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Next generation sequencing — towards
translation into clinical practice

Ales Maver, Borut Peterlin*

Despite substantial efforts, the cause of a significant proportion of mendelian disorders is still unknown. Recently, significant advan-
ces in determination of nucleotide sequence present an opportunity to investigate the genetic material down to a single nucleotide
resolution on the whole exome or genome scale. This opens complete possibilities for deciphering genetic etiology of genetic disor-
ders and, most importantly, expanding the field of genetic studies from limited cases of diseases occurring in large families to smaller
familial configurations, making detection of causative genes possible even in trios of parents with a single affected proband. Despite
the development in both the technology of next generation sequencing and increases in computational power for complex data
analysis, the interpretation of results, making sense of genome-scale information in medical setting and conveying this information
to the patient, have been lagging behind. In addition, novel ethical questions have opened, especially those related to reporting of
incidental findings. These issues are the key points for discussion prior to setting the protocols and guidelines for implementing the
whole exome and genome sequencing into clinical practice. This overview will initially give a brief introduction to the technical
background behind the next generation sequencing and methodological steps involved. Basic introduction to some of the key steps
in data analysis of the next generation sequencing data and challenges encountered thereby will also be given, based on our expe-

riences at the Centre for Mendelian Genomics in Slovenia.
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INTRODUCTION nome sequencing (WGS) a practical possibility also in the
setting of medical genetics, not only due to reductions of
resources required to perform the re-sequencing, but also
opening the possibility for detection of new causes of hu-
man inherited disorders, even in cases where this was not
previously tractable by conventional methods. Using the
NGS technology, it is now possible to interrogate whole hu-
man genome or exome for single nucleotide variants (SNV)
and smaller insertion-deletions (indels) potentially causing
genetic disorders. In addition, recent advances in bioinfor-
matic analyses of NGS data have extended this potential

Less than 4 decades ago, in 1977, Fred Sanger and Alan R.
Coulson presented a method for determination of nucleic
acid sequences by a fluorescence-based method, currently
known as Sanger sequencing. Utilizing this method, it was
possible to determine the sequence of smaller segments of
DNA, smaller genomes, and after a considerable 10-year
effort, in 2003 the human genome sequence was also de-
termined using it. In 2005, however, an alternative approach
to Sanger sequencing was developed, now known as the
next generation sequencing (NGS). The main advantage of
this approach, i.e. massive parallelization, has allowed for
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also to reliable detection of causal structural variation in the
human genome, including segmental deletions, duplica-
tions and in some cases translocation events (2, 3).

NEXT GENERATION SEQUENCING

With classical Sanger method of sequencing referred to as
“first-generation” sequencing approach, the methods that
utilize the novel, massively parallel paradigm are now re-
ferred to as "next-generation” sequencing approaches (1).
Although several different NGS methods have been devel-
oped initially, four main approaches have been used most
frequently in recent years. These include sequencing by
synthesis (Illmina/Solexa), sequencing by ligation (SOLID),
semiconductor sequencing (lon Torrent) and pyrosequenc-
ing (454). These approaches do differ in the way in which
detection of the sequence of short reads is performed: Illu-
mina, SOLID and 454 technologies use fluorescence detec-
tion, whereas lon Torrent relies on detection of small con-
ductance fluctuations during sequencing reactions (1).

Although the approaches differ in technological aspects,
there are two main common features of all methods, i.e.
compartmentalization of sequencing reactions and their
massive parallelization. Briefly, the input DNA material is ini-
tially fragmented into short fragments and adaptors allow-
ing the sequencing to proceed are added to the fragments.
Afterwards the reads are fixed or compartmentalized on a
flow cell and clonally amplified. In this way, a multitude (up
to billions) of compartmentalized reactions can proceed in
parallel in a single sequencing run. The results generated
are sequences of short reads, in most cases up to 300 base
pairs in length, which will be aligned to the reference ge-
nome in the following steps. Importantly, because per base
accuracy of NGS is importantly lower than in Sanger se-
quencing, each base should be sequenced several times to
allow for reliable detection of variants, which is also known
as sequencing coverage or sequencing depth. The cover-
age should also be sufficient to allow for sufficient represen-
tation of reads from each of the alleles in the case of hetero-
zygosity. Generally, for most applications today, a minimal
required coverage is 50%, meaning that each base in the
targeted regions will be sequenced 50 times on average.

FOCUSING ON GENOMIC REGIONS OF INTEREST

Despite the price of sequencing per base pair has dropped
in orders of magnitude in the last decade with NGS, se-
quencing of whole genomes is still not economically feasi-
ble in a considerable proportion of cases. Using the DNA
sample directly to perform NGS, all the regions of the ge-
nome would on average be equally represented in the final

296

PaeDIATR CROAT. 2013;57:295-300

output. However, in most of the settings, especially in med-
ical genetics, one is predominantly concerned about vari-
ants occurring in the coding segments of the human ge-
nome where the probability of phenotypic implications for
the phenotype under investigation is highest. Additionally,
the interpretation of variants found across the non-coding
proportions of the genome still remains prohibitively com-
plex. For this reason, methods for focusing the sequencing
on the selected parts of the genome have been developed,
most commonly referred to as target selection approaches.
In this way, the sequences of interest are either selectively
amplified or enriched by hybridization with other fragments
are washed away (4).

In this manner, almost any target sequence can be captured
and sequenced selectively, depending on the definition of
the target. In NGS sequencing for clinical application, two
main directions of such approach have recently been estab-
lished: (1) targeted sequencing of specific genes, related to
clinical disorders; and (2) whole human exome sequencing,
which allows for whole exome re-sequencing, enabling
reading subset of all coding regions in the human genome.
The two approaches are inherently different, with the first
approach allowing for rapid and low cost genetic diagnosis
of highly genetically heterogeneous disorders, while the
whole exome approach allows for open identification of the
cause of disease, including the possibility of identifying
novel alterations leading to human diseases with yet uni-
dentified causes.

BIOINFORMATIC PROCESSING
OF THE RESULTING DATA

The result of NGS is a collection of short read sequences,
along with respective base quality scores for each base pair.
Below we outline a bioinformatic pipeline we have imple-
mented at the Center of Mendelian Genomics in Slovenia
and have been using to analyze NGS data and for sake of
clarity, we divide these analyses into three stages (as pre-
sented in Figure 1).

In the primary stage, the sequenced reads are inspected
and filtered based on their quality scores and they are then
positioned onto the reference genome using the available
alignment algorithms (most commonly used are Burrows-
Wheeler aligner BWA, bowtie and BFAST aligners, but there
are many more available, each with its set of advantages
and disadvantages).

In the secondary stage, several measures are taken to allow
most specific and sensitive calling of SNVs and indels, which
include removal of duplicate reads, realignment around in-
dels, base quality and variant recalibration. All these steps
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FIGURE 1. Bioinformatic analyses of data, the flow of analyses
from sequence reads towards results ready for interpretation

are performed aiming to remove as many sequencing arti-
facts as possible and ensure proper variant calling even in
regions where coverage is low or sequencing quality poor.

Usually variant calling is followed by extensive annotation,
where we are utilizing sources from a multitude of databas-
es on natural variation in the human genome (dbSNP,
ESP6500, 1000 genomes), databases of functional effect
predictions (dbNSFP) and tools for functional predictions
(SIFT, Polyphen-Il, MutationTaster), scores for genomic con-
servation (GERP and PhyloP). Finally, this is supplemented
with data from databases containing clinically relevant in-
formation on the gene- and mutation- phenotype relations
(including OMIM, Human Phenotype Ontology, ClinVar and
HGMD).

Despite using several sources of information for prioritiza-
tion of variants, there is still no single approach to single out
a particular causative variant from the background of 40,000
sequence variants found in the human exome. For this rea-
son, innovative approaches for prioritization and manual
investigation of results by a multidisciplinary team is re-
quired prior to decision of any variants suitable for clinical
reporting.

CLINICAL APPLICATIONS OF NEXT GENERATION
SEQUENCING

We envisage a wide range of applications for NGS in clinical
practice with the approach to sequencing dependent on
the specific clinical setting. As stated previously, each of the
two main strategies of sequencing, i.e. gene panel sequenc-
ing and whole exome sequencing, has its own specific ap-
plications.

Due to the increasing knowledge of genetic heterogeneity
of genetic disorders, the number of genes required to test
has increased to over 50 in some cases (epilepsy, cardiomy-
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opathy, intellectual disability, and others), making the prices
of sequencing using conventional Sanger sequencing pro-
hibitively expensive. In such cases, gene panel sequencing
with NGS allows for sequencing of several targeted genes
with high coverage and thus represents an economic alter-
native.

On the other hand, in a significant proportion of genetic
disorders, not all causative genes are known and in some
cases, the causative gene has yet to be identified. In these
settings, WES is a plausible solution to surveying the com-
plete set of human genes at once. In addition, WES can also
be of benefit in cases where clinical presentation is unclear
and such testing may be used as a screening method to
identify relevant mutations and possibly assist in establish-
ment of clinical diagnosis.

With decreasing sequencing costs, WGS is already becom-
ing a potentially viable testing method to be used in clinical
practice. While the information amount generated by se-
quencing of the whole human genome is superior to WES
and coverage of genes more uniform (as it does not require
target capture protocols), the large amount of information
generated and the current lack of proper tools for reliable
evaluation of the non-coding variation functional impact
currently hinders its effective translation into clinical prac-
tice.

CHALLENGE OF INTERPRETATION

One can expect several different outcomes in the clinical
use of NGS aiming to identify the underlying genetic cause
of a disorder in patients and families. Firstly, either targeted
or WES approach may reveal a mutation previously known
to cause the phenotype of the patient. Secondly, a novel
sequence variant in a gene where other mutations have
already been related to the same phenotype may be identi-
fied. Thirdly, a novel sequence variant may be discovered in
a novel gene not previously associated with the disorder
under investigation. The complexity of interpretation in-
creases progressively from the first to the third case. While
reporting in the first case is straightforward, based on the
previously available evidence base, the second case heavily
depends on in-silico predictions of the variant’s effect and
pathogenicity. In the third case, one would be dependent
on both the functional information related to gene carrying
the variant, in addition to predictions of the variant’s patho-
genicity. Furthermore, in the latter case, identification of a
potentially damaging variant in a gene with relevant func-
tion is not sufficient in most cases and further functional
studies of the gene or replication of genotype-phenotype
associations are needed prior to establishing the correlation
between the identified gene and phenotype.
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The other key element of interpretation is the strategy used
for diagnostic exome sequencing (5). Several possibilities
exist, including sequencing of a single patient, several mem-
bers of the family, a trio of parents and an affected proband,
and other family based designs. The approach to diagnosis
is also significantly affected by the expected underlying
mode of inheritance and the number of family members
available for sequencing. Generally, sequencing of more pa-
tients enables easier and more straightforward interpreta-
tion of results, while also allowing for identification of novel
genes related to genetic disorder under investigation. While
sequencing in a single affected individual is also possible,
this approach is in most cases limited to finding causative
variant with known association to investigated disorder.

Finally, the interpretation should always be carried out tak-
ing into consideration the test sensitivity for detecting caus-
ative variants. Due to a variety of factors affecting the suc-
cess of target enrichment and subsequent sequencing,
some genes may not be sufficiently covered and some se-
quence variants may be missed, especially larger indels
(greater than the length of sequencing reads). For this rea-
son, the interpretation should be supported by technical
information on the target coverage of the genes, giving an
overview of which regions, possibly related to the patient’s
phenotype, have not been targeted sufficiently and should
thus be considered in further testing with alternative ap-
proaches.

ETHICAL IMPLICATIONS OF WHOLE EXOME
AND GENOME TESTING

Gathering information on the level of the complete coding
sequence of the genes and the level of complete genomes
is introducing substantially new challenges not only into
the care of patients with genetic disorders but it increas-
ingly affects other branches of medicine and touches upon
health of whole populations (6). Previously, genetic tests
mostly focused on detection of a single alteration, usually
related to a single disorder under clinical investigation. Even
in case of karyotyping, the resolution was limited enough
(around 10 Mb) restricting the diagnostics to finding only
key alterations leading to elucidation of a clinical trait under
investigation.

Sequencing of the whole exomes and genomes, however,
has allowed for investigation of the common and rare se-
quence and copy number variants, not only those directly
related to the phenotype under investigation, but also the
ones associated with other significant health conditions of
the patient. Unsurprisingly, this aspect of WES and WGS has
taken ethical consideration in human genetics to a new
scale, presenting the need to examine and consider the is-
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sues of findings of unknown significance, unsolicited find-
ings, revisable reporting and many others, before such test-
ing can be successfully translated into clinical practice.

For these reasons, several associations and genetic societies
across have already assembled various sets of guidelines for
such setting, especially focusing on the issue of findings un-
related to the disorder a genomic screen was initially in-
tended for, commonly termed as incidental or unsolicited
findings. The proposed guidelines on this issue vary from
those advising to actively identify genetic alterations whose
discovery could be of immediate benefit to the patients,
ranging to those recommendations suggesting a more
conservative approach, with reporting only variants with
relevance to the disorder under investigation. Currently, the
most widely accepted guidelines are those established by
the European Society of Human Genetics, issued in 2013,
suggesting a thoughtful approach, stressing the impor-
tance of adequately informing the patients prior to testing,
timely establishing protocols for reporting of incidental
findings, revisable reporting and protecting patients’ priva-
cy and endorsing collaboration and information exchange
among professionals in the field (7). Additionally, they advi-
se gene panel approach to be used instead of WES/WGS
whenever possible in an attempt to minimize the possibility
of uncovering unwanted incidental findings. Interestingly,
the American College of Medical Genetics and Genomics
(ACMG) has also issued guidelines at the beginning of 2013,
where search for incidental and actionable findings is
endorsed in cases where this may directly benefit the
patient. Reporting of findings related to untreatable con-
ditions, however, is advised against, a point especially rele-
vant for the case of untreatable adult onset dementia syn-
dromes (8).

Despite these opposing views, there is a general consensus
that mandatory genetic counseling should be provided
prior to patient’s decision to undergo testing, with specific
emphasis on explaining the complexity of the test, the pos-
sibility on identification of variants whose impact to the
phenotype may not be definitely explained at present, and
also the possibility of incidental findings.

TRANSLATION INTO CLINICAL PRACTICE

To ensure efficient and active translation of NGS into clinical
practice, we have recently established a Center for Mende-
lian Genomics (CMG) at the Clinical Institute of Medical Ge-
netics in Ljubljana. CMG offers two main approaches to-
wards identification of causative mutations in patients with
heterogeneous genetic disorders: gene panel re-sequenc-
ing and whole exome re-sequencing. While the first ap-
proach is intended to identify causative mutations in disor-
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ders with well-defined genetic etiology, whole exome se-
quencing is geared towards identification of new genes
causing mendelian diseases.

We have defined the protocol for inclusion of patients into
the diagnostic process, which begins by evaluation of ap-
plications for sequencing by a multidisciplinary team of
clinical geneticists in tight collaboration with bioinformatics
team and molecular biologists. Once the decision on the
suitable approach is made, genetic counseling is offered to
the patients and with tailed informed consent requested,
which require the patients to be fully informed on the pos-
sibility of identification of variants of unknown significance,
incidental findings and revisable reporting. After sequenc-
ing data are processed using our custom pipeline, results
are analyzed by a bioinformatician and evaluated by a multi-
disciplinary team at CMG before releasing final reports.

With the establishment of CMG, we aim not only to consti-
tute a national, but also regional center for diagnosis of
mendelian disorders, facilitating more effective diagnosis in
these patients.

CONCLUSIONS

In conclusion, next generation sequencing has opened an
entirely new field in genomic medicine, allowing for a com-
prehensive and unified approach to detecting sequence
and copy number variations in human genetic disorders.
Despite the power of this approach, its translation should
be done carefully and in collaboration with professionals
with multidisciplinary background, bringing medical, com-
putational and legal knowledge into the interpretation and
decision making process. Finally, the ethical implications
should be considered and measures introduced to maxi-
mize the benefit for the patients.
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SAZETAK

Sekvencioniranje druge generacije — prenosenje
u klinicku praksu

Ales Maver, Borut Peterlin

Uzrok znacajnog broja mendelijanskih bolesti i dalje je nepoznat usprkos znatnim naporima da ga se razjasni. Nedavna znacajna
postignuca u odredivanju sekvence nukleotida pruzaju mogucnost ispitivanja genetskog materijala sve do rezolucije jednog nukleo-
tida na razini cijelog eksoma ili genoma. To otvara sve mogucnosti za odgonetavanje genetske etiologije genetskih poremecaja i, sto
Jje najvaznije, za sirenje podrucja genetskih studija s ogranicenih slucajeva bolesti koji se javijaju u velikim obiteljima na manje obi-
teljske konfiguracije, omogucavajuci time otkrivanje uzro¢nih gena cak i u roditeljskom triu s jednim zahvacenim probandom.
Usprkos razvoju tehnologije sekvencioniranja druge generacije i sve vecoj kompjutorskoj snazi za sloZene analize podataka, zaostaje
interpretacija rezultata kako bi podaci na razini genoma imali smisla u medicinskom okruZenju i mogli se prenijeti bolesniku. Uz to,
otvaraju se nova eticka pitanja, poglavito ona koja se ticu izvies¢ivanja o slucajnim nalazima. Ovo su kljucna pitanja koja treba
raspraviti prije negoli se utvrde protokoli i smjernice za primjenu sekvencioniranja cijelog eksoma i genoma u klinickoj praksi. Ovaj
pregled daje kratak uvod u tehni¢ke osnove i korake sekvencioniranja druge generacije, te u neke od kljuc¢nih koraka u analizi poda-
taka dobivenih sekvencioniranjem druge generacije, kao i u izazove koji se pritom susrecu, a sve to zasnovano na nasim vlastitim

iskustvima u Centru za mendelijansku genomiku u Sloveniji.

Kljuéne rijeci: bazno sekvenciranje; genetske bolesti, prirodene
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