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Abstract

:

Deciphering cancer etiopathogenesis has proven to be an especially challenging task since the mechanisms that drive tumor development and progression are far from simple. An astonishing amount of research has revealed a wide spectrum of defects, including genomic abnormalities, epigenomic alterations, disturbance of gene transcription, as well as post-translational protein modifications, which cooperatively promote carcinogenesis. These findings suggest that the adoption of a multidimensional approach can provide a much more precise and comprehensive picture of the tumor landscape, hence serving as a powerful tool in cancer research and precision oncology. The introduction of next- and third-generation sequencing technologies paved the way for the decoding of genetic information and the elucidation of cancer-related cellular compounds and mechanisms. In the present review, we discuss the current and emerging applications of both generations of sequencing technologies, also referred to as massive parallel sequencing (MPS), in the fields of cancer genomics, transcriptomics and proteomics, as well as in the progressing realms of epi-omics. Finally, we provide a brief insight into the expanding scope of sequencing applications in personalized cancer medicine and pharmacogenomics.
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1. Introduction


Almost 40 years have passed since the term genomics unexpectedly came into existence, paving the way for the emergence of omics and thus the beginning of a new chapter in biological sciences [1]. Dedicated to the in-depth analysis of a broad range of biomolecules (e.g., DNA, RNA, proteins and metabolites), the term “omics” represents fields of study that enable the exploration of biological systems at different layers, ranging from genome to proteome and even metabolome, hence providing a better understanding of the unparalleled complexity that surrounds the structure and molecular mechanisms of cells. For instance, genomics is defined by the study of the complete set of DNA of living organisms and the detection of its variations, while transcriptomics focuses on the comprehensive profiling and quantification of gene expression in various developmental stages and physiological conditions [2]. On the other hand, proteomics aims at the characterization of the cellular protein expression profile and abundance at a specific sample, metabolomics studies small molecules arising from metabolic pathways, whereas epigenomics, epitranscriptomics and epiproteomics explore the biochemical modifications that occur on DNA, RNA and proteins, respectively, and the way they subsequently interfere with the regulation of a vast array of cellular pathways [3,4,5].



Each omics approach can shed light on just one dimension of the—otherwise exceptionally multifaceted—biological systems. However, combining data from multiple single-omics analyses and thus employing a multi-omics strategy has proven to be the key to unveil intricate biological phenomena in unprecedented detail. For example, it has been revealed that histone modifications can play a major role in the regulation of the alternative splicing process by determining the exons that will be included or skipped in the mature mRNA (Figure 1).



As a result, a combinatory implementation of diverse techniques examining not only epigenomic alterations but also their impact on gene expression is required to meticulously investigate the interrelationship between epigenome and transcriptome. Especially in clinical studies, the etiology of several pathological phenotypes usually lies in more than one omics layer, rendering the utilization of different omics technologies in a correlated manner inevitable [2,6].



Unraveling cancer etiopathogenesis has proven to be an especially challenging task since the mechanisms that drive tumor development and progression are far from simple. In fact, acquiring the hallmarks that enable the transition of cells from physiological to malignant state, such as uncontrolled proliferation, cell death evasion, bypassing growth suppressors, unlimited replicative capacity, angiogenesis induction and metastatic behavior, requires deregulation of the cellular machinery in multiple molecular levels [7]. Specifically, an astonishing amount of research has revealed a wide spectrum of defects that cooperatively promote carcinogenesis, including genomic abnormalities, epigenomic alterations and disturbance of gene transcription, as well as post-translational protein modifications. These findings suggest that the adoption of a multidimensional approach can provide a much more precise and comprehensive picture of the tumor landscape, hence serving as a powerful tool in the fields of cancer research and precision oncology [8].



Over the course of decades, the advent of high-throughput omics technologies has facilitated the thorough investigation of the molecular mechanisms that underlie tumorigenesis—sequencing undeniably being one of the main protagonists. Knowing that the complete characterization of whole genomes could be a game changer in the pursuit of answers, large-scale projects have been launched, such as The Cancer Genome Atlas (TCGA) [9] and the International Cancer Genome Consortium (ICGC) [10], which not only revolutionized our understanding on the mutational driving forces behind tumor growth, but also led biological sciences in an unprecedented era of sequencing technologies.



In fact, the need of more efficient technologies gave rise to a new generation of sequencing technologies in 2004, known as next-generation sequencing (NGS), which facilitated the rapid and cost-effective delineation of thousands of cancer genomes, thus providing a staggering amount of data on previously unexplored cancer-related genomic regions [11]. The journey however did not end there, since a few years later Third-Generation Sequencing (TGS) technologies entered the game and provided alternative sequencing approaches that overcame the limitations of NGS techniques and introduced new possibilities in the multi-omics of cancer research [12].



In the present review, we discuss the current and emerging applications of both generations of sequencing technologies, also referred to as massive parallel sequencing (MPS), in the fields of cancer genomics, transcriptomics and proteomics, as well as in the progressing realms of epi-omics. In addition, we provide a brief insight into the expanding scope of sequencing applications in personalized cancer medicine and pharmacogenomics. Finally, all the abbreviations and acronyms discussed in the current work are displayed in Table 1.




2. The Impact of DNA Sequencing in Cancer Genomics


Genomics constitutes an interdisciplinary field in modern biology that flourished in the last decades, due to the revolution of sequencing approaches [13]. In contrast to genetics that involves the role of individual genes, genomics encompasses the description and characterization of the total number of genes in an organism (Figure 1). Advances in MPS technologies as well as the development of novel bioinformatics and computational tools have expanded the knowledge of the diverse genomic features and enabled both the functional and structural analysis of entire genomes [14]. Furthermore, genomic-based research has facilitated the understanding of even the most complicated biological systems and has radically changed our perception of public health and precision medicine [15].



As far as cancer genomics is concerned, it constitutes a field of study that aims to decipher the basis of tumorigenesis through the detection of genetic alterations that can subsequently determine cell fate [16]. Single nucleotide substitutions, indels, large structural variants (SVs), such as chromosomal rearrangements and translocations, and copy number variations (CNVs) represent the most common somatic alterations found in cancer genomes. When accumulated through the process of cell division and/or under the influence of endogenous or exogenous factors (e.g., error-prone DNA repair mechanisms, ultraviolet light, chemical carcinogens), these variations can result in cells’ aberrant proliferation and subsequently in clonal expansion and malignancy [17]. However, not every mutation is directly implicated in cancer growth. In fact, the vast majority are considered “passenger” mutations, without serving an active role in tumor development and progression, while only a small percentage, located in “cancer genes” provides significant growth advantage to the cancer cells harboring them (Table 2). Evidently, the analysis of the complex mutational signatures in multiple samples could identify driving oncogenic mutations of various cancer types in many developmental stages, which could eventually serve as promising biomarkers and/or effective therapeutic targets [18].



The advent of NGS technologies radically changed the face of cancer DNA sequencing through the introduction of a broad range of faster, more flexible and economical high-throughput approaches. Whole-exome sequencing (WES) represents one of the most frequently used applications in cancer research, that specifically targets the coding regions of the genome (exons) to unveil pathogenic and cancer-inducing variants [30]. Despite constituting approximately 1% of the whole genome, coding regions encompass more than 85% of disease-related mutations and interestingly, they also exhibit significant mutation frequencies in a wide spectrum of cancer types—the highest ones displayed in melanoma and lung cancers [31]. WES relies on the implementation of targeted enrichment strategies, divided into hybridization-based and amplicon-based strategies, which select and enrich the whole exome prior to sequencing. In brief, hybridization-based approaches harness DNA or RNA probes, either fixed on a solid surface or biotinylated, which hybridize on the desired sequences. Accordingly, amplicon-based techniques employ target-specific primers that selectively amplify the regions that are to be sequenced [32]. Since the first human exomes of breast and colorectal cancers were characterized in 2006 [33], an extraordinary number of studies have effectively applied WES, thus shedding light on somatic mutations within coding areas that are actively involved in various malignancies (Table 2). Indicatively, new variants have been revealed in samples from patients with hereditary diffuse gastric cancer, multiple myeloma and pediatric acute myeloid leukemia [34,35,36].



Nonetheless, WES fails to identify the remaining non-coding segments of the genome, such as intergenic, intronic and untranslated regions (UTRs), promoters and regulatory elements, as well as additional functional regions and repetitive sequences. Ironically, these formerly presumed “junk” areas are capable of harboring multiple cancer driving mutations, indicating that the genomic research of cancer etiology is not limited in sequencing of the protein-coding sections only. In contrast to WES, whole-genome sequencing (WGS) can characterize the total width of the genomic landscape of an organism, providing a more overwhelming coverage and a broader perspective of cancer mutational signatures. Moreover, it is more suitable for monitoring gene fusions, CNVs and large SVs, while the absence of enrichment strategies reduces bias introduction, thus minimizing the chances of missing key cancer-related alterations due to ineffective targeted amplification or probe hybridization [37]. Major limitations, however, include the decreased sequencing depth (30–60× compared to 150–200× of WES), the higher cost and the challenging requirements for bioinformatics tools, which consequently hinder its establishment in routine clinical applications [38,39].



In addition, targeted sequencing (TS) represents the third and most versatile sequencing approach that is performed to overcome the limitations of WES and WGS by combining sensitivity and accuracy with time efficiency and reduced cost. In contrast to WGS and WES, TS focuses on characterizing targeted genomic regions of interest, which are known to incorporate cancer-related variants or variants of great clinical significance (Table 3). These regions, just like in WES, are enriched prior to sequencing via amplicon-based or hybridization-based techniques, providing over 200× sequencing depth and allowing the detection of low-frequency alterations, as well as the profiling of low-input or heavily fragmented samples [40]. Furthermore, despite the existing restrictions that currently hinder their large-scale utilization, CRISPR-based approaches have been recently combined with TS, constituting a quite promising alternative approach for enrichment that ensures high specificity, simplicity, rapid workflow and variable length of the targeted sequences [41]. Lastly, it is worth noting that, due to its flexibility, low cost and high sequencing yield, TS has emerged as a powerful diagnostic and prognostic tool in the clinical arena through the development of multiple NGS gene panels, such as the FDA-approved Oncomine™ Dx Target Test, MSK-IMPACT® and FoundationOne®CDx. Each panel is designed to detect specific molecular alterations in a fixed number of genes, providing information on tumor classification and progression and even guiding decisions regarding the selection of targeted and patient-oriented therapeutic strategies [42,43].



Even though WES, WGS and TS have been emerged and gained ground through the numerous NGS platforms, the state-of-the-art TGS approaches of Pacific Biosciences® (PacBio) and Oxford Nanopore Technologies Inc. (ONT) are currently taking the wheel in the field of DNA sequencing [87]. The well-established technologies of Illumina® and Ion Torrent™ that remain in the frontline all these years, are mainly restricted by the short read length, which impedes the accurate characterization of larger genomic regions, such as repetitive sequences, larger insertions or deletions, CNVs and SVs. Moreover, NGS workflows include amplification steps with polymerase chain reaction (PCR), as a result incorporating biases and hindering the identification of regions rich in GC and AT bases (Figure 2).



Undoubtedly, the significantly increased read length, which usually exceeds 10 kilobases, demonstrates the most important feature of TGS technologies that can be extremely beneficial in the comprehensive characterization of genomes under normal and pathological conditions [88]. In addition, the option for PCR-free applications provided by TGS technologies enables the absolute and bias-free quantification of genomic signatures, despite the large amount of starting material that is required. However, both PacBio and ONT are characterized by increased error rate (10–15%), rendering the implementation of the more accurate short-read NGS protocols or hybrid approaches, in which long reads are corrected by NGS reads, an unavoidable part of genomic mutation studies [89]. Nevertheless, further improvements in both generations of sequencing are currently in progress and will definitely turn a new page in the genomic era of cancer research.



Last but not least, single-cell DNA sequencing (scDNA-seq) is an NGS-based approach that is rapidly gaining new ground, orientating genomics from bulk DNA sequencing of thousands or millions of cells towards the sequencing of the DNA content of individual cells [90]. Particularly in cancer research, scDNA-seq allows the genome sequencing of small or rare cell populations, such as circulating tumor cells (CTCs), as well as the identification of somatic alterations in single cells originating from different genetic lineages. Therefore, it constitutes an approach that can provide a thorough understanding of tumor evolution, metastasis and intratumoral heterogeneity, contributing to efficient cancer diagnosis, prognosis and treatment [91].



Single-cell sequencing (SCS) workflows can be summarized in four steps: isolation of single-cells from tissues, nucleic acid amplification, sequencing and bioinformatic analysis. Numerous methods have become available for whole-genome amplification (WGA) of single cells’ initial low amounts of DNA, such as DOP-PCR and LM-PCR, as well as the more efficient MDA and MLBACs techniques, which are known to introduce less amplification bias [91,92]. Finally, SCI-seq and strand-seq constitute two recent scDNA-seq approaches, which focus on the accurate CNV identification and the characterization of each homolog chromosome’s sequence respectively, while an increasing number of novel SCS strategies are constantly entering the field of DNA sequencing [93].




3. Epigenomics in Cancer Research


Acknowledged also as “the second dimension to the genome”, epigenome encompasses a wide repertoire of heritable molecular alterations that modulate gene expression and consequently cells’ phenotypes without however modifying the actual DNA sequence [94]. DNA methylation, histone modifications and non-coding RNAs (ncRNAs) constitute the primary epigenetic mechanisms that confer an additional layer of regulation in DNA transcription, contributing to multiple biological processes, including development, cell differentiation, cell cycle control and inactivation of X chromosome [5,95]. Aberrant patterns of DNA methylation, disturbance of post-translational modifications (PTMs) of histones and irregular expression of numerous ncRNAs have been associated with the initiation and progression of several cancer types, propelling scientific research towards the comprehensive mapping of epigenetic marks, as well as the identification of potential cancer biomarkers and promising therapeutic targets [96]. Particularly during the past decades, the unparalleled deluge of advancements in MPS technologies has revolutionized epigenomics—the genome-wide study of epigenetic codes—radically transforming our perception of the, anything but plain, human epigenetic landscape.



DNA methylation represents the most extensively explored feature of the human epigenome that is mainly defined by the methylation of the cytosine ring at its fifth carbon and thus the conversion of cytosine into the most encountered modified base in eukaryotic organisms, 5-methylcytosine (5mC) [97]. This modification primarily takes place in cytosine-phosphate-guanine (CpG) dinucleotides, accumulated in clusters known as CpG islands that exist in more than 60% of gene promoters and are also distributed all over gene regions, repetitive sequences, and additional regulatory elements, such as enhancers and insulators [98]. Hyper- and hypo-methylation of CpG islands have been associated by an astounding number of studies with gene transcriptional silencing and activation respectively, highlighting DNA methylation’s decisive contribution to the dynamic regulation of gene expression. Additionally, accumulating evidence of aberrant methylation profiles in multiple cancer types, such as breast [99], gastric [100], colorectal [101] and thyroid cancer [102], has underlined the linkage between epigenome deregulation and tumorigenesis and fueled an exponential growth of sequencing-based DNA methylation mapping techniques.



Modern sequencing approaches that are mainly focused on the accurate methylome profiling can be categorized into three groups: sodium bisulfite conversion-based, affinity enrichment-based and restriction enzyme digestion-based methods [103]. Each category employs diverse DNA pre-treatments that aim at preserving the methylation code, instead of erasing it, as in the case of PCR amplification-based sequencing approaches (Figure 2).



First and foremost, bisulfite genomic sequencing, which has been considered for decades as the gold standard for methylome characterization, relies on the pre-treatment of genomic DNA with sodium bisulfite. This leads to the deamination of unmethylated cytosines, their conversion into uracils and consequently the identification with NGS of only the unconverted, methylated cytosines’ positions [104]. In the same manner, whole-genome bisulfite sequencing (WGBS) [50], also referred to as BS-seq, methyl-seq or methylC-seq, can determine the methylation state of theoretically every single CpG site on the total width of the genome, whereas reduced representation bisulfite sequencing (RRBS) provides a much more cost-effective alternative that achieves high sequencing coverage with significantly reduced overall cost [51]. In specific, the integration of bisulfite sequencing with the use of restriction enzymes (e.g., Msp I), enriches targeted CpG-rich regions, such as promoters, which despite constituting less than 3% of the whole genome, they compose more than 80% of the total CpG content.



Lastly, due to the inability of bisulfite sequencing to discriminate between 5mC and other modified bases, like 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC), many approaches have been proposed that specifically determine the positions of 5mC (oxidative bisulfite sequencing, OxBS-seq [52]), 5hmC (TET-assisted bisulfite sequencing, TAB-seq [53]), 5fC (5fC chemically assisted bisulfite sequencing, fCAB-seq [54]) and 5caC (chemical modification-assisted bisulfite sequencing, CAB-seq [55]).



On the other hand, affinity enrichment-based methods rely on proteins that target and enrich methylated sequences through less expensive and laborious workflows as compared to bisulfite sequencing. For instance, methylated DNA immunoprecipitation sequencing (MeDIP-seq) utilizes monoclonal antibodies that bind to 5mC in single-stranded DNA [56], whereas methyl-CpG-binding domain sequencing (MBD-seq) exploits MBD proteins integrated into beads to exclusively capture methylated double-stranded genomic sequences [57]. On the contrary, methylation-sensitive restriction enzyme sequencing (MRE-seq), one of the most widely used restriction enzyme digestion-based methods, makes use of multiple methyl-sensitive endonucleases that cleave double-stranded DNA at unmethylated CpGs [58]. The created fragments are then sequenced, revealing the CpG sites located at enzyme recognition sites. Moreover, several studies describe a combination of MRE-seq with MeDIP-seq or MRE-seq with bisulfite sequencing (methylation-sensitive restriction enzyme bisulfite sequencing, MREBS), which enable a more accurate genome-wide methylation status of CpGs [58].



Over the last few years, a cascade of emerging approaches has been constantly accelerating the progress of epigenetic research. First, the introduction of TGS technologies opens the way for the direct methylome profiling of native genomic DNA, without requiring amplification and chemical or enzymatic pre-treatments, thus significantly increasing the total number of DNA modifications that can be identified. Single-molecule real-time (SMRT) sequencing of PacBio®, for example, has the potential to detect base modifications in the DNA sequence by monitoring the perturbation of polymerase’s kinetics and the alterations in inter-pulse duration between successive base incorporations [105]. On the other hand, as methylated DNA strands translocate through the nanopores in ONT® sequencing, the presence of base modifications produces distinctive electrical current deviations that can then be decoded with the use of appropriate algorithms [106]. Lastly, through the adoption of SCS approaches, such as single-cell WGBS (scWGBS) and single-cell RRBS (scRRBS), the field of human methylome analysis at the single-cell level is capturing increasingly more attention, continuously bringing us one step closer to the deeper understanding of its complexity [107].



Apart from DNA methylation, histone modifications represent another major epigenetic mark that governs chromatin accessibility, nucleosome dynamics and consequently gene transcription [108]. Post-translational modifications of specific residues, primarily located on histone tails, such as acetylation, methylation, phosphorylation, ubiquitylation, ADP-ribosylation, sumoylation and deamination, can interfere with chromatin conformation and the recruitment of several protein complexes, influencing as a result a wide range of cellular processes such as transcription, DNA replication and DNA repair. For instance, hyperacetylation is correlated with a more “open” and accessible to protein factors chromatin structure, thus leading to activation of gene transcription, whereas deacetylation is associated with a more compacted chromatin conformation and hence gene silencing [109]. Interestingly, numerous mutations in histone-modifying enzymes have already been identified and linked with disruption of modification patterns, irregular transcription of tumor-associated genes and cancer development, thus prompting the development of sequencing-based techniques aiming at the genome-wide decryption of histone marks [110].



Chromatin immunoprecipitation followed by sequencing (ChIP-seq) constitutes the primary method for identifying histone modification positions, as well as chromatin-associated proteins binding sites. In brief, this method involves DNA fragmentation through micrococcal nuclease (MNase) digestion, binding of antibodies on specific histone marks, purification and lastly sequencing of the enriched DNA fragments [63]. Alternatively, to profile transcription factors’ binding sites, proteins initially become crosslinked to the DNA sequence, followed by chromatin fragmentation, immunoprecipitation and sequencing. ChIP-seq has also been adapted to decode epigenetic marks at single-cell resolution through the establishment of single-cell ChIP-seq (scChIP-seq) approaches [111]. Droplet-based single-cell ChIP-seq (Drop-ChIP), for instance, relies on the use of microfluidics devices, which can process individual cells captured within aqueous drops [112], whereas single-cell simultaneous indexing and tagmentation-based ChIP-seq (sc-itChIPseq) represents a more low-priced and widespread approach employing Tn5 transposase [113]. Furthermore, due to the biases introduced in multiple steps of ChIP-seq workflows, numerous enzyme-tethering alternative methodologies have been developed, such as Cleavage Under Targets and Release Using Nuclease (CUT&RUN) [64] and Cleavage Under Targets and Tagmentation (CUT&Tag) [65], known to provide high-resolution and high-throughput data on epigenome profiling (Table 3). Ultimately, chromatin accessibility, nucleosome positioning, as well as the formation of higher-order chromatin structures can be shaped by the presence of histone modifications and determine protein binding, interaction dynamics and eventually gene expression. These epigenetic features can be accessed via numerous techniques, such as DNase I hypersensitive sites sequencing (DNase-seq) [66], formaldehyde-assisted isolation of regulatory elements with sequencing (FAIRE-seq) and assay for transposase-accessible chromatin using sequencing (ATAC-seq) for chromatin accessibility [67], MNase digestion of chromatin followed by sequencing (MNase-seq) for nucleosome positioning [68] and Hi-C [69] and chromatin interaction analysis with paired-end tag (ChIA-PET) for studying chromatin architecture (Table 3) [70].



Lastly, piling evidence have highlighted the critical role of ncRNAs in the regulation of the epigenetic landscape of cells [114]. For example, microRNAs (miRNAs) can repress gene expression as part of the RNA-induced silencing complex (RISC) by binding on the 3′UTR of the messenger RNA (mRNA), as well as target and regulate the expression of epigenetic modifiers (e.g., DNA methyltransferases, histone deacetylases), thus playing part in the sculpting of methylome and histone modification patterns [115]. Small interfering RNAs (siRNAs) can also induce gene silencing through the RNA interference (RNAi), whereas long non-coding RNAs (lncRNAs) can serve as molecular signals, guides of chromatin modifiers to specific genomic sequences, scaffolds for the formation of protein complexes, as well as decoys interacting with transcription factors and promoting or repressing gene expression [116].



In the past decade, major advances in high-throughput sequencing approaches have facilitated the detailed study of ncRNAs. First and foremost, RNA sequencing (RNA-seq) is a versatile tool that has radically transformed transcriptome analysis and has also been adapted for the accurate identification and quantification of lncRNAs (long RNA-seq) and small ncRNAs (small RNA-seq), as well as for the precise assessment of specifically the expression levels of miRNAs (miRNA-seq) [117,118]. On the other hand, RNA immunoprecipitation sequencing (RIP-seq) can be efficiently employed to examine protein–ncRNAs interactions, utilizing specific antibodies against targeted RNA binding proteins.



By immunoprecipitating specific RNA-protein complexes, isolating the RNA and sequencing, researchers can thoroughly investigate the protein-ncRNAs binding sites of interest, thus broadening our knowledge on the complexity of their biological functions [72]. High-throughput sequencing of RNA isolated by crosslinking immunoprecipitation (HITS-CLIP) is another technique that permits the comprehensive study of RNA–protein interactions on a genome-wide scale, being particularly valuable for the identification of Argonaute–miRNAs and Argonaute–mRNAs interplays in RISC [73]. A more popular and efficient alternative approach, photoactivable-ribonucleoside-enhanced-CLIP (PAR-CLIP), relies on the use of photoreactive ribonucleosides for crosslinking enhancement rather than UV-irradiation [119]. In addition, cross-linking ligation and sequencing of hybrids (CLASH) and ligation of interacting RNA followed by high-throughput sequencing (LIGR-seq) are suitable for the characterization of RNA–RNA interaction networks, having already highlighted the presence of a wide array of miRNA–mRNA binding sites [75,76].



As far as ncRNAs–chromatin interactions are concerned, chromatin isolation by RNA purification (ChIRP) and capture hybridization analysis of RNA targets (CHART) can examine the chromatin interaction sites of a single lncRNA at a time [77,78], while approaches like global RNA interactions with DNA by deep sequencing (GRID-seq) and chromatin-associated RNA sequencing (ChAR-seq) are capable of mapping the totality of RNA-chromatin interactions present within cells [79,80]. Furthermore, several methodologies, focusing on the high-resolution characterization of RNA structures, have also become available, including the selective 2′-hydroxyl acylation analyzed by primer extension sequencing (SHAPE-seq) [81], selective 2′-hydroxyl acylation analyzed by primer extension and mutational profiling (SHAPE-MaP) [82] and in vivo click selective 2′-hydroxyl acylation and profiling experiment (icSHAPE) [83]. Finally, it is worth mentioning that nanopore sequencing offers approaches suitable for the precise characterization of small RNAs like miRNAs, significantly expanding our toolkit in epigenome exploration.




4. The Advent of RNA Sequencing for Transcriptome Profiling


Transcriptome signifies the entire set of RNA molecules within cells, encompassing their transcription and expression levels as well as their structure, molecular functions and cellular locations [120]. The transient nature of RNA’s life renders transcriptome a highly dynamic entity which captures a snapshot in time of the RNA molecules that are being transcribed. Accordingly, RNAs are subjected to multiple biological processes that increase transcriptomic complexity and may differ under physiological or pathological conditions and hence cancer. The study of the transcriptome, referred to as transcriptomics, involves the characterization of the all the aforementioned RNA components, as well as the identification of alternative splicing events and polyadenylation sites and the detection of ncRNAs, such as microRNAs and lncRNAs, and fusion transcripts [120].



Modern transcriptomics harness high-throughput sequencing approaches that enable the efficient sequencing of the existing RNA molecules in a sample and the accurate mapping of the characterized sequences to a reference genome [121]. The last decade multiple RNA-sequencing (RNA-seq) methods have been developed for transcriptome analysis and resolution at the nucleotide level. Of note, all NGS platforms as well as the third-generation sequencers of PacBio, that are based on sequencing-by-synthesis technology, share a standard workflow that involves RNA isolation, mRNA enrichment, cDNA synthesis and RNA-seq library preparation [71,122] (Figure 2). On the contrary, the cutting-edge technology of nanopore sequencing not only allows sequencing of cDNA libraries, but is also able to perform direct sequencing of RNA molecules for the first time (Direct RNA-seq) [123]. In this approach, full-length RNAs can be directly sequenced, avoiding the reverse transcription and the amplification bias and as a result enabling their absolute quantification in human cells. Even though there are still a few limitations, this method shows great promise in the following years to completely transform not only transcriptome analysis, but also the field of epiranscriptomics. Moreover, as with WGS and WES, whole-transcriptome sequencing (WTS) enables the identification of both coding and ncRNAs and unveils known and novel features of the transcriptome, whereas, in the same manner as TS in genomics, the highly accurate application of targeted RNA-Seq focuses on specific transcripts of interest that are firstly selected by amplicon-based approaches or enrichment of the target and are then sequenced.



Both RNA-seq techniques facilitate the study of transcriptome in terms of fusion transcripts, alternative spliced mRNAs and ncRNAs. In fact, fusion transcripts, resulting from gene fusion events, are present in ~20% of tumors, while alternative splicing can generate various mRNAs that are associated with multiple cancerous situations [124]. RNA-Seq methods have the capacity to successfully identify these chimeric and/or alternative spliced RNAs, many of which are involved in cancer progression and development and hence they represent putative biomarkers for cancer diagnosis and prognosis [71]. For instance, the mRNAs produced by the translocation of BCR and ABL1 genes represent typical examples of oncogenic fusion transcripts that characterize chronic myeloid leukemia. Several studies support that BCR-ABL1 fusion generates multiple fusion transcripts, which encode oncoprotein isoforms that subsequently participate in signaling pathways promoting tyrosine kinase activity [125]. Regarding cancer research, WTS represents the optimal approach for detecting novel fusions, whereas targeted transcript panels aim to identify alternative spliced mRNAs candidates for cancer biomarkers. Lastly, although mRNAs are a matter of great interest, MPS also permits small RNA-seq that allows the profiling of additional RNA species, including ncRNAs, which have been found to interfere with complex cellular networks and hence act as tumor promoters and/or suppressors [71,120].



The innovative technologies of MPS have already established RNA-seq as the preferred strategy for analyzing the relative abundance of mRNA transcripts. The newly introduced digital gene expression sequencing (DGE-Seq) represents a high-throughput sequencing approach that identifies statistically significant differences in RNA abundance through the construction and sequencing of cDNA libraries [126]. Notably, DGE analysis is of foremost interest to both basic and clinical research since it provides considerable insight into the transcriptional mechanisms and biological functions that contribute to phenotypic differences leading to pathogenesis and tumorigenesis.



Ultimately, the emerging single-cell RNA-seq (scRNA-seq) technology has revolutionized our understanding on cancer dynamics by defining the transcriptome of individual cells and studying cell heterogeneity [127]. More specifically, scRNA-seq allows the investigation of intercellular transcriptional variability and provides in-depth analysis of the mechanisms that are involved in cancer progression and metastasis, thus being considered the gold standard for cancer transcriptomics [127,128]. To date, several scRNA-seq strategies are available, among which RAGE-Seq and SMART-Seq are the most popular [129,130].



Briefly, RAGE-Seq is a high-throughput method that utilizes nanopore’s full-length sequencing reads and has been used for tracking transcriptome profiles of lymphocytes to study immune cells and eventually target different cancer stages. On the contrary, SMART-seq requires the construction of standard Illumina sequencing libraries and it has been used for profiling transcriptome in rare cells such as melanoma tumor cells [129]. Evidently, the goal of these approaches is to characterize outliers within a cellular population and expand our knowledge on cancer biomarkers, drug response and treatment. Undoubtedly, the expanding scope of pioneering applications provided by sequencing platforms is driving scientific research on the verge of a new era in transcriptomics, which will inevitably impact our understanding and the therapeutic strategies employed in cancer research.




5. The Golden Era of Epitranscriptomics in Cancer Research


Since the RNA complexity came into focus, multiple methodological strategies and technological breakthroughs uncovered the hidden aspects of the transcriptome, hence repeatedly enhancing our efforts to decipher the epitranscriptional landscape of the human cells [131,132]. Epitranscriptome involves the study of different types of RNA modifications that generally regulate gene expression by affecting RNA stability, translation, RNA degradation and miRNA binding. Briefly, more than 170 different types of post-transcriptional modifications have been described to date to decorate multiple types of RNAs, among which N6-methyladenosine (m6A), 5-methylcytosine (m5C), N1-methyladenosine (m1A), pseudouridine (Ψ) and adenosine to inosine (A-to-I) are found to be the most abundant [131,133].



The complex features of RNA modifications and their dynamic interacting networks operating at post-transcriptional levels are nowadays at the heart of modern cancer research. Multiple studies point out the involvement of RNA modifications in signaling pathways leading to tumorigenesis [131]. To begin with, the most extensively studied m6A methylation pathway has been reported to affect various cancer types. In brief, the methyltransferase-like METTL3/METTL14 complex, known as “m6A writers”, is responsible for the deposition of m6A in mRNAs, ncRNAs and rRNAs, whereas alkB homologue 5 (ALKBH5) and fat mass and obesity-associated protein (FTO) belong to ‘m6A erasers’ that demethylate the RNA [134,135]. “Reader” proteins of the YTH domain-containing family recognize the m6A sites thus mediate translation and degradation. Interestingly, METTL3 promotes tumor progression by regulating the translation of oncoproteins in different human cancers such as liver, lung and endometrial cancer. For instance, in lung cancer the oncogenic role of METTL3 promotes the expression of EGFR, whereas in endometrial cancer, it activates the AKT pathway [136,137].



In the same manner, NSUN1-7 “writers”, members of the NSUN family, are involved in the methylation of cytosine at position 5, while members TET family erase the m5C sites [134]. As for their recognition, the RNA m5C binding proteins, ALYREF and YBX1, are considered to read cytosine modifications [135]. Accordingly, several studies have already elucidated the connection between m5C and human malignancies. For example, in human urothelial carcinoma of the bladder, NSUN2 and YBX1 are responsible for the stabilization of the oncogenic mRNAs through the deposition of m5C sites and the upregulation of the hypermethylated sites, respectively. On the contrary, the proliferation role of NSUN1 is upregulated in lung and prostate cancer [138,139]. Similarly, m1A is found in both nuclear and mitochondrial mRNAs as well as in tRNAs and rRNAs, being mainly deposited by tRNA methyltransferase 6 non-catalytic subunit (TRMT6)/61A, TRMT61B and TRMT10C. On the other hand, ALKBH1 and ALKBH3 mediate the demethylation of m1A, whereas the YTH domain-containing protein family detects the methylated sites. Recent studies support the implication of m1A in human cancers by modulating vital signaling pathways, such as mTOR and AKT. In pancreatic adenocarcinoma, the downregulation of ALKBH1 affects m1A levels and has been related to the poor prognosis of patients, while in breast and ovarian cancer, demethylation of m1A by ALKBH3 regulates the mRNA stability of the survival factor CSF-1 hence extending its lifespan [140].



Pseudouridylation, the most abundant modification across the RNAs in human cells, is involved in ribosome assembly, tRNA structure and stability and mRNA splicing [141]. A total 14 different pseudouridylases of the pseudouridine synthase (PUS) family target different types of RNA and modify the Ψ sites [142]. For example, PUS1 is involved in the modification of snRNAs, tRNAs and mRNAs, PUS7 is linked to tRNA modifications, whereas PUS10 relates to tRNA pseudouridylation and miRNA processing. As far as cancer is concerned, PUS1 modulates interactions between SRA1 and estrogen receptor in breast cancer, PUS7 has a putative role in ovarian cancer diagnosis, while in prostate cells, PUS10 regulates TNF-related apoptosis-inducing ligand (TRAIL) [143,144,145]. Accordingly, A to I conversion, which is found in tRNAs, primary mRNAs and miRNAs, is mediated by ADAR family by deaminating adenosine and alters RNAs secondary structures, splicing regulation and miRNA specificity [146]. It should be noted that in breast cancer, ADAR-mediated RNA editing promotes tumor progression, whereas in hepatocellular carcinoma, ADAR1 contributes to increased cell proliferation by editing AZIN1 mRNA [147].



Although in the past the study of epitranscriptome was based on mass spectrometry [148,149], RNA-seq approaches and their applications have already gained ground enabling a better study of RNA modifications (Table 4). Both NGS and TGS have already provided important insights into the characterization of epitranscriptomic marks and allowed transcriptome-wide mapping of RNA modifications (Figure 3) [150]. Notably, a growing number of detection methods are being developed for mapping RNA modifications and most of them are based on several different strategies [132]. More precisely, the first approach utilizes reverse transcription coupled to NGS and is based on detecting mismatched dNTPs that are incorporated during cDNA synthesis on account of the presence of modified nucleotides. On behalf of this strategy, DART-seq and m1A-IP-seq/m1Aquant-seq generate modification-dependent mutational signatures for the identification of m6A and m1A sites, respectively [151,152].



Antibody-based mapping approaches are the most common sequencing-based strategies for studying RNA modifications (Figure 2). The method combines highly specific antibodies that enrich modification sites, and high-throughput sequencing for the detection of the immunoprecipitated RNA fragment [153]. For instance, the widely used m6A-seq and MeRIP-seq protocols, have been developed to capture m6A sites in RRACH consensus motifs [154]. Accordingly, m5C-RIP-seq and Aza-IP use appropriate antibodies to capture m5C sites, thus enabling the recognition of these sites into the RNA [153,155]. On the contrary, several modifications can be detected based on their differential chemical reactivity, such as Ψ that can be identified through Pseudo-seq, Ψ-seq and PSI-seq approaches. The principle of Pseudo-seq relies on the differential chemical reactivity of Ψ when treated with Cyclohexyl-Methylmorpholino-Carbodiimide (CMC) [156]. Ψ-CMC induces reverse transcription arrest one nucleotide downstream to the Ψ site and enables its detection through NGS. Additional strategies, such as PAR-CLIP, aim to improve mapping accuracy and achieve single-nucleotide resolution [74].
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Table 4. Transcriptome and epitranscritome profiling through applications based on RNA-seq.
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Transcriptomics/

Epitranscriptomics

	
Technology

	
Application

	
References






	
Fusion transcripts

	
NGS

	
WTS, TS

	
[157,158,159]




	
TGS

	
SMRT-seq, Direct RNA-seq

	
[160]




	
Alternative splicing

	
NGS

	
RNA-seq, targeted RNA sequencing

	
[161,162]




	
TGS

	
Direct RNA-seq, WTS

	
[160,163]




	
mRNA

polydadenylation

	
NGS

	
3′ enriched RNA seq, 3′ mRNA seq, PAT-seq,

Poly(A) ClickSeq

	
[164,165,166,167]




	
TGS

	
Full length mRNA seq,

FLAM-seq, Long read cDNA-seq

	
[168,169]




	
ncRNAs/lncRNAs

	
NGS

	
scRNA-seq, WTS, WES,

AQRNA-seq, ncPRo-seq, miRNA-seq

	
[170,171,172,173]




	
TGS

	
Nanopore-induced phase-shift sequencing (NIPSS)

	
[86]




	
m6A

	
NGS

	
Transcriptome-wide m6A seq, m6A-RIP seq,

m6A-REF seq

	
[174,175]




	
TGS

	
Direct RNA-seq

	
[176]




	
m5C

	
NGS

	
RNA-BisSeq, RIP-seq, MeRIP-seq, m5C-RIP seq, AZA-IP seq

	
[153,154,155,177]




	
TGS

	
Direct RNA-seq

	
[178]




	
Ψ

	
NGS

	
Pseudo-seq

	
[156]




	
TGS

	
Direct RNA-seq

	
[179]




	
m1A

	
NGS

	
ARM-seq, m1A-quant seq, m1A-seq

	
[180,181,182]









Although NGS approaches have been established in the scientific community for studying RNA modifications, the advent of TGS platforms have changed our perspectives in epitranscriptomics (Table 4). The amplification-free single-molecule sequencing approaches of TGS, which include PacBio’s SMRT sequencing and ONT’s direct RNA sequencing, rely on the detection of the kinetic signatures on the nucleotides [183]. In SMRT, detection of RNA modifications is succeeded by coupling RT with SMRT. The DNA polymerase can “read” the dynamic signals of RT and discriminates the modified from the unmodified nucleotides [184]. As for the state-of-the-art nanopore direct RNA sequencing, it enables the direct sequencing of full-length native RNAs, without the need for reverse transcription or amplification. RNA modifications through nanopore sequencing can be identified by monitoring ionic current changes [185,186]. Ultimately, rather than the PCR-independent strategy, the major advantage of TGS is the single-molecule analysis that will definitely provide the blueprints of epitranscriptome.




6. The Road Ahead in Proteomics and Epiproteomics


The large-scale study of proteomes involves the identification and quantification of proteins, the building blocks of life, which are expressed in a cell, tissue or an individual and is widely known as proteomics [187]. Besides protein expression profiling, the field of proteomics also comprises the structural and functional determination of proteins, whereas protein isoforms and post-transcriptional modifications, including histone acetylation, phosphorylation and ubiquitination, constitute the epiproteomic signatures of cells [188]. Although advances in sequencing technologies have resulted in an explosion of the available amount of omics data, proteomic studies have yet to attain the power of both genome and transcriptome research [189,190].



Heretofore, Edman degradation and mass spectrometry were the benchmark for protein sequencing. However, recent trends in proteomics have opened up the fascinating possibility of sequencing thousands to millions of peptide molecules in parallel [191]. In the following years, innovative methods, such as fluorosequencing and nanopore sequencing, will undoubtedly revolutionize proteomic studies enabling the accurate identification of low abundance protein isoforms and their post-translational modifications [192]. The method of protein fluorosequencing has its roots in next-generation sequencing, since it is based on labeling the amino acid residues with different fluorophores, immobilizing the C-terminus of the peptides on a glass coverslip and detecting the fluorescence intensity by using Edman degradation for the sequential cleavage of the N-terminal amino acid residue [193]. On the contrary, the prospect of protein sequencing through nanopore technology relies on the disturbance of the electric current when amino acid residues pass through the channel of the nanopore. Protein samples cause characteristic alterations in the density of the ionic current flowing through the membrane of the nanopore, thus any amino acid sequence can be identified [194]. Furthermore, it should be mentioned that nanopore protein sequencing has the potential to detect post-transcriptional modifications, hence paving the way to the advancing field of epiproteomics research.



Proteomics-based studies focus on protein profile analysis, which is the key to understand the dynamic nature of cells that underlies the mechanisms of tumor growth and metastasis. The field of proteomics has already contributed to the identification of novel biomarkers and potential therapeutic targets, gaining important ground in cancer research [195]. For instance, ever since the correlation between tyrosine kinase signaling and tumor growth was brought to light, multiple kinase inhibitors were developed and successfully applied to treating several cancer types, such as chronic myeloid leukemia, anaplastic lymphoma, breast and lung cancer. Finally, the ultimate goal of cancer proteomics is to adapt MPS technologies for routine use in clinical laboratories for identifying molecular characteristics to diagnose cancer or determine a patient’s prognosis [190]. Without doubt, deciphering the proteomic and epiproteomic portrait is the next frontier of cancer research to achieve multi-omics studies across tumor types and succeed in the accurate diagnostic and/or prognostic classification of disease states, as well as in evaluating drug dose and drug effect [196].




7. Pharmacogenomics in Medical Oncology


When the first chemotherapeutic drug was discovered, no one could imagine that a drug treatment would benefit only a group of patients dealing with the corresponding disease and not all of them. Moreover, that is what personalized medicine stands for. Therefore, the question is whether the different responses to a specific treatment come from the distinctiveness of our DNA (Figure 4). According to previous studies that focus on personalized healthcare, the efficacy and toxicity of a drug treatment is significantly influenced by the genomic variation of each person, thus focusing on each patient individually is the key to a successful treatment.



Pharmacogenomics aims to study these genomic variations and decipher how genetic alterations influence drug effectiveness and toxicity, in order to develop a personalized and targeted therapy with optimized efficacy and reduced toxic effects [197]. For this purpose, studies conducted in the framework of personalized medicine have shed light in the way genetic variation across individuals affects a drug’s pharmacokinetics and pharmacodynamics. The first step to the introduction of personalized medicine is the determination of the association between a certain genotype and a drug-induced phenotype [198]. If these associations are reproducible and have great effect size, clinical use of such information can be implemented for the benefit of patients and lead to the development of personalized medical treatments.



Especially in cancer, driven somatic mutations as well as genetic alterations play an important role in treatment choice. For example, patients diagnosed with colorectal cancer display significantly prolonged survival after treatment with cetuximab, a chemotherapeutic drug that targets the EGF receptor [199]. However, in cases of colorectal cancer where EGFR is not overexpressed, cetuximab would not be a possible treatment choice. When dealing with cancer patients, pharmacogenomics plays a critical role, since tumors are characterized by a great heterogeneity. Every case should be treated uniquely to achieve a better quality of a patient’s life and prolong their survival. Based on the aforementioned, it becomes clear that pharmacogenomics represents a field of biological sciences with great impact in public health.



The introduction of NGS and TGS promoted the development of personalized medicine, giving oncologists the ability to deeply understand every patient’s disease and its unique genetic features. Especially NGS, which has been used in laboratory infrastructures for a longer time compared to TGS technologies, allowed us to identify mutations that are strongly linked to tumorigenesis and cancer progression, and laid the groundwork to predict how a cancer patient will respond to a particular treatment, based on their genetic fingerprint. NGS gave the opportunity for screening a broad panel of genes related to a specific cancer type in every patient, allowing not only the detection of the most common alterations that are known, but also the identification of rare mutations that occur in less than 1% of the patients, thus providing useful information regarding drug intolerance, efficacy and toxicity. With the examination of tissue samples from biopsies, CTCs and circulating cell-free tumor DNA (ctDNA) via NGS approaches is able to obtain extensive genetic information, in order to assess intertumoral heterogeneity and decide the optimal treatment for each patient, based on the findings [200,201].



As for the newly introduced long-read technologies, Nanopore has already entered the “precision oncology” era, for the characterization of tumor genetic features in cancer patients’ management. Specifically, Nanopore sequencing has been used for the analysis of the copy number variations from cell-free DNA in lung cancer patients [198], currently for research purposes only, but exploiting the full potential of Nanopore’s establishment in both research and clinical use is needed. Taking into consideration the aforementioned, it is easy to understand the significance of NGS and TGS in the evolution of personalized oncology, an approach that has opened new horizons in patients’ treatment and drug selection.




8. Conclusions


The advent of high-throughput sequencing technologies has uncovered an incredible amount of biological information, holistically altering our perception about genomics, transcriptomics and proteomics, thus leading to their establishment in life science. Nowadays, multi-omics has opened new vistas for developments in modern cancer research aiming to translate omics into clinical practice for improving both diagnosis and treatment. In fact, numerous novel technologies have already improved the field of oncology by employing omics as a new clinical method for early diagnosis, prognosis, treatment and control of cancer. The implementation of sequencing-based omics techniques covers almost every aspect of cancer biomedical research, such as identification of novel biomarkers, drug discovery and personalized medicine, which will improve health outcomes. Ultimately, further advances and future studies in the omics universe will undoubtedly peek into the innermost secrets of life.
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Figure 1. The realm of “omics”. The current sequencing approaches allow the decoding of genetic information at multiple levels. Today, DNA sequencing can be performed to decipher the nucleotide sequence of our genes as well as their epigenetic marks (genomics and epigenomics), while RNA sequencing allows the exploration of transcriptomes and the detection of RNA modifications (transcriptomics and epitranscriptomics). Finally, developing sequencing approaches that aim to investigate proteins (proteomics and epiproteomics) will lay the groundwork for a deeper understanding of cellular function and structure. 






Figure 1. The realm of “omics”. The current sequencing approaches allow the decoding of genetic information at multiple levels. Today, DNA sequencing can be performed to decipher the nucleotide sequence of our genes as well as their epigenetic marks (genomics and epigenomics), while RNA sequencing allows the exploration of transcriptomes and the detection of RNA modifications (transcriptomics and epitranscriptomics). Finally, developing sequencing approaches that aim to investigate proteins (proteomics and epiproteomics) will lay the groundwork for a deeper understanding of cellular function and structure.



[image: Life 12 02010 g001]







[image: Life 12 02010 g002 550] 





Figure 2. Flowchart displaying the fundamental steps of NGS workflows. (a) For genomic and epigenomic studies, the library preparation includes the DNA extraction and fragmentation and the ligation of the adapters on the derived DNA fragments. After the size selection, the molecules are amplified via PCR and subsequently the generated NGS library is sequenced. The final step of this process is the analysis of the obtained sequencing data using appropriate algorithms. (b) For transcriptomic and epitranscriptomic studies, the construction of RNA libraries is similar to the DNA library preparation workflow, but they are distinguished due to an additional reverse transcription step prior to the PCR amplification. Notably, the identification of both DNA and RNA modifications is based on the usage of specific antibodies that capture the sequence of interest. 
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Figure 3. Different levels of genetic information and the related applications of MPS technology. DNA sequencing applications aim to detect DNA modifications, mutations, gene fusions and histone modifications, whereas sequencing-based RNA studies include the identification of alternative splicing events, transcript fusions and RNA modifications. 






Figure 3. Different levels of genetic information and the related applications of MPS technology. DNA sequencing applications aim to detect DNA modifications, mutations, gene fusions and histone modifications, whereas sequencing-based RNA studies include the identification of alternative splicing events, transcript fusions and RNA modifications.



[image: Life 12 02010 g003]







[image: Life 12 02010 g004 550] 





Figure 4. Pharmacogenomics is based on the sample collection from patients dealing with the same disease, the extraction of nucleic acids from each sample and the subsequent sequencing of them, following the appropriate workflow. After data analysis, the unique genetic profile of each patient is used as a reference point for the choice of the optimal drug treatment each one should receive. 
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Table 1. List of abbreviations and acronyms.
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	Abbreviation
	Definition





	5caC
	5-carboxylcytosine



	5fC
	5-formylcytosine



	5hmC
	5-hydroxymethylcytosine



	5mC
	5-methylcytosine



	ATAC-seq
	Assay for transposase-accessible chromatin using sequencing



	A-to-I
	Adenosine to inosine



	CAB-seq
	Chemical modification-assisted bisulfite sequencing



	ChAR-seq
	Chromatin-associated RNA sequencing



	CHART
	Capture hybridization analysis of RNA targets



	ChIA-PET
	Chromatin interaction analysis with paired-end tag



	ChIP-seq
	Chromatin immunoprecipitation followed by sequencing



	ChIRP
	Chromatin isolation by RNA purification



	CLASH
	Cross-linking ligation and sequencing of hybrids



	CMC
	Cyclohexyl-Methylmorpholino-Carbodiimide



	CNVs
	Copy number variations



	CpG
	Cytosine-phosphate-guanine



	CTCs
	Circulating tumor cells



	ctDNA
	Cell-free tumor DNA



	CUT&RUN
	Cleavage Under Targets and Release Using Nuclease



	CUT&Tag
	Cleavage Under Targets and Tagmentation



	DGE-Seq
	Digital gene expression sequencing



	DNase-seq
	DNase I hypersensitive sites sequencing



	Drop-ChIP
	Droplet-based single-cell ChIP-seq



	FAIRE-seq
	Formaldehyde-assisted isolation of regulatory elements with sequencing



	fCAB-seq
	5fC chemically assisted bisulfite sequencing



	GRID-seq
	Global RNA interactions with DNA by deep sequencing



	HITS-CLIP
	High-throughput sequencing of RNA isolated by crosslinking immunoprecipitation



	ICGC
	International Cancer Genome Consortium



	icSHAPE
	In vivo click selective 2′-hydroxyl acylation and profiling experiment



	LIGR-seq
	Ligation of interacting RNA followed by high-throughput sequencing



	m1A
	N1-methyladenosine



	m5C
	5-methylcytosine



	m6A
	N6-methyladenosine



	MBD-seq
	Methyl-CpG-binding domain sequencing



	MeDIP-seq
	Methylated DNA immunoprecipitation sequencing



	MNase
	Micrococcal nuclease



	MNase-seq
	MNase digestion of chromatin followed by sequencing



	MPS
	Massive parallel sequencing



	MREBS
	Methylation-sensitive restriction enzyme bisulfite sequencing



	MRE-seq
	Methylation-sensitive restriction enzyme sequencing



	NGS
	Next-generation sequencing



	ONT
	Oxford Nanopore Technologies



	OxBS-seq
	Oxidative bisulfite sequencing



	PacBio
	Pacific Biosciences



	PAR-CLIP
	Photoactivable-ribonucleoside-enhanced-CLIP



	PCR
	Polymerase chain reaction



	PTMs
	Post-translational modifications



	PUS
	Pseudouridine synthase



	RIP-seq
	RNA immunoprecipitation sequencing



	RISC
	RNA-induced silencing complex



	RNAi
	RNA interference



	RRBS
	Reduced representation bisulfite sequencing



	scChIP-seq
	Single-cell ChIP-seq



	scDNA-seq
	Single-cell DNA sequencing



	scitChIPseq
	Single-cell simultaneous indexing and tagmentation-based ChIP-seq



	scRNA-seq
	Single-cell RNA sequencing



	scRRBS
	Single-cell RRBS



	SCS
	Single-cell sequencing



	scWGBS
	Single-cell WGBS



	SHAPE-MaP
	Selective 2′-hydroxyl acylation analyzed by primer extension and mutational profiling



	SHAPE-seq
	Selective 2′-hydroxyl acylation analyzed by primer extension sequencing



	siRNAs
	Small interfering RNAs



	SMRT
	Single-molecule real-time



	SVs
	Structural variants



	TAB-seq
	TET-assisted bisulfite sequencing



	TCGA
	The Cancer Genome Atlas



	TGS
	Third-generation sequencing



	TRAIL
	TNF-related apoptosis-inducing ligand



	TS
	Targeted sequencing



	UTRs
	Untranslated regions



	WES
	Whole-exome sequencing



	WGA
	Whole-genome amplification



	WGBS
	Whole-genome bisulfite sequencing



	WGS
	Whole-genome sequencing



	WTS
	Whole-transcriptome sequencing



	Ψ
	Pseudouridine
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Table 2. High-throughput sequencing applications for the investigation of specific genomic, epigenomic and transcriptomic events in cancer research.
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	Gene
	“omics”
	Cancer Type
	Technology
	Application
	Reference





	MYB
	Genomics/

chromosomal rearrangement
	Low grade glioma
	NGS
	WGS
	[19]



	ACTB-FOSB
	Genomics/

gene fusion
	Pseudomyogenic

hemangioendothelioma
	NGS
	Targeted

RNA-seq
	[20]



	KMT2A-MLTT2/4
	Genomics/

gene fusion
	Acute myeloid

leukemia
	TGS
	Nanopore

sequencing
	[21]



	CDKN2A
	Genomics/

mutation
	Hepatocellular

carcinoma
	NGS
	WES
	[22]



	IRF-4
	Epigenomics/

DNA methylation
	Lymphoma
	NGS
	WGBS
	[23]



	KRT19
	Epigenomics/

DNA methylation
	Breast cancer
	TGS
	Nanopore

sequencing
	[24]



	DBC1
	Epigenomics/

histone modification
	Colorectal cancer
	NGS
	ChIP-seq RNA-seq
	[25]



	BCR-ABL1
	Transcriptomics/

fusion transcripts
	Chronic myelogenous leukaemia
	NGS
	Targeted

RNA-seq
	[26,27]



	MLH1
	Transcriptomics/

alternative splicing
	Colorectal cancer
	TGS
	Long read RNA-seq
	[28]



	CSTF2
	Transcriptomics/

alternative polyadenylation
	Non-small cell lung cancer
	NGS
	IVT-SAPAS
	[29]
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Table 3. Genomics/epigenomics applications that have been established through MPS approaches.
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Genomics/Epigenomics

	
Technology

	
Application

	
References






	
DNA mutations

	
NGS

	
WES, WGS, TS

	
[44,45]




	
Larger SVs, CNVs, gene fusions

	
NGS

	
[46,47,48]




	
TGS

	
[21,49]




	
DNA methylation

	
NGS

	
WGBS

	
[50]




	
RRBS

	
[51]




	
OxBS-seq

	
[52]




	
TAB-seq

	
[53]




	
fCAB-seq

	
[54]




	
CAB-seq

	
[55]




	
MeDIP-seq

	
[56]




	
MBD-seq

	
[57]




	
MRE-seq

	
[58]




	
TGS

	
SMRT sequencing

	
[59,60]




	
Nanopore sequencing

	
[61,62]




	
Histone modifications

	
NGS

	
ChIP-seq

	
[63]




	
CUT&RUN

	
[64]




	
CUT&Tag

	
[65]




	
Chromatin accessibility

	
NGS

	
DNase-seq

	
[66]




	
FAIRE-seq

	
[67]




	
ATAC-seq

	
[67]




	
Nucleosome positioning

	
NGS

	
MNase-seq

	
[68]




	
3D genome structure

	
NGS

	
Hi-C

	
[69]




	
ChIA-PET

	
[70]




	
ncRNAs

	
NGS

	
RNA-seq

	
[71]




	
RIP-seq

	
[72]




	
HITS-CLIP

	
[73]




	
PAR-CLIP

	
[74]




	
CLASH

	
[75]




	
LIGR-seq

	
[76]




	
ChIRP

	
[77]




	
CHART

	
[78]




	
GRID-seq

	
[79]




	
ChAR-seq

	
[80]




	
SHAPE-seq

	
[81]




	
SHAPE-MaP

	
[82]




	
icSHAPE

	
[83]




	
TGS

	
Nanopore sequencing

	
[84,85,86]
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