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Abstract 

Neurotrauma and neurodegenerative diseases are associated with the loss of functioning 

neural cells in the nervous system. Many studies reported that function can be restored 

by replacing lost cells with stem cells that can mature into neural cells. From this 

perspective, mesenchymal stem cells represent a valuable tool for regenerative therapy 

because of their ability to differentiate along several lineages, such as adipocytes, 

osteoblasts, chondrocytes and neural cells. The dental follicle is an ectomesenchymal 

tissue surrounding the developing tooth germ. Human dental follicle cells (hDFCs) have 

the capacity to commit to differentiation into multiple cell types. In this study, we 

investigated the capacity of hDFCs to differentiate into neural cells, and the efficiency 

of the neural differentiation process. There was a gene relevant to a neural cell in hDFC. 

We expanded these findings to address the gene expression of neural markers in hDFCs 

during neuronal differentiation. The expression levels of Musashi (MSI)-1 and -2, which 

are neural progenitor cell markers, microtubule-associated protein 2 (MAP2) which is a 

neuronal cell marker, and glial fibrillary acidic protein (GFAP) and myelin basic 

protein (MBP), which are glial cell markers, were up-regulated in hDFCs undergoing 

neural differentiation during culture in neuronal differentiation medium. The expression 

of tubulin-β-III (TUBB3), which is an early neuronal cell marker, was peaked on day 3. 



Furthermore, expression of Nestin (NES) did not change. In conclusion, these in vitro 

data suggest that hDFCs have the capacity to differentiate along neural lineages, raising 

the possibility that hDFCs may represent a practical and convenient source of adult stem 

cells for cell-based therapies to treat neurological diseases or trauma. 

 

Introduction 

The dental follicle is an ectomesenchymal tissue derived from the neural crest and 

surrounds the tooth germ. The dental follicle contains stem cells and/or progenitor cells 

of the periodontium. Human dental follicle cells (hDFCs) have the capacity to 

differentiate into multiple cell lineages, such as osteoblasts and adipocytes (1-2). hDFCs 

are a major source of stem cells in human, as they can be easily obtained during the 

extraction of impacted teeth. Our group previously compared the gene expression 

profiles of hDFCs and human bone marrow mesenchymal stem cells (hMSCs) to 

investigate whether hDFCs are a useful cell source for applications in clinical tissue 

regeneration (3). The expression of MSC markers and growth factor receptors was 

similar in hDFCs and hMSCs, whereas the expression pattern of homeobox genes 

differed between the two cell types. hDFCs also express markers for neural stem cells 

such as Nestin (NES) and Notch-1. Therefore, we hypothesized that hDFCs may have 



the capacity to differentiate into neural cells. 

Neurodegenerative disorders are characterized by the loss or atrophy of neurons, 

leading to various functional disorders. Different approaches have been proposed to 

promote peripheral nerve regeneration, including administration of neurotrophic factors, 

and implantation of stem cells, including embryonic stem cells, neural stem cells, and 

MSCs (4-7). MSCs are multipotent stem cells that can differentiate into multiple cell 

types (8, 9). The in vitro growth of undifferentiated MSCs is an important modality for 

cell therapy to treat neurodegenerative disease (10, 11). The aim of this study has been 

to investigate neuronal differentiation potential of hDFC by microarray and Real-time 

PCR. Another goal has been to determine whether hDFC are useful as cell source for 

nervous regeneration in nervous disease and injuries. 

 

Materials and Methods 

Isolation and culture of hDFCs 

hDFCs were obtained using a previously reported method (1). Briefly, normal 

human impacted third molars were surgically removed and collected from patients 

(female: 14 years of age) who gave informed consent. Dental follicle tissues were 

washed in phosphate-buffered saline, minced with sterilized scalpels, and digested in a 



solution of 0.1 U/ml collagenase type I and 1 U/ml dispase (Roche, Basel, Switzerland) 

for 1 h at 37°C. hDFCs attached to 100-mm culture plates and were grown in MSC 

growth medium (GM; consisting of MSC basal medium supplemented with fetal bovine 

serum, L-glutamine, and penicillin/streptomycin; Lonza, Basel, Switzerland) in a 

humidified incubator (CO2 incubator MCO-175M; Panasonic, Tokyo, Japan) in 5% CO2 

at 37°C. hDFCs from the 5th to 6th passage were used for all experiments. The use of 

hDFCs was approved by the Ethics Committee of Nihon University School of Dentistry 

at Matsudo (Recognition number: EC 15-10-036-1 and EC 15-040). 

 

Neuronal differentiation 

hDFCs were seeded at 4.0 × 104 cells/dish on 35-mm dishes coated with fibronectin 

(BioCoatTM, Corning, Corning, NY) in GM in a humidified incubator in 5% CO2 at 

37°C. After the cells reached 50-70% confluency, the medium was replaced with MSC 

Neurogenic Differentiation Medium (NDM; Promocell, Heidelberg, Germany) and the 

cells were cultured for a further 7 days, with medium replacement every 2 days. 

 

Total RNA isolation 

Total RNA was isolated using miRNeasy Mini Kits (QIAGEN, Hilden, Germany) 



according to the manufacturer’s instructions. 

 

Microarray analysis 

Gene expression profiling was performed with SurePrint G3 Human GE microarray 

8×60k (Agilent, Santa Clara, CA, USA) according to the manufacturer's protocol. 

Briefly, Cy3-labelled cRNA was generated from 100 ng of total RNA using Low Input 

Quick Amp Labeling kit, one-color (Agilent), and hybridized to the array using a Gene 

Expression Hybridization kit. The array was scanned by an Agilent DNA Microarray 

Scanner. Raw data obtained from the microarray was loaded into a Gene Spring GX 

software (Version 11.5; Agilent).  

 

Real-time PCR 

Complementary DNA (cDNA) was synthesized from total RNA using a GeneAmp 

RNA PCR Kit (Thermo Fisher Scientific, Waltham, MA, USA). Real-time PCR was 

performed using a DyNAmo SYBR Green qPCR Kit (Thermo Fisher Scientific). The 

PCR mixture, containing 20 pmol forward and reverse primers and 2 μl cDNA, was 

subjected to amplification with a DNA Engine Opticon 1 (Bio-Rad, Hercules, CA, 

USA), with preheating at 95°C for 15 min, followed by 40 cycles of 94°C for 15 sec, 



60°C or 55°C for 30 sec, and 72°C for 30 sec. Primer sequences and the annealing 

temperatures are shown in Table 1. Gene expression levels were calculated using the 

ΔΔCT method with normalization to GAPDH (12). 

 

Statistical analysis 

Data are shown as mean values ± SD. The two-way ANOVA was used for the 

analysis of differences and a value of p < 0.05 was considered to be statistically 

significant. 

 

Results 

Microarray expression analysis 

We used microarray analysis to investigate the expression of neural markers in 

undifferentiated hDFCs that were not subjected to neuronal differentiation conditions. 

As shown in Table 2, hDFCs expressed the neural stem cell marker, Nestin (NES), the 

neural progenitor markers, Musashi (MSI)-1 and -2, a neuronal marker, tubulin-β-III 

(TUBB3), and the glial cell marker, myelin basic protein (MBP). 

 

Gene expression of neural stem/progenitor markers during neuronal differentiation 



The gene expression of neural markers were examined in hDFCs cultured in GM or 

NDM on fibronectin coated culture dishes for 0, 3, and 7 days. NES was constitutively 

expressed in hDFCs (Fig. 1a). The expression of MSI-1 and -2 was significantly 

increased in hDFCs cultured with NDM compared with GM (Fig. 1b, and c). In addition, 

the expression levels of MSI-1 and -2 increased in hDFCs cultured with NDM in a 

time-dependent manner (Fig. 1b, and c). 

 

Gene expression of neuronal markers during neuronal differentiation 

The expression of microtubule-associated protein 2 (MAP2) was significantly increased 

in hDFCs cultured with NDM compared with GM (Fig. 2a), and also increased in NDM 

culture in a time-dependent manner. The expression of TUBB3 peaked on day 3, and 

then decreased on day 7 in hDFCs cultured with both GM and NDM (Fig. 2b). TUBB 3 

expression was not up-regulated in NDM culture compared with GM culture (Fig. 2b). 

 

Gene expression of glial cell markers during neuronal differentiation 

The expression of glial fibrillary acidic protein (GFAP) was significantly increased in 

NDM culture compared with GM culture on day 3 and 7, although the expression level 

was similar between GM day 0 and NDM day 7 (Fig. 3a). The expression of GFAP was 



decreased in hDFCs cultured with GM on day 3 and 7 compared with day 0. The 

expression of MBP was significantly increased in NDM culture compared with GM 

culture on day 3 (Fig. 3b). The expression of MBP was decreased in hDFCs cultured 

with GM on day 3 compared with day 0. 

 

Discussion 

Our observation that undifferentiated hDFCs expressed several neural makers by 

microarray analysis suggesting that hDFCs have neurogenic potential. This study was 

initiated to explore the neuronal differentiation potential of hDFCs cultured in NDM on 

fibronectin-coated plates. The gene expression of markers of neural cells, including 

neuronal stem cell/progenitors, neuronal cells, and glial cells was examined in hDFCs 

during neuronal differentiation. 

The expression levels of MSI-1 and -2 were significantly increased in hDFCs during 

neurogenic differentiation, whereas NES expression was expressed constitutively and 

did not change. NES expression by pluripotent stem cells is considered to be a 

prerequisite for the commitment of cells toward the neural lineage (13, 14). MSI-1 and 

-2 are mammalian neural RNA-binding proteins that are highly enriched in neural 

precursor cells that can generate both neurons and glia during embryonic and postnatal 



central nervous system development (15, 16). Previous reports have shown that MSI-1 

was expressed during early neuronal development of neural stem/progenitor cell 

cultures from mouse brain and human umbilical cord blood cells (16). Consistent with 

the microarray data, these results suggest that hDFCs contain a neural stem/progenitor 

cell population. MAP2, a neuronal marker, is associated with actin during early axonal 

development (17). TUBB3, a phosphorylated tubulin that is considered to be a 

neural-specific marker, is expressed during the initial stages of brain development (18). 

In this study, the expression of MAP2 was significantly increased in hDFCs during 

neuronal differentiation in a time-dependent manner. In contrast, the expression of 

TUBB3 was increased in hDFCs cultured with NDM on day 3 compared with day 0, and 

then decreased on day 7. It has been reported that the expression of TUBB3 is slightly 

up-regulated in porcine neural progenitor cells treated with ciliary neurotrophic factor 

compared to standard proliferation conditions, and then slightly down-regulated during 

the treatment of ciliary neurotrophic factor (19). These results suggest that TUBB3 

expression may be increased transiently in the early phase of neuronal induction. GFAP, 

encoding an intermediate filament protein, and MBP, encoding a structural protein in 

myelin, are markers of glial cells (20). The expression of GFAP and MBP was 

up-regulated in hDFCs cultured with NDM compared with GM, although expression 



was decreased on day 3 in both GM and NDM culture compared with day 0. These 

results suggest that cultured hDFCs display heterogeneous phenotypes during 

neurogenic differentiation. This possibility is consistent with several studies that 

showed that although MSCs from several tissues, including bone marrow, umbilical 

cord, and dental pulp cells, have the potential for neuronal differentiation, only a 

subpopulation of MSCs are capable of differentiating into neuron-like cells in vitro. 

This study shows that hDFCs have neural progenitor-like properties and express neural 

markers in an undifferentiated state. hDFCs up-regulated several neural markers in 

appropriate neural stimulation conditions. In conclusion, we suggest that hDFCs have 

the capacity to differentiate along neural lineage and hDFCs are appropriate candidates 

for treatment of nervous diseases and injuries. 
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Table 1 Primer sequences for real-time PCR. 

Gene        Forward primer (5´→3´)            Reverse primer (5´→3´)       annealing temperature 

(˚C) 

・Neural stem/progenitor markers 

NES        AACAGCGACGGAGGTCTCTA    TTCTCTTGTCCCGCAGACTT             60˚C 

MSI-1      GCCCAAGATGGTGACTCG       ATGGCGTCGTCCACCTTC                60˚C 

MSI-2      TTAGGTGATGTCCTCAGACC     GAGAGGGAAACCATCAAGA             60˚C 

・Neuronal marker 

TUBB 3    AGTGATGAGCATGGCATCGA    AGGCAGTCGCAGTTTTCACA            60˚C 

MAP2      AGGCGTATGATCTCTTTGAG     GTTTGCTCCTAGGGTTTCTT              55˚C 

・Glial cell marker 

GFAP      GAGGCGGCCAGTTATCAGGA     GTTCTCCTCGCCCTCTAGCA             60˚C 

MBP       CTATAAATCGGCTCACAAGG     ATTAGGTAACAGGGGCAAGT             55˚C 

 

 

 

 

 

 

Table 2 Gene expression of neural markers in undifferentiation hDFC. 

Gene Symbol      GeneBank accsion    Signal intensity      Flag           Gene Title  

・Neural stem/progenitor markers 

NES              NM_006617            4976.7         Detected    Nestin 

MSI 1             NM_002442            255.2         Detected    Musashi Drosophila Homolog 1 

   MSI 2             NM_138962            139.8         Detected    Musashi Drosophila Homolog 2 

・Neuronal marker 

   TUBB 3           NM_006086            14016.4          Detected    Tubulin, BETA-3 

・Glial cell marker 

   MBP              NM_001025101            25.1         Detected     Myelin Basic Protein 
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Figure 1:  

Gene expression of neural stem/progenitor markers during neuronal differentiation 

Expression of neural stem/progenitor cell marker was examined in hDFCs during  

neuronal differentiation in monolayer culture. 

Values represent means ± SD (n = 3). *p < 0.05, ** p < 0.01 

 

 

 

 

 

 



 

 

Neuronal cell markers 

 

 

 

Figure 2:  

Gene expression of neuronal markers during neuronal differentiation 

Expression of neuronal cell markers was examined in hDFCs during neuronal  

differentiation by monolayer culture.  

Values represent means ± SD (n = 3). *p < 0.05, ** p < 0.01 

 

 

 

 

 

 



 

Glial cell markers 

 

 

 

Figure 3: 

Gene expression of glial cell markers during neuronal differentiation 

Expression of glial cell markers was examined in hDFCs during neuronal differentiation 

by monolayer culture.  

Values represent means ± SD (n = 3). *p < 0.05, ** p < 0.01 


