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Abstract

Next-generation sequencing (NGS) is arguably one of the most significant technological advances in the biological sciences of
the last 30 years. The second generation sequencing platforms have advanced rapidly to the point that several genomes can now
be sequenced simultaneously in a single instrument run in under two weeks. Targeted DNA enrichment methods allow even
higher genome throughput at a reduced cost per sample. Medical research has embraced the technology and the cancer field is
at the forefront of these efforts given the genetic aspects of the disease. World-wide efforts to catalogue mutations in multiple
cancer types are underway and this is likely to lead to new discoveries that will be translated to new diagnostic, prognostic and
therapeutic targets. NGS is now maturing to the point where it is being considered by many laboratories for routine diagnostic use.
The sensitivity, speed and reduced cost per sample make it a highly attractive platform compared to other sequencing modalities.
Moreover, as we identify more genetic determinants of cancer there is a greater need to adopt multi-gene assays that can quickly
and reliably sequence complete genes from individual patient samples. Whilst widespread and routine use of whole genome
sequencing is likely to be a few years away, there are immediate opportunities to implement NGS for clinical use. Here we review

the technology, methods and applications that can be immediately considered and some of the challenges that lie ahead.

Overview

Over the past six years we have witnessed a revolution in
sequencing technologies that has already had a profound
impact on our understanding of genetics and genome biology.
In a research setting, NGS has been widely implemented for de
novo genome sequencing, DNA resequencing, transcriptome
sequencing and epigenomics. These research efforts have forged
the way in the development of new protocols (both molecular
and bioinformatic contexts) and have been instrumental in
gaining an understanding of the major strengths and weaknesses
of this technology. From a clinical perspective there is great
potential for NGS in the management and treatment of human
health. Immediate and significant impact will come from
either replacement or augmentation of existing technologies
for genetic screening purposes. Some striking examples of
its clinical use include prenatal testing for the detection of
chromosomal aneuploidy in foetal DNA,! identification of
rare genetic variants associated with monogenic Mendelian
disorders** and efficient detection of either inherited or somatic
mutations in cancer genes.>¢

As cancer is a genetic disease driven by heritable or somatic
mutations, new DNA sequencing technologies will have
a significant impact on the detection, management and
treatment of disease. Next-generation sequencing is enabling
worldwide collaborative efforts, such as the International
Genome Consortium (ICGC)” and The Cancer Genome
Atlas (TCGA) project,® to catalogue the genomic landscape
of thousands of cancer genomes across many disease types.
Several early reports from individual studies contributing
to these consortia have already been published.”!" These
discoveries will ultimately lead to a better understanding
of disease pathogenesis, bridging to a new era of molecular
pathology and personalised medicine.'? It is easy to imagine
that soon every patient will have both their constitutional and
cancer genomes sequenced, the latter perhaps multiple times
in order to monitor disease progression, thus enabling an
accurate molecular subtyping of disease and the rational use
of molecularly guided therapies. Many molecular pathology
laboratories are now considering the sequencing platforms,
methods and additional equipment required for making the
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transition to NGS. Here we review the current sequencing
technology, applications and bioinformatics with special
consideration given to the development of clinical DNA
sequencing.

Next-Generation Sequencing Technology

NGS broadly describes those technologies that share the
ability to massively parallel sequence millions of DNA
templates. The terms second-generation and third-generation
sequencing are also used synonymously to describe the
evolution of sequencing technology from the first-generation
dideoxy ‘Sanger’ sequencing. To achieve massive parallel
sequencing, second-generation platforms employ the
clonal amplification of DNA templates on a solid support
matrix followed by cyclic sequencing. The shift to single
molecule PCR-free protocols and cycle-free chemistry is
broadly characteristic of the progression to third-generation
platforms.”® The advance of second- and third-generation
technology has been enabled by innovation in sequencing
chemistries, better imaging, microfabrication and information
technology (IT). For the purpose of this review we will not
discuss each platform in detail as these have been described
extensively elsewhere.!*!* In addition, we will focus on the
commercial second-generation platforms that are currently
suitable for diagnostic applications, in preference to a detailed
description of those platforms offered solely by sequencing
service providers (Complete Genomics) or third-generation
platforms such as Pacific Biosciences.!® Third-generation
sequencing platforms offer many theoretical benefits relating
to reduced cost, increased speed and removal of PCR-bias,
however, the technology is still maturing and it is likely
to be a few years yet before such platforms seriously rival
the second-generation instruments and enter mainstream
diagnostic use.

Second-Generation Sequencing Platforms

There are currently three companies offering second-generation
sequencing platforms: Roche, Illumina and Life Technologies.
Each company entered the market with large-scale instruments
and maximum output in mind to satisfy a research market that
demands a high-throughput technology for discovery-based
applications and whole genome sequencing potential. Roche
was the first to enter the market, acquiring the company 454
Life Sciences from its founder Jonathan Rothberg. The Roche
454 platform distinguishes itself from the other two large-scale
platforms with longer read lengths, which are now approaching
those of Sanger sequencing (700-1000 base pairs (bp)). The
total sequence output from even the highest capacity 454
instrument (454 FLX+) is, however, far less than that of [llumina
(HiSeq) and Life Technologies (SOLiD 5500), which generate
many more sequence reads but of a much shorter length.
Recently the attention has turned to smaller-scale low cost
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instruments with the introduction of the Roche 454 Junior, Life
Technologies Ion Torrent and the soon to be released Illumina
MiSeq, which are well suited to smaller research and diagnostic
applications. A brief summary of currently available or near to
release instruments and their performance is described in Table
1 but we also refer the reader to a more comprehensive review
of current sequencing platforms, their specifications and cost
breakdown for further detail.'”

Second-generation sequencers rely upon two principles:
polymerase-based clonal replication of single DNA molecules
spatially separated on a solid support matrix (bead or planar
surface) and cyclic sequencing chemistries. Each platform is
defined by the methods used to achieve these two processes. All
platforms have similar front-end library preparation methods
involving the addition of universal adapter sequences to the
terminal ends of the DNA fragment. These oligonucleotide
adapters are complementary to PCR primers used to amplify
the library and oligonucleotides immobilised to a solid
support for clonal DNA amplification. Both Roche (454)
and Life Technologies (SOLiD 5500 and Ion Torrent) use
emulsion PCR (emPCR) to generate clonal DNA fragments on
beads.'® A water and oil emulsion is created where beads and
template are added at a precise concentration such that each
emulsion droplet is likely to contain a single bead and single
DNA molecule. Following emPCR the emulsion is broken,
the template carrying beads are enriched and then deposited
into separate ‘pico-wells’ or bound to a derivatised glass flow
cell.'? Tllumina uses an alternative strategy by creating DNA
clusters directly on the flow cell by bridge PCR.?! From a
practical perspective there are advantages and disadvantages
to each approach. The process of emPCR is labour intensive
although each company has developed automation to partially
reduce the labour burden of this process. Cluster generation
by bridge PCR has been fully automated and is therefore more
streamlined. The MiSeq instrument, in fact, will require no
user intervention from cluster generation to data analysis,
which is highly attractive from a process point of view.
The potential downside to Illumina bridge PCR is that the
success of cluster generation is not known until sequencing
has begun, an expensive exercise if cluster generation fails.
From our experience, cluster generation is typically quite
robust provided the sequencing libraries are of high quality
and the concentration of the library is accurately measured by
quantitative PCR.

Each of the available platforms uses different sequencing
chemistries and methods for signal detection. All 454 platforms
employ pyrosequencing, whereby chemiluminescent signal
indicates base incorporation and the intensity of signal
correlates to the number of bases incorporated through
homopolymer reads.?? Ion Torrent uses a similar sequencing-
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by-synthesis (SBS) strategy but detects signal by the release of
hydrogen ions resulting from the activity of DNA polymerase
during nucleotide incorporation. In essence, the Ion Torrent
chip is a very sensitive pH meter. Each ion chip contains
millions of ion-sensitive field-effect transistor (ISFET)
sensors that allow parallel detection of multiple sequencing
reactions.”® There have been recent reports that Roche will
adopt a similar detection method to Ion Torrent through a
licence from the British company DNA Electronics, which
would make the 454 and Ion Torrent platforms essentially
identical.** The virtues of semi-conductor technology are
that the instrument, chips and reagents are very cheap to
manufacture, the sequencing process is fast (although off-
set by emPCR) and the system is scalable, although this may
be somewhat restricted by the bead size used for emPCR.*
The SBS chemistry used by both 454 and Ion Torrent is also
conducive to longer reads. lon Torrent is currently restricted
to fragments much shorter than that of Roche 454 but this will
likely improve with future versions. Both have the common
issue of homopolymer sequence errors manifesting as false
insertions or deletions (indels). Whether fine-tuning the
detection and analytical software can improve this issue is yet
to be seen.

The Ilumina and Life Technology SOLiID 5500 platforms
are both considered short read sequencers but employ very
different sequencing chemistries. [llumina uses reversible dye
terminator SBS chemistry involving iterative cycles of single
base incorporation, imaging and cleavage of the terminator
chemistry. SOLiID uses sequencing by ligation (SBL)
involving iterative rounds of oligo ligation extension, which
is where the name originates (Sequencing by Oligo Ligation
Detection). The principle of SBL in the context of massively
parallel sequencing was originally described by Church and
colleagues. The SBL process essentially measures every
base twice by dinucleotide encoding, which is translated into
‘colour space’ rather than conventional base space. The new
‘Exact Call Chemistry’ offered with the 5500 line instruments
uses a three base encoding, allowing even greater accuracy
and actual base calls. Illumina SBS has a slight advantage
over SOLiD SBL in terms of read length, now up to 100 bp on
HiSeq and 150 bp with other Illumina instruments. The SOLiD
SBL chemistry has a maximum read length of 75 bp but the
two or three base encoding provides higher accuracy over the
[llumina chemistry. Both Illumina and SOLiD platforms have
a paired-end or mate-paired capability enabling reads to be
generated from both ends of a single clonal fragment, as do
the Roche 454 platforms.

Choosing a Platform

In choosing a platform there can be many considerations.
Principally, one may be concerned with performance metrics
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such as read length, accuracy and total sequence output.
In general, all second-generation platforms produce data
of a similar accuracy (98-99.5%), relying upon adequate
sequence depth or ‘coverage’ to make higher accuracy
consensus base calls (>99.9% accuracy). Some systematic
biases have been reported when comparing between NGS
platforms and with other orthologous technologies such as
Sanger sequencing. For example, significant non-uniformity
of sequence coverage has been reported with short read
instruments, whilst systematic errors have been reported for
all NGS platforms.?”? Systematic errors rather than random
errors are more problematic as they cannot be overcome
with higher read coverage. Modifications to protocols
suggested by large genome centres may help to improve some
uniformity issues,*® whilst newer read alignment and variant
calling strategies have helped to reduce systematic errors
caused by multi-mapping of reads or presence of indels (see
Bioinformatics section below). Read length may be important
for specific applications, such as identification of complex
structural rearrangements or mapping across repetitive
sequences. There is also some advantage in longer reads for
direct amplicon sequencing.

Additional process-related considerations such as sequence
output and running cost need to be balanced against speed
and hardware costs. The larger more expensive instruments
tend to have longer run times but generate orders of
magnitude more data at a fraction of the price. Molecular
barcoding or indexing of samples can be used with all
platforms, allowing pooling or multiplexing of samples for
high-throughput and translation of lower sequencing cost
to targeted sequencing applications requiring a relatively
small number of reads. Very high-throughput, however, is
required to fill runs on the larger sequencing platforms in
order to take advantage of the capacity and reduced cost,
although platforms such as the SOLiD 5500 have more
flexibility in this regard. If fast turnaround and flexibility is
paramount then the smaller-scale instruments are likely to
be preferable. Usability and reliability of the equipment are
important and often cannot be ascertained from the company
marketing the product. A large online NGS community has
emerged with user forums, news and blog sites often being
useful for getting first hand experience and early insights
into new equipment and methods (Table 2). Informatics is
also a very important consideration. Informatics hardware
cost is largely dependent on the throughput of the sequencer.
Larger sequencers require Linux servers with multiple cores
and large amounts of RAM at a significant capital cost
and require dedicated human resources to maintain, whilst
smaller-scale sequencers can be run from high-powered
Windows or Linux-based desktop systems.
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Table 2. Internet genomics news, forums and blog sites.

Name URL Type
GenomeWeb http://www.genomeweb.com News
SEQanswers http://seqanswers.com Forum
MassGenomics http://www.massgenomics.org Blog
Next-Gen Sequencing http://nextgenseq.blogspot.com Blog
Omics! Omics! http://omicsomics.blogspot.com Blog
Genetic Future http://www.wired.com/wiredscience/geneticfuture Blog
Blue Collar Bioinformatics http://bcbio.wordpress.com Blog
Genetic Inference http://www.genetic-inference.co.uk/blog/ Blog

Sequencing Applications

Whole Genome Sequencing

The predominant application of NGS in a clinical setting
will undoubtedly be resequencing of genomic DNA. Whole
genome sequencing (WGS) simply provides the ultimate
genetic survey of an individual’s genome or cancer genome
where a detailed map of single nucleotide variations (SNV),
indels, complex structural rearrangements and copy number
changes can be attained in a single assay.*! As the sequencing
technology has advanced there have been major improvements
to data quality and throughput, driving the cost of WGS towards
$1000/genome, a threshold widely considered to be the tipping
point for widespread clinical implementation. However,
generating sufficient data for WGS remains a relatively
expensive exercise for most laboratories. Strong competition
between large service providers means that outsourcing WGS
is currently a more affordable option for most and perhaps
one that will persist until the third-generation technologies
mature and become mainstream. An important consideration
for sequencing whole genomes is that generating the actual
sequence data is only a fraction of the total cost and does not
take into account the expense associated with data storage,
analysis and interpretation.’* Sequencing an entire genome
reveals an enormous amount of genetic information, some
of which can be interpreted and actionable, but a significant
amount will be either novel and/or of unknown clinical
importance. Additionally, there are significant ethical issues
concerning privacy of data and incidental findings that
will need to be resolved. For these reasons a more targeted
approach to genome sequencing seems to be the logical
first step towards widespread clinical implementation of the
technology.

DNA Library Preparation

Regardless of the technology, all NGS platforms follow
similar molecular protocols for the preparation of sequencing
libraries. Although standard library preparation does not
necessitate any specialised equipment, there are a number of
auxiliary instruments that can aid in the library preparation
process (Table 3). For the preparation of ‘shotgun’ fragments,

DNA is sheared either mechanically or by enzymatic digestion
to create fragment sizes in a required size range. A series of
enzymatic steps are then used to repair library DNA ends
and ligate common adapters that are complementary to
oligonucleotides on beads or flow cells. Library preparation
reagents are provided in kit form by the major NGS vendors
and are also available through third-party companies. A
relatively new alternative to the conventional fragment library
preparation involves an in vitro transposition method (Nextera,
Epicentre/Illumina), which removes the need for mechanical
shearing and multiple enzymatic and purification steps. PCR
is commonly used to amplify libraries prior to sequencing,
however, the number of cycles is often limited to avoid
excess PCR duplicates that can contribute to false-positive
sequencing error. The use of PCR and common adapter
sequences introduces a high risk of cross contamination
between libraries therefore standard principles of pre- and
post-PCR work areas are essential. Size selection of DNA
libraries may be necessary to aid in analysis and standardise
cluster size. Traditionally, size selection has been done using
either agarose or polyacrylamide gel electrophoresis (PAGE),
however, new automated methods are also available. Finally,
high-throughput library preparation can be automated and
there are several commercial solutions currently available.

Sequencing Requirements

To overcome the higher error rate of NGS platforms compared
to traditional Sanger sequencing a high level of redundancy
or sequence coverage is required to accurately call bases.
Typically, a 30-50x coverage is required for accurate base
calling, although this can vary based on the accuracy of
the sequencing platform, variant detection methods, and
the material being sequenced.** Using the Illumina HiSeq
instrument approximately 100 Gb of sequence data is required
to sequence a diploid genome or about three lanes of a flow
cell using the new V3 sequencing reagents. Less coverage may
be required on the SOLiD 5500 platforms owing to the higher
read accuracy enabled by the two base encoding. Greater
depth may be necessary for interrogating cancer genomes
where normal tissue contamination and the heterogeneity
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Table 3. Auxiliary laboratory instrumentation for next-generation sequencing library preparation.

Equipment Description/Use

Vendors and Instruments

Shearing Device Used for shearing of DNA or
RNA in creation of shotgun

sequencing libraries

Covaris S-Series E-series L-series (focal acoustic)
Epigentek EpiSonic Multi-Functional Bioprocessor
1000 (sonication)

Diagenode Bioruptor (sonication)

Digilab Hydroshear (PointSink Shearer)

Automated Microfluidic

Automated size separation and

Agilent Bioanalyzer 2100

Electrophoresis analysis for quality assessment  Caliper LabChip GX/GXII
of RNA, DNA and library Qiagen QIAxcel
preparation Shimadzu MCE-202 MultiNA
Automated Fragment Size For size selection of libraries Sage Science Pippen Prep
selection as automated alternative to Caliper LabChip XT/XTe
agarose gel or PAGE DNA
extraction
Liquid Handling Automation ~ Automated library preparation,  Agilent Bravo
hybridisation capture and other ~ Caliper Sciclone NGS Workstation
enrichment methods Qiagen EpMotion
Diagenode SX-8G IP-Star (Principally epigenetic
applications)
Beckman SPRI and NX

of some cancers can reduce variant allele representation in
sequence data well below the 50% frequency expected for a
diploid heterozygous call.

Targeted enrichment before sequencing can reduce costs,
allow higher coverage over regions of interest and potentially
simplify the bioinformatic interpretation of NGS data. The
amount of sequencing required for targeted applications
will ultimately depend on the method and target region size.
As an example, for whole exome sequencing (targeting all
annotated coding genes) approximately 10-12 Gb of data
is required, achieving an average of 100-fold coverage and
at least 20-fold coverage for 80-90% of targeted bases. At
current specification this means up to 32 exomes can be run
per flow cell on the HiSeq instrument with similar throughput
likely to be possible on SOLiD 5500. The smaller sequencing
instruments such as MiSeq generate substantially less data
(~1 Gb) and therefore are suited to smaller targeted sequencing
applications where, at most, a few hundred genes could be
sequenced in a single run.

Targeted DNA Sequencing

Targeted enrichment strategies feeding into NGS are finding
traction in both research and clinical diagnostic fields. An
assortment of methods and technologies has been described
in the literature, most of which can now be purchased as
commercial products (Table 4). When comparing these
approaches there are several factors that need to be considered.
From a technical perspective the fidelity of capture is
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important. Off-target enrichment and low uniformity of
capture can mean more sequencing is required to attain
adequate sequence depth for all targeted regions. Different
capture methods can also be affected by sample quality and
the presence of variants within the capture region. Scalability,
throughput and ease of use are important for high-throughput,
whilst the targeted region size may dictate what method is
most appropriate. Finally, the need for specialised equipment
and the reagent price are also key considerations.

Targeted enrichment methods fall broadly into two categories:
PCR-amplicon and hybridisation capture approaches. As
PCR-based approaches are already used routinely in
diagnostic laboratories they fit well with existing diagnostic
workflows. PCR is highly specific and has the advantage
of generating more uniform coverage than comparative
hybridisation approaches, provided the concentrations of
individual PCR products are adequately normalised before
pooling and sequencing. Different strategies have been used
to generate PCR amplified libraries. Some use concatenation
of PCR products to generate fragment libraries; shearing PCR
concatamers and feeding into shotgun library preparation. A
more straightforward protocol that is compatible with long-
read sequencing instruments is to incorporate the sequence
adaptors into the 5' -end of the PCR primer enabling pooling
of amplicons and direct sequencing. Conventional PCR
methods are obviously better suited to targeting a small
number of regions as the logistics, cost and amounts of DNA
required to assay larger regions can be prohibitive.
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Table 4. Targeted enrichment methods for next-generation sequencing.

PCR Fluidigm RainStorm MIP? TruSeq Hybridisation
Access Array Amplicon Capture
Sensitivity High High High High High High
Specificity High High High High High 70-80%
on target
depending on
design
Uniformity Variable- 90% TB within >90% TB 58% TB within ~ Unknown 80-90% TB
high with 2-fold mean within 10-fold  10-fold mean within 5 fold
normalisation coverage” mean coverage coverage mean coverage
of PCR
products
Run speed Small region- High High High High Low
high
Large region-
low
Max. Capture Low Dependent 1.63 Mb 1.7 Mb 384x250bp  42-62 Mb
Size on amplicon demonstrated ~ demonstrated amplicons
length and
multiplexing
DNA Amount  ~5 ng per 50 ng 2ug >200 ng 200 ng 500 ng-3 pg
amplicon
Sample Moderate High Low-moderate Low-moderate  High Low-moderate
Throughput
Reagent Cost/  High Moderate Moderate Low Moderate Low
Mb
Automation Yes Yes Yes NA Possible Yes
Design service NA Yes Yes NA Yes Yes
Company NA Fluidigm RainDance NA [llumina Agilent
Roche
Nimblegen
Life
Technologies
[Mlumina
Rivia
Febit

Note: Specifications derived from respective company websites and technotes. TB = targeted bases; Mb = megabases; NA =

not applicable.

“Based on 480 amplicons''®
Information derived from Turner ef al.*!

Long-range PCR (LR-PCR) can reduce the burden of
generating tens of PCR primer sets to amplify across regions
of interest and has been employed to target contiguous regions
or to amplify across several exonic regions. Uneven coverage
can be an issue using LR-PCR although some remedies to this
have been described.** Generation of long amplicons can also
be prone to reproducibility issues and is inherently not suited
to the use of degraded DNA such as from formalin fixed
paraffin embedded (FFPE) material. Additionally, the need to

generate shotgun sequencing libraries post-PCR, regardless
of sequencing platform, creates further work, expense and
potential risk for failure and contamination.

The key to scaling PCR-based sequence enrichment involves
automation, miniaturisation and multiplexing of PCR
reactions. All of these methods aim to increase the scale of
PCR enabling hundreds to thousands of PCR reactions whilst
minimising reagent use, labour burden and amount of DNA
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template required. Two commercially available platforms
enable miniaturised PCR by microfluidics. Fluidigm is
a microfluidics-based method that uses multilayer soft
lithography (MSL).** A microfluidic circuitry is fabricated
from a soft rubber composite that allows the controlled
flow of reagents by using pressure to create tiny valves in
the circuitry and reaction chambers for PCR. Fluidigm was
originally developed for real-time quantitative PCR and single
nucleotide polymorphism (SNP) genotyping applications
but more recently the Access Array has been released,
allowing retrieval of PCR product for targeted resequencing
applications. The current Access Array system is capable
of parallel PCR reactions for 48 samples by 48 single-plex
assays. An attractive aspect of this platform is that relatively
small quantities of template are required (~50 ng/sample).
Assays can also be multiplexed to improve throughput.
Furthermore, as with many targeted approaches, index or
barcoding tags can be incorporated into the universal adapter
regions of the PCR product enabling the pooling of samples
before direct sequencing.

A second platform, RainStorm (Raindance Technologies®®),
involves the generation of microdroplets in an oil emulsion,
which then act as miniaturised reaction chambers for
PCR.*7 Highly uniform microdroplets containing reaction
components (PCR primers and DNA template) are created
using a combination of microfluidic chip design and high-
pressure pumps. Thousands of reagent-laden microdroplets
are loaded into a microfluidic device with a steady oil stream
where they can be merged and manipulated through channels
using electromagnetic fields before emPCR amplification and
then retrieval of amplified product. Recently, this method has
been marketed for the use of DNA extracted from FFPE tissue.
The current limitations of this technology are the relatively
large amount of DNA required and the sequential processing
of individual samples.

The alternative to miniaturisation and microfluidic mani-
pulation is to use methods enabling highly multiplexed PCR.
One such approach uses molecular inversion probes (MIP). A
MIP is a long oligonucleotide composed of sequence specific
primer ends tethered by a universal linker sequence. Target
specific primer ends hybridise to complementary DN A flanking
the region of interest. Polymerase extension and then ligation
results in the circularisation of the MIP. Captured regions are
then amplified either by rolling circle amplification or by PCR
from universal PCR priming sites within the linker region.?*%
The assay was originally described for amplification of exons
targeting a relatively small number (10) of genes. However,
the method was later shown to be highly scalable, and by
using programmable microarrays, MIP pools targeting up to
50,000 exonic regions could be generated.***! The downsides
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to MIPs, however, are that they have been shown to provide
inferior capture uniformity compared to hybridisation-based
enrichment and they can be expensive for low throughput
or custom applications as currently there are no commercial
reagents available.

[llumina has developed a method that is similar in principle to
MIP and is due for release in 2011 (personal communication,
[llumina Australia). The ‘TruSeq Amplicon’ approach is
derived from the method used for the Illumina ‘Golden Gate
Genotyping’ assay. Instead of using MIP, two independent
left and right flanking oligonucleotides are hybridised to a
genomic DNA template enabling polymerase extension and
ligation. Like MIP, the flanking oligonucleotides contain
universal sequences for step-out PCR and incorporation
of universal barcoded Illumina adapters. According to the
vendor (Illumina) up to 384 targets can be amplified in a
single reaction. The capture is theoretically very scalable, as
all steps can be performed in a 96-well PCR plate and can
be automated by liquid handling. The detailed performance
specifications of this method are currently unknown.

Targeted enrichment by hybridisation capture has been
extensively employed in a research setting and is typically
suited for capture of larger target regions and exons from
hundreds of genes. Oligonucleotides designed against
complementary target regions are used as probes or ‘baits’
to hybridise and capture target DNA or ‘prey’ from pre-
prepared shotgun libraries.** The majority of methods employ
microarray in situ oligonucleotide synthesis to generate
the bait libraries (e.g. Agilent, Roche Nimblegen, Rivia),
whilst [llumina uses its massive oligonucleotide production
facilities to generate long oligonucleotides by conventional
column-based synthesis. The microarray itself can be used
as the capture device or the sequences can be cleaved from
the array to generate in-solution bait libraries.* The solution
capture method has been more widely utilised owing to the
scalability of the process, better performance for larger capture
regions and no requirement for specialised equipment.*
The advantage of hybridisation enrichment is the ability to
easily capture large regions in a single tube assay and it has
become the mainstay of ‘exome’ enrichment resequencing for
research.** All companies now offer services for design of
custom bait libraries in addition to off-the-shelf reagents for
common applications, meaning fast turnaround and a price
competitive market. The downside to hybridisation capture
is the lack of specificity (compared to PCR) owing to cross
hybridisation and lack of uniformity in capture, which relates
to GC content of target sequence. Improvements to the method
have been described, helping to overcome some of these
issues, in addition to optimised methods for high throughput
automation.®
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RNA Sequencing

The application of RNA sequencing (RNA-seq) is fast
technology by providing a
superior digital readout whilst also enabling discovery
of novel spliceforms, transcripts and RNA-editing.®
Quantitative gene expression data derived from RNA-seq
has been shown to be comparable to that of microarrays
but has better dynamic range and lower detection limit
for lowly expressed transcripts.”! Methods for analysing
differential expression from RNA-seq data, however, are
still being resolved and are reminiscent of the initial issues
encountered for normalisation and statistical analysis of
microarray data.”? Clinical applications of gene expression
microarrays as a cancer diagnostic and prognostic tool have
been demonstrated with examples including identification
of tissue of origin for cancer of unknown primary and
prediction of recurrence in early stage breast and colorectal
cancer.>*>> Whilst it remains to be seen whether RNA-seq
could replace microarrays or quantitative PCR as a clinical
assay, it would seem intuitive to think that this could occur if
the technology becomes cheaper and more robust.

superseding microarray

RNA-seq has also been applied to mutation detection and
has proven especially useful for the detection of gene fusions
resulting from genomic translocations.®® A virtue of calling
variants from RNA-seq data over genomic DNA sequencing is
that the data simultaneously provides functional information
about a variant or fusion product. The large dynamic range
of expression between genes, however, makes it difficult
to acquire sufficient sequence coverage to accurately call
variants without generating large amounts of data per sample.
Targeted hybridisation capture of cDNA libraries, similar to
that used for DNA sequencing, has recently been shown to
improve the sensitivity to detect sequence variants and fusion
products from RNA-seq data.’” Any advantages of sequencing
RNA in preference to DNA for mutation detection are yet to
be demonstrated. The larger number of RNA transcript copies
that can be derived from a single cell, however, may suggest
RNA-based methods could have greater sensitivity over those
interrogating DNA.

Epigenomics

There is growing appreciation for the role of epigenetics
in cancer.”® The burgeoning field of epigenetics has
been advanced by the development of NGS methods for
surveying DNA methylation, mapping of transcription factor
occupancy, modified histones and epigenetic regulators.
The most well studied epigenetic mark, DNA methylation,
can be interrogated at the whole genome level by bisulphite
sequencing.” Methods for reduced representation bisulphite
sequencing (RRBS) and targeted enrichment followed by
bisulphite treatment can also be used to reduce sequencing cost

whilst maintaining the nucleotide resolution and qualitative
measurement.®®¢! Other methods employ affinity enrichment
assays using methyl cytosine-specific antibodies (MeDIP-
seq) and recombinant methyl binding domains of proteins
such as MBD2.%> These methods work in a similar way to
chromatin immunoprecipitation (ChIP-seq) where enriched
methylated DNA or an immunoprecipitated protein-DNA
chromatin complex are aligned to the genome to reveal peaks,
marking the averaged distribution of the epigenetic mark of
interest.®% Like RNA-seq, these methods are superior to
array-based interrogation for discovery applications as they
make no a priori assumptions of where to interrogate the
genome. The potential diagnostic and prognostic utility of
DNA methylation has been demonstrated.’® Single gene DNA
methylation assays, such as those assaying MGMT methylation
to predict response to DNA alkylating agents in glioma, are
now being incorporated into clinical management,®” whilst
single gene assays for detection of lung and colorectal cancer
are also in development.® However, to our knowledge, no
multi-gene or genome-wide DNA methylation assays have
yet been clinically adopted.

Bioinformatics for Next-Generation Sequencing

Whilst sequencing technologies have developed at a rapid
rate and robust commercial platforms have become readily
available, the analysis of NGS data remains a significant
challenge. For experienced users of Sanger sequencing,
the general concepts of analysing NGS data can be easily
digested. However, the sheer scale of analysis, terminology
and need for command line computer languages can be a
formidable challenge. To overcome the latter issue there
are several commercial solutions for NGS analysis, some
of which are provided by the companies distributing NGS
instruments. These programs aim to make the analysis
simpler by providing easy-to-use graphical user interfaces
(GUI). Such software tools may be a suitable entry point
for small-scale laboratories, especially for analysis of
simple datasets, but are generally limited in their flexibility
and scalability and often do not adequately resolve issues
around data handling and management. It is also important
to remember that many challenges around NGS analysis
are still being resolved and that commercial software
packages are not exempt from common issues experienced
with analysing NGS data and may not be as advanced as
the open-source tools being developed by large genome
centres. In a research setting, most groups have invested
in Dbioinformatics support by employing
programmers and IT specialists for developing sequencing
analysis pipelines. This partially reflects the complexity and
scale of discovery-based applications but is also indicative
of the continuous advances being made in this area. For the
purpose of this review we will discuss the basic concepts of

computer
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analysing NGS data for DNA resequencing that are common
to analysis pipelines (Figure 1A).

Aspects of the Analysis Pipeline

Primary data output from each platform essentially consists of
atext file containing raw sequence reads plus the quality scores
for each base. Each sequencing platform comes with its own
proprietary analysis software to call the bases and generate the
associated quality metric. Independent base calling algorithms
and software tools have also been developed to improve upon
base calling accuracy and reduce systematic errors,” although
for the average user these third-party softwares are unlikely
to be considered. While quality scores cannot be directly
compared between sequencing platforms they generally all
use a Phred-like score, which is logarithmically related to the
base-calling error probabilities.”®’" A quality score assigned
to a base is relative to the confidence in detection, with
individual factors affecting the base quality being determined
by the nuances of each sequencing technology. Base quality
tends to deteriorate towards the ends of reads and hence
low quality ends may need to be trimmed to improve the
overall data quality (Figure 1B). The software provided with
each platform will typically provide an overall run quality
report, whilst quality assessment using third-party tools (e.g.
FastQC™) are also frequently used.

Shorter reads, higher error rates and the sheer scale of data
mean that specific methods are required for NGS read
alignment. A number of alignment algorithms exist and
some of the most popular ones are BWA, MAQ, Bowtie
and Novoalign,”7¢ whilst most commercial softwares have
developed their own proprietary algorithms. Gapped aligners
such as BWA and Novoalign are better suited to variant
detection compared with non-gapped aligners like MAQ and
Bowtie as these enable indel detection and are less prone
to calling false-positive SNVs around indels (Figure 1C).
Performance differences exist between algorithms and there
is typically a trade-off between speed and accuracy.”” Once
alignment is complete, sequence alignment maps (SAM
or binary format BAM) are generated that can be used to
visualise sequence reads in genome browsers such as IGV.”
Commercial solutions are likely to have a genome browser
built into the software package and the intermediate files
generated during analysis are often hidden from the user.

As in the case of alignment, there are many programs available
for variant calling, the most commonly used of which are
Samtools, GATK Unified Genotyper and SOAPsnp.”®' The
challenge is to separate real variations from sequencing noise
and most variant callers use Bayesian algorithms which
incorporate the probability of seeing a variant at a particular
location given the known polymorphism rate and sequencing
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errors. Detection of variants has become increasingly
sophisticated and further refinement steps are now commonly
carried out post-alignment to increase the accuracy of variant
detection. For whole genome and exome analysis, these
steps include realignment of reads around indels, removal of
duplicate reads, and recalibration of base quality scores prior
to variant calling.” Phred-like quality scores are generated for
the consensus variant calls, however, like the quality scores
generated for individual reads, these scores cannot be directly
compared between different variant calling programs.

Once variant detection is complete, results are then typically
annotated to add gene and transcript identifiers and to predict
the functional significance (i.e. non-synonymous or frameshift
changes). Variants may be compared with databases to identify
known associations with disease and also there are a number of
tools available to predict the functional consequence of novel
missense changes.®?> Genome databases such as ENSEMBL
provide an application program interface (API) facilitating
automated annotation of variants.®> Commercial programs
often require the user to upload individual annotation files
separately, which can be laborious and inherently more
difficult to manage.

Structural Variation and Copy Number Analysis

Structural variation, which includes copy number alterations,
is responsible for a large proportion of the variation
between individuals® and is a frequent event within cancer.
The identification of structural variants from NGS data,
especially short read platforms, is often considered more
challenging than for SNV and small indels owing to the
complex types of rearrangements that can take place, such
as translocations, inversions and tandem duplications.
Structural variations are also more common in repetitive
regions, which creates mapping issues for short read
alignment. Methods for detecting structural variations from
NGS data are still under active research and development
and four different approaches are currently being used; read-
pair, read depth, split-read and assembly. These methods can
produce widely different results with little overlap.’ The
majority of studies that have applied this type of analysis
have used data from WGS to identify structural variation,
however, it has been shown that structural variation analysis
can also be applied to targeted resequencing data. This could
have new application in a clinical setting to replace methods
for identification of common translocation fusion partners or
for identifying viral integration sites.?¢-%

Common Errors/False Positives and How to Overcome
Them

False positives can still be a major problem using NGS but
steps can be taken to minimise this issue. Common errors
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Figure 1. (A) A typical pipeline schematic for variant detection with next-generation sequencing, showing the steps from raw
reads to production of a final list of variants. (B) Box plots created by the tool FastQC showing the base qualities of reads for two
samples. The box plot on the top shows a ‘bad’ result, where the quality deteriorates rapidly from the middle of the reads to the
ends, while the box plot on the bottom shows a ‘good’ result with just a slight decrease in quality towards the ends of the reads.
Trimming of the reads in the sample on the top is recommended as it would lead to more accurate variant detection. (C) The effect
of using an ungapped (MAQ) versus a gapped aligner (BWA). With the ungapped aligner the presence of a deletion in the sample
leads to misalignment of the parts of the read next to the deletion resulting in false positive single nucleotide variation (SNV) calls.
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occur due to ambiguity in short read sequence alignment and
sequencing errors. Multi-mapping can frequently occur if
a read aligns to paralogous or repetitive regions within the
genome. Furthermore, it is known that the human genome
assembly is not perfect, with gaps and misassemblies present,
which can also lead to misalignments.’** With short reads,
misalignments to the reference genome are a more likely
occurrence. Longer reads, such as those produced by Roche
454 technology, enable reads to be aligned with higher
confidence, whilst using paired-end reads can also help to
mitigate the multi-mapping issue.

Another major source of false positive variants arises through
either mis-incorporation of bases during PCR amplification
or sequence detection errors. Duplicate reads contribute to
false positives derived from PCR-associated errors and are
therefore routinely removed during analysis. Paired-end
sequencing from shotgun fragment libraries are useful in
this context as there is a high likelihood that two reads are
duplicates if paired-ends from two independent fragments
have the same start sites. When using a PCR-amplicon
approach, this problem is not so easily resolved as all reads
will align with the same start location based on primer design.
Designing overlapping PCR-amplicons and accepting only
consensus variant calls between amplified intervals may help
to reduce this problem. Recently, an alternative approach
called SafeSeq has been described to reduce false positives
from PCR amplicons.”’ The method, in principle, is similar
to molecular barcoding (indexing) of samples. Instead of
using a known 4-6 base index to tag individual samples
during library preparation, every molecule is given a unique
barcode by incorporating a degenerate 12—16 base index into
the universal adapter sequence. Samples are subject to PCR
and deep sequencing whereby only variants identified in 95%
of duplicate reads are kept. The application is well suited to
detection of rare variants but could be applied to any PCR-
based diagnostic application.

Cancer-Specific Challenges

Sequencing tumour samples presents an additional set of
challenges for bioinformatic analysis. Challenges specific for
variant detection in cancer datasets result from the inherent
characteristics of tumour samples: aneuploidy, tumour
heterogeneity and contamination with normal tissue. Most
of the widely-used variant callers such as GATK Unified
Genotyper and Samtools assume a diploid genome and are
thus not well suited to tumour samples, where diploidy is not
guaranteed and copy number alterations are common. Efforts
have been made to develop tools specific for cancer variant
detection, such as SNVmix, addressing the challenge of low
frequency variant detection.”

188 | Clin Biochem Rev Vol 32 November 2011

Current Opportunities for Cancer Diagnostics

There are a number of exciting possibilities for the
implementation of NGS in a clinical setting and, not
surprisingly, there is a lot of interest and activity in this space.
Some of these methods will simply replace existing Sanger
sequencing or PCR-based assays for genetic testing within
genes linked to familial cancer syndromes or for detection of
mutations in genes of therapeutic importance within cancer
cells or tissues. A real driver for these applications will be
the ability to rapidly screen numerous gene targets at minimal
cost. Notwithstanding existing legal battles concerning
infringements over gene patents, this will hopefully translate
to more individuals being allowed access to genetic testing
and a positive outcome for patients and their families. The
emergence of small molecule inhibitors and antibodies
against druggable gene targets is revolutionising cancer
treatment. Many of these agents are considered most effective
when used in combination with companion diagnostic assays.
Other novel clinical applications are also emerging, including
the monitoring of disease burden though minimally invasive
detection of tumour DNA in the peripheral blood of cancer
patients.”*** However, these more novel applications still
remain in development and will not be discussed in greater
detail here.

Familial Genetic Testing

Genetic testing for high penetrance familial cancer genes,
such as BRCA1l, BRCA2, APC and the mismatch repair
genes to name a few, is provided to individuals deemed to
be at high risk due to their family and clinical history. The
introduction of NGS should translate to significant cost
savings through simultaneous sequencing of multiple targets
and multiple samples. One immediate and positive impact of
reduced-cost sequencing for genetic testing is that individuals
with diseases such as breast and ovarian cancer, who don’t
meet the current stringent criteria for recommending genetic
testing, may become eligible for screening, since a major
factor in determining the stringency of such guidelines is the
cost of genetic testing and available resources. It has been
reported that around 30-50% of individuals with a mutation
will not have a significant family history to warrant testing.”>%
Therefore, these individuals would only be tested if other more
local guidelines are used such as young age of onset or triple
negative breast tumour pathology. These groups are likely to
benefit from a more readily available NGS approach. There
is a similar situation in high-grade serous ovarian cancer in
that around 50% of women with serous ovarian cancer who
had a BRCA1 or BRCA2 mutation did not have a significant
family history.”

Furthermore, lower frequency genes not routinely tested but
implicated in familial cancer syndromes could be included in
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a standard genetic screen if disease risks could be attributed to
mutations in such genes. The selection criteria for testing could
then be based on whether variants within a particular gene can be
used to improve risk estimates given by the clinic to the patient
rather than resource limitations. An additional positive impact
would likely be a reduction in the timeframe for genetic testing
from months to weeks while at the same time increasing the
potential throughput for testing. This would increase the utility
of BRCA1 and BRCA2 testing in the context of enrolment in
trials open to carriers of BRCA1 or BRCA2 mutations such as
Poly (ADP ribose) polymerase (PARP) inhibitor trials and as an
aid to surgical management decisions.’®

There have been several recent publications describing
the use of NGS for the purpose of familial cancer genetic
screening.”-'? As a first example, Morgan et al. used LR-
PCR to amplify and then sequence across all exons of
BRCA1,BRCA2 and TP53 in a series of cell lines and patient
samples.” A relatively small target size enabled pooling
of samples for sequencing on a single lane of an Illumina
Genome Analyzer (IIx) flow cell. They found that all known
pathogenic variants (determined by Sanger sequencing in the
same sample set) could be found, including deletions up to
16 bp, with zero false positives using either the commercial
software NextGene (SoftGenetics) or custom developed
software for analysis.

A second study by Walsh et al. used a hybridisation capture
approach to sequence 21 genes known to be associated
with predisposition to breast and ovarian cancer.'”” They
designed bait libraries against coding and intronic regions
in addition to 10 Kb upstream of each genic region totalling
approximately 1.0 Mb capture size. A panel of samples with
known point mutations, deletions and duplications were
sequenced attaining greater than 1200-fold average coverage
and at least 20-fold coverage for every targeted base. Every
known pathogenic change was identified in the samples tested
including up to 100 Kb deletions that could be determined
from inferred copy number using depth-of-coverage from the
capture enrichment and sequencing. This study demonstrates
that lower uniformity of coverage from using hybridisation
capture could be overcome with simply greater sequencing
depth, whilst the ability to derive copy number information
from the data and sequence a larger number of genes is a
clear advantage over PCR-based approaches. However,
the specificity of hybridisation capture still remains as a
point for further investigation. This is especially important
when dealing with diagnostic assays for genes with highly
homologous pseudogenes, such as PMS2, BRAF and
CHEK?2, associated with colorectal cancer, melanoma and
breast cancer respectively, since this could theoretically lead
to misinterpretation of mutation status or copy number data.

Identification of Somatic Mutations in Cancers

Recently, anumber of targeted therapies have become available
for various cancers, most notably melanoma, lung cancer and
colorectal cancer. The success of such treatments relies to a
very large extent on the genetic profile of the individual tumour
being treated. Melanoma tumours harbouring the p.Val600Glu
mutation in the BRAF gene respond dramatically in the first
instance to treatment with vemurafinib'® whilst non-small
cell lung carcinomas respond to treatment with gefitinib
or erlotinib if they harbour one of a range of activating
mutations in the EGFR gene.!* Conversely, most exon 12 and
13 mutations in the KRAS gene are predictive of a lack of
response to monoclonal antibody therapies, such as cetuximab
and panitumumab, directed at the EGFR protein.'®

Whilst single targets for single therapies are currently the
norm, it is very likely that future treatments will rely more
on therapies directed to multiple targets to avoid relapses
common to these treatment modalities. Furthermore, it is
likely that somatic mutations, either acquired or primary, may
contribute as a mechanism for disease relapse. Indeed, the
p-Thr790Met mutation in the EGFR gene has been described
as a resistance mutation for targeted therapies with potential
for predicting the likelihood of disease relapse following
treatment.'® Therefore, monitoring of disease response to
therapy to detect emerging resistance and concomitant genetic
testing to detect de novo mutations will likely form part of
many future treatment strategies.

Initial reports of using NGS to clinically sequence multi-
gene panels in patient tumour samples are now emerging.
For example, a recent study by Wagle et al. has reported
the use of targeted resequencing in melanoma to identify a
previously unknown mechanism of acquired resistance to the
BRAF inhibitor PLX4032 (vemurafinib).!'”” Hybridisation
capture and resequencing of 138 cancer genes in tumour
samples taken from a single patient before and after relapse
revealed a p.Cysl21Ser mutation in the MEKI kinase
that was only found in the relapse sample. Experimental
validation involving ectopic expression of the MEKI
p.Cys121Ser allele in a melanoma cell line harbouring BRAF
p-Val600Glu mutation, which is normally highly sensitive
to BRAF inhibition, confirmed the resistance phenotype of
the MEK1 mutant. This is the first report of an activating
mutation occurring downstream of the BRAF kinase, adding
to a growing list of other known mechanisms of acquired
resistance to BRAF inhibition.!%1% Tt would seem unlikely
that novel mutations such as this would have been found
using conventional sequencing or genotyping approaches.
However, it also raises the issue of how to interpret any
new findings in clinical practice. Building a knowledge-
base of genes and mutations that are likely to be conferring
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resistance to a target therapeutic agent will be important for
the interpretation of sequencing results and future deployment
of effective combination therapies.

Sequencing tumour DNA from diagnostic tumour tissue can
present specific technical challenges including the use of
heterogeneous tumour samples and the use of small amounts
of degraded and fixative-affected DNA. A major difficulty
encountered when attempting to detect mutations in gene targets
arises from a trade-off between sensitivity and the detection of
de novo sequence variations. As an example, standard Sanger
sequencing is capable of detecting the majority of mutations
within a targeted region, however mutations present at less than
10% are unlikely to be detected. Specific allelic discrimination
assays have been reported with sensitivities of 99% or greater,
however highly multiplexed allelic discrimination assays
such as the Oncomap panel have average mutation detection
sensitivities approaching 89% or less for FFPE samples.!! NGS
appears ideally suited to address both challenges of sensitivity
and coverage. A recent study by Querings ef al. benchmarked
the sensitivity of detecting EGFR and KRAS mutations in lung
cancer specimens comparing PCR enrichment followed by
NGS against Sanger sequencing and pyrosequencing.''? They
found that NGS provided sensitivity superior to the other two
methods, detecting 100% of patients with response to an EGFR
inhibitor.

Undoubtedly one of the major technical challenges to using
NGS for cancer diagnostics will be the use of DNA extracted
from FFPE material. Very few published studies have yet
assessed the ability to use DNA extracted from FFPE material
for NGS resequencing.?*!'* We and others have begun to test
the sequence enrichment methodologies on FFPE pathology
specimens, using either PCR-based or hybridisation capture
enrichment. Anecdotal and unpublished reports are that this
appears quite feasible, although overall success and sequencing
accuracy will likely depend on the DNA quality, which can be
highly variable from FFPE samples. Further studies will be
required to validate the robustness of NGS for distinguishing
between sequencing artefacts that may be introduced during
sample processing and rare low frequency tumour mutations
that are likely to be detected when benchmarked against other
high sensitivity assays such as mass spectrometry genotyping.

Conclusion

There is much hope given to the promise of genomics and the
impact that technology platforms like NGS will have on our
understanding, diagnosis and treatment of common diseases.
However, it should be remembered that the sequencing
technology platform is only one aspect of a routine diagnostic
molecular pathology laboratory. DNA sequencing technologies
have been used for some time as a clinical diagnostic tool and
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it has taken at least a decade for the support systems required
for data analysis and interpretation to be developed, scrutinised
and validated for clinical diagnostic use. In some aspects they
still fall short of the requirements of a diagnostic laboratory
for a number of applications. Nevertheless, during this time
the limitations of Sanger sequencing systems have become
well understood and commercial software tools are readily
available to assist with these tasks.

NGS will present specific problems from a technical
perspective, including higher error rates, fundamental
platform differences, the selection of appropriate quality
values and data handling. In many respects these issues are
not unique to NGS but are likely to be exaggerated by its use.
The validation of new sequencing platforms will be achieved
through retrospective comparison to previously analysed
samples and will also require validation of the software used
by the platforms and/or supplied by third party vendors or
open access software. Exhaustive prospective comparisons
will be required since retrospective testing is unlikely to
correlate entirely with data obtained from newly designed
NGS panels.

The demands on clinical data interpretation will be much
greater both within the laboratory and in the clinic. Protocols
for dealing with NGS data that guide what and how particular
information will be reported and conveyed to the clinician
will need to be established. These issues are currently of high
importance to regulatory organisations such as the Therapeutic
Goods Administration (TGA) in Australia. In Australia,
the use of in vitro diagnostic devices (IVDs) is governed by
NATA/RCPA laboratory accreditation and National Pathology
Accreditation Advisory Council (NPAAC) guidelines are
available at the Australian Government Department of Health
and Ageing."* The TGA have recently introduced a register for
IVDs where each Class 3 IVD, including the majority of the
tests described in this review, must be registered by 1 July 2014
if used in a diagnostic setting in Australia.""> This accreditation
will cover all aspects of the IVD including the NGS platform,
targeting methodologies and data interpretation and reporting.
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