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Abstract: 

Background: Over the last decade, we have been able to understand the role of various genetic 

processes involved in the oral diseases. However, In past few years, much of stresses has been 

paid to understand the regulation of these genetic processes controlled by the epigenetic 

mechanisms. Epigenetic processes regulate the gene activity without altering underlying DNA 

sequences, through mechanisms including DNA methylation, histone modifications, and non-

coding RNAs. These epigenetic processes are significantly associated with various oral health 

problems including periodontitis, oral cancer. 

Highlights: Different strategies like Genome-wide DNA methylation studies, microRNA based 

profiling studies, next-generation RNA sequencing analyses have been proven to be helpful in 

establishing the relationship among these epigenetic processes and gene expression. A few 

studies also suggest an emerging association of various epigenetic biomarkers in oral cancer 

and periodontal diseases.  

Conclusion: Epigenetic mechanisms are highly sensitive and reversible, thereby offers 

significant potential for their use to develop novel diagnostic tools, pharmacotherapies and 

personalized based treatment care. However, there is lack of integrated approaches combining 

epigenomics with proteomics and genomics comparing the usefulness of epigenetic biomarkers 

in oral health research.   
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1) Introduction: 

          The advancements in the cellular and molecular biology have played a tremendous role in 

our understanding of the complex clinical disorders. Epigenetics is one of the fields, which has 

been studied extensively in various areas of health research like neurosciences, cancer 

medicine etc. The term epigenetics was coined in 1942 which refers to changes in the gene 

expression that results from external or environmental factors, and such changes are not 

encoded in DNA sequence[1].  

          The DNA encodes the secrets of life in two specific layers of information. The first layer of 

information which forms the basis of our genetic code is called the coding region of DNA. This 

coding region comprises only 2% portion of total DNA and remaining 98% region is called non-

coding region. The genetic code is translated to different mRNAs and is responsible for creating 

all the proteins that we need to function. The second layer which is above this genetic code 

known as the epigenetic layer is responsible for deciding when, where and which gene to 

express. This epigenetic layer comprises the different epigenetic mechanisms including DNA 

Methylation, Histone Modifications or non-coding RNAs. Epigenetic mechanisms are crucial for 

cellular differentiation, and this process is highly conserved and controlled at the cellular level 

in each particular organism. When such highly conserved process is affected by the external 

environment directly or indirectly, it leads to change in the expression of genes and thus 

function. For example, differentiation of human CD4+ T cells is influenced by the locally acting 

inflammatory substances[2]. These inflammatory substances or interleukins further activate 

transcription factors that bind to specific methylated or demethylated sites in the promoter 

regions of specific genes in a developing T cell DNA and decide the fate of lineage of T cell 



development[3]. The increase in  DNA methylation close to the promoter region of the specific 

gene results in decreased expression and vice versa[3]. Similarly, in pathological conditions like 

periodontitis, the local immune response is decided by these locally acting transcription factors 

and methylation or demethylation of specific genes[4]. 

          The recent development of next-generation sequencing technologies and genome-wide 

methylation studies have been proven to be helpful to determine the mechanisms in different 

pathological conditions including neurological disorders, cancer etc.. In addition to that, 

epigenome-wide association studies (EWAS) across the human population has played a key role 

in uncovering the novel molecular mechanism, development of biomarkers in various diseases 

like cancer. In this review, we will cover the detail of the epigenetic mechanisms and their 

applications as biomarkers and personalized medicine in oral health or dental medicine. 

1.1 DNA Methylation: 

          DNA Methylation is one of the most extensively studied epigenetic mechanism which 

stands for the addition of the Methyl (-CH3) group to the Carbon 5 of pyrimidine ring of 

cytosine (C) nucleotide of DNA under the action of enzymes DNA methyltransferases (DNMTs) 

(Figure 1). This covalent modification of DNA is most susceptible to Cytosine bases lying in 

conjunction with Guanine bases, termed as C-phosphate-G or CpG groups. These CpG sites are 

70-80 % methylated in mammals. In mammals, the enzymes to catalyzes these reactions are 

DNA Methyl Transferase (DNMT 1, 3a, 3b). DNMT1 is responsible for maintaining the 

methylation states whereas DNMT3a, 3b are responsible for the de novo methylation induced 

during different conditions. Methylated CpG sites attract various Methylated-CpG binding 

proteins (MBDs) such as Methylated-CphosphateG2 (MeCp2). Methylated CpGs attract other 



inhibitory transcription factors and results in downregulation of gene expression. This event is 

more efficient in regulating the gene expression when inhibitory transcription factors bind in 

proximity to the promoter region or Transcription Start Site (TSS) region[5]. 

          Functionally, this whole event is complex because of the uneven scattering of CpG sites in 

a nucleotide sequence. Statistically, these CpG sites when differentially methylated in the 

intervention group as compared to the control group are called as differentially methylated 

regions or DMRs. Various technologies have been developed to study the DMRs such as 

bisulfite sequencing, pyrosequencing, Methylated DNA Immunoprecipitation (MeDIP), Next 

Generation Sequencing (NGS) etc[6,7]. Functionally, to investigate the effect of DNA 

methylation on gene expression for a specific gene, DMRs in proximity to promoter region are 

studied for hypermethylation or hypomethylation. For quantification of DNA methylation and 

gene expression qMeDIP and RT-PCR, technologies are used respectively in conjunction with 

each other[5]. 

1.2 Histone Modifications: 

          Histone modifications through histone acetylation or histone methylation exert a 

significant impact on chromatin compaction which further results in changes in the gene 

expression (Figure 1). The N-terminal tails of histones are highly accessible and subject to post-

translational modifications, especially at H3 and H4 histone sites. Histone acetylation is thought 

to be more responsive to environmental stimuli than DNA methylation or histone methylation 

and therefore, results in more transient cellular modifications resulting in abrupt changes in 

gene expression[8,9]. Histone acetylation is driven by enzymes known as histone 

acetyltransferases (HATs) by catalyzing the addition of acetyl group to histone groups. The 



addition of acetyl group to histone groups further promote gene transcription. Contrary to it, 

the removal of an acetyl group from histone groups results in compaction of chromatin and 

ultimately inhibition of gene transcription. The removal of acetyl groups from histone groups is 

catalyzed by the enzymes known as histone deacetylases (HDACs). In humans, eleven different 

types of HDACs have been identified, which are further classified into different groups based on 

their structure. Class I, II, IV represents zinc-dependent classes and Class III represents the 

nicotinamide adenine dinucleotide-dependent class. Class I comprises of HDAC1,2,3 and 

eight whereas Class II is further divided into Class IIa (HDAC 4,5,7 and 9) and Class IIb (HDAC 6 

and 10)[10,11].  

1.3 Non-Coding RNAs: 

          Third and last entrants that regulate the epigenetic mechanisms are non-coding RNAs. 

Non-coding RNAs are functional molecules like mRNA but rather not translated into proteins 

(Figure 1). Non-coding RNAs are further divided into long non-coding RNAs (ln RNAs) and micro 

RNAs (miRNAs)[12]. miRNAs contribute to epigenetic machinery by degradation of the specific 

mRNAs and thus resulting in down-regulation of transcription of the gene[13]. One miRNA can 

bind to several different mRNAs or genes and thus can modulate the expression of different 

other gene transcripts. More than 2000 miRNA transcripts have been identified in humans so 

far[14]. The unique and differential expression of miRNAs signatures is thought to be indicative 

of particular disease states and thus are implicated to use as diagnostic and prognostic 

biomarkers[12]. miRNA profiling can be done by first extracting the RNA from specific tissue 

and then using qPCR, microarray or RNA sequencing. With the development of Next-generation 

sequencing (NGS) technologies, miRNA profiling studies have been proven to be immensely 



useful for their use as diagnostic and prognostic biomarkers in different dental diseases and 

oral cancer[12,15,16]. 

2 Epigenetics in relation to periodontal diseases: 

2.1 DNA Methylation and periodontitis 

          In periodontitis, where the inflammation is mainly caused in response to the inflammatory 

cell products released by the bacteria, epigenetic modifications play a vital role in the 

regulation of host immune response, especially at the biofilm-gingival interface. Due to 

modulation of local immune response by the epigenetic processes at inflammatory sites, the 

epigenome differs from non-inflammatory sites in same individual[17,18]. The DNA methylation 

signature differs in the individual with periodontitis when compared with healthy 

individuals[18]. Since the epigenetic modifications are not permanent, they can be reversed by 

altering the local environment. In other words, clearing the pathogenic bacteria by periodontal 

procedures such as curettage may change the epigenome of inflammatory regions. These 

methylation signatures are of high importance in epigenome-wide association studies since 

they can be used to predict the outcome of disease using as prognostic and diagnostic markers. 

          Oliviera et al. have investigated the effect of smoking on epigenome in patients with 

chronic periodontitis. A significant hypomethylation of IL8 gene was observed in oral epithelial 

cells of non-smokers as compared to patients with smoking history. Comparatively, an 

increased mRNA expression of IL8 was observed in the gingival epithelial cells of smokers than 

non-smokers [19]. In a similar study, patients with aggressive periodontitis showed the 

hypomethylation of CpGs in promoter region when compared with the healthy individuals but 

mRNA levels were not measured for IL-8 gene[20]. 



          Apart from the cytokines, a number of other genes correspond to the altered DNA 

methylation levels, suggesting a complex signaling pathway in the pathogenesis of chronic 

periodontitis. Toll-like receptors TLR2 and TLR4 genes showed a unique pattern of DNA 

methylation signature in periodontitis. TLR-2 gene was both hypomethylated and 

hypermethylated at different CpG sites in promoter region whereas TLR-4 was significantly 

hypomethylated in individuals with periodontitis[21]. In another study, hypermethylation of 

TLR-2  promoter region was reported with subsequent downregulation of TLR-2 in the 

intervention group compared to control group[22]. 

2.2 Histone Modifications and Periodontitis 

          Since epigenetic modifications may occur with or without conjunction with other 

epigenetic processes, various studies have focussed on looking collectively at the changes in 

DNA Methylation as well as histone modification[23,24]. In relation to periodontitis, a few 

studies have focussed on the histone modifications and Histone Deacetylases (HDACs). 

Deacetylation of histones results in compaction of chromatin, thus downregulation of gene 

expression. HDAC inhibitor (HDACi), when used in a mouse model of periodontitis, resulted in 

suppression of bone loss and hence were implicated in the management of periodontitis[25].  

          In another study, both methylation and histone modifications were analyzed for IL-10 

gene expression in patients with periodontitis[26]. No significant differences were observed in 

the methylation status of blood and gingiva samples as well as between 1L-10 genotypes (GG 

and GA). However, a difference in the IL-10 gene expression was seen in genotypes of -1087 

site-specific GG and GA polymorphism[26]. 

 



2.3 Micro RNA and Periodontitis 

          A few number of studies have done micro RNA (miRNA)  profiling in relation to the 

periodontal diseases[27–29]. Most of these studies used micro RNA microarray to examine the 

expression of miRNAs in healthy and gingival tissues. The expression of few selected miRNAs 

was confirmed then later using real-time or quantitative polymerase chain reaction (RT-PCR). In 

a study by Xie et al., a significant upregulation of 6 different miRNAs in patients with inflamed 

gingiva. A few miRNAs showed a five-fold increase in the expression among intervention group. 

The findings suggested a role of Toll-like Receptors in the pathogenesis of periodontitis using 

miRNA pathways[28]. 

          In a pilot study by R. Perri et al., miRNA expression was evaluated in obese patients in the 

presence or absence of periodontitis or both. The study was performed to determine the 

underlying pathogenesis and relation between periodontitis and obesity. Two miRNAs were 

identified (miR-18a, miR-30e) to be upregulated in cohort with obese individuals with healthy 

periodontium. Similarly, two miRNAs (miR30-e, miR106-b) were identified to be upregulated in 

cohort with obese individuals with periodontitis. In individuals with both obesity and 

periodontitis, nine miRNAs species were upregulated. A total of 69 mRNA targets were found 

for these miRNAs which mainly comprises of cytokines and chemokines. These differentially 

regulated circulating miRNAs are of high significance using as diagnostic and prognostic 

biomarkers[30]. 

          Micro RNA profiling studies are more meaningful when genome-wide mRNA analysis is 

performed in conjunction with each other. Since miRNAs target various mRNA, using both 

technologies, it can be confirmed that which miRNA and mRNA are upregulated. Later on, gene 



set enrichment analysis can be performed to find the effective mRNA targets of specific miRNA. 

Stoecklin-Wasmer et al., conducted a similar kind of combination of these technologies in 

diseased and healthy gingival tissues. miRNA profiling and mRNA profiling was done using 

whole genome microarray analysis. The expression level of each mRNA or miRNA was 

confirmed later on, using RT-PCR[27]. 

          Since the most common application of miRNA profiling studies is regarding their use as 

biomarkers but certain issues should be considered with respect to dental diseases. Firstly, 

most of these studies are pilot studies, a more detailed and systematic approach is required to 

validate further the role of miRNAs as biomarkers. Secondly, the next generation or high 

throughput screening techniques used for miRNA profiling are lacking validated endogenous 

control for normalization for salivary samples[31]. Moreover, there is a lack of the studies 

focussed on exploring the effect of epigenetic changes in the etiology of the periodontal 

diseases, especially refractory periodontitis. 

3 Epigenetics and Oral Cancer 

3.1 DNA Methylation in Oral Precancerous and Cancerous Lesions 

          Various studies have suggested both hypermethylation and hypomethylation as an early 

event in oral cancer. Hypomethylation is commonly seen in repeat sequences of genome 

whereas hypermethylation is seen in few candidate genes which are considered as major 

factors in the development of oral cancer[32]. Among carcinogens, tobacco and its metabolites 

attribute more than 80% risk in the development of oral cancer and contribute to differential 

methylation of genes by altering the expression of DNMTs (DNA methyltransferases)[33,34]. Lin 

et al., studied the tobacco-specific carcinogen nicotine-derived nitrosamine ketone (NNK) which 



induced hypermethylation in a number of genes including DAPK and p16. Also, p16 promoter 

hypermethylation was identified in “Maras powder” and tobacco users[35].  

          In Oral Squamous Cell Carcinoma (OSCC), genome-wide methylation studies have 

focussed on identifying aberrant DNA methylation and validating few candidate gene 

significantly involved (Table1). These studies demonstrated that hypermethylation and 

hypomethylation at promotor region of few candidate genes(mentioned in Table 1) may have 

been involved in the pathogenesis of OSCC, thus may serve as a  promising tool in diagnostic 

and prognostic cancer medicine. However, each of these studies was performed independently 

on various ethnic groups with different geographical locations. There is the possibility of 

difference in epigenetic signatures among these groups. Hence, Epigenome-wide association 

studies (EWAS) are required to single out the unique DNA methylation patterns contributing 

towards OSCC. 

          Hypomethylation and overexpression of HCN2 and AQP1 gene were significantly involved 

in Adenoid Cystic Carcinoma (ACC) in the mouse models[36,37]. Similar studies are required in 

the humans with a focus on identifying the epigenetic signatures in body fluids and pathological 

tissues. There are few studies which have demonstrated that the body fluids such as saliva, 

blood (isolated T lymphocytes) can have overlapping epigenetic signatures with pathological 

tissues, thus may serve as non-invasive biomarkers especially where biopsy is not possible 

[38,39].  

3.2 Histone Modifications in Oral Cancer 

          There are only a few number studies available reporting histone modifications in OSCC. 

Most of these studies have depicted histone methylation of H3 histone in OSCC at various 



Lysine molecule positions [k27=45 %, k9=47% and k4=39% of oral cancers samples analyzed]. In 

contrast to that acetylation of H3 histone was also observed at specific lysine molecule 

positions (k4=37%, k9=80%, k18=39% of oral cancers samples analyzed). The percentages/ratios 

for lysine molecule positions were calculated by dividing the total number of methylated 

samples with the total number of samples being analyzed [40–43]. Furthermore, the 

correlations were drawn between histone modifications and clinicopathological parameters like 

nodal status, the size of the tumor, tumor stage, perineural invasion in oral squamous cell 

carcinoma. H3K27me3, H3K18ac, and H3K4ac histone marks revealed a positive correlation 

with clinicopathological parameters[41]. In addition, H3K9me3 marks at HOX genes were 

considerably lower in OSCC as compared to the normal tissue[44]. 

          In ACC, the higher levels of histone H3 lysine 9 trimethylation (H3K9me3) expression has 

been considered as a predictor of rapid cell proliferation and distant metastasis, thereby poor 

patient survival[45].  

3.3 Micro RNAs and Oral cancer 

          The role micro RNAs (miRNAs) in oral cancer has been well explored in the past few years. 

miRNAs play a key role in tumorigenesis of cancer stem cells through mechanisms such as drug 

resistance, tumorigenicity, and self-renewal[46]. Genome-wide studies have revealed some 

micro RNAs undergoing upregulation and downregulation in oral cancer lesions.  

          In a meta-analysis, D Souza et al. reported overexpression of micro RNAs in 70.07% of 

OSCC lesions, whereas downregulation was observed in 69.5% of samples [47,43]. In 80% of 

OSCC samples, miR-146a, miR-211, miR-31, miR-21, miR-204, miR-24, and miR-155 were seen 

most frequently upregulated. Upregulation of these miRNAs was associated with 



clinicopathological features like regional metastasis, advanced tumor stage[47,43,48].  

             Micro RNAs have a dramatic effect on a number of signaling pathways in OSCC. For 

instance, miR-21 has been shown to promote oral cancer targeting Dickkopf-related protein 2 

(DKK2) via Wnt/beta-catenin pathway[49]. Similarly, a recent study has also implicated miR-

373-3p to induce metastasis targeting DKK1 via Wnt/beta-catenin pathway[50]. In addition, 

miR-218 has been shown to increase cisplatin drug resistance via protein phosphatase 2 

regulatory subunit B’alpha (PPP2R5A)/Wnt signaling pathway[51]. It has been reported that 

Wnt1 inducible signaling pathway protein 1 (WISP1), involved in developmental functions may 

show polymorphisms in betel nut chewing and smoking, thus may serve as a potential 

biomarker[52]. 

             Similar to OSCC, micro RNAs affect a number of signaling pathways in ACC. In a recent 

study, miR-155 was proposed to be involved in ACC metastasis affecting ubiquitin-like modifier 

activating enzyme 2 (UBA2) pathway suggesting UBA2 as an epigenetic biomarker for ACC 

metastasis[53]. Similarly, miR-21 dysregulation plays an important role in tumor growth and 

invasion targeting programmed cell death protein 4 (PDCD4) via signal transducer and activator 

of transcription 3 (STAT3) pathway[54]. Another study demonstrated that miR-155 is involved 

in the growth and invasion of ACC affecting epidermal growth factor receptor (EGFR)/NF-

kappaB pathway[55]. 

4 Epigenetics and Personalized Medicine: 

          A significant challenge for clinicians for everyday practice is to develop right diagnosis and 

provide appropriate treatment for a disease. Clinical research has revealed that there is 



variation in the response to treatment among individuals, and sometimes same therapy 

becomes ineffective in few individuals. This variation in response to treatment has led to the 

concept of personalized medicine. Personalized medicine can be defined as using the molecular 

analysis to tailor the best treatment for an individual based on their characteristics. The 

characteristics of a patient can be grouped into genetic, epigenetic, proteomic, metabolomic 

and exposome categories. Epigenetic profile of a patient represents an integral and sensitive 

part of the personalized medicine[66].  

                    In terms of personalized medicine, the epigenetic biomarkers such as DNA 

methylation-based biomarkers, histone biomarkers, and micro-RNA based biomarkers serve as 

a potent diagnostic tool to assess response to specific therapy in clinics. Epigenetic factors have 

a key advantage over genetic factors regarding sensitivity for the diagnosis of a disease. For 

example, the genetic factors include mutational analyses like single nucleotide polymorphisms 

(SNPs) and copy number variations (CNVs) concerning their clinical application. In contrast to 

that, for a given marker gene epigenetic factor like DNA methylation analysis focuses on a small 

promoter region as compared to a mutational analysis of genetic factors which rather focus on 

numerous different point mutations throughout the length of the gene. DNA methylation 

modifications occur at higher percentages than genetic changes in tumors, resulting in higher 

sensitivity[66]. 

In epigenetic biomarkers, Foy et al., using high throughput sequencing, studied genome-wide 

methylation changes in oral premalignant lesions (OPL) in humans. They identified 86 genes 

which were differentially methylated in OPL as compared to the normal oral mucosa. 

Furthermore, 86 genes were hypermethylated in developing oral squamous cell carcinoma 



(OSCC). Out of 86 genes, they suggested AGTR1, FOX12 and PENK promoter methylation 

significantly associated with an increased risk of development of oral squamous cell carcinoma 

in patients with OPL[59].  In another study, the PAX1 gene was considered as a promising 

biomarker for the detection of OSCC[60]. Similarly, hypermethylation of HOX9 gene was seen 

frequently in oral cancer with significant risk of metastasis, suggesting HOX9 as a potent 

biomarker for oral cancer-related metastasis[61]. In addition to that HOX9 and NID2 promoter 

hypermethylation in OSCC and saliva samples suggested their use as potential biomarkers in 

early detection of the oral cancerous lesion[62]. Also, KIF1A and EDNRB genes were identified 

as potential biomarkers in Head and Neck Squamous cell carcinoma[63]. In other words, these 

DNA methylation-based biomarkers strongly suggest their use for early diagnosis of cancer.  

          Epigenetic biomarkers like MGMT and MLH1 gene are strongly considered as a predictor 

of response to chemotherapy in various cancerous lesion[64]. Similar to oral cancer, various 

response predictor genes can be discovered for their use as potential biomarkers in assessing 

treatment with respect to chronic periodontal diseases. 

          A major gap in epigenetic personalized medicine is a lack of merging the molecular 

analysis data to current clinical practice. A number of validation studies are required before 

their use as biomarkers in pain and other dental diseases, and thus, no any systematic review or 

meta-analysis is available except oral cancer. 

5 Conclusion: 

          Epigenetics has opened new doors for clinical and basic science research in the field of 

dental/oral health research. Epigenetic modifications have been widely studied in various oral 

pathologies, but their causative factors are less studied especially in periodontal disease. There 



is need to explore the effect of epigenetic changes in the pathogenesis of the periodontitis, oral 

cancer and to understand dysregulated signaling pathways behind them. Since environmental 

changes or exposure (exposome) significantly impacts the epigenome, the molecular events 

regulated by exposome should be well studied to understand the development of dental or oral 

pathologies. By assessing the information from these studies including exposomes, genomes, 

epigenomes, proteomes, and metabolomes, a personalized medicine approach can be drawn in 

periodontal diseases as well. The information collected in the form of biomarkers will allow the 

dentist/clinicians to decide if specific therapy responds to specific pathology in a specific 

individual.  



Ethical Approval 

Ethical approval was not required. 

Acknowledgement  

This work is supported by the research grant from Alpha Omega Foundation of Canada to 

Amarjot Singh. 

Declaration of Conflicts of Interest: 

The authors declare no potential conflicts of interest with respect to the authorship and/or 

publication of this article 

  



References: 
[1] Descalzi G, Ikegami D, Ushijima T, Nestler EJ, Zachariou V, Narita M. Epigenetic 

mechanisms of chronic pain. Trends Neurosci 2015;38:237–46. 
doi:10.1016/j.tins.2015.02.001. 

[2] Russ BE, Prier JE, Rao S, Turner SJ. T cell immunity as a tool for studying epigenetic 
regulation of cellular differentiation. Front Genet 2013;4:218. 
doi:10.3389/fgene.2013.00218. 

[3] Suarez-Alvarez B, Rodriguez RM, Fraga MF, López-Larrea C. DNA methylation: A 
promising landscape for immune system-related diseases. Trends Genet 2012;28:506–
14. doi:10.1016/j.tig.2012.06.005. 

[4] Razzouk S, Termechi O. Host Genome, Epigenome, and Oral Microbiome Interactions: 
Toward Personalized Periodontal Therapy. J Periodontol 2013;84:1266–71. 
doi:10.1902/jop.2012.120531. 

[5] Ueda H, Uchida H. Epigenetic modification in neuropathic pain. Curr Pharm Des 
2015;21:849–67. 

[6] Tollefsbol TO. Advances in epigenetic technology. Methods Mol Biol 2011;791:1–10. 
doi:10.1007/978-1-61779-316-5_1. 

[7] Schumacher A, Kapranov P, Kaminsky Z, Flanagan J, Assadzadeh A, Yau P, et al. 
Microarray-based DNA methylation profiling: Technology and applications. Nucleic Acids 
Res 2006;34:528–42. doi:10.1093/nar/gkj461. 

[8] Guan Z, Giustetto M, Lomvardas S, Kim J-HH, Miniaci MC, Schwartz JH, et al. Integration 
of long-term-memory-related synaptic plasticity involves bidirectional regulation of gene 
expression and chromatin structure. Cell 2002;111:483–93. doi:10.1016/S0092-
8674(02)01074-7. 

[9] Hart AK, Fioravante D, Liu R-YR-Y, Phares GA, Cleary LJ, Byrne JH. Serotonin-Mediated 
Synapsin Expression Is Necessary for Long-Term Facilitation of the Aplysia Sensorimotor 
Synapse. J Neurosci 2011;31:18401–11. doi:10.1523/JNEUROSCI.2816-11.2011. 

[10] Gregoretti I V., Lee Y-MM, Goodson H V. Molecular evolution of the histone deacetylase 
family: Functional implications of phylogenetic analysis. J Mol Biol 2004;338:17–31. 
doi:10.1016/j.jmb.2004.02.006. 

[11] Dekker FJ, van den Bosch T, Martin NI. Small molecule inhibitors of histone 
acetyltransferases and deacetylases are potential drugs for inflammatory diseases. Drug 
Discov Today 2014;19:654–60. doi:10.1016/j.drudis.2013.11.012. 

[12] Lutz BM, Bekker A, Tao Y-X. Noncoding RNAs. Anesthesiology 2014;121:409–17. 
doi:10.1097/ALN.0000000000000265. 

[13] Huntzinger E, Izaurralde E. Gene silencing by microRNAs: contributions of translational 
repression and mRNA decay. Nat Rev Genet 2011;12:99–110. doi:10.1038/nrg2936. 

[14] Sakai A, Suzuki H. microRNA and Pain, Springer, Cham; 2015, p. 17–39. doi:10.1007/978-
3-319-22671-2_3. 

[15] Kim SH, Lee SY, Lee YM, Lee YK. MicroRNAs as biomarkers for dental diseases. Singapore 
Dent J 2015;36:18–22. doi:10.1016/j.sdj.2015.09.001. 

[16] Gomes CC, Gomez RS. MicroRNA and oral cancer: Future perspectives. Oral Oncol 
2008;44:910–4. doi:10.1016/j.oraloncology.2008.01.002. 

[17] Wilson AG. Epigenetic regulation of gene expression in the inflammatory response and 



relevance to common diseases. J Periodontol 2008;79:1514–9. 
doi:10.1902/jop.2008.080172. 

[18] Barros SP, Offenbacher S. Modifiable risk factors in periodontal disease: epigenetic 
regulation of gene expression in the inflammatory response. Periodontol 2000 
2014;64:95–110. doi:10.1111/prd.12000. 

[19] Oliveira NFP, Damm GR, Andia DC, Salmon C, Nociti FH, Line SRP, et al. DNA methylation 
status of the IL8 gene promoter in oral cells of smokers and non-smokers with chronic 
periodontitis. J Clin Periodontol 2009;36:719–25. doi:10.1111/j.1600-051X.2009.01446.x. 

[20] Andia DC, de Oliveira NFP, Casarin RCV, Casati MZ, Line SRP, de Souza AP. DNA 
Methylation Status of the IL8 Gene Promoter in Aggressive Periodontitis. J Periodontol 
2010;81:1336–41. doi:10.1902/jop.2010.100082. 

[21] De Oliveira NFP, Andia DC, Planello AC, Pasetto S, Marques MR, Nociti FH, et al. TLR2 and 
TLR4 gene promoter methylation status during chronic periodontitis. J Clin Periodontol 
2011;38:975–83. doi:10.1111/j.1600-051X.2011.01765.x. 

[22] de Faria Amormino SA, Arão TC, Saraiva AM, Gomez RS, Dutra WO, da Costa JE, et al. 
Hypermethylation and low transcription of TLR2 gene in chronic periodontitis. Hum 
Immunol 2013;74:1231–6. doi:10.1016/j.humimm.2013.04.037. 

[23] Kim YY-MM, Kim K, Park D, Lee E, Lee H, Lee Y-SS, et al. DNA methyl transferase I acts as 
a negative regulator of allergic skin inflammation. Mol Immunol 2013;53:1–14. 
doi:10.1016/j.molimm.2012.06.010. 

[24] Valinluck V, Sowers LC. Endogenous cytosine damage products alter the site selectivity of 
human DNA maintenance methyltransferase DNMT1. Cancer Res 2007;67:946–50. 
doi:10.1158/0008-5472.CAN-06-3123. 

[25] Cantley MD, Bartold PM, Marino V, Fairlie DP, Le GT, Lucke AJ, et al. Histone deacetylase 
inhibitors and periodontal bone loss. J Periodontal Res 2011;46:697–703. 
doi:10.1111/j.1600-0765.2011.01392.x. 

[26] Larsson L, Thorbert-Mros S, Rymo L, Berglundh T. Influence of epigenetic modifications of 
the interleukin-10 promoter on IL10 gene expression. Eur J Oral Sci 2012;120:14–20. 
doi:10.1111/j.1600-0722.2011.00917.x. 

[27] Stoecklin-Wasmer C, Guarnieri P, Celenti R, Demmer RT, Kebschull M, Papapanou PN. 
MicroRNAs and Their Target Genes in Gingival Tissues. J Dent Res 2012;91:934–40. 
doi:10.1177/0022034512456551. 

[28] Xie Y, Shu R, Jiang S, Liu D, Zhang X. Comparison of microRNA profiles of human 
periodontal diseased and healthy gingival tissues. Int J Oral Sci 2011;3:125–34. 
doi:10.4248/IJOS11046. 

[29] Lee YH, Na HS, Jeong SY, Jeong SH, Park HR, Chung J. Comparison of inflammatory 
microRNA expression in healthy and periodontitis tissues. Biocell 2011;35:43–9. 

[30] Perri R, Nares S, Zhang S, Barros SP, Offenbacher S. MicroRNA Modulation in Obesity and 
Periodontitis. J Dent Res 2012;91:33–8. doi:10.1177/0022034511425045. 

[31] Momen-Heravi F, Trachtenberg AJ, Kuo WP, Cheng YS. Genomewide Study of Salivary 
MicroRNAs for Detection of Oral Cancer. J Dent Res 2014;93:86S–93S. 
doi:10.1177/0022034514531018. 

[32] Furniss CS, Marsit CJ, Houseman EA, Eddy K, Kelsey KT. Line region hypomethylation is 
associated with lifestyle and differs by human papillomavirus status in head and neck 



squamous cell carcinomas. Cancer Epidemiol Biomarkers Prev 2008;17:966–71. 
doi:10.1158/1055-9965.EPI-07-2775. 

[33] Breitling LP, Yang R, Korn B, Burwinkel B, Brenner H. Tobacco-smoking-related 
differential DNA methylation: 27K discovery and replication. Am J Hum Genet 
2011;88:450–7. doi:10.1016/j.ajhg.2011.03.003. 

[34] Smith IM, Mydlarz WK, Mithani SK, Califano JA. DNA global hypomethylation in 
squamous cell head and neck cancer associated with smoking, alcohol consumption and 
stage. Int J Cancer 2007;121:1724–8. doi:10.1002/ijc.22889. 

[35] Saatci C, Caglayan AO, Ozkul Y, Tahiri S, Turhan AB, Dundar M. Detection of p16 
promotor hypermethylation in “Maras powder” and tobacco users. Cancer Epidemiol 
2009;33:47–50. doi:10.1016/j.canep.2009.04.018. 

[36] Shao C, Sun W, Tan M, Glazer CA, Bhan S, Zhong X, et al. Integrated, Genome-Wide 
Screening for Hypomethylated Oncogenes in Salivary Gland Adenoid Cystic Carcinoma. 
Clin Cancer Res 2011;17:4320–30. doi:10.1158/1078-0432.CCR-10-2992. 

[37] LING S, RETTIG EM, TAN M, CHANG X, WANG Z, BRAIT M, et al. Identification of 
methylated genes in salivary gland adenoid cystic carcinoma xenografts using global 
demethylation and methylation microarray screening. Int J Oncol 2016;49:225–34. 
doi:10.3892/ijo.2016.3532. 

[38] Massart R, Dymov S, Millecamps M, Suderman M, Gregoire S, Koenigs K, et al. 
Overlapping signatures of chronic pain in the DNA methylation landscape of prefrontal 
cortex and peripheral T cells. Sci Rep 2016;6:19615. doi:10.1038/srep19615. 

[39] Jones TI, Yan C, Sapp PC, McKenna-Yasek D, Kang PB, Quinn C, et al. Identifying 
diagnostic DNA methylation profiles for facioscapulohumeral muscular dystrophy in 
blood and saliva using bisulfite sequencing. Clin Epigenetics 2014;6:23. 
doi:10.1186/1868-7083-6-23. 

[40] Piyathilake CJ, Bell WC, Jones J, Henao OL, Heimburger DC, Niveleau A, et al. Patterns of 
global DNA and histone methylation appear to be similar in normal, dysplastic and 
neoplastic oral epithelium of humans. Dis Markers 2005;21:147–51. 
doi:10.1155/2005/285134. 

[41] Chen Y-W, Kao S-Y, Wang H-J, Yang M-H. Histone modification patterns correlate with 
patient outcome in oral squamous cell carcinoma. Cancer 2013;119:4259–67. 
doi:10.1002/cncr.28356. 

[42] Kusumoto T, Hamada T, Yamada N, Nagata S, Kanmura Y, Houjou I, et al. Comprehensive 
epigenetic analysis using oral rinse samples: A pilot study. J Oral Maxillofac Surg 
2012;70:1486–94. doi:10.1016/j.joms.2011.04.021. 

[43] D’Souza W, Saranath D. Clinical implications of epigenetic regulation in oral cancer. Oral 
Oncol 2015;51:1061–8. doi:10.1016/j.oraloncology.2015.09.006. 

[44] Marcinkiewicz KM, Gudas LJ. Altered Histone Mark Deposition and DNA Methylation at 
Homeobox Genes in Human Oral Squamous Cell Carcinoma Cells. J Cell Physiol 
2014;229:1405–16. doi:10.1002/jcp.24577. 

[45] Xia R, Zhou R, Tian Z, Zhang C, Wang L, Hu Y, et al. High Expression of H3K9me3 Is a 
Strong Predictor of Poor Survival in Patients With Salivary Adenoid Cystic Carcinoma. 
Arch Pathol Lab Med 2013;137:1761–9. doi:https://dx.doi.org/10.5858/arpa.2012-0704-
OA. 



[46] Song SJ, Ito K, Ala U, Kats L, Webster K, Sun SM, et al. The Oncogenic MicroRNA miR-22 
Targets the TET2 Tumor Suppressor to Promote Hematopoietic Stem Cell Self-Renewal 
and Transformation. Cell Stem Cell 2013;13:87–101. doi:10.1016/j.stem.2013.06.003. 

[47] Reis PP, Tomenson M, Cervigne NK, Machado J, Jurisica I, Pintilie M, et al. Programmed 
cell death 4 loss increases tumor cell invasion and is regulated by miR-21 in oral 
squamous cell carcinoma. Mol Cancer 2010;9:238. doi:10.1186/1476-4598-9-238. 

[48] Cervigne NK, Reis PP, Machado J, Sadikovic B, Bradley G, Galloni NN, et al. Identification 
of a microRNA signature associated with progression of leukoplakia to oral carcinoma. 
Hum Mol Genet 2009;18:4818–29. doi:10.1093/hmg/ddp446. 

[49] Kawakita A, Yanamoto S, Yamada S-I, Naruse T, Takahashi H, Kawasaki G, et al. 
MicroRNA-21 promotes oral cancer invasion via the Wnt/beta-catenin pathway by 
targeting DKK2. Pathol Oncol Res 2014;20:253–61. 
doi:https://dx.doi.org/10.1007/s12253-013-9689-y. 

[50] Weng J, Zhang H, Wang C, Liang J, Chen G, Li W, et al. miR-373-3p Targets DKK1 to 
Promote EMT-Induced Metastasis via the Wnt/beta-Catenin Pathway in Tongue 
Squamous Cell Carcinoma. Biomed Res Int 2017;2017:6010926. 
doi:https://dx.doi.org/10.1155/2017/6010926. 

[51] Zhuang Z, Hu F, Hu J, Wang C, Hou J, Yu Z, et al. MicroRNA-218 promotes cisplatin 
resistance in oral cancer via the PPP2R5A/Wnt signaling pathway. Oncol Rep 
2017;38:2051–61. doi:https://dx.doi.org/10.3892/or.2017.5899. 

[52] Lau H-K, Wu E-R, Chen M-K, Hsieh M-J, Yang S-F, Wang L-Y, et al. Effect of genetic 
variation in microRNA binding site in WNT1-inducible signaling pathway protein 1 gene 
on oral squamous cell carcinoma susceptibility. PLoS One 2017;12:e0176246. 
doi:https://dx.doi.org/10.1371/journal.pone.0176246. 

[53] Feng XIN, Matsuo K, Zhang TAN, Hu Y, Mays AC, Browne JD, et al. MicroRNA Profiling and 
Target Genes Related to Metastasis of Salivary Adenoid Cystic Carcinoma. Anticancer Res 
2017;37:3473–81. doi:10.21873/anticanres.11715. 

[54] Jiang L-H, Ge M-H, Hou X-X, Cao J, Hu S-S, Lu X-X, et al. miR-21 regulates tumor 
progression through the miR-21-PDCD4-Stat3 pathway in human salivary adenoid cystic 
carcinoma. Lab Invest 2015;95:1398–408. 
doi:https://dx.doi.org/10.1038/labinvest.2015.105. 

[55] Liu L, Hu Y, Fu J, Yang X, Zhang Z. MicroRNA155 in the growth and invasion of salivary 
adenoid cystic carcinoma. J Oral Pathol Med 2013;42:140–7. 
doi:https://dx.doi.org/10.1111/j.1600-0714.2012.01189.x. 

[56] Chadwick R, O’Connor A. Epigenetics and personalized medicine: prospects and ethical 
issues. Per Med 2013;10:463–71. doi:10.2217/pme.13.35. 

[57] Rasool M, Malik A, Naseer MI, Manan A, Ansari SA, Begum I, et al. The role of epigenetics 
in personalized medicine: Challenges and opportunities. BMC Med Genomics 2015;8 
Suppl 1:1–7. doi:10.1186/1755-8794-8-S1-S5. 

[58] Zhang P, Liu Y, Lu Q, Chang C. Future Challenges and Prospects for Personalized 
Epigenetics. Elsevier Inc.; 2015. doi:10.1016/B978-0-12-420135-4.00019-X. 

[59] Foy J-P, Pickering CR, Papadimitrakopoulou VA, Jelinek J, Lin SH, William WN, et al. New 
DNA methylation markers and global DNA hypomethylation are associated with oral 
cancer development. Cancer Prev Res (Phila) 2015;8:1027–35. doi:10.1158/1940-



6207.CAPR-14-0179. 
[60] Huang Y-K, Peng B-Y, Wu C-Y, Su C-T, Wang H-C, Lai H-C. DNA methylation of PAX1 as a 

biomarker for oral squamous cell carcinoma. Clin Oral Investig 2013;18:801–8. 
doi:10.1007/s00784-013-1048-6. 

[61] Uchida K, Veeramachaneni R, Huey B, Bhattacharya A, Schmidt BL, Albertson DG. 
Investigation of HOXA9 promoter methylation as a biomarker to distinguish oral cancer 
patients at low risk of neck metastasis. BMC Cancer 2014;14:353. doi:10.1186/1471-
2407-14-353. 

[62] Guerrero-Preston R, Soudry E, Acero J, Orera M, Moreno-Lopez L, Macia-Colon G, et al. 
NID2 and HOXA9 promoter hypermethylation as biomarkers for prevention and early 
detection in oral cavity squamous cell carcinoma tissues and saliva. Cancer Prev Res 
(Phila) 2011;4:1061–72. doi:10.1158/1940-6207.CAPR-11-0006. 

[63] Demokan S, Chang X, Chuang A, Mydlarz WK, Kaur J, Huang P, et al. KIF1A and EDNRB are 
differentially methylated in primary HNSCC and salivary rinses. Int J Cancer 
2010;127:2351–9. doi:10.1002/ijc.25248. 

[64] Heyn H, Esteller M. DNA methylation profiling in the clinic: applications and challenges. 
Nat Rev Genet 2012;13:679–92. doi:10.1038/nrg3270. 

[65] Sun Y-W, Chen K-M, Imamura Kawasawa Y, Salzberg AC, Cooper TK, Caruso C, et al. 
Hypomethylated Fgf3 is a potential biomarker for early detection of oral cancer in mice 
treated with the tobacco carcinogen dibenzo[def,p]chrysene. PLoS One 
2017;12:e0186873. doi:10.1371/journal.pone.0186873. 

[66] Khongsti S, Lamare FA, Shunyu NB, Ghosh SS, Maitra A, Ghosh SS. Whole genome DNA 
methylation profiling of oral cancer in ethnic population of Meghalaya, North East India 
reveals novel genes. Genomics 2017. doi:10.1016/j.ygeno.2017.09.002. 

[67] Basu B, Chakraborty J, Chandra A, Katarkar A, Baldevbhai JRK, Dhar Chowdhury D, et al. 
Genome-wide DNA methylation profile identified a unique set of differentially 
methylated immune genes in oral squamous cell carcinoma patients in India. Clin 
Epigenetics 2017;9:13. doi:10.1186/s13148-017-0314-x. 

[68] Bhat S, Kabekkodu SP, Jayaprakash C, Radhakrishnan R, Ray S, Satyamoorthy K. Gene 
promoter-associated CpG island hypermethylation in squamous cell carcinoma of the 
tongue. Virchows Arch 2017;470:445–54. doi:10.1007/s00428-017-2094-2. 

[69] Lim AM, Wong NC, Pidsley R, Zotenko E, Corry J, Dobrovic A, et al. Genome-scale 
methylation assessment did not identify prognostic biomarkers in oral tongue 
carcinomas. Clin Epigenetics 2016;8:74. doi:10.1186/s13148-016-0235-0. 

[70] Clausen MJAMAM, Melchers LJ, Mastik MF, Slagter-Menkema L, Groen HJMM, van der 
Laan BFAMAM, et al. Identification and validation of WISP1 as an epigenetic regulator of 
metastasis in oral squamous cell carcinoma. Genes Chromosom Cancer 2016;55:45–59. 
doi:10.1002/gcc.22310. 

[71] Krishnan NM, Dhas K, Nair J, Palve V, Bagwan J, Siddappa G, et al. A Minimal DNA 
Methylation Signature in Oral Tongue Squamous Cell Carcinoma Links Altered 
Methylation with Tumor Attributes. Mol Cancer Res 2016;14:805–19. doi:10.1158/1541-
7786.MCR-15-0395. 

[72] Khor GH, Ruth G, Froemming A, Zain RB, Abraham MT, Thong KL. Screening of 
Differential Promoter Hypermethylated Genes in Primary Oral Squamous Cell Carcinoma 



Screening of Differential Promoter Hypermethylated Genes in Primary Oral Squamous 
Cell Carcinoma. Asian Pac J Cancer Prev 2014;15:8957–61. 
doi:10.7314/APJCP.2014.15.20.8957. 

[73] Lai Y-H, He R-Y, Chou J-L, Chan MW-Y, Li Y-F, Tai C-K. Promoter hypermethylation and 
silencing of tissue factor pathway inhibitor-2 in oral squamous cell carcinoma. J Transl 
Med 2014;12:237. doi:10.1186/s12967-014-0237-7. 

[74] ZHANG S, FENG X-L, SHI L, GONG C-J, HE Z-J, WU H-J, et al. Genome-wide analysis of DNA 
methylation in tongue squamous cell carcinoma. Oncol Rep 2013;29:1819–26. 
doi:10.3892/or.2013.2309. 

 



 
Genome-Wide DNA Methylation Studies in Oral Squamous Cell Carcinoma (OSCC) 
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Methods for genome-

wide profiling 

Methods used to 

verify candidate 

genes 

Verified Candidate Genes Summary 

Sun et al. 

2017[65]  
Mice ERRBS RT-PCR 

Hypermethylated genes: Pkm, 

Ppp1r13I, Vamp3, Ctnnb1, and 

Tbc1d4 

 Hypomethylated genes: 

Ppp1r21, C1qtnf9, Fgf3, 

Efemp2  

Fgf3 gene hypomethylation is significantly 

associated in OSCC, thereby offering its use in early 

detection of OSCC as an epigenetic biomarker. 

Khongsti et al. 

2017[66] 
Human 

Infinium 450 K 

methylation assay 
RT-PCR Wt1 

Wt1 genes showed hypermethylation at promoter 

region and decreased mRNA expression. In total, 45 

genes with DMRs at promotor region were observed. 

Hypermethylation of 38 genes and hypomethylation 

of 7 genes was observed.  

Basu et al 

2017[67] 
Human 

Infinium 450 K 

methylation assay 

Bisulfite sequencing 

PCR and RT-PCR 

Hypermethylated genes: HLA-

DPB1, LDLRAD4, LHX1, and 

LXN 

Hypomethylated genes: 

PTPN22  

Hypomethylation of immune genes was observed. 

Pathway analysis of these genes revealed that anti-

tumor T cell response may play a role in the 

mobilization of lymphocytes at tumor 

microenvironment. 

Bhat et al. 

2017[68] 
Human  DMH Microarray 

Bisulfite sequencing 

PCR 

Hypermethylated genes: 

DAPK1, LRPPRC, RAB6C, and 

ZNF471  

Hypermethylation of LRPPRC, ZNF471, RAB6C in 

OSCC offers diagnostic and prognostic potentials in 

head and neck squamous cell carcinoma. 

Lim et al. 

2016[69] 
Human 

Infinium 450 K 

methylation assay 
- - 

The study was unable to find any prognostic 

methylation profiles. 

Clausen et al. 

2016[70] 
Human MethylCap-Seq  

Bisulfite sequencing 

PCR 
WISP1 

Hypomethylation of WISP1 offers the diagnostic 

potential to serve as an epigenetic biomarker to 

predict lymph node metastasis. 

Krishnan et al. 

2016[71] 
Human 

Infinium 450 K 

methylation assay 
qMSP, RT-PCR 

Hypermethylation of MIR10B 

gene. 

Other differentially methylated 

genes: FUT3, TRIM5, TSPAN7, 

MAP3K8, RPS6KA2, SLC9A9, 

and NPAS3  

Hypermethylation of 

MIR10B gene was consistent with the differential 

expression of its target genes NR4A3, BCL2L11 

thus suggesting NR4A3 as a potential target for 

therapeutic intervention to treat OSCC. 

Khor et al. 

2014[72] 
Human 

Infinium 450 K 

methylation assay 

Bisulfite sequencing 

PCR 

Differential hypermethylation of 

TP73, PIK3R5, and CELSR3 

genes 

Signature candidates can offer the potential to use as 

epigenetic biomarkers in OSCC. 

Lai et al. 

2014[73] 
Mice 

Microarray 

Hybridization  

Bisulfite sequencing 

PCR, RT-PCR 
Hypermethylation of RARB 

RARB hypermethylation and de novo DNMTs are 

involved in the areca-associated oral cancer. 

Marcinkiewicz 

et al. 2014[44] 
Human ERRBS - - 

H3K9me3 marks at HOX genes were considerably 

lower in OSCC. Both histone modifications and 

altered DNA methylation pattern are involved in 

dysregulation of homeobox gene expression in 

OSCC. 

Zhang et al. 

2013[74] 
Human 

MeDIP and 

methylation 

microarray 

hybridization. 

Bisulfite sequencing 

PCR, RT-PCR 

Hypermethylation and 

decreased expression of FBLN1, 

ITIH5. Hypomethylation and 

increased expression of RUNX3 

Aberrant DNA Methylation plays an important role 

in OSCC 

Genome-Wide DNA Methylation Studies in Adenoid Cystic Carcinoma (ACC) 

Author/Year 
Species 

 

Methods used for 

genome-wide 

profiling 

Methods used to 

verify candidate 

genes 

Verified Candidate Genes Summary 

Ling et al. 

2016[37] 
Mice 

Infinium 450 K 

methylation assay 

Bisulfite sequencing 

PCR 
HCN2 

HCN2 hypomethylation can be used as an epigenetic 

biomarker to detect ACC. 

Shao et al. 

2011[36] 
Mice 

Global 

demethylation+ 

expression microarray 

qMSP, RT-PCR AQP1 

Hypomethylation and overexpression of AQP1 can 

be used as an epigenetic biomarker to detect ACC  

Abbreviations used: ERRBS (Enhanced Reduced Representation Bisulfite Sequencing, DMH Microarray (Differential Methylation Hybridization Microarray), qMSP 

(Quantitative Methylation Specific PCR), MeDIP (Methylated DNA Immunoprecipitation) 

Table 1 
  



 
Figure Legend 
Figure 1) A schematic representation of the epigenetic mechanisms occurring at cellular and molecular level. 1) DNA 

Methylation 2) micro RNA based mechanisms 3) Histone Modifications. Acronyms used: HDACs (Histones 
deAcetylases), DNMTs (DNA MethylTransferases), Ub (Ubiquitination), DUBs (Deubiquitinating enzymes), miRNA 
(microRNA), RNA Polymerase II (RNA pol II), primary miRNA (pri-miRNA), precursor miRNA (pre-miRNA), RNA-induced 
silencing complex (RISC), DiGeorge Syndrome Critical Region 8 (DGCR8) 

 
 

 
 




