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Abstract The advent of whole-exome sequencing (WES) has facilitated the discovery of rare structure and
functional genetic variants. Combining exome sequencing with linkage studies is one of the most efficient strategies
in searching disease genes for Mendelian diseases. WES has achieved great success in the past three years for
Mendelian disease genetics and has identified over 150 new Mendelian disease genes. We illustrate the workflow of
exome capture and sequencing to highlight the advantages of WES. We also indicate the progress and limitations
of WES that can potentially result in failure to identify disease-causing mutations in part of patients. With an
affordable cost, WES is expected to become the most commonly used tool for Mendelian disease gene
identification. The variants detected cumulatively from previous WES studies will be widely used in future clinical

services.
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Introduction

Monogenic disease (also called Mendelian disease) caused by
a single gene variant conforms to the laws of Mendelian
inheritance. Over 6000 Mendelian diseases have been
identified according to the statistics of Online Mendelian
Inheritance in Man (OMIM); however, the pathogenic genes
of about half of these diseases remain unknown (http://www.
ncbi.nlm.nih.gov/omim, 2011).

The next-generation sequencing (NGS) technology intro-
duced in 2005 is a high-profile tool with advantages in
detecting genetic variations ranging from single nucleotides
to larger structural rearrangements. Whole-exome sequencing
(WES) can be used to perform NGS of exon-enriched
samples and to identify protein-coding mutations, including
missense, nonsense, splice site, and small deletion/insertion
mutations. Using WES in Mendelian disorders only needs a
small number of individuals with family. The application of
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WES is a revolutionary progress in Mendelian disease
research [1,2].

Traditional approaches of disease gene
identification

Different strategies, including candidate gene study, and
combined linkage study and positional cloning, have been
applied in identifying causative genes for over several
decades [3]. These previous approaches need the foundation
of a set of disease genes identified by bioinformatic tools,
such as gene functional similarity search tool (GFSST) and
CANDID, a flexible method for prioritizing candidate genes
for complex human traits [4,5]. However, most rare
Mendelian diseases remain unknown, and a few candidate
genes could be validated in affected families. The next to
appear was the linkage study, which developed as the main
tool to elucidate the genetics of Mendelian disorders.
According to the principle with a perfect segregation pattern
of the causal variant with the disorder in consanguineous
families. Combining linkage study with follow-up positional
cloning has found one-half to one-third (~3000) of genes
underlying Mendelian disorders [6]. However, these conven-
tional strategies are not efficient in detecting extremely rare
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Mendelian genetic disorders or de novo genes in sporadic
cases.

WES technology

With the recent developments in NGS technologies and
commercial whole exome-enrichment kits [7], exome
sequencing has been widely used in identifying mutations
or genes for Mendelian diseases [8]. Compared with
traditional approaches and genome-wide association study,
this technology only sequences approximately 1% of the
genome that is in the coding-protein area and forms modest
bioinformatic data, whereas almost 85% of mutations for
Mendelian diseases are in gene-coding regions [3]. Moreover,
this technology can reduce the time and cost of sequencing
and detect the causative mutations directly. With this
technology, researchers can use small family samples to
find disease-causing variants. This technology also over-
comes the large barriers in researching rare Mendelian
diseases and opens a new phase in the study of Mendelian
diseases. Using targeted capture and massively parallel
sequencing to deal with the exomes of 12 humans (eight
HapMap individuals and four individuals with Freeman-
Sheldon syndrome), researchers found exome sequencing to
identify candidate genes for Mendelian diseases with an
unrelated, small size of affected individuals in 2009 [1].
Currently available NGS technologies, such as Illumina-
HiSeq™, Life Technologies™ SOLiD4™  and Roche 454
GS FLX, generate hundreds of millions of short sequence
reads with an average length of 50 bp to 125 bp. Fragment
sequencing has higher sequencing error rates than Sanger
sequencing; thus, further validation using Sanger sequencing
is essential [9]. The weaknesses of these technologies are
solved with the arrival of third-generation sequencing
technologies; they can omit amplification steps in emulsion
and bridge processes, and avoid errors in the polymerase-
mediated amplification and “dephasing” stages. Helicos
Biosciences and Pacific Biosciences revolutionized and
provided this sequencing technology [10,11]. All neotype
sequencers can generate considerable data from detective
bases. Statistical strategies committed to measure the average
frequency of de novo variants are used and compared with the
common variation found in dbSNP. With the application of
the Bonferroni correction, the true variants would be
distinguished through the yielded threshold [2].

Typical samples used for WES

Previous disease-searching methods always need large
families to be explored and ignore small families or sporadic
cases. WES appears as a personalized medicine strategy for
searching disease-causing genes. Consequently, the genetic
defects of small Mendelian families or single sporadic case
can now be determined [12].

Design in terms of certain mode of inheritance

Three strategies, namely, overlap-based, linkage-based, and
de novo-based strategies, for sequence sample selection are
commonly summed up according to the information of
pedigrees [13]. The overlap-based strategy is mainly used in
the absence of genetic heterogeneity. The most potential
causative gene can be rapidly decreased to a small number by
sequencing in multiple unrelated patients with the same
phenotype. The linkage-based strategy is appropriate for the
collection of a large family with prominent phenotype.
Distantly related individuals share only a small fraction of the
genome. Nonphenotypic individuals within the family are
also added for exome sequencing. We can rapidly locate the
causative variant in the linkage region. The de novo-based
strategy is a highly effective approach for searching causative
genes in parent-child trios. This strategy is applicable for
sporadic patients. We sequenced the unaffected parents and
affected child to detect de novo mutations that are responsible
for rare Mendelian disorders [12].

Exome capture pipeline

The three main steps of exome sequencing are exome
enrichment, DNA high-throughput sequencing, and biologi-
cal interpretation. Exome enrichment is the basis for exome
sequencing. Genomic DNA is randomly sheared and used to
construct a shotgun library. The exome regions are enriched
by hybridization capture (using oligonucleotide probes to
hybridize the fragments of interest). The noncoding DNA
sequences are then removed. Agilent, Nimblegen, Illumina,
and other companies offer exome-enrichment kits for exome
capture [14,15]. Exome-enrichment kits not only aim at
protein coding regions and splice sites but also focus on the
sequences of the pair end of exome, such as exon-flanking
regions and predicted miRNA fragments. High-throughput
methods can isolate exons more effectively than traditional
methods.

Typical analysis pipeline

After sample preparation and sequencing, 20 000 and 50 000
variants are identified per sequenced exome. The disease-
causing variants should be focused on the nonsynonymous
(NS) variants, splice acceptor-site or donor-site mutations,
and insertions/deletions. Variants are absent from the most
known variant databases, such as dbSNP, the 1000 Genomes
Project, other published studies, or in-house databases. This
step can greatly reduce the number of potential candidate
mutations by 90% to 95% [16]. We then selected the variants
conformed to the geno-phenotype cosegregation. Further
reduced candidate variants can be predicted by ANNOVAR
or SIFT. Finally, the predicted damaging variants can be
sequenced by the traditional Sanger sequencing to confirm the
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real causative variant. The detailed analytic flowchart is
shown in Fig. 1.

Application of WES in Mendelian diseases

A rapid genetic explorative era has emerged since the release
of the first draft of the human genome sequence in 2001. The
human genome sequence was completed in 2003. In the
following year, next-generation technologies were introduced
and a theoretical system was accomplished. The first NGS
platform was released in the market in 2005, which laid the
foundation for commercial applications. Ng et al. performed
WES in Miller syndrome in 2010 [2]. They were the first to
apply exome sequencing successfully to a rare Mendelian
disease. Since then, exome sequencing has been widely used
to identify mutations for dominant or recessive diseases and
has made great progress.

In January 2013, approximately 150 types of Mendelian
disorders have been studied by WES, with coverage of each
physiological system (Table 1).

Development of technical research

The extensive commercial use of high-throughput sequencing
exome-enrichment kits has intensively decreased the cost of

WES and has achieved adequate sequencing depth. Thus,
various biological functions and clinical translational research
have been respectively determined and conducted using
WES. In 2009, Choi et al. [167] reported a case with clinical
manifestations of dehydration and evaluation of failure to
thrive. Such case was diagnosed as Bartter syndrome, but
some other diseases could not be excluded. The missense
variant in SLC26A3 was identified through exome sequen-
cing analysis. Strom et al. [153] performed WES in nine
putative Stargardt disease probands and identified seven
disease-causing variants across four retinal or macular
dystrophy genes. This study was used as basis to make a
definite diagnosis in six previously uncharacterized indivi-
duals. Joubert syndrome is clinically featured with the “molar
tooth sign” on brain images, accompanied by neurological
symptoms, including episodic hyperpnea, a heterogeneous
disease that is caused by 17 genes. Tsurusaki [168] applied
WES to five JSRD pedigrees and found the causative
mutations in all families. These results support the advantages
of using WEG in molecular diagnosis.

The disease-causing variants and genes identified by WES
can help researchers discover new drug targets. Identifying
the genetic bases and mechanisms of Mendelian disorders is
necessary to realize accurate diagnosis and treatment of these
diseases based on etiology. Thus, medical genomics has
become a reality with exome sequencing [169].

Exclude the variants outside coding exon and
synonymous coding variants; focus on missense,
nonsense, spicesite, and Indels.

databases.

Remove common variants in public databases, such as
dbSNP, the 1000 Genomes Project, and in-house

Overlap-based strategy

Linkage-based strategy

De novo-based strategy

Search for the single gene shared by multiple
unrelated patients. The number of genes
decreased rapidly as the number of cases
increased.

Align the sequence data among several
affected and blank family members to
screen benign variants.

Sequence the affected patient and the
unaffected parents to exclude the inherited
variants and show the de novo variants in a
limited number.

Traditional Sanger sequencing

Fig. 1 Flowchart of variant screening.
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Table 1 Mendelian disease gene identification by exome sequencing

Year Disorder Inheritance Identified gene Reference

2010
Kabuki syndrome AD MLL2 [17]
Amyotrophic lateral sclerosis AD VcpP [18]
Spinocerebellar ataxias AD TGM6 [19]
Metachondromatosis AD PTPNI11 [20]
Miller syndrome AR DHODH 2]
Brown-Vialetto-van Laere syndrome AR C200rf54 [21]
Fowler syndrome AR FLVCR2 [22]
Retinal-renal ciliopathy AR SDCCAGS [23]
Van Den Ende-Gupta syndrome AR SCARF2 [24]
Kaposi sarcoma AR STIM1 [25]
Autoimmune lymphoproliferative syndrome AR FADD [26]
Nonsyndromic hearing loss AR GPSM?2 [27]
Combined hypolipidemia AR ANGPTL3 [28]
Perrault syndrome AR HSD17B4 [29]
Complex I deficiency AR ACADY [30]
Hyperphosphatasia mental retardation syndrome AR PIGV [31]
Sensen-brenner syndrome AR WDR35 [32]
Cerebral cortical malformations AR WDR62 [33]
Carnevale, Malpuech, OSA, and Michels syndromes AR MASPI [34]
Schinzel-Giedion syndrome AR SETBPI [35]
Terminal osseous dysplasia XLD FLNA [36]

2011
Ohdo syndrome AD KAT6B [37]
Primary lymphoedema AD GJC2 [38]
Paroxysmal kinesigenicdyskinesias AD PRRT?2 [39]
Hajdu-Cheney syndrome AD NOTCH?2 [40,41]
Bohring-Opitz syndrome AD ASXLI [42]
Hereditary diffuse leukoencephalopathy with spheroids AD CSFIR [43]
Spondyloepimetaphyseal dysplasia AD KIF22 [44,45]
Adult neuronal ceroid-lipofuscinosis AD DNAJCS [46]
KBG syndrome AD ANKRDI11 [47]
Dendritic cell, monocyte B, and NK AD GATA-2 [48]

lymphoid deficiency
Late-onset Parkinson’s disease AD VPS35 [49,50]
Sensory neuropathy with dementia and AD DNMTI [51]
hearing loss

Dilated cardiomyopathy AD BAG3 [52]
High myopia AD ZNF644 [53]
Autosomal dominant retinitis pigmentosa AD RPEG65 [54]
Charcot-Marie-Tooth disease AD DYNCIHI [55]
Hereditary hypotrichosis simplex AD RPL21 [56]
Geleophysic and acromicric dysplasia AD FBNI [57]
Autism AD Various [58]
Myhre syndrome AD SMAD4 [59]
Inflammatory bowel disease AD XIAP [60]
Nonsyndromic mental retardation AR TECR [61]
Retinitis pigmentosa AR DHDDS [62]
Osteogenesis imperfecta AR SERPINF1 [63]
Skeletal dysplasia AR POPI [64]
Combined malonic and methylmalonicaciduria AR ACSF3 [65]
Amelogenesis AR FAM20A4 [66]
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(Continued)
Year Disorder Inheritance Identified gene Reference
Chondrodysplasia and abnormal joint development AR IMPADI1 [67]
Progeroid syndrome AR BANF1 [68]
Infantile mitochondrial cardiomyopathy AR AARS2 [69]
Heterotaxy AR SHROOM3 [70]
Mosaic variegated aneuploidy syndrome AR CEP57 [71]
Hypomyelinating leukoencephalopathy AR POLR3A/POLR3B [72]
Spastic ataxia-neuropathy syndrome AR AFG3L2 [73]
Dilated cardiomyopathy AR GATADI [74]
Gonadal dysgenesis AR PSMC3IP [75]
Autosomal recessive progressive external ophthalmoplegia AR RRM2B [76]
Knobloch syndrome AR ADAMTS18 [77]
Spinocerebellar ataxia with psychomotor retardation AR SYT14 [78]
Adams-Oliver syndrome AR DOCK6 [79]
Steroid-resistant nephrotic syndrome AR MYOIE /NEIL1 [80]
Complex bilateral occipital cortical gyration abnormalities AR LAMC3 [81]
Intellectual disability AR AP4S1/AP4B1/ [82]
AP4E]
Hypertrophic cardiomyopathy AR MRPL3 [83]
Retinitis pigmentosa AR MAK [84]
3M syndrome AR CCDC8 [85]
Seckel syndrome AR CEPI152 [86]
ADK deficiency AR ADK [87]
Nephronophthisis-like nephropathy AR WDRI19 [88]
Psuedo-Sjogren-Larsson syndrome AR ELOVL4 [89]
Idiopathic infantile hypercalcemia AR CYP2441 [90]
EMARDD AR MEGFI0 [91]
Gray platelet syndrome AR NBEAL2 [92]
Immunodeficiency, centromeric instability, and facial anomalies AR ZBTB24 [93]
Leber congenital amaurosis AR KCNJ13 [94]
Hereditary spastic paraparesis AR KIFI1A [95]
Leucoencephalopathy XLR MCTS8 [96]
2012
Genitopatellar syndrome AD KAT6B [97,98]
Hypothyroidism AD THRA [99]
Floating-Harbor syndrome AD SRCAP [100]
Hereditary spastic paraplegia type 12 AD RTN2 [101]
Microcephaly associated with lymphedema AD KIF11 [102]
Congenital mirror movements AD RADS1 [103]
Mandibulofacialdysostosis with microcephaly AD EFTUD2 [104]
Limb-girdle muscular dystrophy AD DNAJB6 [105]
Aplastic anemia and myelodysplasia AD SRP72 [106]
Acrodysostosis AD PDE4D/PRKARIA [107]
Olmsted syndrome AD TRPV3 [108]
Nager syndrome AD SF3B4 [109]
Multicantric carpotarsal osteolysis AD MAFB [110]
Coffin-Siris syndrome AD SMARCBI/ ARIDIB [111,112]
Pulmonary arterial hypertension AD CAVi [113]
Autosomal dominant polycystic kidney disease AD PKD1/ PKD2 [114]
Craniocervical dystonia AD ANO3 [115]
Hereditary motor neuropathy AD SLC547 [116]
Nocturnal frontal lobe epilepsy AD KCNTI [117]
Nonsyndromic progressive sensorineural hearing loss AD DFNA9 [118]
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(Continued)
Year Disorder Inheritance Identified gene Reference
Pachydermoperiostosis AD SLCO241 [119]
Osteogenesis imperfecta type V with hyperplastic callus AD IFITM5 [120]
Punctate palmoplantar keratoderma AD AAGAB [121,122]
Marie Unna hereditary hypotrichosis AD EPSSL3 [123]
Disseminated superficial actinic porokeratosis AD MVK [124]
Acne inversa AD NCSTN [125]
Hypertension AR/AD KLHL3/CUL3 [126]
Split hand and foot malformation AR DLX5 [127]
Global eye developmental defects AR ATOH7 [128]
Primary hypertrophic osteoarthropathy AR SLCO241 [129]
Bartsocas-Papas syndrome AR RIPK4 [130]
Familial aplastic anemia AR MPL [131]
Peeling skin syndrome AR CHSTS [132]
Sengers syndrome AR AGK [133]
Congenital disorders of glycosylation AR DDOST [134]
Congenital stationary night blindness AR GPRI179 [135]
Autosomal recessive primary microcephaly AR CEP135 [136]
Familial diarrhea AR Gucr2c [137]
Infantile cerebellar retinal degeneration AR ACO2 [138]
Joubert syndrome AR C50RF42 [139]
Cerebroretinal microcephaly with calcifications and cysts AR CTC1 [140]
Kohlschutter-Tonz syndrome AR ROGDI [141]
UV-sensitive syndrome AR UvsSA4 [142]
Retinitis pigmentosa with late-onset hearing loss AR USHIC [143]
Charcot-Marie-Tooth neuropathy AR BSCL2/SH3TC2 [144,145]
Pure hair and nail ectodermal dysplasia AR HOXCI13 [146]
Congenital sydrocephalus AR DAPLE [147]
Primary congenital glaucoma AR CYPIBI [148]
Usher syndrome AR USH [149]
Teenage-onset progressive myoclonus epilepsy AR CLN6 [150]
Primary ciliary dyskinesia without randomization of left-right body =~ AR HYDIN [151]
asymmetry
Brain malformation with periventricular heterotopia, cingulate AR/XR FLNB [152]
polymicrogyria, and midbrain tectal hyperplasia
Stargardt disease AR ABCA4 [153]
Skin fragility XD EXPHS5 [154]
Aarskog-Scott syndrome XR FGDI [155]
2013
Alternating hemiplegia of childhood AD ATPIA3 [156]
Hypercholesterolemia AD APOE [157]
Osteopetrosis AD CLCN7 [158]
Idiopathic basal ganglia calcification AD/AR PDGFRB [159]
Iron-refractory iron-deficiency anemia AR TMPRSS6 [160]
Frontotemporal dementia-like syndrome without bone involvement =~ AR TREM?2 [161]
Autosomal recessive complete congenital stationary night blindness AR LRIT3 [162]
Postaxial polydactyly type A AR ZNF141 [163]
Macrodactyly - PIK3CA [164]
Fanconi anemia AR SLX4/FANCP [165]
Charcot-Marie-Tooth disease XD PDK3 [166]

Abbreviations: AD, autosomal dominant; AR, autosomal recessive; MI, mode of inheritance; UV, ultraviolet.
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Technical limitation

Many causative genes for Mendelian diseases have been
detected by exome sequencing. However, some limitations
impede the complete explanation of genetic bases. First,
although WES has achieved a great progress in the diagnosis
of monogenetic diseases, the human genome is highly
variable, and the rare variants outside coding exons can also
confer disease. Approximately 85% of such diseases are
caused by the coding exons and > 15% lie outside the exons,
including simple nucleotide variations (SNVs) and copy-
number variants (CNVs), in the noncoding, conserved, or
regulatory regions. The latter data cannot be assayed with the
use of WES [170]. Second, the shared databases, including
dbSNP or HapMap, cannot effectively exclude common
and irrelative variants. Exome sequencing usually generates
> 10 000 variants per sample; thus, classifying variants with
different frequencies and refining candidate genes in a small
data set are the challenges in diagnosing partial disorders
[171], especially extremely rare disorders. Third, some GC-
rich sequences can lead to uneven coverage and incomplete
capture because of the inherent defect of WES technology.
Studies have revealed that 80% to 90% of the targeted regions
are covered by more than 10 x and can also leave 4 Mb to 8
Mb (or 1000 to 2000 genes) without sufficient coverage for
variant detection [172]. Furthermore, studies are mainly
restricted by the effectiveness of variant filters and by the
segmental duplications that biologically exist in the reference
sequence, which can prevent accurate reading. Statistical
metrics are necessary to distinguish false positives from true
positives [169].

Conclusions and future directions

The sequencing of individual exome generally contains
20 000 to 25 000 coding variants, of which 9000 to 11 000
variants are NS, which can potentially consist of the genetic
factors that cause a Mendelian disease [170]. An individual
with phenotypic manifestations would likely carry 40 to 100
deleterious variants simultaneously. Several variation patterns
and constituted haplotypes are belived to exist in individual
human genomes that are transferred in “father-to-son”
pedigree. Although several diploid individual human gen-
omes have been sequenced, the haplotypes in these genomes
remain unclear [173]. All the variants in affected individuals
must be detected, and the haplotype project in human must be
continually improved. However, mutant gene varies among
different individuals affected with Mendelian diseases. Not
only one gene affects the disease onset. However, the
mechanism by which different genes trigger the same disease
remains unknown. The functional influences of the respon-
sible genes should be determined. The functions of
approximately 20 000 genes have not been assigned, and
the gene interaction needs to be elucidated [170].

The success rate of using the present technology to explore
the genes responsible for Mendelian disorders ranges from
60% to 80%, which could be constantly improved by an
adequate depth of sequencing. With the reduction in
sequencing expense, whole-genome sequencing can be used
to search all abnormal sequence information and reveal their
correlation. This technology is automatable and removes the
capture step, thereby reducing the false-positive rate and
resulting in the detection of approximately 3.5 million
variants per genome, including all genomic variation (SNVs
and CNVs). This technology is especially suitable for
complex trait gene identification and sporadic cases caused
by de novo SNVs or CNVs [174].

The components of a medically actionable variant have yet
to be identified. Guidelines for the clinical interpretation of
exome sequencing are beginning to be established. WES is
expected to become the most commonly used tool for
searching the causative genes in Mendelian disorders. More
variants would be detected in the future, and diagnostic
molecular chip would be on market for clinical service
applications.
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