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The study of Mendelian disorders has been of immense utility in uncovering the genetic and 

molecular basis of numerous human traits, and has greatly furthered the identification of genes, 

the annotation of gene function and our understanding of biological pathways and cellular 

processes. Over the last 30 years, linkage analysis has been the most successful approach for 

finding the genes underlying Mendelian disorders, contributing to the identification of over 1,500 

genes. However, thousands of disorders remain unsolved. Here I present a new paradigm to 

efficiently identify the genetic basis of Mendelian disorders, based on the direct observation of 

potentially causative mutations throughout the genome of affected individuals. This is enabled by 

massively parallel, or “next-generation”, sequencing, which has made it increasingly feasible to 

generate large amounts of sequencing data at low cost. Although whole human genomes can now 

be sequenced, it is more cost effective to focus on specific regions of interest – for example, all the 

protein-coding regions (the “exome”), in which the majority of known Mendelian disease 

mutations are found.  In this dissertation, I first describe a method for the efficient enrichment 

and sequencing of the human exome. I then validate this method by sequencing and describing 

the genetic variation in twelve human exomes – eight Hapmap samples and four samples with 



 
 

Freeman-Sheldon syndrome (FSS) – and in a proof-of-concept experiment, show how the 

variation uncovered in exome data from the individuals affected with FSS can be filtered to 

identify the known causal gene. Next, I present the first successful applications of this approach to 

disorders of unknown genetic basis: a) Miller syndrome, a recessive disorder with only 40 

described cases, and b) Kabuki syndrome, a dominant disorder where the majority of affected 

individuals are sporadic cases with no familial transmission. The development of exome 

sequencing and these filtering methods for exome data represents a new paradigm by which 

Mendelian disorders can be studied and new genes associated with disease can found, and as 

sequencing becomes ubiquitous, is likely to become a standard tool for the elucidation of the 

molecular basis of disease. 
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CHAPTER 1 : INTRODUCTION 

The study of Mendelian disorders has uncovered the function of thousands of human 

genes1, and to date, nearly 3000 Mendelian phenotypes have been “solved” – that is, have had a 

genic cause associated with the phenotype2,3. Studies of such disorders have furthered our 

understanding of the genome on multiple fronts – from gene annotation and the identification of 

gene interactions and pathways, to elucidating the nature of mutations and mechanisms for 

pathogenesis.  

1.1 What is a Mendelian disorder? 

A Mendelian disorder is defined as one caused principally by one or more mutations in the 

genome of an affected individual, with little or no contribution by environmental effects. In most 

cases, Mendelian disorders are monogenic – i.e. mutations in a single gene are necessary and 

sufficient to cause disease; in very few cases, e.g. Bardet-Biedl syndrome4, they are digenic – 

requiring two different genes to be inactivated before the phenotype is observed. When more and 

more genes contribute to a trait, such that mutations in them become neither necessary nor 

sufficient, but just predisposing, then a trait is multigenic and complex. 

Although most Mendelian disorders are monogenic, the disorders are themselves each far 

from homogenous and the one-to-one gene-trait relationship does not always hold. First, as it is 

most often the case, there is allelic heterogeneity within a disease gene – that is to say, a “disease 

allele” could refer to any one of multiple inactivating mutations in the same gene. For example, 

there are currently 1,492 different mutations affecting F8 that are associated with haemophilia A5, 

and while a single mutation in CFTR accounts for 66% of cystic fibrosis6, over 1,900 other 

mutations in this gene have been implicated7. 
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There is also genetic heterogeneity, where mutations in different genes can lead to the 

same phenotype (many genes – one trait). In an extreme example, mutations in over 45 different 

genes are known to cause retinitis pigmentosa8, each gene with a specific inheritance pattern, be 

it autosomal or sex-linked, or recessive or dominant. It is worth noting that retinitis pigmentosa is 

still mainly a monogenic disorder, because any one of these mutations in any one of these genes is 

sufficient to cause the phenotype in a single individual. 

On the other hand, there is also variable expressivity (that is, phenotypic heterogeneity), 

wherein a spectrum of phenotypes are observed, despite there being the same underlying mutated 

gene (one gene – many traits). In the gene ABCA4, different mutations can lead to a number of 

distinct ophthalmic disorders, ranging from retinitis pigmentosa to cone-rod dystrophy to age-

related macular degeneration, which may be correlated with the severity of the mutation and 

gene activity (reviewed in ref. 9). Similarly, in cystic fibrosis, although in most cases CFTR is the 

mutated gene, and the mutation is ΔF508, there is a range of phenotypic effects including 

elevated salt in sweat, pancreatic insufficiency, lung disease, reduced fertility and meconium ileus, 

and the observation of each of these varies among affected individuals (reviewed in ref. 10). This is 

clearly due to CFTR having a cellular role in multiple organs, specifically in epithelial cells; at the 

same time, the range of phenotypic variability suggests that modifier genes, or even 

environmental factors, are present to modulate the effect of CFTR mutations in different organs10. 

Although Mendelian disorders are often presented on the opposite end of the spectrum 

from complex disease, it is clear they are far from simple. They are, however, by-and-large 

monogenic in nature, and based on this characterisation we expect causal mutations to have high 

penetrance and large effect. 
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1.2 Finding “disease genes” 

The gene finding method that has found the broadest applicability in recent times is 

genetic mapping through linkage analysis, which is not dependent on any prior knowledge of 

biology or function, and is instead based purely on the inheritance of a trait in conjunction with 

the inheritance of chromosomal regions to pinpoint the location of disease-related genes.  

The theory behind linkage analysis has been developed over the last 100 years, starting 

with the early observations by T. H. Morgan and others that traits that tend to be co-inherited are 

likely to be due to “factors” that are “linked” – i.e. genes that are in close proximity (e.g. ref. 11), 

because of a lower probability of recombination events happening between them. Based on this, 

Sturtevant (1913) created the first genetic map12, using the results of experimental crosses of 

mutant flies to estimate the distance between trait-causing genes based on recombination 

fractions. Methods for genetic mapping were then further developed in experimental and 

agricultural biology systems, but because human genetic data are uncontrolled and observational 

by nature, it was only later that linkage methods were adapted to human genetics – first in 

nuclear families13,14 and also in sibling pairs in the absence of parental data15. Likelihood ratios to 

include a comparison against the null hypothesis of no linkage were then introduced in multi-

generational pedigrees16, and eventually this was developed into the lod (log-odds or log-

likelihood ratio) scores17,18 that are currently used in linkage analysis. Smith (1953) also touched on 

identity-by-descent methods like sib-pair analyses and homozygosity mapping for recessive traits, 

as well as on the use of linkage disequilibrium (LD) to detect linkage in a population and in 

single-offspring pedigrees17. Arguably, these are all methods on the same theme – a likelihood 

approach to linkage detection19, but are often presented now as separate approaches: linkage 

analysis, homozygosity mapping20, the transmission-disequilibrium test21 and association studies 

based on LD. 
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At the time the early statistical tools were developed, there was no way to do a genome-

wide linkage study due to the paucity of human genetic markers. A typical linkage analysis was 

done with two loci that were known or assumed to be causal for discernible phenotypes – e.g. 

between loci underlying colour-blindness and haemophilia16, or between the loci for haemophilia 

and G6PD electrophoretic variants22. This changed dramatically with the identification of classes 

of DNA markers that were polymorphic, found genome-wide, and easily assayed in individuals. 

The first such class was restriction fragment length polymorphisms, upon which a full human 

genetic map was proposed23 and established24; later classes include the more highly polymorphic 

microsatellites25 and the more abundant and easily assayable single nucleotide polymorphisms26, 

which are currently highly utilised. 

In the ideal case, the result of a linkage analysis would be the identification of a single 

gene within the linked locus, which could then be unambiguously shown to be causal for the 

phenotype. However, this hardly happens in practice. Rather, because there are limited meioses 

within human pedigrees, and hence a limited number of recombination events, linkage intervals 

that co-segregate with the trait tend to be relatively wide, spanning over 1 megabase (Mb) or 

more, and containing several genes. Before the completion of the human genome reference 

sequence27, even determining what the genes in the region were was not a simple process, and to 

proceed from a mapped locus to a gene was very time-consuming and labour-intensive – for 

example, although Huntington’s Disease was one of the earlier mapped diseases28, it was not until 

10 years later that the gene was cloned29. Today, with the human reference sequence, this process 

has been sped up, but is not necessarily simpler. In order to pin-point the causal mutations in the 

causal gene, investigators typically prioritise the genes in the region, if their function is known, 

and then Sanger sequence the genic regions in the locus in cases to look for potentially loss-of-

function alleles – nonsense or frameshift insertions and deletions (indels), or those that alter 
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proteins – missense, splice affecting variants and in-frame indels, that could be responsible for the 

phenotype. Potential mutations are then screened in controls to identify those specific to cases 

and/or carriers, and ideally, each pedigree will have a mutation in a gene, common across 

pedigrees, that is functionally relevant and expressed in the relevant tissues. 

It is worth noting that although linkage analysis to identify the causal genes for Mendelian 

disorders is popular, other approaches are also possible. For example, the gene responsible for 

haemophilia A was determined based on rescue of the clotting function of blood by a “globulin” 

isolated from normal blood (reviewed in ref. 30). Also, a candidate gene list can be determined 

based on function instead of location (as with linkage analysis), and cases and controls sequenced 

directly for potential mutations. In an example that will be referred to later in this dissertation, 

the mutations causal for Freeman-Sheldon syndrome (FSS), a distal arthrogryposis disorder, were 

identified in a screen of myosin heavy chain genes31, these genes being chosen on the hypothesis 

that FSS was caused by mutations in contractile proteins, particularly those expressed during 

development. It is notable that this last candidate gene approach is made possible again only with 

the publication of the human genome reference sequence27 and associated gene annotations, such 

that gene families or proteins with similar domains can be rapidly accessed based on sequence 

information. 

While many rare disorders are highly amenable to linkage analysis, however, some 

disorders present a challenge for these methods. First, those which are extremely rare have only a 

few affected individuals and families per disorder, which result in underpowered analyses and/or 

large regions under the linkage peak(s). Second, these disorders are rare because the causal 

mutations are of large effect and under strong negative selection. As such, these mutations are 

not often transmitted through many generations and are, in fact, likely to be de novo events. Since 

linkage analysis is completely inheritance-dependent, these events are not ascertained at all by 
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such. To circumvent these challenges, it is necessary to identify these mutations directly through 

sequencing. Until recently, however, this has been highly resource-intensive and generally 

infeasible to do on a large scale or in a genome-wide manner. 

1.3 “Next-generation” sequencing 

Advances in sequencing technology have made it increasingly practical to generate large 

amounts of sequence data cost-effectively. Known as massively parallel or ‘next-generation' 

sequencing, these technologies32-35 enable investigators to obtain variant information down to 

single-base resolution in a rapid, high-throughput fashion on the scale of the whole human 

genome. In brief, a typical run consists of a complex DNA library being prepared, amplified and 

densely arrayed on a reaction plate or solid surface, in no particular order. This is followed by the 

incorporation of complementary bases by a polymerase or ligase, which is monitored by detection 

of fluorescent or chemical by-products. This enables the generation of a vast number of sequence 

reads (presently 105-108 per run) of length in the range of 100-500 nucleotides, again dependent on 

the technology, with more recent advances (e.g. ref. 36) showing the promise of read lengths 

upwards of a kilobase. These reads are typically aligned to a human genome reference sequence, 

and a consensus base called at positions which are covered by multiple reads with contributing 

bases of suitable quality. 

Although the cost of sequencing has dropped dramatically, it is still not low enough to do 

whole-genome resequencing at a scale sufficient to power large scale genetic studies. Instead, it is 

more cost effective to focus on a relevant genomic subset, and sequence limited regions but for a 

larger sample size. 
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1.4 Target enrichment strategies 

The challenge with only sequencing limited regions of the human genome is the need to 

first extract the regions of interest from a genomic DNA (gDNA) library, and there are a number 

of different methods by which this can be done. 

The polymerase chain reaction (PCR) is the standard molecular technique to selectively 

amplify genomic regions of interest, with the largest scale projects amplifying all protein-coding 

exons37-39. PCR amplicons are a suitable input for massively parallel sequencers, and is feasible 

particularly if the number of regions amplified is modest (e.g. ref. 40). However, as the target size 

and number of amplicons increase, the efficiency – measured in terms of cost, feasibility and 

input requirements – of this method relative to that of the sequencing decreases rapidly. 

Multiplexing the PCR, both in terms of primers and samples, is one way to mitigate this 

disadvantage, and automated technology to do so has been developed41. 

Other approaches that are more matched in parallelism and cost have been described 

specifically to enrich massively parallel sequencing libraries for regions of interest. These can be 

broadly split into two categories – those based primarily on hybridization and those which 

include enzymatic activity to confer specificity. 

In hybridization methods, oligonucleotide probes complementary to the regions of 

interest are designed and produced, incubated with a gDNA library, washed to remove non-

binding DNA, and bound DNA eluted to result in a library enriched for target sequences. In the 

initial descriptions of this approach42-44, DNA probes were made on programmable microarrays, 

capturing up to 10Mb of target nucleotide bases and requiring 20ug of input DNA. Later iterations 

of this method, including one described in this thesis (Chapter 2), allowed for capture of larger 

targets of up to 30Mb on a single, denser array (e.g., ref. 45), and more critically, moved the 
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capture reaction into solution by the use of biotinylated RNA probes46 or DNA probes47 which 

increased the scalability and specificity of the enrichment preparation. 

There are two main enzymatic methods for capture – selective circularisation48 and 

molecular inversion probes49. In the former, selector oligonucleotides consisting of a common 

internal double-stranded sequence with single-stranded flanking target-specific ends are 

incubated with a restriction digested gDNA library and hybridised target library molecules are 

ligated to the selectors by ligase, in some designs after endonucleaic cleavage of the 5’ flap by Taq 

polymerase. The resultant circular molecules then undergo multi-template PCR with adaptor-

primers to the common sequence to generate sequencer-appropriate libraries. The two enzymatic 

reactions required to make the circular molecules confer a high degree of specificity (~90%) to 

the capture reaction. 

Molecular inversion probes (MIPs) follow a similar approach, starting with single-stranded 

oligonucleotides with a common internal sequence flanked by target-specific ends. These are 

incubated with the gDNA library, together with a ligase and a polymerase. The ends of the probes 

hybridise to the targets, forming a primer at the 5’ end of the target for polymerisation of the 

target DNA, and a site for ligation at the 3’ end of the target, resulting in circular molecules which 

are then PCR-ed with adaptors to produce sequencing libraries. Again, because of the two 

enzymatic steps, specificity is high and DNA input requirements are low, and with sufficient 

optimisation50, the multiplex reaction can be tuned to be more uniform and efficient. 

1.5 The “exome” 

One genome-wide subset of interest is all the protein-coding regions (known as the 

“exome”), which comprises about 1-2% of the genome51,52. Particularly with respect to monogenic, 

Mendelian disease, the majority of known causal variants affect protein exons53, which suggests 
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that Mendelian phenotypes are associated primarily with changes in protein sequence54. Hence, 

although focusing only on exome variants will give an incomplete picture of whole-genome 

variation, it will likely be sufficient to enrich for functional, disease-associated variants. 

1.6 Interpretation of variant function 

The major challenge remaining is the interpretation of these sequence data – how can 

background polymorphisms be distinguished from potentially disease-causing mutations? Typical 

mutation analyses on candidate genes prioritise variants based on segregation analyses, variant 

type, predicted effect on the protein or mRNA (for example, using Grantham scores55, Polyphen 

56,57 or SIFT58), and also by the prevalence of the mutation in the population54,59. The criteria of 

conservation and rare allele frequency has been used successfully to identify functional variants60, 

while other studies have shown an excess of rare missense variants in candidate genes in 

individuals with extreme phenotypes61,62. Furthermore, various analyses suggest that alleles that 

are deleterious are more likely to be of lower frequency63,64, as well as the converse, that rare 

missense variants are more likely to be deleterious65. Taken together, these suggest that searching 

for variants that are protein-altering, and rare or even unseen in the general population may be a 

useful starting point to identifying a disease gene.  

1.7 Dissertation Aims 

The general theme of this dissertation is to develop methods for the analysis of Mendelian 

disorders using massively parallel sequencing. Chapter 2 describes both the development of 

exome sequencing – specifically the improvements to capture the whole exome on a single 

microarray, as well as sequencing processing methods to more accurately call single-nucleotide 

variants as short indels – and also the approach to filter exome variant data from affected 

individuals to identify known causal mutations. The application of this approach to a rare 
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recessive disorder of unknown cause, Miller syndrome, is described in Chapter 3, and the 

application to a rare dominant disorder of unknown cause, Kabuki syndrome, is described in 

Chapter 4. The final chapter summarises this work and discusses current advances in the field.  
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CHAPTER 2 : TARGETED CAPTURE AND SEQUENCING OF 12 HUMAN EXOMES 

 

This chapter was previously published as 

Sarah B. Ng, Emily H. Turner, Peggy D. Robertson, Steven D. Flygare, Abigail W. Bigham, Choli 

Lee, Tristan Shaffer, Michelle Wong, Arindam Bhattacharjee, Evan E. Eichler, Michael Bamshad, 

Deborah A. Nickerson & Jay Shendure (2009) Targeted capture and massively parallel 

sequencing of 12 human exomes. Nature. 461(7261):272-6. 

 

I performed the majority of the experimental work to generate exome libraries, with major help 

from Emily Turner in the development of the array capture protocol. Choli (Charlie) Lee and 

Michelle Wong performed the Illumina sequencing on the libraries. I also performed the majority 

of the algorithm development for probe design, short-read sequence processing and indel calling. 

Peggy Robertson and Tristan Shaffer designed a database for annotation of exome variants. 

Analysis of exome data was done by Jay Shendure and me, with contributions from Abigail 

Bigham and Michael Bamshad. The project was conceived by Emily Turner, Evan Eichler, Michael 

Bamshad, Deborah Nickerson, Jay Shendure and me. 

  



12 
 

2.1 Abstract 

Genome-wide association studies suggest that common genetic variants explain only a 

modest fraction of heritable risk for common diseases, raising the question of whether rare 

variants account for a significant fraction of unexplained heritability61,66. Although DNA 

sequencing costs have fallen markedly67, they remain far from what is necessary for rare and novel 

variants to be routinely identified at a genome-wide scale in large cohorts. We have therefore 

sought to develop second-generation methods for targeted sequencing of all protein-coding 

regions (‘exomes’), to reduce costs while enriching for discovery of highly penetrant variants. 

Here we report on the targeted capture and massively parallel sequencing of the exomes of 12 

humans. These include eight HapMap individuals representing three populations68, and four 

unrelated individuals with a rare dominantly inherited disorder, Freeman–Sheldon syndrome 

(FSS)31. We demonstrate the sensitive and specific identification of rare and common variants in 

over 300 megabases of coding sequence. Using FSS as a proof-of-concept, we show that candidate 

genes for Mendelian disorders can be identified by exome sequencing of a small number of 

unrelated, affected individuals. This strategy may be extendable to diseases with more complex 

genetics through larger sample sizes and appropriate weighting of non-synonymous variants by 

predicted functional impact. 

2.2 Exome sequencing of twelve individuals 

Protein-coding regions constitute 1% of the human genome or 30 megabases (Mb), split 

across 180,000 exons. A brute-force approach to exome sequencing with conventional 

technology38 is expensive relative to what may be possible with second-generation platforms67. 

However, the efficient isolation of this fragmentary genomic subset is technically challenging69. 

The enrichment of an exome by hybridization of shotgun libraries constructed from 140 mg of 

genomic DNA to seven microarrays was described previously42. To improve the practicality of 
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Table 1 : Sequencing of twelve exome-enriched shotgun libraries 

Individual Mapped Bases On Target Bases Near Target Bases Capture Specificity 

NA18507 (YRI) 6,607,484,688 2,888,661,709 661,786,591 54% 

NA18517 (YRI) 6,494,342,272 2,545,603,815 595,560,089 48% 

NA19129 (YRI) 6,297,755,808 2,643,637,650 580,152,618 51% 

NA19240 (YRI) 5,986,557,544 2,680,726,944 570,797,168 54% 

NA18555 (CHB) 6,006,434,128 2,367,312,059 533,865,581 48% 

NA18956 (JPT) 6,696,487,148 2,872,329,417 681,969,727 53% 

NA12156 (CEU) 5,807,479,732 1,776,298,679 389,939,201 37% 

NA12878 (CEU) 7,412,509,748 3,006,930,065 691,105,599 50% 

FSS10066 (Eur) 6,213,695,628 2,724,817,939 522,381,165 52% 

FSS10208 (Eur) 6,828,499,072 2,779,965,715 545,984,133 49% 

FSS22194 (Eur) 6,710,279,780 2,139,816,034 523,364,262 40% 

FSS24895 (Eur) 5,806,226,492 2,472,076,217 528,472,867 52% 

Average 6,405,646,003 2,574,848,020 568,781,583 49% 

Summary statistics on massively parallel sequencing are shown. All data was collected as unpaired 76 bp reads on 

the Illumina Genome Analyzer II platform (~10 lanes per individual). For each individual, we show the total number 

of mapped bases (Maq mapping score > 0), the number of these that align within (“On Target Bases”) or near (“Near 

Target Bases”) the 164,007 targeted intervals. Near target bases do not fall within a target, but are from reads that 

directly overlap a target. Capture specificity is calculated as the fraction of reads overlapping a target. CEU, CEPH 

HapMap; CHB, Chinese HapMap; Eur, European–American ancestry (non-HapMap); JPT, Japanese HapMap; YRI, 

Yoruba HapMap. 

hybridization capture, we developed a protocol to enrich for coding sequences at a genome-wide 

scale starting with 10 mg of DNA and using two microarrays. Our initial target was 27.9Mb of 

coding sequence defined by CCDS (the NCBI Consensus Coding Sequence database)51. This 

curated set avoids the inclusion of spurious hypothetical genes that contaminate broader exome 

definitions70. The target is reduced to 26.6Mb on exclusion of regions that are poorly mapped with 

our anticipated read length owing to paralogous sequences elsewhere in the genomea. 

We captured and sequenced the exomes of eight individuals previously characterised by 

the HapMap68 and Human Genome Structural Variation71 projects. We also analysed four 

unrelated individuals affected with Freeman–Sheldon syndrome (FSS; Online Mendelian 

Inheritance in Man (OMIM) #193700), also called distal arthrogryposis type 2A, a rare autosomal 

dominant disorder caused by mutations in MYH331. Unpaired, 76 base-pair (bp) reads34 from post-

enrichment shotgun libraries were aligned to the reference genome72. On average, 6.4 gigabases 

                                                           
a
 Supplementary data 1 : A text file listing intervals excluded from consideration based on poor anticipated mappability 

with 76 bp single-end reads is found at http://www.nature.com/nature/journal/v461/n7261/extref/nature08250-s2.txt 
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Figure 2 : Distribution of completeness on a gene-by-
gene basis 

We calculated the fraction of coding bases covered at least 1x 

(blue) or with sufficient coverage to variant call (green) on a 

gene-by-gene basis, for 197,952 genes (16,496 genes X 12 

individuals). The cumulative, rank-ordered fraction of genes 

that meet minimum criteria are plotted above. For example, 

98% of genes ≥1X coverage for at least 95% of their coding 

bases, while 78% of genes had sufficient coverage for variant 

calling for at least 95% of their coding bases. 

 
Figure 1 : Non-cumulative histogram of fold-coverage 
across twelve exomes. 

The distribution of fold-coverage of mappable, targeted bases 

(26.6 Mb), summed across the twelve exome datasets (318 Mb 

aggregate target), is shown. As potential PCR duplicates 

(reads with the same start-point and orientation within the 

same genomic library) have been filtered out, the maximum 

possible coverage of any given position is 152X (i.e. reads from 

only 76 potential start-points X 2 orientations). 

(Gb) of mappable sequence was generated 

per individual (20-fold less than whole 

genome sequencing with the same 

platform34), and 49% of reads mapped to 

targets (Table 1). After removing duplicate 

reads that represent potential polymerase 

chain reaction artefacts73, the average 

fold-coverage of each exome was 51× 

(Figure 1). On average per exome, 99.7% 

of targeted bases were covered at least 

once, and 96.3% (25.6 Mb) were covered 

sufficiently for variant calling (≥8× 

coverage and Phred-like74 consensus 

quality ≥30). This corresponded to 78% of 

genes having >95% of their coding bases 

calledb (Figure 2). The average pairwise 

correlation coefficient between 

individuals for gene-by gene coverage was 

0.87, consistent with systematic bias in 

coverage between individual exomes. 

False positives and false negatives 

are critical issues in genomic 

                                                           
b
 Supplementary data 2 : A text file listing the fraction of targeted coding bases in each gene that was covered in each of 

the twelve individuals (either with ≥ 1X coverage or with sufficient coverage to variant call) is found at 
http://www.nature.com/nature/journal/v461/n7261/extref/nature08250-s3.txt 
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resequencing. We assessed the quality of our exome data in four ways. First, comparing sequence-

based calls for the eight HapMap exomes to array-based genotyping, we observed a high 

concordance with both homozygous  (99.94%; n = 219,077) and heterozygous  (99.57%; n = 

43,070) genotypes (Table 2). Second, we compared our coding single-nucleotide polymorphism 

(cSNP) catalogue to ~1Mb of coding sequence determined in each of the eight HapMap 

individuals by molecular inversion probe (MIP) capture and direct resequencing50. At coordinates 

called in both data sets, 99.9% of all cSNPs (n = 4,620) and 100% of novel cSNPs (n = 334) 

identified here were concordant, consistent with a low false discovery rate. Third, we compared 

the NA18507 cSNPs identified here to those called by recent whole genome sequencing of this 

individual34, and found substantial overlap (Figure 3). The relative numbers of cSNPs called by 

only one approach, and the proportions of these represented in dbSNP, indicate that exome 

sequencing has equivalent sensitivity for cSNP detection compared to whole genome sequencing. 

Fourth, we compared our data to cSNPs in high-quality Sanger sequence of single haplotype 

regions from fosmid clones of the same HapMap individuals75. Most fosmid defined cSNPs (38 of 

Table 2 : Sequence coverage and array validation  

   Concordance with Illumina Human1M-Duo calls 

Individual ≥1X Covered Sequence called 
Homozygous 

reference 
Heterozygous 

Homozygous 
non-reference 

NA18507 (YRI) 26,477,161 (99.7%) 25,795,189 (97.1%) 23757/23762 (99.98%) 5553/5583 (99.46%) 3582/3592 (99.72%) 

NA18517 (YRI) 26,476,761 (99.7%) 25,748,289 (97.0%) 23701/23705 (99.98%) 5575/5601 (99.54%) 3568/3579 (99.69%) 

NA19129 (YRI) 26,491,035 (99.8%) 25,733,587 (96.9%) 23701/23708 (99.97%) 5482/5510 (99.49%) 3681/3690 (99.76%) 

NA19240 (YRI) 26,486,481 (99.7%) 25,576,517 (96.3%) 23546/23551 (99.98%) 5600/5634 (99.40%) 3542/3549 (99.80%) 

NA18555 (CHB) 26,475,665 (99.7%) 25,529,861 (96.1%) 23980/23984 (99.98%) 4877/4893 (99.67%) 3776/3786 (99.74%) 

NA18956 (JPT) 26,454,942 (99.6%) 25,683,248 (96.7%) 24217/24221 (99.998%) 4890/4910 (99.59%) 3751/3760 (99.76%) 

NA12156 (CEU) 26,476,155 (99.7%) 25,360,704 (95.5%) 23789/23794 (99.98%) 5493/5514 (99.62%) 3206/3213 (99.78%) 

NA12878 (CEU) 26,439,953 (99.6%) 25,399,572 (95.6%) 23885/23891 (99.97%) 5413/5425 (99.78%) 3274/3292 (99.45%) 

FSS10066 (Eur) 26,467,140 (99.7%) 25,546,738 (96.2%) NA NA NA 

FSS10208 (Eur) 26,461,768 (99.6%) 25,576,256 (96.3%) NA NA NA 

FSS22194 (Eur) 26,426,401 (99.5%) 25,454,551 (95.9%) NA NA NA 

FSS24895 (Eur) 26,478,775 (99.7%) 25,602,677 (96.4%) NA NA NA 

The number of coding bases covered at least 13 and with sufficient coverage to variant call (≥8X and consensus 

quality ≥30) are listed for each exome, with the fraction of the aggregate target (26.6 Mb) that this represents in 

parentheses. For the eight HapMap individuals, concordance with array genotyping (Illumina Human1M-Duo) is 

listed for positions that are homozygous for the reference allele, heterozygous or homozygous for the non-reference 

allele (according to the array genotype). NA, Not applicable. 
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Figure 3 : Comparison of cSNPs from exome sequencing and whole genome sequencing of NA18507. 

We identified 19,720 cSNPs by exome sequencing of this individual (green circles). In the above Venn diagrams, 

these are intersected with cSNPs from whole genome sequencing of this individual that overlapped with our exome 

target (Bentley et al., 2008) (blue circles). The percentage of each subset confirmed by dbSNP is given below the 

count. In (a), we used all cSNPs from Bentley et al. (2008) that were called by Maq (n = 19,694), whereas in (b), we 

used only the high-confidence cSNPs from Bentley et al. (2008), i.e. called by both Maq and Eland (n = 17,871). In (a), 

we observe similar numbers of variants that are only called in one data-set, suggesting both sets contain false 

negatives. The dbSNP-based confirmation rate is modestly higher for the 1,342 variants that are only called in our 

dataset as compared to the 1,316 variants only called from Bentley et al. (2008) (72.3% versus 54.3%). In (b), we call a 

much larger number of cSNPs than the high-confidence set from whole genome sequencing (19,720 vs. 17,871). The 

dbSNP-based confirmation rates for cSNPs called in only one dataset are similar (76.9% versus 82.0%). 78% of the 

593 cSNPs called by Bentley et al. (2008) (Maq-Eland intersection) that were not identified here were at coordinates 

that had insufficient coverage to call in our data.  

Table 3 : Comparison to past reports on exonic
44

 or exomic
42

 array-based capture. 

 Albert et al.2007 Hodges et al. 2007 This study 

Reads mapping to exon target 36-76% 36-55% 37-54% 

Target bases covered ≥ 1X 91.3-98.2% 25% 99.5-99.8% 

Estimated sensitivity for variant calling 62.9-87.8% 60%* 955-97.1% 

For Albert et al., metrics for capture of 6,726 exonic regions are taken from Supplementary Tables 1 & 2, and we assume 

that at least 2 non-reference observations would be required to call a variant. For Hodges et al., metrics for all-exome 

capture are taken from the text or Table 1. *reported for one of seven arrays only (EC5). 

40) were at coordinates with sufficient coverage in our data for variant calling. Of these, 38 of 38 

were correctly identified as variant. 

A comparison of our data to past reports on exonic44 or exomic42 array-based capture 

revealed roughly equivalent capture specificity, but greater completeness in terms of coverage and 

variant calling (Table 3). These improvements probably arise from a combination of greater 

sequencing depth and differences in array designs and in experimental conditions for capture. 

Within the set of called positions, the high concordance with heterozygous array based genotypes 

(>99%) provides an estimate of our sensitivity for rare variant detection, as rare variants are 

overwhelmingly expected to be heterozygous. However, sensitivity was limited in that ~4% of 

known heterozygous genotypes were at coordinates where there was insufficient coverage to 



17 
 

make a confident call.  

There were 56,240 cSNPs called in one or more individuals, of which 13,347 were novel. On 

average, 17,272 cSNPs were called per individual, of which 92% were already annotated in a public 

database (dbSNP v129) (Table 4a). The proportion of previously annotated cSNPs was consistent 

by population, and higher for European (94%; n = 6) and Asian (93%; n = 2) than Yoruba (88%; n 

= 4) ancestry. These confirmation rates are ~10% higher than recent whole genome analyses34,76-79. 

The most likely explanation is that coding sequences have historically been more heavily 

Table 4 : Coding variation across 12 human exomes 

a) Summary statistics for observed cSNPs 

Individual cSNP calls 
Number in 

dbSNP 
Percentage in 

dbSNP 
Number 

heterozygous 
Number 

homozygous 

NA18507 (YRI) 19,720 17,577 89.1% 12,896 6,824 

NA18517 (YRI) 19,737 17,326 87.8% 13,039 6,698 

NA19129 (YRI) 19,761 17,298 87.5% 12,845 6,916 

NA19240 (YRI) 19,517 17,168 88.0% 12,866 6,651 

NA18555 (CHB) 16,047 14,894 92.8% 9,181 6,866 

NA18956 (JPT) 16,011 14,848 92.7% 9,132 6,879 

NA12156 (CEU) 16,119 15,250 94.6% 10,179 5,940 

NA12878 (CEU) 15,970 15,051 94.2% 9,928 6,042 

FSS10066 (Eur) 16,229 15,144 93.3% 10,240 5,989 

FSS10208 (Eur) 16,073 15,018 93.4% 9,966 6,107 

FSS22194 (Eur) 16,094 15,128 94.0% 10,005 6,089 

FSS24895 (Eur) 15,986 15,027 94.0% 9,920 6,066 

      b) Genome-wide estimates of cSNPs assuming a 30 Mb exome 

Individual 
Estimated 

total cSNPs 
Estimated total 
heterozygous 

Estimated total 
homozygous 

Estimated total 
synonymous 

Estimated total 
non-synonymous 

NA18507 (YRI) 22,727 14,876 7,851 12,466 10,261 

NA18517 (YRI) 22,841 15,135 7,706 12,550 10,291 

NA19129 (YRI) 22,907 14,906 8,001 12,693 10,214 

NA19240 (YRI) 22,814 15,063 7,751 12,565 10,249 

NA18555 (CHB) 18,722 10,677 8,045 10,275 8,447 

NA18956 (JPT) 18,523 10,585 7,938 10,072 8,451 

NA12156 (CEU) 18,825 11,818 7,007 10,220 8,605 

NA12878 (CEU) 18,544 11,455 7,089 10,110 8,434 

FSS10066 (Eur) 18,836 11,795 7,041 10,240 8,596 

FSS10208 (Eur) 18,591 11,444 7,147 10,075 8,516 

FSS22194 (Eur) 18,667 11,539 7,128 10,144 8,523 

FSS24895 (Eur) 18,508 11,466 7,042 10,169 8,339 

For part a, cSNPs called in each individual, relative to the reference genome, are broken down by the fraction in 

dbSNP and by genotype. Part b shows extrapolation of observed numbers of cSNPs in each individual to an exactly 

30Mb exome. 
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Figure 4 : Minor allele frequency and coding indel length 
distributions. 

a, The distribution of minor allele frequencies is shown for previously 

annotated versus novel cSNPs. b, The distribution of minor allele 

frequencies is shown for synonymous versus non-synonymous cSNPs. 

c, The distribution of minor allele frequencies (by proportion, rather 

than count) is shown for synonymous cSNPs (n521,201) versus non-

synonymous cSNPs predicted to be benign (n513,295), possibly 

damaging (n53,368), or probably damaging (n52,227) by PolyPhen
81

. d, 

The distribution of lengths of coding indel variants is shown (average 

numbers per exome). Error bars indicate s.d. 

ascertained than noncoding 

sequences, although other factors 

such as dbSNP version, prior 

ascertainment of HapMap 

individuals and different false 

discovery rates may contribute as 

well. For the subset of cSNPs at 

coordinates with sufficient coverage 

for variant calling in all 12 

individuals (n = 47,079), 32% of 

annotated variants and 86% of 

novel variants were singleton 

observations across 24 

chromosomes (Figure 4a).  

We also estimated the total number of cSNPs in each individual relative to the reference 

genome (Table 4b). As the precise and comprehensive definition of the human exome remains 

incomplete, we extrapolated our data to an estimated exome size of exactly 30 Mb. The results 

were remarkably consistent by population. As expected, a higher number of non-synonymous 

cSNPs were estimated for the Yoruba individuals (average 10,254; n = 4) than non-Africans 

(average 8,489; n = 8). More heterozygous cSNPs were estimated for the four Yoruba (average 

14,995) than the six European Americans (average 11,586) and the two Asians (average 10,631). The 

ratio of synonymous to non-synonymous cSNPs was 1.2 within any single individual, and 1.1 when 

calculated for a non-redundant list of variants identified across all individuals. The difference 

results from the slightly shifted allele frequency distribution of non-synonymous variants (Figure 
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4b). Consistent with expectation80, the trend is more pronounced for non-synonymous variants 

predicted to be damaging (by PolyPhen81) (Figure 4c). 

Nonsense mutations and splice-site disruptions are often assumed to be deleterious, but 

have a broad range of potential fitness effects82-84. Our non-redundant cSNP catalogue included 

225 nonsense mutations (112 novel) and 102 splice-site disruptions (49 novel). Excluding 86 

nonsense alleles that are common in this data set (two or more observations) or in a recent 

study82 (>5% allele frequency), our genome-wide estimate (projected to 30 Mb) for the average 

number of relatively rare mutations introducing premature nonsense codons in an individual 

genome was 10 for non-Africans (n = 8) and 20 for Yoruba (n = 4). However, these are probably 

overestimates, given that our catalogue of common nonsense mutations remains incomplete. 

Short insertions and deletions (indels) in coding sequence are likely to be functionally 

important when they cause frameshifts, but are difficult to detect with short reads. We developed 

and applied an approach for identifying indels from our unpaired 76 bp reads. In total, 664 coding 

indels were called in one or more individuals. On average, 166 coding indels were called per 

Table 5 : Coding indels across 12 human exomes 

  Percentage 

Individual Number of coding indels In dbSNP Heterozygous 3n in length Insertions 

NA18507 (YRI) 189 60% 61% 68% 40% 

NA18517 (YRI) 204 58% 68% 70% 41% 

NA19129 (YRI) 196 56% 65% 64% 42% 

NA19240 (YRI) 183 57% 67% 70% 38% 

NA18555 (CHB) 145 76% 53% 71% 47% 

NA18956 (JPT) 139 71% 56% 71% 47% 

NA12156 (CEU) 163 66% 61% 75% 48% 

NA12878 (CEU) 146 64% 58% 66% 47% 

FSS10066 (Eur) 170 59% 61% 70% 49% 

FSS10208 (Eur) 165 59% 64% 70% 44% 

FSS22194 (Eur) 152 66% 66% 68% 45% 

FSS24895 (Eur) 142 65% 51% 65% 44% 

Average 166 63% 61% 69% 44% 

The number of called indels in each individual is listed, along with the proportion of these that are annotated in 

dbSNP (v129), the proportion that are heterozygous, the proportion that have a length that is a multiple of 3, and the 

proportion that are insertions as opposed to deletions, relative to the reference genome (UCSC hg18, NCBI Build 36.1). 
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Figure 5: Minor allele frequencies for novel 
versus previously annotated coding indels. 

A histogram of the number of observations of the 

minor allele for all observed coding indels is shown. 

Previously annotated (blue) and novel (green) 

coding indels are plotted separately. 

 

 
Figure 6 : Distribution of lengths of novel versus 
previously annotated coding indels. 

The average number of coding indels called in each 

of the 12 exomes with various lengths is shown, 

plotted separately by annotation status. 

individual, of which 63% were previously 

annotated in dbSNP (Table 5). To assess our 

sensitivity, we compared our data for NA18507 to 

data published previously34. The majority (73%) of 

their coding indels were also observed in our data 

(136 of 187). To assess specificity, we attempted 

PCR and Sanger sequencing of 28 novel coding 

indels chosen at random. Of 21 successful assays, 

20 coding indels were verified and 1 was a false 

positive. We anticipate that future use of paired-

end reads will improve detection of coding indels. 

The shape of the distribution of coding 

indel lengths was consistent with other studies70,77 

as well as across the 12 exomes (Figure 4d), 

demonstrating a preference for multiples of 3 

(‘3n’). Of the 664 coding indels observed here, 65% 

were 3n in length. The allele frequency 

distribution for novel indels relative to annotated 

indels was markedly shifted towards rarer variants 

(Figure 5). However, the length histograms for novel versus annotated coding indels were similar 

(Figure 6), reinforcing the notion that our set of novel coding indels is not excessively 

contaminated with false positives (as these would not be expected to have the observed 3n bias). 

Excluding indels that were common in this data set (two or more observations), the average 
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Table 6 : Number of variants observed in each individual 

 cSNPs  Indels 

Individual Synonymous Missense Nonsense Splice-site  In-frame Frameshift 

NA18507 (YRI) 10817 (987,1620) 8862 (1143,1629) 41 (13,17) 18 (5,8)  128 (48,23) 61 (28,19) 

NA18517 (YRI) 10845 (1111,1693) 8838 (1282,1644) 54 (18,18) 19 (6,9)  142 (60,24) 62 (26,16) 

NA19129 (YRI) 10950 (1190,1699) 8761 (1258,1621) 50 (15,18) 18 (7,5)  125 (54,26) 71 (32,17) 

NA19240 (YRI) 10749 (1109,1637) 8719 (1225,1582) 49 (15,16) 18 (8,7)  128 (56,22) 55 (23,15) 

NA18555 (CHB) 8807 (489,653) 7198 (650,790) 42 (14,8) 21 (5,11)  103 (21,7) 42 (14,7) 

NA18956 (JPT) 8706 (507,674) 7257 (643,785) 48 (13,11) 18 (1,3)  98 (30,13) 41 (11,8) 

NA12156 (CEU) 8750 (355,540) 7322 (503,712) 47 (11,5) 15 (3,2)  123 (46,17) 40 (10,7) 

NA12878 (CEU) 8706 (380,516) 7225 (529,632) 39 (10,10) 18 (8,10)  97 (33,13) 49 (20,5) 

FSS10066 (Eur) 8822 (441,564) 7362 (629,703) 45 (15,12) 14 (2,2)  119 (49,18) 51 (21,12) 

FSS10208 (Eur) 8709 (425,520) 7322 (617,668) 42 (13,8) 16 (2,6)  116 (48,18) 49 (20,12) 

FSS22194 (Eur) 8745 (374,493) 7298 (580,652) 51 (12,13) 14 (2,3)  104 (34,10) 48 (18,6) 

FSS24895 (Eur) 8783 (393,518) 7157 (553,579) 46 (13,8) 12 (6,5)  92 (31,7) 50 (19,9) 

Average (YRI) 10840 (1099,1662) 8795 (1227,1619) 49 (15,17) 18 (7,7)  131 (55,24) 62 (27,17) 

Average (Non-YRI) 8754 (421,560) 7268 (588,690) 45 (13,9) 16 (4,5)  107 (37,13) 46 (17,8) 

Average 9449 (647,927) 7777 (801,1000) 46 (14,12) 17 (5,6)  115 (43,17) 52 (20,11) 

A list of the number of observations of synonymous cSNPs, missense cSNPs, nonsense cSNPs, SNPs that disrupt 

canonical splice-site bases, in-frame coding indels, and frameshift indels. The first and second numbers in 

parentheses refer to novel variants (i.e. not in dbSNP) and singleton observations, respectively. Averages (Yoruba, 

non-African, and overall) are also shown. 

number of relatively rare frameshifting indels identified per individual was 8 for non-Africans (n = 

8) and 17 for Yoruba (n = 4).  

The number of synonymous, missense, nonsense, splice site, frameshifting indel and non-

frameshifting indel variants observed in each individual (as well as the size of the subsets that are 

novel and singleton observations) is presented in Table 6. Also shown are the average numbers of 

variants of each class for non- Africans and Yoruba. 

2.3 Identification of causal mutations underlying a dominant Mendelian disorder 

Phenotypes inherited in an apparently Mendelian pattern often lack sufficiently sized 

pedigrees to pinpoint the causal locus. We evaluated whether exome sequencing could be applied 

to identify directly the causative gene underlying a monogenic human disease (FSS), that is, with 

neither linkage data nor candidate gene analysis. Even in this simple scenario for ‘whole 

exome/genome genetics’, the key challenge that arises immediately is that the large number of 

apparently private mutations present by chance in any single human genome makes it difficult to 
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identify which variant is causal, even when only considering non-synonymous variants. This 

hurdle was overcome recently in the context of hereditary pancreatic cancer by restricting focus 

only to nonsense mutations and also resequencing tumour DNA from the same individual, but 

this approach greatly limits sensitivity and is only relevant to a subset of mechanisms within one 

disease class39. 

To quantify this background of non-causal variants in our exome data, we first 

investigated how many genes had one or more non-synonymous cSNPs, splice site disruptions or 

coding indels in one or several FSS exomes (Figure 7, row 1). Simply requiring that a gene contain 

variants in multiple affected individuals was clearly insufficient, as over 2,000 candidate genes 

remained even after intersecting four FSS exomes. We then applied filters to remove presumably 

common variants, as these are unlikely to be causative. Removing dbSNP-catalogued variants 

from consideration reduced the number of candidates considerably (Figure 7, row 2). Remarkably, 

the eight HapMap exomes provided a filter nearly equivalent to dbSNP (Figure 7, row 3). 

Combining the two catalogues had a synergistic effect (Figure 7, row 4), such that the candidate
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Figure 7 : Direct identification of the causal gene for a monogenic disorder by exome sequencing. 

Boxes list the number of genes with one or more non-synonymous cSNP, splice-site SNP, or coding indel 
(NS/SS/I) meeting specified filters. Columns show the effect of requiring that one or more NS/SS/I variants be 
observed in each of one to four affected individuals. Rows show the effect of excluding from consideration 
variants found in dbSNP, the eight HapMap exomes, or both. Column five models limited genetic heterogeneity 
or data incompleteness by relaxing criteria such that variants need only be observed in any three of four exomes 
for a gene to qualify. 
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Figure 8 : Direct identification of the causal gene - observation range. 

Each box lists the number of genes with 1+ non-synonymous cSNP, splice-site variant, or coding indel (“NS/SS/I” 
variants) meeting specific criteria. In columns, we show the effect of requiring that 1+ NS/SS/I variants be observed 

in a given gene in all of 1, 2, 3 or 4 FSS-affected individuals. This figure is identical in format to Figure 7, except 

that we here provide ranges of observations that occur when all possible permutations of 1, 2, or 3 FSS-affected 
individuals are used. 

list could be narrowed to a single gene (MYH3, identified previously by a candidate gene approach 

as causative for FSS5). Specifically, MYH3 is the only gene where: (1) at least one (but not 

necessarily the same) non-synonymous cSNP, splice-site disruption or coding indel is observed in 

all four individuals with FSS; (2) the mutations are not in dbSNP, nor in the eight HapMap 

exomes. Taking the predicted deleteriousness of individual mutations into account served as an 

effective filter as well (Figure 7, row 5), but was not required to identify MYH3. Ranges of 

candidate list sizes when other permutations of individuals are used are shown in Figure 8. MYH3 

was well covered in our data.  

To assess our sensitivity more globally, we calculated the probability that a mutation 

would have been identified in all four FSS-affected individuals for each gene, based on our overall 

coverage of that gene in each individualc. The average probability across all genes was 86%. This is 

probably still an overestimate of sensitivity, as functional noncoding or structural mutations 

would be missed. It also remains challenging to detect mutations in segmentally duplicated 

regions of the genome with short read sequencing. Nevertheless, our analysis suggests that direct 

sequencing of exomes of small numbers of unrelated individuals (but more than one) with a 

                                                           
c
 Supplementary data 2 
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shared monogenic disorder can serve as a genome-wide scan for the causative gene. The 

availability of the eight HapMap exomes was clearly helpful, suggesting that the power of this 

approach will improve as the 1000 Genomes Project85 generates a catalogue of common variation 

that is more complete and evenly ascertained than dbSNP. Also, FSS is inherited in an autosomal 

dominant pattern so the presence of only one mutant allele is sufficient to cause disease. Applying 

this strategy to a recessive disease would probably be easier, because there are far fewer genes in 

each exome that are homozygous or compound heterozygous for rare non-synonymous variants. 

We also note that modelling of even a modest degree of genetic heterogeneity or data 

incompleteness is observed to have a significant impact on performance (Figure 7, column offset 

to the right). Moving along the spectrum from rare monogenic disorders to complex common 

diseases, it is likely that the increasing extent of genetic heterogeneity will need to be matched by 

increasingly large sample sizes30, and/or more sophisticated weighting of predicted mutational 

impact. 

A clear limitation of exome sequencing is that it does not identify the structural and 

noncoding variants found by whole genome sequencing. At the same time, it allows a given 

amount of sequencing to be extended across at least 20 times as many samples compared to 

whole genome sequencing. In studies focused on identifying rare variants or somatic mutations 

with medical relevance, sample size and the interpretability of functional impact may be critical 

to achieving meaningful success. It is in the context of such studies that exome sequencing may 

be most valuable. 

2.4 Conclusion 

We demonstrate that targeted capture and massively parallel sequencing represents a 

cost-effective, reproducible and robust strategy for the sensitive and specific identification of 

variants causing protein-coding changes in individual human genomes. The 307Mb determined 
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Table 7 : Sequences of oligonucleotides used for library construction or sequencing. 

Oligonucleotide Sequence Function 

SLXA_1_HI ACA CTC TTT CCC TAC ACG ACG CTC TTC CGA TCT  Library Adaptor 

SLXA_1_LO  /5Phos/GAT CGG AAG AGC GTC GTG TAG GGA AAG AGT GT Library Adaptor 

SLXA_2_HI CAA GCA GAA GAC GGC ATA CGA GCT CTT CCG ATC T  Library Adaptor 

SLXA_2_LO /5Phos/GAT CGG AAG AGC TCG TAT GCC GTC TTC TGC TTG Library Adaptor 

SLXA_FOR_AMP 
AAT GAT ACG GCG ACC ACC GAG ATC TAC ACT CTT TCC CTA 
CAC GAC GCT CTT CCG ATC T 

Library Amplification,  
Hybridization Blocker 

SLXA_REV_AMP  CAA GCA GAA GAC GGC ATA CGA GCT CTT CCG ATC T 
Library Amplification, 
Hybridization Blocker 

SLXA_REV_AMP_rev  AGA TCG GAA GAG CTC GTA TGC CGT CTT CTG CTT G  Hybridization Blocker 

SLXA_FOR_AMP_rev 
AGA TCG GAA GAG CGT CGT GTA GGG AAA GAG TGT AGA TCT 
CGG TGG TCG CCG TAT CAT T 

Hybridization Blocker 

Oligonucleotide sequences © 2006 Illumina, Inc. All rights reserved. 

here across 12 individuals is the largest data set reported so far of human coding sequence 

ascertained by second-generation sequencing methods. Finally, our successful demonstration that 

the causative gene for a Mendelian disorder can be identified directly by exome sequencing of 

several unrelated individuals provides increasing context to the possibility that exome or genome 

sequencing may represent a new approach for identifying gene–disease relationships. 

2.5 Materials and methods 

Genomic DNA samples. Targeted capture was performed on genomic DNA from eight HapMap 

individuals (four Yoruba (NA18507, NA18517, NA19129 and NA19240), two East Asians (NA18555 

and NA18956) and two European- Americans (NA12156 and NA12878)) and four European-

American individuals affected by Freeman–Sheldon syndrome (FSS10066, FSS10208, FSS22194 and 

FSS24895). Genomic DNA for HapMap individuals was obtained from Coriell Cell Repositories. 

Genomic DNA for FSS individuals was obtained by M.B. 

Oligonucleotides and adaptors. All oligonucleotides were synthesised by Integrated DNA 

Technologies and resuspended in nuclease-free water to a stock concentration of 100 mM. 

Sequences are shown in Supplementary Table 5. Double-stranded library adaptors SLXA_1 and 

SLXA_2 were prepared to a final concentration of 50 mM by incubating equimolar amounts of 
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SLXA_1_HI and SLXA_1_LO together and SLXA_2_HI and SLXA_2_LO together at 95 °C for 3 min 

and then leaving the adaptors to cool to room temperature in the heat block. 

Shotgun library construction. Shotgun libraries were generated from 10 µg of genomic DNA 

(gDNA) using protocols modified from the standard Illumina protocol34. Each library provided 

sufficient material for hybridization to two microarrays. For each sample, gDNA in 300 µl 1× Tris-

EDTA was first sonicated for 30 min using a Bioruptor (Diagenode) set at high, then end-repaired 

for 45 min in a 100 µl reaction volume using 1× End-It Buffer, 10 µl dNTP mix and 10 µl ATP as 

supplied in the End-It DNA End-Repair Kit (Epicentre). The fragments were then A-tailed for 20 

min at 70 °C in a 100 µl reaction volume with 1× PCR buffer (Applied Biosystems), 1.5 mM MgCl2, 

1mM dATP and 5U AmpliTaq DNA polymerase (Applied Biosystems). Next, library adaptors 

SLXA_1 and SLXA_2 were ligated to the A-tailed sample in a 90 µl reaction volume with 1× Quick 

Ligation Buffer (New England Biolabs) with 5 µl Quick T4 DNA Ligase (New England Biolabs) and 

each adaptor in 10× molar excess of sample. Samples were purified on QIAquick columns 

(Qiagen) after each of these four steps and DNA concentration determined on a Nanodrop- 1000 

(Thermo Scientific) when necessary. Each sample was subsequently size-selected for fragments of 

size 150–250 bp using gel electrophoresis on a 6% TBE-polyacrylamide gel (Invitrogen). A gel slice 

containing the fragments of interest was then excised and transferred to a siliconized 0.5 ml 

microcentrifuge tube (Ambion) with a 20G needle-punched hole in the bottom. This tube was 

placed in a 1.5 ml siliconized microcentrifuge tube (Ambion), and centrifuged in a tabletop 

microcentrifuge at 16,110g for 5 min to create a gel slurry that was then resuspended in 200 µl 1× 

Tris-EDTA and incubated at 65 °C for 2 h, with periodic vortexing. This allowed for passive 

elution of DNA, and the aqueous phase was then separated from gel fragments by centrifugation 

through 0.2 µm NanoSep columns (Pall Life Sciences) and the DNA recovered using a standard 

ethanol precipitation. Recovered DNA was resuspended in elution buffer (EB; 10 mM Tris-Cl, pH 
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8.5, Qiagen) and the entire volume used in a 1 ml bulk PCR reaction volume with 1× iProof High-

Fidelity Master Mix (Bio-Rad) and 0.5 µM each of primers SLXA_FOR_AMP and SLXA_REV_AMP 

with the conditions: 98 °C for 30 s, 20 cycles at 98 °C for 30 s, 65 °C for 10 s and 72 °C for 30 s, and 

finally 72 °C for 5 min. PCR products were purified across four QIAquick columns (Qiagen) and all 

the eluents pooled. 

Design of exome capture arrays. We targeted all well-annotated protein-coding regions as 

defined by the CCDS (version 20080902). Coordinates were extracted from entries with ‘public’ 

status, and regions with overlapping coordinates were merged. This resulted in a target with 

164,007 discontiguous regions summing to 27,931,548 bp. By comparison, coding sequence 

defined by all of RefSeq (NCBI 36.3) comprises 31.9Mb (14% larger). Hybridization probes against 

the target were designed primarily such that they were evenly spaced across each region. Probes 

were also constrained (1) to be relatively unique, such that the average occurrence of each 15-mer 

in the probe sequence is less than 10042, (2) to be between 20 and 60 bases in length, with 

preference for longer probes, and (3) to have a calculated melting temperature (Tm)≤69 °C, with 

preference for higher Tm values. Tm was calculated by 64.9 + 41 × (number of G+Cs – 16.4)/length 

of probe. Two arrays (Agilent, 244K format) were designed and used per individual. The first array 

was common to all individuals, and contained 241,071 probes designed mainly against the subset 

of the target that was also found in a previous version of the CCDS (CCDS20070227). For most 

exomes, the second array was custom-designed specifically against target regions that had not 

been adequately represented after capture on the first array and subsequent sequencing. For two 

individuals (FSS10066, FSS10208), the matching was to a different individual’s first-array data. 

However, this did not seem to have a significant effect on performance, probably because features 

capturing poorly on the first array largely did so consistently. Additionally, all of the second arrays 
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also targeted sequences found in CCDS20080902 that were not in CCDS20070227 and hence not 

targeted by the first array. A subset of arrays used lacked control grids. 

Targeted capture by hybridization to DNA microarrays. Hybridizations to Agilent 244K 

arrays were performed following manufacturer’s instructions with modifications. For each 

enrichment, a 520 µl hybridization solution containing 20 µg of the bulk-amplified genomic DNA 

library, 1× aCGH hybridization buffer (Agilent), 1× blocking agent (Agilent), 50 µg human CotI 

DNA (Invitrogen) and 0.92 nmol each of the blocking oligonucleotides SLXA_ FOR_AMP, 

SLXA_REV_AMP, SLXA_FOR_AMP_rev and SLXA_REV_ AMP_rev was incubated at 95 °C for 3 

min and then at 37 °C for at least 30 min. The hybridization solution was then loaded and the 

hybridization chamber assembled following the manufacturer’s instructions. Incubation was done 

at 65 °C for at least 66 h with rotation at 20 r.p.m. in a hybridization oven (Agilent). After 

hybridization, the slide-gasket sandwich was removed from the chamber and placed in a 50 ml 

conical tube filled with aCGH Wash Buffer 1 (Agilent). The slide was separated from the gasket 

while in the buffer and then washed, first with fresh aCGH Wash Buffer 1 at room temperature for 

10 min on an orbital shaker (VWR) set on low speed, and then in pre-warmed aCGH Wash Buffer 

2 (Agilent) at 37 °C for 5 min. Both washes were also done in 50 ml conical tubes. A Secure-Seal 

(SA2260, Grace Bio Labs) was then affixed firmly over the active area of the washed slide and 

heated briefly according to the manufacturer’s instructions. One port was sealed with a seal tab 

and the seal chamber completely filled with approximately 1 ml of hot EB (95 °C). The other port 

was sealed and the slide incubated at 95 °C on a heat block. After 5 min, one port was unsealed 

and the solution recovered. DNA was purified from the solution using a standard ethanol 

precipitation. Precipitated DNA was resuspended in EB and the entire volume used in a 50 µl PCR 

volume comprising of 1× iTaq SYBR Green Supermix with ROX(Bio-Rad) and 0.2 µM each of 

primers SLXA_FOR_AMP and SLXA_REV_AMP. Thermal cycling was done in a MiniOpticon 
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Real-time PCR system (Bio-Rad) with the following programme: 95 °C for 5 min, then 30 cycles of 

95 °C for 30 s, 55 °C for 2 min and 72 °C for 2 min. Each sample was monitored and extracted from 

the PCR machine when fluorescence began to plateau. Samples were then purified on a QIAquick 

column (Qiagen) and sequenced. 

Sequencing. All sequencing of post-enrichment shotgun libraries was carried out on an Illumina 

Genome Analyzer II as single-end 76 bp reads, following the manufacturer’s protocols and using 

the standard sequencing primer. Image analysis and base calling was performed by the Genome 

Analyser Pipeline version 1.0 or 1.3 with default parameters, but with no pre-filtering of reads by 

quality. Quality values were recalibrated by alignment to the reference human genome with the 

Eland module. 

Read mapping. The reference human genome used in these analyses was UCSC assembly hg18 

(NCBI build 36.1), including unordered sequence (chrN_random.fa) but not including alternate 

haplotypes. For each lane, reads with calibrated qualities were extracted from the Eland export 

output. Base qualities were rescaled and reads mapped to the human reference genome using 

Maq (version 0.7.1)72. Unmapped reads were dumped using the –u option and subsequently used 

for indel mapping. Mapped reads that overlapped target regions (‘target reads’) were used for all 

other analyses. 

Target masking. All possible 76-bp reads that overlapped the aggregate target were simulated, 

mapped using Maq and consensus called using Maq assemble with parameters –q 1 –r 0.2 –t 0.9. 

Target coordinates that had read depth < 76 (that is, half of the expected depth), reflecting a poor 

ability to have reads confidently mapped to them (Supplementary Data 1), were removed from 

consideration for downstream analyses, leaving a 26,553,795 bp target. 

Variant calling. All reads with a map score of > 0 from each individual were merged and filtered 

for duplicates such that only the read with the highest aggregate base quality at any given start 
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position and orientation was retained. Sequence calls were obtained using Maq assemble with 

parameters –r 0.2 –t 0.9, and only coordinates with at least 8× coverage and an estimated Phred-

like consensus quality value of at least 30 were used for downstream variant analyses. 

Comparison of sequence calls to array genotypes, dbSNP and whole genome sequencing. 

For the eight HapMap individuals, sequence calls were compared to array-based genotyping data 

(Illumina Human1M-Duo) provided by Illumina. We excluded from consideration genotyping 

assays where all eight individuals were called by the arrays as homozygous non-reference as well 

as the MHC locus at chromosome 6:32500001–33300000, as both sets are likely to be error 

enriched in the genotyping data. We downloaded dbSNP(v129) from ftp:// 

ftp.ncbi.nih.gov/snp/organisms/human_9606/chr_rpts on 13 May 2008. Approximately 14.2 

million non-redundant coordinates were defined by this file set. For comparison of NA18507 

cSNPs to whole genome data, variant lists were obtained from Illumina34. 

Identification of coding indels. Reads for which Maq was unsuccessful in identifying an 

ungapped alignment were converted to fasta format and mapped to the human reference genome 

with cross_match (v1.080812, http://www.phrap.org), using parameters –gap_ext 21 –bandwidth 10 

–minmatch 20 –maxmatch 24. Output options –tags –discrep_lists –alignments –score_hist were 

also set. Alignments with an indel were then filtered for those that: (1) had a score at least 40 

more than the next best alignment; (2) mapped at least 75 bases of the read; (3) had no 

substitutions in addition to the indel; and (4) overlapped a target region. Reads from filtered 

alignments that mapped to the negative strand were then reverse-complemented and, together 

with the rest of the filtered reads, re-mapped with cross_match using the same parameters. This 

was to reduce ambiguity in called indel positions due to different read orientations. After the 

second mapping, alignments were re-filtered using the same criteria (1) to (4). For each sample, a 

putative indel event was called if at least two filtered reads covered the same event. A fasta file 
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containing the sequences of all called events ±75 bp, as well as the reference sequence at the same 

positions, was then generated for each individual. All the reads from each individual were then 

mapped to its ‘indel reference’ with Maq using default parameters. Reads that mapped multiple 

times (map score 0) or had redundant start sites were removed, after which the number of reads 

mapping to either the reference or the non-reference allele was counted for each individual and 

indel. An indel was called if there were at least eight non-reference allele reads making up at least 

30% of all reads at that genomic position. Indels were called as heterozygous if non-reference 

alleles were 30–70% of reads at that position, and homozygous non-reference if > 70%. 

Variant annotation. For cSNP annotation, we constructed a local server that integrates data 

from NCBI (including dbSNP and Consensus CDS files) and from UCSC Genome Bioinformatics. 

We also generated PolyPhen predictions81 for all cSNPs identified here, using the PolyPhen Grid 

Gateway and Perl scripts supplied by I. Adzhubey. The server reads files with SNP locations and 

alleles, and produces annotation files available for download. Annotation includes dbSNP rs IDs, 

overlapping-gene accession numbers, SNP function (for example, whether coding missense), 

conservation scores, HapMap minor-allele frequencies and various protein annotations 

(sequence, position, amino acid changes with physicochemical properties and PolyPhen 

classification). Indels were considered annotated by dbSNP if an entry was found with the same 

allele (or reverse complemented) within 1 bp of the variant position. This was to allow for 

ambiguities in calling the indel position. 

Calculation of genome-wide estimates. Extrapolated estimates for the genome-wide number 

of cSNPs of various classes (Table 4b) were calculated based on the number of cSNP calls in that 

individual, the estimated sensitivity for making a variant call in that individual at any given 

position within the aggregate target (based on the fraction of array-based genotypes of that class 

that were successfully called; calculated separately for heterozygous and homozygous non-
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reference variants), and extrapolation to an estimated exome size of exactly 30Mb (that is, 

multiplying by 30/26.6 = 1.13). A similar approach was taken to estimate the genome-wide number 

of uncommon cSNPs introducing nonsense codons, starting with the number observed in each 

individual and extrapolating based on estimated sensitivity for heterozygote detection and an 

estimated exome size of exactly 30 Mb. 

Freeman–Sheldon syndrome mutations. For FSS10066, FSS22194 and FSS24895, the identified 

mutation was a CRT at chromosome 17:10485359, and the corresponding amino acid change was 

R672H. For FSS10208, the mutation was CRT at chromosome 17:10485360, and the corresponding 

amino acid change was R672C. 
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3.1 Abstract 

We demonstrate the first successful application of exome sequencing to discover the gene 

for a rare Mendelian disorder of unknown cause, Miller syndrome (MIM%263750). For four 

affected individuals in three independent kindreds, we captured and sequenced coding regions to 

a mean coverage of 40× and sufficient depth to call variants at ~97% of each targeted exome. 

Filtering against public SNP databases and eight HapMap exomes for genes with two previously 

unknown variants in each of the four individuals identified a single candidate gene, DHODH, 

which encodes a key enzyme in the pyrimidine de novo biosynthesis pathway. Sanger sequencing 

confirmed the presence of DHODH mutations in three additional families with Miller syndrome. 

Exome sequencing of a small number of unrelated affected individuals is a powerful, efficient 

strategy for identifying the genes underlying rare Mendelian disorders and will likely transform 

the genetic analysis of monogenic traits. 

3.2 Introduction 

Rare monogenic diseases are of substantial interest because identification of their genetic 

bases provides important knowledge about disease mechanisms, biological pathways and 

potential therapeutic targets. However, to date, allelic variants underlying fewer than half of all 

monogenic disorders have been discovered. This is because the identification of allelic variants for 

many rare disorders is fundamentally limited by factors such as the availability of only a small 

number of affected individuals (cases) or families, locus heterogeneity, or substantially reduced 

reproductive fitness; each of these factors lessens the power of traditional positional cloning 

strategies and often restricts the analysis to a priori–identified candidate genes. In contrast, deep 

resequencing of all human genes for discovery of allelic variants could potentially identify the 

gene underlying any given rare monogenic disease. Massively parallel DNA sequencing 

technologies67 have rendered the whole-genome resequencing of individual humans increasingly 
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practical, but cost remains a key consideration. An alternative approach involves the targeted 

resequencing of all protein-coding subsequences (that is, the exome)42,86,87, which requires ~5% as 

much sequencing as a whole human genome86. 

Sequencing of the exome, rather than the entire human genome, is well justified as an 

efficient strategy to search for alleles underlying rare Mendelian disorders. First, positional 

cloning studies focused on protein- coding sequences have, when adequately powered, proven 

highly successful at identification of variants underlying monogenic diseases. Second, the clear 

majority of allelic variants known to underlie Mendelian disorders disrupt protein-coding 

sequences88. Splice acceptor and donor sites represent an additional class of sequences that are 

enriched for highly functional variation and are therefore targeted here as well. Third, a large 

fraction of rare non-synonymous variants in the human genome are predicted to be deleterious6. 

This contrasts with noncoding sequences, where variants are more likely to have neutral or weak 

effects on phenotypes, even in well-conserved noncoding sequences65,89. The exome therefore 

represents a highly enriched subset of the genome in which to search for variants with large effect 

sizes. 

We recently showed how exome sequencing of a small number of affected, unrelated 

individuals could potentially be used to identify a causal gene underlying a monogenic disorder86. 

Specifically, we performed targeted enrichment of the exome by hybridization to programmable 

microarrays and then sequenced each enriched shotgun genomic library on an Illumina Genome 

Analyzer II. The exome was conservatively defined using the NCBI Consensus Coding Sequence 

(CCDS) database9 (version 20080902), which covers approximately 164,000 non-contiguous 

regions over 27.9 Mb, of which 26.6 Mb were ‘mappable’ using 76-bp single-end reads. 

Approximately 96% of targeted, mappable bases comprising the exomes of eight HapMap 

individuals and four individuals with Freeman-Sheldon syndrome (FSS; MIM#193700) were 
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Figure 9 : Clinical characteristics of an 
individual with Miller syndrome and an 
individual with methotrexate 
embryopathy. 
(a,b) A 9-year-old boy with Miller syndrome 
caused by mutations in DHODH. Facial 
anomalies (a) include cupped ears, coloboma 
of the lower eyelids, prominent nose, 
micrognathia and absence of the fifth digits of 
the feet (b). (c,d) A 26-year-old man with 
methotrexate embryopathy. Note the cupped 
ears, hypertelorism, sparse eyebrows and 
prominent nose (c) accompanied by absence 
of the fourth and fifth digits of the feet (d). c 
and d are reprinted with permission from ref. 
107. 

successfully sequenced to high quality86. Using both dbSNP and HapMap exomes as filters to 

remove common variants, we showed that we could accurately identify the causal gene for FSS by 

exome sequencing alone. This effort demonstrated that low cost, high-throughput technologies 

for deep resequencing have the potential to rapidly accelerate the discovery of allelic variants for 

rare diseases. However, it provided only a proof of concept, as the causal gene for FSS had 

previously been identified31. A more recent report describes the application of exome sequencing 

to make an unanticipated genetic diagnosis of 

congenital chloride diarrhoea87. 

To evaluate the effectiveness of this strategy 

with a Mendelian condition of unknown cause, we 

sought to find the gene for a rare multiple 

malformation disorder named Miller syndrome90, the 

cause of which has been intractable to standard 

approaches of discovery91. The clinical characteristics of 

Miller syndrome include severe micrognathia, cleft lip 

and/or palate, hypoplasia or aplasia of the posterior 

elements of the limbs, coloboma of the eyelids and 

supernumerary nipples (Figure 9a,b). Miller syndrome 

has been hypothesized to be an autosomal recessive 

disorder. However, only three multiplex families, each 

consisting of two affected siblings born to unaffected, nonconsanguineous parents, have been 

described among a total of ~30 reported cases of Miller syndrome for which substantial clinical 

information is available90,92-96. Accordingly, there has been speculation that Miller syndrome is an 

autosomal dominant disorder97 and the rare occurrence of affected siblings is the result of 
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Table 8 : Summary statistics for exome sequencing of four individuals with Miller syndrome. 

 Sequencing reads  Called coverage 

Kindred
-sibling 

Total 
Uniquely 
mapping 

Overlapping 
target 

Non-
duplicated 

 Mean 
coverage 

Called bases 
Percentage of 

CCDS 

1-A 62,974,440 52,854,115 25,267,592 17,872,660  36.85 25,720,216 97% 

1-B 72,539,306 61,940,123 40,335,280 21,971,509  44.24 25,825,104 97% 

2 63,839,828 55,022,098 29,987,198 19,686,779  40.31 25,790,427 97% 

3 68,690,600 57,970,901 36,180,596 19,649,281  39.81 25,617,361 96% 

The total number of unpaired 76-bp sequencing reads per individual is reported (total), along with the number that 

map uniquely to the human genome (uniquely mapping, Maq map score > 0), the number that overlap at least one 

base of the target space (overlapping target) and the number left after removing reads with duplicate start sites 

(non-duplicated). Mean coverage over the whole of CCDS2008 is also given. Called bases refer to bases passing 

quality and coverage thresholds (Maq consensus quality ≥20 and read depth ≥8×). % of CCDS refers to the fraction 

of the mappable 26.6 Mb of CCDS2008 (that is, masked for poorly mappable coordinates, as described previously
86

 

that is called in each exome. 

germline mosaicism. Although we thought it likely that Miller syndrome is recessive, we also 

considered a dominant model of inheritance. 

3.3 Results 

Exome sequencing identifies a candidate gene for Miller syndrome 

We sequenced exomes in a total of two siblings with Miller syndrome (kindred 1 in Table 

9) and two additional unrelated affected individuals (kindreds 2 and 3 in Table 9), totalling four 

affected individuals in three independent kindreds. An average of 5.1 Gb of sequence was 

generated per affected individual as single-end, 76-bp reads. After discarding reads that had 

duplicated start sites, we achieved ~40-fold coverage of the 26.6-Mb mappable, targeted exome 

defined by Ng et al.86 (Table 8). About 97% of targeted bases were sufficiently covered to pass our 

thresholds for variant calling. To distinguish potentially pathogenic mutations from other 

variants, we focused only on non-synonymous (NS) variants, splice acceptor and donor site 

mutations (SS), and short coding insertions or deletions (indels; I), anticipating that synonymous 

variants would be far less likely to be pathogenic. We also predicted that the variants responsible 

for Miller syndrome would be rare and therefore likely to be previously unidentified. A new 

variant was defined as one that did not exist in the datasets used for comparison, namely 
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Table 9 : Direct identification of the gene for a Mendelian disorder by exome resequencing. 

 Kindred 1-A  Kindred 1-B  Kindred 1 (A+B)  Kindreds 1+2  Kindreds 1+2+3 

Filter Dominant Recessive  Dominant Recessive  Dominant Recessive  Dominant Recessive  Dominant Recessive 

NS/SS/I 4,670 2,863  4,687 2,859  3,940 2,362  3,099 1,810  2,654 1,525 

Not in dbSNP129 641 102  647 114  369 53  105 25  63 21 

Not in HapMap 8 898 123  923 128  506 46  117 7  38 4 

Not in either 456 31  464 33  228 9  26 1*  8 1* 

Predicted damaging 204 6  204 12  83 1  5 0  2 0 

Each cell indicates the number of genes with non-synonymous (NS) variants, splice acceptor and donor site 

mutations (SS) and coding indels (I). Filtering either by requiring the presence of NS/SS/I variants in siblings 

(kindred 1 (A+B)) or of multiple unrelated individuals (columns) or by excluding annotated variants (rows) 

identifies 26 and 8 candidate genes under a dominant model and only a single candidate gene, DHODH, under a 

recessive model (light gray cells). Exclusion of mutations predicted to be benign using PolyPhen (row 5) increases 

sensitivity under a dominant model but excludes DHODH under a recessive model because a variant in kindred 1 is 

predicted to be benign. A single candidate gene is identified in kindred 1 under a recessive model and excluding 

benign mutations (dark gray cell), but this candidate is excluded in comparisons with unrelated cases of Miller 

syndrome. Mutations in this candidate, DNAH5, were found to cause a primary ciliary dyskinesia in kindred 1. The 

asterisk indicates that a second gene, CDC27, was also identified as a candidate gene, but this is due to the presence 

of multiple copies of a processed pseudogene that recurrently gave rise to a false positive signal in exome analyses. 

dbSNP129, exome data from eight HapMap individuals sequenced in our previous study86, and 

both groups combined (Table 9). 

Each sibling (A and B) in kindred 1 was found to have at least a single NS/SS/I variant in 

~4,600 genes and two or more NS/SS/I variants in ~2,800 genes. In our dominant model, each 

sibling was required to have at least one new NS/SS/I variant in the same gene, and filtering these 

variants against dbSNP129 and eight HapMap exomes reduced the candidate gene pool ~40-fold 

compared to the full CCDS gene set. In our recessive model, each sibling was required to have at 

least two new NS/SS/I variants in the same gene, and the candidate pool was reduced >500-fold 

compared to the full CCDS gene set. Both siblings were predicted to share the causal variant for 

Miller syndrome, so we next considered candidate genes shared between them. Under our 

dominant model, this reduced the pool of candidate genes to 228, and under our recessive model, 

the number of candidate genes was reduced to 9. 

To further exclude candidate genes containing non-pathogenic variants, we next 

compared the candidate genes from both siblings in kindred 1 to those in two unrelated 
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individuals with Miller syndrome (kindreds 2 and 3). Using both dbSNP129 and the eight HapMap 

exomes as filters, comparison between the affected siblings in kindred 1 and the unrelated case in 

kindred 2 reduced the number of candidate genes to 26 under our dominant model. Under the 

autosomal recessive model, this comparison revealed that only a single gene, DHODH, which 

encodes the enzyme dihydroorotate dehydrogenase, was a shared candidate. Thus, comparison of 

exome data from two affected siblings and one unrelated affected individual was sufficient to 

identify DHODH as the sole candidate gene for Miller syndrome under our recessive model. 

Comparison between the siblings in kindred 1 and the unrelated cases in kindreds 2 and 3 reduced 

the number of candidate genes to eight under a dominant model, while retaining DHODH as the 

sole candidate under the recessive model. 

We calculated a Bonferroni-corrected P value for the null hypothesis of seeing no 

deviation from the expected frequency of two variants in the same gene in three out of three 

unrelated, affected individuals over the ~17,000 genes in CCDS2008. Assuming all genes are of the 

same length and have the same mutation rate, the rate of new NS/SS/I variants per gene was 

0.0309 (~526 new NS/SS/I variants per 17,000 genes). If the variants occur independently of one 

another, two variants occur in the same gene at a rate of (0.0309)2, or 9.57 × 10–4, so the P value is 

calculated as ((9.57 × 10–4)3 × 17,000), or ~0.000015. Hence, even after correcting for searching 

across all genes, the result remains highly significant. 

We also (i) examined the effect on the size of the candidate gene list when analysing the 

exomes of affected individuals in various pairwise or three-way combinations and (ii) examined 

the potential consequences of genetic heterogeneity by relaxing selection criteria such that only a 

subset of the exomes of affected individuals were required to contain new variants in a given gene 

for it to be considered as a candidate gene (Table 10). Heterogeneity clearly increases the number 

of candidate genes that must be considered under any fixed number of exomes analysed. 
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However, this can likely be overcome by the inclusion of a greater number of cases with 

mutations in the same gene. Most variants underlying rare Mendelian diseases either affect highly 

conserved sequence and/or are predicted to be deleterious. Accordingly, we also sought to 

investigate to what extent the pool of candidate genes could be reduced by combining variant 

filtering with predictions of whether NS/SS/I variants were damaging. This strategy further 

reduced the pool of candidate genes for each of the comparisons made previously (Table 9). 

However, DHODH was not identified as a candidate under a recessive model in any of these 

comparisons. Review of predicted biophysical consequences of DHODH variants revealed that the 

effect of one variant, G605A, found in both siblings in kindred 1, was classified as benign. As a 

result, DHODH was eliminated from further consideration as a candidate under a recessive model 

Table 10 : Number of candidate genes identified based on different filtering strategies. 

 Number of affected exomes  Subsets of 3 exomes  Subsets of all 4 exomes 

 1 2 3  Any 1 Any 2  Any 1 Any 2 Any 3 

Dominant model           

NS/SS/I 4,645–4,687 3,358–3,940 2,850–3,099  6,658 4,489  6,943 5,167 3,920 

Not in dbSNP129 634–695 136–369 72–105  1617 274  1829 553 172 

Not in HapMap 8 898–979 161–506 55–117  2336 409  2628 835 222 

Not in either 453–528 40–228 10–26  1317 109  1516 333 44 

Predicted damaging 204–284 10–83 3–6  682 37  787 126 11 

Recessive model           

NS/SS/I 2,780–2,863 1,993–2,362 1,646–1,810  4,097 2,713  4,293 3,172 2,329 

Not in dbSNP129 92–115 30–53 22–31  226 61  270 90 42 

Not in HapMap 8 111–133 13–46 5–13  329 32  397 75 19 

Not in either 31–45 2–9 2–3  100 6  121 14 4 

Predicted damaging 6–16 0–2 0–1  35 2  44 4 1 

Under the dominant model, at least one non-synonymous variant, splice acceptor or donor site variant or coding 

indel (NS/SS/I) in a gene was required in the gene. Under the recessive model, at least two novel variants were 

required, and these could be either at the same position (a homozygous variant) or at two different positions in the 

same gene (a potential compound heterozygote, though we are unable to ascertain phase at this stage). In each 

column are the range for the number of candidate genes for exomes considered individually (column 1) and all 

combinations of 2–4 exomes (columns 2–4). Note that the upper bound on the ranges may be inflated relative to 

what would be the case if four unrelated affected individuals had been used because the comparisons in which the 

two siblings were included provided reduced power compared to unrelated individuals. Columns 5–9 show the 

number of candidate genes when at least 1, 2 or 3 individuals is required to have one variant in a gene (dominant 

model) or two or more variants in a gene (recessive model). This is a simple model of genetic heterogeneity or 

incomplete data. For example, the total number of candidate genes common to any 3 of all 4 exomes is shown in 

column 9. For columns 5–6, one of the siblings (kindred 1-B) was not included in the analysis as siblings share 50% 

of variants. 
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Figure 10 : Genomic structure of the exons encoding the open reading frame of DHODH. 

DHODH is composed of nine exons that encode untranslated regions (UTR) (orange) and protein coding sequence (blue). 

Arrows indicate the locations of 11 different mutations found in 6 families with Miller syndrome. 

in kindred 1 and in all subsequent comparisons. However, because the other variant found in 

kindred 1, G454A, was predicted to be damaging, as was every other new DHODH variant 

identified in this study, DHODH was still one of only two candidate genes for Miller syndrome 

under a dominant model in a comparison of kindreds 1, 2 and 3 (Table 9). Nevertheless, the 

recessive model was favoured over the dominant model for Miller syndrome based on the 

observation that each case was a compound heterozygote for new DHODH mutations and five of 

six mutations were predicted to be damaging. 

Combinatorial filtering supplemented by PolyPhen predictions initially identified a second 

candidate gene, DNAH5, in kindred 1 under a recessive model (Table 9). However, this candidate 

was excluded in subsequent comparisons to kindreds 2 and 3. DNAH5 encodes a dynein heavy 

chain found in cilia, and mutations in DNAH5 are a well-known cause of primary ciliary 

dyskinesia (PCD; MIM#608644), a disorder characterized by recurrent sinopulmonary infections, 

bronchiectasis and chronic lung disease. This was of particular interest because some of the 

clinical findings in the siblings in kindred 1 are unique among reported cases of Miller syndrome. 

Specifically, both siblings have recurrent lung infections, bronchiectasis and chronic obstructive 

pulmonary disease for which they have received medical management in a specialty clinic for 
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Table 11 : Summary of DHODH mutations in kindreds with 
Miller syndrome. 

Kindred Mutation Exon Amino acid change Location 

1 G454A 4 G152R chr16: 70608443 
 G605C 5 G202A chr16: 70612611 

2 C403T 3 R135C chr16: 70606041 
 C1036T 8 R346W chr16: 70614936 

3 C595T 5 R199C chr16: 70612601 
 611 delT 5 L204PfsX8 chr16: 70612617 

4 G605A 5 G202D chr16: 70612611 
 C730T 6 R244W chr16: 70613786 

5 G56A 2 G19E chr16: 70603484 
 C1036T 8 R346W chr16: 70614936 

6 C851T 7 T284I chr16: 70614596 
 A1175G 9 D392G chr16: 70615586 

Mutations in kindreds 1-3 were originally identified by exome 

resequencing. Chromosomal position was determined using the 

March 2006 assembly from UCSC (hg18). 

individuals with cystic fibrosis. Accordingly, exome analysis revealed that both siblings in kindred 

1 have, in addition to Miller syndrome, PCD due to mutations in DNAH5.  

Sanger sequencing of implicated gene 

To confirm that mutations in 

DHODH are responsible for Miller 

syndrome, we screened three 

additional unrelated kindreds (three 

simplex cases) and an affected sibling 

in kindred 2 by directed Sanger 

sequencing. All four individuals were 

found to be compound heterozygotes 

for missense mutations in DHODH 

that are predicted to be deleterious. Collectively, 11 different mutations in 6 kindreds with Miller 

syndrome were identified in DHODH by a combination of exome and targeted resequencing 

(Table 11 and Figure 10). Each parent of an affected individual who was tested was found to be a 

heterozygous carrier, and none of the mutations appeared to have arisen de novo. In the kindreds 

with affected siblings, none of the unaffected siblings were compound heterozygotes. None of 

these mutations were found in 200 control chromosomes from unaffected individuals of matched 

geographical ancestry that were genotyped. Ten of these mutations were missense mutations, two 

of which affected the same amino acid codon, and one was a 1-bp indel that is predicted to cause a 

frameshift resulting in a termination codon seven amino acids downstream. One mutation, 

C1036T, was shared between two unrelated individuals with Miller syndrome who are of different 

self-identified geographical ancestry. Each of the amino acid residues affected by a DHODH 

mutation is highly conserved among homologs studied to date (Figure 11). A single, validated non-
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Figure 11 : Comparative protein alignment of 
dihydroorotate dehydrogenase in human, chimp, 
macaque, mouse and chicken. 

The position of each variant identified in patients with 

Miller syndrome is boxed. Asterisks denote invariable sites 

and dots indicate conservative substitutions. 

synonymous polymorphism in human 

DHODH has been studied previously98. This 

polymorphism causes a lysine-to-glutamine 

substitution in the relatively diverse N-

terminal extension of dihydroorotate 

dehydrogenase that is responsible for the 

association of the enzyme with the inner 

mitochondrial membrane.  

3.4 Discussion 

We show that the sequencing of the 

exomes of affected individuals from a few 

unrelated kindreds, with appropriate filtering 

against public SNP databases and a small 

number of HapMap exomes, is sufficient to 

identify a single candidate gene for a 

monogenic disorder whose cause had 

previously been unknown, Miller syndrome. Several factors were important to the success of this 

study. First, Miller syndrome is a very rare disorder that is inherited in an autosomal recessive 

pattern. Therefore, the causal variants were unlikely to be found in public SNP databases or in 

control exomes. Second, genes for recessive diseases will, in general, be easier to find than genes 

for dominant disorders because fewer genes in any single individual have two or more new or rare 

non-synonymous variants. Third, we were fortunate that there was no genetic heterogeneity in 

our sample of individuals with Miller syndrome. In the presence of heterogeneity, it is possible to 

relax stringency by allowing genes common to subsets of all affected individuals to be considered 
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candidates, although this method will reduce power (Table 10). Fourth, all of the individuals with 

Miller syndrome for whom exomes were sequenced were of European ancestry. Sequencing 

exomes of affected individuals sampled from populations with a different geographical ancestry 

who have a higher number of novel and/or rare variants (for example, individuals with sub-

Saharan African or East Asian ancestry) will make the identification of candidate genes more 

difficult. This will become less of an issue as databases of human polymorphisms become 

increasingly comprehensive. 

Additional factors could facilitate the future application of this strategy. Mapping 

information, such as blocks of homozygosity, could focus the search to a smaller pool of 

candidates. The number of candidate variants can also be reduced further by comparison between 

variants in an affected individual to those found in each parent. For autosomal dominant 

disorders, this strategy can discover de novo coding variants, as neither parent is predicted to have 

a mutation that causes a fully penetrant dominant disorder; by contrast, in recessive disorders, 

parents are predicted to be carriers of the disease-causing variants. 

There are at least three aspects of this approach where we see substantial scope for 

improvement. The first relates to missed variant calls, either due to low coverage or because some 

variants are not identified easily with current sequencing platforms—for example, those within 

repeat tracts in coding sequences. The second is that our filtering relied on a public SNP database 

(dbSNP) that has a highly uneven ascertainment of variation across the genome. It would be 

better to rely on catalogues of common variation that are ascertained in a single study either 

exome wide (as with the eight HapMap exomes86) or genome wide (for example, as with the 1,000 

genomes project) and where estimates of allele frequency are available. Increasing the number of 

control exomes progressively reduces the relevance of dbSNP to this analysis (Figure 12). 

Furthermore, as increasingly deep catalogues of polymorphism become available, it may be 
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Figure 12 : Number of candidate genes vs. number of 
unaffected exomes in filter. 

The results of adding more unaffected exomes as a filter for 

novel variants is shown for the recessive model, i.e. requiring at 

least two novel variants for a gene to qualify as a candidate. For 

this analysis, either all twelve previously sequenced exomes
86

 

were used (top), or only the eight non-Yoruba exomes from the 

same study (bottom), and results from all possible combinations 

of the specified number of exomes are represented. Results of 

the same filtering with (orange) and without dbSNP129 (blue) 

are also shown. The single gene identified when using all twelve 

exomes was DHODH (top); when only non-Yoruba exomes were 

used, the list also included ESPNL. 

necessary to establish frequency-based 

thresholds for defining common 

variation that is unlikely to be causal 

for disease. A third concern is that the 

specificity of this approach is currently 

reduced by a subset of genes that 

recurrently appear to be enriched for 

new variants. These include long genes, 

but also genes that are subject to 

systematic technical artefacts (for 

example, mismapped reads due to 

duplicated or highly similar sequences 

in the genome). For sequences that are 

known to be duplicated or have 

paralogues (for example, genes from 

large gene families, or pseudogenes), 

these artefacts are mostly removed 

during read alignment (as reads with 

non-unique placements are removed from consideration). However, duplicated sequences not 

represented in the reference genome are not removed and spuriously appear as enriched for new 

variants (for example, CDC27). 

The mechanism by which mutations in DHODH cause Miller syndrome is unclear. The 

primary known function of dihydroorotate dehydrogenase is to catalyse the conversion of 

dihydroorotate to orotic acid, an intermediate in the pyrimidine de novo biosynthesis pathway 
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Figure 13 : Enzymatic steps controlling de novo pyrimidine synthesis. 

Mutations in DHODH are predicted to diminish dihydroorotate dehydrogenase activity. 

(Figure 13)99. Orotic acid is subsequently converted to uridine monophosphate (UMP) by UMP 

synthase. Pyrimidine biosynthesis might be particularly sensitive to the step mediated by 

dihydroorotate dehydrogenase100, and the classical rudimentary phenotype in Drosophila 

melanogaster, reported by T.H. Morgan in 1910 and characterized by wing anomalies, defective 

oogenesis and malformed posterior legs, is caused by mutations affecting the same pathway11,101,102. 

However, the clinical characteristics of the other inborn errors of pyrimidine biosynthesis—such 

as orotic aciduria, caused by mutations in UMP synthase—do not include malformations. Indeed, 

inborn errors of metabolism are, in general, a rare cause of birth defects, so DHODH would be 

given little weight a priori as a candidate for a multiple malformation disorder. Thus, the 

discovery that mutations in DHODH cause Miller syndrome reveals both a new role for 

pyrimidine metabolism in craniofacial and limb development as well as a newly discovered 

function of dihydroorotate dehydrogenase that remains to be explored. 

Selective inhibition of pyrimidine or purine biosynthesis has long been used as a 

therapeutic option to treat various cancers and autoimmune disorders. Leflunomide, a prodrug 

that is converted in the gastrointestinal tract to the active metabolite, A771726, reduces de novo 

pyrimidine biosynthesis by selectively inhibiting dihydroorotate dehydrogenase100. In mice, use of 

leflunomide during pregnancy causes a wide range of limb and craniofacial defects in the 

offspring, the most common of which are exencephaly, cleft palate and ‘open eye’ or failure of the 

eyelid to close103. These phenotypic characteristics recapitulate some of the malformations 

observed in individuals with Miller syndrome, providing further evidence that it is caused by 

mutations in DHODH. 
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The developmental pathways disrupted by leflunomide are unknown, but their 

elucidation could help us understand the mechanism by which DHODH mutations cause 

malformations. In the liver of mice treated with leflunomide, TNF-α production is repressed by 

the direct inhibition of NF-κB activity104. Interruption of NF-κB signalling during development 

can result in disrupted cell migration, diminished cellular proliferation and increased apoptosis105. 

Indeed, open-eye is a defect observed in mice with targeted disruption of TNFA28 . Furthermore, 

NF-κB has an important role in limb morphogenesis, specifically as a transducer of signals that 

regulate Shh (encoding the sonic hedgehog homolog) expression. Shh controls, in part, anterior-

posterior patterning of the digits, and Shh–/– knockout mice fail to form digits 2–5 (ref. 106). These 

observations suggest that the malformations observed in individuals with Miller syndrome could 

be caused by perturbed NF-κB signalling due to loss of DHODH function. 

The pattern of malformations observed in individuals with Miller syndrome is similar to 

those in individuals with foetal exposure to methotrexate (Figure 9c,d107). Methotrexate is a well-

established inhibitor of de novo purine biosynthesis, and its anti-proliferative actions are thought 

to be due to its inhibition of dihydrofolate reductase and folate-dependent transmethylations. 

Accordingly, defects of both purine and pyrimidine biosynthesis appear to be capable of causing a 

similar pattern of birth defects. However, at low doses, methotrexate also decreases plasma levels 

of pyrimidines as well as purines. This observation raises the possibility that methotrexate 

embryopathy might indeed be caused by the drug’s effects on pyrimidine rather than purine 

metabolism. Given that not all embryos exposed to methotrexate manifest birth defects, 

functional polymorphisms in DHODH or other genes encoding proteins in the de novo pyrimidine 

biosynthesis pathway could influence susceptibility to methotrexate embryopathy. 

Individuals with Miller syndrome have similar phenotypic characteristics to those with 

Nager syndrome (MIM%154400), another rare monogenic disorder that primarily affects the 
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craniofacial skeleton. In contrast to Miller syndrome, the limb defects observed in individuals 

with Nager syndrome affect the anterior elements of the upper limb. Nevertheless, it has been 

hypothesized that Miller and Nager syndromes are caused by mutations in the same gene. We 

resequenced DHODH in 12 unrelated individuals diagnosed with Nager syndrome but found no 

pathogenic mutations (data not shown). Accordingly, either Nager syndrome and Miller 

syndrome are not allelic or Nager syndrome is caused exclusively by mutations in regulatory 

elements that alter the expression of DHODH. 

Rare diseases are arbitrarily defined as those that affect fewer than 200,000 individuals in 

the United States. According to this definition, more than 7,000 rare diseases have been 

delineated, and in the aggregate, these affect more than 25 million people108. The majority of these 

diseases are considered genetic disorders, and many of them are thought to be monogenic. The 

bulk of genes underlying these rare monogenic diseases remain unknown. Lack of information 

about the genes and pathways that underlie rare monogenic diseases is a major gap in our 

scientific knowledge. Discovery of the genetic basis of a large collection of rare disorders that 

have, to date, been unyielding to analysis will substantially expand our understanding of the 

biology of rare diseases, facilitate accurate diagnosis and improved management, and provide 

initiative for further investigation of new therapeutics. 

3.5 Conclusion 

We have demonstrated that exome sequencing of a small number of affected family 

members or affected unrelated individuals is a powerful, efficient and cost-effective strategy for 

markedly reducing the pool of candidate genes for rare monogenic disorders and may even 

identify the responsible gene(s) specifically. This approach is likely to become a standard tool for 

the discovery of genes underlying rare monogenic diseases and to provide important guidance for 

developing an analytical framework for finding rare variants influencing risk of common disease. 
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3.6 Materials and methods 

Patients and samples. For exome resequencing, we selected four individuals of self-reported 

European ancestry with Miller syndrome from three unrelated families. In two families, two 

siblings were affected (kindreds 1 and 2 in Table 9), and in one family a single individual had been 

diagnosed with Miller syndrome (kindreds 3 in Table 9). For validation, we selected samples from 

a sibling from kindred 2 and three simplex cases. All participants provided written consent, and 

the Institutional Review Boards of Seattle Children’s Hospital and the University of Washington 

approved all studies. Separate informed consent was obtained from the individuals or their 

guardians to publish the photographs in Figure 9. A referral diagnosis of Miller syndrome made 

by a clinical geneticist was required for inclusion. The clinical characteristics of several of the 

individuals who had been diagnosed with Miller syndrome have been reported previously90,92,93. 

Phenotypic data were collected from review of medical records, phone interviews and 

photographs. 

Targeted capture and massive parallel sequencing. Genomic DNA was extracted from 

peripheral blood lymphocytes, using Gentra Systems PUREGENE DNA purification kit and 10 μg 

of DNA from each of the four individuals with Miller syndrome in kindreds 1, 2 and 3 was used for 

construction of a shotgun sequencing library as described previously86 using adaptors for single-

end sequencing on an Illumina Genome Analyzer II (GAII). Each shotgun library was hybridized 

to two Agilent 244K microarrays for target enrichment, followed by washing, elution and 

additional amplification86. The first array targeted CCDS2007, whereas the second was designed 

against targets poorly captured by the first array plus updates to CCDS in 2008. Enriched libraries 

were then sequenced on a GAII. 

Read mapping and variant analysis. Reads were mapped to the reference human genome 

(UCSC assembly hg18, NCBI Build 36.1), initially with efficient large-scale alignment of nucleotide 
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databases (ELAND) software (Illumina) for quality recalibration and then again with Maq72. 

Sequence calls were also performed by Maq and filtered to coordinates with ≥8× coverage and a 

Phred-like72 consensus quality ≥20. Indels affecting coding sequence were identified as described 

previously86. Sequence calls were compared against eight HapMap individuals for whom we had 

previously reported exome data86. Annotations of variants were made using SeattleSeq 

Annotation109 based on NCBI and UCSC databases, supplemented with PolyPhen Grid Gateway110 

predictions generated for nearly all non-synonymous SNPs. Any non-synonymous variant that 

was not assigned a ‘benign’ PolyPhen prediction was considered to be damaging, as were all splice 

acceptor and donor site mutations and all coding indels. 

Mutation validation. Sanger sequencing of PCR amplicons from genomic DNA was used to 

confirm the presence and identity of variants in the candidate gene identified via exome 

sequencing and to screen the candidate gene in additional cases of Miller syndrome. 
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CHAPTER 4 : EXOME SEQUENCING IDENTIFIES 
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4.1 Abstract 

We demonstrate the successful application of exome sequencing86,87,111 to discover a gene 

for an autosomal dominant disorder, Kabuki syndrome (OMIM%147920). We subjected the 

exomes of ten unrelated probands to massively parallel sequencing. After filtering against existing 

SNP databases, there was no compelling candidate gene containing previously unknown variants 

in all affected individuals. Less stringent filtering criteria allowed for the presence of modest 

genetic heterogeneity or missing data but also identified multiple candidate genes. However, 

genotypic and phenotypic stratification highlighted MLL2, which encodes a Trithorax-group 

histone methyltransferase112,113: seven probands had newly identified nonsense or frameshift 

mutations in this gene. Follow-up Sanger sequencing detected MLL2 mutations in two of the 

three remaining individuals with Kabuki syndrome (cases) and in 26 of 43 additional cases. In 

families where parental DNA was available, the mutation was confirmed to be de novo (n = 12) or 

transmitted (n = 2) in concordance with phenotype. Our results strongly suggest that mutations 

in MLL2 are a major cause of Kabuki syndrome. 

4.2 Introduction 

Kabuki syndrome is a rare, multiple malformation disorder characterized by a distinctive 

facial appearance (Figure 14), cardiac anomalies, skeletal abnormalities, immunological defects 

and mild to moderate mental retardation. Originally described in 1981 (refs. 114,115), Kabuki 

syndrome has an estimated incidence of 1 in 32,000 (ref. 116), and approximately 400 cases have 

been reported worldwide. The vast majority of reported cases have been sporadic, but parent-to-

child transmission in more than a half dozen instances117 suggests that Kabuki syndrome is an 

autosomal dominant disorder. The relatively low number of cases, the lack of multiplex families 

and the phenotypic variability of Kabuki syndrome have made the identification of the gene(s) 
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underlying this disorder intractable to conventional approaches of gene discovery, despite 

aggressive efforts. 

4.3 Results 

We sequenced the exomes of ten unrelated individuals with Kabuki syndrome: seven of 

European ancestry, two of Hispanic ancestry and one of mixed European and Haitian ancestry 

 
Figure 14 : Photographs of the facial characteristics used to determine the subjective ranking of Kabuki 
phenotypes. 

The phenotype ranking of the ten children with Kabuki syndrome is listed here from 1‐10 based on similarity to the 

canonical phenotype of Kabuki syndrome. Asterisks indicate cases in which MLL2 mutations were identified. 

Informed consent was obtained for publication of each of the facial photos shown. 

Table 12 : Clinical characteristics used to determine the subjective phenotype ranking of the 10 children 
with Kabuki syndrome. 

  Cardiovascular 
Spleen / Liver 
abnormality 

Kidney 
abnormality / 
dysfunction 

Hearing 
loss 

Preauricular 
pits / tags 

High 
arched / 

cleft 
Hypotonia 

Developmental 
delay 

1 

ASD/VSD, aortic 
coarctation, 

bicuspid valves, 
dysrhythmia 

np X X X X X X 

2 
aortic 

coarctation, 
bicuspid valves 

- X X X X X X 

3 
ASD/VSD, aortic 

coarctation, 
bicuspid valves 

- - X np X X X 

4 
VSD, aortic 
coarctation 

X X X - X X X 

5 ASD, VSD np np np np X X X 
6 np np np - np X X X 
7 np - X X np X X X 
8 np X X np X X X X 
9 np np np np np np np X 

10 
ASD, VSD, 

dysrhythmia 
X X X np X X X 

X denotes abnormality present; np denotes abnormality not present; ‐ denotes data not found in medical record 
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(Figure 14 and Table 12). Enrichment was performed by hybridization of shotgun fragment 

libraries to custom microarrays followed by massively parallel sequencing86,87,111. On average, 6.3 

gigabases of sequence were generated per sample to achieve 40× coverage of the mappable, 

targeted exome (31 Mb). As with our previous studies, we focused our analyses here primarily on 

non-synonymous variants, splice acceptor and donor site mutations and coding indels, 

anticipating that synonymous variants were far less likely to be pathogenic. We also predicted 

that variants underlying Kabuki syndrome are rare, and therefore likely to be previously 

unidentified. We defined variants as previously unidentified if they were absent from all datasets 

used for comparison, including dbSNP129, the 1000 Genomes Project, exome data from 16 

individuals previously reported by us86,111 and 10 exomes sequenced as part of the Environmental 

Genome Project (EGP). 

Under a dominant model in which each case was required to have at least one previously 

unidentified non-synonymous variant, splice acceptor and donor site mutation or coding indel 

variant in the same gene, only a single candidate gene (MUC16) was shared across all ten exomes 

(Table 13). However, we considered MUC16 as a likely false positive due to its extremely large size 

(14,507 amino acids). Potential explanations for our failure to find a compelling candidate gene in 

which newly identified variants were seen in all affected individuals included: (i) Kabuki 

syndrome is genetically heterogeneous and therefore not all affected individuals will have 

mutations in the same gene; (ii) we failed to identify all mutations in the targeted exome; and (iii) 

some or all causative mutations were outside of the targeted exome, for example, in noncoding 

regions or unannotated genes. To allow for a modest degree of genetic heterogeneity and/or 

missing data, we conducted a less stringent analysis by looking for candidate genes shared among 

subsets of affected individuals. Specifically, we searched for subsets of x out of 10 exomes having 

≥1 previously unidentified variant in the same gene, with x = 1 to x = 10. For x = 9, x = 8 and x = 7, 

Table 13 : Number of genes common to any subset of x affected individuals. 

Subset analysis (any x of 10) 1 2 3 4 5 6 7 8 9 10 

NS/SS/I 12,042 8,722 7,084 6,049 5,289 4,581 3,940 3,244 2,486 1,459 

Not in dbSNP129 or 1000 genomes 7,419 2697 1057 488 288 192 128 88 60 34 

Not in control exomes 7,827 2865 1025 399 184 90 50 22 7 2 

Not in either 6,935 2227 701 242 104 44 16 6 3 1 

Is loss-of-function 
(nonsense/frameshift indel) 

753 49 7 3 2 2 1 0 0 0 

The number of genes with at least one non-synonymous variant (NS), splice-site acceptor or donor variants (SS) or 

coding indel (I) are listed under various filters. Variants were filtered by presence in dbSNP or 1000 Genomes (not in 

dbSNP129 or 1000 genomes) and control exomes (not in control exomes) or both (not in either); control exomes refer 

to those from 8 Hapmap
86

, 4 FSS
86

, 4 Miller
111

, and 10 EGP samples. The number of genes found using the union of the 

intersection of x individuals is given. 
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Table 14 : Number of genes common in sequential analysis of phenotypically ranked individuals. 

Sequential analysis 1 + 2 + 3 + 4 + 5 + 6 + 7 + 8 + 9 + 10 

NS/SS/I 5,282 3,850 3,250 2,354 2,028 1,899 1,772 1,686 1,600 1,459 

Not in dbSNP129 or 1000 genomes 687 214 145 84 63 54 42 40 39 34 

Not in control exomes 675 134 50 26 13 13 8 5 4 2 

Not in either 467 89 34 18 9 8 4 4 3 1 

Is loss-of-function 
(nonsense/frameshift indel) 

25 1 1 1 0 0 0 0 0 0 

Variants were filtered as in Table 13. Exomes were added sequentially to the analysis by ranked phenotype; for 

example, column “+3” shows the number of genes at the intersection of the three top ranked cases (Figure 14). The 

gene with at least one NS/SS/I in all individuals is MUC16, which is very likely to be a false positive due to its extreme 

length (14,507 amino acids). 

previously unidentified variants were shared in 3 genes, 6 genes and 16 genes, respectively (Table 

13). However, there was no obvious way to rank these candidate genes. 

We speculated that genotypic and/or phenotypic stratification would facilitate the 

prioritization of candidate genes identified by subset analysis. Specifically, we assigned a 

categorical rank to each individual with Kabuki syndrome based on a subjective assessment of the 

presence of, or similarity to, the canonical facial characteristics of Kabuki syndrome (Figure 14) 

and the presence of developmental delay and/or major birth defects (Table 12). The highest-

ranked individual was one of a pair of monozygotic twins with Kabuki syndrome. We then 

categorized the functional impact (that is, nonsense versus non-synonymous substitution, splice-

site disruption and frameshift compared to in-frame indel) of each newly identified variant in 

candidate genes shared by each subset of two or more ranked cases. Manual review of these data 

highlighted distinct, previously unidentified nonsense variants in MLL2 in each of the four 

highest-ranked cases. After sequential analysis of phenotype-ranked cases with a loss-of-function 

filter, MLL2 was the only candidate gene remaining after addition of the second individual (Table 

14). We found no such variant in MLL2 in the individual with Kabuki syndrome ranked fifth; 

hence, the number of candidate genes dropped to zero after the individual ranked fourth in the 

set (Table 14). However, we found a 4-bp deletion in the individual ranked sixth, and we found 

nonsense variants in the individuals ranked seventh and ninth. Thus, exome sequencing 
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Table 15 : Analysis of exome variants using genomic evolutionary rate profiling 

GERP Score analysis (at least x 
of 10) 

1 2 3 4 5 6 7 8 9 10 

Variant RS score > 0 7,176 2,360 754 269 106 39 20 11 3 1 

MLL2 Rank  3,732 1,232 399 136 47 14 6 3 NA NA 

The number of genes with at least a single previously unidentified variant with a rejected substitution score10 > 0 in at 

least x individuals is given. A gene rank is assigned based on the average GERP score
118 

over all newly identified 

variants with rejected substitution score > 0 in all affected individuals. 

identified a nonsense substitution or frameshift indel in MLL2 in seven of the ten individuals with 

Kabuki syndrome analysed here. Retrospectively, we applied a loss-of-function filter to the subset 

analysis of exome data (Table 13), and at x = 7, found MLL2 to be the only candidate gene. 

In parallel with these analyses, we applied genomic evolutionary rate profiling (GERP)118 to 

the exome data. GERP uses mammalian genome alignments to define a rejected substitution score 

for each variant regardless of functional class. We have previously shown that the quantitative 

ranking of candidate genes by the rejected substitution scores of their variants can facilitate the 

exome-based analysis of Mendelian disorders119. Following subset analysis with GERP-based 

ranking, MLL2 remained on the candidate list up to x = 8, ranking third in a list of 11 candidate 

genes at this threshold (Table 15). Notably, the additional MLL2 variant contributing to this 

analysis (such that MLL2 was still considered at x = 8) was a synonymous substitution with a 

rejected substitution score of 0.368 in the individual ranked fifth. 

We sought to confirm all newly identified variants in MLL2, particularly because loss-of-

function variants identified through massively parallel sequencing have a high prior probability of 

being false positives. All seven loss-of-function variants in MLL2 were validated by Sanger 

sequencing. We further analysed the three cases in which we did not initially find a loss-of-

function variant in MLL2, first by array comparative genomic hybridization (aCGH) to determine 

any gross structural changes and then by Sanger sequencing of all exons of MLL2 in case of false 

negatives by exome sequencing. Because an average of 96% of the coding bases in MLL2 were 

called at sufficient quality and coverage for single nucleotide variant detection, we anticipated 
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Figure 15 : Genomic structure and allelic spectrum of MLL2 mutations that cause Kabuki syndrome. 

MLL2 is composed of 54 exons that encode untranslated regions (orange) and protein coding sequence (blue) 

including 7 PHD fingers (yellow), FYRN (green), FYRC (green) and a SET domain (red). Arrows indicate the 

locations of 32 different mutations found in 53 families with Kabuki syndrome including 20 nonsense mutations, 7 

indels and 5 amino acid substitutions. Asterisks indicate mutations that were confirmed to be de novo and crosses 

indicate cases for which parental DNA was unavailable. The two underlined mutations were transmitted each 

within a family, from an affected parent to an affected child. 

that any missed variants were more likely to be indels because of the higher coverage required for 

confident indel detection in short-read sequence data. Indeed, although aCGH did not find any 

structural variants in the region, Sanger sequencing did identify frameshift indels in two of these 

three cases (specifically, the cases ranked eighth and tenth). 

Ultimately, loss-of-function mutations in MLL2 were identified in nine out of ten cases in 

the discovery cohort (Figure 15), making this gene a compelling candidate for Kabuki syndrome. 

For validation, we screened all 54 exons of MLL2 in 43 additional cases by Sanger sequencing. 

Previously unidentified non-synonymous, nonsense or frameshift mutations in MLL2 were found 

in 26 of these 43 cases (Figure 15 and Table 16). In total, through either exome sequencing or 

targeted sequencing of MLL2, 33 distinct MLL2 mutations were identified in 35 of 53 families 

(66%) with Kabuki syndrome (Figure 15 and Table 16). In each of 12 cases for which DNA from 

both parents was available, the MLL2 variant was found to have occurred de novo. Three 

mutations were found in two individuals each. One of these three mutations was confirmed to 

have arisen de novo in one of the cases, indicating that some mutations in 



58 
 

Table 16 :  Annotation of all MLL2 mutations found in 53 Kabuki cases screened. 

Kindred Indiv 
Exome 

Sequenced 
Mutation Exon 

Predicted Amino 
Acid Change 

Confirmed as 
denovo 

Position 

1  yes c.G15195A 48 p.W5065X + chr12:47706821 

2  yes c.C6010T 28 p.Q2004X + chr12:47722238 

3  yes c.C12697T 39 p.Q4233X + chr12:47712058 

4  yes c.C8488T 34 p.R2830X - chr12:47718918 

5  yes -- -- -- -- -- 

6  yes c.11794_11797delCAAC 39 p.Q3932SfsX46 + chr12:47712958-61 

7  yes c.T15618G 48 p.Y5206X + chr12:47706398 

8  yes c.3585_3586insA 11 p.P1196TfsX11 + chr12:47730053-54 

9  yes c.C6295T 31 p.R2099X + chr12:47721525 

10  yes c.6595delT 31 p.Y2199IfsX65 + chr12:47721225 

11  no c.G15326T 48 p.C5109F + chr12:47706690 

12  no c.G15536A 48 p.R5179H + chr12:47706480 

13  no c.C11149T 39 p.Q3717X + chr12:47713606 

14  no c.15444_15445delTT 48 p.F5149CfsX9 - chr12:47706571-72 

15  no c.C15217T 48 p.Q5073X - chr12:47706799 

16  no c.C9961T 34 p.R3321X - chr12:47717445 

17  no c.C14710T 48 p.R4904X - chr12:47707306 

18  no c.5875_5891dup17 28 p.E1965GfsX88 - chr12:47722341-57 

19  no c.G15536A 48 p.R5179H - chr12:47706480 

20  no c.C12703T 39 p.Q4235X - chr12:47712152 

21  no c.C12241T 39 p.Q4081X - chr12:47712514 

22  no c.C13390T 39 p.Q4464X + chr12:47711365 

23  no c.G15641A 48 p.R5214H - chr12:47706375 

24  no -- -- -- -- -- 

25 1 no c.A13580T 40 p.K4527X * chr12:47711035 

 2 no c.A13580T 40 p.K4527X - chr12:47711035 

26  no c.C16501T 53 p.R5501X - chr12:47702113 

27 1 no -- -- -- -- -- 

 2 no -- -- -- -- -- 

28  no -- -- -- -- -- 

29  no c.C10738T 38 p.Q3580X - chr12:47714119 

30  no -- -- -- -- -- 

31  no c.C16360T 52 p.R5454X - chr12:47702382 

32  no -- -- -- -- -- 

33  no -- -- -- -- -- 

34  no -- -- -- -- -- 

35  no c.4956_4957insG 19 p.E1654X - chr12:47724800-01 

36  no c.10599_10630del32 38 p.V3534QfsX11 - chr12:47714227-58 

37  no -- -- -- -- -- 

38  no c.C13606T 40 p.R4536X - chr12:47711008 

39  no c.G16019T 50 p.R5340L - chr12:47704661 

40  no c.C4843T 19 p.R1615X - chr12:47724914 

41  no c.C16391T 52 p.T5464M - chr12:47702351 

42  no -- -- -- -- -- 

43  no -- -- -- -- -- 

44  no -- -- -- -- -- 

45  no c.C16360T 52 p.R5454X - chr12:47702382 

46  no -- -- -- -- -- 

47  no -- -- -- -- -- 

48  no -- -- -- -- -- 

49  no -- -- -- -- -- 

50  no c.1324delC 10 p.P442HfsX487 - chr12:47732409 

51  no -- -- -- -- -- 

52 1 no c.C16391T 52 p.T5464M * chr12:47702351 

 2 no c.C16391T 52 p.T5464M - chr12:47702351 

53  no -- -- -- -- -- 

‐‐ no mutation identified; + confirmed de novo; ‐ no parental samples available; X stop codon; fs frameshift; * 
confirmed as inherited. Kindreds 25, 27 and 52 show dominant transmission of Kabuki syndrome from parent to 
child. Both affected individuals are listed here.  Chromosomal position was determined using March 2006 assembly 
from UCSC (hg18). 
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individuals with Kabuki syndrome are recurrent. In addition, MLL2 mutations (resulting in 

p.4527K>X and p.5464T>M) were also identified in each of two families in which Kabuki 

syndrome was transmitted from parent to child. None of the additional MLL2 mutations was 

found in 190 control chromosomes from individuals of matched geographical ancestry. 

4.4 Discussion 

Our results strongly suggest that mutations in MLL2 are a major cause of Kabuki 

syndrome. MLL2 encodes a large 5,262-residue protein that is part of the SET family of proteins, of 

which Trithorax, the Drosophila homolog of MLL, is the best characterized112. The SET domain of 

MLL2 confers strong histone 3 lysine 4 methyltransferase activity and is important in the 

epigenetic control of active chromatin states113. In mice, loss of MLL2 results in embryonic 

lethality before embryonic day 10.5, whereas MLL2+/– mice are viable but are smaller than wild 

type (Kai Ge, personal communication). 

Most of the MLL2 variants identified in individuals with Kabuki syndrome are predicted to 

truncate the polypeptide chain before translation of the SET domain. Though it is not certain 

whether Kabuki syndrome results from haploinsufficiency or from a gain of function at MLL2, 

haploinsufficiency seems to be the more likely mechanism. Deletion of chromosome 12q12–q13.2, 

which encompasses MLL2, has been reported in a child with characteristics of Noonan 

syndrome120. However, we re-analysed this case using oligo aCGH (including 21 probes that cover 

MLL2) and found the distal breakpoint to be located ~700 kb proximal to MLL2 (data not shown). 

Also, all of the pathogenic missense variants identified here are located in regions of MLL2 that 

encode C-terminal domains. This suggests that missense variants elsewhere in MLL2 may be 

better tolerated or, alternatively, may be embryonically lethal. 
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For the 18 of 53 cases for which no previously unidentified protein-altering variant was 

found, it is possible that noncoding or other missed mutations in MLL2 are responsible for this 

disorder. Alternatively, Kabuki syndrome could be genetically heterogeneous, and further analysis 

of these cases by exome sequencing may elucidate additional genes for Kabuki syndrome and 

potentially explain some of the phenotypic heterogeneity seen in this disorder. Notably, 9 of 10 

individuals in the discovery cohort (90%), but only 26 of 43 individuals in the replication cohort 

(60%), were ultimately found to have mutations in MLL2. It is therefore possible that the careful 

selection of canonical Kabuki cases for the discovery cohort enriched for a shared genetic basis. 

This underscores the importance of access to deeply phenotyped and well-characterized cases. 

4.5 Conclusion 

In summary, we applied exome sequencing of a small number of unrelated individuals 

with Kabuki syndrome to discover that mutations in MLL2 underlie this disorder. As predicted in 

previous analyses86,111, allowing for even a small degree of genetic heterogeneity or missing data 

substantially confounds exome analysis by increasing the number of candidate genes consistent 

with the model of inheritance. To facilitate the prioritization of genes under such criteria, we 

stratified data by ranked phenotypes and found that MLL2 was prominent in the higher ranked 

cases. However, nine of the ten individuals with Kabuki syndrome in the discovery cohort were 

ultimately found to have MLL2 mutations, such that stratification by phenotype was of less 

importance than originally appeared to have been the case. Nonetheless, the sequential analysis 

of ranked cases may have reduced the probability of confounding due to genetic heterogeneity. 

All of the MLL2 mutations found in the discovery set via exome sequencing were loss-of-function 

variants. As a result, MLL2 ranked highly among candidate genes assessed by predicted functional 

impact. Such a pattern will likely occur for some, but not all, Mendelian phenotypes subjected to 

this approach. We anticipate that the further development of strategies to stratify data at both the 
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genotypic and phenotypic level will be critical for exome and whole-genome sequencing to reach 

their full potential as tools for discovery of genes underlying Mendelian and complex diseases. 

4.6 Materials and Methods 

Cases and samples. For exome sequencing, we selected ten individuals of self-reported 

European, Hispanic or mixed European and Haitian ancestry with Kabuki syndrome from ten 

unrelated families. Phenotypic data were collected from review of medical records, phone 

interviews and photographs. All participants provided written consent, and the Institutional 

Review Boards of Seattle Children’s Hospital and the University of Washington approved all 

studies. The clinical characteristics of the 43 individuals in the validation cohort who had been 

diagnosed with Kabuki syndrome have been reported previously116. Subjective assessment and 

ranking of the Kabuki phenotype was based on pictures of each subject (Figure 14) and clinical 

information (Table 12). Informed consent was obtained for publication of each of the facial photos 

shown. 

Exome definition, array design and target masking. We targeted all protein-coding regions as 

defined by RefSeq 36.3. Entries were filtered for the following: (i) CDS as the feature type, (ii) 

transcript name starting with “NM_” or “-”, (iii) reference as the group_label, (iv) not being on an 

unplaced contig (for example, 17|NT_113931.1). Overlapping coordinates were collapsed for a total 

of 31,922,798 bases over 186,040 discontiguous regions. A single custom array (Agilent, 1M 

features, aCGH format) was designed to have probes over these coordinates as previously 

described86, except here, the maximum melting temperature (Tm) was raised to 73 °C. The 

mappable exome was also determined as previously described86 using this RefSeq exome 

definition instead. After masking for ‘unmappable’ regions, 30,923,460 bases were left as the 

mappable target. 
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Targeted capture and massive parallel sequencing. Genomic DNA was extracted from 

peripheral blood lymphocytes using standard protocols. Five micrograms of DNA from each of ten 

individuals with Kabuki syndrome was used for construction of a shotgun sequencing library as 

described previously3 using paired-end adaptors for sequencing on an Illumina Genome Analyzer 

II (GAII). Each shotgun library was hybridized to an array for target enrichment; this was then 

followed by washing, elution and additional amplification. Enriched libraries were then 

sequenced on a GAII to get either single-end or paired-end reads. 

Read mapping and variant analysis. Reads were mapped and processed largely as previously 

described86. In brief, reads were quality recalibrated using Eland and then aligned to the reference 

human genome (UCSC assembly hg18, NCBI Build 36.1) using Maq. When reads with the same 

start site and orientation were filtered, paired-end reads were treated like separate single-end 

reads; this method is overly conservative and hence the actual coverage of the exomes is higher 

than reported here. Sequence calls were performed using Maq and these calls were filtered to 

coordinates with ≥8× coverage and consensus quality ≥ 20. 

Indels affecting coding sequences were identified as previously described86, but we used phaster121 

instead of cross_match and Maq. Specifically, unmapped reads from Maq were aligned to the 

reference sequence using phaster121 (version 1.100122a) with the parameters -max_ins:21 -

max_del:21 -gapextend_ins:-1 -gapextend_del:-1 -match_report_type:1. Reads were then filtered for 

those with at most two substitutions and one indel. Reads that mapped to the negative strand 

were reverse complemented and, together with the other filtered reads, were remapped using the 

same parameters to reduce ambiguity in the called indel positions. These reads were then filtered 

for (i) having a single indel more than 3 bp from the ends and (ii) having no other substitutions in 

the read. Putative indels were then called per individual if they were supported by at least two 

filtered reads that started from different positions. An ‘indel reference’ was generated as 
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previously described86, and all the reads from each individual were mapped back to this reference 

using phaster with default settings and -match_report_type:1. Indel genotypes were called as 

previously described86. 

To determine the novelty of the variants, sequence calls were compared against 16 individuals for 

whom we had previously reported exome data86,111 and 10 EGP exomes. Annotations of variants 

were based on NCBI and UCSC databases using an in-house server (SeattleSeqAnnotation109). 

Loss-of-function variants were defined as nonsense mutations (premature stop) or frameshifting 

indels. For each variant, we also generated constraint scores as implemented in GERP119. 

Mutation validation. Sanger sequencing of PCR amplicons from genomic DNA was used to 

confirm the presence and identity of variants in the candidate gene identified via exome 

sequencing and to screen the candidate gene in additional individuals with Kabuki syndrome. 

Array comparative genomic hybridization (CGH). Samples were hybridized to commercially 

available whole-genome tiling arrays consisting of one million oligonucleotide probes with an 

average spacing of 2.6 kb throughout the genome (SurePrint G3 Human CGH Microarray 1x1M, 

Agilent Technologies). Twenty-one probes on this array covered MLL2 specifically. Data were 

analysed using Genomics Workbench software according to the manufacturer’s instructions. 

dbGaP accession 

http://www.ncbi.nlm.nih.gov/projects/gap/cgi-bin/study.cgi?study_id=phs000295.v1.p1 
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CHAPTER 5 : MASSIVELY PARALLEL SEQUENCING AND RARE DISEASE 

 

Parts of this chapter previously published as  

Sarah B Ng, Deborah A Nickerson, Michael J Bamshad & Jay Shendure (2010) Massively parallel 

sequencing and rare disease. Human Molecular Genetics. 19(R2):R119-24. 

 

Since the publication of the work in Chapter 2 in 200986, the use of massively parallel 

sequencing has gained incredible momentum, and has been applied successfully to >400 studies 

of Mendelian and other disease. Here, I summarize the previous chapters in the context of other 

sequencing studies, reviewing some of the strategies we and others have used to sift through 

variants to determine the causal mutations for several monogenic disorders86,111,122-130 131-135, as well 

as to identify the molecular basis136 or provide evidence for the clinical diagnosis87 for other 

diseases.  

5.1 Early Successes 

5.1.1 Molecular diagnosis of mutations in known genes 

The most straightforward method to identify causal mutations in an individual is by 

comparison with known mutations and disease-associated genes, like those curated in databases 

such as Online Mendelian Inheritance in Man (OMIM)2 and the Human Gene Mutation Database 

(HGMD)88. This is of most utility in well-studied diseases and can be used to assist in molecular 

diagnoses, i.e. finding novel and known mutations in previously identified disease genes. For 

example, in whole-genome sequencing of an individual with Chacot–Marie–Tooth disease 

(CMT)136, analysis of coding variants identified a nonsense mutation in SH3TC2 that was already 
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implicated in CMT, and consistent with the recessive mode of inheritance, a novel missense 

mutation in the same gene was also found. 

In a similar vein, investigators have begun to consider the use of massively parallel 

sequencing as diagnostic assays for genetic disorders. Resequencing of candidate genes for 

neurofibromatosis type 1137, ataxia138, mitochondrial disorders139 and ocular birth defects140, as well 

as for HLA typing141, has shown that targeted capture coupled with high-throughput sequencing is 

increasingly feasible for this task, although further improvements in accuracy and cost may be 

necessary before its widespread adoption in clinical laboratories.  

5.1.2 Clinical diagnosis based on sequence data 

Observing known mutations or novel mutations in disease genes may also assist in making 

a clinical diagnosis for patients. For example, annotation of homozygous variants identified in 

exome sequencing of a patient from a consanguineous union was used to make a genetic 

diagnosis of congenital chloride-losing diarrhoea (CLD)87. Initially, the patient was suspected of 

having Bartter syndrome, but no known disease loci were within homozygous segments. Instead, 

a homozygous single-base substitution was identified in the gene SLC26A3, in which mutations 

had previously been found to cause CLD. Clinical follow-up based on this molecular observation 

confirmed CLD as the primary diagnosis and led to a suitable treatment. 

In another study, exome sequencing of four individuals affected with Miller syndrome111 

revealed that a subset of cases (siblings) alone had novel variants that were predicted to be 

damaging in a single gene, DNAH5, which had previously been implicated in primary ciliary 

dyskinesia. This led to the realisation that a cystic fibrosis-like phenotype unique to these siblings 

was, in fact, not related to Miller syndrome, but instead a superimposition of another disease 

phenotype caused by mutations in a separate gene. 
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These studies were the first diagnoses of monogenic disorders based on massively parallel 

sequencing and suggest its potential to assist in the evaluation and diagnosis of patients, 

particularly when the diagnosis is uncertain. 

5.1.3 Novel disease gene discovery 

Disorders without known mutations or disease-associated genes require different filtering 

strategies to isolate pathogenic mutations. In general, the following assumptions are made about 

causal mutations underlying ‘simple’, monogenic, Mendelian disease: (i) a single mutation is 

sufficient to cause the disease, which would (ii) be rare, and probably private to affected 

individuals, and (iii) because they are of large effect, they are most likely coding and (iv) highly 

penetrant. As such, investigators look first for variants that change protein sequence, i.e. missense 

and nonsense substitutions, coding indels as well as splice acceptor and donor site changes, and 

second for variants that are very rare or novel. Where necessary, a further assumption is often 

made that the disease is genetically homogenous, i.e. unrelated affected individuals have 

mutations in the same gene, at least for the individuals chosen for the study.  

The first report of the potential of using massively parallel sequencing to identify 

mutations by this strategy was for Freeman–Sheldon syndrome (FSS)86. In this study, the exomes 

of four unrelated affected individuals were sequenced, and for each individual, genes that had at 

least one private protein-altering variant were shortlisted, consistent with a dominant disease 

model. After intersecting the genes from all four individuals, it was found that only one gene was 

common among all – MYH3, which had previously been shown to be causal for FSS. Although this 

was not a novel identification of the disease-associated gene, it was nonetheless a proof-of-

concept experiment that showed how massively parallel sequencing could be applied on a 

genome-wide scale to find causal mutations for monogenic diseases even without linkage or 

pedigree information, nor any information related to disease mechanism.  
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The same strategy was employed successfully in studies for autosomal dominant disorders 

— for example for Schinzel–Giedion syndrome124 and for Kabuki syndrome126. Notably, consistent 

with the sporadic nature of these syndromes, the majority of the causal mutations identified in 

these studies were found to be de novo, which highlights the advantage of using exome 

sequencing over linkage studies for these cases.  

To extend the strategy to recessive disease, shortlisted genes were required to have at least 

two private protein-altering variants instead of just one. This accounts for two situations: under a 

simple recessive model, the disease mutation should be homozygous, and under a compound 

heterozygous model, two different mutations on different haplotypes are expected instead. This 

approach was applied to a presumed recessive disease, Miller syndrome111. Four affected 

individuals, of whom two were siblings, were exome sequenced, and a manual review of the 

intersecting two genes found compound heterozygous mutations in DHODH to be causal. A 

similar analysis in Fowler syndrome131 also was successful in identifying compound heterozygous 

causal mutations in FLVCR2, using only two affected individuals. 

It is not always necessary to do a genome-wide analysis, especially in the cases where 

linkage intervals have already been determined or other familial information is available. 

Sequencing only one or two individuals will often suffice, particularly because the potential causal 

variant lists are not long. 

Using linkage information in whole-genome sequencing of a patient with 

metachondromatosis125, exome sequencing of a proband and her mother in Joubert syndrome 2 

(ref. 128) and exome sequencing of a proband with non-syndromic hearing loss DFNB82 (ref. 132) 

helped to narrow down and identify PTPN11, TMEM216 and GPSM2, respectively, as disease-

associated genes. 



69 
 

Familial information was also used in whole-genome sequencing of Miller syndrome130. 

Two affected siblings and their parents were sequenced, which allowed the resolution of 

haplotype inheritance for each sibling. The investigators then focused their disease analysis on 

the 22% of the genome for which both maternal and paternal haplotypes were inherited 

identically in both siblings and could shortlist potential causal variants to within these intervals, 

even though no linkage analysis was available. 

In other studies that utilised linkage information, only the linkage intervals were captured 

and sequenced, which is presently more cost-effective. In familial exudative vitreoretinopathy123, 

clericuzio-type poikiloderma with neutropenia127 and non-syndromic hearing loss DFNB79129, a 

single proband was sequenced to find the causal mutation within linkage intervals; in 

sensory/motor neuropathy with ataxia122, a proband with one or two parents were sequenced; and 

in X-linked TARP syndrome133, only exons on the X chromosome were captured and sequenced 

from two carriers. As sequencing costs drop, however, it is possible that the cost of targeted 

capture becomes disproportionately high when compared with sequencing costs, which may 

favour more whole genome sequencing for single samples instead. 

5.1.4 Filtering based on function 

The primary filter most investigators use to identify potentially causal mutations is based 

on variant function—namely, if the variant affects coding regions (missense, nonsense, coding 

indels and splice acceptor and donor sites) or other non-coding RNA transcripts. The main 

rationale given for this is that these variants tend to be of larger effect than non-coding variants, 

and also because it is difficult to predict the effects of noncoding and synonymous variants with 

any certainty. As such, in order to reduce noise when analysing possible disease-causing variants, 

non-coding and synonymous variants are often ignored or greatly down-weighted. 
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For some disorders, it is possible to filter variants even further, by focusing only on those 

that are loss-of-function (i.e. nonsense and frameshift mutations). Since there are only a limited 

number of such mutations in any genome (< 50), the candidate list is shortened very quickly. This 

filter was particularly useful to identify mutations in RBM10 as causal for TARP syndrome133, and 

also in MLL2 for Kabuki syndrome126. 

For all the studies reviewed here, at least, restricting the analyses to coding variants has 

been justified—all have identified variants that affect protein function, mainly missense and 

nonsense mutants, and also frameshifting indels, and in one case a mutation at a splice acceptor 

site. This will most certainly not always be the case, as intronic, regulatory and synonymous 

variants are certainly known to affect disease (reviewed in ref. 142), and as more disorders are 

studied, there will be a growing need for functional annotation of non-coding regions and tools to 

analyse the same. 

5.1.5 Ranking variants by effect and conservation 

Variants can also be ranked by potential effect on protein structure and function, and also 

by conservation scores, as estimated by tools like SIFT58, PolyPhen56,57, CDPred133, PhyloP143 and 

GERP118,119, with the rationale that mutations which are disruptive to proteins and/or at more 

conserved sites are more likely to be pathogenic. However, these tools have limited specificity and 

sensitivity144, and mutations ultimately determined to be causal will rank highly, but potentially 

not first. As such, these rankings are normally used in conjunction with other strategies and not 

as a stand-alone filter. 

5.1.6 Filtering for rare variants 

Rare diseases, by definition, have an individual incidence of less than 1/1150–1/2000 in the 

population108,145, and it is expected that mutations underlying these rare diseases will be at 

correspondingly rare frequencies, and most likely private to affected individuals. This is especially 
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Figure 16 : Effect of increasing number of control exomes on 
private variants 

Effect of increasing number of control exomes on private variants 

observed in a single exome, with and without the use of dbSNP and 

1000 genomes data. The number of private mutations observed in an 

individual from sequential addition of control exomes was averaged 

from 10 000 permutations of 21 published exomes of non-African 

ancestry
86,109,124

. 

so for mutations that are highly penetrant—these variants of major effect and distinctive 

phenotype are not expected to be found in the population at large, and hence will not be seen in 

genome-wide scans for variants [e.g. the 1000 Genomes Project146], nor in polymorphism 

repositories [e.g. dbSNP147]. Exclusion from these data sets is typically an important criterion in 

defining a rare, novel or private variant. 

From empirical analysis of 

published exomes86,111,126, we estimate 

that there are >20 000 single-

nucleotide variants in a given exome 

(as defined by the Consensus Coding 

Sequence database, CCDS), with about 

half affecting protein sequence. Using 

dbSNP and 1000 genomes data together 

as a filter suggests the number of novel 

SNPs is at most 1/10th of that (Figure 

16), which is a reflection of the breadth 

of ascertainment available in these data 

sets. However, a caveat to note is that phenotypic information is not always available for the 

samples used in these data sets, and it is possible that pathogenic mutations are present in them. 

In the case of recessive mutations, particularly, there is a chance that a normal carrier could have 

been genotyped and the recessive disease causing mutation deposited in the database. 

As a complementary approach then, control individuals with known phenotype and family 

history are often sequenced along with the affected cases, also to be used as a filter for common 

variants. This has the advantage of allowing for population-matched controls, especially for 
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populations that may be under-represented in the current databases, and also to control for 

technical artefacts that may arise during the sequencing or alignment of sequence reads. 

The effect of adding more control exomes is illustrated in Figure 16, which shows that the 

average number of novel or private SNPs in a given individual drops exponentially as more 

control exomes are used and starts to plateau by the time 15–20 controls are added (Figure 16, blue 

line). This suggests that a limited number of control exomes is sufficient to filter for private 

variants by this method even without external datasets—adding beyond 20 controls to these data 

clearly has a diminishing rate of return. 

5.1.7 Searching for de novo mutations 

An emerging paradigm for finding disease-causing mutations is to take searching for rare 

variation to its logical extreme, and look for variants are present in probands but not in their 

unaffected parents, i.e. de novo mutations. Single-nucleotide de novo mutations are estimated to 

happen at a rate of 74 germline mutations per generation148, of which about one on average is 

expected to be in a coding region130. At the same time, de novo mutations as a class have the 

potential of greatest deleterious effect, being subject to the least stringent selection149. In 

retrospect, the causal mutations in Schinzel–Giedion syndrome124 and Kabuki syndrome126 could 

have been predicted to be de novo based on the sporadic incidence of these syndromes. 

Prospectively, by focusing on these rare events, it is possible to quickly identify possible 

mutations of large effect in single families, which greatly improves power in disorders with 

genetic heterogeneity. For example, in a study of intellectual disability135, ten patient-unaffected 

parent trios were exome sequenced, and nine Sanger-verified de novo mutations were found in 

nine different genes, of which two had been previously associated with the phenotype; in a 

separate study of autism spectrum disorder134, 20 trios were sequenced, to identify de novo 

mutations in 11 genes, of which 4 had been previously associated with the phenotype. Under the 
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assumption of genetic homogeneity, none of these genes would have been identified with current 

sample sizes. 

5.2 Current Limitations 

5.2.1 Limited sequencing scope 

Since most current analyses are restricted to protein-coding regions, a prior decision is 

made in some studies to restrict the sequencing scope to genic regions, whether within a linkage 

region or as a whole exome, primarily based on cost. It is notable that there are many potential 

definitions for the exome. Earlier studies used the genes from the CCDS150, a set of well-annotated, 

highly conserved proteins, with the rationale being that although this is a relatively conservative 

set of genes, it is also less likely to contain pseudogenes and potentially unverified protein 

transcripts, which would result in spurious variant calls and add noise to the analysis of potential 

mutations. 

However, the CCDS is by no means complete, and failure to find a disease gene could be 

the result of missing sequence or annotation. In one example, mutations in the gene associated 

with Kabuki syndrome126 were identified only because the exome definition was expanded to the 

RefSeq database151. With the CCDS definition, this gene was not captured nor sequenced, and the 

mutations missed entirely152. Hence, to reduce the likelihood of this happening, more recent 

studies have started to use larger, more inclusive gene sets instead, like the aforementioned 

RefSeq database151, the Ensembl database153, genes from the UCSC browser154 and the GENCODE 

set155, particularly as capture technology limitations are overcome. It is worth noting that even 

when whole-genome sequencing becomes affordable enough such that targeted methods are not 

necessary, these definitions will still be important in the annotation of coding variants. 
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5.2.2 Spurious gene identifications 

Using the aforementioned filters may not always be completely specific to the disease-

associated gene. In a number of studies, spurious genes were also identified, but later dismissed 

upon manual review for various reasons. 

In the Schinzel–Giedion syndrome study, all affected individuals had the exact same 

variant in 10 genes, suggesting that these could be polymorphisms that were missed in the 

controls124, or possibly that there was a systematic artefact in variant calling. In another gene in 

the same study, CTBP2, the investigators note that it had a high variation rate, even in controls, 

suggesting that this could be due to the presence of other paralogous loci. A similar observation 

was made in the Miller syndrome study111, where CDC27 was identified as a potential candidate, 

but noted to have an unannotated processed pseudogene that contributed to misalignments and 

an inflated variant call rate. 

Another factor that could affect the number of variant calls is the length of the gene since 

many of these only have limited variant calls in the existing databases. For example, MUC16 was 

shortlisted in the Kabuki syndrome study86 as the only gene to be common to all 10 cases, but was 

determined to be a false-positive due to its long length (>14 500 amino acids), which could have 

contributed to a high number of variant calls across all individuals. 

5.2.3 Missing variant calls 

It is also possible that not all affected individuals will have sequenced mutations in the 

same gene. This could be due to the disease model (e.g. genetic heterogeneity or non-coding 

variants) or technical issues (e.g. missing variant calls due to low coverage). As an example of the 

latter, of the 10 affected individuals in the Kabuki syndrome study86, only 7 had causal mutations 

identified by exome sequencing. Misalignments and low coverage led to missed frameshift indel 

calls in two of the remaining three (later identified by Sanger sequencing), and the causal 
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mutation in the last is still unknown. To deal with these “missing” mutations, it is possible to 

sequence more affected individuals or to change the filtering approach to require that only a 

subset of individuals have a shared gene, rather than all, but the trade-off is that the candidate 

gene lists are greatly inflated 10-20 times126. 

5.3 Future directions 

Exome sequencing has clearly been of great utility in identifying causal mutations for 

disease, but the actual success rate is difficult to measure, due to publication bias. One estimate is 

about 60%, based on studies at one centre152. The question remains: where or what are the 

mutations in the remaining disorders? 

As previously mentioned, some of these mutations could be missed due to technical issues 

– examples include unannotated genes leading to missing capture products, systematic low 

capture or sequencing yields in high GC content regions, and insufficiently sensitive indel calling. 

Improvement in these areas are on-going, with exome capture reagents now covering >60 Mb of 

coding and non-coding transcripts156,157, changes in library preparation and sequencing technology 

to reduce GC bias, and the use of local realignment and assembly programs to increase sensitivity 

in calling indels158,159. In general, as sequencing technology improves and costs decrease, it is 

anticipated that the generation of sequence data will no longer be a bottleneck but rather, the 

interpretation of this genome-scale data. 

One major class of variants that will require more tools for functional analysis are the non-

coding variants. Particularly because they are non-coding, they are, in general, of smaller effect 

size, and absolute phenotypic changes due to such mutations are not often observed, and as a 

result, these variants are often side-lined. It is noted that despite the numerous whole genomes 

that have been sequenced76,78,136,160, the majority of studies that analysed potential associations 
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Figure 17 : Comparison of novel missense annotations between 
cases and controls. 

Histograms of three different variant annotation scores based on  novel 

missense variants found in individuals with (cases) and without 

(controls) Kabuki syndrome are compared and found not to be 

dissimilar. Missense mutations from cases were collated from 

resequencing studies of MLL2
162-165

. Missense variants in MLL2 from 

unaffected individuals were obtained from the Exome Sequencing 

Project database
166

, filtering for variants that were seen only in one out 

of > 5,000 chromosomes. All variants were annotated using SeattleSeq 

annotation, to determine PhastCons
167

, GERP
116

 and Grantham scores
55

. 
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with disease focused primarily on coding variants, particularly with respect to Mendelian 

disorders. Useful resources that can give a clue to the function of such variants include genome-

wide datasets of chromatin occupation and transcription factor binding (e.g. ENCODE161), but 

assays of functional effect are often too unwieldy to perform on a large scale. To this end, recent 

advances have suggested methods for high-throughput dissection of regulatory elements like 

promoters and enhancers162,163, but such assays cannot currently be performed on a genome-wide 

scale. 

Even in the context of 

coding variants, it sometimes 

unclear when a given variant is 

pathogenic or benign. For 

example, in whole genome 

sequencing studies, missense 

variants that were annotated to be 

causal for serious Mendelian 

disorders were found in the 

asymptomatic patients136,160, 

suggesting either that the variants 

are not completely penetrant, or 

more likely that the previous 

annotation was inaccurate. A 

further observation of novel missense mutations in MLL2 between Kabuki patients164-167 and 

unaffected controls168 showed that bioinformatics classification methods55,118,169 are unable to 

distinguish between the two (Figure 17), suggesting that more sensitive methods are necessary – 
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perhaps in the form of high-throughput functional protein assays – to determine actual functional 

significance of such variants.  

5.4 Conclusions 

Massively parallel – “next-generation” – sequencing has been applied successfully to find 

causal mutations for a number of Mendelian, monogenic disorders, including several that have 

been intractable to linkage analysis. In this thesis I described the use of exome sequencing to 

implicate mutations in DHODH for Miller syndrome, and in MLL2 for Kabuki syndrome. In 

studies from other groups, massively parallel sequencing has also been used successfully to re-

sequence genes within linkage intervals, and also to find variants on a whole-genome or exome 

scale. 

Using simple filters based on variant function and frequency, as well as careful choices of 

cases and controls, has been highly useful in isolating pathogenic mutations from background 

polymorphisms. In particular, priority is given to variants that are private to affected individuals, 

under the assumption that the mutations underlying these monogenic disorders are highly 

penetrant and rare. A second assumption is that the underlying mutations have large effect and 

are likely to be coding, and third that the disorder is genetically homogeneous in the samples 

being studied. 

As less simple syndromes and disorders are studied, these assumptions are less likely to 

hold. In cases where genetic heterogeneity is present, mutations are less penetrant and noncoding 

variation is causal, the current strategies outlined here will be too stringent. Allowing for these 

more complex models will inflate candidate lists, and more sophisticated approaches will need to 

be developed to conduct candidate prioritization. One approach that is successful even under 



78 
 

genetic heterogeneity is to search for mutations under a de novo paradigm, since only data from a 

trio – a single proband and unaffected parents – are necessary to make calls.  

The last few years have clearly shown how massively parallel sequencing can accelerate 

the pace of disease gene discovery and revolutionize the study of the genetic bases on Mendelian 

disorders. Despite these numerous successes, on a whole, there is still much that is unknown 

about the variants found in an individual genome. As we move into an era where whole genome 

sequence data is ubiquitous, the interpretation of such data will still be the ultimate challenge, 

and advances in this area will be critical before we are able to comprehensively understand how 

individual genetic difference contribute to the incredible diversity of human phenotypes.  
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