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a  b  s  t  r  a  c  t

DNA  sequencing  is now  faster  and  cheaper  than  ever  before,  due  to the  development  of  next  generation
sequencing  (NGS)  technologies.  NGS  is  now  widely  used  in  the  research  setting  and  is becoming  increas-
ingly  utilised  in  clinical  practice.  However,  due to evolving  clinical  commitments,  increased  workload
and  lack  of training  opportunities,  many  oncologists  may  be  unfamiliar  with  the  terminology  and  tech-
nology  involved.  This  can lead  to oncologists  feeling  daunted  by  issues  such  as  how  to  interpret  the  vast
amounts  of  data  generated  by NGS  and  the  differences  between  sequencing  platforms.

This  review  article  explains  common  concepts  and  terminology,  summarises  the  process  of  DNA
sequencing  (including  data  analysis)  and  discusses  the  main  factors  to  consider  when deciding  on  a
sequencing  method.  This  article  aims  to improve  oncologists’  understanding  of  the  most  commonly  used
sequencing  platforms  and  the  ongoing  challenges  faced  in  expanding  the  use  of  NGS  into  routine  clinical
practice.

©  2015 Elsevier  Ireland  Ltd.  All  rights  reserved.

. Introduction

Advances in DNA sequencing technology have revolutionised
enomic research. It took more than a decade and approximately
S$3 billion to sequence the first draft of the human genome using
anger sequencing, whereas whole genome sequencing can now
e performed in less than 24 h for under $1,000 (Morey et al., 2013;
ational Human Genome Research Institute, 2013; Hayden, 2014).

A good understanding of genomics is critical in oncology, due to
he importance of genetic abnormalities in cancer development and
rogression. Genetic abnormalities can be predictors of a patient’s
rognosis (e.g. acquired BRAF mutation confers a poor prognosis

n metastatic colorectal cancer (Sclafani et al., 2013)) or identify
atients who have an increased susceptibility to cancer, e.g. inher-

ted mutations in the BRCA1 and BRCA2 genes are associated with
ncreased risk of developing breast cancer (Ford et al., 1998). In
ddition, genetic alterations can also determine suitability for anti-
ancer drugs, particularly when they exhibit oncogenic addiction to
pecific cell-signalling pathways, e.g. vemurafenib for BRAF-mutant
elanoma, crizotinib for ALK-translocated lung cancer and panitu-
umab  for RAS wild-type colorectal cancer (Chapman et al., 2011;
ouillard et al., 2013; Shaw et al., 2013). DNA sequencing is now
idely used in the research setting, e.g. whole genome or whole

xome sequencing has been performed on large cohorts in a num-
er of cancers (including leukaemia, glioblastoma, oesophageal,
ancreatic and colorectal cancers) as part of international collabo-
ative projects such as the Cancer Genome Atlas (TCGA) and the
nternational Cancer Genome Consortium (ICGC), and it has the
otential of being utilised in clinical practice (Biankin et al., 2012;
ancer Genome Atlas Network, 2012; Dulak et al., 2013; Parsons
t al., 2008).

However, many oncologists have received limited training in
enomics and therefore may  not be aware of the capabilities and
hallenges of sequencing technologies. This review aims to pro-
ide clinicians with the information required to understand the
rinciples of DNA sequencing, including an explanation of the main
erminology, an overview of the sequencing process and data inter-
retation, a comparison of the different sequencing platforms and

 discussion of some of the ongoing challenges in incorporating
equencing into routine clinical practice. This review does not aim
o provide detailed technical information regarding sequencing
echniques, but this information can be found in other articles
Clark et al., 2011; Liu et al., 2012; Meldrum et al., 2011; Quail et al.,
012; Voelkerding et al., 2009).

. Essential terminology

acid (DNA) is the basic unit that encodes the genetic instructions
required for functioning of all living organisms. DNA is a double-
stranded helix comprised of four nucleotides containing different
bases: adenine (A), guanine (G), cytosine (C) and thymine (T). These
DNA strands, containing all the information that a cell needs to
function, are organised in chromosomes. The double-strand struc-
ture is based on complementarity of the bases that form the DNA,
e.g. adenine pairs with thymine and guanine pairs with cytosine, to
form units called base pairs (bp). The DNA provides the template
that is used to create ribonucleic acid (RNA), including messenger
RNA (mRNA) by a process called transcription (The Translational
Research and Personalised Medicine Working Group, 2015). This
mRNA is subsequently translated into a chain of amino acids to
form a protein by a process called translation. A codon is a set of
three consecutive bases, and each codon can be translated into a
particular amino acid or indicates the end of the protein (e.g. the
codon GTC corresponds to the amino acid valine and TAG is one of
the three stop codons).

A “genome” is a complete set of chromosomal DNA, and in
humans it comprises approximately 3 billion base pairs organ-
ised into 23 pairs of chromosomes. However, not all of these base
pairs are involved in coding for proteins, as the genome consists
of protein-coding regions (exons) and non-coding regions (introns
and intergenic regions). The complete set of protein-coding regions
is termed the “exome” and represents approximately 1–2% of the
genome.

Mutational signatures can also be identified. A mutational sig-
nature is a pattern of mutations caused by a particular mutational
process, such as exposure to tobacco carcinogens or defective DNA
repair (Alexandrov et al., 2013). Most cancer types contain at least
two mutational signatures, and although some signatures are con-
fined to one type of cancer, others are found in multiple cancer
types.

3. Genetic variations

3.1. Single nucleotide variation (SNV)

SNVs, also referred to as “substitutions”, occur when one base is
substituted for another (e.g. an adenine for a cytosine). This changes
the DNA at a single point (and therefore is also known as a “point”
mutation). The effect of this point mutation can vary dramatically
and also determines its classification. Mutations can be classed
as “missense” (non-synonymous), “silent” (synonymous) or “non-
sense.” A missense mutation results in a change from one amino
acid to another, e.g. a change from GTA to GAA would cause the
In order to understand DNA sequencing, it is essential to have
 good understanding of the basics of genetics. Deoxyribonucleic
amino acid to change from valine to glutamic acid. A silent mutation
does not result in a change in the amino acid as there is redundancy,
with many amino acids being coded for by a number of different
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odons. For example, a mutation from CGT to CGC would still lead
o the production of arginine because both of these codons repre-
ent arginine. A nonsense mutation results in the introduction of a
remature stop codon. For example, a mutation from TCA to TAA
esults in the production of the stop codon TAA rather than the
mino acid serine. This could lead to a smaller protein being pro-
uced, as DNA after the stop codon would not be translated, and is

ikely to substantially affect the protein’s function. For example, in
olorectal cancer a high proportion of point mutations in APC lead
o the introduction of a stop codon, leading to impaired binding to
-catenin and axin (Cottrell et al., 1992; Smith et al., 2002).

If the mutation leads to a change in the amino acid, this may  or
ay  not have a significant effect on the final protein produced and

ts function. Some changes may  have a minimal effect or no effect
t all on the protein. Other changes may  result in abnormalities
n protein folding, or in the protein’s ability to bind to receptors or
ther molecules. Mutations in protein binding sites or active motifs
e.g. tyrosine kinase domains) may  have a particularly significant
ffect on a protein’s function. For example, the BRAF V600E muta-
ion changes the amino acid at position 600 from a valine (V) to a
lutamic acid (E). This mutation occurs in the activation segment
f the kinase domain, destablising the conformation that usually
aintains the kinase in an inactive state, and results in constitutive

inase activation (Cantwell-Dorris et al., 2011).

.2. Insertions and deletions

Other variations are called indels, which is an abbreviation of
nsertions or deletions. This means that one or more bases has
een inserted into the sequence, or deleted from the sequence. This
an result in “frameshift” mutations if the number of nucleotides
nserted or deleted is not multiple of 3 (the size of a codon). For
xample, if an extra base is inserted then this will mean that each
odon thereafter will start in a slightly different place (new “frame”)
nd therefore the amino acid sequence from this point onwards in
he protein will change. Conversely, if the number of nucleotides
nserted or deleted is a multiple of 3 (“in frame”), this will simply
hange, add or delete one or more amino acids, without altering
he remaining sequence of the protein. In most cases, frameshift

utations result in the appearance of a premature stop codon and
herefore tend to be deleterious as the mutant protein will not have
he original function. In contrast, “in frame” mutations can simply
nhance, transform or reduce the function of the original protein.
or example, in-frame deletions in exon 19 of EGFR occur in approx-
mately 48% of patients with EGFR-mutated non-small cell lung
ancer (Mitsudomi and Yatabe, 2010). This leads to increased phos-
horylation of EGFR without ligand stimulation and is associated
ith increased sensitivity to EGFR tyrosine kinase inhibitors such as

rlotinib and gefitinib (Mitsudomi and Yatabe, 2010). Insertions in
xon 20 of EGFR are usually in-frame insertions and/or duplications
f 3–21 base pairs (Arcila et al., 2013). This can affect the bind-
ng of erlotinib and gefitinib and confers resistance to these agents
Arcila et al., 2013). In contrast, common deleterious mutations in
RCA1 include small frameshift insertions or deletions which intro-
uce a premature stop codon and therefore protein truncation and

mpaired protein function (Borg et al., 2010).

.3. Structural variations and copy number changes

Genomic changes can also occur on a much larger scale than just
hanges in a single nucleotide. Copy number variations (CNV) occur
hen large areas of a gene or chromosome (or entire chromosomes)
re deleted or duplicated, e.g. due to structural rearrangements
uch as inversions and translocations, tandem duplications or chro-
osomal gains or losses. This can lead to changes in the level

f expression of genes in the area affected and are important in
logy/Hematology 96 (2015) 463–474 465

the development and progression of cancer (Zack et al., 2013). For
example, HER2 amplification is associated with a poor prognosis
and response to trastuzumab in patients with breast cancer (Gajria
and Chandarlapaty, 2011; Slamon et al., 1987) and PTEN deletion
leads to dysregulation of the phosphatidylinositol-3-kinase (PI3K)
pathway and a poor clinical outcome for patients with prostate
cancer (Krohn et al., 2014).

In addition, chromosomal rearrangements and translocations
can occur, leading to genes being re-localised into other areas of
the genome. These translocations normally have functional conse-
quences, as they can lead to fusion genes (where one part of a gene
is “fused” with another) that will translate into chimeric proteins
(with abnormal function), or they can lead to a gene being con-
trolled by a different promoter or enhancer region that can alter
significantly the expression of the protein. For example, EML4-ALK
fusion genes are seen in up to 7% of non-small cell lung cancers
(Koivunen et al., 2008; Kwak et al., 2010). These occur when an
approximately 13 Mb  section of chromosome 2 is inverted, result-
ing in a fusion between the anaplastic lymphoma kinase (ALK)
gene and the echinoderm microtubule-associated protein-like 4
(EML4) gene, promoting dimerisation and constitutive kinase activ-
ity (Koivunen et al., 2008; Kwak et al., 2010).

3.4. Polymorphisms

A polymorphism is a DNA sequence variation that commonly
occurs in the population. Whether a genetic variation is called a
mutation or a polymorphism is determined by the frequency in
which it occurs in the population, and an arbitrary cut-off level of 1%
is used. This means that a variation is termed a polymorphism if it
occurs in >1% of the population, and is termed a mutation if it occurs
in <1% of the population (Crawford and Nickerson, 2005; Erichsen
and Chanock, 2004). Single nucleotide polymorphisms (SNPs) are
the most frequently occurring types of SNVs and represent a change
in a single base. Many SNPs occur in non-coding regions of the
genome and the majority of SNPs have no known clinical signifi-
cance (Venter et al., 2001). However, other SNPs may  be associated
with response to drugs or to the risk of developing certain diseases,
although it can be difficult to determine the causative SNP as many
SNPs are correlated with one another (Crawford and Nickerson,
2005; Erichsen and Chanock, 2004). Variations other than SNVs can
be polymorphic, including indels and copy number variations.

3.5. Germline and somatic mutations

A key aspect in the analysis of genetic variation in cancer is
to identify the nature of the mutations, as these can be inher-
ited or occur early in the embryogenesis process (also referred
as germline) or acquired exclusively in the cancer cells (normally
referred to as somatic). Examples of germline mutations are those
that confer a significant risk of developing particular types of can-
cer, such as BRCA1/2 mutations associated with breast and ovarian
cancer, or TP53 mutations in Li-Fraumeni syndrome. Most muta-
tions in cancer are somatically acquired and are therefore not
present in normal tissue from the same patient.

4. The consequences of genetic abnormalities

Understanding the different types of genetic abnormalities is
important because it helps in the understanding of the limita-
tions of the technology employed to characterise them. Sanger

sequencing is useful for substitutions and small insertions or
deletions. However, it is more challenging to identify large
insertions/deletions or other structural variants using Sanger
sequencing and therefore other techniques such as fluorescence
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n situ hybridisation (FISH) and comparative genomic hybridisation
CGH) may  be employed.

It is important to remember that even if an abnormality leads to
 significant impact on a particular protein, this may  be of vari-
ble biological or clinical significance due to the complexity of
he mechanisms involved in cancer. Some proteins may  be key
omponents of a particular cell-signalling pathway, and therefore
nything that affects their function may  have significant biological
onsequences and result in cancer growth or metastasis. When can-
er cells are particularly driven by a specific gene, this phenomenon
s referred to as “oncogenic addiction” (Weinstein and Joe, 2006).
or example, BRAF mutant melanoma cells are dependent on the
RAF-mutant protein to continue their proliferation, and targeting
utant BRAF with vemurafenib has resulted in significant clinical

fficacy (Chapman et al., 2011).
Other proteins may  be of less importance as, for example,

bnormalities in their function may  be compensated for by other
ignalling pathways which may  be correspondingly up- or down-
egulated or they lose their significance due to intra-tumoural
eterogeneity (Crockford et al., 2014; Gerlinger et al., 2012). It
as become increasingly apparent that the molecular profile of

 tumour can vary, not only between the primary tumour and
etastatic sites, but also between different areas of the same

umour and between individual cancer cells (Meric-Bernstam and
ills, 2012). Therefore, establishing the clinical significance of a

ingle genetic abnormality identified from a biopsy of a single
umour region is challenging. One method of visualising intratu-

our heterogeneity is the “trunk-branch” model, in which the
runk contains driver mutations which are present in all tumour
ubclones, whereas the branches contain a variety of mutations
hich are not present in all tumour regions (Yap et al., 2012). This

s an important concept, as drugs targeting mutations in a partic-
lar “branch” will not be effective in tumour regions which do not
ontain these mutations. Therefore, although genetic sequencing
an provide information on the frequency of a mutation in the DNA
ample analysed, this may  not be representative of other areas of
he tumour.

Furthermore, the molecular profile of a tumour can change over
ime and in response to treatment, leading to the acquisition of
enetic abnormalities that confer resistance to therapeutic agents.
or example, the development of mutations in NRAS or MEK  can
esult in acquired resistance to vemurafenib in patients with BRAF
utant melanoma (Trunzer et al., 2013), and amplification of KIT

an reduce the sensitivity of non-small cell lung cancers to crizo-
inib (Katayama et al., 2012).

Trials of molecular screening to stratify patients for targeted
herapies have not yet shown any significant patient benefit,
owever these studies have important limitations including the

nclusion of heavily pre-treated patients, the use of exploratory
iomarkers to select treatment and the allocation of patients to
otentially non-biologically active doses due to the nature of phase

 studies (Andre et al., 2014; Dienstmann et al., 2012).

. Sequencing techniques

.1. Sanger sequencing

Sanger sequencing, developed in the 1970s, is the most widely
sed method of DNA sequencing and was used to sequence the
rst genome (a bacteriophage) in 1977 and by the Human Genome
roject (Lander et al., 2001; Sanger et al., 1977a,b). An overview

f Sanger sequencing is shown in Fig. 1. The first step in Sanger
equencing involves amplifying the DNA sequence. Chemically
ltered bases called di-deoxy nucleotides are introduced together
ith normal nucleotides, resulting in random termination of the
Fig. 1. Overview of Sanger sequencing.

DNA when a di-deoxy base is incorporated. This results in produc-
tion of all possible fragments of the target sequence. The fragments
are sorted by their molecular weight (Sanger et al., 1977b). This was
originally performed by gel electrophoresis, but this has now been
replaced by capillary electrophoresis (Swerdlow and Gesteland,
1990). Each di-deoxy base is labelled with a fluorescent dye allow-
ing the last base to be determined by a laser, producing an ordered
read of the nucleotides present in the original DNA sequence.

5.2. Next generation sequencing

Sequencing “throughput” refers to the number of DNA
sequences which can be read with each sequencing reaction.
Sanger sequencing has a low throughput and therefore the
sequencing power is low. To combat the limited throughput with
Sanger sequencing, newer sequencing technologies were devel-
oped (Bentley et al., 2008; Eid et al., 2009; Margulies et al., 2005;

Ronaghi et al., 1996; Rothberg et al., 2011; Shendure et al., 2005).
These technologies have been collectively referred to as “next
generation sequencing” (NGS) or “massively-parallel sequencing”
(MPS). The main difference between Sanger sequencing and NGS
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Fig. 2. Overview of n

s that NGS sequences millions of small DNA fragments at the
ame time (i.e. in parallel) and therefore dramatically increases the
hroughput per reaction. The current next generation sequencing
s “second generation sequencing,” while newer “third generation”
equencing platforms also known as “single molecule sequencing”
an remove the need for polymerase chain reaction (PCR) and need
uch less starting material but are currently less well established

nd their advantages over second generation platforms have not
et been established (Schadt et al., 2010).

The precise sequencing process varies depending on the individ-
al sequencing platform used, but the general steps are as follows
see Fig. 2):

.2.1. Creation of a sequencing library
There are two main methods of detecting variations by NGS:

 targeted amplicon-based approach or a hybridisation-capture
pproach. These approaches determine how the sequencing library
s created. Amplicon-based sequencing involves PCR with two
rimers flanking the DNA regions of interest (the “amplicons”)
enerating the sequencing library. Many samples can be analysed
imultaneously by changing the ends of the primers, creating mul-
iple ‘barcodes’ that can be used to identify the DNA fragments
or each sample. Amplicon-based sequencing is quick but provides
imited results, whereas hybridisation-capture enables the analy-
is of larger amounts of DNA without the limitation of knowing the
recise sequence of the flanking regions.

In contrast, a hybridisation-capture approach uses a “capture
robe” to bind to the DNA sequence of interest, allowing for enrich-
ent of the regions of interest, to create the sequencing library. For

he hybridisation-capture approach, the basics of sample prepa-
ation are the same regardless of whether the samples will later
ndergo genome, exome or targeted sequencing. The first step in
he library preparation is to produce manageable fragments of DNA.
his can be achieved either mechanically (usually by sonication)

r by enzymatic digestion of the DNA.The fragment size required
epends on the sequencing platform which will be used and the
ype of sample used. Following fragmentation, the DNA ends are
epaired and adaptors are ligated onto the ends using a series of
neration sequencing.

enzymatic steps. Tagmentation is a newer alternative to fragmen-
tation and uses an enzyme to simultaneously fragment and tag the
DNA with adaptors.

5.2.2. Sequencing reactions and detection
The next step is to amplify the DNA so that the signal is strong

enough to be detected during the sequencing. This is done by a pro-
cess called PCR. PCR involves heating the DNA so that it separates
into two  strands. An enzyme called Taq DNA polymerase uses the
strands as templates to synthesize new DNA strands, which can be
used to create more copies of the DNA. The process is repeated,
creating more and more copies of the original DNA strands. The
exact details of the PCR technique used varies on the sequenc-
ing platform, e.g. Roche and Life Technologies use emulsion-PCR
(emPCR) and Illumina use bridge-PCR. In emPCR, DNA fragments,
primer-coated beads and other reagents required for PCR are mixed
together, resulting in one DNA fragment being captured onto each
bead. These beads are suspended in a water-in-oil emulsion, with
each emulsion droplet containing one bead and its associated DNA
fragment. The DNA fragments are amplified by PCR and this means
that each bead is coated with millions of copies of the DNA frag-
ment (Dressman et al., 2003). The beads are then placed into wells
ready for sequencing.

In bridge-PCR, a flow cell is coated with oligonucleotide probes.
Each dsDNA fragment has two different adapters at each end. The
DNA binds to the flow cell at one end and bends over to bind at
the other end too, creating the bridge. The strands of the dsDNA
separate and each is filled in with the complementary strand,
recreating the dsDNA. The process is repeated several times cre-
ating a localised cluster of molecules that are identical to the first
(Bentley et al., 2008). Both emPCR and bridge-PCR allow millions
of microreactions to occur at the same time on each spatially sepa-
rate template, but there is the potential for errors to be introduced
at this stage as the DNA polymerases are not 100% accurate and

therefore sequence changes can be introduced (Mardis, 2011).

Each NGS instrument processes the wells or flow cells con-
taining the immobilised DNA templates. Nucleotides are added
and detected, the reagents are then washed/removed and new
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Fig. 3. Simplified overview of referenc

ucleotides are added. This process is repeated on a nucleotide
y nucleotide basis until the whole DNA template has been
equenced. The different sequencing platforms use different tech-
iques to detect the signal produced when each nucleotide is added.
he Roche 454 platform uses a technique called pyrosequencing
Ronaghi et al., 1998). The addition of a nucleotide results in the
elease of pyrophosphate. The pyrophosphate is converted to ATP,
hich in turn converts luciferin to oxyluciferin and generates visi-

le light. The light is detected by a camera and is seen as a peak in
he raw data output. The amount of light generated is dependent on
he amount of incorporated nucleotides, and therefore the higher
he peak, the greater the number of nucleotides incorporated. In
ontrast, the Illumina platforms use a reversible dye terminator
equencing by synthesis technique. This technique involves attach-
ng a fluorescent label to each nucleotide (one colour per base).

 camera captures an image of the fluorescent colours and each
olour is used to identify its corresponding nucleotide. (Liu et al.,
012). Unlike the Roche 454 and Illumina platforms, the Life Tech-
ologies Ion PGM and Ion Proton platforms do not detect optical
ignals, but instead measure changes in voltage. The addition of a
ucleotide causes the release of a hydrogen ion. This lowers the pH
f the surrounding solution and the change in pH is detected by
n ion-sensitive transistor. The more nucleotides added, the lower
he pH and the higher the voltage detected. This process is called
emiconductor sequencing (Liu et al., 2012).

. Interpreting sequencing data

.1. Overview of data output

NGS generates large amounts of data and data interpretation
emains a huge hurdle in the implementation of routine NGS. For
xample, the size of the data file generated by sequencing the whole
xome of one patient is approximately 8 Gb, and a whole human
enome is approximately 150 Gb (Strand Scientific Intelligence Inc.,
013). It has been suggested that every dollar spent on sequencing
ardware needs to be matched with a comparable investment in

nformatics (Perkel, 2011), and there are a large variety of bioinfor-
atics tools and software available.
“Base-calling” converts the raw data produced by the sequenc-

ng instrument into sequences of bases. The initial data output
rom any instrument is usually in the form of a text file in the
ASTQ format (which also contains information on quality and
ther parameters) (Cock et al., 2010). This file contains millions
f “reads.” A “read” is a short sequence of letters that correspond
o nucleotides (A, T, G and C). As each base call is an estimate of
he true nucleotide, it can be wrong. A quality score assigned to a

ase reflects the confidence that it has been correctly identified. The
uality score can vary, e.g. base quality tends to deteriorate towards
he ends of reads. Each instrument has its own base quality score
hich is a derivation of the Phred quality score which was  origi-
ping, sequencing depth and coverage.

nally developed to determine the accuracy of Sanger sequencing.
The read length and quality scores are used to determine a run’s
global quality.

6.2. Reference mapping

Reference mapping involves aligning the reads with specific
chromosomal locations on a reference genome sequence obtained
from online databases (see Fig. 3). Alignment software is typically
built in to the instrument, but there are also a number of other third-
party tools which can be used for alignment, such as MAQ  (Li et al.,
2008), BWA  (Li and Durbin, 2009), Bowtie (Langmead et al., 2009),
Novoalign (Novoalign, 2014) and SHRiMP (Rumble et al., 2009). The
different platforms generate data in diverse formats, but commonly
used formats include the sequence alignment/map (SAM) format
which stores sequencing data as a text file and the binary align-
ment map  (BAM) format, which stores the same information in a
compressed, indexed, binary form. These SAM or BAM files are used
to perform the variant calling analysis and to visualise the sequence
reads in genome browsers such as the Integrative genomics viewer
(IGV) (Robinson et al., 2011).

6.3. Variant calling

Once the sequencing data has been mapped, the next step is
to look for abnormalities in the DNA sequence, a process termed
variant calling. In order to identify variants, the sequenced DNA is
compared to reference genome sequences. Germline variants are
present in virtually every cell in the body. However, the majority
of variants involved in cancer development are somatic variants. It
is therefore important to compare the tumour DNA with germline
DNA from the same patient. The germline sample (often a blood
sample, buccal swab or non-neoplastic tissue) provides a baseline
sequence for the patient and therefore enables somatic variants to
be distinguished from germline variants.

The biggest challenge is identifying true variants and separating
them from sequencing noise. There are many programs available
for variant calling, such as Samtools (Li et al., 2009), GATK Unified
Genotyper (DePristo et al., 2011), Illumina VariantStudio (Illumina,
2015), Torrent Variant Caller (Life Technologies Corporation, 2015)
and MuTect (Cibulskis et al., 2013). These programs essentially use
Bayesian algorithms to calculate the probability of each variant
being a true variant based on the known sequencing errors and
polymorphism rate. Various additional steps, such as removing
duplicate reads and realigning reads around insertions and dele-
tions, can help to increase the accuracy of variant detection. To
improve call rates, tumour and normal samples can be realigned

as pairs using software such as the GATK indel realigner. Differ-
ent types of variants provide different challenges. SNVs are the
most reliably detected variants, whereas indels and structural vari-
ants are relatively difficult to detect using NGS. Specialist software
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as been developed to look for structural variants by looking for
he flanking end regions of the NGS read data but detecting large
mplifications and deletions remains challenging (Gullapalli et al.,
012).

Sequencing provides information on the frequency of individual
ariants. Due to tumour heterogeneity, not all cancer cells contain
very variant (Gerlinger et al., 2012). Therefore, when sequencing a
umour sample, some reads will contain the variant and some will
ot (Walker et al., 2012). There is debate regarding the optimum
ut-off point for deciding whether the frequency of the variant is
igh enough to be deemed to be present and of clinical significance.
or example, in one sample a specific mutation may  only be present
n 20% of the reads, whereas in another sample the mutation may
e present in 90% of reads, but in both cases the report issued to
he clinician may  only state that the mutation was  detected.

.4. Variant annotation

Once the variants have been detected, different informatics
olutions can be used to annotate the results. These annotations
ay  include gene and transcript identifiers, as well as predictions

f the significance of the variant. Databases (e.g. ENSEMBL, COSMIC)
nd tools (e.g. Polyphen2, Oncotator, SnpEff or Alamut) contain
etails of known associations with disease and can facilitate auto-
atic annotation of variants (McLaren et al., 2010) or help to predict

he functional significance of variants (Karchin, 2009).
With reference mapping, variant calling and annotation, the

ethod used for each step is not critical, and as the field is con-
tantly moving the methods used will also change frequently. In

 clinical setting, the important issue is that the method is vali-
ated against a gold standard. This standard may  be samples that
ave been analysed for mutations using a known method, such as
anger sequencing, for which you can repeat the test using NGS and
et the same result or better. In this way, the sensitivity, specificity
nd confidence intervals of the new test and analysis pathway can
e determined. Any changes to the bioinformatic analysis should
e re-tested, possibly using the same dataset, to ensure that equal
r better results can be obtained before the new protocol is imple-
ented for diagnostic samples.

. Factors influencing the choice of sequencing method

There are different types of sequencing, and deciding which
equencing method is most appropriate depends on factors such
s the type of results required, type of material to be sequenced,
he performance metrics of the various sequencing platforms (e.g.
ead length) and the overall cost. Summaries of the different types
f sequencing and the different sequencing platforms are shown in
ables 1 and 2.

.1. Applications of next generation sequencing

.1.1. Whole genome sequencing
Whole genome sequencing (WGS) involves sequencing all of the

ase pairs in the genome, and therefore provides more data than
hole exome sequencing (WES). However, these data are also more
ifficult to interpret because the clinical consequences of muta-
ions in intronic regions are not yet clear. Although it seems logical
hat if the “whole genome” is sequenced then all variants will be
etected, this is not technically true. Some variants can be missed
ue to variation in coverage across the genome, and in some cases

hese “missed” variants can be detected by WES  due to the higher
overage achieved in certain areas with target-enriched sequencing
Clark et al., 2011). Therefore, as neither WES  nor WGS  detects all
ariants, some researchers advocate performing both exome and
logy/Hematology 96 (2015) 463–474 469

genome sequencing on the samples to ensure that as many vari-
ants as possible are detected. The main advantage of WGS  is that
it can detect structural aberrations that occur outside exonic areas
in the genome, such as translocations and rearrangements. Addi-
tionally, variations occurring in DNA regions containing regulatory
elements, such as enhancers or silencers can only be analysed by
WGS.

7.1.2. Exome sequencing
Exome sequencing involves analysing the exons only. Muta-

tions in an exon can lead to abnormalities in protein structure and
function and therefore these mutations can be easier to interpret
than intronic mutations. In addition, as less of the genetic mate-
rial is sequenced, exome sequencing is generally faster to analyse
and cheaper than WGS. Although, both WES  and WGS  can pro-
vide information regarding CNVs in genes, this remains challenging,
particularly with data from WES  (Tan et al., 2014).

7.1.3. Targeted sequencing
If only a small region of the genome is of interest, then targeted

sequencing can be used to sequence the relevant individual genes
or parts of genes. For example, some DNA sequences are highly sus-
ceptible to mutations, leading to a higher frequency of mutations in
these areas, which are called mutation “hotspots” (Kandoth et al.,
2013; Olivier et al., 2010; Rowan et al., 2000; Tennis et al., 2006;
Ziegler et al., 1993). Therefore, sequencing the hotspot mutation
region is likely to detect a large proportion of the relevant muta-
tions and can be more efficient than sequencing large parts of a
gene that are unlikely to be of clinical or biological interest. Various
companies provide both pre-designed gene panels and customised
panels designed around the requirements of the researcher/clinical
setting. However, as sequencing becomes cheaper and faster, it may
become feasible in the future to perform WGS  and only analyse the
genes of interest, storing the remainder of the data for later analysis
if required, rather than sequencing a limited gene panel.

7.1.4. Other next generation sequencing applications
Whole genome sequencing does not explain the intricacies of

cancer growth and metastasis, as cell biology is not purely deter-
mined by the genome sequence. For example, a single gene can lead
to the production of multiple proteins via a process called alter-
nate splicing. NGS techniques can be used to study other aspects of
genomics. For example, NGS can be used to sequence RNA (often
called RNA-Seq). As NGS uses DNA, this requires reverse transcrip-
tion of the RNA to cDNA prior to sequencing (Wang et al., 2009).
RNA-Seq provides information on the expression level (amount of
RNA) of the RNA sequences and novel splice isoforms and can also
detect gene fusions (Carrara et al., 2013; Edgren et al., 2011; Zhou
et al., 2013).

Epigenetics is the study of changes in gene expression that
do not involve changes in the DNA sequence itself (Verma and
Srivastava, 2002), e.g. alterations to promoter regions (DNA regions
that initiate the transcription of a particular gene) can lead to a gene
being over or under-transcribed. For example, hypomethylation
can be associated with gene activation or chromosomal instabil-
ity, leading to chromosomal translocations (Feinberg and Tycko,
2004; Qu et al., 1999) and hypermethylation of promoter regions of
tumour suppressor genes (such as RB1, MGMT  and GSTP1) may  lead
to their inactivation (Esteller et al., 1999; Feinberg and Tycko, 2004;
Greger et al., 1989; Ohtani-Fujita et al., 1993; Verma and Srivastava,
2002). Methylation can be studied using a technique called bisul-
phite sequencing, in which DNA is treated with sodium bisulphite.

This results in the conversion of non-methylated cytosines to uracil,
whereas methylated cytosines remain unchanged, enabling methy-
lated regions to be distinguished from non-methylated regions
(Laird, 2010).
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Table 1
Applications of next generation sequencing.

Description Advantages Disadvantages

Genome sequencing Determines the sequence of
most of the DNA from the
individual’s genome

• Provides information on non-coding regions and
structural variants as well as coding regions

• Expensive and time
consuming

•  Data can be more difficult to
interpret

•  Challenges of what to do
about incidental findings

Exome sequencing Determines the sequence of
the protein-coding DNA
regions (exons)

• Faster and cheaper than genome sequencing
• The majority of known pathological abnormalities

occur in the exome
•  Functional consequences of variants are more easily

understood

• Misses variations in
non-coding regions and
some structural variants

• Challenges of what to do
about incidental findings

Targeted panels Determines the sequence of
specific genes or parts of genes

• Usually cheaper than exome or genome sequencing,
but this depends on the size of the gene panel

•  Focussed on particular regions of interest and so
data interpretation is easier

• No concern regarding incidental findings as only the
regions of interest are sequenced

• Can optimise the panel to capture problematic
regions that are difficult to sequence using exome or
genome approaches

• Does not provide
information on regions
outside of the gene panel

Table 2
Comparison of DNA sequencing platforms.

Sequencing
platform

Sequencing Key
applications

Read length
(bp)

Data output
per run

Run time Main
advantages

Main
disadvantages

Sanger Capillary
electrophoresis

Confirmation
of NGS results,
targeted
re-sequencing

400–900 bp 1.9–84 kb 20 min–3 h Long read
length, high
quality

High cost per
Mb,  low
throughput

Roche-454TM

GS FLX
Pyrosequencing Genome &

exome
sequencing

400–1000 bp 450–700 Mb 10–23 h Longer read
lengths
improve
mapping in
repetitive
regions

High cost per
Mb
Homopolymer
errors

Illumina  HiSeq
2500TM

Polymerase-
mediated
incorporation
of fluorescent
nucleotides

Genome &
exome
sequencing

2  × 150 bpa

(rapid run)
2 × 125 bpa

(high output
run)

10–180 Gb
(rapid run)
50–1000 Gb
(high output
run)

7–40 h (rapid
run)
#7’3#6 days
(high output
run)

Low cost per
Mb.  High
throughput

Short reads.
Long run time
(in high output
run mode)

Illumina
MiSeqTM

Polymerase-
mediated
incorporation
of fluorescent
nucleotides

Small genome
&  targeted
gene panels

2 × 300 bpa 0.3–15 Gb 5–65 h Short run times Higher cost per
Mb  compared
to HiSeqTM

Life
Technologies
Ion PGMTM

H+ ion
sensitive
transistor

Exome
sequencing &
targeted gene
panels

100–200 bp 30 Mb–2 Gb 2 h Short run times
Low cost
instrument

Homopolymer
errors

Life H+ ion Genome & 100–200 bp 10 Gb 2 h Short run times Homopolymer

mber 

c
t
i
c
s
a
p
t
P

u
l

Technologies
Ion  ProtonTM

sensitive
transistor

exome
sequencing

a Paired-end reads: each end of the DNA fragment is sequenced for the stated nu

In addition, the structure of chromatin (a DNA-protein complex)
an be altered by various processes, including histone deacetyla-
ion. Chromatin can be studied using a technique called chromatin
mmunoprecipitation sequencing (ChIP-Seq). ChIP-Seq involves
ross-linking proteins to DNA, then shearing the DNA strands into
hort fragments, which are then immunoprecipitated using bead-
ttached antibodies against the protein of interest. The DNA and
rotein are then unlinked and the DNA is purified and sequenced
o identify the sequence that bound to the protein (Jothi et al., 2008;

ark, 2009).

Epigenetic inhibitors have been developed, e.g. azacitidine is
sed in chronic myelomonocytic leukaemia and acute myeloid

eukaemia (Dawson and Kouzarides, 2012). There is also increas-
errors

of bases.

ing evidence that epigenetic changes may  influence prognosis and
response to therapy (Dubrowinskaja et al., 2014), and therefore
epigenetics is likely to become increasingly important in clinical
practice.

7.2. Sequencing depth, coverage and platform performance
metrics

Sequencing depth is the number of times a base pair is

sequenced. For example, a depth of 30× means that the base is
sequenced 30 times (see Fig. 3). However, depth may  not be uni-
form across a DNA sequence. For example, depth can be affected by
areas with high or low GC content (Clark et al., 2011; Taub et al.,
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010). Depth may  also vary due to factors such as the accuracy of
he chosen platform, the variant detection methods, the material
eing sequenced and the required sensitivity or specificity (Ajay
t al., 2011; Koboldt et al., 2010; Nielsen et al., 2011; Voelkerding
t al., 2009). For example, if the variant allele representation is low
e.g. due to tumour heterogeneity or contamination with normal
ells), then a greater depth may  be required, although this can in
urn increase the false positive rate. In general, the accuracy of
ll second-generation platforms is similar (98–99.5%) and relies
n adequate depth, although there are some systematic biases
etween platforms (Liu et al., 2012; Quail et al., 2012). Sequencing
overage means how much of the targeted DNA region is covered
usually at a specified depth) and a coverage of >80% is usually
cceptable. For example, 80% coverage at 20× means that 80% of
he base pairs in the targeted DNA region have been sequenced at
east 20 times.

Sanger sequencing reactions can read DNA fragments of
00–900 base pairs in length and is used to sequence small DNA
ragments. Standard Sanger sequencing can detect most mutations
n the targeted region, but mutations occurring at a frequency of
20% allele frequency may  not be detected. A comparison between
GS and Sanger sequencing showed that these approaches had a

imilar sensitivity and specificity for the detection of BRAF muta-
ions (Ihle et al., 2014), whereas another study showed that the
oche-454 platform had superior sensitivity and specificity for the
etection of KRAS mutations compared to Sanger sequencing in
ormalin fixed paraffin embedded (FFPE) specimens (Altimari et al.,
013).

A general overview of the advantages and disadvantages of each
latform is provided in Table 2, and previous articles have com-
ared the performance of the different technologies (Clark et al.,
011; Ihle et al., 2014; Liu et al., 2012; Quail et al., 2012). If the
esults are intended for clinical use, then it is also important to
onsider if the technology has the regulatory approvals for this pur-
ose and whether the laboratory performing the sequencing has
he required certification.

.3. Speed and cost of sequencing

After Sanger sequencing, the platforms developed by various
ompanies for sequencing were mainly focussed at use in the
esearch setting. Instruments such as the HiSeqTM from Illumina
re able to output large amounts of data for each run of the machine
elatively cheaply. However, the effect of this is that each run takes
p to 6 days and the equipment is expensive. This is not therefore
ptimal for use in the routine clinical setting and has led to the
evelopment of “bench-top” sequencing technology such as the

llumina MiSeqTM and the Life Technologies Ion PGM. These are
heaper to buy and are also capable of generating results within a
ew hours, although one consequence of this is a reduced through-
ut. These bench-top platforms are therefore commonly used for
argeted sequencing of a limited number of genes in specific gene
anels.

The number of samples that can be analysed per run of the
nstrument is dependent on the size of DNA to be sequenced and
he depth of sequencing required. The larger the region of DNA to
e sequenced and/or the greater the depth required, the fewer sam-
les that can be sequenced per run. The cost of the run is fixed, as
ach run uses the same amount of reagents, regardless of the num-
er of samples analysed. Therefore, the more samples that can be
nalysed simultaneously, the lower the sequencing cost per sample.
his means that samples may  be collected into batches until there

re sufficient samples to justify a run, and this should be taken
nto account when deciding whether sequencing would be feasi-
le in clinical practice. Economies of scale are therefore extremely

mportant when calculating the cost of sequencing and the most
logy/Hematology 96 (2015) 463–474 471

appropriate platform. Sanger sequencing has a higher cost per base
pair than NGS, but this does not necessarily mean that Sanger
sequencing is more expensive than NGS. The cost per base pair
reflects the cost if the sequencing platform is used to its maximum
capacity. Therefore, if the DNA regions of interest are small (e.g.
KRAS mutational analysis) and only a few patient samples will be
analysed at any one time, then Sanger sequencing would be cheaper
than NGS as the NGS platform would not be used at its full capacity.

7.4. Material available for sequencing

The quantity and quality of material available for sequenc-
ing may  impact on the optimal choice of sequencing platform.
Most NGS platforms have library preparations that are optimised
for a specific DNA quantity and quality, and although this is not
frequently a problem with fresh or frozen specimens, it can be
particularly challenging with DNA derived from FFPE samples.
Furthermore, the formaldehyde fixation used in preparing FFPE
samples and storage of these samples at room temperature can lead
to deamination artefacts and therefore false positives, although
duplicating the analysis may  overcome this problem (Kerick et al.,
2011; Schweiger et al., 2009). In addition, the tumour sample can be
contaminated with DNA from normal cells, particularly for samples
with low tumour content, although macro-dissection of a popu-
lation highly enriched for cancer cells can help to minimise this
problem.

8. Challenges in next generation sequencing

8.1. Cost and infrastructure requirements

Although, sequencing technology has dramatically improved
both in terms of the speed to obtain results and the cost of sequenc-
ing, substantial challenges remain in incorporating this technology
into clinical practice. Investment is required in the equipment
(including its ongoing maintenance) and reagents needed to per-
form the sequencing itself as well as the preparation of the samples.
The costs vary depending on the instrument purchased and so it
is vital to consider what type of sequencing the equipment will
mainly be used for. In addition, it is important to factor in the
cost of employing the staff required to perform the sequencing
and interpret the data, including bioinformatics support, as well
as significant investment in hardware to perform the analysis.

8.2. Data interpretation and management

There are also a number of challenges associated with the bioin-
formatic analysis of the raw data. NGS is not 100% accurate, as
false positives and negatives occur, e.g. due to sequencing errors,
mis-incorporation of bases during PCR amplification or sequence
detection errors. In addition, most widely used variant callers are
designed based on a diploid genome. This is not ideal for tumour
samples, as copy number changes are common and therefore
diploidy is not guaranteed. To try to overcome this problem, cancer-
specific tools such as SNVmix have been developed (Meldrum et al.,
2011). In addition, even if a variant is accurately detected its bio-
logical or clinical significance may  not be established.

The data needs to be managed so that the clinically relevant
information can be extracted and conveyed in an understandable
way to the clinician and it is also necessary to consider how the
large amount of data generated by sequencing will be stored. This
is complicated by the variety of different data formats generated by

the different sequencing platforms and the importance of ensuring
the privacy of this data, particularly if they are transmitted over the
internet. Traceability of the data is a key consideration for storage
purposes, as the same sequencing data can be analysed in different
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ays and it is likely to evolve with time, while the patients are still
live, and may  change clinical management in the future.

.3. Ethical considerations

There are also a number of ethical issues regarding DNA
equencing, such as who should have access to the sequencing
ata, which results should be returned to patients and the poten-
ial consequences for the patient and their families (McGuire et al.,
008).

Ownership of sequencing data and who has the right to access
his data remains contentious. As a case in point, is it possible for
n organisation to explore the data for research purposes, and if
o, is this limited to the disease area (e.g. cancer) for which the
atient presents? Should genetic data be available to all of the
linicians treating the patient or just to the researchers (Dressler,
009)? Should genetic results influence non-medical issues such as
atients’ insurance? In addition, patients may  be identifiable from
heir genetic data, particularly if other family members have been
equenced or they have rare variants.

Variants unrelated to the original presenting condition may
e discovered incidentally and there remains debate regarding
hether patients should be informed about incidental findings that
ay be of clinical significance, particularly if they are unaware that

his sort of information might be obtained from sequencing per-
ormed for an entirely different purpose (Dressler, 2009). Various
pplications exist to allow patients to download and explore their
wn sequencing data (Illumina, 2014), but who should they turn
o if they have questions about their results and what they mean
or them and/or their families? If sequencing was performed for
esearch purposes, then it is unlikely that the results have been
alidated in an approved clinical laboratory and it is unclear how
alidation should be arranged and funded if a patient requests this.
hen consenting patients for genetic sequencing, should all these

ssues be explained to the patients and their views sought on which
esults should be returned to them (Allen and Foulkes, 2011; Rotimi
nd Marshall, 2010; Lunshof et al., 2008)?

As previously discussed in Section 6.3, sequenced tumour DNA
an be compared with germline DNA in order to distinguish somatic
ariants from germline variants. Variants may  be discovered which
ave potential significance for a patient’s family and this raises
uestions about whether there are any obligations to the patients’
elatives (Dressler, 2009). For example, what should the clinician
o if a result is of potential significance for a patient’s family but
he patient has either declined to be informed of the result or is
eceased? These are only some of the many, as yet unresolved ques-
ions regarding sequencing that would benefit from an informed
ublic debate.

. Future applications of sequencing

There are numerous possible applications for the use of NGS in
he treatment of patients with cancer, particularly in the research
etting. However, in the immediate future, whole genome and
xome sequencing are likely to be mainly used for exploratory
esearch, with a more focussed, targeted NGS approach being used
n clinical practice due to practical and cost considerations. NGS
s likely to be increasingly used for screening patients for abnor-

alities in a panel of targetable genes and thereby identifying
atients who might be suitable for targeted therapies. This NGS-
ased screening would also facilitate recruitment into clinical trials

f targeted drugs, and there are a number of clinical trials cur-
ently investigating molecular profiling, including the NCI-MPACT
rial (NCT01827384), the MOSCATO 01 trial (NCT01566019) and the

OST trial (NCT02029001). Furthermore, NGS (and other technolo-
ology/Hematology 96 (2015) 463–474

gies such as digital PCR) can be used to identify specific mutations
which can be measured in circulating tumour DNA or circulating
tumour cells (Diaz and Bardelli, 2014). Testing for these mutations
could potentially be used to monitor patients for signs of relapse or
identify patients with residual disease as well as aiding assessment
of response to treatment, although these applications would need
to be validated in prospective clinical trials.

10. Conclusion

Sequencing costs are expected to continue to fall and therefore
NGS is likely to become more widely utilised, particularly in clini-
cal practice. In the research setting, the uses of NGS are manifold,
including investigating mechanisms of drug resistance and iden-
tifying new drug targets. In the clinical setting, it is hoped that
that NGS will facilitate familial genetic testing, better disease prog-
nostication and the use of drugs targeted to the characteristics of
individual patients. There remain many challenges to overcome,
but cancer genomics is an exciting component of cancer research
and treatment.
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