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lation suffers from a rare disorder which means 27 to 36 
million people [Li et al., 2010]. The European Organiza-
tion for Rare Diseases (EURORDIS; http://www.euror-
dis.org/) estimates that at least 80% of them have a ge-
netic origin, and their considerable burden in the health 
system has been discussed in a few studies. Kumar et al. 
[2001] estimate that approximately 20% of the visits in the 
pediatric emergencies are from patients suffering or sus-
pected of being suffering from genetic disorders. Of these 
patients only 3% had a definitive genetic disorder, where-
as the other 97% were not accurately diagnosed. The bur-
den of genetic disorders is also demonstrated in the study 
by Yoon et al. [1997] showing that 9–12% of all the hospi-
talizations in pediatric hospitals were related to birth de-
fects and genetic anomalies and those children stayed 
longer in the hospital and accounted for 184% more hos-
pital charges. Additionally, Stevenson and Carey [2004] 
studied the reason of death of  1 500 children in a pediat-
ric hospital and showed that 31% of deaths in children of 
all ages and 51% of deaths in children under 1 year were 
due to genetic disorders.

  The contradiction between the above data and the rel-
atively poor literature for the vast majority of these dis-
eases can easily be explained by the difficulty to study 
them. It is of notice that the gene for cystic fibrosis, one 
of the most common autosomal recessive Mendelian dis-
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 Mendelian or monogenic genetic disorders are not 
caused by an external factor but by high-penetrance 
pathogenic variants of the individual’s genome; the pos-
sibilities of curative treatment are currently limited, and 
each one separately is rare.

  Rare disorders have currently gained considerable at-
tention and are recognized as an important issue of pub-
lic health [Donaldson, 2009]. The European Commission 
defines as rare disorder any disorder with a frequency of 
less than 1/2,000, further stating that 6–8% of the popu-
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orders with an incidence of 1 per 2–3,000 [Scotet et al., 
2008], has been identified only in 1989 [Riordan et al., 
1989]. The discovery of genes responsible for rare mono-
genic disorders has accelerated since the first draft of the 
human genome sequence in 2001 [Lander et al., 2001; 
Venter et al., 2001] was published, but the identification 
of the responsible genes remained laborious and often 
impossible [Antonarakis and Beckmann, 2006]. Tradi-
tional genetic techniques used to pinpoint the candidate 
regions, e.g. linkage analysis, require either single large 
families or many small families with genetic homogene-
ity of the responsible gene and could only restrict the 
analysis to a few Mb. These usually contain from dozens 
to hundreds of genes and other functional genomic ele-
ments, which then should be individually sequenced and 
studied.

  Rare genetic disorders did not benefit from the explo-
sion of genome-wide association studies performed in the 
last 10 years, which were more suited for the study of fre-
quent disorders and tested the ‘common variant, com-
mon disease’ hypothesis. Furthermore, it has been shown 
that many factors made the study of rare disorders by 
genome-wide association studies impossible. Sample siz-
es are usually very small, and the pathogenic variants are 
usually heterogeneous precluding their tagging by com-
mon SNPs (single-nucleotide polymorphisms) [Emond et 
al., 2012].

  The laboratory capabilities have drastically changed 
when high-throughput sequencing (HTS) technologies 
appeared a couple of years ago. Genetic laboratories have 
now the opportunity to sequence much larger areas of the 
genome for a small fraction of the cost of the traditional 
Sanger sequencing. The study of Kircher and Kelso [2010] 
shows the capabilities of HTS both in terms of output and 
low cost. By the traditionally used methods (Sanger se-
quencing) a laboratory can produce 6 Mb of sequence per 
day at a cost of 500 dollars per Mb. In contrast, Illumina 

and ABI instruments (the 2 technologies tested in the 
study) could produce at the time of the study 5,000 Mb/
day at a cost of 0.5 dollars/Mb; that is 830 times more data 
at 1/1,000th of the cost.

  The use of HTS has introduced new types of expertise 
in the research laboratories. In contrast to Sanger se-
quencing, only 1 allele is read at a time and read length 
(how long the DNA fragments are read by the sequencer), 
the total number of reads, and depth of coverage (how 
many times each nucleotide is read by the sequencer) 
have been introduced and characterize each experiment. 
The depth of sequence is arguably the most important 
factor that determines the sensitivity and specificity of 
the nucleotide calls.

  The large number of data generated by the modern se-
quencers, where every experiment can produce up to sev-
eral hundreds of Gb ( table 1 ) of information, has also 
made the development of substantial bioinformatics/bio-
computing expertise by the laboratories necessary, and 
analysis of the data is now the longest part of every se-
quencing project.

  Additional new technologies have also been developed 
in order to target more efficiently the sequencing of ge-
nomic areas of interest. Commercially available technol-
ogies are now dominated by liquid capture which allow 
for the selection of the quasi-totality of the RefSeq coding 
exons and a large part of the 5 �  and 3 �  UTR, constantly 
expanding and including more regions of potential inter-
est (i.e. non-coding RNAs). In addition, it is also possible 
to design custom libraries in order to focus on the spe-
cific areas of interest of the genome.

  The power of HTS was first shown in a proof of con-
cept study [Ng et al., 2009] which ‘rediscovered’ patho-
genic variants in the  MYH3  gene as the cause of Freeman-
Sheldon syndrome. Only 4 unrelated affected individuals 
participated in this study and the discovery was not based 
on family studies (of course the success of this example 

Table 1. C omparative table of the maximum output, read length and time/run for different commercially available HTS platforms 

Maximum output Read length Time/run Reference

HiSeq 2500 (illumina�) 600 Gb 2!100 bp 11 days www.illumina.com
Miseq (illumina�) 8.5 Gb 2!250 bp 39 h www.illumina.com
5500xl (Applied Biosystems�) 360 Gb 50 bp 12 days www.appliedbiosystems.com
Titanium XL+ (Roche�) 700 Mb 700 bp 23 h www.454.com
Ion Proton (Ion Torrent�) 10 Gb 200 bp 2–4 h www.iontorrent.com

The information was retrieved in August 2012 from the respective websites of the companies.
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depended on the genetic homogeneity of the syndrome 
studied). This was followed by many other reports which 
have expanded our knowledge of genetic defects that 
cause Mendelian disorders. In published exome data, the 
number of genes harboring novel heterozygous rare vari-
ants is usually reported to be 500 per individual [Bam-
shad et al., 2012] and several strategies are used in order 
to identify the pathogenic variants among them. In a re-
cent review, Gilissen et al. [2012] have summarized the 
different ways that can be used in order to take advantage 
of HTS in the discovery of pathogenic variants, namely: 
classic linkage [Krawitz et al., 2010; Züchner et al., 2011], 
the identification of genes with 2 pathogenic mutations 
in compound heterozygosity in the absence of consan-
guinity [Gilissen et al., 2010], the search for pathogenic 
mutations in a common gene in a well-characterized 
small cohort of patients with a presumed dominant dis-
order [Hoischen et al., 2010; Ng et al., 2010], the search for 
de novo mutations in patients with presumed dominant 
disorders [Vissers et al., 2010; O’Roak et al., 2011], a can-
didate gene approach [Haack et al., 2010], and finally, ho-
mozygosity mapping for autosomal recessive disorders in 
selected families of consanguineous matings [Becker et 
al., 2011; Hamamy et al., 2011]. Especially for the latter 
case there is evidence that the sequencing of 2 affected 
sibs instead of 1 drastically reduces the number of candi-
date variants [Pippucci et al., 2011]. A search of the OMIM 
database in August 2012 with the terms ‘exome’ and ‘al-
lelic variants’ resulted in 148 different entries, the vast 
majority of which are new gene-disease associations for 
Mendelian disorders discovered by HTS strategies.

  HTS and the Diagnosis of Rare Disorders 

 The power of HTS has renewed the interest for rare 
genetic disorders in the research laboratories, and is slow-
ly beginning to be used in the routine clinical genetics.

  Current Laboratory Diagnostic Practices 
 Rare genetic diseases are severely underdiagnosed; 

Kumar et al. [2001] estimated that only 3% of the patients 
in their study of pediatric emergency genetic disorders 
had a definite genetic diagnosis. In addition, a consider-
able fraction of the dysmorphology cases do not enjoy a 
specific molecular diagnosis, and thus, the clinical char-
acterization is only descriptive at the phenotypic level.

  One reason for the underdiagnosis of rare genetic dis-
orders is the fact that they are indeed rare and thus sys-
tematically overlooked or are unknown in the everyday 

clinical practice. As an indicative comparison, 12% of 
women will develop breast cancer in their lifetimes 
(http://seer.cancer.gov/csr/1975_2009_pops09/) while 
the frequency of cystic fibrosis, one of the commonest 
autosomal recessive disorders in the European popula-
tion, has an incidence of approximately 1 per 2–3,000 
[Scotet et al., 2008]. The practical outcome for the pa-
tients with Mendelian genetic disorders is a dysfunction-
al medical care, since these patients are in contact with 
health professionals for many years without an exact di-
agnosis and are thus subjected to numerous unnecessary 
or expensive diagnostic procedures and sometimes dubi-
ous treatments.

  A series of equally important factors contribute to the 
limited use of genetic diagnostic tests that unless all are 
fully addressed, genetic testing will remain a rarity com-
pared to other diagnostic tests despite the substantial 
number of patients with Mendelian genetic disorders.

  The technical aspects of diagnoses of Mendelian ge-
netic disorders are difficult. Standardized methods exist 
for only a handful of genes, while for the large majority, 
each diagnostic laboratory is performing tests designed 
in house without a large scale and communal validation. 
Significant progress has been achieved both in terms of 
control and accreditation by various national and inter-
national bodies, but a significant improvement is desir-
able and necessary. For example, the rate of genotype er-
rors in diagnostic laboratories may range from 1.1 to 5.2% 
[Seneca et al., 2008].

  The difficulties for setting up a specific genetic testing 
for each Mendelian disorder led to the fact that the vast 
majority of laboratories are restricted to testing a few doz-
en genes among those who cause the 2,840 (OMIM, Au-
gust 2012) known Mendelian (and mostly rare) genetic 
disorders. It is a common practice for clinical geneticists 
to actively search the world for a suitable diagnostic or 
even research laboratory capable of offering the desired 
test at a reasonable turnaround time. The lack of avail-
ability of diagnostic tests in combination with long turn-
around times, which for some rare and technically chal-
lenging tests can even be in the range of years, severely 
prevents the wide use of diagnostic genetic tests.

  An equally important aspect is the interpretation of 
genetic tests. The identification of a novel or rare variant 
raises questions of its pathogenicity, particularly in cases 
of reduced penetrance. An additional problem is that of 
genetic heterogeneity in which all genes involved in the 
particular phenotype need to be tested. For example, for 
a complete molecular work-up of a phenotype such as ret-
initis pigmentosa, more than 100 genes [Nishiguchi and 
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Rivol ta, 2012] need to be tested, and this number increas-
es with the addition of new knowledge.

  Use of HTS for Diagnosis of Genetic Disorders 
 From a purely technical point of view, the protocols for 

the performance of the HTS experiments are well-estab-
lished and are used by research laboratories for more than 
4 years; thus, there is no apparent difficulty to transfer the 
necessary know-how to experienced diagnostic laborato-
ries. The analysis of the results from the output of the se-
quencers to the actual list of the variants is still not com-
pletely optimized and automated, but the necessary tools 
and technical expertise already exist.

  There are 2 general strategies to employ candidate 
gene HTS for diagnostic purposes: One is to select and 
sequence all the protein-coding genes and then focus on 
candidate genes by computational means [Rosewich et 
al., 2012]; the other is to select and sequence only a list of 
candidate genes [Redin et al., 2012]. Obviously, there are 
advantages and disadvantages for each of these options, 
but in both cases only the genes prescribed by the refer-
ring physician will be tested and analyzed, and each lab-
oratory could choose the one or the other option depend-
ing on cost and turnaround time.

  Concerning the clinical utility of genetic tests, HTS 
can drastically improve the specificity and sensitivity of 
genetic testing in cases of disorders with genetic hetero-
geneity by testing all the candidate genes [Dixon-Sala-
zar et al., 2012]. Examples of such use would be the use 
of panels of genes for the hundreds of genes related to 
intellectual disability [van Bokhoven, 2011], the already 
mentioned retinitis pigmentosa [Nishiguchi and Rivol-
ta, 2012], the 71 genes related to non-syndromic hearing 
loss (http://heredi taryhearingloss.org), the 25 genes re-
lated to Charcot-Marie-Tooth syndrome [Pareyson and 
Marchesi, 2009], and the 14 genes related to familial hy-
pertrophic cardiomyopathy (http://www.ncbi.nlm.nih.
gov/books/NBK1768/). In addition, HTS could easily 
test the extremely long genes, i.e.  TTN  (titin), that were 
problematic in the past.

  The problem of interpretation of individual variants is 
not new and the literature on the variants of unknown 
significance particularly in the  BRCA1  and  BRCA2  test-
ing is extensive [Akbari et al., 2011]. Thanks to large HTS 
projects, however, such as the Exome Variant Server 
(http://evs.gs.washington.edu/EVS/) and the 1,000 Ge-
nomes Project (2010), there is for the first time the pos-
sibility to have accurate measurements of the frequency 
of even extremely rare variants (minimum allele frequen-
cy  ! 0.1%) in the human population and construct a fre-

quency argument for a potential pathogenicity of a given 
genomic variant.

Additionally, several computer algorithms have been 
developed for the likely pathogenicity of non-synony-
mous and splicing variants that take into account not 
only the biochemical consequence of the variant but also 
the evolutionary conservation of the reference allele 
[Thusberg et al., 2011].

  HTS is likely to replace rapidly every other diagnostic 
sequencing test (particularly as the costs are dropping), 
but technical limitations of the present HTS technologies 
dictate that alternative methods will still be used. For ex-
ample, one of the most frequently performed tests in mo-
lecular diagnostics, the search for the CGG expansion in 
the  FMR1  gene causing fragile-X syndrome (and all the 
other trinucleotide expansion disorders), will continue to 
be performed by alternative methods due to the limita-
tion of the read’s length by the current HTS methods. 
Another problem is the difficulty to accurately detect 
large deletions and insertions which are still diagnosed 
by alternative methods.

  HTS and Family Planning/Prenatal Diagnosis 

 HTS will likely have a profound effect in fetal diagno-
sis and family planning. A few years ago, Chiu et al. [2008] 
demonstrated the possibility to diagnose the presence of 
aneuploidies in the embryo by examining a maternal 
blood sample. The method is based on the measurement 
of the relative frequency of the reads of each chromosome 
in the cell-free DNA circulating in the mother’s blood, a 
significant portion of which comes from the embryo, and 
has since been refined, and it is now offered as a clinical 
service by private companies (see for example http://
www.sequenomcmm.com/home/health-care-profes-
sionals/trisomy-21/). Currently, only trisomy 21 is tested, 
but it is expected that soon enough all possible gross 
chromosomal aberrations will be detected offering a safe, 
non-invasive diagnosis to the majority of pregnant wom-
en during the first trimester [Chiu et al., 2011]. After clin-
ical validation in large cohorts of patients and a further 
reduction of the sequencing costs, the offer of this test 
may become a standard during pregnancy. The issue is 
controversial, since this test has the possibility of elimi-
nating completely the common chromosomal abnormal-
ities, should the couples decide for the termination of the 
affected pregnancy.

  Additional technological advances that could revolu-
tionize prenatal diagnostics is the successful genomic se-
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quencing of the fetal genome by sampling the mother’s 
blood [Fan et al., 2012; Kitzman et al., 2012] and in the 
case of preimplantation diagnosis the sequencing of the 
genome of a single cell [Hou et al., 2012; Xu et al., 2012].

  Another test that is currently in the phase of develop-
ment is the detection of recessive alleles in consanguine-
ous couples. The increased risk of consanguineous cou-
ples to have offspring with autosomal recessive disorders 
is well-documented because of the sharing of alleles by 
descent [Tadmouri et al., 2009]. In these couples, HTS 
sequencing of each of the parents will reveal the shared 
pathogenic variants in heterozygosity; thus, a catalog of 
risk genes for the couple could be established and in-
formed decisions could be taken. The difficulty in these 
analyses is the discovery of rare or private variants of un-
known significance in candidate recessive genes that 
complicate the genetic counseling.

  Ethical Aspects 

 There has been a considerable discussion about the 
ethical aspects of HTS sequencing, but it is our opinion 
that the use of HTS as an additional diagnostic tool will 
not raise issues that are new to the medical community. 
One key aspect, however, is that in using ‘diagnostic’ HTS 
the line that separates routine diagnosis from research is 
not always well-defined.

  The most important issue is that of incidental find-
ings, i.e. the identification of likely pathogenic variants 
that are not related to the clinical question asked; the 
problem in this case is the disclosure of the incidental 
findings to the patient or the health professional. There is 
a growing literature concerning the attitudes towards 
these findings particularly in the research setting [Wolf 
et al., 2012]. Common recommendations are that re-

Patient
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diagnosis

Molecular

genetic diagnosis

 of single genes 

Karyotype
Array-comparative  

genomic hybridisation
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sequencing

  Fig. 1.  High-throughput sequencing is slowly being introduced as an additional genetic diagnostic test and in 
the future it will replace most if not all the other genetic tests.   
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search results on incidental findings may be disclosed if 
the genetic information reveals significant risk for a con-
dition which has substantial health implications or is life-
threatening, or can be used for either a treatment or in-
tervention in order to modify the outcome. These genom-
ic variants are commonly referred to as ‘actionable 
variants’ [Wolf et al., 2012]. The content of the pre-test 
informed consent is of paramount importance and the 
research subject needs to be well-informed of the issues 
regarding incidental findings and disclosure options. A 
well-thought-out and debated informed consent pre-
serves the right to know or not-to-know of specific ge-
netic information.

    There is also the uncertainty of what exactly is an ‘ac-
tionable variant’. A useful definition is ‘when specific 
strategies contingent upon the result in question have 
been documented to ameliorate expected morbidity and 
mortality’ [Evans and Rothschild, 2012]. However, this 
narrow definition is not satisfactory to all, since genom-
ic variants likely to influence life decisions could be in-
cluded in the definition of ‘actionable variants’. It is in-
teresting to note that even without an exact definition 
in mind in a study by Green et al. [2012] clinical geneti-
cists have had a very high degree of concordance con-
cerning the results that should be disclosed to the pa-
tients.

Another notable issue is that for many of the predicted 
damaging genomic variants there is insufficient clinical 
validation; this, coupled with the reduced penetrance is-
sue, greatly diminishes the ability to provide a sound ge-
netic counseling for the majority of genomic variants.

  Conclusion 

 HTS technologies that have appeared less than 10 
years ago have already revolutionized the research for the 
identification of pathogenic genes for rare genetic disor-
ders and revitalized the interest about them. These tech-
nologies are gradually finding their place ( fig. 1 ) in the 
clinical diagnosis providing novel capabilities for the di-
agnosis of genetic disorders which will help the millions 
of affected patients and their families, and those who un-
til now did not even have access to the diagnosis of their 
disorder. The implementation of genomic medicine is 
proceeding carefully, with active debates on the emerging 
issues and the optimum use of the available technology.
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