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Abstract 

 

DNA sequencing capacity has increased tremendously 

in the last ten years due to the development of massive 

sequencing techniques, also known as Next Generation 

Sequencing. A large amount of information on the 

sequence of the human genome, its organization, 

transcription and regulation of gene expression has been 

generated from healthy individuals and also from 

patients suffering a broad group of diseases. The 

technical capacity to determine the sequence of patients’ 

DNA at decreasing cost and the knowledge already 

generated is making possible a precise molecular 

diagnosis for many diseases in clinical settings. 

Determining the molecular basis of the disease for each 

particular patient has important implications in 

diagnosis, prognosis, genetic counselling and for the 

determination of an optimal treatment, moving towards 

a personalized medicine. In this review the available 

sequencing platforms will be briefly analyzed. DNA 

sequencing for clinical practice can be extended to 

different levels and the advantages and disadvantages of 

Whole Genome Sequencing (WGS), Whole Exome 

Sequencing (WES), RNA sequencing, Targeted Panel 

Sequencing and Mehylated DNA Sequencing will be 

discussed. The application of these technologies to 

Monogenic, Multigenic diseases and Cancer will be 

reviewed. Finally, the clinical implementation of 

massive parallel sequencing technologies and the 

present challenges will be discussed.
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Introduction 

 

The development of DNA Massive 

Parallel Sequencing techniques, also 

known as Next Generation Sequencing 

(NGS), has represented an enormous 

breakthrough in the knowledge of the 

human genome. Previous sequencing 

methods, often referred as Sanger’s 

sequencing (1), determined the DNA 

sequence of a DNA molecule at a time 

and required previous bacterial DNA 

cloning. In contrast, massive parallel 

sequencing simultaneously determines 

the sequence of millions of DNA 

molecules and no cloning step is 

required. Therefore, these new techniques 

can determine the nucleotide sequence of 

large regions of DNA in a short time and 

at much reduced cost. As a prominent 

example, sequencing the first humane 

genome, reported in 2001 (2), was a 

collaborative project that involved 20 

Institutes working during 13 years with a 

cost of nearly 3000 millions US dollars. 

With the new techniques sequencing a 

human genome takes a few days with a 

price that is approaching the 1000 US 

dollars boundary. 

The application of NGS techniques has 

generated of a huge amount of 

information of the humane genome in the 

last few years through Whole Genome 

Sequencing (WGS) studies. For example, 

the genomes of 2504 people from 26 

different populations had been reported 

by 2015 as result of the 1000 Genomes 

Project (3, 4) and the UK10K Consortium 

(5). The effort will continue in the next 

years through new projects such as the 

100,000 genomes project aimed to 

sequence 100,000 whole genomes from 

patients and families of the England 

National Health Service (available from 

https://www.genomic-sengalnd.co.uk/the-

100000-genomes-project/). There is also 

a similar GenomeAsia 100K (GA100K) 

project aimed to sequence and analyze 

100,000 Asian individuals’ genomes 

(available from 

http://www.genomasia100k.com) (6). 

Whole genome sequencing studies are 

complemented by sequencing projects 

involving specific regions of the genome. 

Particularly important is Whole Exome 

Sequencing (WES) where the nucleotide 

sequence of the exons contained in 

protein-coding genes is determined. In 

this respect, the NHBLBI project 

described the nucleotide sequence of 

6,515 exomes (7) and the Exome 

Aggregation Consortium (ExAC) the 

corresponding to 60,706 humans (8). 

These studies are basic to describe the 

heterogeneity and variability of the 

human genome (4). The number of 

genomic sequence variants (Single 

Nucleotide-Variants, SNVs) present 

http://www.genomasia100k.com/
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between any two individuals has been 

estimated in 4-5x10
6
 (9) and 20,000-

25,000 are present in the exons (10). 

Among them, it has been estimated that a 

typical human genome contains 100 loss-

of-function variants that completely 

inactivate around 20 genes (11). In 

addition, over 500,000 variants in 

predicted promoter, insulator and 

enhancer regions could alter gene 

regulation (4). It is, therefore, important 

to determine the nucleotide variants 

present in the general population and 

their frequencies as a reference to 

compare the variants found in a particular 

individual and their possible relevance. 

The human reference genomes are 

maintained updated by the Genome 

Reference Consortium (GRC) (available 

from: 

http://www.ncbi.nlm.nhi.gov/projects/gen

ome/assembly/grc/humna/). 

Massive sequencing projects have also 

provided a large amount of valuable 

information on genome structure and 

expression. Initial efforts were centred to 

the identification of protein-coding genes 

and their intron/exon structure (2). 

Subsequently, the ENCODE 

(Encyclopedia of DNA Elements) project 

was aimed to identify all the functional 

regions of the genome (12) (see (13) for a 

short summary). 32 research groups and 

over 440 scientists were involved in this 

project for 5 years. Genomic regions that 

were transcribed in 147 cell types were 

identified and shown to represent about 

60% of the genome including protein-

coding regions and many other regions 

coding for non-coding RNAs possibly 

involved in the regulation of gene 

expression, including small-interfering 

RNAs (siRNAs) and long non-coding 

RNAs (lncRNAs). Transcription 

initiation sites were also determined to a 

genome-wide scale as well as possible 

transcription-regulatory regions. The 

study analyzed chromatin structure 

including the distribution of 13 

chromatin-associated histone variations, 

DNaseI hypersensitivity and DNA 

methylation. The binding site of 14 RNA 

polymerase and basal-transcription 

factors and 87 sequence-specific 

transcription factors was determined. 

Therefore, this study described the 

landscape of transcription regulation at a 

genome-wide perspective. Gene 

expression programs are specific for each 

cell type but also depend on the 

physiological situation and can be greatly 

altered by pathological stages. The 

functional annotation of the mammalian 

genome 5 (FANTOM5) project was 

aimed to provide comprehensive RNA 

expression profiles of mammalian cells 

types. The activity of transcriptional 

regulatory regions was analyzed in 573 
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human primary cell types, 250 cancer cell 

lines and 152 tissues, both at the 

promoter (14) and at the enhancers level 

(15).  These groundbreaking studies set 

the reference for the comparative 

analyses of gene expression profiles in 

pathological situations. The data obtained 

by NGS are also useful to determine the 

length of the telomeres (16), the terminal 

region of the chromosomes, that get 

shorter with age what is related to 

premature ageing diseases, known as 

telomeropathies (17). 

 The development of NGS techniques 

open new perspectives to the molecular 

analyses of the different patients to 

determine the genetic basis of their 

disease that is at the basis of personalized 

medicine, defined by the US National 

Institute of Health as an “approach to 

treatment based on individual differences 

in a patients genome” 

(https://www.nih.gov/precission-

medicine-initiative-cohort-program/). 

Genetic analyses of the nucleotide 

sequence of the patient’s genome, at 

different levels of complexity, as well as 

changes in gene expression regulation 

can be performed. The results can be 

compared to the enormous amount of 

information available for the general 

population, as described above. Possible 

pathological genetic alteration can be 

identified that can be the basis for the 

diagnosis, prognosis and treatment of the 

patient. The different NGS techniques 

available, their application to the study of 

genetic diseases and several recent 

examples of clinical utility will be 

described in this review. Several recent 

reviews have also discussed different 

clinical applications of next generation 

sequencing (6, 18-21)- 

 

Next Generation Sequencing Platforms 

 

Several NGS platforms are commercially 

available and each of them has specific 

characteristics. The first platforms that 

were developed are based on the 

incorporation of fluorescent nucleotides 

in successive rounds of DNA 

polymerization. The reaction is carried 

out on solid surfaces were millions of 

DNA molecules are loaded and the 

platforms simultaneously determine the 

incorporation of the nucleotides in each 

of the spots (massive parallel 

sequencing).  These platforms require the 

previous “in situ” amplification of the 

substrate DNA molecules by PCR to 

generate sequencing libraries. Among 

these platforms, the most frequently used 

are commercialized by Roche (Roche 

Diagnostics Co., Branford, CT, USA) and 

Illumina (San Diego, CA. USA). The 

most recent Roche sequencer, GS FLX+, 

based on the previous 454 model, 
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generates reads of 700 base pairs (bp) and 

generates about 1,000,000 reads per run 

(available from 

http://454.com/products/gs-flx-system/).  

Illumina commercialize several platforms 

such as HiSeq2500, HiSeq4000 and 

HiSecX (available from 

http://www.illumina.com/systems/). The 

last available system consists of 10 

HiSeqX and generates 6,000 millions of 

reads of 2x150 bp per run in 3 days (18 

Tb of sequence per run). A third available 

platform detects a hydrogen ion that is 

released at each polymerization step and 

is detected by semiconductor technology 

(Ion Torrent technology). It is 

commercialized by Life Technologies 

(Thermo Fisher, Waltham, MA, USA) 

and the present models include the 

Personal Genome Machine (PGM) and 

Proton (available from 

https://www.thermofisher.com/us/en/hom

e/life-science/sequencing/). This 

sequencer generates 60-80 millions of 

reads up to 200 bp (10Gb of sequence) 

per run. The strategy of these platforms 

highlights the options of generating fewer 

runs of higher length of a larger number 

of shorter runs. The election of one or the 

other option depends on the specific aims 

of the sequencing project. 

A new generation of platforms, named 

Third Generation sequencing 

technologies are being developed that do 

not require substrate DNA amplification 

and are also named single molecule 

sequencers. The main advantage is that 

any possible bias introduced by 

amplification of the substrate DNA by 

PCR is avoided. In addition, these 

platforms allow much longer reads than 

the previous ones. The only platform 

presently available of this generation is 

the PacBio RS II from Pacific 

Biosciences technology (Menlo Park, 

CA, USA) commercialized by Roche. 

This sequencer generates reads of up to 

20.000 bp. Other single-molecule 

sequencers are being developed based on 

nanopore (22) and optical technologies 

but presently are not commercially 

available. 

 

DNA sequencing extension options 

 

Sequencing of a human genome is still a 

compelling project in a clinical 

laboratory. The amount of sequence 

generated is very large and the complex 

analysis requires expertise and time. 

Because of this reason, many clinical 

projects are centred in sequencing 

specific regions of the genome that can 

provide enough information to solve the 

clinical problem. The decision on the 

sequencing approach to be used depends, 

then, on the region to be tested, the type 

of alterations expected and turnaround 

http://www.illumina.com/systems/
https://www.thermofisher.com/us/en/home/life-science/sequencing/
https://www.thermofisher.com/us/en/home/life-science/sequencing/
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time. In general terms, sequencing longer 

regions provides more information but 

requires more complex analyses and 

takes more time to obtain the results, as 

schematically shown in Figure 1. On the 

contrary, sequencing smaller regions is 

easier and faster but the information 

obtained is more limited. Another general 

consideration is that sequencing shorter 

DNA regions provides more sensitivity 

because of increasing sequencing depth, 

the average number of times that each 

residue is sequenced in the run. The 

advantages and limitations of the 

different sequencing approaches will be 

discussed in next paragraphs, are 

summarized in Table I and have been 

discussed in recent reviews (6, 19, 20, 

23).  

 

Whole Genome Sequencing (WGS) 

Sequencing the whole genome provides 

complete information on the possible 

genetic alterations present in an 

individual genome. Variations in the 

nucleotide sequence can be found in 

protein-coding exons but also in introns 

and regulatory regions. Structural 

alterations of the genome such as small 

and large deletions, insertions and 

translocations can be precisely identified. 

In addition, alteration in the copy number 

of specific regions (Copy number 

variations, CNVs) can be determined. 

The main disadvantage is that the amount 

of sequencing required is larger that with 

other options which makes their analyses 

more difficult and time consuming. This 

is exemplified by the number of SNVs 

that can be found in a typical genome, 

about 4x10
6, 

that have to be analyzed to 

find a few potential pathological variants. 

Besides, sequencing depth is usually 30-

60x (24) and is limited by the amount of 

reads that can be obtained which makes 

this methods less sensitive and accurate 

than others. Lower sequencing depth can 

be limiting when analyzing 

heterogeneous samples such as those 

obtained for cancer studies. The 

development of improved sequencing 

platforms that generate a larger number 

of sequences provide increased 

sequencing depth which, together with 

more efficient programs for sequence 

analysis and decreased prices is making 

of WGS an option more affordable for 

clinical application. 

 

Whole Exome Sequencing (WES) 

Mutations in protein-coding regions 

(exons) are expected to be most 

frequently involved in the development 

of pathologies. Therefore, many project 

are centred in sequencing the exons of the 

protein-coding genes or exome. Actually, 

it has been estimated than WES can 

detect up to 85% of the pathological 
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mutations (20). In this approach, exons 

are isolated from the sample DNA by 

hybridization to a set of oligonucleotides 

that represent all the exome after DNA 

fragmentation. Hybridized DNA is then 

isolated and sequenced (19). Depending 

on the protocols used for exome isolation, 

the exome contains between 40 and 50 

millions of bp, between 1 and 2 % of the 

3,300 millions of the whole genome (13). 

Therefore, WES requires the generation 

of many less sequences that WGS and the 

sequencing depth usually obtained is 

larger, 100-150x. The complexity of data 

analysis and the time required to 

complete the sequencing process is also 

considerably lower. The analysis of WES 

sequencing provides information on the 

existence of nucleotide variation and 

small deletions and insertions (indels) in 

protein-coding regions that might result 

in missense, frameshift and non-sense 

mutations (18). Exome sequencing also 

provide information on the sequence of 

proximal intronic regions whose mutation 

can alter splicing sites resulting in 

alteration of mRNA processing and the 

generation of mutated proteins. Many 

exome capture kits also target regulatory 

regions such as those coding for 

miRNAs. In addition, probes specific for 

selected non-coding regions can be 

included. Apart for these specific regions, 

variations in intronic or other regulatory 

regions cannot be detected by WES. 

Insertion/deletions larger than 20 bp are 

also difficult to detect because WES is 

usually based in short sequences (less 

than 150 bp) that are difficult to align to 

the reference genome if a significant 

insertion/deletion is present. One 

technical limitation of WES is the 

possible variability of the exome capture 

process so that a fraction of the exons 

might not be represented in the exon 

library. However, with present methods 

more than 95% of exons are sequenced 

with high coverage.  

 

Targeted panel sequencing 

Panel sequencing project are centred in 

the analysis of a reduced number of 

genes, usually between 20 and 500 genes. 

This approach can be used in diseases 

where most patients present mutations in 

a limited number of genes. In this case, 

the exons of the selected genes are 

isolated and used to construct the 

sequencing libraries. Isolation can be 

done by hybridization to specific 

oligonucleotide probes, as explained in 

WES. Alternatively, exons can be 

amplified in multiplexed PCR reactions 

(21, 25). Because of the limited amount 

of regions to be sequenced, panel 

sequencing provides a large sequencing 

depth (in the order of 500x) that is a great 

advantage for heterogeneous samples. 
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For example in a tumor sample where 

only a fraction of the cells are cancerous, 

tumor-specific mutations will be present 

only in a fraction of the DNA molecules. 

Therefore, a high sequencing depth will 

be necessary to confidently detect these 

mutations over a background of wild-type 

non-tumoral sequences. Another clinical 

advantage is that panel sequencing can be 

performed in DNA obtained from 

formalin-fixed paraffin-embedded tissue 

(26). The information provided by Panel 

sequencing is similar to that previous 

described of WES except that non-coding 

regulatory regions can be included in the 

panel if recurrent mutations are found in 

these regions, including gene fusions 

(27). The main limitation of this approach 

is that the design of the panel is based on 

previous knowledge of the genetic of the 

disease and mutations in genes not 

represented in the panel are not analyzed. 

However, the smaller amount of data 

generated makes the sequencing project 

and the analyses of the data faster than in 

WES and WGS. Because of these 

reasons, targeted panel sequencing is the 

NGS protocol that can be implemented 

most easily in a clinical setting (Fig 1) 

(18, 21). 

 

Transcriptomics. RNA sequencing 

The nucleotide sequence of the RNA 

molecules expressed in a cell or tissue 

can be determined previous generation of 

DNA copies of the RNA by reverse 

transcription. This technique is 

commonly named RNA sequencing and 

the sequences generated are known as the 

transcriptome of the cell type or tissue 

(28). The human genome is predicted to 

contain about 20,100 protein-coding 

genes, 12,900 regions coding for long-

non coding RNAs (lncRNAs) over 500 

regions coding for Micro RNAs 

(miRNAs), apart from the genes coding 

for small nuclear, nucleolar, antisense, 

ribosomal and transfer RNAs (29). RNA 

sequencing provides information about 

all of these transcribed regions (20) 

although mRNAs, coding for proteins, 

are expressed at higher levels than 

lncRNAs, siRNAs and other non-

ribosomal RNAs. It is important to have 

into account that all these genes are not 

transcribed in every cell. For example, 

the average number of protein-coding 

genes transcribed in a specific cell has 

been estimated between 1,000 and 

10,000, depending on the tissue (30). 

RNA sequencing provides information 

exclusively about the RNA molecules 

being expressed, which are different for 

each cell type or tissue. This is a 

significant difference with respect to 

WES where all protein-coding genes are 

analyzed (Table I).  However, RNA 

sequencing provides additional 
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information with respect to other DNA 

sequencing techniques. The first one is 

that RNA sequencing data can be 

analyzed quantitatively to determine the 

expression levels of every gene. This 

parameter is determined by quantifying 

the number of sequences generates for 

each mRNA that is proportional to the 

number of mRNA molecules present in 

the RNA preparation. This number is 

normalized to the length of the mRNA 

and the total number of reads obtained in 

the experiment and is usually expressed 

as the relative number of reads by kb of 

each mRNA. The clinical relevance of 

these data is that RNA expression is 

frequently affected by pathological 

situations (29, 31) and the expression 

level of specific genes can be used as 

molecular biomarker for diagnosis, 

prognosis, treatment and to study the 

evolution of the disease (32-34).  

The second specific property is that RNA 

sequencing provides information on the 

processed RNA molecules. It is well 

established that most transcripts can be 

processed in different ways by alternative 

splicing (35). Also, many genes are 

transcribed from different initiation sites. 

All these alternative transcripts can be 

detected and quantified by RNA 

sequencing but not by DNA sequencing 

techniques that are centred on the coding 

DNA (36). Similarly, many DNA 

translocations result in the generation of 

fusion RNAs, coding for fusion proteins, 

that can be detected by RNA sequencing 

(21). Most of these translocations occurs 

in intronic regions and cannot be detected 

by techniques that sequence coding exons 

such as WES. Chromosome 

translocations have an important 

pathological role in many diseases, such 

as some cancer types, and their detection 

can be, therefore, of clinical relevance.  

Another difference is that RNA 

sequencing techniques require the 

isolation of high-quality RNA from the 

samples. Fresh of quickly frozen clinical 

samples are required. The RNA isolated 

from formalin-fixed paraffin-embedded 

tissue is usually of low quality for RNA 

sequencing which can represent a 

limitation for the clinical use of this 

technique (20).  

The analysis of siRNA (also named 

miRNAs) requires some specific 

techniques for RNA isolation and for the 

construction of the sequencing libraries. 

The reason is that miRNAs have a size of 

20-22 bp and are not highly represented 

in the total RNA population.  siRNAs 

regulate mRNA stability and translation 

by binding to homologous regions of 

specific mRNAs. Each siRNA can 

regulate a number of mRNAs so that their 

expression plays an important role in the 

regulation of gene expression. Because of 
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this reasons, the expression levels of 

specific siRNAs is also used as molecular 

biomarker in clinical studies.  

RNA sequencing data can be also 

analyzed to detect variation in the 

nucleotide sequence in comparison to the 

reference human genome. This 

information would be additional to the 

data on alternative splicing, the use of 

different transcription initiation sites and 

the presence of gene fusions that are 

specific to this NGS technology. 

 

Global analysis of DNA methylation  

Cytidine methylation at CpG 

dinucleotides is an important mechanism 

that mediates gene expression regulation. 

This modification takes mainly place in 

CpG-rich regions known as CpG islands. 

About 50% of these regions are 

associated to protein-coding genes and 

regulate their expression so that DNA 

methylation generally results in 

transcription inhibition. Alterations in 

DNA methylation, resulting in changes in 

gene expression, can be at the bases of 

some pathologies (37). A classical 

example is the methylation of the 

regulatory region of tumor-suppressor 

genes that inhibits the expression of these 

genes contributing to the development of 

cancer (38). DNA methylation cannot be 

detected by general DNA sequencing 

techniques since methyl-cytidine is 

detected as cytidine. However, treatment 

of DNA with bisulfite allows the 

differential detection of methyl-cytidine 

and the identification of the specific 

residues of cytidine that are methylated. 

This technique has been applied to WGS 

protocols so that all methylated residues 

can be identified in the whole genome 

(39). DNA methylation pattern is specific 

for each cell type and physiological 

condition and is known as the methylome 

of that cell type. The NIH Roadmap 

Epigenomic Program is presently 

generating the epigenomic landscapes of 

primary human tissues and cells (39). As 

mentioned above, the pattern of DNA 

methylation can be altered in pathological 

stages so that the methylation or de-

methylation of specific DNA regions is 

being used as molecular markers of 

clinical relevance. Genome-wide DNA 

methylation studies are presently one of 

the more specialized NGS techniques 

and, therefore, more difficult to 

implement in the clinic but it provides 

additional regulatory information that 

cannot be obtained by other NGS 

approaches (Table I). 

 

Clinical applications of NGS technology 

 

The technical capacity offered by NGS 

for high throughput generation of 

nucleotide sequence data at decreasing 
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prices open tremendous opportunities for 

clinical diagnosis, prognosis and 

treatment (see (18-20, 40) for recent 

reviews). There are, however, different 

techniques with their own advantages and 

challenges (Table I) that have to be 

chosen for each specific clinical situation. 

In this section we will discuss the 

application of NGS technology to the 

clinic centred in three different types of 

diseases, monogenic rare hereditary 

diseases, multigenic common diseases 

and cancer, as summarized in Table II. 

 

Monogenic diseases. 

Monogenic diseases that follow a 

Mendelian inheritance pattern are the 

more obvious candidates for the use of 

NGS technology. These diseases are 

caused by single mutations and have been 

genetically studied by more than 40 

years. The classical strategy required to 

first narrow down the mutated region 

from microsatellite- based linkage studies 

that required samples from large 

pedigrees. This analysis would focus the 

interest in one or a few candidate genes 

that had to be sequenced by the Sanger’s 

method in the affected patient and control 

healthy donors. The study of mutations in 

the identified genes required the 

amplification and sequencing of the gene 

exons (or other mutated regions). In 

addition, many diseases can be caused by 

mutations in several genes and all of 

them have to be analyzed in every 

patient. NGS offers now the possibility to 

analyze the nucleotide sequence of all 

these genes in a single sequencing 

reaction. Sequencing of a panel of genes 

previously shown to be involved in the 

specific disease would be the most direct 

and simple approach.  

In most hereditary diseases, not all the 

causative genes have been identified at 

the present time and a proportion of the 

patients do not carry mutations in the 

known genes. Therefore, the analysis of 

the above mentioned panel of genes 

would not allow the genetic diagnosis of 

these patients. These patients would 

require a broader genetic analysis (for 

example (41)). WES would allow to 

determine the nucleotide sequence of all 

the protein-coding regions of the genome 

that are the cause of most monogenic 

diseases (42). Mutations could be also 

present in gene regulatory regions and 

their identification would require WGS. 

As mentioned above, each of these 

magnifications in the sequence scope 

imply increased complexity in the 

analysis of the data generated.  

Independently of the sequencing 

extension, the next step is to identify the 

genetic variations present in the patient. 

The general steps followed in this 

analysis are schematically shown in Fig 2 
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for monogenic diseases but can be also 

applied to Multigenic diseases and 

Cancer. The sequence data generated are 

analyzed for quality requirements in first 

place. Clinical projects are re-sequencing 

studies and the next step is to align each 

sequence to a reference human sequence 

such as the GRCh38.p8 from the Genome 

Reference Consortium, released on June 

30, 2016 (available from: 

http://www.ncbi.nlm.nhi.gov/projects/gen

ome/assembly/grc/humna/). This 

comparison can detect single nucleotide 

variations (SNVs), small insertions or 

deletions (Indels), genomic 

reorganizations and variations in the 

number of copies of some genes (CNVs, 

copy number variations). A limitation is 

that most NGS platforms generate short 

nucleotide reads that make difficult the 

alignment of the sequences to the 

reference genome when there are Indels 

longer than 20-30 nucleotides, specially 

in Gene panels and WES. The detection 

of CNVs is also difficult in NGS 

experiments because of the intrinsic 

variation in the number of reads obtained 

for each DNA region.  

Probably the most challenging step in the 

analysis of NGS data is the identification 

of pathogenic mutations. The reason is 

the large amount of sequence variants 

found between any two individuals, as 

previously discussed (11, 43). This large 

number of variants has to be filtered to 

select the ones that might have clinical 

significance (reviewed in (44)). The first 

criterion is the functional significance of 

the nucleotide variant so that missense, 

nonsense coding variants, start-loss, stop-

loss, frameshift insertions and deletions 

and splice-site variants are selected (Fig 

2). A second criterion is the abundance of 

the nucleotide variant in the general 

population. Monogenic diseases are rare, 

with a frequency of less than 1 case each 

100.000 inhabitants. Causative mutations 

are expected to be similarly infrequent in 

the general population. To determine the 

frequency, the presence of each specific 

variant is searched in general databases 

such as the Exome Aggregation 

Consortium (ExAC) (8) or that generated 

by the 1000 genomes project (45). Also, 

more specific databases centred on 

geographic regions or on ethnicity are 

being developed (46). Variants present in 

more than 5% of the population are 

considered Single Nucleotide 

Polymorphisms (SNPs) and are not 

considered of functional significance in 

the study of monogenic diseases. Some 

studies even consider SNPs when the 

frequency is higher than 1%. 

The number of rare variants present in 

each individual is still high and additional 

criteria need to be applied for the 

identification of pathogenic variants. One 

http://www.ncbi.nlm.nhi.gov/projects/genome/assembly/grc/humna/
http://www.ncbi.nlm.nhi.gov/projects/genome/assembly/grc/humna/
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of them is the genetic mode of 

inheritance. In diseases inherited with a 

recessive pattern, the patient has to be 

homozygous for the pathogenic variation 

and the carrier fathers heterozygous. If 

the disease is inherited with a dominant 

pattern, the patient can be heterozygous 

for the variant as well as one of the 

parents. In the case of X-linkage, the 

patient should be hemizygous, which is 

detected as homozygous in the sequence 

data, and the carrier mother 

heterozygous. There can also be novel 

mutations not present in the parents but 

the frequency is very low and has been 

estimated in less than one novel mutation 

per individual (43). The application of 

inheritance criteria decreases the number 

of possible pathogenic variants but 

usually is still not sufficient to determine 

the causative one. 

In the case of families with several 

affected members, an important criterion 

is the correlation between the presence of 

specific sequence variants and the 

presentation of the disease. This 

consideration is usually very informative 

but can be problematic in some diseases 

of low penetrance where individuals 

carrying the pathogenic variation may not 

develop the disease or, at least, not all the 

symptoms. Usually the next step is to 

search if any of the sequence variants 

identified has been previously associated 

with the disease (Fig 2). Several 

databases are being generated that 

compile all the pathogenic variants found 

in the numerous studies already carried 

out (representative examples are shown 

in Table III). Among these databases are 

the Online Mendelian Inheritance in Man 

(OMIM, https://www.omim.org/), 

Human Gene Mutation Database 

(HGMD) 

(http://www.hgmd.cf.ac.uk/ac/index.php)

(47), Decipher (48), ClinVar (49) or 

DisGeNET (http://www.disgenet.org) 

(50). Other databases have a more 

restricted geographic distribution like the 

German “VarWatch” project or the 

Belgian database “SymBioSys” 

(http://www.kuleuven.be/symbiosys/).  

The interpretation of the possible 

relevance of variants that have not been 

characterized required additional 

information. The functional 

consequences of each specific variant can 

only be ascertained by experimental 

approaches. However, there are several in 

silico prediction tools that can be used as 

an approximation to predict the 

functional consequences of amino acid 

changes on protein structure. Among 

them are SIFT (51), Polyphen-2 (52), 

DANN (53), CADD (54) and FATHMM 

(55) (Fig 2).  Other tools predict the 

possible significance of splice-altering 

variants (56, 57). These analyses classify 

https://www.omim.org/
http://www.kuleuven.be/symbiosys/


Internal Medicine Review  Medical opportunities and challenges in the massive sequencing era                                      

July 2017 

14 
Copyright 2017 Internal Medicine Review. All Rights Reserved. Volume 3, Issue 7. 

 

the variants as benign, possibly damaging 

or damaging which can help to make 

predictions about their possible 

pathogenic significance. After these 

analysis usually several functional 

variants remain whose significance has 

not been determined. They are named 

VUS (variants of unknown significance) 

and might have pathogenic effect. 

Therefore, unless the patient carries a 

well-characterized pathogenic variant, the 

molecular diagnosis based on the data 

obtained by NGS is still challenging.  

 

Multigenic diseases. 

A number of relatively common diseases 

also have a genetic basis and their 

frequency is higher in families with 

patients of the disease than in the general 

population. In these cases the disease is 

caused by variations in more than one 

gene each of which contributes partially 

to the pathology. The transmission of 

these diseases does not follow a simple 

Mendelian inheritance. Examples of these 

diseases are inflammatory diseases such 

as the inflammatory bowel diseases 

(IBD), including ulcerative colitis (UC), 

Crohn’s disease (CD) (reviewed by (18, 

58)) and systemic lupus erythematousus  

(reviewed by (59)). These diseases are 

considered caused by the interaction of 

environmental triggers and the activated 

immune system in genetically susceptible 

patients (60, 61). Another example is 

psychiatric disorders such as the autism 

spectrum disorder, bipolar disorder and 

schizophrenia (reviewed by (62)) or 

Intellectual disability (ID) (63). 

The genetic heterogeneity of these 

diseases with a large number of genes 

possibly involved makes necessary the 

study of large populations of patients and 

healthy control and/or large families with 

several affected relatives. The only 

exception are some rare severe variations 

with high penetrance that show early 

onset in the patients and that can be 

identified by studying small families as in 

the case of monogenic diseases described 

above. Variations of lower penetrance in 

these genes can also be present in other 

patients, which has facilitated their study 

(64). In the last years the studies have 

been carried out mainly using microarray 

hybridization technology for genome-

wide association studies (GWAS) 

focused on common SNPs that identified 

more than 25,000 significantly disease-

associated genetic loci (MacArthur, et al, 

(65) available at 

http://www.ebi.ac.uk/gwas/). These 

studies gave an idea of the large number 

of genes involved in these diseases. For 

example, more than 200 loci have been 

identified for IBD (66) and 40 for 

autosomal ID although the estimated 

number may be over 2500 (67).  

http://www.ebi.ac.uk/gwas/
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Because of this complexity, the diagnosis 

of these diseases, finding the causative 

variations, requires techniques such as 

whole exome (WES) or genome (WGS) 

sequencing (Table II). Among them, 

WES is the one more extensively utilized 

because of the easier analysis of the data 

generated. The criteria applied are the 

same explained for the study of 

monogenic diseases except that the 

variants are expected to be present at 

higher frequency in the healthy 

population and, therefore, the number of 

possible variants to be analyzed is much 

larger. Because of this reason, a larger 

number of patient and control samples 

have to be compared to find significant 

associations between specific variants 

and the development of the disease, as 

mentioned above. Large databases are 

being generated to facilitate the 

molecular diagnosis of these hereditary 

common diseases (Table III). For 

example, the Deciphering Developmental 

Disorders group from the United 

Kingdom has integrated the data 

generated by WES and CNV studies of 

1,133 family trios  (proband and both 

parents) (68). Presently the database 

contains more than 1,000 genes related to 

developmental disorders.  Even with 

these limitations, recent studies using 

WES allowed the diagnosis of about 25% 

of patients with ID (69). 

As mentioned in the Introduction, GWAS 

studies have associated many possible 

pathogenic regions to non protein-coding 

genomic areas. Therefore, WGS will be 

required in those cases. Presently several 

WGS experiments have been carried out 

in common diseases. For example Tan et 

al (70) studied patients with severe ID 

and observed a 42% of diagnosis yield. 

As mentioned above the study of 

common diseases requires the analysis of 

a large number of samples what greatly 

complicates the use of WGS. However, 

large genomic studies are beginning to be 

carried out to characterize the complete 

complexity of the genome and its 

alteration in the patients. One of them is 

the PsychENCODE project aimed to 

generate a public multidimensional 

genomic database from approximately 

1,000 phenotypically well-characterized 

healthy and disease-affected human post-

mortem brains. The project proposed to 

functionally characterized disease-

associated regulatory elements. Initial 

focus will be on autism spectrum 

disorder, bipolar disorder and 

schizophrenia (62). 

 

Cancer 

Cancer is one of the most prevalent 

diseases of genetic origin and one of the 

most studied by NGS techniques. It is 

well established that cancer cells carry a 
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variable number of genetic mutations that 

provide them with unlimited proliferative 

capacity. In addition, other mutations can 

induce tumor progression and metastatic 

capacity. These mutations can be 

determined by comparison of tumor cells 

with proximal non-tumor cells obtained 

from patient’s biopsies (for example, 

(71)).  Numerous extensive studies of 

different tumors have been carried out 

using this strategy. The results have 

shown that tumors usually present a 

significant number of novel (non-

germinal) genetic variations including 

SNVs and genomic reorganizations such 

as deletions, duplication, inversions or 

translocations within and between 

chromosomes. These reorganizations 

frequently results in gene copy number 

variations (CNV) and gene fusions. The 

frequency of SNVs is especially high in 

some tumors such as lung cancer and 

melanoma that are associated to the 

exposure to external mutagenic agents 

(tobacco smoke and sun radiation, 

respectively (72, 73)). Large genome 

structural changes, known as 

chromothripsis (74) and chromoplexy 

(75) are also characteristic of some 

tumors. The analyses of the results 

obtained in numerous studies has shown 

that some of the mutations found are 

important for cancer development, are 

frequently found in specific tumors and 

are considered as driver mutations. On 

the contrary, other mutations are sporadic 

and not related to tumor development and 

are considered passenger mutations (76). 

Systematic NGS studies aimed to 

discover the genetics causes of cancers 

have characterized over 200 cancer driver 

genes and their relation to specific cancer 

types (77). One of them is The Cancer 

Genome Atlas project (TCGA, 

http://cancergenome.nih.gov) (78). Other 

projects include the Therapeutically 

Applicable Research to Generate 

Effective Treatments (TARGET) and 

International Cancer Genomic 

Consortium (ICGC)(htpps://dcc.icgc.org) 

for paediatric and adult cancers, 

respectively. The TCGA and ICGC 

projects will generate WGS data from 

25,000 tumours (reviewed in (20)). These 

genes and the described mutations are 

available in cancer genome databases 

(Table III) such as the Catalogue of 

Somatic Mutations in Cancer (COSMIC) 

that presently offers curated information 

for the mutations found in more than one 

million tumour samples (79, 80). The 

currently available databases and Web 

tools for cancer study have been recently 

reviewed (81). These data have allowed 

the definition of new tumor subtypes, of 

tumor-specific biomarkers and the 

establishment of novel therapeutic targets 

(see for example (82) and (83)).  

http://cancergenome.nih.gov/
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The generation of all these molecular 

data makes possible the use of NGS 

technology in the clinic. Sequencing of 

tumor DNA can allow the identification 

of driver mutations that can be used for 

the diagnosis of the patient, the precise 

identification of the tumor type and 

would help to determine the prognosis 

and the treatment of the patient, 

advancing towards the personalized 

medicine. Guidelines for the 

interpretation and reporting of sequence 

variants in cancer have been recently 

published (84). 

All the NGS techniques previously 

described can be used for the study of 

cancer (Table II). As mentioned above, 

cancer is caused by mutation of a reduced 

number of driver genes some of which 

are more specifically associated to some 

tumors (see, for example recent reviews 

on Non-small Cell Lung Cancer (85) and 

Gastric Cancer (86)) . Therefore, 

sequencing of gene panels containing 

driver genes and even non-coding 

mutations associated to tumor 

development are being extensively used 

in the clinic. This approach presents the 

limitation that mutations in genes absent 

from the panel are not detected and might 

have clinical relevance in some patients. 

Therefore, WES that provides more 

comprehensive information is also 

frequently used. The use of WGS, that 

generates the most complete information, 

is presently limited by its greater price 

and complexity of the analysis of the data 

generated. Many tumors present gene 

rearrangements that results in the 

generation of fusion proteins. These 

alterations cannot be detected by panel or 

exome sequencing but mRNA 

sequencing  (RNAseq) can demonstrate 

their existence.  RNAseq can provide also 

information on transcription regulation 

that is also altered in many tumors. 

Because of these reasons, RNAseq 

(including siRNA) is also frequently used 

for the clinical study of cancer. The main 

disadvantage is that RNAseq requires 

fresh or frozen tissue samples while panel 

sequencing and WES can be made from 

DNA isolated from formalin-fixed 

paraffin-embedded tissue, as discussed 

above. Presently, a combination of WES 

and RNAseq is often the preferred option 

for the clinical diagnosis of cancer (20).  

The study of DNA methylation and other 

epigenetic mechanisms, such as histone 

modification, provides important 

information about gene expression 

associated to tumor development and 

evolution (38). NGS technology is also 

being applied to the study of epigenetic 

alterations in cancer patients (reviewed in 

(87)). Epigenetic changes provide 

relevant information for cancer diagnosis 

and treatment and identify new 
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biomarkers of clinical use (see for 

example (88, 89)). 

Tumors are very dynamic entities and 

progressively accumulate mutations so 

that their genome changes over the time 

generating intra-tumor heterogeneity as 

already shown in early NGS studies (90). 

Tumor diversification is involved in the 

development of metastasis and on the 

generation of resistance to therapeutic 

drugs and can be detected by NGS 

techniques (reviewed by (91)). An 

important contribution in this field has 

been the development of liquid biopsies. 

The blood contains circulating tumor 

cells (CTC) and also tumoral DNA and 

RNA, either as free molecules (fcDNA, 

free circulating DNA, and fcRNA) (92) 

or as part of tumoral circulating 

exosomes (93). The sensitivity of present 

NGS technology allows sequencing of 

circulating DNA and RNA (92, 94) and 

of DNA isolated from single CTCs (95, 

96). Panel sequencing, WES and RNAseq 

(mRNA or siRNA), as well as multiplex 

PCR studies (97), can be performed from 

these samples. The data obtained can be 

used for the molecular diagnosis of the 

tumor but also to follow tumor 

development. For example, tumor 

recurrence after anti-oncogenic treatment 

can be precociously detected (98). Also, 

samples can be obtained at different 

times after tumor diagnosis to determine 

tumor evolution and the possible 

appearance of new driver mutations (99). 

DNA methylation can also be determined 

from plasma of cancer patients (100). 

Therefore, the combination of liquid 

biopsy and NGS represents a notorious 

advance in the treatment of cancer 

patients (recently reviewed by (91)).  

NGS has been also applied to the study of 

familial cancer. Some genetic variations 

result in increased susceptibility to 

specific types of cancer. Because of this 

reason some familial pedigrees present a 

larger frequency of cancer patients than 

the general population. In some cases a 

single gene is involved and the study of 

these families would be similar to the 

previously described for monogenic 

diseases of Mendelian inheritance. 

Representative example would be the 

BRCA1 and BRCA2 genes, associated to 

increased frequency of breast and ovarian 

cancer (101). In many other families 

cancer susceptibility cannot be associated 

to variations in a single gene but to the 

accumulation of SNPs in several genes, 

more similarly to common multigenic 

disorders. The study of these families can 

be approached by the use of WES or 

WGS, as described for these common 

diseases (see for example (102)). The 

data generated in the study of familial 

cancer are listed in the database 

http://ghr.nlm.nih.gov. 
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Clinical implementation of NGS 

technologies 

 

NGS techniques can be used for a large 

number of clinical applications including 

precise molecular diagnosis of the 

diseases, prognosis, selection of the most 

adequate treatment, study of disease 

progression and genetic counselling to 

the families. The implementation of this 

technology to the clinic is at the first 

stages, however, and a number of 

challenges are still ahead (for recent 

reviews (18) and (103)). 

One important need is the establishment 

of international standards for the 

generation and analyses of NGS clinical 

data. As already mentioned, the 

interpretation of NGS data is a global 

enterprise and the data from each patient 

have to be compared to those of other 

patients at general databases. Correct data 

comparison requires that all the studies 

have been performed with similar criteria 

and compatible methodologies. 

Therefore, all the different steps required 

have to be normalized, from DNA/RNA 

isolation to the generation of libraries, the 

length of the reads, sequencing depth, 

data storage or analysis pipelines. 

Internal standards are also needed to 

certify the quality of the analysis. Some 

of these Standards are already available 

like the External RNA Control 

Consortium RNA mixtures (104) and the 

Genome in a Bottle (GIAB) Consortium 

standard human genome (105). Several 

standardization efforts have been recently 

published by the Sequencing Quality 

Control Consortium from the USA Food 

and Drug Administration (106), the 

Centre for Disease Control and 

Prevention’s Next Generation 

Sequencing Standardization of Clinical 

Testing group (107) or the Association of 

Biomolecular Resources Facilities NGS 

group (108). The Next-Generation 

Sequencing Standardization of Clinical 

Testing II (Nex-StoCT II) informatics 

workgroup has recently presented a 

report on the principles and pipelines for 

NGS data analyses (109). The different 

aspects of International standardization of 

NGS studies have been recently reviewed 

(40, 103). 

A second important challenge is the 

interpretation of the NGS data. These 

analyses generate a large amount of data 

and each patient present a large number 

of sequence variations with respect to the 

general population. The analysis is based 

on the comparison of the sequence data 

from the patient to those of a cohort of 

healthy and diseased people. The 

discriminatory capacity of the analysis 

frequently depends on the size of the 

reference population. Because of this 
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reason, large sequence databases are 

being built such as Decipher (48), 

HGMD (47), ClinVar (49), as already 

mentioned (Table III), or the Cinical 

Genome Resource (ClinGen; 

http://www.nih.gov/news/health/sep2013/

nhgri-25.htm) and the Human Variome 

Project 

(http://www.humanvariomeproject.org/) 

aimed to collect and curate humane 

genetic variants and alleles that affect 

health. Efforts are also being made to 

provide standards and software for 

sharing and analyzing clinical data. One 

of these international consortiums is the 

“global alliance for Genomics and Health 

(GA4GH). Another example is the 

“Beacon” network that has developed the 

“MatchMaker Exchange” (MME) (110). 

The aim of these comparatives studies 

would be to correlate the clinical data of 

the patient with the genetic information 

using the data contained in these large 

databases. An important challenge in the 

process is the homogenization of the 

terms used for the clinical description of 

the patient. One of the attempts to create 

a unified vocabulary is the Unified 

Medical Language System (UMLS) 

(111). A more comprehensive approach 

is the Human Phenotype Ontology (HPO) 

project aimed to provide bioinformatics 

resources for the analysis of human 

diseases and phenotypes. The project is 

developing a phenotype vocabulary, 

disease-phenotype annotations and 

algorithms to operate on this and to offer 

a bridge between genome biology and 

clinical medicine (112). Despite this huge 

progress, much larger databases are still 

needed, for example in the study of rare 

diseases where the genetic information 

available for patients and close relatives 

is still very limited. Another example is 

the study of common diseases associated 

to a large number of genetic variations, as 

already mentioned.  

The development of infrastructures in 

clinical settings is another challenge. One 

first aspect would be the acquisition of 

NGS platforms and required reagents. A 

second requirement is the availability of a 

technical stuff, including 

bioinformaticians and computational 

biologists, for the interpretation of the 

data and the elaboration of evidence-

based diagnostics reports. In addition, the 

clinical relevance of the genetic findings 

in terms of their utility for patient 

treatment or clinical trial enrolment 

should be informed by expert clinicians 

as discussed by Dienstmann et al (113) 

and Hynes et al (114). As mentioned 

before, data analysis and interpretation 

are dependent on the comparison of the 

data obtained worldwide and contained in 

large databases. Therefore, the inter-

connection of NGS services in both 

http://www.nih.gov/news/health/sep2013/nhgri-25.htm
http://www.nih.gov/news/health/sep2013/nhgri-25.htm
http://www.humanvariomeproject.org/
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national and international networks will 

be necessary for the successful clinical 

implementation of NGS technologies.  

The cost of NGS technology is an 

important consideration in clinical 

practice. The most cost-effective NGS 

technology has to be chosen for each 

specific case. For example, gene panels 

that contain between 3 and 100s of genes 

are commonly used for cancer diagnosis 

since they can be designed for specific 

tumor categories. Some monogenic 

diseases of know etiology can also be 

analyzed using a panel of genes. These 

approaches are cheaper, easier to analyze 

and the turnaround time to diagnoses is 

faster than in other NGS technologies. 

However, broader approaches such as 

RNA sequencing, WES or WGS are 

needed for many other clinical situations. 

These approaches are more expensive but 

it is important to have into account that 

NGS technologies can help to get a more 

accurate diagnosis and to select an 

effective treatment that would result in a 

lower cost for the health system so that 

NGS technology can be in a longer term 

a good investment. 

The application of NGS technology also 

raises some ethical concerns (115). The 

main reason is that NGS projects 

generate many more data than those 

required for diagnosis of the disease. 

These incidental findings could indicate 

predisposition to additional pathologies 

or information otherwise relevant for the 

future of the patient and its family. 

Should all this information be offered to 

the patient, even if the evidence is not 

completely solid? Alternatively, should 

the information be filtered to select only 

clinically relevant information? Usually 

this problem, that is not always easy, is 

discussed with the patient. The 

ownership, access and storage of the data 

are also controversial. Guidelines for 

interpretation and reporting of this 

information are being developed (116, 

117). 

 

Concluding remarks 

 

NGS technologies offer an unprecedented 

capacity to determine the molecular basis 

of patient’s diseases. This information, 

combined with histopathological and 

clinical findings, can greatly improve 

diagnosis, prognosis and the election of a 

personalized treatment. This promise is 

becoming a reality in many hospitals for 

some groups of diseases such as cancer 

and many monogenic diseases. There are, 

however some challenges and limitations 

that have to be improved to get a more 

general application of these technologies. 

From a clinical point of view, the more 

important one is to improve the analytical 

capacity in order to better determine 
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pathogenic variants among the many 

genetic variations found in each patient. 

This goal requires extended functional 

analysis of the variants that significantly 

associate with each disease, as 

determined by the analysis of a larger 

number of sequence data from patients, 

relatives and healthy controls. The 

development of more comprehensive 

databases, incorporating sequence and 

phenotype data, as well as more powerful 

and accessible computer tools is 

necessary in the near future. Another 

important consideration is the cost and 

the time required for NGS studies. In this 

respect, the development of new 

methodologies, based on sequencing of 

single DNA molecules and on the 

generation of long reads, are aimed to 

decrease sequencing cost and to make 

NGS cheaper and the analysis of the data 

generated faster than in present 

technologies. The interpretation of the 

large amount of data generated by NGS 

requires the combined expertise of 

bioinformatics, biologists and clinical 

experts that probably will require the 

formation of molecular diagnosis units at 

the Hospitals. The implementation of 

these new technological advances, 

together with the application of 

standardization and ethical criteria and 

the organization of specialized units will 

probably results in the general application 

of NGS in health systems in a future not 

too far away. 
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Tables 

Table I. Advantages and limitation of the different NGS technologies 

 

Technology Advantages Limitations 

 

 

Whole Genome 

Sequencing (WGS) 

- Complete information on 

coding and regulatory 

regions 

- Detects structural 

alterations and Copy 

Number variations 

- Large amount of 

sequence generated 

- Complex analyses of data 

- Lower sequencing depth 

 

 

 

Whole Exome Sequencing 

(WES 

- Information of all 

protein-coding genes 

- Smaller amount of 

sequencing and data 

analysis required than in 

WGS 

- Intermediate sequencing 

depth 

- No information in non -

coding regions 

- Large insertions and 

deletions are not detected 

 

 

 

 

 

RNA Sequencing 

(RNAseq) 

- Information on coding 

and non-coding RNAs 

expressed in the analyzed 

sample 

- Information on alternative 

splicing and on the use of 

alternative promoters. 

- Detects translocations 

- Information on gene 

expression levels 

- Variable sequencing 

depth 

- No information in non-

protein-coding regions and 

in genes not expressed in 

the sample 

- Requires the isolation of 

high-quality RNA 

 

 

 

 

Targeted Panel Sequencing 

- Analysis of a reduced 

number of genes simplify 

interpretation of the data 

- The highest sequencing 

depth 

- Low cost and easy 

implementation in clinical 

settings 

- Analysis restricted to pre-

determined genome 

regions. 

- Possible variation in other 

regions is not detected 

 

Global Analysis of DNA 
methylation 

- Provides information on 

gene expression regulation 
that is specific to this 

technology 

- Higher technical 

complexity requiring DNA 
of higher quality 

- Information on nucleotide 

variability is not reported 
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Table II. NGS technologies most frequently used for different groups of diseases 

 

Group of diseases NGS Technologies 

 

Monogenic diseases 

Targeted Panel Sequencing 

Whole Exome sequencing (WES) 

Whole Genome sequencing (WGS) 

 

Complex diseases 

Whole Exome sequencing (WES) 

Whole Genome sequencing (WGS) 

 

 

Cancer 

Targeted Panel Sequencing 

RNA sequencing (RNAseq) 

Whole Exome sequencing (WES) 

Whole Genome sequencing (WGS) 

Genome-wide DNA methylation 
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Table III. Examples of presently available databases for clinical diagnosis 

 

 

Group of 

diseases 

Databases 

 

 

Monogenic 

diseases 

OMIM; https://www.omim.org 

Decipher; https://decipher.sanger.ac.uk/ 

HGMD; http://www.hgmd.cf.ac.uk/ac/index.php 

ClinVar; https://www.ncbi.nlm.nih.gov/clinvar/ 

DisGeNET; http://www.disgenet.org 

 

Complex 

diseases 

PsychENCODE; 

https://www.nimhgenetics.org/available_data/psychencode/ 

Deciphering Developmental Disorders; https://www.ddduk.org/ 

 

 

Cancer 

TCGA; http://cancergenome.nih.gov 

TARGET; http://archive.broadinstitute.org/cancer/cga/target 

ICGC; htpps://dcc.icgc.org 

COSMIC; http://cancer.sanger.ac.uk/cosmic 

MethyCancer; http://methycancer.psych.ac.cn 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

http://cancergenome.nih.gov/
http://cancer.sanger.ac.uk/cosmic
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Figures  

 

 
 

Figure 1. Schematic comparison of the different NGS methods presently available for clinical diagnosis. 

The four more generally used methods of NGS are indicated at the upper part of the figure. Underneath 

each methods name the extension of DNA being sequenced in indicated in Mega base pairs (Mbp, 10
6
 

bp). The triangles indicate increasing amount of information or feasibility of the parameter indicated 

under each of them from Targeted Panel Sequencing to Whole Genome Sequencing. These parameters 

include the amount of sequence information generated; the complexity involved in the analysis of the data 

generated; sequencing depth, that makes reference to the number of times that each specific nucleotide in 

independently sequenced; and the possibility for clinical application at the present time. 
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Figure 2. Workflow of a typical NGS experiment 

The different steps involved in a typical NGS experiment, from the isolation of the samples (DNA or 

RNA), sequencing and data analysis are schematically shown. Some of the variables involved in these 

experiments are shown in the boxes at the right side of the figure. The upper box indicates the biological 

samples used for DNA or RNA isolation. The second one the type of sequence variants found in the 

samples in comparison to the reference genome. The third one the criteria more often used for the 

selection of variants of possible clinical relevance. The fourth box indicates that pathological variants can 

be identified by searching a number of databases that are shown in more detail in Table III. The lower 

box indicates several informatic programs that are used to determine the possible functional significance 

of the nucleotide variants found. The technical steps required for the generation of the nucleotide 

sequence, including the isolation of exons and other DNA regions (exome and panel sequencing), reverse 

transcription of RNA (RNAseq) and the preparation of libraries are not shown for simplicity.  


