every 2 days.
2.9 ALP and alizarin red staining
Post-transfected dental pulp cells treated with mineralization-induced medium for 7 days in 24-well plates were fixed with 4% polyoxymethylene for 10 min and washed 3 times with PBS. Then ALP (Beyotime, China) and alizarin red (Cyagen, China) staining was performed following their standard protocols.
2.10 RT-qPCR
Total RNA was extracted from cells with Trizol reagent (Invitrogen, United States) following the standard protocol. Reverse transcription of the total RNA was conducted with the PrimeScript™ RT reagent Kit (TaKaRa, Japan). Then, RT-qPCR was performed with TB Green™ Premix Ex Taq™ II (TaKaRa, Japan) with a CFX96 Real-Time System (Bio-Rad). The mRNA expressed by target genes was quantified using the Cq results, using GAPDH as an internal control. The specifc primer sequences used for RT-qPCR are listed in Table 1. Three replicates were made for each group. The statistical analysis of RT-qPCR was performed in the software GraphPad Prism 7.
TABLE 1 | Primer sequences used in RT-qPCR.
[image: Table 1]2.11 Proliferation assay
Cell proliferation was tested using a Cell Counting Kit-8 (CCK-8) from Dojindo (Shanghai, China) according to the manufacturer’s protocol. The 5-bromo-2′-deoxyuridine (BrdU) cell proliferation assay was carried out with a BrdU Cell Proliferation Assay Kit (BioVision, United States) following the manufacturer’s protocol. The OD values of the CCK-8 and BrdU proliferation assay were measured with a spectrophotometer (Thermo Fisher Science Oy Ratastie 2, FI-01620 Vantaa, Finland). The statistical analysis of CCK8 and BrdU proliferation assay was performed in the software GraphPad Prism 7.
2.12 Wound-healing assay
The experimental process of the wound-healing assay was performed as described in a previous report (Grada, et al., 2017). Post-transfected dental pulp cells were cultured in 6-well plates in DMEM supplemented with 10% FBS and 1% PS until a fully confluent monolayer was formed. A sterile plastic micropipette tip was then used to create a straight-edged, cell-free wound across the cell monolayer in each well. The culture medium was changed to serum-free DMEM. The pictures of the wound areas were taken at 0 and 24 h after scratching, and the areas were calculated by ImageJ. The statistical analysis of wound-healing assay was performed in the software GraphPad Prism 7.
2.13 Statistical analysis
The results are presented as the mean ± S.E.M. of at least three individual experiments. The data were analyzed by one-way ANOVA followed by Tukey’s protected least-significant difference post hoc test for multiple comparisons. p < 0.05 indicated a statistically significant difference.
3 RESULTS
3.1 Incisor tissues from the lingual and labial sides exhibited significant differences in terms of extracellular matrix
To identify critical signaling factors in root dentin formation, different incisor tissues from the labial side and the lingual side were dissected by laser capture microdissection (Figure 1A). RNA extracted from these tissues was used for microarray analysis. The microarray analysis presented different expression patterns of the transcriptomes between the labial and lingual sides of mouse incisors (Figure 1B). The GO functional annotation analysis of the transcriptomes suggested “extracellular region” as one of the most important entries involved in root dentin formation compared with crown dentin formation (Table 2). It was also noticeable that ECM-related entries, such as “ECM structural constituent,” “ECM-receptor interaction” and “ECM binding,” were frequently annotated in the enrichment analysis of differentially expressed genes in the three comparisons (Figures 1C–E). These results indicated that ECM was one of the critical factors in the discrepancy between root dentin and crown dentin formation.
[image: Figure 1]FIGURE 1 | The microarray results of tissues from mouse incisors obtained by laser capture microdissection. (A) The sketch map of microdissection. The following 6 cell populations were captured: incisor-lingual (future root): a1. epithelia (cervical loop), a2. mesenchyme (papilla-pulp) and a3. mesenchyme (dental follicle); incisor-labial (future crown): b1. Epithelia (cervical loop), b2. mesenchyme (papilla-pulp) and b3. mesenchyme (dental follicle). (B) PCA analysis of microarray results for samples from microdissection. (C–E) Enrichment analysis of differential expression genes for comparisons of lingual and labial tissues from cervical loop, papilla-pulp and dental follicle, respectively. Extracellular matrix-related entries were red-labelled.
TABLE 2 | The GO entries with top 20 ranking in all the samples from the GO analysis.
[image: Table 2]3.2 Hmcn1 had a higher expression on the lingual side in cervical loop and pulp-papilla
To identify critical genes involved in root dentin formation, differentially expressed genes were further investigated. Among the genes with significantly differential expression, 9 genes were ranked at the top of the fold-change list between the labial and lingual sides, namely, Nmnat2, Hmcn1, Slit3, Fam20a, Rspo4, Pdlim5, A930038C07Rik, C1s and Pdgfd (Table 3). We noticed that Hmcn1, which codes for an ECM protein with a fibulin-like domain, presented significantly differential expression levels between labial and lingual sides in all three comparisons (Figures 2A–C). Since epithelia and pulp-papilla on the lingual side are directly contribute to root dentin formation when the dental follicles do not, genes involved in the root dentin formation could be upregulated in the two former tissues but might be irrelevant with the expression in the dental follicle. Interestingly, both the cervical loop and pulp-papilla expressed higher levels of Hmcn1 on the lingual side, whereas the dental follicle exhibited a higher level of Hmcn1 on the labial side. Thus, we hypothesized that the ECM protein HMCN1 could be one of the key regulators for root dentin formation.
TABLE 3 | Nine genes with significantly different expression levels in all three tissues evaluated.
[image: Table 3][image: Figure 2]FIGURE 2 | Differential expression genes for comparisons of lingual and labial tissues from cervical loop, pulp-papilla and dental follicle. (A) Volcano plots for the comparison of lingual and labial tissues from cervical loop. (B) Volcano plots for the comparison of lingual and labial tissues from papilla-pulp. (C) Volcano plots for the comparison of lingual and labial tissues from dental follicle. Hmcn1 was labelled by purple rectangles.
3.3 Spatiotemporal expression of HMCN1 in incisors and molars of mice
Violin plots (Figure 3A), which was used to visually represent the single-cell data from E13.5 to postnatal (PN) 7.5, showed Hmcn1 highly expressed in cycling cells, dental mesenchyme, dermal fibroblasts and endothelial cells, whereas it was little expressed in chondrogenic cells, epithelial cells, macrophages and myogenic cells and osteogenic cells at E13.5. At E14.5, Hmcn1 highly expressed in dental mesenchyme, dermal fibroblasts, endothelial cells and osteogenic cells, whereas it was little expressed in epithelial cells, glial cells, macrophages, myogenic cells and tenogenic cells. At E16.5, Hmcn1 highly expressed in dental mesenchyme and dermal fibroblasts, whereas it was little expressed in adipocytes, epithelial cells, glial cells, macrophages, mast cells, myogenic cells neutrophils and perivascular cells. At PN3.5 and PN7.5, there was no difference in the expression of Hmcn1 between different clusters. UMAP plots (Figure 3B) further exhibited the expression of Hmcn1 in the dental mesenchyme subclusters. Since E14.5, dental follicle and dental papilla segregated. Hmcn1 expressed in dental papilla and dental follicle at E14.5. Hmcn1 expressed highly in apical papilla, coronal follicle and lateral follicle at E16.5. At PN3.5 and PN7.5, dental papilla formed separate subclusters, including coronal papilla, middle papilla, apical papilla and odontoblast. At PN3.5, Hmcn1 expressed in apical papilla, middle papilla, apical follicle and lateral follicle. At PN7.5, Hmcn1 expressed in middle papilla, apical follicle and lateral follicle.
[image: Figure 3]FIGURE 3 | Defining expression pattern of Hmcn1 at different developmental stages in the single-cell transcriptomic atlase. (A) Violin plots of the expression of Hmcn1 in distinct clusters at different stages (E13.5, E14.5, E16.5, PN3.5 and PN7.5) of mouse moalrs. (B) UMAP visualization of Hmcn1 expression in dental mesenchyme subclusters at E13.5, E14.5, E16.5, PN3.5 and PN7.5.
To determine the protein expression location of HMCN1, IHC staining was conducted in the incisors and the first molars of PN mice. The IHC results indicated that the expression of HMCN1 was generally low in PN1 mice, with only part of the epithelial tissues around the incisor cervical loop expressing hemicentin-1 (Supplementary Figure S1). However, HMCN1 expression peaked in incisors and molars of PN7 mice and presented in the middle layer of the dental pulp and the odontoblasts on the lingual (root) side (Figure 4A). Consistent with the microarray results in mouse incisors, HMCN1 was expressed in pulp cells, lingual (root) odontoblasts and ameloblasts but showed little expression in cementoblasts or labial (crown) odontoblasts (Figures 4A–J). In the mandibular first molar, HMCN1 expression was concentrated on the root side of dental pulp as well, and the cells close to the outer layer of the dental pulp expressed more HMCN1(Figures 4K–M). The expression of HMCN1 showed the same distribution pattern at PN10 and PN14 as at PN7 but was decreased generally and more focused on lingual (root-side) odontoblasts. In addition, HMCN1 was still present on the root side of mandibular molars of PN21 (Figures 4N–P). These distribution patterns indicated the potential relationship between HMCN1 and root dentin formation.
[image: Figure 4]FIGURE 4 | Representative IHC staining of HMCN1 in incisors and molars of mice. (A) The expression of HMCN1 in cervical loop of PN7 mouse incisors. (B) The expression of HMCN1 in cervical loop of PN10 mouse incisors. (C) The expression of HMCN1 in cervical loop of PN14 mouse incisors. (D) The expression of HMCN1 in the middle part of PN7 mouse incisors. (E) The expression of HMCN1 in the middle part of PN10 mouse incisors. (F) The expression of HMCN1 in the middle part of PN14 mouse incisors. (G) Enlarged images of labial side marked by black rectangles in (D). White arrowheads indicate the lack of HMCN1. (H) Enlarged images of lingual side marked by white rectangles in (D). Black arrowheads indicate HMCN1 expression. (I) Enlarged images of labial side marked by black rectangles in (E). White arrowheads indicate the lack of HMCN1. (J) Enlarged images of lingual side marked by white rectangles in (E). Black arrowheads indicate HMCN1 expression. (K) The expression of HMCN1 in sagittal sections of the first molars of PN7 mice. (L) The expression of HMCN1 in sagittal sections of the first molars of PN10 mice. (M) The expression of HMCN1 in sagittal sections of the first molars of PN14 mice. (N) The expression of HMCN1 in the root part of the first mandibular molar from PN21 mice. (O) The expression of HMCN1 in the middle part of the first mandibular molar from PN21 mice. (P) The expression of HMCN1 in the tip part of the first mandibular molar from PN21 mice.
3.4 HMCN1 promotes the differentiation and migration of dental pulp cells
To confirm the biological function of HMCN1 in mesenchymal cells, which is important in the dentin formation, we conducted experiments in vitro, including CCK8 assay, BrdU assay, wound-healing assay, ALP staining, and alizarin red staining, respectively (Figure 5A). The expression of HMCN1 was knocked down successfully in human dental pulp cells (hDPCs) by shRNA via a lentivirus vector (Figure 5B). Cell proliferation assays, including the CCK-8 assay and the BrdU assay, were also utilized to analyze the influence of HMCN1 on cell proliferation (Figures 5C, D). The results did not show any differences between the HMCN1 knockdown (HMCN1 KD) groups and the control groups. However, hDPCs in HMCN1 KD group showed defective mineralization compared to that in the control group (Figure 5E). A scratch assay was performed and revealed that HMCN1 KD cells exhibited deficient migration ability (Figure 5F). Transfected cells treated with a mineralization-induced solution for 7 days were evaluated by qRT-PCR. The mRNA levels of runt-related transcription factor 2 (RUNX2), Osterix (OSX), and dentin sialophosphoprotein (DSPP) were all decreased in the HMCN1 KD groups, which indicated that the differentiation process was blocked during mineralization (Figure 5G). In summary, these results indicated that HMCN1 promoted the differentiation of hDPCs but barely had an impact on cell proliferation.
[image: Figure 5]FIGURE 5 | The influence of HMCN1 on the differentiation and migration process of hDPCs. (A) An introductory diagram showing the experimental steps. (B) The RT-qPCR results of HMCN1 of hDPCs transfected with lentivirus of HMCN1-knockdown shRNA. The bars represent the mean ± SEM, n = 3, ****p < 0.0001. (C) CCK-8 analysis of hDPCs after HMCN1-knockdown. The bars represent the mean ± SEM, n = 6, ns = no significant. (D) BrdU cell proliferation assay of hDPCs after HMCN1-knockdown. The bars represent the mean ± SEM, n = 6, ns = no significant. (E) Representative ALP staining and alizarin red staining of hDPCs after HMCN1-knockdown with mineralization induction for 7 days. (F) The Scratch wound healing assay evaluating hDPCs migration during 24 h in serum-free medium with/without HMCN1-knockdown. The bars represent the mean ± SEM, n = 3, *p < 0.05. Scale bar, 125 μm. (G) The RT-qPCR results of dentinogenesis-related genes (RUNX2, OSX, DSPP) in hDPCs with HMCN1-knockdown. The bars represent the mean ± SEM, n = 3, ****p < 0.0001.
4 DISCUSSION
Odontogenesis is a complicated process regulated by genetic information and environmental factors. As root dentin formation is a crucial part of odontogenesis, it is valuable to reveal the precise regulatory mechanism of root dentin formation, more specifically, the differentiation process of pulp stem cells in dental roots. There must be some unique factors involved in root dentin formation since the process of dentin formation in the dental root is different from that in the dental crown. Identification of these unique factors could be helpful in understanding the process of root dentin formation and the regeneration of dental roots in adults.
In our study, the microarray analysis presented different gene expression profiles between the labial and lingual tissues harvested from mouse incisors. This result indicated different molecular mechanisms of tooth formation on the labial (root) side vs. that on the lingual (crown) side. Nine genes were highlighted after sorting: Hmcn1, Nmnat2, Slit3, Fam20a, Rspo4, Pdlim5, A930038C07Rik, C1s and Pdgfd. Among these 9 genes, the FC of Hmcn1 in the cervical loop was the highest, which indicated that this gene may play a different role in root dentin formation vs. in crown. The microarray results revealed that, on the lingual side, higher expression of Hmcn1 was found in the cervical loop and pulp-papilla but a lower expression level was found in the dental follicle, which suggested the potential regulatory role of Hmcn1 in dental root formation since root dentin formation is the consequence of epithelia-mesenchyme interaction (EMI) between the cervical loop and pulp-papilla in the mouse incisor. The single-cell of mouse molars showed that Hmcn1 exhibited higher expression in the dental mesenchyme subclusters than the epithelial cell subcluster. At E14.5 and E16.5, Hmcn1 mainly expressed in dental papilla and dental follicle simultaneously. While at PN3.5 and PN7.5, when crown-root transition occurred, the expression of Hmcn1 appeared to be heterogeneous. At PN3.5, Hmcn1 expressed in apical papilla, middle papilla, apical follicle and lateral follicle. At PN7.5, Hmcn1 expressed in middle papilla, apical follicle and lateral follicle. These results showed Hmcn1, expressed heterogeneous in dental mesenchymal cells. Among the different genes analyzed in the microarray, SLIT3, FAM20A, RSPO4, and PDGFD may also play a role in tooth dentin formation in addition to HMCN1. SLIT3, a member of the extracellular matrix protein SLIT family, is a new bone coupling factor, which plays a regulatory role in promoting bone formation and inhibiting bone resorption in bone metabolic balance (Jiang et al., 2022). In our latest study, we identified SLIT3 as a novel regulator of odontogenic differentiation through the Akt/Wnt/β-catenin signaling pathway (unpublished). Family with sequence similarity 20, member A (FAM20A) is a pseudo-kinase in the secretory pathway and is essential for enamel formation in humans, but is dispensable for dentinogenesis (Li et al., 2019). A recent study has shown that the reduction of FAM20A in mutant deciduous pulp cells is associated with a variety of cellular defects, including delayed proliferation, attachment, spreading, and migration, as well as altered osteogenic and inflammatory responses (Sriwattanapong et al., 2024). R-spondin 4 (RSPO4) is an activator of canonical Wnt signaling and has a role in osteogenesis. Pemberton T J, et al. analyzed microarray gene expression in the developing mouse molar tooth (Pemberton et al., 2007). RSPO4 was specific to the developing tooth in the craniofacial region. However, the specific function of RSPO4 in tooth development has not been proven currently. PDGFD is a member of the platelet-derived growth factor family. PDGFD was Identified as the putative odontogenic potential-related genes using the RNA-seq technique in E11.5 and E14.5 tooth germ (Shin et al., 2021). However, the specific function of PDGFD in tooth development has not been proven currently.
Hmcn1 was first identified as its homolog him-4 in C. elegans (C. elegans), encoding a highly conserved ECM protein named hemicentin, which is a mnemonic for both its “hemicentum” structural modules and frequent association with hemidesmosomes (Vogel and Hedgecock, 2001). Hemicentin-1 is also called fibulin-6 for the fibulin-type carboxy-terminal modules (FCs), and contains multiple structural domains, including the von Willebrand A (VWA) domain, the epidermal growth factor (EGF) domain, and repeat immunoglobin domains. In previous studies, hemicentin-1 has been consistently found to be abnormal in several diseases, including Sjogren syndrome (Sisto et al., 2009), age-related macular degeneration (Schultz et al., 2003; McKay et al., 2004; Thompson et al., 2007; Pras et al., 2015; Srivastava and Tiwari, 2016), myocardial remodeling and ventricular noncompaction (Chowdhury et al., 2014; Zhou et al., 2018), diabetic nephropathy (Kim et al., 2010; Toffoli et al., 2018) and insulinoma (Naba, et al., 2017). This protein functions in diverse cell behaviors, particularly in cell adhesion between cells and basement membrane (Vogel and Hedgecock, 2001; Morrissey et al., 2014) and is involved in cell cross talk (Chowdhury et al., 2017). Consistent with previous studies (Vogel and Hedgecock, 2001; Chowdhury et al., 2014; Chowdhury et al., 2017), the differentiation process of hDPCs expressing low levels of HMCN1 showed decreased migration ability. We hypothesized that the defective cell migration is due to the low adhesion ability of HMCN1. In C. elegans, hemicentin, plakin, and integrin form B-LINK, an adhesion system that links tissues by connecting adjacent basement membranes. For the highly conserved structure of HMCN1, it is reasonable to hypothesize that, in human dental root formation, HMCN1 is involved in a similar adhesion system and may lead to the migration of hDPCs to the right position—the margin of dental pulp—to differentiate into functional odontoblasts.
Additionally, the typical temporospatial expression of Hmcn1 in the teeth of PN mice intrigued us more for its distribution around cells differentiating into odontoblasts and mature odontoblasts on the root-forming side, peaking at the starting point of root formation. This kind of temporospatial expression pattern was a clue that HMCN1 might play a positive role in mesenchymal stem cell differentiation. It is known that uneven distribution of the ECM could influence the asymmetrical division of stem cells (Yennek, et al., 2014), and signal transduction cascades amplify the initial signal when minor changes in the upstream components could result in absolutely different outcomes. Since the involvement of HMCN1 in adhesion and its ability to regulate the TGF-β signaling pathway have been proven (Morrissey et al., 2014; Chowdhury et al., 2017), it is suggested that the asymmetrical distribution of HMCN1 results in asymmetrical division of dental stem cells by modulating the cell adhesion system and influencing the signal intensity. However, a recent study of stem cells in worms suggested that hemicentin restricted the stem cell compartment (Lindsay-Mosher, et al., 2020). This is possibly the result of different reactions of distinct types of cells to TGF-β and other cytokines. It has been documented that tooth ECM released ample amounts of growth factors after conditioning, including TGF-β, BMP2, VEGF, and basic fibroblast growth factor, which activate key signaling pathways. TGF-β signaling involves in the root development, when interactions between the dental mesenchyme and HERS contribute to odontoblastic and periodontal differentiation (Sui et al., 2023). We hypothesized that HMCN1 regulated root dentin formation possibly by modulating the TGF signaling pathway. In addition, mechanotransductive pathways play an important role in ECM regulation of cell behavior. HMCN1 markedly regulate cancer associated fibroblasts migration via the RhoA/ROCK signaling pathway (Liu et al., 2019). The RhoA/ROCK signaling pathway is central to mechanotransduction as it plays a key role in regulating the actin cytoskeleton and responsing to mechanical forces (Xie et al., 2023). It has been demonstrated that RhoA/ROCK signaling pathway have a regulatory role in Runx2 expression in hDPSCs during dentinogenesis (Huang H. et al., 2018). HMCN1 possibly regulated dentinogenesis through the RhoA/ROCK signaling pathway.
In summary, we identified several genes that have significantly different expression levels between the lingual and labial sides of mouse incisors and selected Hmcn1 as our target gene for further study. Hemicentin-1, as the product of Hmcn1, has been proven to play an important role in the early stage of the odontogenic differentiation process of mesenchymal stem cells in vivo, and this ECM protein could promote mineralization and odontogenic differentiation of hDPCs in vitro. In addition, we speculated that HMCN1 could also enhance dental stem cell differentiation by increasing the transduction of extracellular signals like TGF-β1 mentioned in the previous study (Chowdhury et al., 2017), which should be further investigated in future research. Above all, the potential of HMCN1 in tooth root regeneration is promising, and this protein still needs to be tested in vivo to determine if its induction ability of root dentin formation is satisfied. In this study, we have only verified the role of HMCN1 on root development by knocking down HMCN1 in hDPCs preliminarily. For further research, HMCN1 recombinant protein will be added into the medium to mimic the gain of function of Hmcn1 in vitro. Further experiments should be carried out in vivo to prove HMCN1 plays an important role in tooth root development by conditional knockout of HMCN1 in odontoblasts of mice.
5 CONCLUSION
Hmcn1 is an important gene in odontogenesis, especially in root dentin formation. The protein product HMCN1, an extracellular matrix protein, could regulate hDPCs odontogenic differentiation and migration. Thus, HMCN1 is an important regulator in tooth root development and could be a potential target in tooth root repair or regeneration.
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