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Abstract

Although Bmp2 is essential for tooth formation, the role of Bmp2 during enamel formation 

remains unknown in vivo. In this study, the role of Bmp2 in regulation of enamel formation was 

investigated by the Bmp2 conditional knock out (Bmp2 cKO) mice. Teeth of Bmp2 cKO mice 

displayed severe and profound phenotypes with asymmetric and misshaped incisors as well as 

abrasion of incisors and molars. Scanning electron microscopy analysis showed that the enamel 

layer was hypoplastic and enamel lacked a typical prismatic pattern. Teeth from null mice were 

much more brittle as tested by shear and compressive moduli. Expression of enamel matrix protein 

genes, amelogenin, enamelin, and enamel-processing proteases, Mmp-20 and Klk4 was reduced in 

the Bmp2 cKO teeth as reflected in a reduced enamel formation. Exogenous Bmp2 up-regulated 

those gene expressions in mouse enamel organ epithelial cells. This result for the first time 

indicates Bmp2 signaling is essential for proper enamel development and mineralization in vivo.

Introduction

Tooth development is a highly organized process involving sequential and reciprocal 

interaction between epithelial and mesenchymal cells. The enamel formation results from 

the differentiation of the dental inner enamel epithelium into functional ameloblasts in a 

distinct spatial-temporal pattern during amelogenesis (Linde and Goldberg, 1993; Bartlett, 

2013). The ameloblasts synthesize and secrete the enamel matrix proteins including 
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amelogenin (AMEL) and non-amelogenin matrix proteins. AMEL is the most abundant 

enamel matrix protein (Termine et al., 1980; Salido et al., 1992; Smith, 1998). AMEL 

mutations in humans and mice cause amelogenesis imperfecta (AI), (Lagerstrom et al., 

1991; Ravassipour et al., 2000; Gibson et al., 2001).

Non-amelogenin matrix proteins include enamelin (ENAM) and ameloblastin (AMBN). 

ENAM is the largest enamel matrix protein, accounting for 3–5% of enamel matrix proteins 

(Fukae et al., 1996; Hu et al., 1997). Human ENAM gene mutations cause autosomal 

dominant forms of AI (Rajpar et al., 2001; Mardh et al., 2002). Enam null mice exhibited 

abnormal enamel structures with a rough and pitted enamel surface (Hu et al., 2008). AMBN 

is suggested to be a cell adhesion molecule that regulates proliferation and differentiation of 

ameloblastic cells as well as that of other cells (Cerny et al., 1996; Krebsbach et al., 1996; 

Sonoda et al., 2009). Ambn ablation in mice and humans causes severe enamel 

abnormalities (Fukumoto et al., 2004; Poulter et al., 2014).

During enamel formation, these enamel matrix proteins are processed by several proteases to 

produce active molecules following their secretion into the developing enamel matrix 

(Bartlett, 2013). Matrix metalloprotein-20 (MMP-20) and kallikrein-related peptidase-4 

(KLK4) are expressed in ameloblasts and secreted into the enamel layer. They have been 

shown to cleave these enamel matrix proteins including Amel, Ambn, and Enam (Li et al., 

1999; Iwata et al., 2007; Yamakoshi et al., 2006; Chun et al., 2010; Nagano et al., 2009). 

Mutations of MMP-20 and KLK4 in humans cause autosomal recessive hypomaturation AI 

(Hart et al., 2004; Kim et al., 2005; Ozdemir et al., 2005b). In mice lacking Mmp-20 the 

enamel forms as a bilayer without rod-interrod organization (Caterina et al., 2002). In Klk4 

null mice the enamel layer obtains normal thickness and organization, but is 

hypomineralized (Simmer et al., 2009).

Amelogenesis is a complex process controlled by many growth factors and transcriptional 

factors (Thesleff, 2003). Members of the bone morphogenetic protein (BMP) family have 

diverse biological functions during osteogenesis and embryonic development (Hogan, 1996; 

Ducy and Karsenty, 2000; Chen et al., 2004; Rosen, 2009). Among the BMP family 

members, BMP2 has been extensively studied for its various biological functions during 

chondrogenic and osteogenic differentiation as well as organ development (Zhang and 

Bradley, 1996; Ma et al., 2005; Lee et al., 2007; Singh et al., 2008; Feng et al., 2011; Yang 

et al., 2013). Bmp2 expression has been observed in odontoblasts and ameloblasts during 

tooth cytodifferentiation from mouse embryonic and postnatal stages (Aberg et al., 1997; 

Chen et al., 2008). Bmp2 is able to induce ameloblast differentiation and enamel-related 

gene expression in vitro (Miyoshi et al., 2008). These results indicate that Bmp2 is important 

for ameloblast differentiation and enamel formation. We previously showed that Bmp2 

plays a critical role in postnatal tooth development when Bmp2 gene was conditionally 

deleted (Feng et al., 2011; Yang et al., 2012). Bmp2 null mice display abnormal tooth 

phenotypes with asymmetric and open forked incisors. However, it remains unclear how 

Bmp2 controls enamel development. In this study, we reported that teeth of Bmp2 

conditional knock-out (cKO) mice exhibited similar symptoms to AI and effect of Bmp2 on 

enamel formation regulates expression of enamel matrix protein and enamel-processing 

protease genes.
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Materials and Methods

Animals

All animal protocols were reviewed and approved by the Institute Animal Care at the 

University of Texas Health Science Center at San Antonio. All animals were fed with a soft 

diet (ClearH2O, Portland, ME). Bmp2 cKO mice and Bmp2 control mice (wild type and 

heterozygotes Bmp2) were used for this study. A conditional allele of the mouse Bmp2 gene 

was created by introducing Cre recombinase recognition sites (loxP) flanking upstream and 

downstream of exon 3 of the mouse Bmp2 gene (Feng et al., 2011). The floxed Bmp2 mice 

were crossed with Osx-Cre mice (Maes et al., 2010) to generate Bmp2 cKO mice. For 

tissue-specific genotyping, tail lysates were prepared by adding tail snips to the tissue lysis 

buffer and proteinase K according to manufacture protocol (Promega, Madison, WI). 

Genomic DNA was isolated from mouse tails using a DNA purification kit (Promega) and 

performed for PCR analysis. The primers used for detecting the wild and mutant alleles were 

as follows: forward 5′-AGGGTTTCAGGTCAGTTTCCG-3′ and reverse 5′-

GATGATGAGGTTCTTGGCGG-3′ (floxed); forward 5′-

AGCATGAACCCTCATGTGTTG-3′ and reverse 5′-GCTGTTTGTGTTTGGCTTGA-3′ 

(recombinant).

Microscopic analysis of teeth

Animals were anesthetized using Ketamine (Sigma-Aldrich, St Louis, MO). Tooth 

morphology was recorded under light microscopy. For histological examination, mandibles 

were fixed in 4% paraformaldehyde overnight. The samples were decalcified, embedded in 

paraffin, sectioned and stained with hematoxylin/ eosin.

X-ray analysis

Radiography was used to measure changes in teeth and bones. Maxillae and mandibles were 

radiographed using a Faxitron radiograph inspection unit (Field X-ray Corporation, 

Lincolnshire, IL). Digitized images were analyzed using the AnalySIS software to measure 

size and width of selected components in the incisors and molars.

Micro-computer tomography (Micro-CT)

Hemi-mandibles were scanned in a desktop SkyScan 1172 system (Bruker SkyScan, 

Aartselaar, Belgium). Each specimen was positioned with the incisal edge pointing 

superiorly, and the tube was sealed with Parafilm (American National Can, Greenwich, CT). 

Samples were scanned at 60 kV, 167 μA beam intensity, 5-μm image pixel size, a 0.35° 

rotation step, 7-frame averaging, and a 1,090-millisecond exposure time at each step. A 0.5-

mm aluminum filter was used during scanning (Kovacs et al., 2009). A polynomial 

correction was also used to reduce beam-hardening effects during reconstructions (Kovacs et 

al., 2009; Zou et al., 2011). The images were reconstructed with NRecon (Bruker SkyScan) 

with a Feldkamp cone-beam algorithm. Successive 1-mm–long volumes of interest were 

created. Enamel volumes were determined from the manually drawn. HA phantoms (0.25 

and 0.75 g/cm3 (SkyScan), and 2.927 g/cm3 (Himed, Bethpage, NY) were used to calibrate 

mineral density analysis. The various tissue types (enamel, dentin, and pulp chamber) were 
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analyzed and quantified. The datasets were re-orientated so the axes of the first molar 

approached the image x, y and z planes. The division between the enamel and dentin was 

manually isolated, but an automated script was used to isolate the various tissues types 

within the two regions. Hemi-mandibles from different animals were used for micro-CT (n = 

4, two males and 2 females/per group).

Scanning electron microscopy (SEM)

Mandibular incisors from 1-, 3-month-old Bmp2 cKO and wild-type mice were fractured at 

the level of the labial alveolar crest and mounted on metallic stubs using conductive carbon 

cements. The surface was washed in 0.1 M sodium cacodylate buffer and fixed for 20 min in 

2.5% (w/v) glutaraldehyde (Sigma-Aldrich) in 0.1 M cacodylate buffer. The surface was 

washed in sodium cacodylate buffer and dehydrated in an ascending alcohol series. Finally, 

the surface was fixed in hexamethydioslazane (Sigma-Aldrich) allowed to air dry and then 

sputter-coated with gold. The samples were examined by SEM at 20 kV (JEOLJSM 6610 

LV; JEOL, Inc., Peabody, MA).

RNA extraction and quantitative real time PCR (qRT-PCR)

The mandibles and maxillae from the Bmp2 cKO and control mice at postnatal days (PN) 2, 

PN4 and PN6 were homogenized with a homogenizer (Bertin Technology, Rockville, MD). 

Total RNA was isolated using TRIZOL reagent (Qiagen Inc. Valencia, CA), treated with 

DNase I (Promega), and purified with the RNeasy Mini kit (Qiagen Inc.). RNA 

concentration was determined by UV spectroscopy at 260 nm. Complementary DNA 

synthesis and PCR amplification were performed using standard protocols. Bmp2 primer set 

used for RT-PCR was as follows: forward 5′-CGGGAACAGATACAGGAAGC-3′ and 

reverse 5′-GCTGTTTGTGTTTGGCTTGA-3′. qRT-PCR amplification reaction was 

analyzed in real time on an ABI 7500 (Applied Biosystems, Foster City, CA) using SYBR 

Green chemistry, and threshold values were calculated using SDS2 software (Applied 

Biosystems). qRT-PCR was performed with Amel, Ambn, Enam, Mmp-20, Klk4 and 

cyclophilin A. Primers used for qRT-PCR were as follows: Amel, forward 5′-

TGAAGTGGTACCAGAGCATGA-3′ and reverse 5′-ACAGGGATGATTTGGTGGTG-3′; 

Ambn, forward 5′-TTCCCATGGATAGGACCAAG-3′ and reverse 5′-

ATCAGCTCTCCTTCCTGCAA-3′; Enam, forward 5′-

GGAACCACCAAATGAAGCAG-3′ and reverse 5′-CCAAAGCCGTGATATCCAAA-3′; 

Mmp-20, forward 5′-CTCGTCCTTTGATGCAGTGA-3′ and reverse 5′-

AAGAAAGCAATGCCTCGTTC-3′; Klk4, forward 5′-ATGATGGTCACTGCACGAAC-3′ 

and reverse 5′-CAAGACTCCCGAGCAGAAA-3′; cyclophilin A, forward 5′-

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

The ΔΔCt method was used to calculate gene expression levels normalized to cyclophilin A 

value. The results were performed in triplicate of three separate experiments and expressed 

as a relative fold change in gene expression compared to the control.

Mechanical property measurements of teeth

Mandibular incisors were dissected from 4 week-old control and Bmp2 cKO mice (n = 6 for 

each genotype). The teeth were embedded in Acrymount embedding resin (Electron 

Microscopy Sciences, Hatfield, PA) with an iron holder. Mechanical property of shear and 
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compression was conducted with a testing machine (ReNew Model 1125 Upgrade Package, 

MTS Systems Corporation, Eden Prairie, MN) using a 4448 N load endpoint and an initial 

speed of 1 mm/min. Data were analyzed using Image-Pro Plus Software (Media 

Cybernetics, Inc., Rockville, MD).

In situ hybridization

Mouse mandibles were fixed and processed. Serial sections were mounted on saline-treated 

slides. Representative sections from each block were stained with hematoxylin. The mouse 

cDNA corresponding to coding region of Bmp2 gene was generated by PCR (Chen et al., 

2008). The amplified PCR product was subcloned into pCRII vectors containing Sp6 and T7 

promoters (Invitrogen, Carlsbad, CA). Labeled 32P-rUTP antisense and sense Bmp2 probes 

were generated using Sp6 or T7 RNA polymerases after linearization with appropriate 

restriction enzymes, respectively. The method of in situ hybridization was performed as 

described earlier (Chen et al., 2008). Briefly, hybridization was performed at 55 °C 

overnight in a solution containing 50% formamide, 20 mM Tris-HCl (pH 8.0), 1 mM 

EDTA, 0.3 M NaCl, 10% dextran sulfate, 1 x Denhardt’s solution, 100 μg/ml denatured SS-

DNA, 500 units/ml tRNA, and 1 μg/ml of 32P-rUTP labeled RNA probe. After 

hybridization, the cover slips were removed in 2 x SSC at room temperature, and sections 

were washed in RNase-free buffer (0.3 M NaCl, 10 mM Tris-HCl, 5 mM EDTA) at 37 °C 

for 10 min. The sections were incubated with RNases in the RNase-free buffer at 37 °C for 1 

h, followed by incubation in the RNase-free buffer for 30 min. Consecutive 5-minute washes 

at 57 °C were done twice with 2 x SSC, four times in 0.5 x SSC, and three times in 0.1 x 

SSC. After washing, the sections were dehydrated using ethanol containing 0.3 M 

ammonium acetate. For autoradiography, slides were dipped in photographic emulsion 

(Kodak Scientific Imaging, Rochester, NY) diluted 1:1 with 0.6 M ammonium acetate at 42 

°C. After drying at room temperature, the slides were exposed in the presence of desiccant 

for 3 days to 3 weeks and developed in a Kodak D-19 developer. The slides were counter-

stained with hematoxylin, dehydrated through ethanol, cleared in xylene, and mounted with 

Permount (Fisher Scientific, Pittsburgh, PA).

Immunohistochemistry

Rabbit polyclonal anti-Amel, rabbit polyclonal anti-Ambn, goat polyclonal anti-Enam, 

rabbit polyclonal anti-Klk4 antibodies (Santa Cruz Biotechnology, Inc. Santa Cruz, CA) and 

rabbit monoclonal anti-Mmp-20, rabbit polyclonal anti-Bmp2 antibodies (Abcam, 

Cambridge, MA) were used as primary antibodies. For immunohistochemistry, tissue 

sections were dewaxed with xylene, rehydrated with a series of ethanol. To identify the 

distribution of Bmp2 in mouse tooth tissues, anti-Bmp2 antibody was used as the first 

antibody. In brief, the rehydrated tissue sections were incubated with 3% H2O2 to remove 

the endogenous peroxidase activity. For antigen retrieval, the sections were incubated in 10 

mM sodium citrate solution for 20 min at 92 °C and in blocking agent for 20 min, followed 

by overnight incubated at 4 °C with 10 μg/ml of Bmp2 antibody. Those slides incubated 

with control IgG instead of the first antibody were used for negative control (Dako 

Carpinteria, CA). The sections were then incubated with biotinylated secondary antibody 

(anti-rabbit IgG, Vector Laboratory Inc., Burlingame, CA) and Vectastain Elite ABC 

reagent (Vector Laboratory Inc.). Subsequently, the tissue sections were stained with DAB 
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and counterstained with Mayer’s hematoxylin and examined by light microscopy. 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 μg/ml of either the 

primary goat or rabbit antibody, which was recognized by the donkey anti-goat or anti-rabbit 

secondary antibody conjugated with Alexa Fluor ® 488 (Molecular Probes, Eugene, OR) 

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

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

were incubated with Hoechst (Sigma–Aldrich) for 5 min at room temperature. After 

washing, the tissue sections were mounted using vectashield mounting medium (Vector 

Laboratory Inc.). For negative control, the primary antibody was replaced by mouse IgG I 

(Dako). Images of Alexa Fluor ® 488 staining of the various proteins were captured by a 

Nikon Eclipse TE2000S microscope with a filter (B-2E/C, C84941, a 450 ± 490 nm 

excitation filter) using a digital cooled camera connected to a PC computer and analyzed 

with NIS-Elements3.2 software. Image of nuclear staining with Hoechst was caught with a 

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 the 

samples. After the capture of these images at the same magnification, the threshold was set 

with the same resolution [fast (focus)], quality (capture), exposure, gain, and contrast, and 

maintained for each slide in the experiment. The optical density was calculated by use of the 

morphometric analysis within the software package.

Western blot analysis

The mouse enamel organ epithelial (EOE-2M) cells were described previously (Feng et al., 

2012). Briefly, the EOE-2M cells were maintained in Dulbecco’s modified eagle medium 

(DMEM) (Invitrogen) with 10% fetal calf serum (FCS), 100 units/ml of penicillin/

streptomycin, 50 μg/ml ascorbic acid. The EOE-2M cells were treated with or without 300 

ng/ml of recombinant Bmp2 (Invitrogen) in DMEM medium with 0.5% FCS and 100 

units/ml of penicillin/streptomycin at 37 °C in a 5% CO2 atmosphere for 24-,48- and 72-h, 

respectively. The cells were then washed with 1 x cold PBS and lysed with RIPA buffer (1 x 

PBS, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mg/ml 

phenylmethylsulfonyl fluoride (PMSF), 50 KIU/ml aprotinin, 100 mM sodium 

orthovanadate; Santa Cruz Biotechnology, Inc.). Whole cell lysates were resolved by 7% 

SDS-PAGE gels and transferred to Trans-Blot membranes (Bio-Rad, Hercules, CA). For the 

detection of mouse Amel, Ambn, Enam, Mmp-20 and Klk4, these antibodies described 

above were used as primary antibodies. The membranes were blocked with 5% non-fat milk 

in TBST buffer (10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1% Tween-20) for 60 min at 

room temperature. After washing, the membranes were incubated with primary antibodies 

against Amel, Ambn, Enam, Mmp-20 and Klk4 with appropriate dilution (1:500–1,000) 

overnight at 4 °C, respectively. The secondary antibody (horseradish peroxidase-conjugated 

anti-rabbit or anti-goat IgG) were diluted to 1:5,000–10,000 at room temperature for 60 min.

Immunoreactivity was determined using ECL chemiluminescence reagent (Thermo 

Scientific, Pittsburgh, PA). As a control, goat polyclonal anti-mouse β-actin antibody was 

used (Santa Cruz Biotechnology, Inc.). The band intensity was measured using ImageJ 
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software (ImageJ, NIH./gov/iJ). Enamel protein expression level of each sample was 

normalized to β-actin value. The Bmp2 untreated enamel protein was used as control and 

acts as 1-fold increase. The fold increase in the Bmp2 treated enamel protein was calculated 

by dividing the control group.

Statistical analysis

Quantitative data were presented as means ± S.D. from three independent experiments and 

compared with the results of one-way ANOVA using GraphPad Prism 5 (GraphPad 

Software, Inc. La Jolla, CA). The differences between groups were statistically significant at 

*P <0.05 and **P <0.01.

Results

Expression of Bmp2 gene in ameloblasts during amelogenesis

To determine whether Bmp2 is expressed in ameloblasts during mouse enamel formation, 

we studied expression patterns of Bmp2 at postnatal stages of tooth development, using an 

in situ hybridization assay. At PN 1, expression of Bmp2 was observed in ameloblasts 

besides its expression in odontoblasts and osteoblasts in alveolar bones (Fig. 1b). At PN 5, 

Bmp2 expression pattern was similar to those at PN 1 (Fig. 1f). To further assess Bmp2 

expression at translational levels in ameloblasts, immunohistochemistry was performed to 

analyze Bmp2 protein expression. Bmp2 signal was detected within the nucleus and 

cytoplasm in ameloblasts at PN1 and PN5 while Bmp2 expression was also observed in 

odontoblasts (Fig. 1d, h). However, Bmp2 protein expression was more intense within the 

nuclei than that of the cytoplasm. This indicates that Bmp2 is expressed in ameloblastic cells 

during amelogenesis.

Bmp2 cKO mice analyzed by gross tooth morphology and radiography

To identify Bmp2 cKO mice, genomic DNA was isolated from the wild type and Bmp2 

cKO mice.

The genotyping of the Bmp2 cKO mice was identified using PCR assay (Fig. 2A). Bmp2 

gene expression was not detected in the null teeth using RT-PCR and Western blot assays 

(Fig. 2B–C). Teeth with the Bmp2 cKO mice displayed abnormalities with asymmetric and 

uneven incisors (Fig. 2D). Noticeably, the mandibular incisors of the null mice were chalky 

white and the mandibular incisor enamel at the functional edge was apparently abraded and 

exhibited a prominent wear facet on the buccal surface. Also, mandibular incisor tips of the 

Bmp2 ablated mice had uneven, chisel chipping off irregular shape rather than the evenly 

smooth shape of the control incisors. Similarly, molars of the Bmp2 cKO mice were rough 

and rugged with wearing or abrasion of the cusps (data not shown). Dental radiography 

analysis revealed that the mandibular incisors of the Bmp2 cKO mice had abnormal 

morphology as well as the radio-opacity of the mandibles and the dental enamel mineral 

density was decreased in 1- and 3-month-old null mice compared to the control mice (Fig. 

2E). Also, the dentin-enamel junction (DEJ) contrast in the Bmp2 mutant mice was reduced 

and tips of the mandibular incisors were abraded and dental pulp chambers exposed. The 

enamel layer of the mandibular incisors of the Bmp2 cKO mice was thin.
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Abnormal teeth from Bmp2 cKO mice assayed by microcomputered tomography

To further determine whether the X-ray data were correlated with Micro-CT study, Micro-

CT assay was used to exam tooth changes. Micro-CT analysis demonstrated that the third 

molar in the null mouse was missing (Fig. 3Ab,d) and the enamel volume of the mandibular 

incisors, first and secondary molars of 1- and 3-month-old null mice was decreased 

compared to the control groups (Fig. 3Ab,d,f; 3B). In contrast, the porosity in sizes of the 

mandibular secondary molars and incisors were larger than that of the control mice (Fig. 

3C). Enamel mineral density of incisors and molars in the Bmp2 cKO teeth was also 

decreased (Fig. 3D). Histological study showed that enamel layer of the Bmp2 null mice at 1 

month-old Bmp2 null mice was thin compared to that of 1 month-old control mice besides 

thin dentin, enlarged dental pulp chamber and delayed root formation (Fig. 3E).

Characterization of null mouse enamel by SEM

SEM analysis demonstrated that the mandibular incisor surface in 3 month-old Bmp2 null 

mice was rough with an abnormal angle and the incisor edges were jagged with rounded tips 

(Fig. 4c,d,g,h). Similar phenotype was seen in the molars of the Bmp2 null mice (Fig. 4k,l). 

Higher magnification showed that incisor surface appeared obviously uneven in the Bmp2 

null mice (Fig. 4p–r,t,u) compared to the control group (Fig. 4m,n,o, s). Furthermore, in the 

Bmp2 null mice, the prismatic architecture was notably uneven and abraded and lost the 

typical decussating rod and inter-rod structures (Fig. 4q,r,t,u). Also, the broken surface in 

enamel contains numerous holes ranging from approximately 1 to 10 μM, whereas in the 

control mice, the rods and inter-rods of the enamels were well aligned, showing a 

distinctively prismatic pattern, which is the hallmark of organized mineral (Fig. 4n,o,s). In 

this study, we only observed transverse sections of incisor enamels between the wild type 

and Bmp2 cKO mice using SEM. We will study the transverse sections of incisor and molar 

enamels from these mice as mouse enamel of incisors and molars presents several structural 

differences (Goldberg et al., 2014).

Mechanical properties of teeth from wild-type and Bmp2 cKO mice

In order to determine whether morphological change of teeth in the cKO mice causes 

alteration of mechanical property of the teeth, we tested shear and compressive modulus of 

the incisors from the Bmp2 cKO mice compared to the control. The results showed that 

mechanic property of shear and compression of the control groups is 1.45- and 1.88-fold 

strengths compared to that of the Bmp2 cKO teeth, respectively (Fig. 5). As the Bmp2 cKO 

teeth are less resistant to shear and compressive forces, the teeth are much more brittle.

Altered expression of enamel matrix and enamel-processing protease genes in Bmp2 cKO 
enamel

To investigate whether enamel defects are related to altered expression of enamel matrix and 

enamel-specific protease genes in the cKO enamel, we studied expression of enamel matrix 

proteins and enamel-processing proteins using fluorescent immunohistochemistry with 

specific antibodies. At PN6, expression of Amel, Enam, Mmp-20 and Klk4 proteins except 

for Ambn in the Bmp2 cKO enamel was less intense compared to control mice (Fig. 6). To 

further determine how deletion of Bmp2 signaling affects the ameloblasts during 
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amelogenesis, we performed qRT-PCR analysis specifically for these genes including Amel, 

Ambn, Enam, Mmp-20 and Klk4 at PN6 teeth. Similar to translational levels, mRNA 

expressional levels of Amel, Enam, Mmp-20 and Klk4 were dramatically decreased in the 

Bmp2 cKO enamel, but Ambn expression in the null enamel was unaffected (Fig. 6OO). 

Then, we examined whether forced expression of Bmp2 is able to induce those gene 

expressions in mouse enamel organ epithelial cells. The cells were treated with exogenous 

Bmp2 for up to 72 hours. This result showed that Bmp2 is able to stimulate expression of 

Amel, Enam, Mmp-20 and Klk4 proteins compared to the control groups by Western 

blotting assay (Fig. 7), indicating that dental enamel defects are relevant to expression of 

enamel matrix and enamel-processing protease genes in the Bmp2 cKO mice during mouse 

amelogenesis.

Discussion

Bmp2 is a multiple-functional growth factor and involved in many organ development and 

formation (Zhang and Bradley, 1996; Ma et al., 2005; Singh et al., 2008; Feng et al., 2011; 

Yang et al., 2012; Yang et al., 2013). In this study, we observed that teeth with Bmp2 cKO 

mice displayed abnormal phenotypes and enamel layer of incisors and molars was thin as 

well as the enamel surface was rough with chipping that are consistent with our previous 

observations (Feng et al., 2011). We further found that enamel volume and mineral density 

are decreased whereas tooth porosity of the secondary molars and incisors in size is 

increased in the Bmp2 null mice (Fig. 3). Also, enamel in the Bmp2 cKO mice loses the 

prismatic patterns with alteration of rod and inter-rod architecture (Fig. 4). Teeth of the 

Bmp2 null mice are much more brittle (Fig. 5). These Bmp2 cKO mice developed tooth 

phenotype that resembles AI (Gibson et al., 2001; Caterina et al., 2002; Hu et al., 2008; 

Simmer et al., 2009). In the present study, we found that the expression of Amel, Enam, 

Mmp-20, and Klk4 genes in the Bmp2 cKO teeth was reduced, and exogenous Bmp2 was 

able to induce these gene expressions in mouse enamel organ epithelial cells, indicating the 

dental enamel defects in the null mice are related to precise expression of the enamel matrix 

protein and enamel-processing protease genes tested.

Mmp-20 is primarily expressed in ameloblasts during the secretory stage of enamel 

formation (Bartlett, 2013) and is to initiate hydrolysis of three major enamel matrix proteins, 

amelogenin, ameloblastin and enamelin (Yamakoshi et al., 2006; Iwata et al., 2007; Chun et 

al., 2010). MMP-20 mutations in humans and mice exhibit hypoplastic enamel, altered rod-

interrod structures and enamel matrix proteins (Caterina et al., 2002; Kim et al., 2005; 

Ozdemir et al., 2005b). Interestingly, the changes in enamel crystallites found in the Bmp2 

null mice are similar to those observed in MMP-20 mutations in humans and mice (Figs. 2–

4). Our data showed that expression of Mmp-20 was reduced at the transcriptional and 

translational levels in the cKO mice, suggesting that there might be associations between 

Bmp2 signaling pathways and Mmp-20. Lee et al. identified that p.Ala304Thr MMP-20 

mutation in human is localized at the hemopexin domain and further found that expression 

level of the mutant MMP-20 protein was significantly decreased compared to the wild type 

MMP-20 protein, but the mutant MMP-20 has catalytic activity (Lee et al., 2010). Recently, 

Shin et al. have generated Mmp-20 transgenic founder mouse lines with low, medium and 

high Mmp-20 expression levels driven by mouse amelogenin gene promoter (Shin et al., 
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2014). These Mmp-20 transgenic mice were crossed to either Mmp-20 −/− null or 

Mmp-20 +/+ normal background mice. They found that each transgene of the low, medium 

or high levels of Mmp-20 expression rescued the defective enamel back nearly full thickness 

in the Mmp-20 null background mice. In contrast, the transgenic mice with either the 

medium or high Mmp-20 expression resulted in dysplastic enamel in the Mmp-20 +/+ 

background mice. These data demonstrate that Mmp-20 expression levels must be within a 

specific range for normal enamel development. Herein, the reduction of Mmp-20 expression 

in the Bmp2 cKO mice might be related to enamel defects during amelogenesis.

On the other hand, we observed that expression of Klk4 in the Bmp2 cKO mice was lower 

than the control. Like Mmp-20, Klk4 digests Amel, Enam and Ambn into small fragments 

(Yamakoshi et al., 2006; Nagano et al., 2009). Klk4 mutations cause autosomal recessive 

hypomaturation AI. Interestingly, the changes in enamel morphology seen in our cKO mice 

had some similarities to those observed in Klk4 mutations in mice and humans (Hart et al., 

2004; Simmer et al., 2009). It showed that teeth in the Bmp2 cKO mice were chalky white 

in the erupted portion and enamel layer in the mandibular incisors was abraded and the 

enamel volume was decreased. Contrast of the density was reduced between enamel and 

dentin (Fig. 2–4).

However, the Klk4 null mice showed several differences from the Bmp2 cKO mice. In the 

Bmp2 cKO mice, enamel layer appeared thin and displayed loss of typical prismatic 

patterns, and Amel expression was decreased. In contrast, in the Klk4 null mice, enamel 

attained normal thickness, the enamel layer retained decussating enamel rods although it was 

rapidly abraded away following weaning. The Amel expression in the Klk4 null mice was 

more intense at the enamel surface and in enamel matrix than that of the control mice 

(Simmer et al., 2009). It is raised questions whether reduced Klk4 expression in the Bmp2 

cKO mice is sufficient to interrupt enamel development. What is the threshold of Klk4 

expression required for correct enamel formation? It leaves this question unresolved at this 

time.

In the current study, we also found that expression of Amel in the null mice was reduced, 

and the gene expression was induced by Bmp2 treatment in mouse enamel organ epithelial 

cells. In Amel null mice, enamel layer appeared thin, hypoplastic and lacked a discernible 

enamel rod and inter-rod structures of the mineral (Gibson et al., 2001). The enamel 

phenotype with amelogenin mutations resembles those found in the Bmp2 cKO mice, 

suggesting that reduction of Amel gene expression in the Bmp2 null mice is related to 

enamel defects. Gibson et al. reported that expression of Amel gene in Amel null mice 

rescues the enamel phenotype (Gibson et al., 2011). This indicates that the amelogenin is 

required for normal enamel development.

Furthermore, we observed that the Enam expression was decreased in the Bmp2 cKO mice. 

Enam gene mutations in humans and mice cause autosomal dominant AI and show a dose-

dependent effect on mice and human beings (Masuya et al., 2005; Ozdemir et al., 2005a; Hu 

et al., 2008) A single mutant allele exhibits a mild form of AI while mutations of both alleles 

have severe enamel malformation with little or no mineral covering dentin, Teeth with the 

heterozygous Enam mutant mice were chalky white in the erupted portion and enamel 
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appeared rough and abraded in the surface (Hu et al., 2008). Noteworthy, some changes in 

enamel phenotypes found in the Bmp2 null mice resemble those found in the Enam 

heterozygous mutant mice. Therefore, enamel defects observed in the Bmp2 null mice are 

due in part to a reduction of Enam expression.

To correlate Bmp2 signaling and the ameloblast-specific downstream targets, we analyzed 

mRNA expression of representative enamel matrix protein and enamel-specific protease 

genes using qRT-PCR. These results revealed that in the absence of Bmp2 signaling, the 

mRNA expression levels of Amel, Enam, Mmp-20 and Klk4 were dramatically decreased in 

the cKO mice. The data are consistent with immunohistochemistry assay. It is proposed that 

loss of Bmp2 signal causes abnormal enamel development duo to down-regulation of 

expression of Amel, Enam, Mmp-20 and Klk4 genes.

Although many Bmp molecules besides Bmp2 including Bmp4 and Bmp7 are expressed 

during the amelogenesis (Aberg et al., 1997; Miyoshi et al., 2008), our data suggest that 

these Bmp molecules cannot compensate for loss of Bmp2 in enamel formation although we 

did not evaluate expression of Bmp4 and Bmp7 genes in this model. It needs to be further 

investigated in the future. It has been reported that a number of factors regulates enamel-

related gene expression in ameloblasts, including β-catenin, C/EBP, DLX3, LEF-1, MSX2, 

Notch and Smad1/5/8 (Price et al., 1999; Zhou et al., 2000; Mitsiadis et al., 2010; Molla et 

al., 2010; Tian et al., 2010). Amelogenin gene transcription is up-regulated by C/EBP and 

MSX2 (Zhou et al., 2000). In addition, DLX3 is homeodomain transcription factor 

necessary for tooth development (Dong et al., 2005; Duverger et al., 2008; Price et al., 

1999). However, molecular mechanisms of Bmp2 signaling transduction pathways in 

enamel development have not been completely understood in particular Enam, Mmp-20 and 

Klk4 in vivo. This study demonstrates that Bmp2 has diverse biological functions in 

controlling enamel gene expression, matrix formation and mineralization. Understanding of 

the Bmp2 signaling pathways will lead to a greater understanding of how Bmp2 controls 

expression of individual enamel matrix protein and enamel-specific protease genes during 

amelogenesis.

In summary, the present study showed that the Bmp2 deletion causes enamel defects via 

controlling expression of enamel matrix protein and enamel-specific protease genes. We 

demonstrate that proper Bmp2 signaling during mouse amelogenesis plays an important role 

in intricately orchestrated synthesis and processing of enamel matrix proteins and enamel-

processing proteases for correct enamel development, formation and mineralization.
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Fig. 1. 
Bmp2 expression in ameloblasts during enamel formation. b and f. In situ hybridization of 

mouse tooth development at PN1 and PN5 with Bmp2 antisense probe. Bmp2 expression 

was observed in ameloblasts as well as in dental pulp, odontoblasts and osteoblasts. 

Hematoxylin staining is shown in a and e. Bmp2 protein expression in PN1 and PN5 mice 

was detected within the nucleus and cytoplasm in ameloblasts, odontoblasts and osteoblasts 

using immunohistochemistry (d and h). Panels, c and g are control tissue sections incubated 

with normal IgG instead of the primary antibodies. Abbreviations: Am, ameloblasts; Od, 

odontoblasts.
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Fig. 2. 
Gross morphology of teeth. A. Genotyping and PCR strategy. Tail genomic DNA was 

isolated from floxed Bmp2 and Bmp2 cKO mice and amplified by PCR using Bmp2 specific 

primers described as “Materials and Methods”. Floxed and Rec are floxed and recombinant 

primers used for PCR, respectively. B. RNA was isolated from the Bmp2 floxed and cKO 

teeth. RT-PCR results showed that Bmp2 mRNA is not detected in the Bmp2 null teeth 

using Bmp2 specific primer set. C. Proteins isolated from the Bmp2 floxed and cKO 

mandibles were detected by Western blot assay using the Bmp2 antibody. Bmp2 expression 

was seen in the Bmp2 floxed tissues, but not in the Bmp2 null mice. D (a–d). In the mutant 

mice, both sides of up and lower incisors are asymmetric with open forked (b, d). The 

incisors appear chalky white (arrows, b′). The incisor edge is jagged with chipping and tip 

incisor wearing (arrows, d′). a and c. In the normal mice, the enamel appears smooth, 

opalescent and incisors are symmetric. a′, b′, c′ and d′ indicate higher magnification of a, b, 

c and d. E. X-ray analysis showed that teeth in the Bmp2 cKO mice are abnormal. Incisor tip 

is abraded and dental pulp cavity exposed. Enamel layer is thin and the contrast of dentin-

enamel junction (DEJ) reduced. M, DNA ladder marker; cKO, Bmp2 conditional knock out; 

Con, control; 1M, 3M, 1 and 3 months.

GUO et al. Page 17

J Cell Physiol. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. 
Micro-computer tomography and histology of teeth. A. Micro-CT analysis of teeth of the 

Bmp2 cKO (b, d, f) and control (a, c, e) mice. The molars (a, b, c, d) and incisors (a, b, e, f) 

from 1 month old mice were subjected to Micro-CT analysis and showed that enamel layer 

in the null mice is thinner than that of the control mice. Mineral density of the incisors and 

molars of the Bmp2 cKO mice is decreased versus the control groups. The third molar of the 

null mice is missing. B. Enamel volume of the first, second molars and incisors in the null 

mice is reduced in the 1- and 3-month-old mice. C. Porosity of the second molars and 

incisors of the Bmp2 mutant mice is increased in size. D. Enamel mineral density of the 

first, second molars and incisors is decreased in the 1- and 3-month-old cKO mice. E is 

representative images, and histological staining showed that enamel layer and dentin of the 

molars are thinner (b) than the control teeth (a) in 1 mouth-old mice. a′ and b′ show higher 

magnification of a and b. *(P <0.05) and **(P <0.01) indicate significant differences 

between the control and Bmp2 cKO groups. Con, control; cKO, Bmp2 conditional knock 

out; D, dentin; E, enamel; P, dental pulp. Yellow and red colors of molars in panels Aa and 
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Ab show tooth crown and root, respectively. Dark and light yellow colors of incisors in 

panels Aa and Ab indicate enamel and dentin.
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Fig. 4. 
SEM of the mandibular incisors and molars from Bmp2 null mice. a. Enamel layer of the 

incisor of a 3 month-old control mouse is smooth. b, e and f. Higher magnification of a. c. 

Enamel layer of the incisor at a 3 month-old Bmp2 cKO mouse is rough. The buccal surface 

is jagged and tip of the incisor is abraded on the enamel layer. d, g and h. Higher 

magnification of c. i. Molar of a 3 month-old control mouse. k. Molar cusps in the null 

mouse are rugged and abraded. j and l. Higher magnification of i and k. m, n, o and s. 

Enamel in the control mice shows a typical prismatic pattern of rod (r) and inter-rod (ir) 

structures. Rods and inter-rods are well aligned. q, r, t and u. Enamel in the out layer of the 

null mice is abraded and has irregular architectures of rods and inter-rods. The rods and 

inter-rods have disorganized prismatic patterns. The broken surface of the enamel between 

the rods and inter-rods forms numerous “holes” (arrows) ranging from about 1 to 10 μM in 

sizes. The transverse section from the control mice in the panel m is shown in inset. The 

transverse fracture from Bmp2 cKO mice in the panel p is shown in inset. Bar, 100 μM.
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Fig. 5. 
Mechanical properties of control and Bmp2 cKO incisors. A. Tooth shear strength between 

the control and Bmp2 cKO mice. B. Tooth compressive strength from the control and Bmp2 

cKO mice at aged 4 weeks. * and ** indicate statistically significant differences by ANOVA 

(P <0.05, P <0.01). Con, control; cKO, Bmp2 cKO.
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Fig. 6. 
Altered expression of mouse enamel matrix and enamel-processing protein genes in the 

Bmp2 cKO teeth. Tissue sections at PN6 were photographed under a light microscope using 

a digital cooled camera (a–d, q–t, gg–hh). The expression of enamel matrix and enamel 

processing proteins were analyzed and quantified by fluorescent immunohistochemistry 

assay with antibodies specific to Amel, Ambn, Enam, Mmp-20 and Klk4 (e–h, u–x, ii–jj). 

The tissue sections were stained with Hoechst for the nucleus (i–l, y–bb, kk–ll). Images were 

merged (m–p, cc–ff, mm–nn). Lower magnifications are shown in insets. Protein expression 

of Amel, Enam, Mmp-20 and Klk4 were reduced in the Bmp2 cKO enamels, whereas Ambn 

expression was unaffected. OO. Total RNAs were isolated from the wild-type and Bmp2 

cKO teeth at PN6. The mRNA levels of Amel, Ambn, Enam, Mmp-20 and Klk4 were 

measured by qRT-PCR. Cyclophilin A was used as an internal control. Expression of these 

mRNAs in the teeth of the control mice acts as a 1.0-fold increase. The bar graphs show 

mean ± S.D. (n = 3) from three independent experiments. qRT-PCR shows a significant 

decrease of Amel (a), Klk4 (c), Enam (d) and Mmp-20 (e) mRNAs and no difference in 

Ambn (b) mRNA expression at PN6 in the Bmp2 cKO mice. Asterisks indicate significant 

differences between the control and Bmp2 cKO groups (*P <0.05, **P <0.01). Con, control; 

cKO, Bmp2 cKO.
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Fig. 7. 
Effect of Bmp2 on expression of enamel matrix and enamel processing proteins in mouse 

enamel organ epithelial cells. A. The cells were treated with or without 300 ng/ml of 

recombinant Bmp2 for 24-, 48- and 72-h. The cells were lysed and protein expressional 

levels were detected by Western blot assay using antibodies specific to Amel, Ambn, Enam, 

Mmp-20 and Klk4, respectively. Beta-actin was used as an internal control. Bmp2 induces 

protein expression of Amel, Enam, Mmp-20 and Klk4 at given time points in the mouse 

enamel organ epithelial cells, but there is no effect on Ambn protein expression. B. The 

enamel protein band intensity was qualified by ImageJ software. The Bmp2 untreated 

enamel protein was normalized to β actin as control. The fold increase in the Bmp2 treated 

enamel protein expression level was calculated by dividing the Bmp2 untreated group. This 

result demonstrates that exogenous Bmp2 was able to induce expression of Amel, Enam, 

Mmp-20 and Klk4 proteins at given time periods.
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