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Abstract DNA sequencing technologies are evolving at a prodigious rate.
First-generation approaches have now been largely replaced by second-generation
technologies (still known as “next generation sequencing” (NGS) even though they
are now current and commonplace), and third-generation technologies (sometimes
called “next-next generation sequencing”) are starting to arrive. This has led to
global boom in whole genome or exome sequencing, boosting the discovery of
sequence variants associated with disease that will eventually be translated into new
diagnostic, prognostic, and therapeutic targets for individual patients in “precision
medicine.” Acknowledgement of disease predisposition and specific therapeutic
behavior for each individual addresses a more preventive approach. Adoption of
such novel means represents an anticipation-relevant outcome as it can affect our
healthcare on many different levels, ranging from a simple lifestyle adjustment to a
well-defined clinical guideline. In this chapter we summarize current and emerging
sequencing technologies for clinical applications, and some of the challenges that
lie ahead.
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1 Introduction

Next generation diagnostics and therapy—the object of the conference on
Anticipation and Medicine that is the origin of this volume—can be defined as any
set of clinical approaches informed by consulting the sequence of a patient’s
genome. The origins of this approach can therefore be traced to the first medical
applications of individual gene sequences. Comprehensive applications required
two major developments: the sequencing of the human genome and the arrival of
technologies allowing access to individual genomes quickly and inexpensively. We
shall focus on the development of technology, connecting it to the anticipatory
aspects of genetic research. As we shall see, issues such as individualized treatment,
new screening methods, individual genetic disease, among other aspects pertain to
the anticipatory perspective (see Nadin' and [1]). How technology evolved is not
irrelevant to how all the questions related to the role of the “genetic map” are
articulated.

The first project to sequence the entire human genome arose from several
debates, some doubting whether such a project would be worthwhile in terms of
downstream applications, and others arguing that it would expedite cancer research
and help to identify medically relevant mutations. The advent of recombinant DNA
technology in the 1970s, followed by development of methods to clone larger
fragments of DNA in 1980s, provided the tools necessary to isolate and assemble
genomic DNA sequences hundreds to several thousands of base pairs in length.
Larger DNA inserts, in the megabase range, became accessible following the
development of artificial chromosome vectors, allowing the construction of phys-
ical maps of the human genome upon which individual clones could be assembled.

The human genome project (HGP) was the first step towards the application of
genome technology in medicine, but the initial aim was to assemble a highly
accurate reference sequence (one error per 10,000 bases) that spanned the majority
of each human chromosome. This sequence was predicted to offer valuable infor-
mation concerning human biology, thus facilitating applications in other fields,
including medicine, drug development and forensics. The HGP officially com-
menced in 1990 and lasted 13 years, with total funding of US$3.8 billion.
A “working draft” of the human genome DNA sequence was completed in June
2000 and published in February 2001 [2].

Alongside the map-based sequencing approach adopted by the publicly funded
International Human Genome Sequencing Consortium (IHGSC), Celera Genomics
(founded in 1998 by Dr. Craig Venter) declared its intent to sequence the human
genome using the comparatively new method of whole-genome shotgun sequenc-
ing. This does not require the prior development of a physical map for assembly,
but relies instead on the generation of large numbers of overlapping reads that can
be assembled de novo. This approach was faster than the IHGSC strategy but much

lNadin, M.: Medicine: The Decisive Test of Anticipation. In: Nadin, M.: (ed.) Anticipation and
Medicine, pp. 1-25. Springer, Cham (2016).
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more computationally demanding, and therefore only became possible towards the
end of the publicly funded project when sufficient computing power became
available. The Celera Genomics project was able to sequence the human genome in
three years at a cost of approximately US$300 million. However, this progress
would not have been possible without access to the sequencing data already pro-
duced by the IHGSC [3].

Before the analysis of the draft sequence, the human genome was expected to
contain ~ 120,000 genes [4], but sequence annotation only revealed ~ 20,500 [5].
Only 1.1 % of the genome was represented by exons, whereas 24 % was repre-
sented by introns and 75 % by intergenic DNA. The alignment of the human
genome with other sequenced genomes (a relatively new field at the time, known as
comparative genomics) revealed vertebrate-specific evolutionary expansions in
gene families associated with neuronal functions, tissue-specific developmental
regulation, hemostasis, and the immune system [3].

The draft sequences also provided locations for 2.1 million single-nucleotide
polymorphisms (SNPs), showing that single-base differences between any ran-
domly selected human genomes occur at an average frequency of 1 every
1250 bp. A SNP map has therefore been integrated with the human genome
sequence to highlight how nucleotide diversity varies across the genome, in a
manner broadly consistent with the standard population genetics model of human
history. This high-density SNP map provided a public resource that defined
variation across the genome and identified markers for disease diagnosis and
therapy [3].

Both human genome projects relied on several cumulative improvements in the
Sanger chain-termination sequencing method to improve accuracy and throughput.
This increased the output of a single sequencing machine to about 1.6 million bp
per day. But even at that rate it would take 15,000 days of continuous operation for
one Sanger sequencer running 96 reactions in parallel to cover the three billion base
pairs of the human genome with the minimum eight-fold redundancy required to
ensure accuracy. Entirely new sequencing methods were therefore required to gain
access to the genomic information of individuals at a cost suitable for standard
healthcare practices and rapidly enough to facilitate diagnosis in time for effective
therapy, heralding the development of next-generation sequencing (NGS). To reach
these goals, a new initiative was founded by the National Human Genome Research
Institute (NHGRI) in 2004 aiming to reduce the cost of sequencing a human
genome to US$1,000 within 10 years [6].

2 The Advent of NGS Technologies

Next-generation sequencing provided the basis for new diagnostic and therapeutic
strategies by accelerating the rate of sequence generation and reducing the cost per
base to the extent that individual genomes became accessible for the first time. This
step change meant that sequencing technology could be used for the discovery of
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medically relevant sequences at the level of individual patients, rather that the
erstwhile approach of testing short stretches of DNA for previously discovered
sequence variants. Several different NGS platforms have been developed but they
all share one property that differs from the Sanger method, i.e., the ability to
produce millions of short reads in parallel.

The first NGS platform was commercialized in 2005 by 454 Life Sciences [7].
The 454 technology combined emulsion PCR (allowing the amplification of DNA
fragments in massively parallel arrays without cloning) with pyrosequencing, a
real-time sequencing by synthesis method developed almost 10 years before [8, 9].
Emulsion PCR is based on the in vitro amplification of up to 10 million copies of
single DNA fragments attached to the surface of beads encapsulated in water
droplets in an oil-water emulsion, thus avoiding time-consuming standard cloning
methods. Millions of beads, each decorated with millions of copies of a different
genomic fragment, are then placed in picoliter-sized wells where the sequencing
reaction takes place, achieving massive parallelization and throughput. The
sequencing process is based on the real-time detection of pyrophosphate release
following the addition of a nucleotide by DNA polymerase to the growing DNA
strand. A sulfurylase converts the pyrophosphate to ATP which acts as a substrate
for the luciferase-mediated conversion of luciferin to oxyluciferin thus generating a
measurable flash of light.

The 454 sequencing technology overcomes two of the bottlenecks in Sanger
sequencing: the need to prepare individual templates, which is avoided by the
multiplex emulsion PCR format, and the need to complete a chain-termination
reaction and separate the products by capillary electrophoresis, which was
addressed by the real-time optical detection of nucleotide insertion in a high density
multiwell plate. This early example of NGS increased the throughput by 100-fold
compared to Sanger sequencing. In more recent 454 instruments, up to one million
reads can be generated per run, each 700—800 bp in length. This remains one of the
longest read lengths among all the current NGS technologies, not far short of the
~ 1,000 bp maximum achieved by Sanger capillary sequencing, and there is a low
rate of substitution errors. However, the intrinsic limitations of pyrosequencing
mean that 454 sequencing is sensitive to indel errors due to the misinterpretation of
homopolymer sequence runs.

Other NGS technologies followed hot on the heels of the 454 method including
the Genome Analyzer launched in 2006 by Illumina [10] and Sequencing by Oligo
Ligation Detection (SOLiD) marketed by Applied Biosystems in 2007 [11].
[lumina offered a novel strategy for preparing the sequencing template, using a
“bridge PCR” to amplify the signal directly on the solid surface of a flow cell where
the sequencing reaction takes place. The sequencing method is analogous to the
Sanger approach because it is based on chain termination. However, it uses
reversible terminators and achieves sequencing in real time through cycles of
fluorescent nucleotide incorporation, imaging, and cleavage of the terminator group
containing the dye. Both technologies have been streamlined and improved to
simplify template preparation, remove awkward bead-handling steps and increase
the number of reads generated per cycle, thus reducing the per-base cost of
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sequencing even further. In the original Illumina method, the read length was
limited to ~ 35 bases, although millions of reads were generated per run, but more
recent machines can generate billion of reads of up to 250 bases. Compared to 454
sequencing, the Illumina method is less prone to indel errors in homopolymer runs
but there is a higher substitution error rate.

Both Illumina and SOLiD use expensive fluorophore-based labeling technolo-
gies and optical imaging. In 2010, Ion Torrent sequencing introduced advanced
semiconductor technology to detect the hydrogen ions released during nucleotide
incorporation, thus further simplifying the overall detection process and providing
sequences more rapidly at a lower cost [12]. However, Ion Torrent shares with 454
sequencing the tendency to suffer a high indel error rate in homopolymer runs.

As stated briefly above, the advent of new sequencing technologies that are
simpler, faster, and more scalable than the Sanger method has caused the per-base
cost of sequencing to fall rapidly. In 2001, when the first draft Human Genome
Sequence was published, the cost to sequence 1 Mb was US$5,292.39. During the
transition from Sanger-based sequencing to NGS technologies, the cost per Mb fell
to ~US$100. During 2008, which is arguably when NGS became “mainstream”,
the cost per Mb fell from US$100 in January to less than US$4.00 in December.
This trend has continued, and as of June 2015, the cost per Mb had declined to a
remarkable US$0.015. The cost to sequence a human genome has therefore fallen
from US$95,263,072.00 in 2001 to US$1,363.00 in 2015, very close to the US
$1,000 target set by the NHGRI in 2004 [13].

3 Limits of NGS Applications

Although NGS has precipitated astonishing advances in the last ten years, all the
techniques are limited by the relatively short length of the reads. This is not an issue
when sequencing unique or well-characterized regions of the genome, but short
reads cannot resolve repetitive regions longer than the read length, such as trinu-
cleotide repeat expansions associated with diseases known as trinucleotide repeat
disorders (e.g., Huntington’s disease, fragile X syndrome, and neurodegenerative
progressive disorders known as ataxias) [14]. For the same reason, only short indels
can be detected and the technology struggles with larger structural variants, such as
translocations, because of the small spatial resolution achieved by short reads.
Structural variants are less common at the population level than SNPs and indels,
but recent studies indicate they are associated with a number of human diseases
ranging from sporadic syndromes and Mendelian diseases to complex traits,
including neurodevelopmental disorders. Chromosomal aneuploidies, such as tri-
somy 21 (Down syndrome), and monosomy X (Turner syndrome) are well char-
acterized; but de novo copy number variations are now known to be enriched in
autism spectrum disorders [15] and structural variations may contribute to other
complex traits including cancer, schizophrenia, epilepsy, Parkinson’s disease, and
immune disorders such as psoriasis [16, 17].
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Gene fusions caused by somatic translocations are associated with tumorigen-
esis, e.g., chronic myeloid leukemia (CML) and acute myeloid leukemia
(AML) [18, 19]. Although several strategies based on whole genome sequencing
and/or transcriptome sequencing have been used to discover gene fusion events,
they remain limited by the high frequency of false positives and low sensitivity of
computational approaches based on short sequence reads.

Whole-genome sequencing using NGS platforms also provides little if any
haplotype information at the level of an individual genome. Haplotype data facil-
itates linkage analysis and association studies, and is a key component of popu-
lation genetics and clinical genetics [20]. Haplotype data can be used to predict the
severity and prognosis of certain genetic disorders. For example, intragenic
cis-interactions between common polymorphisms and pathogenic mutations in the
prion protein (PRNP) and cystic fibrosis transmembrane conductance regulator
(CFTR) genes greatly influence the penetrance and expressivity of hereditary
Creutzfeldt-Jakob disease and cystic fibrosis, respectively [21]. Similarly, the gene
encoding the protease inhibitor o-2-macroglobulin is located within the
Alzheimer’s disease (AD) susceptibility locus on chromosome 12p, and a series of
studies using SNP markers show that certain haplotypes (especially those con-
taining a 5-bp deletion in intron 18 and a non-synonymous SNP in exon 24) have a
high-risk association with AD [22-24]. Although haplotypes can be inferred by
population-based methods or by genotyping multiple individuals from the same
family, data interpretation can be hindered by low-frequency variants, private
variants and de novo variants that are poorly resolved.

4 Third-Generation Sequencing

The second-generation sequencing technologies described above rely on PCR to
amplify signals from individual templates. This means that the accuracy of
sequencing is dependent on the accuracy of the PCR step and the read length is
limited by the need for template amplification. Third-generation technologies
overcome this limitation by using ultrasensitive imaging technologies or electro-
chemical sensors that allow the sequencing of individual molecules without prior
amplification. The main advantages of third-generation technologies include min-
imal sample preparation, the ability to use smaller amounts of biological materials,
faster sequence acquisition, increased throughput, longer read lengths and the
potential to reduce the cost of sequencing the human genome to US$100.00 within
a few years.

The first commercially available third-generation sequencing technology was the
Helicos Genetic Analysis Platform [25-28], which achieved single-molecule
sequencing by using a high-resolution camera to detect the incorporation of a single
fluorophore during DNA synthesis. Although the imaging of fluorescent dyes was
reminiscent of NGS, the innovation of the Helicos platform was the use of a
single-molecule template, removing the need for an initial PCR amplification



Next Generation Sequencing for Next Generation ... 93

step. There was no improvement over NGS in terms of read lengths, throughput,
and accuracy, but one unique advantage was the ability to directly sequence RNA,
as well as DNA [29]. The Helicos platform is no longer available because the
company has ceased trading.

Another example of third-generation sequencing is the Single-Molecule
Real-Time (SMRT) technology developed by Pacific Biosciences, which enables
the direct observation of a single molecule of DNA polymerase synthesizing a
strand of DNA. DNA polymerases are attached to the bottom of ~50-nm wells,
which act as zero-mode wave guides (ZMWs). The DNA polymerase utilizes
v-phosphate fluorescently labeled nucleotides to synthesize the nascent DNA
strand. The narrow width of the ZMW prevents light propagation through the
waveguide, but energy penetration over a short distance excites the fluorophores
attached to the nucleotides in the area near the DNA polymerase at the bottom of
the well. The fluorescence pulse that follows nucleotide incorporation can thus be
detected in real time [30].

The SMRT method has been improved by simplifying the sample preparation,
scanning, and washing steps to produce results more quickly and with less effort
[31]. The absence of template amplification allows the processivity of DNA
polymerase to be fully exploited, resulting in reads with an average length of
~ 10 kb and often exceeding 20 kb. This facilitates de novo assembly, the direct
detection of haplotypes and the phasing of entire chromosomes. However, one
drawback of this technology is that indel errors can exceed 13 % [32].

In 2015, Pacific Biosciences launched a new SMRT-based sequencer claiming
higher throughput and lower costs. Although the chemistry has not changed, the
SMRT cells have been redesigned to contain one million ZMWs compared to
150,000 in the previous system, increasing throughput 7-fold. Each SMRT cell
therefore has a throughput of 5-10 Gb and initial average read lengths of 8—12 kb;
both throughput and average read length should increase over time.

Nanopore sequencing is another third-generation technology based on the direct
detection of DNA nucleotides passing through a nanoscale pore. The sequence can
be recorded directly as a current fluctuation or converted into an optical signal [33].
The Oxford Nanopore Technologies MinION platform is the first available com-
mercial example of nanopore sequencing, following beta-testing in 2014. MinION
is a hand-held device which produces much longer reads than other technologies
(tens of kilobases) in a short time. Once a sample is charged in the MinION flow
cell, initial results are provided in minutes and a run can be completed in a few
hours. The main disadvantage of current nanopore sequencing is the high error rate
due to the low spatial resolution of the biological pore. New nanopore technologies
that aim to overcome such problems replace the protein channels with artificial
non-organic pores small enough to report the intervals between consecutive
nucleotides. The Oxford Nanopore Technologies MinlON platform is simple,
portable, much less expensive and capable of producing much longer reads than the
other NGS technologies currently available [34, 35].
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5 Clinical Analysis of the Human Genome Sequence

There are many technological differences among first-, second-, and
third-generation sequencing platforms, but in practical terms there are two main
advances that can be brought to bear in clinical diagnosis and therapy—the
anticipation-relevant outcomes of such advances. Next-generation sequencing
technologies are (i) much faster and (i) much less expensive than Sanger
sequencing, which means a patient could undergo genome sequencing at approx-
imately the same cost and in approximately the same timescale as standard labo-
ratory assays, a consideration that would have been inconceivable 10 years ago.
The new sequencing technologies therefore bring more diseases than ever before
into the domain of sequence-based diagnosis and therapy.

More than 5,000 human single-gene disorders have been resolved to causative
mutations, and others have been associated with structural aberrations or aneu-
ploidies [36]. Although the availability of the human genome sequence has greatly
improved our understanding of the genetic basis of disease—including the antici-
patory aspects—second- and third-generation sequencing technologies have made
the identification of genetic variants feasible on a genomic scale because the
sequencing of individual genomes is now possible, making it easier to identify rare
SNPs, indels and structural variations with a high degree of confidence. However,
detecting variants is only the first part of a complex interpretation process. The
number of polymorphisms and rare sequence variants per individual ranges from
few hundred thousand in the exome to millions in the entire genome, so compre-
hensive biochemical characterization and the assessment of a causal link between a
gene variant and a disease is not always possible. The comprehensive prioritization
of candidate genes prior to experimental testing is therefore necessary, but this
requires the screening of genome sequence data to select the most likely clinically
relevant variants. Candidates are prioritized using correlative evidence that asso-
ciates each variant and gene with the given disease based on the integration of
molecular, genetic, biochemical, functional and epidemiological data.

Several resources have been developed to facilitate the identification and
reporting of variants by collecting human variations and associated outcomes.
These resources include ClinVar [37], an archive of relationships between medi-
cally important variants and phenotypes along with supporting evidence, and the
Human Genes Mutation Database (HGMD) [38], which collates known mutations
associated with human inherited diseases. Specific databases have also been
developed for variants associated with drug responses, and such resources can be
tailored to individual genomic profiles, e.g., the Pharmacogenomics Mutation
Database (PGMD) and PharmGKB [39, 40], and the COSMIC database, which
collects somatic mutations identified in cancer research [41]. These databases can
be screened to determine the relevance of the variants in a given genome sequence;
but they have no predictive capability, i.e., they provide no information about novel
and unassociated variants.
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One way to predict the potential impact of genome sequence variants is to
determine their frequencies in population data, as demonstrated by the 1000
Genomes Project discussed in more detail below [42]. At the population level,
natural selection removes deleterious alleles, so filtering for low-frequency variants
in populations can help to enrich the dataset for potentially dangerous variants.
However, a rare allele can also be present for other reasons. It may be a harmless
variant that is rare because it has arisen recently or is close to elimination by genetic
drift. Indeed, genetic drift may result in a particular variant becoming rare in one
population but part of a common polymorphism in others. Therefore, rarity per se is
not necessarily evidence for disease association and additional epidemiological and
functional evidence should also be sought.

Functional prediction algorithms for non-synonymous variants use different
forms of evidence such as sequence conservation (SIFT [43]) or the predicted
impact of amino acid substitutions on protein structure and function (PolyPhen2
[44]). Others use a classifier trained with known disease mutations as well as
harmless SNPs and indels to predict the likelihood of disease association
(MutationTaster [45]). More confidence can be assigned to predictions that are
generated using more than one of these tools. Therefore a database of pre-calculated
scores obtained from many different predictors for all possible nonsynonymous
substitutions in the current human genome sequence has been developed to process
queries more rapidly (dbNSFP [46, 47]).

6 Population-Scale Sequencing Projects

The discovery of relevant variations in individual genomes requires data from the
analysis of large groups of people because it is necessary to correlate variations with
phenotypes in a statistically significant manner. Population-scale sequencing pro-
jects thus increase the power of research on diseases and provide the foundations of
personalized medicine. This is one of the claims of those who advance the antic-
ipatory perspective (see Nadin [48]).

The first international project aiming to collect and analyze genome data from a
large cohort of human subjects was the 1000 Genomes Project mentioned above.
This was launched in 2008, and its primary objective was to produce a compre-
hensive human genetic variation database by identifying all polymorphisms, i.e.,
genetic variants that have frequencies of at least 1 % in the populations included in
the project. The analysis of 2,504 samples from 13 different populations allowed the
creation of the first complete catalog of genetic variations and their frequencies,
which can be used to filter genomic data from patients afflicted by rare diseases to
remove common variants and enrich for rarer variations more likely to be associated
with the disease [49]. Many similar projects have been initiated more recently, such
as the NHLBI GO Exome Sequencing Project (ESP) which focuses on variants
contributing to heart, lung and blood disorders. In this project, the exomes of 6,503
unrelated individuals in diverse well-characterized populations were sequenced and



96 M. Garonzi et al.

the resulting datasets and frequency tables have been shared with the scientific
community [50].

These first massive sequencing projects facilitated the discovery of rare variants
by sampling individuals from diverse populations. However, because there is high
genetic diversity among populations due to genetic drift and natural selection,
population-specific sequencing projects may help with the interpretation of variants
in individual genomes. One of the largest studies based on a single population was
carried out by the company deCODE Genetics Inc., which sequenced more than
2,600 genomes from the Icelandic population to a median coverage of 20-fold, and
used comprehensive national genealogies to accurately impute even rare variants
throughout the population [51]. The project discovered novel diseases-associated
rare variants such as mutations in ABCA7 that increase the risk of Alzheimer’s
disease [52]. A similar example is Genomics England, a UK company owned by the
UK Department of Health, which aims to sequence 100,000 whole genomes by
2017 in collaboration with the UK National Health Service and 11 Genomic
Medicine Centers across the country. This is the first genomics initiative which is
tightly integrated with a national health system to accelerate the translation of
research into clinical practice [53].

The main limitation of population studies is that rare variants contributing to
quantitative traits can be difficult to identify even in large cohorts. This can be
overcome by studying founder populations, in which variants that are rare or absent
elsewhere may be more common due to the founder effect. One example of this
approach is the analysis of the Sardinian population in Italy, in which 2,120 indi-
vidual genomes were sequenced with low coverage. The project identified ~ 3.8
million variants that were not detected in previous sequencing-based compilations
such as dbSNP 142 and ExAC [54], which are also enriched for predicted func-
tional mutations. The Sardinian project also revealed the presence of 76,286 vari-
ants with a frequency exceeding 5 % which are rare (frequency lower than 0.5 %)
or absent in other populations.

7 NGS and Precision Medicine

Precision medicine is a new healthcare approach that matches the genomic data and
clinical records of individual patients. In this way, treatments are tailored to the
patients based on their genetic profile or other molecular and cellular information.
The concept of precision medicine is based on the fact that diseases affect indi-
viduals in different ways and that different patients show distinct responses to the
same treatments. Clinicians have known for many years that individual patients
respond differently to the same treatments, but genome analysis now provides data
that may allow the development of individualized therapies. Precision medicine
encompasses screening for inherited conditions, carrier screening and prenatal
testing, through to the identification of targets for cancer treatment, and the
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diagnosis, and treatment of rare diseases. The possible future that affects a current
state [55] is the goal of the PMI initiative [56].

Many of the ~ 5,000 known genetic disorders manifest during the first 28 days
of life, but the full clinical symptoms may not be evident in newborns. Screening at
this stage can therefore identify babies with genetic disorders that have silent,
heterogeneous, or ambiguous phenotypes at birth, but which benefit from early
intervention to avoid an irreversible impact on health. One example is sickle cell
disease, which causes blood clotting and a shortage of red blood cells. Early
identification can prevent the onset of complications caused by increased suscep-
tibility to infections through proper and timely treatment. This is where the antic-
ipatory perspective plays an important role. Newborn screening has been integrated
into postnatal healthcare for many years, but currently it only targets about 50 of the
most severe genetic disorders that require urgent clinical decisions [57].

The use of NGS-based newborn screening (NBS) companion to the current
biochemical testing regime would dramatically increase the quantity and diversity
of information parents and clinicians could derive from screening. A targeted NGS
assay based on panels of hundreds of relevant sequence variants could improve
diagnostic testing in newborns in a cost-effective manner by selectively sequencing
the corresponding genomic regions, mainly exons, following enrichment in a
physical DNA capture step [58].

Traditional molecular biology assays such as PCR can be used to identify a
limited range of known cancer-related mutations and rearrangements but NGS
could reveal comprehensive, individualized mutational landscapes, including both
known and novel variations. Integrated high-throughput sequencing of tumor
biopsy genomes could also facilitate biomarker-driven clinical trials in oncology
[59].

Although individual genetic diseases are rare, they are collectively common,
affecting millions of people worldwide. Many rare genetic diseases have escaped
traditional gene discovery approaches due to heterogeneity, a limited number of
patients or families for analysis, and the loss of reproductive fitness as a result of
such diseases. NGS-based gene discovery partially overcomes such limitations and
has enabled the discovery of hundreds of novel, rare disease mutations [60].

Finally, NGS is revolutionizing pharmacogenomics as a disease management
concept. Pharmacogenomics correlates human genome sequence data with drug
responses and aims to improve therapeutic efficacy and reduce side effects by
developing qualitatively and quantitatively tailored treatment regimens.
Pharmacogenomics has the potential to transform medical practice by replacing
broad methods of screening and treatment with a more personalized approach that
takes into account both clinical factors and genome data. For example, in cancer
treatment, small-molecule inhibitors and antibodies that bind to “druggable” targets
are revolutionizing medicine. Personalized anti-cancer therapy requires the identi-
fication of cancer-specific driver mutations in each patient. For example, among
patients diagnosed with non-small-cell lung cancer, only those harboring the ALK
gene fusion (present in less than 5 % of the affected population) respond to treat-
ment with targeted inhibitors such as crizotinib [61]. The identification of patients
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suitable for this treatment before therapeutic selection would avoid administering
ineffective drugs to the >95 % of nonresponsive patients on a trial and error basis,
not only hastening the deployment of more suitable treatment regimens, but also
reducing the costs associated with wasting the drug.

Another example of the application of pharmacogenomics in healthcare is the
prediction of individual responses to warfarin, a commonly prescribed oral anti-
coagulant which is used to prevent thromboembolic diseases in patients with deep
vein thrombosis, atrial fibrillation, or recurrent stroke [62]. Although warfarin is
effective, the optimal dose differs widely among individuals and is often determined
on a trial and error basis. However, several studies have shown that the VKORCI
locus is the single most significant predictor of warfarin tolerance, accounting for
~25 % of the variance in a stabilized warfarin dose [63, 64]. As sequencing
technologies become less expensive and more widely available, pharmacogenomics
will transition from a niche research area to a main player in drug development and
clinical decision making. Whole genome sequencing can reveal rare and even
unique markers that would not be detected by conventional genetic screening
methods.

8 Future Perspectives

Most current medical treatments are generalized, but one size does not fit all:
therapies that are highly successful in some patients may have no effect or even a
deleterious effect in others. The outlook for precision medicine has been dramati-
cally improved by the recent development of high-throughput methods to charac-
terize patients individually, including NGS, proteomics and metabolomics, as well
as the availability of comprehensive databases containing information derived from
large screening projects.

Even so, there remains a lack of broad research programs translating the out-
comes from these large-scale projects into clinical practice. In the future, there
should be more effort to integrate whole-genome sequencing initiatives with clinical
applications, as shown by the Genomics England initiative in the UK and the
recently announced Precision Medicine Initiative in the USA [56, 65].

In this future scenario, the tighter integration of research programs, precision
medicine initiatives, and health services will allow physicians to consult patient
genome data as well as conventional medical records. Whole genome sequencing
will be part of routine medical screening, and health insurance companies will cover
the (declining) costs of genomic analysis because early investment in preventive
medicine would save the greater costs of therapy later down the line (see [66,
pp- 75, 101, 111]). New diagnostic and prognostic markers will become available,
so physicians will know which diseases present the most risk to their patients and
which drugs, at which doses, are likely to be most effective. The details of
anticipation-driven medicine were not entered into here, rather, aspects of such an
approach were suggested.
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