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ABSTRACT OF THE THESIS 

 

A comparative study of molars and incisors in Beclin1 KO mice 

 

By 

 

Soo Yeon Kim 

 

Master of Science in Oral Biology 

University of California, Los Angeles, 2021 

Professor Reuben Kim, Chair 

Mouse molars resemble human teeth, as their roots develop and stop growing. In contrast, mouse 

incisors grow and erupt continuously due to the presence of a persistent stem cell niche identified 

as the labial cervical loop, which actively gives rise to dentin-forming odontoblasts to support 

tooth homeostasis and injury repair. Autophagy (ATG), a cellular degradation process whereby 

macromolecules and organelles are sequestered to be recycled, has been shown to play a role in 

mineralized tissue-forming cells including odontoblasts. However, the precise role of ATG in 

odontoblasts in vivo remains unclear. Beclin1 is an indispensable ATG-related protein involved 

in ATG initiation. Therefore, we conditionally deleted Beclin1 in odontoblast-specific manner 

and generated Becn1f/f;Dmp1Cre/+ (Becn1 cKO) mice. From these mice, molars and incisors were 

evaluated radiographically and histologically. MicroCT scanning was employed to observe 

dentin formation and measure pulp tissue volume, histological analysis to examine dentin 

formation and dental pulp cells, and RNAscope in situ hybridization to identify odontoblast 
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differentiation in the incisor stem cell niche and mesenchymal tissue in molars. We further 

evaluated the mRNA expression of FGF signaling genes in human dental pulp stem cells in vitro 

using Becn1 knocked down dental pulp cells (DPCs). Becn1 cKO mice were born at the 

expected Mendalian ratio. However, Becn1 cKO mice at the 6th month mark exhibited increased 

obliteration of the pulp chamber in both molar and incisors.  Interestingly, both Becn1 wildtype 

(WT) and Becn1 ckO mice a normal laCL histology. When Becn1 was knocked down in DPCs, 

Etv4, a downstream target gene of FGF signaling pathway, was significantly upregulated. Our 

study highlights the possible role of Beclin1 in pulp calcification of molars, as Beclin1 KO mice 

molars were characterized by a completely obliteration and calcification of the pulp space, and 

suggests that Beclin1 may play a role in developed teeth, but not in developing teeth. 
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1. Introduction 

1.1 Beclin1 in bone homeostasis 

Autophagy (ATG) is an essential cellular process that maintains cellular homeostasis and 

functions. ATG is a catabolic process whereby macromolecules and organelles are sequestered 

by vesicles and digested to be recycled. This pathway is characterized by the formation of 

double-membrane autophagic vesicles that fuse with lysosomes to generate single-membrane 

autolysosomes and followed by degradation of the encapsulated components. (Feng et al., 2013). 

ATG is best known for being activated upon nutrient starvation, as it supports cell survival under 

stressful conditions (Lee et al., 2014).  

Beclin1, also identified as Atg6, is a highly conserved mammalian protein that belongs to 

the ATG-related family of proteins, which are key regulators in ATG. The mammalian gene 

encoding Beclin1 is similar in structure to the yeast ATG gene, atg6/vps30 (Kametaka et al., 

1998), and is mono-allelically deleted in 40-75% of human breast cancers and ovarian cancers 

(Aita et al., 1999). Beclin1 plays a pivotal role in the initiation of phagophore formation by 

recruiting ATG-related proteins to the phagophore-assembly site (Boya et al., 2013, Xing et al., 

2012). Apoptosis and ATG are both regulated biological processes that play an essential role in 

tissue homeostasis, development, and disease. The mammalian anti-apoptotic protein, Bcl-2, 

interacts with Beclin1 to inhibit Beclin1-dependent ATG during nutrient-sufficient conditions in 

the context of yeast and mammalian cells (Pattingre et al., 2005). During cellular starvation, Bcl-

2 is phosphorylated at residues T69, S70, and S87, which is followed by Bcl-2 dissociating from 

Beclin1. C-Jun N-terminal protein kinase 1 (JNK1), a stress-activated signaling molecule, 

regulates cellular starvation-induced Bcl-2 phosphorylation. JNK1-mediated Bcl-2 

phosphorylation disrupts the Bcl2-Beclin-1 complex, leading to the activation of the class III 
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phosphatidylinositol-3-OH kinase VPS34-Beclin1 ATG complex. This pathway induces ATG. 

(Liang et al., 1999, Wei et al., 2008). 

ATG has been shown to play an essential role in bone biology. Previously, we have 

reported that Beclin1 plays a fundamental role in osteoclasts (Arai et al., 2019). Beclin1 

enhanced ATG and was required for osteoclast differentiation in vitro. Furthermore, osteoclast-

specific inhibition of Beclin1 in adult mice exhibited an increase in cortical bone thickness 

caused by impaired osteoclastic function. These mice also were shown to have diminished 

trabecular bone mass, which was linked to a defect in cartilage formation and chondrocyte 

differentiation. This study identified Beclin1, an indispensable role in ATG, as a potential 

therapeutic target in bone-related diseases.  

ATG has recently been addressed to have a role in mineralized tissue-forming 

odontoblasts by sustaining their longevity in vitro (Zhang et al., 2018, Couve et al., 2013). 

Progressive inhibition of ATG is reported to reduce the activity of odontoblasts and impair their 

capacity to perform dentin formation (Couve et al., 2013). Histone deacetylases (HDACs), a 

group of enzymes that remove acetyl groups from histone and non-histone proteins to regulate 

gene expression, has been reported to be involved in the differentiation process of bone-related 

cells. HDAC6, a unique member of the type II HDACs that localizes in the cytoplasm, has been 

reported to modulate the fusion of autophagosomes and lysosomes during odontoblast 

differentiation. When HDAC6 is not functional in vitro, autophagic-lysosomal fusion fails to 

occur. This caused a down-regulation of odontoblast differentiation in human dental pulp cells 

(Zhan et al., 2020).  

In aged dental pulp cells, autophagy was increased (Lee et al., 2015). In addition, ATG marker 

(LC3) was detected within the odontoblast layer in human caries and pulpitis (Wang et al., 2016) 
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In the context of inflammation, LPS stimulates odontoblast differentiation and associated with 

enhanced autophagy (Hui et al., 2017). Although there is growing evidence in literature that 

associates ATG with odontoblast differentiation, the role of Beclin1 and ATG in odontoblast 

differentiation in vivo still remains unclear. 

 

1.2 Regenerative capacity of mice molars and incisors   

Mice incisors grow and erupt continuously to compensate for functional attrition that 

constantly occurs at their incisal edges as they feed (Ohazama et al., 2010). Interestingly, the 

regenerative capacity of mouse molars is limited; Mouse molars develop roots and stop growing. 

In contrast, mouse incisors continuously grow due to the presence of a persistent stem cell niche 

identified as the labial cervical loop (laCL). The laCL houses dental epithelial stem cells that 

drive the constantly growing mouse incisors (Yu et al., 2020). A subpopulation of mesenchymal 

stem cells in the laCL continuously gives rise to transit-amplifying stem cells. These cells 

actively divide and give rise to pre-odontoblasts, terminally differentiated odontoblasts, and 

dental pulp cells to support tissue homeostasis and injury repair (KauKua et al., 2014).  

Tooth mineralization starts with the secretion of dentin by odontoblasts, which are 

located at the periphery of the dental pulp. Upon tooth eruption, odontoblasts transition into a 

mature stage that maintains their capacity for secondary and reactionary dentin secretion. Pre-

odontoblasts undergo cell growth, elongation, and polarization to become highly complex, 

mature secretory odontoblasts (Zhang et al., 2005). During odontoblast polarization, a 

mesenchymal cell undergoes morphological changes to transition into an asymmetrical 

odontoblast with a columnar cell body, which orderly aligns in a single layer along the dental 

pulp in the incisor stem cell niche. Cytoplasmic processes extend from the cell body to the pre-
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dentin. The apical pole of odontoblasts is defined as the pole of odontoblast process which faces 

the dentin, and the basal pale faces the dental pulp (Ruch et al., 1995). The endoplasmic 

reticulum (ER), which functions in secreting extracellular matrix proteins, is found along the 

long axis of the cell and at a secretory vesicle rich rough ER-filled area. Odontoblasts have one 

main long process and multiple branches that protrude from the process at the apical role; The 

odontoblast processes function to secrete vesicles necessary for pre-dentin and dentin formation 

(Chang et al., 2019).  

The production of pre-dentin signals a shift in the patterns of synthesis from type III 

Collagen and fibronectin to type I Collagen and dentin phosphoproteins that comprises the dentin 

matrix. Once primary dentin is synthesized, secretory odontoblasts become smaller and less 

polarized transitional odontoblasts with reduced organelles and autophagic vesicles. ATG is 

important for rearranging organelles in odontoblasts as the cells transition from secretory to aged 

cells. Upon primary dentin formation, secondary dentin formation operates more gradually, 

continuing throughout the life of the tooth (Zhang et al., 2005). 

Odontoblast markers, Dentin matrix protein 1 (DMP1) and dentin sialophosphoprotein 

(DSPP), are two non-collagenous proteins that belong to the small integrin-binding ligand N-

linked glycoprotein family. Both proteins are abundantly present in the odontoblast to be 

secreted into dentin. During odontoblast differentiation, DMP1 binds to the Dspp promoter to 

activate Dspp expression (Gibson et al., 2013). Dspp is expressed distal to the cervical loop, 

aligning with dentin (Narayanan et al., 2006). Dspp is differentially spliced to form dentin 

sialoprotein and dentin phosphoprotein, which are the major non-collagenous proteins (NCPs) of 

teeth that are secreted for dentin mineral deposition (Prasad et al., 2010). The histological 

appearance of dentin is derived from these NCPs. 
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1.3 FGF Signaling and its role in tooth development 

The Fibroblast growth factor (FGF) family makes up one of the largest growth factor 

families. In vertebrates, this family of growth factors consists of 22 members that share 13-71% 

amino acid sequence homology in mammals (Ornitz et al., 2001). Twelve FGF family members 

are expressed in teeth and have been reported to play roles from the initiation of tooth 

development through tooth mineralization. FGFs bind to cell surface tyrosine kinase FGF 

receptors (FGFRs) (Ornitz et al., 2004). For the duration of tooth bud, cap, and bell 

development, FGF signaling is associated with tooth shape formation and differentiation of 

ameloblasts and odontoblasts. Additionally, this pathway is heavily associated with the 

homeostasis of the incisor stem cell niche. In the absence of Fgf10, ameloblast progenitor cells in 

the laCL led to reduced cell proliferation, whereas downregulation of Fgf3 caused a phenotype 

of reduced enamel mineralization and fragile incisors in mice. Mice lacking both Fgf3 and Fgf10 

did not properly develop the incisor laCL (Li et al., 2014). Regarding the epithelial cells in the 

laCL, FGFs downregulate E-cadherin expression in the proximal region to permit cell migration 

from the stem cell niche, followed by proliferation and differentiation into ameloblasts (Li et al., 

2012).  

Furthermore, dysregulation of FGF signaling in FGF3, FGF10, FGFR1, FGFR2, and 

FGFR3 has been linked to congenital syndromes characterized by distinct morphological dental 

alterations. FGF3 and FGF10 bind to FGFR1-3, whose downstream effectors are 

BRAF/MEK/ERK and PI3K/AKT. FGFR1 and FGFR2 mutations have been identified patients 

diagnosed with Aper and Crouzon syndrome. These patients have hypodontia, most commonly 

on the third molar, maxillary lateral incisor, and mandibular second premolar. Missense 
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mutations in FGFR2, FGFR3, and FGF10 are linked to Lacrimo-auriculo-dento-digital (LADD) 

syndrome patients that have dental anomalies in tooth size and structure (Reitsma et al., 2014). 

Interestingly, Cinque et al. reported that JNK1-dependent activation of ATG initiation complex 

VPS34-Beclin1 is regulated by FGF18/FGFR4 interaction. Fgfr4 homozygous and Fgf18 

heterozygous mutant mice failed to activate ATG and had decreased collagen levels in the 

growth plate. Treatment of synthetic Beclin1 peptide rescued the ATG level, collagen formation 

and femur length phenotypes in the mutant mice. This highlights FGF signaling as a fundamental 

regulator of chondrocyte ATG. 

 

We hypothesize that Beclin1, the ATG-related protein, is associated with odontoblast 

differentiation and dentin formation. To test this hypothesis, we will generate mice with 

odontoblast-specific deletion of Beclin1 and observe the phenotypes in molars and incisors. 

MicroCT will be employed to observe dentin formation and measure pulp tissue volume, 

histological analysis to examine dentin formation and dental pulp cells, and RNAscope in situ 

hybridization to identify odontoblast differentiation in the incisor stem cell niche and molar 

mesenchymal tissue.  Additionally, we hypothesize that Beclin1 is associated with odontoblast 

differentiation through FGF signaling. To test whether this is true, quantitative real-time PCR 

(qRT-PCR) will be utilized to measure the expression genes involved in FGF signaling in human 

dental pulp stem cells (hDPSCs). RNAscope in situ hybridization will be employed to examine 

the spatial expression of a transcription regulator downstream of FGF signaling.
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Materials and Methods 

2.1 Cells and cell culture 

Primary human dental pulp stem cells (hDPSCs) were kindly provided by Dr. Songtao Shi 

(Herman Ostrow School of Dentistry, USC). Cells were cultured in α-MEM (Invitrogen) 

supplemented with 10% FBS (Invitrogen) and 5 μg/mL Gentamycin Sulfate (Gemini Bio-

Products, West Sacramento, CA). To induce these cells to undergo differentiation and 

mineralization, cells (<5 passages) were cultured in the induction medium containing 10% FBS, 

100 uM a 100 µM ascorbic acid 2-phosphate, 10 mM β-glycerophosphate, and 1.8 mM 

KH2PO4 (Sigma-Aldrich Inc., St. Louis, MO, USA) in α-MEM (Life Technologies). 

 

2.2 Real-time quantitative RT-PCR 

The cells were harvested with 1 mL Trizol reagent (Invitrogen) per sample. mRNA was 

extracted with High Pure RNA Isolation Kit (Roche Molecular Diagnostics, Branchburg, NJ, 

USA). cDNA was synthesized with PCR (SuperScript III Reverse Transcriptase; Invitrogen). 

Real-time PCR was done with SYBR Green I Master (LightCycler 480; Roche). A total of 45 

cycles were executed, and the second derivative of the Cq value method was used to compare 

fold differences.  

 

2.3 Alkaline Phosphatase (ALP) Staining/Activity and Alizarin Red S (ARS) Staining 

ALP staining/activity was performed 7 d after induction using an ALP staining kit (86R-1KT; 

Sigma-Aldrich Inc.) according to the manufacturer’s protocol. ARS staining was performed 3 wk 

after odontogenic induction. For ARS staining, cells were fixed with 1% formalin/phosphate 

buffered saline (PBS) for 10 min and stained with 2% ARS solution (pH of 4.1–4.3 with 10% 
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ammonium hydroxide) for 30 min at room temperature. The ARS solution was removed, and 

cells were washed with ddH2O. The plates were photographed using both a microscope and 

camera. For the quantification of ARS staining, stained cells were destained in 10% 

acetylpyridinium chloride (Sigma-Aldrich Inc.) and measured at 562 nm using a microplate 

reader. 

 

2.4 Generation of Beclin1 knockout mice 

Beclin1f/f mice were obtained from Dr. Binfeng Lu (University of Pittsburgh School of 

Medicine), DMP1Cre/+ mice from the Jackson Lab. These mice were crossbred to generate 

Becnf/f;DMP1Cre/+ mice. Becnf/f;DMP1+/+ (Beclin1 WT) mice and their littermates, 

Becnf/f;DMP1Cre/+ (Beclin1 cKO) mice were used in this study. The mice were maintained under 

specific pathogen-free conditions in the UCLA Division of Laboratory Animal Medicine 

(DLAM). All animal experiment protocols were approved (ARC protocol #2012-033 and #2011-

062) and conducted according to the Animal Research Committee and the UCLA Institutional 

Animal Care and Use Committee. 

 

2.5 Tissue Procurement 

The mice maxilla and mandibles were carefully harvested and placed in a 50 mL centrifuge tube 

containing 4% paraformaldehyde in PBS, pH 7.4, at 4°C overnight to allow tissue fixation. The 

bone tissues were washed with 1X PBS followed by 70% ethanol storage. 

 

2.6 MicroCT Scanning 
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The fixed mice maxillae and mandibles were wrapped in 70% ethanol-soaked gauze and placed 

in a 15 mL conical centrifuge tube for μCT analysis. They were subsequently scanned in 

SkyScan 1275 (Bruker Micro-CT, Kontich, Belgium) at a voxel size of 20 μm3 and a 0.5-mm 

aluminum filter at 55 kVp and 145 μA, with an integration time of 200 milliseconds using a 

cylindrical tube (field of view/diameter, 20.48). Maxillary and mandibular tissues were 

reconstructed via the CTan and CTvol programs (Bruker microCT, Kontich, Belgium) to 

generate three-dimensional images and cross-sectional images. The pulp chamber images were 

generated by separating the pulp from the mineralized tissue on CTan. 

 

2.7 Hematoxylin and Eosin staining 

Upon completion of microCT scan, mouse maxillae and mandibles were decalcified using 10% 

EDTA. Becn WT and KO mice were decalcified for 3 weeks and 5 weeks, respectively. The 

decalcified maxillae were trimmed by making a sagittal cut immediately anterior to the first 

molar. The maxillae and mandibles were sent to University of California, Los Angeles 

Translational Procurement Core Laboratory and processed for paraffin embedding. Using the 

microtome, 5 μm thick sections of the formalin-fixed paraffin embedded (FFPE) tissues were 

prepared and mounted to Fisherbrand Superfrost Plus Microscope Slides. The precise areas of 

interest of the molars and incisors were established by examining the histology under the 

compound light microscope. The sectioned slides were deparaffinized at 60°C for 1 hour, 

followed by rehydration in ethanol with an increasing concentration of water. The rehydrated 

tissue slides were stained with hematoxylin for 2.5 minutes, washed with distilled water and 95% 

ethanol, and stained with eosin for 1 minute. The stained slides were dehydrated in 70%, 95%, 

and 100% ethanol, followed by xylene. The slides were mounted using mounting medium 
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Cytoseal™ 60 (Permount; Fisher Scientific, Houston, TX). Digital images were taken through an 

Olympus microscope (model DP72; Olympus Corp., Tokyo, Japan) at x100and X200 

magnification. 

 

2.8 RNAscope in situ hybridization (ISH) 

FFPE sections were used for RNAscope ISH. RNAscope Multiplex Fluorescent v2 (Advanced 

Cell Diagnostics, 323110) was employed following the protocols of the manufacturer. The signal 

was detected by OpalTM 520 (Akoya Biosciences, FP1487001KT), OpalTM 570 (Akoya 

Biosciences, FP1488001KT), and OpalTM 690 (Akoya Biosciences, FP1497001KT). The probes 

used for this protocol were designed and synthesized by Advanced Cell Diagnostics. We 

substituted the target retrieval and protease steps with Pepsin Reagent, Ready to Use, Antigen 

Retriever, which had an incubation time of 30 minutes (Sigma Aldrich, R2283-15ML).  
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2. Results 

3.1 Beclin1 knockout mice exhibit increased maxillary and mandibular bone thickness 

To examine the role of Beclin1 in odontoblasts in vivo, we generated Beclin1 conditional 

KO (cKO) mice by crossbreeding Beclin1f/f mice with DMP1 Cre/+ mice. When we crossbred 

Beclin1f/f and Dmp1Cre/+ mice, Beclin1f/f;Dmp1Cre/+ (KO) mice were generated. These mice were 

small in size compared with their WT littermates, Beclin1f/f;Dmp1+/+ mice (Figure 1). The 6-

month-old Beclin1 KO mice exhibited a narrow hard palate relative to Beclin1 WT mice (Figure 

2). Sagittal cross sections of the maxilla demonstrated increased alveolar bone thickness in 

Beclin1 KO mice, which reflects the abnormal phenotype seen in the hard palate (Figure 3). 

Lingual and occlusal views of 6-month-old mice mandibles also demonstrated increased alveolar 

bone thickness (Figures 4 and 5). It is worth noting that the bone phenotype observed in Beclin1 

KO around dentitions is not due to Dmp1-expressing odontoblasts. Although 

Beclin1f/f;Dmp1Cre/+ mice have Beclin1 deleted in odontoblasts, Dmp1 is also heavily expressed 

in osteocytes, result of which may explain the thickening of the alveolar bone. These data 

suggest that Beclin1 cKO mice exhibit an increased thickness of alveolar bone. 

 

3.2 Comparison of molars and incisors in Beclin1 knockout mice 

To evaluate whether Beclin1 deletion in DMP1-expressing cells affects odontoblasts, we 

investigated molars and incisors in the 2 and 6-month-old Beclin1 WT and cKO mice. uCT 

analysis revealed that both WT and cKO mice at the 2-month mark exhibited developed molars 

with normal pulp chambers. In sharp contrast, 6-month-old molars in Beclin1 cKO mice 

demonstrated a completely obliterated pulp space (Figures 6 and 7). When the pulp chamber 

volume was quantified, there was a notable reduction of about 50% in 6-month-old Beclin1 cKO 
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mice (Figure 7). When we investigated the incisors, we noted that the pulp chamber was 

phenotypically similar to the molars. Both genotypes demonstrated comparable incisor pulp 

chamber volumes at 2 months, whereas at 6 months, the Beclin1 cKO incisor pulp remarkably 

diminished (Figures 8-10).  

To further investigate the role of Beclin1 in odontoblasts, we performed histological 

analysis of the molars and incisors. Consistent with the previous data, histological examination 

revealed that Beclin1 WT and cKO mice were born with molars that are of a similar size in pulp 

chamber. Strikingly, 6-month-old Beclin1 KO mice demonstrated completely calcified molars. 

These molars were noted by an absence of mesenchymal stem cells in the usual pulp space 

(Figure 11). In addition, histological analysis revealed that pulp calcification works from the 

dentin towards the inner region of the mesenchyme (Figure 12). This indicates that pulp 

calcification in the molar is due to tertiary dentin formation, which started as early as 2 months 

after birth, and Beclin1 may play a role in odontoblast-mediated pulp formation in molars of 

mature adult mice. When the incisors were evaluated, there was also an increase in dentin 

formation and reduced pulp space in odontoblast-specific Beclin1-deficient mice at the 6-month 

timepoint, similar to the phenotype seen in molars (Figures 13 and 14). It is interesting to note 

that Beclin1 KO mice began to form dentin more proximally relative to Beclin1 WT mice. 

Dentin formation of incisors began near the first molar in WT mice, whereas it began at the third 

molar in KO mice (Figure 9). These data suggest that Beclin1 plays a role in regulating dentin 

mineralization in both molars and incisors in mice.  

To assess whether the enhanced dentin phenotype in Beclin1 KO mice were contributed 

by odontoblasts in the incisor stem cell niche, we further investigated the status of laCL. 

Histological examination revealed no visual distinction between the two genotypes, as normal 
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dentin formation and organized epithelium were demonstrated near the cervical loop of 6-month-

old mice (Figure 15). In contrast to the mice molars, the incisor stem cell niche revealed no 

calcification at the proximal region of the laCL, which indicates a properly functioning 

proliferation and odontoblast differentiation site for dentin to be generated.  

To investigate whether the incisor phenotype of Beclin1 KO mice was due to changes in 

odontoblast differentiation, we employed RNAscope in situ hybridization to examine the spatial 

expression of odontoblast differentiation marker Dspp mRNA in the laCL. In control mice, Dspp 

expression began proximally in the laCL, continuing across the pre-dentin, and colocalized with 

Beclin1 mRNA (Figures 16A-E). In the laCL of Beclin1 KO mice, Dspp expression was orderly 

aligned along the pre-dentin, resembling the phenotype seen in Beclin1 WT mice (Figures 16F-

J). This data indicates that Beclin1 KO mice exhibited normal odontoblast differentiation in the 

laCL. When we investigated Dspp expression in mice molars, Beclin1 KO mice were revealed to 

have increased odontoblast differentiation across the dentin-pulp interface relative to control 

mice. Interestingly, some regions of the dental pulp began to dissipate, which was indicated by 

the presence of an additional DAPI-composed circle containing Dspp at the dentin-pulp border. 

(Figures 17E-H). This data suggests that Beclin1 may regulate odontoblast differentiation in the 

mesenchyme of mice molars.  

 

3.3 Beclin1 expression may play a role in FGF signaling in the dental pulp 

A previous study has demonstrated a critical role of FGF signaling in regulating bone 

growth and ATG in chondrocytes. Specifically, induction of ATG was shown to be mediated by 

the JNK1-dependent ATG initiation complex VPS34–Beclin-1 through growth factor FGF18 and 

FGFR4 interaction (Cinque et al., 2015). ETV4 is a downstream transcription factor in FGF 
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signaling that has been shown to be involved in proliferation and differentiation (Corral et al., 

2017). Based on these reports, we decided to examine whether Beclin1 plays a role in FGF 

signaling in odontoblasts in vitro. We first examined whether Beclin1 is associated with 

mineralization in DPSCs. ALP and Alizarin Red staining were employed to identify odontoblast 

differentiation and calcium deposition, respectively. Our results reveal that siBeclin1-treated 

DPSCs exhibit enhanced odontoblast differentiation and mineralization upon induction with 

odontogenic induction medium (Figure 18 and 19), which indicates that Beclin1 may play a role 

in odontoblast-mediated dentin mineralization. We checked the relative mRNA expression levels 

of Fgfr1, Ffgr2, Ffgr3, Ffgr4 and Etv4 in siBeclin1-treated DPSCs, which give rise to 

odontoblast-like cells. Fgfr1 was predominantly expressed in odontoblasts, whereas Fgfr2, 

Fgfr3, and Fgfr4 were not expressed. Interestingly, Etv4 expression significantly increased in 

odontoblasts upon Beclin1 deletion (Figure 20). This data indicates that Beclin1 may be 

associated with Etv4 through FGFR1 in odontoblasts in vitro. Future studies will be required to 

investigate whether Beclin1 regulates FGF signaling in vivo. 
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Discussion 

In this comparative study of mice molars and incisors, we examine the role of Beclin1, an ATG 

initiator that forms the initial autophagosome complex (Sahani et al., 2014) and thereby an 

indispensable component of ATG, in Becn1f/f;Dmp1Cre/+ mice. Our study suggests that 

odontoblast-specific Beclin1 may regulate the dentin mineralization process in molars and 

incisors. In the absence of Beclin1, the pulp chamber volume reduces and dentin thickness 

increases in molars and incisors, highlighting the possible role of Beclin1 in odontoblast-

mediated dentin formation (Figures 6-14). To further support these findings, future studies would 

include measuring the ratio of hard tissue to pulp in mice and quantifying the mineral density and 

dentin thickness, in order to quantify the pulp volume relative to tooth mineralization and 

confirm that we made proper visual interpretations of dentin thickness, respectively. 

6-month-old mice with odontoblast-specific Beclin1 deletion have completely calcified molars, 

whereas 2-month-old mice displayed a normal pulp chamber. Although the latter are 

characterized by a normal mesenchyme, they begin to show slight calcification in the pulp space, 

indicating tertiary dentin formation. This data could be explained by the increased expression of 

the odontoblast differentiation marker Dspp seen in Beclin1 KO mice molars (Figures 17A-H), 

which also reveals moderate dissipation of the mesenchymal stem cells. In addition, histological 

examination reveals that pulp calcification works from the odontoblast layer towards the inner 

region of the molar mesenchyme (Figure 12). Based on this data, we expected the cells lining at 

the dentin-pulp interface to be a homogeneous population. Surprisingly, our RNAscope in situ 

hybridization data reveals that Dspp and Beclin1 mRNA are not continuously aligned across the 

odontoblast layer. This indicates the possibility of a heterogenous cell population found adjacent 

to dentin.  
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In 6-month-old Beclin1 KO mice, dentin mineralization was enhanced in the proximal region of 

the incisor. Therefore, we expected to see a cervical loop with normal epithelial organization, 

which would indicate a properly functioning incisor stem cell niche that gives rise to 

differentiated odontoblasts. If the laCL was disrupted by calcification, that may cause problems 

in proliferation, differentiation, and ultimately odontoblast-mediated dentin formation. The fully 

developed molars were characterized by a completely calcified pulp space, and incisors 

displayed increased dentin thickness that originated from a visually normal laCL. These data 

support that Beclin1 may play a role in teeth that have already developed, but not in developing 

teeth. 

The laCL of Beclin1 WT mice revealed an orderly aligned Dspp mRNA expression across the 

pre-dentin (Figures 16A-E). Dspp was expressed not only where DAPI stains, but also outside it, 

reaching the pre-dentin layer (Figure 16E). Dspp-Beclin1 colocalization occurred outside the 

DAPI staining (Figures 16A-E), which may suggest that Beclin1 associates with Dspp in the 

extended odontoblast processes, where tubular dentin formation occurs. Beclin1 KO mice 

revealed an orderly aligned Dspp expression across the pre-dentin (Figures 16F-J). Based on the 

enhanced incisor dentin thickness seen in Beclin1 KO mice (Figures 9, 13, and 14), we expected 

to see either a similar phenotype or a more proximal expression of Dspp relative to Beclin1 WT 

mice. Future studies would include measuring Dspp puncta to further support that there is no 

significant difference in odontoblast differentiation between the two genotypes. Interestingly, our 

results reveal a shorter length of Dspp expression in individual odontoblasts in the context of 

odontoblast-specific Beclin1 deletion. This suggests that Beclin1 may associate with the 

intracellular arrangement of Dspp in odontoblasts at the incisor stem cell niche. ATG has been 

reported to affect the secretion of proteins in different cell types. In some cell types, ATG 
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inhibition increases protein secretion. Specifically, immune cells enhance secretion of cytokines 

upon inhibition of ATG (Cotzomi-Ortega et al., 2018). Perhaps, ATG inhibition in odontoblasts 

may increase the secretion of the Dspp derivatives, DSP and DPP. Future experiments will be 

required to determine whether deletion of Beclin1, an indispensable component of ATG, induces 

NCP secretion for dentin formation.  

FGF signaling has been linked to ATG through its receptors and growth factor ligands. Cinque et 

al. reported that FGF18/FGFR4 activates ATG through the ATG initiation complex VPS34-

Beclin1. Our in vitro studies revealed that ETV4, a downstream effector of FGF signaling, 

significantly increased in siBeclin1-treated DPSCs. We expected to see a predominant 

expression of Fgfr4 since Etv4 expression increased. However, our data suggests that FGFR4 is 

not related to odontoblasts. Instead, FGFR1 is predominantly expressed, which indicates that this 

receptor may play a role in odontoblast differentiation. Previously, Krivanek et al. has reported 

that Etv4 expression is induced during odontoblast differentiation. Therefore, the increased 

expression of Etv4 seen in vitro may reflect the enhanced dentin formation phenotype seen in our 

mice model. Thus, future studies would require further investigation of the role of Etv4 in 

odontoblasts, and whether Etv4 is regulated by FGFR1 in vivo and in vitro. 

 

Conclusion 

This comparative study reveals that molars and incisors in Beclin1 WT and KO mice have 

similar histology and increases in calcification as they get older. Our study also highlights the 

possible role of Beclin1 in pulp calcification of molars, as Beclin1 KO mice molars were 

characterized by increased obliteration and calcification in the pulp space. Beclin1 may play role 
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in developed teeth, but not in developing teeth. Lastly, our in vitro data indicates that Beclin1 

may associate with FGF signaling through Etv4.  
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Figures 
 
 

 
 
Figure 1. Photographs of 6-month-old Beclin1 WT and KO mice. 

 
2      

 
 
Figure 2. Oral mucosa of maxilla in 6-month-old Beclin1 WT and cKO mice. Photograph of the 
occlusal view of maxilla (left). μCT image of the occusal view of maxilla (right). 
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Figure 3. μCT image of sagittal cross section in 6-month-old maxilla. 
 
 
 
 

 
 
Figure 4. μCT image of mandibles in 6-month-old Beclin1 WT and cKO mice.  
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Figure 5. Photographs of mandibles from 6-month-old Beclin1 WT and cKO mice.  
 
 

 
 
Figure 6. Molars in 2 and 6-month-old Beclin1 WT and cKO mice (N = 9 WT, N = 7 KO). Pulp 
chamber images with hard tissue (left). μCT image of molars (right). 
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Figure 7. Pulp chamber of molars in 2 and 6-month-old Beclin1 WT and cKO mice. Pulp 
chamber images of 2 and 6-month-old mice (left). Quantification of pulp chamber volume in μm3 
(right). 
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8 

 
 
Figure 8. Incisor pulp chamber images with hard tissue in 2 and 6-month-old Beclin1 WT and 
cKO mice. (N = 3 WT, N = 3 KO) 
 
 
9 
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Figure 9. μCT of incisors in 2 and 6-month-old Beclin1 WT and cKO mice. 
 
 
 
10 
 

 
 
Figure 10. Pulp chamber of incisors in 2 and 6-month-old Beclin1 WT and cKO mice. Pulp 
chamber images (left). Quantification of pulp chamber volume in mm3 (right). 
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Figure 11. Histological analysis of molars in 2 and 6-month-old Beclin1 WT and cKO mice with 
H&E staining. Scale = 100 um. 
 

 
Figure 12. Histological analysis of molars in 6-month-old cKO mice exhibiting a diminishing 
mesenchyme. Scale = 100 um. 
 

 
Figure 13. H&E staining of 6-month-old Beclin1 WT and KO incisors. Scale = 100 um. 
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Figure 14. Diagonal cross section μCT image of 2 and 6-month-old Beclin1 WT and KO 
mandibles. 
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Figure 15. H&E staining of laCL in 6-month-old Beclin1 WT and cKO mice. Magnification of 
the boxes in the left image (right). 
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Figure 16. RNAscope in situ hybridization of Dspp and Beclin1 in the laCL of 6-month-old 
mice. (A-E) Staining in Beclin1 WT mice. White arrow in Figure C points to the start of Beclin1 
mRNA expression. White arrow in Figure E points to the start of Dspp-Beclin1 colocalization. (F-
J) Staining in Beclin1 cKO mice. (E) Magnified image of D. (J) Magnified image of I. 
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Figure 17. RNAscope in situ hybridization of Dspp and Beclin1 in 2-month-old mice molars. 
(A-D). Staining of 2-month-old Beclin1 WT mice. (E-H) ISH staining of 2-month-old Beclin1 
KO mice. 
 

 
Figure 18. ALP staining of siBeclin1-treated DPSCs upon odontogenic induction. 
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Figure 19. Alizarin Red S Staining of siBeclin1-treated DPSCs upon odontogenic induction. 

 
 
 
 

 
 
 
 
Figure 20. Relative mRNA expression level of Fgfr1, Fgfr2, Fgfr3, Fgfr4, Etv4, and Beclin1. 
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