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Abstract

:

Sudden cardiac death in people between the ages of 1–40 years is a devastating event and is frequently caused by several heritable cardiac disorders. These disorders include cardiac ion channelopathies, such as long QT syndrome, catecholaminergic polymorphic ventricular tachycardia and Brugada syndrome and cardiomyopathies, such as hypertrophic cardiomyopathy and arrhythmogenic right ventricular cardiomyopathy. Through careful molecular genetic evaluation of DNA from sudden death victims, the causative gene mutation can be uncovered, and the rest of the family can be screened and preventative measures implemented in at-risk individuals. The current screening approach in most diagnostic laboratories uses Sanger-based sequencing; however, this method is time consuming and labour intensive. The development of massively parallel sequencing has made it possible to produce millions of sequence reads simultaneously and is potentially an ideal approach to screen for mutations in genes that are associated with sudden cardiac death. This approach offers mutation screening at reduced cost and turnaround time. Here, we will review the current commercially available enrichment kits, massively parallel sequencing (MPS) platforms, downstream data analysis and its application to sudden cardiac death in a diagnostic environment.
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1. Introduction


Sudden cardiac death (SCD) in people between the ages of 1–40 years is common [1] and is a devastating event in any family. There are several heritable cardiac disorders that can cause sudden death in the young divided broadly into two groups: the cardiac ion channelopathies and heart muscle disorders or cardiomyopathies. The conditions most commonly implicated in those under 20 years of age are the ion channelopathies, particularly long QT syndrome (LQTS), catecholaminergic polymorphic ventricular tachycardia (CPVT), Brugada syndrome (BrS) and, more rarely, short QT syndrome (SQTS). Genetic testing is especially important in these conditions, because they can never be diagnosed otherwise at autopsy; the cardiac morphology and histology are normal. From the teenage years upwards the cardiomyopathies become a progressively more common cause of sudden death. The most common are hypertrophic cardiomyopathy (HCM), arrhythmogenic right ventricular cardiomyopathy (ARVC) and dilated cardiomyopathy (DCM). Although these have typical morphological and histological features, they may be subtle or even absent, particularly in the very young.



A diagnosis of a familial cardiac condition can be achieved in 22%–50% of sudden death victims either through genetic analysis of DNA (the “molecular autopsy”) and/or cardiac evaluation of relatives of the deceased [2,3,4]. The current molecular genetic screening system in most diagnostic laboratories use a Sanger-based sequencing approach, which is the prevailing gold standard for sequence-based testing of Mendelian disease. However, this method involves a one-by-one approach, where only a single sequence is interrogated at a time, which makes screening disorders with more than a handful of genes inefficient and costly. In the case of SCD, there are many underlying disorders, each of which comprises at least three associated genes, and the autopsy and clinical history may give little or no clue where to start. One of the more common presentations is sudden death at night, for example, and there is frequently no previous medical history. If the disease-causing mutation is in a gene that is not part of a speculative cardiac disease screen, then the molecular diagnostic test will return with an uninformative result. Furthermore, even when the diagnosis is known, many are genotype negative; in long QT syndrome, for example, this is about 20% and in HCM, 40% [5].



The development of massively parallel sequencing (MPS) has made it possible to produce millions of sequence reads simultaneously and is potentially an ideal approach to screen for mutations in genes that are associated with sudden cardiac death. Several larger diagnostic laboratories already offer the screening of large gene panels for cardiac/SCD patients [6,7]; however, smaller laboratories are challenged in offering a similar service, due to limitations in accessing relevant technology and fewer referrals compared to larger laboratories.




2. Massively Parallel Sequencing


Sanger-based sequencing chemistry is part of the first generation of sequencing technology, which also includes the sequence by cleavage method developed by Maxam et al. [8]. The capillary-based, semi-automated implementation of Sanger-based chemistry [9,10] has become the gold standard sequencing technique involving chain-termination. With each subsequent reaction cycle, the template is terminated by the incorporation of fluorescently-labelled dideoxynucleotides (ddNTPs), which corresponds to the identity of the nucleotide at the terminal position of that particular fragment (Figure 1). The sequence of the template is determined by high-resolution electrophoretic separation of end-labelled extension products in a capillary-based polymer [11]. The fluorescent labels are excited by lasers, and this is coupled to a four-colour detection system, which provides the readout that is represented in a Sanger sequencing trace, and the software translates these traces into a DNA sequence (Figure 1) [11].
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Figure 1. Sanger-based sequencing chemistry. In each sequencing reaction cycle, the amplified product is terminated by the incorporation of fluorescently-labelled dideoxynucleotides (represented by yellow, blue, red and green circles), which generates a ladder of differently-sized products. These products are subjected to high-resolution electrophoretic separation, and the four-colour detection system translates it to sequencing traces. The image is reproduced with permission from [11]. 
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In contrast, the basic workflow of MPS consists of four stages: target DNA enrichment, library preparation, MPS run and downstream data analysis (Figure 2). The target DNA enrichment step can be divided into two categories: gene list-focused and whole exome. In both categories, the aim is to capture from the whole genome that which needs to be sequenced, and so, it is distinct from whole genome sequencing (WGS) in which target DNA enrichment is not needed [12]. Of relevance here is that mutations that cause disease generally lie in the coding regions of genes; therefore, the non-coding sequences gained from WGS may not be relevant for molecular diagnostic screening [13].



Enriching for only those genes that comprise a relevant list for diseases or syndromes is a preferred method for molecular diagnostic screening. The advantage of this approach is that it is tailored to the clinical referral, and also, it allows for low-cost sequencing per patient and avoids discovering mutations in genes for which consent has not been obtained. In contrast, whole exome sequencing (WES) involves enriching for the entire coding region of an individual’s genome and is a good method for discovering new genes that are associated with diseases [13], as well as offering diagnostic outcomes, although at a greater cost compared to a gene list-focused enrichment.
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Figure 2. Basic workflow of massively parallel sequencing (MPS). 
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2.1. Target Enrichment Methods


Target enrichment methods can be divided into two main categories: amplicon/multiplex PCR-based and hybridisation capture-based. There are several different methods for these two different systems; however, the ultimate goal is the same: to capture relevant genomic DNA for subsequent MPS. The decision regarding which enrichment method to use depends on many factors: the MPS platform, the amount of input DNA, the clinically agreed turnaround time and the cost (largely labour) of the assay. The basic workflow of these methods is shown in Figure 3.
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Figure 3. The basic workflow of amplicon-based and capture/hybridisation-based methods. The blue lines in the capture/hybridisation-based method section represent target-specific probes; the orange/yellow lines represent the adaptors. The differently-coloured lines in the amplicon-based method section represent the different amplicons being amplified. 
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2.1.1. Amplicon-Based Enrichment


PCR is a standard technique in the diagnostic environment, and it can easily be used to enrich for desired genes for subsequent MPS. An advantage of the enrichment method over the capture/hybridization-based method, discussed later, is that it is more specific and avoids/minimizes the amplification of pseudogenes, as primers can be designed only to bind to regions of interest. The amplicon-based method begins with the amplification of the regions of interest using sequence-specific primers. Following amplification, the amplicons are pooled to form a library for MPS.



There are several commercially available amplicon-based kits, including the Ion AmpliSeq (Life Technology, Carlsbad, CA, USA), TruSeq (Illumina, San Diego, CA, USA), Microdroplet PCR (RainDance Technology, Billerica, MA, USA) and Access Array (Fluidigm, San Francisco, CA, USA). All kits offer custom design options and can be further optimized for processing formalin-fixed paraffin-embedded (FFPE) samples. Both the Ion AmpliSeq and TruSeq systems offer pre-designed, off-the-shelf products. A summary of these kits is shown in Table 1.
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Table 1. Commercially available custom enrichment systems.
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Enrichment system

	
Company

	
Amplicon or hybridisation

	
Target size

	
# Amplicons

	
Input DNA






	
Ion AmpliSeq DNA Custom Kit

	
Life Technologies

	
Amplicon

	
5 Mb

	
12–6,144

	
10 ng per pool




	
TruSeq Custom Amplicon

	
Illumina

	
Amplicon

	
4–650 Kb

	
16–1,536

	
50 ng




	
Microdroplet PCR Custom gene panel

	
RainDance

	
Amplicon

	

	
20,000

	
250 ng




	
Access Array 48.48

	
Fluidigm

	
Amplicon

	

	
48–480

	
50 ng




	
SeqCap EZ Choice Library

	
NimbleGen Roche

	
Hybridisation

	
7–50 Mb

	
N/A

	
500 ng




	
SureSelect Target Enrichment Kit

	
Agilent Technologies

	
Hybridisation

	
200 kb–24 Mb

	
N/A

	
500 ng–3 μg




	
HaloPlex Target Enrichment Kit

	
Agilent Technologies

	
Hybridisation

	
1 kb–5 Mb

	
N/A

	
200 ng–250 ng




	
Nextera Rapid Capture Custom Enrichment Kit

	
Illumina

	
Hybridisation

	
500 kb–15 Mb

	
N/A

	
50 ng









The Ion AmpliSeq System (Life Technology) uses a proprietary ultra-high multiplex PCR technology to amplify up to 5-Mb regions of interest that can be pooled for MPS in a single tube. For the custom designed kits, the primers are separated into two pools to minimize non-specific primer-primer interactions. Only 10 ng of DNA per pool of primers is required for enrichment, and up to 6.144 primers can be designed per pool [14]. The genomic DNA is subjected to two multiplex-PCR amplifications: the first round involves amplification with sequence-specific primers, and the second round involves attaching adapters needed for subsequent MPS. The Ion AmpliSeq off-the-shelf products include two cancer panels (Ion AmpliSeq Cancer Hotspot Panel v2 and Ion AmpliSeq Comprehensive Cancer Panel) and an Ion AmpliSeq Inherited Disease Panel that comprises approximately 300 genes associated with 700 inherited diseases. Only the Ion AmpliSeq Cancer Hotspot Panel v2 has been clinically tested for diagnostic use [15,16]. The Ion AmpliSeq Cancer Hotspot Panel is designed to screen for hot spots in 50 cancer-related genes.



The TruSeq Amplicon System (Illumina) uses oligonucleotide probes that flank the region of interest and a proprietary extension-ligation step to hybridise the probes to the region of interest. This is subsequently followed by PCR amplification. Fifty nanograms of input DNA are required for enrichment, and up to 1536 amplicons can be amplified in one multiplex-PCR reaction [17]. Illumina also offers some off-the-shelf products, which includes the TruSeq Amplicon-Cancer Panel, which screens 48 cancer-related genes; this approach is optimized for the Illumina MPS platforms. The TruSeq Custom Enrichment System has been used in proof-of-principle screens for diagnostic analysis of Fanconi anaemia [18].



Microdroplet PCR (RainDance Technologies Inc., Billerica, MA, USA) uses picolitre-sized droplets to partition genomic DNA samples into individual reaction vessels, which allows over one million unique PCRs to be performed per sample [19]. The primer pairs that target the regions of interest are individually encapsulated, and these droplets are mixed together in equal portions to ensure even representation for library construction [20]. Genomic DNA is fragmented, biotinylated, purified and then mixed with PCR components. This mixture is then made into droplets, and one template droplet is merged with one primer droplet before emulsion PCR occurs [20]. Once the amplification is finished, the oil-water emulsion is broken to release the amplicons for purification and then MPS. This enrichment technique requires some specialized equipment and may not be suited for all laboratories. RainDance Technologies Inc. offers custom gene panels and also off-the-shelf gene panels, including the Cancer Hotspot Panel (targets 54 cancer gene hot spots and covers 13,000 mutations), the ASDSeq Panel (targets 62 autism-associated genes) and the XSeq Panel (targets 802 genes on the X-chromosome linked to autism and other intellectual disabilities). Custom-designed assays have been used to assess proof-of-principle screens for the diagnostic analysis of mitochondrial disorders [21], monogenic diabetes and obesity [22] and congenital muscular dystrophy [23].



The Access Array system developed by Fluidigm uses a microfluidic chip (48.48 Access Array Integrated Fluidic Circuit). This allows the amplification of up to 480 unique amplicons across 48 samples in a multiplex-PCR. As little as 50 ng of input DNA is required, and primers contain sample-specific barcodes and universal adapters. Before PCR is performed, the samples and primers are combined automatically in the pre-PCR IFC Controller AX, which is then placed into the FC1 Cycler for amplification. This technology requires specialized equipment. The 48.48 Access Array has been used in proof-of-principle screens for the diagnostic analysis of nephronophthisis-associated ciliopathy [24] and familial hypercholesterolemia [25].



Despite their ease of use and shorter overall library preparation time, the amplicon-based method is more suited for screening a small number of genes across a large number of patient samples, due to the difficulties associated with primer design for multiplex purposes. As the number of primers in the reaction increases, the level of non-specific amplification caused by the interaction between the primers increases [26]. Some problems are associated with amplicon-based methods. First, the large number of PCR cycles needed to amplify the regions of interest may give rise to sequence variants due to the lack of high fidelity proof-reading by some thermophilic DNA polymerases [27]. Secondly, the addition of more genes into an established gene list requires primer redesigns in order to accommodate the new genes. Finally, the large number of PCR cycles required cannot reliably detect copy number changes [27].




2.1.2. Capture/Hybridisation-Based Enrichment


There are several capture/hybridization-based enrichment systems that are commercially available, and the workflows for many of these methods are similar. Genomic DNA is fragmented; the DNA is hybridized or “captured” with biotinylated probes that target specific regions of interest, and these regions are isolated by streptavidin bead binding.



After further clean-up, the captured products are enriched via PCR, and usually at this stage, the necessary barcodes and tags are attached. The amplicons are then pooled and subjected to MPS. An advantage of the capture/hybridisation-based method is that it can be scaled up to capture more regions of interest. There are two main methods of capture: array-based or in-solution-based. Only the in-solution-based enrichment methods will be discussed here. A summary of these kits are shown in Table 1.



The SeqCap EZ Choice Library system (NimbleGen Roche, Madison, WI, USA) is an enrichment method that tiles the region of interest with many 80–105 mer DNA probes [28]. This ensures that there is enough redundancy and uniform capture, with a capture size between 7–50 Mb. After genomic DNA (500 ng) is fragmented by nebulisation, the biotinylated DNA probes are hybridized during a 72 h incubation before the desired regions can be isolated by magnetic pull-down. The isolated products are amplified by PCR. The NimbleGen capture system also offers a pre-designed exome kit that can enrich for untranslated regions [28]. The custom-designed SeqCap EZ Choice Library system has been used in proof-of-principle screens for diagnostic analysis of heritable disorders. These include high-throughput screens for phenylketonuria and tetrahydrobiopterin-deficient hyperphenylalaninemia [29], cystic fibrosis [30] and retinitis pigmentosa-linked genes [31].



The Agilent SureSelect Target Enrichment kits (Agilent Technologies, Santa Clara, CA, USA) is another in solution hybridization-based system that has been widely used. Unlike the NimbleGen system, the SureSelect kits uses 120 nucleotide biotinylated RNA probes instead of DNA probes, as the bond between RNA-DNA hybrids are stronger than double-stranded DNA [30]. The capture size is between 200 kb to 24 Mb, and there is an option of post-capture indexing (SureSelect XT) or pre-capture indexing (SureSelect XT2) formats. The post-capture indexing format enriches individual samples prior to pooling, while pre-capture indexing pools different DNA samples before enrichment occurs. The latter format improves processing efficiency; however, the post-capture indexing format allows greater flexibility in the number of samples that can be processed. Genomic DNA (500 ng–3 μg) is fragmented by sonication, and the hybridization period for the SureSelect kit is only 24 h. After hybridization, the regions of interest are captured by magnetic pull-down, and the products are enriched via PCR and samples pooled [32]. Agilent SureSelect Target Enrichment offers several off-the-shelf kits, including the SureSelect All Exon Kit. The custom designed SureSelect Target Enrichment kit has been used in proof-of-principle screens for the diagnostic analysis of mitochondrial diseases [33], hereditary hearing loss [34,35], familial hypercholesterolemia [36] and aortopathies [37].



Agilent Technologies has also released the HaloPlex Target Enrichment System, which uses a different chemistry compared to the SureSelect kits. Genomic DNA (200–250 ng) is fragmented using restriction enzymes and denatured. The HaloPlex probes are then added and allowed to hybridise to their respective targets during 3–16 h of incubation [38]. The HaloPlex probes are oligonucleotides designed to bind to each end of targeted DNA fragments, thereby forming circular DNA molecules. The probes are biotinylated and contain sample-specific barcode sequences. Following circularization, the regions of interest are isolated from the pool with magnetic streptavidin beads, and the circular molecules are closed by ligation. These circular molecules are subsequently amplified by PCR to enrich for the regions of interest [38]. As well as the custom design kits, HaloPlex offers two off-the-shelf research panel kits: a cancer research panel and a cardiomyopathy research panel. Four other made-to-order pre-designed kits are also available: HaloPlex Arrhythmia, HaloPlex Noonan Syndrome, HaloPlex Connective Tissue Disorder and HaloPlex X Chromosome Disorder. All of these kits are for research use only.



Illumina has also released their own hybridization-based enrichment system: the Nextera Rapid Capture Custom Enrichment Kit. The Nextera kit simultaneously fragments and tags DNA with appropriate identifiers using transposomes (transposon/transposase complexes) [39]. This “tagmentation” technology does not require mechanical shearing of genome DNA. This is followed by the first round of PCR amplification and the hybridization of biotinylated probes specific to the regions of interest. These are subsequently purified using streptavidin magnetic beads, followed by a second round of hybridization, purification, PCR amplification and PCR clean-up. The double hybridization and PCR amplification ensures the specificity of the capture system [39]. Using Nextera technology, Illumina has manufactured several pre-designed research panels: TruSight Cancer, TruSight Tumor, TruSight Cardiomyopathy, TruSight Inherited Disease and TruSight Autism.



One of the disadvantages of using the capture/hybridization-based method compared to the amplicon-based method is the likelihood of non-specific binding by the capture probes. Another disadvantage is that it is more labour-intensive than the amplicon-based method. The decision of which capture/hybridisation method to choose depends on the length of the targeted region, the amount of input DNA and the genomic architecture of the region [26]. However, unlike the amplification-based capture method, the expansion of an established gene list can be easily achieved, as redesign is not required for the old genes.



Comparisons between the Agilent SureSelect and NimbleGen SeqCap methods [40,41] show that they are comparable. Both companies have released exome-enrichment kits, and the updated target designs are based on hg19 (GRCh37), RefSeq (67.0 Mb) and CCDS (Consensus Coding Sequence project, 31.1 Mb). Despite being updated, there are still some genomic regions that are still poorly covered or not captured [40]. Sulonen et al. [41] found a larger percentage of high quality reads aligned to the captured regions from the NimbleGen enrichment method. The libraries prepared by the Agilent kits contained fewer duplicated reads, and the alignment to the reference library was equal to the NimbleGen kit; however, the Nimblegen kit had more high-quality reads and deeper coverage in targeted regions [41]. A study that compared three commercially available exome-enrichment kits (Agilent SureSelect, NimbleGen SeqCap and Illumina TruSeq) found that the NimbleGen platform was able to cover the largest proportion of its target regions with the least amount of sequencing [42]. However, Agilent and Illumina were able to detect a greater number of variants when more sequencing was performed. Out of the three platforms, only Illumina captured untranslated regions, as the other two platforms did not target these regions [42].



Despite the range of enrichment methods (amplicon-based and capture/hybridization-based), there remain issues regarding the even capture of targeted regions and the subsequent uneven sequence coverage [43]. This is more common in GC-rich regions or regions where the DNA structure is susceptible to DNA fragmentation [44]. These regions still require Sanger-based sequencing to fill in the gaps.





2.2. Second Generation Sequencing


Several different second generation sequencing platforms are currently available, and each one employs different sequencing chemistry to achieve its goal. Unlike Sanger-based sequencing, second generation sequencing, termed MPS, allows millions of DNA templates to be sequenced and read at the same time. These sequencers rely on polymerase-based clonal replication of single DNA molecules that are separated on a solid support matrix and cyclic sequencing chemistries [12]. Currently, there are three different commercially available MPS technologies suitable for the diagnostic environment. These are pyrosequencing (Roche 454), reversible dye terminator (Illumina/Solexa) and sequencing by ligation (Life Technology). There are extensive reviews available that address the different MPS technologies [11,45,46,47]; therefore, only a brief description will be given here (Table 2).
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Table 2. Second generation sequencing platforms.
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Platform

	
Amplification method

	
Chemistry

	
Read length (bp)

	
Throughput

	
Run time

	
Sequencing homopolymer regions

	
# Sequence reads/run






	
Roche 454-GS Junior

	
Emulsion PCR

	
Pyrosequencing

	
200–400

	
35 Mb

	
10 h

	
Prone to errors

	
>70,000 (amplicon sequencing)




	
Illumina-MiSeq

	
Bridge PCR

	
Reversible dye terminator

	
35–150

	
>120 Mb (single-end sequencing, 1× 35 bp)

	
4 h

	
More accurate

	
>3.4 million single-end reads




	
>680 Mb (paired-end sequencing, 2× 100 bp)

	
19 h

	
>6.8 million paired-end reads




	
>1 Gb (paired-end sequencing, 2× 150 bp)

	
27 h




	
Life Technologies –IonTorrent

	
Emulsion PCR

	
Sequence-by-ligation

	
100–200 bp

	
Chip314: >10 Mb

	
All three chips take <2 h

	
More accurate

	
Chip314 (>1 million wells)




	
Chip316: >100 Mb

	
Chip316 (>6 million wells)




	
Chip318: >1 Gb

	
Chip 318 (>11 million wells); The number of reads is approximately 30%–40% of the available wells for each chip









The Roche 454 sequencing uses emulsion PCR to amplify target sequences. This involves the denaturation of target sequences, which are captured by amplification beads, and these are compartmentalized into water-in-oil microvesicles. Clonal expansion of the target sequence takes place during the emulsion PCR (Figure 4a) [48]. Once amplified, the water-in-oil microvesicles are broken, and the beads are placed in a picotitre plate and the sequencing performed by the pyrosequencing method [49]. This method uses luciferase to generate light when individual nucleotides that complement the template strand are incorporated into the nascent DNA, and the intensity of the light production is measured and translated to sequence data [49]. A major limitation of the 454 technology is its high error rate when the sequence contains homopolymers (consecutive instances of the same base, e.g., AAA or GGG) longer than 6 bps. The Roche 454 GS Junior platform is capable of generating >70,000 sequence reads per run by amplicon sequencing with a read length of >400 bp and a throughput of 35 Mb per run [43].
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Figure 4. Two clonal amplification methods used in MPS. (a) Emulsion PCR used by Roche 454 and IonTorrent MPS platforms. Enriched DNA products with attached adaptors (yellow and turquoise adaptors flanking the DNA sequences) are combined with beads that have one of the PCR primers tethered to its surface. The PCR amplification takes place in a water-in-oil emulsion vesicle with only one template present in each compartment. The amplicons are captured on the surface of the bead. Once amplification is complete, the emulsion compartments are broken, and the amplified products will be selectively enriched; (b) The Illumina platform uses the bridge PCR to clonally amplify its products. Enriched DNA products with attached adaptors (yellow and turquoise adaptors flanking the DNA sequences) are placed on a chip that is densely coated with both adaptor primers tethered to a solid surface. As PCR takes place, amplicons from a given template will remain tethered close to the point of origin. When the PCR is complete, each clonal cluster contains ~1,000 copies of a single template. The image is reproduced with permission from [11]. 
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The Illumina/Solexa platform (HiSeq and MiSeq) uses cluster target sequence amplification (or bridge PCR) on a solid surface (Figure 4b). The forward and reverse PCR primers are attached to a solid surface, so that products amplified from any templates will remain immobilised and clustered to a single location on the array [50]. The Illumina platform uses reversible dye terminator sequencing-by-synthesis chemistry, which involves a single base extension with a modified DNA polymerase and a mixture of four modified nucleotides during each cycle. These nucleotides are reversible terminators, meaning that a cleavable component at the 3' hydroxyl position allows only a single-base to be incorporated in each cycle, and they are also fluorescently labelled. After a single-base extension, the fluorescent output is imaged, the cleavable component is removed and the next cycle occurs [51]. The MiSeq system can generate >3.4 million single-end reads or >6.8 million paired-end reads, which enables both ends of the DNA fragment to be sequenced [43]. There are three different throughputs, which vary from sequencing library and sequence read lengths: >120 Mb (single-end sequencing with a 35-bp read length), >680 Mb (paired-end sequencing with a 100-bp read length) and >1 Gb (paired-end sequencing with a 150-bp read length) [43].



The Life Technologies IonTorrent platform uses emulsion PCR to amplify the template and uses a sequence-by-synthesis method that is similar to the Roche 454 system. Instead of detecting light production (Roche 454), however, the IonTorrent system is an ultra-sensitive pH meter that detects the release of hydrogen ions when nucleotides are incorporated during DNA synthesis [19]. The IonTorrent platform comprises a PGM sequencer and semi-conductor sequencing chip, which is a high-density array of wells where sequencing is performed [43]. Within each well an ion-sensitive layer overlaying a proprietary ion sensor. The IonTorrent PGM sequencer provides the chip with one type of nucleotide after another [43]. The number of sequence reads depends on the number of wells per chip loaded with beads attached to DNA fragments. There are three different chips, chip314, chip316 and chip318, that contain approximately 1 million, 6 million and 11 million wells, respectively. Approximately 30%–40% of the available wells are filled in a sequence run [41]. Therefore, the minimum sequence throughput is estimated to be >10 Mb (chip314), >100 Mb (chip316) and >1 Gb (chip 318) [43].





3. Downstream Data Processing


Data analysis is a critical step of MPS, and the size of the data files makes it a challenging task. Data processing can be divided into three steps: base calling and generating the base quality score; assembly and alignment; and variant calling and annotation. Each individual platform comes with its own proprietary analysis software that calls the bases and generates the quality scores. Despite the base calling algorithms being different between platforms, the quality score system is based on a Phred score [52], which relates to the base-calling error probability [52]. The sequences may need the ends trimmed to improve the sequence quality scores. The platform-specific software is a convenient method for base-calling and generating quality scores; however, there are also other base-calling programs that use more advanced software and statistical techniques [47]. These alternative programs include the incorporation of ambiguous bases into the reads and the improved removal of poor-quality bases from read ends [53]. One such software is FastQC [54]. These features have reduced read error and improved alignment [47].



As well as the base quality scores, the overall coverage of the set target should also be considered. This will provide some information about how well and how consistent the enrichment system has performed across all targeted genes [55]. For diagnostic purposes, most regions with 30× coverage should give reliable variant calling. Regions that are poorly covered (lower than average coverage or zero coverage) should be identified so that Sanger-based sequencing of these regions could be implemented [55]. The average coverage can be calculated by multiplying the read length by the number of reads and dividing by the total length of the capture.



The second step of the data analysis is to align the sequence data to a reference library. For whole genome sequencing, there is no current reference library to align against; however, as this review is focused on the use of MPS in the diagnostic environment, the targeted genes will be present in a reference library. The alignment and assembly of MPS data is more difficult than for Sanger-based sequencing data, as the read lengths are shorter for MPS. Commercially available alignment software with proprietary algorithms can perform the alignment and assembly step in a data processing pipeline, and there are also others that are available, such as BWA, MAQ, Bowtie2 and Novoalign [56,57,58,59]. Some alignment programs are better suited for variant detection (e.g., BWA and Novoalign), while others are better at detecting indels (e.g., MAQ and Bowtie) [12]. The accuracy of MPS is accomplished by sequencing a given region multiple times, with each sequence contributing to the read depth [47].



In order for MPS data to be assembled and aligned, an adequate number of overlapping reads, or coverage, needs to be achieved [47]. Theoretically, reads are randomly distributed across the captured templates; however, in practice, the coverage across the sequenced regions is variable [56]. Therefore, it is important to ensure that adequate coverage has been achieved in all regions, as inadequate coverage can cause the failure to detect actual nucleotide variations, which would lead to false-negative results for heterozygotes [57,58]. The coverage of less than 20- to 30-fold reduces the accuracy of single nucleotide variant calls in data on the Roche 454 platform [59]. For the Illumina platforms, the coverage of less than 20- to 30-fold may be enough for certain MPS applications; however, coverage depths of 50- to 60-fold may be better to improve the alignment, assembly and accuracy [60]. Once the alignment and assembly has finished, alignment maps can be generated to visualize the sequence reads in a genome browser [12].



Variant calling is the next step, and the most commonly used programs are SAMtools, GATK Unified Genotyper and SOAPsnp [61,62,63]. These programs are used to detect variants in the sequenced data with respect to the reference genome. Custom-designed or commercially available programs can also be used to call variants. From this list of variants, the single nucleotide variants that are benign changes need to be identified so that disease-causing variants can be investigated. Sanger-based sequencing is usually performed to confirm the variant. There are publicly available databases that are useful for variant annotation, such as the 1,000 Genomes Project (http://www.1000genomes.org/) and the dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP/). Commonly used alignment and variant calling software packages are listed in Table 3.
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Table 3. Computational tools for MPS data analysis. Reproduced and modified with permission from [19].
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Program

	
Functions

	
URL

	
Reference






	
Bowtie2

	
Alignment

	
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml

	
[64]




	
BWA

	
Alignment

	
http://bio-bwa.sourceforge.net

	
[65]




	
SOAP2

	
Alignment

	
http://soap.genomics.org/cn/soupaligner.html

	
[66]




	
MAQ

	
Alignment and assembly

	
http://maq.sourceforge.net

	
[67]




	
Novoalign

	
Alignment

	
http://www.novocraft.com

	
[68]




	
SAMtools

	
Variant calling

	
http://samtools.sourceforge.net

	
[62]




	
VARiD

	
Variant calling

	
http://compbio.cs.utoronto.ca/varid

	
[69]




	
VarScan2

	
Variant calling

	
http://varscan.sourceforge.net

	
[70]




	
GATK Unified Genotyper

	
Variant calling

	
http://www.broadinstitute.org/gatk/index.php

	
[61]




	
SOAPsnp

	
Variant calling

	
http://soap.genomics.org.cn/soapsnp.html

	
[63]









Possible disease-causing variants need to be classified as pathogenic, benign or of unknown clinical significance. There are many publicly or commercially available tools and databases that can be used for this, which are listed in Table 4. The software can be divided into two categories: missense tools and splice-site tools. The missense tools are used to predict whether the change in an amino acid caused by a missense mutation will affect protein function. The software can be further divided into those that use sequence and evolutionary conservation-based methods, protein sequence and structure-based methods or supervised learning methods (Table 4). The splice-site tools predict whether a variant will affect the splicing of the transcript if the variant is close to known splice sites or might activate cryptic splice sites, thereby causing incorrect splicing to occur.



As already stated, missense mutations cause a change in amino acids, and these comprise approximately 5% of the Human Gene Mutation Database (HGMD); about 55% of these are “disease-associated” [71], which shows the importance of missense mutations in affecting the normal function of proteins [72]. The sequence and evolutionary conservation-based methods of protein analysis are based on the evolutionary conservation of the amino acids within protein families, such that highly conserved amino acids are intolerant to substitution, and positions with a lower degree of conservation are more tolerant to change [72]. These methods use multiple sequence alignments to determine highly conserved regions; however, they are highly sensitive to the multiple sequence alignment that the user provides [73]. The protein sequence and structure-based methods consider the protein structure and whether a missense mutation will disrupt the overall integrity of the protein. However, some of the resources for these methods require a good understanding of structural information in order to interpret the results [73]. In contrast, supervised-learning methods use algorithms, such as neural networks, that can be “trained” to distinguish pathogenic variants from non-pathogenic variants [73]. This requires a large collection of both pathogenic and non-pathogenic variants to “train” the program. Once this has been achieved, then a query variant could be analysed using the parameters it has “learned” to determine whether the variant is pathogenic or not [73]. The requirement for large datasets of variants poses a problem.



As these are predictive tools, the results should be carefully considered. Each method has its advantages and disadvantages, so it is good practice to use a variety of resources from the different methods to assess a candidate variant. However, this last step is time-consuming, as the same variant needs to be assessed by different programs.



Downstream MPS data analysis is a challenge due to the large volume of data that is produced, which must be managed and stored, so this needs to be considered when using this technique in a diagnostic environment. Despite there being many commercially and publicly available software, all tools have their limitations, due to the different data provided by the different MPS platforms, the different reference sequences used for alignments and the different databases used for variant annotation and filtering [19]. Therefore, the use of existing tools for diagnostic screening should be evaluated for the specific needs. The minimum depth of coverage required for assays and the thresholds for data quality need to be determined when validating the assays.
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Table 4. Resources for predicting mutant protein function and variant interpretation (as listed on http://www.ngrl.org.uk/Manchester/projects/bioinformatic-tools).
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Type

	
Program

	
URL






	
Missense tools

	
Sequence and evolutionary conservation-based methods

	
SIFT [72]

	
http://sift.jcvi.org




	
Align-GVGD [74]

	
http://agvgd.iarc.fr/index.php




	
Mutation assessor [75]

	
http://mutationassessor.org/v1




	
PANTHER [76]

	
http://www.pantherdb.org/tools/csnpScoreForm.jsp




	
MAPP [77]

	
http://mendel.stanford.edu/SidowLab/downloads/MAPP/index.html




	
PROVEAN [78]

	
http://provean.jcvi.org/index.php




	
Protein sequence and structure-based methods

	
Polyphen-2 [79]

	
http://genetics.bwh.harvard.edu/pph2




	
LS-SNP/PDB [80]

	
http://ls-snp.icm.jhu.edu/ls-snp-pdb/




	
SNPeffect [81]

	
http://snpeffect.switchlab.org/




	
Protein stability-based methods

	
MUpro [82] (http://www.ics.uci.edu/~baldig/mutation.html)




	
FoldX [83] (http://foldx.crg.es/)




	
PoPMuSiC [84] (http://babylone.ulb.ac.be/popmusic/)




	
SDM [85] (http://www-cryst.bioc.cam.ac.uk/~sdm/sdm.php)




	
Supervised-learning methods

	
PMUT [86]

	
http://mmb2.pcb.ub.es:8080/PMut/




	
 [image: Medsci 02 00098 i001] [87]

	
http://www.rostlab.org/services/SNAP/




	
 [image: Medsci 02 00098 i002] [88]

	
http://gpcr2.biocomp.unibo.it/cgi/predictors/PhD-SNP/PhD-SNP.cgi




	
 [image: Medsci 02 00098 i003] [89]

	
http://snps.uib.es/snps-and-go/




	
Parepro [90]

	
http://www.mobioinfor.cn/parepro/contact.htm




	
CanPredict [91]

	
http://www.cgl.ucsf.edu/Research/genentech/canpredict/index.html




	
nsSNPAnalyzer [92]

	
http://snpanalyzer.uthsc.edu/




	
 [image: Medsci 02 00098 i004] [93]

	
http://mutpred.mutdb.org/




	
Hansa [94]

	
http://hansa.cdfd.org.in:8080/




	
 [image: Medsci 02 00098 i005] [95]

	
http://www.mutationtaster.org/




	
 [image: Medsci 02 00098 i006] [96]

	
http://folding.biofold.org/i-mutant/i-mutant2.0.html




	
Splice-site tools

	
GeneSplicer [97]

	
http://www.cbcb.umd.edu/software/GeneSplicer/gene_spl.shtml




	
Human Splice Finder [98]

	
http://www.umd.be/HSF/




	
MaxEntScan [99]

	
http://genes.mit.edu/burgelab/maxent/Xmaxentscan_scoreseq.html




	
NetGene2 [100]

	
http://www.cbs.dtu.dk/services/NetGene2/
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http://www.fruitfly.org/seq_tools/splice.html




	
ESEFinder [102]

	
http://rulai.cshl.edu/cgi-bin/tools/ESE3/esefinder.cgi?process=home
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http://wangcomputing.com/assp/index.html




	
Databases

	
HGVS

	
http://www.hgvs.org/mutnomen




	
RefSeq

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




	
 [image: Medsci 02 00098 i010] [105]

	
http://www.biobase-international.com/product/hgmd








Resources in blue font are used for publication purposes, and those that are bold and blue are used for publication purposes and routinely used in our diagnostic laboratory.







False Positive Variants


False positives can be a major problem when using MPS, and this can be due to shorter reads not aligning well or properly and sequencing errors [12]. Shorter reads can align to paralogous or repetitive regions. The human genome assembly is also not perfect, and there are gaps and misassemblies that can cause the MPS reads to misalign [106,107]. Longer read-lengths and using paired-end reads can address this problem [12]. Sequencing errors causing false positive single nucleotide variants can be caused by the wrong nucleotides being incorporated during PCR amplifications or sequence detection errors. The former error can be due to duplicate reads; however, duplicate reads are routinely removed at the analysis step [12].





4. Challenges and Limitations of MPS


As mentioned previously, a large volume of data is produced from a single MPS run. Many research facilities that use MPS have access to, or employ, their own bioinformatic specialists, who handle the data analysis and data storage. Establishing a semi-automated data analysis pipeline should make data analysis more efficient for the diagnostic environment. Many of the programs mentioned earlier that are used in downstream data analysis are online, and it is time consuming to go through each program individually to investigate sequence variants that may be novel (not lodged in any mutation database or described in the literature). A program that can access all of these programs simultaneously should reduce some of the data analysis time.



As MPS is still a relatively new technique, the use of this technology in a diagnostic environment is still a challenge and requires stringent validation. The problem of uneven coverage and uneven sequencing depth remains a concern for implementing MPS in the diagnostic field. While Sanger-based sequencing can provide “patches” if a small number of regions are poorly covered by MPS, this should be viewed as the less favourable option compared to developing improvements in sequence capture.




5. Validation of MPS Method for Diagnostic Use


Before the MPS method can be used as a test in the diagnostic environment, stringent validation tests must be satisfied. The evaluation of the analytical performance of an MPS run should include the depth of coverage, the uniformity of the distribution of read coverage, insufficiently covered regions/bases, the quality of base calls and the ability to detect large deletion events [44].



The validation process should include an evaluation of the platform that is used and the downstream data analysis [108]. Platform validation establishes the performance of the sequencing platform and the different variants that can be detected by the assay [109]. Downstream data analysis validation establishes the software parameters required to accurately read sequence data and to detect the variants [109]. These validation steps should establish the sensitivity, specificity and limitations of a particular assay.




6. MPS for Sudden Cardiac Death Screening


We have identified 81 genes implicated in inherited cardiac disorders linked to sudden cardiac death that could comprise an MPS panel for molecular autopsy in such cases. The analysis of the variants detected in each gene would require an appropriate automated filtering process to distil the number of variants down to reasonable candidates that would at least require confirmation by Sanger-based sequencing. This task is time consuming, so a more limited gene list may provide a way forward, where only those genes that are likely to carry a sequence-detectable mutation could be screened. Our own studies have suggested that a list of 23 genes could comprise a clinically relevant panel to screen for mutations implicated in six heritable cardiac disorders associated with sudden cardiac death (Table 5). The inclusion criterion for a gene in this panel (Figure 5) is if there is mutation incidence of at least 1%. While AVRC (arrhythmogenic right ventricular cardiomyopathy) was previously mentioned as one of the causes of SCD, there is not enough evidence showing that there is a high incidence of these genes being the cause of SCD; therefore, it has not been included in the 23 genes screen. If a patient sample still remains genotype-negative after screening this gene list, then screening the remaining cardiac-associated genes could be the next step (tier one testing; Figure 5). This strategy would allow a small diagnostic laboratory to offer MPS services to its local cardiology community, while making the MPS workload and data analysis manageable. Depending on what enrichment system is being implemented, copy number variants (CNV, deletions and duplication) may not be detected. However, as enrichment systems improve, CNVs should be detectable in patient samples without the use of a dedicated microarray assay to complement a sequence-based approach.



For a larger laboratory, patients who remain genotype-negative after screening with the full disease-specific gene list could proceed to WES (tier two testing; Figure 5). This would be a gene discovery task, and a larger laboratory would have more resources that could be dedicated to this. The necessary caveat to this approach is that improvements in capture technology, data analysis and sequencing costs may make the tier one type of screens redundant in that all samples could be processed following a generic WES approach with downstream bioinformatic filtering, allowing targeted genes to be analysed (Figure 6). Currently, there are two studies that have used WES to determine the gene mutation responsible for the cause of SCD [109,110]. After WES enrichment, both studies filtered the data to only show unique variants that are found in only cardiac-related genes. The process involved setting up three filters after an annotated list of all possible single nucleotide variants (SNVs) and indels is generated. The first filter excludes all non-coding and synonymous variants, which are DNA nucleotide changes that do not alter the amino acid sequence of the protein (Figure 6). The second filter is the gene-specific filter. In the case of SCD screening in our own laboratory, non-synonymous variants that are found in genes listed in Table 5 would be included. The third filter involves sorting through the gene-specific variants to find those that may be pathogenic. If a variant is not present in a large panel of ethnically-matched controls and three of the publicly available exome databases, then it can be considered possibly pathogenic [111]. These databases include the 1000 Genomes Project [112], the National Heart, Lung and Blood Institute Grand Opportunity Exome Sequencing project (NHLBI GO Exome Project) [113] and the 12,000-gene Exome Chip Design [114]. Using this approach, all patient samples can be processed through the same pipeline with a different set of filters used for different disorders.
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Figure 5. Diagrammatic representation of the different “tiers” used for molecular diagnostic screening. Tier 1 testing can be conducted by a small diagnostic laboratory, where patients are first screened using the incidence gene list. If a patient still remains genotype-negative, then the patient can be screened using the disease gene list, where all known disease associated genes are screened. Tier 2 testing is better suited for a larger diagnostic laboratory, where patient samples are first screened using the full disease gene list. If a patient still remains genotype-negative, then the patient can have their whole exomesequenced. This will be a gene discovery task. The green background represents the numberof genes that will be screened in each of the three tests with the incidence gene list screening the smallest proportion of genes and whole exome sequencing screening all of the genes. 
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Figure 6. General overview of the three different filters used for the whole exome sequencing approach for sudden cardiac death variant screening. 
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MPS is a new technology that will make diagnostic screening increasingly more efficient and cost effective. Critically, we consider that improvements in data analysis will be essential in order to facilitate the full implementation of MPS in the diagnostic environment.
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Table 5. The list of high incidence genes associated with five heritable cardiac disorders associated with sudden death.
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Gene

	
Description

	
HCM

	
DCM

	
BrS

	
LQT

	
SQT

	
CPVT






	
BAG3

	
BAG family molecular chaperone regulator 3

	

	
2%–4% [115]

	

	

	

	




	
CACNA1C

	
Voltage-dependent L-type calcium channel, α1c subunit

	

	

	
6%–7% [116]

	
Rare [117]

	
Limited data [118]

	




	
CACNB2

	
Voltage-dependent L-type calcium channel, β2 subunit

	

	

	
4%–5% [116]

	

	

	




	
CASQ2

	
Calsequestrin-2 precursor

	

	

	

	

	

	
1%–2% [119]




	
GLA

	
α-galactosidase A precursor

	
0.5%–3% [120,121]

	

	

	

	

	




	
KCNA5

	
Potassium voltage-gated channel subfamily A, member 5

	

	

	

	

	

	




	
KCNE1

	
Potassium voltage-gated channel subfamily E, member 1

	

	

	

	
Rare [117]

	

	




	
KCNE2

	
Potassium voltage-gated channel subfamily E, member 2

	

	

	

	
Rare [117]

	

	




	
KCNH2

	
Potassium voltage-gated channel subfamily H, member 2

	

	

	

	
25%–30% [117]

	
Limited data [118]

	




	
KCNQ1

	
Potassium voltage-gated channel subfamily Q, member 1

	

	

	

	
30%–35% [117,122]

	
Limited data [118]

	




	
LMNA

	
Lamin A/C

	

	
4%–8% [115]

	

	

	

	




	
MYBPC3

	
Myosin-binding protein C, cardiac-type

	
15%–30% [123,124 ]

	
2%–4% [125 ,126]

	

	

	

	




	
MYH6

	
Myosin heavy-chain 6

	
Rare [127 ]

	
4% [126 ]

	

	

	

	




	
MYH7

	
Myosin heavy-chain 7

	
15%–30% [123,124]

	
4% [125,128]

	

	

	

	




	
MYL2

	
Myosin regulatory light chain 2

	
<2% [123,124 ]

	

	

	

	

	




	
RBM20

	
RNA-binding motif protein 20

	

	
3%–6% [115]

	

	

	

	




	
RYR2

	
Ryanodine receptor 2

	

	

	

	

	

	
50%–55% [119]




	
SCN1B

	
Sodium channel protein type 1, β subunit

	

	

	
1%–2% [116]

	

	

	




	
SCN5A

	
Sodium channel protein type 5, α subunit

	

	
1%–2% [115]

	
11%–18% [116]

	
5%–10% [117]

	

	




	
TNNI3

	
Troponin I type 3, cardiac type

	
<2% [123, 124]

	
Rare [125,126]

	

	

	

	




	
TNNT2

	
Troponin T type 2, cardiac type

	
2%–5% [123 ,124]

	
3% [125,128]

	

	

	

	




	
TPM1

	
Tropomyosin α1

	
2% [123, 124]

	
1%–2% [115,125,126]

	

	

	

	




	
TTN

	
Titin

	
Rare [127]

	
15%–25% [115]

	

	

	

	




	
SCN5A

	
Sodium channel protein type 5, α subunit

	

	
1%–2% [115]

	
11%–18% [116]

	
5%–10% [117]

	

	




	
TNNI3

	
Troponin I type 3, cardiac type

	
<2% [123,124 ]

	
Rare [125 ,126]

	

	

	

	




	
TNNT2

	
Troponin T type 2, cardiac type

	
2%–5% [123 ,124]

	
3% [125,128]

	

	

	

	




	
TPM1

	
Tropomyosin α1

	
2% [123 ,124]

	
1%–2% [115,125,126]

	

	

	

	




	
TTN

	
Titin

	
Rare [127 ]

	
15%–25% [115]

	

	

	

	








HCM, hypertrophic cardiomyopathy; DCM, dilated cardiomyopathy; BrS, Brugada syndrome; LQT, long QT syndrome; SQT, short QT syndrome; CPVT, catecholaminergic polymorphic ventricular tachycardia. Rare mutations are found in <1% cases. As SQTS is rare, data on its prevalence and demographics are limited [118]. Dark blue represents genes with the highest incidence rates for each disorder (for LQT, the top three most prevalent genes have been highlighted); blue represents genes with medium incidence rates for each disorder; light blue represents genes that are rare.








7. Conclusions


The implementation of MPS will make molecular diagnostic testing more efficient and cost effective; however, there are still many issues that need to be addressed before this new technique will run smoothly in a diagnostic environment. As improvements on the chemistry, computational and bioinformatic analysis behind MPS improve, the issues mentioned in this review will be resolved and the adaptation of this new technique will be beneficial to patients.
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