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Abstract 

Aim To investigate inhibition of GJA1, BMP2 and BMP4 by lipopolysaccharide (LPS)-induced 

DNA methylation in human cementoblasts (HCEM). 

Methodology HCEM were cultured in osteoinduction medium. After 24 h, Escherichia coli LPS 

(1 μg/mL) was added to the medium, which was changed every 2-3 days. Untreated samples were 

used as controls. Messenger RNA was extracted after 4 weeks, and quantitative real-time 

polymerase chain reaction (qRT-PCR) for gap junction protein alpha1 (GJA1), bone 

morphogenetic protein 2 (BMP2), bone morphogenetic protein 4 (BMP4) and DNA methyl- 

transferase 1 (DNMT1) was performed. Genomic DNA was extracted after 4 weeks, and 

quantitative methylation-specific polymerase chain reaction was carried out for GJA1, BMP2 and 

BMP4. To detect mineralization, alizarin red and alkaline phosphatase staining were performed. 

The cells were also treated with the DNA methyltransferase inhibitor 5-Aza-2'-deoxycytidine 

(5Aza) and examined.  

Results Decreased expression of mRNA was seen in GJA1, BMP2 and BMP4 after 4 weeks 

(P<0.05). DNA hypermethylation was detected in GJA1, BMP2 and BMP4 (P<0.05). Alizarin red 

staining and alkaline phosphatase staining revealed decreased mineralization levels in HCEM 
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stimulated with LPS. 5Aza abolished the effects of DNA methylation in HCEM stimulated with 

LPS. 

Conclusions These results suggest that long-term LPS stimulation induces DNA methylation of 

GJA1, BMP2 and BMP4 in HCEM. 
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Introduction  

Many diseases in dentistry, such as dental caries, periapical periodontitis and periodontal disease, 

result from endogenous infections. In periapical periodontitis, oral bacteria enter the root canal, 

and periapical cells, such as periodontal ligament cells, cementoblasts and osteoblasts become 

exposed to oral bacteria and their components. Inflammatory cell infiltration at apical periodontal 

ligament and bone resorptions at apical alveolar bone occur as defensive reaction. Therefore, 

infected root canal treatment involves mechanical removal of infected dentin at root canal wall 

and chemical disinfecting the root canal. Regarding healing after root canal treatment, ideal 

healing is considered to be root apex closure with new cementum formed by cementoblasts 

(Leonardo & Holland 1974, Holland & de Souza 1985, Leonardo et al. 1993). On the other hand, 

cementum closure of the root apex was mainly observed in vital pulp cases, but was uncommon in 

necrotic pulp cases (Ricucci et al. 2009). Earlier reports suggested that bacterial infection affects 

apical healing (Ricucci et al. 2009, Ricucci et al. 2009). These findings imply bacterial infection 

affects cementum formation by cementoblasts. but However, the exact mechanism about root 

apex closure remains unknown.  
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Lipopolysaccharide (LPS) is a major outer membrane component in Gram-negative 

bacteria that stimulates toll-like receptor 4 (TLR4) on the cell membranes, and activates the 

NF-κB pathway, producing inflammatory cytokines such as interleukin-1ß (IL-1ß) and 

interleukin-6 (IL-6) (Hoebe et al. 2004, Mutoh et al. 2007, Liu et al. 2014). Furthermore, LPS 

from Porphyromonas gingivalis has been demonstrated to inhibit osteoblastic differentiation of 

osteoprogenitor cells from fetal rat calvaria (Kadono et al. 1999), suggesting that LPS inhibits 

new hard tissue formation. However, the detailed inhibition mechanism of hard tissue formation 

by LPS is unclear. 

Epigenetics can be defined as the changes in the pattern of gene expression not 

involving the DNA sequence. DNA methylation and histone modification are two major 

epigenetic changes in humans. DNA methylation is a primary epigenetic mechanism 

characterized by the addition of a methyl group to cytosines within CpG regions called CpG 

islands. The methylation of CpG islands affects the binding of transcriptional factors to the 

promoter, leading to the change in transcriptional activity. DNA hypermethylation often induces 

the down-regulation of gene expression. Environmental factors, such as infectious agents, can 

cause epigenetic modifications that are often involved in pathogenic changes (Johnson & 
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Belshaw 2008, Vaissiere et al. 2008). Recently LPS from P. gingivalis was reported to induce 

DNA methylation of Runt-related transcription factor 2 (RUNX2) and extracellular 

matrix-related genes in human periodontal ligament cells fibroblasts (Uehara et al. 2014, Takai et 

al. 2016). However, the epigenetic changes affecting apical healing after root canal treatment 

remain to be elucidated. 

We hypothesized that the difference between apical healing with and without hard 

tissue formation is due to DNA methylation of hard tissue formation-related genes caused by 

bacterial infection. We thus investigated whether LPS causes DNA methylation of three hard 

tissue formation-related genes, gap junction protein alpha1 (GJA1), bone morphogenetic protein 

2 (BMP2), and bone morphogenetic protein 4 (BMP4) in human cementoblasts.   

 

 

Materials and Methods 

1. Cell culture 

We used human cememtoblast cell line (HCEM), which are immortalized by transfection with a 

human telomerase transcriptase gene (TERT). These cells were generously provided by Professor 
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Takashi Takata (Hiroshima University Graduate School, Hiroshima, Japan). The characteristics 

of HCEM were described previously (Kitagawa et al. 2006).  

 

2. Cell culture and incorporation of LPS 

HCEM (5×104 cell/mL) were cultured in Minimum Essential Medium Alpha (α-MEM, Thermo 

Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS), 

penicillin-streptomycin (100 U/mL), 10 mM ß-glycerophosphate (Sigma-Aldrich Japan, Tokyo, 

Japan), 50 µg/mL of ascorbic acid (Wako Pure Chemicals Industries, Ltd., Osaka, Japan), and 10 

nM dexamethasone (Wako Pure Chemicals Industries, Ltd.) at 37°C in a humidified atmosphere 

of 95% air and 5% CO2. After 24 h, Escherichia coli LPS (1 μg/mL, E. coli O111:B4 L2630, 

Sigma-Aldrich Japan, Tokyo, Japan) was added to the culture medium. The culture medium was 

changed every 2-3 days, and LPS was added with every change. Samples were obtained after 4 

weeks.  

 

3. Cell proliferation assay 

Cell proliferation was determined using WST-1 (Roche Diagnostics, Mannheim, Germany). 
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HCEM (1 x 104 cells/mL) were seeded in 96-well plates in MEM and cultured for 24h. The cells 

were treated with different concentrations (0, 1, 5, 50 µM) of 5-Aza-2’-deoxycytidine (5Aza: 

Sigma), an inhibitor of DNA methyltransferase. After incubation for 24h, 10 μL of WST-1 was 

added to each well and cultured for 1 h. The colorimetric reaction was assessed using a microplate 

reader (Molecular Devices, Sunnyvale, CA, USA) at 450 nm. Furthermore, cell viability of LPS 

(1µg/mL) and/or 5Aza (50µM) was also estimated at 24h and 72h in the same manner. The assay 

was performed in triplicate. 

 

4. RNA extraction and quantitative real-time PCR (QRT-PCR) 

Total RNA was extracted with TRIzol® (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Total RNA was reverse-transcribed into complementary DNA 

(cDNA) with Sensiscript® Reverse Transcript (Applied Biosystems, Foster City, CA, USA), and 

qRT-PCR was performed using TaqMan MGB probes (Applied Biosystems). The TaqMan MGB 

probes and primer sets for GJA1 (Hs00748445_s1), BMP2, (Hs00154192_m1), BMP4 

(Hs03676628_s1), DNMT1 (Hs00154749_m1), and human glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), as an endogenous control, were purchased from Applied Biosystems. 
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The quantification and differentiation of mRNA expression were analyzed using ABI 7500 fast 

system software (Applied Biosystems) and compared with the ΔΔCt method. The qRT-PCR was 

performed five times.  

 

5. Analysis of DNA methylation 

Genomic DNA was extracted from HCEM using the DNeasy Blood & Tissue Kit (Qiagen). The 

DNA samples (Control, LPS, 5Aza, LPS+5Aza) were treated with sodium bisulfite using the 

EpiTect Plus Bisulfite Kits (Qiagen). DNA methylation of target genes, such as GJA1, BMP2 and 

BMP4 was analyzed using SYBR green-based quantitative methylation-specific PCR (qMSP). 

Two sets of PCR primers were designed using the Methyl Primer Express Software version 1.0 

(Applied Biosystems): one for unmethylated and another for methylated DNA sequences. The 

methylated and unmethylated primers were designed between promoters and retro-elements, as 

shown in Table 1. For PCR, the bisulfite-treated DNA template was mixed with an equal volume 

of 2× Power SYBR Green PCR Master Mix (Applied Biosystems) and a pair of primers at a final 

concentration of 400 nM. The PCR conditions included initial incubation at 50°C for 2 min, 

denaturing at 95°C for 10 min, and 45 cycles of denaturing at 95°C for 15 s and annealing at 58°C 
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for 1 min. After PCR amplification, a dissociation curve was generated to confirm the size of the 

PCR product. The percentage of methylation of target genes in a sample was estimated using the 

following formula: 

(M/(M+U))×100=(1/(1+(U/M)))×100=1/(1+2−ΔCt)x100 

 

M is the copy number of the methylated target gene, U is the copy number of the unmethylated 

target gene, and ∆Ct = ∆CtU - CtM. Four experimental culture systems were used to extract DNA. 

qMSP of each experimental culture system was carried out three times and the results were 

averaged. 

  

6. Mineralization assay 

Samples were obtained after 4 weeks, and alizarin red staining and alkaline phosphatase staining 

were carried out. To detect calcium deposits, the cells were washed 2 to 3 times with 

phosphate-buffered saline and fixed in 4% paraformaldehyde - 0.1 M phosphate buffer (pH 7.4) 

for 10 min at room temperature. These cells were washed twice with phosphate-buffered saline 

and stained with alizarin red S solution (pH 6.38; Wako Pure Chemical Industries Ltd.) for 5 min 
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at room temperature. To detect alkaline phosphatase, the cells were washed twice with Milli-Q 

(Merck KGaA) water and then stained using the alkaline phosphatase staining kit (Wako Pure 

Chemical Industries Ltd.) for 45 min. Following 2 to 5 washes with Milli-Q water, the plates were 

imaged with a digital camera. Each staining was performed three times.   

 

7. Statistical analysis 

The significance of differences among groups was assessed using a two-way analysis of variance 

(ANOVA) followed by the Bonferroni’s multiple comparison test with P < 0.05 being significant. 

 

Results 

Cell proliferation 

The cell proliferation of LPS and/or the inhibitor for DNA methylation, 5Aza, was estimated by 

WST-1 assay after addition of the LPS and/or 5Aza to the cell culture systems because they may 

affect cell viability. No significant differences were observed among the control and 5Aza 

samples up to 50 µM at 24 h (Fig. 1a), and therefore employed 50µM of 5Aza. No cytotoxic 

effects of 50µM 5Aza on the cells were observed even in the presence of 1 µg/mL LPS at 24 h or 
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72 h (Fig. 1b).  

 

Expression of DNMT1 mRNA 

We investigated whether LPS induces DNA methylation by regulating DNA methyltransferase 

(DNMT). The expression level of DNMT1 mRNA in the cells stimulated with LPS was 

significantly higher than the controls. The presence of 5Aza completely abolished the upregulated 

expression of DNMT1 in the cells stimulated with LPS (Fig 2a). 

 

Expression of GJA1, BMP2 and BMP4 mRNA 

The expression of GJA1, BMP2 and BMP4 in LPS group decreased to 38 – 67% of that observed 

in control group (P<0.05, Figs 2b, 2c, 2d). The expression of the genes in LPS with 5Aza group 

reached control levels, suggesting that 50 µM 5Aza abolished the DNA methylation in HCEM 

stimulated with 1 µg/mL of LPS (Figs 2b, 2c, 2d). No significant differences were observed 

between control group and 5Aza group, and between 5Aza group and LPS with 5Aza group (Figs 

2b, 2c, 2d). 
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DNA methylation of GJA1, BMP2 and BMP4 genes 

The DNA methylation levels of GJA1, BMP2 and BMP4, were evaluated by qMSP in HCEM. 

The DNA methylation level of GJA1 in the LPS group was significantly higher than that in the 

control group (LPS group 44.0% ± 0.37%, Control group 43.0% ± 0.41% respectively) (P<0.05, 

Fig. 3a). The percentage of DNA methylation in BMP2 induced by LPS was approximately 

1.5-fold higher than that in the control (LPS group 1.78% ± 0.27%, Control group 1.18% ± 0.31%, 

respectively), and was significantly different from that in the control group (P<0.05, Fig. 3b). The 

DNA methylation percentage of BMP4 in the LPS group was higher than that in the control group 

(LPS group 93.2% ± 2.1%, Control group 89.3% ± 0.9%, respectively), and was significantly 

different from that in the control group (P<0.05, Fig. 3c). The DNA methylation levels in cells 

stimulated with LPS were significantly higher than those in controls (Figs. 3a, 3b, 3c). The 

presence of 50 µM 5Aza reduced the DNA methylation percentage of GJA1, BMP2 and BMP4, in 

HCEM stimulated with 1 µg/mL of LPS (Figs. 3a, 3b, 3c), suggesting that 50 µM 5Aza abolished 

the DNA methylation in HCEM stimulated with 1 µg/mL of LPS. 

  

Mineralization 



 15 

To confirm the functional effects of DNA methylation induced by LPS, we carried out 

alizarin red staining and ALP staining. The numbers of dark red and violet spots, indicating 

mineralization by alizarin red and ALP staining, respectively, were significantly reduced in the 

repeated LPS stimulation group as compared with control group (Fig. 4).  In the LPS+5Aza group, 

dark red and violet spots were observed on alizarin red and ALP staining, respectively, 

confirming that DNA methylation was abolished in HCEM by 5Aza (Fig. 4). 

 

 

Discussion 

Gram-negative rods are detected in infected root canals and periapical lesions originating from 

infected dental pulp (Fujii et al. 2009). LPS from gram-negative rods is known to induce 

inflammatory cytokines, including IL-1, IL-6, IL-8, and tumor necrosis factor-alpha, in periapical 

periodontitis (Matsushita et al. 1998). Recently, LPS stimulation was reported to induce DNA 

hypermethylation of Runx2 and several genes related to the extracellular matrix (ECM) in human 

periodontal fibroblast (PDL) cells (Uehara et al. 2014, Takai et al. 2016), suggesting that 

differentiation from fibroblast to cementoblast or osteoblast is inhibited in periapical tissue. 
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However, DNA methylation in cementoblast induced by LPS remains unknown. In this study, we 

focused on apical closure by cementoblast, because ideal healing after root canal treatment is 

considered to be root apex closure with newly formed cementum. There is little information 

regarding mineralization and the expression of GJA1, BMP2 and BMP4 in the presence of LPS. 

Our study suggests that low mineralization by long-term LPS stimulation is involved in the 

epigenetic change of GJA1, BMP2 and BMP4.  

The present study investigated DNA methylation of GJA1, BMP2 and BMP4 in HCEM 

by stimulation with LPS for a prolonged period. In in vitro experimental models, cells are 

generally exposed to LPS for less than a couple of days as acute stimulation. However, periapical 

periodontal lesions are chronic inflammation due to an infected root canal. We previously 

developed an in vitro model of LPS infection in PDL cells for a prolonged period (LPS 

stimulation for 3 days followed by no stimulation for 3 days, repeated for 4 weeks) (Takai et al. 

2016) because LPS stimulation at a high dose or for a prolonged period often induces cell death in 

culture systems. However, previous reports did not show cell death in stimulated human dental 

pulp cells with LPS for 4 weeks as chronic stimulation (He et al. 2015，Sugiuchi et al. 2018, 

Widbiller et al. 2018). The difference may depend on the cell characteristics in each study.  
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GJA1 encodes CX43, one of major gap junction proteins. It is expressed in osteoblasts, 

osteocytes and odontoblasts, and plays an important role in morphogenesis, differentiation, and 

homeostasis of bone and tooth (Murakami et al. 2001, Muramatsu et al. 2004, Miron et al. 2011, 

Muramatsu et al. 2013, Shi et al. 2017). Mutation of GJA1 results in oculo-dento-digital dysplasia 

(ODDD), which is characterized by multiple, variable craniofacial, limb, ocular and dental 

anomalies that are often associated with neurological disorders (Paznekas et al. 2003). 

Knockdown of CX43-mediated regulation of the zone of polarizing activity in the developing 

chick limb was reported to lead to digit truncation (Hashida et al. 2014). Furthermore, cell-to-cell 

communication via gap junctions functions in osteoblastic differentiation (Geneau et al. 2010, 

Chaible et al. 2011, Shen et al. 2015, Ishikawa et al. 2016, Buo et al. 2017), and is associated with 

the expression of BMP2 and sonic hedgehog (SHH)(Law et al. 2002). BMPs are multifunctional 

cytokines that are expressed in numerous tissues, and BMP2 and BMP4 are the most thoroughly 

investigated members of the TGF-β superfamily for tooth and periodontal development and 

regeneration (Kinoshita et al. 1997, Kim et al. 2005). However, epigenetic changes of these genes 

have not been investigated after prolonged LPS stimulation. In this study, epigenetic change of 

GJA1, BMP2 and BMP4 was detected in HCEM after LPS stimulation for a prolonged period. 
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This suggests that LPS stimulation for a long period affects cementum formation in regeneration 

after treatment of infectious periapical lesions. 

In this study, we used 5Aza to investigate the effects of a demethylating agent (Luczak 

& Jagodzinski 2006), and 5Aza abolished the DNA methylation of GJA1, BMP2 and BMP4 in 

HCEM stimulated with LPS. A DNA methylation inhibitor, such as 5Aza, increased 

mineralization, suggesting a new potential tool for improving wound healing and regeneration of 

periapical lesions. DNA hypermethylation may be, in part, involved in the reduction of hard tissue 

formation. Epigenetic therapy using a DNA methylation inhibitor as intracanal medication for an 

infected root canal may be a novel treatment, but further studies are necessary to clarify the 

molecular mechanism. 

 

Conclusions 

Long-term LPS-stimulation induces DNA methylation of GJA1, BMP2 and BMP4, and causes 

low mineralization in human cementoblasts. 
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Figure legends 

Figure 1 Cell proliferation. (a) The Cell proliferation of LPS and/or the inhibitor for DNA 

methylation, 5Aza, was estimated by WST-1 assay after addition of the LPS and/or 5Aza to the 

cell culture systems. No significant differences were observed among the control and 5Aza 

samples up to 50 µM at 72h. (b) No cytotoxic effect of 5Aza on the cells was observed even in the 

presence of 1 µg/mL LPS at 24h and 72h.  

 

Figure 2 (a) We investigated whether LPS induces DNA methylation by regulating DNA 

methyltransferase (DNMT). The expression level of DNMT1 mRNA in the cells stimulated with 

LPS was significantly higher than the controls. The presence of 5Aza completely abolished the 

upregulated expression of DNMT1 in the cells stimulated with LPS. The expression of GJA1, 

BMP2 and BMP4 in LPS group decreased to 38 – 67% of that observed in control group (a, b, c, 

P<0.05). The expression of the genes in LPS with 5Aza group reached control levels, suggesting 

that 50 μM 5Aza abolished the DNA methylation in HCEM stimulated with 1 μg/mL of LPS. No 

significant differences were observed between control group and 5Aza group, and between 5Aza 

group and LPS with 5Aza group.  
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Figure 3 DNA methylation level of GJA1, BMP4 and BMP2 evaluated by qMSP. The DNA 

methylation levels of GJA1 (a), BMP2 (b) and BMP4 (c) in HCEM stimulated with LPS were 

significantly higher than in controls (P<0.05). The presence of 50 µM 5Aza decreased the DNA 

methylation percentage of three genes in HCEM stimulated with 1µg/mL LPS, suggesting the 

presence of 50 µM 5Aza abolished the DNA methylation in HCEM stimulated with 1 µg/mL LPS 

(a, b, c). 

  

Figure 4 Alizarin red staining and ALP staining. Dark red and violet spots, indicating 

mineralization in alizarin red and ALP staining respectively, were definitely reduced in repeated 

LPS stimulation group compared to control group.  In the group of LPS+5Aza, dark red and violet 

spots were seen in alizarin red and ALP staining respectively, confirming DNA methylation was 

abolished in HCEM with 5Aza.  

 

 

 



 

Table 1: Primer sequences used in this study 

 

  Forward Reverse Size 

GJA1 U 5'-TGAGATGGAGTTTTGTTTTGTT-3' 5'-ATAAACCCAAAAAACAAAACTTA-3' 80 

M 5'-GGGATTTTCGGTAATGGATTC-3' 5'-TAAACCCGAAAAACGAAACT-3' 80 

BMP2 U 5'-GAGTTGGGTTGTAGGAAGTTT-3' 5'-ACCAAACATACTAAACAACCA-3' 106 

M 5'-AGTTGGGTCGTAGGAAGTTC-3' 5'-CCGAACATACTAAACAACCG-3' 106 

BMP4 

 

U 5'-GGGGATTTTTGGTAATGGATTT-3' 5'-CCACCAATCTAACTCCCAACTA-3' 146 

M 5'-GGGATTTTCGGTAATGGATTC-3' 5'-CACCGATCTAACTCCCGACTA-3' 146 

U: unmethylated primer;  M: methylated primer 

 

 

 










