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Abstract

Klf10, a member of the Krüppel-like family of transcription factors, is critical for osteoblast 

differentiation, bone formation and mineralization. However, whether Klf10 is involved in 

odontoblastic differentiation and tooth development has not been determined. In this study, we 

investigate the expression patterns of Klf10 during murine tooth development in vivo and its role 

in odontoblastic differentiation in vitro. Klf10 protein was expressed in the enamel organ and the 

underlying mesenchyme, ameloblasts and odontoblasts at early and later stages of murine molar 

formation. Furthermore, the expression of Klf10, Dmp1, Dspp and Runx2 was significantly 

elevated during the process of mouse dental papilla mesenchymal differentiation and 

mineralization. The overexpression of Klf10 induced dental papilla mesenchymal cell 

differentiation and mineralization as detected by alkaline phosphatase staining and alizarin red S 

assay. Klf10 additionally up-regulated the expression of odontoblastic differentiation marker genes 

Dmp1, Dspp and Runx2 in mouse dental papilla mesenchymal cells. The molecular mechanism of 

Klf10 in controlling Dmp1 and Dspp expression is thus to activate their regulatory regions in a 

dosage-dependent manner. Our results suggest that Klf10 is involved in tooth development and 

promotes odontoblastic differentiation via the up-regulation of Dmp1 and Dspp transcription.
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Introduction

Tooth development is regulated by sequential and reciprocal interactions between the oral 

epithelial cells and the mesenchymal cells of the neural crest. Tooth morphology proceeds in 

three major stages: the bud, cap and bell. Mesenchyme cells form the dental pulp and the last 

division of pulp cells coming into contact with the basement membrane gives rise to 

odontoblasts. Odontoblasts have the ability to produce extracellular matrix components, 

such as dentin matrix protein 1 (Dmp1) and dentin sialophosphoprotein (Dspp) and alkaline 

phosphatase (ALP) and have been implicated in dentin mineralization in response to caries, 

chemicals, or trauma (Mitsiadis and Rahiotis 2004). During this process, multiple signaling 

pathways converge to induce cell proliferation, differentiation and biomineralization 

(Thesleff and Mikkola 2002). However, the precise mechanism of tooth development is not 

completely understood.

Klf10, also known as transforming growth factor-β (TGFβ) inducible early gene-1 (TIEG1), 

is a member of the Krüppel-like family of transcription factors and was initially identified in 

normal human fetal osteoblasts (hFOB), following TGFβ treatment, by using the differential 

display polymerase chain reaction (PCR) method (Subramaniam et al. 1995). Klf10 encodes 

a 480-amino-acid protein, which contains several Src homology domains in the NH2-

terminal region and three C2H2-type zinc finger DNA-binding motifs in the COOH-terminal 

domain (Subramaniam et al. 2010). Klf10 is expressed in a variety of cells and tissue types 

(Subramaniam et al. 1998, 2010) and directly regulates the TGFβ signaling pathway 

(Johnsen et al. 2002; Wara et al. 2011). Moreover, this gene functions as a tumor suppressor 

in cancer by inhibiting cell proliferation and inducing apoptosis (Chalaux et al. 1999; 

Ribeiro et al. 1999) and regulates a multitude of genes and biological processes 

(Subramaniam et al. 2007, 2010). Klf10 knockout (KO) mice display a gender-specific 

osteogenic phenotype with low bone mineral density, low bone mineral content and overall 

loss of bone strength in female mice (Subramaniam et al. 2005; Hawse et al. 2008, 2013). 

The molecular mechanism of Klf10 is to regulate osteoblast cell differentiation by 

stimulating osteoblast-specific gene expression such as that of Runx2 (Hawse et al. 2011). 

More importantly, allelic variations in Klf10 gene and altered Klf10 expression levels have 

been identified in patients with osteoporosis (Hopwood et al. 2009; Yerges et al. 2010). In 

addition, Klf10 is involved in angiogenesis and vascularization through the activation of 

cyclooxygenase 1 (COX-1; Wara et al. 2011; Yang et al. 2013).

Klf proteins contain similar structures and functionally compensate in biological activities 

(Heard et al. 2012; Spittau and Krieglstein 2012). Previously, we reported that Klf4 is 

specifically expressed in the polarizing and elongating odontoblasts during murine tooth 

development (Chen et al. 2009). Klf4 promotes the differentiation of odontoblasts via the 

up-regulation of Dmp1 (Lin et al. 2011, 2013). Since both Klf4 and Klf10 belong to the 

Krüppel-like factor family, they contain C-terminal DNA-binding domains (DBDs) 
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consisting in three Cys2-His2 zinc fingers that are highly conserved (Knoedler and Denver 

2014). In addition, Klf10 plays an important role in regulating osteoblast differentiation. 

Both osteoblasts and odontoblasts are derived from mesenchymal cells and mechanisms of 

osteogenesis and dentinogenesis resemble each other in critical steps. Factors involved in 

bone formation also play a critical role in dentinogenesis (Butler et al. 2003). Taking these 

data together, we hypothesized that Klf10 is involved in tooth development and odontoblast 

differentiation.

In this study, we evaluate the expression patterns of Klf10 in vivo from tooth bud formation 

to tooth eruption during mouse tooth development. Klf10 expression is also examined in an 

immortalized dental papilla mesenchymal cell line (iMDP-3). Klf10 induces iDMP-3 cell 

differentiation and mineralization and stimulates the expression of the Dmp1, Dspp and 

Runx2 genes. Furthermore, Klf10 controls Dmp1 and Dspp expression via the enhancement 

of their regulatory regions in iDMP-3 cells.

Materials and methods

Preparation of tissue sections

The Institution Review Board of the School and Hospital of Stomatology, Zhejiang 

University approved this study of animal use. Kun-ming mice were purchased from Zhejiang 

University (China). Noon of the day that a vaginal plug was found was considered as 

embryonic day 0.5 (E0.5), whereas noon of the day of birth was regarded as postnatal day 

0.5 (PN0.5). At least three embryos and postnatal mice were killed for the collection of 

samples at various time points (E12.5, E14.5, E15.5, E16.5, E18.5, PN2, PN5, PN10 and 

PN20). The heads (E12.5-E16.5) and mandibles (E18.5-PN20) of embryonic and postnatal 

mice were dissected, fixed in 4 % formaldehyde and embedded in paraffin. Frontal serial 

sections (4 μm) were prepared.

Immunohistochemistry

Tissue sections were dewaxed in xylene for 15 min (3 times), hydrated in gradually 

decreasing ethanol concentrations for 2 min each and immersed in double-distilled H2O for 

5 min (twice). Antigen retrieval was performed by treating the sections with 0.1 % (w/v) 

trypsin (Zhongshan, Beijing, China) at room temperature (RT) for 15 min. The sections were 

successively pretreated with 0.3 % hydrogen peroxide for 30 min, blocked in 2 % normal 

goat serum (Zhongshan) for 30 min and incubated with Klf10 antibody (a 1:100 dilution; 

Sigma-Aldrich, St. Louis, Mo., USA) at 4 °C overnight and subsequently with biotinylated 

goat anti-rabbit IgG and streptavidin-peroxidase conjugate (Zhongshan), respectively, at 

37 °C for 30 min. The chromogen 0.1 % diaminobenzidine tetrahydrochloride (DAB) was 

used to visualize localization of the antigen. Finally, sections were counterstained with 

hematoxylin for 30 s. Negative controls were obtained by replacing primary antibody with 

mouse IgG I (Dakocytomation, Carpinteria, Calif., USA). For fluorescent 

immunohistochemistry, the tissue sections were dewaxed with xylene, rehydrated with 

ethanol and treated with H2O2. Then, the tissue sections were blocked with 10 % normal 

donkey serum (Sigma–Aldrich) and incubated with 10 mg/ml of either the primary goat or 

rabbit antibody, which was recognized by donkey anti-goat or anti-rabbit secondary antibody 
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conjugated with Alexa Fluo 488 or Alex Fluo 568 (Molecular Probes, Eugene, Ore., USA) 

overnight at 4 °C. The sections were rinsed with phosphate-buffered saline, incubated with 

secondary antibody for 90 min and rinsed in H2O. For nuclear staining, the tissue sections 

were incubated with Hoechst (Sigma–Aldrich) for 5 min at RT. After being washed, the 

tissue sections were mounted in Vectashield mounting medium (Vector Laboratories, 

Burlingame, Calif., USA). As a negative control, the primary antibody was replaced by 

mouse IgG I (Dakocytomation). Images of Alexa Fluo 488 and Alex Fluo 568 staining of the 

various proteins were captured by a Nikon Eclipse TE2000S microscope with a filter by 

means of a digital cooled camera connected to a PC computer and analyzed with NIS-

Elements 3.2 software. Images of nuclear staining with Hoechst were obtained via filter 

UV-2E/C, C86826. For each experiment, all slides were simultaneously processed for a 

specific antibody, so that homogeneity in the staining procedure was ensured between 

samples. After the capture of the relevant images at the same magnification, the threshold 

was set with the same resolution and maintained for each slide in the experiment. The 

optical density was calculated by use of the morphometric analysis contained within the 

software package.

To determine the TGF-β1 effect on down-stream gene expression, mouse mandibles from 

E14.5 were isolated under stereomicroscopy. These mandibles were cultured in Dulbecco’s 

modified Eagle medium (DMEM, Gibco-BRL, Grand Island, N.Y., USA) supplemented 

with 0.5 % fetal bovine serum (FBS), 10 U/ml penicillin, 100 mg/ml streptomycin and 

treated with or without 10 ng/ml TGF-β1 (R&D Systems, Minneapolis, Minn., USA) for 2 

days. The tissues were fixed in 4 % formaldehyde and embedded in paraffin. Serial sections 

were prepared. Fluorescent immunohistochemistry was performed by using antibodies 

directed against Dmp1 (gifts from Dr. Larry Fisher, NIDCR, USA), Klf5 (Santa Cruz 

Biotechnology, Santa Cruz, Calif., USA), Klf10 (Sigma-Al-drich) and Dsp (Alpha 

Diagnostic International, San Antonio, Tex., USA). Mouse IgG I was used as a negative 

control. Immunohistochemical assay was performed as described above with the 

corresponding secondary antibodies conjugated with Alexa Fluo 488 green fluorescent 

labeling (Molecular Probes). Images were observed under a Nikon Eclipse TE2000S 

microscope.

Cell culture

Immortalized dental papilla mesenchymal cells (iMDP-3) were generated as described 

previously (Wang et al. 2013). Cells were cultured in DMEM supplemented with 10 % FBS 

(Gibco-BRL), 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified atmosphere 

of 5 % CO2 at 37 °C. For odontoblastic induction, iMDP-3 cells were seeded in six-well 

plates at an initial density of 2.5×104 cells/well and cultured in differentiation medium (DM; 

DMEM supplemented with 10 % FBS, 50 μg/ml ascorbic acid, 10 mM sodium β-

glycerophosphate, 100 nM dexamethasone, 100 U/ml penicillin and 100 mg/ml 

streptomycin). The culture medium was replaced every 2 days during the incubation period. 

After induction for 0, 1, 3, 5, 7, 11 and 14 days, cells were prepared for ALP, alizarin red S 

(ARS), RNA extraction, Western blotting and immunofluorescent analyses.
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Cell proliferation assay

Cell proliferation was determined by direct cell counting. Briefly, cells were plated into 6-

well plates at 2.5×104 cells per well and cultured in DM for 0, 7 and 14 days at 37 °C. Cells 

were cultured in DMEM supplemented with 10 % FBS, 100 U/ml penicillin and 100 mg/ml 

streptomycin as a control. The cells were trypsinized and counted by using a hemocytometer 

under light microscopy. Cell counts were performed in triplicate and repeated in three 

cultures (n=5).

ALP staining

iMDP-3 cells were incubated for 0, 7 and 14 days in the differentiation medium as described 

above. Cells were fixed with 10 % formalin for 1 min and washed with PBS. In situ ALP 

staining was performed according to the manufacturer’s instructions (Bio-Rad Laboratory, 

Hercules, Calif., USA). Experiments were performed in triplicate and repeated in three 

cultures (n=5).

ARS staining

For cell mineralization assay, iMDP-3 cells were cultured in odontoblastic induction 

medium for 0, 7 and 14 days and stained by ARS staining (Sigma-Aldrich). Briefly, the cells 

were fixed in 10 % formalin for 30 min and rinsed with distilled water. Cells were then 

stained with 1 % ARS (pH 4.2) under gentle agitation. ARS staining was documented via a 

microscope (Carl Zeiss, Jena, Germany). The ARS staining was performed in triplicate and 

repeated in three cultures (n=5).

RNA extraction and quantitative real-time PCR

Total RNAwas isolated from whole tooth germs (E18.5, PN2, PN6, PN10 and PN20), the 

DM-induced iMDP-3 and control cells at 0, 1, 3, 5, 7, 11 and 14 days by using TRIzol 

Reagent (Invitrogen, San Diego, Calif., USA). The RNA was transcribed into cDNA by 

SuperScript II reverse transcriptase (Invitrogen) according to the manufacturer’s 

instructions. Specific primers for the PCR were synthesized as follows: Klf10, forward 5′-

GTGACCGTCGGTTTATGAGG-3′, reverse 5′-ACTTCCATTTGCCAGTTTGG-3′; 

Dmp-1, forward 5′-CAGTGAGGATGAGGCAGACA-3′, reverse 5′-

TCGATCGCTCCTGGTACTCT-3′; Dspp, forward 5′-AACTCTGTGGCTGTGCCTCT-3′, 

reverse 5′-TATTGACTCGGAGCCATTCC-3′; Runx2, forward 5′-

TACAAACCATACCCAGTCCCTGTTT-3′, reverse 5′-

AGTGCTCTAACCACAGTCCATGCA-3′; and Cyclo-A, forward 5′-

GGTGACTTCACACGCCATAA-3′, reverse 5′-CATGGCCTCCACAATATTCA-3′. 

Quantitative real-time PCR was performed in an ABI 7500 Real-Time PCR System (Applied 

Biosystems, Foster City, Calif., USA) with SYBR Green (Thermo Scientific, Waltham, 

USA). All samples were detected in triplicate in 96-well plates, with reactions being 

performed at 50 °C for 2 min and then at 95 °C for 10 min, followed by 35 cycles of 95 °C 

for 15 s, 60 °C for 40 s and 72 °C for 40s. Finally, the gene expression ratio of target genes 

and the reference gene was analyzed with a standard curve by ABI 7500 software 2.04 

(Applied Biosystems). For data analysis, the expression levels of target genes were 

normalized to the expression of the reference gene, Cyclophilin A (Cyclo A). The 
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expression levels of target genes, including Klf10, Dmp1, Dspp and Runx2, in DM-induced 

iMDP-3 cells were calculated by using the comparative cycle threshold method (ΔΔ CT) 

relative to the expression level in the control groups.

Protein extraction and Western blot analysis

iMDP-3 cells induced for various times (0, 1, 3, 5, 7, 11, and 14 days) were lysed with RIPA 

buffer (Santa Cruz Biotechnology) at 4 °C by vigorous shaking for 15 min. After 

centrifugation at 12,000g for 15 min, the supernatant was separated and stored at −80 °C 

until use. The protein concentration was measured by using a Bio-Rad protein assay kit 

(Bio-Rad Laboratory). An equal amount of proteins was loaded onto a 10 % SDS-

polyacrylamide gel electrophoresis (SDS-PAGE) system and the bands were subsequently 

transferred to a membrane (Bio-Rad Laboratory). Rabbit anti-Klf10 (Sigma-Aldrich) and 

goat anti-actin (Santa Cruz Biotechnology) were used as primary antibodies. Transferred 

proteins were incubated with ECL substrate solution (Thermo Scientific) according to the 

manufacturer’s instructions and labeled bands were revealed on X-ray film.

Double immunofluorescence analysis

Cells were fixed in cold acetone and methanol (1:1), permeabilized in 0.2 % Triton X-100 at 

ice for 30 min and blocked with 10 % goat serum for 30 min at RT. For double-labeling, two 

primary antibodies were incubated simultaneously overnight at 4 °C at the following 

dilutions: rabbit anti-Klf10 (1:100; Sigma-Aldrich), goat anti-Dsp (1:100; Santa Cruz 

Biotechnology), goat anti-Runx2 (1:100; Santa Cruz Biotechnology) and mouse anti-Dmp1 

(1:100; kind gift from Dr. Chunlin Qin, Texas A&M University, Baylor College of Dentistry, 

Tex., USA; Qin et al. 2006). After being washed, slides were incubated with the secondary 

antibody conjugated with Alexa Fluo 486 green and Alexa Fluo 568 red (1:500; Molecular 

Probes) for 1 h at RT. As a negative control, the primary Klf10 antibody was replaced by 

mouse IgG I. For nuclear staining, the cells were treated with Hoechst (Sigma-Aldrich). 

Slides were viewed and captured by using a Nikon inverted microscope. For double-

fluorescent immunohistochemistry, the co-expression of Klf10 and PCNA (proliferating cell 

nuclear antigen) was analyzed in tissue sections from various mouse ages. Anti-PCNA 

antibody was purchased from Santa Cruz Biotechnology.

Plasmid constructions

Human Dmp1 promoter plasmids were generated as described previously (Chen et al. 

2004a). The sequences between nucleotides (nt) −213 and +83, nt −656 and +83, nt −1187 

and +83, nt −1656 and +83 and nt −2.6 kb and +83 were constructed into pGL-3 basic 

luciferase vector, respectively (Promega, Madison, Wis., USA). The mouse Dspp promoter 

plasmids were also constructed as described previously (Chen et al. 2004b, 2008). Briefly, 

the fragments between nt −591 and + 54, nt −1318 and +54, nt −1.5 kb and +54, nt −2.6 kb 

and +54 and nt −5.6 kb and +54 were subcloned into pGL-3 basic luciferase vector. The 

plasmid of Klf10 (pcDNA4-KLF10) was kindly provided by Dr. John R. Hawse 

(Department of Biochemistry and Molecular Biology, Mayo Clinic, Minn., USA; Hawse et 

al. 2011). All constructs were verified by DNA sequencing.
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Transient transfection assay

iMDP-3 cells were cultured in six-well plates (nearly 80 % confluent) and maintained in α-

minimal essential medium (Sigma-Aldrich) supplemented with 10 % FBS (Gibco-BRL Life 

Technologies, Paisley, UK). For transfection assay, the cells were transfected with Klf10 

expression vector (pcDNA4-Klf10) or the respective empty vector by using Lipofectamine 

2000 (Invitrogen) according to the manufacturer’s instructions. The medium was removed 

after 5 h and replenished with media containing 10 % FBS. After 48 h, cells were harvested 

and used for real-time PCR, Western blot, ALP and ARS staining assays.

Luciferase assay

To detect transcriptional activity, the promoter activity of Dmp1 and Dspp was determined 

by using the dual-luciferase reporter assay kit (Promega). iMDP-3 cells were plated in 12-

well plates and grown in culture to 80 % confluence. The pGL3-basic empty vector 

(Promega) was utilized as a baseline control. The cells were co-transfected with either 

pGL3-Dmp1-promoter or pGL3-Dspp-promoter and the TK-Renilla luciferase plasmid as an 

internal control by using the Lipofectamine 2000. For those experiments in which Klf10 was 

overexpressed, the plasmid pcDNA4-Klf10 was co-transfected with the luciferase reporter 

vectors. After 48 h of post-transfection, the cells were lysed for the promoter assay 

according to the manufacturer’s instructions. Promoter activity was equal to the ratio of 

Firefly and Renilla luciferase activities determined by using the Glomax Luminometer 

(Promega) and is presented as fold-change comparing empty vector pGL3 Firefly luciferase 

with Renilla luciferase. The promoter activity detection was repeated three times in parallel.

Statistical analysis

Statistical differences among groups were analyzed by using one-way analysis of variance 

within SPSS software (Version 10.0; SPSS, Chicago, Ill., USA). All values were calculated 

as means±standard deviation (S.D.). The statistical significance was determined by one-way 

analysis of variance at P<0.05.

Results

Expression of Klf10 during murine tooth development

The morphogenesis and structure of the first molar from E12.5 to PN20 were determined by 

hematoxylin-eosin staining. The tooth germ underwent various development stages, 

including the bud, cap and bell stages and later stages including tooth root formation and 

tooth eruption. Immunochemistry revealed that Klf10 protein was expressed in various cell 

types of mouse molars from E12.5 to PN20.

At the bud stage (E12.5), the thickened epithelial buds arise from the dental lamina and the 

underlying mesenchyme cells condense. Both the epithelial and mesenchymal cells 

proliferate. Klf10 was slightly expressed in both the dental epithelium and the underlying 

mesenchyme (Fig. 1a). At the cap stage (E14.5), dental inner enamel epithelial cells 

proliferate and form the primary enamel knot at the central region. The inner and outer 

enamel epithelial cells are defined. The mesenchymal cells underlying the enamel knot 

proliferate and form the dental papilla (Fig. 1b). Klf10 expression was seen in the inner and 
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outer enamel epithelial cells, the stratum reticulum and the mesenchymal cells and dental 

papillae (Fig. 1b). Moreover, the cells from the dental follicle adjacent to the enamel organ 

were positive for Klf10 immunostaining. Similar to E14.5, a condensed staining of Klf10 

was observed in the above cells at E15.5 (Fig. 1c, d). At the early bell stage (E16.5), positive 

staining of Klf10 was found in the secondary enamel knot, inner and outer enamel epithelia, 

stratum intermedium, stratum reticulum and mesenchymal cells beneath the inner epithelia 

(Fig. 1e, f). At the late bell stage (E18.5), the dental epithelial cells begin to differentiate into 

ameloblasts and mesenchymal cells into odontoblasts (Fig. 1g, h). At this stage, the 

odontoblasts begin to polarize and become tall and columnar, with an increase in total 

organelles. The expression of Klf10 protein was clearly visible within both the cytoplasm 

and nuclei in the odontoblasts. Furthermore, strong Klf10 staining appeared in the 

differentiating ameloblasts, stratum intermedium, stratum reticulum and dental pulp cells 

(Fig. 1h).

At PN2 (Fig. 2a–c), Klf10 was strongly expressed in preodontoblasts/preameloblasts and in 

polarizing, secretory and mature odontoblasts and ameloblasts. Immunoreaction of Klf10 

was moderately observed in stratum intermedium and dental pulp cells (Fig. 2b, c). At PN5, 

the Klf10 expression pattern was similar to that in PN2 (Fig. 2d–f). By PN10, crown 

morphogenesis was basically completed. Klf10 expression was detected in the odontoblasts, 

ameloblasts and reduced dental epithelium (Fig. 2g–i); positive staining of Klf10 was also 

apparent in alveolar osteoblasts (Fig. 2g). By contrast, the cells of the Hertwig’s epithelium 

root sheath (HERS) and periodontal ligament (PDL) fibroblasts showed faint Klf10 staining 

(Fig. 2g). At PN20 (Fig. 2j–l), the first mouse molar erupts with hard-mineralized tissue and 

the tooth root undergoes advanced formation. Klf10 expression was seen in the odontoblasts 

both in the crown and in the root (Fig. 2j–l); weak staining of Klf10 was observed in HERS 

cells and PDL fibroblasts (Fig. 2j).

To investigate Klf10 mRNA expression during murine tooth development, RNAs were 

isolated from various stages of mouse molars and Klf10 mRNA expression levels were 

analyzed by real-time PCR. Klf10 mRNA expression was significantly increased and had the 

highest level on PN2 and then maintained constant levels until PN20 (Fig. 2p). The Klf10 

mRNA expression pattern coincided with that of Klf10 protein during mouse tooth 

development (Figs. 1, 2).

As Klf10 was expressed in primary and secondary enamel knots, the co-expression of Klf10 

with cell proliferation marker, PCNA, was analyzed by using double-fluorescent 

immunohistochemistry. The results showed that Klf10 and PCNA were co-expressed in the 

primary and secondary enamel knots (Supplemental Fig. 1). Moreover, the expression of 

Klf10 and PCNA was seen in ameloblasts and odontoblasts in mouse teeth.

Expression of Klf10 and odontoblast marker genes during odontoblastic differentiation

To examine odontoblastic differentiation, mouse dental papilla mesenchymal (iMDP-3) cells 

were cultured in differentiation medium for 7 and 14 days and the samples were collected 

and analyzed by ALP and ARS staining, as ALP and ARS are important markers during 

dental cell differentiation and biomineralization. The results demonstrated that ALP 

expression significantly increased in DM-induced iMDP-3 cells on day 7 and had a higher 
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level on day 14 (Fig. 3a, a′). ARS staining showed the same trend as ALP staining. 

Mineralized nodules were detected on day 7 and the densities and sizes of the mineralized 

nodules increased with longer induction (Fig. 3b, b′).

To determine the gene(s) correlated with the differentiation and mineralization of mouse 

dental papilla mesenchymal cells, we examined the expression of the Dmp1, Dspp and 

Runx2 genes in this process, as these genes are involved in odontoblast differentiation and 

mineralization (Chen et al. 2004a, 2005). The messenger RNA level of Dmp1, Dspp and 

Runx2 was investigated by real-time PCR. Expression of Dmp1 and Dspp mRNAs gradually 

increased with time and the maximal level of Dmp1 expression was detected on day 14 (Fig. 

3c), whereas the highest expression of Dspp mRNA was seen on day 11 (Fig. 3d). The 

messenger RNA level of Runx2 was increased significantly on day 7 (Fig. 3e).

Similar to our in vivo study, the in vitro analysis showed that Klf10 expression increased 

during the odontoblast differentiation of iMDP-3 cells as analyzed by real-time PCR and 

Western blotting assays. Klf10 mRNA levels increased in a time-dependent manner 

following exposure to DM after the initiation of treatment and then significantly increased to 

higher peaks on days 11 and 14 (Fig. 4a). Furthermore, the Klf10 protein expression pattern 

in iMDP-3 cells was similar to that of Klf10 mRNA expression (Fig. 4b, b′).

As the expression of Klf10 and of Dmp1, Dspp and Runx2 increased during the 

differentiation of dental papilla mesenchymal cells, we next tested whether Klf10, Dmp1, 

Dspp and Runx2 were co-expressed in iMDP-3 cells. Using a double-fluorescent 

histochemistry assay, we found that the expression of Klf10 and these proteins is co-

localized within the cytoplasm and nucleus (Fig. 4c′, c″, d′, d″, e′, e″). These results 

demonstrated that iMDP-3 cells could differentiate into odontoblast-like cells and that the 

differentiation of mouse dental papilla mesenchymal cells into odontoblast-like cells was 

relevant to odontoblast-relate gene expression including the expression of Klf10, Dmp-1, 

Dspp and Runx2. Moreover, DM-induced iMDP-3 cells displayed a more rapid growth rate 

than the non-induction cells as indicated by cell counting (Fig. 3f).

Effect of Klf10 on odontoblastic differentiation and odontoblast-relate gene expression

To gain further insight into the way that Klf10 affects odontoblastic differentiation, Klf10 

was overexpressed in iMDP-3 cells. At first, in order to determine iMDP-3 cell transfection 

efficiency, the green fluorescent protein (GFP) gene was transiently transfected into iMDP-3 

cells and GFP expression was observed by using reverted fluorescent microscopy after 48 h 

of transfection. Approximately 50 % GFP expression was seen in the transfected iMDP-3 

cells (Fig. 5a, a′). This result indicated that iMDP-3 cells are a cell line suitable for 

functional study (Wang et al. 2013). Then, the Klf10 gene was transfected into iMDP-3 

cells. We found that the mRNA level of Klf10 in the overexpression group was 3.8-fold 

higher than that in the control group (Fig. 5b). Consistent with the mRNA expression, the 

protein level of Klf10 also increased markedly in the overexpression group (Fig. 5c, c′). 

More importantly, the mRNA level of Dmp1, Dspp and Runx2 also increased in the Klf10 

overexpression group as detected by real-time PCR (Fig. 5d). Moreover, Klf10 

overexpression was able to induce cell differentiation and mineralization to a greater extent 

than in the control groups (Fig. 5e, f). These results indicated that Klf10 promoted 
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odontoblastic differentiation and enhanced calcium deposition in iMDP-3 cells by regulating 

the Dmp1 and Dspp genes.

Klf10 expression is known to be induced by TGF-β1 (Johnsen et al. 2002; Wara et al. 2011). 

To determine whether TGF-β1 is able to up-regulate tooth-related gene expression via 

Kfl10, mandibles from E14.5 were treated with recombinant TGF-β1. The results 

demonstrated that TGF-β1 induced the expression of the Klf5, Klf10, Dmp1 and Dspp genes 

(Supplemental Fig. 2), indicating that Klf5, Klf10, Dmp1 and Dspp are downstream genes of 

TGF-β1 and that the expression of the Dmp1 and Dspp genes controlled by TGF-β1 might 

be further regulated through Klf10 and other Klf family members.

Klf10 promotes expression of Dmp1 and Dspp genes via their regulatory regions

To elucidate further the mechanistic basis underlying the up-regulation of Dmp1 and Dspp 

expression by Klf10, we studied whether Klf10 regulated the expression of Dmp1 and Dspp 

by controlling their regulatory regions. Different constructs of Dmp1 and Dspp promoter 

regions were generated and subcloned into luciferase reporter vectors, respectively (Fig. 6a, 

b). These chimeric DNA constructs were co-transfected with Klf10 expression vector into 

iMDP-3 cells and the putative promoter activity was measured by a dual-luciferase assay. 

The luciferase assay showed that the variants of Dmp1 and Dspp promoter regions yielded 

different luciferase activities. For Dmp1 promoters, the responsible element(s) of Klf10 is 

located in pGL3-2.6 kb, showing a 2.4-fold increase in relative luciferase activity (Fig. 6a), 

whereas the pGL3-5.6 kb for the Dspp promoter appeared to increase luciferase activity 

approximately two-fold by Klf10 (Fig. 6b). These Dmp1 and Dspp reporter activities 

induced by Klf10 were dosage-dependent (Fig. 6c, d). Our results thus further confirmed 

that the induction of odontoblast differentiation and mineralization by Klf10 in part up-

regulated the transcription of Dmp1 and Dspp in iMDP-3 cells.

Discussion

Klf10 is known to induce and repress the expression of multiple genes in several cell types 

and functions as a regulator of cell proliferation and apoptosis (Subramaniam et al. 2007). 

Immunohistochemical studies have demonstrated that Klf10 protein is expressed in 

numerous tissues, including the epithelial cells of the placenta, breast and pancreas, in 

osteoblast cells, in selected cells of the bone marrow (Subramaniam et al. 1998) and in the 

cerebral cortex (Kobori et al. 2002), myeloid cells (Noti et al. 2004), smooth muscle cells 

(Luo et al. 2005), fibroblasts (Mitsumoto et al. 2003), oligodendroglial cells (Bender et al. 

2004) and glial cells (Yajima et al. 1997). In Klf10 KO mice, osteoblast cell differentiation 

and bone mineralization are impaired (Subramaniam et al. 2005). Like bone, dentin is 

derived from mesenchymal cells. In this study, we investigated whether Klf10 biological 

functions are relevant to odontoblast differentiation and dentin formation. We observed the 

expression patterns of Klf10 from early stages to later stages of murine molar development 

and determined the spatial-temporal expression of Klf10 at these stages. Furthermore, we 

found that Klf10 is co-expressed with odontoblast-relate genes Dmp1, Dspp and Runx2 in 

mouse dental papilla mesenchymal cells. The expression of these genes is increased during 

odontoblast differentiation. The forced expression of Klf10 promotes odontoblastic cell 
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differentiation and mineralization via the regulation of Dmp1 and Dspp gene expression in 

mouse dental papilla mesenchymal cells.

One of the key steps in tooth development is the transition from the bud to cap stage. This is 

preceded by the condensation of the mesenchyme around the budding epithelium and the 

formation of the primary enamel knot (PEK) marking the position of the initiation of 

epithelial folding (Aberg et al. 2004). The PEK might act as an organizing center controlling 

tooth morphogenesis, causing the unequal growth of the enamel epithelium and inducing the 

formation of secondary enamel knots (SEKs) located at the tips of the forming cusps 

(Jernvall et al. 1994). Klf10 protein expression was found in both the enamel organ and the 

underlying mesenchyme at the bud and cap stages (Fig. 1a, b). Moreover, Klf10 is co-

expressed with cell proliferation marker, PCNA, within PEK and SEKs in mouse teeth 

(Supplemental Fig. 1). This suggests that Klf10 is involved in the molecular regulation of 

tooth development.

At the bell stage, the enamel organ progressively delineates the dental papilla, cusps start to 

form and the size of the crown increases. At the same time, odontoblasts and ameloblasts 

occur showing cellular differentiation and polarization (Lesot and Brook 2009). At this 

stage, Klf10 expression was seen in the differentiating ameloblasts and odontoblasts. 

Furthermore, at postnatal days, Klf10 protein is also detectable in the preodontoblasts/

preameloblasts and in polarizing, secretory and mature odontoblasts and ameloblasts. These 

consistent expression patterns are assumed to indicate that Klf10 is closely correlated with 

ameloblast and odontoblast differentiation.

By contrast, Klf10 shows weak expression in HERS and PDL fibroblasts during postnatal 

days. During tooth root development, the two possible fates of HERS are to differentiate 

toward PDL fibroblasts (Andujar et al. 1985) and cementoblasts (Sonoyama et al. 2007; 

Zeichner-David et al. 2003), whereas PDL fibroblasts maintain their potential to differentiate 

into osteoblasts and cementoblasts under certain conditions (Camilleri and McDonald 2006; 

Saito et al. 2014). Interestingly, we found the positive expression of Klf10 in osteoblasts but 

only faint staining in the progenitor cells. These results indicate that Klf10 expression is 

relevant to cell differentiation and cell cycles in certain cell types.

Klf10 has previously been reported to be predominantly located within the nucleus (Cook et 

al. 1998; Spittau et al. 2007; Subramaniam et al. 1998), although Klf10 expression has also 

been detected in the cytoplasm and this protein is inducible from the cytoplasm into the 

nuclei in human fetal osteoblast cells after bone morphogenetic protein-2 treatment 

(Hefferan et al. 2000). In this study, we observed that Klf10 is localized in both the 

cytoplasm and nuclei of odontoblasts and ameloblasts (Figs. 1, 2, 4c″). The expression of 

Klf10 within the cytoplasm and nucleus might be dependent on the cell type.

To improve the definition of the role of Klf10 during tooth formation and mineralization, we 

also monitored Klf10 expression in vitro and in vivo. Klf10 expression increases during 

odontoblastic cell differentiation (Figs. 1, 2, 4). In addition, Dmp1, Dspp and Runx2, as 

important markers of odontoblast differentiation, also increase during this process. Klf10 is 

one member of the family Sp1/Krüpped-like zinc finger transcriptional factors and shares a 
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highly conserved COOH-terminal DNA-binding domain containing three C2H2 zinc finger 

motifs that facilitate binding to GC-rich regulatory regions in the target genes (Kaczynski et 

al. 2003); Klf10 functionally compensates for other Klf members such as Klf11 (Spittau and 

Krieglstein 2012). To assess the role of Klf10 in iMDP-3 cell differentiation, we 

overexpressed the Klf10 gene in iMDP-3 cells. The results show that the forced expression 

of Klf10 induces iDMP-3 cell differentiation and mineralization as assayed by ALP and 

ARS analyses (Fig. 5e, f). Moreover, Klf10 can up-regulate the expression of Dmp1, Dspp 

and Runx2 in iDMP-3 cells. These in vitro data are consistent with our in vivo results 

showing that Klf10 is apparently expressed in the differentiating and mature odontoblasts 

(Fig. 2). Furthermore, the strong expression of Klf10 in the osteoblasts of alveolar bone (Fig. 

2g) is consistent with other studies (Hawse et al. 2011; Subramaniam et al. 1998).

Klf10 has been verified to play a role in regulating the expression of bone-related genes, 

including Runx2, OPG, BMP2 and RANKL, and in osteoblast maturation/differentiation and 

osteogenesis (Bensamoun et al. 2006). The factors involved in osteogenesis and bone repair, 

such as BMP2, RANKL and OPG, also play important roles in dentinogenesis (Feng et al. 

2011; Kuntz et al. 2001). Previous studies have shown that growth factors such as TGF-β1 

and BMP2 up-regulate downstream gene expression through Klf10 signaling (Bensamoun et 

al. 2006; Hawse et al. 2011). Our study revealed that TGF-β1 up-regulates the expression of 

the Klf10, Klf5, Dmp1 and Dspp genes in dental epithelial and mesenchymal cells 

(Supplemental Fig. 2) and we assume that TGF-β1 controls the expression of the Dmp1 and 

Dspp genes through Klf10 and other Klf family members. The molecular mechanisms of 

TGF-β1 in dental relate genes through Klf10 need to be further investigated in the future. 

Taken together, these data imply that Klf10 is closely correlated with odontoblast 

differentiation via the regulation of the expression of the downstream target genes.

Runx2 is known to be essential for tooth formation, being intimately involved in the 

development of calcified tooth tissue and it exerts an influence on the proliferation of the 

dental lamina (Camilleri and McDonald 2006). Runx2 participates in activating and 

suppressing Dspp expression, which is mainly involved in dentinogenesis (Chen et al. 2005; 

Li et al. 2011). Dspp mutations in humans and mice are associated with dentinogenesis 

imperfect a type II and type III (DGI-II and DGI-III) and with dentin dysplasia type II (DD-

II; Shields et al. 1973). Moreover, Klf10 KO mice display reduced expression levels of 

Runx2 and exhibit significant delays in the rate of osteoblast mineralization (Hawse et al. 

2011). In the present study, we have found that the overexpression of Klf10 stimulates 

Runx2 expression in iDMP-3 cells, indicating that Klf10 induces differentiation and 

mineralization in dental papilla mesenchymal cells via the Runx2 signal.

In this study, the forced expression of Klf10 resulted in the up-regulation of odontoblastic 

differentiation markers, Dmp1 and Dspp, in addition to Runx2 and enhanced ALP 

expression and the appearance of dense mineralized nodules. These results indicate that 

Klf10 is able to promote odontoblastic differentiation and increase calcium deposition in 

iMDP-3 cells by controlling the expression of Dmp1, Dspp and Runx2. In order to gain an 

understanding of the molecular mechanism of Klf10 in the regulation of Dmp1 and Dspp 

expression, either the Dmp1-luciferase reporter or the Dspp-luciferase reporter gene was co-

transfected with Klf10 expression vector in iDMP-3 cells. We observed that Klf10 was able 
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to significantly activate the promoter activity of the Dmp1 and Dspp genes in a dosage-

dependent manner. These data suggested that Klf10 transcriptionally activates the promoters 

of the Dmp1 and Dspp genes. Although Klf10 KO mice exhibit the impairment of osteoblast 

differentiation and bone mineralization and of bone-relate gene expression, whether Klf10 

regulates tooth development and formation in vivo remains unknown, as Klf family 

members functionally compensate with regard to their biological activities (Heard et al. 

2012; Spittau and Krieglstein 2012). Use of the gain-or loss-of-function of Klf10 in 

transgenic mice will allow a detailed study of the biological roles of Klf10 in mouse tooth 

development and formation.

In conclusion, our results indicate that Klf10 is differentially expressed in the enamel organ 

and the underlying mesenchyme, ameloblasts and odontoblasts at early and later stages of 

murine molar formation. Additionally, we found that Kfl10 expression increases during 

odontoblastic differentiation in vitro. The expression pattern of Klf10 coincides with that of 

Dmp1, Dspp and Runx2 in this process. Thus, Klf10 seems to control odontoblast 

differentiation and tooth formation through the up-regulation of the expression of the Dmp1 

and Dspp genes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Klf10 immunostaining in embryonic mouse molar germs. a At embryonic day (E) 12.5 

(e12.5), Klf10 was expressed in both the dental epithelium and the underlying mesenchyme. 

b At E14.5 (e14.5), Klf10 appeared in the inner and outer enamel epithelia, stratum 

reticulum, primary enamel knot and dental papilla. c At E15.5 (e15.5), the Klf10 expression 

pattern was similar to that of E14.5. e By E16.5 (e16.5), Klf10 expression was found in the 

secondary enamel knot, inner and outer enamel epithelia, stratum intermedium and stratum 

reticulum and also in the mesenchymal cells beneath the inner enamel epithelia. g At E18.5 

(e18.5), positive Klf10 staining appeared in the differentiating ameloblasts and odontoblasts, 

the outer enamel epithelia, the stratum intermedium, the stratum reticulum and the dental 

papilla cells. d, f, h Higher magnification images of red-boxed areas in c, e, g, respectively 

(de dental epithlium, dm dental mesenchyme, oee outer enamel epithelium, iee inner enamel 

epithelium, ek enamel knot, dp dental pulp, sr stratum reticulum, si stratum intermedium, 

sek secondary enamel knot, am ameloblast, od odontoblast). Bars 20 μM (a, b, d, f, h), 50 

μM (c, e, g)
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Fig. 2. 
Klf10 expression in postnatal mouse molar development. a–c At PN2 (pn2), Klf10 was 

strongly expressed in preodontoblasts/ameloblasts and in polarizing, secretory and mature 

odontoblasts and ameloblasts and in several dental pulp fibroblasts. d–f At PN5 (pn5), the 

Klf10 expression pattern was similar to that at PN2. g–i At PN10 (pn10), Klf10 expression 

was apparent in ameloblasts, odontoblasts and osteoblasts, while its expression was 

moderately seen in dental pulp cells. Klf10 expression was barely visible in Hertwig’s 

epithelium root sheath (HERS) and periodontal ligament (PDL) cells. j At PN20 (pn20), 
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Klf10 staining was observed in the odontoblasts in the root and faint staining of Klf10 was 

observed in HERS cells. k–l Klf10 was seen in the odontoblasts in the crown. m–o Tissue 

sections from PN2 and PN5 were stained with IgG as a negative control (am ameloblast, od 
odontoblast, ob osteoblast, pdl periodontal ligament fibroblast, hers Hertwig’s epithelial root 

sheath). Bars 20 μM (a–f, m–o), 50 μM (g–l). p Klf10 transcript was expressed in the first 

mandibular molars from E18.5 to PN20 (error bars means ± S.D.; *P<0.05 with significant 

difference versus E18.5)
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Fig. 3. 
Differentiation of dental papilla mesenchymal cells and odontoblast marker gene expression. 

(a, a′) Alkaline phosphatase (ALP) and (b, b′) Alizarin red S (Alizarin) staining of iMDP-3 

cells on days 7 and 14 after differentiation induction. Messenger RNA of (c) Dmp1, (d) 

Dspp and (e) Runx2 in iMDP-3 cells after odontoblastic induction. Cell numbers (f) on days 

7 and 14 after differentiation induction at the given time periods. *P<0.05 with significant 

difference versus day 0
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Fig. 4. 
Expression of Klf10 during odontoblastic differentiation of iMDP3 cells. a Messenger RNA 

of Klf10 during odontoblastic induction at various time intervals. *P<0.05 with significant 

difference versus day 0. b, b′ Protein level of Klf10 after odontoblastic induction was 

measured by Western blot assay by using anti-Klf10 antibody. Actin was used as the internal 

control. Expression of Klf10 and actin was quantitated by using image J software. Klf10 

expression was normalized to actin expression. Klf10 protein on day 0 was arbitrarily 

considered to represent a one-fold increase. The expression level of Klf10 at various times 

was divided by the Klf10 expression on day 0. The co-expression of Klf10 (green, c″, d″ e
″) with Dmp1 (red, c′), Dspp (red, d′) and Runx2 (red, e′) in iMDP-3 cells is shown in the 

merged images (c⁗–e⁗), respectively, after immunostaining with the relevant antibodies. 

Hoechst (blue) was used for nuclear staining (c‴–e‴). Bar 20 μm
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Fig. 5. 
Effect of Klf10 on odontoblastic differentiation of iMDP-3 cells. a, a′ Green fluorescent 

protein (GFP) was present in approximately 50 % of iMDP-3 cells after transfection. b 
mRNA expression levels of Klf10 gene after Klf10 overexpression in iMDP-3 cells. Bars 20 

μm. c, c′ Protein expression levels of Klf10 gene after Klf10 overexpression in iMDP-3 

cells. d mRNA level of Dmp1, Dspp and Runx2 after Klf10 overexpression. e ALP staining 

in iMDP-3 cells detected on day 7 after Klf10 overexpression and differentiation induction. f 
Alizarin red S staining in iMDP-3 cells detected on day 7 after Klf10 overexpression and 

differentiation induction. *P<0.05 significant difference versus control
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Fig. 6. 
Klf10 transactivates Dmp1 and Dspp genes in iMDP-3 cells. Mouse Klf10 expression 

plasmid or empty (−) expression vector were co-transfected into iMDP3 cells with (a) Dmp1 

promoter constructs (pGL3-213, pGL3-656, pGL3-1187, pGL3-1656, or pGL3-2.6 kb) or 

with (b) Dspp promoter plasmids (pGL3-591, pGL3-1318, pGL3-1.5 kb, pGL3-2.6 kb, or 

pGL3-5.6 kb). Co-expression of Klf10 with either Dmp1 or Dspp reporter construct resulted 

in an increase of (c) Dmp1 pGL3-2.6 kb and (d) Dspp pGL3-2.6 kb activities in iDMP-3 

cells in a dosage-dependent manner. Luciferase (Luc) activity was normalized to the control 

group. *P<0.05 significant difference versus control
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