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Application of Next Generation Sequencing to

Molecular Diagnosis of Inherited Diseases

Wei Zhang, Hong Cui, and Lee-Jun C. Wong

Abstract Recent development of high throughput, massively parallel sequencing

(MPS or next generation sequencing, NGS) technology has revolutionized the

molecular diagnosis of human genetic disease. The ability to generate enormous

amount of sequence data in a short time at an affordable cost makes this approach

ideal for a wide range of applications from sequencing a group of candidate genes,

all coding regions (known as exome sequencing) to the entire human genome.

The technology brings about an unprecedented application to the identification of

the molecular basis of hard-to-diagnose genetic disorders. This chapter reviews the

up-to-date published application of next generation sequencing in clinical molecu-

lar diagnostic laboratories. We also emphasize the various target gene enrichment

methods and their advantages and shortcomings. Obstacles to compliance

with regulatory authorities like CLIA/CAP in clinical settings are also briefly

discussed.
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Molecular diagnosis, Next generation sequencing (NGS), Target gene enrichment
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1 Introduction

Over the past 20–30 years, DNA sequencing by the Sangermethod has been regarded as

the gold standard for the identification of aberrantDNAsequence changes (mutations, in

genetic terms) to support a genetic disease diagnosis [1]. For single gene disorders with

clear clinical/biochemical indication and/or knownmutation hot spots, Sanger sequenc-

ing of the target region is an accurate and cost effective way to obtain a definitive

molecular diagnosis. However, the selection of candidate gene(s) for sequence analysis

is extremely difficult, as most inherited disorders exhibit genetic and clinical heteroge-

neity. Thus, it often takes a long time to obtain the rightmolecular diagnosis by stepwise

sequencing the probable causative genes with consequent high cost and anxiety for the

patient’s family. An example of an extreme situation is the diagnosis of mitochondrial

disorders, for which there are significant clinical overlaps and over 1,300 genes are

responsible [2–5]. In recent years, owing to the fast development of a variety of

sequencing technologies in the post human genome project era, large scale sequencing

such as (1) a group of target genes, (2) all of protein coding regions of the human

genome, and (3) even the whole human genome have become a reality [6–12]. Next

Generation Sequencing (NGS) orMassively Parallel Sequencing (MPS) offers a way to

detect mutations in many different genes in a cost and time efficient manner through

their ability to generate deep coverage of the target sequences [13–19].

Various sequencing platforms using different sequencing chemistry have been

developed [20]. The three major currently commercially available platforms that

produce gigabases of output are Illumina’s sequencing by DNA synthesis, Roche’s

454 by pyro-sequencing, and ABI SOLiD by oligonucleotide ligation [21–24].

There are also platforms for smaller scale sequencers, such as Ion Torrent, which

is based on semiconductors to detect protons generated by polymerase reactions

[25], single molecule sequencing by Helicos Helioscope [26], and Pacific

Bioscience’s single molecular real time (SMRT) instrument [27, 28].

Regardless of the chemistry and platforms, these methods share one common

principle, which is to sequence numerous spatially separated genomic regions in a

massively parallel manner [13, 20, 29]. The detailed chemistry, sequencing

principles, their hardware, and their advantages and pitfalls are beyond the scope

of this chapter but are discussed in chapter 1 of this book.
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The MPS approaches have been successfully applied to many different research

studies to identify new disease genes [30], mutations in non-coding regions

[31–34], and epigenetic changes in the whole genome [35, 36]. Similar approaches

have been applied to molecular diagnosis of inherited disorders, particularly com-

plex diseases with heterogeneous clinical phenotype and multiple underlying

genetic causes [37–40]. However, it is still not economically feasible and is

technically demanding to sequence the 3 � 109 base pairs of the whole human

genome. Therefore, in the context of clinical applications, it is often desirable to

capture or enrich a group of genes known to be responsible for a certain type of

clinical phenotypes, followed by MPS. Good examples are genes causing cardio-

myopathy or mitochondrial respiratory chain disorders [38, 40]. Therefore,

depending on the amount of sequence to be analyzed, the purpose of the analysis,

and the available sequencing platforms, the method of target gene enrichment may

vary greatly. In addition, in order to use newly developed MPS tests for clinical

diagnosis, stringent validation and quality control procedures need to be instituted

in compliance with regulating authorities, such as CAP or CLIA to assure quality of

service [41–43]. It is likely that all laboratory-developed tests (LDTs) will be

subjected to regulation in the near future in many developed countries [44].

In this chapter we will review the reported clinical applications of MPS to the

molecular diagnosis of inherited disorders, various gene enrichment methods,

potential pitfalls, necessary quality control procedures, and remaining obstacles

for comprehensive genomic analysis using MPS.

2 Current Clinical Application of MPS

A review of the recent publications on the introduction ofMPS technology into clinical

practice has revealed the broad utility of this novel technology in the molecular

diagnosis of a variety of human genetic disorders (Table 1). The clinical applications

vary from single gene disorders such as neurofibromatosis Type 1 (NF1), Marfan

syndrome (MFS), and spastic paraplegia [45–47] to diseases caused by a group of

related genes such as hypertrophic cardiomyopathy and congenital disorders of glyco-

sylation (CDG) [38, 39, 48]. MPS has also been applied to multi-gene disorders

including X-linked intellectual disability (XLID) and retinitis pigmentosa [37, 49] as

well as defined disorders without identified genetic causes [9, 52, 53]. Various gene

enrichmentmethodswere employed (Table 2) dependingon the purpose of application.

2.1 Target Gene(s) Sequencing in the Clinical Setting

MPS has been applied to assist with molecular diagnosis of well-defined disorders

caused by a group of genes. In order to sequence specifically the regions of interest,

these target genes need to be enriched tens of thousands of times or more to avoid

the interference of the remaining bulk of the genome. Depending on the amount of

target sequences, the enrichment method may vary.

Application of Next Generation Sequencing to Molecular Diagnosis 21
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2.1.1 Examples of Single Gene Disorders and the Target

Enrichment Approach

Neurofibromatosis Type 1 (NF1)

Neurofibromatosis type 1 is an autosomal dominant disorder caused by mutations in

the NF1 (17q11.2) gene. It is one of the most commonly inherited genetic disorders

with an estimated prevalence of 1 in 3,000 individuals [56]. Molecular defects in the

Table 2 Comparison of different gene enrichment methods

Method Target size Throughput Automation

adaptability

Advantage Disadvantage

PCR-based enrichment (commercial platform)

Regular PCR/

multiplex

Small Low Yes Simple, straight

forward

Flexible in

optimizing

conditions

Cost-inefficient

Limited target

size

Array PCR

(Fluidigm)

Small to

medium

Low No Cost-efficient

reactions

Easy to perform

Uniform PCR

condition

High cost in

synthesizing

primers

Varied

amplification

efficiency

Fixed format

Microdroplet

PCR

(RainDance)

Medium Low Yes Up to 20,000

amplicons

Relatively equal

amplification

efficiency

High cost in

synthesizing

primers

Varied

amplification

efficiency

Need special

equipment

Less flexibility

Capture-based enrichment

Oligonucleotide

array-based

capture

Medium to

high

Low No Target size is

expandable

Low cost per

gene

Need one extra

step to elute

the captured

DNA

Need special

equipment

Missing GC rich

regions

Oligonucleotide

Solution-based

capture

Medium to

high

High Yes Target size is

expandable

Low cost per

gene

Easy for

automation

Cost-inefficient

for small

target region

Missing GC rich

regions
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NF1 gene include a variety of mutation types from point mutations and small indels to

large complex rearrangements [57]. In addition, the presence of pseudogene

complicates the sequencing analysis of the target gene. A new molecular analysis

was carried out with a microarray based target gene capture and enrichment method,

followed byMPS [45]. In this report, DNA samples from two patients with a definitive

diagnosis of neurofibromatosis type 1 and known NF1mutations were analyzed. The

282 kb NF1 gene region was fragmented and captured on an array containing specific

oligonucleotide probes followed by sequencing using Roche (454) Genome

Sequencer FLX system. About 59% of mapped reads were localized to the targeted

NF1 loci on chromosome 17 in both cases with a depth of coverage >30X. After

filtering out the false positive calls introduced by low sequencing coverage, and

manual removal of pseudogene, an Alu sequence insertion and a frame-shift single

base deletion were identified in each of the two patients respectively. However, only 3

out of 17 and 3 out of 9 identified variants in each of these two samples respectively

were confirmed by Sanger sequencing [45]. It indicated that sequence variants

identified by MPS might have a high percentage of false positives.

Marfan Syndrome

MPS has also been applied to the molecular diagnosis of MFS [46]. MFS is a

common (1 in 5,000) autosomal dominant connective tissue disorder, characterized

by tall stature with long limbs, dislocated lens, and severe cardiovascular manifes-

tation including aorta aneurysms [58, 59]. The majority of mutations causing MFS

are missense, nonsense, and small insertion/deletions in the FBN1 gene encoding

the fibrillin-1 protein. Due to the large number of exons, sequencing by PCR/Sanger

is very time consuming and costly. Baetens et al. developed a multiplexed PCR

based-MPS approach to sequence simultaneously all exons in 87 samples [46]. In

addition to FBN1, transforming growth factor beta receptor genes TGFBR1 and

TGFBR2 are also included. A total of 117 amplicons were amplified in 17 multiplex

PCR sets, each containing 4–11 amplicons and sequencing was performed on the

Roche (454) Genome Sequencer FLX system. Five samples from known patients

diagnosed with MFS or LDS (Loeys–Dietz Syndrome) were selected for a pilot

study, which confirmed 23 out of the total 25 calls made by Sanger sequencing,

leaving 2 variants unidentified due to low coverage. Additionally, 20 false positive

variants were called, all residing in homopolymeric regions. Consequently, to rule

out false positives, 13 homopolymer regions were sequenced by the Sanger method

separately. Subsequent analysis of 87 patients with typical MFS identified 75 FBN1
mutations by MPS, equivalent to an 86% (75/87) detection rate.

Hereditary Spastic Paralegias

Hereditary spastic paralegias (HSPs) are a group of inherited neurodegenerative

disorders characterized by weakness and spasticity in the lower limbs. They are

Application of Next Generation Sequencing to Molecular Diagnosis 25



genetically heterogeneous and at least 46 genetic loci have been identified so far,

showing autosomal dominant, autosomal recessive, or X-linked form of inheritance

[60]. In the study carried out by Schlipf and coworkers, 2 genes, CYP7B1 (SPG5)
and SPG7, that are involved in the autosomal recessive form of HSP, were

evaluated in 187 patients using MPS [47]. Target gene regions were enriched by

an array based microfluidic chip amplification method (Fluidigm) followed by next-

generation pyro-sequencing using the Roche (454) Genome Sequencer FLX sys-

tem. Results from two independent runs showed that 80% of the exons were

covered at more than 20X. The remaining poorly covered regions were analyzed

by Sanger sequencing separately. Mutations were identified in a total of ten

patients: three with SPG5 mutations and seven with SPG7 mutations.

2.1.2 Panels of Target Genes for a Disease that Could Be Caused by

Mutations in One of Many Potentially Responsible Genes

Dilated Cardiomyopathy

Dilated cardiomyopathy (DCM) is a group of genetically heterogeneous disorders

with more than 30 genes identified so far. For three decades, Sanger sequencing of

the genes one-by-one has been used, but this is expensive, and time consuming.

Resequencing arrays has been considered as an alternative method, but it is well

known that they cannot reliably detect insertions and deletions or mutations in high

GC rich regions. Additionally, if there were a need for revision in the original

design, the cost of making a small change is not economical for most laboratories.

Thus, it is impractical to expand quickly the array content as new genes are

discovered [61, 62]. These obstacles are likely to be solved by the newly developed

MPS technologies that allow simultaneous sequencing of a large number of genes.

Gowrisankar and coworkers applied this method to analyze a subset of 19 genes

(ABCC9, ACTC, ACTN2, CSRP3, CTF1, DES, EMD, LDB3, LMNA, MYBPC3,
MYH7, PLN, SGCD, TAZ, TCAP, TNNI3, TNNT2, TPM1, and VCL) known to cause
DCM. The target coding exons were amplified by the PCR method and their

products were pooled for library construction [38]. Five samples with known

mutations were validated by this method on the Illumina Genome Analyzer II

(GAII), a first generation MPS platform. Results were compared to those of Sanger

sequencing and an array-based resequencing chip [38].

An estimated false positive rate of 10.8% and false negative rate of 3.4% were

observed. Exons with poor coverage were clearly noticeable, which was the pri-

mary reason for missing calls (false negative). The importance of confirmation by a

second method to remove the false positive variant calls was emphasized. About

9.3% (23 out of 246) of poorly covered amplicons required Sanger sequencing to

minimize the percentage of missed calls. The authors concluded that even though

the quality of MPS based testing for the set of 19 genes related to DCM is better

compared to the array based re-sequencing method, but the cost associated with test

setup and the turnaround time need to be improved before implementing as a

26 W. Zhang et al.



routine clinical testing [38]. At the time of writing this review, clinical MPS DCM

testing has been already available from a few clinical laboratories.

Congenital Disorders of Glycosylation

The congenital disorders of glycosylation (CDG) are a group of diseases caused by

molecular defects in more than 30 genes involved in the N-linked glycosylation

pathway [63]. New underlying genetic causes for CDG are continuously being

discovered [64, 65]. The prevalence of CDG is estimated to be 1 in 20,000. The

disease is usually devastating [63, 66]. Approximately 40% of CDG patients do not

have a definitive molecular diagnosis, which is required for the prenatal diagnosis

for the affected families. A newly developed MPS-based method was designed to

analyze a panel of 24 genes (ALG2, ALG3, ALG6, ALG8, ALG9, ALG12,
ATP6V0A2, B4GALT1, COG1, COG7, COG8, DOLK, DPAGT1, DPM1, GNE,
MGAT2, MOGS, MPDUI, MPI, PMM2, RFT1, SLC35A1, SLC35C1, and TUSC3)
known to cause CDGs [48].

A total of 215 coding exons were enriched by two different PCR methods: the

microdroplet-based PCR (RainDance, RD) with custom designed primers and

multiplex PCR by the microfluidic chip (Fluidigm, FD) with in-house designed

primers. PCR products were pooled and subjected to ABI SOLiD library prepara-

tion and sequencing by ligation [24].

Twelve samples from patients with a known diagnosis of CDG were sequenced

for validation using the methods described above. The results showed that about

26–32% of the total variant calls appear to depend on the target enrichment

methods. A total of 455 and 616 variants were called by RD and FD methods,

respectively. After filtering the data to eliminate the low coverage and low quality

calls, 85% and 94% of the unique variants called by the RD and FD, respectively,

were likely false positives. In contrast, only 27% of the variants called by both

methods were likely not real. About 28 exons (ca. >10% library failure rate) had

low or no coverage, which required Sanger sequencing to fill these gaps. The false-

negative rate could not be determined due to the lack of DNA [48].

This 24 CDG gene analysis demonstrated the cost-effectiveness of highly

multiplexed analysis vs the conventional step-wise single gene approach. The

authors also emphasized the importance of verification of all clinically significant

variants by Sanger sequencing [48].

Retinitis Pigmentosa

Similar to DCM and CDG, retinitis pigmentosa (RP) is also a group of genetically

diverse diseases caused by mutations in any one of more than 40 known genes.

Diagnosis of RP is complicated by the lack of clear clinical indication for a specific

genetic defect. This disease can be inherited as autosomal dominant, autosomal

recessive, or X-linked. About 50% of all patients with RP are sporadic simplex
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cases and it is clinically difficult to pinpoint the causal genes for molecular

diagnosis [67]. The recent development of MPS overcomes these obstacles.

Oligonucleotide DNA probes for a total of 681 coding exons encompassing

359 kb regions of a panel of 45 RP genes were printed onto a custom-designed

solid-phase capture array [49]. Target sequences of DNA samples from five patients

with RP were enriched by array capture followed by MPS using Genome Analyzer

II with 40 bp single end reads [49].

This study identified one patient with compound heterozygous missensemutations

in the CRB1 gene, a second patient with a known homozygous missense mutation in

the PDE6B gene, and a third patient with a homozygous novel missense variant in

the CNGB1 gene that is predicted to be deleterious. Although predicted deleterious

variants were found in the remaining two patients, due to non-segregation of these

variants with the disease the molecular diagnosis could not be confirmed.

In this study, if one sample was analyzed in one lane of the flow cell, the mean

coverage was 486X with 99% regions covered at >20X, compared to the mean

coverage of 98X and 88% regions with >20X coverage by pooling four samples. A

total of 582 variants were detected, 150 of them novel. Only the possibly patho-

genic variants were verified by Sanger sequencing. The data were not sufficient to

establish false positive and false negative rates. The authors emphasized the

importance of achieving the requirement of >15X coverage in at least 90% of

target regions as a clinical standard and also suggested outsourcing as an alternative

to lower the cost [49].

X-Linked Intellectual Disability

As much as 2–3% of the general population meets clinical criteria of intellectual

disability. XLID is very heterogeneous. More than 100 XLID genes have been

identified, which account for only a portion of families with unambiguous XLID

[68]. Using MPS, analysis of a panel of 86 XLID genes has been offered as a

clinical molecular test in order to improve the detection rate.

The target regions of the 86XLID genes of 24 unrelated patients, each from a large

XLID family, were enriched bymicrodroplet-based multiplex PCR (RainDance) with

custom designed primer sets for 1,912 amplicons; MPS was performed on Illumina

GA II [37].

This amplicon-based approach revealed that 88.5% of targeted regions were

covered with a median coverage of 249X. Between 87.9% and 99.5% of targeted

regions were covered by sequence reads with a base quality score�30 at a minimal

coverage of 2X [37]. It was reported that 131 out of 1,912 amplicons cannot be

unambiguously mapped, and 34 amplicons failed to amplify, corresponding to an

8.6% failure rate.

The most noticeable is the large variations (from 12.2% to 57.4%) in the

percentage of reads mapped to the targeted regions. The authors attributed the

variation to different amplification efficiencies in different samples. In addition to

three known positive controls in the 24 samples, deleterious mutations were
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identified in 7 additional patients, with a detection rate of 33% (7/21). Nevertheless,

the authors considered this method to be robust and usable as a screening test for

XLID [37].

2.1.3 Sequencing the Mitochondrial Genome and Autosomal Genes

Coding for Mitochondrial Proteins

In addition to 23 pairs of nuclear chromosomes, each human cell contains hundreds

to thousands of copies of the mitochondrial genome. The human mitochondrial

genome is a 16.6-kb circular double stranded DNA encoding 37 genes: 22 tRNA,

2 rRNA, and 13 mRNAs for 13 respiratory chain complex protein subunits.

Mutations in mitochondrial DNA (mtDNA) cause a broad clinical spectrum of

respiratory chain disorders with the tissues of high energy demand such as brain and

muscle preferentially affected [69]. Disease severity depends on the degree of

mutation heteroplasmy in the affected tissues [69]. Therefore, diagnosis of

mtDNA disorders must not only identify the disease causing mutations but also

quantify the mutation heteroplasmy. Since accurate quantification of mutation

heteroplasmy is important in disease prognosis and outcome, MPS needs to provide

sufficiently deep coverage for the measurement of heteroplasmy at every single

nucleotide position.

A pilot study using MPS technology has been conducted to investigate the

possibility and feasibility of mtDNA sequencing using the MPS approach [50,

70]. The entire 16.6-kb mtDNA genome was amplified with two overlapping

fragments followed by sequencing with the Illumina Genome Analyzer GAII.

The authors demonstrated the ability of MPS to detect reliably mtDNA

heteroplasmy down to 5% level and with high sensitivity but poor specificity for

variant detection. This method had the advantages of cost effectiveness and fast

turnaround time, but cannot detect large mtDNA deletions or mtDNA copy number

variation and may include incorrect mtDNA heteroplasmy at certain nucleotide

positions. Cui et al. have recently developed a one-step comprehensive analysis of

mtDNA by MPS that provides accurate detection of point mutations at every single

nucleotide position of the entire mitochondrial genome and determination of large

deletions with deletion heteroplasmy and exact breakpoints [71].

Mitochondrial Disorders: Diseases of the Two Genomes

Mitochondrial disorders are a group of complex diseases that can be caused by

mutations in both nuclear and mitochondrial genomes. More than 99% of the

proteins involved in mitochondrial biogenesis and functions are encoded by an

estimated 1,300 nuclear genes. These features of heterogeneous but overlapping

clinical presentations and thousands of possible underlying genetic loci make the

diagnosis of mitochondrial disorders the most difficult among all inherited

disorders [69, 72–75]. The ability of MPS technology to sequence thousands of
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different genes with deep coverage is an attractive solution to the diagnosis of

complex mitochondrial disorders.

A proof-of-concept study was carried out by using a microarray based capture

method to enrich the mtDNA genome and 362 nuclear genes related to mitochon-

drial disorders, followed by sequence analysis on an Illumina Genome Analyzer

GAII [40]. Their results showed that more than 94% of the targeted regions were

sequenced at a coverage of about 45X for the nuclear genes. Two known mutations

in the positive controls were identified correctly. The coverage depth is approxi-

mately 4,000X for mtDNA [40].

In this study about 5% of the target regions were not covered, and about 6–10%

of the variants identified were novel, which required Sanger confirmation. The

authors commented that the sample preparation step was tedious, but the entire

procedure, after careful validation and improvement, was likely to be readily

adapted for clinical application.

2.1.4 Carrier Testing in Family Members

Of the approximately 7,000 Mendelian genetic disorders, 16% are classified as

autosomal recessive disorders. Most autosomal recessive disorders manifest in

early childhood with severe disease course and a poor outcome [76, 77]. Precon-

ception screening, coupled with genetic counseling of carriers has helped

tremendously in the reduction of the incidence of severe recessive diseases. Thus,

an affordable comprehensive preconception screening would be desirable for

general population if the assay includes actionable, highly penetrant, and severe

recessive mutations. The recently developed target gene capture and MPS approach

has made this type of screening assay possible. Bell et al. reported their work on a

preconception carrier screening test for 448 severe recessive childhood diseases

[51]. A total of 7,717 regions from 437 target genes were enriched by either

SureSelect RNA-based in solution capture (Agilent) or microdroplet-based multi-

plex PCR (RainDance), followed by sequence analysis with Illumina Genome

Analyzer GAII or ABI SOLiD.

The average coverage depth was 160X and 93% of regions had >20X coverage.

The results demonstrated a specificity of 99.6% and a sensitivity of 94.9%. A study

of 104 unrelated individuals revealed an average carrier burden of 2.8 severe

pediatric recessive mutations per individual, and the distribution of mutations

appeared to be random and pan-ethnic. The authors also commented that about

27% (122 of 460) of the literature-documented mutations are actually common

polymorphisms or have been mis-annotated, underscoring the need for better

mutation databases.

The authors believed that the combination of two target enrichment methods

could provide better detection sensitivity, although at a higher cost. Additionally

they commented that sequencing cost could be further decreased with higher test

volume. An important issue in the discussion was the availability of informatics

support and result interpretation. This remains a major challenge for laboratories
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looking to implement MPS-based population carrier screening tests in clinical

settings in which regulatory guidelines set by CLIA and CAP are required to be

followed for certified clinical diagnostic laboratory [51].

2.2 Whole Exome Sequencing

The common procedures for analyzing exome sequencing results include primary

analysis to convert image data to base-calling, secondary analysis to align and map

sequence reads, and tertiary analysis to annotate the variants. Examples of bioin-

formatics tools needed for the processing of sequence data can be found at http://

seqanswers.com/wiki/How-to/exome_analysis. The bulk of variants detected by

MPS are routinely filtered using publicly available SNP databases, the population

allele frequency, computational algorithms for function prediction, and disease

databases. Comparison of the variants among family members or unrelated patients

with similarly defined clinical syndrome is very helpful in narrowing down the

genes for further confirmation and investigation.

As described in the examples of target gene sequencing, a large number of

patients with clinical diagnosis were left without an identified molecular cause

despite sequence analysis of a group of candidate genes responsible for the clinical

condition. These results suggested that the disease causing mutations might not be

in the genes that were targeted for sequencing or that mutations were not in the

coding regions of the targeted genes. Complete exome sequencing (WES) addresses

the first problem, but sequencing of the whole human genome, including the non-

coding region (WGS), would be needed to solve the second problem.

It has been shown that whole exome sequencing (WES) of a small number of

affected, unrelated individuals could potentially be used to identify a causal gene

underlying a rareMendelianmonogenic disorder [52]. In a recent report, DNAsamples

from four affected individuals in three unrelated kindreds with Miller syndrome were

subjected to exome capture followed by single-end, 76 bp cycle sequencing [30].

About 40X coverage of 26.6 Mb mappable exome sequence was obtained. After

filtering through dbSNP129 and eight HapMap exomes, a single candidate gene,

dihydroorotate dehydrogenase (DHODH), a key enzyme in the pyrimidine de novo

synthesis pathway, was identified. Sanger sequencing confirmed the presence of

DHODH mutations in three additional families with Miller syndrome [30]. Using

this approach, the same group successfully analyzed exomes from ten patients with

autosomal dominant Kabuki syndrome. After filtering against SNP databases, candi-

date genes containing novel variants in all affected individuals were not found. With

less stringent filtering criteria, allowing for the presence of modest genetic heteroge-

neity, multiple candidate genes were found. After phenotypic and genotypic stratifica-

tion, a gene MLL2 encoding the trithorax-group histone methyltransferase was

identified. Follow-up sequencing detected MLL2 mutations in 2 of the remaining 3

patients and 26 of 43 additional cases with Kabuki syndrome [52, 53].
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The two examples described above are characteristic Mendelian disorders

that occurred in multiple unrelated families. The use of exome sequencing

identified new disease genes. Recently, this approach enabled researchers to

make a clinical diagnosis of a previously undefined disease that altered the

treatment in a single child with a life threatening inflammatory bowel disease

(IBD) [54]. The male child presented at 15 months with perianal abscesses and

proctitis, suggesting an immune defect. However, comprehensive clinical evalua-

tion could not reach a definitive diagnosis. Exome sequencing performed on this

individual identified 16,124 variants. After analysis, a novel hemizygous missense

alteration that changed a highly conserved cysteine residue to tyrosine in

the X-linked inhibitor of apoptosis (XIAP) gene was identified as the causative

mutation [54]. Functional studies using peripheral blood mononuclear cells

(PBMCs) from the patient and normal controls demonstrated defective

responsiveness to NOD2 ligands and enhanced apoptosis in the patient’s

PBMCs, suggesting that the mutation leads to the loss of XIAP activity. Based

on the diagnosis, an allogenic transplant of hematopoietic progenitor cells was

performed and the child was able to ingest food without recurrence of the

gastrointestinal disease. This report demonstrates the power of exome sequencing

in molecular diagnosis of a novel disease and the utility of exome sequencing

method in a clinical laboratory [54].

2.3 Whole Genome Sequencing

Before WES became commonly used for clinical diagnosis, whole-genome sequenc-

ing (WGS) was also proven to be a useful research tool for new gene discovery [9,

78, 79]. Using the ABI SOLiD platform, WGS was performed on the proband of a

family with a recessive form of Charcot–Marie–Tooth disease. Compound hetero-

zygous mutations in the SH3TC2 gene were identified and the mutation were found

to segregate with disease in four affected siblings [9].

Similarly, using the ABI SOLiD 4 platform, the disease gene was discovered

in a twin brother and sister initially diagnosed with cerebral palsy in early

childhood. The WGS revealed an average coverage of 30X and 2,500,000

variants. Extensive filtering resulted in 70 variants. Among them, only three

genes were considered to be candidates for an autosomal recessive disorder.

One of them was the SPR gene, encoding a sepiapterin reductase, responsible

for the synthesis of tetrahydrobiopterin, an important cofactor for the biosynthesis

of neurotransmitters. Based on the finding, a new therapeutic regimen was

administered that led to the improvement of clinical symptoms [11]. This disco-

very of the gene responsible for DOPA responsive dystonia demonstrated that,

similar to WES, the WGS approach can not only provide a molecular diagnosis

for patients with rare genetic disorders but also guide effective treatments that

would otherwise not have been considered [11, 54].
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2.4 Application of MPS to Prenatal Diagnosis

Current molecular prenatal diagnosis requires invasive procedures for amniocente-

sis or chorionic villus sampling. In addition to cost, these procedures have an

approximately 0.5%miscarriage risk. Thus, it is desirable to develop a non-invasive

procedure for prenatal diagnosis to avoid the risk of fetal loss.

Recently there has been rapid progress in applying MPS techniques to the

detection of fetal chromosomal aneuploidies using maternal plasma DNA. These

developments have built upon the pioneering work of Denis Lo and his coworkers

at The Chinese University of Hong Kong [80], who demonstrated that at the end

of first trimester more than 10% of cell-free DNA is from fetal genome. The

detection of trisomy 21 aneuploidy from maternal plasma DNA by MPS has been

shown to be more reliable than the detection of other aneuploidies such as

trisomy 18 and 13 [55]. Subsequently, three large-scale studies involving multiple

centers have further confirmed the clinical validity of this approach [81–83].

These studies established that non-invasive detection of fetal trisomy 21 could

be carried out at nearly 100% sensitivity and 98% specificity by multiplexed MPS

of maternal plasma DNA. Thus, the implementation of the MPS-based detection

method will undoubtedly decrease the risk of fetal loss associated with the

screening of high risk pregnancies. However, practical considerations, such as

turnaround time, cannot be overlooked. It is likely that an invasive procedure will

still be required for follow-up.

As for the application of MPS to the prenatal mutation detection of monogenic

disorders, differentiating germline from somatic mutations appears to be challeng-

ing. A pilot study to detect fetal b-thalassemia mutations using maternal blood and

massively parallel sequencing illustrates the possibility of investigating specific

genetic disease loci [84].

3 Target Gene Enrichment Methods

3.1 Multiplex PCR

3.1.1 Microfluidic Chip Multiplex PCR

As the most common method for Sanger sequencing, the PCR-based enrich-

ment method has the potential to be tailored for MPS based tests. Simplex PCR is

unlikely to be applicable since it is quite labor intensive if the target region is large

and thousands of PCR are needed. To generate high throughput target amplicons

by PCR, multiple methods have been investigated including multiplex PCR and

Fluidigm (South San Francisco, CA) Access Array [85, 86]. In a multiplex PCR,

several pairs of primers are mixed together in order to amplify multiple regions of

the genome in a single PCR tube under the same cycling condition. The Fluidigm
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access array utilizes a microfluidic chip, which contains separated minute chambers

and thus solves the problems of encountered non-specific amplification in regular

multiplex PCR. Simplex PCR is performed in each physically partitioned space

without cross interference with the others. Under this setting, up to 48 samples can

be mixed individually with up to 10 unique primer pairs. Each amplicon or set of

amplicons is maintained separately after amplification. With the fixed capacity,

microfluidic chip multiplex PCR can be tailored for a small target gene region for

enrichment.

3.1.2 Microdroplet-Based Multiplex PCR

Another solution for performing multiple PCR reactions simultaneously with com-

parable amplification efficiency is using microdroplet-based multiplex PCR. In this

setup, each reaction droplet is a reaction well in isolation with a lipid capsule and

contains a small amount of template DNA along with one primer pair and the PCR

reagents (polymerase, dNTPs, and buffers) [87]. To generate such reaction droplets,

template/reagents droplets and primer droplets are first formed separately as indi-

vidual libraries and then merged together on a microfluidic chip, which is currently

commercialized by RainDance Technologies (Lexington, MA). During the PCR

reactions, amplifications are carried out independently in each droplet, mimicking a

simplex PCR. Therefore, more uniform enrichment of the target regions can be

achieved as compared to the conventional multiplex PCR method.

Nevertheless, due to the same intrinsic characteristics, microdroplet PCR

technology also faces several challenges shared with other PCR-based assays,

including limited availability of primer design at certain genomic regions and

relatively small target size. Other enrichment methods, such as capture-based

enrichment methods, may be considered as an alternative when large chromo-

somal regions are targeted.

3.2 Oligonucleotide Probe Based Capture on a Solid Phase

In the array-based capture assays, DNA probes are synthesized on microarrays,

ranging from 60 bases to 90 bases in length, for example in NimbleGen probes [88,

89]. Hybridization is performed directly on solid phase array chips to capture the

target regions, followed by extensive washing to remove non-specifically bound

DNA. Captured DNA is then eluted from the arrays for MPS library construction.

Currently, different commercial companies have extended their array capacity with

the size of the targeted regions to ~30 Mb. Although it is more time- and cost-

efficient than PCR based enrichment, array based capture has its drawbacks: low

through-put and difficulty to scale up.
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3.3 Oligonucleotide Probe Based Capture in Solution Phase

Solution capture shares most features of array-based capture, except that it does not

require dedicated hybridization instrumentation since the capture hybridization is

carried out on a regular thermocycler at either 42 �C (for NimbleGen DNA probe

based capture) or 65 �C (for Agilent SureSelect RNA probe based capture). In

addition, the solution capture processes can easily be scaled up and automated with

robotic liquid handling for simultaneous capture of 96 samples in a 96-well plate

set-up. Multiple studies have been performed to compare the performance of DNA

probe- and RNA probe-based in-solution capture. The results demonstrated similar

capture capability with slightly better uniformity achieved by the DNA probe-based

method [90–93]. Nevertheless, one common hurdle shared by all capture-based

enrichment is the co-capturing of targeted loci/genes with corresponding

pseudogenes. At times it is difficult to retrieve only the target sequence if the

regions of interest contain long stretches of highly (>90%) homologous sequences

such as the case of pseudogene. This is a problem that may not be resolved by the

modification of the probe design and experimental procedures. However,

pseudogene sequences may sometimes be filtered out by stringent alignment in

post-sequencing data management.

4 Cautionary Tale of Current MPS Tests Offered for Clinical

Application

As reviewed above, different gene enrichment methods may have certain

limitations and these limitations directly affect the subsequent MPS analysis [94,

95]. In addition, read coverage, sensitivity, specificity, and turnaround time may

vary depending on the size of the target genes and the chemistry of the different

MPS platforms. To bring this new research technology (a series of new technology,

in fact) to the standard required for medical application needs stringent validation.

In this section we will review the potential shortcomings of the current MPS

methodologies and how they will impact on the application to clinical settings.

4.1 PCR-Based Target Amplification Has Intrinsic Drawbacks

This PCR-based amplification followed by MPS encounters some potential

drawbacks, which usually appear to produce uneven coverage of the target regions.

Poor amplification of some targets may be due to high GC content or particular

DNA structures. The presence of SNPs at the primer sites may also cause allelic

dropout. In addition, it is difficult to detect large deletion/insertion events using

PCR-based enrichment methods.
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4.2 Lack of Sufficient Clinical Validation, Specificity, Sensitivity

Unlike the Sanger method, MPS analyses involve more technical steps, including

sample preparation, multiplexing, sequencing, and image detection, setting

parameters for variant detection, filtering algorithms and cut off values, as well as

evaluation of detection sensitivity and specificity. Each of these steps requires

quality control and clinical validation. Depending on the enrichment methods,

sequencing chemistry and platforms, as well as analytical tools, individual

laboratories may institute different standards and procedures. Therefore, some

kind of consensus on standard setting is required.

Review of the published articles revealed that the majority of laboratories used a

limited number of pre-selected, known positive samples as controls for validation.

For example, 5 control samples were from MFS [46] and only 12 known positive

controls were used for CDG validation [48]. This level of validation underestimates

the false negative rate and thus these methods may have lower assay sensitivity. The

validation procedures should be designed in such a way that the full spectrum of the

target regions is examined with a large sample size in two phases; phase I with

blinded samples and phase II with known positive controls, in order to fulfil the

requirement of a full clinical validation.

4.3 High False Negative Rate Due to Low Coverage

Regardless of the methods used for target gene enrichment, low or no coverage for

certain exons is a common problem. This is more common in GC rich regions or

regions with particular DNA sequence structures that are susceptible to DNA frag-

mentation. In addition, different chemistry of sequencing platforms, and the different

computational algorithms, may miss particular regions of target sequences. For

example, indels in the homopolymer regions are easily missed by pyro-sequencing-

based technology, and short tandem repeats (STRs) may be missed by ligation based

short reads. The low and no coverage regions are the major cause of false negative

results, which in a clinical setting are the least acceptable analytical errors. For a

panel containing a small number of genes, these low or no coverage regions may be

easily filled by conventional PCR/Sanger sequencing. However, even if the missed

regions are known, it may be impossible to fill these gaps by Sanger sequencing if

there are a large numbers of low coverage regions. As described in the published

papers, 28 out of the 215 coding regions of the CDG study [48] and 20% of the exons

in the HSP study were not well covered. Moreover, 34 out of 1,912 amplicons in the

XLID study failed amplification [37]. Although there is no standard regarding the

minimum coverage required for MPS-based clinical tests, a preliminary cut-off of at

least 40 reads from both directions was suggested (TECHGENE forum 2011,

Leuven, Belgium). At this cut-off, on average, about 5–10% of the target regions

are considered not sufficiently covered. That would mean that about ~9,000–18,000

coding exons are not well covered in the whole exome sequence analysis. A recent
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analysis on the coverage depth with regard to the detection sensitivity and sequencing

errors indicated that a few hundred-fold coverage may be needed for accurate

diagnosis in some clinical situations [96].

4.4 Confirmation of Detected Variants to Rule Out False Positives

False positive rate is high in MPS experiments. Typically, about 10–20 variants per

gene are detected [97]. This number can be greatly reduced after filtering,

depending on the filtering criteria. On average, there may be up to two missense

variants per gene. As such, if a panel of 20 genes is analyzed, there will be

approximately 20 novel variants that require confirmation by a second method,

usually by Sanger sequencing. This verification step is necessary for two reasons –

to remove incorrect calls due to experimental error, and to confirm the diagnosis.

The confirmation may become burdensome or impossible when the number of

genes analyzed increases to 1,000 or 20,000 for the whole exome. For a clinical

test, all novel variants with possible clinical significance must be verified before

reporting. The confirmation of a large number of novel variants is time-consuming,

resulting in a long turnaround time, which is impractical for clinical diagnosis.

4.5 Interpretation of Novel Variants: The Most Challenging Task

The human genome reference sequence has been updated constantly (Homo sapiens

GRCh37.2 (hg19) is being used now). Although the majority of variants detected by

MPS have been observed previously, a normal healthy individual may carry a

number of sequence changes, of which, majority are benign [98, 99].

The population based variant database dbSNP (http://www.ncbi.nlm.nih.gov/

projects/SNP/) has documented allele frequencies, but some ethnic specific variants

may be underrepresented; such alleles are often confused for disease causing

mutations. Bioinformatics tools have been used extensively to help with the inter-

pretation of novel variants [100, 101]. However, none of these tools have been

validated for clinical use and most of the commonly used algorithms have very high

false-positive and false-negative rates [102]. Another issue is that a high number of

sequencing errors may be mistaken as de novo events. Family-based sequencing

has therefore been proposed to aid in the gene discovery [98, 103, 104]. In chapter 4

of this book, another approach using protein structure information is reviewed for

its potential use in MPS.
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5 Discussion

In the field of clinical medical genetics, the advancement of molecular diagnosis for

detecting inherited genetic defects usually accompanies the development of new

technologies. These novel technologies often lead to the rapid discovery of new

genes and new diseases, leading to further improvement in molecular diagnosis,

patient care, and management [20, 105–107].

Since the development of the Sanger dideoxynucleotide-terminator sequenc-

ing method, it gradually became, and has remained, the gold standard for

clinical molecular diagnostics, due to its accuracy in detecting small genetic

variants. The diagnosis of monogenic genetic disorders using Sanger sequencing

usually has a reasonable turnaround time of approximately 6–8 weeks depending

on the size and complexity of the gene interrogated. However, the laborious

workflow, error-prone nature, and high operational cost make it unattractive in

the new genomic era, especially when sequencing large genomic regions are

frequently involved.

The sequencing of James Watson’s genome in 2008 was the first “personal

genome” accomplished by using MPS. The era of genomic medicine has arrived

and MPS will be a key feature, which will evolve with reducing price and increas-

ing throughput [7]. The methodology developed at the human genome sequencing

center (HGSC) at the Baylor College of Medicine has since paved the road to

personalized genome re-sequencing for disease gene discovery, risk factor assess-

ment, and MPS-based molecular diagnoses in a clinical setting.

However, there are growing pains as we move forward with these novel

technologies. The biggest challenge is the interpretation of the enormous amount

of genomic data and the establishment of genotype and phenotype correlations.

There are about 3,000,000 single nucleotide polymorphisms in each individual,

and everyone is a carrier of some recessive diseases [108]. The complexity posed

by these technologies is illustrated by the recent comparative genomic analysis of

an individual using different platforms, only about 60% of the variants called are

likely to be real [109]. It is clear that, without careful validation, MPS at its

present shape cannot be reliably and widely used in clinical setting for diagnosis

of genetic diseases.

Another aspect of the complexity is establishing the physiological and patholog-

ical significance of a genetic variant in an individual’s genome. For example, a

recent newborn screening study revealed that the pathogenic status of the previ-

ously identified c.1436C>T (p.P479L) mutation of the CPT1A gene is debatable

due to its high frequency and low penetrance in the Inuit population [110, 111].

The sequencing errors generated during an MPS run may not be a big problem

for the purpose of gene discovery and other research applications, as these studies

often involve multiple family members or multiple unrelated pedigrees with the

same disease, which could be used for internal validation [52, 53]. However, when

clinical molecular diagnosis is to be made for a sample of single patient with

uncertain disease diagnosis, the accuracy of the sequencing results becomes very
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critical and crucial [18, 54, 112, 113]. The relatively high false positive findings

demonstrated by different groups in this review need to be resolved before the MPS

approach can make widespread impact on patient care.

The use of MPS technology is not a perfect solution to all genetic problems.

Similar to other molecular technologies, there are limitations such as the inability to

detect large, complex genomic structural rearrangements [95]. It also has difficulty

in distinguishing active gene from pseudogene or highly homologous genomic

regions. Other technologies, including aCGH and Sanger sequencing, are presently

required to complement these shortcomings in order to detect the full spectrum of

mutations responsible for genetic disorders. In light of these practical issues in the

routine application of MPS to clinical diagnosis and patient care MPS will likely

require further improvements in both accuracy and standardization [18].

6 Conclusion

The studies reviewed here demonstrate promising results in the development of

MPS technologies for clinical applications [20, 114, 115]. The adaptation of MPS

approaches to clinical diagnostics has been an on-going active pursuit. Continual

improvement of the accuracy of sequencing chemistries, computational

algorithms for alignment, bioinformatics analytical tools, and the improved

methods for the interpretation of variants will make MPS a primary tool of

clinical laboratories. Although finding the causal change for a simplex case is

in fact a difficult undertaking, it will become routine [106]. Many hurdles are

expected to be resolved in the near future [18, 94, 104, 116]. There is every

reason to expect that reduction in cost and improvement in accuracy and speed

will be seen in the coming years.
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