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Introduction

Since the completion of the Human Genome Project (HGP) in 2003
and the appearance of the first next-generation sequencer (i.e. Roche
454 GS20) on the market [1], it has been widely anticipated that the
rate of genomic discovery would increase exponentially. Genomic
discovery in the context of human genetics encompasses the
identification of new variants or mutations underlying human disease,
from rare Mendelian disorders to common complex diseases including
cancer, and pharmacogenomics for drug responses [2-4]. It has been
envisaged that these ‘disruptive technologies will eventually be
translated into the diagnostic setting. Thus, the term ‘genomic
medicine’ has been widely used to describe this rapidly evolving field
i.e. applying genomic information in the context of furthering the
clinical care of patients. Pharmacogenomics is that branch of genomic
medicine that specializes in applying genomic information in the
context of therapeutic decision-making [5,6].

The completion of the HGP and the advent of multiple Next-
Generation Sequencing (NGS) technologies in its wake have spawned
a significant number of new developments in genomic medicine. One
of the first examples was provided by the sequencing of an entire
cancer genome by means of NGS to determine the genetic aberration
in a patient with a diagnosis of Acute Myeloid Leukaemia (AML) of
unclear subtype. This Whole-Genome Sequencing (WGS) analysis
detected a novel insertional translocation on chromosome 17 which
generated a pathogenic PML-RARA gene fusion, thereby confirming a
diagnosis of acute promyelocytic leukemia (a subtype of AML with a
favorable prognosis), and making possible the improved management
of the patient [7]. The combination of NGS technologies with new
sequence enrichment methods has also made Whole-Exome
Sequencing (WES) feasible. The impact of WES on clinical
management was first evidenced by the case of a patient, diagnosed
with an intractable inflammatory bowel disease through the
identification of a missense mutation in the XIAP gene, in whom
allogeneic  hematopoietic progenitor cell transplantation was
subsequently performed [8].

In addition to WGS and WES, rapid advances have also been made
in the application of NGS technologies in targeted sequencing of a
panel of genes to detect somatic mutations in tumor tissue, which is
important for therapeutic decision-making in the context of molecular
targeted drugs. For example, somatic mutations in EGFR inform the
prescription of drugs (such as erlotinib and gefitinib) targeting the
gene product, a tyrosine kinase [9,10]. However, detecting rare (yet
clinically actionable) somatic mutations has been very challenging
using conventional methods such as Sanger sequencing. This is due to
a combination of tissue heterogeneity and genetic heterogeneity, as well
as temporal heterogeneity i.e. tumor evolution; taken together, these

account for somatic mutations often being characterized by low
frequencies (<20%) in the tumor tissue. Whilst Sanger sequencing
suffers from limited sensitivity in the context of detecting rare somatic
mutations, quantitative PCR methods have limited scalability for
multiplexing which could allow detection of up to hundreds or
thousands of mutations in a cost- and time- effective manner. By
contrast, by generating digital data, NGS technologies fulfill both these
key requirements for their application in the diagnostic setting.
Amplicon multiplexing is performed such that thousands of amplicons
containing many different mutations are amplified and sequenced
together, and sequencing depth is increased to enhance somatic
mutation detection; as rare mutations can be detected at the level of
single individual sequence reads (Table 1). Cost effectiveness may be
further improved by sample indexing whereby multiple samples can be
pooled together in the same sequencing run [11,12].

Methods Sensitivity to detect

rare mutations

Multiplexing of targets
(Amplicons and Mutations)

Sanger sequencing | Limited Limited scalability

Array genotyping Limited (analog data) High (thousands of
mutations)

qPCR High Limited scalability

NGS High (digital data) High (and cost effective)

Table 1: Comparison of the common methods to detect rare somatic
mutations.

The arrival of bench-top sequencers such as Illumina MiSeq and the
Life Technologies Ion Torrent Personal Genome Machine (PGM) has
further accelerated the pace of NGS transfer into the diagnostic setting.
The bench-top sequencers are rather more suitable than the
conventional high-throughput sequencing platforms such as Illumina
HiSeq or Life Technologies 5500x] SOLiD System in terms of their
adoption in the diagnostic setting. The reasons are manifold including
the fact that the size of the targeted gene region is very much smaller
than that required for either WES or WGS, and the requirement for
smaller numbers of clinical samples to be run on a regular basis, which
would hamper the batching of larger sample sizes. This leads to a
requirement for a lower sequencing throughput in the diagnostic
setting. In addition, the sequencing run time for bench-top sequencers
is much more rapid, taking several hours rather than the days required
for high-throughput NGS platforms [13]. Below we elaborate the
challenges and preconditions to bring NGS into a diagnostic setting for
therapeutic decision-making and highlight the first CE-IVD NGS
diagnostic test for oncology that has been brought to the market.
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Although the gradual permeation of NGS into the diagnostic setting
has been envisaged, there have been many challenges particularly in
the context of detecting somatic mutations in oncology [14-17]. The
challenges range from assay design to sample preparation, data
analysis, variant calling, and automation of the entire workflow from
samples to results. In terms of the assay design, it is critical to ensure
that targets are selected so as to be both of clinical relevance and
actionable. In addition, the tests should achieve the required levels of
analytical and clinical sensitivity and specificity for diagnostic
application.

The analytical sensitivity and specificity can be established by
detecting known mutations in well-characterized reference materials.
On the other hand, clinical performance is established by comparing
the concordance and discordance rates of mutation detection in
clinical or reference samples already tested by reference methods e.g.
quantitative PCR and Sanger sequencing (the latter for mutations with
frequencies >20%). As NGS tests are characterized by their high
multiplexing capability (i.e. up to hundreds or thousands of mutations
can be targeted), testing every single mutation to assess clinical
performance represents quite a challenge. What hampers this
validation is that a large number of samples would be required to
establish the parameters and it is probably impracticable to obtain an
adequate number of samples, especially for low population frequency
mutations among cancer patients.

In addition to the selection of clinically relevant targets, and the
requirements of analytical and clinical performance, an automated
workflow from sample preparation to data analysis, variant calling and
result reporting is also very critical in the diagnostic setting. The
importance of this requirement is well exemplified in the NGS tests,
where the workflow involves many steps from DNA extraction from
tumor tissue to library construction, template preparation, sequencing
and data analysis. Validation is needed to ensure the reproducibility of
the workflow, and automation is a critical component for this. For
example, robotic automation should ensure reproducibility in terms of
quality and quantity of the DNA extraction from tumor tissue and
library preparation as well as minimizing operator errors during the
tedious manual steps. Automation also brings other significant
advantages i.e. reducing the labor requirement for the work (ie.
improving the laboratory’s manpower efficiency) and avoiding the
need to repeat samples due to operator errors (increasing cost
effectiveness). Other critical requirements in the diagnostic workflow
lie in ensuring sample traceability, where automatic sample ID list is
being transferred from one part of the workflow to another, this serves
to avoid manual entry errors in the ID list.

Another challenge that hinders the widespread application of NGS
in the diagnostic context is data analysis, which requires specialist
expertise in bioinformatics. This includes the optimization of analysis
parameters, alignment of sequence reads, variant calling and
annotation. This is important to ensure high sensitivity and specificity
with respect to detecting the target mutations. Building a robust and
validated bioinformatic analysis pipeline to meet the strict
requirements of analytical and clinical performance is resource-
intensive. Furthermore, the analysis part should also be user friendly
so that laboratory personnel without specialist bioinformatics training
can perform it. The reports generated at the end of the analysis must
also be designed specifically to meet requirements in the clinical
context, where sufficient QC information must be included to allow
assessment of the quality of the runs and samples, whilst the report for
clinicians must be concise, summarizing only the mutations being
sought or detected.

Although many commercial companies have been working towards
bringing NGS oncology tests onto the market, Vela Diagnostics was the
first by dint of launching its NGS oncology test and the automated
workflow for melanoma with CE-IVD approval in September 2014
(www.veladx.com), and oncology tests for colorectal cancer, non-small
cell lung cancer, and thyroid cancer have also been launched
subsequently with CE-IVD mark, and all these tests have also obtained
TGA (Therapeutic Goods Administration) approval in Australia. These
tests are designed to detect somatic mutations in tumor samples aiding
the prescription of molecular targeted drugs. This is an important
milestone in the translational effort to bring NGS oncology test into
the diagnostic setting. The workflow that was launched by Vela
Diagnostics to support the NGS oncology tests (http://
www.veladx.com/products.html#ngs) fulfilling the preconditions
discussed above bringing NGS tests into the diagnostic setting become
a reality. The workflow begins with automated genomic DNA
extraction and library construction on a robotic liquid handling system
(Figure 1). This automated workflow offers several significant
advantages. For example, it ensures the reproducibility of libraries in
terms of quality and quantity. Further, in the validated workflow, no
QC steps are required to measure the concentration of extracted
genomic DNA, or to assess the library’s quality and quantity. After
automated library construction is completed, the pool library is used
for subsequent template preparation and sequencing to generate the
sequencing data. The data are analyzed by the software i.e. Sentosa SQ
Reporter automatically, where the steps such as alignment and variant
calling take place. The automation of the entire workflow also makes it
feasible to achieve a turn-around time of 2 days from DNA extraction
to report generation for each clinical sample.
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Sentosa Link Sentosa SX101

Samples

Sample ID 4 validated Multi-purpose:
download sample Lysis, Extraction,
materials Library prep

2 extraction kits Open-channel

generated are sent back to Sentosa Link upon electronic sign-off.

Sentosa ST401

Template prep

Figure 1: Sentosa NGS Workflow integrated with Sentosa Link. The workflow begins with the generation of a sample ID list using the Sentosa
Link. The ID list is then transferred throughout the whole workflow by the Sentosa Link. The DNA extraction from FFPE samples and library
construction steps are fully automated on SX101 (with an external PCR amplification step). This is then followed by template preparation and
sequencing on the ST401 and SQ301 devices, respectively. Finally, the data are analyzed by SQ Reporter for variant calling, and the reports

Sentosa SQ301 Sentosa SQ Reporter Sentosa Link

Sequencing, Data QC Result upload
Open-channel Automated
reporting

The widespread application of NGS tests in the diagnostic setting is
growing apace. In addition to oncology tests designed to identify
somatic mutations for therapeutic decision-making, NGS also has huge
potential as a diagnostic tool in the context of Mendelian disorders.
This is well exemplified by the Illumina MiSeqDx Cystic Fibrosis
System, which is the first FDA-cleared IVD NGS platform for the
comprehensive testing of cystic fibrosis [18]. These tests have so far
used a targeted gene sequencing approach to sequence specifically
those gene regions containing clinically relevant mutations. It is
foreseeable that more NGS diagnostic tests will be developed and
luanched into the marketplace as the rapidly evolving discipline of
genomic medicine is devoted to utilizing genomic information to
further the clinical care of patients and to improve health outcomes.
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