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Abstract

:

The epigenome denotes all the information related to gene expression that is not contained in the DNA sequence but rather results from chemical changes to histones and DNA. Epigenetic modifications act in a cooperative way towards the regulation of gene expression, working at the transcriptional or post-transcriptional level, and play a key role in the determination of phenotypic variations in cells containing the same genotype. Epigenetic modifications are important considerations in relation to anti-cancer therapy and regenerative/reconstructive medicine. Moreover, a range of clinical trials have been performed, exploiting the potential of epigenetics in stem cell engineering towards application in disease treatments and diagnostics. Epigenetic studies will most likely be the basis of future cancer therapies, as epigenetic modifications play major roles in tumour formation, malignancy and metastasis. In fact, a large number of currently designed or tested clinical approaches, based on compounds regulating epigenetic pathways in various types of tumours, employ these mechanisms in stem cell bioengineering.
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1. Introduction


In recent years, significant progress has been made towards understanding the mechanisms that modify the genome in response to environmental stimuli. Historically, the focus has been directed towards genetic mutations in DNA. However, the importance of epigenetic modification has recently been outlined as a possible cause for environmentally induced diseases [1]. Epigenetics studies the mitotically and meiotically heritable modifications of gene expression that do not involve the primary sequence of the DNA. This field is based on parent cell–progeny transmission of alterations regulating gene transcription, leading to changes in cell lineage, function and fate [2]. The main mechanisms of epigenetic regulation include DNA methylation, histone modifications, promoter–enhancer interactions, as well as non-coding RNA-mediated regulation [3].



It has been proven that these distinct types of genetic mechanisms are deeply involved in a range of major disease groups, which can be inherited or somatically acquired and the treatment of which remains a challenge in the modern medicine. Notable examples include cardiovascular diseases, neurodegenerative disease, metabolic disorder, obesity and bone and skeletal disease [4,5,6,7,8,9]. Many disruptive epigenetic mechanisms could cause pathological occurrences and may result in modification of the chromosome, leading to learning disabilities. For example, fragile X syndrome derives from the silencing of the fragile X mental retardation 1 (FMR1) gene by a de novo methylation of a CGG region in its untranslated region, and immunodeficiency, centromeric region instability and facial anomalies (ICF1) syndrome is caused by alterations of the DNA methyl transferase 3b (DNMT3b) gene, an enzyme indispensable for methylation patterns [10,11]. Moreover, cancer stem cell development is highly connected with epigenetic aberration of progenitor genes [12]. Global alterations lead to chromosomal instability, an increased frequency of tumours and gene-specific oncogene activation, and the silencing of tumour-suppressor genes [13,14,15].



The study of epigenetic regulation is growing rapidly for the diagnosis of a disease and as targets for disease prevention strategies through the modification of epigenomes or identification of epigenetic markers. Biomedical engineers have exploited its application in search of a solution for biomedical problems. The aim of this review is to summarize the current knowledge of epigenetics, describing the most notable examples of its mechanisms, as well as its implication in disease understanding and treatment design. Additionally, a range of promising clinical studies aimed at using and regulating the epigenetic pathways will also be outlined to emphasize the importance of this field for the development of modern medicine. Finally, future research perspectives will be discussed, together with associated challenges that need to be overcome to enable the design of more complex approaches of disease treatments.




2. Overview of Epigenetic Modification of Genome


The three main molecular mechanisms involved in epigenetics are DNA methylation, histone modifications and non-coding RNA (ncRNA), and they are not related to a specific time of an organism’s life, but they rather continue throughout life [3].



2.1. DNA Methylation


DNA methylation is a process in which a methyl group, donated by S-adenosylmethionine, is added to the carbon-5 position of a cytosine with temporal and spatial precision [16]. This mechanism is important in CpG islands, where, mediated by DNA methyltransferases (DNMTs) and DNA demethylases, clusters of G+C can be added or erased, [17]. These CpG islands are enriched at gene promoters, which can be silenced upon methylation [18]. Three different DNMTs (DNMT1, DNMT3A, and DNMT3B) catalyse DNA methylation, and they have different functions that do not exclude one another [19]. DNA methylation can behave both as a transcription enhancer and as an inhibitor: it may repress transcription in promoter regions decreasing the expression of downstream genes, whereas in gene bodies it is correlated with active transcription [20,21]. The activity of DNA methylation can be analysed through different experimental methods depending on the results needed, including global DNA methylation, gene- or locus-specific methylation analysis and comprehensive genome-wide methylation analysis [22,23,24].




2.2. Histone Modification


Gene expression can also be regulated by covalent histone modification through mechanisms such as acetylation, methylation, phosphorylation, ubiquitination or sumoylation [25,26]. The crosstalk between these events and DNA methylation plays a key role in the epigenetic regulation of genome expression [27]. Histone modifications happen in a specific order and they cooperate to create a code, defined as a ‘histone code’ by Stahl and Allis and a ‘epigenetic code’ by Turner, regulating transcription and chromatin condensation, controlling accessibility to DNA [28,29]. Histone modifications may activate or inactivate neighbouring genes, alter chromatin structure and conformation or recruit transcriptional activators/suppressors by providing signals [30,31,32,33,34]. Another factor influencing the histone modification rate is the chromatin state, which can be tightly packed and non-transcribed, defined heterochromatin and or loosely packed, transcribed, and present in highly transcriptionally active cells, defined euchromatin [35]. Heterochromatin limits the access to DNA and influences the location of nucleosomes, playing a key role in transcription regulation. Moreover, the steps in histone modification are catalysed by specific enzymes. Histone acetyltransferase (HAT), histone methyltransferase (HMT), and protein arginine methyltransferase (PRMT) are responsible for ‘writing’, histone deacetylase (HDAC) and lysine demethylase (KDM) are the ‘erasers’ and, finally, the domains recognizing the modified histones are called the ‘readers’ [36]. Together with data on epigenetic regulation, histone modifications are presented in the Encyclopaedia of DNA Elements (ENCODE), created to define all the functional elements of the human genome [37].




2.3. Non-Coding RNA


ncRNA, classified as the small portion of genes that is transcribed but not translated into protein, also plays an important role in epigenetic regulation [38]. ncRNAs may be categorized depending on their size: small ncRNAs, including small interfering RNAs (siRNAs), microRNAs (miRNAs), Piwi-interacting RNAs (piRNAs), and long ncRNAs (lncRNAs) [39]. lncRNAs can be distinguished due to their genomic loci and/or associated DNA strands/regions as sense, anti-sense, intronic, intergenic, enhancer, or circular RNAs [40]. Depending on their function, lncRNAs can be classified in signals and decoys, which are associated with gene activation and suppression, and guides, which regulate gene expression by recruiting enzymes that modify chromatin, and scaffold, which recruits proteins which form the ribonucleoprotein complexes [41]. However, these functions are not exclusive, and they can be observed simultaneously in one lncRNA. The expression of the class of lncRNA encoded from enhancer regions is strictly connected with the class of the nearby mRNAs, allowing enhancers to physically associate with target promoters [42]. Finally, lncRNA can regulate allele-specific imprinting, allele-specific gene expression and inhibitory mechanisms [43,44,45].





3. Advanced Epigenetic Research in Human Stem Cells—A Novel Bioengineering Tool


Stem cells are undifferentiated cells with high proliferation capacity and capability of differentiating into a large variety of cell types in the body, and consequently show great promise in the field of regenerative medicine [46]. Specifically, stem cells can be grown in a laboratory and implanted into a patient to repair damaged tissues or organs. Stem cells can be categorized as either embryonic stem cells (ESCs), induced pluripotent stem cells (iPSCs), or adult/somatic stem cells (SSCs). ESCs show pluripotency and are responsible for differentiation of every cell type in the body during embryonic development [47]. iPSCs are engineered from adult cells to dedifferentiate into cells which behave similarly to ESCs and show pluripotency [48]. SSCs such as mesenchymal stem cells (MSCs) or hematopoietic stem cells (HSCs) are multipotent, found in developed tissues and organs, and important in repairing damaged tissue [49]. These cells show potential as tools in tissue engineering—following implantation to site of injury, they can stimulate a regenerative microenvironment via paracrine factors, which can both promote differentiation of resident precursor cells and provide an immunoregulatory function via modulation of T cells, mast cells, and macrophages [50,51].



Over time, with the help of chromatin-modifying enzymes, undifferentiated stem cells will establish a specific epigenetic profile to determine cell fate. In fact, these epigenetic modifications are responsible for ESC differentiation into various cell types during embryogenesis [52]. Upon lineage commitment, pluripotent factors are silenced and the expression of genes specific for the differentiated cell type increases. As stem cell application for therapy is limited by their efficacy in controlling cell fate and determination, manipulating epigenetic profiles via modifiers may be an important technique in regenerative medicine. These modifiers, including drugs, can reset gene-silencing effects, e.g., through DNA methylation or histone modifications [53].



Multiple layers of molecular control must be understood to elucidate the relevance of epigenetic changes in stem cell differentiation. Firstly, paracrine/juxtracrine signalling between cells can stimulate intracellular signalling pathways and cascades, activating or inactivating key transcription factors in cell fate regulation. Additionally, ncRNAs can inhibit mRNA translation of key genes. Methylation and histone modification profiles have been shown to differ significantly between ESCs and SSCs [54]. Deregulation of epigenetic modifications has also been implicated in various cancers and developmental disorders but remains poorly understood in the context of stem cells [55].



The epigenetic rearrangement of SSCs, marking commitment to a specific lineage, is of great importance in modern research. Further understanding of stem cell differentiation regulation could help to highlight potential therapeutic targets. Already in development, epigenetic modifier drugs may be able to reset/modify chromatin alterations and treat a variety of diseases, including cancers [56,57]. These drugs have been shown to enhance differentiation of stem cells when combined with existing procedures, i.e., culturing in differentiation media. However, epigenetic modification of stem cells by drug treatment alone is not sufficient to prompt differentiation [58]. Examples of relevant epigenetic modifiers include trichostatin A (TSA), a well-known and studied inhibitor of histone deacetylation, and 5-aza-deoxycytidine (5-aza-dC), an inhibitor of DNA methylation. A study conducted in 2007 showed that the treatment of murine bone marrow-derived mesenchymal stem cells (BMSCs) with either TSA or 5-aza-dC could enhance differentiation into neural-like cells, proved by the high expression of SRY-box transcription factor 2 (Sox 2), a marker for neural stem cells [59].



It is well established that MSCs are the common precursor of adipocytes and osteoblasts. In fact, the cell fate of MSCs is strictly balanced to maintain skeletal homeostasis and prevention of obesity. The ‘master regulators’ of osteogenesis and adipogenesis are Runt-related transcription factor 2 (RUNX2) and peroxisome proliferator-activated receptor γ (PPARγ). These key proteins are activated or inhibited by a complex array of signalling pathways, which may induce adipogenesis and inhibit osteogenesis or vice versa. These pathways include Wnt signalling, bone morphogenic proteins (BMPs), notch, hedgehog (HH) and fibroblast growth factors (FGFs) [60]. Additional epigenetic factors worth mentioning are methyltransferase enhancer of zeste homolog 2 (EZH2) and lysine demethylase 6A (KDM6A). EZH2 promotes adipogenesis and inhibits osteogenesis via the trimethylation of histone 3 at lysine 27 (H3K27me3), whereas KDM6A removes this methylation and opposes the action of EZH2. Experimentally, the overexpression of KDM6A in MSCs results in increased differentiation to osteogenic cell lines [61]. Both EZH2 and KDM6A may act upon key genes in cell fate determination of MSCs. For example, EZH2 is believed to methylate promoter regions, preventing the transcription of a number of genes, including Wnt genes, responsible for osteogenic differentiation through the actions of β-catenin via Wnt signalling cascades [61,62]. Furthermore, KDM6B, together with KDM4B, promotes osteogenic differentiation of human MSCs and is involved in the regulation of odontogenic differentiation of MSCs [62,63].



3.1. Gene Silencing through H3K27me by EZH2 and the PRC2 Complex


Together with protein regulator of cytokinesis (PRC) 1, an important activity of EZH2, a component of the protein complex PRC2, is reversible gene silencing by chromatin compaction. PRC2 is responsible for initiating gene silencing and PRC1 is believed to help maintaining this silencing (Figure 1) [64]. As well as trimethylation of histone H3K27me3 through the carboxy-terminal domain, EZH2 recruits DNA methyltransferases to the amino-terminal domain to further silence gene expression [65]. EZH2 maintains the multipotent phenotype of hematopoietic, neuron and muscle cell precursors, and is defined as a stem cell senescence-preventing gene, for its overexpression completely prevents senescence of HSCs [64]. Similarly, in neuron and muscle precursor cells, EZH2 plays an inhibitory role on genes specific for differentiation [66,67]. In undifferentiated myoblasts, EZH2 binds and represses miR-214. Moreover, EZH2 dissociation, followed by recruitment of MyoD and myogenin, sets the onset of skeletal muscle cell (SMC) differentiation. Upon activation of miR-214 transcription, this non-coding RNA binds and negatively regulates EZH2, further promoting SMC differentiation [65].



Octamer-binding transcription factor 4 (OCT4), NANOG and SOX2 are key factors in maintenance of pluripotency in human embryonic stem cells (hESCs), as shown in Figure 2, and their regulation by the overlying epigenome is of great interest to researchers [68]. In 2017, Pursani et al. used microarray, quantitative reverse transcription PCR (RT-qPCR) and chromatin immunoprecipitation (ChIP) techniques to identify the roles of EZH2 and the nuclear receptor subfamily 2 group f member 2 (NR2F2) transcription factor in the expression of the octamer-binding transcription factor 4 (OCT4) coding the POU class 5 homeobox 1 (Pou5f1) gene during differentiation of hESCs [69]. During differentiation of cardiac precursors and cardiomyocytes, NR2F2 was upregulated, while EZH2 was downregulated. ChIP analyses revealed that EZH2 silences Nr2f2 expression by trimethylation of H3K27me3 at the promoter region in undifferentiated cells. Similarly, EZH2 represses Pou5f1 in differentiated but not in undifferentiated cells. Moreover, the undifferentiated state is preserved through the repression of Nr2f2 by OCT4, one of the key transcription factors involved in maintaining pluripotency in cells [68]. ChiP analyses show interactions between Nr2f2 and both EZH2 and Pou5f1, leading to the conclusion that NR2F2 recruits EZH2 to bind at the Pou5f1 promoter to silence the expression of OCT4 during cardiac differentiation of hESCs [68,69].



It is well known that NANOG levels in stem cells positively correlate with self-renewal capacity and pluripotency maintenance. Using quantitative immunofluorescence and cytometry techniques, Villasante et al. studied levels of NANOG in both wild-type and EZH2-deficient iPSCs. High levels of NANOG were significantly linked to low levels of EZH2, while low levels of NANOG were significantly linked to high levels of EZH2. ChIP analysis showed interactions between EZH2, and thereby its silencing mark H3K27Me3, and the promoter of NANOG, confirming that EZH2 is a negative regulator of NANOG, binding directly to its promoter (Figure 3) [70].



SOX2 and OCT4 expressions are essential to iPSC induction, and SOX2 is believed to be a key player in pluripotency maintenance. Studies indicate that SOX2 and OCT4 positively influence each other expression and cooperate in the downstream regulation of NANOG expression. In this way, a complex interdependent network between these master regulators maintains stem cell phenotype (Figure 3) [71].




3.2. Further Research on Epigenetic Modifications and Epigenetic Inheritance


The trimethylation of histone H3 lysine 4 (H3K4me3) at transcriptional start sites recruits remodelling enzymes and histone acetylases and upregulating transcription, while the negative regulator H3K27me3 behaves oppositely. These two histone modifiers act together on developmental genes to create ‘bivalent domains’ of the genome [74,75]. The genes important for differentiation, that are both up- and downregulated via opposing modifications of the associated histones, are believed to be silenced, but kept in a ‘poised’ state, ready for activation upon the appropriate cues. A study on the mouse genome linked almost half of all bivalent domains to binding sites of the key transcription factors SOX2, OCT4 and/or NANOG [74]. Notably, most bivalent domains eventually resolve into areas marked by either H3K4me3 or H3K27me3, depending on lineage specificity.



Stem cells play a key role in furthering bioengineering technologies and, consequently, detailed understanding of cell fate regulation is paramount to developing treatments. EZH2 prevents differentiation of neural, muscle, bone and hematopoietic precursor cells of MSCs. However, EZH2 is also known to inhibit the activity of pluripotency genes such as NANOG and Pou5f1 in ESCs, suggesting that histone modifiers are cell and phase specific, playing different roles depending on cell type and state of differentiation.



As well as the histone modifiers described above, DNA methyltransferases play a role in stem cell differentiation [76]. This family of enzymes catalyse the methylation of CpG islands in DNA, a process responsible for many functions, including repression of transcription at promoters. The methylation profile is maintained during mitosis, where the DNA methyltransferase DNMT1 is responsible for copying methylated DNA patterns from the template strand to the new strand. However, the mechanism of histone modification inheritance is not well understood and remains a topic of research [77]. Nevertheless, it has been suggested that histone modifications are preserved throughout DNA replication via histone recycling, and not via the establishment of patterns on new component histones [78]. Evidence from studies on the mechanisms underlying epigenetic regulation and chromatin states in yeast and other organisms suggest a conservative or semi-conservative model of nucleosome assembly and subsequent epigenetic inheritance, providing a greater mechanistic understanding of heterochromatin preservation [79]. Epigenetic modifier drugs can be used to reset DNA methylation and histone modification profiles, breaking the inheritance pattern and thereby allowing manipulation of cell fate for therapeutic purposes, mostly due to their tumour-specific anti-cancer activities [56]. For example, the first drug developed for the treatment of T-Cell Lymphoma was Vorinostat (SAHA, Zolina), which, being structurally similar to TSA, is associated with HDAC inhibition. Romidepsin and Belinostat are other drugs with HDAC inhibitory activity that are widely used in clinical trials [80,81].




3.3. Cancer Research and Anti-Cancer Therapy—Living in the Shadow of Epigenetic Genome Modification


Heritable changes in gene function, including epigenetic regulatory mechanisms such as DNA methylation and histone modification, play an important role in cancer progression [82]. Recently, epigenetic modifications were highlighted as a novel and significant hallmark for assaying various types of cancer. Acetylation, methylation and demethylation of either DNA or histones, long non-coding RNAs or nucleosome remodelling are key epigenetic mechanisms that do not involve mutations nor spontaneous changes in the nucleotide sequences of double-stranded DNA [83]. Carcinogenesis depends not only on aggregation of point mutations and mismatches within genetic codes, but also on aberrant epigenetic regulations. Cancer prognosis is therefore related to maintaining genomic stability and spatially controlling gene expression [84]. Hence, targeting epigenetic alterations shows promise for dissemination of tumourigenesis, tumour progression, tumour metastasis and therapeutic resistance to chemotherapy [85]. Epigenetic modifications are not the only targets for cancer therapies, as they work in concert with mechanisms controlling transcriptional activity of malignant cells and therefore are considered as a whole [86]. Specifically, early onset detection of three of the most frequent cancers in men—colorectal, prostate and lung—is possible through non-invasive identification of aberrant DNA methylation at the promoter region of oncogenes and tumour-suppressor genes [87]. Analogically, cell-free DNA methylation-based tests are currently being developed for early onset detection of equivalent common cancer in women—colorectal, lung and breast cancers [88]. Genome-wide association studies (GWASs) enabled description of heritable epigenetic mechanisms, their effect on signalling pathways and reversible alterations in various types of cancers, currently recognized as their hallmarks [89]. Cis-acting elements, called enhancers, are identified as hallmarks for the identification of cancer-related putative enhancers when associated with the modulation of histones of multiple transcription factor binding sites upregulating transcription [90]. Recently, regulating gene expression by reacetylation of histones, histone deacetylases inhibitors were highlighted as potential therapeutic agents. By opposing the carcinogenesis effect of histone deacetylation, these inhibitors are involved in cancer initiation and development, through cell cycle arrest and induced apoptosis of cancerous cells [91]. Interestingly, epigenetic processes not only aid the diagnosis and prognosis of disease pathogenesis, but they provide useful information on the role of epigenetics in responsiveness to drugs [92]. For instance, the extract of a traditional Chinese herbal compound, known as rocaglamide, reduces chemotherapy mediated toxicities. Simultaneously, rocaglamide protects from chemotherapy side effects such as DNA damage-induced toxicity by halting DNA upregulation of p53 transcription factor [93]. An epigenome-wide study, conducted under the gingiva-buccal oral squamous cell carcinoma, identified disease-related dysregulation of promoter methylation and the expression of transcription factors to be repaired by epigenetic modification, including, respectively, upregulation and downregulation of DNMT3B and ten-eleven translocation methylcytosine dioxygenase (TET1) [94]. Studies conducted on triple-negative breast cancer confirmed that aberrant methylation of DNA contributes to silencing of tumour-related genes, leading to malignant transformations of healthy cell lines [95]. Other clinical studies on RNA–RNA interactions underlying the mechanism of breast cancer identified upregulation of human receptor tyrosine-protein kinase erbB-2 (ERBB2) by BCLIN25 through regulation of promoter CpG methylation on miR-125ERBB2 [96]. Methylation levels in adenomatous polyposis coli (APC), homeobox gene A9 (HOXA9), retinoic acid receptor beta 2 (RARβ2), and Ras association domain-containing protein 1 (RASSF1A) were assessed as a novel non-invasive method for lung cancer subtyping. Higher methylation patterns of HOXA9 and RASSF1A were detected in small-cell lung cancer rather than non-small-cell lung cancer [97]. Quantitative panel assessment of two-gene promoter methylation patterns (singleplex-miR-34b/c, miR-193b and multiplex-APC, GSTP1, RARβ2, respectively), in tissue biopsies and urine of prostate cancer patients demonstrated higher methylation levels of both panels compared to controls [98]. Analogically to epigenetic changes, such as methylation of histones and DNA, RNA modifications are useful in the identification and progress of diseases, including tumours and cancer. Current research on RNA modifications describes a further function of the most commonly modified RNA, m6A RNA, such that N6-methyladenosine modification of m6A RNA demonstrated a role in gastrointestinal tract cancers [99]. m6A RNA has also been confirmed to modulate gene expression in clear-cell renal-cell carcinoma (ccRCC), identified as either hypermethylated or hypomethylated m6A peaks in a m6A transcriptome-wide map of human ccRCC [100]. The epigenetic reader of the N6-methyladenosine modification of m6A RNA, called YTH N6-methyladenosine RNA binding protein 1 (YTHDF1), was further characterized and distinguished by its overexpression in Merkel cell carcinoma, indicating its involvement in the Merkel cell polyoavirus (MCPyV) gene expression [101]. Another study found that miR-506 targets the epigenetic factor ubiquitin-like with PHD and ring finger domains 1 (UHRF1) and inhibits colorectal cancer via the KiSS-1 metastasis suppressor (KISS1)–phosphoinositide 3-kinases (PI3K)–nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signalling pathway [102]. Pan-cancer analysis, including the integrative altered methylation studies on DNMT3B methylation patterns, revealed key metabolic genes, such as solute carrier family 2 member 1 (SLC2A1), ATP citrate synthase (ACLY) and lysine acetyltransferase 2A (KAT2A), as commonly contributing factors to errors of histone modifications and DNA methylation [103].



Even though the contribution of epigenetics to prognosis and diagnosis of neurodegenerative diseases is well established, epigenetic modifications have also demonstrated a prominent role in the metastasis of various types of cancer. Consequently, apart from mito-epigenetic changes in mitochondrial RNAs (mtRNA), including mt-mRNA, mt-tRNAs and mt-rRNAs (mtRNAs), and mitochondrial DNAs (mtDNA) controlling replication, transcription and translation of mitochondrial genes, hydroxyl methylation of circular mitochondrial DNA, mtDNA and nDNA-derived non-coding RNAs appears to play a vital role in carcinogenesis pathways, due to the role of mitochondrial dysfunction in cancers [104]. Studies focussing on the methylation of Alu repeats in areas of repressed chromatin compared normal and cancer tissues associating Alu repeats with the digestive organ expansion factor homolog (diexf) gene promoter region. Due to its hypomethylated state in various cancers, diexf was identifyied as a potential tumoral biomarker [105]. In comparison, the hypermetabolic state, described as encouraging modifications in cellular epigenetics, plays a vital role in transcriptional silencing of retrotransposon elements through upregulation of DNA methyltransferases, leading to hypermethylation of DNA [106]. Recently, Twist family BHLH transcription factor 2 (Twist2) was found to promote changes in the binding pattern of myoblast determination protein 1 (MyoD), causing it to bind oncogenes. As Twist2 directs chromatin closing at the myogenic locus, this process simultaneously directs chromatin opening at the oncogenic locus [107]. Therefore, Twist2 is a potential target for the therapeutic treatment of rhabdomyosarcoma (RMS), a cancer forming from myoblast-like cells.





4. Epigenetic Genome Modification and Regenerative Medicine


In recent years, regenerative medicine largely benefitted from advances in identifying novel and common causal cancer risk variants using genome-wide association studies. Researchers conducting large-scale sequencing studies identified multiple somatic mutations in epigenome organization and the crucial roles of epigenome modifications in carcinogenesis. As an example, a combination of in silico genomic feature annotations with association analysis, including linkage disequilibrium, genetic association and enriched genomic features, known as a Bayesian approach, described more than 200 breast cancer-related signals [108]. The regenerative potential of transient, genome-wide epigenomic remodelling was recently described in the process of organoid formation and liver regeneration following tissue damage [109]. Epigenetic genome modifications are not only considered in studies concerning the regeneration of tissue and stem cell, but most importantly in studies concerning the prognosis and metastasis of various types of cancers, specifically in relation to tumour microenvironment, immune regulation, tissue-level physical forces and other cell-intrinsic mechanisms, including integration of transcriptomics and metabolomics [110]. In-depth study of the protective activities associated with the therapeutic potential of natural products, including spices, teas and plants, enabled the identification of key epigenetic alterations and signalling pathways by targeting specific transcription factors [111]. In fact, natural plant products showed immunomodulatory activity acting as anti-oxidant and anti-tumour agents—for example, Viscum album L. extracts were observed to downregulate TGF-β, providing clinical benefits to subjects affected by invasive tumours [112]. Moreover, clues concerning epigenetic mechanisms, with potential in regenerative therapies, are partially drawn from epigenetic reprogramming processes required for the development of an embryo from fertilized egg and the establishment of the totipotency of cells in vivo [113]. Nonetheless, detailed epigenomic profiling of the human body allowed researchers to identify epigenetic effects on disease development, including regions of nucleosome-free DNA targeted by regulatory factors [114]. As an example, mutations in methyl-CpG binding protein 2 (MeCP2), leading to Rett syndrome, cause genome-wide amplification of histone acetylation, promoting the investigation into the association of the chromatin environment of MeCP2 target genes and the density of histones H1, H2B and H3 [115]. Recent studies on Parkinson’s disease (PD) identified a global DNA hypermethylation in monogenic leucine-rich repeat kinase 2 (LRRK2)-associated PD patients, as well as in sporadic PD patients, as another approach for diagnosing and targeting the neurodegenerative disease, in addition to already established hallmarks following the loss of midbrain dopaminergic neurons [116]. Profiling of transcriptome-wide N6-methyladenosine sites, in the context of fragile X syndrome, led to identification of fragile X mental retardation protein (FMRP) as a potential target of m6A [117]. Furthermore, proteins downregulated by FMRP demonstrated not only increased m6A sites, but also interactions of FMRP with m6A reader YTHDF2, suggesting a possible regulation of m6A-marked mRNA by FMRP. Additionally, considering technical ways for quantifying and qualifying epigenetic modifications of DNA and chromatin in the context of regenerative medicine, epigenetic profiling is accessible and cost effective thanks to chromatin immunoprecipitation assays associated with μChIP-PCR or microarrays [118].




5. Epigenome and Human Clinical Trials


Multiple studies and clinical trials on epigenetic drugs, listed in Table 1 and Table 2, aim at improving their effectiveness and safety for cancer treatment, as well as achieving a better understanding of the regulatory roles that epigenetic modifications play in cancer and, especially, cancer stem cells. Furthermore, several studies researching the influence of epigenetic modifications in regenerative medicine are also presented.



5.1. Epigenetic Drugs in Cancer


The 5-azacytidine (azacitidine) and 5-aza-2’-deoxyctidine (decitabine) azanucleosides were the subject of multiple epigenetics-related clinical trials. While azacitidine was first approved for the treatment of myelodysplastic syndrome (MDS), these compounds are now commonly used in the treatment of acute myeloid leukaemia (AML) [137,138]. The chemical structure of azacitidine is similar to both DNA methyltransferase inhibitor and hypomethylating agent. Hence, it can be used to downregulate methylation [139]. Its epigenetic activity has shown to silence tumour suppressor genes [140]. Furthermore, azanucleosides improve both the differentiation and the proliferation of normal cells [138].



Clinical trial NCT02993523 investigates whether the combination of azacitidine and a newly developed drug called venetoclax will improve the latter’s performance in AML treatment. In addition to the evaluation of effectiveness of venetoclax, the eventual variation caused by genetic factors and drug retention will also be investigated [128]. In turn, clinical trial NCT03164057 investigates whether epigenetic priming, in combination with DNA methyltransferase inhibitor (such as azacitidine), can improve the effectiveness of chemotherapy in the treatment of MDS or AML. Once the clinical trial is over, the tolerance of the patients to chemotherapy and epi-drug treatment will be evaluated in addition to changes in the methylation profile of the leukaemic cells [129]. Furthermore, clinical trial NCT01928576 investigates priming epigenetic drug treatment in various non-small-cell lung cancer (NSCLC) [135]. The treatment begins with a low dose of nivolumab (3 mg/kg/2 wk), a commonly used immune checkpoint modulator, followed by epigenetic priming. Assessment of the progress will then be carried out using RECIST 1.1 criteria to establish the effectiveness of the treatment [141]. Azacitdine was also tested in a prostate cancer treatment clinical trial. The treatment was successful when and if the prostate-specific antigen (PSA) response rate was increased 2-fold after at least 3 months of treatment. In total, 34 patients were analysed, and the success rate was 55.8%, suggesting that the drug is relatively safe for use, with no apparent side effects, apart from singular cases of nausea and vommiting [127].



Due to the toxic effects of high doses of azanucleosides, hydralazine and valproate were used as an alternative in another trial [142]. These compounds show the ability to reverse methylation and deacetylation, as well as restore the activity of tumour suppressor genes [143]. In clinical trial NCT00404508, these inhibitors were used in an attempt to overcome tumour chemotherapy resistance [119]. Epigenetic modifications, methylation and histone deacetylation were analysed following the treatment. In the published results, 4/5 patients who finished the trial either saw an improvement in their treatment or reached stabilization. Therefore, the epi-drugs were considered effective in ensuring the success of chemotherapy [144]. In clinical trial NCT00404326, hydralazine and valproate were also studied in combination with cisplatin-based chemotherapy [122]. The results described by Cruz-Hernández et al. stated that the drug affects oncogene expression. However, 72.7% patients did not exhibit a significant effect. The clinical trial would need to be repeated with a higher number of patients to achieve a significant conclusion [145]. In turn, fludarabine is being used in clinical trial NCT02497404 following a five-day azacitidine treatment as a less-intensive methylation inhibitor. This trial includes patients in remission with a high-risk of myeloid malignancies receiving hematopoietic stem cells from human leukocyte antigen-matched donors. The results of the study will offer insights into the combination of azacitidine priming with hematopoietic stem cell transplants and their possible role in cancer remission and maintenance of normal cell function [130,146].



Azacitidine is being investigated in clinical trial NCT01566695 as a supplementation for red blood cell transfusion in the treatment of MDS [136]. Progression of MDS is associated with risk of AML, with the treatment of the former considered as a preventive measure for the latter [147]. For the purpose of the study, participants will be administered azacitidine or placebo daily for the first three weeks of their four-week blood transfusion treatment cycle. The patients will then be observed for a minimum of 56 days, the red blood cell transfusion cut-off point, and the effectiveness of the treatment for the two groups will be statistically analysed considering patient disease recovery and mortality [148].



The safety and effectiveness of azacitidine for the treatment of MDS was also investigated in clinical trial NCT01201811 [125]. Firstly, the participants were screened for 7 days, four weeks before taking azacitidine (75 mg/m2), to clarify their MDS diagnosis and condition before the drug trial. The patients took azacitidine until the end of the hematopoietic blood transfusion treatment. The trial resulted in partial progress after treatment for 75% of the participants and proved that the dose of azacitidine was safe [149].



A phase I clinical trial investigated the use of an anti-sense oligonucleotide to DNMT1, called MG98, testing its safety and toxicology. As DNMT1 enhances tumour growth, its anti-sense oligonucleotide was designed to oppose this activity. The participants were treated for solid tumours by increasing the doses of the drug, administering it continuously and intravenously for a week (700 mg/m2/wk dose). No significant difference in the suppression of DNMT1 activity was observed between the effects of low and high doses of MG98. Overall, the small range of doses of MG98 used in the study was deemed to be safe for future trials [123].




5.2. Mechanisms in Cancer


One of the studies aimed to identify the actions of histone 3 lysine 9 dimethylation (H3K9me2) and the G9a enzyme (histone-lysine N-methyltransferase, H3 lysine 9 specific 3) on glioma cancer stem cells. CD133-positive cells were observed to be H3K9me2 negative, although most cancer cells exhibit this modification. By overexpressing G9a, its frequency was increased, affecting the expression of CD133 and Sox2 promoter regions, both involved in cell self-renewal. The results suggested that G9a-dependent H3K9me2 regulates self-renewal in cancer stem cells, since it is involved in preserving the undifferentiated state of stem cells [121]. Moreover, in a study by Torres et al., chromatin expression was also observed to be involved in maintaining the undifferentiated state of cancer stem cells, with the linker histone H1.0 identified as a cancer stem cell marker. Furthermore, silencing the H1F0 increased self-renewal activity in cancer stem cells, showing its involvement in regulatory mechanisms [126].



Furthermore, in a trial conducted by van den Boom et al., self-renewal and undifferentiated characteristics of human leukaemic stem cells from AML patients were observed to be strongly regulated by epigenetic modifications via polycomb protein PRC1.1. Cell growth decreased when PRC1.1 complex protein (KDM2B, PCGF1, and BRCOR(L1)) was knocked out. The complex was found to be influenced by histone modifier H327me3 PRC2, as the latter’s absence coincided with the onset of PRC1.1 transcription. However, in the presence of H327me3, chromatin enhances the polycomb protein. Evidence revealed that the complex interacts with key genes involved in leukaemogenesis, including PKM and LDHA, independently of H327me3. This would suggest that epi-drugs could potentially manipulate cancer stem cell maturation. In conclusion, PRC1.1 complex is essential for the maturation of leukaemic stem cells and has potential in cancer treatment [124].



The role of tyrosine kinase inhibitor (TKI)-resisting chronic myeloid leukaemia (CML) cells in treatment failures will be investigated in clinical trial NCT03481868. TKIs are effective in the treatment of CML and are used to target the BCR-ABL chimeric protein found in leukaemic stem cells. The clinical trial aims to identify the reason for cancer remission after treatment and to explain TKI resistance in CML leukaemic stem cells, leading to an understanding of the mechanisms underlying the epigenetic modifications that take place in the surviving CML cells. So far, the distinct DNA methylation profiles of CD34-CD15 + of CML before treatment were analysed and compared to the profile of healthy donors. Biomarkers deregulating the methylation were identified in the two target gene populations, monitoring changes in the mediators involved [133].



It has been hypothesized that epigenetic modifications affect biological aging and therefore age-related deterioration or diseases such as Alzheimer’s Disease [150]. To investigate this further, clinical trial NCT03871296 aims to identify biological ageing acetylation markers in patients undergoing allogenic hematopoietic stem cell transplantations and adjust the age criteria for patients to undergo cancer treatments, such as hematopoietic stem cell transplants [132]. So far, the group has published results related to Down Syndrome patients, comparing the methylation patterns related to trisomy of chromosome 21 to familial controls, concluding that the abnormal genetic modification expression does accelerate biological aging [151].




5.3. Regenerative Medicine


The effect of epigenetic modifications on wound healing, specifically the activity and changes in expression driven by methylation of fibroblast growth factor 2 (FGF2), were investigated in clinical trial NCT01663298. Additionally, the clinical trial hoped to analyse changes in the expression of FGF2 caused by environmental factors, specifically smoking and diabetes. To assess FGF2 methylation expression, periodontal tissue after implant surgery was studied. By achieving a better understanding of the mechanisms underlying wound healing, future results of this trial may lead to more effective proliferation and differentiation of stem cells for regenerative medicine [120]. The roles of epigenetics in wound healing are also being studied in clinical trial NCT03793062, which aims to compare the epigenetic and transcriptional changes between healing and non-healing tissue (chronic wounds). Epigenetic expression may regulate tissue healing, with identification of the difference between the epigenetic profiles of the two tissues possibly enabling advances in regenerative medicine [134].



Clinical trial NCT04122742 aims to characterize specific acetylation markers in Rubinstein–Taybi syndrome (RSTS), using the disease as an epigenetic neurodevelopmental model. The two causative genes of the syndrome are CREBBP and EP300, encoding CBP and p300, respectively, which have direct roles in chromatin remodelling and transcriptional co-activation. The study will investigate the epigenetic character of the disease through the analysis of CBP-dependent histone markers in primary fibroblast cultures harvested from skin biopsies and blood samples of RSTS patients. Induced pluripotent stem cells (iPSCs) will be generated from the fibroblast cultures. The results could contribute to the understanding of how acetylation influences neuronal stem cell differentiation by expressing CREBBP [131].





6. Conclusions


Epigenetic studies will most likely be the basis of future cancer therapies, as this mechanism plays major roles in tumour formation, malignancy and metastasis. Hence, there is a large number of currently designed or tested clinical approaches, based on compounds regulating the epigenetic pathways in various types of tumours. Furthermore, the same principles apply to stem cells, and it is likely that research and application of epigenetic studies will allow for further development of approaches associated with stem cell bioengineering.
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Figure 1. Structure of the nucleosome, with modification of histone tails. Histones bind together in an octamer structure to create the nucleosome around which the DNA strand wraps itself. Tail sections of the histones extend from the structure and are subject to post-translational modifications such as acetylation, methylation and phosphorylation. The repressive trimethylation mark of H3K27me3 and the PRC2 protein complex responsible for the modification are shown [1]. 
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Figure 2. Maintenance of pluripotency in hESCs by EZH2 silencing of NR2F2. EZH2 silences the Nr2f2 gene from transcribing via the trimethylation of histone 3 at lysine 27. EZH2 also binds with the gene product NR2F2 to repress transcription of the Pou5f1 gene, which codes for OCT4. OCT4 prevents differentiation and maintains pluripotency of hESCs, and additionally acts to repress further transcription of Nr2f2 [68,69]. 
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Figure 3. Maintenance of pluripotency vs. differentiation in hESCs and the role of the histone modifier EZH2. OCT4, SOX2 and NAOG, key genes in maintenance of pluripotency in hESCs, form a complex interdependent regulatory network. The histone modifier EZH2 disturbs the balance of this regulatory circuit and thereby triggers differentiation by silencing transcription of the genes which translate the OCT4 and NANOG products [72,73]. 
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Table 1. A list of completed research studies and clinical trials relating to the topic, arranged in alphabetical order.
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Completed Research Studies and Clinical Trials




	
No.

	
Study Title

	
Condition(s)

	
Intervention(s)

	
Reference

	
ClinicalTrials.gov Identifier






	
1.

	
A Phase II Study of Epigenetic Therapy to Overcome Chemotherapy Resistance in Refractory Solid Tumors

	
Refractory solid tumours

	
Hydralazine and magnesium valproate

	
[119]

	
NCT00404508




	
2.

	
Gene Expression Variation and Implant Wound Healing among Smokers and Diabetics

	
- Smoking

- Diabetes

	
Dental implant surgery

	
[120]

	
NCT01663298




	
3.

	
Histone Methyltransferase G9a and H3K9 Dimethylation Inhibit the Self-Renewal of Glioma Cancer Stem Cells

	
Glioma

	
Histone methyltransferase G9a and H3K9 dimethylation

	
[121]

	
N/A




	
4.

	
Hydralazine and Valproate Plus Cisplatin Chemoradiation in Cervical Cancer

	
Cervical cancer

	
Hydralazine and magnesium valproate

	
[122]

	
NCT00404326




	
5.

	
Phase I Study of MG98, an Oligonucleotide Antisense Inhibitor of Human DNA Methyltransferase 1, Given as a 7-Day Infusion in Patients with Advanced Solid Tumors

	
Cancer

	
MG98, an oligonucleotide to DNA DNMT1

	
[123]

	
N/A




	
6.

	
Non-Canonical PRC1.1 Targets Active Genes Independent of H3K27me3 and Is Essential for Leukemogenesis

	
Acute myeloid leukaemia (AML)

	
Downregulation of non-canonical PRC1.1 complex delays or prevents both carcinogenesis and its development in mice models

	
[124]

	
N/A




	
7.

	
Study of Azacitidine in Adult Taiwanese Subjects with Higher-Risk Myelodysplastic Syndromes (MDS)

	
Myelodysplastic syndromes

	
Azacitidine

	
[125]

	
NCT01201811




	
8.

	
The Linker Histone H1.0 Generates Epigenetic and Functional Intratumor Heterogeneity

	
- Breast cancer

- Glioma and glioblastoma

- Melanoma

- Kidney renal papillary cell carcinoma

Liver cancer

	
Reversible-silencing of linker histone H1.0 to manipulate tumour proliferation

	
[126]

	
N/A




	
9.

	
Vidaza to Restore Hormone Thx Prostate

	
Prostate cancer

	
Azacitdine for injectable suspension

	
[127]

	
NCT00384839
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Table 2. A list of ongoing research studies and clinical trials relating to the topic, arranged in alphabetical order.
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Ongoing Research Studies and Clinical Trials




	
No

	
Study Title

	
Condition(s)

	
Intervention(s)

	
Reference

	
ClinicalTrials.gov Identifier






	
1.

	
A Study of Venetoclax in Combination with Azacitidine versus Azacitidine in Treatment Naïve Subjects with Acute Myeloid Leukemia Who Are Ineligible for Standard Induction Therapy

	
Acute myeloid leukaemia (AML)

	
- Azacitidine

- Venetoclax

- Placebo

	
[128]

	
NCT02993523




	
2.

	
A Trial of Epigenetic Priming in Patients with Newly Diagnosed Acute Myeloid Leukemia

	
- Acute myeloid leukaemia

- Myelodysplastic syndromes

	
- Azacitidine

- Decitabine

- Cytarabine

- Stem cell transplant

- etc.

	
[129]

	
NCT03164057




	
3.

	
Azacytidine Prior to in Vivo T-cell Depleted Allo Stem Cell Transplant for Patients with Myeloid Malignancies in CR

	
- Leukaemia

- Erythroblastic

- Acute myelodysplastic syndromes



	
- Azacitidine

- Fludarabine

- Melphalan

- Alemtuzumab

	
[130]

	
NCT02497404




	
4.

	
Diagnosis of RSTS: Identification of the Acetylation Profiles as Epigenetic Markers for Assessing Causality of CREBBP Variants

	
Rubinstein–Taybi syndrome

	
To investigate:

- Generation of induced pluripotent Stem cells (iPSC) from fibroblasts obtained by skin biopsy

- Histone acetylation profiles of cells of SRT patients with CREBBP mutations

- Functional involvement of identified epigenetic alterations

- Culture of lymphoblastoid line from blood sample

	
[131]

	
NCT04122742




	
5.
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