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Abstract

Bmp2 is essential for dentin formation. Bmp2 cKO mice exhibited similar phenotype to 

dentinogenesis imperfecta, showing dental pulp exposure, hypomineralized dentin, and delayed 

odontoblast differentiation. As it is relatively difficult to obtain lot of primary Bmp2 cKO dental 

papilla mesenchymal cells and to maintain a long-term culture of these primary cells, availability 

of immortalized deleted Bmp2 dental papilla mesenchymal cells is critical for studying the 

underlying mechanism of Bmp2 signal in odontogenesis. In this study, our goal was to generate an 

immortalized deleted Bmp2 dental papilla mesenchymal (iBmp2ko/ko dp) cell line by introducing 

Cre fluorescent protein (GFP) into the immortalized mouse floxed Bmp2 dental papilla 

mesenchymal (iBmp2fx/fx dp) cells. iBmp2ko/ko dp cells were confirmed by GFP and PCR. The 

deleted Bmp2 cells exhibited slow cell proliferation rate and cell growth was arrested in G2 phase. 

Expression of tooth-related marker genes and cell differentiation were decreased in the deleted 

cells. Importantly, extracellular matrix remodeling was impaired in the iBmp2ko/ko dp cells as 

reflected by the decreased Mmp-9 expression. In addition, with exogenous Bmp2 induction, these 

cell differentiation and mineralization were rescued as well as extracellular matrix remodeling was 

enhanced. Therefore, we for the first time described establishment of iBmpko/ko cells that are 

useful for study of mechanisms in regulating dental papilla mesenchymal cell lineages.
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Dentin formation results from differentiation of dental papilla mesenchymal cells into 

odontoblasts occurring through a series of cytodifferentiation in a distinct spatial-temporal 

pattern during dentinogenesis (Ruch et al., 1995). Odontoblasts synthesize and secrete 

extracellular matrix proteins including collagenous and non-collagenous proteins (NCPs). 

These collagens and NCPs are required for dentin development and formation. Mutations of 

those genes are associated with dentinogenesis imperfecta (DGI) (MacDougall et al., 2006). 

Control of these gene expressions during dentinogeneis is a complex process and involved in 

many growth and transcription factor signaling pathways (Thesleff, 2003). Members of bone 

morphogenetic protein (Bmp) family have diverse biological functions during osteogenesis 

and embryonic development (Hogan, 1996; Ducy and Karsenty, 2000; Rosen, 2009). Among 

the Bmp family members, Bmp2 has been extensively studied for its various biological roles 

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). Bmp2 expression is 

observed in dental cells during tooth development (Aberg et al., 1997). Also, Bmp2 

promotes dental pulp stem cell commitment to odontoblast lineages (Yang et al., 2009) and 

induces dental pulp cell differentiation (Chen et al., 2008; Cho et al., 2010). Bmp2 

conditional knock-out (cKO) mice display abnormal tooth phenotypes with delayed 

odontoblast differentiation, abnormal dentin tubules, and decrease tooth-related gene 

expression (Feng et al., 2011; Yang et al., 2012; Guo et al., 2014).

However, roles of Bmp2 during odontogenesis have not been completely understood. Unlike 

bone and other tissues, it is relatively difficult to collect enough amounts of primary dental 

papilla mesenchymal cells from a single tooth. In addition, Bmp2 cKO in the mouse uterus 

results in female infertility due to the inability of the uterus to support post-implantation 

embryo development (Lee et al., 2007). Therefore, generation of a Bmp2 ablation dental 

papilla mesenchymal cell line would be a valuable tool for studying effects of Bmp2 on 

dental cell lineages and relevant molecular events involved in matrix mineralization and 

dentin regeneration. Previously, we generated an immortalized mouse Bmp2fx/fx dental 

papilla mesenchymal cell line (Wu et al., 2010). These cells display a stable capability for 

expansion as well as the identical gene expression profile to their primary dental papilla 

mesenchymal cells.

Here, we aimed to establish an immortalized mouse deleted Bmp2 dental papilla 

mesenchymal cell line and observed these cell behaviors. We further investigated cell growth 

as well as their genotypic and phenotypic characteristics as compared to that of the 

Bmp2fx/fx cells. Finally, we tested whether biological functions of these Bmp2 knock-out 

cells were rescued by exogenous Bmp2

Materials and Methods

Generation of immortalized deleted Bmp2 dental papilla mesenchymal cells

The immortalized mouse floxed Bmp2 dental papilla mesenchymal (iBmp2fx/fx dp) cells 

were maintained in alpha minimum essential medium (a-MEM, Invitrogen, San Diego, CA) 

containing 10% fetal calf serum (FCS) plus penicillin (100 U/ml) and streptomycin (100 

mg/ml) and cultivated in 5% CO2 atmosphere under 37°C. Detail generation of the 
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iBmp2fx/fx dp cells was described by our previous study (Wu et al., 2010) (Fig. 1A). For 

Bmp2 knock out, adenovirus with Cre recombinase and green fluorescent protein (Ad-Cre-

GFP, Vector Biolabs, Malvern, PA) was added to the cells and the cells were transduced 

overnight for 14 h and then recovered in cultured medium. GFP positive cells were observed 

under a Nikon inverted fluorescent microscope. The positive cells were selectively picked up 

and re-plated at low densities to obtain further cell growth. Genomic DNAs were isolated 

from the iBmp2fx/fx dp and immortalized mouse Bmp2 knock-out dental papilla 

mesenchymal (iBmp2ko.ko dp) cells using DNA purification kit (Promega, Madison, WI). 

PCR genotyping was performed by amplification of the floxed/floxed (Bmp2fx/fx) and 

recombinant (Bmp2ko/ko) alleles using two pair primers: Bmp2fx/fx, forward 5′-
GATGATGAGGTTCTTGGCGG-3′; reversed 5′-AGGGTTTCAGGTCAGTTTCCG-3′; 
Bmp2ko/ko, forward: 5′-GATGATGAGGTTCTTGGCGG-3′; reversed: 5′-
AGCATGAACCCTCATGTGTTGG-3′. PCR conditions: 4 min at 94°, 35 cycles of 1 min at 

94°C, 1 min at 62°C, and 2 min at 72°C, followed by 10 min at 72°C. The amplified 

products were run on a 1% agarose gel.

Cell proliferation

Cell proliferation was identified by 5-bromo-2′-deoxyuridine (BrdU) incorporation and 

MTT method. Briefly, cells were plated into 6-well glass slides and incubated with 30 µM 

BrdU (Sigma–Aldrich, St. Louis, MO) in culture medium for 4 h. The cells were then 

treated with a mouse monoclonal anti-BrdU antibody (1:100, Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA), followed by a 1:1,000 dilution of the secondary antibody with Alexa 

Fluo® 488 green (Molecular Probes, Eugene, OR). For nucleus staining, the cells were 

incubated with a 1:5,000 dilution of Hoechst (Sigma–Aldrich). Images were obtained in a 

Nikon inverted microscope. Cell proliferation was expressed as a percentage of the number 

of BrdU positive cells relative to total number of Hoechst positive nuclei. For MTT assay, 

cells were seeded into 96-well plates with 1.0 × 103 cells/well and detected at days 1–6, 

respectively, using MTT cell proliferation assay kit (ATCC, Manassas, VA).

Cell cycle and migration assays

The iBmp2fx/fx and iBmp2ko/ko dp cells were grown with a-MEM containing with or without 

10% FCS plus penicillin (100 U/ml) and streptomycin (100 mg/ml), and cultivated in 5% 

CO2 atmosphere under 37°C. The cells were harvested, washed twice with PBS, fixed, and 

permeabilized with 70% ethanol. For detection of DNA, the cells were incubated for 5 min 

at room temperature in citrate/phosphate buffer (pH 7.8) and then with 50 mg/ml of 

propidium iodide (PI) containing RNase A in Vindelov’s solution for 60 min at 37°C. The 

cell cycle was analyzed by dual laser BD FACSCalibur equipped with BD FACS-Flow 

Supply System (BD Biosciences, San Jose, CA). For cell migration, the iBmp2fx/fx and 

iBmp2ko/ko dp cells were maintained in α-MEM medium with supplemented with 10% FCS, 

100 units/ml penicillin, and 100 µg/ml streptomycin. The cell migration assay was used BD 

Falcon cell culture inserts incorporating polyethylene terephthalate (PET) track-etched 

membranes with 8 µM perforations (BD Biosciences, San Diego, CA). The cell culture 

inserts were placed in 12-well plates. Cells (5 × 104 cells/ml) were added to the upper 

chamber in 250 µl of α-MEM containing 0.1% FCS. The lower chamber contained α-MEM 

with 0.1% FCS. After 12-h incubation of 5% CO2 at 37°C, the cells on the upper side of the 
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membrane were carefully scraped off using cotton swabs and the cells on the lower side of 

the membrane were fixed in methanol and stained with HemaDiff eosin and thiazine 

(Statlab, Lewisville, TX). The number of cells that had migrated through the filters was 

quantified by counting 10 fields/membrane at a 200-fold magnification. Experiments were 

performed in triplicate of three separate studies.

RNA preparation and quantitative real time polymerase chain reaction

Total RNA was extracted from the iBmp2fx/fx and iBmp2ko/ko dp cells using RNA STAT-60 

kit (Tel-Test, Inc., Friendswood, TX), treated with DNase I (Promega), and purified with 

RNeasy Mini Kit (Qiagen, Inc., Valencia, CA). RNA concentration was determined at an 

optical density of OD260. The RNA was transcribed into cDNA by SuperScript II reverse 

transcriptase (Invitrogen). Specific primers for the qRT-PCR were shown in Table 1. 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). TheΔΔ Ct 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.

Western blot analysis

Cells were maintained in α-MEM medium with 5% FCS, 100 U/ml of penicillin/

streptomycin, 50 µg/ml ascorbic acid, 10 nM dexamethasone, and 10 mM sodium β-

glycerophosphate, and were then washed with 1× cold PBS and lysed with RIPA buffer (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 lysate was resolved by 7% SDS–PAGE gels and transferred 

to Trans-Blot membranes (Bio-Rad, Hercules, CA). Antibodies directed against mouse Bsp 

and Dmp1 (gifts from Dr. Larry Fisher, NIDCR), Col1α1, Dsp, Mmp-2, Mmp-9, Osx, 

Runx2 (Santa Cruz Biotechnology, Inc.) and Dlx3 (Abcam, Cambridge, MA) 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 those 

proteins with appropriate dilution (1:500–1,000) overnight at 4°C, respectively. The 

secondary antibody (horseradish peroxidase-conjugated anti-rabbit or anti-goat IgG) was 

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 software (ImageJ, NIH/gov/iJ). Protein 

expression level of each sample was normalized to β-actin value. The iBmp2fx/fx protein was 

used as control and acts as onefold increase. The fold change in the iBmp2ko/ko protein was 

calculated by dividing the control group.

Analysis of Mmps by zymography

The supernatant harvested from the iBmp2fx/fx and iBmp2ko/ko dp cells was used as a crude 

enzyme. Gelatinolytic activities of Mmps were analyzed using 10% SDS–PAGE gels co-
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polymerized with 150 µg/ml gelatin (Bio-Rad Laboratories, Inc. Hercules, CA). Briefly, 

after separation of samples, electrophoresis gels were washed in 5% Triton X-100, 

equilibrated with collagenase assay buffer (50 mM Tris–HCl, pH 7.5, 5 mM CaCl2, 100 mM 

NaCl, 0.01% Triton X-100, 0.1 mM ZnCl2, 0.2% Brij 35 non-ionic detergent, and 2 mM 

Na3N) and incubated at 37°C overnight. Counterstaining with Coomassie brilliant blue 

R-250 revealed gelatin degradation.

In situ DQ-FITC-collagen IV and -gelatin degradation assays

Glass slides were pre-coated with DQ-FITC-collagen IV and DQ-FITC-gelatin (Life 

technologies, Grand Island, NY) at a final concentration of 40 ng/µl for 2 h at 37°C, 

respectively. After washing with PBS, the slides were air dried and fixed with 2% 

formaldehyde. After washing with PBS, the slides coated with the DQ-FITC-collagen IV 

and DQ-FITC-gelatin were equilibrated with a-MEM without serum. The iBmp2fx/fx and 

iBmp2ko/ko dp cells were added to the plates containing the DQ-FITC-collagen IV- or DQ-

FITC-gelatin coated slides and cultured for 12 h, respectively. The cells were fixed with 4% 

formaldehyde for 15 min and washed with PBS. Then, the cells were mounted using 

Vectashield mounting medium (Vector Laboratories, Inc., Burlingame, CA). Images were 

taken using a Nikon inverted fluorescent microscope coupled to cool CCD camera and NIS-

GIEMENTS software.

Alkaline phosphatase (ALP) and mineralization assays

For detection of ALP activity, culture of the iBmp2fx/fx and iBmp2ko/ko dp cells was fixed 

with 70% ethanol for 5 min and washed in the buffer (100 mM Tris–HCl, pH 9.5; 100 mM 

NaCl; 50 mM MgCl2). In situ ALP staining was performed according to the supplier’s 

instructions (Bio-Rad Laboratories). For mineralization assay, these cells were plated in 6-

well plates and cultured in calcifying medium (a-MEM supplemented with 5% FCS, 

penicillin [100 U/ml] and streptomycin [100 µg/ml], 50 µg/ml ascorbic acid, 10 nM 

dexamethasone, and 10 mM sodium β-glycerophosphate) at 37°C on given time periods. 

The cells were fixed in 10% formaldehyde neutral buffer and then stained with alizarin red S 

dye (Sigma–Aldrich).

Statistical analysis

Quantitative data were presented as means ± SD 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

Generation of immortalized mouse Bmp2 knock out dental papilla mesenchymal cells

To establish a Bmp2 knock-out dental papilla mesenchymal (iBmp2ko/ko dp) cell line, the 

immortalized mouse floxed Bmp2 dental papilla mesenchymal cells (iBmp2fx/fx) were 

infected with Ad-Cre-GFP and then selected. The transduced cells showed a high efficiency 

of infection observed under a Nikon fluorescent microscope (Fig. 1B). Several GFP positive 

cells were picked and re-grown. Knock out of Bmp2 gene by Cre recombinase in the 
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iBmp2fx/fx dp cells was confirmed by PCR (Fig. 1C). This result showed that Cre 

recombinase deletes Bmp2 gene in the iBmp2fx/fx dp cells.

Knock out of Bmp2 in the iBmp2fx/fx dental papilla mesenchymal cells leads to change of 
cell proliferation rate

To explore the effect of Bmp2 on mouse dental papilla mesenchymal cell proliferation, the 

iBmp2fx/fx and iBmp2ko/ko dp cell proliferations were analyzed using BrdU and MTT 

assays. This result showed that the iBmp2ko/ko dp cells exhibit a slow growth rate compared 

to that of the iBmp2fx/fx dp cells (Fig. 2e–f, q–r). To investigate which mechanisms of Bmp2 

regulate cell proliferation, we analyzed the cell cycle distribution of the iBmp2fx/fx and 

iBmp2ko/ko dp cells. The data showed that the iBmp2k/ko dp cell growth is inhibited in the 

G2 phase (Fig. 2s–v). These results suggested that the slow growth of the iBmp2ko/ko dp 

cells is partially due to G2 phase arrest. We next investigated whether Bmp2 modifies cell 

migration. When both of the iBmp2fx/fx and iBmp2ko/ko dp cells were cultured in the cell 

migration chamber at 12 h, the iBmp2ko/ko dp cell migration was impaired compared to that 

of the iBmp2fx/fx dp cells (P < 0.01) (Fig. 2w). These results indicate that Bmp2 promotes 

cell growth and migration.

Knock out of Bmp2 in the iBmp2fx/fx dp cells down-regulates its downstream gene 
expression

Bmp2 is involved in tooth and other tissue development and formation. We further 

investigated whether Bmp2 knock out down-regulates its downstream gene expression in the 

iBmp2ko/ko dp cells. Figure 3A shows that expression of several tooth-related genes was 

decreased in the iBmp2ko/ko dp cells as detected by qRT-PCR. It includes Bsp, Dlx3, Dmp1, 

Dspp, Mmp-9, Osx, and Runx2. These results were further confirmed using Western blot 

analysis (Fig. 3C and D).

Bmp2 deletion is interfered to extracellular matrix remodeling via Mmp-9

Expression of Mmp-9 is reduced in the iBmp2ko/ko dp cells at RNA and protein levels as 

described above. As Mmp-9 is involved in numerous physiological and pathological roles 

including extracellular matrix remodeling (Lund et al., 2011), we further examined Mmp-9 

secretion using zymorgraphy assay in both the dental papilla mesenchymal cells. The results 

showed that secretion of Mmp-9 in the iBmp2ko/ko dp cells is much less compared to that of 

the iBmp2fx/fx dp cells, whereas there was no significant change of Mmp-2 between the 

iBmp2fx/fx and iBmp2ko/ko dp cells (Fig. 4A). To assess Mmp-9 role in extracellular matrix 

remodeling mediated by Bmp2, in situ collagen IV and gelatin degradations were 

investigated as collagen IV and gelatin are substrates of Mmp-9. As shown in Figure 4Bc 

and d, g and h, faint fluorescent spots of collagen IV and gelatin degradations were observed 

in the iBmp2ko/ko dp cells compared to that of the iBmp2fx/fx dp cells. In contrast, when the 

iBmp2ko/ko dp cells were treated with exogenous Bmp2, number and intensity of collagen 

IV and gelatin degradation products in the iBmp2ko/ko dp cells were increased (Fig. 4Bk and 

l, o and p), indicating that Bmp2 is involved in extracellular matrix remodeling through 

Mmp-9 signal.
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Deletion of Bmp2 causes delay of dental papilla mesenchymal cell differentiation and 
mineralization

To determine the effect of Bmp2 on cell differentiation and mineralization activities, we 

measured ALP activity by in situ ALP histochemistry as ALP is a marker of dental cell 

differentiation. Both cells were cultured in calcifying medium in given time periods. This 

result showed that delayed cell differentiation was seen in the iBmp2ko/ko dp cells (Fig. 5A). 

Also, deletion of Bmp2 gene led to low activity of cell mineralization by using alizarin red S 

staining (Fig. 5B). Furthermore, when exogenous Bmp2 protein was added to the 

iBmp2ko/ko dp cells, Bmp2 was able to rescue these cell differentiation and mineralization 

compared to these cells without Bmp2 induction (Fig. 5C).

Discussion

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

bone fracture healing (Zhang and Bradley, 1996; Ma et al., 2005; Lee et al., 2007; Rosen, 

2009). Bmp2 cKO mice display retardation of tooth growth, abnormal dentin structure with 

wide predentin, thin dentin, decrease of dentin mineral density (Feng et al., 2011; Yang et 

al., 2012). The quality of dentin is altered with unmineralized areas, dysmorphic dentinal 

tubules, and delay odontoblast differentiation. Molecular mechanisms of Bmp2 during 

dentinogenesis have not been completely understood. Studies of physiology and pathology 

of differentiation of dental papilla mesenchymal cells to odontoblasts have been hampered 

as it is relatively hard to obtain lot of primary dental papilla mesenchymal cells (Wu et al., 

2010). In the present study, we established the immortalized mouse Bmp2 KO dental papilla 

mesenchymal cells. The strategy for this study was to use the transduction of Ad-Cre-GFP 

into immortalized mouse floxed Bmp2 dental papilla mesenchymal cells as the iBmp2fx/fx 

dp cells show similar genotypic and phenotypic characteristics to that of the primary wild-

type mouse dental papilla mesenchymal cells (Wu et al., 2010). The Ad-Cre-GFP showed a 

high rate of infection with visible marker and had highly efficiency of Bmp2 gene knock 

out.

In Bmp2 cKO mice, bone fracture healing was impaired (Tsuji et al., 2006) and teeth 

exhibited small sizes compared to that of the wild type (normal and Bmp2fx/fx) mice (Feng 

et al., 2011; Guo et al., 2014). We noted that the iBmp2ko/ko dp cell growth is slow 

compared to that of the iBmp2fx/fx dp cells. Further study indicated that cell cycle is arrested 

in the G2 phase of the Bmp2ko/ko dp cells, indicating that Bmp2 is involved in not only cell 

differentiation, but also cell growth. However, it needs to be further investigated which 

signal of Bmp2 is involved in cell cycle and growth.

We also observed that in the iBmp2ko/ko dp cells gene expression of several transcriptional 

factors, extracellular matrix proteins, and proteinases is reduced. It includes Bsp, Dlx3, 

Dmp1, Dspp, Mmp-9, Osx, and Runx2. Both of Dmp1 and Dspp are important markers of 

odontoblast differentiation and mineralization (D’Souza et al., 1997). Mutations of Dmp1 

and Dspp genes cause DGI (Xiao et al., 2001; Sreenath et al., 2003; Ye et al., 2004). Bmp2 

up-regulates expression of Dmp1 and Dspp genes in dental cells (Chen et al., 2008; 

Casagrande et al., 2010; Cho et al., 2010). Phenotype of Bmp2 cKO mice shows similar to 

that of Dmp1 and Dspp gene mutations in humans and mice, exhibiting thin dentin, dentin 
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hypomineralization, dental pulp exposure, and delay of odontoblast differentiation (Sreenath 

et al., 2003; Ye et al., 2004; Feng et al., 2011). Using the iBmp2 dp cells, we will further 

elucidate the molecular mechanisms of how Bmp2 signal regulates tooth-related gene 

expression and dentinogenesis

Also, Runx2 and Osx are important transcription factors not only for osteogenesis and 

chondrogenesis, but also dentinogenesis. Mutations of Runx2 and Osx result in abnormal 

tooth and bone development and formation (Lee et al., 1997; D’Souza et al., 1999; 

Nakashima et al., 2002). Dlx3 is a transcription factor necessary for tooth development, and 

Dlx3 gene mutations cause autosomal dominant genetic disorder called tricho-dento-osseous 

syndrome (Price et al., 1999). Furthermore, expression of these genes is regulated by Bmp2 

(Park and Morasso, 2002; Javed et al., 2008; Matsubara et al., 2008). Our study 

demonstrated that exogenous Bmp2 is capable of rescuing the cell differentiation and 

mineralization in the iBmp2ko/ko dp cells. It indicates that Bmp2 controls dental papilla 

mesenchymal cell growth, differentiation, and odontogenesis via a complex signal pathway.

More noticeably, Mmp-9 expression was dramatically reduced in the iBmp2ko/ko dp cells. 

The extracellular matrix remodeling was decreased in the iBmp2ko/ko dp cells, showing 

weak and low fluorescent spots of collagen IV and gelatin degradations, which are Mmp-9 

substrates. Exogenous Bmp2 enhanced the degraded products, indicating that Bmp2 signal 

controls extracellular matrix remodeling via Mmp-9. Mechanism of Bmp2 in regulation of 

Mmp-9 expression might be involved in Runx2 signal pathway (Pratap et al., 2005).

Although many Bmp molecules besides Bmp2 including Bmp4 are expressed during the 

dentinogenesis (Aberg et al., 1997), our data suggest that Bmp molecules cannot compensate 

for Bmp2 loss in dentin formation. In Bmp2-cKO mice, Bmp4 expression is not changed 

(Yang et al., 2012), suggesting that each of them plays a unique role during odontogenesis 

through different receptor combinations (Cheifetz, 1999; Little and Mullins, 2009).

Conclusively, we established an immortalized mouse deleted Bmp2 dental papilla 

mesenchymal cell line. The deleted Bmp2 cell line decreases cell growth capability and cell 

cycle is arrested in the G2 phase. Expression of tooth-related genes is reduced in these Bmp2 

ablation cells, resulting in retardation of the cell differentiation and mineralization. Finally, 

the Bmp2 deletion causes impairment of extracellular matrix remodeling viaMmp-9 signal. 

Therefore, the generated cell line would provide a useful tool for studies of the molecular 

mechanism involved in regulating the functions of dental papilla mesenchymal cell 

proliferation, differentiation, and extracellular matrix remodeling during dentin development 

and formation.
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Fig. 1. 
Generation of immortalized mouse Bmp2 knock-out dental papilla mesenchymal cells. A: 

Strategy for generation of immortalized Bmp2 knock out dental papilla mesenchymal cells. 

B: The iBmp2fx/fx dp cells were infected with Ad-Cre-GFP for 14 h. The GFP positive cells 

were seen under a Nikon inverted fluorescent microscope. C: Genomic DNA in the 

iBmp2fx/fx and iBmp2ko/ko dp cells was isolated and amplified by the floxed and 

recombinant Bmp2 specific primers. The amplified PCR products were run on an agarose 

gel and stained with ethidium bromide. Lane 1, lower molecular DNA marker; lane 2, 

iBmp2ko/ko; lane 3, iBmp2fx/fx; lane 4, iBmp2ko/ko; lane 5, iBmp2fx/fx; lane 6, Con, control; 

Rec, recombinant; KO, Bmp2 knock out.
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Fig. 2. 
Deletion of Bmp2 in the Bmp2fx/fx dp cells disrupts cell proliferation and migration. 

Proliferation of the iBmp2fx/fx and iBmp2ko/ko dp cells was immunostained using BrdU 

antibody after a 4-h BrdU incorporation (30 mM). The iBmp2fx/fx dp cells showed a higher 

proliferation rate (e) than that of the iBmp2ko/ko dp cells (f). BrdUþ (e, f) and BrdU- (g, h) 

show cells stained with and without BrdU antibody. a–d: The cells were photographed under 

a light microscope using a Nikon camera. i–l: The cells were stained with Hoechst for the 

nuclei. m–p: Images were merged. Scale bar, 20 mM. q: A percentage of the number of 
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BrdU positive cells relative to the total number of Hoechst positive nuclei from the 

iBmp2fx/fx and iBmp2ko/ko dp cells was calculated (*P < 0.05). r: Proliferation data of the 

iBmp2fx/fx and iBmp2ko/ko dp cells by MTT assay. The iBmp2fx/fx dp cells showed higher 

proliferation rate than the Bmp2ko/ko dp cells from 1- to 6-day culture. Asterisk shows 

significant differences between the iBmp2fx/fx and iBmp2ko/ko dp cells (*P < 0.05). s–v: Cell 

cycle distributions were measured using BD FACSCalibur cytofluorometer detection of 

DNA content in the iBmp2fx/fx and iBMp2ko/ko dp cells with or without 10% fetal calf 

serum. Significant decrease of number of cells at G2 phase could be seen in the iBmp2ko/ko 

dp cells. w: The iBmp2fx/fx and iBmp2ko/ko dp cells that migrated through the porous 

membrane were stained and counted. Photographs represent the migrated iBmp2fx/fx and 

iBmp2ko/ko dp cells. Bar represents the mean ± SD (n = 3). **P < 0.01. FX, floxed; KO, 

Bmp2 knock out.
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Fig. 3. 
Altered expression of tooth-related and processing protein genes in the iBmp2 dp cells. A: 

Total RNA was isolated from the iBmp2fx/fx and iBmp2ko/ko dp cells for the measurement of 

Bsp, Colla1, Dlx3, Dmp1, Dspp, Mmp-2, Mmp-9, Osx, and Runx2 transcripts by qRT-PCR. 

Cyclophilin A was used as an internal control. Expression of these mRNAs in the Bmp2fx/fx 

dp cells acts as a 1.0-fold increase. The bar graphs show mean ± SD from three independent 

experiments with triplicate samples for each transcript measurement. *P < 0.05, **P < 0.01. 

B: The iBmp2fx/fx and iBmp2ko/ko dp cells were lysed and protein expressional levels were 

detected by Western blot assay using antibodies specific to Bsp, Colla1, Dlx3, Dmp1, Dsp, 

Mmp-2, Mmp-9, Osx, and Runx2, respectively. b-actin was used as an internal control. C: 

The protein band intensity was quantitated by Image J software. The proteins from the 

iBmp2fx/fx dp cells were normalized to b-actin protein as control. The fold change in the 

Bmp2ko/ko protein expression levels was calculated by dividing the Bmp2fx/fx dp protein 

expression levels. This result demonstrates that several protein expression levels were 

decreased in the iBmp2ko/ko dp cells. FX, floxed; KO, Bmp2 knock out.
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Fig. 4. 
Bmp2 deletion is interfered to extracellular matrix remodeling via Mmp-9. A: The 

supernatant harvested from the iBmp2fx/fx and iBmp2ko/ko dp cells was analyzed using 

gelatinolytic activities. Expression of Mmp-9 in the iBmp2ko/ko dp cells was decreased. B: 

The iBmp2fx/fx and iBmp2ko/ko dp cells were grown on the DQ-FITC-collagen IV and DQ-

FITC-gelatin-coated slides for 14 h. The cells were fixed and degradation spots of the DQ-

FITC-collagen IV and DQ-FITC-gelatin were observed using a Nikon inverted fluorescent 

microscope (c-d, g-h, k, o). The iBmp2ko/ko dp cells were added to the DQ-FITC-collagen 

IV and DQ-FITC-gelatin-coated slides and then treated with or without 100 ng/ml of 

exogenous Bmp2 for 14 h. The cells were fixed and degraded spots of the DQ-FITC-

collagen IV and DQ-FITC-gelatin were imaged by the fluorescent microscope (l, p). a–b, e–

f, i–j, m–n: The cells were photographed under a light inverted microscope. Scale bars, 20 

mM. FX, floxed; KO, Bmp2 knock out.
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Fig. 5. 
Deletion of Bmp2 delays cell differentiation and mineralization. A: The iBmp2fx/fx and 

iBmp2ko/ko dp cells were cultured in the calcifying medium for 4, 8, and 12 days. ALP 

activity was analyzed using in situ ALP staining. B: For cell mineralization assay, both of 

iBmp2fx/fx and iBmp2ko/ko dp cells were treated with calcifying medium for 8 and 12 days. 

Mineralized nodules were visualized with alizarin red S staining. C: The Bmp2ko/ko dp cells 

were treated either with or without recombinant Bmp2 (10 ng/ml) in calcifying medium for 

7 and 14 days, respectively. The 7-day-inducced cells were used for ALP assay while 14-day 

induced cells were assayed by alizarin red S staining. Exogenous Bmp2 rescued the 

iBmp2ko/ko dp cell differentiation and mineralization. FX, floxed; KO, Bmp2 knock out.
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TABLE 1

Primer sequences used for real time polymerase chain reactions

Gene Primer sequences Tm (°C)

Bsp Forward: 5′-AAAGTGAAGGAAAGCGACGA-3′ 52

Reversed: 5′-GTTCCTTCTGCACCTGCTTC-3′

Col1a1 Forward: 5′-CCTGACGCATGGCCAAGAAGA-3′ 60

Reversed: 5′-GCATTGCACGTCATCGCACA-3′

Cyclo A Forward: 5′-GAGCTCTGAGCACTGGAGAGA-3′ 64

Reversed: 5′-GATGCCAGGACCTGTATGCT-3′

Dlx3 Forward: 5′-GCGACACTCAGGAATCATTG-3′ 50

Reversed: 5′-CGGTCCATGCATTTGTTATC-3′

Dmp1 Forward: 5′-CAGTGAGGATGAGGCAGACA-3′ 54

Reversed: 5′-TCGATCGCTCCTGGTACTCT-3′

Dspp Forward: 5′-AACTCTGTGGCTGTGCCTCT-3′ 59

Reversed: 5′-TATTGACTCGGAGCCATTCC-3′

Mmp-2 Forward: 5′-CATCGCCCATCATCAAGTTCC-3′ 55

Reversed: 5′-CCGAGCAAAAGCATCATCCAC-3′

Mmp-9 Forward: 5′-TGGTGTGCCCTGGAACTCA-3′ 64

Reversed: 5′-TGGAAACTCACACGCCAGAAG-3′

Osx Forward: 5′-ACTCATCCCTATGGCTCGTG-3′ 55

Reversed: 5′-GGTAGGGAGCTGGGTTAAGG-3′

Runx2 Forward: 5′-TACAAACCATACCCAGTCCCTGTTT-3′ 55

Reversed: 5′-AGTGCTCTAACCACAGTCCATGCA-3′

Bsp, bone sialoprotein; Col1a1, a 1 collagen type; Cyclo A, cyclophilin A; Dlx3, distal-less 3; Dmp1, dentin matrix protein 1; Dspp, dentin 
sialophosphoprotein; Mmp-2, matrix metalloproteinase-2; Mmp-9, matrix metalloproteinase-9; Osx, Osterix.
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