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Abstract

:

Next-generation sequencing (NGS) technologies have revolutionized cancer genomics due to their high throughput sequencing capacity. Reports of the gene mutation profiles of various cancers by many researchers, including international cancer genome research consortia, have increased over recent years. In addition to detecting somatic mutations in tumor cells, NGS technologies enable us to approach the subject of carcinogenic mechanisms from new perspectives. Deep sequencing, a method of optimizing the high throughput capacity of NGS technologies, allows for the detection of genetic aberrations in small subsets of premalignant and/or tumor cells in noncancerous chronically inflamed tissues. Genome-wide NGS data also make it possible to clarify the mutational signatures of each cancer tissue by identifying the precise pattern of nucleotide alterations in the cancer genome, providing new information regarding the mechanisms of tumorigenesis. In this review, we highlight these new methods taking advantage of NGS technologies, and discuss our current understanding of carcinogenic mechanisms elucidated from such approaches.
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1. Introduction


Recent innovations in next-generation sequencing (NGS) technologies have revolutionized cancer genome research due to their high throughput sequencing capacity. In fact, whole-exome sequencing (WES) and whole-genome sequencing (WGS) of various cancers using NGS technologies have led to the identification of many genetic alterations in cancerous tissues. Most of these genetic alterations might be passenger mutations that do not contribute to carcinogenesis, but some recurrently observed mutations are likely to be oncogenic driver mutations. Recent WES and/or WGS studies have uncovered some putative driver mutations by focusing on recurrently mutated genes among each cancer type. For example, WES analysis of glioblastoma multiformes led to the discovery of a previously unknown cancer-related gene, isocitrate dehydrogenase 1 (IDH1) that is recurrently mutated in glioblastoma multiformes [1]. WES and/or WGS studies have also revealed particular profiles of genes mutated in each cancer [2]. In gastric cancers, frequent mutations of several cancer-related genes, such as TP53, ARID1A, and CTNNB1, were determined using WES and/or WGS [3,4,5,6,7]. Hepatocellular carcinomas also have mutations of genes in several pathways, including the p53/RB pathway (TP53 and CDKN2A), WNT pathway (CTNNB1 and AXIN1), and chromatin remodeling complex (ARID1A and ARID2) [8,9,10]. Thus, NGS technologies allowing for the accumulation of genome-wide sequencing data have elucidated driver mutation profiles of various cancers in the field of cancer genomics.



NGS technologies have also enabled us to approach the subject of carcinogenic mechanisms from new perspectives. Noncancerous tissues in premalignant conditions accumulate genetic aberrations before apparent tumor development, but such genetic aberrations often exist only in low allele frequencies and are thus difficult to detect by the classical Sanger sequencing method [11,12]. NGS technologies applied to read selected target regions can generate high depth data and reveal gene alterations with low allele frequencies. Identifying somatic mutations contained in noncancerous tissues by such (ultra-) deep sequencing could provide clues to elucidating carcinogenic mechanisms because those mutations might contribute to carcinogenesis at an early stage of tumor development. Moreover, analyses of the entire picture of mutations accumulated in cancerous tissues revealed that each cancer has particular mutational signatures reflecting its mutagenic mechanisms [13,14,15]. Thus, analysis of mutation profiles obtained by NGS and identification of the characteristics of mutational signatures of the cancers will lead to a better understanding of the underlying mutagenic processes. This review focuses on NGS approaches to explore carcinogenic mechanisms and the current knowledge revealed by recent studies.




2. Deep Sequencing of Premalignant Inflamed Tissues Using NGS Technologies


2.1. Importance of Studying Genetic Alterations in Inflamed Noncancerous Tissues


Many clinical, epidemiological, and biological studies have demonstrated that various factors trigger cancer development. Well-established mutagens, smoking and ultraviolet light, cause lung cancers and skin cancers by inducing genetic aberrations, respectively [16,17,18]. Germline mutations of some tumor suppressor genes strongly predispose to tumor development, as seen in familial polyposis coli and Li-Fraumeni syndrome [19]. Chronic inflammation also predisposes to inflammation-associated cancer development [20,21,22]. Especially in the gastrointestinal system, inflammation-associated cancers develop in various organs; chronic gastritis due to Helicobacter pylori (H. pylori) infection causes gastric cancers; chronic hepatic inflammation with hepatitis C virus (HCV) causes hepatocellular carcinoma; ulcerative colitis causes colitic cancers; and chronic duodenogastro-esophageal reflux and the resultant inflammation cause Barrett’s esophagus and esophageal adenocarcinoma [21]. Epithelial cells exposed to long-term inflammation have a strong potential for cancer development.



Cancer is a genome disease, and the accumulation of genetic aberrations in tumor-related genes is a critical step in malignant transformation [23]. Genetic aberrations that occur during cancer development accumulate in a stepwise manner, and mutations evoked by inflammation can be observed in inflamed noncancerous tissues even before tumor development (Figure 1) [11,21,22,24,25,26,27]. Thus, it is reasonable to assume that chronically inflamed epithelial cells play a role as the origin of inflammation-associated cancers through the accumulation of genetic alterations.
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Figure 1. Scheme of accumulation of genetic alterations during inflammation-associated cancer development. Noncancerous tissues underlying chronic inflammation contain low-abundance mutated cells whose mutations can be detected as genetic alterations with low allele frequencies by (ultra-) deep sequencing. In contrast, cancerous tissues bear numbers of genetic aberrations including driver mutations (thorn-shaped), which are identified as mutations with relatively higher allele frequencies than those observed in noncancerous tissues. Some driver mutations in cancer-related genes may be shared between cancerous tissues and their underlying noncancerous tissues. 
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Recent NGS studies identified numerous genetic alterations in cancerous tissues, most of which are considered passenger mutations and only two to six of which are driver mutations that play a key role in cancer development [28]. It is possible that mutations latently accumulated in premalignant tissues also include putative driver mutations, which could contribute to the early stage of carcinogenesis. Therefore, studying genetic aberrations in noncancerous tissues could be a useful method for elucidating multistep carcinogenesis processes during inflammation-associated cancer development.




2.2. Genetic Alterations in Inflamed Noncancerous Tissues Determined by Conventional Sanger Sequencing


Several studies using the conventional Sanger sequencing method elucidated that noncancerous tissues at risk for inflammation-associated carcinogenesis contain somatic mutations in cancer-related genes. For example, Barrett’s esophagus epithelium represents premalignant lesions of esophageal adenocarcinoma with somatic mutations in TP53 and CDKN2A genes, both of which are key tumor suppressor genes involved in the development of esophageal adenocarcinoma [11]. Chronic hepatitis tissues with HCV infection, which predisposes to hepatocellular carcinoma, bear TP53 mutations at frequencies of 4–15 nucleotides per 104 nucleotides [26]. A sequencing study of colon crypts isolated by laser capture microdissection revealed TP53 mutations in both premalignant dysplasia and nondysplastic inflamed colon crypts of patients with ulcerative colitis [12]. These findings suggest that chronically inflamed epithelia sustain founder mutations for carcinogenesis before malignant transformation. Because of the low frequencies of cells with mutated genes in noncancerous tissues (Figure 1), however, identifying pro-oncogenic mutations in noncancerous tissues by the Sanger method requires much time and effort, and is still insufficient.




2.3. Deep Sequencing Analysis of Inflamed Noncancerous Tissues


Deep or ultradeep sequencing using NGS technologies, which often read each nucleotide more than thousands of times, is an efficient tool for the detection of genetic alterations with very low frequencies of mutated alleles [29]. For example, mutated alleles with frequencies as low as 1% or possibly even 0.1% can be detected by deep sequencing under conditions in which the error rate during the sequencing process is properly evaluated and suppressed [7,29]. Taking advantage of the high sensitivity of NGS for the detection of low-abundance mutations, recent studies identified somatic mutations of cancer-related genes in noncancerous tissues with chronic inflammation in various organs.



TP53 mutations are most frequently detected in gastric cancer genomes, followed by ARID1A, CTNNB1, and PIK3CA [3,4,30]. We performed deep sequencing on selected tumor-related genes in H. pylori-related severe gastritis mucosa, which is considered to be a high-risk condition for gastric cancer [7]. In the gastritis mucosa of 28 patients with gastric cancer, non-synonymous low-abundance mutations in TP53 and ARID1A were detected in 11 cases (39.3%) and four cases (14.3%), respectively. Interestingly, non-synonymous low-abundance mutations in TP53 and ARID1A were also detected in the gastritis mucosa of patients without gastric cancer [7]. These findings suggest that various mutations in tumor-related genes latently accumulate in H. pylori-related gastritis mucosa before histological malignant changes.



Consistent with our findings, other recent studies revealed that the majority of recurrent mutations in cancer-related genes detected in esophageal adenocarcinoma were found in Barrett’s esophagus [31,32,33]. Weaver et al. performed targeted deep sequencing analyses on esophageal adenocarcinoma tissues and on benign metaplastic never-dysplastic Barrett’s esophagus and high-grade dysplasia, which are two key transition points in the development from premalignant Barrett’s esophagus to esophageal adenocarcinoma [33]. Somatic mutations in 26 analyzed cancer-related genes were detected in 53% of individuals with never-dysplastic Barrett’s esophagus and in 91% of those with high-grade dysplasia. Furthermore, the vast majority of detected mutations had similar mutation frequencies among the three disease stages, while TP53 was mutated exclusively in high-grade dysplasia and esophageal adenocarcinoma, but not in never-dysplastic Barrett’s esophagus. Combined with accessional analyses, the TP53 mutation status was found to differentiate never-dysplastic Barrett’s esophagus from high-grade dysplasia and esophageal adenocarcinoma [33].



With regard to hepatobiliary tumors, we demonstrated that many genetic alterations accumulate in the cirrhotic liver following HCV-related chronic hepatitis, a predisposing condition to hepatocellular carcinoma [34]. Whole exome sequencing on nontumorous cirrhotic liver tissues led to the identification of nucleotide alterations in a large quantity, comparable to those of hepatocellular carcinoma, while the mutation frequencies in cirrhotic tissues tended to be lower than those in the matched tumor tissues. Although the majority of the mutated genes detected in cirrhotic tissues were thought to be passenger mutations, the leptin receptor gene (LEPR) was identified as a putative cancer-related gene mutated in both cirrhotic tissues and hepatocellular carcinoma. Additional deep sequencing analyses on TP53, CTNNB1, and LEPR genes revealed low-abundance mutations in more than half of the nontumorous cirrhotic tissues analyzed. In addition, Jiang et al. reported whole exome sequencing on one dysplastic nodule and two hepatocellular carcinomas in the same patient with HBV infection [35], and, consistent with our results, several mutations were detected in dysplastic nodules as well as tumor tissues, although there was no overlap in the mutations between dysplastic nodules and hepatocellular carcinomas. These findings indicate that oncogenic mutations of genes related to hepatocarcinogenesis latently accumulate in cirrhotic livers with viral infection.



Thus, deep sequencing analyses on inflamed noncancerous tissues have elucidated the accumulation of putative pro-oncogenic mutations of cancer-related genes in the noncancerous tissues of various organs during the process of inflammation-associated carcinogenesis.





3. Mutation Signatures Provide Clues to Predict Tumorigenic Mechanisms


3.1. Mutational Signatures Specific to Various Types of Cancers


Based on genome-wide mutation profiles of various cancers revealed by NGS technologies, each cancer has a unique mutational signature [13,14,15]. Mutational signatures are classified according to the type of mutations, such as substitution and small insertions and deletions (indels), and the sequence contexts of the mutations [13]. With regard to single nucleotide substitutions, all substitutions can be classified into 96 patterns by six patterns of base substitution (C:G>T:A, C:G>A:T, C:G>G:C, T:A>C:G, T:A>A:T, T:A>G:C) and the bases immediately 5ʹ and 3ʹ to each substitution. This 96-substitution classification is intelligible and well analyzed in many studies [13,36,37].



Several studies clarified that C:G>T:A transitions at XpCpG trinucleotides (X: any nucleotide, under bar: mutated nucleotide) are the most prominent mutational signature in many types of cancers, particularly gastrointestinal cancers (Figure 2) [13,14,36]. In addition, each type of cancer has its own specific dominant mutational signature. In gastric cancer, C:G>T:A transitions at XpCpG sites as well as GpCpX sites are dominantly observed [6,7], and high rates of T:A>G:C transversions at XpTpT sites (specifically at CpTpT sites) were also recently observed in some microsatellite-stable gastric cancers [30,38]. C:G>T:A transitions at GpCpX sites and T:A>G:C transversions at XpTpT sites are unique patterns of gastric cancer genomes. Esophageal cancers have two different histological types: adenocarcinoma caused by duodenogastro-esophageal reflux, and squamous cell carcinoma, whose risk factors are tobacco and alcohol. While T:A>G:C transversions at XpTpT sites are most frequently observed in esophageal adenocarcinomas similar to some gastric cancers [33,39], C:G>T:A transitions at XpCpG trinucleotides are the most predominant patterns in esophageal squamous cell carcinoma, followed by C:G>G:C transversions and C:G>T:A transitions at TpCpX motifs [40,41,42]. Hepatocellular carcinoma has unique mutational signatures, such as T:A>C:G transitions in ApTpX sequences and T:A>A:T transversions in CpTpG sequences, in addition to C:G>T:A transitions in XpCpG motifs [9,43,44]. Interestingly, cholangiocarcinoma, another histological type of liver tumor, does not have these characteristic mutational signatures [45,46]. In colorectal cancer and pancreatic cancer, no specific mutational patterns have been detected, although some tumors with defective DNA repair genes, including DNA mismatch repair genes, DNA polymerase genes, or BRCA1/2, exhibit characteristic patterns [13]. These findings indicate that tumor mutational signatures differ based on their origin.




3.2. Extrinsic and Intrinsic Mutagens and Mutational Signatures


Mutational signatures that accumulate in the cancer genome provide clues to identifying the cause of genetic alterations during tumor development because many mutagenic agents and repair processes have biased mutational patterns and preferred target nucleotide sequences [13,37,47,48]. For example, loss of function in DNA repair genes induces specific patterns of genomic alterations. Tumors with microsatellite instability in many cancer types have numerous substitutions and indels due to defects of mismatch repair function caused by promoter methylation of MLH1 or mutations of MSH2, MSH3, and MSH6 [49,50,51]. Tumors with mutations in POLE or POLD1 have extreme numbers of mutations due to an impaired proofreading function of DNA polymerases [52,53]. Some tumors with inactivating mutations of BRCA1 or BRCA2, such as some breast and pancreatic cancers, have substantial numbers of larger deletions (up to 50 bp) with overlapping microhomology at breakpoint junctions [13,54]. By contrast, many toxigenic factors have been investigated as extrinsic mutagens. Ultraviolet light, a well-known extrinsic mutagen, mainly induces C:G>T:A transitions in dipyrimidines, and accordingly this mutation pattern is predominant in melanoma and basal cell carcinoma, providing evidence that ultraviolet light is a causative factor in the development of these tumors [55,56]. Benzo[a]pyrene, a convincingly established carcinogen contained in tobacco, is likely to cause C:G>A:T transversions, and this mutation pattern is dominantly observed in lung cancers, especially in those associated with smokers [13,57].
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Figure 2. Dominant mutational signatures in gastrointestinal cancers and their putative contributors. (a) C:G>T:A transitions at XpCpG trinucleotides are the most prominent mutational signature in many types of cancers, including gastric cancer, esophageal squamous cell carcinoma, esophageal adenocarcinoma, and hepatocellular carcinoma, and are considered to be related to spontaneous deamination of 5-methylcytosine; (b) C:G>T:A transitions at GpCpX sequences, which are dominantly observed in gastric cancers, accord with representative footprints of AID-mediated cytidine deamination; (c) T:A>G:C transversions at XpTpT sites are uniquely observed in esophageal adenocarcinomas and some microsatellite-stable gastric cancers, suggesting that some mutagenic processes related to duodenogastro-esophageal reflux are shared between these cancers; (d) C:G>T:A transitions at TpCpX sequences suggest the involvement of APOBEC3B in the development of esophageal squamous cell carcinoma; (e) T:A>C:G transitions in ApTpX sites and T:A>A:T transversions in CpTpG sites are characteristically detected in hepatocellular carcinoma, whose causes remain to be determined. 
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As for intrinsic mutagens, several studies have demonstrated that apolipoprotein B mRNA editing enzyme catalytic polypeptide (APOBEC) family members play an important role in the development of various cancers by inducing genetic aberrations via their nucleotide-editing activity [36,58]. Among APOBEC family members, activation-induced cytidine deaminase (AID) was first characterized by its ability to induce genetic changes in genome DNA sequences and is considered to act as an intrinsic mutagen during the process of inflammation-associated carcinogenesis [21,59]. Under physiological conditions, AID is expressed almost exclusively in activated B lymphocytes, and contributes to generating antibody gene diversification by inducing somatic hypermutations and class-switch recombinations of immunoglobulin genes [60,61]. On the other hand, inflammatory stimulation elicits aberrant AID expression in epithelial cells and overexpressed AID could induce mutations in various non-immunoglobulin genes and trigger inflammation-associated tumorigenesis, including gastric carcinogenesis associated with H. pylori-related gastritis and hepatocarcinogenesis associated with chronic hepatitis C [26,62,63]. AID deaminates C to U, resulting in the generation of a U:G mismatch. This U:G mismatch is resolved by several pathways, such as the mismatch repair system. If the mismatch is not repaired before the onset of DNA replication, DNA polymerase will insert an A nucleotide opposite the U nucleotide, resulting in C:G>T:A transitions [64]. Such AID-induced mutagenesis is genome-widely confirmed by experimental models in which AID predominantly caused C:G>T:A transitions in the known preferred AID target sequence, i.e., WRCY motifs (W = A or T, R = A or G, and Y = C or T) or RpCpX trinucleotides [47,65]. APOBEC3B, which is another member of APOBEC family, is an enzyme that can induce genomic alterations in human genomes [36,66]. In contrast to AID, APOBEC3B exhibits a strong preference for deaminating C residues flanked by T. Although the function of APOBEC3B in normal conditions is unknown, APOBEC3B expression is correlated with frequencies of C:G>T:A transitions or C:G>G:C transversions in TpCpX motifs in several types of cancer, including breast cancer and lung cancer [36,48]. In addition, foci of localized hypermutations with an APOBEC3B-mediated pattern, referred to as kataegis, are often seen in these cancers and are associated with genomic rearrangements [13,36,54]. These findings suggest that APOBEC3B is related to the generation of both mutations and chromosomal aberrations in these cancers. The mechanisms of APOBEC3B upregulation in these tissues, however, remain unknown.




3.3. Exploring Carcinogenic Mechanisms by Analyzing Mutational Signatures


Analysis of mutational signatures in cancers can be an effective method to explore carcinogenic mechanisms as dominant mutational signatures observed in each cancer possibly reflect the mutagenic mechanisms during carcinogenesis (Figure 2).



As for inflammation-associated cancers in gastrointestinal organs, AID is a promising key mutagen that contributes to tumorigenesis via its DNA-editing activity. We previously demonstrated that AID is aberrantly expressed in inflamed epithelial cells in various human organs [21,58], and AID transgenic mice with constitutive and ubiquitous AID expression develop gastric cancers and hepatocellular carcinomas via the mutagenic activity of AID [67]. Moreover, analyses of mutational signatures strongly support the hypothesis that AID is involved in the development of H. pylori-related gastric cancers. In gastric cancers, the most common mutation is C:G>T:A transitions, more than half of which occur in XpCpG trinucleotides [3,4]. Such transition at the XpCpG site is the prominent mutational signature in many types of cancer, and is considered to be related to spontaneous deamination of 5-methylcytosine [13,68]. In addition, gastric cancers also have a preponderance of C:G>T:A transitions at non-CpG sites, especially at GpCpX sequences [6,7]. Interestingly, this mutational pattern corresponds well with the mutational signature induced by AID activity, suggesting the involvement of AID-mediated cytidine deamination in the induction of somatic mutations during gastric carcinogenesis. Moreover, deep sequencing on selected cancer-related genes in nontumorous gastritis mucosa revealed a strong preference for C:G>T:A transitions at GpCpX sequences, similar to those in gastric cancer tissues [7]. These findings suggest that AID consistently contributes to the development of gastric cancer from the initiation stage to the promotion stage.



In esophageal adenocarcinomas, the predominant mutational signature is T:A>G:C transversions with striking enrichment at the CpTpT site [31,33,39]. This mutational signature is relatively rare in other cancers, but some microsatellite-stable gastric cancers exhibit the same pattern [38]. These findings suggest that some factors related to duodenogastro-esophageal reflux and its resultant inflammation or unknown mutagens are associated with carcinogenesis in these regions. The fact that the essential mutations in cancer-related genes, such as TP53, CDKN2A, SMAD4 and PIK3CA, are not affected by these transversions at XpTpT sites, however, makes it difficult to understand key factors in the development of these cancers [39]. On the other hand, the predominant mutational signature of esophageal squamous cell carcinoma is C:G>T:A transitions at XpCpG and TpCpX sites, followed by C:G>G:C transversions [31,40,41,42]. C:G>T:A transitions at TpCpX sequences represent the involvement of APOBEC3B in the development of esophageal squamous cell carcinoma, consistent with the fact that APOBEC3B expression is upregulated in these tumors [41]. The cause of C:G>G:C transversions, however, remains unknown. Interestingly, C:G>A:T transversions, which are dominantly detected in lung squamous cell carcinoma, are not predominant patterns in esophageal squamous cell carcinoma [28,39]. These findings suggest that some mutagenic processes other than those associated with tobacco carcinogens are involved in the development of esophageal squamous cell carcinoma, although further investigation is needed.



The mutational patterns of hepatocellular carcinomas are quite different from those of gastrointestinal cancers, although both cancer types are deeply associated with chronic inflammation. In addition to C:G>T:A transitions in XpCpG contexts, T:A>C:G transitions in ApTpX contexts and T:A>A:T transversions in CpTpG contexts are characteristic patterns in hepatocellular carcinoma [9,13,43,44]. Recent reports indicate that these mutational patterns are associated with ancestry and sex, but not with viral status [44]. While C:G>T:A transitions in XpCpG contexts are commonly observed across all ancestry and sexes, T:A>C:G transitions in ApTpA contexts and T:A>A:T transversions in CpTpG contexts are especially increased in Japanese males and US-Asian cases, respectively [44]. These findings suggest that intra-ancestry diversity and/or environmental factors are associated with the development of hepatocellular carcinoma. Interestingly, these mutational signatures are strongly connected with transcriptional strand biases, suggesting the involvement of transcription-coupled DNA repair that operates predominantly on the transcribed strand of the genes [13,44]. Considering that transcription-coupled DNA repair generally works on bulky DNA helix-distorting lesions, unknown extrinsic mutagens may be related to hepatocellular carcinogenesis.



Although the mutation pattern of each cancer provides useful information about carcinogenic mechanisms, several kinds of mutational signatures often coexist in a particular cancer and characteristics of genetic alterations varies according to molecular and histological subtypes. For example, in gastric cancers, microsatellite-stable cancers exhibit chromosomal instability and T:A>G:C transversions at the CpTpT site; microsatellite-instable cancers have features of chromosomal stability and a large number of single nucleotide substitutions with relatively high T:A>C:G transition rates; diffuse-type cancers have relatively fewer single nucleotide variants and copy number aberrations [38]. Although subtyping of cancers by mutational signatures has not been established yet, it is expected that a cancer will be classified into some genetic subtypes based on mutational signatures and other characteristics of genetic aberrations in addition to traditional classification.





4. Conclusions


NGS technologies have uncovered not only genetic alterations of tumor tissues, but also those with low allele frequencies in noncancerous tissues. Moreover, mutational signatures determined by NGS also provide the footprints of carcinogenic processes. Interpreting mutational signatures of noncancerous tissues in combination with those of cancerous tissues will provide information about the processes of initiation and promotion of various cancers. There are various patterns of mutational signatures observed in human cancers whose mutagenic processes are not yet explained. Resolution of these remaining mysteries will be helpful for elucidating carcinogenic mechanisms.



NGS technologies have also exerted a great effect on identification of major driver genes in various cancers, however, to reveal rare remaining driver mutations may be difficult due to limits of sample sizes [69]. On the other hand, biomarkers overexpressed in cancers could derive from a small proportion of tumor cells which possess a certain genetic alteration. Thus, the NGS technologies which provide high sequencing coverage can be a powerful tool to identify such genetic aberrations and the resultant overexpression of biomarker proteins.
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