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Abstract
Genomic sequencing has provided critical insights into the etiology of both simple and complex
diseases. The enormous reductions in cost for whole genome sequencing have allowed this
technology to gain increasing use. Whole genome analysis has impacted research of complex
diseases including cancer by allowing the systematic analysis of entire genomes in a single
experiment, thereby facilitating the discovery of somatic and germline mutations, and
identification of the function and impact of the insertions, deletions, and structural rearrangements,
including translocations and inversions, in novel disease genes. Whole-genome sequencing can be
used to provide the most comprehensive characterization of the cancer genome, the complexity of
which we are only beginning to understand. Hence in this review, we focus on whole-genome
sequencing in cancer.

1. Introduction
Genomic alterations, including mutations, copy number changes and structural
rearrangements, are the hallmarks of cancer. Whole-genome sequencing (WGS) enables
investigators to identify all point mutations and structural rearrangements in place of
previous methods that were both costly and inefficient because they could only target
specific attributes. Some of alterations in the genome are germline and predispose
individuals to cancer, but most alterations in the cancer genome are somatic, and WGS
enables researchers to identify all point mutations, indels and structural rearrangements in
both germline and somatic tissues. In the past decade, revolutionary advances in genome
technology including next-generation sequencing together with advances in analytical tools
have led to an improved understanding of the mechanisms underlying cancer pathogenesis.
These advances have also enabled researchers to more accurately describe sub-
classifications of cancer, predict outcomes in cancer patients, select effective cancer
treatments and personalize cancer therapy. The technology of next-generation sequencing is
rapidly advancing, and hence in this review manuscript, we give a snapshot overview of
next-generation sequencing technologies with current information, and summarize and
discuss some of the important findings that have been generated by WGS in cancer.
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2. First generation analyses
First-generation sequencing platforms have been used to detect mutations for a limited
number of base pairs, therefore, using these platforms to sequence the whole-genome is
challenging. The detection of each type of genomic alteration without genomic sequencing
requires application of different platforms. For example, DNA microarrays are used to
detect DNA copy number alterations in the genome, whereas RNA microarrays are used to
identify transcriptomic variation, and Sanger (capillary) sequencing is used to interrogate
mutations in a small number of genes.

One of the first-generation sequencing techniques, enzymatic dideoxy DNA sequencing,
which is based on chain-terminating dideoxynucleotide analogues, was introduced in 1975
[1,2], and the second technique based on chemical degradation was introduced in 1977 [3].
In the second sequencing technique, terminally labeled DNA fragments are chemically
cleaved at specific bases and separated by gel electrophoresis [3]. These two approaches
were used to identify cancer-specific somatic mutations in the RAS gene family [4–7], and
RB1 and DPC4 mutations in human tumors [8,9]. During the two decades following the
introduction of first-generation sequencing, remarkable progress was made in the
development of automated sequencing instruments [10], which enabled the initial
sequencing of the first human genome [11]. Since then, systematic efforts have been made
to sequence gene families to identify oncogenic mutations that are targets for cancer therapy,
such as EGFR and PIK3CA [12–16].

3. Next-generation sequencing
In recent years, single-gene sequencing using first-generation approaches has largely been
replaced with comprehensive genome-wide sequencing using next-generation sequencing
(NGS) techniques, which are classified as either second- or third-generation approaches.

3.1. Second-generation sequencing platforms
The first second-generation sequencing system on the market was developed by 454 Life
Sciences (Roche) in 2005. Unlike Sanger sequencing, the Roche system depends on the
detection of pyrophosphate release on nucleotide incorporation [17]. In principle, this
pyrosequencing technique is based on “sequencing by synthesis”. Several other second-
generation approaches soon followed the introduction of the Roche approach. These second-
generation approaches include SOLID, which depends on the sequential ligation of
oligonucleotide probes; and ABI, which is sequencing by reversible dye terminators; and
Illumina, which is based on bridge enzymatic amplification. In the Roche and ABI
platforms, the amplification method and template preparation are based on emulsion PCR.
Several excellent reviews have provided a detailed discussion of the different technologies
[18–20]. Each platform generates various base read lengths and is susceptible to various
error rate and error profiles relative to those introduced in Sanger sequencing (Table 1) [21].
Improvements in error rates may be reduced with modifications of current second generation
sequencing approaches, development third-generation sequencing techniques in which
sequencing is determined directly from a single DNA molecule without the need for PCR
amplification [22]. Another approach is to develop a hybrid sequencing platform in which
the advantages of each sequencing technology are retained and the disadvantages of each
technology eliminated, and developing novel algorithms and analysis tools to integrate data
across platforms. In addition, increasing depth of coverage reduces the error rate of the
assembled sequence and improves sequencing accuracy. Using paired-end reads rather than
single-end reads could also reduce errors in the assembly. Longer reads are generally better
than shorter ones, as they reduce false positives from mapping ambiguity.
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3.2. Third-generation sequencing platforms
Currently, there are four different third–generation sequencing techniques, and there are
more under development. One of the first third-generation sequencing techniques was
introduced by Heliscope in 2007 [23]. Heliscope sequencing depends on “true single
molecule sequencing,” which allows DNA sequencing, and “one-base-at-a-time” nucleotide
technology, which allows direct RNA sequencing without cDNA library construction [24].

Another third-generation sequencing approach, single-molecule real time (SMRT)
sequencing detection, depends on a fluorescence detection system to directly detect each
nucleotide, which is phosphor-linked with distinct colors, as they are synthesized without
amplification (Pacific Biosciences). During the synthesis process, fluorescence is emitted as
the phosphate chain is cleaved, and the nucleotide is incorporated by a polymerase into a
single DNA strand. In Oxford nanopore sequencing, sequencing detection relies on the
conversion of the electrical signal of nucleotides as they pass through a nanopore, an α-
hemolysin pore covalently attached to a cyclodextrin molecule [25,26]. Another third-
generation sequencing platform is fluorescence resonance energy transfer (FRET)
sequencing detection depends on light emission (VisiGen Biotechnologies), which is real-
time single-molecule sequencing. This approach does not require cloning and amplification,
which eliminates a large part of the cost, relative to current technologies. In addition, read
lengths for the instrument are expected to be around 1 kb, longer than the most of current
platforms. Solid tumors are often composed of multiple clonal subpopulations, and complex
mixtures of cells including non-cancerous fibroblasts, endothelial cells, lymphocytes, and
macrophages. It is challenging to define clonal subpopulations and distinct non-cancerous
cell from tumor cells with second-generation platforms. Single-molecule sequencing may
overcome from this issue. The other third-generation platform is Ion Torrent semiconductor
sequencing, which is based on the release of hydrogen ions as a byproduct of nucleotide
chain elongation and the detection of pH changes by an ion sensor during DNA synthesis.

3.3. Application of next-generation sequencing
Next-generation sequencing technologies have been successfully applied to whole-genome,
transcriptome or whole-exome depending upon the type of input material to cancer samples.
If the input material is RNA, it is called whole-transcriptome sequencing. If the input
material is DNA the product of the analysis will depend upon the specification. If an initial
amplification step is employed, either targeted sequencing or whole genome sequencing can
be performed. For targeted sequencing the target can either be a region of interest or all of
the exons in the genome, or the exome. When targeted sequencing is requested, an initial
capture step is required and the targeted capture can suffer its own biases.

3.3.1. Whole-transcriptome sequencing—Whole-transcriptome sequencing (RNA-
seq) is a powerful approach to understanding cancer derived from cDNA (mRNA, total
RNA, miRNA, and others). RNA-seq can be used to 1) define known and discover novel
splice variants and expressed SNPs; 2) characterize and catalogue the transcripts expressed
within a specific cell or tissue—at a particular stage, and quantify the differential expression
of transcripts, including chimeric transcripts, generated by somatic structural genome
rearrangements; 3) identify allele-specific expression, 4) RNA-seq, 6) can also provide
additional insight into the regulation of gene transcription and RNA processing during
tumorigenesis. RNA-seq is not limited to known genes, and can be used to detect novel
transcripts, alternative splice forms, and non-human transcripts (microbiomes).

3.3.2. Whole-exome sequencing—Whole-exome sequencing (WES) began as exome
only, but with subsequent advances, more pieces of the genome including non-coding DNA
in exon-flanking regions, promoters and untranslated regions (UTRs) have been added to the
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capture kit. WES now covers a much broader range of the genome, including all coding
exons; microRNA genes; 5′ UTRs and 3′ UTRs; unannotated transcripts discovered in
RNA-seq experiments or the ENCODE project, and all “functional” portions. Sequencing
the coding exons is a powerful approach to discovering the activating somatic mutations
from specific gene families in cancer. WES is a cost-effective, high-coverage approach to
detecting activating and inactivating mutations in known coding genes across the entire
genome. Improved exome sequencing technology will be a powerful diagnostic tool to
detect known mutations in a large number of cancer samples and discover novel mutations
in the cancer genome. One limitation of exome sequencing is that it can only identify those
mutations and/or variants that are found in the coding regions of genes that affect protein
function. Unlike WGS, WES cannot identify the structural and non-coding variants (intronic
variants related to splicing and enhancer variants) associated with a disease. Genome-wide
association studies have found that >80% of cancer susceptibility-associated variants are
located outside coding regions [27]. These limitations are overcome with the whole genome
sequencing approach, which allows us to gain a deeper understanding of genetic variation
found in populations and provides information about all types of genetic and genomic
alterations found in the cancer genome. The limitation of WGS is the high cost and time
associated with sequencing the genome. On the other hand, the advantage of exome
sequencing is to the much lower burden of sequencing a very small proportion of the
genome, approximately only 1% of the sequencing requirement of WGS. This reduction in
sequencing burden allows the investigator to sequence either more samples or at higher
depth given limited resources.

3.3.3. Whole-genome sequencing—WGS provides a single approach to identifying the
full range of true somatic genomic alterations: nucleotide substitution mutations, indels,
rearrangements of repetitive elements, microbial infections, active retrotransposons, copy
number alterations, and structural rearrangements including inversions, translocations and
complex rearrangements in whole-genome. This includes the intergenic, genic, and
regulatory regions of the genome. In WGS of cancer, matched normal samples must be used
to distinguish true somatic mutations from inherited changes, and compared to a reference
genome. The number of mutations and structural rearrangements in the cancer sequence and
their absence in the matched normal sequence must be assessed to identify meaningful
differences. In addition, subclonal events can be defined using whole-genome sequencing.

One of the unique strengths of WGS is that it can be used to identify the breakpoints in
balanced chromosome translocations and inversions, and also provides information on a
genome that is orders of magnitude larger than that provided by the previous genotyping
technology, DNA arrays. For humans, DNA arrays currently provide genotypic information
on up to five million genetic variants, while WGS provides information on all six billion
bases in the human genome, of which ~4 million nucleotides are polymorphic. Of these 3.5
million are single nucleotide polymorphisms and there are additional insertion deletion
(indel) and structural variants such as inversions and microsatelites.

Tremendous effort has been put forth to develop next-generation sequencing technologies.
Such effort requires the generation of new technologies for the generation of data as well as
the development of analytical tools with high sensitivity and specificity to enhance the
discovery of mutations, indels and structural rearrangements. NGS technologies have the
potential to revolutionize our understanding of cancer as a disease of the genome. Inherited
variants that contribute to cancer susceptibility will be discovered using WGS. Thus, this
will greatly enhance our understanding of inherited disease, genetic risk factors for cancer,
and the somatic changes that initiate cancer and/or metastasis, thereby leading to improved
tumor classification and facilitate personalized therapy. NGS will lead to the development of
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screening, diagnostic, and prognostic assays, and targeted therapies, and the discovery of
predictive and prognostic biomarkers.

4. Applications of WGS
Point mutations are not the only alterations in cancer genome. Therefore tumorigenesis
results from more than mutations in genes. One of the major findings of WGS in cancer has
been the discovery of many new fusion genes, and chromosomal and complex
rearrangements. Fusion genes result from inter-chromosomal translocations and intra-
chromosomal inversions, deletions, tandem duplications and aberrant splicing. The
breakpoints that cause fusion genes are located not only between open reading frames, but
also between known genes and intergenic regions, and between open reading frames and
miRNAs.

Until recently, the identification of chromosomal translocations was mostly limited to
hematologic malignancies and sarcomas using cytogenetic methods [28]. Thus chromosomal
translocations were believed to be rare in epithelial tumors. However, this perception
changed following the discoveries of the fusion of transmembrane protease serine 2
(TMPRSS2)–ERG [(v-ets erythroblastosis virus E26 oncogene homologue (avian)] in
prostate carcinoma [29] and the echinoderm microtubule-associated protein like 4 (EML4)–
anaplastic lymphoma receptor tyrosine kinase (ALK) translocations in non-small cell lung
[30], breast, and colorectal cancers [31], and rearrangements of the transcription factor ETS
in prostate cancer [29,32]. A large and growing number of pathogenic chromosomal
translocations have since been discovered in multiple solid tumors including breast cancer,
lung cancer, prostate cancer, melanoma, hepatocellular carcinoma, pancreatic cancer,
medulloblastoma and colorectal adenocarcinoma, and hematologic malignancies including
ETP-acute lymphocytic leukemia, relapsed acute myeloid leukemia, acute promyelocytic
leukemia, and multiple myeloma [33–65].

Accumulating data reveal that solid tumors have more translocations than previously
thought. As of August 2012, of the 340,585 mutations, included in the Catalogue of Somatic
Mutations in Cancer, 170,263 are unique variants and 8,004 are fusion genes (http://
cancer.sanger.ac.uk/cancergenome/projects/cosmic/). However, most of the fused genes are
not known to be oncogenes (Supplementary Table 1), furthermore, the role that many of
these genes have in tumorigenesis remains unknown. Since the first report of WGS data and
analysis of a tumor and matching normal sample in 2008, the number of mutations, fusions,
and structural rearrangements has grown exponentially. In 2008, the WGS had only been
applied to three primary tumors; one acute myeloid leukemia and two lung cancer cell lines.
Since then, WGS data of 487 primary tumor types has been reported.

One of the very first WGS study yielded an improved classification of a hematologic
malignancy. The patient initially was diagnosed with acute myeloid leukemia (AML) and
received all-trans-retinoic acid chemotherapy treatment for this disease, until defined cryptic
fusions (APL-ATRA) were identified, that were not consistent with AML. The diagnostic
conundrum was solved when WGS detected previously unseen breakpoints that resulted in a
cryptic fusion oncogene consistent with non-ATRA-resistant acute promyeolocytic
leukemia, which had not been initially detected with cytogenetics [62]. Other findings of
fusion genes followed this clinically relevant study. For example, ETV6-ITPR2 and NFIA-
EHF fusions have been found in breast cancer [59]. ETV6 is known to fuse with different
genes to form cancer genes in leukemia [66], and ITPR2 encodes inositol-1,4,5-triphosphate
receptor type 2 which is involved in signal transduction and the regulation of cellular
calcium fluxes. NFIA is a transcription factor involved in adenovirus replication. Recurrent
MAGI3 (membrane associated guanylate kinase, WW and PDZ domain containing 3)–
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AKT3 (v-akt murine thymoma viral oncogene homologue 3) fusion has been reported in
triple-negative breast cancer [58]. AKT3 is one of the members of AKT family (AKT1,
AKT2 and AKT3). AKT is a serine/threonine-specific protein kinase that plays a key role in
multiple cellular processes such as apoptosis, cell proliferation, cell survival, and cell
migration, as well as glycogen synthesis and glucose uptake. Akt1 was originally identified
as oncogene, and has been implicated as a major factor in many types of cancer. AKT3
shares significant homology with AKT1, and so is thought to have a major role in
phosphorylation relating to cell proliferation. B2M-TCF12 fusion has been found in lung
cancer [43], PTV1-CHD7 fusion in small cell lung cancer [49], PREX2-C11orf30 fusion in
melanoma [34], and BCORL1-ELF4 fusion in hepatocellular carcinoma.

WGS facilitates the discovery of other types of gene-disrupting rearrangements, including
tandem duplication, inversions and deletions. For example, rearrangements in several known
cancer genes may have activated BRAF, PAX3, PAX5, NSD1, PBX1, MSI2 and ETV6, or
inactivated RB1, APC, and FBXW7 in breast cancer [59]. Rearrangements in other genes,
including CADM2, PTEN, and MAGI2 in prostate cancer [35], FHIT, WWOX,
MACROD2, CSMD1, MAGI2, and A2BP1 in melanoma [34] may contribute to cancer
development. Structural rearrangements in the MAGI2 have also been reported in melanoma
[34,35]. MAGI2 (membrane associated guanylate kinase, WW and PDZ domain containing
2) gene encodes a PTEN-interacting protein, indicating that PTEN modulation may play a
role in disrupting different mechanisms in prostate cancer and melanoma that had previously
not been recognized.

WGS can also be used to identify complex rearrangements. For example, complex structural
rearrangements reported in metastatic melanoma include multiple genes ETV1, CPA6,
TRPA1, C11orf30, STAU2, TTYH3, ICA1, PER4, CARD11 and PREX2
(phosphatidylinositol-3,4,5-trisphosphate-dependent RAC exchange factor 2), which
interacts with the PTEN tumor suppressor and modulates its function. Interestingly, PREX2
is one of the most frequently mutated in melanoma tumor samples [34]. This indicates that
multiple mechanisms dysregulate PREX2 in melanoma, and that PREX2 may has a distinct
function in melanoma. Another complex rearrangement with multiple genes includes ETV1,
RASGRP1, ODZ4, SUSD1, LFNG, and PREX2 in melanoma [34]. WGS also facilitates the
discovery of cancer predisposition genes and can identify novel rare variants, such as
germline mutations in ATM gene were identified in two family with hereditary pancreatic
cancer [67].

5. Significance of mutated genes in the cancer genome
WGS has revealed mutated genes in multiple tumor types. However, the number and types
of driver mutations are highly variable, likely reflecting the differential mutational pressures
on individual tumors. For example, STK11 is highly mutated in lung cancer in smokers but
not in other cancer types. On the other hand, some driver mutations are common in multiple
tumor types. TP53 is the only uniformly mutated gene with high frequency in
medulloblastoma, pancreatic cancer, breast cancer, lung adenocarcinoma, colorectal
adenocarcinoma, hepatocellular cancer, multiple myeloma, chronic lymphocytic leukemia
and secondary AML (Supplementary Table 1) [33,37,39–41,46,49,51,54,55,58,61,64,65].
Moreover, high frequencies of PIK3CA and/or PIK3R1 mutations have been found in
multiple tumor types including breast cancer, medulloblastoma, colon and rectal cancer and
lung adenocarcinoma (Supplementary Table 1).

Interestingly, recent studies have shown that some mutated genes, with either the same or
distinct mutations, are common in multiple types of cancer, such as the IDH1 mutations in
gliomas differed from those in AML. In particular, R132C mutation occurred in 50% and
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4% of AML and gliomas patients, respectively. On the other hand, R132H mutation is the
predominant variant in gliomas (88%) but has a significantly lower incidence in AML (44%)
[45,68]. However, both IDH1 and IDH2 mutations frequently occur, and predict a poor
prognosis in cytogenetically normal AML [69]. The comparative lesion sequencing of
primary tumors and their metastases revealed that a relatively small number of additional
mutations were needed to transform the precursor primary tumor into metastatic disease
[41,52]. It is crucial to define the same mutations that are common in multiple tumors that
can be used as target to therapy, additional to tumor specific mutations. For example, BRAF
is the most commonly mutated oncogene in melanoma, occurring in 50–60% of tumors and
the most prevalent mutation is a missense mutation in BRAF, which accounts for 90% of all
BRAF mutations, results in a substitution of glutamic acid to valine at codon 600
(BRAFV600E), and is the target for the BRAF inhibitor vemurafenib. Interestingly,
BRAFV600E mutation has been reported in other cancers including colon cancer, serous
ovarian cancer, lung cancer and papillary thyroid carcinoma. The question that remains to be
answered is: whether BRAF inhibitors can be used to treat other types of BRAFV600E

positive tumors and even BRAF translocation positive tumors such as occur in prostate
cancer [70]. Thus, the treatment of cancer is likely to move from organ-specific approach to
a gene-dependent one [71]. On the other hand, one therapeutic targeted therapy is likely not
enough to cure many types of tumor. Hence multiple targets may usually be needed and a
combination of therapies may be required for treatment. In addition, a combination of
different genes are often mutated in different individuals with the same type of tumor,
therefore, therapeutic targets may vary among individuals. Hence, WGS not only allows us
to identify significant mutated or driver genes, but also potential therapeutic targets, as well
as mutations that are sensitive or resistant to certain therapeutic agents, such as multiple
potential therapeutic targets were identified in non-small cell lung cancer, including EGFR,
HGF, MET, JAK2, EPHA3, BRAF, PIK3CG, IGF1R, MET, RET, FGFR1, HDAC1,
HDAC2, HDAC6 and HDAC9 mutations; fused: KDELR2-ROS1 and EML4-ALK fusions
[72].

6. Mutation rate
Sequencing studies have revealed the great heterogeneity of somatic mutations and mutation
signatures among cancer types, individual tumors of the same cancer lineage type, and
intergenic, genic, exon and intron regions, regulatory regions, 5′UTRs and 3′UTRs. The
number of mutations in tumor types is very variable. For example, in medulloblastoma, the
lowest mutation rate is 0.15–0.6 per Mb [51], in early T-cell precursor acute lymphocytic
leukemia, 0.3 per Mb [57], in chronic lymphocytic leukemia, <1 per Mb [50,55], in prostate
cancer, 0.9 per Mb [35], in multiple myeloma, 2.9 per Mb [37]. In contrast, most solid
tumors have more than one mutation per one million bases: in colorectal adenocarcinoma
the frequency is ~5.0 per Mb [33], in hepatocellular carcinoma, it is 4.2 per Mb [40], in
breast cancer, it is 1.18–1.66 per Mb [39,58], and the highest rates occur in melanoma, ~ 30
per Mb [34] and in lung cancer, 17.7 per Mb [43], in small-cell lung cancer, 7.4 per Mb
[73]. The variations in mutation rate are also correlated with disease subtypes. For example,
the mutation rate in chronically ultraviolet radiation-induced melanoma is 111 per Mb
whereas the mutation rates in non-ultraviolet radiation-induced melanomas on the hairless
skin of the extremities and on hair-bearing skin are only 3–14 and 5–55 per Mb, respectively
[34]. In some cancers, the mutation rate is correlated with treatment sensitivity or resistance.
For example, the mutation rate in aromatase inhibitor-resistant breast cancers is 1.62 per
Mb, whereas the mutation rate in aromatase inhibitor-sensitive breast cancer is 0.824 per
Mb. In colon cancer, the mutation rate in the microsatellite stable group (MSS) is 2.8 per
Mb, whereas the mutation rate in the microsatellite instable (MSI) group is 47 per Mb [65].
In non-small cell lung cancer, the mutation rate is significantly higher in smokers (median
10.5, range 4.9–17.6) compared to never-smokers (median 0.6, range 0.6–0.9) [72].
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Similarly, for analyses restricted to lung adenocarcinomas, mutation rates were significantly
higher in smokers (median 9.8, range 0.04–117.4) compared to never-smokers (median 1.7,
range 0.07–22.1) [74]. The prevalence of mutation may be associated with age at diagnosis
and telomere length as shown in metastatic neuroblastoma [75], and with environmental
exposure as discussed in the aforementioned examples, and with transposons. Mutation
prevalence may also be associated with other alterations like structural rearrangements in the
genome. For example, the number of mutated genesis much higher in smokers (KRAS,
TP53, BRAF, JAK2, JAK3) compared to never-smokers (EGFR), but nonsmoking lung
cancer is associated with the prevalence of more fused genes (ROS1 and ALK fusions) [72],
indicating that some tumors may be translocation driven while others are affected primarily
by mutations. The most important goal for an individual and the clinician is to identify
therapeutic targets for each tumor.

The mutation rates in exonic, intronic, intragenic, intergenic, and regulatory regions vary. In
general, mutation rates are higher in introns compared to exons, and intragenic regions
compared to intergenic regions. In multiple myeloma, for example, the mutation rate in
coding regions is significantly lower than that in both intronic and intergenic regions and
lower mutation rate in intronic regions compared to intergenic regions, and mutations in
regions with non-regulator potential are more common mutations in regions with regulator
potential [37]. Significantly fewer mutations occur in the genic (intronic, non-coding exon,
and coding exon) regions than in the intergenic regions in hepatocellular cancer [53]. In
colorectal carcinoma, the mutation rate in intergenic regions (6.7 per Mb) is higher than that
in intronic and exonic sequences (4.8 and 4.2 per Mb, respectively) [33]. In small-cell lung
cancer, mutation in coding regions (0.6%) is lower than non-coding, transcribed regions
(0.8%), intronic regions (28%) and intergenic regions (70%) [49].

Coding DNA comprises a very small portion (1.5%) of the human genome and the
remainder of the genome (98.5%) consists of noncoding DNA (ncDNA). The amount of
ncDNA in organisms increases with the organisms’ complexities (e.g., 0.25% of the
prokaryote). Rather than being junk DNA, ncDNA likely represents the biological
complexity of living organisms and is a main force driving diversity among organisms and
even individuals. The discovery of endogenous small interfering RNA, microRNA, long
interspersed noncoding RNA (lincRNA), promoter-associated small RNA and terminator-
associated small RNA, transcription start site-associated RNA, and transcription initiation
RNA may be only the tip of the iceberg. These RNAs represent part of interspersed and
crosslinking pieces of a complicated transcription puzzle [76] and may correlate with
disease predisposition, therapy response, and/or disease outcome. Indeed, mutations have
been found to be more prevalent in intergenic regions than genic regions, it would follow
that mutations occur more frequently in intergenic regions than in genic regions. The
mechanisms underlying this biased distribution of mutation rate phenomena are unknown.
Mutation rates in transcribed strands have recently been found be lower than those in non-
transcribed strands in a small-cell cancer cell line [43,49], and cutaneous melanoma, but not
acral melanoma [34]. A transposable element (TE) is a DNA sequence that can change its
relative position within the genome of a single cell. Therefore transposition can create
phenotypically significant mutations and insertions [77]. It is not surprise to find TE
insertions in genes that are commonly mutated in cancer, and more commonly in introns or
UTRs in epithelial tumors [77].

7. Gene-environment interactions in human cancers
In humans, cancer can be caused by environmental factors, including physical and chemical
agents, diet and nutrition, lifestyle risk factors such as tobacco and alcohol use, and micro-
environmental conditions acting at a systemic, tissue or cellular level, such as chronic
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infections, inflammation, or irritation [78,79]. All these factors can generate “mutation
signatures” in the genome of human cells. A recent analysis of comprehensive catalogs of
mutations of different types of tumors revealed that characteristic mutational patterns can be
related to carcinogen exposures, environmental risk factors, and DNA repair processes. For
example, G>T/C>A transversions, which are predominant in smoking-associated lung
cancer, elicit a pattern compatible with DNA damage induced by tobacco carcinogens such
as benzo[a]pyrene diolepoxide, and polycyclic aromatic hydrocarbons [43,49,80,81]. These
mutations are enriched at CpG dinucleotides and exhibit a transcriptional strand bias, which
is indicative of a past activity of transcription-coupled nucleotide excision repair on bulky
adducts of guanine in response to tobacco carcinogens [79]. Similarly, in ultraviolet
radiation-associated skin cancers, C>T and CC>TT transitions are the most common
nucleotide substitutions and are consistent with damage from ultraviolet irradiation. These
transitions occur at dipyrimidines, which are indicative of the formation of pyrimidine
dimers following DNA exposure to UV radiation [34,49,82,83], and show transcriptional
strand bias due to the action of transcription-coupled repair of UV-induced C>T transitions
and pyrimidine dimers. Other examples of exogenous exposures leading to distinctive
mutational patterns include G>T transversions in aflatoxin B1-associated hepatocellular
carcinomas [84] and A>T transversions in urothelial tumors from patients exposed to
aristolochic acid [85].

C>T transitions are the most common mutations in the genome of both primary and relapsed
acute myeloid leukemia (AML). The transversion frequency of relapse-specific mutations is
significantly higher than that of primary tumor mutations (P=3.71×10−11), indicating that
chemotherapy has a substantial effect on the mutational spectrum at relapse [38].

8. Conclusion and future directions
Next-generation sequencing will have an increasingly profound impact on medical research.
Accumulated data from next-generation sequencing has been used to characterize novel
mutations and structural rearrangements in the genome, leading to the discovery of
previously unrecognized genes. Hundreds to thousands of mutations are present in the
genome of a tumor; the prospect of assigning relevance to each and distinguishing drivers
and passengers is a daunting task. Functional studies using in vitro and in vivo experimental
models are needed to decipher the biological significance of mutations and structural
rearrangements, and translational studies are needed to decipher their clinical consequences
and to translate this genetic information into the clinic (therapies that benefit patients,
classification of tumors, diagnosis and monitor prognosis of disease). The accurate
assessment of different tumor types’ background mutation rates and mutation signatures is
crucial and to the analysis of significantly mutated genes and pathways. Improvements in
NGS technology and analysis tools will facilitate the accurate assessment of mutations and
structural rearrangements in cancer. Until now, only the tip of the iceberg of the genome has
been characterized. To better understand of the cancer genome, more tumor and paired
normal samples and even multiple samples from each tumor need to be sequenced. On the
other hand, tumor heterogeneity is a challenging issue. Improving the single molecule
sequencing and using this technology to sequence whole-genomes may provide clearer
views about tumor heterogeneity. Improving the effective diagnosis and treatment of cancer
patients requires a better understanding of genic structures, genomic structure, the biology of
genes, and tools and strategies for integrating findings from multiple studies. In addition,
standards are needed to establish quality to WGS/NGS to use for clinical practice. Such
standards should be platform-independent and include 1) gold standards that guide sample
collection, storage, and DNA or RNA quality; 2) quality control metrics; 3) definitions of
the metrics that will remove the need for a second method of follow up; 4) analytical tools
that can easily compare or integrate platforms; 5) analytical tools that quick and easily
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provide reliable output data: and 6) standards for developing high-throughput functional
methods.

WGS allows researchers to detecting all of the disease-related genetic variants, regardless of
the genetic variant’s prevalence or frequency, which will enable emerging medical fields of
predictive medicine that use genomic information to predict individuals risk to develop
diseases and attempt to either minimize the impact of that disease or avoid it,. Next
generation sequencing facilitates personalized medicine by identifying the mutations that are
associated with the disease and that serve as targets for treatment.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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