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Pulpal and periapical diseases affect a large segment of the population. The role of microbial infections and host effector molecules in these diseases is well established. However, the interaction between host genes and environmental factors in disease susceptibility and progression is less well understood. Studies of genetic polymorphisms in disease relevant genes have suggested that individual predisposition may contribute to susceptibility to pulpal and periapical diseases. Other studies have explored the contribution of epigenetic mechanisms to these diseases. Ongoing research expands the spectrum of non-coding RNAs in pulpal disease to include viral microRNAs as well. This review summarizes recent advances in the genetic and epigenetic characterization of pulpal and periapical disease, with special emphasis on recent data that address the pathogenesis of irreversible pulpal pathosis and apical periodontitis. Specifically, proinflammatory and anti-inflammatory gene expression and gene polymorphism, as well as recent data on DNA methylation and microRNAs are reviewed. Improved understanding of these mechanisms may aid in disease prevention as well as in improved treatment outcomes.
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INTRODUCTION

Pulpal and periapical diseases involve a large segment of the population. This common occurrence is related to the high prevalence of their principal etiologic factors, namely dental caries and traumatic injuries. Moreover, the cumulative burden of the effects of repeated failure of restorations, secondary disease and tooth loss further increase the prevalence and significance of endodontic pathosis. Dental caries continues to be among the most prevalent diseases that affects humans, especially among younger individuals. For example, in the United States caries prevalence among 2–19 year-old individuals is 46% (Fleming and Afful, 2018). Dental caries is associated with inflammation in the dental pulp, even at its earliest stages (Brannstrom and Lind, 1965). Fortunately, most of the early phases of caries cause reversible pulpitis, which heals following the restoration of the tooth. However, because caries is mostly asymptomatic, many cases progress to irreversible pulpitis. This condition may or may not be associated with significant pain and if untreated would progress to pulp necrosis.

The conservative management of pulpitis, which aims to preserve the vitality of this tissue, is predicated on the accurate diagnosis of the condition of the dental pulp. The clinical methods involved in making this diagnosis vary widely, are not standardized and have not been clinically validated. Traditionally, carious pulp exposure was deemed a sign of irreversible pulp pathosis, regardless of symptoms. However, in the last decade, vital pulp therapy procedures have gained considerable popularity, with the realization that a carious pulp exposure does not automatically denote irreversible pulpitis (Bogen et al., 2008), that the pain from symptomatic pulpitis can be effectively managed with pulpotomy procedures (Eren et al., 2017; Galani et al., 2017), and that tricalcium silicates are effective materials for preserving the long-term vitality of the pulp (Schwendicke et al., 2016; Elmsmari et al., 2019; Li et al., 2019).

However, pain is not a constant finding with pulpitis; in fact, it is estimated that about 40% of all cases with pulpitis progress to pulp necrosis without symptoms (Michaelson and Holland, 2002). Moreover, most of the available evidence on outcomes of vital pulp therapy is in the 1–2 years post-operatively. Therefore, better tools for diagnosis of the status of the pulp and better prediction of pulp survival following treatment are highly desirable.

In this review, recent data on the genetic and epigenetic effectors of pulpal and periapical inflammatory responses that lead to irreversible pathosis will be reviewed. This review is not intended to be an exhaustive review of the subject of pulpal and periapical pathosis, which is better detailed in other sources (Fouad and Huang, 2019). Rather, the focus will be on recent findings related to the most prominent effectors and disease pathways of this pathological process, as shown in Figure 1.
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FIGURE 1. Summary of seminal gene expression, gene polymorphism and epigenetic mediators, and pathways that have been recently reported in pulp and periapical inflammation.


Research on understanding the molecular changes in the pulp that lead to true irreversible pathosis could provide valuable insights, and future tools to aid in diagnosis and treatment planning of these conditions. Sequelae of pulp necrosis include apical periodontitis (AP) which manifests as, pain, swelling, purulent drainage, bone and/or tooth loss. Occasionally the infection spreads to distant sites, causing significant morbidity or even mortality. Inflammation and infection of the periapical tissues ultimately leads to bone resorption, which results from enhanced osteoclastogenesis induced through receptor activator of nuclear factor kappa B (RANK) ligand and accumulation of pro-inflammatory cytokines, e.g., IL-1β, TNF-α, prostaglandin E2 and IL-17 (Zou and Bar-Shavit, 2002; Ritchlin et al., 2003; Suda et al., 2004; AlShwaimi et al., 2013; Rechenberg et al., 2014). RANK ligand is presented by osteoblasts and binds to the RANK receptor on the osteoclast precursors, which then triggers their differentiation into mature osteoclasts (Yasuda et al., 1998; Udagawa et al., 1999). Understanding the kinetics of bone resorption in AP would allow the development of diagnostic tools that could differentiate actively expanding lesions from those that are inactive or healing. In patient samples of periapical granulomatous lesions, there was elevation of RANK ligand compared to normal counterparts, and infected root apices contained higher level of pro-inflammatory cytokines that support recruitment of inflammatory cells (Vernal et al., 2006; Rechenberg et al., 2014). Several key studies demonstrated pro-inflammatory nature of periapical granulomas; elevation of IL-1β, IL-6, TNF-α and IL-17 was documented in symptomatic AP compared with asymptomatic AP in patients (Oseko et al., 2009; Jakovljevic et al., 2015). Periapical lesions also revealed increased level of chemokines, e.g., MCP-1 and CCR2, and chemokine receptors, e.g., CCR3, CCR5, and CXCR3, resulting in recruitment of pro-inflammatory cells to the periapex (Kabashima et al., 2001; Cavalla et al., 2013; Liu et al., 2014). Hence, RANK-mediated osteoclastogenesis, led by cascade of pro-inflammatory signaling, would likely play crucial roles in the periapical bone destruction in AP.

While the above studies demonstrate the association between pro-inflammatory signaling and periapical bone destruction in AP, a series of genetic studies revealed functional roles of various cytokines in AP. For instance, a recent study demonstrated increased apical bone loss after pulpal exposure in IL-17 receptor antagonist (IL-17RA) knockout (KO) mice with increased level of neutrophils and macrophages and increased bone resorption compared with the wild-type (WT) littermates, suggesting an immune-modulatory effects of IL-17RA signaling in AP (AlShwaimi et al., 2013). Likewise, Th2-type cytokines, e.g., IL-4 and IL-10, were assessed for their functional effects in periapical bone destruction in a genetic study, which revealed the suppressive role of IL-10, but not IL-4, on infection-induced periapical bone loss (Sasaki et al., 2000). These types of loss-of-function studies, combined with expression/associative studies, have led to accumulation of knowledge in the functional roles of diverse array of “effector” molecules of periapical inflammation, such as the pro-inflammatory cytokines and other inflammatory mediators, e.g., nitric oxide synthase (iNOS) and prostaglandins, in the pathogenesis of AP (McNicholas et al., 1991; Silva et al., 2011). However, little is known about the mechanisms that regulate the levels of such effector molecules of AP and their differential contributions to pathogenesis and healing. Therefore, understanding the molecular mediators of AP at the proteomic, genomic and epigenetic levels, particularly in asymptomatic conditions, and in cases with persistent disease is also critical for planning care and determining outcomes of treatment of this disease.



GENETIC SUSCEPTIBILITY TO PULPITIS AND APICAL PERIODONTITIS

Evidence suggests that dental caries, pulpal and periapical inflammation may be related to individual predisposition to develop the disease (Aminoshariae and Kulild, 2015). The human genome consists of approximately 60,000 genes, of which 20,000 are known protein-coding genes (Venter et al., 2001; Karki et al., 2015). A single nucleotide polymorphism is a change in one nucleotide in an individual’s DNA sequence and occurs approximately 1% in the population (Brookes, 1999). These genetic variations in each individual may contribute to different disease presentations and/or treatment outcomes, therefore two general questions about differential individual response to bacterial challenge have been the field of several studies:

(1) Why some individuals with a deep carious lesion readily develop pulpal and periapical pathologies while others with similar carious lesions resist the development of pulpitis and AP?

(2) Why some individuals present with persistent AP or delayed healing after adequate endodontic treatment?

To address these questions, genetic association studies of individuals with the aforementioned characteristics have assessed the underlying etiology of pulpal and periapical diseases. To date, a few disease-relevant genes have been suggested as candidates in association studies of pulpal and periapical diseases. The most promising candidate gene families are discussed in detail below.



MATRIX METALLOPROTEINASES (MMPs) AND TISSUE INHIBITORS OF METALLOPROTEINASES (TIMPs)

Matrix metalloproteinases are secreted as proenzyme forms requiring extracellular activation. They are regulated by their endogenously secreted inhibitors called TIMPs (Birkedal-Hansen et al., 1993). They are responsible for tissue remodeling and appear to have an influential role in dental caries, pulpitis and AP development (Tannure et al., 2012; Letra et al., 2013).

Matrix metalloproteinases participate in the bone organic matrix remodeling process (Everts et al., 1992), and their expression may be stimulated by interleukin-1 and -6 (Jakovljevic et al., 2015). MMP 2, 7 and 9 in particular appear to have a predominant role in chronic apical abscesses cases in which ongoing tissue destruction is observed (Letra et al., 2013). On the other hand, TIMPs may inhibit the activity of some MMPs (Sternlicht and Werb, 2001). TIMP-1 may also act as an inhibitor of bone resorption (Sobue et al., 2001). MMP and TIMP may be directly involved with AP development and activity. Recently, TIMP1 mRNA was found to be highly expressed in human periapical granulomas, particularly those with molecular characteristics of an inactive lesion (Letra et al., 2013).

Matrix metalloproteinases and TIMPs were reported as associated with dental caries development. Single nucleotide polymorphisms (SNPs) in MMP2 (rs243865), MMP9 (rs17576), MMP13 (rs2252070), and TIMP2 (rs7501477) were investigated for their association with caries in 505 subjects, 212 caries-free subjects and 293 subjects presenting with dental caries. Allele frequencies for MMP2, MMP13 and TIMP2 polymorphisms were significantly different between individuals with or without dental caries. Moreover, mutant allele carriers for MMP13 demonstrated a significantly decreased risk for dental caries, even when adjusting the analyses considering candidate genes, type of dentition and dietary factors, suggesting that genetic polymorphisms in MMP13 may contribute to individual caries susceptibility (Tannure et al., 2012).

Single nucleotide polymorphisms in MMP2 and MMP3 genes have also been shown to contribute to the development of AP (Menezes-Silva et al., 2012). Overall, variations in five MMP genes and one TIMP gene (totaling 16 variants) were associated with pulpal inflammation and AP development in teeth affected by extensive caries lesions in 268 individuals (158 control individuals presenting carious lesions and no AP, and 110 individuals presenting carious lesions and AP). Two SNPs in MMP3 (rs679620 and rs639752), comprising a missense mutation and an intronic single base substitution, respectively, were significantly associated with cases with extensive dental caries and presence of AP (P = 0.004 and P = 0.03, respectively). The associated missense mutation in MMP3 (rs679620) results in a lysine-to-glutamine substitution in the final protein structure, and is predicted to have functional effects as it has been associated with increased MMP3 expression (Ye et al., 1996). It is possible that this variant could be used as a potential target for dental caries progression into dentin and its downstream effects on the pulp, such as pulp necrosis and ultimately, AP. In addition, altered transmission of MMP2 SNP alleles was detected in cases with deep caries and presence of AP (0.00004 ≤ P ≤ 0.002). Collectively, these results suggest that MMPs may be associated with AP development and progression caused by untreated deep dental caries. Further, genetic polymorphisms in MMP and TIMP genes may interfere with apical tissue destruction and remodeling resulting in active AP in teeth affected by dental caries (Menezes-Silva et al., 2012).



PRO-INFLAMMATORY CYTOKINES

Cytokines may be directly related to healing and host response to infection, inflammation, and trauma. Considering the impact of cytokines on host tissues, pro-inflammatory cytokines generally act as catabolic factors and mediate disease-associated tissue destruction, whereas anti-inflammatory cytokines usually function to reduce inflammation and promote healing (Dinarello, 2000).

Several cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6), are involved in soft tissue degradation and bone resorption directly or indirectly promoting osteoclastogenesis, whereas IL-4, and interferon-β (IFN-β) favor bone formation by inhibiting osteoclastogenesis (Birkedal-Hansen et al., 1993; Baker-LePain et al., 2011). Interferon-gamma (IFN-y) is released by activated T-lymphocytes while TNF-α is released by both lymphocytes and macrophages. These cell types are frequently located at sites of tissue damage due to chronic infection or autoimmune disease (Dinarello, 2000; Baker-LePain et al., 2011).

Both genetic and biological interactions between cytokines and MMPs have been reported in the literature. IL-1β plays an essential role in both acute and chronic inflammatory processes (Ito et al., 1996). It is secreted from activated macrophages and other cell types. Cytokines can also modulate MMPs transcription. Cells stimulated with IL-1 may increase MMPs production and contribute to wound healing and tissue degradation (Ito et al., 1996). MMPs (particularly MMP-1, -2, -3 and -9) are able to process the recombinant IL-1β precursor molecule into biologically active forms and thereby upregulate IL-1β activity, or degrade IL-1β into inactive fragments thus downregulate its activity (Ito et al., 1996).

Cytokines are established players in pulpal and periapical tissue destruction (Araujo-Pires et al., 2014). Polymorphisms in cytokine genes were reported to increase risk to developing AP in response to dental carious lesions (Dill et al., 2015). In a previous study, 316 cases [136 with extensive dental caries and AP (cases) and 180 with extensive dental caries but without AP (controls)] were tested for association with polymorphisms in cytokine genes. SNPs in IL1B, IL6, TNF, RANK, RANKL, and OPG genes were genotyped, and significant association was found between an intronic polymorphism in IL1B (rs1143643) and cases of deep caries and AP. Altered transmission of IL1B haplotypes was also observed in association with AP. Furthermore, the expression of IL1B was reported as markedly higher in human periapical granuloma tissue samples when compared to healthy periodontal ligament tissues (Ito et al., 1996).



HEAT SHOCK PROTEINS (HSPs)

Heat shock proteins are a family of proteins often referred to as molecular chaperones with essential roles in protein synthesis, transport, and folding. HSPs are subdivided based on their molecular weight and are induced by stress signals such as fever, hypoxia, infectious agents, and inflammatory mediators (Morimoto, 1993, 1998). They have a fundamental role during the innate immune response in activating macrophages and macrophage-like cells. HSPs participate in the cellular response to lipopolysaccharide resulting in increased inflammatory cytokine production.

HSP70 in particular, has the ability to modulate the host inflammatory immune response. The induction of pro-inflammatory cytokines by HSP70 has been shown to contribute to chronic inflammation. In contrast, HSP70 has also been reported to down regulate toll like receptors (Ferat-Osorio et al., 2014), thus inducing LPS tolerance and preventing augmentation of pro-inflammatory cytokines levels following LPS stimulation (Aneja et al., 2006).

One study showed the differential expression profiles of HSPs in AP lesions; notably, an increased expression of DNAJC3, HSPA4, HSPA6 and HSPB1 was detected (Goodman et al., 2014). In a case-control genetic association study with 400 individuals (183 individuals with extensive carious lesions and AP and 217 individuals with extensive carious lesions but no AP), SNPs in HSPA1L and HSPA6 were shown to be associated with AP development (Maheshwari et al., 2016). Altered transmission of HSPA1L SNP haplotypes was also observed. SNP rs2075800 (HSPA1L) results in a glutamine to lysine substitution at position 602 of the protein and is predicted as probably damaging with effects on the stability and function of the encoded protein.

Other genetic studies suggested the association of persistent AP following non-surgical endodontic treatment in individuals harboring the minor allele of an IL1B variant (Morsani et al., 2011), meanwhile one other study did not find an association (Siqueira et al., 2009). In the latter study, allele H131 of the FcγRIIA gene and a combination of this allele with allele NA2 of the FcγRIIIB gene were suggested to be associated with persistent AP.



EPIGENETIC REGULATION IN PULPITIS AND APICAL PERIODONTITIS

Epigenetics refers to a set of mechanisms that exist above (“epi) the level of genes (Waddington, 2012). It includes a range of alterations in gene expression that occur in response to environment influences and that do not result from changes in the DNA sequence. They include chromatin remodeling, histone variants, microRNAs and long non-coding RNAs.



CHROMATIN REMODELING BY HISTONE LYS-SPECIFIC DEMETHYLASES

Epigenetic chromatin regulation has long been thought to involve permanent gene inactivation, such as X chromosome inactivation or hetero/-euchromatin, which largely involves DNA methylation and histone modifications, e.g., acetylation and methylation (Heard et al., 1997). For instance, histone 3 methylation at Lys 9 (H3K9me2/3) causes heritable chromosome inactivation by recruiting heterochromatin protein 1 (HP1), which leads to gene silencing by DNA methylation at CpG islands (Peters et al., 2002). However, an earlier study by Saccani and Natoli demonstrated for the first time that epigenetic gene regulation, by means of histone Lys-specific demethylation at H3K9me2, is a dynamic process, which regulates the expression of genes involved in the inflammatory responses (Saccani and Natoli, 2002). In this novel study, the authors showed that cultured human dendritic cells exposed to LPS expressed inflammatory cytokine genes, e.g., MDC and ELC, which occurred with transient loss of H3K9me2 epigenetic mark at the promoter regions, coincided with recruitment of RNA polymerase II and the gene expression. While the precise mechanism and the exact demethylase enzyme responsible for the loss of H3K9me2 at the cytokine genes during the inflammatory signaling need to be elucidated, this study was the first demonstration that epigenetic gene regulation by means of histone modification occurs in a dynamic fashion to control the inflammatory responses.

Dynamic role of chromatin remodeling for gene regulation was further confirmed by the discovery of histone modifying enzyme called, Lys-specific demethylase (LSD1), which is specific for H3K4 and H3K9 mono- and di-methylation (Shi et al., 2004). Subsequently, a growing list of Lys (K)-specific De-Methylases (KDMs) has been found with specific enzymatic activities against unique set of histone marks, which play specific roles in gene activation or silencing, depending on specific promoters and biological context. For instance, KDM6A and KDM6B, also known as UTX and Jmjd3, respectively, exhibit demethylase activities against their common substrate, H3K27me3, yet demonstrate different functional roles in inflammatory signaling (De Santa et al., 2009). There have been more than 30 KDMs identified, some of which have been ascribed specific roles in diverse biological functions, from embryogenesis and morphogenesis to cancer development. Detailed modes of their regulatory functions are the subject of ongoing investigations (Shi and Tsukada, 2013).

The vast majority of KDMs possess Jumanji-C domain (JmjC), which is responsible for the demethylase activity and contain co-factor housing motif for Fe(II) and α-ketoglutarate (α-KG) (Clissold and Ponting, 2001). These co-factors are required for the demethylase activity of the JmjC domain; and thus gave rise to the development of pharmaceutical inhibitors of JmjC domain-containing KDMs by use of α-KG analogs, e.g., 5-carboxyl-8-hydroxyquinoline (8-HQ) compounds and GSK-J1, which are the pan-inhibitors for the KDMs in the JmjC family (Rotili et al., 2014). Due to the regulatory roles of KDMs in wide variety of disease processes, advent of these chemical inhibitors of KDMs may offer novel opportunities for the new class of therapeutic drugs. KDMs also possess other functional domains, including the zinc finger (ZF) domain, PHD domain, and other chromodomains, e.g., “tudor” motif, which is found in proteins that associate with chromatin (Huang et al., 2006; Horton et al., 2010, 2016). ZF domain is utilized for direct DNA binding by the KDMs, as evinced in KDM2A interaction with the DNA molecules and enzymatically deplete H3K36me3, resulting in target gene suppression (Blackledge et al., 2010). KDM2A is recruited to CpG islands through its ZF domain therefore demethylates H3K36me3 preferentially in CpG islands. Since H3K36me3 is an active histone mark (He et al., 2008; Cheng et al., 2014), demethylation of H3K36 residues at the CpG islands leads to gene silencing. This is an example by which DNA methylation regulates chromatin structure through preferential interaction with specific KDMs, depending on the genetic context.



THE ROLE OF KDMs IN EPIGENETIC REGULATION OF INFLAMMATION

The first evidence supporting the dynamic regulation of inflammation by epigenetic mechanism was demonstrated by altered enrichment of H3K9me2 along the promoter regions of pro-inflammatory cytokines, e.g., MDC and ELC, in cultured human DCs with LPS stimulation (Saccani and Natoli, 2002). However, this prior study was based on the alteration of the histone marks at the promoter regions, and the functional involvement of a specific KDM in the inflammatory responses was unknown until the discovery of KDM6B, also known as Jmjd3, as the master regulator of pro-inflammatory responses. Association between KDM6B and inflammatory signaling was found by expression screening of all known KDMs in macrophages challenged by LPS and IFN-γ (De Santa et al., 2007). Induction of KDM6B was confirmed in subsequent experiments and the functional significance was validated on gene-specific promoters by chromatin-immuno precipitation (ChIP) assay, which allows for surveying the protein-DNA interactions (De Santa et al., 2007). Furthermore, in their subsequent study, De Santa et al. demonstrated that KDM6B is recruited to more than 70% of LPS-inducible promoters by ChIP-Seq analyses, which allows for genome wide screening of the protein and target DNA interactions (De Santa et al., 2009). The vast majority of the genes with the KDM6B occupancy corresponded to the recruitment of RNA polymerase II to the promoter regions in the activated macrophages, suggesting the positive role of KDM6B in the inflammatory queue. Conversely, KDM6B knockout impaired the recruitment of RNA Pol II to the target gene promoters and the gene expression in macrophages, indicating the requirement of KDM6B in the target gene expression during inflammatory signaling (De Santa et al., 2009). In another study, KDM6B was also found to be critical for the lineage-specific differentiation of CD4 + naïve Th0 cells into various Th subsets, e.g., Th1, Th2, Th17, and the regulator T cells (Treg), through epigenetic regulation of the lineage-specific transcription factors (Li et al., 2014). For instance, CD4 + Th0 cells require expression of T-bet transcription factor for Th1 lineage differentiation and elicit pro-inflammatory immune responses, while immunomodulatory cytokines, e.g., IL-4, and GATA-3 transcription factor are required for Th0 differentiation into Th2 phenotype (Zhu et al., 2010; Kanhere et al., 2012). Th17 lineage differentiation requires the expression of RORγt transcription regulator and TGF-β/IL-6 signaling pathways, and Treg is induced by expression of FoxP3 (Kimura and Kishimoto, 2011). Ample evidence suggests the involvement of differential Th subset balance in periapical cystic and granulomatous lesions of endodontic origin. Fukada et al. demonstrated predominance of pro-inflammatory phenotype and concordant elevation of osteoclastic activities in periapical granulomas when compared with cystic lesions, by observing differential levels of lineage-specific transcription factors, e.g., T-bet, Foxp3, and GATA-3 in granulomatous and cystic lesions (Fukada et al., 2009). Furthermore, immunohistochemistry analyses of human apical granulomatous lesions revealed predominance of cells expressing IFNγ, further validating the role of Th1 subsets in the pathogenesis of endodontic lesions (Kabashima et al., 2004). As such, differential balance between CD4 + Th lineage-differentiation has a role in AP. Using a genetic approach with KDM6B ablation in T-cell specific manner, Li et al. showed loss of CD4 + Th0 differentiation into Th1 phenotype by reduced expression of T-bet transcription factor, which occurred with increased level of H3K27me2 and H3K27me3 (Li et al., 2014). Hence, these results are in keeping with the earlier report that KDM6B is an epigenetic regulator of pro-inflammatory responses through specific demethylation of H3K27me3 (De Santa et al., 2007, 2009).

Recently, regulatory effects of KDM3C were demonstrated on oral inflammatory lesions, including AP induced by pulp exposure and experimentally induced periodontitis by ligature placement (Lee et al., 2019). KDM3C is a member of JmjC-domain containing KDMs with demethylase activity specific for H3K9 moieties (Peeken et al., 2018). KDM3C ablation by gene KO led to increased inflammatory responses to oral bacterial infection, resulting in increased alveolar bone loss at the periapex or alveolar crest. Thus, KDM3C demonstrates anti-inflammatory functions.



MECHANISMS OF EPIGENETIC GENE REGULATION: EXAMPLE OF KDM6B AND POLYCOMB-GROUP PROTEINS (PcGs)

The KDM-mediated gene regulation can be thought of a balanced activity between KDMs and their counterparts, Lys-specific methyltransferases (KMTs), which adds methyl groups on specific histone Lys residues. For instance, the methylation status of H3K27me3 is the net result of the demethylase activity of KDM6B and the methyltransferase activity of enhancer of zeste homolog 2 (EZH2), a component of Polycomb Repressive Complex (PRC) 2 along with other subunits, including EED and Suz12 (Cao et al., 2002; Vire et al., 2006). Enrichment of PRC2 at the target promoter regions occurs in tandem with PRC1, composed of Bmi-1, Cbx, and RING1B, which demonstrate E3 ubiquitin ligase activity on Lys 119 of H2A (Li et al., 2006). Mono-ubiquitination of H2A at Lys119 (H2AK119) then represses transcription by limiting RNA Pol II transcription elongation (Zhou et al., 2008). H3K27me3 methylation by EZH2 regulates diverse gene groups, as revealed by genome-wide ChIP-Seq analyses of H3K27me3 target promoters (Sharma et al., 2017). Mechanism of gene expression by the interplay between the PcG proteins and KDM6B is perhaps most detailed in the regulation of INK4A gene, which encodes p16INK4A cyclin-dependent kinase (CDK) inhibitor, implicated in cellular senescence (Kang et al., 2004). During normal cell cycling, H3K27me3 enrichment is highly maintained at the INK4A promoter by occupancy of PRC1 and PRC2, resulting in gene silencing (Agherbi et al., 2009). Upon the onset of cellular aging, which is in part mediated through upregulation of p16INK4A, KDM6B level is increased and the protein is recruited to the INK4A promoter, causing the demethylation of H3K27me3, which then results in the loss of PCR1/2 complex enrichment at the promoter region (Agger et al., 2009). Likewise, the ubiquitinated H2AK119 limited the expression of diverse chemokines and inflammatory mediators, e.g., CXCLl1/MIP2, CCL5/Rantes, and CXCL10/IP-10, suggesting the suppressive effect of PcG silencing on inflammatory gene expression (Zhou et al., 2008). Thus, the PcG-mediated gene silencing requires both H3K27me3 methylation and H2AK119 ubiquitination, resulting in chromatin condensation and gene silencing, which is reversed by upregulation of KDM6B upon the environmental or physiological queue (Figure 2). On the contrary, a recent report showed that EZH2 may be necessary for the pro-inflammatory signaling, and this was demonstrated in cultured human dental pulp cells (HDP) and animal models. Hui et al. showed that silencing of EZH2 in cultured HDPs attenuated the secretion of inflammatory cytokines, e.g., IL-6, IL-8, IL-15, CCL2, and CXCL12 (Hui et al., 2014). Using a rat pulpitis model, the authors also showed reduction of pulpitis responses in the animals exposed to DZNep, a pharmacological inhibitor of EZH2, further demonstrating the physiological role of EZH2 in pro-inflammatory signaling in dental pulp. Therefore, the role of PcG-mediated gene silencing and activation by KDMs may be context-dependent and will require further research to elucidate the precise mechanism during oral inflammatory signaling.
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FIGURE 2. Regulation of inflammatory and senescence genes through the interplay between PcG proteins and KDM6B. Polycomb Repressive Complex (PRC) 1 is composed of Bmi-1, CBX, and RING1B, while PRC2 contains Suz12, EED, and EZH2, a methyltransferase specific for H3K27. RING1B of PRC1 demonstrates E3 ubiquitin ligase activity for H2AK119, causing monoubiquitination. When the signal is activated for pro-inflammatory cascade, e.g., bacterial infection, or due to aging, KDM6B may be upregulated and leads to demethylation of H3K27me3. This impedes the silencing activity of the PcG proteins and leads to target gene expression. Figure is revised from Kang et al. (2017).




THE ROLE OF MICRORNAs IN REGULATING PULPAL AND PERIAPICAL DISEASE

MicroRNAs, small non-coding RNA molecules, regulate gene expression by inhibiting protein translation or by degrading the messenger RNA transcript. They play a critical role in normal cellular function and according to bioinformatics predictions, they regulate at least one third of all messenger RNAs. While microRNAs regulate both the innate and adaptive immune response, their role in regulating endodontic disease is only just beginning to be explored. Exploration of the differential expression of microRNAs in pulpal and periapical disease were reported a few years ago (Zhong et al., 2012; Chan et al., 2013). Initially, an observational study was done in which inflamed pulp from carious teeth diagnosed with symptomatic or asymptomatic irreversible pulpitis were compared to pulp from healthy teeth. As compared to normal pulps, 3 microRNAs were upregulated, and 33 microRNAs were downregulated in inflamed pulps. A similar observational study was conducted in diseased periapical tissues (Chan et al., 2013). Twenty-four microRNAs were downregulated as compared to normal controls. These included some of the same microRNAs downregulated in pulpitis. Down-regulation of microRNAs results in an increase in their respective target messenger RNAs as microRNAs are negative regulators In contrast, a similar study on periapical lesion found that miR-155 was upregulated (Yue et al., 2016). This microRNA targets semaphorin 3a, known to play a role in bone remodeling and macrophage apoptosis. Another microRNA reported to have a potential role in the pathogenesis of AP is miR-335-5p, a promoter of RANKL (Yue et al., 2017).

Several members of the microRNA 181 family were downregulated in both inflamed pulps and in inflamed periapical diseases. These include miR-181a, known to regulate expression of toll-like receptor 4, which plays an important role in pathogen recognition and activation of the innate immune response. To further examine the role of the miR-181a in the TLR agonist-induced response in pulpitis an in vitro model of human pulp fibroblasts was used (Galicia et al., 2014). These cells recognize conserved microbial patterns through TLRs. Stimulation of human pulp fibroblasts with LPS from Porphyromonas gingivalis (Pg) resulted in downregulation of miR-181a and increased expression of IL-8. A miR-181a binding site on the 3′UTR of IL-8 was identified by in silico analysis. This was confirmed by dual-luciferase assays. Taken together the data demonstrate that human pulp fibroblasts respond to Pg LPS by downregulating expression of miR-181a, which in turn increases expression of the powerful chemoattractant IL-8.

Macrophages also play an important role in the innate immune response of the pulp and periapical tissues. An in vitro model was used to study the macrophage microRNA response to LPS. The microRNA expression pattern in CD14 + human macrophages challenged with E. coli LPS changes in a time and dose–dependent manner (Naqvi et al., 2016). The LPS responsive microRNAs target key signaling and pathogen recognition pathways including PIK3-Akt, MAPK, ErbB, Wnt and TGF-β. A similar study compared the microRNA profiles in human macrophages challenged with LPS from 3 different sources- Aggregatibacter actinomycetemcomitans (Aa), Pg and Pg grown in cigarette smoke extract (Naqvi et al., 2014). A “core” microRNA response was noted with 24 microRNAs being differentially expressed across all 3 LPS species (Figure 3). At the same time, LPS specific responses were noted (Figure 3). This demonstrates that environmentally induced alterations in LPS (such as cigarette smoking) modify the miRNA response.


[image: image]

FIGURE 3. LPS induced differential expression of microRNAs in THP-1 differentiated human macrophages. (A) RNA extracted from macrophages treated with LPS from A. actinomycetemcomitans (Aa), P. gingivalis (Pg) and P. gingivalis grown in cigarette smoke extract (Pg [CSE]) was profiled form microRNAs using NanoString technologies. (B) Venn diagram showing convergent and divergent microRNA profile in response to LPS treatment. Reproduced with permission from Naqvi et al. (2014).


Most studies on microRNAs have focused on host microRNAs. Viruses, especially those with DNA genome, encode miRNAs in order to regulate their life cycle inside the host (Ambros, 2004). Host proteins recognize the viral transcripts generated in the nucleus and process them in a way similar to the canonical host microRNA pathway. To date, more than 200 different microRNAs of viral origin have been identified. Viral microRNAs may regulate both viral and/or host transcripts. Given the capacity to regulate hundreds of probable host transcripts, viral microRNAs have the potential to significantly influence the host transcriptome. An observational study was done to compare the viral encoded microRNA profiles in healthy and diseased human pulps (Naqvi et al., 2016). Four viral microRNAs- HSV1-miR-H1, HCMV-miR-US4, HCMV-miR-UL70-3p, and KSHV-miR-K12-3 were expressed at higher levels in diseased human dental pulps. In silico target prediction of the differentially expressed viral microRNAs were then used to identify the potential host target genes that are important in defense against pathogens. The target genes were key mediators involved in the detection of microbial ligands (TLR-1), proteolysis (MMP24), chemotaxis (Chemokine ligand 25), pro- and anti-inflammatory cytokines (IL8, IL-10) and, signal transduction molecules (Inducible T cell co-stimulator). This suggests that miRNAs may play a role in interspecies regulation of pulpal health and disease. Further research is needed to elucidate the mechanisms by which these viral miRNAs can potentially modulate the host response.



CONCLUSION

Recent evidence shows that that gene expression, gene-gene interactions, as well as epigenetic alterations may contribute to the etiology of pulpitis and AP. Understanding the underlying molecular mechanisms in pulpitis and AP may provide insights into the development of improved diagnostic tools of the dental pulp status, prediction of dental pulp survival and personalized treatment strategies. In addition to removal of etiologic factors, future therapeutic approaches may focus on localized downregulation of proinflammatory signals, and upregulation of regenerative mechanisms.



AUTHOR CONTRIBUTIONS

AF conceived idea of manuscript, contributed to content, and did overall editing and submission. AK contributed to content and overall editing. RS and MK contributed to content.



REFERENCES

Agger, K., Cloos, P. A., Rudkjaer, L., Williams, K., Andersen, G., Christensen, J., et al. (2009). The H3K27me3 demethylase JMJD3 contributes to the activation of the INK4A-ARF locus in response to oncogene- and stress-induced senescence. Genes Dev. 23, 1171–1176. doi: 10.1101/gad.510809

Agherbi, H., Gaussmann-Wenger, A., Verthuy, C., Chasson, L., Serrano, M., and Djabali, M. (2009). Polycomb mediated epigenetic silencing and replication timing at the INK4a/ARF locus during senescence. PLoS One 4:e5622. doi: 10.1371/journal.pone.0005622

AlShwaimi, E., Berggreen, E., Furusho, H., Rossall, J. C., Dobeck, J., Yoganathan, S., et al. (2013). IL-17 receptor A signaling is protective in infection-stimulated periapical bone destruction. J. Immunol. 191, 1785–1791. doi: 10.4049/jimmunol.1202194

Ambros, V. (2004). The functions of animal microRNAs. Nature 431, 350–355. doi: 10.1038/nature02871

Aminoshariae, A., and Kulild, J. C. (2015). Association of functional gene polymorphism with apical periodontitis. J. Endod. 41, 999–1007. doi: 10.1016/j.joen.2015.03.007

Aneja, R., Odoms, K., Dunsmore, K., Shanley, T. P., and Wong, H. R. (2006). Extracellular heat shock protein-70 induces endotoxin tolerance in THP-1 cells. J. Immunol. 177, 7184–7192. doi: 10.4049/jimmunol.177.10.7184

Araujo-Pires, A. C., Francisconi, C. F., Biguetti, C. C., Cavalla, F., Aranha, A. M., Letra, A., et al. (2014). Simultaneous analysis of T helper subsets (Th1, Th2, Th9, Th17, Th22, Tfh, Tr1 and Tregs) markers expression in periapical lesions reveals multiple cytokine clusters accountable for lesions activity and inactivity status. J. Appl. Oral Sci. 22, 336–346. doi: 10.1590/1678-775720140140

Baker-LePain, J. C., Nakamura, M. C., and Lane, N. E. (2011). Effects of inflammation on bone: an update. Curr. Opin. Rheumatol. 23, 389–395. doi: 10.1097/BOR.0b013e3283474dbe

Birkedal-Hansen, H., Moore, W. G., Bodden, M. K., Windsor, L. J., Birkedal-Hansen, B., DeCarlo, A., et al. (1993). Matrix metalloproteinases: a review. Crit. Rev. Oral Biol. Med. 4, 197–250. doi: 10.1177/10454411930040020401

Blackledge, N. P., Zhou, J. C., Tolstorukov, M. Y., Farcas, A. M., Park, P. J., and Klose, R. J. (2010). CpG islands recruit a histone H3 lysine 36 demethylase. Mol. Cell 38, 179–190. doi: 10.1016/j.molcel.2010.04.009

Bogen, G., Kim, J. S., and Bakland, L. K. (2008). Direct pulp capping with mineral trioxide aggregate: an observational study. J. Am. Dent. Assoc. 139, 305–315; quiz 305–315.

Brannstrom, M., and Lind, P. O. (1965). Pulpal response to early dental caries. J. Dent. Res. 44, 1045–1050. doi: 10.1177/00220345650440050701

Brookes, A. J. (1999). The essence of SNPs. Gene 234, 177–186. doi: 10.1016/s0378-1119(99)00219-x

Cao, R., Wang, L., Wang, H., Xia, L., Erdjument-Bromage, H., Tempst, P., et al. (2002). Role of histone H3 lysine 27 methylation in Polycomb-group silencing. Science 298, 1039–1043. doi: 10.1126/science.1076997

Cavalla, F., Reyes, M., Vernal, R., Alvarez, C., Paredes, R., Garcia-Sesnich, J., et al. (2013). High levels of CXC ligand 12/stromal cell-derived factor 1 in apical lesions of endodontic origin associated with mast cell infiltration. J. Endod. 39, 1234–1239. doi: 10.1016/j.joen.2013.06.020

Chan, L. T., Zhong, S., Naqvi, A. R., Self-Fordham, J., Nares, S., Bair, E., et al. (2013). MicroRNAs: new insights into the pathogenesis of endodontic periapical disease. J. Endod. 39, 1498–1503. doi: 10.1016/j.joen.2013.08.032

Cheng, Z., Cheung, P., Kuo, A. J., Yukl, E. T., Wilmot, C. M., Gozani, O., et al. (2014). A molecular threading mechanism underlies Jumonji lysine demethylase KDM2A regulation of methylated H3K36. Genes Dev. 28, 1758–1771. doi: 10.1101/gad.246561.114

Clissold, P. M., and Ponting, C. P. (2001). JmjC: cupin metalloenzyme-like domains in Jumonji, hairless and phospholipase A2beta. Trends Biochem. Sci. 26, 7–9. doi: 10.1016/s0968-0004(00)01700-x

De Santa, F., Narang, V., Yap, Z. H., Tusi, B. K., Burgold, T., Austenaa, L., et al. (2009). Jmjd3 contributes to the control of gene expression in LPS-activated macrophages. EMBO J. 28, 3341–3352. doi: 10.1038/emboj.2009.271

De Santa, F., Totaro, M. G., Prosperini, E., Notarbartolo, S., Testa, G., and Natoli, G. (2007). The histone H3 lysine-27 demethylase Jmjd3 links inflammation to inhibition of polycomb-mediated gene silencing. Cell 130, 1083–1094. doi: 10.1016/j.cell.2007.08.019

Dill, A., Letra, A., Chaves de Souza, L., Yadlapati, M., Biguetti, C. C., Garlet, G. P., et al. (2015). Analysis of multiple cytokine polymorphisms in individuals with untreated deep carious lesions reveals IL1B (rs1143643) as a susceptibility factor for periapical lesion development. J. Endod. 41, 197–200. doi: 10.1016/j.joen.2014.10.016

Dinarello, C. A. (2000). Proinflammatory cytokines. Chest 118, 503–508. doi: 10.1378/chest.118.2.503

Elmsmari, F., Ruiz, X. F., Miro, Q., Feijoo-Pato, N., Duran-Sindreu, F., and Olivieri, J. G. (2019). Outcome of partial pulpotomy in cariously exposed posterior permanent teeth: a systematic review and meta-analysis. J. Endod. 45, 1296–1306.e3. doi: 10.1016/j.joen.2019.07.005

Eren, B., Onay, E. O., and Ungor, M. (2017). Assessment of alternative emergency treatments for symptomatic irreversible pulpitis: a randomized clinical trial. Int. Endod. J. 51(Suppl. 3), e227–e237. doi: 10.1111/iej.12851

Everts, V., Delaisse, J. M., Korper, W., Niehof, A., Vaes, G., and Beertsen, W. (1992). Degradation of collagen in the bone-resorbing compartment underlying the osteoclast involves both cysteine-proteinases and matrix metalloproteinases. J. Cell. Physiol. 150, 221–231. doi: 10.1002/jcp.1041500202

Ferat-Osorio, E., Sanchez-Anaya, A., Gutierrez-Mendoza, M., Bosco-Garate, I., Wong-Baeza, I., Pastelin-Palacios, R., et al. (2014). Heat shock protein 70 down-regulates the production of toll-like receptor-induced pro-inflammatory cytokines by a heat shock factor-1/constitutive heat shock element-binding factor-dependent mechanism. J. Inflamm. 11:19. doi: 10.1186/1476-9255-11-19

Fleming, E., and Afful, J. (2018). Prevalence of total and untreated dental caries among youth: united states, 2015-2016. NCHS Data Brief 307, 1–8.

Fouad, A. F., and Huang, G. T.-J. (2019). “Chapter 4: inflammation and immunological responses,” in Ingle’s Endodontics, 7th Edn, eds I. Rotstein, and J. Ingle, (Shelton, CT: PMPH USA Ltd).

Fukada, S. Y., Silva, T. A., Garlet, G. P., Rosa, A. L., da Silva, J. S., and Cunha, F. Q. (2009). Factors involved in the T helper type 1 and type 2 cell commitment and osteoclast regulation in inflammatory apical diseases. Oral Microbiol. Immunol. 24, 25–31. doi: 10.1111/j.1399-302X.2008.00469.x

Galani, M., Tewari, S., Sangwan, P., Mittal, S., Kumar, V., and Duhan, J. (2017). Comparative evaluation of postoperative pain and success rate after pulpotomy and root canal treatment in cariously exposed mature permanent molars: a randomized controlled trial. J. Endod. 43, 1953–1962. doi: 10.1016/j.joen.2017.08.007

Galicia, J. C., Naqvi, A. R., Ko, C. C., Nares, S., and Khan, A. A. (2014). MiRNA-181a regulates Toll-like receptor agonist-induced inflammatory response in human fibroblasts. Genes Immun. 15, 333–337. doi: 10.1038/gene.2014.24

Goodman, S. C., Letra, A., Dorn, S., Araujo-Pires, A. C., Vieira, A. E., Chaves de Souza, L., et al. (2014). Expression of heat shock proteins in periapical granulomas. J. Endod. 40, 830–836. doi: 10.1016/j.joen.2013.10.021

He, J., Kallin, E. M., Tsukada, Y., and Zhang, Y. (2008). The H3K36 demethylase Jhdm1b/Kdm2b regulates cell proliferation and senescence through p15(Ink4b). Nat. Struct. Mol. Biol. 15, 1169–1175. doi: 10.1038/nsmb.1499

Heard, E., Clerc, P., and Avner, P. (1997). X-chromosome inactivation in mammals. Annu. Rev. Genet. 31, 571–610. doi: 10.1146/annurev.genet.31.1.571

Horton, J. R., Engstrom, A., Zoeller, E. L., Liu, X., Shanks, J. R., Zhang, X., et al. (2016). Characterization of a linked Jumonji domain of the KDM5/JARID1 family of histone H3 lysine 4 demethylases. J. Biol. Chem. 291, 2631–2646. doi: 10.1074/jbc.M115.698449

Horton, J. R., Upadhyay, A. K., Qi, H. H., Zhang, X., Shi, Y., and Cheng, X. (2010). Enzymatic and structural insights for substrate specificity of a family of Jumonji histone lysine demethylases. Nat. Struct. Mol. Biol. 17, 38–43. doi: 10.1038/nsmb.1753

Huang, Y., Fang, J., Bedford, M. T., Zhang, Y., and Xu, R. M. (2006). Recognition of histone H3 lysine-4 methylation by the double tudor domain of JMJD2A. Science 312, 748–751. doi: 10.1126/science.1125162

Hui, T., A, P., Zhao, Y., Wang, C., Gao, B., Zhang, P., et al. (2014). EZH2, a potential regulator of dental pulp inflammation and regeneration. J. Endod. 40, 1132–1138. doi: 10.1016/j.joen.2014.01.031

Ito, A., Mukaiyama, A., Itoh, Y., Nagase, H., Thogersen, I. B., Enghild, J. J., et al. (1996). Degradation of interleukin 1beta by matrix metalloproteinases. J. Biol. Chem. 271, 14657–14660.

Jakovljevic, A., Knezevic, A., Karalic, D., Soldatovic, I., Popovic, B., Milasin, J., et al. (2015). Pro-inflammatory cytokine levels in human apical periodontitis: correlation with clinical and histological findings. Aust. Endod. J. 41, 72–77. doi: 10.1111/aej.12072

Kabashima, H., Yoneda, M., Nagata, K., Hirofuji, T., Ishihara, Y., Yamashita, M., et al. (2001). The presence of chemokine receptor (CCR5, CXCR3, CCR3)-positive cells and chemokine (MCP1, MIP-1alpha, MIP-1beta, IP-10)-positive cells in human periapical granulomas. Cytokine 16, 62–66. doi: 10.1006/cyto.2001.0947

Kabashima, H., Yoneda, M., Nakamuta, H., Nagata, K., Isobe, R., Motooka, N., et al. (2004). Presence of CXCR3-positive cells and IFN-gamma-producing cells in human periapical granulomas. J. Endod. 30, 634–637. doi: 10.1097/01.don.0000125878.34119.3e

Kang, M. K., Kameta, A., Shin, K. H., Baluda, M. A., and Park, N. H. (2004). Senescence occurs with hTERT repression and limited telomere shortening in human oral keratinocytes cultured with feeder cells. J. Cell. Physiol. 199, 364–370. doi: 10.1002/jcp.10410

Kang, M. K., Mehrazarin, S., Park, N. H., and Wang, C. Y. (2017). Epigenetic gene regulation by histone demethylases: emerging role in oncogenesis and inflammation. Oral Dis. 23, 709–720. doi: 10.1111/odi.12569

Kanhere, A., Hertweck, A., Bhatia, U., Gokmen, M. R., Perucha, E., Jackson, I., et al. (2012). T-bet and GATA3 orchestrate Th1 and Th2 differentiation through lineage-specific targeting of distal regulatory elements. Nat. Commu. 3:1268. doi: 10.1038/ncomms2260

Karki, R., Pandya, D., Elston, R. C., and Ferlini, C. (2015). Defining “mutation” and “polymorphism” in the era of personal genomics. BMC Med. Genomics 8:37. doi: 10.1186/s12920-015-0115-z

Kimura, A., and Kishimoto, T. (2011). Th17 cells in inflammation. Int. Immunopharmacol. 11, 319–322. doi: 10.1016/j.intimp.2010.10.004

Lee, J. Y., Mehrazarin, S., Alshaikh, A., Kim, S., Chen, W., Lux, R., et al. (2019). Histone Lys demethylase KDM3C demonstrates anti-inflammatory effects by suppressing NF-kappaB signaling and osteoclastogenesis. FASEB J. 33, 10515–10527. doi: 10.1096/fj.201900154RR

Letra, A., Ghaneh, G., Zhao, M., Ray, H. Jr., Francisconi, C. F., Garlet, G. P., et al. (2013). MMP-7 and TIMP-1, new targets in predicting poor wound healing in apical periodontitis. J. Endod. 39, 1141–1146. doi: 10.1016/j.joen.2013.06.015

Li, Q., Zou, J., Wang, M., Ding, X., Chepelev, I., Zhou, X., et al. (2014). Critical role of histone demethylase Jmjd3 in the regulation of CD4+ T-cell differentiation. Nat. Commun. 5:5780. doi: 10.1038/ncomms6780

Li, Y., Sui, B., Dahl, C., Bergeron, B., Shipman, P., Niu, L., et al. (2019). Pulpotomy for carious pulp exposures in permanent teeth: a systematic review and meta-analysis. J. Dent. 84, 1–8. doi: 10.1016/j.jdent.2019.03.010

Li, Z., Cao, R., Wang, M., Myers, M. P., Zhang, Y., and Xu, R. M. (2006). Structure of a Bmi-1-Ring1B polycomb group ubiquitin ligase complex. J. Biol. Chem. 281, 20643–20649. doi: 10.1074/jbc.M602461200

Liu, L., Wang, L., Wu, Y., and Peng, B. (2014). The expression of MCP-1 and CCR2 in induced rats periapical lesions. Arch. Oral Biol. 59, 492–499. doi: 10.1016/j.archoralbio.2014.02.008

Maheshwari, K., Silva, R. M., Guajardo-Morales, L., Garlet, G. P., Vieira, A. R., and Letra, A. (2016). Heat shock 70 protein genes and genetic susceptibility to apical periodontitis. J. Endod. 42, 1467–1471. doi: 10.1016/j.joen.2016.07.010

McNicholas, S., Torabinejad, M., Blankenship, J., and Bakland, L. (1991). The concentration of prostaglandin E2 in human periradicular lesions. J. Endod. 17, 97–100. doi: 10.1016/S0099-2399(06)81737-1

Menezes-Silva, R., Khaliq, S., Deeley, K., Letra, A., and Vieira, A. R. (2012). Genetic susceptibility to periapical disease: conditional contribution of MMP2 and MMP3 genes to the development of periapical lesions and healing response. J. Endod. 38, 604–607. doi: 10.1016/j.joen.2012.02.009

Michaelson, P. L., and Holland, G. R. (2002). Is pulpitis painful? Int. Endod. J. 35, 829–832. doi: 10.1046/j.1365-2591.2002.00579.x

Morimoto, R. I. (1993). Cells in stress: transcriptional activation of heat shock genes. Science 259, 1409–1410. doi: 10.1126/science.8451637

Morimoto, R. I. (1998). Regulation of the heat shock transcriptional response: cross talk between a family of heat shock factors, molecular chaperones, and negative regulators. Genes Dev. 12, 3788–3796. doi: 10.1101/gad.12.24.3788

Morsani, J. M., Aminoshariae, A., Han, Y. W., Montagnese, T. A., and Mickel, A. (2011). Genetic predisposition to persistent apical periodontitis. J. Endod. 37, 455–459. doi: 10.1016/j.joen.2011.01.009

Naqvi, A. R., Fordham, J. B., Khan, A., and Nares, S. (2014). MicroRNAs responsive to Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis LPS modulate expression of genes regulating innate immunity in human macrophages. Innate Immun. 20, 540–551. doi: 10.1177/1753425913501914

Naqvi, A. R., Zhong, S., Dang, H., Fordham, J. B., Nares, S., and Khan, A. (2016). Expression profiling of LPS responsive miRNA in primary human macrophages. J. Microb. Biochem. Technol. 8, 136–143.

Oseko, F., Yamamoto, T., Akamatsu, Y., Kanamura, N., Iwakura, Y., Imanishi, J., et al. (2009). IL-17 is involved in bone resorption in mouse periapical lesions. Microbiol. Immunol. 53, 287–294. doi: 10.1111/j.1348-0421.2009.00123.x

Peeken, J. C., Jutzi, J. S., Wehrle, J., Koellerer, C., Staehle, H. F., Becker, H., et al. (2018). Epigenetic regulation of NFE2 overexpression in myeloproliferative neoplasms. Blood 131, 2065–2073. doi: 10.1182/blood-2017-10-810622

Peters, A. H., Mermoud, J. E., O’Carroll, D., Pagani, M., Schweizer, D., Brockdorff, N., et al. (2002). Histone H3 lysine 9 methylation is an epigenetic imprint of facultative heterochromatin. Nat. Genet. 30, 77–80. doi: 10.1038/ng789

Rechenberg, D. K., Bostanci, N., Zehnder, M., and Belibasakis, G. N. (2014). Periapical fluid RANKL and IL-8 are differentially regulated in pulpitis and apical periodontitis. Cytokine 69, 116–119. doi: 10.1016/j.cyto.2014.05.014

Ritchlin, C. T., Haas-Smith, S. A., Li, P., Hicks, D. G., and Schwarz, E. M. (2003). Mechanisms of TNF-alpha- and RANKL-mediated osteoclastogenesis and bone resorption in psoriatic arthritis. J. Clin. Invest. 111, 821–831. doi: 10.1172/JCI16069

Rotili, D., Tomassi, S., Conte, M., Benedetti, R., Tortorici, M., Ciossani, G., et al. (2014). Pan-histone demethylase inhibitors simultaneously targeting Jumonji C and lysine-specific demethylases display high anticancer activities. J. Med. Chem. 57, 42–55. doi: 10.1021/jm4012802

Saccani, S., and Natoli, G. (2002). Dynamic changes in histone H3 Lys 9 methylation occurring at tightly regulated inducible inflammatory genes. Genes Dev. 16, 2219–2224. doi: 10.1101/gad.232502

Sasaki, H., Hou, L., Belani, A., Wang, C. Y., Uchiyama, T., Muller, R., et al. (2000). IL-10, but not IL-4, suppresses infection-stimulated bone resorption in vivo. J. Immunol. 165, 3626–3630. doi: 10.4049/jimmunol.165.7.3626

Schwendicke, F., Brouwer, F., Schwendicke, A., and Paris, S. (2016). Different materials for direct pulp capping: systematic review and meta-analysis and trial sequential analysis. Clin. Oral Investig. 20, 1121–1132. doi: 10.1007/s00784-016-1802-7

Sharma, V., Malgulwar, P. B., Purkait, S., Patil, V., Pathak, P., Agrawal, R., et al. (2017). Genome-wide ChIP-seq analysis of EZH2-mediated H3K27me3 target gene profile highlights differences between low- and high-grade astrocytic tumors. Carcinogenesis 38, 152–161. doi: 10.1093/carcin/bgw126

Shi, Y., Lan, F., Matson, C., Mulligan, P., Whetstine, J. R., Cole, P. A., et al. (2004). Histone demethylation mediated by the nuclear amine oxidase homolog LSD1. Cell 119, 941–953. doi: 10.1016/j.cell.2004.12.012

Shi, Y. G., and Tsukada, Y. (2013). The discovery of histone demethylases. Cold Spring Harb. Perspect. Biol. 5:a017947. doi: 10.1101/cshperspect.a017947

Silva, M. J., Sousa, L. M., Lara, V. P., Cardoso, F. P., Junior, G. M., Totola, A. H., et al. (2011). The role of iNOS and PHOX in periapical bone resorption. J. Dent. Res. 90, 495–500. doi: 10.1177/0022034510391792

Siqueira, J. F. Jr., Rocas, I. N., Provenzano, J. C., Daibert, F. K., Silva, M. G., and Lima, K. C. (2009). Relationship between Fcgamma receptor and interleukin-1 gene polymorphisms and post-treatment apical periodontitis. J. Endod. 35, 1186–1192. doi: 10.1016/j.joen.2009.05.006

Sobue, T., Hakeda, Y., Kobayashi, Y., Hayakawa, H., Yamashita, K., Aoki, T., et al. (2001). Tissue inhibitor of metalloproteinases 1 and 2 directly stimulate the bone-resorbing activity of isolated mature osteoclasts. J. Bone Miner. Res. 16, 2205–2214. doi: 10.1359/jbmr.2001.16.12.2205

Sternlicht, M. D., and Werb, Z. (2001). How matrix metalloproteinases regulate cell behavior. Annu. Rev. Cell Dev. Biol. 17, 463–516. doi: 10.1146/annurev.cellbio.17.1.463

Suda, K., Udagawa, N., Sato, N., Takami, M., Itoh, K., Woo, J. T., et al. (2004). Suppression of osteoprotegerin expression by prostaglandin E2 is crucially involved in lipopolysaccharide-induced osteoclast formation. J. Immunol. 172, 2504–2510. doi: 10.4049/jimmunol.172.4.2504

Tannure, P. N., Kuchler, E. C., Falagan-Lotsch, P., Amorim, L. M., Raggio Luiz, R., Costa, M. C., et al. (2012). MMP13 polymorphism decreases risk for dental caries. Caries Res. 46, 401–407. doi: 10.1159/000339379

Udagawa, N., Takahashi, N., Jimi, E., Matsuzaki, K., Tsurukai, T., Itoh, K., et al. (1999). Osteoblasts/stromal cells stimulate osteoclast activation through expression of osteoclast differentiation factor/RANKL but not macrophage colony-stimulating factor: receptor activator of NF-kappa B ligand. Bone 25, 517–523. doi: 10.1016/s8756-3282(99)00210-0

Venter, J. C., Adams, M. D., Myers, E. W., Li, P. W., Mural, R. J., Sutton, G. G., et al. (2001). The sequence of the human genome. Science 291, 1304–1351. doi: 10.1126/science.1058040

Vernal, R., Dezerega, A., Dutzan, N., Chaparro, A., Leon, R., Chandia, S., et al. (2006). RANKL in human periapical granuloma: possible involvement in periapical bone destruction. Oral Dis. 12, 283–289. doi: 10.1111/j.1601-0825.2005.01191.x

Vire, E., Brenner, C., Deplus, R., Blanchon, L., Fraga, M., Didelot, C., et al. (2006). The Polycomb group protein EZH2 directly controls DNA methylation. Nature 439, 871–874. doi: 10.1038/nature04431

Waddington, C. H. (2012). The epigenotype. 1942. Int. J. Epidemiol. 41, 10–13. doi: 10.1093/ije/dyr184

Yasuda, H., Shima, N., Nakagawa, N., Yamaguchi, K., Kinosaki, M., Mochizuki, S., et al. (1998). Osteoclast differentiation factor is a ligand for osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical to TRANCE/RANKL. Proc. Natl. Acad. Sci. U.S.A. 95, 3597–3602.

Ye, S., Eriksson, P., Hamsten, A., Kurkinen, M., Humphries, S. E., and Henney, A. M. (1996). Progression of coronary atherosclerosis is associated with a common genetic variant of the human stromelysin-1 promoter which results in reduced gene expression. J. Biol. Chem. 271, 13055–13060.

Yue, J., Song, D., Lu, W., Lu, Y., Zhou, W., Tan, X., et al. (2016). Expression profiles of inflammation-associated microRNAs in periapical lesions and human periodontal ligament fibroblasts inflammation. J. Endod. 42, 1773–1778. doi: 10.1016/j.joen.2016.08.013

Yue, J., Wang, P., Hong, Q., Liao, Q., Yan, L., Xu, W., et al. (2017). MicroRNA-335-5p plays dual roles in periapical lesions by complex regulation pathways. J. Endod. 43, 1323–1328. doi: 10.1016/j.joen.2017.03.018

Zhong, S., Zhang, S. P., Bair, E., Nares, S., and Khan, A. A. (2012). Differential expression of MicroRNAs in normal and inflamed human pulps. J. Endod. 38, 746–752. doi: 10.1016/j.joen.2012.02.020

Zhou, W., Zhu, P., Wang, J., Pascual, G., Ohgi, K. A., Lozach, J., et al. (2008). Histone H2A monoubiquitination represses transcription by inhibiting RNA polymerase II transcriptional elongation. Mol. Cell 29, 69–80. doi: 10.1016/j.molcel.2007.11.002

Zhu, J., Yamane, H., and Paul, W. E. (2010). Differentiation of effector CD4 T cell populations (∗). Annu. Rev. Immunol. 28, 445–489. doi: 10.1146/annurev-immunol-030409-101212

Zou, W., and Bar-Shavit, Z. (2002). Dual modulation of osteoclast differentiation by lipopolysaccharide. J. Bone Miner. Res. 17, 1211–1218. doi: 10.1359/jbmr.2002.17.7.1211


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Fouad, Khan, Silva and Kang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Genetic and Epigenetic Characterization of Pulpal and Periapical Inflammation



		INTRODUCTION



		GENETIC SUSCEPTIBILITY TO PULPITIS AND APICAL PERIODONTITIS



		MATRIX METALLOPROTEINASES (MMPs) AND TISSUE INHIBITORS OF METALLOPROTEINASES (TIMPs)



		PRO-INFLAMMATORY CYTOKINES



		HEAT SHOCK PROTEINS (HSPs)



		EPIGENETIC REGULATION IN PULPITIS AND APICAL PERIODONTITIS



		CHROMATIN REMODELING BY HISTONE LYS-SPECIFIC DEMETHYLASES



		THE ROLE OF KDMs IN EPIGENETIC REGULATION OF INFLAMMATION



		MECHANISMS OF EPIGENETIC GENE REGULATION: EXAMPLE OF KDM6B AND POLYCOMB-GROUP PROTEINS (PcGs)



		THE ROLE OF MICRORNAs IN REGULATING PULPAL AND PERIAPICAL DISEASE



		CONCLUSION



		AUTHOR CONTRIBUTIONS



		REFERENCES

















OPS/images/fphys-11-00021-g001.jpg
Gene polymorphism

Pro- Inflammatory Anti-inflammatory

MMP2, 3, 9, 13 TIMP2
IL-1B, IL6, TNF, RANK, RANKL OPG
HSP genes

DNAJC3, HSPA4, HSPA6, HSPB1, HSPA1L
FcyRIIA, FcyRIIIB

Epigenetic factors
Chromatin remodeling/ Histone variants

Gene expression H3K9me2/3 > HP1 > DNA methylation at CpG

Anti-inflammatory islands

IL-1B, IL-6, IL-17 IL-4, IL-10, g%ssz‘:?{;‘;‘;?‘?;‘:‘::p'mi:ndep"“e

IFN-y TIMP1 miR-155 > semaphoring 3a

PGE2 miR-335-5p > RANKL

MMP2, 7,9 low miR-181 > IL-8

MCP-1 miRNAs target TLRs, PIK3-Akt, MAPK, ErbB, Wnt

CCR?2, CCR3, CCRS, I L

CXCR3 viral microRNAs: t-HSV1-miR-H1, HCMV-miR-

US4, HCMV-miR-UL70-3p, and KSHV-miR-K12-3

Host defense against viral microRNAs: TLR-1,
MMP24, Chemokine ligand 25, IL-8, IL-10 and
Inducible T cell co-stimulator.





OPS/images/cover.jpg
frontiers
in Physiology

Genetic and Epigenetic
Characterization of Pulpal
and Periapical Inflammation





OPS/images/fphys-11-00021-g002.jpg
PRCI PRC2

/
—— (KDMéB
H3K27Me3

ey

uH2AKI 19
TSS

" oo

Inflammatory & Senescence genes






OPS/images/fphys-11-00021-g003.jpg
12

10 20
22
- . (@ 34 Il Upregulated
D Downregulated
[:] No change
162 126 128

Aa LPS Pg LPS Pg (CSE)
B
(a) AalLPS Pg (CSE) LPS (b) AalLPS Pg (CSE) LPS
Pg LPS Pg LPS

Upregulated miRNAs Downregulated miRNAs









OPS/images/logo.jpg
, frontiers
in Physiology





