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ABSTRACT 

 

The role of copine-7 and midkine in 

odontoblast differentiation and dentin 

formation 

 

Park, Yeoung Hyun 

Department of Oral Histology-Developmental Biology 

School of Dentistry 

The Graduate School 

Seoul National University 

(Directed by prof. Joo-Cheol Park, Ph.D.) 

  

Tooth development is modulated by reciprocal and sequential 

interactions between oral epithelium and the neural crest-derived 

mesenchyme, which are called epithelial-mesenchymal interactions (EMIs). 

EMIs involve various signaling molecules and growth factors, such as copine-

7 (CPNE7) and midkine (MK). CPNE7 and MK are known to play essential 

roles in odontoblast differentiation and dentin mineralization. However, the 

precise expression pattern of CPNE7 and underlying mechanisms of MK on 
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odontoblast differentiation and dentin formation have not been elucidated yet.  

To demonstrate the spatiotemporal expression patterns of CPNE7 

during tooth development, i investigate the immunostaining of CPNE7 in the 

developing mouse tooth. Immunostaining of CPNE7 is observed in the dental 

epithelium, although it is not yet expressed in the dental mesenchyme during 

the early stages of tooth development (bud stage and cap stage). At the bell 

stage, however, expression of CPNE7 protein and mRNA has become 

observed in dental mesenchymal cells of dental papilla. At crown formation 

stage, CPNE7 is consistently localized in differentiating odontoblasts and 

predentin but the expression of CPNE7 and its mRNA are significantly 

decreased in ameloblasts. These findings suggest that CPNE7, which was first 

secreted in the dental epithelium, may translocate to the dental mesenchyme 

sequentially through EMIs to induce odontoblast differentiation and dentin 

formation. Furthermore, the expression of CPNE7 is also observed in the 

Hertwig’s epithelial root sheath (HERS) and in the facing pre-odontoblasts 

during root dentin formation, suggesting that CPNE7 not only induces crown 

dentin formation, but also induces root dentin formation through EMIs. In 

erupted tooth, where all stages of tooth development is completed, the 

expression of CPNE7 is no longer detected in both coronal and radicular pulp. 

Taken together, these results suggest that CPNE7, a preameloblast-derived 

factor, induces odontoblast differentiation and dentin formation during the 
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entire tooth development process. 

Autophagy is an intracellular self-degradation process that is 

essential for tissue development, cell differentiation, and survival. 

Nevertheless, the role of autophagy in tooth development has not been 

definitely identified. MK is not only involved in promoting odontoblast 

differentiation but also known as a modulator of autophagy. The goal of this 

study is to investigate how autophagy is involved in MK-mediated 

odontoblast differentiation. In vitro studies show that the expression pattern 

of a widely used autophagy marker, microtubule-associated protein light 

chain 3 (LC3) is similar to that of MK during odontoblast differentiation and 

that MK indeed upregulates the expression level of LC3-Ⅱ in odontoblasts. 

Immunostaining of LC3 with fluorescent dye show only a few autophagic 

vacuoles in the non-treated (control group) but many more vacuoles in the 

rMK-treated group. Coherently, transmission electron microscopy (TEM) 

analysis show that an increased number of autophagic vacuoles are observed 

in odontoblasts in the rMK-treated group compared to the control group. In 

particular, inhibition of autophagy by treatment with 3-methyladenine (3-MA) 

as an autophagy inhibitor impair the functions of MK, suggesting that MK 

regulates odontoblast differentiation through activating autophagy.  

Furthermore, the effects of MK-activated autophagy on odontoblast 

differentiation and dentin formation in vivo are investigated. To assess the 
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effects of MK in vivo, i generate a mouse molar defect model in which the 

dental pulp was exposed by drilling. While a negligible amount of bone-like 

hard tissue bridge with entrapped cells started to form in the control at the 

injury site, significant amounts of tertiary dentin formation are observed in 

the rMK-treated group at the injury site. Noticeably, dentinal tubule structure 

is found within the newly formed tertiary dentin lined with vital odontoblasts. 

Moreover, dentin sialoprotein (DSP), an odontoblast differentiation marker, 

stained positive in these cells and in the tertiary dentin. Autophagy-inhibited 

groups treated with 3-MA only or 3-MA and rMK together manifested 

massive pulp cell apoptosis and no new hard tissue formation. The findings 

of the present study provide a glimpse into the potential application of MK-

mediated odontoblast differentiation and mineralization in the treatment of 

dentinal defects. 

Additionally, in my present study, i conducted ex vivo organ culture 

of mouse molar tooth germs to examine the roles of MK and autophagy during 

tooth development. Observation under a light microscope show that the 

separated tooth germs at embryonic day 11 are around the bud stage and 

develop to the bell stage after 5 days. The control and rMK-treated groups 

manifested a typical bell stage tooth germ morphology lined with 

differentiating odontoblasts and ameloblasts. However, MK-inhibited tooth 

germ shows highly disrupted morphology where polarization of odontoblasts 
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and ameloblasts is lost. Tooth development is even more severely impaired 

in the 3-MA-treated group. Taken together, these results suggest that MK and 

autophagy play important roles during tooth development. 

 Collectively, these studies provide the evidence for the precise 

expression pattern of CPNE7, underlying mechanisms of MK on odontoblast 

differentiation and dentin formation, and the possible roles of autophagy in 

tooth development. 

                                                                                      

Keywords: epithelial-mesenchymal interactions, copine-7, midkine, 

odontoblast differentiation, dentin formation, autophagy 
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CHAPTER Ⅰ. GENERAL INTRODUCTION 

 

1. Epithelial-mesenchymal interaction 

 

Interactions between the ectodermal tissue and the underlying 

mesenchymal tissue are at the basis of central mechanism regulating the 

morphogenesis and differentiation of organs, including tooth and bone 

(Dassule and McMahon 1998).  

Tooth morphogenesis is a continuous process modulated by reciprocal and 

sequential interactions between dental epithelial and mesenchymal tissues, 

during which the oral ectoderm thickens, grows, and folds to form the 

sophisticate shape of the tooth crown (Thesleff et al. 1995). The 

morphological classification of tooth development is divided into bud, cap, 

and bell stages depending on the morphology of growing oral ectoderm. 

During bell stage of tooth development, undifferentiated ectomesenchymal 

cells of the dental papilla are going to differentiate into odontoblasts after 

induction by dental epithelial cells which have the potentials to differentiate 

into ameloblasts (Thesleff et al. 1995). However, in spite of its simple 

definition, the interaction regulating tooth morphogenesis is much more 

complex and exact mechanisms of epithelial-mesenchymal interaction have 

not yet been clarified. Numerous signaling molecules and signalings are 

involved in epithelial-mesenchymal interaction, suggesting that different 
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signaling pathways may be integrated at various stages and have synergistic 

as well as counteractive effects (Thesleff et al. 1991). Therefore, progressive 

studies of epithelial-mesenchymal interaction in tooth development are 

needed. 

 

2. Dentinogenesis    

 

Dentin, one of the major tooth structure, is formed by functional 

differentiating odontoblasts from dental papilla. Mature dentin is made 

up of approximately 70% inorganic materials, 20% organic materials and 

10% of water (Marshall Jr 1993). During the late bell stage of tooth 

development, odontobalsts start to secrete an organic matrix around the 

place directly adjacent to the ameloblasts, where the cusp of the tooth will 

be formed (Linde and Goldberg 1993). The organic matrix is largely 

composed of collagen fibers with large diameters. As odontoblasts 

differentiate, they are being highly polarized morphologically and begin 

to move toward the center of the dental pulp, forming an extension their 

cellular process, called odontoblast process (Ruch et al. 1995b). 

Differentiated odontoblasts secrete collagenous and noncollagenous 

matrix proteins (NCPs), such as dentin sialophophoptrotein (DSP) and 

dentin matrix protein-1 (DMP-1) (Butler 1998). The role of NCPs has 

been considered pivotal for the process of dentinogenesis (He et al. 2003). 



15 

 

NCPs are not only instrumental in mineral deposition within the 

extracellular dentin matrix, but also promote and control collagen fibril 

mineralization and crystal growth within the predentin, which will be 

converted into dentin (D'souza et al. 1997). Dentin is consisted of three 

types of dentins; primary dentin, secondary dentin, and tertiary dentin. 

Primary dentin, which outlines the pulp chamber, is most abundant 

structure in the three types of dentins. Secondary dentin is formed after 

root formation is completed and occurs at a much slower rate. Secondary 

dentin also has a dentinal tubule structure leading from the primary dentin, 

however it is more irregular than the primary dentin (Benzer 1948). 

Tertiary dentin is produced at specific sites in response to various external 

stimuli, such as attrition, trauma, or dental caries (Klinge 2001). Tertiary 

dentin can be divided into reactionary or reparative dentin. Reactionary 

dentin is formed by the existing odontoblasts when the injury does not 

damage the odontoblast layer (Smith et al. 2003). On the other hand, 

reparative dentin is formed by the replacement odontoblasts when the 

injury is so severe that it damages a part of the primary odontoblast layer 

(Cox et al. 1992).  
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3. Roles of COPINE-7 (CPNE7) on odontoblast 

differentiation and dentin formation 

 

During early stages of tooth development, differentiating ameloblasts 

secrete various signaling molecules for the induction of odontoblast 

differentiation. Conditioned medium (CM) is spent medium harvested 

from cultured cells. Therefore, it contains secreted molecules including 

growth factors and cytokines form the cultured cells. Based on this 

concept, i collected CM from mouse apical bud cells that can differentiate 

into ameloblasts (Lee et al. 2011a). This preameloblast-CM (PA-CM) 

showed that it can induce odontoblast differentiation of human dental 

pulp cells (hDPCs) in vitro and promote tertiary dentin formation in vivo 

(Oh et al. 2015a). Among those factors secreted from differentiating 

ameloblasts, the novel protein CPNE7 was identified and it has been 

suggested to be mainly related to odontoblast differentiation and 

physiological dentin formation (Choung et al. 2016a). Members of the 

copine family (CPNE1-9) are ubiquitous calcium dependent 

phospholipid-binding proteins and are highly conserved from 

Arabidopsis to Homo sapiens evolutionally (Tomsig et al. 2003). They 

contain two C2 domains (C2Ds) in the N-terminus and a von Willebrand 

factor type A domain (vWA) in the C-terminus (Creutz et al. 1998). The 

C2Ds of copines are originally identified in conventional protein kinase 
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C (PKC) and are involved in calcium influx (Tomsig and Creutz 2002). 

The vWA domain mediates protein-protein interaction (Tuckwell 1999). 

 

4. Roles of MIDKINE (MK) on tooth development 

 

MIDKINE (MK), neurite outgrowth promoting factor-2, is a novel 

heparin-binding growth or differentiation factor encoded by a retinoic 

acid (RA) responsive gene (Iwasaki et al. 1997). To date, MK has been 

known as a multifunctional protein and along with pleiotrophin (PTN) , 

they form a structurally unique family of heparin-binding growth factors 

(Muramatsu 2002). MK and PTN share 50% sequence homology with 

cysteine and tryptophan residues being conserved in humans (Kadomatsu 

and Muramatsu 2004). Among the two conserved MK domains, the C-

domain has been considered to play important roles in the function of MK, 

promoting neurite outgrowth activity (Uehara et al. 1992). The N-domain 

appears to be important for the stability of MK. MK contains a signal 

peptide for secretion (aa 1-20) and the main protein chain (aa 21-143) 

with two distinct domains (N-terminal and C-terminal domain) flanked 

by intra-domain with disulfide bridges (Muramatsu 2014). MK is first 

discovered as a highly expressed gene during mouse embryogenesis and 

it is implicated in various physiological processes such as development, 

differentiation, and survival (Muramatsu 2010). In particular, during 
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midgestation stage of embryonic periods, MK is intensely expressed in 

the nerve tissues, epithelial tissues, and mesoderm tissues, suggesting that 

MK plays essential roles in neurogenesis, EMIs, and mesoderm 

remodeling (Muramatsu 2010). Furthermore, the expression of MK 

mRNA and protein are observed during all stages of tooth formation and 

shifts of expression are shown between the dental epithelial and 

mesenchymal tissue (Mitsiadis et al. 1995a). Moreover, tooth 

development and cell differentiation are disrupted in tooth germs cultured 

in the presence of neutralizing antibodies of MK, suggesting that MK 

may play important roles in tooth development (Mitsiadis et al. 2008). 

However, the precise mechanism involved in MK-mediated tooth 

development and its possible role in odontoblast differentiation and 

dentin formation have not yet elucidated.  

 

5. Autophagy 

 

Autophagy is an intracellular degradation or recycling process that 

transports unnecessary or dysfunctional cellular components to the lysosome 

(Mizushima 2007). This process is quite different from endocytosis-mediated 

lysosomal degradation of extracellular and plasma membrane proteins 

(Rubinsztein et al. 2011). There are three types of autophagy; 

macroautophagy, microautophagy, and chaperon-mediated autophagy, and 
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the term “autophagy” generally indicates macroautophagy (Feng et al. 2014). 

The initial phases of autophagy consist of the formation of a phagophore, the 

engulfment of cellular organelles by the phagophore, the elongation of the 

phagophore membrane, and fusion of its edges to close the autophagosome 

(Tanida et al. 2008). The outer membrane of the autophagosome fuses with 

the lysosome to form the autolysosome in which the luminal material 

including the internal membrane is degraded (Xie and Klionsky 2007). After 

degradation, the breakdown products are released through permeases and are 

recycled in the cytosol (Ni et al. 2011). To date, the function of autophagy 

has been revealed that it has various physiological roles and pathological 

effects, including adaptive responses to starvation, quality control of 

intracellular proteins and organelles, anti-aging, and elimination of microbes 

(Mizushima 2007). Beyond these links to physiology, there is also increasing 

evidences that autophagy has roles in differentiation and development 

(Mizushima and Levine 2010). As a dynamic and highly inducible catabolic 

process that responds to environmental and hormonal cues, the autophagy can 

drive rapid cellular changes necessary for proper differentiation and 

development (Levine and Klionsky 2004). Indeed, autophagy-defective 

organisms show numerous abnormalities in differentiation and development 

(Mizushima and Levine 2010). These abnormalities may result from a 

impaired-autophagy, but they may also result from a failure to degrade 
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specific cellular components through autophagy. However, the possible role 

of autophagy in odontoblast differentiation and dentinogenesis has not been 

elucidated yet. 

 

6. Rationale and outline of the thesis experiments 

 

A key purpose of this thesis is to investigate the precise expression pattern 

and underlying mechanisms of CPNE7 and MK on odontoblast 

differentiation and dentin formation, and the possible roles of autophagy in 

tooth development. To examine this goal, i investigate the distribution of 

CPNE7 in the embryonic and postnatal developing mouse tooth. 

Immunohistochemistry, in situ hybridization, real-time PCR, and western blot 

analysis are performed to investigate the CPNE7 mRNA and protein 

expression pattern during tooth development. In addition, i conduct to 

investigate how autophagy is involved in MK-mediated odontoblast 

differentiation, mineralization, and tertiary dentin formation in a mouse tooth 

defect model. I also examine whether autophagy is required for tooth 

development through the tooth germ culture ex vivo. 
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CHAPTER Ⅱ. 

 

 

 

 

Expression of CPNE7 during mouse 

dentinogenesis 

 

 

 

 

 

 

 

 

 

 

* This chapter has been largely reproduced from an article 

published by Park YH and Park JC. 

 

Journal of molecular histology, 2019;50:179-188 
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Ⅰ. ABSTRACT 

 

 Interactions between the ectodermal and mesenchymal tissues are the 

basis of the central mechanism regulating tooth development. I previously 

reported that the diffusible signaling molecule copine-7 (CPNE7) is secreted 

by preameloblasts, and the CPNE7-NUCLEOLIN complex regulates the 

differentiation of mesenchymal cells of dental or non-dental origin into 

odontoblasts. However, the precise expression patterns of CPNE7 in the 

stages of tooth development have not yet been elucidated. The aim of the 

present study was to establish the spatiotemporal expression pattern of CPNE7 

during mouse tooth development.  

 I investigated the distribution of CPNE7 in the embryonic and 

postnatal developing mouse tooth. During the initiation stage (bud stage), 

CPNE7 expression was detected in the dental epithelium but not in the 

mesenchyme. At E19 (bell stage), CPNE7 was expressed in preodontoblasts. 

At P7 (crown formation stage), CPNE7 was localized in differentiating 

odontoblasts but was no longer detected in ameloblasts. These findings 

suggest that CPNE7 secreted by preameloblasts translocated to 

preodontoblasts in concert with the epithelial-mesenchymal interaction. 

 CPNE7 was expressed in differentiating odontoblasts and the 

odontoblast process during dentin formation, but was absent in mature 

functional odontoblasts. Furthermore, CPNE7 was expressed in the Hertwig’s 
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epithelial root sheath (HERS) and in the facing preodontoblasts during root 

dentin formation.  

 Taken together, these results illustrate the dynamic expression of 

CPNE7 during dentinogenesis and suggest its important function in various 

stages of tooth development. 
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Ⅱ. Introduction 
  

 Dentinogenesis is the process by which ectomesenchymal cells of the 

dental papilla receive epithelial induction, differentiate into odontoblasts, and 

secrete dentin matrix (Linde and Goldberg 1993). Odontoblasts are elongated 

columnar cells, whose cell bodies are organized between dentin and pulp, 

from the crown to the root apex in a mature tooth (Couve 1986; Khatibi 

Shahidi et al. 2015; Ruch et al. 1995a; Ruch et al. 1982; Sasaki and Garant 

1996). During differentiation and dentin formation, odontoblast progenitor 

cells become polarized and retreat from the newly mineralized tissue, with 

the organelles, such as the Golgi complex and endoplasmic reticulum, located 

in the cell body (Takuma and Nagai 1971; Tjaderhane et al. 2013). Unlike 

bone and cellular cementum where osteocytes and cementocytes become 

entrapped within the matrix they secrete, dentin is only transversed by 

odontoblast processes with the cell bodies lining the pulp-predentin interface 

(Batouli et al. 2003; Sognnaes et al. 1955). In addition, odontoblast 

differentiation is induced by the expression of signaling molecules and 

growth factors in the cells of the inner enamel epithelium (Jernvall and 

Thesleff 2000; Thesleff and Sharpe 1997). 

      

 Based on this mechanism, i previously showed that preameloblast-

conditioned medium (PA-CM) induce odontogenic differentiation of dental 
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mesenchymal cells, such as human dental pulp cells (hDPCs), and stimulate 

dentin formation in vitro and in vivo (Lee et al. 2011b). Among these PA-CM 

cells, copine-7 (CPNE7) was found to be primarily related to odontoblast 

differentiation (Lee et al. 2011b; Oh et al. 2015b). CPNE7 is a member of the 

calcium-dependent phospholipid-binding protein family that consists of two 

C2 domains in the N terminus and a von Willebrand factor type A domain in 

the C terminus (Nalefski and Falke 1996; Oh et al. 2015b). 

  

 I demonstrate that CPNE7 is a secreted molecule that translocates 

from preameloblasts to differentiating odontoblasts through a paracrine 

mechanism using nucleolin as its receptor (Oh et al. 2015b; Seo et al. 2017). 

The CPNE7-nucleolin complex coordinates the transcription activity of 

dentin sialophosphoprotein (DSPP), a representative odontoblastic marker 

that regulates odontoblast differentiation and dentin mineralization (Seo et al. 

2017). Moreover, CPNE7 induces odontoblast differentiation and forms 

dentin-like mineralized tissue, which has a dentinal tubule-like structure, in 

hDPCs in vivo (Lee et al. 2011b; Oh et al. 2015b). My previous findings 

suggest that CPNE7, a preameloblast-derived factor, is the innovative 

molecule that plays an important role in odontoblast differentiation and dentin 

formation (Choung et al. 2016b).  
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 However, the precise temporospatial expression pattern of Cpne7 

during the entire tooth developmental stages has never been identified. In this 

study, i newly 1) presented the comprehensive analysis of temporospatial 

Cpne7 expression during tooth development, 2) showed co-localization of 

Cpne7 and its receptor, Nucleolin in vivo and, 3) suggested potential 

involvement of Cpne7 in odontoblast process formation based on these new 

findings. 
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Ⅲ. Materials and Methods 

 

1. Cell culture 

 

The hDPCs were obtained from the Seoul National University Dental 

Hospital (Seoul, Republic of Korea) and the experimental protocol was 

accepted by the Institutional Review Board of the Seoul National University 

(S-D20140006). Informed consent was obtained from patients. I isolated 

hDPCs for use in vitro as previously described (Lee et al. 2011b). HAT-7 

cells, a dental epithelial cell line derived from the cervical loop epithelium of 

a rat incisor (provided by Dr. H. Harada, Department of Oral Anatomy, Iwate 

Medical University, Yahaba, Iwate, Japan), were cultured in Dulbecco’s 

modified Eagle medium/nutrient mixture F-12 (DMEM/F12) (Gibco BRL, 

Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco 

BRL) and antibiotic-antimycotic reagents (Gibco BRL) (Kawano et al., 2002). 

The odontoblasts, MDPC-23, provided by Dr. J.E. Nor (University of 

Michigan, Ann Arbor, MI, USA), were cultured in DMEM (Gibco BRL) 

supplemented with 10% FBS and antibiotic-antimycotic reagents at 37℃ in 

an atmosphere of 5% CO2. In order to induce hDPC and HAT-7 

differentiation, 80–90% confluent cells were cultured with 5% FBS, ascorbic 

acid (50 µg/mL), and β-glycerophosphate (10 mM) for up to 2 weeks (Park 
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et al. 2018). 

 

2. Real-time polymerase chain reaction (PCR) analysis 

 

Total RNA was extracted from the cells with TRIzol®  reagent (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s instructions. Total RNA 

(3 mg) was reverse transcribed using Superscript III reverse transcriptase 

(Invitrogen) and oligo (dT) primers (New England Biolabs, Ipswich, MA, 

USA). The product (1 µL) was amplified by PCR using the following primer 

pairs: mCpne7, forward 5′-CGGGACCCATTGACCAAGTC-3′ and reverse 

5′-CATACACCTCAAACCGTAGCTTC-3′; mGapdh, forward 5′-

AGGTCGGTGTGAACGGATTTG-3′ and reverse 5′-

TGTAGACCATGTAGTTGAGGTCA-3′; hCpne7, forward 5′-

GTCTTCACGGTGGACTACTACT-3′ and reverse 5′-ATGCGTGTC 

GTACACCTCAAA-3′; hGapdh, forward 5′-

AGGGCTGCTTTTAACTCTGGT-3′ and reverse 5′-

CCCCACTTGATTTTGGAGGGA-3′. Real-time PCR was performed on an 

ABI PRISM 7500 sequence detection system (Applied Biosystems, Carlsbad, 

CA, USA) using SYBR Green PCR Master Mix (Takara Bio, Shiga, Japan) 

according to the manufacturer’s instructions. PCR conditions were: 40 cycles 

of 95°C for 1 min, 94℃ for 15 s, and 60℃ for 34 s. All reactions were 
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performed in triplicate, and PCR product levels were normalized to that of 

the housekeeping gene Gapdh. Relative changes in gene expression were 

calculated using the comparative threshold cycle (Ct) method.  

 

3. Western blot analysis 

 

Cellular proteins (30 μg) were separated by 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to 

polyvinylidene fluoride (PVDF) membranes. The PVDF membranes were 

blocked for 1 h with 5% nonfat dry milk in Tris-buffered saline containing 

0.1% Tween 20 (TBS-T) and incubated overnight at 4°C with the primary 

antibody diluted in TBS-T (1:2000). Affinity-purified rabbit polyclonal anti-

CPNE7 was produced as described previously (Lee et al. 2011b). The anti-

GAPDH (sc-25778) antibody was purchased from Santa Cruz Biotechnology 

(Dallas, TX, USA). After washing, membranes were incubated for 1 h with 

the appropriate secondary antibodies. Labeled protein bands were detected 

using an enhanced chemiluminescence system (Dogen, Cambridge, MA, 

USA). All reactions were performed in triplicate. Semi-quantitative analyses 

were performed using Image J software (National Institute of Health, USA). 
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4. Tissue preparation and immunohistochemistry 

 

All animal experiments followed protocols approved by the Institutional 

Animal Care and Use Committee of Seoul National University (SNU-

160509-6). The heads of mice were decalcified in 10% 

ethylenediaminetetraacetic acid (EDTA, pH 7.4), embedded in paraffin, and 

processed for immunohistochemistry. CPNE7 expression was detected using 

an ABC kit (Vector Labs, Burlingame, CA, USA) with rabbit anti-CPNE7 as 

the primary antibody (Lee et al. 2011b) and a biotin-labeled goat anti-rabbit 

IgG (1:200) as the secondary antibody. 

 

5. In Situ Hybridization 

 

Digoxigenin-11-UTP-labeled single-stranded antisense RNA probes for 

Cpne7 was prepared using the DIG RNA labeling kit (Roche Applied Science) 

according to the manufacturer’s instructions. The paraffin sections were de-

paraffinized and rehydrated and then treated with 20 μg/mL proteinase K at 

37 °C for 30 min. Hybridization was performed at 42 °C for 12 h. Washes 

were carried out with 2 × SSC for 15 min and 1 × SSC 15 min. The sections 

were then treated with 20 μg/ mL RNase A in 10 mM Tris–HCl (pH 7.6), 500 

mM NaCl, and 1 mM EDTA at 37 °C for 30 min and then washed. Incubate 
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for 3 h in freshly prepared color substrate in the dark. 

 

6. Double immunofluorescence 

 

The tissue sections and MDPC-23 cells were prepared using the same 

method described above in order to determine colocalization of CPNE7 and 

nucleolin, a CPNE7 receptor (Seo et al. 2017). The sections and cells were 

treated with phosphate-buffered saline (PBS), 0.5% Triton X-100 for 

permeabilization. After washing and blocking, sections and cells were 

incubated for 1 h with primary antibodies (1:100) against CPNE7 and 

nucleolin in blocking buffer (PBS and 2% bovine serum albumin). 

Subsequently, anti-fluorescein isothyocyanate (FITC) and Cy3-conjugated 

anti-rabbit and mouse IgG antibodies (1:200) were added. The sections and 

cells were visualized using fluorescence microscopy (AX70, Olympus, 

Tokyo, Japan). The chromosomal DNA in the nucleus was stained with 4′,6-

diamidino-2-phenylindole (DAPI).  

 

7. Statistical analysis 

The data were analyzed for statistical significance using a nonparametric 

Mann-Whitney U test. 
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Ⅳ. RESULTS 

 

1. CPNE7 expression during ameloblast and odontoblast 

differentiation in vitro 

 

I cultured HAT-7 cells and hDPCs for up to 2 weeks and perform 

real-time PCR and western blotting analysis to examine the level of cpne7 

mRNA and CPNE7 expression during cell differentiation. The level of cpne7 

mRNA and CPNE7 protein expression at the early stage (early stage of 

ameloblast differentiation; preameloblasts) of HAT-7 cell differentiation 

increases, but decreases on the later stages (late stages of ameloblast 

differentiation; mature ameloblasts) of HAT-7 cell differentiation (Fig. 1A 

and B). As well as, the level of CPNE7 expression in hDPCs peaked on day 

4 (early stage of odontoblast differentiation; preodontoblasts) and decreased 

continuously over days 7–14 (late stages of odontoblast differentiation; 

mature odontoblasts) (Fig. 2A and B). These results indicate that CPNE7 is 

involved in an early differentiation stage of ameloblast and odontoblast. 
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Figure 1. CPNE7 (mRNA and protein) is expressed during ameloblast 

differentiation in vitro. 

Dental epithelial cells (HAT-7) were cultured in differentiation medium for 

up to 2 weeks. (A) Cpne7 mRNA expression pattern in HAT-7 cells was 

evaluated by real-time PCR on 0 day, 4 days, 7 days, and 14 days. (B) CPNE7 

protein expression pattern in HAT-7 cells was evaluated by western blot and 

semi-quantification analysis on 0 day, 4 days, 7days, and 14 days. All values 

represent the mean ± standard deviation of triplicate experiments *p < 0.05 

compared with the control.  
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Figure 2. CPNE7 (mRNA and protein) is expressed during odontoblast 

differentiation in vitro. 

Human dental pulp cells (hDPCs) were cultured in differentiation medium 

for up to 2 weeks. (A) Cpne7 mRNA expression pattern in hDPCs was 

evaluated by real-time PCR on 0 day, 4 days, 7 days, and 14 days. (B) 

CPNE7 protein expression pattern in hDPCs was evaluated by western blot 

and semi-quantification analysis on 0 day, 4 days, 7days, and 14 days. All 

values represent the mean ± standard deviation of triplicate experiments *p 
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< 0.05 compared with the control.  
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2. CPNE7 expression in developing mouse teeth at the 

embryonic stage 

 

Immunohistochemistry and in situ hybridization assay are performed 

to determine the localization of CPNE7 during mouse tooth development. At 

E12 (bud stage), dental epithelium forms a bud shape, dental mesenchyme 

condenses around the bud, and tooth development begins through EMI. At 

the bud stage, CPNE7 protein expressed in dental epithelium (Fig. 4A). 

Cpne7 mRNA expressed weakly in the dental epithelium (Fig. 3A). However, 

CPNE7 protein and cpne7 mRNA are not expressed in dental mesenchyme 

just below the dental epithelium (Fig. 3A and 4A). At the cap stage (E15), 

CPNE7 is expressed in dental epithelium (Fig. 4B). On the other hand, it is 

not expressed in dental mesenchyme but weakly in dental follicle (Fig. 4B). 

At the bell stage (E18), CPNE7 is expressed in entire enamel organ that is 

composed of outer enamel epithelium, stellate reticulum, stratum 

intermedium, and inner enamel epithelium (Fig. 4C and C’). Few CPNE7 

immunostained cells are observed in dental mesenchymal cells neighboring 

inner enamel epithelium, which can differentiate into preodontoblasts (Fig. 

4C’). At this stage, Cpne7 mRNA expression is also detected in dental 

mesenchymal cells, while weak expressed in inner enamel epithelium (Fig. 

3B and C). During late bell stage (E20), CPNE7 expression is detected in both 
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preameloblasts and preodontoblasts (Fig. 4D and D’). Compared to the bell 

stage, preameloblasts showed decreased expression of CPNE7 while 

increased expression in preodontoblasts. These findings suggest that CPNE7 

secreted by dental epithelium triggers the synthesis of CPNE7 in 

ectomesenchymal cells through an autocrine/paracrine mechanism and 

induces the differentiation of dental mesenchymal cells into odontoblasts in 

accordance with EMI. 
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Figure 3. Cpne7 mRNA expression in developing mouse embryonic tooth 

in vivo. 

Cpne7 mRNA expression (arrows) were detected by in situ hybridization (n 

= 3). (A) Embryonic day 12 (E12, bud stage) and (B and C) E18 (bell stage) 

during tooth development. Boxed area in B was shown at higher 

magnification in C. CM, condensed mesenchyme; DE, dental epithelium; DF, 

dental follicle; DP, dental papilla; IEE, inner enamel epithelium; M, 

mesenchyme; OE, oral epithelium; OEE, outer enamel epithelium; P, dental 

pulp; P-Am, preameloblasts; P-Od, preodontoblasts; SI, stratum intermedium; 

SR, stellate reticulum. Scale bars: 200 μm (A and B) and 20 μm (C).  
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Figure 4. CPNE7 protein expression in early stages of mouse developing 

tooth in vivo. 

CPNE7 protein expression (arrows) were detected by immunohistochemistry 

(n = 3). (A) Embryonic day 12 (E12, bud stage), (B) E15 (cap stage), (C and 

C’) E18 (early bell stage), and (D and D’) P 2 (late bell stage) during tooth 

development. Boxed area in C and D were shown at higher magnification in 

C’ and D’, respectively. CM, condensed mesenchyme; DE, dental epithelium; 

DF, dental follicle; DP, dental papilla; IEE, inner enamel epithelium; M, 

mesenchyme; OE, oral epithelium; OEE, outer enamel epithelium; P, dental 

pulp; P-Am, preameloblasts; P-Od, preodontoblasts; SI, stratum intermedium; 
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SR, stellate reticulum. Scale bars: 50 μm (A and B), 100 μm (C and D), and 

20 μm (C’ and D’).  
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3. Expression of CPNE7 in differentiating mouse odontoblasts 

in the postnatal stages 

 

At P7, the crown formation stage, CPNE7 is weakly expressed in 

mature ameloblasts (Fig. 5A and B). However, CPNE7 is clearly observed in 

odontoblasts, dentin and predentin (Fig. 5B). From P10 to P14, the root 

formation stage, CPNE7 is detected in predentin and the odontoblast process 

of crown dentin (Fig. 5D, E, G, H). Furthermore, CPNE7 is also detected in 

the region of root dentin. At P7, CPNE7 is barely expressed in the Hertwig’s 

epithelial root sheath (HERS) when root dentin formation has not yet begun 

(Fig. 5C). However, when root dentin formation began (P10, P14), CPNE7 is 

strongly expressed in HERS and in the facing preodontoblasts. These data 

suggest that CPNE7 is involved not only odontoblast differentiation but also 

odontoblast process and dentin formation in both root dentin and crown 

dentin formation (Fig. 5F and I). 
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Figure 5. CPNE7 protein expression in intermediate stages of mouse 

developing tooth in vivo. 

CPNE7 protein expression in differentiating odontoblasts and process during 

mouse tooth development. CPNE7 expression (arrows) was detected by 

immunohistochemistry (n = 3) (A, B, and C) Postnatal day 7 (P7, crown 

formation stage) (D, E, and F), P10 (root developmentstage) (G, H, and I), 

P14 (root development stage) during tooth development stages. Boxed areas 

in A, D, and G were shown at higher magnification in B, C, E, F, H, and I. 

The small bold boxed areas show a higher magnification of the large bold 

boxed area B. Am, ameloblasts; D, dentin; E, enamel; HERS, Hertwig’s 

epithelial root sheath; Od, odontoblasts; Op, odontoblast process; P, dental 
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pulp; PD, predentin; P-Od, preodontoblasts. Scale bars: 20 μm (C, F, and I), 

50 μm (B, E,and H), 200 μm (A and D) and 500 μm (G) 
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4. Nucleolin-mediated CPNE7 endocytosis into 

preodontoblasts 

 

 Previous studies indicate that CPNE7 has the molecular mechanism, 

which is receptor-mediated endocytosis (Seo et al. 2017). Nucleolin which is 

the receptor of CPNE7 in preodontoblasts. In order to confirm that CPNE7 

colocalized with nucleolin, i perform a double immunofluorescence assay 

using anti-CPNE7 and nucleolin antibodies. First, i determine that CPNE7 

(green) and nucleolin (red) colocalized in the cytoplasm and nucleus of 

odontoblastic MDPC- 23 cells (Fig. 6 A–D). Next, i verified that CPNE7 and 

nucleolin colocalized in preodontoblasts at P7 in developing mouse 

mandibular first molar (Fig. 6 E–H). These data indicate that CPNE7 

undergoes endocytosis into preodontoblasts via nucleolin. 
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Figure 6. CPNE7 colocalizes with its receptor, nucleolin, in vitro and in 

vivo.  

Representative immunofluorescence images of nucleolin (red) and CPNE7 

(green) in odontoblastic MDPC-23 cells (A and B) and tooth germs at P7 (E 

and F) (n = 3). DAPI (blue) was counterstained to indicate the nucleus (C and 

G). Nucleolin and CPNE7 colocalized in the nucleus and the cytoplasm 

(white arrows, D) and in preodontoblasts and predentin (white arrows, H). 

The small bold boxed areas showed a higher magnification of the large bold 

boxed area (H). AB, alveolar bone; E, enamel; P, dental pulp; P-Am, 

preameloblasts; PD, predentin; P-Od, preodontoblasts. Scale bars: 20 μm (A–

D) and 50 μm (E–H). 
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5. CPNE7 expression in mature mouse odontoblasts at the 

postnatal stage 

 

 At the end of crown dentin formation on P21, the level of CPNE7 

expression decreased in crown dentin compared to root dentin. Similarly, 

CPNE7 is no longer expressed in fully differentiated odontoblasts near the 

cusps (Fig. 7A and B). Unlike the crown, where the formation of dentin is 

terminated at P21, root dentin is still under formation. Interestingly, CPNE7 

continues to be expressed in differentiating odontoblasts and the root dentin 

that is still forming (Fig. 7C). CPNE7 is not expressed anywhere in P3m, after 

which tooth development has been completed (Fig. 7D, E, F). These results 

suggest that CPNE7 is expressed in differentiating odontoblasts and their 

processes but not in mature odontoblasts and their processes. 
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Figure 7. CPNE7 expression in late stages of mouse tooth development in 

vivo.  

CPNE7 expression (arrows) was detected by immunohistochemistry (n = 3). 

(A, B, and C) Postnatal day 21 (P21, completion of crown formation), (D, E, 

and F) Postnatal 3 months (P3M, tooth development complete) of tooth 

development. Boxed areas in A and D were shown at higher magnification in 

B, C, E, and F. D, dentin; P, dental pulp; AB, alveolar bone; PD, predentin; 

Od, odontoblasts; AC, acellular cementum; PDL, periodontal ligament. Scale 

bars: 20 μm (B and C), 50 μm (E and F), 200 μm (A), 500 μm (D). 
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Figure 8. Schematic diagram of the role of CPNE7 during odontogenesis.  

CPNE7 expression (pink) was first identified in inner enamel epithelium, and 

then triggered (blue arrow) the synthesis of CPNE7 in undifferentiated dental 

mesencymal cells. CPNE7 was expressed in differentiating odontoblasts, 

predentin, and odontoblast processes, but was no longer expressed in fully 

differentiated odontoblasts and their processes. BM, basement membrane; D, 

dentin; E, enamel; OP, odontoblast process; PD, predentin. 
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Ⅴ. Discussion 

 

 Tooth development is regulated by various proteins such as 

transcription factors, growth factors, and extracellular matrix proteins located 

between the oral epithelium and neural crest-derived mesenchyme (Santosh 

and Jones 2014; Thesleff and Mikkola 2002; Thesleff and Sharpe 1997; 

Thesleff et al. 1995; Thesleff et al. 1996). CPNE7 is one of the various 

proteins involved in epithelial-mesenchymal interactions during tooth 

development (Oh et al. 2015b). 

 The hDPCs that are isolated from human third molars express 

mesenchymal stem cell markers such as CD29, CD44, CD90, CD105, and 

CD146 (Couble et al. 2000; Gronthos et al. 2002). In addition, Human dpcs 

can differentiate into numerous cell types, including odontoblasts, adipocytes, 

chondrocytes, and osteoblasts (Iohara et al. 2006; Zhang et al. 2006). My 

previous studies found that CPNE7 induces odontoblastic differentiation of 

hDPCs and stimulates dentinal tubule-like structure in subcutaneous tissue 

and empty root canal space (Oh et al. 2015b). Moreover, non-dental 

mesenchymal stem cells, C3H10T1/2, and human bone marrow 

mesenchymal stem cells (hBMSCs), which cannot differentiate into 

odontoblasts without induction, differentiate into odontoblasts when treated 

with recombinant CPNE7 (rCPNE7) (Oh et al. 2015b). These results suggest 
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that CPNE7 is a key regulator of mesenchymal stem cell differentiation into 

odontoblasts. In the present study, i also investigated the mRNA and protein 

expression of CPNE7 in hDPCs and HAT-7 cells. 

 CPNE7 is expressed only in the dental epithelium during the bud 

(E12) and cap (E14) stages of tooth development. However, CPNE7 begins 

to be expressed not only in preameloblasts, but also preodontoblasts, at the 

late bell stage (E19) when the basement membrane is degraded (Kjoelby et 

al. 2002; Thesleff et al. 1978). Nucleolin, also known as C23, is the major 

nucleolar protein of exponentially growing eukaryotic cells (Lapeyre et al. 

1987), and is a ubiquitous, conserved multi-domain phosphoprotein found in 

all vertebrate species (Bugler et al. 1987; Ghisolfi-Nieto et al. 1996). 

Nucleolin is a multifunctional protein involved in most steps of ribosome 

biogenesis (Srivastava and Pollard 1999), and has been implicated in 

chromatin structure, rDNA transcription, rRNA maturation, ribosome 

assembly, cytokinesis, nucleogenesis, cell proliferation and growth, and 

nucleo-cytoplasmic transport (Ginisty et al. 1999). Nucleolin also exhibits 

autodegradation, DNA and RNA helicase activities, and DNA-dependent 

ATPase activity. These activities of nucleolin may be regulated by proteolysis, 

methylation, ADP ribosylation, and phosphorylation by several kinases, such 

as casein kinase II (CK2) (Schwab and Dreyer 1997; Tajrishi et al. 2011). This 

multifunctional protein is involved in packaging and shuttling of various 
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RNA/DNA/protein targets between the nucleus and cytoplasm and is 

involved in the movement to the nucleus of its ligand as an endocytic receptor 

(Legrand et al. 2004). CPNE7 is internalized through endocytosis in 

preodontoblasts (Seo et al. 2017), which is arbitrated by the binding of 

CPNE7 to its receptor, nucleolin, on the cell surface of preodontoblasts. My 

present study showed, through double immunofluorescence, that CPNE7 

colocalized with nucleolin on the cell surface and the nucleus of MDPC-23 

cells, as well as of preodontoblasts in P7 mouse mandibular first molars when 

the basement membrane breaks down. These results suggest that nucleolin, 

as a CPNE7 receptor, plays an important role in CPNE7 endocytosis in 

preodontoblasts. 

 At P7 (crown formation stage), CPNE7 is expressed in dentin and 

predentin in a punctate manner. CPNE7 has a high calcium-binding affinity 

and promotes blockage of dentinal tubules along the initiation of mineral 

deposition, followed by nucleation of hydroxyapatite formation (Choung et 

al. 2016b). The punctate expression of CPNE7 in dentin and predentin may 

contribute to the initiation of mineral deposition by the high calcium-binding 

affinity of CPNE7. In my previous study, CPNE7 was translocated from 

ameloblasts to odontoblasts in a transwell assay (Oh et al. 2015b). In my 

present study, CPNE7 was evenly distributed in odontoblasts, dentin, 

predentin, and odontoblast processes, but was no longer expressed in 
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ameloblasts, as expected. These findings indicate that CPNE7 acts as an 

epithelial-mesenchymal interaction molecule, shifting from the epithelium to 

the mesenchyme, initiating odontoblast differentiation, temporospatially.  

 Odontoblasts are ectomesenchyme-derived post-mitotic cells that 

align as a single layer at the dentin-pulp interface (Ruch 1998). 

Morphologically, they are highly polarized, with cytoplasmic extensions 

called odontoblast processes (Thomas 1979). Leaving their processes in 

dentinal tubules, odontoblasts retreat from the predentin as they secrete 

organic dentin matrix that will be sequentially mineralized (Herold and Kaye 

1966; Holland 1985; Tjaderhane et al. 2013). During morphogenesis, 

odontoblasts initially form several short cellular extensions, of which only 

one elongates as the main process. Although research regarding the 

odontoblast process has been quite active, its exact function remains unclear, 

and understanding the structure is vital for understanding the function. After 

P7, CPNE7 is clearly found in odontoblasts, predentin, and odontoblast 

processes at P10 and P14 stages. Based on my present study, i propose that 

CPNE7 may play a role in odontoblast process development. In particular, 

CPNE7 could be used as a marker of the odontoblast process during tooth 

development. However, the odontoblast process requires further study 

regarding function, as well as its relationship with CPNE7.  

 HERS is composed of a bilayered epithelial sheath, which are inner 
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and outer enamel epithelial cells below the cervical region of the crown (Luan 

et al. 2006; Owens 1978). During root dentin formation, HERS induces the 

differentiation of ectomesenchymal cells into preodontoblasts at that 

periphery of the dentin-pulp interface (Yamamoto et al. 2004; Zeichner-

David et al. 2003). CPNE7 is also expressed in root development, such as in 

HERS and preodontoblasts. Therefore, HERS plays a key role in root 

development and i suggest that CPNE7 is also involved in root dentin 

formation. 

 In the late tooth developmental stage, i observed an interesting 

CPNE7 expression pattern. At P21, when crown formation is complete but 

root formation still in progress, CPNE7 was no longer expressed in mature 

odontoblasts and dentin. However, CPNE7 was expressed in odontoblasts and 

the predentin of developing root dentin. Likewise, CPNE7 was no longer 

expressed when tooth development was complete. Thus, CPNE7 is involved 

in dentin formation processes from beginning to end. 

 Figure 8 summarizes the cell- and site-specific expression pattern of 

CPNE7 during odontoblast differentiation. The expression of CPNE7, which 

was derived from preameloblasts, induced differentiation of odontoblasts and 

dentin formation. In particular, CPNE7 was expressed in an elongated 

odontoblast process, which is an important structure of normal dentin, as well 

as in HERS and preodontoblasts during root dentin formation. When dentin 
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formation was completed, CPNE7 expression was no longer detected. This 

temporospatial expression of CPNE7 suggests a dynamic and crucial role for 

CPNE7 during odontoblast differentiation and dentin formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



55 

 

CHAPTER Ⅲ. 

 

 

 

 

Midkine promotes odontoblast 

differentiation and tertiary dentin formation 

 

 

 

 

 

 

 

 

 

 

 

 

 

* This chapter has been largely reproduced from an article 

published by Park YH and Park JC. 

 

Journal of dental research, 2020; volume: 99 issue: 9, page(s): 
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Ⅰ. ABSTRACT 

Autophagy is an intracellular self-degradation process that is essential for 

tissue development, cell differentiation and survival. Nevertheless, the role of 

autophagy in tooth development has not been definitively identified. The goal 

of this study was to investigate how autophagy is involved in Midkine (MK)-

mediated odontoblast differentiation, mineralization, and tertiary dentin 

formation in a mouse tooth pulp exposure model. In vitro studies show that 

MK and LC3 have similar expression patterns during odontoblast 

differentiation. Odontoblast differentiation is promoted through MK-

activated autophagy, which leads to increased mineralized nodule formation. 

Subcutaneous transplantation of hydroxyapatite/tricalcium phosphate 

(HA/TCP) with rMK-treated hDPCs led to dentin-pulp-like tissue formation 

through MK-activated autophagy. Further, MK-activated autophagy induces 

differentiation of dental pulp cells into odontoblasts that form 

dentinsialoprotein (DSP)-positive tertiary dentin in vivo. My findings may 

provide novel insight into the role of MK in regulating odontoblast 

differentiation and dentin formation in particular via autophagy and suggest 

potential application of MK in vital pulp therapy. 
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Ⅱ. Introduction 

Tooth development is modulated by reciprocal and sequential 

interactions between the oral epithelium and the neural crest-derived 

mesenchyme, which are called epithelial-mesenchymal interactions (EMIs) 

(Thesleff 2003). EMIs involve numerous signaling molecules and growth 

factors such as transforming growth factor-β (TGF-β) family compounds 

(Thesleff and Mikkola 2002). It promotes functional differentiation of 

odontoblasts and ameloblasts from dental papilla and inner enamel epithelium, 

which eventually form two of the major tooth structures: dentin and enamel 

(THESLEFF and HURMERINTA 1981). These structures serve as a 

mineralized outer barrier that protects the inner dental pulp from external 

stimuli and damage. Dentin makes up more than 70% of the entire tooth 

structure and serves as a bridge between the dental pulp and enamel through 

dentinal tubule structures. External stimuli like tooth preparation can cause 

loss of the covering dentin, and the dental pulp can become exposed. Direct 

pulp capping is one of the clinical procedures routinely performed to maintain 

vitality of the exposed pulp, which uses pulp capping materials such as 

mineral trioxide aggregate (MTA) (Bogen et al. 2008). Sometimes, 

physiologic and pathologic repair processes spontaneously occur, whereby 

the remaining odontoblasts are reactivated and mesenchymal stem cells 

newly differentiate into odontoblasts, ultimately forming reactionary and 
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reparative dentin (Smith et al. 2003; Stanley et al. 1983). The reparative 

dentin bridge formed by the natural repair process shows irregular features 

and structures with an atubular appearance and entrapment of newly 

differentiated cells (d'Souza et al. 1995). Despite the potent self-healing 

dynamics of the pulp, it often takes a long time to achieve sufficient amount 

of tertiary dentin to eliminate the need for restoration. Therefore, it is 

important to discover and study bioactive molecules that can potentially 

accelerate the dentin repair process and aid in pulp protection.  

Midkine (MK) is involved in EMIs during tooth development 

(Mitsiadis et al. 1995a). It is a heparin-binding growth/differentiation factor, 

encoded by a retinoic acid (RA) responsive gene (Iwasaki et al. 1997). 

Secreted protein is unusually rich in cysteine residues and basic amino acids, 

and presents highly conserved sequence in various species. MK is also called 

neurite outgrowth promoting factor 2 (NEGF2) that promotes cellular process 

elongation in neurons (Kaneda et al. 1996). Further, it has been reported to 

induce angiogenesis (Choudhuri et al. 1997) and chondrocyte differentiation 

(Ohta et al. 1999). More importantly, MK is expressed in a number of 

developing tissues and organs that require EMIs for normal development 

(Mitsiadis et al. 1995b). Studies suggest that MK regulates organogenesis and 

cell survival. Leukocyte receptor tyrosine kinase (LTK) in neural crest cells 

interact with MK secreted from non-neural ectoderm to promote cell survival, 
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revealing a new signaling pathway essential for neural crest development 

(Vieceli and Bronner 2018). In addition, a previous study proposed that MK 

is a modulator of autophagy that switches between cell death and survival 

(Erguven et al. 2011). In glial cells, on the one hand, MK, acting through the 

anaplastic lymphoma kinase (ALK) receptor, had a pivotal role in enhancing 

the resistance to cannabinoid–evoked autophagy-mediated cell death 

(Lorente et al. 2011). These results indicate that MK may be closely related 

to autophagy. Regarding tooth development, MK was previously reported to 

be expressed in dental epithelium and mesenchyme during tooth development, 

where its neutralization resulted in failure of odontoblast differentiation and 

proper tooth development (Mitsiadis et al. 2008; Mitsiadis et al. 1995a). 

However, the precise mechanism involved in MK-mediated tooth 

development and its possible role in the dentin repair process have never been 

elucidated. 

Autophagy is an intracellular degradation or recycling process that 

transports unnecessary or dysfunctional cellular components to the lysosome 

(Mizushima 2007). In spite of its simple definition, many studies show that 

autophagy has a large number of physiological roles in cell differentiation, 

survival, development and repair (Rabinowitz and White 2010). Autophagy 

is necessary for cardiac morphogenesis during vertebrate development (Lee 

et al. 2014) and also contributes to osteogenic differentiation of mesenchymal 
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stem cells (MSCs) (Pantovic et al. 2013), muscle cell differentiation 

(Mammucari et al. 2007) and M2 macrophage differentiation (Zhang et al. 

2012). Autophagy is also presented in odontoblasts and dental papilla of a 

developing tooth (Yang et al. 2013). However, the possible role of autophagy 

in odontoblast differentiation and dentinogenesis has not been actively 

studied.  

Here, i provide the first study of a possible association between MK 

and autophagy during dentin formation and its effects in cell differentiation 

and survival. I postulated that MK might be related to autophagy-mediated 

odontoblast differentiation and dentin formation. Specifically, i aim to 

evaluate (1) the involvement of autophagy in MK-mediated odontoblast cell 

differentiation, (2) the effects of MK in tooth development using mouse tooth 

germ organ culture ex vivo, and (3) the possible application of a MK-mediated 

dentin repair process using the mouse dentin exposure model in vivo. 
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Ⅲ. Materials and Methods 

1. Cell Culture 

MDPC-23 cells, a mouse dental papilla-derived cell line, were provided by 

Dr. J.E. Nor (University of Michigan, Ann Arbor, MI, USA). The human 

dental pulp cells (hDPCs) were obtained from the Seoul National University 

Dental Hospital (Seoul, Republic of Korea) and the experimental protocol 

was accepted by the Institutional Review Board of the Seoul National 

University (S-D20140006). Informed consent was obtained from patients. 

hDPCs were isolated and used in an in vitro experiment as described 

previously (Jung et al. 2011). MDPC-23 cells (passage 17) were cultured in 

Dulbecco’s modified Eagle medium (DMEM ; Gibco BRL, Carlsbad, CA, 

USA) supplemented with 10% heat-inactivated fetal bovine serum (FBS ; 

Gibco BRL) and antibiotic-antimycotic (Gibco BRL) at 37℃ in an 

atmosphere of 5% CO2. To induce MDPC-23 cell differentiation, 80-90% 

confluent cells were cultured with 5% FBS, ascorbic acid (50㎍/㎖), and β-

glycerophosphate (10mM) for up to 10 days. Recombinant Midkine (rMK) 

(TP303995) and Midkine shRNA lentiviral particle (TL501322V) were 

purchased from Origene (Rockville, MD, USA).  
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2. Noncollagenous Dentin Matrix Proteins and Western 

Blot Analysis 

Noncollagenous dentin matrix proteins (NCDMPs), which were isolated and 

purified from powdered human teeth, were obtained as described in previous 

study (Kim et al. 2009). Cellular proteins (30㎍) were separated by 10% 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 

transferred to polyvinylidene fluoride (PVDF) membranes. The PVDF 

membranes were blocked for 1h with 5% nonfat dry milk in Tris-buffered 

saline containing 0.1% Tween 20 (TBS-T) and incubated overnight at 4℃ 

with the primary antibody diluted in TBS-T (1:2000). After washing, 

membranes were incubated for 1h with the appropriate secondary antibodies. 

Labeled protein bands were detected under an enhanced chemiluminescence 

system (Amersham Biosciences/GE Healthcare). All reactions were 

performed in triplicate. Semi-quantitative analyses were performed using 

Image J software (National Institute of Health, MD, USA).  

 

3. Real-Time Polymerase Chain Reaction Analysis 

MDPC-23 cells were cultured for 10 days in a differentiation medium and the 

expression patterns of MK mRNA was analyzed. See the Appendix for further 



63 

 

details. Total RNA was extracted from the cells with TRIzol®  reagent 

(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instructions. 

Total RNA (3 μg) was reverse transcribed using Superscript III reverse 

transcriptase (Invitrogen) and oligo (dT) primers (New England Biolabs). The 

product (1 μL) was amplified by PCR using the following primer pairs: mMK, 

forward 5′-TGGAGCCGACTGCAAATACAA-3′ and reverse 5′-

GGCTTAGTCACGCGGATG G -3′; mGapdh, forward 5′-

AGGTCGGTGTGAACGGATTTG-3′ and reverse 5′-

TGTAGACCATGTAGTGAGGTCA-3′; mDspp, forward 5′-

CAACCATAGAGAAAGCAAACGCG-3′ and reverse 5′-

TTTCTGTTGCCACTGCTGGGAC-3′; mDmp1, forward 5′-

ACAGGCAAATGAAGACCC-3′ and reverse 5′-

TTCACTGGCTTGTATGG-3′; mNestin, forward 5′-

AGCCCTGACCACTCCAGTTTAG-3′ and reverse 5′-

CCCTCTATGGCTGTTTCTTTCTCT-3′. Real-time PCR was performed on 

an ABI PRISM 7500 sequence detection system (Applied Biosystems, 

Carlsbad, CA, USA) using SYBR Green PCR Master Mix (Takara Bio, Shiga, 

Japan) according to the manufacturer’s instructions. PCR conditions were 40 

cycles of 95 °C for 1 min, 94 °C for 15 s, and 60 °C for 34 s. All reactions 

were performed in triplicate, and PCR product levels were normalized to that 

of the housekeeping gene Gapdh. Relative changes in gene expression were 
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calculated using the comparative threshold cycle (Ct) method.  

 

4. Pulp Exposure Protocol and Tissue Preparation  

All animal experiments followed protocols approved by the Institutional 

Animal Care and Use Committee of Seoul National University (SNU-

191002-9). This study conformed to the ARRIVE guidelines (Animal 

Research: Reporting In Vivo Experiments) for preclinical animal studies. All 

the mice were kept in a specific pathogen-free (SPF) condition with food and 

water in the animal resource center at Dental Research Institute of Seoul 

National University. C57Bl/6 mice at postnatal stages were used. To 

minimize possible biases resulting from different nutritional, behavioral and 

oral health conditions, animals were randomly selected for this study. See the 

Appendix for further details. The heads of mice are fixed in 4% 

paraformaldehyde (PFA) in PBS for 24 h at 4 °C. After fixation, the heads of 

mice were decalcified in 10% ethylenediaminetetraacetic acid (EDTA, pH 

7.4), embedded in paraffin, and processed for histological analysis. 4 μm 

serial sections were mounted on silanized slides and stored in air-tight cases 

at 4 °C. All tissues were sectioned on frontal plane. Twelve mice (aged 1m) 

were used for this experiment. Mice were anesthetized with a solution of 2.5% 

Avertin (Sigma, St. Louis, MO, USA) diluted with RNase-free water (T&I, 



65 

 

chuncheon, Korea). The oral cavity was opened with a mouth retractor to 

expose the molars. Maxillary first molars were cleaned with 0.5% 

chlorhexidine. Then, the center of the first molar was drilled using a carbide 

bur (FG1/4) until the pulp was visible, and a 31-mm K-file (M-Access) was 

used to expose the pulp chamber. The cavities were divided into 4 groups for 

the experiment. Defect areas were covered with glass ionomer (GI) cement 

after topical treatment with (1) a PBS-soaked collagen sponge 

(control(PBS)+GI), (2) an rMK-soaked collagen sponge (rMK+GI), (3) a 3-

MA-soaked collagen sponge (3-MA+GI), or (4) a 3-MA and rMK-soaked 

collagen sponge (3-MA+rMK+GI). Each group comprised 2 first molars per 

animal, totaling 24 first molars. The animals were sacrificed after 4 weeks 

post-operation and were histologically analyzed (n=3).  

 

5. Tooth Germ Culture 

Tooth germs were taken from mouse embryo 12day (E12). The mandible was 

removed and the mandibular first molars were dissected free from 

surrounding tissues in sterilized-PBS. All of the steps were performed on ice 

and under sterile condition. See the Appendix for further details. Tooth 

germs were collected from twelve mouse embryos at 12 days (E12). The 

mandible was removed, and the mandibular first molars were dissected from 

surrounding tissues in sterilized PBS. All steps were performed on ice and 
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under sterile conditions. A trowel-type organ culture system was used, in 

which the explants were grown at the medium-gas interface. The metal grid 

was placed in a 35-mm culture dish. The samples were transferred onto the 

filter, which was placed on the holds of the grid. Tooth germs were cultured 

in DMEM/F12 supplemented with 10% fetal bovine serum, 50 U/ml 

penicillin/streptomycin, and 100 μg/ml ascorbic acid and incubated at 37℃ 

and 5% CO2. I conducted ex vivo organ culture of mouse molar tooth germs 

under fmy different conditions: culture media only (control), rMK-treated, 

shMK-transfected, or 3-MA-treated After 5 days of cultivation (n=3), the 

tooth germs were fixed in 4%PFA, embedded in paraffin, and serially 

sectioned at 2㎛. 

 

6. Primary cell culture and Mouse Subcutaneous ex vivo 

Transplantation 

The hDPCs (2 ×  106) were mixed with 100 mg hydroxyapatite/tricalcium 

phosphate (HA/TCP) ceramic powder (Zimmer) alone, or with rMK (2 ug), 

or with 3-MA (40mM), or with rMK and 3-MA in an 0.5% fibrin gel, and 

then transplanted subcutaneously into immunocompromised mice (NIHbg-

nu-xid; Harlan Laboratories, Indianapolis, IN, USA) for 6 weeks. The hDPCs 

were obtained from Seoul National University Dental Hospital (Seoul, 
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Republic of Korea), and the experimental protocol was accepted by the 

Institutional Review Board of Seoul National University (S-D20140006). 

Informed consent was obtained from patients. I collected normal human 

impacted third molars (at the root developing stage) from 15 adults (15–

18 years of age) at the Seoul National University Dental Hospital (Seoul, 

Korea). The experimental protocol was approved by the hospital’s 

Institutional Review Board. The experiments were performed with the 

understanding and written consent of each participating subject according to 

the Declaration of Helsinki. I isolated hDPCs for use in vitro as previously 

described. The hDPCs (2 ×  106) were mixed with 100 mg 

hydroxyapatite/tricalcium phosphate (HA/TCP) ceramic powder (Zimmer) 

alone, with rMK (2 ug), with 3-MA (40mM), or with rMK and 3-MA in a 0.5% 

fibrin gel. I then transplanted them subcutaneously into immunocompromised 

mice (NIHbg-nu-xid; Harlan Laboratories, Indianapolis, IN, USA) for 6 

weeks (n=3).  

 

7. Immunohistochemistry and Immunofluorscence 

Immunohistochemistry and immunofluorscence were performed as 

previously described (Park et al. 2019). See the Appendix for further details. 

Briefly, sections were incubated overnight at 4°C with rabbit polyclonal MK 

antibody (1:200; Genetex; GTX31198), LC3 antibody (1:200; Cell Signaling; 
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#3868), and DSP antibody (1:200; immunization of rabbit with the synthetic 

peptides NH2- GNKSIITKESGKLSGS- COOH (amino acid residues 

372~387 of DSP)) in 2% bovine serum albumin (BSA)/phosphatebuffered 

saline (PBS), pH 7.4. Negative control sections were incubated 2% BSA/PBS. 

Sections were then incubated with a biotin-labeled goat anti-rabbit 

immunoglobulin G (IgG) (1:200; Vector Labs) as the secondary antibody and 

then washed and incubated with avidin-biotin-peroxidase complex (Vector 

Laboratories Inc., Burlingame, USA). Peroxidase was revealed by incubation 

with methanol containing 3% H2O2. Signals were converted using a 

diaminobenzidine kit (Vector Laboratories). Nuclei were stained with 

methylgreen. 

 

8. Immunocytochemistry 

MDPC-23 cells and tissue sections were treated with phosphate-buffered 

saline (PBS) with 0.5% Triton X-100 for permeabilization. After washing and 

blocking, cells were incubated for 1h with LC3 antibody (1:100) or DSP 

antibody (1:100) in blocking buffer (PBS and 2% bovine serum albumin). 

Subsequently, anti-fluoresceinisothyocyanate (FITC) anti-rabbit secondary 

antibody (1:200) or Cy3-conjugated anti-rabbit (1:200) was applied. Cells 

were visualized using fluorescence microscopy (AX70, Olympus, Tokyo, 

Japan). The chromosomal DNA in the nucleus was stained with 4′,6-
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diamidino-2-phenylindole (DAPI). Deparaffinized sections were incubated 

with rabbit polyclonal MK antibody (1:200; Genetex; GTX31198) and LC3 

antibody (1:200; Cell Signaling; #3868) overnight at 4℃. After washing, 

sections were exposed to biotin-labeled goat anti-rabbit IgG (1:200) as the 

secondary antibody. Each expression was detected using an ABC kit (Vector 

Labs, Burlingame, CA, USA). 

 

9. Luciferase assay 

MDPC-23 cells were seeded on 24-well plates at a density of 5 × 104 

cells/well. The cells were transiently transfected using Metafectene Pro 

reagent (Biontex, Martinsried/Planegg, Germany). Construct pGL3-Dspp 

was cotransfected into MDPC-23 cells with the rMK. Following the addition 

of 50 ml luciferin to 50 ml of the cell lysate, luciferase activity was 

determined using an analytical luminescence luminometer (Promega, 

Madison, WI, USA) according to the manufacturer's instructions. The 

analysis was performed in three independent experiments.  

 

10.  Alizarin red S staining 

MDPC-23 cells were seeded on 35-mm dishes at a density of 1 ×  105 

cells/well and were cultured for 7 d with or without rMK groups, 3-

methyladenine (3-MA, Sigma), or 3-MA with rMK groups. A mineralization 
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assay was performed by staining with alizarin red S (Sigma) solution in 0.1% 

NH4OH at pH 4.2 for 20 min at room temperature. 

 

11.  Masson’s Trichrome staining 

Sections of mouse teeth were deparaffinized in xylene and rehydrated through 

ethanol. Sections were stained with Weigert’s Haematoxylin for 10 minutes, 

followed by 1% Biebrich-Scarlet-Acid Fuchsin solution for 20 minutes, and 

5% phosphotungstic acid for 10 minutes and stained with 2.5% Aniline Blue 

solution for 20 minutes. Following staining, sections were differentiated in 1% 

acetic acid for 1minute, dehydrated through 90% and 100% ethanol, cleared 

in xylene and permanently mounted. 

 

12.  Cell cytotoxicity assay 

MDPC-23 cells were seeded in 96-well plates at 3 × 103 cells/well and 

incubated for 24 h using culture medium (DMEM). The medium was replaced 

with medium only (control group), 3-MA 1mM (3-MA+medium), 3-MA 

2.5mM (3-MA+medium), or 3-MA 5mM (3-MA+medium) (experimental 

groups) for 5 days. To determine the cellular metabolic activity, MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Medifab) was added 

to the controls and the experimental groups after 4 h. Cell cytotoxicity was 

measured using a luminometer (FLUOStar OPTIMA; BMC Laboratory), and 
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experiments were performed in triplicate. 

 

13.  TEM analysis 

Cells were harvested with trypsin EDTA and fixed in 2% paraformaldehyde 

(PFA) and 2.5% glutaraldehyde (GA) in 0.1 M sodium cacodylate buffer (pH 

7.4). They then were post fixed in buffered 1% osmium tetroxide, embedded 

and fixed a second time in 2.5% GA, cut into 1 mm sections, and dehydrated 

through a graded ethanol series and propylene oxide prior to microwave 

infiltration of 1:1 Spurr/Epon resin. Polymerized blocks were sectioned on a 

ultramicrotome (Leica, Wetzlar, Germany), and 70-nm sections were re-

mounted on 100 mesh grids and stained with uranyl acetate and Reynolds lead 

citrate. Images were acquired with a JEOL JEM-1400 Flash (Tokyo, Japan). 

 

14.  Cell migration assay 

MDPC-23 cells were seeded on 35-mm culture dishes (1 ×  105 cells) and 

grown to confluence for an in vitro wound-healing assay. A scratch was 

made using a sterile pipette tip in the middle of each dish. Cells were then 

washed 3 times with PBS and incubated in culture media with or without 

rMK. Triplicate samples were analyzed from 3 independent experiments. 
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15. Statistical analysis 

Statistical analyses were performed with SPSS 23.0 (IBM). The data were 

analyzed for statistical significance using a nonparametric Mann-Whitney U 

test (*P < 0.05 and **P < 0.01). 
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Ⅳ. Results 

1. Midkine in pre-odontoblasts promotes their 

differentiation into odontoblasts in vitro  

Midkine was previously reported to express in dental epithelium and 

mesenchyme during tooth development, where its neutralization resulted in 

the failure of odontoblast differentiation and proper tooth development 

(Mitsiadis et al. 1995a). Here, i investigated the role of MK in odontoblast 

differentiation at a molecular level. MDPC-23 cells, a mouse dental papilla-

derived cell line, were cultured for 10 days in a differentiation medium and 

the expression patterns of MK mRNA and protein were analyzed (Fig. 9A and 

B). Level of MK increased from day 0 to day 4 (early stage of odontoblast 

differentiation; pre-odontoblast), and subsequently, it decreased gradually 

until day 10 (late stage of odontoblast differentiation). Next, after treating 

MDPC-23 cells with recombinant human MK (rhMK) for 48 hours, i 

evaluated the expression levels of odontoblast differentiation marker genes 

including Dspp, Dmp-1 and Nestin as well as their protein forms. Dspp, Dmp-

1, and Nestin are highly expressed in differentiating odontoblasts and also 

have been proposed as a marker of differentiated odontoblasts (D'souza et al. 

1997; Terling et al. 2004). Recombinant MK treatment significantly raised 

the expression levels of odontoblast differentiation marker genes and proteins 
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(Fig. 9C and E). Next, i showed that exogenous rMK protein was internalized 

into odontoblasts (Fig. 9D), which in turn increased the expression level of 

MK gene (Fig. 9C). These results suggest that MK may have an autocrine 

function (Cernkovich et al. 2007). On the other hand, downregulation of MK 

via shRNA transfection significantly decreased the expression levels of 

odontoblast markers in MDPC-23 cells (Fig. 9C and E). In addition, the 

transcriptional activity of Dspp was promoted by rMK (Fig. 9F). These 

findings suggest that MK regulates odontoblast differentiation in vitro. To 

investigate the localizations of MK protein in vivo, i performed 

immunohistochemical staining of anti-MK in a mouse tooth at postnatal day 

7 (P7), crown dentin formation stage. MK was detected in the differentiating 

odontoblasts (Fig. 9G). In addition, an intranuclear staining was detected in 

odontoblasts. In dental epithelium, MK immunoreactivity was observed in 

ameloblasts (Fig. 9G).  
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Figure 9. MK stimulation and inactivation promotes odontoblast 

differentiation.  

The MDPC-23 cell line was cultured in differentiation medium for up to 10 

days. (A) MK mRNA expression patterns in MDPC-23 cells were evaluated 
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by real-time PCR. (B) MK protein expression pattern in MDPC-23 cells was 

evaluated by western blot analysis and semi-quantification analysis on days 

0, 4, 7, and 10. (C) MDPC-23 cells were treated with 50ng/㎖ rMK and 

transfected with MK shRNA construct for 48h. MK, Dspp, Dmp-1, and 

Nestin mRNA levels were evaluated by real-time PCR. (D) Internalized MK 

and DSP were detected using anti-Flag antibody and DSP antibody in MDPC-

23 cells after rMK treatment for 48h. (E) MDPC-23 cells were treated with 

50ng/㎖ rMK and transfected with MK shRNA construct for 48h. MK, DSP, 

DMP-1, and NESTIN protein levels were evaluated by western blot analysis, 

and semi-quantifications were obtained. (F) Transcriptional activity of Dspp 

promoter was evaluated by luciferase assay using rMK in MDPC-23 cells. (G) 

MK expression (arrows) was detected by immunohistochemistry on mouse 

postnatal day 14 (P14) incisor, scale bars 500㎛ and 50㎛. Boxed areas were 

shown at higher magnification. Am, ameloblast; E, enamel; D, dentin; Od. 

odontoblast; P-am, pre-ameloblast; P-od, pre-odontoblast; P, dental pulp. All 

values represent the mean ± standard deviation of triplicate experiments *p < 

0.05 and **p < 0.01 compared with the control. 
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2. Midkine promotes odontoblast differentiation and 

mineralization by inducing autophagy in vitro 

Previous studies demonstrated the presence of autophagic activity in 

odontoblasts and dental papilla of a developing tooth germ, suggesting 

possible role of autophagy in odontogenesis (Yang et al. 2013). Yet, no study 

has yet explored whether MK regulates autophagy during tooth development. 

In order to examine changes in autophagic activity during odontoblast 

differentiation, i analyzed the expression pattern of a widely used autophagy 

marker, microtubule-associated protein light chain 3 (LC3) during 

odontoblast differentiation (Fig. 2A). Upon induction of autophagy, a 

cytosolic form of LC3 (LC3-Ⅰ) was conjugated to phosphatidylethanolamine 

to form LC3-phospholipid conjugate (LC3-Ⅱ), which was localized on 

autophagosomes and autolysosomes (Tanida et al. 2008). Therefore, changes 

in LC3 localization have been used to measure autophagy (Tanida et al. 2004). 

Interestingly, it was very similar to MK expression pattern in differentiating 

MDPC-23 cells, reaching the peak level at day 4 and gradually decreasing 

thereafter (Fig. 10A). Localization of LC3 proteins in mouse tooth at PN7 by 

immunohistochemical staining demonstrated its expression in differentiating 

ameloblasts and odontoblasts (Fig. 10B). To determine if MK affects 

autophagic activity in odontoblasts, i checked for change in the expression 

levels of LC3 and ATG5 in rMK-treated and shMK-transfected MDPC-23 
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cells (Fig. 10C). Autophagy-related gene (Atg) 5 is a molecule involved in 

autophagosome formation during the early stage of autophagy process 

(Codogno and Meijer 2006). Both LC3 and ATG5 were significantly 

upregulated in the rMK-treated group, whereas they were significantly 

downregulated in the shMK-transfected group compared to the control (Fig. 

10C). Immunostaining of LC3 with fluorescent dye showed while only a few 

autophagic vacuoles were detected in the control group, much more vacuoles 

were observed in rMK-treated group (Fig. 10D). Moreover, transmission 

electron microscopy (TEM) was used to identify the presence of any 

ultrastructural differences in odontoblasts between the control and rMK-

treated group (Fig. 10E). Coherently, increased number of autophagic 

vacuoles were observed in odontoblasts in the rMK-treated group, compared 

to the control (Fig. 10E). Next, To further determine the pathway through 

which MK mediates autophagy, i evaluated the effect of MK on the 

phosphorylated AKT (P-AKT)/phosphorylated mTOR (P-mTOR) pathway, 

the inhibition of which activates autophagy (Yu et al. 2010). Protein 

expression levels of both p-AKT and p-mTOR decreased 5 minutes after the 

rMK treatment in MDPC-23 cells (Fig. 10F). These results suggest that MK 

induces autophagy in odontoblast, possibly through suppressing the p-AKT-

p-mTOR pathway. 

Since i demonstrated that MK upregulates terminal differentiation markers of 
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odontoblast and autophagy-related genes, my next question was whether MK 

induces odontoblast differentiation through activating autophagy. A 

previously reported PI3K inhibitor, 3-methlyadenine (3-MA) was used to 

block autophagy in odontoblasts (Mizushima 2004). Treatment of 3-MA in 

MDPC-23 cells resulted in the decreased expression levels of LC3 I/II, DSP, 

and DMP-1 (Fig. 10G), suggesting that autophagy inhibition impairs 

odontoblast differentiation. Recombinant MK treatment led to the increased 

expression levels of these genes as demonstrated earlier, however, treating 3-

MA before rMK offset the effects of rMK (Fig. 10G). Moreover, in vitro 

mineralization activity of MDPC-23 cells cultured in differentiation medium 

for 7 days was augmented by the addition of rMK, while the amount of 

mineralized nodules was significantly reduced when 3-MA was treated alone 

or with rMK (Fig. 11A, B, C). These results suggest that MK promotes 

differentiation and mineralization potentials of odontoblasts through 

activating autophagy. 
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Figure 10. MK promotes odontoblast differentiation through autophagy.  

The MDPC-23 cell line was cultured in differentiation medium for up to 10 

days. (A) LC3 Ⅱ protein expression pattern in MDPC-23 cells was evaluated 

by western blot analysis and semi-quantification analysis on days 0, 4, 7, and 

10. (B) LC3 expression (arrows) was detected by immunohistochemistry on 

mouse postnatal day 14 (P14), scale bars 500㎛ and 50㎛. Boxed areas were 

shown at higher magnification. Am, ameloblast; E, enamel; D, dentin; Od. 
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odontoblast; P-am, pre-ameloblast; P-od, pre-odontoblast; P, dental pulp. (C) 

MDPC-23 cells were treated with 50ng/㎖ rMK and transfected with MK 

shRNA construct for 48h. MK, LC3, and ATG5 protein levels were evaluated 

by western blot analysis and semi-quantified. (D) Representative 

immunofluorescence images of LC3 (green dot, white arrow) in MDPC-23 

cells (n=3). DAPI (blue) was counterstained to indicate the nucleus. (E) 

Autophagic vacuoles were observed by TEM in control, rMK-treated, and 3-

MA groups respectively. N, nucleus. (F) AKT, P-AKT, mTOR, and P-mTOR 

protein levels and semi-quantification analysis in MDPC-23 cells at the 

indicated time after rMK treatment were evaluated by western blot analysis. 

The control group, not treated with rMK, was harvested after 5 minutes. (G) 

MDPC-23 cells were treated with 50ng/㎖ rMK, 3-MA, or 3-MA+rMK for 

48h, respectively. LC3, DSP, and DMP-1 protein levels were evaluated by 

western blot analysis and semi-quantified. All values represent the mean ± 

standard deviation of triplicate experiments *p < 0.05 and **p < 0.01 

compared with the control. 
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Figure 11. MK promotes mineralization through autophagy.  

Effects of rMK, 3-MA, and 3-MA+rMK on mineralized nodule formation of 

MDPC-23 cells in vitro were analyzed by alizarin red S staining. All values 

represent the mean ± standard deviation of triplicate experiments *p < 0.05 

and **p < 0.01 compared with the control. 
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3. Midkine promotes differentiation of dental 

mesenchymal stem cells, such as human dental pulp 

cells (hDPCs), into odontoblasts and mineralization ex 

vivo 

 I next tested the role of MK in odontoblast differentiation and 

mineralization ex vivo. Human dental pulp cells (hDPCs) were transplanted 

into the subcutaneous tissues of immunocompromised mice with 

hydroxyapatite/tricalcium phosphate (HA/TCP) under fmy different 

conditions: no treatment (control), rMK-treated, 3-MA-treated, or rMK and 

3-MA-treated together (Fig. 12A). Six weeks after the transplantation, 

mineralized dentin-like tissue formation around hDPCs was observed (Fig. 

12A). In particular, rMK-treated group showed significantly larger 

mineralized dentin-like tissue formation areas than the control, while 3-MA-

treated group showed abnormal cell morphology and hardly any hard tissue 

formation (Fig. 12A). Treatment of rMK did not rescue the effects of 3-MA, 

as no mineralized tissue was formed when hDPCs were treated with 3-MA 

and rMK together (Fig. 12A). Masson’s trichrome staining results further 

confirmed that MK accelerates mineralization whereas autophagy inhibition 

impairs mineralization of hDPCs ex vivo (Fig. 12B). These results indicate 

that MK fosters mineralization potential of dental pulp cells, and that it is 
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dependent on autophagic activity of these cells.  
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Figure 12. MK promotes mineralization through autophagy ex vivo. 

(A) The hDPCs were mixed with 100 mg HA/TCP particles alone (control), 

with rMK (rMK), with 3-MA (3-MA), or with 3-MA+rMK (3-MA+rMK) in 

a 0.5% fibrin gel and were transplanted subcutaneously into 

immunocompromised mice for 6 weeks (n=3). Sectioned samples were 

stained with hematoxylin-eosin (H&E). Scale bars 200㎛. Boxed areas were 

shown at higher magnification. Scale bars 50㎛. (B) Sectioned- samples were 

stained with Masson’s trichrome staining (MT stain). Scale bars 200㎛. 
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4. Downregulation of Midkine inhibits tooth development 

and differentiation ex vivo 

To examine the roles of MK and autophagy during tooth development, i 

conducted ex vivo organ culture of mouse molar tooth germs under fmy 

different conditions: culture media only (control), rMK-treated, shMK-

transfected, or 3-MA-treated (Fig. 13A and B). Five days after cultivation in 

each of the conditions, the tooth germs were histologically analyzed. 

Observation under the light microscope showed that the separated tooth 

germs at embryonic day 11 were around the bud stage, and developed to the 

bell stage after 5 days (Fig. 13A and B). Control and rMK-treated groups 

manifested typical bell stage tooth germ morphology with prospective cuspal 

structure, along which differentiating odontoblasts and ameloblasts were 

lining (Fig. 13B). On the other hand, shMK-transfected tooth germ showed 

highly disrupted morphology where polarization of odontoblasts and 

ameloblasts was lost (Fig. 13B). Tooth development was even more severely 

impaired in 3-MA-treated group (Fig. 13B). Apoptotic-like cells were 

observed in place of odontoblasts and ameloblasts. Cytotoxicity assay was 

performed to rule out the possibility that cytotoxicity of 3-MA itself causes 

autophagy suppression, and it showed no significant difference in cytotoxic 

effects between the control and 3-MA (Fig. 13C). I further evaluated each of 

the tooth germs by immunostaining LC3 and DSP (Fig. 13D). In accordance 
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with my findings, rMK treatment elevated LC3 expression while shMK-

transfection and 3-MA treatment highly reduced it (Fig. 13D). DSP was 

expressed along the newly generated pre-dentin matrix in control and rMK-

treated groups, whereas it was significantly decreased in shMK-transfected 

group and hardly detectable in 3-MA-treated group (Fig. 13D). These results 

suggest that MK and autophagy play important roles during tooth 

development, and that alternate autophagy pathways independent of MK may 

exist. 
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Figure 13. Downregulation of midkine inhibits tooth development and 

differentiation ex vivo. 

(A) Tooth germs derived from embryonic day 12 (0 day) mouse mandible. 
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Scale bars 50㎛. Tooth germs were cultured for 5 days in differentiation 

medium (control), with rMK (rMK), with MK shRNA (Sh MK) , or with 3-

MA (3-MA), respectively. Scale bars 200㎛. (B) Hematoxylin-eosin (H&E) 

staining of the tooth germs, cultured for 5 days, was analyzed histologically. 

Scale bars 200㎛. Boxed areas are shown at higher magnification. Scale bars 

50㎛. Disrupted morphology (red arrowhead) with polarization of 

odontoblasts and ameloblasts in Sh MK. Am, ameloblast; Od, odontoblast; P, 

dental pulp. (C) 3-MA-induced cytotoxic effects were analyzed by MTT cell 

viability assay. (D) Representative immunofluorescence images of MK (red), 

LC3 (green), and DSP (red) in cultured-tooth germs groups, respectively 

(n=3). DAPI (blue) was counterstained to indicate the nucleus. 
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5. Midkine promotes odontoblast differentiation and 

tertiary dentin formation in vivo 

Dentin matrix-derived proteins have been reported to induce dentin 

regeneration, and they include various growth factors like TGF- β secreted by 

odontoblasts (Butler 1998). These locally released molecules can stimulate 

underlying odontoblasts and pulp cells to form tertiary dentin (Almushayt et 

al. 2006). I checked the expression of MK in EDTA-soluble non-collagenous 

dentin matrix protein complex by western blotting (Fig. 14A). To determine 

if MK affects cell survival function in odontoblasts, i checked for change in 

the expression level of cleaved-caspase 3 in rMK-treated MDPC-23 cells (Fig. 

14B). Caspases were synthesized as inactive pro-enzymes that were 

processed to active form in cells undergoing apoptosis. Caspase 3 has been 

widely studied and identified as a key protein in promoting apoptosis (Porter 

and Jänicke 1999). Active-caspase 3 is proteolytically cleaved to form 

cleaved-caspase 3. Cleaved-caspase 3 was significantly downregulated in the 

rMK-transfected group compared to the control (Fig. 14B). This finding 

suggest that MK has anti-apoptotic function in odontoblasts. Next, to assess 

the role MK in odontoblast differentiation and tertiary dentin formation in 

vivo, i generated a mouse molar defect model in which the pulp was exposed 



91 

 

by drilling. The defects were treated with collagen sponge soaked in one of 

the followings; PBS (control), rMK, 3-MA or 3-MA and rMK together. The 

exposed pulps of all fmy groups were filled with GI cement after the collagen 

sponge application. Pulp reactions were histologically analyzed 4 weeks after 

the experiment (Fig. 14C). While negligible amount of bone-like hard tissue 

bridge with entrapped cells started to form in the control, significant amount 

of tertiary dentin formation was observed in the rMK-treated group at the 

injury site (Fig. 14C). Noticeably, irregular tubule structure was found within 

the newly formed tertiary dentin where odontoblasts lined along (Fig. 14C). 

Moreover, DSP stained positive in these cells and in the tertiary dentin (Fig. 

14E). Masson’s trichrome staining results more clearly showed newly 

generated tertiary dentin and vital pulp tissue around it (Fig. 14D). 

Autophagy-inhibited groups treated with 3-MA only or 3-MA and rMK 

together, manifested massive pulp cell apoptosis and no new hard tissue 

formation (Fig. 14C). These results suggest that Midkine promotes 

odontoblast differentiation and tertiary dentin formation possibly through 

regulating autophagy. 
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Figure 14. MK promotes odontoblast differentiation and tertiary dentin 

formation in vivo.  

(A) MK expression in noncollagenous dentin matrix proteins (NCDMPs) was 

detected by western blot analysis. (B) MDPC-23 cells were treated with 50ng/
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㎖ rMK. Cleaved-caspase3 protein level was evaluated by western blot 

analysis, and semi-quantification was performed. (C) Schematic diagrams of 

the direct pulp capping (DPC) model. Defect areas were covered with glass 

ionomer (GI) cement after topical treatment with PBS-soaked collagen 

sponge (control(PBS)+GI), after topical treatment with rMK-soaked collagen 

sponge (rMK+GI), after topical treatment with 3-MA-soaked collagen sponge 

(3-MA+GI), or after topical treatment with 3-MA and rMK-soaked collagen 

sponge (3-MA+rMK+GI), (n=3). Histological analysis of defected areas after 

4 weeks was performed by hematoxylin-eosin staining (H&E). Scale bars 200

㎛. Boxed areas were shown at higher magnification. Scale bars 50㎛ and 20

㎛, respectively. Bone-like tissue and entrapped cells (red arrow) were 

observed in control (PBS)+GI. Tertiary dentin, odontoblasts (black arrow), 

and an odontoblast process-like structure (arrowhead) were observed in 

rMK+GI. (D) Sectioned samples were stained with Masson’s trichrome (MT). 

Scale bars 200㎛. Boxed areas were shown at higher magnification. Scale 

bars 20㎛. (E) DSP expression was detected by immunohistochemistry in 

rMK+GI, Scale bars 20㎛. D, dentin; P, dental pulp; BT, bone-like tissue; TD, 

tertiary dentin; *, injury site. All values represent the mean ± standard 

deviation of triplicate experiments *p < 0.05 compared with the control. 
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Figure 15. Effect of MK on migration of MDPC-23 cells.  

Effect of rMK on migration of MDPC-23 cells is determined using a wound-

healing assay for up to 72 hours. 
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Figure 16. Schematic illustration of the putative role of MK during 

odontoblast differentiation.  

It is possible that MK binds to its receptor at the cell surface and is 

internalized to the pre-odontoblast. MK activates autophagy through 
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inhibition of the p-mTOR pathway. MK regulates the activity of autophagy 

affecting the expression of LC3 and ATG5, autophagy markers. Autophagy 

promotes up-regulation of Dspp expression and odontoblast differentiation.   
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Ⅴ. Discussion 

The role of autophagy in dental cells is ambiguous, as it can be both 

cell protective and death-inducing (Zhuang et al. 2016). In this study, i 

identified that MK-activated autophagy may regulate odontoblast 

differentiation and dentin formation during tooth development and repair 

processes (Fig. 16). 

Odontoblasts are characterized by a polarized morphology, that is, a 

cell body on the pulp side and an elongated cellular process inserted into a 

dentinal tubule (Ruch et al. 1995c). Previous reports have shown that MK 

promotes neurite outgrowth in neurons (Kaneda et al. 1996), and its 

neutralization in early tooth germ leads to impaired tooth development 

(Mitsiadis et al. 2008; Mitsiadis et al. 1995a). Here, i observed that MK may 

upregulate odontoblast differentiation and a subcutaneous transplantation 

study further confirmed that MK accelerates mineralization activity in 

odontoblasts. Moreover, MK shRNA transfection in a developing tooth germ 

disrupted normal development. In my present study, i confirmed that MK 

elevates the promoter activity of Dspp, indicating that MK can directly 

modulate the transcriptional activity of Dspp. Whether MK can promote 

odontoblast differentiation via a separate autophagy-independent pathway 

should be studied further. I also observed that the expression pattern of LC3 
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was similar to that of MK during odontoblast differentiation and that MK 

indeed upregulates the expression level of LC3 in odontoblasts. Interestingly, 

inhibition of autophagy by treatment with 3-MA impaired the functions of 

MK in vitro and ex vivo, suggesting that MK may regulate odontoblast 

differentiation and dentin formation by mediating autophagy. In particular, 

phosphorylated forms of AKT and mTOR significantly decreased after rMK 

treatment in dental pulp cells. The phosphorylated AKT/mTOR pathway is 

known to activate autophagy when suppressed. While the exact mechanism 

should be studied further, it is possible that MK regulates autophagy by 

suppressing the p-AKT/p-mTOR pathway in odontoblasts. In a previous study, 

exogenous MK was internalized into fibroblasts through a low-density 

lipoprotein receptor-related protein (LRP)-dependent endocytosis and was 

further transported into the nucleus after binding nucleolin, a 

nucleocytoplasmic shuttle protein (Shibata et al. 2002). Here, i confirmed that 

exogenous rMK protein is internalized into odontoblasts, but whether its 

internalization occurs by endocytosis is unclear. Therefore, further studies are 

needed to elucidate the receptors for MK and whether it is translocated into 

the nucleus in odontoblasts. 

A reparative dentin bridge is a pathologic tertiary dentin formed by 

new odontoblasts differentiated from dental pulp stem cells after the death of 

pre-existing odontoblasts (Stanley et al. 1983). Bridge formation requires 



99 

 

migration of dental pulp stem cells to the defect area and their differentiation 

into matrix-secreting odontoblasts (d'Souza et al. 1995). Several factors were 

reported as signaling cues during tertiary dentinogenesis, which include 

dentin matrix-derived proteins (Butler 1998). Various growth factors secreted 

by odontoblasts are sequestered in the dentin matrix and released when 

external damage occurs (Butler 1998). These locally released molecules can 

stimulate underlying odontoblasts and pulp cells to form tertiary dentin 

(Almushayt et al. 2006). Further, previous studies reported that the protein 

extracts from non-collagenous dentin matrix proteins (NCDMPs) promote 

formation of reactionary dentin (Butler 1998). Here, i found that MK is 

expressed in NCDMPs and promotes cell migration in the wound healing 

assay using MDPC-23 cells (Fig. 15). These results led to the design of a 

mouse molar defect model where the capacity of MK in tertiary dentin 

formation was examined in vivo. Insertion of rMK-soaked collagen sponge 

into the exposed pulp generated a massive area of tertiary dentin, while the 

control group formed a narrow area of bone-like tissue with entrapment of 

osteocyte-like cells. Furthermore, autophagy-inhibited groups manifested 

only necrotic pulp tissue. Moreover, pulp vitality was maintained in the MK 

group as demonstrated by odontoblasts lining the newly formed tertiary 

dentin. These results may be related to downregulation of a cell apoptosis 

marker, cleaved caspase-3, by MK in dental pulp cells. These evidences 
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suggest that MK-activated autophagy is not only important in tooth 

development during development but also in the dentin repair process after 

birth.  

The findings of the present study provide a glimpse into the potential 

application of MK-mediated odontoblast differentiation and mineralization in 

the treatment of dentinal defects. Dentin is an important tooth structure for 

pulp vitality and homeostasis both because it protects the pulp mechanically 

and is a reservoir of bioactive molecules that can promote tertiary dentin 

deposition. Also, healthy odontoblasts are involved in innate and adaptive 

immunities (Farges et al. 2009). If dentin is lost after mechanical stresses like 

removal of carious dentin, further degeneration and necrosis of the pulp 

should be prevented through vital pulp therapy that includes pulp capping. A 

number of growth factors and dental materials have been studied as potential 

pulp capping agents (Bjørndal et al. 2010; Bogen et al. 2008; Tziafas et al. 

2000). Here, i reproduced the direct pulp capping technique in a mouse molar 

pulp exposure model by placing an rMK-treated collagen scaffold into the 

exposed area and restoring it with GI cement. As a result, newly differentiated 

odontoblasts promoted the formation of extensive tertiary dentin where 

irregular dentinal tubules were observed.  

In conclusion, i identified the association between MK-dependent 

autophagy and odontoblast differentiation for the first time. Midkine may 
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promote odontoblast differentiation and mineralization during tooth 

development and demonstrated its capacity in effectively forming reparative 

dentin in exposed pulp by mediating autophagy. My findings suggest a 

potential application of MK in therapeutic use aimed at vital pulp therapy. 
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CHAPTER Ⅳ.  CONCLUDING REMARKS 

 

 In these studies, 1) the precise expression pattern of CPNE7 during 

mouse dentinogenesis and 2) the underlying mechanisms involved in 

odontoblast differentiation and dentin formation of MK and 3) the roles of 

autophagy in tooth development were investigated.  

 During the early stage of tooth development (bud stage and cap stage), 

the expression of CPNE7 mRNA and protein was observed in the dental 

epithelium, but it was not observed in dental mesenchyme. At bell stage of 

tooth development, the expression of CPNE7 was started to detect in 

ectomesenchymal cells of dental papilla and it was also observed in dental 

epithelial cells including inner enamel epithelial cells and stratum 

intermedium. At crown formation stage, CPNE7 was clearly observed in 

differentiating odontoblasts, however, it’s expression was significantly 

decreased in mature ameloblasts. CPNE7 was continuously expressed in 

differentiating odontoblasts, odontoblast process, and predentin during 

dentinogenesis, but it was no longer observed in fully differentiated 

odontoblasts and mature dentin. These findings suggest that CPNE7, dental 

epithelial-derived molecule, may induce the differentiation of 

ectomesenchymal cells into odontoblasts and promote dentin formation. 

Furthermore, the expression of CPNE7 was also observed in the Hertwig’s 
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epithelial root sheath (HERS) and in the facing preodontoblasts during root 

dentin formation. Taken together, these findings illustrate the dynamic 

expression of CPNE7 during tooth development and suggest its important 

roles in entire stages of tooth development.  

 Next, I focused on the underlying mechanisms involved in 

odontoblast differentiation and dentin formation of MK. In vitro studies 

showed that MK and LC3 have similar expression patterns during odontoblast 

differentiation and indeed, odontoblast differentiation and mineralization was 

promoted through MK-activated autophagy. Subcutaneous transplantation of 

hydroxyapatite/tricalcium phosphate with rMK-mediated human dental pulp 

cells ex vivo led to dentin pulp-like tissue formation through MK-activated 

autophagy. Furthermore, MK-activated autophagy induced differentiation of 

dental pulp cells into odontoblasts that form DSP-positive tubular dentin in 

vivo. Taken together, these findings suggest that MK promotes odontoblast 

differentiation and dentin formation in particular via autophagy.  

 In the present study, physiologic activity of autophagy reached the 

peak level at differentiating odontoblasts and gradually decreasing therafter, 

suggesting physiologic autophagy may involve in odontoblast differentiation. 

Treatment of 3-MA as an autophagy inhibitor resulted in decreased 

expression levels of LC3Ⅱ, DSP, and DMP-1 and also significantly decreased 

mineralized nodule formation in vitro. Moreover, abnormal cell 
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morphologies and hardly any hard tissue formation were observed when 

hDPCs were treated with 3-MA ex vivo. These results suggest that 

physiologic autophagy inhibition may impair odontoblast differentiation and 

mineralization. Furthermore, 3-MA treated tooth germ culture for 5 days 

showed highly disrupted morphology where polarization of odontoblasts and 

ameloblasts was lost. Taken together, these findings suggest that physiologic 

autophagy is important for cell differentiation as well as tooth development. 

 Collectively, these studies provide the evidences 1) the precise 

expression pattern of CPNE7 during dentinogenesis, 2) the underlying 

mechanisms of MK-mediated odontoblast differentiation and dentin 

formation, and 3) the possible roles of autophagy on cell differentiation and 

tooth development.  
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 CHAPTER Ⅴ. ABSTRACT IN KOREAN 

 

상아모세포 분화와 상아질 형성 과정에서  

copine-7과 midkine의 역할 

 

치아 발생은 구강 상피조직과 신경능선 유래의 외배엽성 

간엽조직의 상피-간엽 상호작용에 의해 순차적으로 조절된다. 

상피-간엽 상호작용은 copine-7 (CPNE7)과 midkine (MK)을 

포함하는 신호전달물질과 다양한 성장인자들이 관여한다. 선행 

연구에 따르면 CPNE7과 MK는 상아모세포의 분화와 상아질 

형성에 관여하는 것으로 알려져 있으나, CPNE7과 MK의 

치아발생 과정 중의 정확한 발현 양상이나 상아모세포 분화과정과 

상아질 형성과정에서의 작용기전은 지금까지 밝혀지지 않았다. 

 이 연구에서는 치아발생 과정 중 CPNE7의 시공간적 발현 

양상을 확인하기 위하여 생쥐의 치아에서 CPNE7의 

면역화학염색을 시행했다. 치아 발생 초기단계 (싹시기)에서 

CPNE7은 치아상피조직에서는 발현하지만 간엽조직 에서는 

발현되지 않았다. 그러나, 치아발생중반(종시기)에는 CPNE7 

mRNA와 단백질이 치아 간엽조직인 치아유두에서 발현되기 
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시작했다. 그 이후, 치관형성 시기에서 CPNE7은 계속해서 치아 

간엽조직의 분화 중인 상아모세포와 풋상아질에서 발현되지만, 

치아 상피조직에서의 발현은 확연하게 감소되어졌다. 이러한 

결과는 치아 상피조직에서 먼저 발현되어 분비된 CPNE7이 

상피-간엽 상호작용을 통해 치아 간엽조직으로 이동하게 되고, 

이것이 상아모세포의 분화와 상아질 형성을 유도한다는 것을 

나타낸다. 또한, 뿌리 상아질 발생 동안에 CPNE7은 치아 상피 

기원의 Hertwig’s epithelial root sheath (HERS) 세포와 그리고 

HERS 세포와 맞닿아 있는 치아 간엽 기원의 전상아모세포에서 

발현했다. 이것은 CPNE7이 상피-간엽 상호작용을 통해서 치관 

상아질의 형성뿐 아니라 뿌리 상아질의 형성에도 관여한다는 것을 

나타낸다. 한편, 치아 발생이 끝난 치아에서는 CPNE7이 더 이상 

치관 상아질과 뿌리 상아질 모두에서 발현하지 않았다.  

 자가포식작용은 세포 내에서 스스로 불필요한 세포 소기관 

들이나 잘못 형성된 단백질들을 스스로 분해하는 과정으로 조직 

발생, 세포 분화, 그리고 생존에 있어 필수적이다. 그럼에도 

불구하고, 치아 발생 과정에서의 자가포식작용의 기능은 아직 

밝혀지지 않았다. MK은 기존연구에서 상아모세포의 분화 촉진 

뿐만 아니라 자가포식작용의 조절인자로도 알려져 있었다. 따라서 



124 

 

이 연구에서는 MK 매개의 상아모세포 분화와 자가포식작용과의 

관련성을 확인해보고자 했다. 먼저 시험관내 연구에서 

상아모세포의 분화과정 중에 자가포식작용의 대표적인 마커 

단백질인 microtubule-associated protein light chain 3-Ⅱ (LC3-Ⅱ)와 

MK의 발현양상이 유사한 결과를 확인했고, 실제로 MK은 

상아모세포에서 LC3-Ⅱ의 발현양을 증가시켰다. 상아모세포에서 

LC3를 면역형광법을 이용하여 자가포식 액포를 확인하였을 

때에도, 아무것도 처리하지 않은 세포에서는 소량의 자가포식 

액포가 확인되었지만, MK을 처리한 세포에서는 다량의 자가포식 

액포가 확인됐다. 뿐만 아니라, 투과전자현미경을 통해 

상아모세포의 초미세구조를 확인하였을 때에도 유사하게 MK을 

처리한 세포에서 다량의 자가포식액포가 확인되었다. 특히, 

자가포식작용을 억제하기 위해 3-methyladenine (3-MA)라는 

자가포식작용 억제제를 처리했을 때 MK의 상아모세포 분화 촉진 

기능이 손상됐다. 이것은 MK이 자가포식작용을 매개해서 

상아모세포의 분화를 조절한다라는 것을 의미한다. 

 추가적으로, 생체 내에서 MK-매개 자가포식작용에 의한 

상아모세포의 분화와 상아질 형성 작용을 확인했다. 생체 

내에서의 MK의 작용을 확인하기 위하여, 치수가 노출된 생쥐 
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치아 손상모델을 제작했다. 손상부분에 아무것도 처리하지 않은 

그룹에서는 세포가 함입된 소량의 경조직이 만들어진 반면, MK 

처리군에서는 많은 양의 삼차상아질이 형성되었다. 특히, 새롭게 

만들어진 삼차상아질 내에는 불규칙한 상아세관구조가 일부 

확인되었다. 뿐만 아니라, 새로 형성된 상아질과 상아모세포에서는 

dentin sialoprotein의 발현이 확인됐다. 한편, 자가포식작용을 

저해한 그룹들(3-MA 단독처리군, 3-MA와 MK을 함께 처리한 

군)에서는 상당한 양의 세포자멸사가 확인되었고, 새로운 

경조직도 형성되지 않았다.  

또한, 이 연구에서는 치아 형태 형성과정 동안에 MK과 

자가포식작용의 기능을 확인하기 위하여 체외에서 생쥐 치배를 

배양했다. 11일 된 생쥐 배아에서 추출한 치배를 광학현미경에서 

관찰했을 때 뇌상기인 것이 확인되었고, 체외배양 5일 후에 

종상기의 치배로 발달한 것을 확인했다. 대조군과 

MK처리군에서는 분화중인 상아모세포와 법랑모세포가 관찰되는 

전형적인 종상기 치배의 형태가 확인됐다. 하지만, MK의 발현을 

감소시킨 치배에서는 상아모세포의 극성이 사라지고, 비정상적인 

형태가 관찰됐다. 자가포식작용을 완전 차단한 3-

MA처리군에서는 이보다 훨씬 심각한 치배의 결손이 확인됐다.  
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 종합해 볼 때, 이 연구에서는 상아모세포 분화과정 및 

상아질 형성과정에서의 CPNE7과 MK의 정확한 발현양상과 그 

작용기작을 확인했고, 또한, 치아발생과정에서의 자가포식작용의 

중요성을 처음으로 제시하였다.  

                                                                          

주 요 어 : 상피-간엽 상호작용, copine-7, midkine, 상아모세포 분화, 

상아질 형성, 자가포식작용 
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