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Cancer genome sequencing studies have identified tens of thousands of somatic mutations in various human cancers to date. This data has started to generate new insights into mutation patterns and their differences between various cancers. Further, the mutation patterns have also helped to elucidate mechanism involved in generating mutations in cancer genome such as deoxyribonucleic acid (DNA)-repair processes and mutagen exposures. With the introduction of next-generation sequencing technologies, cancer genome sequencing has evolved from a targeted sequencing approach to whole-exome sequencing and whole-genome sequencing (WGS) approaches. However, each sequencing approach has its strengths and limitations. It is widely anticipated that WGS would eventually replace targeted and exome sequencing. WGS offers a unique advantage to study structural variants or rearrangements and fusion genes in a single experiment, in addition to point mutations. However, currently the WGS is still prohibitively expensive for a large number of samples. Despite these technological advances, several challenges still remain, such as discerning driver mutations from benign mutations and
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collection of high-quality primary tumour tissues to minimise tissue heterogeneity. Ultimately, a comprehensive delineation of the somatic mutations in the cancer genome would require WGS of a large number of samples from various cancer types and subtypes. Congruent to this goal, the International Cancer Genome Consortium was initiated and upon completion of the project, its data is expected to further enhance our knowledge and understanding of the biological mechanisms underlying cancer development.



Introduction Identifying somatic mutations in cancer genomes has important implications for personalised cancer medicine. These mutations include single nucleotide substitutions or variations (point mutations), small insertions and deletions (indels), and larger copy number variations and structural rearrangements (Robison, 2010; Stratton, 2011). Mutations in both oncogenes and tumour suppressor genes play an important role in the pathogenesis of cancer; hence identiﬁcation of these mutations has been a major focus in recent cancer genetics research. Notably, geﬁtinib was developed to target EGFR as a treatment for lung cancer, with the mutation status of EGFR also used to predict the therapeutic responses (Paez et al., 2004). In a similar vein, the discovery of a high mutation frequency in PIK3CA (Samuels et al., 2004) has also made the PI3K pathway one of the most attractive targets for targeted therapy. Apart from point mutations, structural rearrangement is also a common mechanism that mediates the formation of an
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‘oncogenic product’. These rearrangements usually lead to the formation of a fusion gene, which occur more frequent than previously thought in human solid cancers (Mitelman et al., 2004). Some of these fusion genes result in activation of a protein that contributes to oncogenesis, such as the BCR-ABL fusion gene which is targeted by imatinib in the treatment of chronic myeloid leukemia (Stephens et al., 2009). The ETS and EML4-ALK fusion genes were recently discovered in prostate cancer (Tomlins et al., 2005, 2007) and lung adenocarcinoma (Soda et al., 2007), respectively, and are also potential targets for the development of new cancer drugs. These examples have illustrated the importance of identifying various cancer-causing somatic mutations, and thus have prompted the investigation of the cancer genome through various sequencing approaches. As noted earlier, a comprehensive characterisation of the somatic mutation proﬁle of the cancer genome will not only help to understand the biological mechanism underlying cancer development, but also identify novel targets for cancer treatment. The number of human cancer genome sequencing studies published over the past few years has increased, driven mainly by the technological advances in sequence capture or enrichment methods, and next-generation sequencing (NGS) technologies. Several sequencing approaches to decipher the somatic mutation proﬁle of the cancer genome are available, including targeted sequencing, whole-exome sequencing (WES) and whole-genome sequencing (WGS). Table 1 summarises the large-scale targeted sequencing (up to hundreds of genes), WES and WGS studies (as on 31 October 2011) through a PubMed search. In this chapter, we review and discuss the ﬁndings of studies identifying somatic mutations of diﬀerent cancers using these sequencing approaches. We also elaborate on the strengths and limitations of each approach in interrogating the cancer genome.



Targeted Sequencing Targeted sequencing is a hypothesis-driven approach where candidate genes are often selected based on knowledge of previously reported mutated genes or their functional relevance in cancer development, such as the kinome or phosphatome. These targeted sequencing studies were previously performed using polymerase chain reaction (PCR)-based Sanger sequencing. However, the advent of custom-enrichment methods and NGS technologies has made this targeted sequencing approach more technically feasible. Up to several hundreds of genes were sequenced in these studies for diﬀerent cancer types (Dalgliesh et al., 2010; Ding et al., 2008; Kan et al., 2010). Compared to WES and WGS, the ability to study diﬀerent cancers and their subtypes is an important advantage of the targeted sequencing approach. This has been demonstrated in a study of 441 human primary tumour samples comprising breast (n=183), lung (n=134), ovarian 2



(n=58), prostate (n=58) and pancreatic (n=8) cancer types and their subtypes (Kan et al., 2010). For example, diﬀerent subtypes of lung cancer were investigated, such as nonsmall-cell lung cancer (NSCLC) adenocarcinoma, NSCLC squamous cancer and small cell lung cancer. However, as a ‘compromise’ to the large sample size that was being investigated, this study targeted only the coding exons and ﬂanking splice sites of 1507 genes, which comprised known cancer genes and druggable genes such as protein kinases, E3 ligases, deubiquitinases and G-protein-coupled receptors. It is widely anticipated that the somatic mutation proﬁle in diﬀerent cancers and their subtypes diﬀers, thus it is important to dissect their genetic heterogeneity. This also has important clinical implications, as genetic heterogeneity in tumour cells is often the cause of patients’ variability in drug responses. Indeed, mutation rates and the sets of mutated genes have been found to vary substantially across cancer types and subtypes. More speciﬁcally, Kan et al. found that an average of 1.8 protein-altering mutations per megabase (Mb) of deoxyribonucleic acid (DNA) of tumours analysed, however individual cancers and subtypes showed wide deviations from this background rate. In particular, lung adenocarcinomas and squamous carcinomas were found to have a higher protein-altering mutation rate of 3.5 and 3.9 per Mb, respectively. In contrast, prostate cancers, where  75% carried the TMPRSS2–ERG gene fusion, had a low mutation rate of 0.33 per Mb (Kan et al., 2010). These results are in agreement with an earlier study where comparison between cancer types also revealed that the number of somatic mutations per Mb (or somatic mutation prevalence) ranked highest for lung carcinoma (4.21 per Mb), gastric cancer (2.10 per Mb) and ovarian cancer (1.85 per Mb) (Greenman et al., 2007). Although these studies have documented diﬀerences in mutation rates, comparison between studies is challenging as a diﬀerent set of genes was targeted by these studies. Further, another advantage of studying a large sample size is the ability to identify recurrent mutations (i.e. identical mutations aﬀecting multiple samples) or highly mutated genes (i.e. diﬀerent mutations aﬀecting the same gene in diﬀerent samples). Indeed, a total of 37 recurrent mutations distributed in 13 genes were found in the tumours analysed, which included novel mutations in EPHB1, GSK3B and RUNX1T1 (Kan et al., 2010). This also allowed the identiﬁcation of 77 signiﬁcantly mutated cancer genes (i.e. having signiﬁcant prevalence of proteinaltering mutations). This set of signiﬁcantly mutated genes varied across cancer types and subtypes, where 19 diﬀerent genes were identiﬁed in lung squamous carcinoma, 18 in lung adenocarcinoma and 5 in small cell lung cancer. For example, a G-protein-coupled receptor such as GRM8 was mutated in 8% of NSCLC squamous subtypes and GRM1 in 7% of NSCLC adenocarcinomas (Kan et al., 2010). Similar ﬁndings were also observed in an independent study of 188 human lung adenocarcinomas. A total of 26 genes that were mutated at signiﬁcantly high frequencies
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Table 1 Summary of targeted sequencing, whole-exome sequencing (WES), whole-transcriptome sequencing (WTS) and wholegenome sequencing (WGS) studies of diﬀerent cancer types and their sample sizes Sequencing approach (number of genes sequenced) Targeted (1507 genes) Targeted (18 191 genes) Targeted (20 661 genes) Targeted (3544 genes) Targeted (518 genes) Targeted (623 genes) Targeted (86 genes) Targeted (20 661 genes) WES WES WES WES WES WES WES WES WES WES WES WES WGS WGS WGS WGS WGS and WTS WGS WGS WGS WGS WGS WGS WGS WGS WGS+WES



Cancer type



Sample size



References



Diﬀerent cancer types Breast and colorectal cancer Glioblastoma Renal carcinoma Diﬀerent cancer types Lung cancer Melanoma Pancreatic cancer Acute myeloid leukemia Bladder cancer Chronic lymphocytic leukemia Diﬀuse large B-cell lymphoma Gastric cancer Hairy cell leukemia Head and neck squamous cell carcinoma Head and neck squamous cell carcinoma Hepatocellular carcinoma Melanoma Renal carcinoma Uterine leiomyomas Acute myeloid leukemia Acute myeloid leukemia Acute myeloid leukemia Breast cancer Breast cancer Breast cancer Chronic lymphocytic leukemia Hepatocellular carcinoma Lung cancer Lung cancer Lung cancer Melanoma Prostate cancer Multiple myeloma



441 22 22 101 (5 cell lines) 210 188 29 24 14 9 5 6 22 1 32



Kan et al. (2010) Wood et al. (2007) Parsons et al. (2008) Dalgliesh et al. (2010) Greenman et al. (2007) Ding et al. (2008) Prickett et al. (2009) Jones et al. (2008) Yan et al. (2011) Gui et al. (2011) Fabbri et al. (2011) Pasqualucci et al. (2011) Wang et al. (2011b) Tiacci et al. (2011) Agrawal et al. (2011)



74



Stransky et al. (2011)



10 14 7 18 1 1 1 24 (9 cell lines) 1 1 4 1 1 2 cell line 1 cell line 1 cell line 7 38



Li et al. (2011) Wei et al. (2011) Varela et al. (2011) Makinen et al. (2011) Ley et al. (2008) Mardis et al. (2009) Link et al. (2011) Stephens et al. (2009) Shah et al. (2009) Ding et al. (2010) Puente et al. (2011) Totoki et al. (2011) Lee et al. (2010) Campbell et al. (2008) Pleasance et al. (2010b) Pleasance et al. (2010a) Berger et al. (2011) Chapman et al. (2011)



WES: whole-exome sequencing; WGS: whole-genome sequencing; WTS: whole-transcriptome sequencing.



were identiﬁed in lung adenocarcinomas where the coding exons and splice sites of 623 candidate cancers were sequenced (Ding et al., 2008). Furthermore, 12 genes were found with signiﬁcantly higher frequencies of nonsense, splice-site and frameshift mutations, suggesting that they are tumour suppressor genes aﬀected by mutations leading to truncated proteins. Although this study only investigated lung adenocarcinomas without comparison to other lung cancer subtypes, the large sample size demonstrated that lung adenocarcinomas are heterogeneous, that is, the samples were found to harbour diverse combinations of mutations, but they are common in the main pathways aﬀected by these mutations. Indeed, genetic alterations in



lung adenocarcinoma frequently occurred in genes of the MAPK signalling, p53 signalling, Wnt signalling, cell cycle and mTOR pathways (Ding et al., 2008). Through another interesting observation, the somatic mutations in the coding exons of 3544 genes have also been investigated in 101 renal cell carcinoma samples (Dalgliesh et al., 2010). The large sample size also allowed the study to prioritise genes with two or more nonsynonymous mutations for follow-up studies in 311 primary renal cell carcinoma samples comprising 246 clear cell renal cell carcinoma and 65 other samples of nonclear-cell histology. The combined initial and follow-up studies identiﬁed ﬁve genes under ‘positive selection’ (i.e. SETD2, JARID1C,
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NF2, UTX and MLL2), which is a clustering of somatic mutations in these genes, suggesting a role in cancer development. All except MLL2 were plausible functional candidates as they had strong evidence for selection by truncating mutations. More interestingly, they are histone modifying genes. Notably, 3% of clear cell renal carcinoma had somatic truncating mutations in SETD2, which encodes a histone H3K36 methyltransferase, and 3% had truncating mutations in JARID1C, which encodes a histone H3K4 demethylase. By contrast, no mutations were found in SETD2 or JARID1C in the subset of nonclear-cell cancers highlighting diﬀerences between subtypes. This two-stage study design was also applied in melanoma samples (Prickett et al., 2009). In the ﬁrst stage, exons comprising the kinase domains of all 86 members of this gene superfamily (protein tyrosine kinases) were sequenced in 29 samples. Subsequently, 19 genes which contained a total of 30 somatic mutations aﬀecting the kinase domains were examined in additional 79 melanoma samples. This led to the identiﬁcation of ERBB4 as the most highly mutated gene where 19% of the samples were found to have mutations in this gene. See also: Protein Kinases: Signatures in Cancer Collectively, these large-scale targeted sequencing studies have demonstrated their feasibility in interrogating a large sample size. The strength of a large sample size lies in its ability to (1) identify recurrent mutations and highly mutated genes, (2) delineate genetic heterogeneity within a cancer type and (3) compare the similarities and diﬀerences of somatic mutation patterns between diﬀerent cancers and their subtypes. These studies have also lent further support to the notion of genetic heterogeneity within and between cancer types. However, this targeted sequencing approach is deemed ‘incomplete’ in delineating the somatic mutation proﬁle of the cancer genome. It is not only that the noncoding regions were not studied but also that the entire set of genes was incompletely investigated. This has important implications in interpreting the results. For example, Kan et al. have estimated the mutation rates for various cancers and their subtypes and some diﬀerences were documented. However, this should be interpreted in the context of the 1507 genes sequenced in the study (Kan et al., 2010). Furthermore, targeted sequencing studies have to be supplemented with microarray experiments to interrogate structural aberrations. Additional experiments using the comparative genome hybridisation array (aCGH) were performed to obtain copy number alteration proﬁles. This led to several signiﬁcantly mutated genes and genes harbouring mutations predicted to have functional eﬀects being found to be ampliﬁed in the 441 samples of various cancer types, indicating that these genes may function as oncogenes (Kan et al., 2010). Similarly, several known tumour suppressor genes such as PTEN and CDKN2A were frequently deleted in multiple cancers, thus expanding the role of these genes in additional tumour types, which is an advantage of studying diﬀerent cancers and subtypes. Additionally, several signiﬁcantly mutated genes were also found in regions of copy number gain (EGFR and KRAS) 4



or loss (CDKN2A, PTPRD and RB1) in lung adenocarcinoma (Ding et al., 2008). See also: Comparative Genomic Hybridization



WES Although targeted sequencing studies have produced interesting results, the limitation that only a subset of genes was investigated must also be recognised. The ascertainment bias in the selection of genes may lead to overlooking key mutations in the cancer genome. Thus, this led to the concept of the WES approach, which is now more technically feasible with the developments of whole-exome enrichment kits and NGS technologies. However, the initial WES studies were conducted using traditional PCR and Sanger sequencing methods (Jones et al., 2008; Parsons et al., 2008; Sjoblom et al., 2006; Wood et al., 2007). These studies have sequenced almost all the Consensus Coding Sequence (CCDS) and RefSeq genes. PCR-based methods were used to amplify the targeted regions and then subjected to Sanger sequencing. However, this is laborious, for example, a total of 125 624 PCR primers was deigned to amplify 6196 RefSeq transcripts (Wood et al., 2007). This is not technically eﬃcient when the entire set of genes is sequenced and it is also not scalable to a large sample size. Nevertheless, these early studies have provided important information on the patterns of somatic mutations in various cancers. See also: Cancer Genome Sequencing The development of multiple commercial exome enrichment kits has circumvented the technical challenges in isolating the entire exome for sequencing. These exome enrichment kits have comprehensive coverage of the CCDS and RefSeq genes, but are varied in their extent of coverage (Clark et al., 2011; Parla et al., 2011; Sulonen et al., 2011). More speciﬁcally, the Illumina TruSeq Exome Enrichment Kit (an in-solution sequence capture method for isolating exonic regions using hybrid selection) covers 97.2% of CCDS coding exons (31.3 Mb, hg19) and 96.4% of RefSeq (regGene) coding exons (33.2 Mb, hg19). In addition to comprehensive coverage of the major exon databases, this enrichment kit also provides broad coverage of noncoding DNA in exon-ﬂanking regions (promoters and untranslated regions (UTRs)), and 77.6% of the predicted microribonucleic acid (microRNA) targets (9.0 Mb, hg19) were also captured (http://www.illumina.com/products/truseq_exome_enrichment_kit.ilmn). Thus, these enrichment methods coupled with the existing NGS technologies have made WES more technically feasible and more cost-eﬀective. As a result, a number of cancer sequencing studies have leveraged this technological advancement in interrogating the somatic mutational proﬁle in various cancers. Table 2 summarises the genes harbouring recurrent mutations and/ or highly mutated genes identiﬁed by WES studies. Each WES study has identiﬁed hundreds of somatic mutations and putative cancer genes. Some of these studies have adopted a two-stage study design with a small
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Table 2 Summary of highly mutated genes or recurrent mutations identiﬁed by whole-exome sequencing (WES) Cancer type



Highly mutated genes/recurrent mutations



References



Breast and colorectal cancer Glioblastoma



PIK3CA, FBXW7, KRAS, APC, TP53 TP53, PTEN, CDKN2A, RB1, EGFR, NF1, PIK3CA, PIK3R1, IDH1, CDK4 KRAS, NRAS, TP53, CCND1, DIS3, FAM46C, XBP1, LRRK2, PNRC1, HLA-A, MAGED1, IRF4 ATP2A2, C10orf2, CCND3, DNMT3A, FLT3, GATA2, MLL, NSD1, NPM1, NRAS UTX, TP53, CREBBP, EP300, ARID1A, RB1, HRAS, ERBB3, CHD6, LRP2, FGFR3, MLL, LAMA4, ANK2, NF1, ESPL1, NCOR1, KRAS, MLL3, ANK3, ZFHX3 BRAF ADAMTSL3, AKAP8, ANKLE2, B2M, BCL2, C12orf35, CARD11, CCND3, CD36, CD58, CD79B, CREBBP, DCHS1, DPYD, DSC3, DUSP27, EP300, EZH2, HNF1B, KDM2B, KLF2, MAGEC3, MED12L, MEF2B, MLL2, MTMR8, MYC, MYD88, MYOM2, NOTCH1, OFD1, PIM1, PMS1, PRDM1, TLL2, TMEM30A, TNFAIP3, TP53, TSC22D1 CTNNB1, TP53, ARID2, DMXL1, NLRP1 AKR1B10, BRAF, C12orf63, CCDC63, GRIN2A, KHDRBS2, PCDHB8, PLCB4, PTPRO, SLC17A5, SLC6A11, SYT4, TAS2R60, TMEM132B, UGT2B10, ZNF831 UTX, JARID1C, SETD2, PBRM1 NOTCH1,TGM7, BIRC3, PLEKHG,TP53 ARID1A MED12



Wood et al. (2007) Parsons et al. (2008)



Pancreatic cancer



Acute myeloid leukemia Bladder cancer



Hairy cell leukemia Diﬀuse large B-cell lymphoma



Hepatocellular carcinoma Melanoma



Renal carcinoma Chronic lymphocytic leukemia Gastric cancer Uterine leiomyomas



Jones et al. (2008)



Yan et al. (2011) Gui et al. (2011)



Tiacci et al. (2011) Pasqualucci et al. (2011)



Li et al. (2011) Wei et al. (2011)



Varela et al. (2011) Fabbri et al. (2011) Wang et al. (2011b) Makinen et al. (2011)



Note: This is not a complete gene list as reported by the studies. Please refer to the original article for further information of the deﬁnition of highly mutated genes/recurrent mutations in each study.



discovering sample set in the exome sequencing and subsequent screening of the mutations or promising candidate genes in a larger validation set. Of note, WES of nine transitional cell carcinomas with a follow-up study of all the somatically mutated genes in an additional 88 samples identiﬁed mutations in multiple chromatin remodelling genes in 59% of the total 97 samples (Gui et al., 2011). Mutations in the genes involved in the chromatin remodelling process were also reported in other cancers (Dalgliesh et al., 2010; Li et al., 2011; Varela et al., 2011), for example, novel inactivating mutations of ARID2 and ARID1A were discovered in hepatocellular carcinoma and gastric cancer through WES (Li et al., 2011; Wang et al., 2011b). Although WES interrogates only approximately 1–2% of the entire human genome, the several hundred somatic mutations identiﬁed have already prohibited all of them to be examined by follow-up studies in a larger sample set. As such, prioritisation criteria would be needed to select a subset of somatic mutations or genes for further studies. This was demonstrated in the WES study of transitional



cell carcinoma of the bladder where 465 predicted somatic mutations were identiﬁed in the ‘discovery phase’ (Gui et al., 2011). However, subsequent investigations focused on 328 genes that had at least one nonsilent somatic mutation and their mutation prevalence in 88 additional samples. The combined analysis of the discovery and further studies identiﬁed 54 signiﬁcantly mutated genes. It is also noteworthy that the deﬁnition of ‘signiﬁcantly mutated genes’ diﬀers from one study to another. In this study, a signiﬁcantly mutated gene was identiﬁed if the gene harboured conﬁrmed nonsilent mutations in at least two tumours and if its nonsilent mutation rate was signiﬁcantly higher than the background. Thus, a direct comparison of the results across the same cancer or diﬀerent cancers from diﬀerent studies is inappropriate due to the methodological inconsistencies. The identiﬁcation of previously wellknown genes for transitional cell carcinoma of the bladder such as TP53, RB1, HRAS, FGFR3 and KRAS, lends further credibility to the approach. Furthermore, the discovery of 49 new frequently mutated genes has
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demonstrated that WES is a powerful information generation and discovery tool (Gui et al., 2011). Through another interesting observation, 68 genes that appeared to be somatically mutated at elevated frequency, of which many are not known to be genetically altered in melanoma, were also identiﬁed by the WES approach (Wei et al., 2011). Most of the WES studies have employed an almost similar study design, analytical approach and prioritisation pipeline, however, to a diﬀerent extent of challenges and diﬃculties. Wei et al. prioritised genes for further scrutiny by searching for new recurrent mutations that occurred in at least two of the 14 samples subjected to WES. Several genes were found to harbour recurrent mutations. Follow-up investigation in an additional 153 melanoma samples identiﬁed TRRAP, which harboured a recurrent mutation in approximately 4% of the samples. This recurrent mutation is likely to be functionally important because the likelihood of the occurrence of six identical mutations (i.e. 6 out of 167 samples) is extremely low. Similarly, WES of hepatitis C virus (HCV)-associated hepatocellular carcinomas (HCC) identiﬁed ﬁve genes, which were somatically mutated in more than one sample out of 10 samples. These genes were selected for further analysis in additional samples and led to the discovery of novel inactivating mutations of ARID2. The relevance of these ARID2 mutations was not limited to HCV-associated HCC, but also to HBV-associated HCC, alcohol-associated HCC and HCC with unknown etiology (Li et al., 2011). In summary, these WES studies have proven powerful to identify recurrent mutations and highly mutated genes. These putative cancer genes warrant subsequent biological functional studies. It is widely believed that the WES approach will be the transient technology in cancer genome sequencing in the next few years, because of its costeﬀectiveness, being less challenging analytically and having the ability to study a larger sample size than WGS. Although the cost of WGS provided as a commercial service is now below USD5000, the cost incurred for data storage and analysis is still substantial, with the total cost prohibitive for individual laboratories.



WGS The advances of NGS technologies and rapidly declining sequencing costs have enabled the completion of a number of WGS studies of various cancers. A pioneering study was published in 2008, which sequenced the entire genome of acute myeloid leukaemia (AML) with normal cytogenetics (Ley et al., 2008). This and subsequent WGS studies identiﬁed an average of up to tens of thousands of somatic mutations in a single cancer genome. These studies also showed that the number of somatic mutations varies widely both within and between types of cancer. Although the numbers varied, the highest number of somatic mutations was identiﬁed in lung cancer (Lee et al., 2010; Pleasance et al., 2010b) and melanoma (Pleasance et al., 2010a), in which more than 20 000 somatic mutations were found. 6



The high mutation rate in lung cancer and melanoma supports the notion that recurrent mutagen exposure to tobacco and UV radiation mediates the occurrence of the mutations. On the other hand, approximately 1000 and 7450 somatic mutations per tumour were identiﬁed in chronic lymphocytic leukemia (CLL) (Puente et al., 2011) and multiple myeloma (Chapman et al., 2011), respectively. The number of somatic mutations per tumour identiﬁed in other solid tumours such as prostate (Berger et al., 2011) and breast cancer (Ding et al., 2010; Shah et al., 2009; Stephens et al., 2009) are comparable to that observed in nonsolid tumours (Chapman et al., 2011; Mardis et al., 2009; Puente et al., 2011). As noted earlier, diﬀerences in the number of mutations identiﬁed in these studies could be as a consequence of technical and analytical diﬀerences between the studies. As a result, a direct comparison of the ﬁnal results from different studies is not methodologically appropriate. The patterns of somatic mutations provided by WGS are useful in elucidating the mechanisms such as DNA-repair processes and diﬀerences in mutagen exposure in generating the mutations in the cancer genome. The most well-established mutation spectrum that have been identiﬁed to date are in lung cancer and melanoma. Single nucleotide substitutions such as G/C4T/A transversions are the most frequent changes observed in lung cancer (Lee et al., 2010; Pleasance et al., 2010b). It was shown that G to T transversions were strongly targeted to the nontranscribed DNA strand of the most active genes, which in turn could be eliminated from the transcribed DNA strand by transcription-coupled repair. Moreover, these transversions often occurred within CpG dinucleotides, which is consistent with the known proﬁle of TP53 mutation in lung cancers associated with smoking history (Hainaut et al., 2001). On the other hand, sequencing of melanoma cell lines (COLO-829) and tumour samples revealed mutation patterns characteristic of UV radiation, where most of the somatic base substitutions were C4T/G4A transition (Pleasance et al., 2010a; Wei et al., 2011). Among these mutations, 92% occurred at the 3’ base of pyrimidine dinucleotides, whereas CC-to-TT double substitutions represented 10% of all mutations. Both of these mutation types are characteristics of UVB-induced DNA damage (Pfeifer and Hainaut, 2011). Similarly, Puente et al. (2011) showed that the major substitution in CLL was G4A/C4T transition. Interestingly, they also found a diﬀerent mutation spectrum between IGHV-mutant and IGHV-wildtype CLL, in which IGHV-mutated cases showed a higher proportion of A4C/T4G mutations than cases with wildtype IGHV. This might imply diﬀerent molecular mechanisms during tumour development between the two groups. The context and patterns of mutations in IGHV-mutated cases was consistent with error-prone polymerase during the normal process of somatic hypermutation of IGHV genes (Puente et al., 2011). The biological basis of this mutational signature in other cancer types remains unknown and may be due to a defect in DNA repair or a shared mutagenic
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exposure (Table 3). Comparison to the whole-genome mutation spectrum reported for HCC, T4C/A4G transition could be a characteristic mutational signature of HCV-associated cancer, which would be consistent with a previous observation that HCV induces error-prone DNA polymerases that preferentially cause the T4C/A4G mutation (Machida et al., 2004). A further advantage of WGS is its ability to identify structural rearrangements compared to targeted sequencing and WES (Berger et al., 2011; Link et al., 2011; Totoki et al., 2011; Yan et al., 2011). The cancer genome is also characterised by aberrations in somatic rearrangements (Stephens et al., 2009). However, the conventional methods to identify structural rearrangements such as G-banded cytogenetics, spectral karyotyping and ﬂuorescence in situ hybridisation (FISH) are limited by their poor resolution. With the advent of multiple massively parallel sequencing-based strategies, an increasing number of structural rearrangements and fusion genes have been documented in human cancers (Table 4) (Campbell et al., 2008). For instance, fusion of DGKG-BST1 caused by a reciprocal translocation between chromosomes 3 and 4 was identiﬁed in one AML patient (Link et al., 2011). Similarly, four novel fusion genes (BCORL1-ELF4, CTNND1STX5, VCL-ADK and CABP2-LOC645332) were also found in hepatocellular carcinoma. Despite these novel ﬁndings, none of the fusion



genes were found in an additional validation set of tumours (Totoki et al., 2011). This could be due to the fact that only one sample was used in the discovery set (and the fusion genes might be unique to the samples). More interestingly, Berger et al. (2011) also reported a subset of chromosomal rearrangements showing multiple inter- and intrachromosomal location exchange breakpoint arms without any loss in total genetic material. The authors hypothesised that these events may be due to the simultaneous disruption of many co-localised chromosomes as this pattern is distinct from one in which all breaks occur as reciprocal pairs. The detection of structural rearrangements using NGS methods is more analytically challenging than point mutations. However, this could be improved through the development of more powerful analytical tools. Recently, Wang et al. (2011a) have developed an algorithm, ‘clipping reveals structure’ that uses NGS reads with partial alignments to a reference genome to directly map structural variations at the nucleotide level of resolution.



Challenges and Conclusion Although WES and WGS approaches are now technically feasible, several challenges still remain. These approaches have identiﬁed multiple novel mutations and genes for



Table 3 Summary of mutation spectra identiﬁed in diﬀerent cancer types Cancer type



Spectrum



Mutation mechanism



References



Acute myeloid leukemia Bladder cancer Breast cancer Chronic lymphocytic leukemia Diﬀuse large B-cell lymphoma Multiple myeloma Hepatocellular carcinoma Lung cancer cell line, NCIH209 Lung cancer Melanoma cell line, COLO829 Melanoma Renal carcinoma



G4A/C4T transition C/G4T/A transition C/G4T/A transition G4A/C4T transition CpG transition CpG transition T4C/A4G transition C4T/C4A transversion



Unknown Unknown Unknown Unknown Unknown Unknown DNA repair Tobacco carcinogens



Link et al. (2011) Gui et al. (2011) Ding et al. (2010) Puente et al. (2011) Pasqualucci et al. (2011) Chapman et al. (2011) Totoki et al. (2011) Pleasance et al. (2010b)



G/C4T/A transversion C4T/G4A transition C4T/G4A transition C4T/G4A transition



Tobacco carcinogens UV exposure UV exposure UV exposure



Lee et al. (2010) Pleasance et al. (2010a) Prickett et al. (2009) Dalgliesh et al. (2010)



Table 4 Fusion genes identiﬁed in diﬀerent cancer types Sequencing type WES WGS WGS



Cancer type Acute myeloid leukemia Acute myeloid leukemia Hepatocellular carcinoma



WGS WGS



Lung cancer Prostate cancer



Structural rearrangement MLL-MLLT4 DGKG-BST1 BCORL1-ELF4, CTNND1STX5, VCLADK, CABP2-LOC645332 CREBBP-BTBD12 TMPRSS2-ERG



References Yan et al. (2011) Link et al. (2011) Totoki et al. (2011)



Pleasance et al. (2010b) Berger et al. (2011)



WES: whole-exome sequencing; WGS: whole-genome sequencing. eLS & 2012, John Wiley & Sons, Ltd. www.els.net
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various cancers, but validation using other methods is required as NGS approaches are prone to false-positive results. These methods include Sanger sequencing, Sequenom, real-time PCR or FISH. In addition, selecting the most promising putative cancer genes for subsequent biological functional studies represents another challenge. Most of the top priority candidates are recurrent mutations and highly mutated genes. A further challenge is to distinguish ‘driver’ and ‘passenger’ mutations. Driver mutations confer a growth advantage and may be involved in cancer development, whereas passenger mutations may just evolve during cancer progression without any functional roles (Schweiger et al., 2011; Stratton, 2011). The characteristics of driver mutations are poorly deﬁned; however, mutations recurring in multiple samples suggest functional roles and are thus more likely to be driver mutations. Various bioinformatics and analytical tools have been developed to assess the functional consequences of somatic mutations. Despite this bioinformatics evidence, characterisation of somatic mutations in functional studies is still essential to conﬁrm their role in tumourigenesis. Accurate identiﬁcation of somatic mutations in primary tumour tissues is another critical challenge because of tissue heterogeneity due to the frequent contamination from noncancerous cells and the genetic heterogeneity between the tumour cells (Meyerson et al., 2010; Robison, 2010). In a hypothetical example to detect a heterozygous mutation, only 25% of sequence reads mapping to the locus are expected to carry the mutant allele in a clinical sample with 50% tumour content. Therefore, a much higher sequencing depth or coverage is needed to detect somatic mutations in primary tumour tissue than germline mutation. In this context, targeted sequencing and WES approaches could achieve a higher coverage than WGS, and may thus alleviate the noise resulting from poor sample purity and quality. Delineating the patterns of somatic mutations in the cancer genome requires a comprehensive interrogation of the cancer genome (the entire genome, exome or a large number of candidate genes) in an adequate sample size of up to hundreds of samples. Currently, WGS is limited by a small sample size whereas targeted sequencing is constrained by interrogating only a ‘small portion’ of the cancer genome. Thus, it is widely anticipated that WES will become a ‘transient technology’ in cancer genome sequencing until WGS becomes more cost-eﬀective and analytically feasible for hundreds of samples. A large sample size comprised of diﬀerent cancers and cancer subtypes is important to dissect the heterogeneity of their mutational proﬁles or patterns. Diﬀerent cancers or cancer subtypes are likely to share some ‘common patterns’ and have ‘speciﬁc or unique patterns’ of somatic mutations that are responsible for diﬀerent clinico-pathological features. Parallel to this aim, the International Cancer Genome Consortium was formed to sequence various cancer types and subtypes. In addition, integrative genomic analysis is desirable to dissect the complexities of cancer genomics. Integrative genomics is the discipline of integrating data 8



from multiple genomic experiments such as from transcriptomics and epigenomics experiments. This is not a new concept, but it is now greatly facilitated by NGS as these experiments can all be conducted by NGS-based methods. See also: Characterising Structural Variation by Means of Next-Generation Sequencing; Next Generation Sequencing Technologies and Their Applications Taken together, this scale of cancer sequencing project is beyond the technical and ﬁnancial capacity of a single laboratory. Thus, the International Cancer Genome Consortium will eventually obtain a comprehensive description of genomic, transcriptomic and epigenomic changes in 50 diﬀerent cancer types and subtypes (Hudson et al., 2010). Currently, the Consortium has received commitments from funding organisations in Asia, Australia, Europe and North America for 39 project teams to study over 18 000 tumour genomes. Projects that are currently funded are examining tumours aﬀecting multiple organs such as the bladder, blood, bone, brain, breast, cervix and colon. It is foreseeable that the results generated by the consortium, upon completion of the project, will further enhance our knowledge of somatic mutation proﬁles of various cancers, the molecular basis of cancers by integrating various omics data and allow identiﬁcation of potential molecular drug targets.
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