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Next-generation sequencing: impact of exome
sequencing in characterizing Mendelian disorders

Bahareh Rabbani1, Nejat Mahdieh1, Kazuyoshi Hosomichi, Hirofumi Nakaoka and Ituro Inoue

Traditional approaches for gene mapping from candidate gene studies to positional cloning strategies have been applied for

Mendelian disorders. Since 2005, next-generation sequencing (NGS) technologies are improving as rapid, high-throughput and

cost-effective approaches to fulfill medical sciences and research demands. Using NGS, the underlying causative genes are

directly distinguished via a systematic filtering, in which the identified gene variants are checked for novelty and functionality.

During the past 2 years, the role of more than 100 genes has been distinguished in rare Mendelian disorders by means of

whole-exome sequencing (WES). Combination of WES with traditional approaches, consistent with linkage analysis, has had the

greatest impact on those disorders following autosomal mode of inheritance; in more than 60 identified genes, the causal

variants have been transmitted at homozygous or compound heterozygous state. Recent literatures focusing on identified new

causal genes in Mendelian disorders using WES are reviewed in the present survey.
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INTRODUCTION

One of the major concerns of medical sciences is finding the causal
genes underlying human diseases. New technologies are developed,
and progress in elucidating genetic basis of disorders is now one of
the most discussing topics in medical genomics. With the advent
of next-generation sequencing (NGS) technology, identification of
genetic variations that serve as disease causality is progressing at rapid
pace, which would improve the disease management either by
available treatments or genetic counseling for the children’s health
and risk assessment of the relatives.1 Molecular diagnosis, carrier
detection, prenatal diagnosis and developing new therapies are the
concern for the health care and society. Besides, unraveling the
susceptible variants potentiates new interventions and prevention of
the disease caused by different risk factors.

Generally, genetic disorders are categorized into monogenic and
multifactorial disorders. Monogenic (single gene) disorders include
simple and rare disorders. Multifactorial disorders comprise of
complex disorders, multiple genes, as well as lifestyle or environ-
mental factors, that are contributed to the disease. Rare genetic
disorders have low prevalence of about at most 6.5 out of every 10 000
individuals according to the World Health Organization.2–5

Tremendous efforts are now being performed for understanding the
rare monogenic and complex traits and manifesting the genetic basis
of the disease based on exome (all exons in the genome) sequencing.

Up to 27 January 2012, a total of 21 058 entries were reported in
OMIM (Online Mendelian Inheritance in Man),6 describing 13 790

genes and 4535 disorders with known molecular basis (http://
omim.org/statistics/geneMap). Approximately, 1800 entries had
phenotypic descriptions or known loci with unknown molecular
bases and 2000 entries have been stated based on suspected Mendelian
basis, and mainly the phenotypes are known. Bearing in mind, the
Mendelian disorders that explore the novel genetic mechanisms,
phenotypic variability, modifier genes, allelic variations and genetic
variations of the diseases, may also provide clues in understanding the
complex disorders.7,8 Here, we focus on those diseases that are caused
by single genes which their causal variants have been explored by
exome sequencing. Sporadic cases are also included in this survey.

FROM DNA STRUCTURE REPORT TO NEW NGS REPORTS

Nearly 10 years after the discovery of DNA structure, the first gene
was completely sequenced.9 In 1977, Sanger et al.10 and Maxam and
Gilbert11 developed initial sequencing methods (Table 1); meanwhile,
the majority of human DNA sequence data has been described using
the Sanger sequencing and fluorescence-based electrophoresis tech-
nologies. With the development of a revolutionary method named
PCR by Kary Mullis in the 1980s, molecular genomic field has
undergone enormous advances. As a matter of fact, a growing variety
of molecular methods, including high-throughput sequencing tech-
nologies, has been emerged over the past 7 years. In 2004, the second
(next)-generation sequencing methods, massively parallel sequencing
platforms, were introduced and the next revolution in molecular
genetics, including finding the disease-causing genes, is expected.
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Most of these platforms rely on sequencing by synthesis, and
generation of their clonally clustered amplicons are achieved mainly
through in situ polonies, emulsion PCR or bridge PCR. NGS
technology affords high speed and throughput, both qualitative and
quantitative sequence data, equivalent to the data from human
genome project, in 10–20 days. Several different ways are employed
in which NGS is being applied for identifying causal gene variant in
the rare diseases. Whole-genome sequencing (WGS), whole-exome
sequencing (WES), transcriptome sequencing, methylome and other
sequencing approaches are applied in NGS systems.

Miller syndrome is the first rare Mendelian disorder from which its
causal variants were identified, owing to the development of WES.12

These researchers explained DHODH mutations in three affected
pedigrees after filtering against public single-nucleotide poly-
morphism (SNP) databases and eight HapMap exomes.

There are increasing numbers of reports identifying the causal
variants of the diseases. More than 100 causative genes in various
Mendelian disorders have been identified by means of exome
sequencing. Up to May 2012, a PUBMED search on Mendelian
disorders using exome sequencing revealed 102 diseases as summar-
ized in Table 2. A total of 326 exomes have been reported in these
successful applications of WES in identifying novel causative genes.
In all, 61 out of these 108 identified genes (56.5%) follow autosomal
recessive, 40 of them are transmitted as autosomal dominant (37%),
one case is X-linked recessive and one case follows X-linked dominant
inheritance. About 35.2% of these genes (38 out of 108) have been
identified by WES with only one exome, which was confirmed by
sequencing of the possible identified genes in other patients. In
overall, about three exomes (108/326) might be enough to be
sequenced for identification of causative gene of the disease
(Table 2). Evidently, we have no information about the unsuccessful
WES studies. In addition to gene discovery of dominant and recessive

diseases, WES has been used for determining somatic mutations in
tumors and rare mutations with moderate effect in common diseases
as well as clinical diagnoses.13 As mentioned previously, here, we focus
on the single-gene disorders.

EXOME SEQUENCING AND IDENTIFYING CAUSAL VARIANTS

Traditionally, the single-gene disorders were first analyzed based on
linkage analyses14,15 followed by positional cloning; an informative
segregation pattern, clear mode of inheritance and enough affected
family members could support for gene identification. Homozygosity
mapping establishes loci of autosomal recessive disorders.16 More
complex forms of single-gene disorders, such as retinitis pigmentosa17

and hearing loss, with different inheritance modes have been reported
based on SNP arrays. Allelic association studies of case-control design
are suitable for identifying highly associated SNPs with the complex
diseases.

Drawbacks and limitations to these approaches that hindered the
gene discovery need to be emphasized; there are families with small
number of affected individuals, which do not meet the criteria
required for classical gene-discovery methods. In addition, finding
the causal genes in families fitting the criteria is very difficult in case
of expression variability, locus heterogeneity, phenotypic heterogene-
ity, reduced penetrance or reduced fitness, because in these condi-
tions, the causal effect could hardly be co-segregated with affection
status within the family. Exome sequencing permits to overcome these
obstacles. Also, there may be several sporadic cases from different
families with similar phenotypes, in which exome sequencing inter-
rogates the causal variants. As in Table 2, WES could identify the
causal variants with a limited number of patients. Indeed, NGS
technologies bring us new sights in unraveling the genetic basis of
diseases.

Table 1 Landmark events from DNA structure identification to new NGS reports

Year Event Reference

1953 Watson and Crick infer DNA’s structure Watson and Crick65

1964 The first nucleotide sequence of the gene encoding yeast alanine tRNA was reported Holley et al.9

1977 Initial DNA sequencing methods were introduced by Sanger, Maxam and Gilbert Sanger et al.10

Maxam and Gilbert11

1980 First human linkage map based on restriction fragment length polymorphism Botstein et al.66

1983 First dominant disease locus on the basis of linkage Gusella et al.15

1985 Mullis discovered PCR technique Mullis et al.67

1986 The idea of human genome sequencing was proposed

The first human disease gene was cloned

Smith et al.68

Royer–Pokoraet al.69

1987 The first homozygosity mapping was done Lander and Botstein16

1989 First positional cloning of a recessive disease gene on the basis of linkage Riordan et al.14

1993 A first-generation physical map of the human genome Cohen et al.70

1995 First-genome sequence of an organism (Hemophilus influenza) was reported Fleischmann et al.71

1999 First human chromosome was sequenced Dunham et al.72

2000 Fruit fly genome was sequenced

First assembly of the human genome was completed

Adams et al.73

Myers et al.74

2001 The first draft of human genome sequence was published Venter et al.75

Lander et al.76

2003 The human genome sequence was completed Jasny and Roberts 2003

2004 Massively parallel sequencing platforms giving rise to the ‘next-generation sequencing’ were introduced http://www.genome.gov/12513210

2005 The first NGS instrument was on market Margulies et al.77

2008 First individual genome based on NGS was published Wheeler et al.78

2009 Proof of principle: disease-gene identification by WES Ng et al.79

2010 The first successful application of WES to identify the gene for a rare Mendelian disorder Ng et al.12
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Table 2 Mendelian disease-gene identifications by exome sequencing

Year Disorder MI Location Gene

Number exome

sequenced Sequencer

Capturing

method References

2010

1 Miller syndrome AR 16q22 DHODH 4 GAIIa Array Ng et al.12

2 Autoimmune lymphoproliferative syndrome AR 11q13.3 FADD 1 ND SSb Bolze et al.80

3 Nonsyndromic hearing loss AR 1p13.3 GPSM2 1 GAIIx SS Walsh et al.81

4 Combined hypolipidemia AR 1p31.1–p22.3 ANGPTL3 2 GAII S Musunuru et al.37

5 Perrault syndrome AR 5q21 HSD17B4 1 GAIIx SS Pierce et al.38

6 Complex I deficiency AR 3q21.3 ACAD9 1 SOLiDc SS Haack et al.82

7 Hyperphosphatasia mental retardation

syndrome

AR 1p36.11 PIGV 3 SOLiD SS Krawitz et al.83

8 Sensenbrenner syndrome AR 2p24.1 WDR35 2 SOLiD SS Gilissen et al.55

9 Cerebral cortical malformations AR 19q13.12 WDR62 3 GAIIx Nd solid array Bilguvar et al.84

10 3MC syndrome AR 3q27-q28 MASP1 2 GAIIx SS Sirmaci et al.47

11 Kabuki syndrome AD 12q13.12 MLL2 10 GAII Array Ng et al.39

12 Schinzel–Giedion syndrome AD 18q21.1 SETBP1 4 SOLiD SS Hoischen et al.53

13 Spinocerebellar ataxia AD 20p13 TGM6 4 GAII NA Wang et al.44

14 Terminal osseous dysplasia XLD Xq28 FLNA 2 GAII SS Sun et al.45

2011

15 Nonsyndromic mental retardation AR 19p13.12 TECR 6 GAII S Caliskan et al.85

16 Retinitis pigmentosa AR 1p36.11 DHDDS 4 GAII N Züchner et al.86

17 Osteogenesisimperfecta AR 17p13.3 SERPINF1 1 SOLiD 4 SS Becker et al.87

18 Skeletal dysplasia AR 8q22.1 POP1 4 GAII NS Glazov et al.88

19 Combined malonic and

methylmalonicaciduria

AR 16q24.3 ACSF3 1 GAIIx SS Sloan et al.89

20 Amelogenesis AR 17q24.2 FAM20A 1 SOLiD SS O’Sullivan et al.90

21 Chondrodysplasia and abnormal joint

development

AR 8q12.1 IMPAD1 3 SOLiD 4 SS Vissers et al.91

22 Progeroid syndrome AR 11q13.1 BANF1 3 GAIIx SS Puente et al.43

23 Infantile mitochondrial cardiomyopathy AR 6p21.1 AARS2 1 GAIIx SS Götz et al.92

24 Heterotaxy AR 4q21.1 SHROOM3 1 GAII NS Tariq et al.93

25 Mosaic variegated aneuploidy syndrome AR 11q21 CEP57 2 GAIIx SS Snape et al.94

26 Hypomyelinatingleukoencephalopathy AR 10q22-q23 and

12q23.3

POLR3A

and

POLR3B

3 GAIIx SS Saitsu et al.54

27 Spastic ataxia-neuropathy syndrome AR 18p11 AFG3L2 4 GAIIx SS Pierson et al.42

28 Dilated cardiomyopathy AR 7q21-q22 GATAD1 2 GAIIx SS Theis et al.95

29 Gonadal dysgenesis AR 17q21.2 PSMC3IP 2 SOLiD 3 SS Zangen et al.41

30 Autosomal recessive progressive external

ophthalmoplegia

AR 8q23.1 RRM2B 1 GAII SS Takata et al.96

31 Knobloch syndrome AR 16q23 ADAMTS18 1 HiSeq2000 SS Aldahmesh

et al.97

32 Spinocerebellar ataxia with psychomotor

retardation

AR 1q32.2 SYT14 2 GAIIx SS Doi et al.98

33 Adams–Oliver syndrome AR 19p13.2 DOCK6 4 HiSeq2000 T Shaheen et al.99

34 Steroid-resistant nephrotic syndrome AR 15q21-q22 and

15q24.2

MYO1E and

NEIL1

1 SOLiD4 SA Sanna-Cherchi

et al.100

35 Complex bilateral occipital cortical gyration

abnormalities

AR 9q31-q34 LAMC3 1 GAIIx NA Barak et al.101

36 Intellectual disability AR 14q12,

1p13.2 15q21.2

AP4S1,

AP4B1,

AP4E1

1 GAIIx SS Abou Jamra

et al.50

37 Hypertrophic cardiomyopathy AR 3q21-q23 MRPL3 1 GAIIx SS Galmiche et al.102

38 Retinitis pigmentosa AR 6p24 MAK 1 GAIIx SS Ozgül et al.103

39 3M syndrome AR 19q13.32 CCDC8 3 SOLiD 4 SS Hanson et al.104

40 Seckel syndrome AR 15q21.1 CEP152 1 GAII SS Kalay et al.105

41 ADK deficiency AR 10q11-q24 ADK 2 HiSeq2000 SS Bjursell et al.106

42 Nephronophthisis-like nephropathy AR 4p14 WDR19 1 SOLiD SS Bredrup et al.107

43 Psuedo–Sjögren–Larsson syndrome AR 6q14 ELOVL4 1 HiSeq2000 ND Aldahmesh

et al.108

44 Idiopathic infantile hypercalcemia AR 20q13 CYP24A1 1 GAII S Dauber et al.109
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Table 2 (Continued )

Year Disorder MI Location Gene

Number exome

sequenced Sequencer

Capturing

method References

45 EMARDD AR 5q33 MEGF10 1 GAIIx SS Logan et al.110

46 Gray platelet syndrome AR 3p21.31 NBEAL2 4 GAII SS Albers et al.111

47 Immunodeficiency, centromeric instability

and facial anomalies

AR 6q21 ZBTB24 1 GAIIx NA deGreef et al.112

48 Leber congenital amaurosis AR 2q37 KCNJ13 1 HiSeq2000 SS Sergouniotis

et al.113

49 Hereditary spastic paraparesis AR 2q37.3 KIF1A 5 illumina array Erlich et al.114

50 Ohdo syndrome AD 10q22.2 KAT6B 4 SOLiD 4 SS Clayton-Smith

et al.115

51 Paroxysmal kinesigenicdyskinesias AD 16p11.2 PRRT2 4 HiSeq2000 SS Chen et al.116

52 Hajdu–Cheney syndrome AD 1p13-p11 NOTCH2 3

6

GAIIx

GAIIx

SS

SA

Simpson et al.117

Isidor et al.118

53 Bohring–Opitz syndrome AD 20q11 ASXL1 3 SOLiD4 SS Hoischen et al.119

54 Hereditary diffuse leukoencephalopathy with

spheroids

AD 5q32 CSF1R 2 HiSeq2000 SS Rademakers

et al.49

55 Spondyloepimetaphyseal dysplasia AD 16p11.2 KIF22 19

9

HiSeq2000

GAII

SS

SS

Boyden et al.120

Min et al.121

56 Adult neuronal ceroid-lipofuscinosis AD 20q13.33 DNAJC5 1 SOLiD 4 SS Nosková et al.122

57 KBG syndrome AD 16q24.3 ANKRD11 3 GAIIx NS Sirmaci et al.123

58 Dendritic cell, monocyte, B and NK

lymphoid deficiency

AD 3q21.3 GATA-2 Dickinson

et al.124

59 Late-onset Parkinson’s disease AD 16q12 VPS35 2

2

GAIIx

GA

SS

NA

Zimprich et al.125

Vilariño-Güell

et al.126

60 Sensory neuropathy with dementia and

hearing loss

AD 19p13.2 DNMT1 1 GAII/ 454 GS-

FLX

SS/NA Klein et al.127

61 Dilated cardiomyopathy AD 10q25.2-q26.2 BAG3 4 GAIIx NS Norton et al.128

62 High myopia AD 1p22.2 ZNF644 2 GAII NA Shi et al.129

63 Autosomal dominant retinitis pigmentosa AD 1p31 RPE65 Bowne et al.130

64 Charcot–Marie–Tooth disease AD 14q32 DYNC1H1 3 GAII SS Weedon et al.131

65 Hereditary hypotrichosis simplex AD 13q12.2 RPL21 1 ND NA Zhou et al.132

66 Geleophysic and acromicric dysplasia AD 15q21.1 FBN1 5 SOLiD 3.5 SS Le Goff et al.a133

67 Myhre syndrome AD 18q21.1 SMAD4 2 GAIIx SS Le Goff et al.134

68 Leucoencephalopathy XLR Xq13.2 MCT8 2 GAIIx SS Tsurusaki et al.135

2012

69 Split hand and foot malformation AR 7q22 DLX5 1 HiSeq2000 T Shamseldin

et al.136

70 Global eye developmental defects AR 10q21.3-q22.1 ATOH7 1 GAIIx SS Khan et al.137

71 Primary hypertrophic osteoarthropathy AR 3q21 SLCO2A1 1 GAII NA Zhang et al.138

72 Bartsocas–Papas Syndrome AR 21q22.3 RIPK4 1 SOLiD SS Mitchell et al.139

73 Familial aplastic anemia AR 1p34 MPL 1 GAIIx NS Walne et al.140

74 Peeling skin syndrome AR 19q13.1 CHST8 1 SOLiD 4 SS Cabral et al.141

75 Sengers syndrome AR 7q34 AGK 1 GAIIx SS Mayr et al.142

76 Hypertension AR/

AD

AD

5q31

2q36.2

KLHL3

CUL3

11 GAII NA Boyden et al.143

77 Weaver syndrome AD 7q35-q36 EZH2 6 HiSeq2000 SS Gibson et al.144

78 Genitopatellar syndrome AD 10q22.2 KAT6B 6

3

GAIIx

HiSeq

SS

NS

Simpson et al.145

Campeau et al.146

79 Hypothyroidism AD 17q11.2 THRA 1 SOLiD4 SS Bochukova

et al.147

80 Floating–Harbor syndrome AD 16p11.2 SRCAP 5 HiSeq SS Hood et al.148

81 Hereditary spastic paraplegia type 12 AD 19q13.32 RTN2 4 HiSeq2000 SS Montenegro

et al.149

82 Microcephaly associated with lymphedema AD 10q24.1 KIF11 5 GAIIx SS Ostergaard

et al.150

83 Congenital disorders of glycosylation (CDG) AR 1p36.1 DDOST 1 HiSeq NS Jones et al.151

84 Congenital mirror movements AD 15q15.1 RAD51 2 GAIIx SS Depienne et al.48
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Most pathogenic variants thus far identified are located in highly
conserved regions of the genome.18,19 It is believed that most of the
functional variants are located in the coding exons.20 Most (91.8%) of
the functional variants of the protein-coding variations are due to
nonsense/missense (B56%), small insertion/deletions (B24%),
splicing (B10%) and regulatory (B1.8%) mutations (Human Gene
Mutation Database professional 2011).20 Overall, 85% of the disease-
causing mutations are estimated to be located at protein-coding
regions.20,21 Accordingly, WES could elucidate at least 78% of
causative variants.

BASICS OF WES

The approach for exome sequencing is based on probe-hybridization
method to capture entire exons.22,23 The whole process is categorized
into three steps, namely sample preparation, hybridization and
sequencing (Figure 1). Briefly, the first step is sample preparation,
in which the genomic DNA is sheared by nebulization or sonication
to get desired fragments of about 250 bp. The fragment ends are
repaired by T4 DNA ligase. The process of 30 A-tailing is performed
followed by ligation of paired-end adaptor to the fragments. The final
step for sample preparation is to amplify the prepared library for a
few cycles. To enrich the prepared library, hybridization with a
biotinylated oligo library (RNA baits for example, Agilant SureSelect
(Santa Clara, CA, USA) (635 250 RNA probes of 120 bp) or DNA
baits, for example, NimbleGen22 (Madison, WI, USA) (2.1 million
DNA probes of 60–90 bp)) is performed and captured by streptavidin
beads. The quality and quantity of the exome library is analyzed by

highly sensitive methods, such as Agilent 2100 Bioanalyzer before
sequencing step. The exome library is sequenced in paired-end reads
for example in Illumina (San Diego, CA, USA) to yield a 75–100 bases
per read. Amplification of surface-bound individual fragments
using an isothermal bridge amplification method produces clonal
clusters of about 1000 identical molecules per cluster; one fragment is,
therefore, attached to one surface oligonucleotide, endures cluster
generation, and the replicate copies are sequenced to yield one
sequence read. When DNA chain is growing, the first step of
sequencing procedure is detecting the next added fluorescently
labeled base (reversible terminator) by means of a sensitive device
like charge-coupled device camera. The terminator is changed to a
standard nucleotide by removing the dye. Repeating this cycle,
sequentially, determines the next base. About 79% of the reported
genes were determined using Illumina sequencing machines (Table 2).

After sequencing, the data is processed in three major steps,
including mapping, variant calling and annotation steps (Figure 1).
The sequence data is aligned with Burrows–Wheeler Aligner24 tool
against a reference sequence such as hg18/hg19 (GRCh37). Next step
is calling; data generated by Burrows–Wheeler Aligner in Sequence
Alignment Map (SAM) format could be used by SAMTools,25

Genome Analysis Tool Kit,26 and Picard (http://picard.
sourceforge.net). SAMTools is used for quality control, short read
alignment and variant identification (VarFilter). It processes and sorts
the files. Facilitating the short aligned reads (BAM files: binary
equivalent SAM format) for fast access is called indexing, which is
followed by making a pileup format to facilitate variant calling. The

Table 2 (Continued )

Year Disorder MI Location Gene

Number exome

sequenced Sequencer

Capturing

method References

85 Mandibulofacialdysostosis with microcephaly AD 17q21.31 EFTUD2 4 HiSeq SS Lines et al.152

86 Limb-girdle muscular dystrophy AD 7q36.3 DNAJB6 3 HiSeq2000 Te Harms et al.153

87 Congenital stationary night blindness AR 17q21.1 GPR179 4 HiSeq SS Audo et al.154

88 Autosomal recessive primary microcephaly AR 4q12 CEP135 1 HiSeq2000 N Hussain et al.155

89 Aplastic anemia and myelodysplasia AD 4q11 SRP72 4 GAIIx N Kirwan et al.156

90 Acrodysostosis AD 5q12,

17q23-q24

PDE4D,

PRKAR1A

5 HiSeq2000 SS Lee et al.157

91 Olmsted syndrome AD 17p13.2 TRPV3 13 HiSeq2000 SS Lin et al.158

92 Familial diarrhea AR 12p12 GUCY2C 3 HiSeq2000 NS Fiskerstrand

et al.159

93 Nager syndrome AD 1q21.2 SF3B4 7 HiSeq2000 SS Bernier et al.160

94 Infantile cerebellar retinal degeneration AR 22q13.2 ACO2 1 SOLiD4 SS Spiegel et al.161

95 Multicantric carpotarsal osteolysis AD 20q11.2-q13.1 MAFB 5 GAII NS Zankl et al.162

96 Coffin–Siris syndrome AD 22q11 SMARCB1 5 GAIIx SS Tsurusaki et al.163

97 Joubert syndrome AR 5p13.2 C5ORF42 15 HiSeq2000 SS Srour et al.164

98 Cerebroretinal microcephaly with calcifica-

tions and cysts

AR 17p13.1 CTC1 4 GAIIx NS Polvi et al.165

99 Kohlschutter–Tonz Syndrome AR 16p13.3 ROGDI 1 GAII SS Schossig et al.166

100 Coffin–Siris syndrome AD 6q25.1 ARID1B 5 HiSeq2000 SS Santen et al.167

101 UV-sensitive syndrome AR 4p16.3 UVSSA 2 GAIIx SS Nakazawa

et al.168

102 Pulmonary arterial hypertension AD 7q31.1 CAV1 4 SOLiD4 SS Austin et al.169

Abbreviations: AD, autosomal dominant; ADK, adenylate kinase; AR, autosomal recessive; MI, mode of inheritance; UV, ultraviolet.
aGAII: Illumina Genome Analyzer II.
bS, solution-based capture method; SS, Agilent SureSelect Human All Exon Kit captures based on biotinylatedcRNA oligonucleotide baits; SA, Agilent SureSelect Array.
cABI SOLiD system sequencing (Life Technologies, Carlsbad, CA, USA).
dN, NimbleGen; NA, NimbleGen Sequence Capture Human Exome 2.1M Array is based on array; NS, NimbleGenSeqCap EZ whole-exome is solution-based capture method.
eT, TruSeqExome Enrichment kit (Illumina).
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indexed file is visualized by Integrative Genomics Viewer27 or other
sequence alignment visualization tools. PCR duplicates are removed
using Picard MarkDuplicate and SAMTools. Average coverage and
depth of coverage are calculated with Genome Analysis Tool Kit’s
Depth of Coverage analysis. ANNOVAR28 is a tool for annotating
genetic variants based on the function; the annotation file usually
includes gene name, chromosomal position, nucleotide changes,
amino-acid changes and description, SIFT (sorting intolerant from
tolerant)29 and Polyphen (polymorphism phenotyping)30 values,
single-nucleotide polymorphism database ID, allelic frequency of
the SNP in 1000 Genome project and sequence quality. VAAST
(Variant Annotation, Analysis and Search Tool) incorporated previous
amino-acid substitution information with annotation and ranked
candidate genes with statistical evaluation, which can be used to list
up the candidate genes and variants.31 Most investigators filter the
data based on the function of variants. Nearly half of variants are
synonymous ones, not considered to be deleterious, which are usually
filtered out. Although there are some reports about the causal effect of
synonymous variants,32 the probability is very low. The remaining
variants are nonsense, missense, indel, splice mutations and other
non-coding RNA transcripts. Approximately, 5% of the variants are

not reported in the above databases.33 As noted, the variants called
based on pathogenic predication of bioinformatics tools, such as
SIFT29 and PolyPhen,30 are explored through the annotation. Hence,
the pathogenic variants disrupt the protein function or structure in
conserved sites. Depending on the knowledge of the affected samples,
different analytic frameworks are used to define the causal variant
(Figure 2).

CALLING VARIANTS AND THE CANDIDATE GENE

The sequence data are compared with public databases, such as single-
nucleotide polymorphism database,34 1000 Genome Project,35 Exome
Variant Server (http://evs.gs.washington.edu/EVS) and HapMap.36 It
is noticed that individual exome of African-American origin has an
average 24 000 single-nucleotide variants, whereas European-
Americans origin has a mean 20 000 single-nucleotide variantss.33

Thus, it is inferred from other studies that this number varies
depending on the ethnicity and capturing protocols, sequencing
platforms, mapping algorithms and variant calling methods. Totally,
the number of candidate disease-causing variants is reduced to
100–500 pathogenic variants depending on the study design.18,36–39

In a study, it was reported that each genome carries 165 homozygous

Library preparation: shearing, end-paring, adapter ligation  

DNA extraction

Hybridization: on whole exome  

Exome sequencing to sufficient coverage 

Raw sequence reads (FastQ) 

Sort and mark duplicates and mapped pairs 

Read mapping to reference genome by alignment tools (e.g. BWA, Eland, etc.) 

Variant calling and filtering: SAMTools, etc.  

Variant annotation: 1. dbSNP (3 million SNPs/individual; 20,000-30,000 coding SNPs/exome  
       2. Removal of synonymous SNPs 
       3. Checking the previously reported mutations 

Based on mode of inheritance  

Autosomal recessive Autosomal  dominant  X-linked  De novo variants  

Homozygous/ 
compound 
heterozygous variants 
common  among 
patients  

Heterozygous 
variants common 
among patients 

Variants on 
chromosome  X 
common  among 
patients 

Variants in patients 
not found in their 
parents  

Figure 1 Applying usual filtering to exome-sequencing projects would define novel causal genes for Mendelian disorders; major assumptions about causal

genes at these steps are as following: (1) structural variants and other forms of genetic variations are ignored, (2) causal variants are coding, (3) causal

variants alter protein sequence and (4) casual variant has almost complete penetrance. A single exome carries about 20000–30 000 coding SNPs. Over

95% of the variants overlap with data sets depending on ethnicity. Filtering steps narrow down the number of possible disease-associated genes; then, the

final variants are limited to those fitting the mode of inheritance. A full color version of this figure is available at the Journal of Human Genetics journal

online.
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protein-truncating variants in the diverse pathways.40 Thus, a causal
variant cannot be directly identified as the related gene unless
integrative genomic analyses are performed as homozygosity
mapping, linkage analysis, Sanger sequencing and so on. However,
if we study a family with four affected individuals or two or three
families, each with at least two affected ones, employing the usual
filtering could possibly define a causal gene.41–45 According to an
assumption by Robinson et al.,46 when the same gene is considered as
a causality in multi sporadic cases, 5% of the target genes (about
20 000) show rare probable casual variants in all affected individuals,
and after sequencing one individual and a usual filtering, nearly 1000
genes would remain as candidate genes. If a second individual is
sequenced, only 50 genes (5% of 1000) with variants in both
individuals will remain. Sequencing a third affected person predicts
less than one gene having a variant in all three affected individuals.46

FRAMEWORKS USED TO ANALYZE SINGLE-GENE DISORDERS

We, here, exemplify the main approaches for detecting gene variants
among the Mendelian disorders. Two main approaches, including
family-based and unrelated individual strategies, are explained
(Figure 2).

Family-based studies
When a number of affected individuals within a family are sequenced,
the shared mutations are selected from the affected members because
they harbor the same causal variant. This strategy narrow downs the
candidate genes. Non-affected members of the family are sequenced
to verify the candidate variations.

Combining the previous knowledge of homozygosity mapping for
recessive disorders (Figure 2a2) and linkage studies for dominant
(Figure 2a3) and recessive disorders as integrative approaches define
the candidate variant. For instance, homozygous regions of the
genome detected by SNP array are informative to reduce the number
of candidate variants found to be homozygous for a family with
recessive inheritance; only those variants in homozygous regions are
reliable for pathogenicity. Shared homozygous or compound hetero-
zygous variants are used to find the candidate variant (Figures 2a1
and a2). In a study by Sirmaci et al.,47 the cause of Malpuech–

Michels–Mingarelli–Carnevale syndrome in two affected families was
identified. An autozygous region on chromosome 3q.27 was identified
and exome sequencing confirmed MASP1 mutation co-segregated
with the phenotype.

Linkage studies are informative for multiple affected family
members with multigenerations and are used in combination with
exome sequencing.48 For the dominant disorders, a common
heterozygous variant is distinguished among the affected individuals
in a family. Using the genome-wide linkage analysis of hereditary
diffuse leukoencephalopathy with spheroids affecting central nervous
system, Rademakers et al.49 identified 233 candidate genes within the
chromosome 5q candidate region and exome sequencing revealed a
heterozygous variant in CSF1R in the candidate region, which was
confirmed in 13 other affected families with distinct heterozygous
mutations.

In case of locus heterogeneity in genetic disorders, such as retinitis
pigmentosa, osteogenesis imperfect, hearing loss and so on, different
patterns of inheritance may be observed in different families; thus,
differentiating the exact clinical descriptions and determining the
mode of inheritance would help to find the candidate gene. In a study
by Abou Jamra et al.,50 a combination of autozygosity mapping and
exome sequencing was applied to identify the pathogenic variants,
causing intellectual disability with recessive mode of inheritance in
eight affected individuals from three consanguineous families. Using
this approach, they identified three causative genes encoding adaptor
protein complex 4 within these families.

In case of X-linked pedigrees (Figure 2c), analysis of X-chromosome
variants could be helpful; of course, female and male samples are
homozygous and hemizygous for autosomal recessive disorders,
respectively. In an example, exome sequencing of entire three affected
males having an unclassified X-linked lethal congenital malformation
syndrome identified a splicing mutation in OFD1 gene.51

Unrelated individual studies
If there are a number of affected cases, but not within the family
(sporadic cases), common pathogenic gene could be followed among
the samples, assuming no locus heterogeneity among the affected
individuals. The approach is called overlap strategy.52 To point out,

2. Autosomal recessive 
and Homozygosity mapping 3 . Autosomal dominant and 

Linkage analysis

De novo mutation
(Trio analysis)

X-linked variant
analysis

1. Autosomal recessive and
Compound heterozygousanalysis

a

b c

Figure 2 Hypothetical frameworks for analyzing single-gene disorders. Combinational analyses could help to determine the probable causative variant.

Family-based (a1, a2 and a3), de novo mutation (b) and X-linked variant analysis (c). A full color version of this figure is available at the Journal of Human
Genetics journal online.
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the cause of Schinzel–Giedion syndrome was identified using this
strategy.53 Furthermore, Saitsu et al.54 performed exome sequencing
in three unrelated affected individuals with congenital hypo-
myelination leukoencephalopathy; they found compound hetero-
zygous mutations in POLR3A and POLR3B (encoding RNA
polymerase III subunits) in the affected individuals.

As in case of Kabuki syndrome, which is a rare disorder worldwide,
the majority of cases are sporadic, but parent-to-child transmission
has been reported representing the dominant mode of inheritance.
WES revealed the causal variants of Kabuki syndrome in 7 out of 10
families in MLL2; follow-up Sanger sequencing of the remaining three
families detected mutations in the MLL2 in two of the families, which
shows that this would be the main cause of syndrome.39 Other genes,
however, may explain the pathogenesis of the condition in the
remaining family. One may use this family in conjunction with
other new affected families to find the causal variants. In addition,
they reported that only 26 out of 43 patients had mutations in MLL2
by Sanger sequencing. The clinical and genetic heterogeneity of the
syndrome complicates gene finding, and similar clinically affected
cases are helpful to find new genes.

In the absence of number of cases, some integrative strategies are
needed depending on their availability. When there is a single affected
individual suspected of a recessive disorder, homozygous and
compound heterozygous variants are searched namely, as double hit
strategy by Gilissen et al.52 WES revealed compound heterozygous
mutations in WDR35 gene in a single sporadic case affected with
Sensenbrenner syndrome.55 Also, WES of one of the affected sisters
with Perrault syndrome manifested two mutations, showing
compound heterozygote in the HSD17B4.38

De novo mutations
The previously mentioned frameworks are focused on homogenous
diseases. A substantial number of de novo mutations occur sporadi-
cally in which cases, mostly fetus, do not survive and so the mutations
will be eliminated from the population; thus, these lethal mutations
are not usually identified. De novo mutation rate is estimated to be
7.6� 10�9–2.2� 10�8 per generation; that is, approximately one in
108 base per haploid genome is mutated spontaneously,56,57 which
could become the causality. For the de novo mutation analysis, the
case–parent trios are practical (Figure 2b). Nonpathogenic variants
are filtered and then the variants presented in the parents are
excluded. There might be a chance of sequencing errors and mapping
artefacts, so confirmation by Sanger sequencing with high accuracy
should be applied.58 Detection of a de novo mutation is not enough to
confirm the causality of the disease. Additional analyses, including
replication and functional analyses, should be performed to
determine the deleterious or causal variants. Pathogenesity of a
variant not only depends on the type and the location of the
mutation but also on its functional effects.19

De novo mutation studies have been employed to determine
de novo mutations of rare Mendelian disorders, such as Schinzel–
Giedion syndrome.53 In addition, causative genetic factors for
heterogeneous disorders, such as intellectual disabilities, have been
revealed as well.18 Trio-based exome sequencing is demonstrated to be
a powerful approach for identifying novel causative genes for sporadic
autism spectrum;59 these researchers identified 21 de novo mutations
using exome sequencing of 20 sporadic cases of the sporadic autism
spectrum.59 More recently, Sanders et al.60 demonstrated, using WES
of families affected by autism spectrum disorder, contribution of
de novo mutations in brain-expression genes to the risk for these
disorders. Iossifov et al.61 sequenced and analyzed the exomes of

343 families with a single individual affected by the autism spectrum
and at least one unaffected sibling; they found that gene-disrupting
mutations, not missense mutations, are frequent in affected children.
In this study, 350–400 genes have been estimated as autism-
susceptibility genes.61

PROS AND CONS

Interpretation of the results obtained by NGS of the Mendelian
disorders is of major concern. When using exome sequencing in
clinical genetics and medicine, limitation of the approach is evident
and experimental design is needed to circumvent the downs. Genetic
and phenotypic heterogeneity in different affected individuals make
exome sequencing difficult to interpret. Exact clinical examinations
and biochemical tests have important roles to distinguish between
new syndromes and known ones.

Patients with the same phenotype may not share the same causal
variant; indeed they may have distinct variants in a gene as we call
allelic heterogeneity. Depending on the clinical information, different
strategies or filtering protocols are used for implication of the
pathogenicity of a variant. Of course, variants in the reported genes
are generally examined at the first step of filtering process. Then, the
possible causal variants could be validated by segregating through the
family or other cases.

Intensive examinations of variant call are important in exome
sequencing; false-positive errors appear as sequencing errors related to
mechanical and analytical errors; also short reads generated by NGS
would not align perfectly to the appropriate position as a result of
paralogous and low copy repeats that may cause errors during
calling.62 In the repetitive regions of the genome, misalignment may
occur, which could be improved by longer read lengths or higher
depth of coverage in those regions.21 Also, false-negative errors could
occur because of mechanical and analytic errors due to low coverage,
poor capture efficiency and so on. Avoiding false-negative errors is
more difficult than false-positive ones; however, it is proposed that
the error rate could be estimated by comparing the calls with the test
samples, which have been previously called.21,46 The relation of false-
positive and false-negative calls is ‘trade-off ’; if we set stringent
criteria (high base quality and stringent alignment or and so on),
false-positive errors are decreased but false-negative ones are
increased, which is important to concern. There are also other
problems in the filtering strategies, which may influence data
analysis. Filtering out variants with minor allele frequency of o1%
may be misleading for recessive disorders. Because the carriers may
not show the disease, but still the frequency of the allele is high in the
1000 Genome, which may be excluded in the filtering step because of
higher frequency.

Some deleterious variations may be located in the non-coding
regions, such as intronic or regulatory regions of the genome, which
cannot be called by exome sequencing, whereas WGS covers all the
data for genome. WGS is expected to be applied for disease-gene
identification in near future; however, the current cost and informa-
tion burden of WGS need to be circumvented. The huge amount of
data generated from WGS comparing with WES provides information
on evolutionary-conserved non-coding regions and all variants
throughout the genome. Filtering and analyzing these data is
challenging. Moreover, the time for analyzing data is increased and
larger computational memory is needed for WGS data analysis.

CONCLUSION

Exome sequencing has evolved the biomedical research. The possible
causative genes are directly distinguished using these new sequencing
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technologies. Up to now, the role of more than 100 genes has been
distinguished in rare Mendelian disorders by means of WES, and this
statistics is rapidly growing. Combinational approaches, including
traditional methods and WES, are easily used for those disorders
following autosomal mode of inheritance to define the underlying
gene. It is needless to say, new sequencing technologies, such as in
Pacific Bioscience and Nanopore, will shed light in this field.63,64 WES
could have a critical role in identifying new genes until the costs for
WGS will be decreased.
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