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   Preface     

 The recent development of high-throughput next-generation sequencing (NGS) 
technology has transformed the way DNA-based molecular diagnostic testing is 
performed in clinical laboratories. NGS allows parallel sequencing analyses of mul-
tiple genes effectively at any desirable depth of coverage. It is often diffi cult for 
clinicians to fully understand and utilize NGS-based tests effectively due to the 
sophisticated instrumentation, the enormous amount of data generated, the complex 
analytical tools involving sequence alignment, and the bioinformatics for variant 
annotation. While professional interpretation can address these issues, the purpose 
of this book is to help physicians to better understand the science behind and clini-
cal utility of NGS to maximize benefi t for their patients. 

 In Part I, DNA sequencing principles, the underlying chemistries, and the devel-
opment of NGS technology are described. This is followed by an overview of the 
methods used in the traditional molecular diagnosis of human genetic diseases. Part 
II details the instrumentations, bioinformatics, and computational techniques 
involved in NGS. This section of the book includes a comparison of the different 
methods used for target gene enrichment and the various sequencing platforms, as 
well as the algorithms and bioinformatics used for sequence analysis, variant anno-
tation, and interpretation of the fi nal results. Part III describes specifi c applications 
of NGS to the molecular diagnosis of clinically defi ned diseases (e.g., congenital 
disorders of glycosylation), genetically heterogeneous disorders involving many dif-
ferent genes leading to the same or similar clinical phenotypes (e.g., retinitis pig-
mentosa), diseases associated with a particular region or a whole chromosome (e.g., 
X-linked intellectual disability), and dual genome mitochondrial respiratory chain 
disorders involving nuclear and mitochondrial DNA. The utility of NGS for nonin-
vasive prenatal diagnosis is also described. Part IV discusses the    College of American 
Pathologists (CAP) / Clinical Laboratory Improvement Amendments (CLIA) guide-
lines for establishing a clinically based test using novel technology and compli-
ance issues for laboratories offering NGS-based testing. 
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   Part I 
   Overview        



3L.-J.C. Wong (ed.), Next Generation Sequencing: Translation to Clinical Diagnostics, 
DOI 10.1007/978-1-4614-7001-4_1, © Springer Science+Business Media New York 2013

    Abstract     DNA sequencing technologies have a relatively short history – with the 
fi rst published report in 1973 – a mere 39 years. But what a history! In 1973, Walter 
Gilbert and Allan Maxam published the 24 base pair sequence of the  lac  operator 
using chemical sequencing techniques Gilbert and Maxam (Proc Nat Acad Sci USA 
70(12):3581–3584, 1973). Through innovation and automation, we are now able in 
2012 to sequence the entire human genome (three billion base pairs) in a little more 
than a week. This chapter will review this short but amazing story of brute force, 
automation, and innovation from its infancy to the present. Suffi ce it to say that 
advances and technological leaps are continuing apace and this chapter will be out-
dated by the time you are reading it.  

1         The Early Days of Sequencing 

 The 1953, landmark publication suggesting the structure of DNA by Watson and 
Crick [ 1 ] began what has become one of the most successful modern endeavors car-
ried out by humans. The Nobel Prize in Physiology or Medicine 1962 was awarded 
jointly to Francis Harry Compton Crick, James Dewey Watson, and Maurice Hugh 
Frederick Wilkins “for their discoveries concerning the molecular structure of 
nucleic acids and its signifi cance for information transfer in living material”[ 2 ]. 

 After the 1962 Nobel recognition for the discovery of the structure of DNA, it 
was only a short 18 years later that the Nobel Prize in Chemistry 1980 was divided, 
one half awarded to Paul Berg “for his fundamental studies of the biochemistry of 

    Chapter 1   
 History of DNA Sequencing Technologies 
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nucleic acids, with particular regard to recombinant-DNA,” the other half jointly to 
Walter Gilbert and Frederick Sanger “for their contributions concerning the deter-
mination of base sequences in nucleic acids” [ 3 ]. The fi rst report of chemical 
sequencing in 1973 [ 4 ] showed our new ability to determine the nucleotide sequence 
of the  lac  operator (24 base pairs in length). This report was quickly followed by a 
paper by Sanger et al. [ 5 ] reporting an “easy” method for sequencing using syn-
thetic primers and DNA polymerase. Then in 1977, two sequencing methods were 
described in detail [ 6 ,  7 ]. The Maxam-Gilbert method utilized chemical breakage, 
radioisotope end labeling, and gel electrophoresis to sequence DNA, while Sanger 
described sequencing by using radiolabeled ddNTPs and gel electrophoresis. The 
Maxam-Gilbert method eventually fell out of favor due the improvements in the 
Sanger method. Additionally the toxic chemicals used in the method were consid-
ered unsafe. 

1.1     Maxam-Gilbert Method 

 The Maxam-Gilbert method [ 8 ] utilizes chemical degradation of a radioisotope end- 
labeled DNA fragment. The fragment is partially cleaved in fi ve separate chemical 
reactions that are specifi c to either an individual nucleotide base or a type of nucleotide 
base. These reactions generate fi ve separate populations of radiolabeled molecules 
that extend from a common point (the end-labeled terminus of the strand). These 
populations are then size separated using PAGE (polyacrylamide gel electrophore-
sis) and the radiolabeled molecules are visualized by autoradiography. 

 This method has remained relatively unchanged with the exception of additional 
cleavage reactions developed to supplement the original reactions (see review [ 9 ]). 
The method relies on the specifi city of the cleavage reactions, which are processed 
in two stages. In stage one, specifi c nucleotide bases (or types of bases) undergo a 
chemical modifi cation. In stage two, the modifi ed base gets removed from the sugar 
and the phosphodiester bonds on the 5′ and 3′ side of the modifi ed bases are cleaved 
(see Fig.  1.1 ). The reactions are carefully controlled so on average only one base per 
strand is modifi ed. This method is optimal for DNA strands that are less than 250 
bases from the radiolabeled end. This range of fragment sizes is less than that of the 
Sanger method.

   Initially the Maxam-Gilbert method was more reproducible and accessible than 
Sanger’s method because of the requirements for single-stranded templates, specifi c 
oligonucleotide primers, and access to high-quality preparations of the Klenow 
fragment of  E. coli  DNA polymerase I. Further developments in the Sanger method 
and in the fi eld, however, resulted in more widespread use of Sanger and the Maxam-
Gilbert method was eventually supplanted by Sanger for simple determination of 
DNA sequence.  

L.D. White
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1.2     Sanger Method 

 The current Sanger sequencing-by-synthesis (enzymatic) method using chain- 
terminating dideoxynucleoside triphosphates (ddNTPs) [ 7 ] grew from the original 
± sequencing technique fi rst reported in 1975 [ 5 ]. Chain-terminating ddNTPs lack a 

  Fig. 1.1    Example of G nucleotide chemical cleavage in Maxam-Gilbert DNA sequencing       
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3′ hydroxyl residue and, while able to be incorporated into a growing DNA chain 
through their 5′ triphosphate group, cannot extend the chain further. 

 The reaction is relatively simple. In a series of four separate reactions (A, C, G, 
and T), a small competing amount of the ddNTP (ddATP, ddCTP, ddGTP, or ddTTP) 
is added to the reaction. This small amount of ddNTP mixed with conventional 
dNTPs competes to infrequently incorporate into the growing chain causing termi-
nation. An example of the “A” reaction is shown in Fig.  1.2 . The product of the 
reaction is a population of oligonucleotide chains whose lengths are determined by 
the distance between the terminus of the primer used to initiate DNA synthesis and 
the site of premature termination.

   The four reactions are loaded into four adjacent lanes on a polyacrylamide gel 
for size separation and the bands are visualized by autoradiography.   

  Fig. 1.2    Example of the “A” reaction (one of four to be performed on the same template) of the 
Sanger chain termination method. A small amount of radiolabeled ddATP is added to the reaction 
to produce a population of DNA chains terminating in an “A.” After size separation and compari-
son to adjacent “G,” “C,” and “T” lanes, the DNA sequence can be read from smallest to largest on 
the autoradiograph       
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2     Automated DNA Sequencing 

 The discovery of thermostable DNA polymerases led to the development of the 
polymerase chain reaction (PCR) and subsequently improved methods for DNA 
sequencing, namely, thermal cycle sequencing [ 10 ]. This method has advantages 
over traditional chain-terminating sequence. First, it uses double-stranded DNA as 
the starting template instead of single stranded, and second, it can start with very 
small amounts of starting DNA. 

 The method is similar to conventional PCR but only a single primer is used 
along with a radiolabeled ddNTP in four separate reactions (A, C, G, T). The 
result is linear, not exponential, accumulation of a single-stranded product that 
can then be size separated and read by polyacrylamide gel electrophoresis and 
autoradiography. 

 Replacement of the radioisotopes (usually  35 S or  33 P) with fl uorescently labeled 
molecules along with thermal cycle sequencing opened the door to automating 
DNA sequencing [ 11 ] because the detection systems for fl uorescent labels can 
easily be adapted for automation (Fig.  1.3 ). Instruments originally utilized slab 
polyacrylamide gel electrophoresis for size separation and reading of the sequence. 
Fluorescently labeled molecules can be separated with capillary electrophoresis so 
that a population of fl uorescent terminated fragments can be read. Additionally, 
this method allows all four reactions to be performed in a single tube. The result 
(shown in Fig.  1.3 ) is called a “trace” or an electropherogram. Capillary electro-
phoresis sequencing can involve a single capillary or up to 96 capillaries allowing 
increased throughput.

   The chain termination method can generate an average of 500 bases of sequence 
per run. This constraint does not become an issue until larger regions of sequence 
are required. The human genome is approximately three billion bases (3 gigabases (gb)). 

  Fig. 1.3    Electropherogram “trace” of thermal cycle sequencing with each peak representing fl uo-
rescently labeled ddNTP that is color coded for A ( green ), C ( blue ), G ( black ), or T ( red ) in this 
image. The sample was sequenced on the ABI PRISM® 310 Genetic Analyzer from Applied 
Biosystems       
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That means that one run of a 96 capillary machine would generate only 48,000 bases 
or 48 kilobases (kb) or 0.000048 gb. So, a researcher would have to run the 96 capil-
lary instrument 62,500 times to generate a 1X coverage of the human genome. At 10 
runs a day, 7 days a week for one instrument (each run takes approximately 2 h), it 
would take more than 17 years to generate the 1X coverage referenced above. 

 Only through combining the advances in sample processing technology and 
detection methods along with robotics, automatic data collection, and a multitude of 
instruments can the sequencing of whole genomes in a reasonable amount of time 
fi nally be realized.  

3     Human Genome Project 

 With the advent of automated high-throughput sequencing, the idea of analyzing the 
whole human genome was fi rst proposed seriously by academics in the 1980s. The 
US Department of Energy (DOE) became involved in 1986 and established an early 
genome project in 1987. This was followed in 1988 by the US Congress funding 
both the National Institutes of Health (NIH) and the DOE to establish a joint project 
to explore the idea of a human genome project. 

 James Watson was appointed to lead the NIH contingent: the Offi ce of Human 
Genome Research. This group evolved into National Center for Human Genome 
Research (NCHGR) in 1989. 

 In 1990, there was a joint publication entitled “Understanding Our Genetic 
Inheritance: The U.S. Human Genome Project, The First Five Years, FY 1991–
1995” [ 12 ]. At this point the project completion of the human genome was slated for 
15 years and the project was described as an international effort to develop genetic 
and physical maps and determine the DNA sequence of the human genome and the 
genomes of several model organisms. An updated plan was published in 1993 [ 13 ] 
by Francis Collins who was the Director of the NCHGR. This report stressed that 
continued development and improvements in technology would be required to keep 
the project on schedule. This project represented a truly international effort with an 
unprecedented amount of collaboration and extensive data, information, and 
resource sharing. 

 In 1998, whole genome shotgun sequencing was proposed to increase sequenc-
ing data acquisition [ 14 ]. This method entails randomly breaking up genomic DNA 
and then cloning the fragments into vectors before sequencing. This method obvi-
ates the need to increase computational power in order to make sense of the raw 
data, assemble contiguous blocks (contigs), and align the sequences. 

 The 2001 publication of the draft human genome [ 15 ] covered approximately 
90 % of the genome with the remaining unsequenced bases predominantly located 
in tightly condensed heterochromatin. The focus then became on “fi nishing” the 
genome and announcement of the fi nal human genome came in 2003 and coincided 
with the 50th anniversary of the Watson and Crick discovery of the DNA double 
helix [ 1 ]. The paper was published in 2004 [ 16 ] and the published sequence con-
tained approximately 99.7 % of the euchromatic genome, was interrupted by only 
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300 gaps, and contained only one nucleotide error per 100,000 bases. There were 28 
megabases (Mb) of gaps consisting of euchromatic sequence, which were predomi-
nantly repetitive regions of the genome, and 200 Mb of heterochromatic sequence 
including the large centromeres and the short arms of acrocentric chromosomes. 

 The Human Genome Project took 13 years and was estimated to cost approxi-
mately $3 billion. In order to translate the data and make resequencing and person-
alized genomic analysis achievable, the cost per genome must be reduced to what is 
optimistically referred to as the $1,000 genome. Figure  1.4  is a current graph pro-
vided by the NIH on the costs of sequencing a genome. These fi gures do not refl ect 
“nonproduction” costs which include the following:

•     Quality assessment/control for sequencing projects  
•   Technology development to improve sequencing pipelines  
•   Development of bioinformatics/computational tools to improve sequencing 

pipelines or to improve downstream sequence analysis  
•   Management of individual sequencing projects  
•   Informatics equipment  
•   Data analysis downstream of initial data processing (e.g., sequence assembly, 

sequence alignments, identifying variants, and interpretation of results)    

 The next section touches on the changes in technology that have resulted in the 
amazing drop in cost per genome.  

  Fig. 1.4    Graph of sequencing costs per genome (estimated on a genome the relative size of the 
human genome). Moore’s law (hypothetical computer industry that predicts the doubling of tech-
nology every 2 years) is illustrated on the graph. The abrupt drop in sequencing costs in 2008 
represents the change from Sanger-based (dideoxy chain termination) sequencing to the “second-” 
or next-generation sequencing technologies (Data from NIH [ 17 ])       
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4     Next-Generation Sequencing 

 After the announcement of the completion of the fi rst sequenced human genome, 
the NIH began a program that would quickly reduce the cost per genome. In 2004, 
the cost for a single genome was still greater than $10 million (Fig.  1.4 ). The goal 
was to promote the development of technologies that would increase the throughput 
of sequencing – translation of these technologies into the medical arena and thera-
peutics relies on reduction of the turn-around-time (patients can’t very well wait for 
13 years to get results). Additionally, the throughput goal is invariably linked to 
decreasing costs per genome. 

 In 2004, the fi rst projects receiving grants included 11 groups chosen to begin 
technology “near term” development and attempt to reduce the cost to $100,000/
genome. The second set of projects were awarded to seven groups that were tasked 
with longer-term development and reduction of the per genome cost to $1,000. 
Technologies involved in these endeavors ranged from sequencing-by-synthesis to 
nanopore DNA sequencing. 

 The following discussions will lightly cover the different technologies and com-
mercial platforms that have been and/or are important in the development of next- 
generation sequencing. More detailed discussion will follow later in this book. 

4.1     Technologies 

 The abrupt reduction of cost per genome shown in Figure  1.4  points to the signifi -
cance and return on investment of the NIH effort to jump start technology develop-
ment. In 2004, the cost of a genome was greater than $10 million and now the 
average cost per genome is $5,000–$8,000. Turnaround time (TAT) and cost con-
tinue to be the object of intense developmental effort. 

 How did this happen? Simultaneous improvements in chemistry, engineering, 
and instrumentation development combined to allow methods that have been dubbed 
“massively parallel sequencing.” The following sections will touch on PCR-based 
next-gen sequencing, single-molecule next-gen sequencing, and the promising 
future. 

4.1.1     PCR-Based Sequencing 

 The major players in next-generation or “massively parallel” sequencing came to 
the market with sequencing technologies that rely on PCR-based amplifi cation to 
allow signal detection. 454 Life Sciences (Roche Diagnostics), SOLiD (Applied 
Biosystems), and Illumina sequencing rely on either emulsion PCR or bridge ampli-
fi cation (cluster) to generate enough molecules to make the sequencing process 
more easily imaged. Of course, PCR bias introduced into the system by known 
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issues with amplifi cation such as preferential amplifi cation or uneven amplifi cation 
requires the users to understand that although each bead emulsion amplifi cation or 
cluster amplifi cation (although amplifying only a single molecule) can exhibit bias. 

   454 Life Sciences (Roche): Sequencing-by-Synthesis (Pyrosequencing) 

 Next-generation sequencing in a massively parallel fashion [ 18 ] was commercial-
ized by 454 Life Sciences, originally named 454 Corporation, as a subsidiary of 
CuraGen Corporation. In 2007, Roche Diagnostics purchased the company and 
became the sole provider of genome sequencers utilizing the 454 pyrosequencing 
method [ 19 ]. 

 The technology involves generation of a single-stranded template DNA library, 
emulsion-based clonal amplifi cation of the library, data generation via sequencing-
by- synthesis, data analysis using different bioinformatics tools. Purifi ed DNA (or 
cDNA) undergoes fragmentation and then ligation with adapters that will aid in 
further purifi cation, quantifi cation, amplifi cation, and sequencing of the DNA 
library. 

 The next step requires that the adapter library be attached to capture beads and 
subsequently emulsifi ed to generate “microreactors” that will amplify a single frag-
ment in a “one fragment = one bead” reaction. The emulsifi ed beads then undergo 
emulsion PCR to generate millions of clonally amplifi ed fragments on each bead. 
The emulsifi cation is broken and the beads are loaded into a PicoTiterPlate where 
each well of the plate contains a single bead and thus millions of clonal amplifi ca-
tion products from a single fragment. After placing the loaded PicoTiterPlate into 
the sequencing instrument, nucleotides are “fl owed” across the plate in sequence 
(A, C, G, T). As each nucleotide complementary to the template is incorporated, a 
chemiluminescent light is emitted and recorded by the instrument camera (Fig.  1.5 ).

      Applied Biosystems SOLiD: Sequencing-by-Hybridization/Ligation 
(Fluorescent Detection) 

 Massively parallel sequencing by hybridization-ligation from Applied Biosystems 
(SOLiD) is based on the chemistry of the polony method of sequencing published 
by Shendure et al. [ 20 ]. Sequencing library preparation begins with emulsion 
PCR- based amplifi cation of a single molecule linked to a bead in a method similar 
to the 454 method described above. The beads are then deposited on a glass slide 
and sequencing occurs by multiple rounds of hybridization and ligation of di-base 
probes (Fig.  1.6 ) fl uorescently labeled with four different fl uorescent dyes. The 
method interrogates two nucleotides by using the four-dye schema and the 
sequence is determined by identifying the color resulting from successive reac-
tions. This method allows distinction of a sequencing error and a true sequence 
polymorphism.

1 History of DNA Sequencing Technologies



12

      Illumina (Solexa technology): Sequencing-by-Synthesis with Reversible 
Fluorescent Terminators 

 Illumina Inc. acquired Solexa Ltd. in 2006 to gain control of Solexa’s proprietary 
next-generation genetic analysis system. The approach, unlike 454 and SOLiD, 
does not utilize emulsion PCR but instead uses bridge amplifi cation of single- 
molecule DNA strands [ 21 – 23 ]. In this method, adapter sequences are ligated to 

  Fig. 1.5    454 Pyrosequencing reaction (Image used with permission: 454 Sequencing © Roche 
Diagnostics)       

  Fig. 1.6    Sequencing    by hybridization-ligation (Image used with permission from Life 
Technologies)       
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fragmented DNA. Denatured single-strand DNA molecules are attached to a solid 
surface called a fl ow cell and the molecules are amplifi ed into clusters by solid-state 
bridge amplifi cation. Each cluster is composed of about 1,000 clonal copies of the 
molecule. The sequencing occurs in a massively parallel fashion using sequencing-
by- synthesis and sequential addition of reversible fl uorescent dye terminators 
(Fig.  1.7 ).

      Life Technologies Ion Torrent/Proton: Sequencing-by-Synthesis (pH Detection) 

 Life Technologies Corp. acquired Ion Torrent Corp. in 2010 in an effort to enhance 
the DNA sequencing offerings of the company. Ion Technology offers what has 
been coined “PostLight™” technology: semiconductor sequencing and pH detec-
tion. Like 454 and SOLiD, emulsion PCR is used to generate sequencing libraries 
bound to beads. The beads are fl owed across a semiconductor chip (Fig. 1.11   ) that 
consists of wells sized to accept a single bead and an ion sensor that will read pH. 
As nucleotides are incorporated into the template strand, a hydrogen ion (H + ) is 
released as a by-product. The ion’s charge is detectable by the ion sensor in the chip 
and as nucleotides are added, the voltage change is detected and data is displayed as 
a peak of voltage (Fig.  1.8 ).

  Fig. 1.7    A. Library 
preparation and bridge 
amplifi cation of fragments on 
an Illumina fl ow cell. Paired 
End sequencing is illustrated 
(Image used with permission 
from Illumina Inc.)       
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      Complete Genomics: Sequencing-by-Hybridization/Ligation (Fluorescent 
Detection) 

 Unlike the platforms described above, Complete Genomics Inc. does not produce a 
commercialized instrument for sale to consumers. Instead, the company provides a 
whole human genome sequencing service. The company has created a sequencing 
center that will accept genomic DNA and deliver sequencing data to the customer. 
Several diverse technologies were integrated to produce the Complete Genomics 
sequencing solution. The sequencing technology generates a total read length of 35 
bases. The methodology follows. 

 Sequencing library construction begins with fragmentation of genomic DNA and 
the addition of four adapter sequences to the fragment. Fragments are circularized 
and a head-to-tail concatemer of approximately 200 fragments is generated with a 
rolling circle amplifi cation method. The concatemers are formed into ball shapes 
(DNA nanoballs or DNBs) and the DNBs are fl owed across an array with “sticky” 
spots that allow the binding of only a single DNB. 

 Sequencing occurs with a combination hybridization-ligation reaction using 
Complete Genomics’ proprietary combinatorial Probe-Anchor Ligation (cPAL™). 
cPAL™ uses pools of probes labeled with four different dye molecules to perform 
sequencing that allows 10 bases to be read starting with each adapter sequencing 
(Fig.  1.9 ).

  Fig. 1.8    Ion semiconductor sequencing. As nucleotides are fl owed across the chip, incorporation 
results in the release of a hydrogen ion that is detected by the chip. If identical nucleotides are 
incorporated (homopolymer), each H +  released will increase the signal detection. In this example 
two bases are incorporated and the readout shows concurrent increase in signal peak (Images used 
with permission Life Technologies (Ion))       
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4.1.2         Single-Molecule Sequencing 

 Of course, the Holy Grail in the fi eld is fast, inexpensive, accurate single-molecule 
(non-PCR-based) sequencing. Several commercial groups have marketed technolo-
gies for single-molecule sequencing including Helicos and Pacifi c Biosciences. 
Other possibilities include nanopore-based sequencing and we have hopes that this 
technology will achieve commercial success. 

   Pacifi c Biosciences 

 Pacifi c Bioscience markets SMRT® (Single Molecule Real Time) sequencing tech-
nology. This platform brings together different technologies to allow very long 
sequencing reads in mere minutes (Fig.  1.10 ). A SMRT cell (glass slide coated with 
100 nm metallic fi lm that has been fabricated to hold approximately 75,000 small 
holes only 10 s of nanometers in diameter – the ZMW or zero-mode waveguide). 
DNA polymerase is immobilized to the fl oor of the ZMW and the cell is fl ooded 
with phospholinked nucleotides. Because the ZMW is smaller than the wavelength 
of the light, only the bottom of the ZMW is illuminated allowing detection of the 
individual nucleotides as the DNA polymerase incorporates them into a growing 
DNA chain.

  Fig. 1.9    ( a ) Multiple adaptor library construction process. ( b ) DNA nanoball (DNB) formation. 
( c ) Combinatorial Probe-Anchor Ligation (cPAL™) (Images used with permission from Complete 
Genomics)       
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5           Conclusion 

 Sequencing technologies have come a long way in a very short time and advances 
in material sciences and other innovative technology breakthroughs continue to 
occur that can offer faster, cheaper, more accurate sequencing. Sequencing is 
already in the clinic and consumer demand for better testing with faster turnaround 
will require that these advances be incorporated and implemented. The fast evolu-
tion of these technologies is unprecedented and exciting.     
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    Abstract     The identifi cation and characterization of the genetic basis of disease is 
often fundamental to diagnosis. Detection of pathogenic mutations in a DNA sample 
can lead to a diagnosis, possible prognosis, and prospective therapy treatments. Over 
the years, a variety of molecular biology techniques have been utilized in clinical 
diagnostic laboratories in the analysis of patient samples. The recent development of 
next-generation sequencing (NGS) techniques has revolutionized the fi eld of clini-
cal molecular diagnostics. In this chapter, we review the development of molecular 
diagnostic approaches and some of the most commonly used assays prior to the 
NGS era. Although PCR-based methods are the most commonly used assays in 
molecular diagnostics today, a number of caveats must be taken into consideration 
and are also discussed.  

1         Introduction 

 Genetics and the study of the human genome have become an integral part of 
medicine and public health. Determining the full molecular characteristics of 
genetic disorders provides additional information in the diagnosis of a patient. In 
addition, identifi cation of familial mutations leads to appropriate genetic counseling 
for families and possible prenatal diagnosis or preimplantation genetic diagnosis 
(PGD) for future pregnancies. The fi eld of clinical molecular diagnostics has grown 
considerably in the last couple of decades, benefi tting from advancements in 

    Chapter 2   
 Clinical Molecular Diagnostic Techniques: 
A Brief Review 

             Megan     L.     Landsverk      and     Lee-Jun     C.     Wong   

        M.  L.   Landsverk      (*)
  Department of Molecular and Human Genetics ,  Baylor College of Medicine ,   Houston ,  TX ,  USA   
 e-mail: meganl@bcm.edu  

    L.-J.  C.   Wong    
  Medical Genetics Laboratories, Department of  Molecular and Human Genetics , 
 Baylor College of Medicine, One Baylor Plaza, NAB 2015 ,   Houston ,  TX 77030 ,  USA    



20

human genetics basic research and technologies. In the early years, research 
 laboratories primarily developed the techniques used to analyze genetic mutations. 
Many of these assays were then implemented into the clinical molecular diagnostic 
repertoire. The earliest assays were generally targeted to common disorders such 
as hemoglobinopathies and cystic fi brosis. These early molecular diagnosis meth-
odologies often involved indirect mutation detection through haplotype and link-
age analyses, which are extremely laborious, required large amounts of patient 
DNA, generally required extensive knowledge of the genomic region in question, 
and did not always result in an easily interpretable result. Nevertheless, they pro-
vided a foundation for molecular diagnostics as we know it today, and some of 
these techniques are still currently in use. 

 The discovery of polymerase chain reaction (PCR) essentially revolutionized 
molecular diagnostics. First described by Mullis et al. in 1986 [ 1 ], PCR provided 
the ability to produce many copies of a target DNA region, allowing for faster 
analysis and direct mutation identifi cation. Assays that were in use prior to the dis-
covery of PCR were quickly modifi ed to incorporate the use of PCR-amplifi ed 
DNA rather than genomic DNA. These allele-specifi c detection assays rapidly 
developed into high-throughput systems to analyze patient samples on a larger 
scale. The implementation of PCR-based assays also provided laboratories with a 
means to analyze rare disorders in addition to common ones. Today, with resources 
such as the 1000 Genomes Project, a detailed catalogue of human genetic variation, 
diagnostic molecular laboratories have access to the sequence of all human genes 
and a continuously growing database of human variation. While next-generation 
sequencing (NGS) technologies are becoming more and more popular, automated 
Sanger sequence analysis appears to presently be the most common technique for 
analysis of many genetic disorders in clinical molecular diagnostic laboratories. 
However, the assay choice often depends on the gene or alleles of interest and the 
volume of patients to be screened. In general, most current molecular diagnostic 
assays are either targeted to specifi c alleles or analyze particular genes or groups of 
genes if there is no specifi c allele of interest. Here we describe some of the more 
common molecular techniques used in the analysis of both known and unknown 
mutations (Table  2.1 ) and discuss possible pitfalls of conventional PCR-based 
methodologies.

2        Targeted Analyses 

 Allele-specifi c mutation detection methods were the fi rst assays implemented in 
clinical diagnostic laboratories. The initial techniques were developed in the early 
1980s and some are still in regular use in clinical laboratories today. These assays 
are attractive in their ease of use and most are easily convertible to high-throughput 
applications. However, they can only be used to detect known mutations and poly-
morphisms and therefore need to be combined with additional assays if full compre-
hensive mutation detection is required. 
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2.1      Restriction Fragment Length Polymorphism 

 One of the fi rst techniques utilized in clinical molecular diagnostics was the detection 
of genomic changes using Southern blotting and restriction fragment length poly-
morphism (RFLP). The Southern blot transfer hybridization assay was developed in 
1975 [ 2 ]. Around that same time, cDNA synthesis and cloning provided the ability 
to determine the primary sequence of a number of genes [ 3 ]. Some of the fi rst stud-
ies using cloned human cDNA were to identify the nucleotide sequences of the 
human alpha, beta, and gamma globin genes [ 4 ]. When combined with RFLP, the 
availability of the sequence of these genes provided a means to map normal and 
mutant genomic DNA. For example, genetic variations in a restriction enzyme site 
close to the beta-globin structural gene were identifi ed only in people of African 
origin [ 5 ]. These polymorphic sites were then used in the diagnosis of sickle-cell 
anemia.    These early studies set the stage for the use of RFLP and Southern blotting 
in diagnostic tests such as linkage analysis and prenatal diagnosis. Disorders such 
as the thalassemias, cystic fi brosis, and phenylketonuria were among the fi rst to be 

  Table 2.1    Select techniques 
used in a variety of clinical 
molecular diagnostic 
laboratories  

 Select techniques used in clinical diagnostic 
laboratories 

  Targeted mutation analysis  
 Southern/restriction fragment length 

 polymorphism (RFLP) 
 Allele-specifi c oligonucleotide (ASO) 
 Allele refractory mutation system (ARMS) 
 Oligonucleotide ligation assay (OLA) 
 Pyrosequencing 
 Real-time PCR 
 Sanger sequence analysis (if mutation is know) 

  Detection of unknown mutations  
 Gradient gel electrophoresis (GGE)/denaturing 

(DGGE) and temperature (TGGE) 
 Single-strand conformation polymorphism 

(SSCP) 
 Heteroduplex analyses (HDA) 
 Denaturing high-performance liquid 

chromatography (DHPLC) 
 Protein truncation test (PTT) 
 Sanger sequence analysis 

  Detection of copy number variations  
 Southern blot 
 Multiplex ligation-dependent probe amplifi cation 

(MLPA) 
 Array comparative genomic hybridization (aCGH) 
 Single-nucleotide polymorphism (SNP) arrays 

2 Clinical Molecular Diagnostic Techniques: A Brief Review



22

described [ 6 ,  7 ]. However, in the early days to detect mutations using RFLP was 
laborious. To identify a disease causing mutation in a gene meant fi rst cloning the 
gene in question to create probes for Southern blot analysis. Genomic DNA was 
then digested with a variety of restriction enzymes and probed for products that 
were polymorphic in size. If carrier parents of an affected proband could be identi-
fi ed, the polymorphic fragment sizes could then be used for prenatal diagnosis. It 
was also possible to further analyze families that were non-informative by single 
enzyme digestion using a combination of restriction enzymes to determine their 
haplotype and possible carrier status. This technique was used to identify different 
forms of beta-thalassemia by taking advantage of the fact that specifi c mutations 
were generally found on a particular haplotype background [ 8 ]. This analysis 
method avoided the repeated isolation of the same mutation by selecting genes 
based on their associated haplotype. 

 Since RFLP was already a mainstay in molecular analysis when PCR was devel-
oped, PCR amplifi cation of a region of DNA followed by RFLP quickly became a 
widely used approach. In this case, the mutation of interest was known and an 
enzyme that cuts at the mutation site was used. Patients that were carriers could be 
distinguished from those that were either homozygous wild type or homozygous 
mutant by the banding pattern of the PCR products on a gel. Some of the fi rst appli-
cations of PCR-based RFLP analysis were in the characterization of sickle-cell ane-
mia alleles [ 9 ].  

2.2     Allele-Specifi c Oligonucleotide Hybridization 

 Allele-specifi c oligonucleotide (ASO) hybridization, or dot blot analysis, was also 
an early approach to detect specifi c mutations in particular disorders. This assay is 
based on the principle that when probing a region of DNA, even a single-base-pair 
change between a target region and the probe can destabilize the hybrid. In general, 
two synthetically created probes are designed to the region of interest, one comple-
mentary to the wild-type allele, one complementary to the mutant allele. The 
digested DNA is separated by gel electrophoresis and immobilized on a membrane. 
It is then hybridized with radioactively labeled probes. If both probes react, then the 
individual is heterozygous for the mutation of interest, if only one probe reacts then 
that individual is homozygous for either the wild-type or mutant allele. This tech-
nique was used in the early 1980s in the detection of the sickle-cell allele [ 10 ] and 
prenatal diagnosis of β-thalassemia [ 11 ]. 

 ASO was also a technique that benefi tted from the use of PCR. Instead of prob-
ing non-amplifi ed genomic or cloned DNA, regions of interest could be PCR ampli-
fi ed fi rst and then probed. The addition of PCR to ASO allowed for a more rapid 
detection of mutations [ 12 ] and became one of the more widely used techniques to 
study targeted alleles in the mid-1980s. Early on, the ASO probes were labeled with 
radioactivity; however, subsequent protocols used probes that were conjugated to 
biotin. This allowed for detection using streptavidin conjugated to horseradish 
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peroxidase (HRP) and colorimetric or chemiluminescent detection without the use 
of radioactivity. The original method of ASO is generally known as forward ASO, 
where patient DNA is immobilized on a membrane and hybridized with probes 
targeted to a specifi c allele. This technique is most useful when a large number of 
patient samples are to be screened for a small number of mutations. However, each 
oligonucleotide probe must be labeled separately and as the number of mutations in 
the screen increases, the assay becomes more complex. Reverse ASO was devel-
oped as a solution to this problem. In reverse ASO, also known as a reverse dot blot, 
the probes are immobilized onto the membrane and the PCR-amplifi ed patient DNA 
sample is hybridized to the membrane. This allows for multiple mutations in a vari-
ety of genes to be assayed simultaneously in a single patient sample.  

2.3     Amplifi cation Refractory Mutation System 

 Amplifi cation refractory mutation system (ARMS) is a PCR-based method devel-
oped in the late 1980s also for the analysis of known point mutations. ARMS is 
based on the fact that DNA amplifi cation is ineffi cient if there is a mismatch between 
the template DNA and the 3′ terminal nucleotide of a PCR primer [ 13 ]. A primer 
with a 3′ terminal nucleotide that is complementary to the wild-type allele will not 
have effi cient extension when a mutation is present and vice versa. Therefore, one 
can differentiate between two alleles by simple PCR amplifi cation. The design and 
optimization of ARMS assays is primarily a function of the alleles of interest and the 
nucleotides surrounding them. Often, incorporating additional mismatched nucleo-
tides near the target allele can enhance the reaction [ 13 ]. Multiple sets of primer 
pairs can be used simultaneous in a single tube allowing for the analysis of many 
mutations at one time. This particular technique has been used to identify patients 
that carry known mutations in many disorders such as cystic fi brosis and phenylke-
tonuria and to determine heteroplasmy levels of mitochondrial mutations [ 14 ].  

2.4     Oligonucleotide Ligation Assay 

 The oligonucleotide ligation assay (OLA) combines PCR with ligation in one reac-
tion at a target allele site. After PCR amplifi cation around the target region is per-
formed, three oligonucleotides are added to the reaction. One, generally known as 
the reporter, is a common probe that is complementary to the target DNA sequence 
immediately 3′ to the allele of interest. The other two “capture” probes are comple-
mentary to the target DNA sequence immediately 5′ to the target allele and differ 
only in their fi nal 3′ terminal nucleotide which is the target allele. Only if there is a 
perfect match between the capture probe and the target allele can ligation between 
the capture probe and the reporter probe occur. A number of different detection 
methods for OLA have been developed including detecting different lengths of 
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ligated products for the two target alleles and alternate labels on the capture probes 
such as fl uorescence or biotin [ 15 ]. While optimization of the assay is often required, 
the detection methods of OLA allow for rapid and sensitive detection of alleles in a 
high-throughput capacity at a decreased expense. The OLA has been utilized in the 
detection of mutations in a number of metabolic disorders, cystic fi brosis, and phar-
macogenetics [ 16 – 18 ].  

2.5     Pyrosequencing 

 Pyrosequencing is a DNA sequencing technology based on real-time detection of 
DNA synthesis monitored by luminescence. First described in 1985 as an enzymatic 
method for continuous monitoring of DNA polymerase activity [ 19 ] and modifi ed 
in subsequent years to optimize the reaction [ 20 – 22 ], the assay is based on a reac-
tion in which each sequential nucleotide incorporated during DNA synthesis 
releases a pyrophosphate. ATP sulfurylase converts that pyrophosphate to ATP in 
the presence of adenosine 5′ phosphosulfate. That ATP then drives a luciferase- 
mediated conversion of luciferin to oxyluciferin that generates visible light that can 
be measured. Unincorporated dNTPs are degraded by apyrase. The nucleotides are 
added in a specifi c order such that there is an expected pattern for the wild-type or 
mutant allele. When compared to other sequencing techniques such as Sanger 
sequencing, pyrosequencing offers the advantage of short read length when analyz-
ing genetic variants for applications such as SNP genotyping or detection of known 
mutations. PCR fragments can be small and the assay is relatively fast in which 96 
samples can be processed in approximately 20 min. Pyrosequencing is used in clini-
cal laboratory settings for a variety of tests including pharmacogenetic testing in the 
analysis of polymorphisms within genes such those involved in drug metabolism 
[ 23 ,  24 ]. A quick analysis of these polymorphisms provides information on whether 
a patient may be a poor or rapid metabolizer of a particular drug, allowing clinicians 
to make more informed choices as to patient dosage.  

2.6     Real-Time PCR 

 All of the previously discussed assays require post-PCR manipulation. In the mid- 
1990s, a technique involving the analysis and quantifi cation of DNA or RNA in real 
time was developed [ 25 ,  26 ]. This sensitive assay allows for accurate quantifi cation 
of a PCR product during the exponential phase of PCR. The fi rst reports of real-time 
PCR were performed using hydrolysis or TaqMan probes [ 25 ,  26 ]. These probes 
specifi cally hybridize to the region around a target allele internal to the primer bind-
ing sites. The TaqMan probe is generally labeled on each end with a fl uorescent 
molecule, a reporter dye and a quencher. As long as the two are in close proximity, 
the quencher prevents the reporter from fl uorescing. As the PCR cycle progresses, 
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the exonuclease activity of Taq polymerase degrades the probe and the fl uorophore 
become separated from the quencher allowing fl uorescence emission which can 
then be measured. The increase in fl uorescence is measured at every cycle and 
directly correlates to the amount of PCR product formed [ 26 ,  27 ]. 

 Another method utilized in real-time PCR is the use of fl uorescent DNA interca-
lating dyes. The fi rst use of this method measured the increase in ethidium bromide 
fl uorescence in double-stranded DNA molecules and was referred to as kinetic PCR 
[ 25 ]. In later years, SYBR Green I was used since it incorporates into double- 
stranded DNA and is less toxic than ethidium bromide. As the amount of double- 
stranded DNA increases exponentially during the PCR reaction, the amount of dye 
incorporation and emission also increases and is measured. 

 There are multiple pros and cons in the use of either TaqMan probes or SYBR 
Green dye in real-time PCR. In a TaqMan assay, specifi c hybridization between 
probe and target is required for fl uorescent signal, which greatly decreases back-
ground and false positives. In addition, probes can be labeled with different report-
ers so two distinct assays can be performed in one tube. However, individual probes 
must be constructed for every allele of interest, so it can be costly. Off-the-shelf kits 
containing probes for a variety of disorders are commercially available. An advan-
tage to using SYBR Green is that since no special probes are required, the cost is 
much cheaper. However, SYBR Green will bind to any double-stranded DNA spe-
cies including nonspecifi cally amplifi ed products leading to an increase in back-
ground and false positives. The reproducibility and accuracy of real-time PCR 
assay is also highly dependent on factors such as normalization of samples and 
controls. Regardless, the ability to quickly measure factors such as DNA copy 
number in real time with little DNA manipulation makes this assay common in 
molecular diagnostic laboratories.   

3     Detection of Unknown Mutations 

 All of the techniques described in the previous section require a prior knowledge of 
the mutation in question and the nucleotide sequences around it. Here we describe 
techniques that were developed to screen unknown changes in targeted genomic 
regions. 

3.1     Gradient Gel Electrophoresis 

 Gradient gel electrophoresis (GGE), including temperature (TGGE) and denaturing 
(DGGE), is based on the principle that the electrophoretic mobility of double- 
stranded DNA fragments is altered by their partial denaturation. The technique was 
fi rst used in characterizing human mutations in the mid-1980s when it was applied 
to detect β-thalassemia mutations [ 28 ].    At that time both RFLP-Southern blotting 
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and ASO were being used to analyze single-base-pair mutations leading to a disease 
state or polymorphisms linked to mutant alleles. Still, many base pair substitutions 
did not lead to altered restriction sites and using ASO probes required knowledge of 
the DNA sequence around the allele of interest. In addition, as more mutations were 
identifi ed in disorders such as β-thalassemia, the number of probes required for 
ASO continued to increase. GGE allowed for the detection of allelic changes with-
out the requirement of knowing the exact DNA sequence of the region in question 
and multiple nucleotide changes in a single region could be simultaneously screened. 
The initial GGE assays were performed using digested genomic DNA mixed with a 
synthesized oligonucleotide probe of the region of interest. In later years, amplifi ed 
PCR fragments of the region of interest were used. These DNA fragments are dena-
tured then re-annealed, followed by the analysis on denaturing gradient gels. 
Fragments move through the gel based on their melting temperatures (T m ). Since the 
T m  is dependent on the overall DNA sequence, even a single-nucleotide substitution 
can alter the dissociation and mobility. Heteroduplexes of wild-type and mutant 
DNA fragments generally migrate slower than homoduplexes in polyacrylamide 
gels under denaturing condition due to mismatching of alleles and can therefore be 
separated by gradients of linearly increasing denaturant such as urea (DGGE) or 
temperature (TGGE). However, some base substitutions will not lead to a shift in 
position for the heteroduplex. As duplex DNA moves through the gradient, disso-
ciation occurs in discrete regions known as “melting domains” that are 50–300 base 
pairs in size. All of the nucleotides in a particular region dissociate in an all-or- 
nothing fashion in a given temperature interval. If the mutation is located in the 
highest temperature region, or if the entire fragment dissociates as a single domain, 
no shift is observed. 

 Both DGGE and TGGE require a gradient of either denaturant or temperature. 
Temporal temperature gradient gel electrophoresis (TTGE) was fi rst introduced by 
Yoshino et al. as a modifi cation of TGGE [ 29 ]. In TTGE, the temperature of a gel 
plate increases gradually and uniformly with time which allows for easier tempera-
ture modulation. This increases the sensitivity as the separation range expands. One 
of the fi rst reports showing successful application of this method to clinical diagno-
sis was in the detection of mutations in mitochondrial DNA [ 30 ]. Subsequently, 
TTGE has been used as a method of detection for germline mutations in a variety of 
disorders including cystic fi brosis [ 31 ] and somatic mutations in cancer tissues [ 32 ].  

3.2     Single-Strand Conformation Polymorphism 
and Heteroduplex Analyses 

 Single-strand conformation polymorphism (SSCP) and heteroduplex analyses 
(HDA) were developed shortly after the introduction of PCR amplifi cation [ 33 ,  34 ]. 
SSCP is based on the theory that single-stranded short DNA fragments migrate in a 
non-denaturing gel as a function of their sequence as well as size. In SSCP, during 
electrophoresis the single-stranded fragments adopt a unique conformation 
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depending on their nucleotide sequence. Even a single-base-pair change can alter 
the conformation leading to a change in migration on a gel. Fluorescent SSCP 
(F-SSCP) using fl uorescently labeled PCR products and an automated DNA 
sequencer was developed in the early 1990s [ 35 ]. Its advantages included nonradio-
active labeling of PCR products, greater reproducibility, and lower overall cost. 
HDA is also based on the migration of PCR products through a non-denaturing gel 
in a similar fashion to GGE in which heteroduplexes are analyzed in relation to 
homoduplexes. These heteroduplexes are formed by mixing denatured, single-
stranded wild-type and mutant DNA PCR products, followed by slowly reannealing 
them to room temperature to form duplexes. These duplexes migrate differently 
depending on whether they are heteroduplexes of wild-type and mutant PCR frag-
ments or homoduplexes of wild-type or mutant PCR fragments. Therefore, muta-
tions can quickly be detected through simple gel migration analysis. One of the fi rst 
reported uses of HDA in molecular diagnostics was in the detection of the p.F508del 
three base pair deletion in cystic fi brosis [ 36 ]. These techniques have been used for 
years in the detection of mutations in a number of disorders including a variety of 
cancers, phenylketonuria, and retinoblastoma [ 37 – 39 ].  

3.3     Denaturing High-Performance Liquid Chromatography 

 Denaturing high-performance liquid chromatography (DHPLC) was fi rst reported 
in 1997 [ 40 ] and was designed to combine some of the best features of methods 
currently available at that time. Sensitive methods such as DGGE were very labor 
intensive and required much optimization and analysis by gel electrophoresis 
whereas less complex methods such as SSCP and HDA lacked sensitivity. DHPLC 
was introduced as a highly sensitive method that facilitates the analysis of a large 
number of samples in a high-throughput capacity. Briefl y, in a manner similar to 
HDA, DNA fragments are denatured and allowed to reanneal and homo- or hetero-
duplexes are formed. However, instead of gel electrophoresis, the DNA duplexes 
are applied to a positively charged chromatography column. The PCR fragments 
then bind to the column at different strengths depending on whether they are homo- 
or heteroduplexes and will elute from the column at different times generating dis-
tinct chromatograph patterns. 

 While relatively fast with easy automation and high specifi city since no labeling 
or purifi cation of the PCR products is required, DHPLC does have drawbacks. Each 
allelic change in any given PCR fragment will have a characteristic heteroduplex 
elution pattern. Although this technique has been used routinely to analyze a large 
number of samples for known mutations, it does not distinguish among different 
mutations in the same fragment. Therefore, its utility in clinical diagnostic labora-
tories, similar to other mutation detection methods, is limited to the detection of 
mutations, not the fi nal identifi cation, which will require Sanger sequencing. In 
addition, the elution conditions must be optimized for each assay in order to get the 
correct degree of denaturation and separation.  
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3.4     The Protein Truncation Test 

 The protein truncation test (PTT), also known as the in vitro synthesized protein 
assay (IVSP), does not rely on analysis of changes at the genomic level. Instead, this 
method is based on the change in size of proteins resulting from in vitro transcrip-
tion and translation of a gene target [ 41 ]. Briefl y, an RNA template is reverse tran-
scribed to generate a cDNA copy. That cDNA is then amplifi ed with primers 
specifi cally designed to facilitate in vitro transcription and translation. The resulting 
proteins are then analyzed by SDS-PAGE electrophoresis. Proteins of lower mass 
than the expected full-length protein represent translation products derived from 
truncating frameshift or nonsense mutations. The PTT was initially developed in the 
early 1990s to detect early termination mutations in the dystrophin gene responsible 
for Duchenne and Becker muscular dystrophy [ 42 ]. At that time, analysis of genes 
with as many exons as the dystrophin gene (79 exons over 2.4 Mb) was extremely 
time consuming and laborious, and a substantial number of cases were a result of 
truncating mutations. The most frequent application of the PTT is in detection of 
premature truncation mutations in cancer-causing genes in which many truncating 
mutations have been identifi ed such as APC and BRCA1 [ 43 ,  44 ]. However, the 
PTT has a number of limitations and is not commonly used in most clinical diagnos-
tic laboratories today. It only detects mutations that lead to truncated proteins, and 
missense mutations are not detected. Also, the requirement for electrophoresis of 
translation products does not translate easily to high-throughput analyses. In addi-
tion, the dependence on RNA as an amplifi cation source precludes its easy use in 
most clinical diagnostic laboratories which generally work with genomic 
DNA. Although it is possible to use genomic DNA as a source, exons must be then 
analyzed individually. Therefore, while effective in the determination of truncation 
mutations in specifi c target genes, the PTT is not a commonly used test to screen for 
mutations in most genes.  

3.5     Sanger Sequencing 

 Although all the mutation scanning methods described in the above sections are rela-
tively easy to perform and fairly sensitive, they often require an extensive amount of 
design and optimization. In addition, any mutations detected by these scanning meth-
ods need to be ultimately confi rmed by Sanger sequencing. Therefore, today, the 
capillary electrophoresis-based Sanger sequencing has become the most widely used 
approach for DNA analysis in molecular diagnostic laboratories. For a more in-depth 
review of the history and development of sequencing technologies, see   Chap. 1        . First 
described by Sanger et al. in 1977 [ 45 ], it has become the “gold standard” for muta-
tion analysis particularly for very rare disorders and genes that do not harbor com-
mon mutations. In general, Sanger sequencing-based clinical assays use amplifi ed 
PCR products of a particular region of interest. This may be a single- PCR product if 
a specifi c target allele is of interest or all coding exons plus fl anking intronic sequences 
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of a gene. Each amplicon must then be sequenced independently. For clinical 
 diagnostic laboratories, 2X coverage of a sequence is generally required. This is most 
often accomplished by sequencing once each in the forward and reverse directions. 
However, sometimes that is not possible due to repetitive sequence around the region 
in question, and two separate forward or reverse sequences are used. Therefore, while 
faster, safer, and often cheaper than some of the other techniques, it is still somewhat 
laborious with a high operating cost. In recent years, “next-generation” or massively 
parallel sequencing technologies have been developed that will provide clinical diag-
nostic laboratories the ability to offer analysis of multiple genes or even the whole 
exome at a cost that is competitive with single- gene Sanger testing.   

4     Detection of Copy Number Variations 

 Chromosome analysis is important in the diagnosis of conditions such as intellectual 
disability, developmental delay, and congenital anomalies. Routine chromosomal 
analysis has the capacity to detect both balanced and unbalanced structural rear-
rangements as well as deletions and duplications larger than ~5 Mb in size, in addi-
tion to whole chromosome aneuploidy. However, conventional karyotype analysis is 
unable to detect submicroscopic deletions and duplications that are a common cause 
of intellectual disability. While Southern blotting is able to detect copy number 
changes in a number of genes, as previously discussed, it is very labor intensive, 
requires large amounts of DNA, and is only able to analyze a single region at a time. 
In addition, copy number changes in small regions such as single exon deletions 
may not be detected by Southern blot. Real-time PCR can be used to detect copy 
number changes in small regions; however, its use in a multiplex assay is also lim-
ited by the number of fl uorescent dyes available and quantifi cation of the data can be 
problematic if multiple primer pairs are desired. The requirement for the ability to 
analyze copy number variations across multiple exons/genes simultaneously is 
essential for disorders like DMD, BRCA1-related breast cancer, and mental retarda-
tion. Therefore, a variety of techniques have been developed to increase the resolu-
tion of detection for chromosomal alterations, such as multiplex ligation- dependent 
probe amplifi cation (MLPA), array comparative genomic hybridization (aCGH), 
and single-nucleotide polymorphism (SNP) arrays. The clinical implementation of 
these assays has revolutionized the ability of diagnostic laboratories to detect copy 
number variations down to the exonic level in a multitude of genes simultaneously, 
with SNP arrays providing the additional ability to detect large regions of homozy-
gosity in the genome. 

4.1     Southern Blotting 

 As previously noted in Sect.  2.1 , Southern blotting and RFLP were commonly used 
to track mutations in particular disorders. However, after the discovery of PCR, 
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mutations and deletions that previously required Southern blot mapping were 
 routinely analyzed using PCR-based techniques. Even though RFLP analysis 
became PCR based, Southern blotting techniques still provide additional informa-
tion for some diseases such as fragile X, although prescreening or tandem PCR 
analyses are often performed. The fragile X mental retardation syndrome was one 
of the earliest disorders in which Southern blotting and RFLP were used in clinical 
diagnostics. Mapped in the late 1980s and early 1990s using linkage and RFLP 
[ 46 – 50 ], analysis of the number of CGG repeat expansions and their methylation 
status in the 5′ untranslated region of the FMR1 gene has become one of the most 
common assays performed in clinical diagnostic laboratories today. PCR-based 
methods can be used to amplify the region containing the repeats and the size of the 
PCR product is therefore indicative of the number of repeats. However, the effi -
ciency of the reaction is somewhat inversely related to the number of repeats and the 
larger the size, the more diffi cult it is to PCR. In addition, no methylation informa-
tion is provided by PCR. Southern blotting allows both the size of the repeat region 
and its methylation status to be assayed at the same time. During restriction enzyme 
digestion, methylation-sensitive restriction enzymes can be used to distinguish 
between methylated and unmethylated species. Even though it is laborious and 
requires a large amount of DNA, the Southern blot is still used today in many clini-
cal molecular diagnostic laboratories in the analysis of many diseases in particular 
trinucleotide repeat expansion disorders.  

4.2     Multiplex Ligation-Dependent Probe 
Amplifi cation (MLPA) 

 For many clinical diagnostic laboratories, MLPA is an attractive assay to use for the 
detection of copy number variations. MLPA has the advantage of analyzing multi-
ple regions of interest simultaneously with a low operating cost requiring only a 
PCR thermocycler and capillary electrophoresis equipment. Briefl y, MLPA is 
essentially a combination of two techniques: amplifi ed fragment length polymor-
phism (AFLP) in which up to 50 different multiple DNA fragments are amplifi ed in 
a single reaction with a lone primer pair and multiplex amplifi able probe hybridiza-
tion (MAPH) in which multiple target oligonucleotide probes are hybridized to spe-
cifi c nucleotide sequences [ 51 ]. These probes are then also amplifi ed with a single 
primer pair. However, similar to Southern, MAPH requires the immobilization of 
samples to a membrane and multiple washing steps to remove unbound probes. 
MLPA allows for the amplifi cation of multiple oligonucleotide probes in a single 
reaction without the immobilization of sample to a membrane and removal of excess 
probe is not necessary. Each MLPA probe set consists of two oligonucleotides that 
hybridize to adjacent sides of the target sequence. Only when both oligonucleotides 
are hybridized to the correct nucleotide sequence can they be ligated into a single 
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probe. Therefore, only ligated probes are amplifi ed using M13 primers at the 5′ends 
of the oligonucleotides. Each probe set gives rise to a unique amplifi cation product 
of a particular size that can then be separated using capillary electrophoresis. 

 As previously discussed, using MLPA in a clinical laboratory setting is cost- 
effective and fast, and the universal tags allow multiple amplicons to be produced in 
a single reaction. However, MLPA does have its disadvantages. Due to the limits of 
multiplexing, each gene in a kit generally only has a limited number of probes per 
exon, with a maximum probe number of about 50 per reaction. SNPs in probe 
regions can cause a decrease in the binding effi ciency of oligonucleotides resulting 
in false positives. Also, if a deletion is detected and the break points of that deletion 
are desired, further studies requiring additional PCR reactions are necessary. Finally, 
extensive design “rules” sometimes make the development of an MLPA assay dif-
fi cult. Therefore, the inclusion of MLPA in a clinical diagnostic laboratory can 
increase the detection rate of mutations in a number of genes; however, the caveats 
listed above must be taken into consideration.  

4.3     Array Comparative Genomic Hybridization (aCGH) 

 First described in the early 1990s [ 52 ], aCGH is now widely used for the identifi ca-
tion and characterization of chromosomal abnormalities in many different cell 
types. The principle of aCGH analysis is the detection of chromosomal deletions 
and duplications by comparing equal amounts of genomic DNA from a patient and 
a normal control. Briefl y, patient and control DNA are each labeled with a different 
fl uorescent dye, typically Cy5 (green) for the patient and Cy3 (red) for the control. 
Equal amounts of labeled patient and control DNA are then mixed together and co- 
hybridized to the array, which is a microscope slide onto which small DNA frag-
ments (targets) of known chromosomal location have been affi xed. Current 
oligonucleotide arrays use targets made from short oligomers of approximately 60 
base pairs in length. If the oligo density in a particular region is high enough, even 
small single exon deletions and duplications may be detected [ 53 ,  54 ]. Some of the 
fi rst clinical diagnostic arrays were constructed using bacterial artifi cial chromo-
some (BAC) clones as targets [ 55 ]. At that time, constructing microarrays for use in 
a clinical laboratory was complicated due to the fact that mapping information for 
some BAC clones was inaccurate, and cross hybridization to multiple regions of the 
genome often occurred. While these fi rst studies highlighted multiple challenges in 
using aCGH technology such as equipment costs, proper mapping and FISH confi r-
mation of BAC clones, and interpretation of data, most of those challenges have 
now been overcome. Today, some clinical molecular diagnostic laboratories con-
tinue to use arrays based on BAC clones; however, cDNA clones, PCR products, or 
synthesized oligonucleotides immobilized on glass slides are increasingly more 
common [ 56 ].  
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4.4     Single-Nucleotide Polymorphism Arrays 

 Single-nucleotide polymorphism (SNP) arrays were originally designed to genotype 
human DNA by simultaneously analyzing thousands of SNPs across the genome 
[ 57 ]. Since their inception, SNP arrays have been used for a variety of other applica-
tions including detection of copy number changes and absence of heterozygosity. 
Like aCGH, SNP arrays are also based on oligonucleotide probes immobilized to 
glass slides. However, unlike CGH arrays that use both patient and control samples 
for comparison, SNP arrays use only a single patient DNA. The patient DNA binds 
to the oligonucleotide probes differently depending on the target SNP allele. 
Therefore, the resolution of the array is limited by SNP distribution. One major 
advantage of SNP arrays is their ability to detect copy number neutral differences in 
cases of absence of heterozygosity (AOH) that may occur as a result of uniparental 
isodisomy (UPD) or consanguinity (two copies), or deletion (one copy) such as loss 
of heterozygosity (LOH) associated with tumors. They can also detect copy number 
variants, but do not have the exon-by-exon coverage that most CGH arrays have 
nowadays.   

5     Pitfalls of Conventional PCR-Based Methods 

 In most clinical molecular diagnostic laboratories, a single set of primers is used for 
PCR amplifi cation of regions of interest. As a result, an SNP present within a primer 
site may disrupt the binding of that primer, and allele dropout could unknowingly 
occur. If a mutation is located within that region of interest, it may be missed. If a 
heterozygous deletion encompasses the region of amplifi cation, only one chromo-
some will be amplifi ed which would also result in incorrect analysis. Failure of 
allele amplifi cation for one chromosome will also cause heterozygous mutations to 
appear homozygous. These problems can be minimized by continuous reassessment 
of the presence of SNPs in primer sites using the constantly updated dbSNP data-
base. In addition, the identifi cation of an apparently homozygous point mutation in 
an affected proband with an autosomal recessive disease should be followed up by 
parental testing whenever possible. If testing of the parents does not confi rm their 
carrier status, additional molecular analyses can be performed to identify the under-
lying molecular etiology [ 58 ]. In general, allele dropout due to SNPs at primer sites 
should always be ruled out fi rst for any PCR-based analyses. Capture-based next- 
generation sequencing will not have the problem of allele dropout since they do not 
rely on PCR primers. However, some regions of the genome may have poor cover-
age due to high GC content or the interference of pseudogenes, which will still 
require Sanger sequence analysis, and all positive results obtained by next- generation 
sequencing should be confi rmed by a secondary method, which is usually Sanger 
sequencing.  
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6     Conclusions 

 With the advent of next-generation sequence analysis, we are entering a new era for 
molecular diagnostics. However, PCR-based testing methodologies still currently 
predominate most clinical molecular diagnostic laboratories. The choice of detec-
tion method used in the analysis of gene mutations depends on a variety of factors 
and can range from laboratory to laboratory. Sample volume, the spectrum of muta-
tions in a given gene of interest, and equipment investment required can all play a 
role in what type of assays a molecular diagnostic laboratory chooses to perform.     
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    Abstract     Thirty years after the invention of dideoxy sequencing (a.k.a. Sanger 
sequencing), the advent of massively parallel sequencing technologies became 
another biotechnical revolution that enables the acquisition of genetic information 
in gigabase scale within an acceptable period of time. As a consequence, causal 
mutations underlying clinically heterogeneous disorders are more effi ciently 
detected, paving the way for deciphering the pathogenecities of complex diseases. 
With the huge potential impact in modern medicine and health care, progress has 
been rapid in further optimizing the technology in both the academic and industrial 
fi elds. Third-generation sequencing technologies, although still facing multiple 
challenges, have shed light on the direct analyses of DNA and RNA at single- 
molecule level. Currently, before whole genome sequencing becomes routine, an 
in-depth assessment of targeted genomic regions is more feasible and has been 
widely applied in both clinical applications and basic research. Various enrichment 
methods, either PCR-based or hybridization-based, have been developed and gradu-
ally improved during application. This chapter provides detailed information on 
various target gene enrichment methods as well as massively parallel sequencing 
platforms. Hopefully this could assist the project-based approach/platform selec-
tions tailored for individual needs.  

1         Introduction 

 The massively parallel sequencing (MPS) era was marked in 2005, when the com-
plete genome sequences of two bacteria were published by 454 Life Sciences 
Corporation [ 1 ]. Since then, there has been a fundamental shift from automated 
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Sanger sequencing to high-throughput MPS, which is also referred to as next- 
generation sequencing (NGS). From tens of megabases (Mb) to hundreds of giga-
bases (Gb) of data generated per run, the capacity of MPS instruments has increased 
tremendously in recent years, enabling many studies that were not feasible before. 
With steadily reducing costs, genome-wide studies have been more widely carried 
out in both basic and translational research [ 2 – 4 ]. More recently, whole exome 
sequencing (WES) was implemented in clinical diagnostic laboratories for the pur-
pose of molecular diagnosis of heterogeneous genetic diseases. Announced in 
early 2008 by an international consortium, the 1000 Genomes Project proposed to 
sequence the genome of at least 1,000 individuals with different ethnic back-
grounds, aiming to document common SNPs and discover rare disease-causing 
variants [ 5 ]. The pilot project was designed to sequence three groups with various 
depths: (1) whole genome sequencing of 179 individuals at very low coverage 
(2X), (2) whole genome sequencing of two trios at high coverage (20X), and 
(3) targeted exon sequencing of 697 individuals at high coverage (20X). Released 
in 2010, data generated from the pilot studies achieved its main goal on enriching 
the public SNP database (dbSNP) for variant imputation [ 5 ]. However, false positive 
calls that were inevitably produced due to low-coverage sequencing errors 
have caused concerns in relying on these data. To date, deep sequencing of the 
whole genome of a large cohort is still not practical for most research-based proj-
ects due to the high cost associated with sequencing itself and the bioinformatics 
infrastructure required for downstream data analyses and storage. Consequently, 
targeted enrichment of a group of genomic regions has become an attractive alter-
native and has been widely adapted for various applications. From a practical point 
of view, MPS-based sequence analysis of a group of candidate genes responsible 
forparticular diseases is especially benefi cial for clinical diagnostic purposes when 
cost and turnaround time are of particular interest [ 6 ,  7 ]. This chapter provides the 
technical details of different target enrichment methods and their overall perfor-
mance, as well as the comparison of the most widely adapted massively parallel 
sequencing platforms.  

2     Target Gene Enrichment Methods 

 The aim of the target gene enrichment is to selectively pull out or enrich a subset of 
genomic regions of interest prior to MPS. Multiple factors, including the target size, 
sample volume, and the specifi city and sensitivity associated with each method, 
affect the choice of selection. Along with the quickly evolving MPS Technologies, 
a number of enrichment approaches have been developed over the past years. These 
methods differ greatly in not only the principle of enrichment (PCR-based versus 
hybridization-based) but also other aspects including ease of handling, throughput, 
and cost. 
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2.1     PCR-Based Enrichment 

2.1.1     Multiplex PCR 

 The principle of conventional multiplex PCR is to include multiple primer pairs in 
a singleplex reaction to amplify a group of genomic loci under the same thermal 
cycling condition. The target size is limited to tens of amplicons while the design of 
the primers could be problematic as well in regarding to the high levels of nonspe-
cifi c amplifi cations generated by the primer cross amplifi cation between different 
pairs [ 8 ,  9 ]. To overcome these bottlenecks and make PCR-based enrichment more 
compatible with MPS, multiple new methods have been developed, among which 
the microfl uidic chip-based Access Array (Fluidigm) and microdroplet PCR-based 
RainDance (RainDance) Technologies have been commercialized [ 10 – 12 ]. 

   Microfl uidic Technology (Fluidigm) 

 The Access Array from Fluidigm managed to increase both throughput and assay 
sensitivity by using a microfl uidic chip [ 12 ]. With its current confi guration, 48 
samples can be tested simultaneously for 48 assays. Each reaction contains a 
unique primer pair and is carried out separately in 2,304 reaction chambers on a 
microfl uidic chip. The reaction volume is only 35 nanoliter, which greatly reduces 
reagent costs. Comparing to the conventional PCR which needs ~10–100 ng 
genomic DNA as template for a single reaction, the required template amount is 
dramatically decreased to 50 ng for setting up 48 reactions using Access Array. 
Another advancement is the increased assay sensitivity due to compartmentation. 
Since each reaction is physically separated, single PCR with unique primer pair 
avoids potential cross- reactions. The workfl ow is further tailored to be more com-
patible with MPS platforms by synthesizing long primers with adaptor sequences 
added to the 5′ end; therefore, amplifi ed products are ready to be used after thermal 
cycling without additional steps required for sequencing library construction. With 
a capacity of a maximum of 48 amplicons per sample, the Access Array system is 
tailored for small target enrichment. Jones et al. used this method to analyze a set 
of 24 genes involved in congenital disorders of glycosylation (CDG) [ 6 ]. With a 
target set containing 387 amplicons ranging from 201 to 617 bp in length, 12 sam-
ples were enriched by the Access Array. Five exons failed completely, presumably 
due to regions challenging for primer design. Using the same method, another 
group analyzed two genes,  CYP7B1  and  SPG7 , in 187 patients diagnosed with 
sporadic spastic paraplegia [ 13 ]. The authors claimed an 80 % success rate for 
enrichment. Sequence complexity and GC-rich regions are a major cause for failed 
amplifi cations. In addition, technical issues, such as introducing bubbles during 
assay setup, contributed to some failures as well but can be prevented with 
experiences. 
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 For the sequencing to be carried out economically, all inlets for both samples and 
reactions should be occupied which is often not feasible. Lack of fl exibility, diffi -
culty in fi nding universal optimal condition for all 2,304 PCR reactions, and a fi xed 
capacity are the major drawbacks of this system that need to be addressed in the 
future.  

   Microdroplet Technology (RainDance Technologies) 

 An alternative approach has been developed for PCR-based enrichment by 
RainDance Technologies using microdroplet PCR [ 11 ]. Similar to emulsion PCR 
[ 14 ,  15 ], the PCR reactions are performed independently in droplets encapsulated 
by oil layer. Each droplet contains a single primer pair along with template DNA 
and other reagents necessary for PCR amplifi cation. An instrument, RDT 1000, 
manufactured by RainDance Technologies is required to generate reaction drop-
lets by merging a primer droplet with a template-containing droplet at high speed. 
With as little as 250 ng genomic DNA, ten million picoliter-size droplets are 
produced within an hour. All merged droplets are collected in a single PCR tube 
for subsequent amplifi cation in a standard thermal cycler. Upon completion, a 
droplet destabilizer is added to the reaction tube to break the emulsion and ampli-
fi ed products are harvested by collecting the aqueous phase. An extra post- 
amplifi cation concatenation step is required before shearing during downstream 
library construction. Efforts were made to circumvent this step by adding adaptor 
sequence to the primers. Although this may help to simplify the library construc-
tion procedure, as a trade- off, it complicates the primer design process and intro-
duces noninformative sequences from primer binding and linker sequences into 
the MPS reads, leading to reduced analytical specifi city and more complicated 
data analysis. 

 Although constraints exist, improvements have been made as well. By producing 
droplets with consistent size, similar amount of reagent is provided in each isolated 
reaction, thus minimizing the difference of amplifi cation effi ciency between various 
primer pairs. Consequently, this approach renders more uniformed enrichment of 
targeted regions. Moreover, with 200–20,000 primer pairs covering up to 10 Mb per 
library, both the fl exibility and throughput are improved relative to the Fluidigm 
Access Array, making it an alternate choice for enrichment of small- to medium- 
sized targets. Twelve genes associated with congenital muscular dystrophies 
(CMDs) were enriched by this approach and by in-solution-based capture 
(SureSelect, Agilent) for comparison [ 16 ]. While the same sensitivity was achieved 
by both methods, microdroplet-based PCR enrichment displayed higher specifi city 
and reproducibility. Nevertheless, all PCR-based methods suffer from the same 
PCR-specifi c limitations, such as allele dropout, limit scalability, and diffi culty of 
one-condition-fi t-all.   
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2.1.2     Long-Range PCR (LR-PCR) 

 A haploid human genome contains three billion nucleotides, within which only 1 % 
are protein-coding sequences [ 17 ,  18 ]. Spread out across ~180,000 regions, the 
average size of an exon is calculated to be around 170 bp [ 19 ,  20 ]. LR-PCR is 
capable of amplifying long genomic regions that are tens of kilobases in size [ 21 ]. 
Although it is not suitable for enrichment of nuclear gene exons due to the presence 
of intronic and intergenic regions, LR-PCR has been shown to be an effi cient 
approach for enriching the intronless mitochondrial genome [ 22 – 25 ]. More impor-
tantly, it avoids the unintended problems caused by the highly polymorphic feature 
of mtDNA and the abundant nuclear mtDNA homologues (NUMTs) [ 26 ]. By using 
one pair of tail-to-tail primers, the entire 16.6 kb mtDNA is amplifi ed as a single 
amplicon. Coupled with MPS, this method can detect not only single-nucleotide 
changes and small indels but also large deletions with exact deletion junctions 
mapped. In addition, heteroplasmy levels at every nucleotide position are simulta-
neously quantifi ed as well.  

2.1.3     Quantitative PCR (qPCR) 

 As a derivative of the PCR-based target enrichment method, a qPCR-based novel 
approach was reported recently for targeting 16 Leber congenital amaurosis (LCA) 
disease genes [ 27 ]. Using a liquid-handling system, 375 amplicons were amplifi ed 
in real time followed by pooling and concatenation before shearing into small frag-
ments. According to the authors, the qPCR method effi ciently solved the diffi culties 
associated with normalization of the amplifi ed product for downstream library con-
struction. Another superiority of this method is the direct visualization of the ampli-
fi cation results, which enables instant discovery of failed amplicons.   

2.2     Capture-Based Enrichment: By Hybridization 
with Oligonucleotide Probes 

2.2.1     The Molecular Inversion Probe (MIP) Hybridization 

 In order to rectify the limitation of PCR-based enrichment, several hybridization- 
based methods have been developed. The molecular inversion probe (MIP) 
approach uses single-stranded oligonucleotides (oligos) to hybridize with target 
regions. Each oligo is 70 bases long consisting of common linkers fl anked by 
target-specifi c sequences on both ends. During hybridization, an individual MIP 
forms an arch by annealing with genomic regions that are complementary to its 
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unique ends, leaving a gap in between spanning from 60 to 190 bases of the target 
region. DNA polymerase is subsequently used to fi ll in the gaps representing the 
target sequences, and the resulting nick is closed by ligation. Upon removing free 
oligos by exonuclease digestion, the target sequences within the circularized probes 
are amplifi ed using common primers complementary to the linker sequences fol-
lowed by sequencing the library construction [ 28 ]. 

 Based on the circularization method used by MIP, several derivatives were devel-
oped, including Selector (Olink Genomics), gene-collector, and CIPer techniques 
[ 29 – 33 ]. Although over 90 % of the regions were covered well when the targets are 
restricted to several hundred exons [ 29 ,  32 ], only less than 20 % of the targets were 
captured in a study in which 55,000 oligos were used to enrich 10,000 exons in 
human genome [ 33 ]. Restrained by low specifi city, these methods require additional 
optimizations before application to genome-wide studies. 

 Synthesizing large set of long oligos for hybridization is quite expensive in 
MIP- based strategies. Microarray-based in situ oligo synthesis dramatically 
reduces the cost and has been commercialized for production of large amount of 
oligonucleotide probes suitable for both in solution- and array-based enrichment at 
affordable prices.  

2.2.2     Solid-Phase Hybridization 

 Array-based hybridization directly captures the target sequences without PCR 
amplifi cation. Both Roche NimbleGen and Agilent provide commercialized prod-
ucts with similar performance. In general, fragmented DNA is hybridized with 
probes on a high-density DNA array. After incubation, excess DNA and nonspecifi -
cally bound DNA are removed by extensive washing. Captured DNA is then eluted 
and used for library construction. Two forms of arrays, 385 K and 2.1 M, are offered 
by NimbleGen, targeting 5 and 34 Mb regions, respectively. In comparison, the 
Agilent array contains relatively fewer probes (244 K) with a smaller target size. As 
the fi rst method used for genome-wide studies, array-based hybridization renders a 
hundred- to thousand-fold enrichment covering over 90 % of targets [ 34 – 36 ]. Two 
major drawbacks associated with array-based hybridization are as follows: fi rst, 
additional hardware and software need to be purchased for hybridization; second, as 
solid-phase enrichment, it is not compatible with liquid-handling automation 
systems.  

2.2.3     Solution-Phase Hybridization 

 In the solution-based hybridization method, oligonucleotide probes are cleaved off 
from the microarray after synthesis. Depending on the sample volume, hybridiza-
tion can be set up in single PCR tube or 96-well plate, rendering fl exibility and 
choice of scaling up. Without additional dedicated instrument, hybridization is car-
ried out in regular thermal cycler. Consequently, by overcoming the bottlenecks 
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affi liated with solid-phase hybridization, solution-phase hybridization has been 
more widely adapted [ 3 ,  4 ,  7 ,  37 – 39 ]. Both Roche NimbleGen and Agilent offer 
commercialized products with slight differences regarding the probe characters and 
experimental procedures. In SeqCap EZ Choice (NimbleGen), 2.1 million, biotinyl-
ated DNA probes are used to target custom regions ranging from 100 kb to 50 Mb. 
With the extensive tiling design, each target region is deeply covered with probes 
that are 50–105 bases in length. This built-in redundancy increases capture effi -
ciency and uniformity. Hybridization is carried out at 47 °C for 65–72 h. Probe- 
target hybrids are captured by streptavidin magnetic beads followed by washing and 
elution. The Agilent SureSelect target enrichment system uses 120-mer biotinylated 
RNA probes to capture target regions. Long RNA probes are generated by extra 
in vitro transcription step after full-length synthesized DNA oligos are cleaved off 
from array. The longer probes and the more stable RNA-DNA hybrid increase cap-
ture effi ciency yet require relatively higher temperature, 65 °C, during hybridization 
to reduce nonspecifi c interactions. Under such conditions, seamless sealing of the 
reaction tubes is of great importance to prevent excessive evaporation during the 
24 h incubation which may lead to suboptimal or even failed hybridization. In addi-
tion, due to the unstable nature of RNA, extra care must be taken during storage and 
handling of RNA libraries. 

 So far, solution-phase hybridization has become the most prevailing method for 
enriching target regions in megabases. In combination with commercialized auto-
mation systems, which are tailored specifi cally for this application, handling a large 
volume of samples under high-throughput platform is also possible.   

2.3     Additional Considerations for PCR- and Oligonucleotide 
Hybridization-Based Enrichment Methods 

 Target enrichment enables the study of a portion of genomic regions at an affordable 
price. With relatively fi xed cost, probes at same amount are synthesized on an array 
in hybridization-based enrichment, targeting regions of interest up to 50 Mb. 
Conversely, it is not feasible to apply PCR-based methods for megabase target 
enrichment due to the parallely increasing cost of primer synthesis associated with 
the growing size of the target. With extra investment, the target size can be extended 
to 10 Mb by using RainDance microdroplet technology for PCR setup. Therefore, 
in various genome-wide studies targeting 35 Mb human exome, hybridization-based 
enrichment becomes the only choice. 

 An advantage of PCR-based enrichment is its ability to avoid pseudogene inter-
ference. In most cases, target regions can be selectively amplifi ed using primers 
designed to regions that are not homologous to pseudogenes. Additionally, leaving 
a target-specifi c nucleotide at a primer’s 3′ end increases its specifi city. In some 
cases, where highly homologous regions in pseudogenes extend over kilobases, 
LR-PCR can be considered instead by designing primers at target-specifi c regions. 
A major concern associated with PCR-based strategies is the intrinsic polymorphic 
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feature of the human genome, which could cause allele dropout if there are SNPs 
residing in the primer binding sites. Although designing two or even more pairs of 
primers for the same target region can help to dramatically reduce the incidence of 
allele dropout, it also increases the cost as well as the experimental and analytical 
workload. Conversely, with long oligos and dense tiling design, the hybridization 
method is able to tolerate the existence of SNPs in any target regions. However, as 
a trade-off, oligonucleotide probes cannot differentiate real targets from pseudo-
genes and may skew allele coverage ratios when mutations are solely present in 
either one of them. 

 Poor uniformity can also be a concern in PCR-based methods due to unequally 
pooled amplicons or the “end sequencing effect.” As for most of the MPS 
Technologies, templates are read from the same ends using common sequencing 
primers. Consequently, the closer a position is to the end of a read, the higher cover-
age it will get. For a target enriched by the PCR method, all amplicons share the 
same sequence, leading to an uneven coverage pattern with the highest at the ends 
and the lowest in the middle. To solve this problem, an extra concatenation step is 
incorporated in some PCR-based enrichment methods to join individual targets into 
long fragments before shearing. This helps to generate templates with random ends, 
at the price of an extended workfl ow. In comparison, hybridization-based enrich-
ment uses tiled probes to anneal with randomly sheared targets, rendering better 
uniformity.   

3     Overview of Massively Parallel Sequencing Technologies 

3.1     Second-Generation Sequencing Technologies 

3.1.1    Sequencing by Synthesis-Parallelized Pyrosequencing (Roche 454) 

 Evolved from the principle of pyrosequencing, the 454 Sequencer (Genome 
Sequencer-20, Roche 454) released in 2005 was the fi rst commercially available 
next-generation sequencing instrument [ 1 ]. Today, the GS FLX + system typically 
produces 700 Mb data with read lengths of up to 1 kilobase within 23 h. 

 The workfl ow of the 454 GS sequencer can be divided into fi ve steps (Fig.  3.1a ). 
In the fi rst step, adaptors containing universal primer binding sites are ligated to the 
target fragments. In order to facilitate the collection of fragment-enriched beads in 
the downstream pipeline, one of the adaptors is biotinylated. Next, denatured single- 
strand adaptor-ligated library fragments are mixed with primer-coated beads under 
a condition that favors equal bead to DNA molecule ratio, ensuring that a single 
DNA molecule is trapped with an individual bead in a microreactor. Immersed in 
oil, emulsion PCR (emPCR) is then carried out in water droplets containing single 
bead and other components required for PCR amplifi cation, generating millions of 
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copies of identical template on each bead. The emulsion is broken at the end of 
amplifi cation, and beads carrying biotinylated templates are captured by streptavi-
din magnetic beads to enrich the population with successful amplifi cation. Millions 
of template-carrying beads are subsequently seeded into PicoTiterPlate (PTP) wells 
where parallel pyrosequencing will take place. The size of each well allows for only 
one template-carrying bead together with additional smaller beads coupled with 
sulfurylase and luciferase needed in downstream enzymatic reactions to produce 
light. Sequencing starts by releasing a single type of deoxyribonucleoside triphos-
phate (dNTP) into the sequencing chamber in a predetermined order. As they fl ow 
across the PTP wells, a polymerase-mediated incorporation event occurs in certain 
wells where the released dNTP is complementary to the next nucleotide in the grow-
ing strand. Catalyzed by ATP sulfurylase, the released inorganic pyrophosphate 
(PPi) together with adenosine phosphosulfate (APS) forms adenosine triphosphate 
(ATP), which will be utilized by luciferase to catalyze luciferin and emit light [ 40 ]. 
The chemiluminescent light signals generated from each well are captured by a 
high-resolution charge-coupled-device (CCD) camera to record the incorporation 
event. Unincorporated dNTPs as well as residual PPi and ATP are washed away 
before DNA synthesis resumes. At the end of sequencing, the recorded signal inten-
sity of each incorporation cycle within individual wells is analyzed by bioinformat-
ics software to determine the sequence of millions of reads in parallel.

  Fig. 3.1    Overview of the second-generation sequencing technologies. ( a ) Pyrosequencing (Roche 
454) ( b ) Sequencing by synthesis (GAII/HiSeq, Illumina) ( c ) Sequencing by ligation (SOLiD, Life 
Technologies) ( d ) Sequencing by synthesis and semiconductor chip (Ion Torrent, Life Technologies)       
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   As the fi rst generation of massively parallel sequencer, the Roche 454 instrument 
has been applied to sequencing of relatively small targets, such as various microbial 
genomes and small RNAs, producing around 500 Mb of data in a single run [ 41 –
 45 ]. Although the intensity of the emitted light is proportional to the number of 
incorporated nucleotides, sequencing of homopolymer regions is still a big hurdle 
for the pyrosequencing-based 454 platform when the length of the homopolymer 
stretch is longer than six nucleotides [ 46 ]. Other second-generation sequencers are 
more widely used on human genome sequencing projects with increased throughput 
and lower cost per Mb.  

3.1.2     Sequencing by Synthesis-Reversible Terminator 
(Illumina GA/HiSeq) 

 Introduced to the market a year later than the Roche 454, the Illumina GA system 
was able to produce much more data with dramatically reduced sequencing cost per 
base. Instead of emPCR, its sequencing template was generated by clonal bridge 
amplifi cation on a solid surface (fl ow cell). A microfl uidic cluster generation station 
(cBot) is used for clonal amplifi cation. Oligos complementary to the Illumina adap-
tor sequences are covalently bound to the surfaces of the fl ow cell. By hybridizing 
with another oligo in the nearby region, a bridge is formed and the complementary 
strand is synthesized (Fig.  3.1b ). Two strands are subsequently separated by dena-
turing and ready for additional cycles of bridge amplifi cation. By the end of the 
process, each cluster will contain approximately 1,000 copies with a cluster density 
at 400 k/mm 2 . With improved software and hardware systems, the cluster density is 
further increased to ~700 k/mm 2  for V3 fl ow cell, rendering 300 Gb data per fl ow 
cell per run with 100 bp, pair-end reads. The density of the cluster is positively cor-
related to the size of the sequence data. While a reduced data size is expected with 
loose clusters, clusters that are too dense may also fail to produce enough data since 
many overlapping signals generated by overly densed clusters will be fi ltered out. 
Therefore, a good estimation of the total library DNA concentration is of great 
importance for generating properly densed clusters. 

 For Illumina platforms, sequence analysis is based on DNA synthesis chemistry 
using fl uorescent-labeled, block-reversible dNTPs. Three steps are repeated in each 
cycle of sequencing: nucleotide incorporation, imaging, and removing blocks. With 
different dyes attached, all four dNTPs are released together at the beginning of the 
cycle. DNA synthesis is temporarily paused following incorporation of a modifi ed 
dNTP. Unincorporated dNTPs are washed away before imaging. Fluorescent signals 
are then scanned followed by cleavage of the nucleotide base-attached fl uorophores 
and 3′-blocks, allowing the incorporation of the next nucleotide in the following 
cycle. Unlike the dideoxynucleotides used in traditional Sanger sequencing as chain 
terminators, the use of the reversible terminators allows the chain elongation to be 
paused temporarily after each nucleotide incorporation and continuation of the syn-
thesis after the pause for imaging. This feature greatly improves the sequencing 
quality of homopolymeric regions which is a major drawback for methods using 
pyrosequencing chemistry.  
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3.1.3    Sequencing by Ligation (SOLiD, Applied Biosystems) 

 Introduced to the market in 2007, SOLiD (Sequencing by Oligonucleotide Ligation 
and Detection) platform employed a new sequencing chemistry: sequencing by 
ligation. Similar to the emulsion PCR used by Roche 454 system, adaptor-ligated 
template DNA is diluted and hybridized with a P1 adaptor on magnetic beads which 
are 1 μm in diameter. Emulsion PCR is carried out to clonally amplify the unique 
template on individual bead. Beads with successful amplifi cation are enriched by 
density-gradient media followed by deposition on a glass surface. The SOLiD sys-
tem uses a two-base color coding scheme in which each dye encodes four different 
two-base combinations of the A, T, C, and G nucleotides. Each probe is an octamer 
with the fi rst two bases interrogated in every ligation cycle. The third to fi fth bases 
are degenerate (n) whereas the last three bases are universal. Once the primer is 
annealed to the adaptor, all probes are released to compete for the best match 
between the template and the fi rst two nucleotides of the probes. Connection of the 
primer’s 5′ end with a probe’s 3′end is accomplished by DNA ligase (Fig.  3.1c ). 
After imaging, fl uorescent dyes as well as the last three nucleotides at the 5′ end of 
each probe are cleaved, exposing the 5′ phosphate group for the next cycle of liga-
tion. The resulting product is then denatured and removed, allowing additional four 
rounds of extension using primers staggered by a single base. Since each nucleotide 
is interrogated twice, the measurement errors therefore can be more accurately dis-
tinguished from the real polymorphisms. Without the need of any manual decoding, 
the SOLiD system automatically compiles and converts the color space data into 
standard base calls in the fi nal step.  

3.1.4     Sequencing-by-Synthesis Polymerase with Semiconductor 
Chip (Ion Torrent) 

 The founder of 454 Life Sciences, Dr. Jonathan M. Rothberg, founded another next- 
generation sequencing company, Ion Torrent (Life Technologies), in 2007. Designed 
for sequencing relative small targets, the Ion Personal Genome Machine (IPGM) is 
a bench-top high-throughput sequencer generating 50 Mb to near 1 Gb of data 
within a single run depending on the choice of chips. Running time is dramatically 
reduced to 1–2 h compared to days for the Illumina GA/HiSeq or SOLiD system. 
This improvement in running time is attributed to the novel signal detection system 
employed by IPG [ 47 ]. Instead of scanning signals by a CCD camera, a semicon-
ductor chip which acts as a pH meter can sense minor changes in pH caused by a 
nucleotide incorporation event. Templates for IPG are enriched by emPCR in the 
same way as those for Roche 454. Template-carrying Ion Sphere TM  particles together 
with DNA polymerase and sequencing primers are injected into a semiconductive 
chip which is then loaded on a PGM machine for sequencing. Unmodifi ed dNTPs 
are released in order and diffuse to each well (Fig.  3.1d ). Once a nucleotide is incor-
porated into the growing strand, a hydrogen ion is released, leading to a pH change 
due to its positive charge. Changes in pH are converted to voltage alterations and 
the electrical signals will be further processed and translated into sequence reads. 
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The number of released ions is proportional to that of the incorporation events. 
Once two identical nucleotides are incorporated, two hydrogen ions will be released 
and the reading of the digital signal will also double. Whereas if the released nucle-
otide is not complementary to the template, no hydrogen ion will be generated and 
the pH in solution will not change, indicating there is no incorporation event. The 
whole process is presented in a video at “  http://ioncommunity.lifetechnologies.
com/videos/1016    .” With relatively low capital investment and short running time, 
the PGM has been quickly adapted into many areas including microbial sequencing 
and targeted resequencing (e.g., Ion AmpliSeq™ Cancer Panel) [ 48 – 51 ].   

3.2     A Glance at the Third-Generation Sequencing 
Technologies 

 As discussed in the previous sections, second-generation sequencing technologies 
utilize either emPCR (Roche 454, SOLiD, and Ion Torrent) or bridge amplifi cation 
(Illumina) to clonally amplify sequencing templates in order to strengthen the sig-
nals for detection. However, amplifi cation-based errors and biases are inevitable. 
The major characteristic of third-generation sequencing technologies is to sequence 
at the single-molecule level, avoiding the requirement for pre-amplifi cation of 
sequencing templates. Using this strategy, the sample preparation time is also short-
ened. Another advantage is that the required amount of initial DNA is greatly 
reduced, making it a better choice for sequencing samples with limited quantity. 
Three major third-generation sequencers, HeliScope™ Single Molecule Sequencer 
(Helicos Biosciences), Single Molecule Real Time (SMRT TM ) (Pacifi c Biosciences), 
and nanopore sequencer (Oxford Nanopore Technologies), are discussed below. 

3.2.1    HeliScope™ Single Molecule Sequencer (Helicos Biosciences) 

 The HeliScope™ Single Molecule Sequencer utilizes the True Single Molecule 
Sequencing (tSMS™) technology to conduct sequencing at the single-molecule 
level [ 52 ]. With poly A tails added to 3′ ends, fragmented single-stranded templates 
hybridize with poly Ts that are covalently bound on the fl ow cell surface. 
Fluorescently labeled dNTPs are added sequentially. After washing away excess 
dNTPs, fl uorescent signals are generated from incorporated nucleotides by excita-
tion with laser. Thousands of pictures are taken in order to record both the incorpo-
ration events and their corresponding positions. Fluorophores are subsequently 
cleaved from the incorporated nucleotides, followed by the start of next sequencing 
cycle. Once all cycles are completed, signals recorded from each cycle are con-
verted into sequence reads of individual template molecule for analysis. HeliScope™ 
Single Molecule Sequencer generates 21–35 Gb of data per run with read lengths 
ranging from 25 to 55 bases. The claimed error rates are 0.2 %, 1.5 %, and 3.0 % for 
single-nucleotide substitutions, insertions, and deletions, respectively.  
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3.2.2    Single Molecule Real Time (SMRT TM ) (Pacifi c Biosciences) 

 The Single Molecule Real Time (SMRT TM ) technology from Pacifi c Biosciences 
advances the single molecule sequencing by monitoring the sequencing progress in 
real time and generating long reads [ 52 ]. Similar to the fl ow cell used by Illumina 
and the semiconductive chip in the Ion Torrent technology, sequencing templates 
are deposited into “wells” on an SMRT cell which contains thousands of zero-mode 
waveguides (ZMWs). The ZMWs with nanometer-scale diameter provide spaces for 
parallel sequencing to take place. To record DNA synthesis in real time, the focus of 
the camera needs to be kept constant, avoiding the requirement for minor adjust-
ment through the whole sequencing procedure. Therefore, the physical position of 
each incorporation event should be predetermined and fi xed during synthesis. To 
achieve this, the DNA polymerase, instead of the template, is immobilized inside the 
ZMWs. Templates can be either linear or circular. Linear template generates single 
pass, long reads (up to 10 kb), while circular template generates multiple pass, short 
reads (250 bp). Templates are held by the DNA polymerase. A fl uorophore with a 
unique color is linked to each dNTP through the triphosphate chain, omitting the 
extra cleavage required for the dNTPs with dyes attached to the bases. By constantly 
providing the fl uorophore-labeled dNTPs at high concentration in the reaction solu-
tion, the performance of the polymerase, including the enzyme’s accuracy and pro-
cessivity, is greatly improved. The size of the ZMWs is too small to hold free 
fl uorophore-labeled dNTPs. The duration for each stay within the detection distance 
is determined at tens of milliseconds which is short enough to cause only low-level 
background fl uorescence. Unmatched dNTPs quickly diffuse out of the ZMWs 
while the complementary dNTP is “held” by the polymerase during incorporation. 
The resulting pause leads to extended fl uorescent signals, and the type of the incor-
porated dNTP can be identifi ed by the unique fl uorescent emission spectrum. Once 
a phosphodiester bond is created, the diphosphate together with the attached fl uoro-
phore is cleaved off by DNA polymerase at the end of the incorporation event. 
Released fl uorophores quickly diffuse away from ZMWs, restoring the fl uorescent 
signals to background level. A cartoon illustrating the essence of the SMRT technol-
ogy is available at “  http://www.youtube.com/watch?v = v8p4ph2MAvI    .” Using this 
strategy, strand synthesis is performed continuously and signals are captured in real 
time. Multiple sequencing steps, including focusing, signal scanning, washing, and 
releasing of fresh dNTPs, are removed in this novel technology, greatly shorten the 
sequencing time. By mimicking the natural synthesis procedures of the DNA poly-
merase to maximally extend the DNA, the speed of strand elongation is much higher 
than those in any other technologies, enabling the generation of long reads that are 
kilobase in length (Table  3.1 ).

   Another attractive feature of the SMRT technology is its ability to directly 
sequence and detect methylated DNA without the need for conventional bisulfi te 
conversion. DNA methylation, histone modifi cations, and chromatin remodeling 
are three types of epigenetic modifi cations that regulate various biological pro-
cesses, e.g., gene expression, genomic imprinting, and X chromosome inactivation 
[ 53 – 55 ]. Defects in these processes have been linked to various human diseases 
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[ 56 – 58 ]. Mapping of genome-wise methylation profi les has been carried out in 
 different research areas using various methods to enrich methylated regions fol-
lowed by massively parallel sequencing, such as methylated DNA immunoprecipi-
tation sequencing (MeDIP-seq), methyl-CpG binding domain sequencing 
(MBD-seq), and bisulfi te sequencing, all of which require additional treatments 
during library constructions [ 59 – 62 ]. In SMRT technology, the detection of an 
incorporation event is characterized by two parameters: pulse width and interpulse 
duration. Pulse width measures the duration between binding of a nucleotide with 
template and the cleavage of the fl uorophore-associated phosphate group, while 
interpulse duration represents the interval of two successive pulses. A proof of con-
cept study proposed that methylated DNA can be readily detected by SMRT tech-
nology since the kinetics of DNA polymerase was predicted to be sensitive to DNA 
modifi cations and therefore will generate distinct profi les for pulse width and inter-
pulse duration comparing to those of unmodifi ed templates [ 63 ]. Indeed, the results 
demonstrated that different methylation patterns, including methyladenine (mA), 
methylcytosine (mC), and hydroxymethylcytosine (hmC), were readily detected 
and distinguished from unmethylated controls based on their unique pulse 
measurements. 

 Along with all the advancements offered by the SMRT technology, there are 
challenges as well that need to be addressed. A high error is a major concern for the 
SMRT platform. Among a read with 158 bases, only 131 bases aligned correctly to 
the reference, corresponding to 82.9 % sensitivity [ 63 ]. Among these, indels account 
for 74 % of the errors generated. Several solutions, such as increasing pulse width 
and signal intensities, have been proposed to improve the accuracy. Another effec-
tive solution is to sequence circularized template molecule multiple times (> = 15). 
This strategy dramatically increased the sensitivity to 99 % since most of the errors 
are generated stochastically and the probability of having two errors occurring at the 
same locus is greatly reduced with increased coverage. Although more improve-
ments are pending to fi ne-tune the detection system and increase accuracy, SMRT 
technology advances MPS by providing single-molecule-based, high-throughput 
information at both genomic and epigenomic levels.  

3.2.3    GridION: A Nanopore Sequencer (Oxford Nanopore Technologies) 

 Another new MPS technology, Nanopore sequencing, dissects the sequence of 
template molecule by recording the current change as a single-strand DNA or 
RNA passes through a 2 nm pore embedded in a semiconductor chip [ 64 ]. Without 
the addition of adaptors, double-strand DNA is used directly as template for 
sequencing. During sequencing, the ionic fl ow is disrupted as the molecule is 
trapped inside the channel. The unique base-specifi c parameters measured for 
each disruption are used to determine the sequence read. Instead of capturing light 
signals, this new approach simply records electrical signals, thereby dramatically 
speed up the sequencing process at reduced cost. Being a potential powerful can-
didate of the $1,000 genome competition [ 65 ], two nanopore technology-based 
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instruments are aimed for commercialization in 2012 by Oxford Nanopore 
 technologies, moving a step further of this third-generation MPS platform from 
theory to application.   

3.3     Comparison of the Second- and Third-Generation 
MPS Platforms 

 As a variety of MPS platforms coexist in the market, a cross comparison between 
them may facilitate the platform selection based on the applications and reported 
performances. While the second-generation MPS technologies rely on the detection 
of cluster generated signals, third-generation MPS technologies capture signals 
emitted by single molecule, enabling direct sequencing of DNA and RNA mole-
cules at high speed. Furthermore, by increasing the read length from tens of bases 
to several kilobases, third-generation MPS-based de novo assembly and insertion/
deletion (indel) detections will be dramatically enhanced. However, the prevailing 
use of the second-generation technologies in the biomedical and diagnostic fi elds 
will continue due to their stable systems and much lower error rates. Table  3.1  
shows a comparison of platform performance using commonly adapted metrics.   

4     Conclusions 

 With the arrival of the MPS era, single-gene studies have gradually evolved into 
panel and genome-wide studies. This transition challenges bioinformaticians to 
improve the algorithms for resequencing-based reads alignment and de novo assem-
bly of unknown sequences, computer scientists to maintain and update public data-
bases, as well as biologists to interpret fi ltered results and follow with functional 
studies. As feedback, unsolved biological puzzles will guide engineers to continue 
to enhance the performance of current MPS platforms or invent fundamentally 
novel technologies aimed for new applications. Clearly, the MPS race will continue 
[ 66 ] as does the advancement of our understandings of the human genome and 
unsolved genetic diseases.     
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       Abstract     As DNA sequencing becomes more affordable and data ‘tsunami’ is 
practically here, it is clear that the inforamtics and analysis are the rate-limiting step 
currently for scientifi c discoveries as well as medical actions in the genomics enter-
prise. In this chapter, soon after the brief historical overview on the genomics fi eld, 
we describe details on alignment and variation analysis algorithms and software 
packages. Remaining challenges and potential directions are discussed at the end of 
the chapter.  

1       Historical Overview 

1.1     From HGP and HapMap to the 1000 Genomes Project 

 The    Human Genome Project (HGP) was a daunting scientifi c pursuit that lasted 
more than a decade (1990–early 2000) [ 1 ,  2 ] in the history of modern biomedical 
research. The completion of the HGP marked the introduction of “genomics” into 
the daily practice of almost every discipline in the biomedical research enterprise 
[ 3 ]. Since the publication of the human reference genome sequences, the biomedi-
cal research community has been enabled to leap forward in an unprecedented way 
in many fi elds of study. For example, it allows evolutionary biologists to compare 
the human genome to genomes from other species such as chimpanzees and rhesus 
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[ 4 ,  5 ] and gain tremendous insights into evolutionary history at the nucleotide level, 
where the “tree of life” is no longer based on phenotypic similarities rather on 
 genotypes – the core “engine” for species evolution. The availability of the physical 
map along with the genetic map allows investigators to quickly narrow down a rea-
sonable list of genes of interest in a large interval by browsing the reference genome 
sequences, so the time and efforts in disease gene mapping have been vastly eased. 
More importantly, the HGP for the fi rst time provided a reference sequences for 
individual resequencing data to compare against and therefore global survey of the 
various kinds of genetic variations that are commonly present among individuals 
became feasible. This is central to genetic studies. 

 These genetic polymorphisms are considered the key factors that make each of us 
phenotypically unique and have a major impact on how we are differentially predis-
posed to hereditary diseases and how we respond to environmental insults (such as 
bacteria, viruses, and chemicals), drugs, and other treatments [ 6 ]. Thus, genetic 
variation is of great value for biomedical research and molecular diagnostics. 

 There are different types of genetic variations. Single-nucleotide polymorphisms 
(SNPs) are DNA sequence variations that occur when a single nucleotide (A, T, C, 
or G) in the genomic sequence is altered and are by far the most abundant form of 
polymorphisms. Their high density and the ease of the scoring methods make SNPs 
ideally suitable as markers for genetic mapping. The International Haplotype Map 
Project (HapMap) has characterized most of the common SNPs in the genome [ 7 –
 10 ]. Small-size insertions-deletions (INDELs) are the second most frequent poly-
morphism type and are more polymorphic than SNPs with potentially more drastic 
 protein functional consequences when they alter the codon sequences (i.e., frame-
shift INDELs) [ 11 ,  12 ]. Even in case where the codon sequences are not disrupted, 
INDELs may manifest themselves as a triplet repeat (CGG or CAG) in diseases such 
as Huntington’s and Fragile X in either the protein coding sequences or outside of 
the protein coding sequences [ 13 ]. Triplet repeat exceeding certain threshold (i.e., 
expansion) results in toxicity due to abnormal level of aggregation due to polyQ 
tract [ 14 ]. A fraction of the INDELs are manifested as variable number of tandem 
repeats (VNTR), also known as short tandem repeats (STRs). They consist of vari-
able length sequence motifs that are repeated in tandem with variable copy numbers 
(i.e., microsatellites and minisatellites). They have tremendous size heterogeneity 
and can have hundreds of alleles per locus. Copy number variations (CNVs) and 
structural variations (SVs), including genomic region duplications, deletions, inver-
sions, and translocations, are being uncovered more frequently than expected [ 15 ] in 
normal populations. They may affect the susceptibility to disease and differential 
drug responses by altering the expression dosages of the encompassed genes. 
A number of large-scale efforts have been carried out in the past decade to character-
ize the genomic landscape of CNV/SVs [ 16 ]. This type of genomic aberration is 
especially prevalent in cancer genomes and rare inherited disorders. 

 Because of the informativeness of SNPs in various aspects of genetics, the 
International HapMap Consortium was formed with six participating countries, 
including Canada, China, Japan, Nigeria, the United Kingdom, and the United 
States in 2002 [ 8 ]. This enterprise initially aimed “to determine the common 
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patterns of DNA sequence variation in the human genome” by characterizing the 
common SNPs, their frequencies, and their correlation patterns in four different 
populations [ 17 ]. By the end of February 2005, the group has reached completion 
of its original goal (Phase I) of genotyping about one million SNPs across the 
entire human genome [ 17 ]. The group expanded their efforts to include more 
SNPs in Phase II [ 10 ] and more individuals from eleven diverse ethnicities in 
“HapMap 3” [ 9 ]. 

 Tremendous progress has been made by the HapMap Project [ 7 ,  8 ] on catalog-
ing common SNPs. Methodologies are being developed to utilize a much smaller 
subset of markers as proxies (tagging SNPs) to represent the underlying haplotype 
structures of almost all the common variants to scan for signifi cant marker associa-
tion to a phenotypic trait or a drug response [ 18 ]. This laid the foundation for the 
genotyping array platforms (e.g., Affymetrix 6.0 SNP array and Illumina 
BeadChip) that have been widely applied to genome-wide association studies 
(GWAS) in many common diseases [ 19 ]. 

 The impact of the HapMap Project has been profound in various biomedical 
fi elds including complex disease gene mapping, population genetics, and evolution-
ary genetics. More than 1,617 associations were uncovered for 249 common traits; 
the correlation patterns among SNPs were characterized in great detail (haplotypes) 
[ 9 ,  10 ,  17 ]; great progress was achieved in understanding the demographic history 
and natural selection process [ 20 ,  21 ] in the last 100,000 years of human history; 
genomic features that demonstrated signifi cant impact on biological mechanisms, 
such as recombination, were identifi ed [ 22 – 24 ]; and computational algorithms were 
developed by imputing more markers for association mapping using HapMap as the 
reference [ 25 ]. A large number of software tools have been developed and widely 
applied in the GWAS era for analyzing SNP array data and visualizing the haplo-
type patterns [ 26 ]. 

 As the GWAS era unfolded, it became evident there was a so-called missing heri-
tability issue, that is, the identifi ed associations can only account for a small fraction 
(<10 %) of the genetics for almost all the common traits [ 27 ]. A working hypothesis 
is that the combinatorial effects of a few genetic variants segregating at lower fre-
quencies (1–5 %) can explain a large fraction of the heritability of common traits 
(so-called rare variants-common trait hypothesis). To this end, the International 1000 
Genomes Project was launched in 2007 (  http://www.1000genomes.org/sites/
1000genomes.org/fi les/docs/1000Genomes-MeetingReport.pdf    ). The goal of the 
1000 Genomes Project is to “fi nd most genetic variants that have frequencies of at 
least 1 % in the populations studied” by surveying ~2,500 individuals from more 
than 20 ethnicities (  http://www.1000genomes.org/about    ). The project design includes 
three sub-projects: (a) low-coverage sequencing at 4–6X read depth across the entire 
human genome, (b) targeted capture sequencing of coding sequence, and (c) high-
coverage sequencing on a few samples [ 28 ]. So far, ~40 million genetic variants 
including 38 million SNPs, 1.4 million INDELs, and 14,000 CNVs/SVs have been 
discovered (  http://www.1000genomes.org/phase1-analysis-results- directory        ). The 
realization of the 1000 Genomes Project depends on the technological advances of 
the “next-generation sequencing (NGS)” platforms.  
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1.2     NGS Platforms 

 By far, DNA sequencing/genotyping technologies have evolved into one of the most 
robust and automated biomedical assays that can be routinely applied on a large- 
scale fashion. The deployments of the NGS platforms (e.g., Roche 454, Life 
Technologies SOLiD and Ion Torrent, and Illumina’s HiSeq and MiSeq) in not only 
the large genome centers like the BCM-Human Genome Sequencing Center but 
also the smaller laboratories, such as clinical laboratories, allow a wide spectrum of 
scientifi c questions to be explored. It strongly refl ects the vision and determination 
of scientifi c leaders, such as James Watson and Francis Collins, that aspired for 
rapid developments in DNA technologies more than 20 years ago at the dawn of the 
HGP. There have been a number of very informative review articles on the technolo-
gies, prices, and comparisons among these platforms [ 29 ] that can be tremendously 
helpful for readers. 

 The core innovations of NGS platforms are massively parallel chemical reac-
tions, ultrahigh-resolution optics, and computational methods to analyze very short 
reads. These revolutionary technological advances have drastically reduced the 
sequencing cost and shortened the turnaround time to merely a few days (instead of 
tens of years). According to the price chart by the NIH-NHGRI, we are in the $10 
k/genome arena in 2012 (  http://www.genome.gov/images/content/cost_per_
genome.jpg    ). It will keep decreasing by the introduction of a number of 3rd genera-
tion platforms. A possible new platform is Oxford Nanopore although skepticism 
remains. As the fi eld rapidly changes, we expect the landscape and the key players 
both to change quite a bit in the next 2–3 years.  

1.3     Paradigm Shift Enabled by NGS 

 Human genetics studies that aim to map causal mutations for a certain phenotypic 
trait (both common and rare) have been considered to be lengthy for decades. The 
positional cloning approach can take years to fi nd candidate intervals that are asso-
ciated with the trait. To narrow down to a particular gene mutation can be an expen-
sive pursuit. The prominent example is the positioning cloning of cystic fi brosis 
gene that took ~4 years [ 30 ]. In contrast to the older mapping approaches, now with 
whole-exome capture sequencing (WECS) technologies [ 31 ], getting almost all the 
functional variants from 30 to 60 Mb target regions can be a project for a few days 
that costs under $1,000. 

 WECS has become highly feasible to systematically interrogate genes that are 
inherited in a Mendelian manner. The NIH has initiated scientifi c programs 
“Mendelian Disorders Genome Centers Program” (  http://grants.nih.gov/grants/
guide/rfa-fi les/RFA-HG-10-016.html    ) and “Clinical Sequencing Exploratory 
Research Projects” (  http://grants.nih.gov/grants/guide/rfa-fi les/rfa-hg-12-009.html    ) 
to systematically discover the causal mutations for rare inherited diseases and 
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cancers and to examine the utilities and impact of DNA sequencing in a clinical 
 setting. We are witnessing a paradigm shift in the clinical genetic testing fi eld where 
WECS is replacing panel-by-panel tests. They are offered by a handful of institu-
tions in the United States, including the BCM clinical laboratories. Rapid delivery 
(in terms of days) of sequencing results has been achieved by smart implementation 
of informatics tools [ 32 ].   

2     Informatics in NGS Analysis 

2.1     Pipeline Overview 

 The NGS platforms can be exploited to either interrogate the whole genome or the 
coding regions by using capture protocols to enrich targeted regions of the genome. 
Regardless of the sequencing strategies, the major data processing and analytical 
components include the following steps (Fig.  4.1 ), and a very exhaustive list of tools 
can be found in SEQanswers (  http://seqanswers.com/wiki/Software/list    ):

     1.    Primary Data Analysis Using the Manufactures’ Software. A FASTQ [ 33 ] fi le is 
produced that consists of both the nucleotides in a contiguous sequence (ranging 
from tens of bases to hundreds of bases) and their base quality scores, refl ecting 
how accurate the nucleotide calls are. The quality score is in a so-called phred 
scale, which is the negative logarithmic scale of the error rate for calling a par-
ticular base multiplied by ten. So in the case of an A associated with a score Q20, 
it means the probability of the A being erroneous is 0.01.   

   2.    Mapping/Alignment. This is an important step that maps the sequencing reads to 
the human reference genome and compares a subject’s sequence to the reference 
genome. The mapping/alignment step has been undergoing intensive research 
and development, and a number of algorithms have become widely utilized, such 
as BWA and BFAST [ 34 – 38 ].   

  Fig. 4.1    Overview of a general bioinformatics pipeline for NGS data processing. The cartoon 
depicts the typical workfl ow and general output fi le formats, which are generally shared across 
different sequencer platforms       
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   3.    Variant Calling. The accuracy of detecting genetic variants including SNPs, 
INDELs, CNVs, and SVs is going to determine the signal to noise ratio in gene 
mapping for both association studies of common and complex diseases and 
Mendelian diseases. The International 1000 Genomes Project has motivated 
many groups, to spearhead the rapid informatics development and to release 
open source software packages to the NGS community. Here, we will summarize 
in more detail two particular software suites (Atlas2 and SNPTools) that our 
group developed in the past 3 years while we led the variant analysis in the 1000 
Genomes Project.   

   4.    Functional Interpretation of Variants. The understanding of the biological asso-
ciation of the genetic variations can be a rate-limiting step. However, several 
developments in genetic databases (such the 1000 Genomes, HGMD for germ-
line mutations, and COSMIC for cancer) and computational algorithms 
(PolyPhen-2 and SIFT) made it possible to shorten the candidate list of loci quite 
substantially.    

2.2       Nuts and Bolts 

2.2.1     Alignment 

 The development of read alignment algorithms and software is a prolifi c research 
fi eld, with new methods developed and published at a fast pace. We will summarize 
in detail the general read alignment algorithms and tools. We will also briefl y dis-
cuss the alignment of bisulfi te-treated reads, as recent advances enabled querying at 
the same time both nucleotide variation and DNA methylation status. 

 While string matching is a venerable problem in the fi elds of information theory 
and computer science, the development of read mapping algorithms has been moti-
vated and shaped by the advances in sequencing technologies. Whereas optimal 
algorithms exist, they tend to be impractical for the size of mammalian genomes, on 
the order of several billion base pairs. The technical challenges are multiple, namely, 
accuracy of mapping, ensuring that the resources used (memory, storage) fi t within 
commodity workstations, and that the speed of analysis can match the ever increas-
ing sequence throughput. An overview of alignment software and common applica-
tions is presented in Table  4.1 .

     Technology Evolution Dictates Alignment Methods 

 Prior to NGS, Sanger reads had sequencing lengths up to 1,000 bases, with low- 
quality bases at both ends. Alignment methods had to be sensitive to both gaps and 
mismatches. Due to the low throughput of Sanger sequencing, speed of the align-
ment was a secondary concern to accuracy. The large increase in the number of 
sequencing reads brought about by NGS demands faster run time and more 
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optimized computational performances. However, the higher throughput combined 
with shorter read length enabled aligners to initially improve the alignment speed by 
using one or a combination of heuristics, such as performing ungapped alignment or 
restricting the number of acceptable differences between the reads and reference 
genome. These heuristics have had a generally negative impact on the ability to map 
reads onto the large fraction of the human genome that is semi-repetitive and to map 
reads that carry sequence variants not present in the reference sequence, either due 
to naturally occurring genomic variants [ 40 ]. The length of sequencing reads has 
continually increased; this opened opportunities to map more effi ciently onto the 
large fraction of genomic DNA that contains repetitive elements and segmental 
duplications. As a result, newer aligners place again an emphasis on the ability to 
map across mismatches and gaps.  

   Optimal Alignment by Gold Standard Aligner 

 The gold standard Smith-Waterman alignment (S-W) algorithm [ 41 ], which per-
forms base pair-level comparisons, is guaranteed to produce optimal alignment 
results. The S-W algorithm assigns a gain for base pair match and penalties for base 
pair mismatch and for gaps. Considering a sequence of length M and a reference of 
length N, the algorithm explores an M × N matrix, such that S(i,j) corresponds to the 
highest scoring local alignment ending in the i-th position in the sequence and the 
j-th position in the reference. The key idea is of trying the scoring all possible align-
ment extensions, such as a base pair match, a base pair mismatch, or a gap in either 
the sequence or the reference. Both the running time and memory footprint have an 
O(MN) complexity, making them impractical even if run on the fastest processors.  

   Seed-and-Extend Paradigm 

 The “seed-and-extend” paradigm for fast read mapping emerged during the 
early Sanger sequencing era and has been implemented in comparison tools such 
as FASTA [ 42 ], BLAST [ 34 ], BLAT [ 43 ], SSAHA [ 44 ], and Mosaik   http:// 
bioinformatics.bc.edu/marthlab/Mosaik    )     . These “seed-and-extend” tools perform 
fi ltering of potential similarities using k-mer    level matches, called “seeds,” and limit 
base pair-level comparisons to the areas around the seeds, thus reducing the total 

   Table 4.1    Overview of various NGS applications and preferred alignment software packages   

 Application  Aligner software packages used 

 Whole-genome/whole-exome resequencing, Illumina  Bowtie, BWA, Bowtie2, SOAP2 
 Whole-genome/whole-exome resequencing, SOLiD  BFAST, SHRIMP 
 Whole-genome/whole-exome copy number variation  mrsFAST, RazerS, Hobbes, Novoalign 
 454 resequencing  SSAHA2, Pash 3.0, BWA-SW 
 Whole-genome DNA bisulfi te-sequencing analysis  Bismark, BSMAP, Pash, LAST, 

BS-seeker, BRAT 
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number of base pair-level comparisons; an important contribution was the rigorous 
statistical characterization of general scoring schemes (cite Karlin and Altschul 
1990, PNAS) and the discovery of signifi cant alignments above those that can be 
found by chance (cite the BLAST paper, J Mol Biol 1990 Oct 5;215(3):403–410. 
Basic local alignment search tool. Altschul SF, Gish W, Miller W, Myers EW, 
Lipman DJ.). To reduce the cost of extending spurious mappings, additional fi lters, 
such as minimum number of seeds or minimum seed occurrence in the reference, 
were added.  

   Seed-and-Extend Alignment with Gapped Patterns 

 Tools such as BLAST and BLAT initially relied on using contiguous seeds to guide 
the subsequent extend step. Shorter seeds yield more sensitive matches but also lead 
to longer alignment time due to spurious matches; longer seeds generate more accu-
rate mappings but could miss mappings with high dissimilarity. An innovation was 
the use of gapped seeds [ 45 – 47 ], which achieve higher sensitivity by allowing mis-
matches, and higher specifi city by having a larger length; seed patterns and spaced 
seeds for various sequence similarities have been determined via extensive simula-
tions. For short reads generated by the early versions of NGS systems, such as 
Illumina, gapped seeds were used to ensure the detection of mappings with a small 
number of mismatches. Eland and SOAP [ 36 ] use six seeds to fi nd reads with two 
mismatches; MAQ [ 48 ] fi nds reads with two mismatches in the fi rst 28 bp. More 
generally, RMAP used seeds of size ( k +  1) nucleotides to detect alignments with at 
most  k  mismatches [ 49 ,  50 ]. 

 Zoom inferred optimal size and location of the spaced seeds, depending on the 
desired alignment sensitivity [ 51 ]. Pash uses spaced seeds, indexes the query reads, 
and then relies on the index of the seed in the reads to run a k-mer-level approxima-
tion of the Smith-Waterman algorithm prior to the expensive extend step; it trades 
accuracy for execution speed by adapting the seed sampling frequency based on 
read length; it has been used successfully in the detection of interspecies conserved 
synteny blocks among the human genome and clinically relevant model organisms 
such as mouse and rat [ 35 ,  52 ,  53 ].  

   Burrows-Wheeler Transform Methods 

 A major breakthrough in the development of aligners for high-throughput sequenc-
ing reads was the use of the FM-index, based on the Burrows-Wheeler Transform 
(BWT), which enables detection of exact matches in a time period proportional with 
string length, regardless of the target size. Backtracking was then used to enable the 
mapping of reads with mismatches. The fi rst generation of BWT-based tools such 
as BWA [ 37 ], SOAP2 [ 54 ], and Bowtie [ 55 ] provided ungapped alignments 
extremely effi ciently; however, performance was degraded when processing reads 
containing small INDELs. Eventually, FM-index based mappers accounted for 
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gaps. BWA-SW employs similar principles as BWA and works for long reads, up to 
100,000 base pairs, with sensitivity similar to mappers such as SSAHA2 [ 44 ] and 
Pash 3.0 [ 35 ,  52 ,  53 ]. The latest entry in the group is Bowtie2 [ 38 ], which uses the 
FM-index to seed alignments and implements local alignment using vectorized 
CPU instructions, similar to tools such as SHRIMP [ 56 ]. The FM-index based 
aligners have provided the best combination of speed and accuracy over the past 3 
years, and for this reason they are also some of the most widely used, in premier 
applications such as 1000 Genomes [ 28 ].  

   q-Gram Filtering Methods 

 A number of spaced seeds methods further improve their performance by employ-
ing the q-gram fi lter. The key observation is that for a sequence of length w to map 
with at most m mismatches onto a reference, when using q-size seeds (called 
q-grams), the sequence and the reference need to share at least  w −( m +  1) *q  q-grams. 
By imposing m based on the read length or application needs, mappers then reduce 
the numbers of extensions performed. SHRIMP further speeds up the alignment 
step by using vectorization and thus taking advantage of low-level parallelism pres-
ent in modern x86 Intel CPUs in the form of SSE2 instructions. mrsFast [ 57 ] aims 
to correctly identify all mapping locations of an input read, to enable accurate detec-
tion of structural polymorphisms in repeat rich regions; it further improves perfor-
mance by utilizing a cache-oblivious strategy; it fi rst determines a list of reads l1 
that map to a set target regions l2, decomposes them until they fi t in the CPU cache, 
and fi nally performs the alignment step. RazerS employs gapped q-grams; it pre-
computes optimal q-gram size and spacing, using dynamic programming, for a 
range of read lengths and intended mapping sensitivity [ 58 ]; suitable read mapping 
locations in q-gram space across the genome are determined effi ciently with sliding 
diagonal parallelograms using the SWIFT algorithm [ 59 ]. Hobbes implements 
q-gram fi ltering and ensures that candidate seed enumeration is performed for the 
genome hash entries with the fewest number of entries [ 60 ]. It speeds up search by 
encoding in a binary format (with 1 bit used to represent 4 base pairs) the neighbor-
hood of a seed and checking for mismatches using assembly level instructions; it 
improves cache performance by prefetching genome hash entries.  

   DNA Methylation Profi ling via Bisulfi te Sequencing 

 Bisulfi te sequencing is an accurate method of determining base-level DNA meth-
ylation status. Sample DNA is treated with bisulfi te, after which NGS is employed. 
Methylated cytosine bases are preserved as Cs in the reads, and unmethylated ones 
are converted to Us. A pioneering project employed whole-genome bisulfi te 
sequencing to reconstruct two human methylomes, sequencing a total of 4.8 billion 
reads, or 376 Illumina lanes [ 61 ]. Alignment methods have to account for Us map-
ping to either Ts or Cs in the reference and on reads originating from either strand. 
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A common method employs mapping of the reads on the forward and reverse 
genome strand, both with all Cs maintained and with all Cs converted to Ts, 
 performed using commodity mappers such as Bowtie. A subsequent processing step 
deconvolutes the mappings of each read and determines the most likely mapping 
locations. This method was employed in the fi rst human methylome effort [ 61 ], and 
by a number of software packages such as Bismark [ 62 ], BS-seeker [ 63 ], and meth-
ylcoder [ 64 ]. 

 A number of bisulfi te-sequencing mapping tools have been purposely tailored to 
perform effi cient and accurate mapping. BSMAP [ 65 ] performs bisulfi te sequence 
mapping by hashing the reference genome and by hashing multiple seeds around 
the CpG sites, according to the possible methylation status. Pash 3.0 hashes all 
k-mers that may arise from bisulfi te treatment of reads, after which regular mapping 
occurs; both the forward and the reverse complement strand of each chromosome 
are used as a reference for mapping; the resulting alignments can contain gaps. 
mrsFAST [ 57 ] employs a cache-oblivious strategy to perform ungapped mapping of 
bisulfi te reads. RMAP-BS [ 49 ] performs gapped mapping of bisulfi te-treated reads. 
The LAST [ 66 ] alignment software builds on the gapped seeds strategy employed 
by BLAST to achieve good sensitivity and practical mapping times for bisulfi te-seq 
data. Other mappers tailored to bisulfi te-seq data are BRAT [ 67 ,  68 ] and Novoalign 
(  www.novocraft.com    ).   

2.2.2     Variant Calling from NGS Data 

 It is essential for NGS projects to accurately detect genetic variants. The higher 
error rates of the NGS platforms compared to Sanger sequencing technologies [ 29 ] 
and the complexity of mapping shorter reads to the reference genome present chal-
lenges for variant calling, including the identifi cations of SNPs and short-range 
insertions-deletions (INDELs). One of the major challenges in SNP discovery from 
NGS data is to distinguish true individual variations from errors introduced by 
either sequencing artifacts or inaccurate alignments, by thoroughly examining error 
modes. There are a number of key software packages that are widely used by the 
NGS analysis community including Samtools [ 69 ], SOAPsnp [ 70 ], GATK [ 71 ], and 
FreeBayes (  http://bioinformatics.bc.edu/marthlab/FreeBayes    ). In the following sec-
tions, we will review two software packages and their underlying algorithms that 
have been developed in our group – one is called Atlas2 [ 72 ,  73 ], another SNPTools 
[ 74 ]. Atlas2 is more    relevant to the whole-exome capture sequencing data analysis, 
where SNPTools is suitable for population sequencing data analysis. 

   Atlas2: A Software Suite for SNP/INDEL Calling in Exome 
Capture Sequencing 

 Whole-exome capture sequencing (WECS) is a cost-effective approach to identify 
the mutations of highest biomedical importance, generating hypotheses for 
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downstream follow-up. WECS data introduces a set of biases and error patterns 
distinct from whole-genome sequencing, such as heterogeneous depth coverage, 
and reference bias due to capture [ 75 ]. The coding regions of the human genome 
also modify the expectations of a number of quality metrics that are routinely used 
in variant calling. For example, the transition/transversion ratio (Ts/Tv) in the cod-
ing sequences is expected to be ~3.5, higher than the noncoding average of ~2.4 
(Fig.  4.2 ). This higher ratio within the coding sequencing is resulted from the 
selection pressure on transversions, which likely causes codon changes. Few bio-
informatics tools were primarily developed for WECS analysis, with requirement 
for extensive manual adjustments – such as implementing several additional ad-
hoc fi lters pertinent to coding regions. We have developed the Atlas2 software 
suite to specifi cally accommodate the WECS data analysis by taking into consid-
eration of features that are particular pertinent to exome data. Atlas2 detects and 
accounts for systematic sequencing errors caused by context-related variables in a 
logistic regression model. Variables such as proportion of reads with variants 
(SNPs or INDELs) are specifi cally tuned for WECS data. It then estimates the 
posterior error probability for each identifi ed substitution through a Bayesian 
method that integrates prior knowledge of the error probability of the given substi-
tution and SNP rate among humans and the results from the logistic regression 
model. Based on the estimated posterior error probability, one can better separate 
true SNPs from false positives. Parameters for Atlas2 are being extensively tuned 
using SNP array data, PCR validated sites, HapMap, and ENCODE resequencing 
data [ 8 – 10 ,  17 ]. Highly accurate and sensitive results were achieved in WECS by 
using the Atlas2 suite [ 28 ,  39 ].
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  Fig. 4.2    The Ti/Tv ratio of discovered SNPs from WECS data using Atlas2. We sampled 193 
exome data from the 1000 Genomes Project. The Ti/Tv of on-target SNPs (i.e., coding) is ~3.5, 
much higher than the genome average in mostly off-target regions where Ti/Tv is ~2.4       
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      SNPTools: An Integrative Suite for Variant Analysis in Large Cohort Studies 

 As a continuation of the HapMap and GWAS, studies with thousands of samples are 
a major focus in human genetics studies. This kind of large-scale cohort studies 
(e.g., CHARGE-S,   http://web.chargeconsortium.com/    ) or population sequencing 
projects (e.g., the 1000 Genomes Project,   http://www.1000genomes.org/    ) paves the 
way to understanding the genotype-phenotype associations and properties regard-
ing human populations such as their demographics [ 76 ]. There is great need to pro-
duce integrative SNP calls in NGS data set from thousands of samples with 
phenotypic information. Until high-coverage sequencing becomes affordable for 
large cohort interrogation, many large cohorts studies aggregate NGS data with 
low-coverage data across thousands of subjects [ 77 ] to characterize the variants. 
Linkage disequilibrium (LD) between variants allows for imputation to refi ne the 
individual genotypes to improve specifi city and sensitivity [ 78 ] and to phase the 
variants into haplotypes that are key to phenotypic associations. 

 Motivated by the 1000 Genomes Project [ 28 ], which are sequencing ~2,500 sam-
ples from ~30 ethnicities, we devised a framework that consists of four major steps   : 
(1) A probabilistic model to re-weight each base so the base quality and mapping 
quality are both rescaled into a single quality score. (2) SNP site detection based on 
a variance ratio indexing framework that realizes high sensitivity and specifi city. 
(3) Initial genotyping using a “BAM-specifi c binomial mixture model (BBMM)” to 
provide raw genotype likelihoods for three possible genotypes. The BBMM can 
effectively overcome the high level of heterogeneity in the population sequencing 
data and produce high-quality results. And (4) a novel imputation-based approach 
for genotype refi nement to achieve high accuracy. This novel approach can effec-
tively reduce computational burden. This pipeline can also integrate data from mul-
tiple sources (e.g., exome, low-coverage whole-genome sequencing, and SNP 
genotyping data) via an innovative “data integration” step (Fig.  4.3 ) [ 74 ].

   Both Atlas2 and SNPTools produce high-quality SNP calls using either a single- 
sample schema or a multiple-sample schema. The selection of which approach to 
apply depends on the overall number of samples, data coverage, and computational 
resources available to the users. In a clinical sequencing project that consists of 
tens of WECS, Atlas2 returns high-quality results. In a cohort sequencing project 
(e.g., CHARGE-S) with thousands of samples, SNPTools is likely to be more suit-
able when high-performance computing resources are readily accessible.   

2.2.3     Functional Interpretation of Genetic Variation 

 The ultimate challenge for geneticists is to interpret the variants and to prioritize a 
short list of potential mutations from hundreds of thousands and even millions of 
candidate loci. The NGS platforms and data processing pipelines for mapping, align-
ment, and variant calling can carry out the heavy-lifting to produce an impressive list 
of variants. Often, researchers are overwhelmed by large number of variants. This is 
increasingly becoming the most signifi cant bottleneck both for studies mapping 
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disease causes and for clinical genetic diagnosis leveraging the power of exome 
NGS technologies [ 79 ]. 

 There are mainly three approaches currently for the functional interpretation of 
one’s variant list. (1) Functional annotation based on existing knowledge known 

  Fig. 4.3    Pipeline overview of our SNPTools software for large-scale population NGS projects. 
The SNPTools processes BAMs to produce “effective base depth (EBD)” for each base that refl ects 
both the base quality and mapping quality. The candidate SNPs are discovered from considering 
all the BAMs. It next models the genotype clusters using a BAM-specifi c mixture modeling 
(BBMM) process to estimate genotype likelihoods. Final genotypes are determined by using a 
novel imputation algorithm implemented in the package       
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(e.g., disease mutations, and functional databases). Such databases include the 
HGMD for germline mutations (  http://www.hgmd.cf.ac.uk/ac/index.php    ) and 
Cosmic for cancer somatic mutations (  http://www.sanger.ac.uk/genetics/CGP/cos-
mic/    ). Functional information from project such as ENCODE presents ambitious 
efforts that experimentally catalogue expression patterns of the genome (  http://
www.genome.gov/10005107    ). (2) In silico predictions made by PolyPhen-2 and 
SIFT. There are a number of software packages [ 80 – 85 ] available for scoring the 
functional impact of polymorphisms, using evolutionary conservation in the DNA 
sequences, and/or protein structural and biochemical properties in the coding region. 
This line of research is under very active development now. 
(3) Thresholding by the population frequency of the variant alleles. The rationale is 
that most of the deleterious mutations tend to be rare due to negative selection over 
time, with minor allele frequency <0.5–1 %. It is particularly useful for studies with 
Mendelian disease models. Many databases can serve this purpose – common prac-
tice includes using dbSNP (  http://www.ncbi.nlm.nih.gov/projects/SNP/    ), HapMap 
(  http://hapmap.ncbi.nlm.nih.gov/    ), 1000 Genomes (  http://www.1000genomes.
org/    ), and NIEHS exome variant project (  http://evs.gs.washington.edu/niehsExome/    ) 
for variant frequency fi ltration. 

 The users will utilize all three categories of information for functional interpreta-
tion of the genetic variants from the NGS data. One good example is the Cassandra 
annotation suite developed by Dr. Matthew Bainbridge at the BCM-Human Genome 
Sequencing Center (Matthew Bainbridge personal communication). The variants 
are assessed for their effects on both a conservative (RefSeq) and inclusive (UCSC) 
gene model set. This assessment includes whether a variant changes an amino acid 
residue, occurs proximally to an intron-exon boundary, creates or removes a stop-
codon, or occurs intronically, within noncoding RNA, or intergenically. 
Nonsynonymous variants are further annotated based on their computationally pre-
dicted deleteriousness by different algorithms [ 83 – 85 ]. Variants are additionally 
annotated for their frequency and presence in, or proximity to, other known variants 
in multiple variant collections (dbSNP, 1000 genomes, NEIHS exome variant proj-
ect, HGMD). Lastly, variants are annotated based on functional data for the gene in 
which they occur. These data include known function of the gene, previous associa-
tion of the gene with disease, posttranslational modifi cations of the gene, and the 
expression profi le of the gene across human tissues.    

3     Discussion 

3.1     Remaining Challenges in Informatics 

 With the increased sequencing throughput and broadened applications, there are 
signifi cant data processing informatics challenges in terms of IT infrastructure, 
 scientifi c algorithm development, and effi cient implementation. 
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3.1.1     Storage 

 The immediate impact of the continually increased sequencing throughput is a 
growing strain on the existing storage infrastructure. Advanced data compression 
and retrieval techniques such as CRAM [ 86 ] are under active development, 
a more effi cient BAM fi le format. Whereas local fi le servers are being overrun, com-
mercial avenues such as cloud storage are gaining more interest (Amazon, Google).  

3.1.2     Computation Time 

 In general, at every processing step there is a need for more computationally effi -
cient methods with the most effective approaches leading to new algorithms and 
data structures. There are also engineering aspects such as utilizing languages that 
compile to effi cient code such as C/C++ for time intensive computations. New 
algorithms should be designed to exploit the entire gamut of parallelism available: 
low- level parallelization using vectorization capabilities present in both CPUs and 
GPUs (made available by most vendors, CUDA), effi ciently scaling to the ubiqui-
tous multiple cores by using multithreaded applications and libraries, and fi nally 
dividing large computing jobs both at the levels of compute clusters but also cloud 
computing. The bioinformatics workbench of the near future is most likely pow-
ered by cloud computing and distributed databases.   

3.2     Cloud Computing for Genomics 

 The deployment of genomic analysis software as a service within a cloud comput-
ing framework offers a unique solution for these problems. The concept behind 
cloud computing is to outsource computation to third-party servers or clusters at a 
remote location. This software as a service model removes the upfront investment 
requirement and any delays associated with building local computing infrastructure, 
enabling fl exibility and scalability. 

 As a pilot, our group has integrated our genomic variant analysis pipeline – Atlas2 
Suite – onto Amazon cloud [ 87 ]. We also performed a case study using this pipeline 
as a proof of concept to demonstrate the potential of personal genome analysis on 
the cloud [ 87 ]. With many MiSeq and HiSeq sequencers now streaming data to the 
cloud server in real time, we expect to see the genomics fi elds gravitate to cloud 
usage in the near future. It effectively streamlines the process and reduces the bur-
den for many end users that do not have suffi cient access to computational resources 
or expertise. Our pilot study demonstrated that the cost is reasonable for processing 
a few personal exomes or genomes. When scaling up to thousands of genomes, 
costs become an issue for current price. Data transfer into the cloud and the data 
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security are concerns too. We remain optimistic for the cloud usage in genomic sci-
ences as we view the issues as technical ones.  

3.3     Concluding Thoughts: Grand View of NGS Informatics 

 DNA technologies have become essential to many branches of research not restricted 
to SNP identifi cation and gene mapping. They can be applied to understanding the 
more dynamic parts of the biological machinery: RNA-Seq, ChIP-Seq, epigenomic 
sequencing, and human microbiota sequencing are all being actively pursued. They 
hold promise to be part of the routine clinical diagnostic toolkits in the future. As 
we are zeroing in on a very affordable price tag for whole-genome sequencing, the 
prospect of having national level projects for genetics and environmental research is 
brightening. It has great potential to thoroughly characterize the risk factors arising 
from genotypes, environments, and the interaction between them. It will also 
advance medical practice for intervention and prevention, reducing healthcare costs 
in a long run [ 88 ]. 

 NGS informatics is certainly a critical component to realize this overarching 
goal. As one of the most active research areas, many software packages have been 
developed. Open questions remain. Some are scientifi c ones: methods for INDEL 
and CNV/SV detections are under constant improvement; annotation of functional 
impacts of polymorphisms needs to integrate with biological knowledge; and robust 
statistical methods is required to improve signal to noise ratio in mutation detection 
for both Mendelian diseases or complex disorders. Others are engineering ones: 
scientifi c software needs to be designed for scalability in order to match with 
increase in the NGS throughput.      
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    Abstract     The analysis of a group of genes or the whole exome by massively parallel 
sequencing provides an effi cient way to molecular diagnosis of genetic disorders. 
Meanwhile, tremendous amount of variant data produced brings great challenges for 
interpretation, particularly for novel variants without functional evidences. There is 
an urgent need for a nonexperimentally based method to understand their genotype 
and phenotype correlation. Moreover, missense variants contribute to about 50 % 
disease-causing changes. This chapter will demonstrate the value of in silico stereo-
chemical analysis in the interpretation of disease-causing missense mutations using 
thymidine phosphorylase as an example. The integrated approaches including dis-
ease clinical phenotype, biochemical genetic analysis, computational prediction, and 
structural based modeling can be helpful in understanding the pathogenic mecha-
nism of these missense variants. The protein structural based analysis is a valuable 
tool to visualize small but signifi cant structural changes, thus, can be incorporated 
into routine variant interpretation pipeline.  

1         Introduction 

 The development of massively parallel sequencing (MPS, also known as next gen-
eration sequencing, “NGS”) technology has revolutionized the laboratory practice 
for clinical molecular diagnosis. The simultaneous analysis of a group of genes 
involved in a common pathway and/or similar phenotype, or the whole exome 
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sequencing (WES), has provided higher diagnostic yields with reduced cost and 
time. Meanwhile, the tremendous amount of sequence data produced brings great 
challenges for variant interpretation. The types of disease-causing mutations can be 
missense, nonsense, splice site mutation, and small insertions/deletions. The inter-
pretations of nonsense, splice site mutation, and small insertions/deletions resulting 
in reading frameshift and truncated proteins are relatively straightforward according 
to ACMG (American College of Medical Genetics) guideline. However, in the 
absence of functional assays, the interpretation of the pathogenicity of novel mis-
sense variants is always diffi cult. Thus, in the absence of functional studies, the 
missense novel variants have always been classifi ed as variants of unknown clinical 
signifi cance (VUS) according to ACMG guideline. Publicly available mutation 
databases provide information regarding reported disease-causing mutations, but 
recently, publications indicated that about 25 % of reported variants are likely to be 
misclassifi ed as mutations [ 1 ]. The recent performance evaluation of nine com-
monly used computational algorithms for missense variant classifi cation revealed 
that these predicted results are not consistent among themselves [ 2 ,  3 ]. In addition, 
commonly used computational algorithms for the prediction of pathogenicity of 
missense variants do not have the analytic sensitivity and specifi city to be reliably 
used in the clinical setting. Due to the large number of genomic variants generated 
from massively parallel sequencing studies, there is an urgent need for a nonexperi-
mentally based method for the evaluation of the structural/functional consequences 
of a missense change in order to assist the interpretation of the variants in the con-
text of patient’s clinical symptoms, disease progression, and biochemical genetic 
evaluation. 

 In this chapter, I will demonstrate the value of the in silico stereochemical analy-
sis in the interpretation of disease-causing missense mutations based on the avail-
able X-ray crystallographic structure, using thymidine phosphorylase (TP) as an 
example.  

2     Thymidine Phosphorylase (TP) and Mitochondrial 
Neurogastrointestinal Encephalopathy (MNGIE) 
Syndrome 

2.1     Biochemical Function of Human Thymidine 
Phosphorylase (TP) 

 Human thymidine phosphorylase (EC 2.4.2.4) plays an important role in cellular 
thymidine metabolism and pyrimidine homeostasis. It functions as a homodimer in 
cytosol that catalyzes the reversible phosphorylysis of thymidine or deoxyuridine 
by the breakage of the glycosidic bond to form thymine or uracil and 
2- deoxyribose-1-phosphate. The expression of TP appears to be ubiquitous in a 
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variety of human tissues, with high expression levels in the digestive system and 
brain, but not in muscle and renal system [ 4 ]. Defects in TP (OMIM #603041) 
impair the nucleotide salvage pathway resulting in elevated plasma thymidine con-
centration and imbalanced deoxynucleotide pools, the common causes of the 
 mitochondrial DNA (mtDNA) depletion syndromes [ 3 ].  

2.2     Clinical Presentation and Pathogenesis of MNGE Disease 

 Human thymidine phosphorylase (TP) is encoded by the  TYMP  gene. Mutations in 
 TYMP  cause pan-ethnic autosomal recessive disease called mitochondrial neurogas-
trointestinal encephalomyopathy (MNGIE), affecting multiple organ systems. High 
levels of  TYMP  expression in tissues of digestive system and both central and 
peripheral nerve systems correlate with the observed early and severe gastrointesti-
nal symptoms and leukoencephalopathy as well as peripheral neuropathy in affected 
patients [ 5 ]. Unlike the broad phenotypic spectrum caused by DNA polymerase 
gamma (POLG) defi ciency, clinical features of TP defi ciency are rather homoge-
nous, characterized by early symptoms of gastrointestinal dysmotility and cachexia, 
that lead the patients to seek medical evaluation. These characteristic clinical fea-
tures can be distinguished from the wide clinical spectrum of other mitochondrial 
disorders. The patients with severe enzyme defi ciency due to null mutations often 
have the recognizable symptoms in early childhood, with mean age of onset at the 
second decade of life [ 6 ]. These patients usually do not survive beyond 30–40 years 
old. The high mortality is largely due to the malnutrition status, the complication of 
GI system, or infection. Patients with partial enzyme defi ciencies have disease onset 
in the fi fth or sixth decade of life [ 7 ,  8 ] with symptoms of ptosis, ophthalmoparesis, 
and peripheral neuropathy. The diffuse leukoencephalopathy by MRI presented 
among MNGIE patients is the important hallmark in differential diagnosis for 
patients with similar clinical presentations [ 6 ,  9 – 11 ].  

2.3     Mutation Spectrum of TP Responsible for MNGE Disease 

 More than 70 disease-causing mutations have been identifi ed in patients with human 
TP defi ciency. The spectrum of mutations in  TYMP  includes missense, nonsense, 
splice site mutations, and small insertions/deletions. No gross genomic structure 
abnormalities have been reported in MNGIE patients. The disease association of 
nonsense, splice site mutation, and small insertions/deletions is relatively straight-
forward, because these mutations usually result in truncated proteins without activi-
ties. However, to interpret    the missense change in the context of disease pathogenesis 
is always challenging. As shown in Fig.  5.1a  and Table  5.1 , the majority of reported 
mutations in the  TYMP  gene of MNGIE patients are missense changes (Table  5.2 ).

5 Protein Structural Based Analysis for Interpretation of Missense Variants…
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  Fig. 5.1    Missense TYMP mutations distribution and their structural basis. ( a ) Distribution of 
reported missense mutation in the exons of human  TYMP  gene. ( b ) Ribbon representation of 
human TYMP protein complex structure with two monomeric subunits colored in  blue  and  orange . 
Thymidine is represented in  spheres . Missense mutations are mapped in the complex structure in 
 purple spheres . ( c ) p.R202T. ( d ) p.K222R. ( e ) p.M76I. ( f ) p.M173R. ( g ) p.E289A. ( h ) p.A465T       

  Table 5.1    Summary of 
reported mutations of 
MNGIE disease  

 Mutation category  Number of mutations 

 Missense  44 
 Nonsense  4 
 Splicing  12 
 Frameshift  19 
 Total  79 
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3           Current Approaches of Interpreting Missense Variants 

3.1     Computational Prediction Without Structural Information 

 Amino acid substitutions, in general, account for the majority of the disease-causing 
mutations. It is also the most diffi cult to correlate missense variants with disease 
pathogenesis. Experimentally determined protein structure is highly accurate and 
informative in the inference of its function. However, to obtain the protein X-ray 
crystal structure is time-consuming and low throughput and may not even be 
 successful. Therefore, due to the technical limitation or intrinsic properties of a 
protein, experimental structure is not always available. Differentiation of a benign 
polymorphism from a true mutation can be done by searching locus-specifi c muta-
tion database, which can provide valuable information on the interpretation of 
known mutations. Nevertheless, these variants very often are novel or only have 
been reported in a limited number of cases without suffi cient supporting evidences. 
To overcome these diffi culties, many nonexperimental computational algorithms 
have been developed based upon a variety of theoretical models to assist with the 
interpretation of the enormous amount of variant data generated from NGS analy-
ses, for example, PolyPhen and SIFT [ 12 – 15 ]. In general, these algorithms incorpo-
rate a wide spectrum of information, including sequence conservation, physical 
properties of amino acids, secondary structure information, and known locus-spe-
cifi c mutation database to construct the theoretic model. However, the recent perfor-
mance evaluation of nine commonly used computational algorithms for missense 
variant classifi cation revealed different results among these prediction methods 
themselves, and the best method may provide only 80 % accuracy [ 3 ]. The conclu-
sion of that report is consistent with the results from another performance evalua-
tion of 23 computational algorithms for the classifi cation of cystathionine 
beta-synthase (CBS) missense mutations for homocystinuria (  http://cagi.genomein-
terpretation.org/content/CBS    ).  

3.2     Structure-Based Homology Modeling 

 The comparison of the linear sequence of a protein to its orthologous protein across 
a variety of species has been extensively used to infer its biological function, which 
often applied to certain well-conserved critical residues. The detailed and thorough 
analysis of the 3D protein macromolecular structure can yield mechanistic insight 
into the stereochemical confi guration at atomic resolution and expand our knowl-
edge regarding the pathogenesis of the disease. In order to study the effect of an 
amino acid substitution on enzymatic function in terms of catalysis, the structure of 
enzyme-substrate complex must be available for the investigation of the atom-to- 
atom interactions between the substrate and the catalytic amino acid  residues, and 
the effects on such interactions upon a missense alteration. 
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 When the structure of a protein of interest cannot be experimentally determined, it 
may be constructed by homology modeling if the structure of a homologous protein 
in other species is available. Based on the homology model, the researchers can gen-
erate reasonable working hypothesis by in silico mutagenesis and design experiment 
to delineate the biological signifi cance of missense substitutions to categorize the 
mode of action of these variations. The application of structural biology to clinical 
investigation has reviewed [ 16 ,  17 ] elsewhere. 

 The most commonly used methods for the investigation of macromolecular 
structural change are X-ray protein crystallography and nuclear magnetic resonance 
(NMR). A protein may adapt different structures in various biological forms. 
Multiple approaches can be used to obtain the atomic resolution of a macromolecu-
lar protein in order to examine individual atom and chemical bond. The protein 
structure can be determined by itself in the native state, in complex with substrate(s) 
or an inhibitor, or in a state with a mutated amino acid residue in the protein. While 
the importance of establishing structure-function relationships has been widely rec-
ognized, some of the relevant biological macromolecular structure, either small or 
large in size, cannot be crystallized or has intrinsic disordered protein for NMR 
study. Thus, the protein structures at atomic resolution are not always available at 
the time of investigation. 

 Using the experimentally determined structure for the protein of interest or a 
protein model generated from homologous structure template is generally consid-
ered to be more reliable for interpreting molecular outcome of missense variants 
than the theoretical computational prediction. By examining the atomic resolution 
of a protein structure, it can facilitate to infer the chemical interactions among 
atoms, the packing of a protein core, or the requirement for proper secondary struc-
ture formation [ 2 ].   

4     Structural Basis of Analysis of TP and Its Missense 
Variants/Mutations 

4.1     Catalytic Mechanism Deduced from TP Structure 

 The native structure of TP was determined at 3.0 Å resolution with the similar over-
all fold to other bacterial pyrimidine phosphorylases, despite low sequence similar-
ity [ 18 ]. The monomer of TP is composed of two domains, the alpha helical amino 
sub-domain and alpha/beta carboxyl sub-domain. TP forms a dimer with coiled coil 
at the interface from amino terminal helices (Fig.  5.1b ). The active site in each 
monomer is embedded between these two sub-domains. Based on the investigations 
of bacterial thymidine phosphorylase (bTP), the native bTP can adapt an open con-
formational change without substrate. Binding of substrates introduces new chemi-
cal interactions to stabilize the complex structure by inducing a relatively large 
domain movement to form the closed active conformation [ 19 ,  20 ]. However, this 
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conformational change has not been observed yet in the native structure of TP as 
compared to TP complex with a nucleotide analog, which is thought to be likely due 
to the intermolecular interactions which help to form the crystal packing lattice 
[ 18 ]. Multiple TP protein-substrate structures including complex with nucleotide 
analog, product thymine, or a chemical inhibitor are available [ 18 ,  21 ,  22 ]. 
Comparison of multiple crystal structures indicates that they can adapt very simi-
larly closed active conformation, even in the absence of phosphate. The active sites 
generated by closing two sub-domains with different substrates are nearly 
identical.  

4.2     Construction of Complete TP Substrate Complex 

 Although multiple TP protein-substrate structures are available, the structure of TP 
with two relevant substrates, phosphate and thymidine, has not been solved yet. To 
classify novel amino acid substitution in an incomplete structure is diffi cult because 
the missense variant can modulate the protein function in a variety of ways. The 
subtle but signifi cant alternation in local stereochemical interactions can be easily 
overlooked. Based on the structures of both TP and bTP, construction of an atomic- 
resolution model will yield a highly accurate structure of TP-phosphate-thymidine 
complex. First, multiple structural alignments indicate that there is little difference 
among the TP structures, either native or other complexes. Second, the active site 
residues can be superimposed with high confi dence. Third, different protein- 
substrate structures can complement with each other to create a more complete 
picture of the protein interactions. Fourth, the electron density from the original 
structure was examined when necessary for the confi guration of the residues of 
interest. This rebuilt protein complex structure would be the desirable one to be 
used for the investigation of missense changes of the protein in the context of 
protein/substrate complex as a biological unit. Thus, the TP-phosphate-thymidine 
complex were built based on the three available TP structures, with both phosphate 
and thymidine molecules modeled. The confi guration of the active site was also 
compared to that of the bacterial active site [ 19 ].   

5     Evaluation of Disease-Causing Missense Mutation 

5.1     Protein Structure Assisted Interpretation 
of Missense Variants 

 All reported missense mutations causing TP defi ciency have been mapped onto the 
rebuilt TP-thymidine-phosphate complex structure to probe the structural and chem-
ical changes (Fig.  5.1b ). These structural perturbations can be examined and deduced 
at atomic resolution in the context of the local secondary or tertiary conformation. 

V.W. Zhang
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The structure-function relationship was further delineated to correlate the genotype 
with the corresponding clinical phenotype. Based on the structural analysis, these 
reported missense mutations can be grouped into four classes: (A) those affecting 
catalytic site, (B) those interfering with dimerization interface, (C) those changing 
secondary structure and/or protein stability, and (D) those with unclear signifi cance 
or likely to be benign. 

5.1.1     Missense Mutations Affecting Catalytic Site (Class A) 

 In general, the conservation of residues around the catalytic site of the protein is 
often unusually high. Computational algorithms that incorporate such information 
in their model usually provide consistent prediction results among themselves and 
correlate well with biochemical fi ndings. Probing structural perturbations around 
the active site for these missense mutations can provide critical information regard-
ing pharmacological chaperone for treatment. 

 Mutations p.G145R and p.G153S are close to the catalytic site, substrate binding 
pocket, and the amino acid residues involved in catalysis of TP are highly conserved 
during evolution. Substitution of glycine with either arginine or serine would intro-
duce a relatively large side chain into the active site confi guration, either affecting 
the domain movement upon substrate binding or rendering the catalysis less effec-
tive. Both mutations in homozygous state have been reported in patients with severe 
enzyme defi ciency (<5 % residual activity) [ 23 ]. Mutations p.R202T and p.V208M 
are also in the active site and interact with thymidine as shown in the TP complex 
model (Fig.  5.1c ). All four computational algorithms made concordant deleterious 
prediction. However, both mutations have been reported in compound heterozygote 
state in a late onset MINGE patient with 15 % residual enzyme activity [ 8 ]. Upon 
close examination of the confi guration of the complex model, it reveals that there 
are some spaces to allow them to adapt to a different conformation. Both changes 
can be considered as mild mutations, which do not completely abolish the enzy-
matic activity, despite that the location of these residues is at the active site. 

 Mutation p.K222R is also located at the active site. It interacts with the thymi-
dine and participates in the formation of the key hydrogen bond with the phosphate 
[ 23 ]. While both lysine and arginine are positively charged residues, the bulky side 
chain of arginine is predicted to impair the substrate binding (Fig.  5.1d ). The patient 
who carried the p.K222R mutation in compound heterozygote with a frameshift 
mutation had no TP enzyme activity [ 23 ], further confi rmed the signifi cant func-
tional effect of this change.  

5.1.2     Missense Mutations Interfering the Dimerization 
Interface (Class B) 

 TP protein forms a homodimer to carry out the conversion of thymidine to thymine. 
Some mutations in TP perturb neither the active site nor the stability but the 
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quaternary structure of the protein. The functional effect of simply quaternary 
 structural perturbation is diffi cult to predict by computational approaches. The resi-
dues on the surface of the monomers can be visually inspected to assess their impact 
on quaternary structure. Moreover, the substitutions at the dimerization interface of 
homodimeric protein can have additive effect on the structure due to the symmetri-
cal nature. The amino terminus of TP forms a coiled-coil structure with four tightly 
packed helices against the counterpart of the other subunit. Mutations p.K43T, 
p.R44Q, p.L49R, p.M76I, and p.E87D are located at the dimer interface (Fig.  5.1e ). 
These substitutions would cause the perturbation of either the coiled-coil packing or 
the interaction with the other subunit [ 6 ,  9 ,  24 ,  25 ]. Unlike class A mutations, this 
class B mutation may exert less severe effect on the protein function, which may 
mildly refl ect to the relatively late onset of the these patients.  

5.1.3     Missense Mutations Changing the Secondary Structure 
or Protein Stability (Class C) 

 These secondary structural perturbations can be examined at atomic resolution in 
the context of the local secondary or tertiary confi guration. As it has been shown 
previously for other pathogenic missense mutations, it has been estimated that the 
majority of amino acid substitutions lead to protein instability or reduced protein 
solubility [ 26 ,  27 ]. The methionine at position 173 has hydrophobic interactions 
with the adjacent valine residue at position 185 (Fig.  5.1f ). Introduction of a highly 
positively charged arginine to this position would likely disrupt the local hydropho-
bic interaction with p.Val185 and destabilize the protein. Reduced stability can lead 
to abolished enzyme activity, which is consistent with the reported results of homo-
zygous p.M173R [ 28 ]. 

 Mutation p.E289A is located at a solvent exposure site, and the negatively 
charged side chain forms hydrogen bonding with nearby charged atoms from 
p.Lys124 and p. Arg279 and from p.Cys280 (Fig.  5.1g ). The polar to nonpolar 
change of p.E289A is expected to disrupt the tightly coupled chemical interactions, 
consequently affecting the local structure. The enzyme activity of patients bearing 
homozygous p.E289A mutation or compound heterozygote with other deleterious 
mutations was almost totally diminished [ 23 ,  25 ]. Mutation p.L356P is located in 
the middle of the helix at the N-terminal that is packed closely with adjacent resi-
dues through hydrophobic interactions. Substitution of this residue with proline 
creates unfavorable phi-psi angle, which disrupts local helical structure. Three 
computational algorithms (conservation, MutPred, SNPs&GO) give relatively low 
pathogenic scores regarding this change, except Polyphen-2, which predicted it to 
be deleterious. The patient who was compound heterozygous for the p.L356P 
mutation and another deleterious mutation had severely reduced TP enzymatic 
activity [ 6 ]. 

    Before the discovery of mutations responsible for late onset MNGIE patients, the 
genotype of  TYMP  mutations is found to be poorly correlated with the clinical phe-
notype of MNGIE patient [ 8 – 10 ]. The late onset MNGIE patients usually have a 
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diagnosis at around age 60, while the age of onset of typical MNGIE is at second 
decade, and patients usually die at the fourth decade. The patients with late onset 
disease usually do not have a full spectrum of clinical presentations and much less 
severity. The enzyme activity of these patients is in the range of 10–15 % of normal 
values. 

 The p.L285P change is located at a middle of a helix spanning from His283 to 
Gly296 around the active site, which provides hydrophobic interactions with adja-
cent residues, p.Val281, p.Ala421, and p.His441 at the substrate binding pocket. 
The substitution of the hydrophobic leucine residue with a helix destabilizing sec-
ondary amino acid proline residue very likely disrupts the helical structure. Both 
thymidine and phosphate substrates are likely to promote the stability of the mutant 
protein. The TP activity of the patient bearing the compound heterozygote p.L285P 
and p.G153S mutations was 9 % of control. Since the activity of the p.G153S mutant 
protein is <5 %, the residual activity of this patient is probably due to the presence 
of the mild mutation, p.L285P. Mutation p.E379K is located at the protein surface 
and exposed to solvent. It has ionic interaction with p.Arg442. The substitution of 
glutamic acid with a highly positively charged lysine is expected to result in unbal-
anced charge-charge interaction; such ionic interaction may be neutralized by sol-
vent molecules on the protein surface. Thus, the impact of this change is likely to be 
mild. The patient bearing this mutation and a splice site mutation has only mild 
elevation of thymidine with 18 % residual TP activity in white blood cells.   

5.1.4     Missense Change Likely to Be Benign Variants (Class D) 

 The normal biological function of protein can be abolished in multiple ways. During 
the evolution, the residues required for maintaining the structural integrity and 
proper function are likely to be conserved. However, benign polymorphic missense 
variants can also occur in the normal protein at different population frequencies. It 
also further complicates the interpretation by the fact that some rare variants in cer-
tain ethnic background are unlikely to cause disease. Variants p.A465T and p.S471L 
have been observed at high frequencies in the general population, with minor allele 
frequencies of 0.0543 and 0.1089, respectively. A homozygous p.A465T change 
has been previously reported in a patient with suspected clinical diagnosis of 
MNGIE [ 29 ]. Upon the examination of the TP complex structure, alanine at this 
position is exposed to solvent and does not have interacting residues at nearby 
region (Fig.  5.1h ). Moreover, the p.A465T has been reported to have normal enzyme 
activity [ 30 ]. Thus, the p.A465T change may not be the genetic defect responsible 
for that patient’s clinical symptom. 

 As for the p.S471L change, the high minor allele frequency indicates that it is a 
common variant occurring in multiple ethnic backgrounds. While a patient with 
p.S471L in homozygote state was reported to meet the clinical diagnosis [ 28 ], there 
is no biochemical evidence to support TP defi ciency. The structural analysis of 
p.S471L also does not yield evidence for any obvious effect. Collectively, both 
p.A465T and p.S471L changes are likely to be benign polymorphisms.    
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6     Integrated Approaches to Understand Missense  
Variant/Mutation of MNGIE Disease 

 Molecular diagnosis of MNGIE disease is relatively straightforward if the clinical 
information and biochemical studies are indicative. However, it becomes challeng-
ing to interpret the pathogenicity of novel missense variants if only limited clinical 
and biochemical information is available. Computational and structural methods 
presented in this chapter can be used cautiously to help understand the likely patho-
genic effects of these variants. The integrated approaches, which include clinical 
evaluation, biochemical genetic analyses, computational prediction, and structural 
analysis, can be helpful in understanding the molecular mechanism of disease 
pathogenesis. A single amino acid substitution in the protein may be subtle, but the 
structural change may be signifi cant enough to lead to deleterious effects. The pro-
tein structural based analysis is a valuable tool to visualize such small structural 
changes and can be incorporated into routine variant interpretation pipeline.     
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    Abstract     With the increasing amount of molecular genetic testing offered for 
clinical diagnosis in recent years, there is a rapid growth in the detection of novel or 
unclassifi ed variants of unknown clinical signifi cance. To determine whether a 
sequence change is a disease-causing pathogenic mutation or a non-causative vari-
ant becomes increasingly important in translational medicine. Interpretation of the 
clinical signifi cance of an unclassifi ed variant in the mitochondrial genome is even 
more complicated due to the highly polymorphic feature of the mitochondrial DNA 
and the unique characteristics of heteroplasmy. The degree of mutant mitochondrial 
DNA heteroplasmy varies among different tissues; in general, it correlates with the 
disease severity in affected tissues. In this chapter, we provide updated procedures 
of evaluating unclassifi ed variants in both the nuclear and mitochondrial genomes 
by using various databases, computational tools, and structural analysis methods to 
assist in clinical interpretation.  

1         Introduction 

 Molecular testing has been widely used not only for the diagnosis of genetic disor-
ders but also for infectious disease and cancer prognoses. With the rapid growth of 
high throughput sequencing technology, in particular the “next-generation” mas-
sively parallel sequencing, simultaneously sequencing of multiple genes for certain 
groups of disorders, or sequencing of the whole exome is now widely offered as 
routine clinical testing. This has inevitably resulted in a tremendous increase in the 
detection of novel or unclassifi ed variants of unknown clinical signifi cance. There are 
several important steps in the clinical management of sequencing results. One is to 
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generate a list of accurate mutations/variants detected; the second is to interpret the 
detected sequencing changes for their potential functional consequence; and the third 
is to determine whether a sequence change is a disease-causing pathogenic mutation 
or just a non-disease-associated neutral polymorphism. Any novel or unclassifi ed 
variants need to be evaluated correctly. The interpretation of genomic changes will 
have a direct clinical impact on the management of patient care. Thus, accurate anal-
yses of these novel or unclassifi ed genetic variants become increasingly important in 
translational medicine. Although research laboratories may have resources such as 
functional studies to further investigate the functional consequence of individual 
variants, it is not practical for clinical diagnostic laboratories to perform such func-
tional studies for individual variants under a limited time frame and budget. 

 Since the mitochondrial genome is an integral part of an individual’s inherited 
material, many diseases are due to the defects in the dual genome cross talk. 
Mitochondrial disorders, which can be caused by mutations in the nuclear or mito-
chondrial genome, have gained increasing attention in recent years. Interpretation 
of the sequencing results is challenging because of the dual genome consideration 
and the extreme clinical and genetic heterogeneity of the diseases. Unlike the diso-
mic nature of most nuclear genes, mtDNA copy number varies from hundreds to 
several thousands among different tissues. Sequence variants in mtDNA can be 
present in each mtDNA molecule, known as homoplasmy, or may occur in a sub-
population of mtDNA molecules, known as heteroplasmy. In addition, mtDNA is 
highly polymorphic; mtDNA variants have been reported to occur in almost every 
nucleotide position of the 16,569 bp mitochondrial genome [ 1 ,  2 ]. Consequently, 
rare and novel variants in mtDNA must be assessed for their pathogenic potential. 
Interpretation of these variants thus becomes a great challenge and requires broad 
genetics knowledge, clinical experience, and molecular laboratory trainings. The 
complex molecular results need to be communicated to the referring individual 
properly to help physicians make accurate diagnoses for patient care. The molecular 
testing result is indispensable information in making clinical correlation for diagno-
sis, prognosis, treatment, prenatal assessment, and evaluation of family members. 

 It is essential that diagnostic laboratories have established standards for interpre-
tation of the clinical signifi cance of unclassifi ed variants detected in routine genetic 
testing. In 2008, American College of Medical Genetics (ACMG) published a 
guideline for the interpretation of sequence variants using ACMG Standards and 
Guidelines [ 3 ]. In this chapter, we provide updated procedures of the classifi cation 
and interpretation of a sequence variant using various available databases, compu-
tational tools, and structural analytical methods.  

2     Classifi cation of Sequencing Variants 

 In order to properly interpret sequencing results, the spectrum of sequence variants 
needs to be carefully classifi ed. Based on ACMG’s recommendations for standards 
for interpretation and reporting of sequence variations [ 3 ] and the practical 
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experience in our clinical laboratory, sequence variants can be classifi ed into six 
categories:

    1.     Reported pathogenic mutation : Sequence variation has been reported in multiple 
unrelated patients/families with clinical correlation and/or supporting functional 
studies and is recognized cause of the disorder.   

   2.     Novel pathogenic mutation : Sequence variation is not previously reported but is 
expected to cause disorder. Generally, truncation mutation (novel nonsense, 
frameshift), missense mutations affecting the translation initiation codon, or 
splicing mutations that alter the invariant AG/GT boundaries belong to this 
category.   

   3.     Novel variant may or may not be disease causative : Sequence variation is  not  
previously reported and has uncertain pathogenicity in genes known to cause 
inherited Mendelian diseases. The types of variation    include the following: 

    (i)  Missense variants or small in-frame deletions/duplications for which the 
effect on protein structure/function cannot be inferred. 

   (ii)  Exonic or intronic variants that may potentially affect pre-mRNA splicing, 
but no direct evidence is available. For example, synonymous changes close 
to the fi rst or last nucleotide of exon. 

  (iii)  Putative splice site variants outside the invariant boundaries. 
   (iv) Variants in regulatory sequences.   

   4.     Novel variant likely to be benign : Sequence variation is  not  previously reported 
and is probably a benign change. Synonymous changes and deep intronic 
changes beyond 20 bp of exon/intron boundaries are in this category.   

   5.     Known benign variant : Sequence variation is  previously reported  and is a recog-
nized neutral variant, for example, a variant reported in dbSNP with a frequency 
that highly suggests it is benign: the average heterozygosity > =2 % or MAF 
(minor allele frequency) > = 1 % in a total chromosome count of > = 100.   

   6.     Reported variant with unclear pathogenicity : Variant reported as a “mutation” 
based on observation in a single patient/family or in a population association study, 
with no functional studies addressing pathogenicity, and/or reported in dbSNP as 
rare variant with average heterozygosity <2 % or MAF <1 % and total chromo-
some count <100. Please note that this category does not completely correlate to 
category 6 in ACMG guideline [ 3 ], which are variants found in association studies. 
In our classifi cation criteria, the ACMG category 6 variants are classifi ed into 
either category 5 or 6 based upon allele frequency of each individual variant.    

3       Interpretation of Sequence Variations 

 Proper classifi cation of sequence variations into different categories facilitates the 
interpretation of the clinical signifi cance of a variant. A schematic algorithm for 
sequencing variants classifi cation is showing in Fig.  6.1 . Alleles in categories 1 
and 2 are considered to be bona fi de deleterious and are disease causative. 

6 Algorithms and Guidelines for Interpretation of DNA Variants
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The mutations in these two categories must be included in a patient’s report with a 
discussion as to pathogenicity and proper reference to publications in which they 
are reported. Parental studies may be recommended in order to confi rm the fi ndings. 
For example, if the mutation is homozygous, parental testing is necessary in order 
to confi rm that each is heterozygous for the fi nding, as opposed to being in one 
allele with failure to detect the other parental allele for technical or genetic reasons. 
If two heterozygous mutations are detected, parental studies facilitate the determi-
nation of phase ( cis  or  trans ) of the two mutations in the proband. Familial targeted 
analysis should also be provided for at risk family members.

   Variations in category 5 are benign polymorphisms that are common in a healthy 
population. These benign variants may or may not be included in a patient’s report 
but should be available upon request. 

 Sequence variations in categories 3, 4, and 6 are considered to be variants of 
unknown clinical signifi cance. The assessment of the clinical relevance of unclassi-
fi ed variants is not straightforward and can be extremely challenging. Several resources 
such as variant databases (Table  6.1 ) and in silico prediction algorithms (Table  6.2 ) 
can be used to provide evidence for or against the pathogenicity of an unclassifi ed 
variant to aid in genetic counseling. The report of unclassifi ed variants should be 
issued to appropriately trained health-care professionals. It is essential to discuss the 
results with a clinical geneticist and to request additional specimens from the patient 
and family members for additional testing in order to facilitate the interpretation of the 
unclassifi ed variants. However, please note that testing an unclassifi ed variant for pre-
dictive context, for example, a prenatal diagnosis, is generally not recommended.

  Fig. 6.1    Sequencing variants classifi cation algorithm.  H  average heterozygosity,  MAF  minor 
allele frequency (*see Table  6.1  and Sect.  3.1  for list of databases)       
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3.1         Interpretation of Deletions/Insertions 

 The size of deletion/insertions detected by sequencing analysis is relatively small 
(usually less than 100 bp) compared to those detected by array comparative 
genomic hybridization (aCGH), fl uorescence in situ hybridization (FISH), and 
cytogenetic studies. If the observed deletion/insertion has not been previously 
reported but results in the alteration of the protein reading frame of a gene leading 
to a frameshift or nonsense stop codon, it is classifi ed as a deleterious mutation 
according to ACMG guidelines [ 3 ]. If the deletion/insertion is novel, but it results 
in an in-frame insertion or deletion, depending on the size and location, it may or 
may not affect the function of the protein. A small in-frame deletion/insertion is 
classifi ed as an unclassifi ed variant. It is important to check if the deletion/insertion 
involves an important functional domain, which may have some impact on protein 
function.  

    Table 6.1    Selected online databases and resources   

 Genome  Databases  Websites 

 nDNA variants  Human Genome Mutation 
Database (HGMD) 

   http://www.hgmd.cf.ac.uk     

 Database of single nucleotide 
polymorphisms (dbSNP) 

   http://www.ncbi.nlm.nih.gov/projects/SNP     

 Online Mendelian Inheritance in 
Man (OMIM) 

   http://omim.org/     

 Locus-Specifi c Mutation 
Databases (LSDBs) 

   http://grenada.lumc.nl/LSDB_list/lsdbs     

 Leiden Open Variation Database 
(LOVD) 

   http://www.lovd.nl/3.0/home     

 MutDB    http://www.mutdb.org/     
 mtDNA variants  MITOMAP    http://www.mitomap.org/MITOMAP     

 mtDB    http://www.mtdb.igp.uu.se/     
 Mamit-tRNA database  (  http://mamit-trna.u-strasbg.fr/human.asp    ) 

     Table 6.2    Selected in silico prediction tools for unclassifi ed variants   

 Prediction category  Name  Website 

 Missense variants  PolyPhen    http://coot.embl.de/PolyPhen/     
 SIFT    http://blocks.fhcrc.org/sift/SIFT.html     
 Align GVGD    http://agvgd.iarc.fr/agvgd_input.php/     
 Panther    http://www.pantherdb.org/tools/csnpScoreForm.jsp     
 PhD-SNP    http://gpcr.biocomp.unibo.it/cgi/predictors/PhD-SNP/

PhD-SNP.cgi     
 PMut    http://mmb2.pcb.ub.es:8080/PMut/     

 Splicing prediction  NetGene2    http://www.cbs.dtu.dk/services/NetGene2     
 BDGP    http://www.fruitfl y.org/seq_tools/splice.html     
 ESE Finder    http://rulai.cshl.edu/tools/ESE2     
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3.2     Evolutionary Conservation 

 Analysis of the conservation of an amino acid at a specifi c position of the protein is 
the fi rst step to infer structural/functional importance of an amino acid residue. The 
protein sequence containing the amino acid of interest should be used as a query for 
analysis using the NCBI protein BLAST website (  http://blast.ncbi.nlm.nih.gov/
Blast.cgi    ). Orthologous proteins from various species throughout evolution need to 
be selected and retrieved. The different biological species should be selected from 
phylogenetic trees that represent the similarities and differences in their physical 
and genetic characteristics. As a minimal standard, the alignments should include 
the full length sequence of eight orthologous genes, in which at least fi ve are from 
mammalian species. We recommend selecting data for the following species, if 
available:  Homo Sapiens ,  Bos Taurus  (cow),  Canis familiaris  (dog),  Mus musculus  
(mouse)/ Rattus norvegicus  (rat),  Gallus gallus  (chicken),  Xenopus laevis  (frog), 
 Danio rerio  (fi sh),  Drosophila melanogaster  (fruit fl y),  Strongylocentrotus droe-
bachiensis  (sea urchin),  Caenorhabditis elegans  (worm), and  Saccharomyces cere-
visiae  (yeast). ClustalW2, a multiple sequence alignment tool (  www.ebi.ac.uk/
Tools/msa/clustalw2/    ), is recommended for multiple sequence alignment.  

3.3     Online Databases and Resources 

 There are many online databases that can be used to further determine if an allele 
has been previously reported with a disease association:

    1.    The Human Genome Mutation Database (HGMD,   http://www.hgmd.cf.ac.uk    ) 
generally collects only the fi rst report of a variant and includes some associated 
phenotype but not its recurrence in the population. It enables access to mutation 
queries and links to the published literatures as well as public resources like 
dbSNP and OMIM. Advanced search functionalities include the ability to fi nd 
mutations based on the type of nucleotide or amino acid change or their location 
in a specifi c motif, splice site, or regulatory region. HGMD can assist in verify-
ing if an observed mutation has been previously reported and in understanding 
the mutation spectrum of a given gene.   

   2.    The Locus-Specifi c Mutation Databases (LSDBs) list sequence variants in a spe-
cifi c gene(s) causing a Mendelian disorder or a change in the phenotype, curated 
by an expert in that gene. The variants may just be observed in one or more tested 
individuals and may not be published in literature [ 4 ].   

   3.    Leiden Open Variation Database (LOVD) is a web-based open source database 
developed in the Leiden University Medical Center to collect and display vari-
ants in the DNA sequence [ 5 ]. The focus of a LOVD is usually the combination 
between a gene and a genetic (heritable) disease. All sequence variants found in 
individuals are collected in the database, together with information about whether 
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they could be causally connected to the disease (i.e., a disease-causing variant or 
mutation) or not (i.e., a non-disease-causing variant).   

   4.    Database of single nucleotide polymorphisms (dbSNP:   http://www.ncbi.nlm.
nih.gov/projects/SNP    ) is a free NCBI archive for genetic variation. It includes 
single-base nucleotide substitutions, small-scale insertions/deletions, retropos-
able element insertions, microsatellite repeat variations, and non-polymorphic 
variants.   

   5.    PubMed (  http://www.ncbi.nlm.nih.gov/PubMed/    ) is a public recourse for bio-
medical literatures, life science journals, and online books. It also provides 
access to additional relevant websites and links to the other NCBI molecular 
biology resources. PubMed is developed and maintained by the National Center 
for Biotechnology Information (NCBI), at the US National Library of Medicine 
(NLM), located at the National Institutes of Health (NIH).   

   6.    Online Mendelian Inheritance in Man (OMIM, McKusick-Nathans Institute of 
Genetic Medicine,   http://omim.org/    ) is a comprehensive, authoritative compen-
dium of human genes and genetic disorders. OMIM generally collects the fi rst 
variants described and later some with unique characteristics. The OMIM data-
base focuses on relationship between phenotype and genotype.   

   7.    Google is a powerful internet search engine useful for fi nding a specifi c variant 
by standard and alternate nomenclatures [ 6 ]. One can search by gene name and 
all other possible ways to denote a variant to retrieve published literature. Google 
scholar is also very helpful in fi nding related literatures, but it is less 
 comprehensive than PubMed.   

   8.    Gene-specifi c databases: Some institutions maintain gene-specifi c databases that 
are open to the public, such as POLG (  http://tools.niehs.nih.gov/polg/index.
cfm?do=polg.home    ), PAH (  http://www.pahdb.mcgill.ca/    ), OPA1 (  http://lbbma.
univ-angers.fr/lbbma.php?id=9    ), and ALDOB (  http://www.bu.edu/aldolase/
HFI/hfi db/hfi db.html    ). These disease-specifi c databases are good resources to 
check if a mutation/variant has been seen previously.     

 If the variant has been previously reported, the publication should be carefully 
reviewed to see if the published data provides suffi cient evidence to address the 
pathogenicity of the fi ndings. If the variant has never been reported in any of the 
above mentioned databases and does not belong to category 2, it is considered a 
variant of unknown signifi cance and additional analyses are warranted.  

3.4     Utilization of In Silico Prediction Algorithms 
for Pathogenicity Predictions of Unclassifi ed Variants 

 A variety of in silico prediction tools are available to access the possible pathoge-
nicity of a missense variant or splicing effect. Here, we list the prediction tools that 
are commonly used in clinical diagnostic laboratories (Table  6.2 ). 
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3.4.1     In Silico Prediction Tools for Missense Variants 

     1.    The SIFT algorithm (Sorting Intolerant From Tolerant) (  http://sift.jcvi.org    ) is mainly 
based on sequence homology. It can be used to predict the likely effect, tolerated or 
not tolerated, of a non-synonymous substitution on protein function [ 7 ].   

   2.    The PolyPhen algorithm (polymorphism phenotyping) is a structure-sequence- 
based amino acid substitution prediction method. The current version is 
PolyPhen-2 (  http://genetics.bwh.harvard.edu/pph2    ). It utilizes the data available 
in UniProtKB/UniRef100 and is based on conservation, protein folding, and 
crystal structure [ 8 ]. This analysis classifi es variants as likely benign, possibly 
damaging, or probably damaging.   

   3.    Align GVGD is a web-based program that combines the biophysical character-
istics of amino acids and protein multiple sequence alignments to predict where 
missense substitutions in genes of interest fall in a spectrum from enriched del-
eterious to enriched neutral [ 9 ,  10 ].     

 Caveats do exist for the use of predictive software; while limited studies evaluat-
ing the reliability of these programs have been reported [ 9 ,  11 ], no software has 
been clinically validated. Bioinformatics prediction tools may be valuable as screen-
ing tools for identifying alleles of high pathogenic potential in molecular and dis-
ease association studies. However, since the error rates are still high, current 
algorithms do not supplant the need for in vitro or in vivo functional studies [ 12 ].  

3.4.2     In Silico Prediction Tools for Possible Splice Effect 

 The precise recognition of intron-exon junctions (splice sites) and the correct pair-
ing of the 5' splice site with its cognate 3′ splice site are critical for splice site selec-
tion. The splice donor site contains an almost invariant sequence GU at the 5′ end 
of the intron. The splice acceptor site terminates the intron with an almost invariant 
AG sequence at the 3′ end of intron. If a nucleotide substitution changes one of 
these invariant splice site sequences, it is considered to be a deleterious mutation 
according to ACMG guidelines [ 3 ]. Eukaryotic genomes contain large numbers of 
splice sites, known as cryptic splice sites (css), which are generally held to be dis-
advantageous sites that are dormant or used only at low levels unless activated by 
mutation of nearby authentic or advantageous splice sites. It appears that all types 
of genomic nucleotide variations can be deleterious by affecting normal pre-mRNA 
splicing via disruption/creation of splice site consensus sequences. It is important to 
use different splicing prediction algorithm to evaluate intronic or synonymous vari-
ants for possible effect on splicing.

    1.    NetGene2 (  http://www.cbs.dtu.dk/services/NetGene2    ) is a neural network-based 
prediction of splice sites for human  C. elegans  and  A. thaliana  DNA [ 13 ]. Input 
the mutant sequence spanning the exon-intron boundary. The query sequence 
must be more than 200 and less than 80.000 nucleotides long.   

   2.    The splice site predictor at Berkeley Drosophila Genome Project (BDGP) is 
based on neural network recognition of donor/acceptor splice site in a DNA 
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sequence [ 14 ]. This algorithm is applied to both human and  D. melanogaster  
genes (  http://www.fruitfl y.org/seq_tools/splice.html    ). Input both wild-type and 
mutant sequences spanning the exon-intron boundary. Multiple sequences can be 
included to search at one time. The prediction also produces a confi dence score 
based on the algorithm.   

   3.    There are other splice algorithms available to predict the possible splicing effect: 
SpliceSiteFinder-like, MaxEntScan, NNSPLICE, GeneSplicer, and Known con-
stitutive signals [ 15 ].   

   4.    ESE Finder 2.0 is an algorithm for the prediction of how a sequence change in 
an exon interferes exonic splicing enhancer (ESE) [ 16 ,  17 ] (  http://rulai.cshl.edu/
tools/ESE2    ). Exonic enhancers are binding sites for specifi c serine-/arginine- 
rich (SR) proteins. SR proteins bound to ESEs can promote exon defi nition by 
directly recruiting the splicing machinery through their SR domain and/or by 
antagonizing the action of nearby silencer elements.    

  In silico predictions are useful for variants that decrease the strength of wild-type 
splice sites or create a cryptic splice site. Importantly, in silico predictions are not 
suffi cient to classify variants as neutral or deleterious: they should be used as part of 
the decision-making process to detect potential candidates for splicing anomalies, 
prompting molecular geneticists to carry out transcript analyses in a limited and 
pertinent number of cases which could be managed in routine settings. 

 Table  6.2  listed commonly used in silico prediction tools for pathogenicity pre-
diction of unclassifi ed variants.   

3.5     Additional Studies in Analysis of Unclassifi ed Variants 

3.5.1     Parental Testing 

 Testing the parents of an affect proband is an easy test to perform and can aid in the 
interpretation of molecular fi ndings. When an apparently homozygous mutation or 
variant is detected in an autosomal recessive gene in the proband, parental testing is 
important in order to confi rm each is heterozygous for the same fi nding. If the het-
erozygous variant was only detected in one, but not in other parent, further investi-
gations should be followed up to determine if there was an allele drop out in the 
proband due to a rare SNP on primer sites, an intragenic deletion in the other allele 
causing apparent loss of heterozygosity (LOH) or uniparental disomy in the detected 
region. When two heterozygous mutations or variants are detected in an autosomal 
recessive gene in the proband, testing parents can help determine the phase or con-
fi guration of the two heterozygous changes. If a novel or rare missense unclassifi ed 
variant is detected to be in a  cis  confi guration with a known deleterious mutation, in 
general, this variant is unlikely to cause to clinical symptoms in the proband. On the 
other hand, if a novel or rare variant is in a  trans  confi guration with a deleterious 
mutation and is located in highly conserved functional domain, then these evidences 
imply the pathogenic potential of this variant.  
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3.5.2     Co-segregation Analyses 

 The analysis of co-segregation of a variant with the disease in families is a powerful 
tool for the classifi cation of unclassifi ed variants [ 18 ] .  It is relatively easy to per-
form and requires only gender, genotype, and age of onset as well as clinical and 
family history. Although in most cases, co-segregation analysis itself is insuffi cient 
to prove the pathogenicity of a given unclassifi ed variant, absence of co-segregation 
provides strong evidence against pathogenicity of this variant.  

3.5.3     Control Studies 

 Testing ethnicity matched healthy controls can determine whether an unclassifi ed 
variant is segregating in the normal population and help to interpret the possible 
pathogenicity of an unclassifi ed variant. Several factors need to be considered when 
using a control study: (1) The number of properly matched healthy controls that 
need to be screened. In general, in order to have 95 % chance to observe a variant 
with 1 % of allele frequency, at least 298 chromosomes have to be screened. 
(2) Some populations may have a high carrier frequency for certain pathogenic vari-
ants for recessive disorders due to founder effects. (3) In later onset disorders, some 
individuals in a control group may become affected later in life.  

3.5.4     RNA Studies 

 RNA analysis is the essential test to confi rm a splicing mutation. However, due to 
the limited availability of RNA specimens, it is not feasible to perform RNA stud-
ies for most unclassifi ed variants. We recommend considering RNA studies for 
variants that are predicted to affect splicing by at least two independent in silico 
splicing prediction algorithms or patient samples in which only a heterozygous 
mutation was detected in an autosomal recessive disease gene with a highly sug-
gestive clinical presentation. However, care must be taken in using an appropriate 
cell or tissue type since gene expression in the form of transcription may be tissue 
specifi c.  

3.5.5     Protein Functional Studies 

 A reliable functional protein assay is the best way to evaluate the pathogenicity of a 
variant. Commonly used functional studies include measuring enzyme activity, 
in vitro or in vivo analysis of protein expression levels, immunochemistry for cel-
lular protein localization, and tissue-specifi c expression. Due to the complexity of 
most of these assays, it is usually not feasible to provide protein functional studies 
as a routine assay in clinical diagnostic laboratories.    
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4     Other Considerations for the Interpretation 
of mtDNA Variants 

 Unlike the disomic nature of most nuclear genes, mtDNA copy number varies from 
hundreds to several thousands per cell among different tissues. Sequence variants in 
mtDNA can be present in homoplasmic or heteroplasmic states. The degree of 
mtDNA mutation heteroplasmy and its tissue distribution can affect an individual’s 
clinical presentation. Therefore, the interpretation of the possible pathogenicity of 
rare and novel mtDNA variants can be further complicated by the level of hetero-
plasmy, tissue threshold of a particular mutation, and variable penetrance. While not 
always reliable, publically available mtDNA databases and algorithms that examine 
protein structure/function/evolution can be utilized to gauge the pathogenic poten-
tial of novel and/or rare mtDNA variants. 

4.1     Publicly Available Databases for Mitochondrial Sequence 
Analyses 

 While not always reliable, publically available mtDNA databases and algorithms 
that examine protein structure/function/evolution can be utilized to gauge the patho-
genic potential of novel and/or rare mtDNA variants. 

 MITOMAP (  http://www.mitomap.org/MITOMAP    ) and the Human Mitochondrial 
Genome Database (mtDB) (  http://www.mtdb.igp.uu.se/    ) provide useful data for the 
interpretation of mtDNA variants. MITOMAP compiles human mtDNA variations 
from both published and unpublished sources. All mtDNA variants are classifi ed 
into two categories in MITOMAP: polymorphisms and mutations. The polymor-
phism category includes benign polymorphisms, somatic alterations, and collections 
of unpublished variants (e.g., mtDNA variants from PhyloTree). The mutation cat-
egory contains confi rmed mtDNA mutations and variants reported to have disease 
association. Relevant publications are listed for identifi ed variants. 

 The Human Mitochondrial Genome Database (mtDB) is another resource with 
extensive documentation of human mitochondrial variants. It contains mtDNA vari-
ants from over 2,700 individuals who were healthy at the time of ascertainment and 
their frequency in the subject cohort, which is very helpful in interpreting of the 
nature of an mtDNA variant. However, it should be recognized that some variants 
may appear to be rare due to ethnic underrepresentation in the database. The allele 
frequencies are obtained from the mtDB database and our private database (com-
prised of mitochondrial whole genome sequences for over 3,000 unrelated individu-
als and partial mtDNA sequences of 420 matrilineal relatives as of June 2012). We 
use an allele frequency of ≤0.2 % as the defi nition of rare mtDNA variants. 
Considerable caution is needed in using data derived from diagnostic laboratories in 
that almost all samples are obtained from unhealthy individuals. Similarly, there are 
errors/inconsistencies in the medical literature concerning the classifi cation of rare 
population-specifi c variants and pathologic alterations. 
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 If the mtDNA variant occurs in the mitochondrial tRNA genes, the Mamit-tRNA 
database (  http://mamit-trna.u-strasbg.fr/human.asp    ) should be checked. The Mamit- 
tRNA database contains mammalian mitochondrial tRNAs with an emphasis on the 
structural characteristics of these tRNAs. It contains extensive documentation on 
point mutations in mitochondrial tRNA genes related to human mitochondrial dis-
orders including 2D cloverleaf representation of tRNA and a list of mutations, the 
associated disease phenotypes, and corresponding references [ 19 ].  

4.2     Classifi cation of mtDNA Variants 

 In general, mtDNA variants can be classifi ed into three categories [ 20 ]:

    1.     Benign variant (category 5) : If a variant has been reported in MITOMAP as a 
polymorphism, has no report of disease association in the population or family 
studies, and has been reported in mtDB at a frequency greater than 0.2 %, then 
this variant is considered to be a benign variant.   

   2.     Unclassifi ed variant : Any variants that meet at least one of the criteria below:

    (a)    A novel variant  (category 3)    
   (b)    A rare variant that has been reported in MITOMAP as a polymorphism, but 

not in mtDB, or reported in mtDB at a frequency ≤0.2 %   
   (c)    A rare variant reported in the literature or MITOMAP as a “mutation” based 

on a single-family study or a single report with no functional studies address-
ing pathogenicity  (category 7)     

      3.     Mutation (categories 1 and 2) : mtDNA variants that have been listed in 
MITOMAP as “confi rmed mutations” and have been reported in multiple unre-
lated patients/families with clinical correlation and/or supporting functional 
studies. Nonsense and frameshift mutations in the protein-coding genes of 
mtDNA are classifi ed as categories 1 and 2 deleterious mutations.    

4.3       Follow-Up Studies for mtDNA Variants 

4.3.1     Test Matrilineal Relatives 

 Due to the uncertain biological/clinical signifi cance of unclassifi ed variants, targeted 
sequence analysis of the patient’s mother and other matrilineal relatives is typically 
recommended. When a variant is homoplasmic in asymptomatic matrilineal adult 
relatives and is not co-segregating with disease phenotype, then that variant, by 
itself, is unlikely to be the primary cause of the clinical symptoms. If a variant is 
absent or at a low level of heteroplasmy in asymptomatic matrilineal relatives or is 
co-segregating with a disease phenotype, then this variant may be pathogenic. 
Additional studies, including mitochondrial functional studies and Western blot 
analysis, may be needed to further clarify the clinical signifi cance of this variant.  
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4.3.2     Heteroplasmy Quantifi cation and Verifi cation 

 While the interpretation of a heteroplasmic change is inherently problematic, if the 
variant is absent or at lower heteroplasmy in asymptomatic matrilineal relatives, 
then there is a higher index of suspicion of pathogenicity. The degree of hetero-
plasmy of the variant in various tissues that correlates with the clinical features 
may also facilitate interpretation. Quantifi cation of the level of heteroplasmy of 
variant/mutation in tissue samples from invasive (e.g., muscle, skin) or noninvasive 
(e.g., hair bulbs, urine sediment, and buccal mucosa cells) sources should be 
considered.   

4.4     Tissue Specifi city and Nuclear Modifi er Genes 

 Both mtDNA replication and maintenance are controlled by nuclear genes. In addi-
tion to primary mtDNA mutations, mitochondrial diseases can also be caused by 
defects of nuclear gene encoded respiratory chain complex proteins, by nuclear 
genes mutations resulting in alteration of mtDNA, and by synergistic effect of an 
mtDNA mutation with a nuclear modifi er gene. The examples of synergistic action 
of an mtDNA mutation with a nuclear modifi er gene are m.11778G > A, 14484 T > C, 
and 3460G > A in the ND genes associated with Leber’s hereditary optic neuropathy 
(LHON) and m.1555A > G in the 12S rRNA associated with sensorineural hearing 
loss (SNHL) [ 21 ]. The characteristic features of presence nuclear modifi er gene for 
an mtDNA mutation are maternal inheritance, homoplasmic level of mtDNA muta-
tion, tissue-specifi c presentation, variable penetrance, and large variability in clini-
cal phenotype observed in different pedigrees [ 22 ]. 

 For example, an individual can only develop LHON when a primary mtDNA 
mutation is present. However, due to reduced penetrance, only approximately 50 % 
of males and over 15 % of females who harbor a primary LHON mutation develop 
blindness, which certainly indicates that nuclear genetic factors are important in the 
expression of the disease [ 23 ]. Unknown environmental and genetic factors remain 
to be discovered that interact with primary mtDNA mutation to develop the disease. 
Therefore, when interpreting mtDNA mutation, the potential infl uence of nuclear 
genes should be considered.  

4.5     Large mtDNA Deletions 

 Large mtDNA deletions usually cause one of the three conditions: Kearns-Sayre 
syndrome (KSS), Pearson Syndrome, or progressive external ophthalmoplegia 
(PEO). While the large mtDNA is a bona fi de mutation, further test different tis-
sues from the proband and matrilineal relatives can help to distinguish whether a 
large mtDNA deletion is a germline or somatic mutation, is inherited or de novo. 
This is important for genetic counseling. Most large mtDNA deletions arise de 
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novo. If the proband’s mother does not carry the large mtDNA deletion, the risk to 
the proband’s siblings is usually extremely low. While exceptions do occur, the 
offspring of a female patient is usually not at risk of inheriting the large mtDNA 
deletion [ 24 ].  

4.6     Distinguishing Primary and Secondary mtDNA Mutations 

 Mitochondrial disorders have been called defects of intergenomic signaling or 
nuclear-mitochondrial communication disorders. In addition to sporadic or mater-
nally inherited disorders due to mutations of mtDNA, nuclear-mitochondrial 
intergenomic signaling disorders are transmitted as Mendelian traits, either autoso-
mal dominant or recessive, and are associated with the accumulation of molecular 
abnormalities of mtDNA. The consequences of these disorders are characterized by 
qualitative or quantitative alterations of mtDNA. 

 Most single mtDNA    deletions occur in sporadic cases since they are de novo 
generated in the oocyte or during embryonic development. Maternal transmission of 
single large mtDNA deletion appears to be extremely rare. On the other hand, mul-
tiple deletions of mtDNA have been reported in familial forms of progressive exter-
nal ophthalmoplegia (PEO) with both autosomal dominant and recessive inheritance. 
The accumulation of mtDNA multiple deletions is generally restricted to skeletal 
muscle and is usually secondary to defects in genes that are critical for the mainte-
nance of mitochondrial integrity. Mutations in the  ANT1 ,  Twinkle ,  POLG ,  POLG2 , 
 RRM2B ,  OPA1 , and  MFN2  genes have been associated with PEO syndrome and 
causing mtDNA multiple deletions. 

 The current massively parallel sequencing technology allows us to detect not 
only mtDNA point mutations and small indels but also single large deletion and 
multiple deletions [ 25 ]. When mtDNA multiple deletions are identifi ed, further test-
ing of nuclear genes that are responsible for the maintenance of mitochondrial 
integrity should be considered.   

5     Summary 

 The next-generation sequencing technology has become increasingly important for 
molecular diagnosis, either to identify pathogenic mutations in known disease- 
causing genes or discover new disease-causing genes. Interpretation and reporting 
of sequencing results for clinical diagnosis are limited to qualifi ed professionals 
based on ACMG recommendation [ 3 ]. In this chapter, we propose a classifi cation 
scheme and interpretation guideline for variants detected in both nuclear and mito-
chondrial genome.     
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    Abstract     Next-generation sequencing (NGS) has transformed genomic research 
by decreasing the cost of sequencing and increasing the throughput. NGS plat-
forms have evolved to provide an accurate and comprehensive means for the detec-
tion of molecular mutations, and the recent focus is on using NGS technology in 
clinical diagnosis. NGS analysis has three major components: enrichment, 
sequencing, and analysis. In the last several years, enrichment technologies based 
on hybridization or amplifi cation principles have emerged. Similarly, sequencing 
platforms have continued to improve by increasing the sequencing output and 
decreasing the sequencing time and cost. Various enrichment and sequencing plat-
form combinations have been utilized for the diagnosis of genetically heteroge-
neous disorders, and it is the topic of discussion for this chapter. We describe the 
employment of NGS approaches to the diagnosis of genetically heterogeneous dis-
orders and mention advantages and challenges of these technologies in a clinical 
laboratory setting.  

  Abbreviations 
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  APEX    Arrayed primer extension   
  ARPKD    Autosomal recessive polycystic kidney disease   

    Chapter 7   
 NGS-Based Clinical Diagnosis of Genetically 
Heterogeneous Disorders 

             C.    A.     Valencia      ,     T.A.     Sivakumaran      ,     B.T.     Tinkle      ,     A.     Husami      , and     K.     Zhang     

        C.  A.   Valencia ,  Ph.D.    (*) •      T.A.   Sivakumaran,   Ph.D.    •      B.T.   Tinkle,   M.D., Ph.D.      
   A.   Husami ,  B.Sc.    •      K.   Zhang ,  M.D., M.B.A.      
  Division of Human Genetics,   Cincinnati Children’s Hospital Medical Center,  
  Cincinnati ,  OH   45229,   USA    

  Department of Pediatrics ,  University of Cincinnati Medical School ,   Cincinnati,  
 OH   45229 ,  USA   
 e-mail: Alexander.Valencia@cchmc.org; Siva.Theru_Arumugam@cchmc.org; 
Bradley.Tinkle@cchmc.org; Ammar.Husami@cchmc.org; Kejian.Zhang@cchmc.org  



116

  ARVC    Arrhythmogenic right ventricular cardiomyopathy   
  BBS    Bardet–Biedl syndrome   
  CHD    Congenital heart disease   
  CHF    Congenital hepatic fi brosis   
  CMD    Congenital muscular dystrophy   
  CNS    Central nervous system   
  CSD    Conduction system disease   
  DCM    Dilated cardiomyopathy   
  ERG    Electroretinogram   
  HCM    Hypertrophic cardiomyopathy   
  HLH    Hemophagocytic lymphohistiocytosis   
  JBTS    Joubert syndrome-related disorders   
  LCA    Leber congenital amaurosis   
  LGMD1B    Limb-girdle muscular dystrophy type 1B   
  LVNC    Left ventricular noncompaction   
  MDC1A    Merosin-defi cient congenital muscular dystrophy   
  MDC1C    Congenital muscular dystrophy type 1C   
  MEB    Muscle-eye-brain disease   
  MKS    Meckel–Gruber syndrome   
  NGS    Next-generation sequencing   
  NPHP    Nephronophthisis   
  NPHP-AC    Nephronophthisis-associated ciliopathies   
  PCD    Primary ciliary dyskinesia   
  PIDD    Primary immunodefi ciency disorders   
  RP    Retinitis pigmentosa   
  RSS    Rigid spine syndrome   
  SCD    Sudden cardiac death   
  SVT    Supraventricular tachycardia   
  VT    Ventricular tachycardia   
  WGA    Whole genome amplifi cation   
  WWS    Walker–Warburg syndrome   

1           Introduction 

 The completion of the Human Genome Project in 2003 was regarded as the dawn 
of an era of genomic medicine, in which information from genomes would guide 
clinical decision making and contribute to the ultimate delivery of personalized 
medicine. It was expected that accelerated detection of disease-related mutations 
would improve genetic diagnosis and prognosis [ 1 ,  2 ]. The delivery of personal-
ized genomic medicine requires not only access to the complete human genome 
but also availability of appropriate genetic tests for individual patients. Molecular 
genetic testing is important for clinical care, enabling assignment of risk, genetic 
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counseling, and prognosis, and will be essential for enrolling patients in future 
gene therapy trials [ 3 – 5 ]. However, the genetic heterogeneity of many Mendelian 
disorders is a major obstacle to obtaining molecular diagnoses in clinical practice 
[ 2 ]. Apart from the genetic heterogeneity, there are other obstacles that currently 
limit molecular diagnosis such as the lack of clearly defi ned genotype–phenotype 
correlations [ 6 ]. This makes it diffi cult to direct testing to specifi c candidate 
genes. The development of massively parallel or “next-generation” sequencing 
(NGS) techniques, which generate millions of DNA sequence reads in parallel 
during a single experimental run, offers a potential solution [ 2 ]. This is accom-
plished in two steps: an enrichment step and massive parallel sequencing using 
one of the commercially available NGS platforms. The aim of this chapter is to 
provide a broad, not comprehensive, review of the introduction of NGS, including 
enrichment technologies and sequencing platforms, into clinical practice by spe-
cifi cally focusing on how these technologies have helped with the genetic hetero-
geneity, cost, and poorly defi ned genotype–phenotype correlation challenges that 
physicians face.  

2      Genetically Heterogeneous Disorders 

2.1     Retinitis Pigmentosa 

 Retinitis pigmentosa (RP) is a genetically heterogeneous disorder, and the most 
common inherited retinal degeneration disorder, with prevalence of 1 in 4,000 [ 6 ]. 
RP is classifi ed as nonsyndromic, or “simple” (not affecting other organs or tissues), 
syndromic (affecting other systems such as hearing), or systemic (affecting multiple 
tissues). Nonsyndromic RP can be inherited in an autosomal dominant, autosomal 
recessive, or X-linked manner [ 7 ]. In addition, rare digenic forms with heterozy-
gous mutations in both  ROM1  and  RDS  also occur. Fifty-two genes are known to be 
associated with non-syndromic RP, involving all modes of inheritance, demonstrat-
ing its genetic heterogeneous nature [ 8 ]. A further 59 genes are known to underlie 
other subtypes of syndromic and non-syndromic retinal diseases (RetNet:   http://
www.sph.uth.tmc.edu/Retnet/    ). The genetic heterogeneity along with the lack of 
well-defi ned genotype–phenotype correlations makes molecular testing of a spe-
cifi c candidate gene challenging. For example, with a few exceptions, there are no 
ophthalmologic characteristics specifi cally associated with the genetic subtypes of 
RP, impeding the prioritization of genes for analysis by Sanger sequencing. Due to 
the unknown mode of inheritance of a large number of cases, mutations in any of 
the 52 known RP genes may be causative. Traditional genetic screening for RP is 
laborious, although technological advances have had some impact [ 9 ,  10 ]. The most 
widely applied diagnostic test for heterogeneous diseases, arrayed primer extension 
(APEX) chip technology, is only able to detect known mutations [ 11 ]. In addition, 
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these chips are designed to separately test for the presence of known mutations in 
autosomal dominant or recessive RP genes, resulting in a diagnostic yield for auto-
somal recessive RP of only ~10 % [ 11 ]. Altogether, the yield of diagnostic testing 
has remained disappointingly low for RP patients, despite the many important 
disease gene discoveries in the last two decades [ 8 ]. However, to date, applications 
of the NGS sequencing approach as a molecular diagnostic tool have been limited 
because of the costs and perceived technical and data-handling challenges.  

2.2     Leber Congenital Amaurosis 

 Leber congenital amaurosis (LCA), a genetically heterogeneous disorder, is an 
early and severe autosomal recessive retinal dystrophy, causing progressive pro-
found visual defi ciency or blindness from birth. LCA has a worldwide incidence 
of about 1 in 30,000 and is the most frequent cause of childhood blindness [ 12 ]. 
LCA becomes evident in the fi rst year of life. Visual defi ciency is poor with nys-
tagmus, sluggish or near-absent pupillary responses, photophobia, high hyperopia, 
and keratoconus [ 13 ]. Visual acuity is rarely better than 20/400. A characteristic 
fi nding is Franceschetti’s oculo-digital sign, comprising eye poking, pressing, and 
rubbing. While the retina may initially appear normal, a pigmentary retinopathy 
reminiscent of RP is frequently observed later in childhood. The electroretinogram 
(ERG) is characteristically “nondetectable” or severely subnormal [ 13 ]. Genetic 
heterogeneity is a key obstacle in diagnosing and identifying LCA patients eligi-
ble for gene- specifi c treatment. Its mode of inheritance is mostly autosomal reces-
sive; however, several autosomal dominant cases have been reported [ 14 ]. 
Approximately 70 % of LCA cases can be explained by mutations found in 16 
disease genes, leaving the remaining 30 % cases unexplained [ 15 ]. Cases with an 
acuity of 20/50 or better have been reported, usually with  CRB1 ,  LRAT , or  RPE65  
mutations [ 16 ]. Patients who exhibit mild improvements in visual function tempo-
rarily and then decline may have mutations in  CRB1 ,  LRAT , and  RPE65  genes. 
Generally, patients with a progressive course have mutations in  AILP1  and 
 RPGRIP1 , whereas those with severe but stable vision loss have mutations in 
 CEP290  and  GUCY2D  genes [ 16 ]. Moreover, some of these genes are also 
involved in syndromic diseases. Signifi cantly, early molecular diagnosis offers the 
prospect of specifi c and adequate medical follow-up. Technologically, the use of 
an LCA microarray that evaluates 641 known mutations in 13 genes has been the 
most commonly used primary genetic test [ 17 ]. Unfortunately, it fails to detect 
new mutations, is costly for routine testing, and has a variable, population- 
dependent detection rate. Current genetic tests only offer a subset of causative 
genes [ 18 ]. There    is a pressing necessity for a comprehensive approach that can to 
identify all mutations in all currently known LCA genes. NGS technologies offer 
an immediate solution for the molecular diagnosis of LCA as a genetically hetero-
geneous disorder.  
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2.3     Ciliopathies 

 Cilia are evolutionarily conserved hair-like structures with key roles in cell locomo-
tion, fl uid movement, and sexual reproduction [ 19 ]. Abnormal ciliary axonemal 
structure and function have been linked to the growing class of genetic disorders 
collectively known as ciliopathies [ 19 ]. The prototypical ciliopathy, primary ciliary 
dyskinesia (PCD), was the fi rst human disorder linked to ciliary dysfunction [ 20 –
 22 ]. The importance of cilia in other human diseases is just beginning to be eluci-
dated, and defects have been associated with a growing number of pediatric 
conditions, including obesity, renal disease, hepatic fi brosis, skeletal dysplasias, 
endocrinopathies, neurodevelopmental defects, central nervous system (CNS) 
anomalies, laterality defects, and congenital heart disease (CHD) [ 21 – 24 ]. 

2.3.1     Motor Ciliopathies 

 PCD, a genetically heterogeneous disorder, is an autosomal recessive condition; 
however, rare cases of autosomal dominant and X-linked inheritance have been 
reported [ 25 ]. The incidence of PCD ranges from 1 in 15,000 to 30,000 live births 
[ 19 ]. Most patients with PCD have persistent hypoxemia or even acute respiratory 
failure during the immediate newborn period as the upper respiratory is almost 
always universally involved. Inadequate mucus clearance from the respiratory tract 
commonly manifests as chronic sinusitis, and some patients develop nasal polypo-
sis. Middle ear disease is described in most with varying degrees of conductive 
hearing loss. Impaired mucociliary clearance of the lower respiratory tract leads to 
recurrent episodes of pneumonia or bronchitis. Chronic lung infection and infl am-
mation result in persistent atelectasis and bronchiectasis in many patients, even 
young children, typically involving the right (or left) middle lobe and is most often 
progressive [ 26 ,  27 ]. Left-right laterality is also a cilia-dependent mechanism, and 
half those with PCD have situs inversus totalis (SI) with complete reversal of the 
thoracic and abdominal organs. Male patients with PCD are typically infertile as a 
result of impaired spermatozoa motility caused by defective sperm fl agella, although 
male infertility is not a universal fi nding in this disease [ 20 ]. Male patients with 
PCD can have some spermatozoa motility, suggesting sperm tails retain some func-
tion or could actually be under different genetic control than cilia. Fertility issues in 
women have been reported, likely due to ciliary dysfunction in fallopian tubes [ 20 ]. 
Investigations of the genetic basis of PCD have focused on dynein arm proteins and 
have revealed the heterogeneous nature of the disease. To date, mutations have been 
identifi ed in 11 genes.  DNAI1  was the fi rst gene to be linked to PCD on the basis of 
the candidate approach. Mutations in  DNAI1  have been found in patients with outer 
dynein arm defects and functional ciliary abnormalities and have been estimated to 
occur in 10 % of patients with PCD [ 28 ]. Another gene,  DNAH5 , has also been 
identifi ed as a causative gene with homozygosity mapping. A recent study has indi-
cated that 53 % of patients with PCD with known outer dynein arm defects had 
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mutations in  DNAH5  clustered in fi ve exons, making this a promising target for 
genetic screening [ 29 ]. Most recently, another dynein gene,  DNAH11 , has been 
linked to PCD with normal ultrastructure. The other PCD genes, including  DNAI2 , 
 KTU ,  TXNDC3 ,  LRRC50 ,  RSPH9 ,  RSPH4A ,  CCDC40 , and  CCDC39 , have only 
been reported in a small number of patients, and their relative prevalence has not 
been defi ned [ 19 ]. A pressing necessity for comprehensive genetic testing that 
includes all causative genes for motor ciliopathies exists.  

2.3.2     Sensory Ciliopathies 

 In some tissues, primary cilia serve as chemoreceptors and mechanoreceptors of the 
extracellular environment [ 22 ,  30 ,  31 ]. Autosomal dominant polycystic kidney dis-
ease, a common cause of chronic renal failure in adults, was one of the fi rst diseases 
linked to sensory cilia dysfunction, caused by mutations in  PKD1  and  PKD2  genes, 
which encode polycystin 1 or polycystin 2, respectively [ 31 – 33 ]. In contrast, auto-
somal recessive polycystic kidney disease (ARPKD) is the most common childhood- 
onset ciliopathy, characterized by dilated renal collecting ducts resulting in 
progressive cystic degeneration of the kidneys and congenital hepatic fi brosis (CHF). 
ARPKD is caused by mutations in  PKHD1  that encodes polyductin, a protein 
involved in differentiation of cells lining the collecting ducts [ 34 ]. Another ciliopa-
thy, nephronophthisis, is an autosomal recessive cystic renal disease of childhood 
caused by mutations in nine different genes encoding nephrocystins ( NPHP1-8  and 
 ALMS1 ) that localize to cilia, basal bodies, centrosomes, adherens junctions, and 
focal adhesions [ 35 ]. Collectively, the various forms of nephronophthisis are the 
most common cause of end-stage renal failure in children. Genetically heteroge-
neous primary ciliary defects have been shown to cause several, overlapping syn-
dromes, as a result of ciliary/centrosomal defects in various cell types such as retinal 
photoreceptors or renal tubular epithelial cells, and have been implicated in the 
pathogenesis of nephronophthisis-associated ciliopathies (NPHP-AC), including 
nephronophthisis (NPHP), Senior–Loken syndrome (SLSN), Joubert syndrome 
(JBTS), Meckel–Gruber syndrome (MKS), and Bardet–Biedl syndrome (BBS) [ 31 , 
 36 ]. For instance, Bardet–Biedl syndrome (BBS) is a rare, genetically heteroge-
neous, autosomal recessive disorder with varied phenotypes, including RP, polycys-
tic kidneys, truncal obesity, polydactyly, hypogonadism, intellectual disabilities, 
diabetes mellitus, and CHD. Approximately one-third of patients with BBS will 
have anosmia, caused by defective nonmotile sensory “9 + 2” cilia, present on olfac-
tory neurons. There are at least 12 different BBS genes, found only in ciliated cells 
and localized to the basal body and ciliary axoneme, and expressed proteins are 
involved in microtubule anchoring and coordination of the cell cycle [ 37 ]. The most 
severe manifestation of the NPHP-AC clinical spectrum is seen in fetuses with 
MKS, a perinatally lethal ciliopathy, characterized by central nervous system mal-
formations (typically occipital encephalocele), bilateral postaxial hexadactyly, hep-
atobiliary ductal plate malformation, and multicystic dysplastic kidneys [ 36 ]. It is 
caused by abnormalities of various proteins located in the cilia-basal body-centrosome 
complex, including  MKS1  and  MKS3 . In patients with JBTS, midbrain/hindbrain 
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malformations and cerebellar vermis hypoplasia/aplasia result in numerous neurological 
features including developmental delay, intellectual disability, muscle hypotonia, 
ataxia, oculomotor apraxia, nystagmus, and irregular breathing patterns in neonates 
[ 38 ]. Other less common features include retinal dystrophy, fi brocystic renal 
disease, CHF, occipital encephalocele, and polydactyly. Some genotype–phenotype 
correlations have emerged, and multiple causative genes are responsible for a syn-
drome, or mutations in a gene are responsible for several syndromes, illustrating 
locus and allelic genetic heterogeneity and shared pathologies of sensory ciliopathies. 
Mutations in 18 different recessive genes have been identifi ed as the molecular 
cause in NPHP-AC [ 36 ]. Twelve genes have been implicated in NPHP and/or SLSN 
( NPHP1 ,  INVS ,  NPHP3 ,  NPHP4 ,  IQCB1 ,  CEP290 ,  GLIS2 ,  RPGRIP1L ,  NEK8 , 
 TMEM67 ,  TTC21B , and  XPNPEP3 ) [ 39 – 50 ]. Ten are known to cause JBTS ( AHI1 , 
 TMEM216 ,  INPP5E ,  NPHP1 ,  CEP290 ,  RPGRIP1L ,  TMEM67 ,  ARL13B ,  CC2D2A , 
and  TTC21B ). Mutations in fi ve genes (MKS1,  TMEM67 ,  CEP290 ,  RPGRIP1L , 
 CC2D2A ,  TMEM216 ) have been shown to cause MKS [ 51 – 55 ]. Moreover, multiple 
allelism within the NPHP-AC phenotypic spectrum has been recurrently reported 
for many of these genes, especially  CEP290 ,  RPGRIP1L ,  TMEM67 ,  CC2D2A , 
 TTC21B , and  TMEM216 . For example, hypomorphic missense mutations in the 
gene  TMEM67  ( MKS3 / NPHP11 ) are implicated in NPHP with liver fi brosis and 
JBTS type 6, whereas truncating mutations in  TMEM67 / MKS3  have been reported 
in MKS cases with severe developmental and dysplastic phenotypes [ 49 ,  53 ]. The 
presence of multiple allelism and broad heterogeneity together with extensive phe-
notypic clinical overlap in patients with NPHP-AC requires extensive mutational 
analysis efforts in order to identify the underlying molecular etiology. The challenge 
of analyzing increasing numbers of candidate genes associated with disease in large 
cohorts of patients can now be met by applying NGS technologies.   

2.4     Congenital Muscular Dystrophies 

 The congenital muscular dystrophies (CMDs) comprise a genetically and phenotypi-
cally heterogeneous group of disorders with preferentially autosomal recessive 
inheritance. CMDs manifest clinically at birth or early infancy and are characterized 
by congenital hypotonia, delayed motor development, progressive muscle weakness, 
respiratory insuffi ciency, bulbar dysfunction, arthrogryposis, and often involvement 
of other organ systems such as the brain and eyes [ 56 ]. Hypertrophy of the tongue 
and limb muscles, scoliosis, and contractures may develop with age [ 57 ]. Weakness 
is static or slowly progressive. Muscle biopsy shows typical dystrophic changes 
(degeneration and regeneration of muscle fi bers and proliferation of fatty and con-
nective tissue). Electromyography (EMG) is myopathic. Cerebral magnetic reso-
nance imaging may show abnormalities of neuronal migration and white matter 
signal. Over the past decade, molecular understanding of the CMDs has greatly 
expanded [ 58 – 61 ]. Mutations in 12 different genes, comprising a total of 293 exons, 
have been shown to cause different forms of CMD (Table  7.1 ) [ 62 – 69 ]. Approximately 
one-third of all CMDs are caused by mutations in the  LAMA2  gene, which encodes 
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the α2 chain of laminin (Table  7.1 ). Mutations in  COL6A1 ,  COL6A2,  and  COL6A3 , 
which encode the three chains of collagen type VI, give rise to Ullrich congenital 
muscular dystrophy and Bethlem myopathy. Mutations in the selenoprotein N gene 
( SEPN1 ) give rise to rigid spine syndrome, multiminicore disease, and a desmin-
related myopathy with Mallory body-like inclusions. The other genes that are associ-
ated with CMD all code for molecules that affect cell surface receptors for the 
extracellular matrix molecule laminin. These genes include  ITGA7 —the gene that 
encodes integrin α7 (the predominant integrin α chain in skeletal muscle)—and six 
genes (fukutin [ FKTN ], fukutin-related protein [ FKRP ], protein O-linked mannose 
β1, 2-N-acetylglucosaminyltransferase [ POMGnT1 ], protein-O- mannosyltransferases 
1 and 2 [ POMT1/2 ], and like-glycosyltransferase [ LARGE ]), the products of which 
affect the glycosylation of α-dystroglycan [ 62 – 69 ]. The α-dystroglycan is an impor-
tant membrane protein that, similar to integrins, binds to the extracellular matrix. 
Diseases resulting from mutations that affect α-dystroglycan glycosylation have 
been grouped together under the heading dystroglycanopathies. Mutations in these 
genes give rise to characteristic alterations in the glycosylation of the α-dystroglycan 
protein, which can alter its function, although the precise molecular mechanisms are 
poorly understood in some cases. The dystroglycanopathy genes now account for 
half of the genes that have been implicated in CMD (Table  7.1 )[ 56 ]. Mutations in 
these genes have allowed for the better defi nition of molecular subgroups and their 
associated clinical phenotypes (Table  7.1 ). However, it is frequently not possible to 
maintain a one-to-one relationship between a given gene and a defi ned phenotype. 
The most striking example of this broadening genotype–phenotype relationship is 
the clinical spectrum associated with mutations in the FKRP (Fukutin-related pro-
tein) gene, ranging from Walker–Warburg syndrome to late adult-onset limb-girdle 
muscular dystrophy (LGMD). Two major themes have emerged concerning the 
molecular and clinical aspects of CMD. On the molecular side, it is striking that the 
majority of the genetic defects discovered either affect the posttranslational process-
ing of α-dystroglycan or more directly involve molecules of the extracellular matrix 
itself, notably laminin-2 (the heavy chain of laminin-2/merosin), and the three alpha 
chains making up collagen type VI. On the clinical side, important themes include 
the potential additional involvement of the eyes and brain in the disorders of 
α-dystroglycan glycosylation and the combined involvement of muscle, tendon, and 
skin in the disorders of collagen VI. Thus, CMD shows considerable clinical as well 
as molecular heterogeneity, yet it seems that the majority of defi ned conditions 
involve a disturbed connection of muscle to its extracellular matrix [ 62 ].

2.5        Cardiac Diseases 

 Like many single-organ disorders, genetic conditions constitute an increasingly 
recognized group of cardiovascular disorders. Often, in the past, such conditions 
were listed as “idiopathic,” but as advances in our understanding of the human 
genome, genetic causation has been discovered, but often, multiple genes are 
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implicated in any single disorder and sometimes in multiple disorders. With the 
advent of technologies that can query multiple genes or larger segments of the 
genome, genetic testing of these disorders becomes feasible. Familial cardiovascu-
lar conditions often necessitate intensive monitoring of the proband and fi rst-degree 
relatives. Recognition of those at risk can be benefi cial in monitoring, activity-
modifi cations, and interventions. A negative test would prevent the periodic cardiac 
evaluations, the anxiety of such testing and the overarching diagnosis, as well as 
unnecessary activity-restrictions. For example, relatives of patients with long QT 
syndrome (LQT) with normal cardiac studies remained at an increased risk of sud-
den cardiac death [ 70 ]. Indeed, several professional groups have recommended 
genetic testing in conditions such as dilated cardiomyopathy (DCM), hypertrophic 
cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomyopathy 
(ARVC), LQT, and Brugada syndrome [ 71 ,  72 ]. NGS offers more comprehensive 
genetic analysis for genetically heterogeneous conditions such as HCM, DCM, and 
LQT at reduced costs. In addition, NGS can offer benefi ts in testing large single 
genes such as  TTN  (363 exons encoding 34,000 amino acids) which is a known 
genetic etiology for cardiomyopathy [ 73 ]. DCM is the most common form of car-
diomyopathy accounting for nearly one-third of all cases with up to 30 % of all 
DCM cases attributable to Mendelian genetic causes [ 73 ]. DCM is characterized by 
ventricular dilatation and dysfunction. In contrast, HCM represents the most com-
mon cause of genetic cardiovascular disease. HCM is the thickening of the left 
ventricle that can lead to outfl ow obstruction and heart failure as well as rhythmic 
disturbances and stroke. ARVC is an autosomal (both dominant and recessive) dis-
order of the cardiac desmosome and involves the fi brofatty replacement of the myo-
cardium initially in the right ventricle predisposing those affected to tachyarrhythmia 
and sudden death. LQT is the prolongation of the QT interval as seen on an electro-
cardiogram (ECG) and can result in arrhythmia leading to syncopal spells and even 
sudden death. As a matter of fact, during molecular autopsy, 35 % of sudden unex-
plained death and 10 % of sudden infant deaths may stem from genetic mutations 
associated with long QT or catecholaminergic polymorphic ventricular tachycardia 
[ 74 ]. Brugada syndrome is a channelopathy that can lead to rhythm disturbance and 
therefore susceptibility to syncope, tachyarrhythmia, and sudden cardiac death. 
Detection rates of the various disorders will vary depending on the disorder as well 
as the gene(s) included in each panel. DCM has been attributed to at least 28 genes 
whose products include cytoskeletal, contractile, and other proteins. Currently, 
there are at least 18 genetic causes of HCM accounting for roughly 50 % of familial 
HCM with 80 % isolated to  MYH7  and  MYBPC3  [ 75 ]. ARVC has at least 12 loci 
identifi ed with nine available for genetic testing. Detection rates for a subset of 
these genes may be as high as 70 %. More than 13 genes are known to cause LQT 
with an overall detection rate greater than 75 %. At least eight genes can lead to 
Brugada syndrome, and all are clinically available with an overall detection rate of 
20–38 % [ 76 ].  

7 NGS-Based Clinical Diagnosis of Genetically Heterogeneous Disorders
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2.6     Hearing Loss 

 Hearing loss is the most common sensory disorder in human. Hearing loss results 
from obstructions in the transmission of the sound anywhere between the outer ear 
and auditory cortex in the brain. In a normal condition, the sound energy that is col-
lected by the outer ear is amplifi ed by the middle ear for transmission to the cochlea, 
which then converts this energy into electrical signals that is ultimately transmitted 
to the brain through the auditory nerves. Based on the defective anatomical structure 
involved, hearing loss can be classifi ed as conductive, sensorineural, or mixed. 
Conductive hearing loss is a defect in conducting sound waves through outer and 
middle ear due to abnormalities of outer and/or the ossicles of the middle ear. 
Sensorineural hearing loss is due to a defect located anywhere from cochlea to the 
auditory cortex. Mixed hearing loss is a combination of both conductive and senso-
rineural hearing loss. Depending on the age at onset, hearing loss can be classifi ed 
as prelingual, present before speech development, or postlingual, present after 
speech development. Severity of the hearing loss can be mild to profound, affecting 
anywhere from low to high frequencies (Box  7.1 ). One in 500 newborns is affected 
with bilateral permanent sensorineural hearing loss 40 dB or greater, and this num-
ber is increased to 3.5 per 1,000 during adolescence [ 77 ]. Approximately two-thirds 
of hearing loss is due to genetic factors, and in the remaining one-third of cases, it 
is caused by environmental factors [ 78 ,  79 ]. The environmental factors that cause 
hearing loss include both prenatal and postnatal infections, use of ototoxic drugs, 
and exposure to excessive noise. The majority of the inherited form of hearing loss 
is monogenic, and it can be syndromic or nonsyndromic. In the syndromic forms, 
hearing loss is accompanied by other physical manifestations, and it accounts for 
about 30 % of the inherited hearing loss [ 80 ]. Over 400 syndromes have been 
reported with hearing loss, and some of the common forms of syndromic hearing 
loss including Usher, Pendred, Jervell and Lange-Nielsen, Waardenburg, branchio-
oto- renal, and Stickler syndromes, among the many [ 78 ,  81 ]. The nonsyndromic 
forms of hearing loss, with no other physical fi ndings, accounts for about 70 % 
inherited hearing loss. They are categorized into four different groups according to 
their mode of inheritance: (1) autosomal recessive, (2) autosomal dominant, (3) 
X-linked, and (4) maternal inheritance due to mutations in mitochondrial genes. 
The autosomal recessive hearing loss is the most common type occurring in about 
80 % of patients, followed by autosomal dominant in about 20 %. The X-linked and 
mitochondrial hearing loss are less common and accounting for only about 1 % of 
the patients [ 82 – 84 ].    Nonsyndromic hearing loss is extremely heterogeneous, and 
so far, over 150 loci responsible for such phenotype have been mapped (  http://
hereditaryhearingloss.org    ). These loci are designated as DFN followed by mode of 
transmission; DFNA refers to loci for autosomal dominant forms, DFNB refers to 
loci for autosomal recessive, and DFN to X-linked forms. The numbers following 
the designation are chronological order of locus identifi cation (DFNB1 refers to 
fi rst autosomal recessive locus). To date, 39 autosomal recessive, 25 autosomal 
dominant, 3 X-linked, and 2 mitochondrial genes have been identifi ed. Many of 

C.A. Valencia et al.
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these genes cause more than one form of hearing loss (Table  7.2 );  SLC26A4 , 
 CDH23 ,  MYO7A ,  DFNB31 ,  USH1C , and others cause both syndromic and nonsyn-
dromic forms.  TMC1 ,  GJB2 ,  GJB6 ,  MYO7A , and others cause both autosomal dom-
inant and autosomal recessive forms of hearing loss. Mutations in the  GJB2 , 
encoding connexin 26, that causes DFNB1 is the most common cause of hearing 
loss and account for about 50 % of the cases with autosomal recessive hearing loss 
in many populations [ 80 ,  81 ]. The remaining cases are attributable to the mutations 
in other genes, and among others  SLC26A4 ,  MYO7A ,  OTOF ,  CDH23 , and  TMC1  
are more prevalent [ 78 ]. Mutations in the rest of the genes are very rare (Table  7.2 ); 
many of them have been found to cause hearing loss in one or two 
consanguineous families [ 80 ,  85 ]. Similarly, none of the genes causing autosomal 
dominant hearing loss is a common cause of hearing loss, except  WFS1 ,  KCNQ4 , 
 GJB2 , and  COCH  [ 78 ]. Elucidation of genetic basis of hearing loss is crucial for the 
clinical management of patients and their family. In addition, determination of 
genetic etiology in a large cohort of patients will provide better understanding of 
genotype–phenotype correlations, which could help developing specifi c therapeutic 
interventions. For syndromic hearing loss, candidate genes for molecular diagnosis 
are selected based on associated symptoms; whereas this approach is not viable for 
non-syndromic hearing loss as the phenotype caused by most of the genes is indis-
tinguishable. Therefore, sequential screening of all hearing loss genes is critical to 
identify the genetic cause. Currently, genetic testing for hearing loss is conducted 
using different diagnostic algorithms in several institutes worldwide (Fig.  7.1 ). 
Mutation screening of coding and fl anking intronic regions of the candidate genes 
using an automated Sanger sequencing is the most common approach in vast major-
ity of these laboratories. However, the extreme genetic heterogeneity of 
non- syndromic hearing loss makes this strategy unfavorable in terms of cost and 
time. NGS technology offers the advantage of sequencing analysis of multiple 
genes in parallel [ 86 ]. Currently, only a few laboratories in the United States use this 
technology for mutation screening of hearing loss genes.

   Box 7.1 

 Hearing is measured in decibels (dB). Severity of hearing loss is classifi ed as:

•    Mild (26–40 dB)  
•   Moderate (41–55 dB)  
•   Moderately severe (56–70 dB)  
•   Severe (71–90 dB)  
•   Profound (90 dB)    

 Based on frequency, hearing loss is classifi ed as:

•    Low (<500 Hz)  
•   Middle (501–2,000 Hz)  
•   High (>2,000 Hz)    

7 NGS-Based Clinical Diagnosis of Genetically Heterogeneous Disorders
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2.7            Primary Immunodefi ciencies 

 The primary immunodefi ciency diseases (PIDD) are a large group of genetically 
heterogeneous disorders and estimated to affect 1 in 10,000 births [ 87 ,  88 ]. The 
hallmark of PIDD is the increased susceptibility to infections, which typically pres-
ents clinically with recurrent, severe, or unusual infections but are also associated 
with malignancies and autoimmune disorders [ 89 ]. Advances in basic research in 
immunology and DNA sequencing of the entire human genome have led to the dis-
covery of precise molecular basis for more than 150 disorders of host immune 
defense in eight major categories [ 90 – 92 ]. These categories include combined T- 
and B cell immunodefi ciencies; predominantly antibody defi ciencies; other well- 
defi ned immunodefi ciency syndromes; diseases of immune dysregulation; 
congenital defects of phagocyte number, function, or both; defects in innate immunity; 
autoinfl ammatory disorders; and complement defi ciencies [ 90 ,  91 ]. For example, 
hemophagocytic lymphohistiocytosis (HLH), belonging to the category of diseases 
of immune dysregulation, is a rare immunodefi ciency characterized by having 
prolonged fever, hepatosplenomegaly, hyperferritinemia, cytopenia, and hemo-
phagocytosis [ 93 ,  94 ]. HLH has two forms, primary (inherited with genetic defects 
in  PRF1 ,  MUNC13-4 ,  STX11 , or  STXBP2 ) and secondary (acquired or reactive), 
which are often diffi cult to distinguish from one another [ 94 ,  95 ]. Molecular genetic 

  Fig. 7.1    Hearing loss diagnostic algorithm       
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testing is the only defi nite diagnostic tool to differentiate secondary HLH from the 
familial form, and it is critical in patient’s management. Primary HLH is often lethal 
without an appropriate and timely chemotherapy followed by bone marrow or stem 
cell transplantation [ 96 ]. Therefore, it is necessary to envision an immunodefi ciency 
NGS panel to aid in the diagnosis of these patients. A timely identifi cation of the 
genetic defects is a critical factor for PIDD diagnosis, treatment, and prognosis. 
However, reaching a rapid diagnosis can be a challenge due to the genetic and phe-
notypic heterogeneity seen in PIDD patients. Specifi cally, locus heterogeneity is 
common in PIDD, and the example of severe combined immunodefi ciency (SCID), 
with more than 20 causative genes, namely,  ADA ,  CD3D ,  CD3E ,  CD45 ,  CORO1A , 
 DCLRE1C ,  FOXN1 ,  IL2RG ,  IL7R ,  JAK3 ,  LIG4 ,  NHEJ1 ,  ORAI1 ,  PNP ,  RAG1 , 
 RAG2 ,  RMRP ,  STAT5B ,  STIM1 , and  ZAP70 , demonstrates the problem [ 97 ]. The 
issue is aggravated by the presence of allelic heterogeneity in some PIDDs, defi ned 
as the phenomenon in which different mutations at the same locus causes a similar 
phenotype. To date, only a few research and clinical laboratories offer individual 
genetic tests for PIDDs. Due to the more than 150 causative genes, it is technically 
challenging and fi nancially prohibiting to use Sanger sequencing [ 88 ,  93 ]. Now, 
NGS offers the option to reach a diagnosis on a timely and cost- effective manner. 
Due to these advantages, several large-scale NGS genetic testing panels for PIDDs 
have been developed by several academic and commercial institutions (K. Zhang, 
personal communication).   

3     NGS Technical Approaches: Enrichment, Sequencing, 
and Major Findings 

 Genetically heterogeneous disorders have been analyzed by several enrichment and 
sequencing platforms (Table  7.3 ). In this section, we discuss the enrichment meth-
ods in more detail in conjunction with the sequencing platforms used to analyze 
these large panels of genes belonging to aforementioned (Sect.  2 ) disorders.

3.1       Enrichment Method Comparisons 

 Solid capture (microarray capture), solution capture (SureSelect), and droplet-based 
PCR (RainDance) are the most common enrichment technologies that have been 
employed for the diagnosis of genetically heterogeneous disorders, and their advan-
tages and limitations must be briefl y considered here, namely, capture or amplifi ca-
tion of homologous regions, enrichment of various interval sizes, allele dropout, 
and target sequences complexity (Table  7.3 ) [ 103 ]. PCR can be optimized to amplify 
target regions, whereas hybridization approaches may carry homologous regions 
together with real one, thus reducing specifi city and lowering target percentages [ 100 ]. 

C.A. Valencia et al.



133

                 Ta
bl

e 
7.

3  
  R

ec
en

t 
ge

ne
tic

 h
et

er
og

en
eo

us
 d

is
or

de
rs

 a
na

ly
ze

d 
by

 n
ex

t-
ge

ne
ra

tio
n 

se
qu

en
ci

ng
. 

T
he

 s
iz

e 
of

 t
he

 s
eq

ue
nc

in
g 

pa
ne

ls
 i

s 
sh

ow
n 

by
 t

he
 n

um
be

r 
of

 
ge

ne
s,

 e
xo

ns
, a

nd
 ta

rg
et

 in
te

rv
al

 th
at

 w
er

e 
an

al
yz

ed
. I

n 
ad

di
tio

n,
 th

e 
en

ri
ch

m
en

t a
nd

 s
eq

ue
nc

in
g 

pl
at

fo
rm

 f
or

 e
ac

h 
di

so
rd

er
 is

 s
um

m
ar

iz
ed

 b
el

ow
   

 D
is

or
de

r 
 # 

of
 

ge
ne

s 
 # 

of
 

ex
on

s 
 Ta

rg
et

 in
te

rv
al

 
(b

p)
 

 E
nr

ic
hm

en
t 

pl
at

fo
rm

 
 N

G
S 

pl
at

fo
rm

 
 C

om
m

en
ts

 
 R

ef
er

en
ce

 

 R
et

in
iti

s 
pi

gm
en

to
sa

 
 45

 
 68

1 
 35

9,
00

0 
 M

ic
ro

ar
ra

y 
ca

pt
ur

e 
 Il

lu
m

in
a 

G
en

om
e 

A
na

ly
ze

r 
II

 
 [ 6

 ] 

 46
 

 50
4 

 24
9,

26
7 

 W
G

A
* 

+
 P

C
R

 
 45

4 
G

S-
FL

X
 a

nd
 

Il
lu

m
in

a 
G

en
om

e 
A

na
ly

ze
r 

II
x 

 [ 9
8 ]

 

 59
3 

 N
/A

 
 5,

00
0,

00
0 

 M
ic

ro
ar

ra
y 

ca
pt

ur
e 

 45
4 

FL
X

, 4
54

 
T

ita
ni

um
 (

R
oc

he
) 

an
d/

or
 I

llu
m

in
a/

So
le

xa
 

 [ 9
9 ]

 

 L
eb

er
 c

on
ge

ni
ta

l 
am

au
ro

si
s 

 16
 

 25
2 

 15
2,

00
0 

 Q
ua

nt
ita

tiv
e 

PC
R

 
(q

PC
R

) 
am

pl
ic

on
 

lig
at

io
n 

 G
en

om
e 

A
na

ly
ze

r 
II

x 
 [ 1

2 ]
 

 Se
ns

or
y 

ci
lio

pa
th

ie
s 

 18
 

 37
6 

 52
,7

70
 

 W
G

A
 +

 P
C

R
 

 Il
lu

m
in

a 
G

en
om

e 
A

na
ly

ze
r 

II
 

 Pa
ne

l i
nc

lu
de

s 
ge

ne
s 

fo
r 

ne
ph

ro
no

ph
th

is
is

- 
as

so
ci

at
ed

 c
ili

op
at

hy
 

 [ 3
6 ]

 

 C
on

ge
ni

ta
l m

us
cu

la
r 

dy
st

ro
ph

ie
s 

 12
 

 32
1 

 65
,0

00
 

 R
ai

nD
an

ce
, 

so
lu

tio
n 

ca
pt

ur
e 

 SO
L

iD
 3

 
 [ 1

00
 ] 

 C
ar

di
om

yo
pa

th
ie

s 
 47

 
 1,

09
2 

 27
3,

00
0 

 M
ic

ro
ar

ra
y 

ca
pt

ur
e 

 SO
L

iD
 3

 
 Pa

ne
l f

or
 A

F,
 A

R
V

C
, 

C
SD

, L
V

N
C

, S
C

D
, 

SV
T,

 V
T,

 D
C

M
, H

C
M

 

 [ 1
01

 ] 

 16
 

 50
2 

 35
,3

99
 

 PC
R

 
 45

4 
G

S-
FL

X
 a

nd
 

Il
lu

m
in

a 
G

en
om

e 
A

na
ly

ze
r 

 Pa
ne

l f
or

 H
C

M
 

 [ 1
02

 ] 

(c
on

tin
ue

d)

7 NGS-Based Clinical Diagnosis of Genetically Heterogeneous Disorders



134

 D
is

or
de

r 
 # 

of
 

ge
ne

s 
 # 

of
 

ex
on

s 
 Ta

rg
et

 in
te

rv
al

 
(b

p)
 

 E
nr

ic
hm

en
t 

pl
at

fo
rm

 
 N

G
S 

pl
at

fo
rm

 
 C

om
m

en
ts

 
 R

ef
er

en
ce

 

 H
ea

ri
ng

 lo
ss

 
 54

 
 1,

12
4 

 42
1,

74
1 

 M
ic

ro
ar

ra
y 

ca
pt

ur
e 

so
lu

tio
n 

ca
pt

ur
e 

 45
4 

G
S-

FL
X

 a
nd

 
Il

lu
m

in
a 

G
en

om
e 

A
na

ly
ze

r 
II

 

 [ 8
6 ]

 

 24
 

 73
1 

 11
7,

04
1 

 R
ai

nD
an

ce
 

 H
iS

eq
20

00
 

 T.
 A

. S
iv

ak
um

ar
an

, P
C

 
 Im

m
un

od
efi

 c
ie

nc
y 

di
so

rd
er

s 
 39

5 
 3,

43
9 

 55
9,

93
7 

 M
ic

ro
ar

ra
y 

ca
pt

ur
e 

 45
4 

G
S-

FL
X

 
 Pa

ne
l f

or
 P

ID
D

 
 [ 9

7 ]
 

 12
4 

 1,
56

9 
 30

1,
41

7 
 R

ai
nD

an
ce

 
 H

iS
eq

20
00

 
 Pa

ne
l f

or
 P

ID
D

 
 K

. Z
ha

ng
, P

C
 

   W
G

A
  w

ho
le

 g
en

om
e 

am
pl

ifi 
ca

tio
n 

by
 D

N
A

 p
ol

ym
er

as
e 

st
ra

nd
 d

is
pl

ac
em

en
t a

m
pl

ifi 
ca

tio
n,

  H
C

M
  h

yp
er

tr
op

hi
c 

ca
rd

io
m

yo
pa

th
y,

  D
C

M
  d

ila
te

d 
ca

rd
io

m
yo

pa
th

y,
 

 A
F

  in
di

ca
te

s 
at

ri
al

 fi 
br

ill
at

io
n,

  A
R

V
C

  a
rr

hy
th

m
og

en
ic

 ri
gh

t v
en

tr
ic

ul
ar

 c
ar

di
om

yo
pa

th
y,

  C
SD

  c
on

du
ct

io
n 

sy
st

em
 d

is
ea

se
,  L

V
N

C
  le

ft
 v

en
tr

ic
ul

ar
 n

on
co

m
pa

ct
io

n,
 

 SC
D

  s
ud

de
n 

ca
rd

ia
c 

de
at

h,
  S

V
T

  s
up

ra
ve

nt
ri

cu
la

r 
ta

ch
yc

ar
di

a,
  V

T
  v

en
tr

ic
ul

ar
 t

ac
hy

ca
rd

ia
, 

 N
/A

  n
ot

 a
va

ila
bl

e,
  P

C
  p

er
so

na
l 

co
m

m
un

ic
at

io
n,

  P
ID

D
  p

ri
m

ar
y 

im
m

un
od

efi
 c

ie
nc

y 
di

so
rd

er
s  

Ta
bl

e 
7.

3 
(c

on
tin

ue
d)

C.A. Valencia et al.



135

In the case of gene and pseudogene targets, RainDance and Sanger can readily 
address this issue by correctly choosing locations where the primers are to hybridize 
on the genomic DNA template. In contrast, the limitation of hybridization- based 
methods is not being able to distinguish between the gene and pseudogene targets. 
In this case, if an NGS panel for a genetically heterogeneous disorder has a pseudo-
gene, it may be more appropriate to employ RainDance as an enrichment method, if 
the target region size is less than 1 Mb. In terms of interval size, solid and solution-
hybridization captures can enrich the whole exome, whereas RainDance, by being 
a PCR-based method, is limited to the amplifi cation of up to 1 Mb [ 100 ]. 
Hybridization-based capture methods are more fl exible at addressing the genetic 
heterogeneity issue by virtue of accommodating larger panels. Allelic dropout due 
to SNPs in the PCR primer binding sites is a limitation inherent to all PCR-based 
assays, including Sanger sequencing [ 100 ]. RainDance uses a library of primers to 
amplify the target regions and is therefore also susceptible to allele dropout if spe-
cifi c SNPs are in the primer binding sites. To minimize the absence of amplifi cation 
of specifi c exons due to allele dropout, primers are designed in regions where SNPs 
have not been reported by using the Single Nucleotide Polymorphism and the 1000 
Genomes databases. However, even by applying these bioinformatic tools, allele 
dropout may occur. By contrast, hybridization-based technology that relies on 
120- bp overlapping probes to capture the region of interest is less susceptible to 
allele dropout. The target sequences complexity has a strong effect on both the effi -
ciency of DNA amplifi cation and capture for individual exons. In many instances, 
fi rst exons and GC-rich regions are problematic in both hybridization and droplet 
PCR- enriched samples [ 100 ]. For example, high GC content may explain the low 
coverage in the fi rst exons of genes in RainDance samples, given that the mean GC 
content of the fi rst coding exon of all CMD genes is 64 %. In contrast to RainDance, 
hybridization-based capture is also sensitive to sample base composition, and 
sequences at the extremes of high GC/AT content can be lost through poor anneal-
ing and secondary structure, respectively [ 104 ]. Depending on the NGS panel for a 
given heterogeneous disorder, full exon capture or amplifi cation will depend on the 
GC percentage.  

3.2     Microarray Capture or Solid-Phase Capture 

 Microarray captures have been a popular enrichment method for heterogeneous dis-
orders that include RP, cardiomyopathies, hearing loss, and PIDDs (Table  7.3 ) [ 6 , 
 86 ,  97 ,  99 ,  101 ]. A molecular diagnostic screen for patients with RP was recently 
developed [ 6 ]. A custom NimbleGen sequence microarray capture, containing 
385,000 unique probes, was designed to target the coding regions and 100 bp fl ank-
ing regions of all known RP genes and used to enrich a total of 359 kb of genomic 
sequence comprising 681 exons from 45 genes from DNA samples of fi ve patients. 
Amplifi ed enriched DNA was subjected to massively parallel sequencing on a 
Genome Analyzer II (Table  7.3 ). In this study, known homozygous  PDE6B  and 
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compound heterozygous  CRB1  mutations were detected in two patients in addition 
to a novel homozygous missense mutation (c.2957A > T; p.N986I) in the  CNGB1  
gene. This homozygous mutation was predicted to have a deleterious effect and was 
absent in 720 normal control chromosomes. In contrast, a second microarray cap-
ture study, together with 454 FLX, 454 Titanium, and/or Illumina/Solexa NGS 
sequencing, was conducted using a comprehensive approach by including 593 
genes covering a 5–10 Mb region with the intent of sequencing known RP genes 
and discovering novel ones from 21 affected families [ 99 ]. The detection of known 
and novel RP mutations in these studies establishes high-throughput DNA sequenc-
ing with DNA pooling as an effective diagnostic tool for heterogeneous genetic 
diseases like RP. Although NGS panels are clinically available for cardiovascular 
conditions, there are only a small number of peer-reviewed publications regarding 
the technology used and clinical effi cacy. An NGS panel, including 47 genes and 
273 kb region, using two microarrays with 15,000 probes was utilized for the clini-
cal diagnosis of cardiomyopathies including both DCM and HCM (Table  7.3 ) [ 101 ]. 
The level of enrichment was 2169X. The NGS analysis was performed on ten 
patients with primary cardiomyopathies (5 HCM and 5 DCM). Disease-causing 
mutations, two microdeletions, and four point mutations were detected in six 
patients. Additionally, several novel nonsynonymous variants, predicted to be harm-
ful, that are potentially disease mutations or modifi ers for DCM or HCM were iden-
tifi ed. Thus, this approach allows high-throughput mutation screening in 
cardiomyopathies using microarray-based target enrichment followed by SOLiD 
NGS with high sensitivity and specifi city in order to accurately detect sequence 
variants in multiple disease-related loci. Using current methods, it is expensive and 
time consuming to diagnose nonsyndromic hearing loss because of the extreme 
genetic heterogeneity. Nine patients diagnosed with hearing loss were utilized to 
assess the target enrichment, using microarray (NimbleGen) or solution-based cap-
ture (SureSelect), and massively parallel sequencing by 454 or Illumina technolo-
gies to interrogate all exons of 54 genes implicated in nonsyndromic hearing loss 
[ 86 ]. Samples included one negative control, three positive controls (one biological 
replicate), and six unknowns (10 samples total), in which 605 single nucleotide 
polymorphisms (SNPs) were genotyped by Sanger sequencing to measure sensitiv-
ity and specifi city for the solution capture-Illumina and microarray capture-454 
methods at saturating sequence coverage (Table  7.3 ). In addition to the identifi ca-
tion of fi ve pathogenic mutations in six idiopathic hearing loss patients, as expected, 
causative mutations were found in the positive samples but not in the negative one 
[ 86 ]. This study demonstrates that targeted capture plus massively parallel sequenc-
ing has a sensitivity and specifi city that will allow clinicians to improve patient care 
of genetically heterogeneous disorders by providing prognostic information and 
genetic counseling. The heterogeneity of primary immunodefi ciencies, in which 
components of immunological pathways are either missing or dysregulated, has 
been explored by NGS [ 97 ]. The samples from two patients, and their parents, sus-
pected to have an underlying immunodefi ciency were analyzed by capturing 395 
genes, known or predicted to be associated with primary immunodefi ciencies, with 
a 385 K probe capture and GS-FLX Titanium 454 sequencing (Table  7.3 ) [ 97 ]. 
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Indication of immunodefi ciency included hepatosplenomegaly, recurrent infections, 
and an elevated IgM level in patient one and a SCID phenotype in patient two. Trio 
sequence analysis revealed  ATM  and  ARTEMIS  mutations in patient one and two, 
respectively. NGS expands our capacities to sequence large targeted DNA regions 
in a less laborious and time-consuming way and permits the identifi cation of under-
lying gene mutations in genetically heterogeneous disorders like primary 
immunodefi ciencies.  

3.3     Solution-Based Capture or SureSelect 

 Solution-based capture has been utilized to study CMDs and hearing loss [ 86 ,  100 ]. 
Aside from genetic heterogeneity, CMDs are a diagnostic challenge because of the 
existence of their phenotypic variability, diffi culties with muscle immunohisto-
chemical stains that do not aid in gene candidate identifi cation, and a general lack 
of clinician awareness [ 100 ]. The identifi cation of mutations in all exons from 12 
genes known to cause CMDs were assessed using two different enrichment tech-
nologies, namely, solution-based capture and microdroplet-based PCR, in conjunc-
tion with SOLiD three sequencing in 12 samples, including fi ve positive, one 
normal, and six unknown samples. Genotyping data showed that both enrichment 
technologies produced suitable calls for use in clinical laboratories. In addition to 
the mutations identifi ed in the unknown samples, the expected variants and muta-
tions were identifi ed in the positive controls [ 100 ]. This study demonstrates the 
successful application of targeted sequencing in conjunction with NGS to screen for 
mutations in hundreds of exons in a genetically heterogeneous human disorder.  

3.4     Microdroplet-Based PCR or RainDance 

 Microdroplet-based PCR has been used to enrich the genes known to cause CMDs, 
hearing loss, and primary immunodefi ciencies (Table  7.3 ) [ 100 ]. Many genetic 
causes of syndromic and nonsyndromic hearing loss exist, establishing this as a 
heterogeneous disorder. Diagnosing hearing loss is important in the clinical man-
agement, and NGS offers an opportunity to overcome the limitation of Sanger 
sequencing, such as the high investment of cost and time. In a study of eight sam-
ples, microdroplet-based PCR and Illumina HiSeq2000 sequencing was used to 
identify variants in 24 hearing loss genes, comprising a total of 117 kb target 
sequence (Table  7.3 ) (T. A. Sivakumaran, personal communication). A total of 1148 
sequence variants were detected in eight samples in 24 genes. Signifi cantly, results 
showed greater than 99.99 % concordance between NGS and Sanger sequencing in 
the four genes thoroughly evaluated, resulting in the analytical sensitivity and speci-
fi city of 100 % and 99.99 %, respectively. Due to high sensitivity and specifi city, 
targeted enrichment with NGS sequencing is a feasible technology for identifi cation 
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of variants in the multiple genetic causes of hearing loss. Primary immunodefi cien-
cies, with more than 150 diseases divided into eight major categories, is a large 
group of genetically heterogeneous disorders. DNA from 21 PIDD patients, includ-
ing 17 positive controls and four unknown samples, were subjected to microdroplet- 
based PCR enrichment of 124 genes, with a target region of 301 kb including 20 bp 
of exon/intron boundaries and up to 20 bases of 5′and 3′ UTR regions, and Illumina 
HiSeq2000 sequencing (Table  7.3 ) (K. Zhang, personal communication). Successful 
capture of over 98 % of the target bases yielded a 100 % concordance between 
Sanger and NGS identifi ed mutations and SNPs. The sensitivity and specifi city of 
NGS, using RainDance and HiSeq2000, is over 99.00 % and 99.99 %, respectively, 
for the detection of nucleotide base changes, small deletions, and insertions (<10 
bases) in the genes currently known to be associated with PIDD. Additionally, this 
panel signifi cantly addresses the problem of heterogeneity in these disorders.  

3.5     Whole Genome Amplifi cation in Conjunction with PCR 

 Whole genome amplifi cation plus PCR (WGA + PCR) has been the choice of 
enrichment for RP and a sensory ciliopathy, namely, NPHP-AC (Table  7.3 ). RP is a 
challenging application of NGS because it has multiple patterns of inheritance, with 
mutations in many genes for each inheritance pattern and numerous, distinct, 
disease- causing mutations at each locus; further, many RP genes have not been yet 
identifi ed [ 98 ]. NGS was used to determine whether it offers rapid and effi cient 
detection of disease-causing mutations in pairs of affected individuals from 21 fam-
ilies with autosomal dominant RP, selected from a cohort of families without muta-
tions in “common” RP genes [ 98 ]. After enrichment of 46 genes by WGA + PCR 
and NGS sequencing via the 454 GS-FLX Titanium and Illumina Genome Analyzer 
IIx, platforms identifi ed an excess of 9,000 variants in 21 families. Most variants, 
over 8,000, were classifi ed as benign on the basis of their presence in controls with 
clearly defi ned disease-causing mutations. After the completion of the analyses, fi ve 
disease-causing mutations were identifi ed in the 21 families. Three of these muta-
tions are in genes associated with either autosomal dominant RP or autosomal dom-
inant cone–rod dystrophy. Somewhat surprising was the identifi cation of two 
mutations in  RPGR , a gene known to cause X-linked RP. This study demonstrates 
that NGS can be an effective tool for determining the pathogenic mutation in inher-
ited disease families with highly heterogeneous causes. The use of this technology 
increases the diagnostic yield to be approximately 65 % for autosomal dominant RP 
cases [ 98 ]. To overcome the broad genetic locus heterogeneity, a strategy of DNA 
pooling with consecutive massively parallel sequencing was performed on 
NPHP-AC, known to be caused by 18 different genes [ 36 ]. For enrichment of the 
pertinent regions, 120 DNA samples were individually normalized via WGA, com-
bined into fi ve distinct pools each consisting of 24 samples, and all 376 exons were 
individually PCR amplifi ed using each of the DNA pools as templates (Table  7.3 ). 
Following amplifi cation, sample libraries were constructed and sequencing using 
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the Illumina Genome Analyzer II platform. For proof of principle, DNA from 
patients with known mutations was used, and detection of 22 out of 24 different 
alleles (92 % sensitivity) was demonstrated. Signifi cantly, this analysis led to the 
molecular diagnosis of 30/120 patients (25 %), and 54 pathogenic mutations (27 
novel) were identifi ed in seven different NPHP-AC genes. Additionally, in 24 
patients, only single heterozygous variants of unknown signifi cance were found. 
The approach of pooling DNA samples in combination with NGS is a robust, eco-
nomic, and highly effective method for examining larger patient cohorts for muta-
tions, especially in genetic heterogeneous disorders.  

3.6     Quantitative PCR (qPCR) Amplicon Ligation 

 Using NGS, Coppieters and coworkers published a study designed to provide an 
accurate, fast, cost-effi cient, and comprehensive tool for molecular testing of all 
known LCA genes to overcome the issue of genetic heterogeneity [ 12 ]. In this study, 
22 LCA patients, including fi ve positive controls, were screened for mutations in 16 
LCA genes based on a novel quantitative PCR (qPCR) amplicon ligation, shearing, 
and NGS strategy (Table  7.3 ). The fi rst part of this study aimed at validating the 
enrichment protocol, whereas the second part of this study consisted of a blind 
screening of 12 prescreened mutation-negative patients with LCA. For the enrich-
ment, a 152 kb target region composed of 375 qPCR amplicons (252 exons) was 
designed. In the validation, more than 80 % of amplicons produced a quantifi cation 
cycle (Cq) value between 23 and 27. NGS validation of 107 variations was per-
formed, and the causal genetic defect and a single heterozygous mutation were 
identifi ed in patient 3 and 5, respectively, from a total of 17 patients without previ-
ously identifi ed mutations. The thorough validation and low-cost characteristic of 
this approach argue for its implementation in a clinical context.  

3.7     Simplex PCR 

 NGS was evaluated for its HCM diagnostic potential using a long-range PCR to 
amplify the16 genes implicated in HCM, in a control DNA, followed by 454 
GS-FLX and Illumina Genome Analyzer sequencing [ 102 ]. The choice of long- 
range PCR allowed for the design of fewer amplicons (67 total) and the longer 
term opportunity to investigate potential deep intronic mutations, which to date 
had not been extensively studied in HCM (Table  7.3 ). For variant identifi cation in 
this control individual sample, criteria set to include coverage of 30-fold or greater, 
and an allelic read percentage of 20 % or greater was set to reduce the false-positive 
rate. Twenty-seven exon variants were identifi ed by both NGS platforms and were 
confi rmed by Sanger sequencing, demonstrating the NGS advantage in HCM 
diagnostics.  
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3.8     From Laboratory Bench to Commercially Available 
Heterogeneous Disorder Panels 

 The aforementioned validation studies demonstrated the robustness of NGS, and its 
clinical use has started to dissipate across clinical laboratories to address the issue of 
genetic heterogeneity. Recently, a concerted, but independent, effort has been made 
to launch commercial NGS panels for congenital muscular dystrophies, autism, 
X-linked intellectual disability, hearing loss, breast cancer, colon cancers, and 
Marfan and related disorders. The NGS autism panel (Tier 2), offered by the Emory 
Genetics Laboratory, contains 55 genes that target genetic syndromes that include 
autism or autism-like features. Similarly, they also offer an NGS X-linked intellec-
tual disability (XLID) panel containing 91 genes to assist in the diagnosis of these 
patients since no other clinical features are typically observed in non- syndromic 
XLID. Complementarily, Ambry Genetics also offers the autism and XLID panels. 
Furthermore, Ambry Genetics offers NGS hereditary cancer panels to examine 14, 
14, and 19 genes involved in colon, breast, and ovarian cancers (also includes breast 
and uterine cancer genes), respectively. In cardiovascular genetic testing, Ambry 
Genetics has a number of NGS panels for Brugada syndrome (9 genes), LQT syn-
drome (12 genes), arrhythmia (29 genes), HCM (31 genes), DCM (37 genes), car-
diomyopathy (56 genes), and cardiovascular diseases (79 genes). This later 
comprehensive panel includes 79 genes that have been implicated in multiple cardio-
vascular diseases including cardiomyopathies, cardiac channelopathies/arrhythmias, 
and structural heart defects. In addition, the NGS hearing loss panel, with 24 caus-
ative genes, is commercially available at Cincinnati Children’s Medical Center 
(CCHMC), and other panels will be offered soon. At Baylor College of Medicine, 
two NGS-based tests are currently available, namely, the glycogen storage disorders 
and whole mitochondrial genome panels [ 105 ,  106 ]. The fi rst NGS test includes the 
massively parallel sequencing of 16 genes known to cause muscle and liver forms of 
glycogen storage diseases. The second NGS test is for the detection of mtDNA point 
mutations and large deletions with heteroplasmic levels of the mutations and vari-
ants quantifi ed via a novel one step mitochondrial genome method, involving a sin-
gle amplicons long-range PCR in conjunction with NGS. Other NGS-based tests 
currently offered by other clinical diagnostic laboratories are listed in the panels 
section of GeneTests (  http://www.ncbi.nlm.nih.gov/sites/GeneTests/?db=GeneTe
sts    ).   

4     Advantages and Challenges of NGS for Diagnosis 
of Genetically Heterogeneous Disorders 

4.1     Sensitivity 

 It is known that rare variants contribute to pathogenesis of a number of disorders 
[ 107 ]. NGS provides the ability to sequence at a very high depth, thus signifi cantly 
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improving the chances of identifying rare variants. It has been reported that deep 
sequencing (average 99X coverage) identifi ed a rare missense variant, not identifi ed 
by SNP arrays, in the  SLC26A3  gene in a patient with suspected Bartter syndrome 
[ 108 ]. In addition to  SLC26A3 , due to its genetically heterogeneous nature, Bartter 
syndrome is caused by mutations in  SLC12A1 ,  KCNJ1 ,  BSND ,  CLCNKA ,  CLCNKB , 
and  SLC12A3 . The sensitivity of NGS will aid in the diagnosis of heterogeneous 
disorders by having the ability to identify rare variants in all genes that are associ-
ated with a specifi c syndrome.  

4.2     Identifi cation of Novel Genetic Variations and Genes 

 Unlike in microarrays where prior knowledge of genetic aberrations is required to 
generate probes, NGS provides a broader view of the genome and hence opportunities 
to discover novel genetic aberrations in genetically heterogeneous disorders [ 109 ]. 
The development and application of an NGS approach to detect novel gene defects 
underlying retinal diseases has been recently reported [ 110 ]. Inherited retinal disor-
ders are clinically and genetically heterogeneous with more than 150 gene defects 
accounting for the diversity of disease phenotypes. A microarray capture of 254 target 
genes in combination with the Illumina Genome Analyzer IIx was used to analyze 20 
samples from 17 families [ 110 ]. Three known and fi ve novel mutations were identi-
fi ed in  NR2E3 ,  PRPF3 ,  EYS ,  PRPF8 ,  CRB1 ,  TRPM1 , and  CACNA1F . In addition to 
discovery novel variants, NGS has the ability to identify disease-causing variants in 
novel genes as exemplifi ed by the intellectual disability caused by more than 90 gene 
defects [ 111 ]. To expedite the molecular elucidation of autosomal recessive intellec-
tual disability, homozygosity mapping, exon enrichment, and NGS in 136 consan-
guineous families with autosomal recessive intellectual disability from Iran and 
elsewhere were performed. In this study, disease- causing variants in 50 novel candi-
date genes were identifi ed. As the technology continues to improve with a decreasing 
cost and error rate, it will be possible to sequence regions of interest at high depth, and 
this will enable identifi cation of greater number of rare variants and novel genes that 
contribute to the pathogenesis of genetically heterogeneous disorders.  

4.3     Sample Requirements 

 The amount and quality of DNA available for carrying out genetic tests can be a 
limiting factor. It is not always possible to get a large quantity of DNA for conduct-
ing genetic tests, and hence, it is important that techniques used for genetic testing 
require small amount of DNA [ 112 ]. While Sanger sequencing required several 
micrograms of DNA for a single gene of an average of 25 exons, even larger DNA 
amounts are needed for large panels (50 ng/exon); sequencing using NGS technolo-
gies can be conducted with a range of 50 ng to 3 μg of DNA for current genetically 
heterogeneous panels with several hundred exons (Table  7.3 ) [ 113 – 115 ].This offers 
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a distinct advantage for usage of NGS technologies in the clinic especially in new-
borns or those with immunodefi ciency disorders.  

4.4     NGS Challenges of Data Analysis and Reporting 

 NGS data analysis is an evolving fi eld and possibly the biggest bottleneck for rou-
tine adoption of NGS in clinical setting when hundreds of exons are included in a 
heterogeneous disorder panel [ 112 ]. For clinical services, NGS analysis should ide-
ally be simple, fast, and accurate, and the production of an output that is interpre-
table by medical staff should be a primary goal. NGS data analysis is still largely 
carried out using open-source tools [ 116 – 118 ]. These open-source tools have been 
immensely useful in analyzing NGS data in research laboratories, but they do not 
meet the criteria demanded by clinical laboratories, namely, easy, quick, and accu-
rate analyses. Moreover, commercially available NGS data analysis solutions are 
geared toward handling the hundreds of gigabyte data generated in research settings 
but have not been designed from clinical perspective [ 112 ]. A possible solution for 
this necessity is to create powerful clinical software that analyzes an NGS output 
from multiple gene panels. To aid in the diagnosis of heterogeneous disorders, this 
software needs to integrate algorithms for data mining that do comparisons between 
a given clinical sample and public/private databases to include informative variants 
and exclude uninformative variants. Medical report-like formatting of this informa-
tion to include only causative variants of unknown clinical signifi cance and rare 
variants with explanations will help physicians understand this genomic  information 
better and will likely have a direct impact on patient care.  

4.5     Challenges of Data Storage, Data Processing, 
and Computing Infrastructure 

 The amount of data being generated using NGS systems is outpacing the computa-
tional capacity of most systems and requires highly skilled IT personnel and bioin-
formatics staff to set up, maintain, and run NGS data analysis tools [ 119 ]. Due to 
large number of exons, the raw sequencing data output from heterogeneous disorder 
panels is substantial and requires specialized computer equipment and algorithms 
for cost-effective handling. In clinical laboratories, the raw data, downstream of the 
image fi le, including fastq, fastq.gz, fasta, and others, must be processed and kept at 
every step for each patient sample. The challenge is to condense and store these fi les 
in an effi cient manner to reduce the cost of storage. At the rate that we are generat-
ing data, our storage needs will increase, and this demand will increase the cost of 
storage. The cost of sequencing has decreased, but for this technology to become 
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popular, we must decrease the cost of storage as well. In terms of process time, 
clinical laboratories depend on short turnaround time (TAT) to deliver the best pos-
sible care for their patients. With larger datasets, multicore processors must be used 
to provide the advantage to reducing processing time. This computational require-
ment may be diffi cult to meet for small laboratories and clinics. Currently, NGS 
panel processing times vary from several hours to overnight. However, as the panels 
get larger, increased RAM memory must be used to continue to provide short TATs. 
In addition, automation of the raw sequencing data processing is a possible solution 
for effi cient handling of multiple data fi les and may have an impact on the reduction 
of TATs. Storage and analysis of NGS data demands sophisticated and high-end 
computing infrastructure (at a minimum 8 quad core, 32 gigabyte RAM, and 10 
terabytes of disk space). This kind of computing infrastructure and manpower is 
impractical for small diagnostic laboratories and clinics. The cost of managing, 
storing, and analyzing NGS data easily runs into hundreds of thousands of dollars 
and currently is a severe deterrent for adoption of NGS systems in clinics [ 120 ]. In 
order to benefi t from the many advantages of sequencing the genome, the cost of 
data analysis needs to be made manageable.  

4.6     Ethical Issues 

 Genetic testing plays an important role in the management of inherited heterogeneous 
diseases, but there are several caveats that must be considered. As sequencing using 
NGS provides a larger view of the genome, a concern is that genetic testing may 
reveal unexpected information that is not directly related to the original clinical ques-
tion [ 121 ]. Examples include unexpected nonpaternity and consanguinity. As NGS 
sequencing costs fall, we may move toward larger and larger panels, and eventually 
the whole exome and genome; this could lead to the possibility of obtaining incidental 
fi ndings such as a mutation in a muscular dystrophy-causing gene during investiga-
tion for hearing loss. In contrast, a number of variants discovered may not have clini-
cal signifi cance, or their clinical signifi cance may not be known, and sharing of such 
information with patients should be carefully considered [ 112 ]. There are many ethi-
cal questions that arise from this topic. How will clinical laboratories report incidental 
fi ndings to clinicians, and, subsequently, should clinicians communicate these results 
to patients? Which conditions and/or mutations should be communicated to the clini-
cian and patient? In March of this year, the American College of Medical Genetics 
and Genomics (ACMG) released a policy statement entitled “Points to Consider in 
the Clinical Application of Genomic Sequencing” that address these concerns. It is 
recommended that gene variants known to be associated with a phenotype, but not 
believed to be related to the condition that led to the testing (“secondary fi ndings”), 
should be reported. Moreover, it is recommended that laboratories and clinics utiliz-
ing NGS data should have clear policies in place related to disclosure of secondary 
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fi ndings. It states that patients should be informed of those policies and the types of 
secondary fi ndings that will be reported to them and that patients should be given the 
option of not receiving secondary fi ndings. However, there will be exceptional cases 
where the ordering physician and laboratory must decide what is best for the patient.   

5     Conclusions 

 NGS has had a large impact in biomedical research, and it is making its way to the 
clinical diagnostic arena driven by the reduction of cost and increased fl exibility due 
to the advent of targeted NGS technologies. We have shown that NGS, by employ-
ing various enrichment and sequencing methods, provides a solution for the diagnosis 
of genetic heterogeneous disorders by having the ability to analyze multiple genes 
in parallel. In fact, we have shown that NGS has already been used to identify muta-
tions underlying well-known genetic heterogeneous disorders, namely, RP, LCA, 
ciliopathies, CMD, cardiomyopathies, hearing loss, and immunodefi ciency disorders. 
Although this application of NGS along with unique advantages of the tech-
nology is encouraging, several technical and ethical challenges need to 
be addressed as we move forward by using the current and upcoming systems in the 
clinic. In order to be widely and routinely used in clinical practice, there needs to be 
further reduction in data storage cost and fl exibility in throughput and streamlining 
of data generation, analysis, interpretation, and reporting. The creation of benchtop 
sequencers, decreased run times, and reduction of technical complexity by automation 
alongside bioinformatic infrastructure investments for analysis and interpretation 
will speed up the adoption process. In the immediate future, it is easy to envisage a 
more comprehensive use of this powerful technology for the testing of genetic 
heterogeneous disorders by offering larger and diverse NGS panels.     
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    Abstract     Glycosylation is the addition of sugars (glycans) to proteins and lipids. 
Defective synthesis, assembly, or processing of glycans results in a group of disor-
ders known as congenital disorders of glycosylation (CDG). Next-generation 
sequencing (NGS) technology is used in many molecular diagnostic laboratories 
and consists of comprehensive panels of genes associated with particular disorders 
and whole exome sequencing (WES) which has recently debuted in the diagnostic 
laboratory. Cautions and challenges with using NGS panels and WES in the clinical 
setting using CDG as an example are discussed. A comprehensive NGS panel for 
CDG is being used when there is no indication either biochemically or clinically 
what gene defect may be present. In the research setting, WES was successfully 
used to identify the gene defect in several individuals with unknown types of 
CDG. New gene discoveries for CDG are leading to improved molecular diagnostic 
testing for CDG, including an updated comprehensive NGS panel. Identifi cation of 
new CDG genes also provides direction for translational research, which is already 
occurring for several subtypes of CDG.  
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   HGMD    Human Gene Mutation Database   
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  CDG    Congenital disorders of glycosylation   
  NGS    Next-generation sequencing   
  GPI    Glycophosphatidylinositol   
  IEF    Isoelectric focusing   
  MS    Mass spectrometry   
  CAP    College of American Pathologists   
  CLIA    Clinical Laboratory Improvement Amendments   
  HIPAA    Health Insurance Portability and Accountability Act   
  OST    Oligosaccharyltransferase complex   
  VOUS    Variant of unknown clinical signifi cance   
  NHLBI    National Heart, Lung, and Blood Institute   
  CGH    Comparative genomic hybridization   

1           Introduction 

 Glycosylation is an essential posttranslational modifi cation and involves eight 
 different biosynthetic pathways located within the ER and Golgi apparatus [ 1 ]. 
Within these pathways, glycans (sugars) are added to proteins and lipids, and after 
addition, the glycans are further modifi ed. It is estimated that more than half of all 
proteins are glycosylated [ 2 ]. Glycans are added to proteins through the N-linked 
and O-linked glycosylation pathways. The type of amino acid residue used for the 
attachment of glycans to proteins differs for these two pathways. For N-linked 
 glycosylation, glycans are added to asparagine residues on proteins. For O-linked 
glycosylation, glycans are added to serine or threonine residues on proteins [ 3 ]. The 
most abundant type of O-linked glycosylation is N-acetylglucosamine    (GalNac), 
and other types of O-linked glycosylation include O-mannose, O-xylose, O-glucose 
and O-fucose [ 4 ]. Both N- and O-linked glycosylation are important for many dif-
ferent biological processes. N-linked glycosylation is important for many secretory 
and membrane-bound proteins and is essential for protein folding and stability, 
inter- and intracellular traffi cking, cell signaling and recognition, protein-protein 
complex formation, and for protease resistance [ 1 ].    O-linked glycosylation is impor-
tant for many cell surface and extracellular proteins and is essential for immunity, 
serving as lubricants and providing cushioning and stability to the extracellular 
matrix; receptor-mediated signaling; protein expression, processing, and recogni-
tion; and for the determination of blood type [ 1 ,  5 ]. Glycans are added to lipids 
through the glycosphingolipid and glycophosphatidylinositol (GPI) anchor path-
ways [ 1 ]. Lipid glycosylation is important for proper cell signaling and membrane 
diffusion and sorting [ 6 ]. With all of these processes relying on glycosylation, the 
proper development and functioning of multiple organ systems in the body is depen-
dent upon correct glycosylation.  
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2     Defects in the Glycosylation Process Cause Disease 

 Defects in the synthesis, processing, or transfer of glycans result in a group of over 
60 metabolic disorders known as congenital disorders of glycosylation (CDG) 
(Table  8.1 ) [ 4 ]. Gene defects have been identifi ed in seven of the eight ER-Golgi 
biosynthetic pathways including the N-linked, O-linked (O-GalNac, O-xylose, 
O-mannose, and O-fucose), glycosphingolipid, and GPI anchor pathways. Defects 
have also been identifi ed in additional pathways associated with nucleotide sugar 
transport into the ER or Golgi apparatus and vesicular transport. The clinical fea-
tures can differ depending on which pathway the gene defect resides in, but there are 
also many overlapping features. CDGs caused by defects in the N-linked pathway 
are characterized by multi-organ dysfunction and symptoms that can appear soon 
after birth [ 7 ]. Developmental delay and failure to thrive are common and can be the 
fi rst indication of a CDG. The nervous system is impaired in the majority of N-linked 
defects [ 4 ]. Additional organ dysfunction can include liver, gastrointestinal, cardiac, 
and immune system [ 8 ]. Clotting factor defi ciencies are also present with N-linked 
defects and can also be a life-threatening problem by resulting in thrombosis or 
bleeding tendencies [ 9 ]. O-linked defects have more specifi c organ involvement and 
are characterized by muscle, bone, cartilage, and extracellular matrix defects [ 1 ]. 
O-mannose defects are categorized under the muscular dystrophies [ 10 ]. Patients 
with combined N- and O-linked defects have symptoms that are suggestive of a 
metabolic defect but can also present with congenital malformations. Lipid-linked 
defects primarily impact the nervous system [ 11 – 13 ]. The variation in clinical pre-
sentation and severity of disease causes a signifi cant challenge to pediatric health- 
care providers. Signifi cant morbidity and mortality is associated with CDG due to 
system-wide organ dysfunction or severe infections. The majority of CDGs are 
inherited in an autosomal recessive manner. Exceptions are X-linked recessive 
MAGT1-CDG and ALG13-CDG and autosomal dominant EXT1/EXT2-CDG and 
GNE-CDG.

3        Diagnosis and Biochemical Testing for CDG 

 The fi rst step in determining whether a patient has CDG is biochemical analysis of 
serum transferrin. Biochemical analysis of serum transferrin gives a characteristic 
pattern with patients classifi ed as having a type I or type II CDG [ 14 ]. Type I desig-
nates defects in the synthesis or transfer of the glycan to proteins and results in 
hypoglycosylation [ 14 ]. Type II designates defects in further modifi cation of these 
glycans after they are attached to protein which results in mis-glycosylation [ 14 ]. 
A type I pattern indicates that the individual has an N-linked glycosylation pathway 
defect. A type II pattern indicates that the defect can be N-linked, O-linked, or in 
pathways associated with lipid-linked glycosylation. Defects in genes whose func-
tions are needed in multiple pathways result in a combined type I and type II 

8 Molecular Diagnosis of Congenital Disorders of Glycosylation (CDG)



154

    Table 8.1    Known CDG types, number of known cases, number of identifi ed mutations, and 
whether molecular diagnostic testing is available   

 Gene 

 CDG type new classifi cation 
(CDG subtype original 
classifi cation) 

 Estimated 
number of 
cases or 
prevalence 

 Number 
of reported 
mutations in 
Human Gene 
Mutation 
Database 

 Molecular 
diagnostic 
testing currently 
available 
*Analyzed 
using NGS    

  N-linked glycosylation defects  
  PMM2   PMM2-CDG (CDG-Ia)  >700  115  Yes* 
  MPI   MPI-CDG (CDG-Ib)  >20  19  Yes* 
  ALG6   ALG6-CDG (CDG-Ic)  >30  19  Yes* 
  ALG3   ALG3-CDG (CDG-Id)  6  9  Yes* 
  DPM1   DPM1-CDG (CDG-Ie)  14  6  Yes* 
  MPDU1   MPDU1-CDG (CDG-If)  7  5  Yes* 
  ALG12   ALG12-CDG (CDG-Ig)  7  11  Yes* 
  ALG8   ALG8-CDG (CDG-Ih)  5  13  Yes* 
  ALG2   ALG2-CDG (CDG-Ii)  1  2  Yes* 
  DPAGT1   DPAGT1-CDG (CDG-Ij)  11  5  Yes* 
  ALG1   ALG1-CDG (CDG-Ik)  20  9  Yes^ 
  ALG9   ALG9-CDG (CDG-Il)  2  2  Yes* 
  DOLK   DOLK-CDG (CDG-Im)  16  5  Yes* 
  RFT1   RFT1-CDG (CDG-In)  7  5  Yes* 
  DPM3   DPM3-CDG (CDG-Io)  1  1  No 
  ALG11   ALG11-CDG (CDG-Ip)  5  6  No 
  SRD5A3   SRD5A3-CDG (CDG-Iq)  14  11  Yes 
  DDOST   DDOST-CDG (CDG-Ir)  1  2  Yes 
  ALG13   ALG13-CDG (CDG-Is)  1  1  No 
  TUSC3   TUSC3-CDG  4  5  Yes* 
  MAGT1   MAGT1-CDG  14  3  Yes 
  DHDDS   DHDDS-CDG  18  1  Yes 
  MAN1B1   MAN1B1-CDG  12  4  No 
  PGM1   PGM1-CDG  2  2  No 
  MGAT2   MGAT2-CDG (CDG-IIa)  4  5  Yes* 
  GCS1   GCS1-CDG (CDG-IIb)  3  2  Yes* 
  ST3GAL3   ST3GAL3-CDG  12  2  No 

 O-linked glycosylation defects 
  EXT1   EXT1-CDG  1 in 50,000  393  Yes 
  EXT2   EXT2-CDG  1in 50,000  183  Yes 
  CHST14   CHST14-CDG  24  12  Yes 
  CHST3   CHST3-CDG  >18  27  Yes 
  CHST6   CHST6-CDG  Unknown  162  Yes 
  CHSY1   CHSY1-CDG  6  6  No 
  B3GAT3   B3GAT3-CDG  5  1  No 
  SLC35D1   SLC35D1-CDG  5  7  No 
  B4GALT7   B4GALT7-CDG  3  3  No 
  GALNT3   GALNT3-CDG  20  25  Yes 
  LFNG   LFNG-CDG  1  1  Yes 

(continued)
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 Gene 

 CDG type new classifi cation 
(CDG subtype original 
classifi cation) 

 Estimated 
number of 
cases or 
prevalence 

 Number 
of reported 
mutations in 
Human Gene 
Mutation 
Database 

 Molecular 
diagnostic 
testing currently 
available 
*Analyzed 
using NGS    

  B3GALTL   B3GALTL-CDG  >20  9  Yes 
  POMT1/POMT2   POMT1/POMT2-CDG  1 in 60,500  61/38  Yes* 
  FKTN   FKTN-CDG  1–9 per 

1,000,000 
 39  Yes* 

  POMGNT1   POMGNT1-CDG  Unknown  58  Yes* 
  LARGE   LARGE-CDG  Unknown  12  Yes* 
  FKRP   FKRP-CDG  Unknown  83  Yes* 

  Multiple glycosylation defects  
  SLC35A1   SLC35A1-CDG (CDG-IIf)  1  1  Yes* 
  SLC35C1   SLC35C1-CDG (CDG-IIc)  7  5  Yes* 
  SLC35D1   SLC35D1-CDG  5  7  No 
  TMEM165   TMEM165-CDG  5  4  No 
  GNE   GNE-CDG  >100  99  Yes* 
  ATP6V0A2   ATP6V0A2-CDG  >20  28  Yes* 
  SEC23B   SEC23B-CDG  >300  59  Yes 
  B4GALT1   B4GALT1-CDG (CDG-IId)  1  1  Yes* 

  COG subunit defects  
  COG1   COG1-CDG (CDG-IIg)  3  3  Yes* 
  COG4   COG4-CDG (CDG-IIj)  2  4  No 
  COG5   COG5-CDG (CDG-Iii)  4  3  No 
  COG6   COG6-CDG  1  1  No 
  COG7   COG7-CDG (CDG-IIe)  9  3  Yes* 
  COG8   COG8-CDG (CDG-IIh)  2  3  Yes* 

  Lipid defects  
  ST3GAL5   ST3GAL5-CDG  8  1  Yes 
  SIAT9   SIAT9-CDG  8  1  Yes 
  PIGM   PIGM-CDG  3  1  No 
  PIGV   PIGV-CDG  8  7  No 
  PIGA   PIGA-CDG  1 per 

500,000 
 >100  No 

  PIGL   PIGL-CDG  7  4  No 
  PIGO   PIGO-CDG  3  3  No 

Table 8.1 (continued)
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transferrin pattern. Transferrin analysis is relatively straightforward and many labo-
ratories can do this analysis using isoelectric focusing (IEF) [ 15 ]. Mass spectrome-
try (MS) techniques are now being used in the diagnostic setting because they offer 
greater specifi city and sensitivity compared to traditional IEF analysis. If transferrin 
analysis does not indicate a CDG but the clinical features suggests the patient may 
have CDG, further biochemical structural analysis of N-glycans and O-glycans can 
be performed using MS on plasma or serum [ 16 ]. This analysis can also provide a 
clue as to where the defect resides within these pathways due to the characteristic 
structural patterns. However, structural analysis may only indicate an overall glyco-
sylation defect, and follow-up with molecular genetic analysis will be needed to 
identify the specifi c gene defect. There is no single test that can detect all O-linked 
glycosylation defects, while some tests have been developed to detect certain types 
of O-linked defects. For O-linked glycosylation defects that involve the biosynthe-
sis of O-glycans, an IEF assay of apoC-III is used [ 17 ]. For α-dystroglycanopathies, 
immunohistochemical staining of a muscle biopsy can be used to detect O-linked 
mannosylated glycan defects [ 18 ]. For lipid-linked defects, fl ow cytometry can be 
used to identify GPI anchor defi ciencies by specifi cally analyzing CD59 (protectin) 
on leukocytes and erythrocytes and CD24 on granulocytes and B cells [ 11 ]. Both 
CD59 and CD24 will be reduced on these cell types if the patient has a GPI anchor 
defect.  

4     Molecular Testing for CDG 

 Molecular genetic testing has identifi ed CDG disease-causing mutations in more 
than 60 genes. To date, a total of 17 gene defects have been identifi ed in the N-linked 
pathway, 17 defects in the O-linked pathway, and 7 defects in the lipid-linked path-
way. There are also known combined N-and O-glycosylation defects and defects in 
other pathways. Classically, CDG nomenclature was alphabetized based on the 
order of identifi cation of new CDGs. However, with the continuous identifi cation of 
new types of CDG and defects being identifi ed in new pathways, this nomenclature 
has recently been updated. The new nomenclature is based on the gene name fol-
lowed by the suffi x -CDG [ 19 ].  This chapter uses the new nomenclature to avoid 
confusion . The most common CDG is PMM2-CDG, which is an N-glycosylation 
defect. More than 700 cases have been identifi ed worldwide and more than 100 dif-
ferent mutations have been identifi ed in the  PMM2  gene [ 20 ]. This CDG also has a 
unique clinical feature of abnormal fat distribution which aids in the diagnosis of 
this subtype. It is estimated that 60 % of patients with a CDG type I pattern via 
serum transferrin analysis have a defect in the  PMM2  gene. Only a few families 
have been identifi ed for the majority of the other CDG subtypes (Table  8.1 ). 
Therefore, the natural history and clinical outcome for patients with defects in the 
majority of CDG subtypes is currently unknown [ 21 ]. Treatment is only available 
for four subtypes with only one subtype MPI-CDG having effective treatment by 
oral mannose supplementation [ 22 ]. This is the only subtype without neurological 
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involvement, and patients present mainly with hepatic intestinal symptoms. CDG 
should be considered in any individual presenting with developmental delay or fail-
ure to thrive and in individuals that remain with an unknown diagnosis. Even if 
serum transferrin analysis is normal, CDG must not be ruled out because some 
subtypes are known to have a normal transferrin pattern including GCS1-CDG, 
SLC35A1-CDG, and SLC35C1-CDG [ 1 ]. Normal transferrin patterns can also be 
present in adults with CDG due to unknown compensatory mechanisms [ 23 ]. 

 The gene defect remains unknown for many patients given a diagnosis of CDG 
based on clinical features or biochemical testing. Molecular testing for CDG is also 
not widely available especially for the more rare subtypes, and testing for some 
CDG-associated genes is only done on a research basis. Given that about 1–2 % 
(about 200–400 genes) of the genes in the human genome are involved in the pro-
cess of glycosylation, it is not surprising that there is a high number of unknown 
cases and it is likely that the majority of these patients will have defects in new 
genes that are not currently associated with CDG [ 8 ].  

5     New Technology for Clinical Molecular Testing 
for CDG and Recent Advancements 

 Molecular testing has historically relied on the method of Sanger sequencing of 
individual genes for rare disorders. The strategy of using a stepwise gene-by-gene 
approach can be very costly and time consuming if there is signifi cant clinical over-
lap with many candidate genes associated with a certain group of disorders. The 
delay and uncertainty of the diagnosis also causes signifi cant anxiety for the patient’s 
family if the cause remains unknown. Molecular diagnostic testing by simultaneous 
analysis of many CDG genes began in 2010 and consisted of Sanger sequencing 
analysis of individual genes complemented with deletion and duplication analysis 
using array comparative genomic hybridization (CGH) [ 24 ]. Single-gene testing is 
ideal when a patient either has a clinical phenotype and/or biochemical testing that 
points to a specifi c gene defect. 

 A targeted panel next-generation sequencing (NGS) approach has also been 
developed for comprehensive analysis of 24 CDG-associated genes [ 25 ]. This 
approach is useful when the clinical phenotype and/or biochemical testing does not 
provide an indication of which gene defect a patient may have and multiple genes 
are candidates. NGS technology offers a signifi cant advantage compared to conven-
tional Sanger sequencing because multiple genes can be screened for mutations at 
the same time leading to a reduced cost and a faster diagnosis if disease-causing 
mutations can be identifi ed. 

 This CDG comprehensive panel uses PCR-based enrichment. RainDance TM  
(Lexington, MA) is used for enrichment for this CDG panel but other PCR-based 
enrichment options are available including Fluidigm TM  (San Francisco, CA) and 
HaloPlex from Agilent Technologies (Santa Clara, CA). An in-solution hybridiza-
tion option is also available using Agilent SureSelect TM . Limitations of PCR-based 
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enrichment include poor primer design and diffi culty enriching segments with high 
GC content or sequence complexity which can result in some regions not being 
amplifi ed. These regions will then have to be covered using an additional optimized 
amplifi cation condition followed by Sanger sequencing. Genes with pseudogenes 
are also problematic because target selection technologies (PCR and in-solution 
hybridization) cannot differentiate between the real gene and the pseudogene. 
Additional challenges with a targeted NGS panel approach include the need for a 
strong bioinformatics team that can process the enormous amount of sequencing 
data once sequencing is completed. Bioinformatic scripts need to be developed to 
fi lter through the variants that have low coverage and bad quality because these vari-
ants are the least likely to be real. A comprehensive list of all exons that have low 
coverage or no coverage also needs to be provided and will need to be Sanger 
sequenced separately. A comprehensive complete test would include every base of 
every coding exon including the exon/intron boundaries and up to 10 bases into the 
intron fully analyzed for all genes included in a gene panel. 

 The CDG NGS panel was validated using 12 CDG patients with mutations in a 
number of genes identifi ed previously by Sanger sequencing [ 25 ]. Validation sam-
ples contained different types of mutations including missense, splice site, inser-
tions, and deletions to ensure that NGS technology was sensitive enough to detect a 
spectrum of different types of mutations. All exons with low or no coverage were 
determined, and a proactive list was developed. This list includes 15 exons and these 
exons are Sanger sequenced separately, so a complete comprehensive test is offered 
to patients [ 25 ]. Panel testing has already identifi ed the gene defects in several 
patients who would likely still remain without a molecular diagnosis if they had 
been tested using a stepwise gene-by-gene approach. Identifying the mutations in 
these patients is important for potential future treatment options and for counseling 
family members with carrier risk information. With the mutations identifi ed, pre-
conception screening is now a possibility, thereby reducing the risk of the parents 
having another affected child. 

 Whole exome sequencing (WES) has only very recently debuted in the molecu-
lar diagnostic laboratory setting. WES is an extension to the targeted panels by 
sequencing the majority of genes in the genome. NGS technology is a challenge in 
the diagnostic setting because laboratories need to be in compliance with both 
Clinical Laboratory Improvement Amendments (CLIA) and College of American 
Pathologists (CAP) requirements. However, both CLIA and CAP do not currently 
have guidelines for NGS in clinical diagnostic laboratories. There is an ongoing 
effort by experts in the fi eld to determine what guidelines and regulations are needed 
for this technology. The laboratories also need to determine whether the test is to be 
performed in-house or off-site with the data delivered to the bioinformaticians in the 
reporting laboratory. If samples are sent off-site, it also needs to be determined how 
compliance with the Health Insurance Portability and Accountability Act (HIPAA) 
can be ensured. Turnaround time and the costs associated with running the test, 
analysis, Sanger confi rmation, and interpretation also need to be considered. Another 
challenge with offering WES in the diagnostic setting is deciding what types of 
information from the test should be delivered to the patient and how to generate 
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reports that are easy for physicians to understand. A disclaimer that lists the regions 
missed by WES is also important to be included in the reports, especially candidate 
genes for the patient’s phenotype. Pretest and posttest counseling is essential for the 
patients and their families to make sure that they understand the implications of this 
testing and how much information the patients want revealed to them about their 
genetic risk for other conditions independent of the current condition they are being 
tested for. The psychosocial impact of this test is currently unknown but will be 
revealed as this testing becomes more widespread. In the molecular diagnostic set-
ting, it is estimated that WES is identifying the gene defect in approximately 20 % 
of patients that are referred for this testing (unpublished observation).  

6     Gene Discovery Approach for CDG 

 In the research setting, WES has successfully identifi ed the gene defect for a num-
ber of disorders. For CDG, all efforts to identify the gene defect in patients without 
a molecular diagnosis have taken place in the research setting. Researchers involved 
in CDG have collections of patients who currently do not have a molecular diagno-
sis, and this number is likely to increase as testing continues in the diagnostic labo-
ratory. Therefore, CDG is an excellent candidate disorder for WES to identify the 
gene defects in these patients. The majority of glycosylation genes are included in 
the exome capture design and can be analyzed by WES thereby providing a greater 
chance of identifying the gene defects in these patients. However, caution needs to 
be exercised with this approach because genes and exons will be missed including 
disease-causing mutations, and it is not cost-effective to Sanger sequence all WES 
missed regions. 

 In the diagnostic laboratory setting with WES being offered as a diagnostic test, 
each laboratory will need to decide on a bioinformatics pipeline. Data can be ana-
lyzed using two different analysis programs. Variants present in both programs are 
more likely to be real. One approach for CDG is to generate lists of variants. For 
example, four lists of variants can be generated: variants that are present in a glycan 
gene library of 250 genes, all genes in the Human Gene Mutation Database (HGMD) 
and Online Mendelian Inheritance of Man (OMIM), and all the remaining genes in 
the exome (Fig.  8.1 ). The order of analysis will be the glycan gene library, and if no 
mutations are identifi ed, the focus will turn to all HGMD genes, followed by all 
OMIM genes and fi nally all the remaining genes in the exome. An independent map 
report can be generated for each independent list that provides the percentage of 
reads that mapped to the exome and the percentage of low-coverage exons. Single- 
nucleotide changes will be separated into pathogenic and possible pathogenic. 
Benign variants and variants with a minor allele frequency of 1 % and above will be 
fi ltered out as long as the allele frequency data is suffi cient. Variants reported at a 
frequency of less than 1 % will be carefully evaluated. Variants of interest will be 
confi rmed by Sanger sequencing. If a candidate gene is identifi ed, functional studies 
will commence in the research setting to confi rm the functional and pathogenic 
effects of the variants.
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   With regard to CDG, WES has successfully identifi ed the gene defect in one 
CDG-Ix patient, a collection of patients given a clinical diagnosis of CHIME syn-
drome, which stands for  c olobomas,  h eart defects,  i chthyosiform dermatosis,  m en-
tal retardation (intellectual disability), and  e ar anomalies [ 26 ]. WES has also 
identifi ed  PGM1  and  PIGO  mutations in several patients [ 27 ,  28 ]. For the CDG-Ix 
patient, two mutations were identifi ed in the  DDOST  gene, which is a component of 
the oligosaccharyltransferase complex (OST). The OST complex is part of the 
N-glycosylation biosynthesis pathway and is responsible for transferring oligosac-
charides to proteins. For the CHIME syndrome cases, mutations were identifi ed in 
the gene  PIGL , and for the cases with hyperphosphatasia and mental retardation, 
mutations were identifi ed in the  PIGO  gene. Both  PIGL  and  PIGO  are part of GPI 
anchor synthesis pathway for lipid glycosylation.  PIGL  is located at the second step 
of this pathway and  PIGO  is at step 10 of this pathway [ 29 ].  PGM1  is responsible 
for both the breakdown and synthesis of glucose. 

 With the discovery of new CDG genes in the research setting, molecular diag-
nostic tests can then be set up in the clinical laboratory. For any new genes discov-
ered by WES, adequate evidence is needed before a gene can confi dently be 
associated with a particular disorder, which can include segregation confi rmation, 
functional studies confi rming the gene defect, or multiple families identifi ed if pos-
sible. With suffi cient evidence, a full sequencing test for the newly identifi ed genes 
can be developed and offered in a diagnostic laboratory. The NGS panels can con-
tinually be expanded to include newly discovered genes with confi rmed disease 
association.  

  Fig. 8.1     Whole exome sequencing analysis pipeline . Whole exome sequencing analysis for CDG 
fi rst focuses on a glycan gene library of 250 genes. If two nucleotide changes are identifi ed in the 
same gene that are predicted to result in disease, these will be Sanger confi rmed and functional 
analysis will be performed as appropriate. If the glycan gene library is negative for nucleotide 
changes that could be causative of disease, analysis will expand out to all HGMD genes, all OMIM 
genes, and all of the rest of the remaining genes in the exome       
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7     Variant Interpretation Challenges with Targeted 
Panels and WES 

 With NGS panels and WES now being offered in diagnostic laboratories, one sig-
nifi cant challenge is the interpretation of detected variants [ 30 ]. Online prediction 
programs are not reliable and cannot be used to come to a fi nal conclusion of 
whether a variant is benign or pathogenic [ 31 ]. The number of variants classifi ed as 
variant of unknown clinical signifi cance (VOUS) will signifi cantly increase as panel 
testing and WES increase. Novel variants detected in patients with ethnic back-
grounds that are not well represented in dbSNP or the National Heart, Lung, and 
Blood Institute (NHLBI) exome variant server are diffi cult to interpret. Since many 
variants identifi ed using WES are likely not to be previously reported, their effect 
on protein structure and function and ultimately pathogenicity will be unknown. A 
conservative approach for variant calling in the diagnostic laboratory is important 
because family planning can be signifi cantly affected by the interpretation of a 
variant.  

8     The Future of Clinical Molecular Testing for CDG 

 As new genes are continuously being discovered for CDG, a potential issue to be 
considered in the near future is whether to refer a patient for CDG panel testing or 
WES. CDG panels do not include all known CDG genes, whereas WES would 
allow testing for all known and unknown CDG- and glycosylation-associated genes. 
However, panel testing allows for complete analysis of all exons for the genes 
included in the panel, and WES cannot. With this limitation known, it will be impor-
tant to have a comprehensive list of all exons from genes in the glycan gene library 
that are not covered, and careful analysis of these genes will be important. If a vari-
ant is detected that is likely damaging in a certain gene and several exons of the gene 
are not covered, Sanger sequencing of the missed exons will be necessary to rule out 
the gene as the potential cause of the patient’s CDG diagnosis. Genes are being 
discovered faster than the CDG panel can be updated, and it will be impossible to 
have a panel that includes all known CDG genes. Therefore, if a patient just has 
panel testing and is negative for nucleotide changes that could be causative for dis-
ease, it cannot be ruled out that the patient does not have mutations in known CDG- 
associated genes that are not currently included in the panel. WES for CDG patients 
will continue to be necessary because the clinical phenotype and biochemical test-
ing may not be able to indicate the specifi c gene defect, and there may be no indica-
tion of even where to start looking. That is why a full phenotype report will be very 
important as testing for CDG continues. The patient may have a distinct clinical 
feature that may indicate a gene defect within a certain pathway or at a certain place 
within the pathway. 
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 WES will continue to be performed on CDG patients in the research setting 
because reimbursement issues with WES in the clinical setting may disqualify some 
patients from having this test. This could change in the future when WES becomes 
more widespread and accepted by insurance companies. WES will not identify the 
gene defect in every single CDG patient because some of these patients may have 
mutations that are outside of the coding regions, which will be missed by a WES 
approach. It is estimated that 15 % of mutations reside outside of the coding regions 
and WGS will be necessary to detect these changes [ 32 ]. Whole genome sequencing 
can be used to identify these types of mutations but is not currently feasible in the 
clinical diagnostic setting. Interpretation of variants outside of the coding regions 
would be very diffi cult without functional studies from research laboratories pro-
viding evidence that the variants impair gene function. Therefore, clinical laborato-
ries will continue to focus on the exome and on gene panels in the immediate future 
because variants identifi ed are easier to interpret. 

 Additional pathways involved in glycosylation may be discovered by using 
WES. Thus, WES can provide a greater understanding of glycosylation and what 
phenotypes result in humans when defects are present in these pathways. This in 
turn will result in research for potential new therapies for defects within these 
pathways.  

9     The Future of Translational NGS for CDG 

 Identifi cation of the causative genes in CDG patients using NGS technology is a big 
accomplishment because it is likely that single-gene testing alone would not have 
picked up the mutations. Individual gene testing usually does not continue when a 
couple of genes screened are negative for mutations, leaving the patients and their 
families without an answer. As the causative genes for CDG patients are identifi ed, 
a better indication on the prognosis for the patient will be possible. As more patients 
are identifi ed with defects in the same gene, an indication of whether they could 
possibly develop additional clinical features and organ dysfunction as they age 
could be predicted. Although an effective treatment only exists for one subtype of 
CDG and partial treatment is available for a few others, identifi cation of the defec-
tive gene in patients can provide the foundation for the investigation of new treat-
ment options in the research setting. Investigation of the effect of potential 
compounds on patient fi broblasts and the resulting effect on glycosylation can be 
explored [ 33 ,  34 ]. Recently, it has been discovered that oral mannose is actually 
helping patients with ALG1-CDG (Miao He, personal communication).    This effect 
was fi rst observed in patient’s fi broblasts, and treatment with one severely affected 
child improved his or her ambulation. Mutations in  ALG1  were identifi ed in the 
diagnostic laboratory and further investigation of treatment took place in the 
research setting. Now the treatment is going from bench to bedside, and it is possi-
ble that oral mannose may be a partially effective treatment for patients with ALG1- 
CDG. Recently, it has been discovered that patients with  PGM1  defects have 
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improvement when they drink 5–6 glasses of milk per day (Morava E, personal 
communication). Discoveries made with NGS technology will improve the molecu-
lar diagnosis rate, patient care and management and will provide opportunities for 
the research laboratories to investigate possible treatments for CDG that can be 
brought to the patient’s bedside.     
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    Abstract     X-linked intellectual disability (XLID) is considered to be a collection of 
conditions that are each caused by mutation in one of the many X-linked genes 
associated with either a syndromic or nonsyndromic form of intellectual disability. 
A signifi cant number of XLID conditions have been described, but only approxi-
mately 50 % of the causative XLID genes have been discovered. For affected indi-
viduals from families with clear or potentially X-linked inheritance, the strategy for 
next-generation sequencing (NGS) can be tailored appropriately, given the ability to 
focus sole attention on the X chromosome rather than the entire genome. The pri-
mary goal of this chapter is to focus on the principles associated with testing known 
XLID genes that have been included on various targeted NGS panels. These prin-
ciples can be extended to other X-linked genes that may be implicated in XLID, as 
well as to other genes on the X chromosome with relevant medical implications.  

1         Introduction 

 Of the two sex chromosomes, the X chromosome is much larger and more gene 
dense, and is well known for having many genes associated with a wide variety of 
clinical conditions. X-linked conditions typically affect males to a greater degree 
than females given that males have just a single X chromosome (half the genomic 
dosage of normal females). A sole X chromosome in males leaves this region one 
of the most vulnerable sectors of the genome; therefore, it is much more susceptible 
to disease upon mutation, in comparison to females that normally have two X chro-
mosomes [ 1 ]. This chapter focuses on X-linked intellectual disability (XLID), pre-
viously referred to as X-linked mental retardation (XLMR), as a group of conditions 
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caused by a specifi c region of the genome that present in either X-linked recessive 
or X-linked dominant fashion. Taken together, XLID is considered to be a collec-
tion of conditions that are individually caused by mutation in one of the many 
X-linked genes that have been associated with either a syndromic or a nonsyn-
dromic form of intellectual disability (ID). The diagnosis of nonsyndromic ID is 
typically reserved for those individuals with a nonspecifi c presentation and no dis-
tinguishing features other than ID. In contrast, syndromic ID presents with a variety 
of additional physical manifestations that often allow different syndromes to be 
clinically distinct and recognizable by those with proper medical expertise. A par-
ticular gene can be associated with both syndromic and nonsyndromic clinical pre-
sentations, and for some syndromes, the phenotype is more readily apparent in 
females due to various factors including lethality in affected males. Additionally, it 
is clear that different clinical spectrums related to the same gene or condition do 
occur, which contributes to the extended diagnostic odyssey many families endure 
before reaching a defi nitive diagnosis. For affected individuals from families with 
clear or potentially X-linked inheritance, the strategy for next-generation sequenc-
ing (NGS) can be tailored appropriately, given the ability to focus sole attention on 
the X chromosome rather than the entire genome. Focusing on the X chromosome 
can be accomplished, as with other NGS applications, at three different levels which 
include (1) targeted re- sequencing of select genes, (2) re-sequencing of all X-linked 
genes (X-exome), and (3) genomic re-sequencing of the entire X chromosome.  

2     Overview of XLID 

2.1     XLID Genes 

 Intellectual disability (ID) is characterized by signifi cant limitations in intellectual/
cognitive function and adaptive behavior with onset prior to 18 years of age [ 2 ]. ID 
is a common cause for referral to a number of clinical specialists including develop-
mental pediatricians and medical geneticists. A broad spectrum of factors play a 
role in the etiology of ID with underlying genetic disorders being the most fre-
quently identifi ed cause. However, a signifi cant proportion of individuals affected 
with ID do not have an identifi able cause, and new technologies, including NGS in 
particular, are expected to profoundly reduce this proportion in today’s reality. From 
a genetic perspective, there are many constitutional abnormalities involved, ranging 
from common aneuploidies to large copy number variations to single-gene disor-
ders [ 3 – 5 ]. The identifi cation of mutations in X-linked genes has been the most 
productive area of investigation of ID given the number of families, either proven or 
assumed, to fall into the clinical spectrum of XLID. In relative terms, XLID genes 
have been easier to discover than their autosomal counterparts due to the strategies 
and technologies traditionally utilized. Many of the genes included under the XLID 
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umbrella are associated with distinguishing features that are recognizable to varying 
degrees; however, there are also rare XLID conditions that are much more diffi cult 
to diagnose clinically, regardless of the clinician’s expertise or setting involved. In 
either case, the cumulative number of conditions and families that map to the X 
chromosome is substantial, making XLID a relatively common diagnosis among 
those affected with ID. 

 Over the last two decades, new XLID genes have been routinely identifi ed, and 
even though the list of genes is impressive, approximately half of them still remain 
undiscovered based on estimates from research programs with a substantial number 
of undiagnosed XLID families. Many of the genes on the X chromosome that 
encode proteins with recognized functions have not been associated with a specifi c 
or nonsyndromic form of ID but continue to serve as viable XLID candidates based 
on their cellular role. For now, it is assumed that most of the common forms of 
XLID have been identifi ed, but additional discoveries are expected to yield a more 
profound understanding of XLID and should be anticipated given current NGS 
capabilities. The primary goal of this chapter is to focus on the principles associated 
with testing known XLID genes that have been included in various targeted NGS 
panels. These principles certainly can be extended to other X-linked genes that have 
the potential to be implicated in XLID, as well as to all of the other genes on the X 
chromosome with relevant medical implications. 

 The  Atlas of X-Linked Intellectual Disability Syndromes  textbook is the most 
recent and comprehensive review of current XLID conditions [ 6 ]. In this text, 156 
individual conditions/gene-specifi c spectrums are described, but interestingly, only 
102 XLID genes have been identifi ed to date. The number of XLID conditions/
genes is expected to grow as certain phenotypes that have been traditionally lumped 
together become disentangled along with the signifi cant number of new nonsyn-
dromic presentations that are likely due to mutations in genes not yet implicated in 
XLID. New candidate genes continuously come to attention but often remain tenta-
tive disease-causing entities since they require further scrutiny before being accepted 
as valid disease-causing XLID genes. Often, there is not a direct correlation between 
conditions and genes, making the classifi cation of many XLID entities challenging. 
Complicating matters even further is the issue that a few of the previously reported 
XLID genes may, in fact, not be disease causing at all. Additionally, one gene can 
be associated with multiple clinical presentations that have overlapping features, yet 
each exists as a distinct clinical presentation. Take, for example,  ARX -associated 
XLID whereby ten phenotypes are collectively grouped. The phenotypes include 
subgroups for seizures, brain malformations, dystonia, as well as nonsyndromic 
presentation that accounts for more than one-third of all  ARX -related cases. This 
chapter will not attempt to provide fully detailed phenotypic information for the 
multitude of XLID conditions as the clinically oriented reports are better suited for 
this purpose. For the conditions not yet associated with a specifi c gene, there remains 
the distinct possibility that the causative alteration is cryptically located within an 
already-recognized XLID gene (See Appendix: Profi les of the Most Common XLID 
Syndromes).  
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2.2     The Most Common XLID Syndromes and Limitations 
of NGS-Based Testing for XLID 

 By far the most common form of XLID (and inherited ID in general) is Fragile X 
syndrome. The clinical features and molecular etiology of this condition have been 
well described given the reported frequency of 1 in 4,000 males [ 7 ]. In most clinical 
settings, Fragile X testing is commonly pursued when the diagnosis involves ID 
and/or autism regardless of the gender of the patient, although the clinical manifes-
tations are often not as apparent in females. The condition is caused by expansion 
of a CGG trinucleotide repeat in the 5′ untranslated region (UTR) of the  FMR1  gene 
in greater than 99 % of cases and occurs when either a full mutation (>200 CGG 
repeats) or an unstable premutation allele (55–200 CGG repeats) that has expanded 
into the full mutation range is inherited from a carrier mother. Expansions of greater 
than 200 CGG repeats typically lead to hypermethylation of the promoter region of 
 FMR1 , which in turn plays a key role in repressing expression of this gene. 
Expansion of premutation alleles occurs only when the allele is transmitted mater-
nally, with larger premutations having the greater probability for expansion. This 
means that all female offspring of a premutation carrier male will be obligate carri-
ers of the premutation, with this allele having a given propensity for expanding into 
the full mutation range in each of the daughter’s prospective pregnancies. The likeli-
hood for expansion to the full mutation range correlates reasonably well with repeat 
number in that larger premutations have much higher probabilities of expansion, in 
comparison to smaller alleles in the premutation size range. 

 For now, trinucleotide repeat expansions are resistant to detection with most cur-
rent NGS platforms given the read length needed to fully capture full mutations. 
Even normal alleles (<55 CGG repeats) are diffi cult to Sanger sequence in most 
laboratories due to the technical diffi culties associated with repetitive sequences, 
especially when they have high percentages of GC content. This brief discussion of 
Fragile X syndrome is made to demonstrate the concern that a common ID condi-
tion will routinely be missed by nearly all NGS platforms given the sequence con-
text and read length needed for detection. 

 A second example of this involves the  ARX  gene, and although the technical dif-
fi culties are similar, mutations in this gene are not expansion mutations like those in 
Fragile X syndrome. For  ARX , the most frequently reported mutation is a 24-base 
pair duplication (c.431-454dup24) that elongates a polyalanine tract and is sus-
pected to be the second most common X-linked alteration associated with ID [ 8 ]. 
This region of  ARX  (exon 2) is especially GC rich, and other duplications of similar 
size have also been reported, including another recurrent mutation consisting of 10 
GCG repeats that expands to 17 repeats which also results in the elongation of a 
polyalanine tract. Limitations such as these involving repetitive and GC-rich regions 
need to be recognized and accommodated for, given that they serve as impediments 
to detection by the most current NGS platforms. 

 PCR-based methods supplemented with Southern blotting continues to be the 
gold standard for Fragile X testing, and traditional Sanger sequencing needs to be 
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performed to detect mutations in regions similar to exon 2 of  ARX . These additional 
analyses should be performed automatically, in addition to NGS-based testing, in 
order to have suffi cient confi dence that the relatively common XLID mutations will 
be detected. These examples serve as cautionary tales for other disease-related 
regions of the genome that may be problematic for NGS to correctly analyze.  

2.3     The Application of NGS to Molecular Diagnosis of XLID 

2.3.1     Diagnostic Strategies: When to Order the NGS-Based XLID Test 

 The packaging of the known XLID genes into targeted panels was one of the fi rst 
NGS testing options to be offered diagnostically, and several laboratories in the 
USA now offer similar panels for clinical purposes. This appears to be an excellent 
approach for testing affected males or obligate carrier females when there is reason-
able justifi cation to focus attention on the X chromosome. This typically occurs 
when multiple males with ID are present in a pedigree or when only two affected 
males in a family are recognized and appear to have matching phenotypes and 
inheritance compatible with being X-linked. The recommended strategy for testing 
includes ruling out Fragile X syndrome as well as constitutional cytogenetic abnor-
malities such as aneuploidies and deletions/duplications by traditional cytogenetic 
and newer array-based testing methods. Additionally, if a specifi c X-linked syn-
drome is suspected, it is recommended that single-gene testing be considered prior 
to proceeding with a comprehensive NGS panel. The decision to pursue single-gene 
testing is often based on the confi dence the referring clinician has in their diagnosis 
for the patient in question. For example, if a clinician suspects ATRX syndrome 
with high probability, based on their exam of the patient along with other supportive 
information, it may be best to target the  ATRX  gene fi rst before moving on to a tar-
geted NGS panel. On the other hand, if the clinician believes the diagnosis of ATRX 
syndrome is possible, but not necessarily likely, it may be better to utilize a targeted 
NGS panel from the onset. Consideration needs to be given to the cost and time 
involved in either approach, and the decision will vary depending on the family, the 
experience of the clinical team involved, and the perceived degree of urgency for 
obtaining the test results.  

2.3.2     Reasons for Negative Results 

 Targeted XLID NGS panels are capable of rapidly identifying the disease-causing 
mutation when the alteration is obviously pathogenic, and this routinely happens 
in some probands that are tested. Although not specifi cally documented, there 
appears to be a direct correlation between larger XLID families and the probability 
of identifying a mutation that is ultimately deemed pathogenic. However, based on 
our experience with XLID panel testing, the majority of probands submitted do 
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not have pathogenic mutations identifi ed, and there are at least several explana-
tions for this. The most straightforward explanation is that many of the probands 
submitted for testing do not come from X-linked families with multiple affected 
males. In some cases, clinicians decide to order a targeted XLID panel as a reason-
able approach even when there is little certainty about the inheritance pattern. 
Secondly, in many cases there may be one or more related males with ID in a 
family (in some cases, distantly related to the proband), but the ID in the family 
members could be X-linked, while the ID in the proband could be the result of 
another unrelated cause. With ID being a common condition in all populations and 
ethnicities, it is not uncommon to fi nd more than one affected male in a typical 
three-generation pedigree with all affected males clearly not having the same con-
dition. For these, the inheritance pattern is often not X-linked, thus eliminating the 
possibility of unifying their diagnosis in that regard. Another fraction of cases 
come from what appear to be sporadically affected males, which may or may not 
have extenuating circumstances such as recurrent pregnancy loss documented in 
the family, suggesting the possibility of an X-linked etiology. Lastly, we recognize 
that targeted NGS panels for XLID are still a relatively new diagnostic option and 
that many affected individuals have already had their disease-causing mutation 
identifi ed by single-gene sequencing, particularly for those with more clinically 
obvious syndromes.  

2.3.3     Subsequent Segregation Analyses and Additional Family 
Member Testing 

 If a clearly pathogenic alteration is not identifi ed by targeted panel analysis, it does 
not immediately translate to the notion that further options do not remain. Most 
males tested continue to have one or more novel X-linked variants reported which 
require further attention to fully delineate their clinical signifi cance via segregation 
testing in appropriate family members. The principles of X-linked inheritance make 
this an easy task to accomplish in large families with a defi nite X-linked pattern of 
inheritance, but unfortunately, it leaves relatively small families with very limited 
options. The fi rst priority is to confi rm that any variants in question are maternally 
inherited. As expected, most X-linked changes are inherited, but occasionally an 
alteration will be de novo, making it highly probable that it is the causative muta-
tion. This can also be used as additional circumstantial evidence for pathogenicity 
in genes with no preexisting disease associations. The cautionary note in this regard 
is that loss of function of approximately 1 % of the genes on the X chromosome is 
compatible with apparently normal existence [ 9 ]. 

 Subsequent or concurrent to confi rming maternal carrier status is the necessity 
to evaluate the genotype of appropriate maternally related males. The objective is 
to identify an alteration that segregates appropriately in affected males and obligate 
carrier females and does not appear in phenotypically normal males. The presence 
of a variant of unknown clinical signifi cance in a male with normal development is 
considered strong evidence that the change is nonpathogenic. In some families, the 
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identifi cation of a novel variant that segregates with the disease-causing mutation 
is possible, even though the variant is ultimately shown to be benign by functional 
analysis. This occurs when a novel variant is in linkage disequilibrium with the 
true pathogenic mutation that remains anonymous. For example, a novel intronic 
substitution may be reported with subsequent follow-up testing demonstrating 
appropriate segregation in the available family members. However, testing of the 
mRNA transcript appears to be normal, indicating that the intronic alteration in 
question does not affect normal splicing and is not likely pathogenic (even though 
the caveat of abnormal tissue-specifi c splicing exists). For families enrolled in 
XLID research programs and for which linkage analysis/localization has been per-
formed, novel variants outside the linkage interval can be excluded from further 
consideration or de-prioritized, assuming there is confi dence in the defi ned local-
ization interval.  

2.3.4     X-Linked Dominant XLID 

 It is important to keep in mind that not all XLID conditions express themselves in 
X-linked recessive fashion. A small group of XLID conditions occur exclusively, or 
nearly so, in females, and are considered as X-linked dominant entities. One of the 
most well-known examples of this is Rett syndrome (OMIM#312750) which is 
caused by mutation of the  MECP2  gene (OMIM#300005) located at Xq28 [ 10 ]. 
Almost all pathogenic mutations in females occur spontaneously, with the over-
whelming majority being found on the paternally inherited X chromosome. This 
phenomenon, to a large extent, explains why females are more readily diagnosed 
with this relatively common condition. Another important component to the story of 
Rett syndrome is the severity of the condition, which is expected to lead to early 
lethality in nearly all affected males. Surviving males are extremely rare and often 
have some additional underlying genetic explanation such as mosaicism of the 
pathogenic  MECP2  mutation or an additional X chromosome (Klinefelter syn-
drome) that offsets the predicted phenotypic severity. 

 Several other examples similar to Rett syndrome exist, but perhaps the most 
interesting of these is the condition known as epilepsy-intellectual disability 
 limited to females (OMIM#300088). This condition, also referred to as Juberg-
Hellman syndrome or early infantile epileptic encephalopathy 9 (EIEE9), is caused 
by mutations in the  PCDH19  gene (OMIM#300460). Only females are affected 
with this condition whereby males are left unaffected allowing them to serve as 
obligate carriers. The mechanism for this intriguing situation has been described 
and likely involves rescue in males due to the involvement of the  PCDH11Y  
homolog (OMIM#400022) located on the Y chromosome [ 11 ]. An alternative 
hypothesis proposes that females have compromised or scrambled cell-to-
cell communication due to PCDH19-negative and PCDH19 wild-type tissue 
 mosaicism. One plausible explanation for females who are spared from the effects 
of a pathogenic  PCDH19  mutation is skewed X-inactivation that preferentially 
inactivates either chromosome.  
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2.3.5     Detecting Hemizygous Alterations in Males 

 In similar fashion to traditional Sanger sequencing, it is easier for NGS to identify 
X-linked hemizygous changes in males with confi dence, in comparison to hetero-
zygous autosomal substitutions in males. This is due in part to the weighted bias 
towards the abnormal nucleotide frequency for genuine alterations in the hemizy-
gous state. For females, evaluating X-linked alterations is no different than review-
ing autosomal data, especially when any given change appears to be heterozygous. 
When variants have low coverage and/or equally weighted allele frequencies, it is 
more diffi cult to judge the correct call; therefore, it is still considered standard prac-
tice by diagnostic laboratories, at least for the time being, to Sanger confi rm all 
reported alterations. However, for those working in a discovery-based setting, it is 
often not practical to confi rm every potential alteration by Sanger sequencing, so 
different algorithms are typically used to prioritize candidate changes based on 
their rank. 

 Another advantage that sequencing of X-linked genes in males provides is the 
more immediate recognition of missing content due to deletions. For males with 
moderate-sized deletions that might be overlooked by array-based technology 
(depending on design and level of array resolution), the lack of sequence content for 
a region expected to be covered by NGS is a strong indicator that a deletion may be 
present. This is especially true when the missing content maps to consecutive exons 
or a series of contiguous genes when all other regions are covered as expected. In 
these cases, further confi rmation studies are recommended to ensure that some other 
underlying technicality is not involved. It is also noted that it may be technically 
possible to utilize NGS data to infer genomic dosage, but this capability is not yet 
reliable for diagnostic purposes. This necessitates the need for additional, more 
quantitative, methods to continue to be performed, especially for females.    

3     Representative Scenarios: Application of NGS-Based 
Testing for XLID 

 In this section, we present three hypothetical XLID testing scenarios: (1) the case of 
a sporadic male with ID, (2) a male with ID and clear X-linked inheritance, and (3) 
a male suspected of having an XLID-related condition. These representative exam-
ples will emphasize the concepts presented in the preceding section. The initial 
testing approach is effectively the same for all three situations and should involve 
either NGS to simultaneously evaluate many genes or Sanger sequencing if a spe-
cifi c phenotype is present that justifi es prioritizing a particular syndrome. As men-
tioned earlier, the current NGS options include targeted gene panels, whole exome 
sequencing, or whole genome sequencing. The approach taken for follow-up family 
member testing will vary depending on the scenario at hand. However, in most 
instances, follow-up testing of additional family members only requires Sanger 
sequencing of the identifi ed changes of interest. Given the fact that most pathogenic 
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mutations and virtually all nonpathogenic alterations are inherited, it is more or less 
assumed that, for males, every change detected is maternally inherited until proven 
otherwise. 

 Pathogenic alterations are those that are expected to cause disease and include 
most frameshift, nonsense, and consensus splicing alterations and also include other 
changes, such as missense alterations, that have been previously proven to be patho-
genic for one reason or another [ 12 ]. An exception is the approximate 1 % of the 
genes on the X chromosome that are compatible with apparently normal existence, 
even when there is a loss-of-function mutation [ 9 ]. Variants of unknown clinical 
signifi cance are those in which there is not enough evidence to deem them patho-
genic at the time of detection. Publically available databases, such as the Human 
Gene Mutation Database (HGMD;   http://www.hgmd.cf.ac.uk/ac/index.php    ) and 
National Center for Biotechnology Information SNP database (dbSNP;   http://www.
ncbi.nlm.nih.gov/snp/    ), are important in aiding in the determination of whether an 
alteration should be considered pathogenic or not. Newer databases which also play 
key roles in referencing human variation include the 1000 Genomes database (  http://
browser.1000genomes.org/index.html    ) and the Exome Variant Server (  http://evs.
gs.washington.edu/EVS/    ). Although these databases are informative, it is important 
to note that they are not always accurate or completely up to date, so one must pro-
ceed with caution and reason and not depend on these databases alone to make the 
fi nal interpretation. Additionally, it is frequent that more than one unclassifi ed vari-
ant is identifi ed in the proband, and these databases can assist with assigning prior-
ity for follow-up testing. Here, we describe each scenario and present the possible 
testing options in the event of identifying a pathogenic alteration or a variant of 
unknown clinical signifi cance. 

3.1     Scenario 1: Sporadic Male with Intellectual Disability 

 In the case of the sporadic male with ID (Fig.  9.1 ; individual III-3), one has to give 
strong consideration to the fact that the disability in this individual may not be a 
result of an X-linked mutation. However, given that the only affected individual in 
the family is male, it is still worthwhile to investigate the possibility that a mutation 
in one of the known XLID genes is involved. If a clearly pathogenic alteration is 
detected, then the cause of the ID in the proband has been identifi ed, and the next 
step would be to test the proband’s mother (individual II-4) to determine if the 
change is de novo or inherited. If de novo, testing should be considered complete, 
although there is some residual risk of germline mosaicism in the mother. On the 
other hand, if the pathogenic mutation is maternally inherited, then other at-risk 
family members (individuals II-6, II-7, and III-2) may wish to be tested to deter-
mine their carrier status.

   If a variant of unknown clinical signifi cance is detected, then additional family 
member testing is necessary in order to determine the signifi cance of the alteration. 
Testing the proband’s mother should be performed fi rst. Demonstrating that a 
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change is de novo lends support to the notion that it is disease-causing, but it does 
not defi nitively prove its pathogenicity. Additional  in silico  analyses such as the 
SIFT [ 13 ] and PolyPhen2 [ 14 ] algorithms are useful in attempting to predict if a 
particular missense change will have a damaging effect on the protein. The fi nding 
of a de novo alteration that is predicted to be deleterious by multiple prediction 
algorithms is strong collective evidence that a change is pathogenic. However, with-
out functional studies, which are usually not feasible for a diagnostic laboratory, 
pathogenicity is not absolute. 

 When a variant of unknown clinical signifi cance is found to be inherited, clinical 
correlation and additional testing of appropriate maternally related males (individu-
als II-5, III-1, III-4) are essential to the interpretation of the variant, given that the 
presence of the variant in a phenotypically normal male relative would provide 
strong evidence that the change is benign and not clinically relevant. In the case of 
a sporadic male, there are no other affected males to test in the family, so segrega-
tion analysis is not an option and is considered, at best, circumstantial. X-inactivation 
(XI) studies of the proband’s mother is an additional testing option and should be 
considered informative if she is found to have a highly skewed XI pattern. Obligate 
carrier females in XLID families commonly have skewed XI identifi ed, and this 
lends support to the notion that a pathogenic alteration is present on the X chromo-
some that is preferentially inactivated. At this time, testing for deletions or duplica-
tions in XLID genes or mutations in other autosomal intellectual disability genes 
should be considered. If the phenotype of the patient is not at all compatible with the 
predicted clinical features of the gene involved, these other testing options become 
even more attraction options.  

  Fig. 9.1    Sporadic male with intellectual disability       
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3.2     Scenario 2: Male with Intellectual Disability and X-Linked 
Inheritance 

 In contrast to the case of the sporadic male, one can assume that the ID in a male 
with a defi nite X-linked pattern of inheritance (Fig.  9.2 ; individual III-3) is a result 
of a mutation on the X chromosome. This also assumes that the proband has a phe-
notype resembling the other affected males in the family. Testing in this scenario is 
more straightforward since there are a more discreet number of genes with potential 
involvement. If an obvious pathogenic alteration is detected, then the cause of the 
ID in the proband has been identifi ed. The proband’s mother (individual II-3) should 
be tested to prove that she is, as expected, an obligate carrier of the mutation. It is 
also strongly recommended that additional male family members, affected and 
unaffected, be tested to demonstrate segregation (affected males II-4, II-5, III-5, III- 
7, IV-1; unaffected male and III-4). At-risk female family members (individuals 
III-6, III-8) may also wish to have testing performed to determine their carrier 
 status. Obligate carrier females (individuals I-4, II-7, III-2) might also request to 
have testing done for confi rmation purposes.

   If a variant of unknown clinical signifi cance is detected in a male with ID and an 
X-linked pattern of inheritance, then additional family member testing becomes an 
essential component in the interpretation of the signifi cance of the alteration. If the 
variant is inherited, clinical correlation and segregation analysis are imperative. If 
the variant segregates appropriately in the family (none of the unaffected males 
carry the variant but all of the affected males and obligate carrier females do), it 
would greatly support the notion that the variant is, in fact, disease causing. This 
information, along with deleterious predictions from multiple  in silico  analysis pro-
grams, would be strong evidence that the change is pathogenic. However, it does 

  Fig. 9.2    Male with intellectual disability and X-linked inheritance       
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not completely prove pathogenicity given the presumed pathogenic mutation segre-
gating in the family could be in linkage disequilibrium with the true disease-causing 
mutation. It is also important to note that segregation analysis requires careful clini-
cal correlation of family members submitted for testing, and this information is not 
always provided at the time samples are submitted to the testing laboratory. 

 It should be mentioned that in this scenario, although rare, the possibility of two 
or more different etiologies for the ID in large families with apparent XLID does 
exist. As mentioned previously, there may be one or more related males with ID in 
a family, but the ID in the affected family members could be X-linked while the ID 
in the proband could be caused by another unrelated or nongenetic cause. 
Additionally, since ID is a common condition in all populations and ethnicities, it is 
not uncommon to fi nd more than one affected male in a typical three-generation 
pedigree with all affected males clearly not having the same condition. In this case, 
the inheritance pattern is often not compatible with being X-linked, thus eliminating 
the possibility of unifying their diagnoses.  

3.3     Scenario 3: Male with Intellectual Disability 
and a Pedigree Suggestive of X-linked Inheritance 

 Similar to the case of the affected male with a defi nite X-linked pattern of inheri-
tance, it is highly possible that the ID in a male with a suggestive X-linked pattern 
of inheritance (Fig.  9.3 , individual III-1) is the result of a mutation on the X chromo-
some. However, it is also possible that the disability in this individual results from 
an autosomal mutation or another nongenetic cause. Nevertheless, even in the case 
of a suspected pattern of X-linked inheritance, it is logical to start by testing the 
XLID genes fi rst given the reduced number of genes requiring analysis, compared 
to other whole exome or whole genome NGS strategies. If a clear pathogenic altera-
tion is detected, then the cause of the ID in the proband has been identifi ed. The 
proband’s mother (individual II-4) should be tested, and this analysis alone will 
shed light on the pattern of inheritance for the ID in the family. When the variant is 
inherited, additional affected male family members (individual III-2) and other 
female family members (individuals I-4, III-3, III-4) may then also wish to be tested 
for the identifi ed mutation.

   If a variant of unknown clinical signifi cance is detected in a male with ID and a 
suggestive X-linked pattern of inheritance, additional family member testing is also 
warranted, in order to attempt to delineate the signifi cance of the alteration. If the 
variant is found to be inherited, clinical correlation and segregation analysis is cru-
cial. As in the scenario with clear X-linked inheritance, if the variant segregates 
appropriately in the family, it is suggestive that the variant is deleterious. Appropriate 
segregation analysis, along with deleterious predictions from multiple  in silico  anal-
ysis programs, becomes strong evidence that the change is pathogenic. However, 
when the variant is found in a phenotypically normal male, it would support the 
notion that the variant is a benign sequence change with no clinical signifi cance. 
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 Even when the pattern of inheritance in the family is uncertain, determining that 
the variant is de novo strongly suggests pathogenicity given that a targeted panel 
was chosen to evaluate the proband. Additionally, when a mutation appears to be 
de novo in the proband (even though there are multiple affected male siblings), 
germline mosaicism in the mother, although rare, could be present. An example that 
best illustrates this concept involves Duchenne muscular dystrophy and its associ-
ated gene,  DMD . While the de novo mutation rate for  DMD  is approximately 33 %, 
the rate of germline mosaicism in this gene can be as high as 15–20 % (GeneTests, 
  http://www.ncbi.nlm.nih.gov/books/NBK1119/    ). Germline mosaicism for an 
X-linked mutation could certainly explain the presence of more than one affected 
sibling in the event that the mutation or variant appears to be de novo after testing 
of the proband’s mother is complete. Given this fact, the subsequent testing of the 
additional affected male siblings in the family would confi rm or refute gonadal 
mosaicism in the mother.   

4     Clinical Experience with NGS Testing for XLID 

 In this section, we briefl y cover our initial experience with targeted NGS testing in 
the molecular diagnostic setting using a panel of 90 recognized XLID genes. The 
information outlined in this section is not meant to fully represent our entire experi-
ence with XLID testing, but rather it is intended to provide the reader with an appre-
ciation for the types of referrals and outcomes routinely associated with this line of 
testing. The primary basis for this section will be the fi rst 100 cases submitted to the 

  Fig. 9.3    Male with intellectual disability and a pedigree suggestive of X-linked inheritance       
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Molecular Diagnostic Laboratory at the Greenwood Genetic Center (GGC) for 
XLID panel testing. 

 We note that 71 of the fi rst 100 patients submitted for testing were 10 years of 
age or younger. A clinical information data sheet was requested for each patient, but 
only 58 % of the initial patients were submitted with suffi cient phenotypic data to 
be considered useful. Based on this information, the most common physical 
fi ndings, in addition to ID, were speech delay (94 %), motor milestone delay (88 %), 
and dysmorphic features (49 %). Other common fi ndings in this group were 
seizures (41 %), autism (31 %), short stature (23 %), skeletal abnormalities (21 %), 
macrocephaly (21 %), and microcephaly (18 %). Most other clinical features 
queried in the data sheet were present in less than 10–15 % of patients, but we do 
note that some patients had a number of features for which no information was 
provided by the clinician and this impacts these percentages to some degree. Taken 
together, it was apparent that the individuals submitted for clinical testing had a 
great deal of phenotypic heterogeneity even though many of them had the common 
features often seen in association with ID. 

 From a family history perspective, most patients were not submitted with a pedi-
gree (44 %). The apparent singletons with no family history accounted for 22 % of 
cases, and interestingly, only 7 % of cases were submitted with a pedigree that was 
clearly consistent with X-linked inheritance. Another 10 % of the probands came 
from families with a pedigree that was suggestive of being X linked. The remainder 
of the group was classifi ed as having a family history of affected females (6 %), one 
or more pregnancy losses (5 %), multiple affected males on both sides of the family 
(2 %), or others (4 %). 

 Twelve of the fi rst 100 probands submitted had fi ndings believed to be clearly 
pathogenic based on standard mutation classifi cation. Interestingly, the only gene 
represented more than once in this group was  ARX  which appeared to be the caus-
ative gene for two of the individuals. These two  ARX  mutations involved the com-
mon 21- and 24-base pair duplications in exon 2 that were actually identifi ed by 
supplemental Sanger sequencing given the diffi culty in generating suffi cient quality 
NGS data for this exon. Four additional probands had specifi c gene alterations that 
appeared to be likely pathogenic based on the clinical features of the patient, but 
additional studies of appropriate family members is still needed to confi rm their 
status. A normal result was reported for 26 of the probands, while the remaining 58 
probands were reported with one or more variants of unknown clinical signifi cance. 
Most of the variants with unknown signifi cance are unlikely to be pathogenic, but 
further segregation studies are required to confi rm this notion. Based on our experi-
ence, it often takes an extended period of time for the appropriate family members 
to be submitted to perform the necessary segregation studies. 

 The primary reason for requesting the targeted XLID panel appears to be the 
coverage it provides across multiple genes compared to the traditional single-gene 
approach that is often not very productive unless a patient has a clinical presentation 
fairly consistent with the expected phenotype for a given syndrome. As our experi-
ence has grown well beyond these fi rst 100 cases, it has become more routine to 
analyze the generated NGS data in a timely fashion. Each individual is typically 
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reported as either clearly abnormal with an obvious pathogenic change, normal with 
no variants detected, or uncertain with one or more variants of unknown clinical 
signifi cance detected. To date, the majority of cases continue to be reported as either 
normal or uncertain, and for the latter cases, there is most often only one or two 
variants that require further attention. Sanger sequencing is used to confi rm all alter-
ations prior to reporting, and our experience demonstrates that a low level of false 
positives are identifi ed by NGS. For most false-positive results, the primary expla-
nation is low coverage and/or a low quality score for the alteration in question. The 
potential false-positive results are typically easy to anticipate from the NGS data 
and often include alterations that appear heterozygous in males with a bias towards 
the normal allele (a more obvious, hemizygous alteration in a male is expected). For 
most individuals that are reported as normal on the targeted XLID panel, we do not 
know if a specifi c genetic cause has been identifi ed by another means of testing. The 
most likely reason for a negative result on the XLID panel is that the individual in 
question does not have an X-linked disorder. However, more time is needed before 
this assumption can be validated by the use of exome sequencing. In the meantime, 
targeted panel testing of X-linked genes remains a reasonable approach to testing 
males suspected of having XLID.  

5     Conclusions 

 When novel variants identifi ed by a targeted NGS panel have appropriate segrega-
tion and/or bioinformatic analysis supporting their detrimental nature, the most rel-
evant clinical topic is the phenotype of the individual and/or family compared to 
those previously reported in the literature. However, this is often complicated since 
many XLID genes have a limited number of cases attributed to them, and the 
reported features of the clinical phenotype are not overly comprehensive. 
Furthermore, even the well-characterized syndromes continue to have their clinical 
spectrums expanded as more patients are identifi ed and new atypical presentations 
are published. Situations like these challenge clinicians to determine the likelihood 
of a match between families and a proposed causative gene. For some XLID condi-
tions, the phenotype is not readily apparent or easily diagnosed during early child-
hood, and it may take years for the entire clinical picture to develop. These realities 
are often diffi cult for clinicians and families alike, given the degree of uncertainty 
that surrounds them. 

 In this light, the most pressing matter that follows these uncertainties is the need 
for families to have accurate information for reproductive decision-making pur-
poses. In many families, this information has the potential to impact a signifi cant 
number of females that are at risk for carrying the mutation. Knowing this informa-
tion can have a profound impact for those living with uncertainty. Equally important 
to family planning is looking at the prospect of potential therapeutic options for 
those affected by XLID. As more studies disentangle the molecular pathways and 
protein networks involved in ID, it will become easier to envision new strategies for 
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developing rational clinical trials designed to test the effi cacy of new treatments for 
various XLID conditions. Correcting or offsetting the functional signifi cance of spe-
cifi c gene mutations, along with the hope of reversing their clinical impact, remains 
the ultimate goal for many clinicians and scientists working in this fi eld. The unique-
ness of the X chromosome in males provides an unparalleled opportunity to do just 
this, further emphasizing the need to fully capitalize on NGS and its capabilities in 
order to secure a diagnosis for as many families affected by XLID as possible.      

    Appendix: Profi les of the Most Common XLID Syndromes 

 ( Gene, location, and brief clinical fi ndings in addition to intellectual disability ) 

    Replicated with Permission from Stevenson and Schwartz [ 1 ] 

    Aarskog Syndrome 

  FGD1 , Xp11.21 
 Short stature, hypertelorism, downslanting palpebral fi ssures, joint hyperextensi-

bility, shawl scrotum  

    Adrenoleukodystrophy 

  ABCD1 , Xq28 
 Variable and progressive vision and hearing loss, spasticity, neurological deterio-

ration associated with demyelination of the central nervous system and adrenal 
insuffi ciency  

   Aicardi syndrome 

 No gene, Xp22 
 Agenesis of the corpus callosum, lacunar chorioretinopathy, costovertebral 

anomalies, seizures in females  

   Allan-Herndon Syndrome 

  SLC16A2 , Xq13 
 Generalized muscle hypoplasia, childhood hypotonia, ataxia, athetosis, dysar-

thria, progressing to spastic paraplegia  
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   ARX-Related Syndromes 

 ( includes Partington, Proud, West, X-linked lissencephaly with ambiguous genitalia 
(XLAG) syndromes and nonsyndromic XLID ) 

  ARX , Xp22.3 
 Partington: dysarthria, dystonia, hyperrefl exia, seizures. West: infantile spasms, 

hypsarrhythmia. Proud: microcephaly, ACC, spasticity, seizures, ataxia, genital 
anomalies. XLAG: lissencephaly, seizures, genital anomalies  

   ATRX Syndrome 

 ( includes Chudley-Lowry, Carpenter-Waziri, Holmes-Gang, and Martinez spastic 
paraplegia syndromes and nonsyndromic XLID ) 

  ATRX , Xq13.3 
 Short stature, microcephaly, hypotonic facies with hypertelorism, small nose, 

open mouth and prominent lips, brachydactyly, genital anomalies, hypotonia, in 
some cases hemoglobin H inclusions in erythrocytes  

   Christianson Syndrome 

  SLC9A6 , Xq26 
 Short stature, microcephaly, long narrow face, large ears, long straight nose, 

prominent mandible, general asthenia, narrow chest, long thin digits, adducted 
thumbs, contractures, seizures, autistic features, truncal ataxia, ophthalmoplegia, 
mutism, incontinence, hypoplasia of the cerebellum, and brain stem  

   Coffi n-Lowry 

  RPS6KA3 , Xp22 
 Short stature, distinctive facies, large soft hands, hypotonia, joint hyperextensi-

bility, skeletal changes  

   Creatine Transporter Defi ciency 

  SLC6A8 , Xq28 
 Nondysmorphic, autistic, possibly progressive  

   Duchenne Muscular Dystrophy 

  DMD , Xp21.3 
 Pseudohypertrophic muscular dystrophy  
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   Fragile X Syndrome 

  FMR1 , Xq27.3 
 Prominent forehead, long face, recessed midface, large ears, prominent mandi-

ble, macroorchidism  

   Hunter Syndrome 

  IDS , Xq28 
 Progressive coarsening of face, thick skin, cardiac valve disease, joint stiffening, 

dysostosis multiplex  

   Incontinentia Pigmenti 

  IKBKG , Xq28 
 Sequence of cutaneous blistering, verrucous thickening, and irregular pigmenta-

tion. May have associated CNS, ocular abnormalities  

   Lesch-Nyhan Syndrome 

  HPRT , Xq26 
 Choreoathetosis, spasticity, seizures, self-mutilation, uric acid urinary stones  

   Lowe Syndrome 

  OCRL , Wq26.1 
 Short stature, cataracts, hypotonia, renal tubular dysfunction  

    MECP2  Duplication Syndrome 

  MECP2 , Xq28 
 Hypotonia, progressing to spastic paraplegia, recurrent infections  

   Menkes Syndrome 

  ATP7A , Xp13.3 
 Growth defi ciency, full cheeks, sparse kinky hair, metaphyseal changes, limited 

spontaneous movement, hypertonicity, seizures, hypothermia, lethargy, arterial tor-
tuosity, death in early childhood  
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   Pelizaeus-Merzbacher Disease 

  PLP1 , Xq21.1 
 Nystagmus, truncal hypotonia, progressive spastic paraplegia, ataxia, dystonia  

   Renpenning Syndrome 

 ( includes Sutherland-Haan, cerebropalatocardiac, Golabi-Ito-Hall, Porteous 
syndromes ) 

  PQBP1 , Xp11.3 
 Short stature, microcephaly, small testes. May have ocular or genital 

abnormalities  

   Rett Syndrome 

  MECP2 , Xq28 
 XLID in female, cessation and regression of development in early childhood, 

truncal ataxia features, acquired microcephaly  

   X-Linked Hydrocephaly 

 ( includes mental retardation, aphasia, shuffl ing gait and abducted thumbs (MASA) 
spectrum ) 

  L1CAM , Xq28 
 Hydrocephalus, adducted thumbs, spastic paraplegia     
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    Abstract     One of the most signifi cant milestones in biomedical research was the 
completion of the human genome sequencing project. The subsequent invention of 
Next-Generation Sequencing (NGS) technology has revolutionized molecular biol-
ogy, genetics, and genomics. Already, medicine is being tailored to take into account 
an individual’s genome. In particular, diseases with diverse genetic causes, such as 
retinitis pigmentosa (RP), are poised for the clinical use of NGS. 

 In this chapter, we discuss the application of NGS technology in the molecular 
diagnosis of heterogeneous RP. By comparing the current molecular diagnostic 
methods with the NGS-based approach, we conclude that the NGS method is much 
more comprehensive and cost effective. We speculate that with further improvement 
and validation, NGS will become the method of choice for molecular diagnosis of 
RP in the near future.  

1         Retinitis Pigmentosa as a Heterogeneous Disease 

 Retinitis pigmentosa (RP, OMIM 268000) is a relatively common inherited retina 
disease affecting about 1 in 4,000 people [ 1 ]. RP is a clinically and genetically het-
erogeneous disease. 

    Chapter 10   
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1.1     Clinical Features of RP 

 In a typical case of RP, rod photoreceptor cells, which are responsible for peripheral 
vision as well as vision under low light, degenerate, resulting in early onset night 
blindness and tunnel vision (Fig.  10.1b ). As the disease progresses, cone photore-
ceptors start to degenerate as well, leading to the reduction of central, color, and day 
vision. At a late stage, the degeneration of photoreceptor cells becomes much more 
severe, eventually causing complete blindness. In addition, RP presents with pig-
mentary retinopathy, caused by the release of pigment from degenerating retinal 
pigment epithelium (RPE) cells. These pigment granules often accumulate in a peri-
vascular fashion, commonly referred to as “bone spicule deposits” (Fig.  10.1d ). 
Variability in pigment deposition leads to hypopigmentation of the retina, translu-
cence, and round pigment deposits. Due to retina atrophy, the retinal vasculature 

  Fig. 10.1    The illustration of retinitis pigmentosa. ( a ) Normal vision, ( b ) tunnel vision from an RP 
patient, ( c ) normal fundus, ( d ) fundus from an RP patient (Panels A and B are obtained from NIH 
NEI   http://www.nei.nih.gov/photo/keyword.asp?narrow=Eye+Disease+Simulation&match=all    . 
Panel C: published under public domain by Mikael Häggström   http://commons.wikimedia.org/
wiki/File:Fundus_photograph_of_normal_left_eye.jpg    . Panel D: © 2006 Hamel; licensee BioMed 
Central Ltd [ 1 ])       
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becomes attenuated, and the optic nerve head becomes pale as a result of changes in 
the blood fl ow to the retina.

   Despite these shared clinical features, the severity of RP is variable. First, the age 
of onset of RP ranges from birth to infancy (juvenile RP) and early adulthood (adult 
onset RP). Second, the end point of RP differs and a more severe prognosis is asso-
ciated with earlier onset. Third, syndromic forms of RP exist, in which symptoms 
are observed in other organ systems. The genetic bases of syndromic and nonsyn-
dromic RP are overlapping as described later.  

1.2     Genetic Basis of RP 

 Consistent with its clinical variability, RP is genetically diverse. As shown in 
Table  10.1 , the most common inheritance mode for RP is autosomal dominant 
(adRP), which accounts for 25 % of the patients. About 20 % of RP patients have 
autosomal recessive (arRP) inheritance, while 10 % have X-linked RP (xlRP) [ 2 ]. 
A small fraction of patients have mitochondrial or digenic (controlled by two genes) 
forms of RP [ 3 – 5 ]. Finally, due to the limited size of patient pedigrees, the inheri-
tance mode cannot be reliably determined for a large portion of patients. These 
patients are currently classifi ed as simplex RP and represent 45 % of all cases [ 2 ]. 
Additional information, such as molecular diagnosis, is needed to properly assign 
an inheritance mode for these patients, which is critical for genetic counseling.

   The molecular basis for RP is also highly heterogeneous. As of 2012, mutations 
in 52 genes have been linked to RP [ 6 ]. These genes function in strikingly diverse 
biological pathways, including phototransduction, the retinoid (vitamin A) cycle, 
gene transcription, RNA splicing, and photoreceptor structure. Defects in the pho-
totransduction cascade are the major causes of RP cases. For example, mutations in 
phototransduction-related genes Rhodopsin and  PDE  (including both  PDE6A  and 
 PDE6B ) account for 25 % of adRP cases and 8 % of arRP cases, respectively [ 2 ,  7 ]. 
Many other pathways are also involved. For instance,  CRX  controls normal develop-
ment of retinal tissues [ 8 ];  RPE65 ,  LRAT , and  RDH12  are thought to function in the 
11- cis -retinol metabolic pathway [ 9 – 13 ]. 

 Additional complexity comes from the observation that mutations in the same 
gene can lead to different retinal diseases and vice versa. For example, mutations in 
 CRX  can lead to RP, Leber Congenital Amaurosis, and Cone Rod Dystrophy [ 6 ]. 
This may be due to the differences in severity between mutations and modifi cation 

  Table 10.1    Modes of 
inheritance underlying RP 
and their proportions  

 Mode of inheritance  Proportion of all RP cases 

 Autosomal dominant RP (adRP)  25 % 
 Autosomal recessive RP (arRP)  20 % 
 X-linked RP (xlRP)  10 % 
 Digenic and mitochondrial RP  Very rare 
 Simplex RP  45 % 
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by other factors in the genome [ 14 ]. In a separate case, two pathogenic mutations in 
 CYP4V2  were initially found in patients with Bietti Crystalline Corneoretinal 
Dystrophy [ 15 ,  16 ]. The same mutations were recently found to cause RP as well 
[ 17 ]. Moreover, several genes that are associated with syndromic retinal disease 
have also been linked to nonsyndromic RP, such as  BBS8  and  USH2A  [ 18 ,  19 ]. As 
a result, mutations in a large number of genes can lead to RP, making accurate 
molecular diagnosis of RP very challenging.   

2     Molecular Diagnosis of RP 

 Molecular diagnosis plays an important role in the management and treatment of 
RP. First, many therapies are gene specifi c. For example, gene therapy for patients 
with mutations in  RPE65  [ 20 – 22 ], a known causative gene for both RP and LCA, 
may soon be available. Without an accurate diagnosis of the causative gene, this 
treatment cannot be applied. Second, genetic counseling and family planning are 
based on the information provided by molecular diagnosis, including the disease’s 
inheritance pattern and causative mutation. Therefore, molecular diagnosis is 
important for patients with RP and may dramatically change the way they are treated 
and their family plans. Various approaches are currently used for molecular diagno-
sis of RP. Among them, Sanger sequencing and Array Primer Extension (APEX) 
are the most commonly used methods for molecular diagnosis of RP. 

2.1     Sanger Sequencing 

 Sanger sequencing, originally developed by Frederick Sanger in the 1970s, is cur-
rently the gold standard of DNA sequencing and mutation identifi cation. As shown 
in Fig.  10.2 , specifi c primers for an exon of the RP causative genes are designed and 
used to generate PCR amplicons. Each amplicon is then sequenced on the automatic 
sequencing machine generating reads for both complementary strands of the target 
DNA. The mutations are then identifi ed by comparing the sequencing results to 
human reference sequences.

   Sanger sequencing is particularly useful and powerful to screen for mutations 
in a small number of candidate genes because of its fast turnaround time and 
high accuracy. However, since each Sanger sequencing assay only accurately 
reads a maximum of about 700–800 base pairs (bp) in length, sequencing all RP 
causative genes in order to perform a comprehensive diagnosis for one RP 
patient would take thousands of PCR and sequencing reactions, which are pro-
hibitively expensive, labor intensive, and time consuming. Therefore, although 
Sanger sequencing is highly accurate, its low throughput and high cost nature 
prohibits it from being used as a general method for the comprehensive molecu-
lar diagnosis of RP.   
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3     APEX Method 

 To address the low throughput issue with Sanger sequencing, a SNP genotyping 
microarray based method called Arrayed Primer Extension (APEX) has been devel-
oped [ 23 ]. APEX technology focuses on known mutations with a primer extension- 
based SNP genotyping approach. As shown in Fig.  10.3 , regions of interests are fi rst 
amplifi ed by PCR. The PCR products are then fragmented and hybridized to a 
microarray. Each spot on the microarray has oligonucleotides immediately upstream 
of a known, RP-causing mutation. PCR products hybridized to the oligonucleotides 
will then serve as the template for subsequent primer extension reaction. 
Fluorophore-labeled nucleotide terminators are used as substrates, and only the 
base that is complementary to the PCR fragment is added to the end of the oligo-
nucleotides. Based on the color, the identity of the added base and the genotype of 
the corresponding position can be determined.

   Several panels that are specifi c to different RP inheritance forms have been 
developed by Asper biotech [ 24 ], including adRP, arRP, and xlRP panels. As shown 
in Table  10.2 , in the latest APEX-based RP panels offered by Asper biotech, 414 
known disease-associated variants in 16 genes have been included in the adRP 
panel, 594 known mutations in 19 genes in the arRP panel, and 184 mutations in 
two genes in the xlRP panel.

   Compared to the Sanger sequencing, APEX method increases the diagnosis 
throughput and reduces the cost by allowing simultaneous screening of a large 

Reference:

Mutation Identified

Amplicon

Forward strand

Reverse strand

exon exon

G G G G G G G G GC C CA A AA A AAAT T T C CT C CT T TT

a

c

b

  Fig. 10.2    Molecular diagnosis by Sanger sequencing. ( a ) Primers specifi c to each exon used to 
amply the exon and its surrounding sequence. ( b ) PCR amplicons will then be sequenced on the 
capillary sequencer. ( c ) Sequences from each amplicon will be aligned to human reference 
sequences to identify mutations       
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  Fig. 10.3    Schematic diagram of APEX-based molecular diagnosis. ( a ) Primers fl anking target 
sites are designed. ( b ) PCR is performed to amplify the region. ( c ) Amplicons are fragmented to 
the appropriate length. ( d ) DNA fragments containing target sites are hybridized to the oligonucle-
otides on the microarray. Subsequent single base extension (SBE) reaction adds one fl uorophore- 
labeled terminator nucleotide at the mutation site. The genotype of the target site will then be 
determined based on fl uorescence       

   Table 10.2    Three latest APEX-based molecular diagnosis panels for RP from Asper biotech [ 24 ]   

 AD-RP  AR-RP  XL-RP 

 Total 
mutations 

 414  594  184 

 Total genes  16  19  2 
 Gene list   CA4 ,  FSCN2 ,  IMPDH1 , 

 NRL ,  PRPF3 ,  PRPF31 , 
 PRPF8 ,  RDS ,  RHO , 
 ROM1 ,  RP1 ,  RP9 ,  CRX , 
 TOPORS ,  KLHL7 , and 
 PNR  

  CERKL ,  CNGA1 ,  CNGB1 , 
 MERTK ,  PDE6A ,  PDE6B , 
 PNR ,  RDH12 ,  RGR ,  RLBP1 , 
 SAG ,  TULP1 ,  CRB ,  RPE65 , 
 USH2A ,  USH3A ,  LRAT , 
 PROML1 , and  PBP3  

  RP2  and  RPGR  
(ORF15 
excluded) 
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number of mutations from multiple genes. However, since the currently available 
panels can only test known mutations in a subset of known RP genes, a diagnosis 
rate of less than 15 % has been achieved using these arrays [ 25 ,  26 ].  

4     NGS for Molecular Diagnosis of RP 

 Current methods for molecular diagnosis of RP are either too expensive or have a 
low rate of diagnosis. These obstacles can be potentially overcome by the introduc-
tion of the NGS technology. 

4.1     The Technologies 

4.1.1     NGS Technology 

 Massively parallel sequencing is the principle of NGS technology, which can gen-
erate up to billions of reads in a single run. First introduced by the biotech com-
pany 454 Life Sciences in 2005, the technology has rapidly evolved and now has 
multiple platforms that are commercially available. DNA polymerase-based syn-
thesis and sequencing is utilized by 454 and generates reads of up to 1,000 bp in 
length [ 27 ]. SOLiD sequencing adopts a sequence-by-ligation method with a read 
length of 50–75 bp [ 28 ]. Illumina sequencing is based on reversible dye termina-
tors and generates reads of up to 150 bp in length [ 29 ]. Despite the difference in 
chemistry and variations in performance, all technologies share one key common 
feature, which is the extremely high sequencing effi ciency in terms of time and 
cost compared to the conventional Sanger method. For example, the latest Illumina 
HiSeq 2500 machine can generate 120 gigabase in 27 h with a cost of only around 
$0.2 per million bases [ 29 ]. It is substantially more effi cient than Sanger sequenc-
ing, which could take over a year to read through one gigabase at a cost of $100 per 
million bases [ 30 ]. 

 More recently, two miniaturized platforms have been introduced to the market, 
including MiSeq and Ion torrent PGM. MiSeq use the same technology as Illumina 
HiSeq [ 29 ], while PGM uses a technology based on semiconductor sensors [ 31 ]. 
PGM uses a chip with massively parallel array of semiconductor sensors that are 
used to detect hydrogen ions which are released when nascent nucleotides are incor-
porated into the DNA template. The detected signal combined with the nucleotide 
information is recorded and then converted to the actual sequence. PGM can gener-
ate up to 1 gigabase of sequence in less than 4.5 h, while MiSeq is capable of gen-
erating 540–610 megabase of sequence in around 4 h. Although the two small 
platforms have different methodologies, they share a fast turnaround time, making 
them ideal for low throughput clinical use.  
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4.1.2     DNA Capture Technology 

 Despite the high cost effi ciency of NGS, sequencing the entire human genome at 
a deep enough coverage to identify potential mutation is still costly. In the case of 
RP, only 50–200 genes those are known or likely to cause the disease need to be 
tested instead of the entire genome. Focusing on the 50–200 genes can further 
reduce testing cost and turnaround time. In 2007, the fi rst DNA capture technol-
ogy was reported [ 32 ,  33 ]. The technology is based on hybridization between a 
probe array, which targets a subset of genomic regions, and the genomic DNA of 
a patient. As shown in Fig.  10.4 , a tiling probe set (either DNA or RNA) that cov-
ers the targeted DNA regions is designed and synthesized. After hybridization, 
targeted patient DNA fragments are bound to the array, while unbound fragments 
are washed off. Based upon the design of the array, any genomic locus can be 
specifi cally isolated. Since the fi rst development of DNA capture technology, it 
has been further optimized and now it can be performed in solution instead of on 
a microarray chip, substantially facilitating parallelization and automation of the 
procedure.

Printed on the
microarray

Fragmentation

Hybridization

Hybridization

Wash and elution Discard

exon exon

a

c

b

  Fig. 10.4    Schematic diagram of array-based DNA capture. ( a ) A tiling probe set covering the 
targeted region is designed and printed on the microarray. ( b ) Genomic DNA is fragmented to 
small size. The targeted region is in  blue  and the other regions are in  yellow . ( c ) DNA fragments 
from the targeted regions are hybridized to the probes on the microarray. ( d ) After wash and elu-
tion, DNA fragments from the targeted regions are recovered       
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4.1.3        Molecular Barcoding Technology 

 In a typical RP diagnosis panel based on capture-NGS method, a set of 50–200 
genes known to cause RP or other retina disease are sequenced per sample. Given 
the enormous sequencing capacity of current NGS platforms, such a small targeted 
region (~400 to ~1,500 kb) makes it possible to pool multiple samples together for 
sequencing. However, in order to sequence multiple samples in parallel, there must 
be a way to distinguish DNA fragments from different individuals. Molecular bar-
coding is a widely used technique to label different samples so that they can be 
pooled together without losing their identity. As shown in Fig.  10.5 , a molecular 
barcode is a short oligonucleotide (6–10 bp) that is added to one or both ends of 
every DNA fragment. Since a unique sequence is used for each sample, reads can be 
assigned to different samples based on sample-specifi c barcode sequences. With 
molecular barcoding, parallel sequencing of multiple samples is possible. In addi-
tion, barcodes can be added before DNA capture so that multiple samples can be 
enriched in the single DNA capture assay, which reduces the time, labor, and 
reagent cost.

CTGATGTCTTA…..                 Sample 1

CTGATGTCTTA…..                 Sample 2

CTGATGTCTTA…..                 Sample 3

ATCGAA

ATGGTG

GCTAAG

a

b

c

  Fig. 10.5    The illustration of multiplex sequencing using the molecular barcode technology. 
Molecular barcodes are short oligonucleotides which can be added to the end(s) of DNA frag-
ments. ( a ) Unique barcode sequence is added to each sample. ( b ) Barcoded DNA fragments are 
mixed together and sequenced in parallel. ( c ) Sequence reads are assigned to different samples 
based on their barcode sequences       
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4.1.4        NGS Data Analysis 

 The high throughput nature of NGS-based molecular diagnosis enables large 
amounts of sequencing data to be generated in a single test. As a result, automated 
data analysis is necessary. Fortunately, with the development of NGS, the fi eld of 
bioinformatics has also evolved rapidly during the last few years. The availability of 
public domain software greatly facilitates the setup of an automated data analysis 
pipeline for capture-NGS-based molecular diagnosis. 

 A typical data analysis pipeline for capture-NGS-based molecular diagnosis of 
RP includes the following six key steps. First, sequencing reads are mapped to the 
human reference genome using alignment software such as BWA [ 34 ,  35 ]. Second, 
aligned reads are de-duplicated, realigned, and recalibrated to improve variant- 
calling accuracy using software such as GATK [ 36 ]. Third, raw variants are called 
using variant-calling software such as Atlas SNP/INDEL [ 37 ]. Fourth, extensive fi l-
tering and annotation are performed to remove common polymorphisms, synony-
mous changes, and variants inconsistent with the inheritance model. Fifth, putative 
pathogenic mutations are identifi ed based on the several criteria such as whether it 
was previously reported to be pathogenic, whether it is a severe mutation (e.g., non-
sense, splicing, etc.), and whether it is predicted to be detrimental by functional pre-
diction software such as SIFT [ 38 ]. Finally, all the identifi ed mutations are subjected 
to validation through Sanger sequencing as well as segregation test (if applicable), 
and the results are reviewed carefully by trained scientists and clinicians (Fig.  10.6 ).

4.2         An Overview of Current Studies on Capture-NGS-Based 
Molecular Diagnosis of RP 

 Several studies coupling DNA capture and NGS technology for diagnosis of ocular 
disease have been reported. In 2010, Gordana Raca et al. fi rst assessed whether NGS 

Sample
collection

Library
Preparation
and DNA
Capture

NGS Data analysis

Final review
of the

identified
mutations

  Fig. 10.6    Capture-NGS-based molecular diagnosis workfl ow       
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coupled with DNA capture could be used for molecular diagnosis of ocular birth 
defects [ 39 ]. More than 1,000 exons in 100 candidate genes were sequenced using 
array-based DNA enrichment followed by NGS in their study. Two samples with 
previously identifi ed mutations were tested. The capture-NGS method detected the 
known mutations in both samples, suggesting that the new technology could be used 
in both research and diagnostic settings for genetically heterogeneous diseases. 

 Subsequently, two studies have shown that capture-NGS technology signifi -
cantly improves RP diagnosis in terms of diagnostic rate and cost [ 40 ,  41 ]. In the 
fi rst study, a total of 2011 individual regions (mostly exons) from 111 known retinal 
diseases genes were targeted and sequenced using array-based DNA capture fol-
lowed by 454 sequencing. On average, vast majority of the targeted exons were 
covered by at least 10X, while 15 exons were covered less than 5X due to, according 
to the authors, either high GC-contents or overwhelming repetitive sequences. 
Parallel sequencing of 12 positive controls (samples with known causative muta-
tions) revealed a sensitivity rate of 83 %. Similarly, in the second study, 105 known 
blindness genes were targeted and sequenced by DNA array capture followed by 
SOLiD sequencing. Specifi cally, 1,874 individual exons as well as the exon-intron 
junction regions were targeted. Among them, 92 % were covered by 20X. Analysis 
of previously Sanger validated samples indicated the NGS assay had a sensitivity 
rate of 98 % and the only undiscovered mutation was located in a highly repetitive 
region. 

 A total of around 150 RP patients with multiple inheritance forms including 
recessive, dominant, and simplex RP were examined in the two studies. The muta-
tions identifi ed by capture-NGS are accurate and can be confi rmed by Sanger 
sequencing. Segregation tests were further performed to test the pathogenicity of 
these mutations identifi ed by capture-NGS. An overall diagnosis rate of approxi-
mately 50 % was reached, which is more than triple the rate of diagnosis achieved 
by the APEX method.  

4.3     Comparison of Capture-NGS to Current Methods 

 Based on the above studies, it is clear that the capture-NGS approach is feasible and 
has several signifi cant advantages over other methods that are currently in use. 

 First, capture-NGS approach is the most comprehensive method. Instead of only 
testing a small number of genes, capture-NGS simultaneously sequences all known 
and suspected RP genes. This is particularly important due to the genetic heteroge-
neity of RP where most genes only account for a small fraction of patients. In addi-
tion, NGS is applicable to the 50 % of RP cases where the inheritance mode cannot 
be reliably determined. Finally, since sequencing assays capture all positions, both 
known and novel mutant alleles can be detected. As a result, all RP patients carrying 
mutations in known disease genes can be successfully diagnosed using NGS, as 
opposed to a fraction of the cases using conventional, array-based methods. 

 Second, capture-based target gene enrichment is more robust and sensitive to 
mutation detection compared to PCR-based gene enrichment method. Capture 
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enrichment utilizes multiple probes for a single targeted region. As a result, the 
allelic bias due to DNA polymorphisms at the primer sites is eliminated when com-
pared to either PCR-based Sanger sequencing or APEX. In addition, since an aver-
age coverage of 100X or more can be readily achieved, single nucleotide variations 
(SNVs) and small insertion and deletion (INDEL) can be reliably detected, reducing 
the false-negative rate. 

 Third, capture-NGS can potentially detect other types of mutations. In addition 
to SNV and INDEL, other types of mutations have also been reported in human 
diseases, such as DNA segmental duplications, large deletions, and chromosomal 
rearrangements. For example, copy number variations in an arRP gene EYS have 
been reported as a signifi cant event due to apparent homozygosity [ 42 ]. Although 
no formal survey has been conducted on the percentage of pathogenic alleles due to 
chromosomal aberrations, it can account for as much as 10 % of all alleles. 
Therefore, in order to perform comprehensive molecular diagnosis of RP, copy 
number variations (CNVs) and structure variation (SV) should be addressed as well. 
Several software tools to detect both of these features through sequencing have been 
published [ 43 – 45 ]. Both read coverage as well as read pairing information can be 
used to identify potential CNVs and SVs. However, artifacts introduced from sam-
ple preparation and sequencing bias can result in false-positive prediction and false- 
negative prediction. Additional optimization of both the experiment procedures and 
the software tools is needed for the purpose of capture-NGS-based CNV/SV detec-
tion in the molecular diagnosis of RP. 

 Fourth, the cost of capture-NGS per base is much lower than that of Sanger 
sequencing, especially when utilizing barcode technology to run multiple samples 
in parallel. For example, on an Illumina HiSeq machine, many samples can be mul-
tiplexed together in a single lane while still generating suffi ciently high coverage for 
the exons of all known RP genes. These NGS-specifi c features signifi cantly increase 
the diagnosis effi ciency by supporting batch analysis of multiple genes in multiple 
samples, which is not achievable by conventional diagnostic methods.  

4.4     Current Limitations 

 NGS-based molecular diagnosis of RP has many advantages; however, some limita-
tions still exist. First, systematic sequencing error is one of the major problems with 
current NGS technology. Although the error rate is quite low (range from 0.1 % to 
1 % depending on the sequencing platforms [ 46 ]), the platform-specifi c error may 
still have a signifi cant impact on the fi nal diagnosis results especially when the 
sequencing coverage is low. As a result, high coverage data is necessary to compen-
sate the errors so that accurate diagnosis can be achieved. Second, DNA capture is 
not 100 % effective. Some of the targeted regions either with high GC content or 
containing repeat-rich sequences (e.g.,  RPGR  ORF15 and exon 1 of  GRM6 ) cannot 
be effi ciently captured and enriched [ 40 ]. This limitation can be largely solved by 
performing Sanger sequencing of these regions to reach 100 % coverage.   
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5     Perspective 

 The data presented here suggests that capture-NGS is becoming the predominant 
method for molecular diagnosis of RP in the near future. Nevertheless, additional 
improvements and studies are still needed in order to interpret the large number of 
variants quickly and accurately. Novel putative pathogenic mutations currently 
identifi ed by molecular diagnosis cannot be accurately determined as disease- 
causing mutations without follow-up experiments. Improvements in data analysis 
and mutation prioritization are urgently needed. For example, larger and more 
comprehensive variant databases are essential to fi lter out common, nonpathogenic 
variants so that putative pathogenic mutations can be identifi ed with confi dence. In 
addition, novel types of mutations, such as CNVs and SVs, can also be the caus-
ative mutations for RP and, therefore, need to be addressed in the molecular diag-
nosis. Currently, array CGH can potentially serve as the alternative way for CNV 
detection as the NGS-based detection has not been successfully validated for the 
implementation in the diagnostic setting. Future investigation of the feasibility of 
NGS-based CNV/SV detection is needed so that all types of mutations can be iden-
tifi ed in a single assay. Furthermore, mutations in noncoding regions can poten-
tially cause disease as well. The lack of annotation and proper fi ltering criteria for 
noncoding SNPs makes them diffi cult to be identifi ed. Functional interpretation of 
mutations identifi ed in noncoding regions will be necessary in order to broaden the 
mutation spectrum. Digenic involvement has been proposed to explain the com-
plex genetic inheritance in some RP cases. This area may be better explored with 
the help of high throughput NGS such that more accurate diagnosis can be achieved. 
Moreover, additional RP genes need to be identifi ed to improve diagnostic yield. 
As a result of efforts in all of these areas, molecular diagnosis of RP will become 
easier, faster, and more accurate leading to better patient treatment and 
management.     
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    Abstract     Molecular diagnosis of mitochondrial DNA (mtDNA)-related disorders 
requires the detection and quantifi cation of point mutations and large deletions, 
including mapping the deletion breakpoints. Currently, comprehensive diagnosis is 
achieved by employing stepwise procedures. The massively parallel next- generation 
sequencing (NGS) when appropriately validated, with deep coverage and proper 
quality controls, can be used as a one-step comprehensive diagnostic approach to 
simultaneously detect and quantify mtDNA point mutations and deletions in a 
CLIA-certifi ed clinical laboratory.  

1         Introduction 

 Mitochondria are the only cellular organelles that contain their own genetic mate-
rial. Most human cell contains hundreds to thousands of mitochondria [ 1 ], each of 
which contains multiple copies of the 16,569 bp circular double-stranded mitochon-
drial DNA molecule. The number of mitochondria per cell depends on the energy 
demand of the specifi c tissue. Since there are multiple copies of mtDNA, if an 
mtDNA mutation occurs, the mutant mtDNA often coexists with the wild-type 
mtDNA, a phenomenon called “heteroplasmy.” The degree of heteroplasmy of a 
mutation, nature of the specifi c mutation, and its tissue distribution determine the 
clinical phenotype of the affected patient [ 2 ,  3 ]. Phenotype may also be modifi ed by 
genetic background and environmental factors. 
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 Unlike the nuclear genes, mitochondrial genome contains no introns in the 
protein- coding regions. The entire mitochondrial genome, encoding a total of 37 
genes, is effi ciently utilized. Polycistronic messages are produced from the 
mtDNA. Genes reside on both stands of the circular mitochondrial genome. The 
ATP6 and ATP8 genes even share part of their coding regions in different reading 
frames [ 4 ]. 

 The 13 proteins encoded by the mtDNA are all components of the respiratory 
chain complexes. The mitochondrial genome also encodes two ribosomal RNAs 
and 22 tRNAs. Mutations in the rRNA and tRNA may also cause disease (  http://
www.mitomap.org/MITOMAP    ). Indeed, the majority of pathogenic mutations 
reside in the tRNA genes. For example, the common m.3243A > G mutation in the 
tRNA Leu(UUR)  gene is the most frequent cause of MELAS (mitochondrial encepha-
lopathy lactic acidosis and stroke-like episodes) syndrome. The bacterial like 
rRNAs are similarly sensitive to some antibiotics that target bacterial ribosomes. 
Thus, the m.1555A > G in the 12S rRNA gene is associated with ototoxicity-induced 
hearing loss. 

 In addition to the dense coding regions, there is also an approximately 1.1 kb 
noncoding displacement loop (D-loop) region where the origins of replication are 
located. 

 The purpose of molecular diagnosis of mtDNA disorders is to identify the delete-
rious changes of mtDNA sequences that contribute to the disease [ 5 ]. Two types of 
mtDNA mutations are usually analyzed; mtDNA point mutations and large mtDNA 
deletions. While there are common recurrent point mutations, rare or novel patho-
genic mutations [ 5 ] do occur. Therefore, the diagnostic analysis of the mtDNA usu-
ally includes the whole mitochondrial genome. 

 The mtDNA deletions may be a single large deletion or multiple deletions. Since 
these mutations lead to malfunction of the electron transport chain, there is fre-
quently multisystem involvement. Historically, different methods have been 
required for the detection of point mutations and deletions, and for the quantifi ca-
tion of mutation heteroplasmy, and the determination of deletion breakpoints [ 3 ,  5 ]. 
This chapter briefl y reviews the conventional molecular diagnostic methods 
employed in the analysis of mtDNA disorders and then describes the comprehensive 
one-step approach enabled by the application of next-generation sequencing (NGS) 
technology.  

2     Conventional Methods for the Diagnosis of Mitochondrial 
DNA Disorders 

 The methods used for the detection of point mutations are usually PCR-based, while 
the detection of large deletions is usually achieved by traditional Southern blotting 
methodology [ 2 ]. Since the degree of mutation heteroplasmy is critical in disease 
diagnosis, prognosis, and genetic counseling, various quantifi cation techniques are 
used for the measurement of heteroplasmy after the detection of a deleterious 
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mutation [ 6 ]. Table  11.1  lists the current stepwise molecular procedures that are 
required for a comprehensive analysis of the mitochondrial DNA [ 5 ]. Pitfalls of 
each method are also listed (Table  11.1 ).

2.1       Common Point Mutations: Detection and Quantifi cation 

 Patients suspected of having maternally inherited mtDNA disorders are usually fi rst 
screened for the common point mutations by PCR-based assays including RFLP 
[ 2 ,  3 ,  7 ] and allele specifi c oligonucleotide (ASO) dot blot hybridization methods as 
described in       Chap. 2     [ 7 ]. Using radioactive probes, the ASO dot blot hybridization 
method is sensitive enough to detect point mutations at as low as 1 % [ 7 ,  8 ]. If a 
common point mutation is identifi ed, analysis of the level of heteroplasmy can be 
carried out, usually by allele refractory mutation system-based quantitative PCR 
(ARMS qPCR) for the quantitative measurement [ 6 ,  8 ]. These methods require vali-
dation and are limited to the analyses of known point mutations [ 6 ,  8 ].  

    Table 11.1    Current molecular procedures used for the diagnosis of the mitochondrial genome   

 Method  Area of detection  Limitation 

 PCR-based ASO a  
dot blot or RFLP b  

 Detection of specifi c 
point mutations 

 1. Use of radioactive material 
 2. Targeted positions only 
 3. Nonquantitative 

 ARMS c  qPCR  Quantifi cation of mutation 
heteroplasmy 

 1. Must be validated fi rst 
for any given mutation 

 2. For specifi c nucleotide 
positions only 

 3. Differential PCR effi ciency 
due to mutant and wild-type-specifi c 
primers causes large variations 

 Southern blot analysis  Large deletions, 
rearrangement 

 1. Use of radioactive material 
 2. low sensitivity for detection and 

quantifi cation 
 3. Tedious, time consuming 

 Oligonucleotide 
array CGH d  

 Large deletions, 
copy number changes 

 1. Need PCR/sequencing to obtain 
exact deletion break points 

 Estimate deletion break points 
and % heteroplasmy 

 Sanger sequencing  Detect all known 
and unknown 
point mutations 
and small indels 

 1. Non-quantitative 
 2. Detection limit for heteroplasmy is 

about 15 % 
 3. Does not detect large deletions 

   a ASO, allele specifi c oligonucleotide 
  b RFLP, restriction fragment length polymorphism 
  c ARMS, allele specifi c refractory mutation system 
  d CGH, comparative genome hybridization  
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2.2     Detection of Unknown mtDNA Point Mutations 

 If the common point mutations and large deletions (see Sect.  2.3  below) are    not 
detected, and the maternal inheritance of the disease is still hypothesized, the whole 
mitochondrial genome is analyzed by Sanger sequencing, which is performed fol-
lowing PCR amplifi cation of the entire mitochondrial genome with multiple pairs of 
overlapping primers [ 9 ,  10 ]. Sanger sequencing was the gold standard for the iden-
tifi cation of unknown mutations for many years before the advent of massively par-
allel sequence analysis. Sanger sequencing is not a quantitative method, it does not 
detect mutations at low heteroplasmic levels, and it does not detect large deletions 
[ 11 – 13 ]. In addition, PCR-based methods will not accurately detect the sequence 
under the primer binding sites.  

2.3      Detection of mtDNA Deletions 

 Large deletions in mtDNA are detected by Southern blot analysis. Unfortunately, 
this is a tedious procedure that does not provide deletion breakpoints or the degree 
of deletion heteroplasmy. These defi ciencies can be addressed by array-comparative 
genome hybridization (aCGH), which not only detects the deletion but also pro-
vides deletion breakpoints and an estimate of deletion heteroplasmy [ 11 – 13 ].  

2.4     Detection of mtDNA Multiple Deletions 

 By their very nature, multiple mtDNA deletions are diffi cult to detect. The individ-
ual molecular species are often present at low levels, challenging methods with low 
sensitivity, such as Southern analysis. Conversely, PCR-based assays will amplify 
molecules to detectable levels but are very dependent upon choice of primer sites 
and may fail in the presence of sequence variations. In this method, multiple pairs 
of primers are employed in order to evaluate suspected regions on the mitochondrial 
genome. Primer pairs and PCR conditions are selected such that amplifi cation will 
only occur when a primer pair encompasses a deletion. If multiple deletions are 
present, it is possible to amplify multiple fragments.  

2.5     Determination of Deletion Junctions 

 Primers outside the approximate deletion regions are designed. Since the exact dele-
tion breakpoints are usually not defi ned before the junction is sequenced, several 
pairs of primers covering different ranges of possible deletions have to be tested to 
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fi nd the approximate limits of the deletion [ 14 ]. PCR products are then purifi ed 
 followed by Sanger sequencing [ 14 ]. These procedures are time consuming and 
labor intensive even for single deletions. The presence of multiple deletions exacer-
bates this situation; more primer pairs must be tested, and more PCR products must 
be purifi ed and sequenced. Even after extensive efforts, these procedures may not 
determine all of the different breakpoints. The detection and characterization of 
multiple deletions is greatly simplifi ed by the adoption of massively parallel 
sequencing of the entire mitochondrial genome with uniformly deep coverage [ 15 ].   

3     NGS-Based Analyses 

3.1     Target Gene Enrichment 

    Methods for target gene enrichment including PCR-based and capture-based have 
been described in previous chapters in this book. Since the mitochondrial genome is 
small (16.6 kb) and does not contain any introns, the enrichment is usually achieved 
by PCR, which may use 24–36 pairs of primers [ 10 ,  16 ,  17 ] to amplify short over-
lapping regions or 2–3 pairs of primers for long-range PCR (LR-PCR) [ 18 – 20 ]. 
Recently, we have designed LR-PCR primers to generate a single amplicon of the 
entire mitochondrial genome [ 15 ,  21 ]. 

 Enrichment of the mitochondrial genome by capture in solution using RNA or 
DNA probes has been reported [ 20 ,  22 – 24 ]. However, the coverage profi le showed 
that different parts of the mitochondrial genome are not captured and sequenced 
uniformly [ 15 ,  22 ]. Therefore, it is not possible to detect large deletions or low het-
eroplasmic variants from these sequence data. Multiple copies of mitochondrial 
pseudogenes are stranded on each of the nuclear chromosomes [ 25 – 27 ]. These 
nuclear mitochondrial sequences (NUMTs) are subject to genetic drift and therefore 
produce a signifi cant background of sequence variants that must be contended with 
in order to discern the true mtDNA sequence. In addition, due to the abundance of 
NUMTs, exome capture/sequencing will co-capture NUMTs even in the absence of 
mtDNA-specifi c probes. Thus, interference from NUMT sequences may result in 
incorrect sequence information and/or errors in the quantifi cation of mtDNA het-
eroplasmy [ 25 – 27 ].  

3.2     Platforms of Massively Parallel Sequencing 

 Massively parallel sequencing can be performed using various platforms, including 
454, SOLiD, Affymetrix re-sequencing chip, Illumina, and IonTorent. The utiliza-
tion of different MPS sequencing chemistries and machine hardware confi gurations 
has been reviewed [ 21 ,  28 – 32 ]. Each method has its own advantages and 
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disadvantages [ 21 ], and the properties of the mitochondrial genome infl uence 
 selection of MPS methodology. 

 The mitochondrial genome contains a number of homopolymeric stretches, 
high GC content regions, and short tandem repeats. Since low heteroplasmy of 
 deleterious mutations, including small indels in repeat regions, can be clinically 
signifi cant, it is important to understand the limitations of each different sequencing 
method. Different platforms may also affect the depth of coverage and the ability to 
multiplex. Proper controls should be included and analyzed together with each 
indexed specimen to ensure accuracy [ 15 ]. Limit of detection of NGS-based assays 
should be assessed since quantifi cation of mtDNA mutation heteroplasmy is an 
important analytical component. Different platforms provide different depth of 
sequence coverage, which may limit heteroplasmy detection [ 15 ,  18 – 20 ,  22 ].   

4     Reported Studies of the Mitochondrial Genome by MPS 

 Although this chapter focuses on the translation of massively parallel sequencing 
(MPS) to the clinical diagnosis of mtDNA disorders, various studies have utilized 
high throughput MPS analyses of the mitochondrial genome for different purposes 
(Table  11.2 ).

4.1       Detection of Pathogenic Point Mutations and Evaluation 
of Heteroplasmy 

 For the purpose of translation to molecular diagnosis, MPS was validated for its 
ability to simultaneously detect and quantify mtDNA variants of the entire mito-
chondrial genome by comparing the MPS results to those of Sanger sequencing [ 15 , 
 19 ]. MPS has also been used to identify mtDNA variants in mtDNA-related disor-
ders, including left ventricular noncompaction (LVNC) [ 24 ], maternally inherited 
cardiomyopathy [ 20 ], and Leigh syndrome [ 18 ]. However, these studies were lim-
ited to the detection of mtDNA variants at >5 % heteroplasmy in the analyzed 
tissue. 

 Due to the nonuniformity of mtDNA coverage, detection of mtDNA deletions 
was not possible in the previously reported studies [ 18 – 20 ,  24 ]. An mtDNA single 
deletion at high heteroplasmy (94 %) and >25,000X coverage was detected by cap-
ture using RNA probes followed by MPS [ 22 ], in which coding regions of 1,300 
nuclear genes involved in mitochondrial production    and function were also captured 
and sequenced [ 22 ,  38 ]. Simultaneous detection of mutations in both the mitochon-
drial and the nuclear genes is the main goal of MPS-based comprehensive diagnosis 
for dual genome dysfunction   , that is, conditions in which nuclear gene mutations 
perturb the mitochondrial genome. However, the application of the dual genome 
MPS approach in one step has not been fully validated for clinical diagnosis [ 22 ,  38 ]. 
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  Fig. 11.1    The primer positions for the LR-PCR of the whole mitochondrial genome       

 Since the human mitochondrial genome is only 16.6 kb, high throughput MPS 
can usually provide excessive depth of coverage. Therefore, if only the mitochon-
drial genome is to be sequenced, multiple samples are usually multiplexed in order 
to effi ciently use the capacity of the high throughput instrument (Table  11.2 ). The 
read length and depth of coverage vary according to the NGS platform used.  

4.2     Comprehensive One-Step Analysis of the Whole 
Mitochondrial Genome 

 Our laboratory recently developed a one-step MPS approach that provides quantita-
tive base calls, detection of large deletions, and the exact deletion breakpoints [ 15 ]. 
This approach uses one pair of primers (Fig.  11.1 ) – mt16426F- 
5′ccgcacaagagtgctactctcctc3′ and mt16425R-5′gatattgatttcacggaggatggtg3′ – for 
the long-range PCR (LR-PCR) amplifi cation of the entire mitochondrial genome as 
a single amplicon, followed by library preparation and sequencing on Illumina 
HiSeq 2000 [ 15 ]. Since the whole mitochondrial genome is amplifi ed as one single 
amplicon, every base is presumably represented in proportion to its occurrence in 
the starting population of molecules (Fig.  11.2a ). However, molecules containing 
deletions can have a replicative advantage in limiting conditions. Therefore, while 
deletions are readily detected (Fig.  11.2b ), their heteroplasmy level may be 
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overestimated. By aligning the unmatched sequences to the mitochondrial reference 
sequence (rCRS) with less stringent parameters to allow >80 % match in half of the 
sequence read, the deletion breakpoints can be precisely mapped (Fig.  11.2c )   . This 
is a great advantage in contrast to conventional Southern analysis of large deletions 
where the detection of deletion and determination of the breakpoints are two sepa-
rate tedious procedures.

    By multiplexing 12 samples per lane of the fl ow cell and 76 cycles of sequenc-
ing, an average coverage per base of ~20,000X can be routinely achieved [ 15 ]. At 
this depth of coverage and 0.326 % ± 0.335 % experimental error rate, heteroplas-
mies >1.5 % are easily detected. For the purpose of quality control, a sample with 
1.1 % heteroplasmic m.3243A > G mutation and a series of reference DNA samples 
containing 1 %, 5 %, 10 %, 20 %, and 50 % of known variants have always been 
spiked-in and analyzed exactly the same way as the same indexed patient’s sample 

  Fig. 11.2    The uniform coverage of the whole mitochondrial genome ( a ), the sharp deletion bound-
aries detected by MPS ( b ), and the deletion breakpoint sequences ( c ). Provided by Dr. Hui Yu       
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[ 15 ]. It has been demonstrated that the 1.1 % m.3243A > G control has always been 
detected at 1.14 % ± 0.09 % (unpublished observation). To date, more than 800 sam-
ples have been analyzed using this comprehensive one-step approach. Numerous 
homoplasmic or heteroplasmic variants have been detected. Most of these variants 
are reported benign SNPs. About 6 % of the samples analyzed harbored reported 
pathogenic mutations, and only <1 % are novel variants that are likely to be deleteri-
ous. Since not all heteroplasmic novel variants are clinically signifi cant, other 
genetic, biochemical, pedigree, and clinical information, as well as results obtained 
from in silico analyses using protein structural/functional prediction algorithms, are 
used to help with the interpretation of these variants [ 39 ,  40 ]. 

 The translation of this next-generation sequencing approach to the diagnosis of 
mtDNA-related disorders has been fully validated according to the regulatory crite-
ria for the clinical diagnostic laboratories set forth by CLIA (Clinical Laboratory 
Improvement Amendments) and CAP (College of American Pathologists). All nec-
essary quality and quantity reference samples are incorporated with the analyses of 
every test sample. All variants detected by Sanger methodology have been detected 
by this one-step comprehensive MPS method. In addition, this method detects low 
heteroplasmy changes that are not detected by Sanger sequencing. Thus far, this 
MPS strategy is the most comprehensive approach for the provision of accurate, 
reproducible heteroplasmy measurements of variants at every nucleotide position of 
the entire mitochondrial genome. Furthermore, large mtDNA deletions are detected 
and the deletion breakpoints are easily mapped [ 15 ].  

4.3     MPS Investigation of mtDNA Variations in Cancers, 
Various Tissues, and Among Different Populations 

 In addition to molecular diagnosis of mtDNA disorders, MPS has also been 
employed to analyze the whole mitochondrial genome for the purposes of disease 
prognosis in cancers. Somatic mtDNA alterations in tumor cells can serve as bio-
markers for monitoring disease progression [ 41 – 44 ]. Traditionally, mtDNA altera-
tions in cancer cells were analyzed by Sanger sequencing of overlapping short PCR 
fragments [ 41 – 44 ]. This is tedious if a large number of tumor samples are to be 
analyzed. A recent report took advantage of massively parallel sequencing to ana-
lyze mtDNA of ten colon cancers, nine different tissues of one patient, and members 
of two CEPH families [ 33 ]. Their results revealed variable heteroplasmic mtDNA 
alterations in colon cancers, in different tissues of the same individual, and in differ-
ent matrilineal relatives [ 33 ]. The degree of heteroplasmic changes varies from 
1.6 % to 57 %. These studies provide insights into the nature and variability of 
mtDNA sequences during embryogenesis and cancer development and demonstrate 
that human individuals are characterized by a complex mixture of related mitochon-
drial genotypes rather than a single genotype. However, these studies were  performed 
for research purposes, not for molecular diagnostics. 
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 Similarly, MPS was used to study the effects of radiation therapy on mtDNA 
alteration [ 35 ] and to investigate the dynamics of mtDNA heteroplasmy in maternal 
transmission [ 34 ]. The latter study showed that frequencies of heteroplasmic 
changes may be lower than previously estimated but agreed with the results of He 
and coworkers [ 35 ] that mtDNA heteroplasmy varies among different tissues of an 
individual and between mother and child [ 34 ]. Furthermore, studies of mtDNA in 
131 individuals from fi ve Eurasian populations [ 36 ] and 147 individuals from the 
Caucasus and West Asia [ 37 ] revealed that mtDNA heteroplasmies are common and 
variable among populations. These studies involved a large number of samples and 
the detection of low level heteroplasmies. Only high throughput, deep coverage 
sequencing techniques allow these types of studies to be performed in a cost- and 
time-effi cient fashion. These results also suggest caution when mtDNA variants are 
used for forensic identity verifi cation purposes due to the dynamic occurrence of 
heteroplasmic changes [ 34 ]. However, since the NGS technologies used in these 
studies have not been evaluated with forensic standards, the application of MPS to 
forensic investigation requires further assessment [ 45 ]. A major concern of these 
MPS-based applications is that these studies did not discuss the potential interfer-
ence of nuclear mtDNA homologues (NUMT), which may result in incorrect vari-
ant calls or inaccurate heteroplasmy measurements.   

5     Regulatory Requirements for the Application of NGS- 
Based Tests to the Clinical Diagnosis of mtDNA Disorders 

 Testing of human specimens for diagnostic purposes must follow the regulatory 
procedures defi ned by the Clinical Laboratory Improvement Amendments (CLIA), 
which requires the assessment and documentation of performance characteristics 
including sensitivity, specifi city, accuracy, reproducibility, and any other unique 
procedures applicable to the analytic validity of the test results. Due to the enor-
mous amount of data produced on each test and the complex laboratory and compu-
tational analytical procedures involved, it is diffi cult to defi ne the standards required 
for compliance of this newly developed technique with the CLIA regulation. An 
NGS guideline work-group has been actively exploring these issues. In general, 
before applying NGS-based tests clinically, the tests must be validated. In particu-
lar, for the diagnosis of mtDNA disorders by MPS, the specifi c parameters for the 
evaluation of the analytical performance of an NGS run should include depth of 
coverage, uniformity of distribution of read coverage, poorly covered regions, or 
base positions (e.g., small indels, repeat and homopolymer regions), quality of base 
calls, ability to detect mtDNA large deletions, and limit of detection of mutation 
heteroplasmy. Review of the published papers on the NGS-based analyses of the 
mtDNA (Table  11.2 ) revealed that most of these NGS-based assays were not fully 
validated for clinical diagnosis except for the one-step comprehensive approach 
reported by Zhang et al. [ 15 ]. 
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 Zhang and coworkers assessed the performance of NGS-based analysis of 
mtDNA by comparing the results to those obtained from Sanger sequencing and 
demonstrated 100 % sensitivity and specifi city [ 15 ]. Since the measurement of the 
degree of mutation heteroplasmy is critical in result interpretation and genetic coun-
seling, limit of detection of the NGS approach and the reproducibility of the quanti-
fi ed results from various runs were evaluated. Most importantly, this report described 
the incorporation of quality and quantity reference specimens with each indexed 
sample for simultaneous evaluation to ensure the accuracy and reproducibility of 
the results [ 15 ]. Furthermore, a “deep sequencing index” (DSI) formula was devel-
oped to evaluate the performance of each sequencing run and to compare the quality 
of sequencing results among different gene enrichment methods. This equation con-
tains six parameters: (i) the mean number of reads mapped to quality control (QC) 
DNA, (ii) the mean number of sample reads normalized to the average number of 
reads of QC DNA, (iii) the correlation coeffi cient of the expected versus observed 
proportion of 6 QC DNA variants mixed by known ratios, (iv) the ratio of the stan-
dard deviation of the mean    number of reads to the average number of reads mapped 
to sample DNA, (v) the analytical specifi city, and (vi) the analytical sensitivity of a 
run determined from the reads mapped to mtDNA. The analytical specifi city of a 
run was defi ned as the percentage of reads mapped to target mtDNA reference 
sequence compared to total reads generated for the sample, which, for the capture- 
based enrichment, is ~20 % and for the single amplicon LR-PCR based is ~99 %. 
The analytical sensitivity of a run was defi ned as the percentage of bases of the 
reference sequence covered by MPS reads. The analytical sensitivity should be 
100 % to achieve 0 % false negative. Thus, it is clear that all performance parame-
ters specifi c for the novel NGS technology are included in this formula for quality 
assessment. Each laboratory can defi ne its own minimal passing score that repre-
sents the acceptable quality of performance. As a result, this numerical assessment 
can compare and help to standardize inter-laboratory performance.  

6     Caveats in Making Diagnosis 

 The most diffi cult tasks in the molecular diagnosis of mtDNA disorders are (i) 
simultaneous detection and quantifi cation of heteroplasmic mtDNA point muta-
tions, (ii) simultaneous detection and mapping of mtDNA large deletions, and (iii) 
simultaneous detection and quantifi cation of mtDNA point mutations and large 
deletions. The MPS approach can simultaneously accomplish each of these goals if 
it is performed in such a way that it (i) avoids the interference of NUMTs and 
mtSNPs and (ii) provides even coverage of all nucleotide positions. Since NUMTs 
are present throughout in the nuclear chromosomes and since mtSNPs are distrib-
uted throughout in the mitochondrial genome, the only way to avoid their interfer-
ences is to amplify the whole mitochondrial genome as a single piece using a pair 
of primers that contain the least number of mtSNPs at the lowest frequency. This 
approach will also provide even coverage of every single nucleotide position [ 15 ]. 
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Alternative primers should also be validated for deployment when the fi rst chosen 
primers fail to amplify effi ciently. A set of inwardly facing primers that bind outside 
of the single amplicon primers is also needed in order to evaluate for SNPs at the 
main primer binding sites. 

 Most of the reported studies used at least two pairs of primers to amplify overlap-
ping regions [ 18 ,  19 ,  24 ,  33 ,  34 ,  36 ,  37 ]. Therefore, these MPS approaches are not 
designed to detect large mtDNA deletions. Although the coverage depth may be 
suffi cient to provide heteroplasmic measurements, the variant calls and hetero-
plasmy measurements must be interpreted cautiously since the presence of SNPs at 
the primer binding sites and the co-amplifi cation of NUMTs can potentially skew 
both variant calls and the heteroplasmy quantifi cation.  

7     Conclusions 

 The translation of NGS to the clinical diagnosis of mitochondrial DNA-related dis-
orders has already occurred. One laboratory [ 15 ] has fully validated the NGS-based 
assay by the documentation and implementation of quality control and quality 
assurance procedures that are required by CLIA and CAP. Experimental errors and 
limit of detection should be defi ned before offering the NGS-based quantifi cation of 
mtDNA mutation heteroplasmy as a clinical test.     
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    Abstract     To date, more than 200 nuclear genes have been found to be linked to 
mitochondrial disorders [1, 2]. Initial application of next-generation sequencing 
(NGS) technology has been very successful for the identifi cation of causative genes 
for mitochondrial disorders [3–7], similarly to other Mendelian diseases. Such 
advance is of outmost utility for a condition that is characterized by signifi cant 
genetic and phenotypic heterogeneity with a very diffi cult diagnostic pathway. 

 NGS for panels of targeted genes already known to cause mitochondrial disor-
ders has recently become available for clinical testing. In addition, since many 
genes underpinning these conditions still need to be identifi ed, some of the recent 
studies targeted the entire coding sequences of the genome (the whole exome), lead-
ing to the identifi cation of mutations in novel nuclear genes, adding to the list of loci 
causing mitochondrial diseases. These studies have been successful even when only 
single affected families were available. As for many other genetic conditions, NGS 
is now serving the dual role of discovery and diagnostic tool [8] for mitochondrial 
disorders, exemplifi ed by the studies described here. These roles, the opportunities, 
and challenges of NGS in the diagnosis of mitochondrial disorders are discussed in 
this chapter.  
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1         NGS Application to Mitochondrial Disorders: Validation 
for Clinical Diagnosis 

 We initially explored the feasibility of targeted NGS for mitochondrial disorders by 
sequencing 362 known and candidate genes with promising results [ 3 ]. We further 
expanded the panel to 908 nuclear genes and validated the methodology by analyz-
ing 26 patients with known or highly suspected mitochondrial disease. Overall the 
sensitivity, specifi city, and reproducibility of the test were satisfactory for clinical 
diagnosis. Analytical sensitivity was above 98 % with average coeffi cient of varia-
tion less than 2 %. The depth of coverage was appropriate for most of the target 
bases although approximately 8 % of targets did not pass the quality indicator of 20 
reads and Q > 30 [ 7 ]. Calvo and colleagues targeted the “MitoExome” for NGS 
sequencing, i.e., the mitochondrial genome and the exons of 1034 nuclear genes 
encoding proteins identifi ed in the human mitochondrial proteome. A high level of 
sensitivity and specifi city of variant detection was also achieved in this study. On 
average, 96 % of targeted bases were covered and 87 % of targeted bases exceeded 
the 15X coverage threshold found to ensure 99 % power to detect a variant [ 5 ]. 

 In these studies, and most of the ones reported in this review, similar data analy-
sis pipelines were utilized. These follow the general workfl ow adopted for the 1000 
genomes project [ 9 ] using Burrows-Wheeler Aligner (BWA) for alignment of the 
raw base calls to the reference human genome, and GATK, or SAMtools for single 
nucleotide variants (SNV), small insertions, or deletions. Annotation of the variants 
was performed using SeattleSeq, GATK Genomic Annotator, or Annovar.  

2     Diagnosis by Identifi cation of Mutations in Already 
Known Pathogenic Genes by NGS 

 A number of studies, carried out by either targeted or whole-exome sequencing, 
allowed the identifi cation of mutations in genes that had already been described as 
causative in the literature. This led to a diagnosis for the patients and often expanded 
the phenotypic spectrum of the implicated gene and mode of inheritance (Table  12.1 ).

   Whole-exome sequencing identifi ed a homozygous missense mutation in  AFG3L2  
as the cause of early-onset spastic ataxia-neuropathy syndrome in two brothers of a 
consanguineous family [ 15 ]. This enzyme encodes a subunit of an m-AAA protease that 
resides in the mitochondrial inner membrane, responsible for removal of damaged or 
misfolded proteins and proteolytic activation of essential mitochondrial proteins. 
 AFG3L2  forms either a homo-oligomeric isoenzyme or a hetero-oligomeric complex 
with paraplegin, a protein mutated in hereditary spastic paraplegia 7 (SPG7), and its 
defi ciency causes fragmentation of the mitochondrial network [ 37 ]. Heterozygous loss-
of-function mutations in  AFG3L2  were already known to cause autosomal-dominant 
Spinocerebellar ataxia 28 (SCA28) [ 38 ], a disorder whose phenotype is strikingly dif-
ferent from that of the patients affected by the recessive form described in this study. 
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 Linkage analysis, followed by whole-exome sequencing, led to the identifi cation 
of the cause of prenatal ventriculomegaly observed in three brothers, as a hemizy-
gous change in a gene,  AIFM1  in the X chromosome [ 17 ]. While this protein is 
known to function in apoptosis, a second function appears to be involved in mito-
chondrial translation. This study expands the clinical spectrum of  AIFM1  mutations 
to include ventriculomegaly. 

 Exome sequencing of two affected individuals of a family with dominant distal 
hereditary motor neuropathy type V identifi ed a variant in  REEP1  [ 31 ], a gene pre-
viously linked to dominant spastic paraplegia 31 [ 39 ]. Altered mitochondrial bioen-
ergetics and abnormal mitochondrial network morphology have been reported for 
mutations in this gene [ 40 ]. It is possible that this protein is involved in mitochon-
drial fi ssion [ 40 ] or dynamic through microtubule interaction [ 41 ]. 

 Joint exome analysis on two siblings presenting with severe neonatal lactic aci-
dosis, hypotonia, and intractable cardiomyopathy led to the identifi cation of a sin-
gle homozygous missense mutation in  BOLA3  in both kids [ 18 ]. This protein is 
predicted to localize to the mitochondria and is postulated to have a role in the 
biogenesis of iron-sulfur clusters necessary for proper function of respiratory chain 
and 2-oxoacid dehydrogenase complexes. This gene was recently identifi ed as 
pathology- associated by traditional sequencing by microcell-mediated chromo-
some transfer [ 42 ]. 

 The genetic background of autosomal recessive progressive external ophthal-
moplegia (PEO) is mostly unknown, with  POLG  being the only associated gene 
thus far [ 35 ]. Two exome sequencing studies revealed that  TK2  [ 35 ] and  RRM2B  
[ 32 ] can be additional causative genes for recessive PEO, expanding their genotype- 
phenotype correlations, thus far limited to mtDNA depletion syndrome and 
autosomal- dominant PEO. Similarly, targeted exon sequencing of a suspected 
mitochondrial disease patient revealed a homozygous mutation in  WFS1 , causing 
an atypical case of Wolfram syndrome, a condition that shares clinical features 
with mitochondrial disorders [ 36 ]. An exome study highlighted a new phenotype 
for  GCDH  mutations in a patient affected by early-onset dystonia [ 21 ], while typi-
cal manifestations are infantile encephalopathy and macrocephaly. In a recent tar-
geted exons sequencing study on a single individual, mutations in  MPV17 , a gene 
usually associated with childhood onset disease, were found as causative of adult-
onset multisystemic disorder with mtDNA deletions [ 43 ]. In our studies by  targeted 
exons sequencing for suspected mitochondrial patients, we identifi ed mutations in 
 POLG ,  CPT2 , and  PDSS1  [ 7 ]. Of note, CPT2 is involved in fatty acid oxidation 
pathway and was not previously known to be involved in mitochondrial dysfunc-
tion. In another study, several patients were diagnosed by fi nding mutations in 
genes already known to be implicated in mitochondrial disorders such as  POLG , 
 BCS1L ,  COX6B1 ,  GFM1 , and  TSFM  [ 5 ]. In other NGS studies, molecular defects 
in  NDUFS3 ,  NDUFS4 ,  NDUFS8, NDUFV1 , and  NDUFAF2  were identifi ed in 
mitochondrial respiratory chain    Complex I-defi cient patients [ 5 ,  6 ] .  In an exome 
study, a patient was found to present a mutation in  NDUFS1 , a gene for a mito-
chondrial respiratory chain Complex I subunit, which escaped detection by tradi-
tional Sanger sequencing since the alternative exon had not been sequenced [ 20 ]. 
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This example highlights the importance to include all exons of alternative 
 transcripts even for NGS sequencing tests (commercial exome capture kits typi-
cally include only Refseq genes exons).  

3     Identifi cation of Novel Causative Genes for Mitochondrial 
Disorders by NGS 

 At least 20 new genes have been added to the list of causative genes of mitochon-
drial disorders in the last 2 years by NGS technology (Table  12.1 ), paralleling the 
rapid rate of discovery for other Mendelian conditions. 

 In a recent study, whole-exome sequencing of patients from four consanguineous 
families with suspected mitochondrial encephalomyopathy led to the identifi cation 
of homozygous mutations in two novel genes [ 20 ]. One patient, affected by devel-
opmental delay had a homozygous mutation in  MFF , which encodes the mitochon-
drial fi ssion factor controlling the dynamic of these organelles that continually 
divide and fuse [ 44 ]. The authors were able to detect a clear shift in patient’s mito-
chondria from the typical punctate to a tubular appearance, indicative of increased 
fusion and reduced fi ssion. The patient’s truncating mutation reduces the protein 
length from 326 to 64 amino acids, thus removing the transmembrane domain 
required for proper function [ 45 ]. The second gene found mutated in a patient was 
 FARS2 , which encodes the mitochondrial phenylalanyl-tRNA synthetase, a member 
of a growing group of mitochondria protein synthesis components to be implicated 
in mitochondrial disorders, as evidenced from several studies listed below and other 
recent studies [ 46 ]. 

 Exome sequencing of a single proband with hypertrophic mitochondrial cardio-
myopathy and combined respiratory chain defi ciency led to the identifi cation of a 
new causative gene,  AARS2 , encoding a putative mitochondrial alanyl-tRNA syn-
thetase [ 10 ]. Protein structure modeling suggests that these mutations may lead to 
incorrect or absent tRNA aminoacylation. The same gene was found to be mutated 
in two siblings from a second family with the same phenotype, increasing the caus-
ative evidence. Moreover, mutations in the same gene have been detected in a still-
born fetus with mitochondrial myopathy in a subsequent study [ 5 ]. 

 In a study on a family affected by Perrault syndrome, with ovarian dysgenesis 
and sensorineural hearing loss, targeted next-generation sequencing of a 4 Mb link-
age region confi rmed that the only gene with two predicted pathogenic variants was 
the previously suspected  HARS2  gene [ 23 ]. This gene encodes the mitochondrial 
histidyl-tRNA synthetase and the mutations reduce its aminoacylation activity on 
tRNA. This fi nding reveals a role for mitochondria in mammalian ovarian dysgen-
esis, while it confi rms the known role of mitochondria on sensorineural function. 

 Exome sequencing of a baby affected by mitochondrial leukoencephalopathy led 
to the identifi cation of causative gene  EARS2 , encoding mitochondrial glutamyl- 
tRNA synthetase [ 19 ]. The authors were able to match the Magnetic Resonance 
Imaging (MRI) specifi c features including extensive symmetrical cerebral white 
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matter abnormalities, symmetrical signal abnormalities of the thalami, midbrain, 
pons, medulla oblongata, and cerebellar white matter, of this patient to a cohort of 
11 patients, also sharing similar symptoms, by screening a database of more than 
3,000 cases; remarkably mutations in  EARS2  were found in all these patients. 
Therefore careful phenotype characterization by MRI will now enable the diagnosis 
by single gene conventional sequencing in leukoencephalopathy patients with the 
specifi c imaging pattern. 

 Exome sequencing was performed for a family affected by infantile hepatopathy 
and multisystem manifestations, leading to suspect mitochondrial etiology. The 
study identifi ed a homozygous missense mutation in  LARS , encoding a cytoplasmic 
leucyl-tRNA synthetase [ 24 ]. Since the patients in the study presented normal 
mtDNA content, respiratory function, and mitochondria morphology, it was con-
cluded that mitochondria are not involved in the pathogenicity. This fi nding exem-
plifi es the diffi culty to distinguish between real mitochondrial disorders and 
conditions presenting with similar symptoms. A similar conclusion can be drawn 
from an exome study of a patient affected with myopathy, hypotonia, and weakness 
for which a mutation in  CCDC78 , a gene seemingly unrelated to mitochondria func-
tion, has been found [ 47 ]. These observations bear weight for the selection of genes 
to be offered for sequencing. Accordingly, for suspected mitochondria patients 
affected by myopathy or neurodevelopmental disease, all genes already associated 
to these phenotypes may need to be included for sequencing, regardless of serving 
a function in mitochondria. The diffi culty of a genetic diagnosis based just on clini-
cal symptoms is not limited to mitochondrial disorders. For example, a recent NGS 
study on pediatric-onset neurodevelopmental disease has shown that the initial diag-
nosis was changed upon further medical evaluation based on the mutated genes 
discovered [ 22 ], with some of them actually being mitochondria impacting genes. 

 Using targeted sequencing of the MitoExome, mutations in  MTFMT  were identi-
fi ed in two unrelated children presenting with Leigh syndrome and combined mito-
chondrial respiratory chain complex (RCC) enzyme defi ciency [ 26 ]. The encoded 
enzyme is methionyl-tRNA formyltransferase, and this study reveals that for-
mylation of the fi rst methionine is essential for mitochondrial protein translation. In 
a second independent study, mutations in this same gene were identifi ed in two 
unrelated patients affected with Leigh syndrome but presenting with isolated mito-
chondrial respiratory chain Complex I defi ciency [ 6 ]. We also diagnosed a patient 
with compound heterozygosity in this gene (manuscript in preparation) who pre-
sented with hypotonia, failure to thrive, global developmental delay, and seizure. 
Brain MRI was also reported abnormal. 

 In a family with microcephaly, simplifi ed gyral pattern, and insulin-dependent 
diabetes, a presentation overlapping with Wolcott-Rallison syndrome, exome 
sequencing identifi ed a mutation in  GFM2 , which encodes a mitochondrial transla-
tion elongation factor [ 22 ]. 

 By sequencing the exons of mitochondrial nuclear genes in a patient with infan-
tile spasms and hypotonia, we detected compound heterozygosity in the gene  MTO1  
[ 7 ] .  This protein is involved in mitochondrial tRNA modifi cation, and mutations in 
 MTO1  cause respiratory defi ciency and impaired mitochondrial RNA metabolism 
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in  Saccharomyces cerevisiae  [ 48 ,  49 ] .  In a separate study, mutations in  MTO1  have 
been identifi ed by exome sequencing in two siblings and in an unrelated individual 
affected by cardiomyopathy [ 28 ]. In addition to the differences in phenotypes 
between our study and the latter one, disease progression also shows a large 
variability. 

 A study of a family with mitochondrial cardiomyopathy identifi ed several poten-
tial regions by linkage mapping, encompassing 710 genes. Considering the large 
number of genes, the authors opted for exome sequencing. Sequencing a single 
patient led to the identifi cation of the causative gene,  MRPL3 , which encodes a 
mitochondrial ribosomal protein of the large ribosomal subunit [ 25 ]. This conclu-
sion was corroborated by detecting the same mutations in the affected siblings by 
traditional DNA sequencing and by proof of mitochondrial translation defi ciency in 
the patient’s cultured fi broblasts. It is hypothesized that the mutations affect the 
interaction of MRPL3 with the other proteins of the large ribosomal subunit or with 
the 16 s rRNA [ 25 ]. 

 An exome sequencing strategy was used for a small family affected by combined 
malonic and methylmalonic aciduria, a rare recessive inborn error of metabolism, 
often accompanied by cardiomyopathy. Sequencing of a single proband led to the 
identifi cation of the causative gene in  ACSF3 , a poorly characterized member of the 
acyl-CoA synthetases [ 13 ]. The same gene was found mutated in another exome 
study in a child with the same phenotype, increasing the causative evidence [ 14 ]. 
Interestingly, while these studies were published, a paper identifi ed ACSF3 as the 
longtime sought source of intramitochondrial malonyl-CoA, utilized in de novo 
fatty acid synthesis in these organelles [ 50 ]. This is the fi rst enzyme of mitochon-
drial type II fatty acid synthesis found mutated; these genetic studies unravel the 
essential role of this enzyme that leads to the formation of the lipoyl moieties essen-
tial for posttranslational modifi cation of several mitochondrial proteins [ 51 ]. 

 Exome sequencing of a single patient affected by Sengers syndrome, a disorder 
characterized by congenital cataracts, hypertrophic cardiomyopathy, skeletal myop-
athy, exercise intolerance, and lactic acidosis but normal mental development, 
allowed the identifi cation of the causative gene in  AGK,  a multisubstrate lipid kinase 
that catalyzes the phosphorylation of diacylglycerol (DAG) and monoacylglycerol 
[ 16 ]. Mutation screening in other individuals from eight families with congenital 
cataracts and cardiomyopathy identifi ed additional mutations in the same gene, con-
fi rming the causal nature of  AGK  defi ciency in Sengers syndrome. The products of 
AGK activity, phosphatidic acid (PA) or lysophosphatidic acid (LPA), act as signal-
ing molecules and take part in the synthesis of phospholipids. It is speculated that 
AGK ,  by its effects on phospholipid metabolism in mitochondria, has a role in driv-
ing the assembly of proteins within the mitochondrial membranes. A second study 
also identifi ed  AGK  mutations in two unrelated patients and linked this enzyme 
defi ciency to mtDNA depletion [ 5 ]. 

 Another gene involved in phospholipid remodeling in mitochondria,  SERAC1 , 
has been recently found mutated by exome sequencing in two unrelated patients 
affected by MEGDEL syndrome, a recessive disorder of dystonia and deafness with 
Leigh-like syndrome, impaired oxidative phosphorylation, and 3-methylglutaconic 
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aciduria [ 33 ]. Nothing was known about the function of this protein, but the pres-
ence of a conserved lipase domain suggested a role in lipid metabolism. The authors 
studied phospholipid metabolism in affected patients and concluded that this 
enzyme is a key player in phosphatidylglycerol remodeling that is essential for both 
mitochondrial function and intracellular cholesterol traffi cking. 

 Exome sequencing of a single individual with cardiomyopathy, encephalopathy, 
and Complex I defi ciency led to the identifi cation of  ACAD9  as causative gene, 
which encodes a new member of the mitochondrial acyl-CoA dehydrogenase family 
[ 11 ]. Based on this fi nding the authors were able to detect mutations in the affected 
sibling and in two unrelated cases. In subsequent studies additional patients with 
Complex I defi ciency were found to have mutations in  ACAD9  [ 5 ,  6 ,  52 ]. The physi-
ological function of ACAD9 in vivo is poorly understood and no abnormality in 
β-oxidation could be detected in the patients. Interestingly, ribofl avin supplementa-
tion has been shown to increase Complex I activity in patient’s fi broblasts, as well 
as to improve patients’ clinical condition [ 11 ,  52 ]. 

 Brown-Vialetto-Van Laere syndrome is a neurological disorder that presents 
symptoms that can be suggestive of mitochondrial disorders and a metabolic profi le 
suggestive of a mild form of the multiple acyl-CoA dehydrogenation defect 
(MADD). Exome sequencing of    a patient for which extensive laboratory testing, 
including muscle RCC assay, was noncontributory and led to the identifi cation of 
two mutations in a ribofl avin transported  SLC52A3  [ 34 ]. As for  ACAD9 , this fi nding 
provides a rational for high-dose ribofl avin supplementation. 

 Subjects from two unrelated families with a defect manifesting in infancy with 
degeneration of the cerebrum, cerebellum, and retina, sharing a 4 Mb homozygous 
genomic region on chromosome 22, were screened in an NGS study [ 12 ]. Within this 
region there are 65 protein-coding genes, which include a total of 657 exons. 
Considering the large number of genes, the authors opted for exome sequencing, 
leading to the identifi cation of a mutation in  ACO2 , the mitochondrial aconitate 
hydratase which catalyzes the reversible isomerization of citrate to isocitrate in the 
tricarboxylic acid cycle (TCA). The same single homozygote missense variant in 
 ACO2  was observed in all eight affected individuals from both unrelated families. 
Functional validation using a  Saccharomyces cerevisiae  strain lacking the aconitase 
gene, grown under conditions requiring the TCA cycle and the glyoxylate shunt 
(growth on ethanol), showed that the yeast strain expressing the mutated human gene 
exhibits a very clear growth defect. This mitochondrial aconitase hydratase defect 
joins the growing list of neurodegenerative diseases associated with primary TCA 
cycle impairment. Similar to the other TCA cycle defects, individuals in this study 
did not present mitochondrial disease classic biomarkers, such as elevated lactate, 
pyruvate, and alanine levels in plasma or TCA cycle metabolite levels in urine. In 
addition, the enzymatic activities of the mitochondrial RCC in muscle were normal, 
indicating that in clinical settings this enzymatic defect would be easily overlooked. 

 Mutations in mitochondrial respiratory chain Complex I subunit,  NDUFB3 , have 
been identifi ed by sequencing the MitoExome in a patient with Complex I and lethal 
infantile mitochondrial disease [ 5 ]. Introduction of wild-type cDNA into subject 
fi broblasts rescued the defect in Complex I activity, establishing  NDUFB3  as the 
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causal gene. The same gene was found mutated in an independent study in a patient 
with muscular hypotonia, developmental delay, lactic acidosis, and Complex I defi -
ciency [ 6 ]. This is the 15th nuclear-encoded Complex I subunit gene for which 
mutations have been shown to cause Complex I defi ciency in humans. Mutations in 
 NUBPL , a Complex I assembly factor, and in  FOXRED1 , which is an uncharacter-
ized protein containing a FAD-dependent oxidoreductase protein domain, were 
identifi ed in another study [ 4 ]. 

  MTHFD1 , encoding a cytoplasmic protein involved in cellular folate metabo-
lism, was found mutated through exome sequencing in an infant with megaloblastic 
anemia, atypical hemolytic uremic syndrome, severe combined immune defi ciency, 
and elevated blood levels of homocysteine and methylmalonic acid [ 27 ]. Considering 
the importance of folate for mitochondria function, this phenotype could represent 
an additional mitochondrial disorder spectrum. Mutations in the gene  POP1 , encod-
ing a component of the mitochondrial RNA processing complex, have been detected 
by whole-exome sequencing, and the associated skeletal dysplasia may be an addi-
tional novel manifestation of mitochondria dysfunction [ 30 ]. Other genes not previ-
ously linked to the disease have been identifi ed in few studies but further proof of 
pathogenicity is still being sought [ 5 – 7 ].  

4     Challenges in Interpretation: Research Versus 
Clinical Test 

4.1     Evaluation of Novel Variants 

 One major challenge in NGS is in identifying deleterious variants especially when 
a candidate gene has never been reported in humans as pathogenic. As for any 
genetic study, the fi rst step in the validation of new pathogenic variants must evalu-
ate the expected segregation of mutations in a family. Secondarily in silico predic-
tion of deleterious effects of variants on protein function or on splicing can be 
utilized, as these models become more and more refi ned [ 53 ,  54 ]. However, this 
type of assessment may not be considered conclusive for the time being [ 55 ] and 
predictions for potentially regulatory variants in noncoding regions (promoters, 
UTRs, splicing branch-point) are generally lacking. Therefore, more conclusive 
evidence is generally derived from experimental functional validation utilizing 
models such as cellular rescue assays by lentiviral gene transfer [ 56 ] or yeast mod-
els [ 57 ]. The evaluation of potentially pathological variants in mitochondrial genes 
should actually be facilitated by the high conservation of mitochondrial components 
between human and yeast or other model systems. It is worth noting that implemen-
tation of experimental functional validation models for novel variants, in either 
novel or known genes, will be critical in order to fully exploit the diagnostic power 
of NGS. In addition, further correlation must be pursued by physicians to substanti-
ate the role of suspected genes in pathogenicity, if other expected markers can be 
tested (phenotype, biochemistry, and histopathology).  
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4.2     Choice of Genes to Be Sequenced or Analyzed 
in Suspected Mitochondrial Patients 

 We previously explored the clinical use of targeted NGS for mitochondrial disor-
ders including nuclear genes which encode mitochondrial proteins, as well as pro-
teins that do not reside within the mitochondrion, but whose mutations present with 
similar symptoms [ 7 ]. In this study, none of 17 patients with various abnormal mito-
chondrial RCC activities showed molecular defects in either subunits or assembly 
factors for mitochondrial RCC enzymes. Some of these suspected mitochondrial 
patients were found to carry mutations in known pathogenic genes, which encode 
proteins that are not components of the mitochondrial RCC. Despite their clinical 
presentations, which were highly suspicious for mitochondrial disorders, and clear 
defi ciencies in mitochondrial RCC enzymes, these cases appeared to be secondary 
to other genetic defects. This fi nding indicates that the diagnostic spectrum of mito-
chondrial disorders is much broader than we thought and this could potentially 
make the interpretation and diagnosis diffi cult, unless the targeted genes are thor-
oughly chosen. Indeed, in our subsequent study on 148 patients submitted for clini-
cal testing (manuscript submitted), the highest percentage of patients had variants in 
genes that cause secondary mitochondrial defects or in genes that lead to similar 
clinical presentations to mitochondrial disease. This has also been evidenced by a 
few other studies described here [ 24 ,  36 ,  47 ] as conditions unrelated to mitochon-
dria function were found to be the real cause of disease in “suspected mitochondrial 
patients”; these included for instance lysosomal storage disease (manuscript sub-
mitted) and Wolfram syndrome [ 36 ]. As an example of the challenges for differen-
tial diagnosis, degeneration of the cerebrum and/or cerebellum in infancy could be 
part of the clinical spectrum of lysosomal storage disorders, mitochondrial RCC 
defects, carbohydrate glycosylation defects, or infantile neuroaxonal dystrophy. 

 For a clinical test, the interpretation should be limited to the variants found in the 
genes that have already been implicated in human diseases. Thus, if a whole exome 
is sequenced, the analysis should be limited to a defi ned set of genes.  

4.3     Limitations of NGS Sequencing Tests 

 The following limitations for the completeness of any NGS sequencing tests and 
interpretation of results should be considered:

    (1)    The selection and coverage of the exons to be sequenced may be incomplete, 
since it may not be possible to target repetitive or GC-rich regions or reach 
 suffi cient sequencing coverage across all meant targets. This has to be taken 
into account if a single variant is detected in a gene with recessive inheritance, 
while part of this gene is not covered by reads.   

   (2)    Limitations still exist in the ability of data analysis tools to detect small inser-
tions/deletions and structural variants.   
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   (3)    Both targeted and whole-exome capture may not include all transcript variants 
of genes, as newer exons are still being identifi ed [ 58 – 60 ], and may not detect 
potential intronic mutations.   

   (4)    Presence of pseudogenes or paralogs, nonspecifi cally captured and sequenced, 
or even mosaicism whose prevalence is still uncertain [ 61 – 64 ], may dilute the 
reads containing pathogenic variants to a level that is not fl agged by the variant 
calling tools.   

   (5)    Potential pathogenic coding synonymous, intronic, promoter, and UTR variants 
are diffi cult to identify, given the current predicting tools.   

   (6)    The minor allele frequency threshold to be considered for a potentially patho-
genic variant is still a subjective value. Several human variation databases, in their 
most updated version, should be searched to derive the population frequency of 
variants (dbSNP, 1000 Genomes, ClinSeq, NHLBI Exome sequencing project).       

5     Future of NGS in the Diagnosis of Mitochondrial 
Disorders 

 The arrival of NGS in the fi eld of mitochondrial diagnosis has already shown sev-
eral tremendous advantages, despite the fact that the clinical sensitivity is still lower 
than ideal. Several patients have received a molecular diagnosis in a more readily 
and conclusive way than the traditional diagnostic path, being spared from long, 
invasive, and often inconclusive workup. Many studies have led to identify new and 
essential gene functions and mechanisms of pathogenicity for mitochondrial disor-
ders. In some cases, the identifi cation of the mutations has even resulted in the cor-
rection of the initial diagnosis or expanded the phenotypes associated to mutations 
in certain genes. Some NGS studies have brought to the attention that novel caus-
ative genes may act by impairment of mitochondria function, even though the 
patients are not showing typical phenotype of mitochondrial disorder. 

 The importance of achieving a molecular diagnosis resides also in allowing 
reproductive counseling, therapies access, or unnecessary therapies avoidance. 
Moreover, it can be foreseen that the identifi cation of the molecular defects in more 
patients will expand and help develop the targeted therapies. Currently, many pro-
viders are offering the NGS test to patients, with differences in the number of genes 
being tested (Transgenomic, Courtagen, Arup, Baylor, GeneDx). The full imple-
mentation of this test will require further evaluation for clinical sensitivity, detection 
rate, and ultimately cost-effectiveness and benefi ts for the patients. 

 The initial results of the NGS studies demonstrated that the mutations can be 
present in genes not directly implicated in the mitochondrial respiratory chain com-
plex function. For instance, NGS has drawn attention to genes involved in lipid 
metabolism and in mitochondrial protein synthesis as additional major group of 
genes involved in pathogenicity; thus, the genes serving these functions should 
be included in the test. In addition, considering the similarity of symptoms with 
other genetic conditions, and driving from our experience of molecular defects 
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found in presumed mitochondrial patients, genes for non-mitochondrial conditions 
presenting with similar symptoms should be included in the test. The fi ndings of 
these studies should be refl ected in the revision of recommendations for the diagno-
sis of mitochondrial disorders [ 65 ]. Sequencing a targeted pool of genes, rather than 
whole-exome sequencing, can still be the fi rst choice for a diagnosis of suspected 
mitochondrial disease patients until the cost, sequencing coverage, and interpreta-
tion make the targeted approach more advantageous.     
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    Abstract     Noninvasive prenatal diagnosis could be carried out by analyzing 
 cell- free fetal DNA in the plasma of pregnant women. The clinical applications of 
circulating fetal DNA have been continuously expanded due to the advancement of 
molecular detection technology. Next-generation sequencing has provided a power-
ful means to comprehensively analyze cell-free DNA fragments in maternal plasma. 
Using this technology, such cell-free DNA fragments can be qualitatively and quan-
titatively analyzed precisely. The application of next-generation sequencing on 
maternal plasma DNA analysis has allowed researchers to noninvasively detect fetal 
chromosome abnormalities with high accuracy. The fetal mutational and polymor-
phic status could also be revealed in a genome-wide scale. Hence, next-generation 
sequencing would be expected to play an increasingly important role in noninvasive 
prenatal investigations.  

  Abbreviations 

   SNP    Single nucleotide polymorphism   
  NGS    Next-generation sequencing   
  GC    Guanine and cytosine   
  fetal %    Fractional fetal DNA concentration   
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1           Introduction 

 Prenatal diagnosis is conventionally performed by collecting fetal genetic material 
through invasive procedures such as chorionic villus sampling and amniocentesis. 
These procedures, however, pose a risk of miscarriage [ 1 ]. In 1997, the discovery of 
the presence of fetal DNA in the plasma of pregnant women suggested that prenatal 
diagnosis could be performed by simply analyzing the mother’s blood [ 2 ]. Fetal DNA 
can be robustly detected in maternal plasma even as early as the fi rst trimester of preg-
nancy [ 3 ]. Fetal DNA molecules contribute an average of some 10 % of the total cell-
free DNA in maternal plasma during the fi rst and second trimesters and increase to an 
average of some 20 % for the third trimester [ 4 ]. By identifying DNA sequences with 
placental-specifi c methylation signatures in maternal plasma, the placenta has been 
demonstrated to be an important source of circulating fetal DNA [ 5 ,  6 ]. 

 The research on the clinical applications of circulating fetal DNA has gathered 
increasing momentum [ 7 ]. Several noninvasive prenatal diagnostic tests, such as 
fetal sex determination [ 3 ] and fetal rhesus-D blood group genotyping [ 8 ], have 
already been implemented for routine clinical use. Recently, researchers have per-
formed genome-wide analysis of maternal plasma DNA by next-generation 
sequencing (NGS) and have been able to extract large amount of fetal genetic infor-
mation noninvasively [ 9 ]. This technology has further opened up new possibilities 
for noninvasive prenatal investigation.  

2     Noninvasive Prenatal Diagnosis of Chromosome 
Aneuploidies 

2.1     The Analytical Development 

 Trisomy 21 (Down syndrome) is the most common reason for pregnant women 
seeking prenatal diagnosis. The noninvasive prenatal detection of fetal aneuploidies 
is technically challenging because instead of identifying the presence or absence of 
a fetal genetic trait, one has to quantify aberration of the aneuploid chromosome 
dosage of the fetus in maternal plasma. Such quantitative analysis is complicated by 
the high background of maternal DNA in maternal plasma [ 4 ,  10 ]. One approach to 
solve the latter problem is to target DNA molecules that bear fetal-specifi c methyla-
tion patterns [ 5 ,  11 ] or RNA molecules that are specifi cally expressed in the pla-
centa [ 12 ]. For a trisomic fetus, an overrepresentation of one of the two alleles of a 
single nucleotide polymorphism (SNP) on the fetal-specifi c nucleic acid markers 
would be observed. This method, however, can only be applied to fetuses that are 
heterozygous for the SNP markers, and therefore multiple markers are necessary for 
a broad population coverage. Another approach is to determine the quantitative ratio 
of a fetal-specifi c epigenetic marker on an aneuploid chromosome to a fetal-specifi c 
genetic marker on an unaffected chromosome [ 13 ]. An increased ratio value would 
be observed for women carrying trisomic fetuses when compared to those carrying 
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euploid fetuses. The feasibility of this approach has been demonstrated in a proof-
of- concept study [ 13 ]. In yet another approach, fetal-derived hypermethylated DNA 
molecules in maternal whole blood samples were enriched by methylated DNA 
immunoprecipitation, followed by measurement of the loci that were located on 
chromosome 21 and were hypermethylated specifi cally in the placenta [ 14 ]. For a 
trisomy 21 fetus, an elevated concentration of these enriched fetal-derived 
 chromosome- 21 sequences was expected [ 14 ,  15 ]. However, there is controversy 
concerning the theoretical basis and reproducibility of this method [ 16 ,  17 ]. 

 An alternative strategy that is independent on the use of fetal-specifi c nucleic 
acid markers is to compare the total (fetal plus maternal) DNA copies derived from 
a locus on the aneuploid chromosome with those derived from another locus on an 
unaffected chromosome [ 18 ]. An overrepresentation of DNA from the aneuploid 
chromosome would indicate a trisomic fetus. The major challenge of this method is 
that the degree of chromosome dosage imbalance is small and is dependent on the 
fractional fetal DNA concentration (fetal %) in maternal plasma. For example, for a 
maternal plasma sample with 10 % of cell-free DNA contributed by the fetus, the 
carrying of a trisomy 21 fetus would lead to a 5 % increment of chromosome-21 
dosage. In order to discriminate such a small difference, quantifi cation based on 
digital molecular counting, such as digital PCR, has been investigated [ 18 ]. In fact, 
the precision of this approach is related to both the fetal % and the number of DNA 
molecules being counted. Researchers have used computer simulations to estimate 
that in order to detect a trisomic fetus in a maternal plasma sample with 25 % of 
fetal DNA, around 8,000 target molecules would need to be analyzed [ 18 ].  

2.2     NGS as a Promising Tool for Noninvasive Diagnosis 
of Fetal Aneuploidies 

 NGS allows the digital counting of millions of DNA molecules in a sequencing run 
and hence provides a high quantitative precision for detecting the relative amounts 
of different DNA species. The technology has successfully been applied to the non-
invasive prenatal diagnosis of trisomy 21 [ 19 ,  20 ]. Researchers have used NGS to 
sequence maternal plasma DNA fragments derived from virtually all chromosomes. 
The number of sequenced fragments derived from each chromosome was counted, 
and the proportional representation of chromosome-21 DNA among all the cell-free 
DNA in maternal plasma was calculated. The calculated value of the tested sample 
was then compared with the values of a group of women known to be carrying 
euploid fetuses to determine if there was a signifi cant increase. 

 Following two proof-of-principle studies [ 19 ,  20 ], the accuracy of the NGS 
approach for noninvasive prenatal trisomy 21 detection has been confi rmed in many 
large-scale clinical studies [ 21 – 26 ]. The reported sensitivities range from 99 % to 
100 % and the specifi cities range from 98 % to 100 %. 

 Theoretically, the NGS method could measure the proportional representations 
of any potentially aneuploid chromosomes carried by the fetus. The noninvasive 
 diagnosis of fetal trisomies 13 and 18 has subsequently been achieved [ 23 ,  27 ,  28 ]. 
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In addition to detection of trisomies, the method has been demonstrated to be useful 
for identifying an abnormally low proportional representation of an aneuploid chro-
mosome, such as for the noninvasive prenatal diagnosis of monosomy X [ 26 ]. This 
method has also been shown to be able to detect trisomies 21 and 13 caused by 
Robertsonian translocations [ 26 ,  29 ], microdeletions on chromosomes 12 and 22 [ 30 , 
 31 ], as well as mosaicism for trisomies 21 and 18 [ 26 ]. The applicability of this method 
in twin pregnancies has also been tested and shown to be clinically useful [ 32 ].   

3     Noninvasive Fetal Mutation Detection by NGS 

 When both the father and mother are carriers for a monogenic recessive disease 
mutation, it is important to determine if the fetus has inherited two mutant alleles 
from each of the parents. As maternal plasma contains both fetal and maternal DNA 
fragments, the determination of a fetal allele inherited from the mother is more dif-
fi cult than that from the father. Researchers have therefore used different approaches 
to identify paternal- and maternal-inherited alleles of the fetus. To detect which of 
the paternal alleles is inherited by the fetus, the paternal allele that is absent in the 
mother’s genome is targeted. The presence or absence of this allele in maternal 
plasma would indicate whether the fetus has inherited this allele or not [ 33 ]. To 
detect the inheritance of the maternal allele, an approach termed relative haplotype 
dosage analysis has been developed to determine if the mutant- or the wild-type- 
linked haplotype is inherited by the fetus. This could be deduced by comparing the 
relative abundance of all SNP alleles between the two haplotypes in maternal 
plasma. The overrepresented haplotype would be the one inherited by the fetus [ 33 ]. 
This integrated noninvasive fetal genotyping approach has been successfully dem-
onstrated in a prenatal case in which both the father and mother were carriers of 
β-thalassemia mutations. The mutational status of the fetus was accurately detected 
using maternal plasma [ 33 ]. 

 NGS analyzes plasma DNA molecules sampled from virtually the whole genome in 
a single run. Hence, by using this fetal genotyping approach, researchers have succeeded 
in deducing the genome-wide genetic map of a fetus [ 33 ,  34 ]. It is therefore highly fea-
sible to noninvasively detect multiple fetal genetic diseases in a single NGS assay.  

4     NGS Analysis of Maternal Plasma DNA: Factors 
to Be Considered 

4.1     Algorithm for Determining Fetal Aneuploidies 

 The z-score calculation is the most commonly used statistical method to determine 
if there is a signifi cant increase in the aneuploid chromosome representation in the 
tested sample when compared to the reference group [ 19 ,  21 ,  22 ]. For several 
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large- scale studies, around 100 euploid pregnancies have been included in the 
 reference groups [ 21 ,  24 ,  26 ]. A z-score of >3 has been used as a cutoff for 
 classifying the presence of an aneuploid fetus, meaning that the proportion of DNA 
sequences from an at-risk chromosome in tested sample is greater than the 99.9th 
percentile when compared with that of a reference group [ 19 ,  21 ,  22 ]. To further 
reduce the analytical variation, adjustments to the z-score calculation algorithm 
have been investigated. For example, the read counts derived from the at-risk chro-
mosome could be normalized by the counts from one or a few selected chromo-
somes, rather than the total counts from all chromosomes, such that the intra- and 
inter-sequencing run variations would be minimized [ 23 ,  26 ]. Different cutoff val-
ues of z-score have also been evaluated [ 22 ,  23 ,  26 ].  

4.2     Guanine-Cytosine Bias Correction 

 It has been reported that the number of sequenced reads generated by NGS was 
infl uenced by guanine and cytosine (GC) contents of DNA fragments [ 27 ]. This 
uneven representation of sequenced reads is possibly related to the GC bias of 
library amplifi cation before sequencing [ 35 ]. In the initial studies of noninvasive 
detection of fetal trisomies 13 and 18, the GC bias was shown to reduce the preci-
sion of measuring the proportional representations of chromosomes 13 and 18 [ 19 , 
 20 ]. Following the correction of GC bias with bioinformatics, the accuracy of detec-
tion for fetal trisomies 13 and 18 has greatly improved [ 27 ,  28 ]. 

 The amplifi cation-associated GC bias could also be eliminated by using a single 
molecule sequencing platform, in which DNA fragments are sequenced with no 
prior amplifi cation [ 35 ]. With the advance of single molecule sequencing technol-
ogy [ 36 ], the analysis of maternal plasma would become simpler and more 
accurate.  

4.3     Abundance of Fetal DNA in Maternal Plasma 

 As discussed above, the noninvasive detection of fetal aneuploidies and maternally 
inherited alleles is based on determining the quantitative difference of the aneuploid 
chromosome representation and the haplotype dosage, respectively [ 19 ,  33 ]. The 
magnitude of these quantitative differences is dependent on the fetal % in maternal 
plasma. If the fetal % in a maternal plasma sample is very low, the dosage difference 
would be too small to be precisely identifi ed by NGS, and hence false-negative 
result would be obtained. In some of the clinical trial studies, maternal plasma sam-
ples with fetal % of less than 3.9 % were rejected for NGS analysis [ 22 ,  24 ]. The 
fetal % is also an important factor for deducing mutational status of the fetus [ 37 ]. 

 To measure the fetal %, one approach is to use fetal-specifi c epigenetic 
 markers such as methylated  RASSF1A  sequences [ 6 ]. The NGS reads containing 
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fetal- specifi c SNP alleles could also be used for estimating fetal % [ 33 ]. In a clinical 
diagnostic setting, it would be ideal to be able to obtain the fetal % with a minimum 
number of additional steps. For pregnancies involving male fetuses, one could 
determine the proportional representation of chromosome-Y DNA from the plasma 
NGS data [ 19 ]. Recently, researchers have shown that with suffi ciently high 
sequencing coverage, such as in the case of targeted sequencing (Sect.  4.4 ), the fetal 
% could be deduced directly from NGS data of maternal plasma without the need of 
prior genotyping information [ 38 ]. This method is applicable to pregnancies involv-
ing both male and female fetuses.  

4.4      Targeted Enrichment of Selected Regions 

 The precision of the noninvasive measurement of fetal chromosome and haplotype 
dosage could be enhanced by sequencing more DNA fragments in maternal plasma. 
A cost-effective way to do this is to selectively enrich DNA molecules originating 
from the target regions before sequencing. The feasibility of targeted NGS for 
maternal plasma analysis was fi rst demonstrated by enriching exonic regions on the 
X chromosome [ 39 ]. Capture probes with nucleic acid sequences specifi c to the 
targeted regions were used for the enrichment. While the reads covering the targeted 
regions were enriched by over 200-fold, the proportional amount of fetal- and 
maternal-derived DNA remained unchanged after enrichment [ 39 ]. This fi nding 
implied that the quantitative DNA dosage information in maternal plasma was less 
likely to be altered by the targeted enrichment process. 

 To further explore the use of targeted NGS for noninvasive prenatal aneuploidy 
detection, DNA molecules originating from chromosomes 13, 18, and 21 were 
enriched for analysis in maternal plasma [ 40 ]. By enriching  β-globin  gene sequences 
in maternal plasma, the fetal mutational status for β-thalassemia mutations has been 
successfully determined by NGS [ 41 ]. Hence, this method requires much fewer 
sequencing resources when compared to the protocol without enrichment [ 33 ]. 

 In another targeted NGS approach, the targeted regions were selectively ampli-
fi ed prior to NGS. This strategy has been investigated for the noninvasive diagnosis 
of fetal trisomies 18 and 21 [ 42 ,  43 ]. However, the robustness of the selective ampli-
fi cation procedure remains to be directly compared with that for nonselective or 
random NGS.  

4.5     High-Throughput Sample Multiplexing 

 Multiplexing samples for NGS could potentially increase the throughput and reduce 
the sequencing cost for clinical implementation. DNA molecules from different 
plasma samples could be labeled with unique index sequences before pooling 
together and sequencing in the same lane. Since the precision of NGS for measuring 
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DNA dosage is dependent on the number of sequenced reads, a balance between the 
level of sample multiplexing and the detection precision has to be considered. For 
the noninvasive detection of fetal trisomy 21, it has been estimated that in order to 
achieve a 99.9 % confi dence in detecting the chromosome-21 dosage increment, the 
analytical precision of the NGS platform should have a coeffi cient of variation less 
than 0.83 % [ 21 ]. Researchers have compared the precision for measuring the pro-
portional representation of chromosome-21 DNA with a 2-plex platform (mean 
number of reads per sample: 2.3 million) and a 8-plex platform (mean number of 
reads per sample: 0.3 million), and the coeffi cient of variations were 0.66 % and 
1.59 %, respectively [ 21 ]. As throughput of DNA sequencers increases with newer 
models, the above fi gures are best considered in terms of the mean number of reads, 
rather than as the level of “plexing.” Another study has shown that the accuracy of 
the fetal aneuploidy detection remains high with four samples sequenced per lane 
[ 24 ]. We envision that with the growth of sequencing throughput and the improve-
ments in sequencing protocols, the degree of multiplexing would be expected to 
further increase in the future.  

4.6     Other Considerations 

 There remains other unexplored factors that may infl uence the performance of the 
NGS analysis. For example, confi ned placental mosaicism, in which chromosome 
aneuploidies are observed in the placental cells but not in the fetus [ 44 ], may give 
rise to false-positive result. However, since confi ned placental mosaicism has been 
reported in only 2 % of chorionic villus sampling cases, and chromosomes 21, 18, 
and 13 were not among the most common chromosomes involved in confi ned pla-
cental mosaicism [ 44 ], the rate of false-positives due to this phenomenon is expected 
to be low. Maternal copy number variations [ 45 ] are another potential factor that 
may introduce variation in measuring the relative proportion of various chromo-
somes in maternal plasma. It would be interesting to test the diagnostic sensitivity 
and specifi city of bioinformatics algorithms that take such variations into 
consideration.   

5     Clinical Implementation of NGS Testing for Noninvasive 
Fetal Aneuploidy Detection 

 The noninvasive prenatal diagnosis of chromosome aneuploidies by NGS has been 
implemented as clinical service in the USA, Mainland China, Hong Kong, and parts 
of Europe. Discussion is still ongoing regarding the best approach for clinically 
implementing the NGS test [ 46 ,  47 ]. One option is to offer the NGS test to high-risk 
women as identifi ed by current screening approaches, and invasive testing is indi-
cated for women tested positive by the NGS test. Researchers have estimated that 
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some 98 % of the invasive procedures, together with the related procedural costs 
and the associated miscarriages, could be avoided by this diagnostic pathway [ 21 , 
 24 ,  46 ]. Another option is to replace current screening approaches with the NGS 
test, and with the latter’s higher diagnostic sensitivity, the chance of missing an 
aneuploid fetus could be reduced. However, besides cost consideration, the clinical 
performance of the NGS test has to be extensively evaluated in low-risk populations 
before such a strategy is implemented on a large scale.  

6     Conclusion 

 The advent of NGS technology has allowed researchers to detect chromosome 
aneuploidies, gene mutations, and even the whole genome map of the fetus nonin-
vasively using maternal plasma. We foresee that noninvasive prenatal diagnosis 
using NGS will play an increasingly important role in future prenatal testing. Hence, 
ethical, legal, and social issues concerning the clinical practice of noninvasive pre-
natal diagnosis should be a research priority [ 48 ].     
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    Abstract     Clinical laboratories are beginning to use next-generation sequencing 
(NGS) for the testing of patient samples. This chapter addresses regulatory and 
professional standards that have been developed and are under consideration to 
assure the quality of NGS testing in the clinical setting. The major topics addressed 
include test validation, quality control procedures, profi ciency testing, and refer-
ence materials. Considerations for the establishment of performance specifi cations, 
such as accuracy, precision, analytic sensitivity, and analytic specifi city, for NGS 
applications are discussed. Emphasis is placed on aspects unique to NGS, such as 
the reliance on an “informatics” pipeline to process the platform-generated data and 
challenges to the establishment and use of reference materials, quality control pro-
cedures, and profi ciency testing. While there are signifi cant benefi ts to clinical test-
ing achievable through the use of NGS, the complexities associated with its use in 
the clinical laboratory are signifi cant and will require an evolving set of standards to 
keep up with the rapidly advancing technology.  

    Chapter 14   
 Guidelines and Approaches to Compliance 
with Regulatory and Clinical Standards: 
Quality Control Procedures and Quality 
Assurance 

             Ira     M.     Lubin      ,     Lisa     Kalman      , and     Amy     S.     Gargis     

        I.  M.   Lubin ,  Ph.D., FACMG (*) •           L.   Kalman ,  Ph.D.      
  Division of Laboratory Science and Standards ,  Centers for Disease Control and Prevention , 
  1600 Clifton Road, NE, Mailstop G-23 ,  Atlanta   30329 ,  GA ,  USA   
 e-mail: Ilubin@cdc.gov; LKalman@cdc.gov   

    A.  S.   Gargis ,  Ph.D.      
  Division of Laboratory Science and Standards ,  Centers for Disease Control and Prevention , 
  1600 Clifton Road, NE, Mailstop G-23 ,  Atlanta   30329 ,  GA ,  USA    

  Oak Ridge Institute for Science and Education ,   Oak Ridge ,  TN ,  USA   
 e-mail: AGargis@cdc.gov  



256

1         Current Framework of Regulatory Oversight 
and Professional Guidance 

 Regulatory and accreditation requirements, professional guidance, and best prac-
tices ensure that reliable results are achieved from clinical laboratory testing. 
Regulatory oversight of clinical laboratories varies worldwide, and many countries 
base oversight on compliance with standards set by the International Standards 
Organization (ISO) [ 1 ]. In the United States, laboratory practice is federally regu-
lated under the Clinical Laboratory Improvement Amendments (CLIA) regulations 
published in 1988 [ 2 ]. These regulations provide minimal standards for laboratories 
offering clinical testing. Clinical laboratories in the United States demonstrate com-
pliance with the CLIA regulations through federal certifi cation by the Centers for 
Medicare and Medicaid Services (CMS) or accreditation by a program with stan-
dards deemed comparable to the federal regulatory requirements such as those 
offered by the College of American Pathologists Laboratory Accreditation Program 
(CAP LAP) [ 3 ]. Certain states, such as New York and Washington, are exempt from 
the CLIA regulations because their state regulations are comparable to the federal 
requirements [ 4 ,  5 ]. 

 In the United States, the Food and Drug Administration (FDA) regulates manu-
facturers of test equipment, devices, and assay reagent kits used for clinical testing 
[ 6 ]. Manufacturers submit documentation to the FDA that describes the intended 
use, expected performance specifi cations, and data supporting analytic and clinical 
validity of their product in a clinical laboratory setting. Following a review process, 
the product may be cleared, approved, denied, or additional information requested. 
Tests developed and used within the same clinical laboratory, which are not pro-
vided to other users, are referred to as laboratory-developed tests. As of 2012, the 
FDA has not required their review of these tests. CLIA and FDA regulations both 
require that clinical laboratories document the performance specifi cations of the 
clinical tests that they perform. For tests that are FDA approved or cleared, the 
CLIA regulations require that clinical laboratories are able to verify the perfor-
mance specifi cations established by the manufacturer. For laboratory-developed 
tests, CLIA requires that laboratories establish the performance specifi cations of a 
test prior to patient testing. 

 Several guidance documents have been developed to assist clinical laborato-
ries to meet regulatory requirements [ 7 – 11 ]. These include the Laboratory 
Standards and Guidelines for Clinical Genetics Laboratories issued and regularly 
updated by the American College of Medical Genetics [ 7 ,  8 ], guidance docu-
ments from the Clinical and Laboratory Standards Institute [ 9 ,  10 ], and recom-
mendations for good laboratory practices for molecular genetic testing from the 
US Centers for Disease Control and Prevention [ 11 ]. Signifi cant guidance has 
also been developed by other countries to assure the quality of clinical molecular 
genetic testing [ 12 ,  13 ].  
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2     Validation and Quality Control Procedures 

2.1     Considerations for Next-Generation Sequencing (NGS) 

 Clinical tests must be validated prior to patient testing. During the validation 
process, the laboratory documents the performance specifi cations of the test. 
This typically includes a description of the test’s accuracy, precision, analytic 
sensitivity, analytic specifi city, reportable range, reference range, and other 
characteristics that defi ne how well the test performs and the analytical limita-
tions. Assay validation also informs the development of quality control (QC) 
procedures that are needed to demonstrate adequate performance during clinical 
specimen testing. For example, methods to assure that adequate depth of cover-
age is achieved to assure a reliable test result. The depth of coverage refers to 
the number of independent reads covering a given base position or region of the 
genome. 

 Profi ciency testing (PT), External Quality Assessment (EQA), or alternate 
assessment procedures provide an independent and external assessment of test per-
formance after the test is available for clinical testing. These approaches permit a 
comparison of test results obtained among different laboratories and can help iden-
tify problems related to the analytic testing process that are not revealed by the QC 
procedures of a single laboratory. Validation, QC, and PT/EQA or alternate assess-
ment are some central tenets of regulatory oversight and professional guidance 
which ensure the quality of clinical laboratory testing, but their application to NGS 
requires adaptation. 

 Good laboratory practices typically include the assessment of a test to detect all 
possible results, but this is not practical for NGS because of the large number of 
results that are possible. Also, a comprehensive set of reference or QC materials 
that encompass all possible test results is not practical. New guidance and adapta-
tion of regulatory requirements are needed to account for these challenges and 
assure high- quality NGS testing in the clinical laboratory setting. Many groups of 
experts and professional organizations are developing NGS guidance to help labo-
ratories design strategies for NGS assay validation, QC, and PT/AA practices to 
meet current regulatory requirements [ 3 ,  7 ,  14 ]. For example, the CAP has recently 
published a revised version of its molecular pathology checklist, which includes 18 
requirements specifi c to NGS, to promote a uniform framework for validating 
sequencing- based clinical tests [ 3 ]. These groups are also developing recommen-
dations for reference materials, data management tools, result reporting templates, 
interpretations of test results, and presentation of test results in the electronic med-
ical record.  
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2.2     Platform, Test, and Informatics Pipeline Validation 

 NGS assays can be confi gured using multiple combinations of nucleic acid bio-
chemistry and data analysis tools. Each component of the NGS test, including DNA 
fragment library preparation, enrichment methods, sequencing, and data analysis 
informatics methods, should be optimized, documented, and validated for each 
clinical test within the clinical setting for the appropriate patient population [ 14 ]. 
When the entire workfl ow is established, the complete testing process should be 
validated to ensure that the system is suitable for its intended use as a clinical test 
[ 14 ]. Each validation report must also specify the types of sequence variations that 
are targeted, such as single nucleotide polymorphisms (SNPs), small repeats, and 
insertions and deletions (indels). 

 The validation process may be divided into three interconnected components that 
address platform, test, and informatics processes [ 14 ]. Platform validation estab-
lishes the ability of the platform to identify a range of genetic variation across a 
broad range of genomic regions [ 14 ]. Test validation documents that the assay can 
detect clinically signifi cant sequence variations for the intended application [ 14 , 
 15 ]. Validation of the informatics pipeline establishes the computational software 
settings required to provide accurate sequence data and detection of variations 
within the targeted genomic region(s) [ 14 ]. Because the informatics tools used for 
data analysis are highly specifi c and separate from the instrumentation components 
of an NGS test system, the informatics pipeline should be optimized separately dur-
ing test development prior to validation of the test [ 14 ]. 

 Validation establishes the performance specifi cations of the test system with the 
quality of testing dependent on the maintenance of these specifi cations during clini-
cal testing. Reassessment of the test system is necessary when any changes are 
made [ 1 – 3 ,  14 ]. For example, replacement of a depleted reagent requires verifi ca-
tion that the new lot performs as well or better than the previous lot. An upgrade of 
the informatics portion of the test also requires a revalidation. This can present a 
challenge for the laboratory since they may not know when these updates will occur. 
Changes to downstream processes may not require revalidation of earlier NGS pro-
cesses. For example, changes to the informatics pipeline may not require the 
sequencing platform to be revalidated, provided that the specifi cations for the input 
fi les do not change [ 14 ].  

2.3     Establishing Quality Control Procedures 

 Quality control procedures are implemented to monitor the performance of the ana-
lytical process. Control procedures detect immediate errors caused by test system 
failure, adverse environmental conditions, and operator performance by monitoring 
the accuracy and precision of test performance over time [ 11 ]. Laboratories should 
ensure that appropriate QC procedures are designed to monitor all aspects of the 
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sequencing process. The controls should be designed to confi rm that the previously 
established performance specifi cations are met for each run of a patient sample [ 14 ]. 
The signifi cant emphases on data analysis and evolving informatics pipelines for 
NGS require special attention. Controls to monitor the performance of the informat-
ics analysis should be developed and implemented. 

 The analytic quality of the sequencing run is monitored using characterized ref-
erence materials. These reference materials are used in quality control procedures 
during patient testing [ 1 ,  2 ,  11 ,  14 ]. It is not feasible to use or develop control or 
reference materials that include every possible nucleotide variation with clinical 
signifi cance in a targeted genomic region. The use of naturally occurring sequence 
variations of similar type to those that are disease associated, when present, may be 
useful surrogates [ 14 ]. While it is ideal to utilize a variety of controls, the use of a 
single characterized external control may be suffi cient to demonstrate analytical 
quality. Alternatively, multiple controls which offer a broad range of sequence vari-
ations, both disease-associated and natural, may be used. Internal controls may also 
be used to monitor assay performance. For example, a characterized DNA reference 
material (e.g., genomic DNA, human DNA clone, or a nonhuman, synthetic control 
nucleic acid) may be added to patient samples as a “spike-in control.” Analysis of 
an internal control provides an assessment of performance that should not change 
from run to run [ 14 ]. It also monitors conditions in each individual sample. However, 
the spiked-in control has limited utility because it does not monitor the human DNA 
extraction process, and the genetic composition of synthetic controls does not rep-
resent the genomic complexity of patient samples. It is also possible to use a control 
sequence that is intrinsic to the patient’s sample, but does not reside in regions of the 
genome targeted by the test (e.g., a highly conserved housekeeping gene or a mito-
chondrial genome marker) [ 14 ]. Combinations of spiked-in and intrinsic controls 
may be useful for ongoing quality assessment of the testing process. 

 It is desirable to detect failures in an NGS test as early as possible in the process. 
This saves both time and other resources that otherwise would be used in taking a 
failed test to completion. To accomplish this, “quality checkpoints” can be designed 
into the assay as steps where failures can be detected. These checkpoints may 
include evaluation of the DNA fragmentation pattern for library preparation and 
assessment of selected metrics such as quality scores, coverage, transition to trans-
version (Ti/Tv) ratio, and GC content, during and after the sequencing process [ 7 ,  14 ]. 
Such stepwise evaluations may identify factors that would predict impending assay 
failures as well as procedural problems such as errors made during sample prepara-
tion and application of sequencing reactions to the instrument.  

2.4     Confi rmatory Testing and Use of Alternate Test Methods 

 Current guidelines recommend the use of confi rmatory testing for positive results 
by the same or a different method when deemed necessary, such as for tests that 
have a propensity for false-positive results [ 8 – 10 ]. Confi rmatory testing of all 
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clinically relevant variants detected by NGS is recommended at this time because 
NGS is a relatively new technology, clinical laboratory experience is limited, and 
the current state of technology is prone to false-positives [ 15 – 17 ]. The false-positive 
rate for various NGS platforms has been estimated with an upper limit of 7.8 % in 
one study [ 18 ]. Confi rmatory testing may be achieved with another test method 
which is clinically validated for the detection of sequence variations. Sanger 
sequencing has been the method of choice for confi rmatory testing because it is well 
established and versatile; however, SNP panels and other tests are also used. 
Turnaround time is always a consideration particularly when confi rmatory testing is 
part of the analysis. The confi rmatory test should be validated before the primary 
analysis is available for patient testing to reduce the turnaround time for reporting. 
Some laboratories performing NGS testing for gene panels have validated Sanger 
sequencing tests for all exons and other regions that are targeted. This is a greater 
challenge for exome and whole genome analysis for which a pre-validated confi r-
matory test may not be practical due to the larger genomic region analyzed. The cost 
of NGS is decreasing; therefore, using two different NGS platforms to confi rm or 
compare results may be a reasonable approach [ 14 ,  19 ]. Confi rmatory testing estab-
lishes clinically relevant variant calls and ensures that sample mix-up has not 
occurred during the analysis when the assay starts with DNA isolated from the pri-
mary clinical specimen. In addition to Sanger sequencing, SNP arrays may be used 
to affi rm sample identity. 

 Some regions of the genome cannot be sequenced accurately using current PCR- 
based amplifi cation; NGS methods due to genomic complexity, such as high GC 
content; or areas with repetitive sequences [ 20 ]. These regions yield low or uneven 
sequencing coverage which should be defi ned during assay validation and excluded 
from the reportable range of the NGS test [ 14 ]. Other methods, such a Sanger 
sequencing, may be used to complete the coverage of a genomic region or “fi ll in” 
areas for which NGS cannot produce a reliable test result [ 7 ,  14 ].   

3     Metrics: New Paradigms for Next-Generation Sequencing 

3.1     Accuracy 

 The Clinical and Laboratory Standards Institute defi nes accuracy as “the closeness 
of agreement between a measured value and the true value” [ 9 ]. The accuracy of a 
NGS test is infl uenced by many factors, such as the quality of individual base calls 
and the depth of coverage [ 21 ]. Current guidance recommends the use of quality 
scores (Q scores) as a quantitative measure of base call accuracy. Quality or 
PHRED scores have been used for Sanger sequencing to defi ne the likelihood that 
a base call is accurate [ 22 ]. To assign each base a Q score, the quality of each base 
called by the instrument is evaluated by assessing the strength of a signal relative 
to the background across a read length (signal-to-noise ratio) and to neighboring 
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bases. For example, a base assigned to a Q score of 20 has a 1 in100 likelihood of 
error. For NGS, quality scores are not directly comparable across platforms because 
of inherent differences in the way that each manufacturer calculates these values 
based on their unique technology [ 23 ]. More accurate Q scores, or confi dence 
scores, can be calculated later in the analysis using base quality recalibration algo-
rithms to correct for covariates. Recalibration takes into account the confi dence in 
alignment to the reference sequence, aspects of the sequencing technology, depth 
of coverage achieved, the detection of a second allele (heterozygosity), and other 
criteria [ 24 ,  25 ]. 

 Achieving an adequate depth of coverage is necessary to produce accurate 
base calls [ 23 ]. The required depth of coverage across the region(s) sequenced 
varies as a consequence of the type of sequence variation present, the fl anking 
sequence context, and zygosity. Depth of coverage includes consideration of 
both the average depth of coverage and the uniformity of coverage. Average 
depth of coverage is the average number of overlapping reads within the region 
of the genome sequenced [ 14 ]. The uniformity of coverage is the distribution of 
coverage across all regions sequenced [ 14 ]. The average coverage established 
during test validation is set to achieve accurate base calling over the region of 
the genome targeted for analysis. Early adopters of NGS in the clinical labora-
tory setting have established average coverage thresholds that range from 15X to 
100X [ 14 ]; however, this depth will be dependent on the assay design and tech-
nology [ 15 ,  16 ]. A separate threshold, termed the minimum base coverage 
threshold, may be established to defi ne the minimum depth at which a base can 
be called with confi dence and identify areas of low coverage in which a variant 
cannot be reliably called. When the minimum coverage threshold of a targeted 
area in a gene panel assay is not achieved, or a specifi c region is problematic, an 
alternate method such as Sanger sequencing may be used (in place of or in par-
allel to NGS) to obtain more accurate results for that region of the genome. For 
example, the fi rst exon of many genes is GC rich, which is challenging for the 
current NGS platforms to analyze and therefore necessitates the use of an alter-
nate method [ 15 ]. It is also helpful to monitor the distribution of forward and 
reverse strand reads generated during each run and compare them to those docu-
mented in the assay validation to minimize false-positive and false-negative 
calls as a consequence of strand bias [ 21 ]. Related to, but distinct from the depth 
of coverage, is the allelic read percentage or allelic fraction, defi ned as the pro-
portion of individual reads required to establish an accurate variant call [ 23 ]. 
Ideally, homozygous variants would contain the variant in every read with an 
allelic read percentage of 100, while a heterozygous variant should contain 
the variant in 50 % of the reads for an allelic read percentage of 50. However, 
the allelic read percentage may be misleading due to amplifi cation bias or dupli-
cate reads [ 14 ,  23 ]. Duplicate reads should be removed prior to analysis as they 
may alter the allelic fraction or incorrectly indicate the presence of strand bias 
[ 23 ]. When the allelic read percentage is beyond the limits of an established 
performance range, there is an increased risk for generating false-positive or 
false-negative results.  
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3.2     Precision 

 Precision refers to the degree of agreement between replicate measurements of a 
single analyte or group of similar analytes [ 7 ]. In the clinical laboratory, precision is 
established by testing an “adequate” number of samples and assessing reproduc-
ibility (between-run precision) and repeatability (within-run precision). 
Reproducibility assesses the consistency of results with the same sample under dif-
ferent conditions, within runs, run to run, and day to day taking into account other 
factors such as different operators. Repeatability may be established by sequencing 
the same samples multiple times under the same conditions and evaluating the con-
cordance of variant detection and performance. Also, a single sample is not likely to 
contain the entire spectrum of clinically relevant mutations necessitating the use of 
multiple controls [ 14 ]. When assessing precision it may be useful to evaluate the 
concordance of other parameters such as the depth of coverage and allelic read 
percentage.  

3.3     Analytic Sensitivity and Analytic Specifi city 

 Analytic sensitivity is the lower limit of detection or the proportion of biological 
samples that have a positive test result and are correctly classifi ed as positive [ 11 ]. 
For both Sanger sequencing and NGS assays, analytic sensitivity may be expressed 
as the likelihood that an assay will detect a sequence variation when one is present 
within the genomic region that was sequenced [ 14 ]. Analytic specifi city is the prob-
ability that an NGS assay will not detect sequence variation(s) when none are pres-
ent within the genomic region that is analyzed. For NGS, these specifi cations are 
typically established through comparison of test results to those obtained from an 
independently validated method, such as Sanger sequencing or SNP array analysis. 
However, the usefulness of an array as an alternative method will depend on the 
location, number, and distribution of SNPs that are included [ 26 ]. Discordance 
between SNP array and NGS data requires additional techniques, such as Sanger 
sequencing, to resolve discrepancies. 

 The large number of disease-associated sequence variations that can be detected 
by both Sanger sequencing and NGS analysis is a challenge to determining the ana-
lytic sensitivity and analytic specifi city of detecting potential variants. The number 
of controls to establish analytic sensitivity and analytic specifi city will vary accord-
ing to the type of sequence variation targeted for analysis (e.g., SNP vs. indel). As 
with other multianalyte tests, it is not reasonable to analyze samples with a com-
plete range of clinical variants due to the lack of characterized reference materials 
representing the spectrum of possible variants and the unacceptably high cost and 
time commitment associated with generating and analyzing the large quantity of 
data that is generated . It is necessary to establish these performance specifi cations 
for each type of sequence variation the assay is designed to detect. This rationale 
parallels similar recommendations for establishing analytic sensitivity and analytic 
specifi city for chromosome microarray analysis (CMA), which examines the whole 
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genome for constitutional cytogenetic abnormalities [ 27 ]. For CMA, a minimum of 
30 specimens with disease-associated chromosomal abnormalities should be evalu-
ated during test validation [ 28 ]. 

 A loss of sensitivity and specifi city may occur when coverage of a targeted 
sequence falls below the criteria established during the assay validation. Regions 
with low coverage should be analyzed with another method, such as Sanger sequenc-
ing, or excluded from the analysis. Coverage, sensitivity, and specifi city are deter-
mined at multiple steps of the NGS data analysis process, including initial base 
calling, quality score assignment, and the informatics processing where the confi -
dence in the alignment and variant calls are calculated. 

 NGS is prone to both false-positive and false-negative results [ 17 ]. The labora-
tory should document the false-positive and false-negative rates for the regions tar-
geted for analysis during test validation [ 7 ,  9 ,  14 ]. It is useful to include prevalent 
disease-associated and problematic variants in the determination of false-positive 
and false-negative rates because these are not always detected even when quality 
measures for the surrounding region are satisfactory [ 29 ]. An alternate method 
should be used for genomic regions that are prone to a high false-negative or false- 
positive rate of base calls [ 14 ].  

3.4     Reportable and Reference Range 

 In the United States, the CLIA regulations defi ne the “reportable range” as “the span 
of test result values over which the laboratory can establish or verify the accuracy of 
the instrument or test system measurement response” [ 2 ]. Reportable range for 
NGS may be defi ned as the portion of the genome for which sequence information 
can be reliably derived for a defi ned test system [ 14 ]. This may not be a contiguous 
region of the genome, for example, when a gene panel or the exome is sequenced. 

 The US CLIA regulations defi ne the “reference range” (or reference intervals) as 
“the range of test values expected for a designated population of persons” [ 2 ]. For 
NGS, the reference range may be defi ned as the range of normal sequence variations 
within the population that the assay is designed to detect [ 14 ]. The application of 
this metric to sequence analysis is problematic because a clear defi nition of “normal 
variation” is not always evident, may vary among populations, and may inconsis-
tently correlate with a disease association. Efforts to develop databases which map 
variations within and among populations will be necessary to defi ne the normal 
variation and its disease association within a defi ned population.   

4     Profi ciency Testing and Alternate Approaches 

 Profi ciency testing (PT) or External Quality Assessment (EQA) is an important 
component of clinical laboratory quality assurance that compares analytical test 
performance when a sample is independently assessed among multiple laboratories. 
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It also provides an independent measure of laboratory performance by comparison 
to a standard reference or consensus result [ 1 ,  30 – 33 ]. This comparison may iden-
tify analytical and interpretive errors as well as problems with QC, calibration, or 
assay design. In the United States, current regulations require that clinical laborato-
ries perform an assessment of their analytical performance at least twice per year 
[ 2 ]. This requirement can be fulfi lled by participation in a PT/EQA program or by 
performing an alternative assessment. Similar requirements are also described in 
ISO-15189 [ 1 ]. Laboratories enrolled in PT/EQA programs receive samples that 
they test and analyze using the same procedure(s) used for testing of clinical sam-
ples. Participating laboratories are not provided information about the characteriza-
tion of the test samples. The participants return their test results to the PT/EQA 
program, which compares and reports the summary data from all laboratories and 
comments to participants. 

 Most PT/EQA schemes for molecular genetic tests of germ line or somatic dis-
orders are disease or gene specifi c. They assess the ability of the participating labo-
ratories to detect mutations in one or a few genes associated with a particular 
disorder. Participants are evaluated on their ability to detect the expected variants 
and interpret the diagnostic signifi cance of the resulting genotype within the limita-
tions of their laboratory test method. Some programs offer method-based schemes 
which assess the ability of the laboratory to correctly utilize a particular technique, 
such as Sanger sequencing or CMA, independent of the disorder. Method-based 
schemes are especially useful for evaluation of techniques that examine large 
regions of the human genome, rather than a specifi c gene or genes. Method-based 
profi ciency testing can be used to assess the ability to detect the selected variant 
used in the PT/EQA survey, and the results can be used to infer the successful per-
formance of the test for the detection of sequence variations in other parts of the 
genome. 

 Ideally, PT/EQA should evaluate all phases of the testing process, including 
sample acquisition, DNA preparation, analytical procedures, data analysis, and clin-
ical interpretation [ 34 ]. Although a few molecular genetic PT/EQA programs dis-
tribute samples, such as whole blood to simulate patient specimens, most utilize 
lyophilized DNA from human cell lines because this material is more readily avail-
able, and a homogenous, stable, and noninfectious sample can be produced and 
distributed to a large number of participants. It does not, however, permit evaluation 
of DNA isolation procedures [ 34 ,  35 ]. 

 Laboratories may also use an alternate approach for assessment when a formal 
PT/EQA program is not available or appropriate for the test that they perform as 
required by local regulations or accreditation bodies [ 1 ,  2 ,  31 ,  32 ,  36 ,  37 ]. Alternative 
assessment may be performed by exchanging blind samples with another labora-
tory, retesting de-identifi ed patient samples, or testing DNA from cell lines with 
previously determined genotypes. Several PT/EQA programs including CAP and 
the United Kingdom National External Quality Assessment Service (UKNEQAS) 
organize and facilitate sample exchanges among laboratories which perform tests 
for the same or similar disorders. Alternative assessment may be a useful substitute 
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for participation in a PT/EQA program; however, there are some shortcomings. For 
example, retesting samples within one laboratory may not identify systematic errors 
when only a single testing method is used. Sample exchanges with a limited group 
of laboratories may not permit a meaningful comparison of the performance of dif-
ferent methods, and it may be diffi cult to resolve discrepancies and/or maintain 
anonymity of participants. 

 A method-based approach is recommended for designing PT/EQA challenges 
for NGS because there are signifi cant variations among laboratories with respect to 
the instrumentation, testing algorithms, and the regions of the genome targeted for 
a given indication for testing [ 14 ]. Organizers of method-based schemes need to 
consider the limitations of each laboratory’s implementation of NGS, the methods 
used for sequence generation and analysis, and the potential for variation in the 
capacity to generate high-quality sequence data of regions targeted by the PT/EQA 
challenge. For example, laboratory tests vary with respect to what regions of the 
genome are targeted, particularly for gene panel testing. Therefore, the diffi culty is 
to develop a means to evaluate data that is derived from different regions of the 
genome in a way that permits an assessment of each laboratory’s testing algorithm. 
Using this approach, participants would not be penalized for the inability to detect 
variants that are outside the scope of their validated clinical test(s). Participants 
could also be required to interpret their fi ndings and provide a report, which can be 
evaluated for accuracy and completeness [ 14 ]. As of 2012, several PT/EQA schemes 
for NGS are planned, but not yet offered. 

 Sample materials for PT/EQA include biological specimens and electronic 
data fi les. PT/EQA programs for NGS may be most useful when each challenge 
assesses the capability to identify sequence variations in each region of the 
genome targeted by the clinical test being evaluated. Development of PT/EQA 
samples for NGS that have a complete set of disease-associated sequence varia-
tions that may occur in all genes included in a panel is not practical. The analysis 
of naturally occurring sequence variations to augment those that are disease 
associated may provide a more viable solution. Samples with a variety of genetic 
variants (indels, SNPs, CNV, etc.) located in relevant genomic regions may be 
selected from previously tested patient specimens or from the large number of 
publicly available genomes that have been sequenced previously [ 38 ,  39 ]. 
Electronic data fi les of actual or simulated data may also be used as PT/EQA or 
alternate assessment samples to evaluate the informatics data analysis pipeline 
and its capability to make correct variant calls. Electronic fi les may be modifi ed 
to contain a broad spectrum of sequence variants that can be used to evaluate test 
performance. The fi les may evaluate the participants’ ability to detect challeng-
ing sequence alterations in a variety of clinically important genomic regions. 
Electronic fi les should be designed to be compatible with the data analysis pipe-
line, software capabilities, and test design of participating laboratories [ 14 ]. PT/
EQA programs will need to assure compatibility of fi le types with participant’s 
DNA analysis pipelines when electronic fi les are used.  

14 Guidelines and Approaches to Compliance with Regulatory…



266

5     Reference Materials 

 A reference material is defi ned as a “material or substance, one or more of whose 
property values are suffi ciently homogeneous and well established to be used for the 
calibration of a measuring system, the assessment of a measurement procedure, or 
for assigning values to materials” [ 40 ,  41 ]. The appropriate use of reference materi-
als is essential for complying with regulatory standards and professional guidance, 
and to assure the quality of the analytical phase of the testing process [ 1 – 5 ,  9 ,  11 , 
 42 – 44 ]. Clinical laboratories use reference materials for a variety of quality assur-
ance purposes that include assay development and validation, QC procedures, PT/
EQA, and alternative assessment. Genomic DNA from human cell lines or residual 
patient samples is often used as a reference material because it closely resembles 
actual patient specimens and is best suited for QC and other procedures designed to 
establish, monitor, and verify the reliability of the assay [ 45 ]. Electronic data fi les 
may also be used as reference materials for NGS to develop and monitor the quality 
of the post-sequencing data analysis steps of the test. 

 Reference materials must be well characterized, usually by a variety of methods, 
to assure that they work properly in the clinical test. Characterization of human 
genomic DNA is complex and often includes analysis on multiple platforms and 
settings to ensure its usefulness in different clinical environments and to mitigate 
systematic biases which may be introduced by a particular platform or analysis 
software. In addition to NGS sequence analysis, characterization may include the 
use of a variety of analytical methods such as SNP array analysis, CMA, and Sanger 
sequencing. Synthetic DNA samples should also be characterized to verify their 
sequence, assess performance with applicable enrichment methods and sequencing 
technologies, and to identify interference with the detection of sequence variants 
when spiked into genomic DNA samples. 

 Reference materials may be created from a variety of starting materials. Genomic 
DNA from blood or human cell lines is most similar to clinical specimens in its 
complexity and performance in NGS assays. However, genomic DNA derived from 
blood may not be available in large amounts, and the source may not be as easily 
renewable as cell line-derived DNA. Nevertheless, DNA from blood is often pre-
ferred because it may be more homogenous and will not have genomic rearrange-
ments or loss of DNA due to viral transformation and/or extended cell culture 
passages. Synthetic DNA reference materials, including plasmids, yeast, and bacte-
rial artifi cial chromosome (YAC and BAC) clones, may be manufactured in large 
batches and designed to contain many genetic variant types. These materials may 
also be spiked into genomic samples to serve as internal controls. Synthetic DNA 
reference materials generally do not represent the entire genome, exome, or gene 
panels and are not similar in complexity to genomic DNA. These limitations must 
be considered in evaluating their usefulness for NGS [ 45 ,  46 ]. 

 In 2012, a number of efforts are underway to develop reference materials that 
will be useful for validation, QC, and PT for clinical NGS. In collaboration with the 
National Center for Biotechnology Information (NCBI) [ 47 ], the CDC’s Genetic 
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Testing Reference Materials Coordination Program (GeT-RM) [ 15 ,  48 ] has initiated 
a collaborative project to coordinate the characterization of reference materials for 
clinical NGS applications. In addition, the National Institute of Standards and 
Technology (NIST) has organized the “Genome in a Bottle Consortium” to develop 
a set of reference materials, reference data, and reference methods needed to assess 
performance of human genome sequencing [ 49 ].  

6     Other Considerations 

6.1     Next-Generation Sequencing: Interpretation of Sequence 
Results 

 Regulatory requirements and professional recommendations include specifi cation 
for the reporting of molecular clinical genetics laboratory test results [ 2 ,  7 – 10 ,  12 , 
 13 ]. Laboratory professionals are best positioned to report the signifi cance of the 
sequence variations with regard to the indication for testing and the limitations of 
the test, which is needed by clinicians to make meaningful clinical decisions. 
Several professional recommendations provide guidance on result reporting [ 10 , 
 14 ]. Standard nomenclature is essential and recommended for describing the clini-
cally relevant sequence variations that are reported [ 10 ]. The Human Genome 
Organization Gene Nomenclature Committee has developed a system for the stan-
dardization of gene names [ 29 ]. The Human Genome Variation Society Ad Hoc 
Committee on Mutation Nomenclature has developed a uniform system for describ-
ing specifi c sequence variations [ 50 ]. 

 The identifi cation of clinically relevant sequence variations using NGS requires 
an informatics analysis that aligns, annotates, and accurately determines variant 
calls. Prioritization of the assigned variants is performed to identify those that are 
most likely to be disease associated. Optimal alignment depends on the use of well- 
characterized reference sequence(s). Currently, there is no clinical standard refer-
ence material or sequence available for NGS applications, although several are in 
development. In an effort to encourage the use of a common reference sequence for 
human gene sequencing, the REFSEQ and RefSeqGene databases have been estab-
lished [ 51 ]. Although the number of well-characterized sequences entered into this 
database is increasing, a clinical standard reference sequence for exome and whole 
genome analysis remains undefi ned. One option is the use of the current human 
genome assembly, maintained by the US National Institutes of Health’s National 
Center for Biotechnology Information (NCBI) website [ 52 ]. Genome builds con-
tinue to be refi ned; therefore, it is necessary to document the genome build that was 
used as a reference sequence when test results are reported. 

 The American College of Medical Genetics has developed guidance for inter-
preting and reporting sequence variations [ 53 ]. Six categories were established: 
known pathogenic, likely pathogenic, unknown pathogenicity, likely benign, known 
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benign, and benign variant associated with clinical presentation [ 53 ]. Large regions 
of the genome are sequenced using NGS, and many sequence variations are fre-
quently identifi ed; thus, laboratories must apply algorithms to identify genes and 
sequence variations that may be relevant to the clinical question posed. These algo-
rithms take into consideration patient data, knowledge about other family members, 
published data about the disease association(s) of the gene, and sequence variations 
implicated by the NGS test. These algorithms continue to be refi ned, and standards 
do not yet exist for these types of analyses.  

6.2     Management and Reanalysis of the Electronic Data 

 The large amount of data generated by NGS poses unprecedented challenges for 
data analysis, management, and storage. Laboratories may store and analyze NGS 
data in-house or off-site, for example, through cloud-based computing [ 54 ]. Privacy 
and confi dentiality considerations are important when patient data is collected, ana-
lyzed, stored, and communicated. In the United States, these issues are addressed by 
the Health Insurance Portability and Accountability Act (HIPPA) Privacy Policy, 
CLIA regulations, and other state and local standards [ 2 ,  11 ]. 

 Good laboratory practice guidelines recommend that laboratories should retain 
suffi cient data for reanalysis to confi rm the accuracy of the initial test result [ 11 ]. 
This includes recording the versions of the reference sequence and analysis soft-
ware that was used. This is important when questions arise about the reliability of a 
test result. The challenge in complying with this recommendation for NGS is that it 
is often cost-prohibitive to retain the enormous quantity of data that is generated, 
which is on the order of several terabytes for whole genome analysis. This issue has 
not been resolved, but several approaches have been taken. Most laboratories retain 
the full data set for a limited time, such as to the completion of the next PT/EQA or 
alternate assessment challenge. Some laboratories save a limited data set, usually 
the list of variants identifi ed and various quality parameters. Some laboratories 
maintain a limited data set and retain the patient specimen or sample for reanalysis 
if questions arise because it is concluded that this is cheaper than the cost associated 
with storage of a large data set [ 54 ]. 

 Recent recommendations suggest that patient data should be reanalyzed when 
new scientifi c fi ndings alter the test result and/or interpretation [ 11 ,  14 ]. For exam-
ple, refi nement of a reference sequence may aid in the identifi cation of disease- 
associated variants which were not previously identifi ed. New clinical evidence 
may change the categorization of disease association for variants identifi ed during 
the testing process with the potential to change what is reported and/or the inter-
pretation of the test result. Reanalysis may be indicated when no clinically signifi -
cant fi ndings were derived from the initial NGS test or new published literature 
provides data that might change the interpretation of the reported test result. The 
infrastructure and logistics that must be created to trigger reanalysis often does not 
exist, and it may be cost-prohibitive for laboratories to actively monitor and 
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reanalyze patient data. One approach that may address this challenge is to build 
the capacity for reanalysis into information technology and clinical decision sup-
port systems. 

 Good laboratory practice dictates retention of the test report. In the United States, 
the CLIA regulations require retention for at least 2 years following the date of 
reporting [ 2 ]. However, for molecular genetic tests, it is recommended that reports 
be retained for a longer time, at least 25 years after the date of reporting [ 11 ]. This 
is due to the long-term and potential lifetime implications that genetic results may 
have for the patient and family members.  

6.3     Genomics and the Electronic Health Record 

 The representation of genomic data in the electronic health record (EHR) and its 
criteria for accurate communication among providers and patients are changing. 
National standards for the EHR are in development in the United States, and the 
inclusion of genomic data presents unique challenges [ 55 ]. There are no standards 
for the representation of genomic data or its linkages to clinical data at the present 
time. Electronic systems can support active clinical decision algorithms that incor-
porate emerging professional guidance with new fi ndings from the clinical research 
community. This capacity may be a powerful tool for enhancing the quality of 
patient care, but the development, deployment, and QC of such systems is a signifi -
cant endeavor. The interoperability of data contained within the EHR requires stan-
dard mechanisms for communicating clinical data among computer systems. Health 
Level Seven International (HL7) is the global authority on standards for interoper-
ability of health information technology. The HL7 Clinical Genomics Working 
Group is tasked with creating standards for the inclusion of genomic data and its 
linkages to relevant clinical data within the HL7 framework [56].  

6.4     Guidance and Oversight of Clinical NGS 
as Technologies Evolve 

 Diverse and unique sequencing technologies will continue to enter clinical labora-
tory practice and will require development of additional professional guidance. 
There are an increasing number of benchtop instruments entering the marketplace 
much smaller than the fi rst generation of instruments with costs that are manageable 
for clinical laboratories. Therefore, many more laboratories may offer tests that 
utilize NGS. At the same time, software for the analysis of NGS data is evolving. It 
will be important to have guidance that advances as technology moves forward to 
assure the continued provision of quality clinical testing.   
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7     Conclusions 

 NGS offers the fi rst practical means to sequence large regions of the human genome 
and identify sequence variations that are clinically relevant for an individual patient. 
In 2012, regulatory standards and professional guidance    relevant to NGS are begin-
ning to emerge. Establishing performance specifi cations is complex because NGS 
testing is a multistep process that generates large data sets that are analyzed using 
sophisticated algorithms. Performance specifi cations are initially established during 
test validation and are used to develop quality control procedures that are applied 
during the testing of patient samples. For positive fi ndings, confi rmatory testing is 
generally recommended because of several factors that include the propensity for 
false- positive results and limitations inherent in the validation protocol in light of 
the large number of sequence variations that may be detected. Another limitation is 
that NGS is not able to provide high-quality sequence data for all regions of the 
genome, and in these instances alternate methods must be used. 

 NGS is rapidly evolving and is anticipated to have a major infl uence on molecu-
lar laboratory testing in the near future; however, a number of challenges remain. 
Clinically characterized reference materials for NGS testing are in development. 
Profi ciency testing programs for NGS are in their infancy and will be critical to 
establish interlaboratory comparability. Since the majority of informatics pipelines 
are developed in-house, access to informatics expertise has been important to assure 
proper implementation and optimization of the software component of NGS testing. 
The quantity of data generated challenges current storage capacities, but this is 
expected to be less of a problem as this technology evolves. These challenges sig-
nifi cantly infl uence the level of guidance and standards that can be developed at this 
time because the technology and methods are not yet mature. Nonetheless, the 
potential for routine large-scale analysis of the human genome is signifi cant, and it 
is anticipated that these challenges will be met in the not too distant future.     
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    Abstract     The rapid adoption of next-generation sequencing (NGS) (also known as 
massively parallel sequencing; MPS) techniques has revolutionized the way molec-
ular diagnosis is performed in a clinical diagnostic laboratory. Hundreds to thou-
sands of genes can be analyzed simultaneously, and samples can be multiplexed and 
sequenced in parallel with deep coverage. To bring such a complex technology to 
clinical diagnostic laboratories, limitations and challenges should be recognized 
when designing and implementing assays for routine clinical use. While most NGS 
platforms can generate enormous amount of data in a massively parallel manner, the 
complexities of test validation and the implementation of quality control procedures 
have posed tremendous challenges on quality assurance. A quality assurance pro-
gram is an integral part of clinical laboratory operations, in particular for laborato-
ries that are adopting new technologies to provide state-of-the-art genetic testing 
services. In this chapter, we describe the steps taken in implementation of test vali-
dation and quality control procedures in our clinical molecular diagnostic 
laboratory.  

1         Introduction 

 For many years, Sanger dideoxy sequencing has been the method of choice for clini-
cal molecular diagnostic laboratories. It continues to be the preferred method when 
a genetic disease has a clear clinical diagnosis or when other biochemical, molecu-
lar, and imaging evidence supporting a specifi c genetic disease. Sanger sequence 
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analysis of a limited number of candidate genes carried out one by one is also the 
“gold standard” approach for a disease involving several steps of the same develop-
mental or metabolic pathway or where different otherwise unrelated genes cause the 
same disease, for example, retinitis pigmentosa. However, some diseases are clini-
cally and genetically heterogeneous, making a clear molecular diagnosis diffi cult 
due to atypical clinical presentations or ambiguous pathological or biochemical fi nd-
ings that do not give a clear indication regarding the potential defective genes [ 1 ]. An 
extreme situation refl ecting this scenario is the diagnosis of mitochondrial disorders, 
for which there is signifi cant clinical overlap, and where more than 1,300 genes are 
responsible for the biogenesis and normal function of mitochondria [ 2 – 5 ]. 
Sequencing candidate genes one by one will be costly, time consuming, and ineffi -
cient. The delay in establishing a specifi c diagnosis and high cost incurred will 
impede appropriate patient management and delay family counseling and possible 
future prenatal diagnosis. 

 The rapid adoption of NGS technologies has revolutionized molecular diagnos-
tics [ 6 ]. These advances have facilitated the rapid identifi cation of new disease 
genes in genetic research. The testing paradigm is shifting from single gene analysis 
by Sanger sequencing to multiple target genes and even whole exome analyses by 
MPS [ 7 – 10 ]. Panel testing has gradually become the fi rst line of choice for molecu-
lar testing of genetically heterogeneous complex diseases when there is a clear indi-
cation of an underlying genetic cause [ 11 – 14 ]. When compared to serial 
gene-by-gene Sanger sequencing analysis, this approach can signifi cantly reduce 
costs and the time required to make a molecular diagnosis. 

 With the steady decrease in sequencing costs and an increase in data throughput, 
it can be expected that both whole exome and targeted phenotype/pathway-focused 
gene panels will be the major methods in clinical diagnostic laboratories for the 
foreseeable future. The rapid adoption of these new technologies for detecting 
inherited genetic disorders by clinical molecular diagnostic laboratories requires 
new standards for quality assurance. In order to provide NGS-based clinical service, 
the performance characteristics of the new technologies must be validated to meet 
requirements set by College of American Pathologists (CAP) and/or Clinical 
Laboratory Improvement Amendments (CLIA) [ 15 ]. For practical clinical diagnos-
tic applications, the high-throughput nature of the instruments requires an addi-
tional layer of quality assurance. 

 In this chapter, we describe NGS-based test validation and quality control proce-
dures currently used in our clinical molecular diagnostic laboratory in order to sat-
isfy federal regulatory requirements.  

2     Overview of NGS-Based Performance Characteristics 

 Limitations and challenges always accompany the development and implementa-
tion of novel technologies in the clinical diagnostic setting. The ability to parallel 
sequence a large number of genes with deep coverage, i.e., each nucleotide 
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sequenced numerous times, requires highly specialized analytical tools in order 
to analyze enormous amounts of data, annotate large numbers of variants, and 
interpret complex results in the clinical context. High-throughput sequencing 
data has higher error rates, and the nature of these errors differs depending on the 
chemistry and detection methods used by the specifi c instrument. These sequence 
errors will produce a high false-positive rate of variant calls, which leads to 
unnecessary work in interpretation, confi rmation, and reporting. Recent studies 
have shown that high rates of discordant variant calls occur among different 
NGS-based technologies and analytical algorithms when the same individual 
sample is sequenced [ 16 ]. In order to adapt these technologies into clinical diag-
nostics, stringent validation and confi rmation using a second method is necessary 
to meet clinical standards [ 1 ]. 

 In addition to problems with false calls, it is often necessary to pool samples 
from different individuals in order to lower the sequencing cost. When a large num-
ber of clinical samples are prepared at the same time, it increases the likelihood of 
sample swapping and/or cross contamination. Should these problems occur, the 
reduced cost due to high throughput may be offset by the effort required for trouble-
shooting. Therefore, quality control procedures are essential elements to assure 
accurate and reliable performance of the novel technologies [ 7 ,  17 – 20 ].  

3     Validation of NGS-Based Test 

 The purpose of a molecular diagnostic test for genetic disorders is to detect patho-
genic DNA alterations (mutations) that are responsible for an individual’s genetic 
disease. Unlike other clinical laboratory tests such as immunohistochemistry, the 
detection of abnormal metabolites, or enzyme assays that measure the biochemical 
consequences of genetic defects, molecular genetic testing directly searches for the 
genetic alterations in order to provide a defi nitive diagnosis of a genetic disease. 
The superior accuracy of a genetic testing relies on the genetic material of an indi-
vidual, which for the most part is immutable and not infl uenced by physiological 
and environmental conditions. The results obtained by molecular testing of an indi-
vidual can be very informative for genetic counseling of other family members and 
may also be applicable to prenatal diagnosis. 

 The validation process of NGS-based tests should include three major intercon-
nected components: the platform, the specifi c test, and the informatics pipeline [31]. 
A full test validation includes the validation of the platform used for performing the 
test and the bioinformatics pipeline used for the analysis of the sequence results and 
variant annotation. Platform validation establishes the performance specifi cations 
of the sequencing platform and the types of variants detected by the test. Validation 
of the informatics pipeline establishes the analytical software parameters necessary 
to provide accurate sequence data and the detection of variations within the targeted 
regions. Test validation documents the specifi city, sensitivity, and limitations of the 
assay used to detect clinically signifi cant sequence variations. 
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 Ideally, a complete validation of an NGS-based test includes three steps. The fi rst 
step is to establish the analytic sensitivity (the likelihood of detecting a sequence 
variation when one is present within the target regions sequenced) and analytic 
specifi city (the likelihood of not detecting sequence variations when they are not 
present in target regions) by the comparison of test results to those obtained from an 
independently validated method such as Sanger sequencing or single nucleotide 
polymorphism (SNP) array analysis. This validation step is also used to optimize 
analytical parameters such that the highest accuracy, specifi city, sensitivity, and 
reproducibility can be achieved with the particular NGS platform and informatics 
pipeline. The second step is to establish the range of detectable mutations and the 
limits of detection. This is performed by the analysis of a broad range of samples 
with known types of mutations, including nucleotide substitutions, small indels 
(insertions/deletions), large deletions, or mutations in a DNA repeat region or a 
homopolymeric nucleotide track. If the assay involves quantitative analysis, for 
example, measuring the percentage of a heteroplasmic mtDNA mutation, then con-
trol specimens must be included for the evaluation of experimental and analytical 
errors and the assessment of the limits of detection. This step also validates the 
analytical and annotation pipelines. Finally, a set of samples from patients with a 
clinical indication of a genetic disease but without a molecular diagnosis are ana-
lyzed to validate the ability of the NGS-based test to detect mutations in undiag-
nosed patients.  

4     Quality Control and Quality Assurance Procedures 
for a NGS-Based Assay 

 A robust quality assurance program is an integral part of clinical laboratory oper-
ations, in particular for those laboratories that are adopting new technologies in 
order to provide state-of-the-art genetic testing services. The goal of a quality 
assurance program is to have a coordinated approach to ensure the quality of 
service and to deliver accurate and reliable results to the medical community, 
such that the performance of clinical testing can be reevaluated and improved 
frequently. The use of a continuous quality assurance program is required for a 
clinical laboratory to be certifi ed by CLIA or CAP. The quality assurance pro-
gram needs to effectively monitor the quality of testing procedures within a labo-
ratory, and needs three major components: pre-analytical, analytical, and 
post-analytical. Quality controls are procedures that are incorporated into each 
step to monitor the performance characteristics of a test and to immediately 
detect any errors when they occur. Profi ciency testing samples often serve as part 
of a quality control assessment. However, MPS- based genetic testing is relatively 
new, its workfl ow is long, complex, and the quality control system used for 
Sanger sequencing tests may not be adequate when assessing the entire MPS-
based test procedures. 

V.W. Zhang and L.-J.C. Wong



279

4.1     Pre-analytic Phase 

 This section describes the quality control procedures implemented in our labora-
tory, a platform-independent and assay-independent quality control system that can 
be applied for general use in MPS-based genetic testing in a clinical laboratory. The 
pre-analytic process starts upon receipt of a sample by the laboratory performing 
the test, and involves entering the required demographic and test ordering informa-
tion into the Laboratory Information Management System (LIMS). The accuracy of 
the ordering information, patient demography, and physician’s contact information 
is indispensable and requires rigorous quality assurance when initiating the cascade 
of testing activities in the clinical laboratory. At this stage, it is important to care-
fully determine the error sources if a sample does not meet the sample acceptance 
criteria of the laboratory. Follow-up procedures should be clearly documented in the 
laboratory’s standard operation procedure (SOP). Errors may include the wrong 
specimen type or specimen integrity, which can be due to an error on the part of the 
sender or during shipping or handling. In cases where a test may be cancelled, the 
tracking log should be reviewed regularly.  

4.2     Analytic Phase 

 In addition to the actual laboratory performance of the sequence analysis, other 
important components, including trained medical technologists, instruments, and 
reagents required for carrying out the assay, should be fully validated to satisfy 
clinical standards. This section describes quality controls that are used to monitor 
MPS test performance in our laboratory. 

4.2.1     Performance of Illumina Sequencer 

 The manufactory’s performance specifi cations usually need to be established at 
the time of installation and initial evaluation. Each high-throughput sequencing 
instrument has its own unique error model associated with the sequencing chem-
istry and detection method. The bacteriophage PhiX used by Illumina to spike the 
samples used in the test is of great importance in checking the quality of cluster 
generation, signal detection, and phasing calibration. The advantage of the PhiX 
genome is its relatively small size and well-balanced nucleotide composition, 
which can be used to calculate the sequencing error rate at the same time when 
sequencing is performed. 

 Besides the general performance evaluation, each individual base call generated 
from a run is also given a Phred probability score for base call quality. The value of 
the Phred quality score (Q score) is the normalized logarithmic value of the likeli-
hood for the instrument to make an incorrect base call. Because the Phred score was 
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derived from a set of sequencing parameters related to the Sanger method, the 
high- throughput sequencing process was parameterized to calibrate the mathematic 
formula against a set of well-defi ned existing empirical sequencing data with a 
known accuracy. Low-quality scores may indicate a high possibility of making false 
base calls. For example, the value of Q10 for Illumina sequencing chemistry repre-
sents 1 incorrect base call per 10 sequenced bases, Q20 means an error rate of 1 in 
100, and Q30 means 1 error per 1,000 sequenced bases. The Q score decreases as 
the number of sequencing cycles increases. The acceptable Q value of an NGS-
based test is determined by each clinical laboratory. Based on our laboratory experi-
ence, the use of higher cutoff Q scores can signifi cantly reduce false-positive calls 
and the downstream work of variant conformation. 

 After establishing the sequencing performance, the subsequent runs also need to 
meet the general sequencing quality metrics specifi ed by the manufacturer. In case 
the operation of the instruments in a clinical laboratory requires a modifi cation in 
the procedure, a set of laboratory-specifi c quality metrics should be documented. 
The general instrument and laboratory-specifi c parameters that have been deter-
mined during instrument and assay validation and optimization also should be 
reevaluated in order to assure the quality and accuracy of sequence data.  

4.2.2     Sequencing Errors and Quality Control for Quantitative 
Measurements of Variant Calls (ExQC) 

 In general, sequencing errors associated with a particular instrument are intrinsic to 
the instrument and stay relatively constant as long as the sequencing and detection 
chemistry remains the same. However, the error rates may vary depending on the 
quality of sample, the DNA template preparation method, and bar-coding and 
demultiplexing methodologies. To monitor these errors, an external quality control 
(ExQC) sample must go through the same procedures with each individual sample 
[ 21 ]. Our ExQC samples are synthetic DNA fragments with predefi ned changes at 
specifi c positions that are mixed at different ratios to generate a series of control 
DNAs with 0.1 %, 0.5 %, 2 %, 5 %, 20 %, and 50 % of a particular variant, as 
depicted in Fig.  15.1 . A small aliquot of the ExQCs mixture is added to each indi-
vidual sample for indexing, and the DNA template library is prepared and sequenced 
as part of each indexed sample. The application of this ExQC sample is ideal for the 
determination of sequencing error rates and the limits of detection of each specifi c 
sample. This is extremely important for the detection of variants at low levels, such 
as those seen in mosaicism, particular infectious species, mitochondrial DNA 
 heteroplasmy, or somatic alterations, and, if the presence or absence of a variant is 
in question.

   Unlike the PhiX control, the ExQC can be used to assess the experimental and 
analytical error for the entire processing of the specifi c sample and truly represents 
the quality control for the sample, as individual samples may be subject to varying 
quality of sample preparation, including human, instrumental, and computational 
errors. In our laboratory, the overall experimental error for the quality control 

V.W. Zhang and L.-J.C. Wong



281

specimen has been determined to be 0.326 % ± 0.335 %. Based upon this, the limit 
of detection is calculated at ~1.33 %, which is 3 standard deviations above the mean 
error. The error rate of the testing sample can also be determined and is usually 
slightly higher than the parallel control sample due to the DNA source and extrac-
tion procedures.  

4.2.3     Internal Sample Tracking System (InQC) 

 Due to the high throughput of NGS platforms, many samples are often pooled for 
sequence analysis in order to maximize the capacity of the instrument. To avoid 
sample swaps and cross contamination, we have designed an internal sample iden-
tity tracking system (“InQC”) to be incorporated into DNA template library prepa-
ration step with each sample, followed by subsequent analytical steps to ensure that 
the results indeed belong to the original sample [ 21 ]. Our InQC system is a set of 
14 polymorphic nuclear markers that are PCR-amplifi ed and sequenced along with 
the target sequences. If mtDNA is to be analyzed, the PCR products of nuclear 
polymorphic markers are mixed with the mtDNA template library from the same 
individual. Meanwhile, a separate DNA aliquot is used for genotyping of the InQC 
markers by a second method, either by Sanger sequencing or by a TaqMan assay. 
The genotyping results are used to verify the results obtained by MPS analysis. For 
mtDNA analysis, in addition to the nuclear polymorphic markers, the identity of the 
mtDNA sample is also verifi ed by Sanger sequencing of the D-loop and LR-PCR 
primer regions using a separate aliquot of DNA sample that usually contains about 
10–12 variants. If the results are not consistent, the erroneous step will be sought 
and the analysis repeated for clarifi cation. This is an important and necessary step 
to assure that there is no sample mix-up or cross contamination, especially when 
tens or hundreds of samples are processed at the same time and sequenced using the 
same fl ow cell.  

  Fig. 15.1    External quality control and proportion of nucleotide at each specifi c variant position       
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4.2.4     Performance Evaluation by “Deep Sequencing Index” (DSI) 
Using Mitochondrial Whole Genome Sequencing as an Example 

 Various target gene enrichment methods and MPS platforms have been used for 
NGS-based clinical analysis. Each method may have its own unique advantages and 
disadvantages. Regardless of the method used, the quality of an NGS run can be 
evaluated by six parameters that defi ne the characteristics of NGS-based assays. We 
developed a mathematical formula termed the “deep sequencing index” (DSI) that 
contains these six parameters: (i) the average number of reads mapped to the ExQC 
DNA, (ii) the average number of sequence reads of the sample normalized to the 
average number of reads of the ExQC DNA, (iii) the correlation coeffi cient of the 
expected versus observed variant percentages of the ExQC DNA, (iv) the ratio of 
the standard deviation of the average number of sequence reads to the average num-
ber of reads mapped to the sample, (v) a specifi city function (the percentage of 
sequence reads mapped to reference mtDNA), and (vi) a sensitivity function (the 
percentage of sequence variants correctly identifi ed). Using the DSI, different 
enrichment methods or sequencing platforms can be evaluated and compared in a 
standardized fashion. For example, the entire mitochondrial genome can be enriched 
by three different methods: DNA capture by hybridization, multiplex PCR of over-
lapping DNA fragments, or a long-range PCR (LR-PCR) single amplicon of the 
whole mitochondrial genome. As shown in Fig.  15.2 , the profi le of the read cover-
age clearly demonstrates the uniform coverage of a single amplicon LR-PCR in 
comparison to the other two gene enrichment methods [ 21 ]. The coverage profi les 
are consistent with the DSI scores (Fig.  15.2 ). Although all these enrichment meth-
ods can achieve reasonable sensitivity and specifi city, the best performance also 
relies on uniformity of coverage and its reproducibility, which is extremely impor-
tant particularly if large deletions are to be detected [ 21 ]. The DSI formula also 
takes the ExQC into consideration, not only the coverage but also the correlation 
coeffi cient of the quantitative controls.

  Fig. 15.2    The formula of deep sequencing index (DSI) of MitoNGS       
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   Based on the DSI, the performance among different gene enrichment methods 
can be quantitatively assessed [ 21 ]. As shown in Fig.  15.2 , the DSI for hybridization- 
based sequence capture is 36, that for multiple overlapping PCR amplicons are 74, 
and when the LR-PCR single amplicon of whole mtDNA is used, the DSI is 90. The 
determination of DSI provides a single parameter to gauge the performance of a 
sequencing run, with emphasis on the data quality for each individual sample. The 
mathematical performance assessment simplifi es the evaluation of complex proce-
dures in a manageable scale. More importantly, the measurement of individual com-
ponents in the DSI formula is valuable in order to pinpoint the cause of a failed run 
and to help with troubleshooting.   

4.3     Post-analytic Phase 

 Since both the InQC and ExQC samples are analyzed together with the indexed 
sample from the beginning to the end, the results of these quality control samples 
also serve as controls for the post-analytical step. At the end of the analyses, there 
should be a checklist to check the acceptable range of each step (Table  15.1 ). 
The items to be checked include the depth and the completeness of coverage of 
every single base of the region of interest. Assessing the evenness of coverage pro-
fi le is useful for the detection of mtDNA large deletions. For NGS, having suffi cient 
coverage is one of the necessary factors in order to make accurate variant calls. 
Being able to identify the insuffi ciently covered regions can help with the recogni-
tion of copy number changes (deletion and duplication) in the target regions. The 
fi nal test interpretation and reporting requires qualifi ed professional personnel to 
explain to clinicians the test results generated through the clinical testing pipeline. 
Reporting results and archiving reports generated from NGS-based assays should 
follow the general requirements of other clinical tests performed in the certifi ed 
laboratory. It is noteworthy that current NGS-based testing has longer turnaround 
time (TAT) than Sanger-based assays. In cases where corrective actions are needed 
or where repeating the analysis is required, the client should be notifi ed about the 
delay in reporting results. Monthly review and summary of the TAT should be per-
formed in order to improve the clinical service.

   Table 15.1    Checklist of an NGS-based analysis using mitochondrial whole genome analysis as an 
example   

 1  Illumina read Q score plot ( Q  > 25) 
 2  Limit of detection determination 
 3  Results of positive control (within acceptable range 1.1 % ± 0.3 %) 
 4  Verifi cation of sample identifi ed by genotyping: internal quality control (InQC) 
 5  Mean coverage depth and standard deviation 
 6  Coverage of all targeted regions: identify insuffi ciently covered regions 
 7  Correlation coeffi cient of quantitative ExQCs (1 %, 5 %, 20 %, 50 %, 80 %, 95 %) 
 8  Overall DSI >80 to troubleshoot and determine the pass/fail of a run 
 9  Verifi cation of NGS results and reporting. 
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5         Conclusion 

 Application of MPS technologies to clinical molecular diagnostics has become a 
reality. Due to the high instrument and analytical complexity of NGS-based assays 
and the enormous amount of data output, careful test validation and stringent quality 
control procedures are necessary. Detailed procedures for test validation and the nec-
essary quality controls described in this chapter can ensure that accurate and depend-
able results are delivered to patients and their caregivers. Checkpoints are illustrated 
in Fig.  15.3 . A mathematical formula (Fig.  15.2d ) was developed for generalized, 
non-biased, intra- or inter-run, and inter-laboratory evaluation of NGS performance. 
With the wide application of NGS technologies and the foreseeable federal regula-
tions in this fi eld, there is a pressing need for a robust quality  assurance program.
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    Abstract     Before the advent of next-generation massively parallel sequencing 
(MPS), Sanger sequencing for many years has been the gold standard for the iden-
tifi cation of unknown mutations in candidate genes. However, since the introduction 
of high-throughput massively parallel sequencing for clinical diagnostics, the next- 
generation sequencing (NGS) technology has revolutionized the molecular diagno-
sis of human inherited disorders. This new technology provides a broad spectrum of 
clinically relevant features at different levels of mutation detection, cost, and turn-
around time. Nevertheless, the complex technologies involved, novel analytical and 
bioinformatics pipelines, and the challenges of nucleotide variant interpretation are 
diffi cult topics for general clinicians to understand fully. Yet, a better grasp of these 
subjects is needed in order to choose the most effective diagnostic approach and to 
convey the complex results to their patients appropriately. This chapter describes 
the frequently asked questions and answers related to the clinical utility of NGS- 
based molecular diagnostic tests in the hope that clinicians in all medical specialties 
better understand what NGS technology can deliver for the molecular diagnosis of 
human genetic disorders.  
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1         Introduction 

 Since its introduction in the mid-2000s, next-generation sequencing (NGS) has 
revolutionized the way sequencing is being conducted in many clinical laboratories. 
NGS technology has transformed molecular diagnosis of human genetic diseases by 
its ability to sequence thousands to millions of DNA fragments in parallel and gen-
erate massive amount of sequencing data from a single sequencer. Thus, clinical 
laboratories can analyze more genes quickly and in a very cost- and time-effective 
manner when compared to the universally recognized “gold standard” Sanger 
sequencing. 

 The complexity of NGS technology makes it challenging for healthcare profes-
sionals such as physicians and genetic counselors to evaluate the benefi ts of cur-
rently available clinical NGS testing objectively. This chapter provides answers to 
common questions by leading healthcare professionals to assist other healthcare 
professionals who are looking to utilize this new class of molecular testing for their 
patients.  

2     NGS Technology 

2.1     What Is the Next-Generation Sequencing (NGS)? 

 Next-generation sequencing (NGS) refers to high-throughput massively parallel 
sequencing of hundreds to millions of DNA fragments simultaneously. There are 
now second-generation and third-generation sequencing technologies that continue 
to reduce the cost and enhance the accuracy of DNA sequencing. In this book, NGS 
primarily refers to second-generation sequencing technology.  

2.2     How Does NGS Work? 

 There are two major steps: target gene enrichment necessary to “capture” the genes 
of interest and massively parallel sequencing of the captured genes. Please refer to 
  chap. 3         for details. If the analysis is for the whole genome, then there is no need for 
gene enrichment step.  

2.3     How Does NGS Differ from the Traditional Molecular 
Diagnostic Methods? 

 The traditional diagnostic methods focus on identifying one mutation at a time by 
various mutation detection methods (target mutation analysis) for known mutations 
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or analyze one gene at a time by Sanger sequencing of the candidate gene in order 
to indentify previously unknown mutations (target gene analysis). The NGS can 
detect multiple nucleotide changes from many genes at the same time.  

2.4     Is There a Limit Number of Genes to Be Analyzed 
by NGS? 

 No. The NGS approach may be designed and scaled for a single gene, a panel of 
genes involved in the same pathway or that confer a recognizable disease pheno-
type, the whole exome (the protein coding regions of about 20,000–30,000 genes), 
or the whole genome, including gene regulatory regions that do not directly encode 
proteins. If the analysis is for the whole genome, there is no need for the target gene 
enrichment step.  

2.5     What Kind of NGS-Based Clinical Tests 
Are Available Currently? 

 This information can be found at GeneTests (  http://www.ncbi.nlm.nih.gov/sites/
GeneTests    ). The clinically available NGS-based tests include mtDNA depletion 
syndromes, glycogen storage diseases, Noonan syndrome, cardiomyopathy, hearing 
loss, Usher syndrome, high and low bone mineral diseases, retinitis pigmentosa, 
various mitochondrial respiratory chain complexes and combined mitochondrial 
disorders, the mitochondrial genome, X-linked intellectual disabilities, carrier test-
ing for inherited diseases, and the whole exome. This list will continue to grow with 
time, as costs and data analysis requirements steadily reduced. It will encompass 
even more common diseases not considered heritable disorders such as common 
cancers and infectious diseases.  

2.6     Is It Necessary to Know What Enrichment Methods 
and Sequencing Platforms Used in the Diagnostic 
Laboratories? 

 The laboratory should provide you with the necessary information, including the 
test performance characteristics such as false-positive and false-negative rates of 
the test method they use. However, knowing the pros and cons of the enrichment 
methods and the chemistry of each sequencing platform will enable you to judge 
which method is best suitable for testing purposes. The details and comparison of 
various methods are described in   chap. 3         of this book. In general, there are two 
major target gene enrichment methods: DNA amplifi cation by the polymerase 
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chain reaction method (PCR) and capture by hybridization. Generally, if the 
number of genes to be analyzed is small (<100), gene coverage can be achieved 
by PCR. However, if the gene number is large, it would be more effi cient to use 
the capture method. The PCR method has several pitfalls, including the limited 
number of total amplicons (units of DNA amplifi cation), allele “dropout” due to 
the presence of SNPs at the primer sites, and the cost of PCR primers and neces-
sary optimization of PCR conditions. Occasionally, long range PCR may be used 
to avoid the interference of pseudogenes and/or SNPs at the primer sites. The 
capture by hybridization in solution requires the synthesis of RNA or DNA 
probes to selectively pull down coding exons of the genes of interest. It is scal-
able from a few genes to thousands of genes or even the whole exome, and it 
lends itself to automation. The capture method often has diffi culties with DNA 
regions of high GC content and genes with DNA repeat elements or homologous 
sequences or pseudogenes. However, these hard to capture and/or sequence 
regions can be fi lled in by individual gene PCR followed by Sanger sequencing 
in order to provide 100 % coverage. Several commercial NGS platforms, includ-
ing Roche 454, Illumina HiSeq, SOLiD, and Ion Torrent, are available. The 
chemistries and advantages and disadvantages of different platforms have been 
discussed in detail in   Chap. 3        .  

2.7     What Does Multiplex and Barcode Mean in NGS? 

 Due to the high throughput of NGS, DNA templates from multiple individuals may 
be pooled for sequencing. Therefore, DNA samples from each individual must be 
clearly “bar-coded” using identifi able DNA tags added to the target DNA sequences, 
and the sequence reads sorted according to the barcode in order to reassemble a 
subject’s unique DNA sequence and thus avoid sample mix-up.  

2.8     Are Sequence Data Generated by NGS as Good as Those 
from Sanger Sequencing or Better? 

 In general, results generated by NGS are at least as good as those from Sanger 
sequencing. NGS has also demonstrated its ability to detect low levels of changes 
that cannot be detected by Sanger sequencing such as germ line mosaicism, somatic 
changes, and mitochondrial heteroplasmic mutations [ 1 – 3 ]. However, NGS may 
also give false-positive results due to chemical, platform, and/or bioinformatic 
biases that necessitate the confi rmation of all clinically relevant changes, especially 
insertion/deletion mutations, by a second method such as Sanger sequencing. 
Combining NGS and a secondary confi rmatory algorithm provides greater accuracy 
and confi dence than Sanger sequencing-based tests.   
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3     NGS Data Analyses and Variant Interpretation 

3.1     How Are NGS Sequence Results Analyzed? 

 Regardless of the platform used, the NGS results are usually generated in the form 
of light emission or micro-conductance changes that occur during DNA synthesis 
according to the DNA template sequence on a highly dense microarray. Images are 
taken for each cycle of nucleotide incorporation. These image fi les are converted to 
nucleotide sequence reads based on the color of light emitted (primary analysis). 
Millions of short sequence reads generated in this manner are assembled to form 
stacks of longer reads, typically encompassing the coding exons and at least 20 bp 
of the fl anking intron regions (secondary analysis). The target sequences are then 
compared to the reference sequences in the Genbank (  www.ncbi.nlm.nih.gov/gen-
bank    ), and differences are annotated as variant calls (tertiary analysis). The fi nal 
interpretation of these variant calls requires qualifi ed laboratory staff.  

3.2     What Is the Minimum Coverage per Base and the 
Minimum Coverage per Coding Exon? What Is the 
Minimum Coverage in Order to Provide Dependable 
and Accurate Variant Calls? 

 The coverage of a base of an exon is also known as the “sequence depth,” meaning 
that the number of times the base or exon is individually sequenced. In general, if 
only heterozygous or homozygous variants of two alleles of nuclear genes are con-
sidered, a minimum of 20X [ 4 – 6 ] coverage may be suffi cient if the quality of “bal-
anced sequence reads” are good (usually quality scores >30) [ 4 – 6 ]. Balanced 
sequence reads refer to the observation that the forward sequences and reverse 
sequences, i.e., the sequence of both strands of complementary DNA, are read a 
similar number of times. However, if quantitative variant calls are of interest, such 
as in the case of somatic mutations, mosaicism, or mitochondrial DNA (mtDNA) 
heteroplasmy, then the coverage needs to be deeper in order to provide reliable and 
reproducible variant calls. Similar to Sanger sequencing, there is background noise 
or technical variation that can be minimized by increasing the sequence depth (cov-
erage). Coverage is usually inversely proportional to the number of genes to be 
sequenced. To sequence a small panel of genes, e.g., 20 genes, a coverage of 1000X 
can be achieved, whereas the average coverage of the whole exome (~20,000–
30,000 genes) is about 50–100X. Since the coverage for any given coding exon that 
is captured and sequenced is variable, the term “average coverage” is often used. 
Some exons or bases are poorly covered (<20X) or not covered at all due to various 
reasons such as high GC content, repeat regions, or the presence of homologous 
sequences like pseudogenes. In this case, a fully validated panel test usually will fi ll 
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these gaps by additional PCR/Sanger sequence methods in order to provide “100 %” 
coverage. However, due to the large number of genes in a whole exome analysis, the 
“no coverage” coding exons in whole exome sequencing are usually not well char-
acterized, or there are too many to be fi lled in by PCR/Sanger method. The “poorly 
covered” exons in the whole exome sequencing may be suffi ciently covered in panel 
testing due to its deeper average coverage. For nuclear gene testing, an overall aver-
age coverage of >600X usually would provide suffi cient coverage for most of cod-
ing exons except for the “no coverage” regions that can never be suffi ciently covered 
despite increasing the coverage depth [ 1 ,  7 ]. For NGS of mtDNA, an average cover-
age of >20,000 is required in order to reliably detect 1.5 % heteroplasmic variants 
at an experimental error rate of 1 % [ 2 ,  3 ].  

3.3     Can All of the Different Types of Mutations 
Be Detected by NGS-Based Analysis? 

 In theory, all types of mutations should be detectable by NGS-based analysis. 
However, depending on the surrounding sequence environment some nucleotide 
changes are diffi cult to detect. Single nucleotide substitutions and small insertion/
deletions (indels) are relatively easily detected. However, if these simple changes 
are embedded in a homopolymeric tract or within short tandem repeat regions, they 
may not be readily detected. The ability to detect changes in these regions also 
depends on the sequencing chemistry. For example, Roche 454 and Ion Torrent are 
less accurate in detecting substitutions or small indels at homopolymeric tracts. 
Detection of large intragenic deletions (also known as copy number changes) by 
NGS-based analysis is currently not clinically available. While the fully validated 
panel NGS analyses can easily detect homozygous exonic deletions, heterozygous 
large exonic deletions are more diffi cult to detect. Further optimization of analytical 
algorithms is needed before clinical use. Individual laboratories should validate 
their NGS-based methods and the analytical pipelines they use in order to provide 
information regarding test sensitivity, specifi city, error rate, and any other limita-
tions. Detection of larger indels remains challenging, but some laboratories are vali-
dating their analytical algorithms for this purpose.  

3.4     Will an NGS-Based Test Miss Any Mutations That Sanger 
Sequencing Detects? What Are the Major Obstacles 
in the Analysis of NGS Sequence Data? 

 In general, a fully validated NGS-based test will not miss any mutations that are 
detected by Sanger sequencing. Similar to Sanger sequencing, NGS may not detect 
genomic structural rearrangements (e.g., deletions, duplications, and inversions), 
large insertion (e.g., ALU mediated insertion), mutations within the promoter or 
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deep intronic regions. Any regions that are missed by NGS would have been 
 characterized. However, any novel changes detected by NGS should be confi rmed 
by a second method such as Sanger sequencing. On the other hand, large mtDNA 
deletions can be easily detected by NGS but cannot be detected by Sanger sequenc-
ing [ 2 ,  3 ]. In addition, Sanger sequencing cannot detect low mtDNA heteroplasmy 
(<20 %). With high coverage (>20,000X) and proper target gene enrichment meth-
ods, NGS can detect mtDNA heteroplasmy as low as 1 % [ 2 ,  3 ]. Therefore, NGS- 
based tests are at least as good as the “gold standard” Sanger sequencing, if not 
better. The major obstacles of NGS-based tests are the inability to accurately and 
adequately capture and sequence the coding regions that contain pseudogenes, 
repeats, and/or high GC content. These obstacles are often overcome by traditional 
PCR/Sanger sequencing in order to fi ll in these regions.  

3.5     How Much Confi dence Should I Have in NGS-Based 
Diagnosis? Can I Trust the Sequence Results Obtained 
from NGS? Are There False-Positive Changes? 

 NGS provides the laboratory the ability to analyze a large number of genes in paral-
lel at a reasonable cost. While NGS at this time is not a stand-alone test, when 
combined with a secondary confi rmatory method, it will provide a greater analytical 
power when compared to any single technology alone. NGS technology develop-
ment is improving daily, and it is a matter of time before NGS technology will be 
proven as an effective stand-alone test. At this time most clinical laboratories are 
confi rming clinically relevant changes by a secondary method before reporting the 
results. Therefore, the clinically reported NGS results, if confi rmed by a second 
method, are reliable and can be used for clinical purposes. As such, a clinical labo-
ratory is very unlikely to report erroneous false-positive changes.  

3.6     What Is the False-Negative Rate? 

 An accurate false-negative rate can be determined by the individual testing labora-
tory based on their validation performed on the specifi c assay. Such test perfor-
mance characteristics should be made available by the testing laboratory. Clinicians 
should obtain these data and understand the utility and limitations of the particular 
NGS-based test before submitting a patient’s sample for testing. The false-negative 
rate for a fully validated NGS-panel testing is minimal if all possibly causative 
genes are analyzed; however, it is much higher for the whole exome or whole 
genome analyses. For example, if a whole exome study reports 99 % gene coverage 
that would mean an equivalent of 0.01 × 20,000 genes = 200 genes are not fully cov-
ered, or at least a 1 % false-negative rate, while for focused gene panel testing, the 
coverage is expected to be 100 % if all disease causative genes are analyzed.  
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3.7     Who Are Qualifi ed to Interpret the Variant Results? 

 For genetic testing, qualifi ed personnel for the interpretation of variant results are 
geneticists certifi ed by the American Board of Medical Genetics.  

3.8     Will NGS Detect Copy Number Changes? Do I Still Need 
Array CGH for Large Deletions or Duplications? 

 At this time most NGS-based tests are not able to detect heterozygous intragenic 
copy number changes, and it is still necessary to use the aCGH assay to detect large 
copy number aberrations.  

3.9     Will I Receive Incidental Findings with Targeted Panels? 

 You will not receive any incidental fi ndings with a targeted panel because only 
genes of interest are analyzed. However, medically actionable incidental fi ndings 
unrelated to the patient’s immediate condition do occur in whole exome or whole 
genome testing.  

3.10     How Does the Lab Handle Incidental Findings? 

 Each clinical laboratory offering NGS testing will have established their policies on 
reporting incidental fi ndings. Some laboratories do not report incidental fi ndings 
due to the complexities and uncertainties of these fi ndings. In addition, most clini-
cians do not feel comfortable explaining incidental fi ndings to patient’s families.   

4     Regulatory Aspects 

4.1     What Are the Regulatory Agencies That Oversee the 
Clinical Laboratories Performing the NGS-Based Test? 

    The Clinical Laboratory Improvement Amendments (CLIA) and the College of 
American Pathologists (CAP) set the relevant guidelines. Laboratories providing 
clinical service must perform the diagnostic procedures according to the guidelines 
to receive accreditation from these agencies.  
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4.2     Are the NGS-Based Tests CLIA and CAP Approved? 

 NGS-based tests are developed by following the guidelines for CLIA’s Laboratory 
Developed Testing (LDT). Thus, the laboratory offering the NGS test must docu-
ment procedures that meet all CLIA’s requirements for a LDT test. CAP has recently 
published additional guidelines in the Molecular Pathology checklist dealing spe-
cifi cally with NGS testing, and all CAP accredited laboratories offering NGS test-
ing are expected to comply with these new requirements.  

4.3     What Role Will FDA Have in NGS Testing? 

 The exact role that FDA will play is still unclear at this time: however, clinical labo-
ratories are required to comply with established CLIA and CAP regulations.  

4.4     What Exactly Are the CLIA Requirements That 
Laboratories Offering NGS Need to Follow? 

 Compliance with the same rules that apply to all clinical tests must occur. In addi-
tion, the laboratory must provide specifi cations for the novel technology by clearly 
describing the “performance characteristics,” including coverage depth, specifi city, 
sensitivity, false-positive, false-negative, accuracy, reproducibility, experimental 
error rate, quantitative and qualitative limits of detection, and turnaround time.  

4.5     What Should I Do with Positive Results? 

 With appropriate clinical correlation, positive results most likely mean that you 
have found the defi nitive diagnosis for your patient. You can proceed to counseling 
of the family, testing of relevant family members if necessary, execution of proper 
medical actions including specifi c treatment or management, and/or offering prena-
tal diagnostic testing if appropriate. If a positive result contains variants of unknown 
signifi cance (VUS), then additional functional, molecular/biochemical, and family 
studies are required to confi rm the pathogenicity of the VUS.  

4.6     What Should I Do with Negative Results? 

 If the results are from a fully validated gene panel, it is highly unlikely that the 
genes analyzed are the cause of the patient’s disease condition. However, several 
caveats need to be considered. It remains possible that pathologic mutations exist 
within one of the genes analyzed but that the mutation(s) are in regions of the gene 
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not being analyzed such as transcription promoter elements or deep within an intron. 
Alternatively, it could be that the disease is caused by another not yet identifi ed 
gene, or that the clinical features overlap with other disease loci not included in the 
chosen gene panel. Similarly, if the negative result is from whole exome sequencing 
(WES), certain mutations may not be detected since the current WES technology, 
although it covers almost all coding exons in the human genome, may miss regions 
of interest such as promoter or deep intronic mutations.   

5     Test Cost/Reimbursements 

5.1     Will the Insurance Companies Pay for These New 
NGS- Based Tests? 

 Yes, at this time insurance companies are covering NGS-based testing. The amount 
covered will be dependent on the individually negotiated insurance plans and may 
require pre-authorization and a letter of medical necessity.  

5.2     For Apparently the Same Test, e.g., Mitochondrial Whole 
Genome Sequencing, Why Is There Such a Difference 
in Pricing from One Vendor to Another? 

 Traditionally, it has been diffi cult for clinician’s and genetic counselors to fully 
evaluate genetic testing offered by multiple different laboratories in terms of cost- 
effectiveness. This is essentially true with NGS, as there exist a variety of different 
NGS platforms as well as gene enrichment and confi rmatory technologies. As with 
any purchase, it is up to the consumer to compare and contrast the capabilities and 
performance of each vendor’s test offering to ensure that the “quality of the prod-
ucts” aligns with what you are seeking. Most importantly, you need to know if the 
test is fully validated and carefully compare the “performance characteristics” men-
tioned above, including percentage coverage of the genes of interest, coverage 
depth, specifi city, sensitivity, false-positive, false-negative, accuracy, reproducibil-
ity, experimental error rate, quantitative and qualitative limits of detection, turn-
around time, confi rmation of fi ndings, and the expertise of the laboratory directors.  

5.3     The Cost per Base by NGS Is So Much Reduced Now, Why 
Does It Still Cost So Much to Have a Clinical NGS-Based 
Test Done? 

 According to a recent study by Macquarie Equity Research report on DNA 
Sequencing data from (13 August 2012), an Illumina HiSeq2000 instrument the 
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cost per megabase was only about US$0.04. Therefore, to sequence three billion bp 
of the whole human genome once is about $120 at 1X coverage. For clinical diag-
nosis, the average coverage is about 50–100X, that would bring the cost to $6,000–
$12,000 per human genome. This is within the range of current costs per human 
exome. Compared to the cost of $3,000,000 per human genome by Sanger sequenc-
ing on the ABI 3730XL sequencer, the NGS cost is much less.  

5.4     Why Is It that the Cost for Target Sequencing of 100–400 
Genes Can Be Almost the Same as the Cost for the Whole 
Exome Analysis of ~20,000 Genes? 

 The cost mentioned in the previous section does not include the cost for analytical 
software, the computational time, results fi ltering process, data storage, and expert 
interpretation. In fact, the major cost of NGS is not in the DNA sequencing but the 
data processing, alignment, analysis, variant annotation, and interpretation. Due 
to the high coverage depth, usually at about 500–1000X, at least 10 times higher 
than that for the WES, the cost per base for a fully validated, 100 % covered target 
gene analysis is at least 10 times higher than the cost per base for WES. In addi-
tion, for a 100 % covered target gene analysis, the “no coverage” coding exons are 
to be fi lled in by PCR/Sanger sequencing method. On average, about 1–2 % of the 
coding exons require PCR/sequencing due to high GC, repeat regions, or pseudo-
genes. Therefore, for a panel of 200 genes, this would translate into about 20–40 
exons that need to be PCR/Sanger sequenced. This adds to the cost of the NGS- 
based target gene analysis, which usually is carried out by  laboratories with the 
necessary expertise who are familiar with the molecular, biochemical, and molec-
ular genetics of target genes. In addition, the turnaround time of the target gene 
analysis is usually signifi cantly shorter than the whole exome analysis.   

6     Patient Care and Customer Service 

6.1     How Do I Decide Which NGS Test Providing 
Laboratories to Use? 

 Although price may be the fi rst consideration, other factors such as test validation, 
performance characteristics, reliability of the test results performed by the labora-
tory, the qualifi cations of laboratory personnel, and turnaround time should also be 
considered. In addition, the availability of the laboratory personnel in assisting cli-
nicians with the interpretation of data can be a key element in selecting the provid-
ing laboratory for NGS-based tests. Moreover, knowing the pros and cons of the 
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NGS platforms, confi rmation procedures, and specialty area of the performing 
 laboratory will help in deciding which laboratory should receive the patient’s 
 samples. Turnaround time is another important factor if identifying the correct diag-
nosis rapidly is critical in treating a patient’s condition. Finally, you want to know if 
all coding regions of genes of interest are 100 % covered, and if not, then which 
regions or genes are not suffi ciently covered, such that a negative result should lead 
to further testing in these poorly covered regions.  

6.2     What Are the Benefi ts of Using NGS-Based Tests? 

 In short, the major benefi ts are a much reduced cost and shorter turnaround time for 
a defi nitive diagnosis of a disease.  

6.3     What Is the Difference Between Targeted Gene Analysis 
and Whole Exome Sequencing? 

 If the patient’s clinical diagnosis is clearly defi ned and is known to be caused by a 
group of genes, for example, glycogen storage disorders [ 1 ], serial Sanger sequenc-
ing of the candidate genes is time consuming and cost ineffective. In this case, an 
NGS-based panel that simultaneously analyzes a group of candidate genes will 
provide a rapid and defi nitive diagnosis at a much reduced cost and shorter turn-
around time. The target gene approach is suitable for a genetically highly heteroge-
neous but clinically relatively defi ned disease that involves 100–200 genes, such as 
deafness, retinitis pigmentosa, X-linked intellectual disability, and cardiomyopa-
thy. Mitochondrial disorders are a group of clinically and genetically heteroge-
neous disorders involving as many as 1,500 genes, with only about 200 causative 
genes identifi ed [ 8 ]. In this case, if the diagnosis is confi rmed by other biochemical 
and histochemical method, then NGS-based analysis of 200 known genes or all 
1,500 genes may be the appropriate choice. However, if the patient’s clinical fea-
tures are nonspecifi c, and a clinical diagnosis is not clear, then an NGS-based anal-
ysis of the whole exome is warranted. The major difference is that target gene 
analysis usually provides close to 100 % coverage, while most exomes may miss 
5–15 % of coding regions of interest. Most laboratories currently offering clinical 
exomes report only the genes known to cause disease based on OMIM (  www.ncbi.
nlm.nih.gov/omim    ) and/or HGMD (  www.hgmd.cf.ac.uk    ) databases. However, 
sequence data from a large number of genes not yet recognized to cause human 
disease are collected by exome sequencing; thus, exomes are capable of discover-
ing new disease genes.  
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6.4     Can NGS Tests Be Performed on the Same DNA Samples 
Previously Submitted to the Laboratories for Sanger 
Sequencing? 

 Yes, most laboratories will use the same DNA sample previously submitted for 
Sanger sequencing as long as the DNA is of good quality and suffi cient quantity. 
DNA may be extracted from various specimen types, including blood cells, fi bro-
blasts, and tissues.  

6.5     Why Does It Take So Much Longer to Obtain NGS Results 
Compared to Sanger? 

 The longer turnaround time is due to DNA template library preparation, the long 
instrument run, and alignment and analysis of the massive amount of sequencing 
data. However, through technical advancements these processes will undoubtedly 
become more streamlined and faster.      
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