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Abstract 

Next-generation sequencing (NGS), including whole-exome sequencing (WES) 

and whole-genome sequencing (WGS), has dramatically empowered the human genetic 

analysis of disease. This is clearly demonstrated by the exponential increase in the 

number of newly identified disease-causing genes since the early applications of WES to 

study human diseases1. In particular, WES has been extremely successful in determining 

the causal mutations of sporadic rare disorders that are intractable to genetic mapping 

due to lack of informative pedigrees, a large proportion of which are later shown to be 

caused by de novo mutations (DNMs). In the meantime, WES and WGS studies are being 

performed increasingly in population scale to understand the genetic basis of complex 

diseases and traits. The discovery power of WES and WGS is expected to boost further 

as more and more patients and healthy individuals are sequenced with the development 

of more powerful and less expensive sequencing technologies. Meanwhile, clinical WES 

and WGS are playing an increasingly important role in guiding physicians to achieve 

the accurate diagnosis and treatment informed by genetic findings. 

WES and WGS generate a massive amount of sequence data that include both 

signals and noises, posing challenges for scientists and clinicians to overcome to fully 

realize the discovery and diagnostic power of NGS. Indeed, despite the many new 

disease-associated genes identified to date, methodologies used to analyze sequence 

data vary across research groups and there seems to be no standardized analysis method 

like those used in genome-wide association studies. Indeed, the sequence data generated 

allows different ways to perform genetic analysis, and the approach taken can rely on 
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the hypothesis about the underlying genetic architecture of the phenotype, which is 

often difficult to know precisely. Herein we explored and evaluated two primary 

approaches to analyzing and interpreting WES data in different contexts. The first is a 

trio interpretation framework based on variant/genotype filtering and bioinformatic 

signatures of genes and variants, which can be used to identify the highly penetrant 

causal mutations responsible for rare genetic conditions given known genotype-

phenotype correlations and, at the same time, indicate the presence of novel disease-

causing genes. The second is a formal statistical genetics framework comparing the 

burden of rare, high impact variants gene by gene in case and control subjects, which 

can be used to identify novel disease-causing genes for both Mendelian and complex 

traits. We introduced each of these two approaches and provided examples of their 

implementations.  

In Chapter 2, we presented our trio interpretation framework and sought to 

determine the genetic diagnoses of undiagnosed genetic conditions using WES. By 

further developing a trio interpretation framework reported in our pilot study2 and 

applying it to interpreting 119 trios (affected children and their unaffected biological 

parents), we achieved a diagnostic rate of 24% based on known genotype-phenotype 

correlations when the study was performed. Furthermore, we sought to extract 

bioinformatic signatures of causal variants and genes and showed that these 

bioinformatic signatures clearly pointed toward the pathogenic variants in novel 

disease-causing genes, some of which have been confirmed later by larger, independent 

studies. Our study highlights the importance of regularly reanalyzing clinical exomes to 
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achieve the best diagnostic rate of WES by leveraging the latest databases of population-

scale sequence (e.g., EVS and ExAC) and genotype-phenotype correlation (e.g., OMIM 

and ClinVar) as well as advancements in analytical methods. In our documentation of 

individual cases resolved by trio WES, we also discussed technical details relevant to 

how the genetic diagnosis was achieved in individual cases. 

In Chapter 3, we presented our case-control gene-based collapsing framework 

focusing on ultra-rare variants predicted to have a high functional impact and sought to 

identify disease-causing genes responsible for two neurodevelopmental disorders: 

epileptic encephalopathy (EE) and periventricular nodular heterotopia (PVNH), both 

rare disorders presumably caused by highly penetrant mutations and characterized by 

genetic heterogeneity. Remarkably, both conditions had been subjected to DNM 

analyses by us or other groups, which was very successful and implicated novel causal 

genes for EE. We showed that our genetic association analysis framework successfully 

identified EE genes originally implicated by DNM analyses, and a novel PVNH gene 

that would not be identified by a DNM analysis, empirically highlighting the power of 

case-control gene-based collapsing analysis in identifying disease genes in rare 

neurodevelopmental disorders, in particular when we have an educated guess of the 

genetic architecture of the phenotype. In the third project, we extended our gene-based 

collapsing analysis to quantitative traits and sought to understand the genetic basis of a 

newly defined quantitative bone microstructure phenotype that was shown to be 

strongly associated with ethnicity in White and Asian women. We have special interest 

in this presumably complex trait for mainly two reasons: it can be a potential 
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“endophenotype” for important bone diseases including osteoporosis, and its strong 

association with ethnicity indicates genetic control. In this pilot study, we generated 

WES data on a small number of White and Asian women and applied our gene-based 

collapsing analysis framework in order to identify the genes associated with this 

quantitative trait. A larger sample size would likely yield more definitive genetic 

discoveries, but our preliminary findings suggest that using WES to study the genetics 

of such “endophenotypes” and other novel clinically relevant phenotypes can identify 

causal variants that have a high functional impact and deliver novel biological insights.   

In conclusion, we introduced a trio WES interpretation framework to identify the 

genetic diagnoses of unresolved rare genetic diseases and a gene-based collapsing 

analysis framework focusing on rare, functionally impactful variants to identify genes 

associated with dichotomous and quantitative traits, and evaluated these methods in 

multiple human genetic studies. The power of these methods will be boosted by its 

application to novel phenotypes and the accruing WES and WGS data generated from 

both patients and healthy individuals. 
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1. Introduction 

1.1 Next-generation Sequencing 

1.1.1 WES and WGS 

Deoxyribonucleic acid (DNA) has been at the center of biology after the 

discovery of its structure in 19533. Since then, attempts to determine the full DNA 

sequence of genes or whole genomes of increasing size and complexity, in particular the 

Human Genome Project, have stimulated the advancement of sequencing technologies4. 

About ten years ago, massively parallel DNA sequencing platforms became widely 

available with a dramatically reduced cost and ushered in the next-generation 

sequencing (NGS) era5 of human genetics.  

Over the past ten years, a diverse set of increasingly powerful NGS technologies 

has been developed, broadly including short-read (35-700 bp) and long-read 

approaches6. Despite the many advantages of long-read NGS, its higher cost and lower 

throughput make short-read NGS the most popularly adopted in human genetic 

studies6. From the perspective of study design, NGS studies in human genetics can be 

simply divided into whole-exome sequencing (WES) and whole-genome sequencing 

(WGS) studies7. 

There are different experimental methods to generate WES and WGS data, but in 

general, the major steps include library preparation, clonal amplification, and 

sequencing8. For WES, there is an additional step of targeted capture of exomes, the 

protein-coding regions that constitute about 1% (about 30 million bp) of the human 

genome1. Due to the lower cost of generating, storing, and processing WES versus WGS 
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data, and perhaps more importantly, our much better knowledge of the coding human 

genome and confidence in how to analyze and interpret coding human genome 

variation, WES studies constitute most of the NGS studies in human genetics reported to 

date.    

1.1.2 Bioinformatic processing of WES and WGS data 

 Due to the large size of data generated by NGS studies and the error rate of NGS 

technologies, bioinformatic processing is critical for generating high-quality variant data 

for downstream analysis. Here, I use bioinformatic processing to refer to those steps 

from raw data coming off the sequencer to the analyzable genetic variant data that is 

calibrated and annotated. Downstream statistical and/or computational analysis (for 

example, statistical genetic analysis to identify the disease-causing gene) is meaningful 

only if the raw data have been appropriately processed by the bioinformatic pipeline. 

 Raw data generated by different NGS technologies need to be processed by 

different bioinformatic pipelines tailored to the technical characteristics of the specific 

sequencing technology used. Nonetheless, to detect germline single nucleotide variants 

(SNVs) and short insertion/deletions (indels) from short-read WES/WGS data, the 

typical steps of bioinformatic pipelines (for example, 

https://software.broadinstitute.org/gatk/best-

practices/bp_3step.php?case=GermShortWGS) are sequentially pre-processing 

(including mapping reads to reference genome, marking duplicates, and base quality 

score recalibration), variant discovery (including single-sample or multi-sample/joint 

genotyping and variant filtering), and callset refinement (including genotype 

https://software.broadinstitute.org/gatk/best-practices/bp_3step.php?case=GermShortWGS
https://software.broadinstitute.org/gatk/best-practices/bp_3step.php?case=GermShortWGS
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refinement, variant annotation, and callset evaluation). In comparison, detecting 

germline copy number variants (CNVs) or structural variants (SVs) is generally a much 

more challenging task and usually requires WGS data to achieve high performance9, and 

in spite of the many computational methods available10-12, there has not been a widely 

accepted approach, and more advanced methods are under active development (for 

example, https://github.com/broadinstitute/gatk). In addition, specific bioinformatic 

methods are needed to detect genetic variants in cancer genomes13. 

1.2 Human Genome Variation 

1.2.1 The human genome and its variation 

 The draft sequence of the human genome was released in 200114,15 and has since 

dramatically accelerated biomedical research16. The complete sequence of the human 

reference genome has been regularly updated, in particular the sequence of high 

complexity regions, with the latest release being the 38th build (GRCh38) that has been 

shown to enable more accurate and reliable detection of SNVs, indels, and SVs 

compared with GRCh37, the current most popular build17. It is clear that the human 

reference genome is fundamentally important for NGS bioinformatics because every 

single human genetic variant is detected and defined by comparing the sequence data 

against the reference genome. 

 For human geneticists, the primary interest is to understand the full spectrum of 

human genetic variation and delineate its association with and causality to phenotypes, 

including human disease. As alluded to previously, human genetic variation can be 

broadly divided into two groups: SNVs and indels that are small and simple sequence 

https://github.com/broadinstitute/gatk
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variants, and CNVs or SVs that are larger (often chromosomal) and more complex 

variants. SNVs are point mutations or single nucleotide substitutions. Indels are short 

insertions/deletions ranging from 1 bp to 10,000 bp (but usually up to 50 bp) in length18. 

CNVs are large-scale duplications or deletions (causing gene dosage imbalance) 

affecting a considerable number of base pairs19 and a type of SVs, which also include 

balanced translocations and inversions. So far, WES/WGS and associated bioinformatic 

methods can accurately identify SNVs and indels, but the sensitivity and specificity of 

CNV/SV detection lags far behind due to technical difficulties. In comparison, DNA 

microarrays can successfully identify large (but not small) CNVs or SVs, although the 

breakpoint resolution is limited20. Recent progresses in long-read NGS methods and 

computational algorithms are expected to overcome the hurdle of detecting and defining 

complex SVs6. 

 A large number of human individuals are needed to be genotyped (previously) 

and/or sequenced (nowadays) to capture and characterize the entire spectrum of human 

genetic variation as well as to understand its impact and implications on health and 

disease. As a result, it is not surprising that with the development of genomic 

technologies, an enlarging sample of human individuals have been genotyped and/or 

sequenced, providing rich data and information to support human genetic studies.    

1.2.2 HapMap 

 Running from 2002 and 2009, the International HapMap Project was one of the 

most notable multinational efforts to determine the common patterns of DNA sequence 

variation in the human genome enabled by DNA microarray technologies21. By 
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genotyping and targeted sequencing of 269 DNA samples from four populations (30 

African/YRI parent-offspring trios, 30 Caucasian/CEU trios, 45 Han Chinese/CHB, and 

44 Japanese/JPT), the HapMap project documented the generality of recombination 

hotspots, a block-like structure of linkage disequilibrium (LD) and low haplotype 

diversity that leads to substantial correlations of common SNVs, or single nucleotide 

polymorphisms (SNPs), with many of their neighbors22. The genome-wide LD pattern of 

SNPs greatly informed the design and analysis of genetic association studies, and 

directly enabled and popularized genome-wide association studies (GWASs) that had 

been performed to study almost all of the common diseases23.  

 The HapMap project was later upgraded to genotype SNPs at a higher density24, 

and finally expanded to genotyping 1,184 reference individuals from 11 global 

populations and sequencing ten 100-kilobase regions in the subset of 692 individuals25 to 

investigate less common and rare alleles in more genetically diverse populations. The 

resulting data refined the genome-wide pattern of common and less common SNPs and 

further empowered GWASs by providing more comprehensive and precise LD 

information that facilitated developing denser genotyping arrays and imputing SNPs.  

1.2.3 Population-scale sequence data 

 The HapMap project mainly used genotyping arrays to assess the common 

variation in human populations and was not able to systematically sequence all the 

genes or even the entire human genome due to cost of sequencing technology at that 

time. It is the development of NGS technologies that makes it possible to systematically 

catalog and evaluate the full spectrum of human genome variation by re-sequencing 
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(versus the initial sequencing of the reference human genome14) a large number of whole 

exomes and genomes sampled from diverse human populations. 

 The capacity to rapidly and cost-effectively sequence a whole exome and/or 

genome, coupled with the availability of population-scale WES/WGS data, has 

profoundly transformed human genetic studies by facilitating the discovery, analysis, 

and interpretation of causal genetic variants responsible for phenotypic variation. 

1.2.3.1 1000 Genomes 

 Running between 2008 and 2015, the 1000 Genomes Project was the first project 

to sequence the genomes of a large number of people in order to find most genetic 

variants with frequencies of at least 1% in the populations studied26. The pilot analysis 

was published in 2010 and reported the development and comparison of different 

strategies for genome-wide sequencing with high-throughput platforms27. Subsequently, 

the phase 1 analysis (2012) described the genomes of 1,092 individuals from 14 

populations, constructed using a combination of low-coverage whole-genome and 

exome sequencing28, and the phase 3 (final phase) analysis (2015) reconstructed the 

genomes of 2,504 individuals from 26 populations using a combination of low-coverage 

whole-genome sequencing, deep exome sequencing, and dense microarray 

genotyping29,30. Overall, the 1000 Genomes Project comprehensively cataloged and 

characterized the common and low-frequency genetic variants (including SNVs, indels, 

and SVs) in individuals from diverse, including admixed, populations, providing a solid 

foundation for the next phase of human genetic research, in particular WGS studies27. 

However, due to the low-coverage sequencing (to reduce cost, and the aim of the project 
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was to assess variants with frequencies ≥1%), individual-level genotype data were 

limited in quantity and quality, and many rare variants remained to be identified.    

1.2.3.2 NHLBI GO Exome Sequencing Project (ESP) 

The goal of the NHLBI GO Exome Sequencing Project (ESP) was to discover 

novel genes and mechanisms contributing to heart, lung and blood disorders by 

generating and publicly releasing WES data across diverse, richly-phenotyped 

populations (http://evs.gs.washington.edu/EVS/). In contrast to the 1000 Genomes 

Project, which focused on common and low-frequency variants across the human 

genome (including coding and noncoding regions), ESP pioneered the adoption of deep 

WES to identify and investigate the properties of all coding variants, including rare and 

private ones31. Over a total of 6,500 individuals, including European American and 

African American healthy controls and patients affected with common heart, lung and 

blood disorders (but presumably without rare, severe pediatric disorders), were deeply 

exome sequenced and analyzed32, and the population-level data (for example, variants 

and their allele and genotype frequencies in populations) and individual-level genotype 

data (through dbGaP by request) are publicly available. It is in this way that the human 

genetics community at large has benefited a lot from ESP, for example by either using 

the allele and genotype frequency data to facilitate the filtering of variants responsible 

for rare diseases33 or incorporating the ESP individuals as controls in genetic association 

analysis of other diseases34.  

http://evs.gs.washington.edu/EVS/
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1.2.3.3 Exome Aggregation Consortium (ExAC) 

 Similar to ESP, the Exome Aggregation Consortium (ExAC) aggregated and 

harmonized (reprocessed through the same bioinformatics pipeline) high-coverage WES 

data from a variety of large-scale sequencing projects, and made the summary data 

freely available (http://exac.broadinstitute.org/). It is much larger in size than ESP and 

includes the WES data of 60,706 unrelated individuals sequenced as part of various 

disease-specific (for example, schizophrenia, type 2 diabetes, inflammatory bowel 

disease, myocardial infarction, and a subset of ESP case and control subjects) and 

population genetic (for example, 1000 Genomes) studies. Remarkably, patients affected 

by severe pediatric disease were intentionally sought and removed from ExAC, making 

the dataset an extremely powerful screening tool to filter out most of the rare but benign 

variants (by examining their allele and genotype frequency in ExAC) identified in 

patients diagnosed with severe pediatric disease, substantially accelerating the 

identification of causal variants. In addition, the analysis of this unprecedentedly large 

WES dataset has made novel observations on human genetic diversity, including 

widespread mutational recurrence, and yielded novel knowledge of human genome 

variation, including developing population genetic metrics empirically measuring the 

tolerance to missense and loss-of-function variants for each gene (see constraint and pLI 

below)35.  

1.2.3.4 Other large-scale datasets 

 Exemplified by 1000 Genomes, ESP and ExAC, large-scale WES and WGS data 

generated from diverse populations (healthy or diseased) are critical for human genetic 

http://exac.broadinstitute.org/
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studies. Other population-scale sequencing efforts known to date include the sequencing 

of whole genomes of 2,636 Icelanders36, the UK10K project37, the Genome of the 

Netherlands Consortium38, the Deciphering Developmental Disorders (DDD) project39-41, 

and the Genome Aggregation Database (gnomAD, the upgraded version of ExAC 

incorporating both WES and WGS data from expanded data sources; 

http://gnomad.broadinstitute.org/), among others.  

1.2.3.5 Implications for human genetics 

 Much like the way biomedical research has been transformed by the release of 

the first human genome 16 years ago, recent advances in human genetics have been 

driven by large-scale genetic studies such as the HapMap project (GWAS) and the EVS 

and ExAC (WES/WGS studies). In particular, the implications of large population-scale 

sequencing projects for human genetics are profound, because they have enabled human 

geneticists to understand the behavior of the tremendous amount of rare variants for the 

first time. Despite the appreciation of the importance of rare variants in human genetics 

(mainly due to their presumably large, negative effects on fitness and thus relevance to 

medical genetics as a class), human geneticists were not able to investigate them simply 

due to lack of cost-effective sequencing methods. With the development of NGS 

technologies, WES/WGS data generated in large, diverse populations has uncovered an 

unprecedentedly large amount of rare and private variants whose population genetic 

characteristics have been deeply studied, revealing key features of human populations42 

and facilitating method development for human genetic studies (for example, improving 

the quality of rare variant imputation43). More importantly, the patterns of rare variants 

http://gnomad.broadinstitute.org/
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(for example, allele and genotype frequency stratified by functional class of variants in a 

gene) assessed in these large sequencing studies (represented by ExAC) have a direct 

and critical impact on the redesigning and implementation of human genetic studies and 

have essentially revolutionized the approach in which disease-causing genes and 

mutations are discovered today. For instance, pathogenic mutations causing Mendelian 

disorders can now be identified by simply filtering out all rare but potentially benign 

variants (for example, those variants observed at a low frequency in ExAC)1, making 

linkage analysis unnecessary (indeed, linkage analysis is not possible for sporadic 

patients). As we show in the following sections, all the genetic analyses presented in this 

thesis, including the trio interpretation framework that has successfully diagnosed 

unresolved rare disease patients and the case-control gene-based collapsing framework 

that has rediscovered known disease genes and discovered novel disease genes, would 

be simply impossible without the data from ESP and ExAC.  

1.2.4 Genic intolerance and constraint 

 In addition to providing allele and genotype frequency of rare coding variants in 

a variety of human populations, rich datasets like ESP and ExAC can be further mined 

to understand novel biology of human genes. Before the availability of the sequence of 

thousands or tens of thousands of human exomes/genomes, an important approach to 

gain knowledge of a human gene or protein is to compare its sequence to those of many 

other organisms, and those sites conserved across species are deemed of biological 

importance. Nowadays, with large WES/WGS datasets in hand, human geneticists can 

assess the biological importance of a gene by examining its extensive genetic diversity 
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observed within the human population. The genic tolerance44 and constraint45 are two 

representative gene-level metrics derived from ESP and ExAC data, among other 

methodologies following similar rationales46. Notably, these metrics offer a distinct 

perspective on the biology of human genes by summarizing the pattern of functional 

variation observed empirically.  

1.2.4.1 Residual Variation Intolerance Score 

 The Residual Variation Intolerance Score, or RVIS, was first introduced by our 

group in 201344, when despite the availability of tools for scoring the functional impact 

of individual mutations (for example, Polyphen47 and SIFT48), there was a lack of 

methods to evaluate the functional importance of human genes. However, it is often 

assumed that, for example, genes carrying few common functional variants observed in 

healthy individuals may be more likely to associate with severe pediatric disease than 

genes carrying many such variants. Motivated by this assumption and using WES data 

of the 6,503 ESP individuals, Petrovski et al. quantified the pattern of genetic variation 

for each human gene and devised an intolerance scoring system that assesses whether a 

gene has relatively more or less functional genetic variation than expected44.  

 The method is intuitively straightforward. Basically, Y was defined as the total 

number of common (at a given minor allele frequency [MAF] threshold, primarily set at 

0.1% and also at 0.01% and 1%, and all RVISs respectively derived are strongly 

correlated with one another) missense and truncating SNVs (including splice and 

nonsense variants) and X as the total number of protein-coding variants (regardless of 

MAF and including synonymous variants) observed within a gene44. Y was then 



 

12 
 

regressed on X and the studentized residual (raw residual divided by an estimate of its 

standard deviation) was taken as the RVIS for that gene44. In this way, RVIS measures 

the departure from the genome-wide average of common functional variants found in 

genes, and in general, negative scores often reflect purifying selection, whereas positive 

scores often reflect the absence of purifying selection, the presence of balanced or 

positive selection, or both44. RVIS values were further ranked for all human genes, with 

the lowest percentile being the most intolerant genes44. 

Petrovski et al. showed that RVIS correlated remarkably well with genes known 

to cause Mendelian disorders (p-value <10−26), thus providing a new tool to assist the 

identification of novel genes associated with severe pediatric disease. In Chapter 2, we 

showed how RVIS (the gene-level metric) was integrated with PolyPhen (the variant-

level metric) to further delineate the different properties of de novo mutations (DNMs; 

see Section 1.3 for more introduction) observed in probands affected with rare severe 

disease compared with those observed in healthy probands. 

1.2.4.2 Constraint and pLI 

 The constraint metric of human genes was introduced and first used to 

investigate the properties of DNMs by Samocha et al. in 201445. It follows a similar idea 

that RVIS was originally motivated by: some genes in the human genome are sensitive 

to mutational changes and consequently would be the most likely to contribute to severe 

pediatric diseases that are subjected to negative selection44,45. To derive the constraint 

metric, Samocha et al. adopted a different and more sophisticated strategy: they 

correlated the calculated (expected) per-gene probabilities of mutation with the 
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observed counts of rare missense variants in the ESP data set45. They found a high 

consistency between predicted synonymous mutation rates and observed synonymous 

counts, which is expected if synonymous mutations as a class are under no specific 

selection45. Strikingly, they observed a significant number of genes with a severe deficit 

in missense variants compared to the expectation generated from predicted mutation 

rates, which is consistent with strong evolutionary constraint due to purifying 

selection45. A signed Z score of the chi-square deviation of observation from expectation 

was then calculated for each gene for synonymous and missense, respectively45, with 

negative values indicating more variants observed than expected, while positive values 

indicating fewer variants observed than expected45.  

 Samocha et al. identified a list of excessively constrained genes (missense Z score 

>3.09; corresponding to p-value <0.001) that represented roughly 5% of all genes in the 

human genome45 and showed that a high proportion of the most significantly 

constrained genes (missense constraint p-value <1×10−6) were associated with autosomal 

or X-linked dominant, largely sporadic Mendelian disorders (n =27/86), similar to the 

enrichment of intolerant genes in those genes known to cause Mendelian disorders 

observed by Petrovski et al44,45.  

 Based on the constraint work and leveraging the large sample size of ExAC 

dataset, Lek et al. further developed an expectation-maximization algorithm using the 

observed and expected protein-truncating variant (PTV, including essential splice site 

and nonsense variant) counts within each gene to separate genes into three categories: 

null (observed ≈ expected), recessive (observed ≤ 50% of expected), and haploinsufficient 
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(observed <10% of expected)35. The resulting metric—the probability of being loss-of-

function (LoF) intolerant (pLI)—separates genes into LoF intolerant (pLI ≥0.9, n = 3,230) 

or LoF tolerant (pLI ≤0.1, n = 10,374) categories, and outperforms the PTV Z score 

(derived similarly as the Z scores for synonymous and missense) as an intolerance 

metric35. Remarkably, LoF-intolerant genes were found to include virtually all known 

severe haploinsufficient human disease genes, but 72% of LoF-intolerant genes have not 

yet been known to cause human disease despite clear evidence for extreme selective 

constraint35.  

1.2.4.3 Implications for human genetics 

RVIS, constraint, and pLI are three representative gene-level metrics that are 

inferred from large population-scale WES data and demonstrated (by our colleagues and 

us, including the work present in this thesis) to provide valuable information in the 

process of pinpointing novel disease-causing mutations and genes. For example, as we 

showed in Chapter 2, probands affected with rare, severe disease were found to have a 

higher frequency of “hot zone” DNMs compared with healthy probands, where the two-

dimensional “hot zone” was defined by the gene-level RVIS and the variant-level 

PolyPhen score33,44. As a result, we can focus on the “hot zone” to search for pathogenic 

variants. Indeed, many of the intolerant genes (RVIS ≤25% percentile) have been later 

validated to be bona fide disease-causing genes supported by additional, independent 

genetic evidence. In a similar way, the contribution of de novo PTVs to 

neurodevelopmental disorders including autism spectrum disorder (ASD) and 

intellectual disability and developmental delay (ID/DD) was recently clarified to be 
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driven by the subset of de novo PTVs absent in ExAC and at the same time residing in 

LoF intolerant genes (genes with pLI ≥0.9), while similar de novo PTVs in the remaining 

genes (genes with pLI <0.9) have no obvious role49. 

Because RVIS, constraint, and pLI are empirically derived from sequence data, 

they are dynamic measures whose power can improve with larger and richer datasets. 

For example, although pLI clearly separates genes in terms of their tolerability to LoF 

variants, selection coefficients for genes for genes with pLI ≥0.9 range from 0.1 to 0.5, in 

which the majority of variation is inherited, up to nearly 1, in which the variants are 

almost always de novo in origin due to extremely strong purifying selection49. With a 

larger dataset, more PTVs would be observed and the discriminative power of pLI can 

be further enhanced. Similarly, with more diverse populations to be sequenced, it would 

be valuable to construct population-specific metrics that can guide WES/WGS data 

analysis and interpretation in a way that is tailored to the ancestry of individual(s) being 

studied. 

1.3 De Novo Mutations 

 As mentioned earlier, DNMs are a special class of human genetic variation that is 

present in an individual but not found in the normal somatic cells in the biological 

parents of that individual. As a result, DNMs represent an apparent violation of the law 

of Mendelian inheritance. Theoretically, DNMs can arise in the germline in the parent 

and then transmit to the offspring, or arise post-zygotically in the offspring. DNMs are 

usually extremely rare and thought to be under extremely stringent negative selection 

because they cannot pass even one generation. Consequently, many pathogenic variants 



 

16 
 

responsible for severe pediatric disease are found to be DNMs, in particular in sporadic 

patients without an evident family history.  

1.3.1 Detection 

 Detecting DNMs is conceptually straightforward and requires comparing the 

DNA sequence of the offspring with those of its biological parents. Historically, if a 

mutation was found in a patient, the parents of the patient could be examined for the 

presence or absence of the same mutation; if both parents were found to be negative, 

then the mutation was considered de novo in the offspring. As a result, DNMs have been 

well-documented in genetics literature for decades because it is not uncommon to see a 

DNM in sporadic cases of genetic conditions. However, it is the development of 

genomic and sequencing technologies that has allowed systematic detection of DNMs 

across the human genome. Earlier efforts were spent on identifying de novo CNVs from 

parent-offspring trios using microarray technologies, which have been implicated in 

ASD and other neurodevelopmental and/or neuropsychiatric disorders50. More recently, 

NGS technologies have permitted systematic detection of de novo SNVs and indels across 

the human exome or genome and the subsequent investigation of their roles in human 

disease. 

 Because bona fide DNMs are extremely rare (1-2 DNMs expected per human 

exome), and both WES/WGS experiments and bioinformatic pipelines used to process 

WES/WGS data have non-negligible error rates, identifying DNMs is technically 

nontrivial and particularly challenging for WGS trios (in part due to the larger number 

of bona fide DNMs by expectation). In fact, a vast majority of the Mendelian violations 
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identified in trio WES/WGS data are errors, under which the signals from real DNMs are 

buried. Due to the clinical importance of DNMs, a variety of bioinformatic and statistical 

methods have been developed to improve the sensitivity and specificity of DNM 

detection, such as DeNovoGear51, TrioDeNovo52, and more recently the 

PhaseByTransmission (PBT) model of GATK53. These methods share the feature of 

calling DNMs under a joint probability model that incorporates known parental-

offspring relationships and a prior probability for the mutation rate (different for SNVs 

and indels), and thus significantly reduce the false positive rate compared to a naïve 

DNM caller that does not leverage the familial relationship between parents and 

offspring51-53. On the other hand, machine-learning algorithms (such as DNMFilter54 and 

others38,55) have been built to extract the alignment features from the BAM files56,57 of true 

positive (Sanger validated) DNMs, and then use these feature to predict the probability 

of candidate DNM calls to be real DNMs. The joint modeling and the machine-learning 

approaches leverage different information and can complement each other to further 

improve the accuracy of DNM detection, and indeed, using both is critical for detecting 

DNMs in trio WGS data (due to the unmanageably large number of candidate DNM 

calls if only one method is used)38,54,55. In practice, the Integrative Genomics Viewer 

(IGV) plots58 are necessarily inspected to confirm the good alignment quality around the 

DNM calls in all three members of the trio. Finally, Sanger sequencing remains the 

ultimate method to validate DNMs identified by in silico approaches. 
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1.3.2 Patterns and properties 

 Because coding regions only occupy about 1% of the human genome, trio WGS 

data are required to identify all DNMs (most are noncoding) and fully understand the 

genome-wide patterns and properties of this special class of mutations, including their 

rate and the biological factors affecting it, their genome-wide distribution, and the 

mechanisms of their origin. 

 Kong et al. was among the first to sequence the whole genomes of 78 Icelandic 

parent-offspring trios at high coverage and estimated the average DNM rate to be 

1.20×10−8 per nucleotide per generation, under an average father’s age of 29.7 when the 

child was conceived59. Remarkably, the DNM rate was first confirmed to be driven by 

the age of the father at conception of the child, with an increase of about two DNMs per 

year, and father’s age was estimated to explain most of the variation in the DNM counts 

(Figure 1)59. 
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Figure 1. Father’s age and number of de novo mutations. The number of DNMs called is plotted 

against father’s age at conception of child for the 78 trios. The solid black line denotes the linear fit. The 

dashed red curve is based on an exponential model fitted to the combined mutation counts. The dashed 

blue curve corresponds to a model in which maternal mutations are assumed to have a constant rate of 

14.2 and paternal mutations are assumed to increase exponentially with father’s age. The exponential 

model estimates paternal mutations doubling every 16.5 years. Adapted from Kong et al. 

Michaelson et al. generated high-coverage WGS data from 10 monozygotic twins 

concordant for ASD and their parents, confirmed the paternal age effect, and found that 

DNM rates varied widely throughout the genome (by 100-fold) that could be explained 

by intrinsic characteristics of DNA sequence and chromatin structure55. Interestingly, 

dense clusters of mutations (hot spots) within individual genomes were identified and 

attributable to compound mutation or gene conversion60.  

 Subsequently, the Genome of the Netherlands (GoNL) Project generated WGS 

data for 250 Dutch trios38 and identified 11,020 DNMs. By analyzing this dataset, 

Francioli et al. showed that DNMs in the offspring of older fathers were not only more 

numerous but also occurred more frequently in early-replicating, genic regions (Figure 
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2)61. Functional regions were also found to exhibit higher mutation rates due to CpG 

dinucleotides and show signatures of transcription-coupled repair, whereas mutation 

clusters with a unique signature suggested a new mutational mechanism61. This work 

culminated in the latest genome-wide mutation rate map for medical and population 

genetics applications (for example, in deriving the constraint and pLI, mutation rate was 

used to calculate the expected number of different class of variants, and these metrics 

can perform better with a more accurate genome-wide mutation rate map). 
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Figure 1. The offspring of older fathers harbor a higher percentage of de novo mutations in 

genes. Top, the percentage of DNMs within genic regions as a function of paternal age at conception (P = 

0.0085; slope = 0.26% per year of paternal age). The green line shows the least-squares regression line (P = 

0.0085), and the gray area represents the 95% confidence interval. Bottom, the number of genic (red) and 

intergenic (blue) DNMs in offspring (on a logarithmic scale) as a function of paternal age. The red line 

shows the least-squares regression for genic mutations (P < 2 × 10−16); the blue line shows the least-

squares regression for intergenic mutations (P = 3.7 × 10−14). The steeper slope of the regression line for 

genic mutations indicates a faster relative increase in the rate of genic mutations in comparison to 

intergenic mutations with paternal age. Adapted from Francioli et al. 
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 In the largest study of its kind, Goldmann et al. reported 36,441 DNMs identified 

from 816 WGS trios (an average of 45 DNMs per individual)62. Haplotype assembly 

successfully phased 7,216 DNMs (19.8%), with 5,640 assigned to the paternal 

chromosome and 1,576 to the maternal chromosome (paternal/maternal ratio =3.6:1)62. 

Goldmann et al. confirmed the paternal age effect (an increase of 0.91 paternally 

transmitted DNMs; Figure 3), and for the first time showed a smaller maternal age effect 

(an increase of 0.24 maternally transmitted DNMs; Figure 3)62. From those phased 

DNMs, Goldmann et al. identified parent-of-origin-specific mutation signatures that 

become more pronounced with increased parental age, pointing to different mutational 

mechanisms in spermatogenesis and oogenesis62. They also found spatially clustered 

DNMs to have a unique mutational signature with no significant differences between 

parental alleles, suggesting a different mutational mechanism62. 

 

Figure 2. Correlation of paternal and maternal age with the number of DNMs with resolved 

parent of origin. Simple linear regression plots on normalized number of phased DNMs versus the 

respective paternal (a) and maternal age (b), with 10,000 bootstrap resampling. The number of phased 

DNMs was normalized by the proportion of phased variant for each proband. Where the number of 

normalized DNMs of a particular parental origin equals 0, this indicates that there are no DNMs in the 
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proband that could be confidently assigned to the specified parent of origin. Regression plots for the 

observed number of phased DNMs show a similar trend. Adapted from Goldmann et al. 

 The aforementioned studies have greatly improved our understanding of the 

mutagenesis of SNVs and indels in the human genome, thanks to the accruing trio WGS 

data. In comparison, our knowledge of the mutagenesis of SVs has been mostly gained 

from microarray studies and molecular biology experiments63. Detecting SVs from short-

read NGS data is still very challenging and WGS data are usually needed to achieve a 

reasonably high performance9. Understandably, detecting de novo SVs from short-read 

NGS data is even more difficult and there have been very few attempts to develop 

computational algorithms specifically to address this issue64 (although large de novo SVs 

can be confidently identified from microarray data using a joint modeling approach65). 

Recently, an interesting multiple de novo CNV (MdnCNV) phenomenon was reported in 

individuals with genomic disorders whom were found to carry five to ten constitutional 

de novo CNVs66.  

1.3.3 Role in human disease 

DNMs have been known to cause human disease for several decades, with an 

early example being Down syndrome caused by a de novo trisomy of chromosome 2167. 

However, human geneticists were unable to systematically examine the potential 

pathogenicity of DNMs until the wide availability of microarray and more recently NGS 

technologies68. 

Microarray studies in families have implicated de novo CNVs in neuropsychiatric 

disorders including ASD69-76, schizophrenia77-79, bipolar disorder79. These studies 

identified an overall burden of de novo CNVs in patients versus unaffected controls and 
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implicated several CNV regions, though pinpointing the specific genes was challenging 

due to the large size of CNVs and lack of strong statistical evidence50. These studies 

clearly demonstrated de novo CNVs as an important component of the genetic 

architecture of neuropsychiatric disease50. Aside from neuropsychiatric disease, de novo 

CNVs are also known to be a cause to a variety of Mendelian and sporadic disorders 

(genomic disorders)80, suggesting their impact on human biology. 

The wide application of WES and WGS to study parent-offspring trios, where the 

probands are affected and both parents are unaffected, has substantially helped us 

understand the contribution of de novo SNVs and indels to human disease, in particular 

by securely implicating individual disease genes. To date, tens of thousands of trios 

have been exome or genome sequenced with an abundance of DNMs identified and 

characterized81. A vast majority of these trios include probands/patients affected with a 

variety of diseases that are presumably heavily influenced by DNMs, such as 

neurodevelopmental disorders including ASD82-96, ID/DD93,97-100, schizophrenia (SCZ)82,101-

106 and epileptic encephalopathies (EEs)107-113, congenital heart disease114,115, and a variety 

of sporadic and Mendelian disorders (exemplified by the Deciphering Developmental 

Disorders [DDD] study39,40,116). A spectacular amount of genetic discoveries have been 

made, yielding novel knowledge of the genetic underpinnings of disease, notably 

including a significant overlap of the underlying genes associated with 

neurodevelopmental disorders (Figure 4)117,118. 
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Figure 3. Genic overlap for neurodevelopmental disorders. DNMs of published patient–parent 

trio-based sequencing studies in neurodevelopmental disorders were collected. DNMs were grouped by 

phenotype: ASD (2,683 patients), EE (264 patients), ID (1,284 patients) and SCZ (1,063 patients). To assess 

the significance for overlap for de novo loss-of-function (LoF) mutations between these four 

neurodevelopmental disorders, 10,000 simulations were performed with the total number of identified 

DNMs in these studies. a. The number of genes with overlapping de novo LoF mutations in two, three, 

and all four of the disorders, from 10,000 simulations, indicated as boxplots. Diamond symbols indicate 

the actual number of genes with DNMs across the neurodevelopmental disorders. There were 

significantly more genes with actual de novo LoF mutation for two and three disorders than expected by 

chance from the simulation studies (P <0.0001 and P = 0.0084 respectively), whereas no genes with de novo 

LoF mutations in all four disorders were identified. b. Venn diagram denoting the overlap for the actual 

number of genes with de novo LoF mutations shared between each of the disorders. The genes for which 

overlap in de novo LoF mutations between neurodevelopmental disorders has been identified are listed. 

Importantly, this does not imply that all of these mutations are relevant for these neurodevelopmental 

disorders. This is because some of these genes, such as TTN (titin), have a high mutation rate and 

therefore de novo LoF mutations are also observed in unaffected individuals. Adapted from Vissers et al. 

1.4 Genetics of Human Disease 

1.4.1 Genetic mapping of human disease 

 Genetic mapping is the localization of genes underlying phenotypes on the basis 

of correlation with DNA variation, without the need for prior hypotheses about 

biological function119. Before the extensive adoption of WES/WGS to directly sequence 

the whole exomes/genomes of patients and compare them with those of healthy 

controls, genetic mapping was the first step in the process of identifying and 

characterizing the gene(s) responsible for a phenotype, and thus has played a 
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fundamental role in establishing genotype-phenotype correlations for most human 

diseases and traits.  

 Genetic mapping strategies rely on genetic variation (markers) and can be 

broadly divided into linkage and association119. Linkage analysis, usually performed in 

Mendelian disease pedigrees with affected and unaffected family members, attempts to 

locate the culprit gene by identifying its linkage to genetic markers. Combined with 

positional cloning, linkage analysis has discovered the genes responsible for thousands 

of Mendelian disorders, which individually are primarily caused by a single gene defect. 

 Complex traits are caused by both genetic and environmental factors, and 

originally were also studied by linkage analysis but without much success. As a result, 

association analysis was proposed to be an alternative approach, which compares 

frequencies of genetic variants in in affected and unaffected individuals ascertained 

from populations, rather than studying the transmission of disease in families119. This 

approach was first implemented to study genes of biological interest given the 

phenotype (candidate genes), notoriously generating inconsistent and irreproducible 

results among studies120. It is the demonstration of LD patterns between SNPs121 and the 

subsequent generation of the human haplotype map, coupled with technical advances in 

massively parallel genotyping, that enabled systematic interrogation of SNPs across the 

whole genome22,24,25, ultimately making GWAS the leading approach to study the genetic 

basis of complex disorders122. To address multiple hypothesis testing and the concern of 

weak statistical evidence seen with earlier candidate gene association studies, human 

geneticists paid special attention to the statistical analysis of GWAS, and in particular set 
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a stringent threshold for declaring significant associations from GWAS122. Because of this 

high standard, increasingly large sample sizes are required to identify genetic 

associations with small effect sizes, which are usually the case for most GWAS loci 

mapped to a variety of human disease. To date, large-scale GWASs have been 

performed to study almost all complex diseases, yielding thousands of genetic loci 

associated with these important phenotypes (https://www.ebi.ac.uk/gwas/)123. However, 

how to identify the causal variants and understand the biology underlying the 

genotype-phenotype association remains a major scientific question. 

1.4.2 Genetic architecture of human disease 

 The genetic architecture of a phenotype is the number, type, effect size and 

frequency of causal variants responsible for that phenotype124. Although difficult to 

know precisely, different phenotypes obviously can have different genetic architectures, 

which in turn determine the approach that should be taken to effectively identify causal 

genes (Figure 5)124.  

https://www.ebi.ac.uk/gwas/
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Figure 4. Feasibility of identifying genetic variants by risk allele frequency and strength of 

genetic effect (odds ratio). Most emphasis and interest lies in identifying associations with characteristics 

shown within diagonal dotted lines. Adapted from Manolio et al. 

 Human geneticists’ interest in genetic architecture of human disease was at least 

in part incited by the well-known “missing heritability” of complex diseases124. Most 

variants identified by GWAS so far confer relatively small increments in risk, and 

explain only a small proportion of familial clustering, leading remaining “missing 

heritability” unexplained124. Along with many recent updates on this topic from 

theoretical and empirical studies125-129, latest very large studies have implicated rare and 

low-frequency variants of moderate-to-large effect as an important component of the 

genetic architecture of even classic polygenic trait such as human adult height130, and 

highlighted the importance of a sufficiently large sample size to fully appreciate the role 

of rare and low-frequency variants in polygenic diseases such as type 2 diabetes130,131. On 
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the other hand, the ability to assess DNMs has introduced a new component of genetic 

architecture of human disease attributable to DNMs116.  

1.4.3 Filtering strategy for Mendelian disorders 

 The ability to rapidly and cheaply sequence human exome/genome for the first 

time allows identifying disease-causing genes and mutations without genetic 

mapping1,132. This has indeed transformed genetic analysis of monogenic traits as an 

exploding number of disease genes have been discovered to date after exome 

sequencing a small number of unrelated patients (Figure 6)133. Despite the historical 

success of linkage analysis in discovering genes responsible for Mendelian disorders, 

linkage analysis usually requires genotyping a large number of individuals and 

positional cloning thereafter. The entire process is time and labor-consuming and 

sometimes simply unattainable (for example, sporadic cases without evident family 

history).  
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Figure 5. Pace of discovery of novel rare-disease-causing genes using WES. Since the first WES 

proof-of-concept experiment, the discovery of disease-causing genes using WES has increased rapidly, 

with a marked jump from 2011 to 2012 and a stabilization of this rate in the latter half of 2012. More than 

180 novel genes have been discovered in this manner. As NGS technology becomes less costly and more 

widely used, another jump in the rate of discovery is anticipated, provided that the infrastructure for the 

large-scale sharing of deep phenotypic and genetic data sets emerges. Data were collected from PubMed 

until the end of 2012; duplicate discoveries were removed, and novel phenotypes associated with a 

known disease-causing gene were not included. Adapted from Boycott et al. 

 The key part of WES-based gene discovery is filtering out most of the benign 

variants identified by WES and retaining the very few with a high probability to be 

pathogenic with regard to the phenotype in question. Such a filtering strategy can be 

implemented for single patients as well as on a trio basis (as we showed in Section 2), 

and usually the number of candidate variants/genotypes can be further reduced in the 

trio setting (often <10, compared to single patients) by removing those 

variants/genotypes present in parents (assuming affected proband, unaffected parents, 
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and complete penetrance). Frequently referred to as “finding a needle in a haystack”, the 

process of filtering essentially involves interpreting causality of variants/genotypes.  

 Interpreting pathogenicity of variants/genotypes is a very complex task and so 

far inevitably affected by subjective judgment. Consequently, it is not uncommon to 

encounter conflicting interpretations of the same variant by different labs. Guidelines 

have been published to aid interpretation134,135, and human and medical geneticists have 

been cooperating to try to resolve uncertainties in interpretation136. From a human 

genetics perspective, the common features of real pathogenic variants and the causal 

genes can guide the designing of rules that help filter out most of the apparently benign 

variants. These common features primarily comprise allele and genotype frequency 

(available via ESP and ExAC), functional prediction of variants (e.g., PolyPhen47 and 

SIFT48), and tolerance of genes to functional variation in general human population (e.g., 

RVIS44, constraint45, and pLI35)137,138. As more and more pathogenic variants are identified 

and characterized, such a filtering strategy can become more powerful by iteratively 

incorporating new data, and a disease and population-specific filtering approach can be 

formulated. 

1.4.4 De novo mutation analysis 

 As discussed earlier, DNMs have been a major focus of research in the human 

genetics field since the first disease WES study132. Accumulating sequencing studies 

have securely implicated the role of DNMs in sporadic human diseases, most notably 

neurodevelopmental disorders (Section 1.3.3). However, there was a time (and perhaps 

even till now) when any missense or nonsense DNM was regarded as causal, which has 
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been clearly proved wrong by careful analysis of DNMs, in particular by comparing the 

DNMs identified in cases to those in controls45. One problem is that sequencing control 

trios (three healthy individuals) is not cost-effective, and thus there has been very few 

studies doing this (exceptions include a quartet design recruiting discordant sib pairs).  

 To formulate a formal statistical testing without empirical control data, one can 

compare the observed data against expectations. Indeed, this approach has been the 

prevailing paradigm for assessing the statistical significance of DNMs45,88,107. The basic 

idea is to calculate the expected rate of DNMs per gene with considering the variable 

mutability of different genes and different classes of variants, and then compare the rate 

of observed DNMs in that gene to find any evidence of strong deviation (excess) from 

expectation45. An R package, denovolyzeR139, has been developed to facilitate 

significance testing under this framework. 
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2. Whole-exome sequencing in undiagnosed genetic 
diseases: interpreting 119 trios

1
 

2.1 Introduction 

Whole-exome sequencing (WES) has emerged as a successful diagnostic tool in 

the study of genetic disease and has proven to be particularly effective in identifying 

disease-associated genes that are refractory to linkage analysis. Furthermore, WES has 

shown diagnostic utility in routine clinical settings. One recent exome sequencing study 

reported a diagnostic rate of 25% in a heterogeneous population of 250 patients140, 

whereas other studies have reported variable, sometimes higher, rates2,99,141. However, a 

limitation of most current studies, and indeed clinical analyses, is that a diagnosis is 

only possible if the gene has been previously implicated in a similar condition. The 

immense value that WES offers in identifying novel disease genes often remains 

unexplored.  

In this study, we applied trio WES (i.e., sequencing the patient and both 

unaffected biological parents) to a cohort of 119 patients who had been referred to 

medical geneticists for a variety of conditions. They comprise 113 trios reported for the 

first time and 6 previously unresolved trios2 that are reinterpreted. Importantly, this 

cohort of patients reflects a heterogeneous collection of clinical presentations, making 

the cohort representative of a typical genetics clinic. Through trio sequencing, we 

identify qualifying genotypes, focusing on genotypes seen only in the patient and not in 

unaffected parents or controls2. This approach not only provides diagnoses based on 

                                                      
1 This chapter is based on a published work. 
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mutations found in already known genes but also can provide pointers toward novel 

disease genes, such as the identification of NGLY1 in our previous work2, which was 

subsequently confirmed in seven additional rare cases with similar clinical 

presentations142. We expect such examples will emerge more frequently as careful 

bioinformatics analysis of candidates becomes a central part of diagnosing genetic 

disease143. 

2.2 Materials and Methods 

2.2.1 Subjects 

A total of 113 patients with suspected genetic disorders, and their unaffected 

biological parents, are reported here for the first time. In general, the clinical 

presentations of most patients were considered severe (Table 1), and the patients were 

either judged to have an undiagnosed genetic disorder or suspected to have a specific 

genetic disorder that was genetically unresolved based on known diagnostic panels. 

Sixty-five trios were recruited at the Genome Sequencing Clinic at Duke University 

Medical Center, and 48 were recruited at the pediatric clinic of the Sheba Medical 

Center in Tel HaShomer, Israel. Clinical phenotypes are shown in Table 1. We 

previously published an analysis of 12 pilot trios recruited in a similar way at Duke2. 

Here, we reinterpret six trios that were unresolved in those analyses2. A total of 119 

trios are reported.  

All 119 patients underwent a clinical genetics evaluation, with traditional 

genetic diagnostics performed whenever clinically indicated. All patients reported here 

remained undiagnosed or unresolved after tests including candidate mutation and/or 
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gene testing, karyotyping, chromosomal microarray analysis, and gene panels. The 

appropriate institutional review boards approved this research protocol. Written 

informed consent was received from all participants or their guardians. 

To estimate the population frequency of both variants and genotypes, we used 

two independent sources of population control data, totaling up to 9,530 individuals. 

The internal control cohort comprised subjects enrolled in the Center for Human 

Genome Variation through Duke institutional review board–approved protocols (n = 

3,027). Among these controls, 83.5% were Caucasian, 6.7% were Middle Eastern, 3.5% 

were African, and the remaining 6.3% were of Asian or other ancestries. Although these 

internal controls were not ascertained for rare disorders, their individual phenotypes 

were not analyzed and some could have rare pathogenic variants. The external control 

cohort comprises subjects enrolled in the National Heart, Lung, and Blood Institute 

Grand Opportunity Exome Sequencing Project (n = 6,503, 

http://evs.gs.washington.edu/EVS/). 

Table 1. Clinical presentation of 119 patients. Adapted from Zhu et al. 

Trio Consanguinity Recruitment 
Hospital 

Age 
(year) 

Age of 
onset 

Sex Clinical Phenotype 

1 N Sheba 9 3 weeks M Profound intellectual disability, 
Angelman features, early epileptic 
encephalopathy. 

2 Y Sheba 20 14 years F Melkersson-Rosenthal-like 
syndrome. Facial swelling 
(beginning on the lips and later 
involving the face). Morbid obesity 
and metabolic syndrome, abnormal 
skin striae, and depression. 

3 N Sheba 5 birth M Severe intellectual disability, 
myoclonic seizures (generalized 
polyspike and wave), mild brain 
atrophy, hemolytic anemia with 
hyperactive bone marrow. 

4 N Sheba 9 1 year M Pitt-Hopkins features, 
microcephaly, hyperventilation, 

http://evs.gs.washington.edu/EVS/
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failure to thrive. 

5 N Sheba 20 12 years M Mild global delay, dementia, 
Parkinsonism. 

6 N Sheba 10 3 
months 

M Progressive cerebrocerebllar 
atrophy with profound intellectual 
disability, epilepsy, cortical 
blindness, peripheral edema, 
suspected pontocerebellar 
hypoplasia.  

7 N Sheba 4 birth F Epileptic encephalopathy, 
myoclonic jerks from day 1, 
profound intellectual disability, 
cardiomyopathy, cortical blindness, 
tracheostomy, PEG feeding, 
hydronephrosis, progressive 
cerebellar and cerebral atrophy, 
and leukoencephalopathy. 

8 N Sheba 4 4 
months 

M Leigh syndrome, regression at 7-8 
month of age with hypsarrhythmia, 
basal ganglia and brain stem 
necrosis and cortical atrophy. 

9 N Sheba 8 18 
months 

F Leukoencephalopathy, mild 
developmental delay, slight delay in 
language development, mild ataxia, 
epilepsy, and 
hypergammaglobulinemia. 

10 N Sheba 4 birth M Epileptic encephalopathy with 
severe intellectual disability and 
macrocephaly. 

11 N Sheba 5 birth F Severe developmental delay, 
hypotonia, ptosis, hyporeflexia, high 
creatine kinase, cerebellar 
malformation, colpocephaly. 

12 N Sheba 4 9 
months 

M Developmental delay, profound 
intellectual disability, seizures, 
apnea, hypotonia, hypoxic ischemic 
encephalopathy, micropenis, 
pontocerebellar hypoplasia, 
cerebral atrophy and thin corpus 
callosum. 

13 N Sheba 32 23 years M Adult onset rhabdomyolysis after 
physical activity. 

14 N Sheba 26 neonatal M Familial renal Fanconi with 
subsequent carnitine deficiency, 
abnormal motor control, short 
stature, polyuria, and convulsive 
disorder. 

15 N Sheba 4 birth F Failure to thrive, autonomic 
neuropathy, intellectual disability, 
brain atrophy with white matter 
changes. 
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16 N Sheba 9 infancy M Suspected O-linked glycosylation 
disorder, developmental delay, 
conduct disorder, mild myopathy, 
speech disorder, tantrums, 
abdominal hypopigmentary lesions, 
and resolved hand tremor. 

17 N Sheba 12 neonatal M Hallermann-Streiff syndrome, 
congestive heart failure due to 
restrictive cardiomyopathy, chronic 
lung disease and pulmonary 
hypertension. 

18 Y Sheba 5 9 
months 

F Leigh syndrome. 

19 N Sheba 17 1 year M Severe hypotonia, gastroesophageal 
reflux disease, areflexia, intellectual 
disability, autonomic dysfunction 
with encephalopathic events, 
breathing abnormalities. 

20 N Sheba 3 2 
months 

F Microcephaly, brain atrophy. 

21 N Sheba 10 4 years M Congenital adrenal hyperplasia-like, 
obese, early pubarche, advanced 
bone age, acne, high cortisol in the 
urine, elevated androstenedione, 
elevated IGF-1.  

22 N Sheba 8 6 
months 

M Normocephalic 
leukoencephalopathy with 
subcortical cysts. 

23 N Sheba 3.5 2 
months 

F Hypsarrhythmia from 5 months age, 
profound intellectual disability, 
simplified gyral pattern, 
microcephaly.  

24 N Sheba 8 2 years M Leigh-like features, pallidum 
necrosis. 

25 N Sheba 5 1 year F Rett-like feature, global delay, 
microcephaly. 

26 N Sheba 4 3 
months 

F Basal ganglia necrosis. 

27 Y Sheba 10 4 years M Healthy until 3.5 years then 
epilepsy with drop attacks, 
blindness (retinitis pigmentosa).  

28 Y Sheba 2 birth M Severe global delay, spastic 
quadriparesis, pontocerebellar 
hypoplasia, cataract. 

29 N Sheba 27 1 year F Hereditary spastic paraparesis, 
amyotrophy, intellectual disability, 
behavior problems, short stature, 
microcephaly. 
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30 N Sheba 43 25 years F Cockayne syndrome feature, brain 
atrophy, dilated ventricles, 
calcifications on basal ganglia 
bilaterally, severe cachexia and 
ataxia, nephrosclerosis, seizures, 
thalassemia minor, retinitis 
pigmentosa, hypertension, hearing 
loss. 

31 N Sheba 21 19 years M Early-onset strokes and epilepsy. 

32 N Duke 11 4 
months 

F Intellectual diability, microcephaly, 
mild to moderate hypotonia, 
hypermotoric. 

33 N Duke 13 3 years M Elevated liver transaminases along 
with minor dysmorphic features, 
minor learning difficulties, no 
developmental delay. 

34 N Duke 7 1.5 years M Overgrowth, dysmorphic features, 
mild developmental delays, and 
macrocephaly. 

35 N Duke 11 birth M Global developmental delays with 
no speech, gastroschisis, neonatal 
sigmoid venous sinus thrombosis, 
aqueductal stenosis causing 
hydrocephalus and shunt 
placement, abnormal optic nerves, 
hypopituitarism, myopia, femoral 
retroversion, behavior problems, 
dysmorphic. 

36 N Duke 14 5 
months 

F Hypotonia, global developmental 
delays, microcephaly with 
progressive cerebellar and vermian 
atrophy. 

37 N Duke 6 16-17 
months 

F Seizures and developmental delays, 
with regression with onset of 
seizures, abnormal citrulline levels. 

38 N Duke 2 birth F Aqueductal obstruction with 
hydrocephalus, infantile spasms, 
other midline brain abnormalities, 
vertebral abnormalities, and 
bilateral retinal abnormalities. 

39 N Duke 5 N/A M Profound developmental delay with 
failure to thrive, craniosynostosis, 
cortical visual impairment, 
glaucoma, supravalvular pulmonic 
stenosis. 

40 N Duke 5 birth F Microcephaly, developmental delay 
and hypotonia, seizures. 

41 N Duke 8 2.5 years M Severe intractable seizures with 
developmental delay. 

42 N Duke 3 N/A M Global developmental delays, 
oculomotor apraxia, elevated alpha-
fetoprotein, and lack of tears. 
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43 N Duke 8 N/A F Right-sided choanal atresia, 
bilateral sensorineural hearing loss, 
right-sided ptosis, mild optic nerve 
hypoplasia, Klippel-Feil anomaly, a 
history of an atrial septal defect 
with pulmonary stenosis, and 
developmental delay. 

44 N Duke 10 birth F Peter’s anomaly bilaterally with 
microphthalmia, more on the right 
than the left, bilateral choanal 
atresia, communicating 
hydrocephalus, bilateral hearing 
loss requiring cochlear implants and 
acute lymphoblastic leukemia that 
has been in remission. 

45 N Duke 7 N/A M Profound hypotonia, severe 
developmental delays, involuntary 
movements that are thought to be 
choreoathetotic in nature as well as 
frequent arching of the back that is 
thought to be related to seizure 
activity. 

46 N Duke 11 1 week F Severe developmental delay, 
hypotonia, microcephaly, esotropia, 
growth failure, static 
encephalopathy, seizures and 
scoliosis. 

47 N Duke 3 birth M Cardiomegaly, pulmonary 
hypertension, von Willebrand 
disease and congenital heart 
anomalies. 

48 N Duke 6 4 
months 

F Microcephaly, minor 
dysmorphisms, profound 
developmental delays, epilepsy, 
gingival hypertrophy, microdontia, 
intracranial calcification of the basal 
ganglia, white matter abnormalities. 

49 Y Duke 18 early 
infancy 

F Autism spectrum disorder, 
developmental delay, and 
osteopetrosis. 

50 N Duke 2 6 
months 

F Hypertonia, opisthotonus, seizure, 
and developmental regression. 

51 N Duke 5 birth M Atrial septal defect, intrauterine 
growth restriction, microcephaly, 
dyspraxia, developmental delay, 
strabismus, communicating 
hydrocele. 

52 N Duke 6 4 
months 

M Athetoid cerebral palsy, 
developmental delays, seizure, 
recurrent vomiting. 

53 N Duke 11 2.5 years F Progressive epileptic 
encephalopathy with neurological 
decline beginning around 2.5 to 3 
years of age. 
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54 N Sheba 4 6 
months 

F Myoclonic epileptic 
encephalopathy, coarse features, 
hypothyroidism, ataxia, mild 
hypotonia, acquired microcephaly, 
intellectual disability. 

55 N Sheba 7 2 
months 

F Microcephaly, infantile spasms (no 
hypsarrhythmia), global delay, 
hypertonus, ventral septal defect, 
high lactic acid in cerebrospinal fluid 
(transient), albino. 

56 Y Sheba 10 birth M Cyanotic heart disease (hypoplastic 
right heart, pulmonary atresia with 
intact interventricular septum), 
post-operative elevated liver 
enzymes and creatine 
phosphokinase levels raised 
suspicion of mitochondrial disease. 

57 Y Sheba 6 3 days F Congenital intractable diarrhea, 
severe malabsorption. 

58 N Sheba 6 2 years F Myopathy in limb girdle 
distribution, ptosis and 
ophthalmoplegia, cardiomyopathy, 
rigid spine, scoliosis, muscle biopsy 
showing nonspecific myopathy with 
partial dyspherlin deficiency, 
mitochondrial disorder ruled out in 
brother; brother died of similar 
disease, clinically it could be titin 
deficiency. 

59 N Sheba 10 3 years M Progressive cerebellar ataxia, 
auditory neuropathy, axonal 
neuropathy, peroxisomal disorder 
ruled out, no dysmorphic features.  

60 N Sheba 5 2 
months 

M Oligohydramnios, microcephaly 
(severe brachycephaly), chorea, 
stereotypic movements, Rett-like 
picture, profound intellectual 
disability (no regression), epileptic 
activity on EEG but no epilepsy, mild 
hypermetropia, deep seated eyes, 
strabismus, hyperactive deep 
tendon reflex, increased muscle 
tone. 

61 N Sheba 6 6 
months 

M Progressive microcephaly, profound 
intellectual disability, severe chorea 
(low axial, high appendicular), flexor 
non-epileptic spasms, small ventral 
septal defect, gastroesophageal 
reflux, hypospadias, changing tonus, 
strabismus, hyperactive deep 
tendon reflex. 

62 N Sheba 4 1 year M Severe hyperkinesia, increased 
tonus, hemiparesis, tonic 
movements, non-epileptic spasms, 
EEG normal, hypermetropia, 
intellectual disability. 
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63 Y Sheba 8 3 years M Ataxia-telangiectasia like, cerebellar 
ataxia with normal alpha-
fetoprotein, cerebellar atrophy. 

64 N Sheba 7 2 years M Myoclonus, cerebellar ataxia, 
cerebellar atrophy, 
ophthalmoplegia. 

65 N Sheba 4 birth M General delay, autism spectrum 
disorder, intellectual disability, 
dysmorphic features—Kabuki like, 
hypotonia. 

66 Y Sheba 8 1 year F High uracil in the urine, suspicion of 
a purine/pyrimidine disorder. 

67 N Sheba 14 birth M Multiple organ involvement, 
including severe skeletal 
deformities, dysmorphism 
(exophthalmos, low set ears), 
bilateral hearing impairment, 
subaortic stenosis, polycystic 
kidneys and hydrocephalus (Chiari 
malformation), multiple bowel 
obstruction requiring laparotomy; 
tracheostomy; ventriculoperitoneal 
shunt insertion. cognition normal. 

68 Y Sheba 13 3 years F Progressive spastic paraplegia 
beginning at age 3 years with 
bilateral facial paralysis and 
subsequent shoulder girdle, upper 
and lower limb involvement, with 
ataxia. 

69 N Sheba 10 birth F Profound intellectual disability, 
malignant migratory epilepsy 
converging to hypsarrhythmia and 
complex partial seizures, acquired 
microcephaly, progressive 
cerebellar atrophy with white 
matter changes, thin corpus 
callosum at 3 months then 
progressive cerebellar atrophy with 
normal pons, cerebral atrophy, 
cortical blindness, peripheral 
neuropathy axonal, severe delayed 
myelination. 

70 N Sheba 5 2 years F Severe intellectual disability and 
epilepsy. 

71 N Duke 5 birth M Possible ectodermal dysplasia, poor 
sweating, persistent low-grade 
fever, brain cyst, horseshoe shaped 
kidney, minor speech delays. 

72 N Duke 8 2 weeks F Developmental delay, sleep 
disturbances, hypotonia, abnormal 
gait, chronic constipation, 
microcephaly, abnormal limb 
posturing, arachnodactyly, no true 
language skills, Angelman-like 
phenotype, no seizures, no 
regression. 
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73 N Duke 4 2 
months 

M Significant speech delay. Can sign 
over 500 words and hold 2 way 
conversation with signs. 
Hypertrophic cardiomyopathy, 
chronic lung condition, short 
stature, corse facies, macrocephaly, 
bony changes seen in Hunter/Hurler 
Syndrome. 

74 N Duke 7 6-9 
months 

M Failure to thrive, benign 
hydrocephalus, speech delay, 
hypotonia, elevated lactate and 
ammonia, no seizures, no 
regression, vitiligo, developmental 
delay. 

75 N Duke 7 birth F Developmental delays, 
microcephaly, hypotonia. No 
regression. 

76 N Duke 3 birth F Congenital heart disease (Tetralogy 
of Fallot), dysmorphic features, 
bilateral sensorineural hearing loss 
due to inner ear malformations, 
strabismus, rib abnormalities and 
laryngomalacia. 

77 N Duke 11 4 years M Chronic renal failure likely due to 
nephronophthisis, cone dystrophy, 
mild cerebellar signs, 2-3 
syndactyly, scoliosis and other 
skeletal abnormalities including 
rickets secondary to 
hyperparathyroidism from renal 
failure. 

78 N Duke 5 birth M Macrocephaly, advanced bone age, 
Gibbus deformity, clinical diagnosis 
of Sotos syndrome, speech delay, 
developmental delay. 

79 N Duke 7 6 
months 

F Failure to thrive, optic nerve 
hypoplasia, congential cataract, 
have had workup for Noonan 
syndrome. 

80 N Duke 5 birth F Failure to thrive, hearing loss, 
abnormal cochlea structure, 
microcephaly. 

81 N Duke 8 birth M Born of IVF pregnancy, twin sister 
developmentally normal. Metopic 
craniosynostosis, developmental 
delay, Chiari I malformation, 
strabismus, undescended testicle. 

82 N Duke 8 6-8 
months 

M Hyperflexability, developmental 
delay, family history of mental 
illness. 

83 N Duke 5 birth M Absent speech, developmental 
delay, hypotonia, white matter 
changes seen on MRI, abnormal 
gait, Angelman syndrome-like 
phenotype. 
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84 N Duke 4 birth M Pierpont syndrome-like phenotype, 
absent speech, plantar fat pads, 
dysphagia, microcephaly, 
developmental delay, short stature, 
severe eczema.  

85 N Duke 11 14 
months 

M Recurrent infections, non-verbal 
autism, elevated liver 
transaminases, vitamin D 
deficiency, hyopcalemia, chronic 
constipation, undescended testicle, 
inguinal hernia. 

86 N Duke 4 3 
months 

M Developmental delay, absent 
speech, esotropia, metopic 
craniosyostosis, absence seizures.  

87 N Duke 11 birth F Triphalangeal thumbs and great 
toes, absent thumbnails, feeding 
difficulties, electrolyte imbalance, 
dysmorphisms. 

88 N Duke 6 infancy M Developmental delay, tall stature 
(and advanced bone age), low IgG 
requiring subcutaneous therapy, 
autism, macrocephaly, chronic 
constipation. 

89 N Duke 10 birth F Complex heart defect (atrial septal 
defect, right aortic arch, bilateral 
superior vena cava, patent ductus 
arteriosus), attention deficit 
hyperactivity disorder and possible 
Aspergers/behavioral issues. 

90 N Duke 5 2.5 years F Seizures, developmental delays, 
hypotonia and hand wringing 
movements characteristic of Rett 
syndrome. 

91 N Duke 5 10 
months 

F Developmental delays, seizure 
disorders, minor dysmorphisms, 
macrocephaly, brain white matter 
abnormalities, intestinal atresia, 
ventriculoseptal defect. 

92 N Duke 2 birth M Hypotonia, aqueductal stenosis, 
ventriculomegaly, developmental 
delays, agenesis of corpus callosum, 
febrile seizures. 

93 N Duke 5 birth M Peters anomaly (right eye cataract), 
congestive heart failure (atrial 
septal defect, patent ductus 
arteriosus), pulmonary valve 
stenosis, global developmental 
delays, possible Peters Plus 
syndrome. 

94 N Duke 14 2 years M Non-verbal austism, intellectual 
disability, fatty liver, pancreatitis, 
obesity/overgrowth, Tourette 
syndrome, seizures.  

95 N Duke 28 8 
months 

M Progressive ataxia, dysarthria, 
oculomotor apraxia, declining 
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cognition. 

96 N Duke 5 birth M Failure to thrive, global 
developmental delay, hypotonia, 
congenital cataracts, microcephaly 
with decreased white matter 
volume, small corpus callosum, and 
possible migrational abnormality. 

97 N Duke 5 birth F Agammaglobulinemia (absent B 
cells), seizures, microcephaly, 
hypotonia, multiple congenital 
anomalies including club feet, 
absent eyelids, craniofacial 
anomalies and anteriorly displaced 
anus. 

98 N Duke 67 54 years M Progressive neuromuscular 
disorder, with progressive muscle 
wasting, weakness, fasciculations. 

99 N Duke 11 birth M Global developmental delay, 
seizures, right coronal 
craniosynostosis, strabismus, 
hearing loss, Chiari I malformation, 
strong paternal family history of 
colon cancer. 

100 N Duke 11 2 years F Clinical diagnosis of 
spondylometaphyseal dyplasia - 
corner fracture type, scoliosis "S" 
curve, hypotonia, myopia, failure to 
thrive, episodes of low platelets, 
muscle weakness, abnormal liver 
enzymes/liver biopsy, concern for 
mitochonrial disorder, learning 
disabilities, normal development. 

101 N Duke 14 birth F Multiple congential anomalies: 
preauricular pit, athelia bilaterally, 
anterior displacement of the anus, 
bilaternal 5th finger clinodactyly, 
vestibular/cochlear abnormalities, 
pituitary hypoplasia, hypotonia, 
knee contractures, choanal atresia, 
surfactant metabolism disorder, 
bronchopulmonary dysplasia - 
tracheostomy/G-tube dependent. 

102 N Duke 2 birth F Hypotonia, developmental delay 
(no vocalizations at 17 months, not 
walking), growth retardation, 
microcephaly, minor dysmorphisms 
(frontal bossing, slightly coarse 
appearance to the face, prominent 
lips, protruding simple ears), 
abnormal neurological screen at 
birth, bilateral cortical thumbing, 
bradycardia at birth, 
hypothyroidism diagnosed at 10 
months. 
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103 N Duke 1.8 3 
months 

M Global developmental delay (cannot 
hold head up or sit up), 
microcephaly, infantile spasms, 
cortical visual impairment, West 
Syndrome, increased nuchal fold 
prenatally, history of sinus 
bradycardia, CSF abnormalities in 
neurotransmitter metabolites, 
periventricular calcifications, 
cereberal atrophy with prominet 
white matter loss, elevated choline 
and low N-acetylaspartatate in 
inferior, frontal, temporal, and 
parietal lobes bilaterally.  Elevated 
startle reflex, involuntary 
movements. 

104 N Duke 4 5 weeks M Hypotonia, seizures, developmental 
delay (cannot sit up, crawl or walk; 
no words or motor skills), 
microcephaly. Cystic anomaly in the 
posterior fossa, a small vermis, 
mildly dysplastic cerebellum, 
borderline ventricular enlargement, 
decreased white matter. Had a 
similarly affected sister who passed 
away at 13 months old.  

105 N Duke 2 birth M Global developmental delay (cannot 
hold his head up or sit up), seizures, 
microcephaly, chronic neutropenia, 
cortical vision impairment, and 
involuntary movements. Profound 
microcephaly and simplified gyral 
pattern but not exactly consistent 
with pachygyria, a smaller mid- and 
hindbrain than would be expected 
even with the microcephaly, 
vermian hypoplasia and a small 
pons and medulla.  

106 N Duke 12 birth F Global developmental delay, 
microcephaly, dystonia, hypotonia, 
history of lactic acidemia, history of 
organic aciduria, failure to thrive, 
complex I deficiency on muscle 
biopsy, completely non-verbal but 
very social. Pectus excavatum, over 
10 café-au-lait spots and inguinal 
freckling, constipation, abnormal 
gait, muscle twitching, slow growth 
(G-tube to increase calorie intake). 
No seizures. 
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107 N Duke 6 birth M Global developmental delay with no 
speech, atrial septal defect, cleft 
soft palate/bifid uvula, congenital 
ptosis, Wolff-Parkinson-White 
pattern on EKG, neurogenic bladder 
and vesicoureteral reflux, ptosis, 
ankyloglossia, obesity, asthma, 
bilateral genu varum, Blount's 
disease, excessive drooling, very 
sensitve to smell with quick gag 
reflex, unusual fat dispersment, 
genital hypoplasia. 

108 N Duke 10 birth M Absent left testicle, congenital 
diaphragmatic hernia and pectus 
excavatum, short stature with poor 
weight gain, vesicoureteral reflux, 
and dysmorphic features including 
slight bitemporal narrowing with 
prominent occiput, low posterior 
hairline, hypertelorism, small ears 
with overfolded helices, 
hemangioma on right temple. 

109 N Duke 7 2 years F Recurrent infections, IgA and IgG 
deficiency. Mother with idiopathic 
collagenous gastritis. 

110 N Duke 9 birth F Sleep disturbaces, stereotypical 
Rett syndrome hand movements, 
global delay, microcephaly, 
hypotonia, self-injurious behavior, 
teeth grinding, holding breath, 
gastroesophageal reflux disease, 
anxiety, obessive compulsions, 
strabismus, rare seizures, enlarged 
ventricles, pilomatrixoma removed 
from cheek and behind ear, 
omphalomesenteric duct cyst 
removed, muscle biopsy suggestive 
of a congential myopathy, difficulty 
maintaining body temperature, 
non-verbal. 

111 N Duke 15 birth M Fraternal twins born at 31 weeks, 
conceived through intrauterine 
insemination, generalized 
hypotonia, movement disorder, 
autism, self-injurious behavior, poor 
sweating, strabismus, 
periventricular leukomalacia, mild 
cortical dysplasia, no seizures, low 
uric acid, elevated lactic acid, 
ventricular septal defect that 
resolved spontaneously, delayed 
motor skills, regression of verbal 
skills and now completely non-
verbal, sleep disturbances, leg 
cramping. 
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112 N Duke 13 11 years F Progressive vision loss and retinal 
dystrophy, onset at 11 years old. 
Decreased color and night vision.  
No developmental concerns or 
other clinical findings. 

113 N Duke 1.5 birth M Coarse facial features, hirsutism, 
developmental delay, nearly absent 
fifth fingernails and toenails, large 
for gestational age, 
polyhydramnios, low Apgar scores, 
complications in the newborn 
period, and complications at 6 
weeks of life resulting in apnea, 
stroke and seizures. 

N4 
(reanalyzed) 

N Duke 31 birth F Scimitar syndrome, uterine 
didelphys, jaw cysts (keratocytic 
ontogenic tumor), macular 
degeneration, scoliosis. 

N6 
(reanalyzed) 

N Duke 22 birth M Intellectual disability, epilepsy, 
panhypopituitarism, hypertension, 
bifid great toe, vertebral 
segmentation anomalies and 
sagittal cleft of the vertebra, 
hypoplastic 13th rib, and delayed 
bone age. 

N8 
(reanalyzed) 

N Duke 19 birth M Bicuspid aortic valve, bilateral 
coronal craniosynostoses, 
dysmorphic features, quadriplegic 
cerebral palsy, bilateral inguinal 
hernias, G-tube placement, 
obstructive sleep apnea, and severe 
intellectual disability.  

N9 
(reanalyzed) 

N Duke 7 birth F Developmental delay, bilateral 
congenital cataracts and 
strabismus, ventricular and atrial 
septal defects, a unilateral clubfoot, 
and unilateral choanal atresia. 

N10 
(reanalyzed) 

N Duke 13 N/A M Attention deficit hyperactivity 
disorder, language delays, coarse 
facial features, bilateral mandibular 
cysts, low muscle tone. 

N12 
(reanalyzed) 

N Duke 8 birth F Failure to thrive, borderline 
microcephaly, dysplastic nails, 
ventricular septal defect, hip 
dysplasia, and speech delay. 

2.2.2 Sequencing and bioinformatics pipeline 

DNA was extracted from a peripheral blood sample. To capture the coding 

regions, we used the 65-Mb Illumina TruSeq Exome Enrichment Kit (Illumina, San 

Diego, CA), the 64-Mb Roche NimbleGen SeqCap EZ Exome Library Kit (Roche 
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NimbleGen, Madison, WI), or the 50-Mb Agilent SureSelect Human All Exon Kit 

(Agilent, Santa Clara, CA). The capture kit type was consistent within a given trio. All 

sequencing was performed on the Illumina HiSeq 2000 platform (Illumina) at the 

Genomic Analysis Facility in the Center for Human Genome Variation. The overall 

coverage statistics for each individual are shown in Table 2. 

 Using Burrows-Wheeler Aligner (BWA-0.5.10)56, sequencing reads were 

mapped to a Genome Reference Consortium Human Genome Build 37 (GRCh37)-

derived alignment set including decoy sequences; the same reference genome is used in 

the 1000 Genomes Project (http://www.1000genomes.org/). Polymerase chain reaction 

duplicates were removed using picard-tools-1.59 (http://picard.sourceforge.net). Single-

nucleotide variants and small insertions/deletions (indels) were called using the 

UnifiedGenotyper of the Genome Analysis Toolkit (GATK-1.6–11)144 and annotated 

using SnpEff-3.3 (Ensembl 73 database)145. The six revisited trios were also subjected to 

this bioinformatics pipeline; previously, they were aligned to GRCh36 and variants 

were called using SAMtools57. 

Table 2. Exome sequencing quality control check for the 113 newly recruited cases plus six 

previous unsolved cases. Percentage of the exome-wide CCDS real-estate (release 14 [inclusive of 

canonical splice]) is covered with at least 10-fold coverage across each of the samples. Counts represent 

qualifying variants/genotypes. Adapted from Zhu et al. 

Trio FamStatus 

Total 
Covered 
Bases (of 

33266994bp) 

%Overall 
Bases 

Covered 

De Novo 
Mutations 

Newly 
Hemizygous 

Newly 
Homozygous 

Compound 
Heterozygous 

Tally 

1 PROBAND 31201439 0.9379 1  4  14  14  33  

  PARENT 31111138 0.9352 - - - - - 

  PARENT 31272854 0.9401 - - - - - 

2 PROBAND 29675749 0.8920 0  0  31  0  31  

  PARENT 30095577 0.9047 - - - - - 
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  PARENT 30590755 0.9196 - - - - - 

3 PROBAND 30574903 0.9191 1  1  5  7  14  

  PARENT 30180706 0.9072 - - - - - 

  PARENT 30339275 0.9120 - - - - - 

4 PROBAND 29655874 0.8915 0  0  2  3  5  

  PARENT 30810359 0.9262 - - - - - 

  PARENT 31117523 0.9354 - - - - - 

5 PROBAND 29533096 0.8878 1  1  1  11  14  

  PARENT 30561297 0.9187 - - - - - 

  PARENT 30937106 0.9300 - - - - - 

6 PROBAND 30644226 0.9212 0  3  1  7  11  

  PARENT 29405096 0.8839 - - - - - 

  PARENT 29864915 0.8977 - - - - - 

7 PROBAND 28661450 0.8616 0  0  0  46  46  

  PARENT 30883649 0.9284 - - - - - 

  PARENT 30851631 0.9274 - - - - - 

8 PROBAND 31462363 0.9458 1  2  1  11 15  

  PARENT 31425900 0.9447 - - - - - 

  PARENT 31205237 0.9380 - - - - - 

9 PROBAND 30912118 0.9292 0  0  3  2  5  

  PARENT 29890568 0.8985 - - - - - 

  PARENT 30439816 0.9150 - - - - - 

10 PROBAND 31390342 0.9436 1  0  1  10  12 

  PARENT 30887315 0.9285 - - - - - 

  PARENT 30642855 0.9211 - - - - - 

11 PROBAND 31622580 0.9506 0  0  0  6  6 

  PARENT 30981215 0.9313 - - - - - 

  PARENT 30926983 0.9297 - - - - - 

12 PROBAND 30306763 0.9110 1  4  0  4  9  

  PARENT 30917592 0.9294 - - - - - 

  PARENT 31171844 0.9370 - - - - - 

13 PROBAND 30509019 0.9171 0  2  5  10  17  

  PARENT 30034850 0.9028 - - - - - 

  PARENT 30688437 0.9225 - - - - - 

14 PROBAND 30382642 0.9133 0  4  6  7  17  

  PARENT 30834395 0.9269 - - - - - 

  PARENT 30865725 0.9278 - - - - - 

15 PROBAND 29169957 0.8768 1  0  0  2  3  

  PARENT 29373764 0.8830 - - - - - 

  PARENT 29935842 0.8999 - - - - - 

16 PROBAND 30269989 0.9099 1  1  5  5  12  
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  PARENT 29853857 0.8974 - - - - - 

  PARENT 30428261 0.9147 - - - - - 

17 PROBAND 28156606 0.8464 0  4  2  1  7  

  PARENT 24368036 0.7325 - - - - - 

  PARENT 29619782 0.8904 - - - - - 

18 PROBAND 30619372 0.9204 1  0  5  16 22 

  PARENT 31051751 0.9334 - - - - - 

  PARENT 28712295 0.8631 - - - - - 

19 PROBAND 27659120 0.8314 0  1  0  4  5  

  PARENT 25781607 0.7750 - - - - - 

  PARENT 22519658 0.6769 - - - - - 

20 PROBAND 30875993 0.9281 1  0  0 7  8  

  PARENT 31046155 0.9332 - - - - - 

  PARENT 31004975 0.9320 - - - - - 

21 PROBAND 31207839 0.9381 0  2  0  14  16  

  PARENT 31175315 0.9371 - - - - - 

  PARENT 31404293 0.9440 - - - - - 

22 PROBAND 31742865 0.9542 0  3  7  4  14  

  PARENT 31969707 0.9610 - - - - - 

  PARENT 31687730 0.9525 - - - - - 

23 PROBAND 31728183 0.9537 1  0  5  6  12  

  PARENT 31595869 0.9498 - - - - - 

  PARENT 30697338 0.9228 - - - - - 

24 PROBAND 31969401 0.9610 0  3  0  9  12  

  PARENT 31934714 0.9600 - - - - - 

  PARENT 31510536 0.9472 - - - - - 

25 PROBAND 31843742 0.9572 1 0 0 9  10  

  PARENT 31748208 0.9543 - - - - - 

  PARENT 31689464 0.9526 - - - - - 

26 PROBAND 31984034 0.9614 0 0 0 8 8 

  PARENT 32022526 0.9626 - - - - - 

  PARENT 31779734 0.9553 - - - - - 

27 PROBAND 31922598 0.9596 0 0 34  9  43  

  PARENT 31823227 0.9566 - - - - - 

  PARENT 31928291 0.9598 - - - - - 

28 PROBAND 31832452 0.9569 0 2 15  4  21  

  PARENT 32141992 0.9662 - - - - - 

  PARENT 31719374 0.9535 - - - - - 

29 PROBAND 31865828 0.9579 0  0  4 11  15  

  PARENT 31873437 0.9581 - - - - - 

  PARENT 31822264 0.9566 - - - - - 
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30 PROBAND 31512256 0.9473 0  0  0  9  9  

  PARENT 31936567 0.9600 - - - - - 

  PARENT 31274594 0.9401 - - - - - 

31 PROBAND 30978196 0.9312 0  1  0 3  4  

  PARENT 30355741 0.9125 - - - - - 

  PARENT 31104857 0.9350 - - - - - 

32 PROBAND 29413722 0.8842 2  0  0  2  4  

  PARENT 30166047 0.9068 - - - - - 

  PARENT 29552966 0.8884 - - - - - 

33 PROBAND 29676744 0.8921 1  0  0  10  11  

  PARENT 30217609 0.9083 - - - - - 

  PARENT 30408359 0.9141 - - - - - 

34 PROBAND 29795421 0.8956 1  0  0  4  5  

  PARENT 29327772 0.8816 - - - - - 

  PARENT 30772837 0.9250 - - - - - 

35 PROBAND 30919862 0.9294 0  1  0  4  5  

  PARENT 30651765 0.9214 - - - - - 

  PARENT 30642185 0.9211 - - - - - 

36 PROBAND 30946750 0.9303 0  0  0  2  2  

  PARENT 31268812 0.9399 - - - - - 

  PARENT 30811874 0.9262 - - - - - 

37 PROBAND 30849108 0.9273 1  0  1  5  7  

  PARENT 31092346 0.9346 - - - - - 

  PARENT 29877250 0.8981 - - - - - 

38 PROBAND 32857915 0.9877 1  0  2  7  10  

  PARENT 33029128 0.9929 - - - - - 

  PARENT 32998152 0.9919 - - - - - 

39 PROBAND 30063804 0.9037 0  2  1  3  6  

  PARENT 30359146 0.9126 - - - - - 

  PARENT 30067653 0.9038 - - - - - 

40 PROBAND 30424123 0.9145 3  0  0  1  4  

  PARENT 30032693 0.9028 - - - - - 

  PARENT 29327313 0.8816 - - - - - 

41 PROBAND 30476316 0.9161 0  1  0  4  5  

  PARENT 30759899 0.9246 - - - - - 

  PARENT 30559183 0.9186 - - - - - 

42 PROBAND 31407296 0.9441 0  1  0  6  7  

  PARENT 31335441 0.9419 - - - - - 

  PARENT 31012595 0.9322 - - - - - 

43 PROBAND 30504665 0.9170 1  0  0  1  2  

  PARENT 28226223 0.8485 - - - - - 
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  PARENT 30065022 0.9037 - - - - - 

44 PROBAND 30871392 0.9280 2  0  0  5  7  

  PARENT 31118209 0.9354 - - - - - 

  PARENT 29988393 0.9014 - - - - - 

45 PROBAND 31212064 0.9382 1  3  0  2  6  

  PARENT 29927614 0.8996 - - - - - 

  PARENT 30841038 0.9271 - - - - - 

46 PROBAND 31269481 0.9400 0  0  2  7  9  

  PARENT 31240560 0.9391 - - - - - 

  PARENT 30676701 0.9221 - - - - - 

47 PROBAND 31913987 0.9593 0  2  0  1  3  

  PARENT 31881084 0.9583 - - - - - 

  PARENT 31838862 0.9571 - - - - - 

48 PROBAND 31422671 0.9446 1 0  1  3  5  

  PARENT 31711307 0.9532 - - - - - 

  PARENT 31597077 0.9498 - - - - - 

49 PROBAND 28779910 0.8651 0  0  19  6  25  

  PARENT 29825630 0.8966 - - - - - 

  PARENT 28822217 0.8664 - - - - - 

50 PROBAND 30755435 0.9245 0  0  0  11  11  

  PARENT 30061723 0.9037 - - - - - 

  PARENT 29461844 0.8856 - - - - - 

51 PROBAND 30904982 0.9290 1  1  0  6 8  

  PARENT 30522980 0.9175 - - - - - 

  PARENT 30805182 0.9260 - - - - - 

52 PROBAND 31825899 0.9567 0  2  1  4  7  

  PARENT 31782948 0.9554 - - - - - 

  PARENT 31479780 0.9463 - - - - - 

53 PROBAND 31826429 0.9567 1  0  0  5  6  

  PARENT 31883495 0.9584 - - - - - 

  PARENT 31731795 0.9539 - - - - - 

54 PROBAND 31903166 0.9590 1  0  2  3  6  

  PARENT 32014186 0.9623 - - - - - 

  PARENT 32120258 0.9655 - - - - - 

55 PROBAND 31703827 0.9530 1  0  1  6  8  

  PARENT 32004139 0.9620 - - - - - 

  PARENT 31937692 0.9600 - - - - - 

56 PROBAND 30870125 0.9280 0  4  12  0  16  

  PARENT 30482999 0.9163 - - - - - 

  PARENT 31169776 0.9370 - - - - - 

57 PROBAND 31146448 0.9363 2  0  25  3  30  
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  PARENT 31317505 0.9414 - - - - - 

  PARENT 31226323 0.9387 - - - - - 

58 PROBAND 31544416 0.9482 1  0  0  11  12  

  PARENT 31858639 0.9577 - - - - - 

  PARENT 32095915 0.9648 - - - - - 

59 PROBAND 31917698 0.9594 1  3  1  5  10  

  PARENT 32005961 0.9621 - - - - - 

  PARENT 32002551 0.9620 - - - - - 

60 PROBAND 31978785 0.9613 2  5  0  6  13  

  PARENT 31873828 0.9581 - - - - - 

  PARENT 32078203 0.9643 - - - - - 

61 PROBAND 32108188 0.9652 3  0  1  13  17  

  PARENT 32058360 0.9637 - - - - - 

  PARENT 32012629 0.9623 - - - - - 

62 PROBAND 32365617 0.9729 1  2  1  1  5  

  PARENT 31171260 0.9370 - - - - - 

  PARENT 32148176 0.9664 - - - - - 

63 PROBAND 29466376 0.8858 0  3  42  4  49  

  PARENT 30809961 0.9261 - - - - - 

  PARENT 30992383 0.9316 - - - - - 

64 PROBAND 31966305 0.9609 1  2  0  5  8  

  PARENT 32011327 0.9623 - - - - - 

  PARENT 31978999 0.9613 - - - - - 

65 PROBAND 32169646 0.9670 3  0  3 4  10  

  PARENT 32332040 0.9719 - - - - - 

  PARENT 31969187 0.9610 - - - - - 

66 PROBAND 31656160 0.9516 1  0  4  3  8  

  PARENT 31793945 0.9557 - - - - - 

  PARENT 31654949 0.9515 - - - - - 

67 PROBAND 32164480 0.9669 1  2  0  2  5  

  PARENT 32163387 0.9668 - - - - - 

  PARENT 31778503 0.9553 - - - - - 

68 PROBAND 31863066 0.9578 2  0  27  5  34  

  PARENT 31661678 0.9517 - - - - - 

  PARENT 31710686 0.9532 - - - - - 

69 PROBAND 30540792 0.9181 1  0  0  7  8  

  PARENT 31424028 0.9446 - - - - - 

  PARENT 31291460 0.9406 - - - - - 

70 PROBAND 30871165 0.9280 1 0  0  7  8  

  PARENT 31061959 0.9337 - - - - - 

  PARENT 31009737 0.9321 - - - - - 
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71 PROBAND 31629769 0.9508 1  0  1  2  4  

  PARENT 31652273 0.9515 - - - - - 

  PARENT 31490397 0.9466 - - - - - 

72 PROBAND 31827873 0.9567 2  0  1  5  8  

  PARENT 31952190 0.9605 - - - - - 

  PARENT 31960410 0.9607 - - - - - 

73 PROBAND 31835180 0.9570 4  2  0  3  9  

  PARENT 32011786 0.9623 - - - - - 

  PARENT 31835875 0.9570 - - - - - 

74 PROBAND 31946660 0.9603 1  7  6  59  73  

  PARENT 31895425 0.9588 - - - - - 

  PARENT 31720177 0.9535 - - - - - 

75 PROBAND 31603919 0.9500 2  0  0  6  8  

  PARENT 31786367 0.9555 - - - - - 

  PARENT 31575928 0.9492 - - - - - 

76 PROBAND 31867380 0.9579 0  0  0  2  2 

  PARENT 31884845 0.9585 - - - - - 

  PARENT 31818928 0.9565 - - - - - 

77 PROBAND 31645365 0.9513 1  2  0  4  7  

  PARENT 32069448 0.9640 - - - - - 

  PARENT 32005083 0.9621 - - - - - 

78 PROBAND 32121583 0.9656 2  1  1  3  7  

  PARENT 32108262 0.9652 - - - - - 

  PARENT 31994124 0.9617 - - - - - 

79 PROBAND 31817357 0.9564 1  0  0  4  5  

  PARENT 32201919 0.9680 - - - - - 

  PARENT 31803013 0.9560 - - - - - 

80 PROBAND 32001319 0.9620 3  0  1  6  10  

  PARENT 32090510 0.9646 - - - - - 

  PARENT 31999392 0.9619 - - - - - 

81 PROBAND 32071445 0.9641 1  1  0  0  2  

  PARENT 31967637 0.9609 - - - - - 

  PARENT 32006853 0.9621 - - - - - 

82 PROBAND 31824634 0.9566 2  1  1  1  5  

  PARENT 31766727 0.9549 - - - - - 

  PARENT 31770068 0.9550 - - - - - 

83 PROBAND 31870756 0.9580 1  3  0  5  9  

  PARENT 31700758 0.9529 - - - - - 

  PARENT 31730260 0.9538 - - - - - 

84 PROBAND 31834941 0.9570 2  1  0  4  7  

  PARENT 31956826 0.9606 - - - - - 
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  PARENT 31749720 0.9544 - - - - - 

85 PROBAND 31816374 0.9564 1  4  4  13  22  

  PARENT 31850890 0.9574 - - - - - 

  PARENT 31866714 0.9579 - - - - - 

86 PROBAND 31710156 0.9532 1  2  1  5  9  

  PARENT 31917923 0.9594 - - - - - 

  PARENT 31777937 0.9552 - - - - - 

87 PROBAND 31763505 0.9548 1  0  0  3  4 

  PARENT 31719841 0.9535 - - - - - 

  PARENT 31872774 0.9581 - - - - - 

88 PROBAND 31663624 0.9518 1  0  0  2  3  

  PARENT 31797656 0.9558 - - - - - 

  PARENT 31758280 0.9546 - - - - - 

89 PROBAND 31851651 0.9575 2  0  0  2  4  

  PARENT 31875867 0.9582 - - - - - 

  PARENT 31580880 0.9493 - - - - - 

90 PROBAND 31813150 0.9563 1  0  0  10  11  

  PARENT 31830813 0.9568 - - - - - 

  PARENT 31977649 0.9612 - - - - - 

91 PROBAND 31668488 0.9519 2  0  1  2  5  

  PARENT 31824590 0.9566 - - - - - 

  PARENT 31887244 0.9585 - - - - - 

92 PROBAND 31775994 0.9552 0  5  4  17  26 

  PARENT 31906650 0.9591 - - - - - 

  PARENT 31623690 0.9506 - - - - - 

93 PROBAND 31470813 0.9460 1  4  0  20  25  

  PARENT 31762339 0.9548 - - - - - 

  PARENT 31575063 0.9491 - - - - - 

94 PROBAND 31830919 0.9568 1  3  0  2  6  

  PARENT 31729063 0.9538 - - - - - 

  PARENT 31723727 0.9536 - - - - - 

95 PROBAND 32249332 0.9694 0  0  1  0  1 

  PARENT 32106275 0.9651 - - - - - 

  PARENT 32073537 0.9641 - - - - - 

96 PROBAND 32116280 0.9654 2  1  1  4  8  

  PARENT 32228512 0.9688 - - - - - 

  PARENT 32122164 0.9656 - - - - - 

97 PROBAND 32046640 0.9633 2  0  0  4  6  

  PARENT 32056228 0.9636 - - - - - 

  PARENT 32351311 0.9725 - - - - - 

98 PROBAND 32723857 0.9837 3  0  0  6  9  
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  PARENT 32771660 0.9851 - - - - - 

  PARENT 32752824 0.9845 - - - - - 

99 PROBAND 31913390 0.9593 2  4  0  1  7  

  PARENT 32352650 0.9725 - - - - - 

  PARENT 32176410 0.9672 - - - - - 

100 PROBAND 32167113 0.9669 0  0  3  3  6  

  PARENT 32256368 0.9696 - - - - - 

  PARENT 32249893 0.9694 - - - - - 

101 PROBAND 32167860 0.9670 2  0  3  2  7  

  PARENT 32312436 0.9713 - - - - - 

  PARENT 31449853 0.9454 - - - - - 

102 PROBAND 32775400 0.9852 0  0  2  8  10  

  PARENT 32676746 0.9823 - - - - - 

  PARENT 32749120 0.9844 - - - - - 

103 PROBAND 32277208 0.9702 1  3  2  4  10  

  PARENT 32280395 0.9703 - - - - - 

  PARENT 32332872 0.9719 - - - - - 

104 PROBAND 32232511 0.9689 1  2  0  5  8  

  PARENT 32313934 0.9714 - - - - - 

  PARENT 32377225 0.9733 - - - - - 

105 PROBAND 32345166 0.9723 2  11  8  24  45  

  PARENT 32312117 0.9713 - - - - - 

  PARENT 32190869 0.9677 - - - - - 

106 PROBAND 32639700 0.9811 0  0  0  1  1  

  PARENT 32721399 0.9836 - - - - - 

  PARENT 32597951 0.9799 - - - - - 

107 PROBAND 32455111 0.9756 2  0  1  3  6  

  PARENT 32777456 0.9853 - - - - - 

  PARENT 32579201 0.9793 - - - - - 

108 PROBAND 32807671 0.9862 2  1  0  3  6  

  PARENT 32763064 0.9849 - - - - - 

  PARENT 32575708 0.9792 - - - - - 

109 PROBAND 32628831 0.9808 0  0  1  2  3  

  PARENT 32600720 0.9800 - - - - - 

  PARENT 32578850 0.9793 - - - - - 

110 PROBAND 32771172 0.9851 2  0  1  3  6  

  PARENT 32876891 0.9883 - - - - - 

  PARENT 32771307 0.9851 - - - - - 

111 PROBAND 32701948 0.9830 0  4  0  2  6  

  PARENT 32774081 0.9852 - - - - - 

  PARENT 32547409 0.9784 - - - - - 
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112 PROBAND 32168134 0.9670 0  0  0  4  4  

  PARENT 32218400 0.9685 - - - - - 

  PARENT 32124980 0.9657 - - - - - 

113 PROBAND 32659793 0.9817 1  2  0  4  7  

  PARENT 32866266 0.9880 - - - - - 

  PARENT 32626838 0.9808 - - - - - 

N4 PROBAND 29865851 0.8978 1  0  2  2  5 

  PARENT 30150419 0.9063 - - - - - 

  PARENT 28758134 0.8645 - - - - - 

N6 PROBAND 31725082 0.9537 2  0  0  1 3 

  PARENT 31343142 0.9422 - - - - - 

  PARENT 31498874 0.9469 - - - - - 

N8 PROBAND 29690895 0.8925 0 2  0  2  4  

  PARENT 30089672 0.9045 - - - - - 

  PARENT 32686702 0.9826 - - - - - 

N9 PROBAND 28992643 0.8715 1  0  8  2  11  

  PARENT 32179661 0.9673 - - - - - 

  PARENT 31959214 0.9607 - - - - - 

N10 PROBAND 31797123 0.9558 1  2  1  2  6  

  PARENT 31761062 0.9547 - - - - - 

  PARENT 31950601 0.9604 - - - - - 

N12 PROBAND 32502852 0.9770 3  0  1  1  5  

  PARENT 32472749 0.9761 - - - - - 

  PARENT 32280264 0.9703 - - - - - 

2.2.3 Identifying qualifying genotypes 

For each patient, we hypothesized that completely penetrant genotypes would 

explain the major clinical manifestations. Using the trio WES data along with in silico 

and population site frequency data of genetic variants, we generated a list of 

“qualifying genotypes” for each trio.  

Each variant had to meet specific quality control thresholds. In particular, all 

variants were required to pass the following quality filters to be considered: (1) at any 

genomic position where a de novo variant was called, read depth ≥10 in all three 

members of the trio, with both parents requiring <5% of the reads supporting the 
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mutant allele; (2) at any genomic positions forming recessive genotypes, we required 

read depth ≥3 in the proband and ≥10 in each contributing parent; (3) at any genomic 

position where a heterozygous variant was called, ≥25% of the reads had to support the 

alternative allele; (4) QUAL phred-scaled quality score of at least 30 (equivalent to a 

0.1% error rate); (5) QualByDepth (QD) score of at least 2; (6) the variant is not flagged 

within the Washington Exome Variant Server (EVS) as a SVM or INDEL5 putative 

artifact (http://evs.gs.washington.edu/EVS/HelpDescriptions.jsp?tab=tabs-

1#FilterStatus); and (6) pass a visual inspection using Integrative Genomics Viewer 

(IGV)146. 

In terms of functional annotation, we included only protein-altering variants, 

including truncating variants (stop gain, start loss, frameshift, canonical splice-site 

variants), missense variants, and inframe indels affecting protein-coding regions. We 

primarily focused on genotypes absent in control data sets.  

We systematically considered four different genetic models, using stratified 

European and African Americans in the Exon Variant Server (EVS) for minor allele 

frequency estimations: (i) germ-line de novo mutations, also absent in the available 

control populations (extended to include mitochondrial DNA sequence by requiring 

mother to have only the reference allele while the patient has only the mutant allele); 

(ii) recessive homozygous genotypes, which were heterozygous in both parents, never 

homozygous in controls, with a control allele frequency <1%; (iii) hemizygous X 

chromosome variants inherited from an unaffected heterozygous mother, with a 

control allele frequency <1% and never observed in male controls or homozygous in 

http://evs.gs.washington.edu/EVS/HelpDescriptions.jsp?tab=tabs-1#FilterStatus
http://evs.gs.washington.edu/EVS/HelpDescriptions.jsp?tab=tabs-1#FilterStatus
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female controls; and (iv) compound heterozygous genotypes in the patient (one variant 

inherited from each heterozygous parent, with the two variants occurring at different 

genomic positions within the same gene), for which neither variant was ever 

homozygous in controls, and each had a control allele frequency <1%. For the 

compound heterozygous genotypes, we further required that regardless of phasing, the 

two variants never co-occurred in the Center for Human Genome Variation controls. 

Genotypes meeting these criteria were referred to as “qualifying genotypes,” with the 

genes harboring qualifying genotypes referred to as “qualifying genes.” 

We further considered a small set of “exception genotypes” as those genotypes 

where, potentially due to incomplete penetrance, technical artifact, or other, we observe 

the same genotype in up to two of the 9,530 controls; however, that precise genotype 

has been previously reported in literature to be associated to a genetic disorder. These 

“exception genotypes” are of increasingly unclear significance, but should not be 

systematically dismissed without some additional scrutiny. 

2.2.4 Determination of genetic diagnosis 

For each trio, the list of qualifying genes was checked against OMIM 

(https://www.omim.org/). Specifically, we required that (i) the OMIM disease 

phenotype overlapped the patient’s clinical features; (ii) the qualifying genotype was 

consistent with the reported OMIM inheritance pattern (e.g., dominant or recessive); 

and (iii) the qualifying mutation itself was reported in a similarly affected patient or the 

qualifying mutation was of the same functional class (e.g., loss-of-function, missense) as 

those reported in a similarly affected patient. The genetics team then communicated 

https://www.omim.org/
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directly with the treating clinicians to discuss whether a relevant qualifying genotype 

could explain the clinical presentation of the patient. When both the genetics team and 

the treating clinicians agreed that the qualifying genotype was the final diagnosis, the 

qualifying genotype was considered to be a “genetic diagnosis”. We referred to cases 

assigned a diagnosis in this way as “resolved.” 

Each of the variants leading to a diagnosis was visually inspected using 

Integrative Genomics Viewer146 followed by Sanger validation. These Sanger 

validations were performed at the Center for Human Genome Variation for trios 

recruited from Sheba and by a CLIA-certified laboratory for trios recruited from Duke. 

For trios without a genetic diagnosis determined (unresolved), and with a 

sufficiently small number of qualifying genotypes, we performed a broader literature 

inspection to highlight potentially interesting candidates to be followed up in future 

studies. In particular, for each of the trios without a genetic diagnosis determined, we 

further considered those qualifying genotypes where 1) the qualifying gene has a 

RVIS44 percentile ≤75%, and 2) the qualifying variant is not assigned a PolyPhen-2 

benign47 prediction. We examined OMIM, MGI147, PubMed 

(http://www.ncbi.nlm.nih.gov/pubmed) and KEGG Pathway148 for the qualifying gene, 

and the OMIM for the gene(s) encoding a protein that interacts with the protein 

encoded by the qualifying gene, where the InWeb protein-protein interaction 

database149 was used.   
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2.2.5 Bioinformatic signatures of causal variants 

Among the patients who did not have a genetic diagnosis determined by an 

inherited genotype, we used a previously described gene-level and variant-level 

prioritization framework to interpret the properties of their de novo mutations in 

comparison with control trio de novo mutations44. For the gene-level score, we used the 

Residual Variation Intolerance Score44 scoring system introduced by Petrovski et al. For 

the variant-level score, we took the Ensembl PolyPhen-2 HumVar scores47 for missense 

de novo mutations and assigned nonsense and canonical splice-site mutations a score of 

1. Synonymous mutations were assigned a score of 0. We prioritized de novo mutations 

that reside in the “hot zone” previously defined by Petrovski et al.44 by a Residual 

Variation Intolerance Score percentile score (y-axis) ≤0.25 and a PolyPhen-2 score (x-

axis) ≥0.95. We used data from 728 published control trio subjects89,90,92,98,102,104; 337 

controls had at least one assessable de novo mutation to estimate the empirical 

distribution of the gene-level and variant-level scores in the 2D space, particularly the 

expected proportion of de novo mutations within the hot zone. 

When multiple CCDS transcripts of a gene were affected by the mutation, the 

most damaging PolyPhen-2 HumVar score47 was used. When PolyPhen-2 scores were 

classified as “unknown” by Ensembl, we recovered the score using the PolyPhen-2 web 

interface “HumVar CCDS” transcript option. For cases and controls with multiple de 

novo mutations, we considered only the most damaging de novo mutation, assessed by 

Euclidean distance from the most damaging coordinate (i.e., PolyPhen-2 score of 1 [x-

axis], and RVIS percentile score of 0 [y-axis]). We excluded de novo single nucleotide 
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substitution mutations occurring in genes without an available RVIS score (16 control 

and 12 case de novo mutations), and also mutations subsequently found to be present as 

variants in the NHLBI ESP database (n=53 control de novo mutations). This resulted in a 

list of 472 control and 109 case single nucleotide substitution de novo mutations. 

We subsequently incorporated new information about essential mouse genes as 

extracted from the Mouse Genome Database by Georgi et al.150. A correlation had been 

previously established between essential mouse genes and genes that are intolerant to 

functional variation in the human population (Residual Variation Intolerance Score; P = 

1.3 × 10−114) (Table 1 of Petrovski et al.44). Despite this correlation, we wanted to assess 

whether integrating intolerant scores with the essential gene list would create a 

stronger signature of pathogenic mutations. We therefore assessed the value of taking 

the intersection between de novo hot zone mutations and 2,472 essential genes—human 

orthologs of genes that result in lethality when either or both copies are disrupted in 

mice147,150. 

2.3 Results 

2.3.1 Genetic diagnosis based on known gene–disease associations 

On average, 94.2% of the exome-wide consensus coding sequence (CCDS) 

sequence (release 14) was covered with at least 10-fold coverage (Table 2). We 

identified an average of 11 qualifying genotypes for each trio, averaging 1 de novo, 1 

newly hemizygous, 3 newly homozygous, and 6 compound heterozygous genotypes 

(Table 3). Compared with Duke trios (n = 71), Sheba trios (n = 48) had, on average, more 

newly homozygous qualifying genotypes (Table 3); this is consistent with the higher 
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percentage of consanguinity among Sheba trios (18.8 vs. 1.4% among Duke trios; Table 

1). Sheba trios also had more qualifying genotypes than Duke trios (Table 3), consistent 

with the fact that our control cohorts (comprising primarily Caucasians) are more 

ethnically matched with Duke trios than with Sheba trios (Middle Eastern origin). 

Table 3. Average numbers of qualifying genotypes identified in trios recruited from Duke and 

Sheba. Note: Synonymous variant effects have been excluded from below comparisons. Adapted from 

Zhu et al. 

  Duke (n=71) Sheba (n=48) p value (Two Sample t-test) 

Percentage of CCDS r14 (%) 94.91% 93.19% p = 0.004 

De novo mutation 1.13 0.71 p = 0.011 

Newly hemizygous genotype 1.14 1.23 p = 0.789 

Newly homozygous genotype 1.17 5.54 p = 0.004 

Compound heterozygous genotype 5.24 7.17 p = 0.166 

Tally 8.68 14.65 p = 0.003 

 

Discussion with the treating physicians followed by Sanger validation 

established the diagnoses for a total of 28 patients (Table 4 and see below for 

interpretation of individual cases). Thirteen (46%, including the MT-ATP6 mutation in 

Trio 8 because it was likely de novo) were due to a de novo mutation, seven (25%) were 

due to a newly homozygous genotype, five (18%) were due to a newly hemizygous 

genotype, and three (11%) were due to a compound heterozygous genotype. The 

percentage of cases diagnosed with recessive conditions is higher than that reported in 

previous studies140, presumably due to the increased level of consanguinity in the 

Israeli cohort as compared with the populations in most other published WES 

diagnostic studies. 

Table 4. Genetic diagnoses determined by trio exome analysis for 119 patients. a. Reanalyzed 

trios that were reported in Anna et al. b. "Exception genotype". c. Sanger sequencing failed in the 

mother (due to insufficient DNA amount) but the variant is very likely to be confirmed as newly 
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hemizygous as the variant is present in patient and absent in father. d. Failed three rounds of primer 

design and optimization. e. Two contributing variants. f. One contributing variant. g. Not exactly the 

same genomic position but affecting the same codon, resulting in a different amino acid from the 

reported mutation. h. D=Duke; S=Sheba. Adapted from Zhu et al. 

Trio Gene 
Variant 
type 

Function 
Transcript 
change 

Amino acid 
change 

Condition determined 

1 PIGA 
hemizy
gous 

missense 
ENST000003335
90.4:c.1352T>C 

ENSP000003698
20.3:p.Ile451Thr 

Multiple congenital 
anomalies-hypotonia-
seizures syndrome 
(OMIM 300868) 

3 GPI 
homozy
gous 

missense 
ENST000004159
30.3:c.1099G>A 

ENSP000004055
73.2:p.Asp367As
n 

Hemolytic anemia 
(OMIM 613470) 

7 PIGN 

compo
und 
heteroz
ygous 

missense/ 
splice site 

ENST000003576
37.5:c.1261T>C/
ENST000003576
37.5:c.675-1G>C 

ENSP000003502
63.4:p.Cys421Ar
g/- 

Multiple congenital 
anomalies-hypotonia-
seizures syndrome 1 
(OMIM 614080) 

8 MT-ATP6 

mitoch
ondrial 
(de 
novo) 

missense 
ENST000003618
99.2:c.467T>G 

ENSP000003546
32.2:p.Leu156Ar
g 

Leigh syndrome (OMIM 
256000) 

10 KCNQ2 de novo missense 
ENST000003591
25.2:c.841G>A 

ENSP000003520
35.2:p.Gly281Ar
g 

Epileptic encephalopathy 
(OMIM 613720) 

18 NDUFAF2 
homozy
gous 

missense 
ENST000002965
97.5:c.1A>T 

ENSP000002965
97.5:p.Met1? 

Mitochondrial complex I 
deficiency (OMIM 
252010) 

19 TECPR2
b
 

homozy
gous 

frameshift 
ENST000003595
20.7:c.1319delT 

ENSP000003525
10.7:p.Leu440Ar
gfsTer19 

Spastic paraplegia 49, 
autosomal recessive 
(OMIM 615031) 

24 PDHA1 
hemizy
gous 

missense 
ENST000003798
06.5:c.328C>T 

ENSP000003691
34.5:p.Arg110Cy
s 

Pyruvate dehydrogenase 
E1-alpha deficiency 
(OMIM 312170) 

26 GCDH 

compo
und 
heteroz
ygous 

missense/ 
missense 

ENST000002222
14.5:c.301G>A/E
NST0000022221
4.5:c.1213A>G 

ENSP000002222
14.4:p.Gly101Ar
g/ENSP00000222
214.4:p.Met405
Val 

Glutaricaciduria, type I 
(OMIM 231670) 

27 CLN6 
homozy
gous 

missense 
ENST000002498
06.5:c.443T>A 

ENSP000002498
06.5:p.Val148As
p 

Ceroid lipofuscinosis, 
neuronal, 6 (OMIM 
601780) 

32 ASXL3 de novo frameshift 
ENST000002691
97.5:c.4152_415
3delTG 

ENSP000002691
97.4:p.Val1385Il
efsTer14 

Bainbridge-Ropers 
syndrome (OMIM 
615485) 

33 GNE de novo missense 
ENST000005398
15.1:c.797G>A 

ENSP000004391
55.1:p.Arg266Gl
n 

Sialuria (OMIM 269921) 

45 GNAO1 de novo missense 
ENST000002624
94.7:c.124G>C 

ENSP000002624
94.7:p.Gly42Arg 

Epileptic 
encephalopathy, early 
infantile, 17 (OMIM 
615473) 

49 SNX10 
homozy
gous 

missense 
ENST000003385
23.4:c.284G>A 

ENSP000003437
09.4:p.Arg95His 

Osteopetrosis, 
autosomal recessive 8 
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(OMIM 615085) 

52 SLC6A8 
hemizy
gous 

inframe 
deletion 

ENST000002531
22.5:c.316_318d
elTTC 

ENSP000002531
22.5:p.Phe106de
l 

Cerebral creatine 
deficiency syndrome 1 
(OMIM 300352) 

53 KCNT1 de novo missense 
ENST000003717
57.2:c.2386T>C 

ENSP000003608
22.2:p.Tyr796His 

Epilepsy, nocturnal 
frontal lobe, 5 (OMIM 
615005) 

58 DES 

compo
und 
heteroz
ygous 

nonsense/ 
nonsense 

ENST000003739
60.3:c.757C>T/E
NST0000037396
0.3:c.1285C>T 

ENSP000003630
71.3:p.Gln253Te
r/ENSP00000363
071.3:p.Arg429T
er 

Myopathy, myofibrillar, 1 
(OMIM 601419) 

59 AIFM1
c
 

hemizy
gous 

missense 
ENST000002872
95.3:c.1019T>C 

ENSP000002872
95.3:p.Met340T
hr 

Cowchock syndrome 
(OMIM 310490) 

61 FOXG1
d
 de novo nonsense 

ENST000003825
35.3:c.406G>T 

ENSP000003719
75.3:p.Glu136Te
r 

Rett syndrome, 
congenital variant 
(OMIM 613454) 

65 DYNC1H1 de novo missense 
ENST000003601
84.4:c.5885G>T 

ENSP000003489
65.4:p.Arg1962L
eu 

Mental retardation, 
autosomal dominant 13 
(OMIM 614563) 

66 DPYD
b
 

homozy
gous 

splice site 
ENST000003701
92.3:c.1905+1G>
A 

- 

Dihydropyrimidine 
dehydrogenase 
deficiency (OMIM 
274270) 

67 NOTCH2 de novo nonsense 
ENST000002566
46.2:c.7198C>T 

ENSP000002566
46.2:p.Arg2400T
er 

Hajdu-Cheney syndrome 
(OMIM 102500) 

78 NFIX de novo missense 
ENST000003976
61.2:c.236T>C 

ENSP000003807
81.2:p.Leu79Pro 

Sotos syndrome 2 
(OMIM 614753) 

95 NPC1 
homozy
gous 

missense 
ENST000002692
28.5:c.3182T>C 

ENSP000002692
28.4:p.Ile1061Th
r 

Niemann-Pick disease, 
type C1 (OMIM 257220) 

96 DYNC1H1 de novo missense 
ENST000003601
84.4:c.6994C>T 

ENSP000003489
65.4:p.Arg2332C
ys 

Mental retardation, 
autosomal dominant 13 
(OMIM 614563) 

113 ABCC9 de novo missense 
ENST000002612
00.4:c.3347G>A 

ENSP000002612
00.4:p.Arg1116H
is 

Hypertrichotic 
osteochondrodysplasia 
(OMIM 239850) 

N8
a
 ATRX 

hemizy
gous 

missense 
ENST000003733
44.5:c.736C>T 

ENSP000003624
41.4:p.Arg246Cy
s 

Alpha-
thalassemia/mental 
retardation syndrome 
(OMIM 301040) 

N12
a
 SRCAP de novo nonsense 

ENST000002625
18.4:c.7330C>T 

ENSP000002625
18.4:p.Arg2444T
er 

Floating-Harbor 
syndrome (OMIM 
136140) 

 

We have four examples in which the genetic diagnosis led to an immediate 

change in management. For two of the four patients, the genetic diagnoses informed 

specific pharmacotherapies. These patients are the patient of trio 10, who has a de novo 

missense mutation in KCNQ2 and has been prescribed retigabine151, and the patient of 
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trio 53, who has a de novo missense mutation in KCNT1 and has been treated with 

quinidine152. Retigabine treatment has reduced seizure frequency in the first patient 

(trio 10) despite a lack of an observable positive effect on development. In two 

additional patients (trio 24 and trio 26), the genetic diagnoses led to specific diet 

interventions that significantly improved the patients’ metabolic conditions. 

Below is the interpretation of each of the 28 resolved cases individually, 

illustrating how the strategies aforementioned were implemented to achieve the genetic 

diagnosis of each case. 

Trio 1 (Sheba) 

 Clinical Presentation: This was a 9-year old male born to non-consanguineous 

Yemenite Jewish parents after a 40-week gestation. He was normal until 3 weeks old, 

when he started to develop profound intellectual disability (in gross motor, fine motor, 

language, and social/cognitive functions) with Angelman features and epileptic 

encephalopathy. His brother was similarly affected, but both parents were unaffected 

and there was no known family history relevant to the disease. He had a normal 

karyotype, a non-informative genotyping chip result to test for homozygosity, and 

negative genetic testing results for ARX and MECP2. He had normal metabolic screens 

and a normal brain MRI. Electroencephalogram (EEG) showed generalized activity. He 

had myoclonic seizures, his head circumference was at the 2nd percentile, and otherwise 

no noteworthy phenotypes were noted in the proband. Analysis of X chromosome 

inactivation in his mother showed 85% skewing. 
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 WES results and interpretation: Qualifying variants are shown in Table 5 and 

Table 6 below. 

Table 5. Qualifying variants of Trio 1: de novo mutations (de novo), newly hemizygous variants 

(hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 

Gene 
linked to 
disease 

in 
OMIM

2
 

de novo 11_128781800_A missense KCNJ5 Yes 

hemi X_15339731_G missense PIGA Yes 

hemi X_20071103_T missense MAP7D2 No 

hemi X_63445392_A missense ASB12 No 

hemi X_71350275_G missense RGAG4 No 

hom 1_46726525_T missense RAD54L Yes 

hom 2_230841011_T missense FBXO36 No 

hom 5_96058353_G missense CAST No 

hom 7_139791645_A missense JHDM1D No 

hom 7_141619405_T missense OR9A4 No 

hom 7_150035522_T missense RARRES2 No 

hom 7_150761700_T missense SLC4A2 No 

hom 16_51174212_T missense SALL1 Yes 

hom 17_8701015_G missense MFSD6L No 

hom 19_10461586_C missense TYK2 Yes 

hom 19_10476477_A missense TYK2 Yes 

hom 19_11242273_A missense SPC24 No 

hom 19_12015985_A missense ZNF69 No 

hom 19_12638689_C missense ZNF564 No 

 

Table 6. Qualifying variants of Trio 1: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 

Gene 
linked 

to 
disease 

in 
OMIM 

comphet 1_12342768_G missense 1_12343493_A missense VPS13D No 

comphet 1_12342768_G missense 1_12439573_T missense VPS13D No 

comphet 2_179401845_G missense 2_179408330_C missense TTN Yes 

comphet 2_179401845_G missense 2_179650454_T missense TTN Yes 

                                                      
2 At the time when this work was done; the same hereafter. 
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comphet 2_179408330_C missense 2_179578713_C missense TTN Yes 

comphet 3_10258632_G missense 3_10280663_A missense IRAK2 No 

comphet 4_52861861_C missense 4_52869437_G missense LRRC66 No 

comphet 5_79034284_A missense 5_79054599_T missense CMYA5 No 

comphet 8_144522278_G missense 8_144589985_A missense ZC3H3 No 

comphet 10_119768600_C missense 10_119798554_C missense RAB11FIP2 No 

comphet 21_45789173_T stop gain 21_45815307_C missense TRPM2 No 

comphet 21_45789173_T stop gain 21_45845568_A missense TRPM2 No 

comphet 21_45949803_A missense 21_45953755_A missense TSPEAR Yes 

comphet 21_45953755_A missense 21_45953767_T missense TSPEAR Yes 

 

Trio 1 had a total of 33 qualifying genetic findings: 1 de novo, 4 newly 

hemizygous, 14 newly homozygous, and 14 compound heterozygous, of which 1 de 

novo (KCNJ5), 1 newly hemizygous (PIGA), 4 homozygous (RAD54L, SALL1, 2 in TYK2), 

and 5 compound heterozygous (3 in TTN and 2 in TSPEAR) were associated with at 

least one condition in OMIM. KCNJ5 was associated with familial hyperaldosteronism 

type III (613677) and Long QT syndrome 13 (613485), obviously neither of which could 

explain the phenotype of the proband. Similarly, RAD54L (associated with cancer), 

TYK2 (associated with immunodeficiency), TTN (associated with cardiomyopathy and 

muscular dystrophy), and TSPEAR (associated with deafness) could not explain the 

phenotype of the proband. SALL1 was associated with Townes-Brocks syndrome and 

Townes-Brocks branchiootorenal-like syndrome (107480), which might explain the 

proband’s microcephaly and intellectual disability, but also presented with many 

dysmorphic features and malformations involving cardiovascular, gastrointestinal, 

genitourinary, and skeletal systems not seen in the proband. Importantly, Brocks 

syndrome and Townes-Brocks branchiootorenal-like syndrome (107480) were 
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autosomal dominant, and the proband in Trio 1 had a homozygous variant, and both 

parents were heterozygous and unaffected.   

 The only remaining candidate was a hemizygous variant in PIGA transmitted to 

the proband from his mother. Somatic mutations in PIGA were associated with 

paroxysmal nocturnal hemoglobinuria (300818) and irrelevant here. Germline 

mutations in PIGA were associated with multiple congenital anomalies-hypotonia-

seizures syndrome 2 (300868), an X-linked recessive disorder presenting in utero or 

early infancy with multiple congenital anomalies (including microcephaly) and 

neurologic features including epileptic encephalopathy, severely delayed psychomotor 

development, psychomotor arrest and regression, lack of speech, abnormal EEGs, and 

myoclonic seizures. As a result, it could explain most if not all clinical features seen in 

our proband, although our proband did not have dysmorphic features or other 

extraneurologic features. However, this was not considered a strong counter-evidence 

because it was well documented in OMIM that the syndrome (300868) had variable 

severity and extraneurologic features. Discussion with the treating medical geneticist 

further confirmed the excellent match in clinical presentation.  

 Remarkably, the mode of inheritance was consistent: mutations in PIGA were 

associated with X-linked recessive multiple congenital anomalies-hypotonia-seizures 

syndrome 2 (300868), and our proband was a male with a hemizygous qualifying 

variant in PIGA inherited from his mother. His brother was similarly affected, who 

might also be a hemizygous of the same variant. The qualifying variant, X_15339731_G, 

was absent in our internal controls and EVS and predicted to be a probably damaging 
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(by PolyPhen-2 HumVar) missense variant causing a p.Ile451Thr change in the protein 

(ENSP00000369820.3). Importantly, in ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/), 

similar missense variants had been reported to be associated with the syndrome and 

pathogenic, for example p.Ile206Phe, p.Arg119Trp, p.Pro93Leu, and p.Arg77Leu. This 

was important because we required the qualifying variant to be of the same functional 

class (here, missense for PIGA) as those reported in a similarly affected patient. After a 

discussion with the treating medical geneticist on the genetic and clinical evidences and 

Sanger validation of the variant, the qualifying variant in PIGA was established as the 

genetic diagnosis and the proband of Trio 1 was resolved. The IGV visualization of the 

PIGA mutation in Trio 1 is shown in Figure 7. 

 

Figure 6. Hemizygous PIGA mutation in Trio 1. 
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Trio 3 (Sheba) 

 Clinical Presentation: This was a 5-year old male born to non-consanguineous 

parents after a 36-week gestation. His father was Ashkenazi Jewish, and his mother was 

Ashkenazi and Yemenite Jewish. While in utero, ultrasound showed shortage of long 

bones and polyhydramnios. He was born with jaundice due to hemolytic anemia and 

admitted to the neonatal intensive care unit (NICU) after birth. His development was 

delayed and had severe intellectual disability (in motor, language, and social/cognitive 

functions) without regression of developmental milestones or signs of autism spectrum 

disorder (ASD). He had myoclonic seizures controlled by ketogenic diet. He had 

Coombs-negative ongoing hemolytic anemia with hyperreactive bone marrow. He also 

had feeding difficultites, sparse red hair, hypotonia, and poor growth. Both parents 

were unaffected and there was no known family history relevant to the disease. His 

karyotype was normal. Metabolic screens revealed a low phosphoglycerate kinase 

which was not considered as pathologic. Brain MRI showed mild atrophy. EEG showed 

generalized polyspike and wave. 

 WES results and interpretation: Qualifying variants are shown in Table 7 and 

Table 8 below. 

Table 7. Qualifying variants of Trio 3: de novo mutations (de novo), newly hemizygous variants 

(hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to 

disease in OMIM 

de novo 6_147703912_T splice site acceptor STXBP5 No 

hemi X_54786347_G missense ITIH6 No 

hom 1_183196682_G missense LAMC2 Yes 

hom 16_89985913_C missense MC1R Yes 

hom 18_77926937_G missense AC139100.2 No 
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hom 19_34887209_A missense GPI Yes 

hom 22_20082293_G missense DGCR8 No 

 

Table 8. Qualifying variants of Trio 3: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease 
in OMIM 

comphet 1_152275876_T missense 1_152284628_A missense FLG Yes 

comphet 1_152275883_A missense 1_152284628_A missense FLG Yes 

comphet 1_152277578_G missense 1_152284628_A missense FLG Yes 

comphet 7_97846742_A missense 7_97861243_C missense TECPR1 No 

comphet 11_103114467_C missense 11_103157038_T missense DYNC2H1 Yes 

comphet 11_3720483_C missense 11_3723730_T missense NUP98 No 

comphet 19_9058593_T missense 19_9064929_A missense MUC16 No 

 

Trio 3 had a total of 14 qualifying genetic findings: 1 de novo, 1 newly 

hemizygous, 5 newly homozygous, and 7 compound heterozygous, of which 3 

homozygous (LAMC2, MC1R, and GPI) and 4 compound heterozygous (DYNC2H1 and 

3 in FLG) were associated with at least one condition in OMIM. LAMC2 (associated 

with skin disorders), MC1R (associated with skin pigmentation, cutaneous malignant 

melanoma, and analgesia), DYNC2H1 (associated with Short-rib thoracic dysplasia 3 

with or without polydactyly [613091]), and FLG (associated with ichthyosis vulgaris 

[146700]) obviously could not explain the proband’s phenotype, leaving GPI the only 

remaining genetic candidate. 

Mutations in GPI were known to cause nonspherocytic hemolytic anemia due to 

glucose phosphate isomerase deficiency (613470), an autosomal recessive disorder. Our 

proband had a homozygous qualifying variant in GPI, consistent with the inheritance 

pattern. GPI-associated nonspherocytic hemolytic anemia (613470) presented with 
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jaundice, nonspherocytic hemolytic anemia, muscle weakness, mental retardation, and 

mixed sensory and cerebellar ataxia, explaining most clinical features of our proband.  

The proband of Trio 3 had a homozygous missense qualifying variant in GPI. 

The variant, 19_34887209_A, was absent in internal population controls and EVS and 

predicted to be a probably damaging (by PolyPhen-2 HumVar) missense variant 

causing a p.Asp367Asn change in the protein (ENSP00000405573.2). Importantly, in 

ClinVar, similar missense variants had been reported to be associated with 

nonspherocytic hemolytic anemia (613470) and pathogenic, the closest (in terms of 

physical proximity in the linear amino acid sequence) being p.Arg347His and 

p.Thr375Arg, further supporting the pathogenicity of the GPI qualifying variant 

identified in our proband. After a discussion with the treating medical geneticist on the 

genetic and clinical evidences and Sanger validation of the variant, the qualifying 

variant in GPI was established as the genetic diagnosis and the proband of Trio 3 was 

resolved. The IGV visualization of the GPI mutation in Trio 3 is shown in Figure 8. 
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Figure 7. Homozygous GPI mutation in Trio 3. 

Trio 7 (Sheba) 

Clinical Presentation: This was a 4-year old female born to non-consanguineous 

parents after a 40-week gestation. Her father was Ashkenazi Jewish, and her mother 

was Moroccan Jewish. While in utero, she was suspected to have intrauterine seizures. 

Since the first day she was born, she started to have myoclonic jerks, intractable 

multifocal epilepsy, and epileptic encephalopathy. She had profound intellectual 

disability and a global developmental delay without meeting any milestones in motor, 

language, or social/cognitive functions. She also had neuropathy, muscle atrophy, 

muscle weakness, hypotonia, cardiomyopathy, cortical blindness, and hydronephrosis, 

and received tracheostomy and percutaneous endoscopic gastrostomy. Her head 

circumference was at the 2nd percentile. Both parents were unaffected and there was no 
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known family history relevant to the disease. She had a normal karyotype and 

chromosomal microarray, and negative test results for STXBP1, CDKL5, SCN1A, and 

SCL2A1. She also had normal metabolic screens and a negative muscle biopsy. 

Cerebrospinal fluid (CSF) test showed a high protein. Brain MRI showed progressive 

cerebellar and cerebral atrophy and leukoencephalopathy. EEG showed multifocal 

activity during seizures. 

 WES results and interpretation: Qualifying variants are shown in Table 9 

below. 

Table 9. Qualifying variants of Trio 7: compound heterozygous (comphet). 

Flag Variant 1 
Function 

1 
Variant 2 

Function 
2 

Gene 

Gene 
linked 

to 
disease 

in 
OMIM 

comphet 1_115221116_A missense 1_115216362_115216362_DEL_A frameshit AMPD1 Yes 

comphet 2_179398747_C missense 2_179405034_A missense TTN Yes 

comphet 2_179398747_C missense 2_179422669_T missense TTN Yes 

comphet 2_179399451_T missense 2_179405034_A missense TTN Yes 

comphet 2_179399451_T missense 2_179422669_T missense TTN Yes 

comphet 2_179405034_A missense 2_179410666_A missense TTN Yes 

comphet 2_179405034_A missense 2_179414800_T missense TTN Yes 

comphet 2_179405034_A missense 2_179416801_C missense TTN Yes 

comphet 2_179405034_A missense 2_179417091_T missense TTN Yes 

comphet 2_179405034_A missense 2_179428299_T missense TTN Yes 

comphet 2_179405034_A missense 2_179449579_T missense TTN Yes 

comphet 2_179405034_A missense 2_179482533_T missense TTN Yes 

comphet 2_179405034_A missense 2_179486376_T missense TTN Yes 

comphet 2_179405034_A missense 2_179539812_G missense TTN Yes 

comphet 2_179405034_A missense 2_179581971_T missense TTN Yes 

comphet 2_179405034_A missense 2_179584831_C missense TTN Yes 

comphet 2_179405034_A missense 2_179591917_C missense TTN Yes 

comphet 2_179405034_A missense 2_179594059_C missense TTN Yes 

comphet 2_179405034_A missense 2_179612635_T missense TTN Yes 

comphet 2_179405034_A missense 2_179640598_T missense TTN Yes 
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comphet 2_179410666_A missense 2_179422669_T missense TTN Yes 

comphet 2_179414800_T missense 2_179422669_T missense TTN Yes 

comphet 2_179416801_C missense 2_179422669_T missense TTN Yes 

comphet 2_179417091_T missense 2_179422669_T missense TTN Yes 

comphet 2_179422669_T missense 2_179428299_T missense TTN Yes 

comphet 2_179422669_T missense 2_179449579_T missense TTN Yes 

comphet 2_179422669_T missense 2_179482533_T missense TTN Yes 

comphet 2_179422669_T missense 2_179486376_T missense TTN Yes 

comphet 2_179422669_T missense 2_179539812_G missense TTN Yes 

comphet 2_179422669_T missense 2_179581971_T missense TTN Yes 

comphet 2_179422669_T missense 2_179584831_C missense TTN Yes 

comphet 2_179422669_T missense 2_179591917_C missense TTN Yes 

comphet 2_179422669_T missense 2_179594059_C missense TTN Yes 

comphet 2_179422669_T missense 2_179612635_T missense TTN Yes 

comphet 2_179422669_T missense 2_179640598_T missense TTN Yes 

comphet 6_152605135_A missense 6_152675934_T missense SYNE1 Yes 

comphet 22_30189639_T missense 22_30189643_A missense ASCC2 No 

comphet 2_179477529_G missense 2_179517632_A missense TTN Yes 

comphet 2_179517632_A missense 2_179539812_G missense TTN Yes 

comphet 2_179517632_A missense 2_179581971_T missense TTN Yes 

comphet 2_179517632_A missense 2_179584831_C missense TTN Yes 

comphet 2_179517632_A missense 2_179591917_C missense TTN Yes 

comphet 2_179517632_A missense 2_179594059_C missense TTN Yes 

comphet 2_179517632_A missense 2_179612635_T missense TTN Yes 

comphet 2_179517632_A missense 2_179640598_T missense TTN Yes 

comphet 18_59780540_G missense 18_59814335_G 
splice site 
acceptor 

PIGN Yes 

 

Trio 7 had a total of 46 qualifying genetic findings and all were compound 

heterozygous, of which 45 (AMPD1, PIGN, SYNE1, and 42 in TTN) were associated 

with at least one condition in OMIM. SYNE1 (associated with muscular dystrophy and 

spinocerebellar ataxia) and TTN (associated with cardiomyopathy and muscular 

dystrophy) obviously could not explain the proband’s phenotype. AMPD1 was 

associated with myopathy due to myoadenylate deaminase deficiency (615511), an 

autosomal recessive disorder (consistent with compound heterozygous) presenting 
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with muscle fatigue, muscle weakness, hypotonia, with highly variable age at onset and 

clinical phenotype (and some patients could be asymptomatic). This might explain 

some of the muscular phenotypes seen in the proband but not the neurological 

phenotypes that were of primary concern. Interestingly, the proband was compound 

heterozygous for 1_115221116_A, a known missense pathogenic variant 

(https://www.ncbi.nlm.nih.gov/clinvar/variation/92330/) inherited from her father, and 

1_115216362_115216362_DEL_A, a frameshift variant inherited from her mother, and 

previously a loss-of-function variant (p.Gln45Ter, 

https://www.ncbi.nlm.nih.gov/clinvar/variation/18271/) had been reported to be 

pathogenic, suggesting potential pathogenicity of 1_115216362_115216362_DEL_A. As a 

result, the AMPD1 compound heterozygous might contribute to the proband’s 

muscular phenotype but was not sufficient to explain the other major clinical 

phenotypes. 

The only remaining genetic candidate was PIGN associated with multiple 

congenital anomalies-hypotonia-seizures syndrome-1 (MCAHS1, 614080), an autosomal 

recessive disorder (consistent with compound heterozygous) presenting with delayed 

psychomotor development, intellectual disability, absent speech, hypotonia, seizures, 

cerebellar and cerebral atrophy, and hydronephrosis with onset at birth or in utero. The 

clinical fit was excellent. The proband of Trio 7 was compound heterozygous for 

18_59780540_G (inherited from her father) and 18_59814335_G (inherited from her 

mother). 18_59780540_G was absent in internal controls and EVS and predicted to be a 

possibly damaging (by PolyPhen-2 HumVar) missense variant causing a p.Cys421Arg 
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change in the protein (ENSP00000350263.4). Importantly, in ClinVar, similar missense 

variants had been reported to be associated with MCAHS1 (614080) and pathogenic (for 

example, p.Asp252Val, p.Ser270Pro, and p.Arg709Gln). 18_59814335_G had an allele 

frequency of 0.0001727 in internal controls (1 heterozygous in 2,895 controls having 

coverage at this site and no homozygous) and was absent in EVS. It was predicted to be 

a splice site acceptor variant (ENST00000357637.5:c.675-1G>C) and in ClinVar a splice 

donor variant (NM_176787.4(PIGN):c.1674+1G>C) had been reported before as the 

cause of MCAHS1, indicating disrupting splicing was a known mechanism of PIGN 

mutations to cause MCAHS1. After a discussion with the treating medical geneticist on 

the genetic and clinical evidences and Sanger validation of the variants, the qualifying 

variants in PIGN was established as the genetic diagnosis and the proband of Trio 7 

was resolved. The IGV visualization of the PIGN mutations in Trio 7 is shown in Figure 

9 and Figure 10. 
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Figure 8. Compound heterozygous PIGN genotype (mutation 1) in Trio 7. 

 

Figure 9. Compound heterozygous PIGN genotype (mutation 2) in Trio 7. 
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Trio 8 (Sheba) 

Clinical Presentation: This was a 4-year old male born to non-consanguineous 

parents after a 38-week gestation. His father was Bukharan Sephardic Jewish, and his 

mother was Georgian Jewish. He had normal early development but regression in 

motor and language milestones at 7-8 months. He developed features of ASD, and IQ 

test showed severe intellectual disability. He had strabismus, abnormal BERA 

(brainstem evoked response audiometry) test, apnea, aspiration during feeding, 

hypotonia, and chorea. Metabolic screens revealed elevated lactate in blood and CSF. 

Muscle biopsy showed decreased complex II and V consistent with nuclear 

mitochondrial defect, and pyruvate dehydrogenase was normal. His brain MRI showed 

basal ganglia and brainstem necrosis with cortical atrophy, indicating Leigh syndrome. 

EEG showed hypsarrhythmia. Both parents were unaffected and there was no known 

family history relevant to the disease. 

 WES results and interpretation: Qualifying variants are shown in Table 10 and 

Table 11 below. 

Table 10. Qualifying variants of Trio 8: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 2_127826559_A missense BIN1 Yes 

hemi X_103495063_C missense ESX1 No 

hemi X_138733881_A missense MCF2 No 

hom MT_8993_G missense MT-ATP6 Yes 
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Table 11. Qualifying variants of Trio 8: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 

Gene 
linked to 
disease in 

OMIM 

comphet 2_179397150_C missense 2_179441731_C missense TTN Yes 

comphet 2_179397150_C missense 2_179517605_A missense TTN Yes 

comphet 2_179412187_C missense 2_179441731_C missense TTN Yes 

comphet 2_179412187_C missense 2_179517605_A missense TTN Yes 

comphet 2_179441731_C missense 2_179472908_C missense TTN Yes 

comphet 2_179472908_C missense 2_179517605_A missense TTN Yes 

comphet 6_32006867_A missense 6_32007370_T missense CYP21A2 Yes 

comphet 17_73780866_C missense 17_73813504_C missense UNK No 

comphet 19_8996341_C missense 19_9086635_T missense MUC16 No 

comphet 19_9063675_A missense 19_9086635_T missense MUC16 No 

comphet 19_55494126_G missense 19_55494466_A missense NLRP2 No 

 

Trio 8 had a total of 15 qualifying genetic findings: 1 de novo, 2 newly 

hemizygous, 1 newly homozygous, and 11 compound heterozygous, of which 1 de novo 

(BIN1), 1 homozygous (MT-ATP6) and 7 compound heterozygous (CYP21A2 and 6 in 

TTN) were associated with at least one condition in OMIM. BIN1 was associated with 

autosomal recessive centronuclear myopathy-2 (255200) and both the phenotype and 

inheritance pattern (heterozygous variant) were inconsistent. CYP21A2 (associated with 

21-hydroxylase deficiency) and TTN (associated with cardiomyopathy and muscular 

dystrophy) could not explain the proband’s phenotype, leaving MT-ATP6 the only 

remaining genetic candidate. 

Mutations in MT-ATP6 were known to cause Leigh syndrome (256000), a 

clinically and genetically heterogeneous condition. It could present with failure to 

thrive, strabismus, abnormal respiratory patterns, hypotonia, psychomotor retardation, 

intellectual disability, lesions in basal ganglia and brainstem, and elevated serum and 
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CSF lactate. Indeed, the exact qualifying variant identified in our proband, MT_8993_G, 

had been well established as pathogenic (https://www.omim.org/entry/516060#0001). 

This variant was flagged as “homozygous” because all 83 sequencing reads covering 

this site had the alternate allele (G), although it was a mitochondrial variant. 

Interestingly, both of his parents were prefect “homozygous” reference at this site (not 

a single read having the G allele), indicating that either the mutation newly arose from 

the proband’s mitochondria or the sequencing experiment failed to capture the low-

level mitochondrial mutation in the mother who was unaffected (the clinical severity 

can correlate with the degree of heteroplasmy). After a discussion with the treating 

medical geneticist on the genetic and clinical evidences and Sanger validation of the 

variant, the qualifying variant in MT-ATP6 was established as the genetic diagnosis and 

the proband of Trio 8 was resolved. The IGV visualization of the MT-ATP6 mutation in 

Trio 8 is shown in Figure 11. 

https://www.omim.org/entry/516060#0001
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Figure 10. Homozygous (de novo) MT-ATP6 mutation in Trio 8. 

Trio 10 (Sheba) 

Clinical Presentation: This was a 4-year old male born to non-consanguineous 

parents after a 36-week gestation. His father was Yemenite Jewish and had rhizomelia 

(otherwise healthy), and his mother was Georgian Jewish and healthy. The gestation 

was complicated with polyhydramnios and he was born with rhizomelia and admitted 

to NICU after birth. From day 1, he had intractable epilepsy, profound intellectual 

disability, and no development milestones or features of ASD. He also had optic 

atrophy, neuropathy, hypotonia, growth hormone (GH) deficiency, hypoglycemia, and 

periodic liver function test (LFT) elevation. He had congenital macrocephaly but at 2 

years old his head circumference was at 50th percentile. He had a normal karyotype and 

chromosomal microarray. Metabolic screens revealed high ethylmalonic acid. Muscle 

biopsy was normal and CSF test showed a high protein. His brain MRI showed 
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progressive hypomyelination and atrophy. EEG indicated severe epilepsy with burst 

suppression.  

 WES results and interpretation: Qualifying variants are shown in Table 12 and 

Table 13 below. 

Table 12. Qualifying variants of Trio 10: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 20_62071037_T missense KCNQ2 Yes 

hom 19_36234727_A missense U2AF1L4 No 

 

Table 13. Qualifying variants of Trio 10: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease 
in OMIM 

comphet 2_233410284_C missense 2_233410388_T missense CHRNG Yes 

comphet 2_179398944_G missense 2_179404205_A missense TTN Yes 

comphet 2_179398944_G missense 2_179404402_C missense TTN Yes 

comphet 2_179404205_A missense 2_179516625_A missense TTN Yes 

comphet 2_179404402_C missense 2_179516625_A missense TTN Yes 

comphet 5_118468907_C missense 5_118469378_C missense DMXL1 No 

comphet 16_56852616_T missense 16_56878548_T missense NUP93 No 

comphet 19_58453907_C missense 19_58453949_G missense ZNF256 No 

comphet 20_60885248_T missense 20_60903040_T missense LAMA5 No 

comphet 22_37962439_G missense 22_37962519_A missense CDC42EP1 No 

 

Trio 10 had a total of 12 qualifying genetic findings: 1 de novo, 1 newly 

homozygous, and 10 compound heterozygous, of which 1 de novo (KCNQ2) and 5 

compound heterozygous (CHRNG and 4 in TTN) were associated with at least one 

condition in OMIM. CHRNG (associated with multiple pterygium syndromes) and TTN 

(associated with cardiomyopathy and muscular dystrophy) could not explain the 

proband’s phenotype, leaving KCNQ2 the only remaining genetic candidate. 
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Mutations in KCNQ2 were known to cause three disorders: benign familial 

neonatal seizures-1 (BFNS1, 121200), myokymia (121200), and early infantile epileptic 

encephalopathy-7 (EIEE7, 613720). The phenotype of our proband was much more 

severe than BFNS1/myokymia (121200) and fitted with EIEE7 very well. EIEE7 could 

explain refractory seizures, delayed psychomotor development, intellectual disability, 

hypotonia, and burst suppression pattern in EEG, all seen in our patient. In addition, 

the heterozygous qualifying variant was consistent with the autosomal dominant 

disease. The variant, 20_62071037_T, was absent in internal controls and EVS and 

predicted to be a probably damaging (by PolyPhen-2 HumVar) missense variant 

causing a p.Gly281Arg change in the protein (ENSP00000352035.2). Indeed, this exact 

variant had been previously reported to cause EIEE7153. After a discussion with the 

treating medical geneticist on the genetic and clinical evidences and Sanger validation 

of the variant, the qualifying variant in KCNQ2 was established as the genetic diagnosis 

and the proband of Trio 10 was resolved. The IGV visualization of the KCNQ2 mutation 

in Trio 10 is shown in Figure 12. 
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Figure 11. De novo KCNQ2 mutation in Trio 10. 

Trio 18 (Sheba) 

Clinical Presentation: This was a 5-year old female born to consanguineous 

Arab Muslim parents. Both her parents were healthy. Her paternal grandfather and 

maternal great-grandmother were second cousins. When she was 9 months old, she 

started to have bilateral optic atrophy, nystagmus, seizures, developmental delay, 

brainstem lesion, and prolonged mechanical ventilation, and was suspected to have 

Leigh syndrome.  

 WES results and interpretation: Qualifying variants are shown in Table 14 and 

Table 15 below. 
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Table 14. Qualifying variants of Trio 18: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 11_63670557_G missense MARK2 No 

hom 5_60241083_T missense NDUFAF2 Yes 

hom 6_4716035_A missense CDYL No 

hom 6_52329833_T missense EFHC1 Yes 

hom 10_135015106_A missense KNDC1 No 

hom 15_40659437_T missense DISP2 No 

 

Table 15. Qualifying variants of Trio 18: compound heterozygous (comphet). 

Flag Variant 1 
Function 

1 
Variant 2 

Function 
2 

Gene 

Gene 
linked to 
disease 

in OMIM 

comphet 1_152279896_A missense 1_152280086_T missense FLG Yes 

comphet 1_152280086_T missense 1_152283472_T missense FLG Yes 

comphet 1_152280086_T missense 1_152283530_C missense FLG Yes 

comphet 1_152280086_T missense 1_152283533_G missense FLG Yes 

comphet 1_152326290_T missense 1_152327405_G missense FLG2 No 

comphet 2_179595913_T missense 2_179659206_T missense TTN Yes 

comphet 7_140221699_T missense 7_140244388_T missense DENND2A No 

comphet 7_100634386_T missense 7_100634568_G missense MUC12 No 

comphet 7_100634386_T missense 7_100634901_A missense MUC12 No 

comphet 7_100634386_T missense 7_100635127_A missense MUC12 No 

comphet 7_100634386_T missense 7_100648048_A missense MUC12 No 

comphet 13_23911331_C missense 13_23911920_A missense SACS Yes 

comphet 13_23911331_C missense 13_23912304_C missense SACS Yes 

comphet 17_7674162_A missense 17_7695266_T missense DNAH2 No 

comphet 17_7695266_T missense 17_7623068_7623070_DEL_AGA 
codon 

deletion 
DNAH2 No 

comphet 18_9887582_A missense 18_9887337_9887339_DEL_CCA 
codon 

deletion 
TXNDC2 No 

 

Trio 18 had a total of 22 qualifying genetic findings: 1 de novo, 5 newly 

homozygous, and 16 compound heterozygous, of which 2 homozygous (NDUFAF2 and 

EFHC1) and 7 compound heterozygous (TTN, 4 in FLG, and 2 in SACS) were associated 

with at least one condition in OMIM. EFHC1 was known to be associated with 
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susceptibility to epilepsies and could not explain our proband’s clinical presentation 

except seizures. TTN (associated with cardiomyopathy and muscular dystrophy), FLG 

(associated with ichthyosis vulgaris [146700]), and SACS (associated with spastic ataxia 

of the Charlevoix-Saguenay type [270550]) could not explain the proband’s phenotype, 

leaving NDUFAF2 the only remaining genetic candidate. 

Mutations in NDUFAF2 could cause mitochondrial complex I deficiency 

(252010) and/or Leigh syndrome (256000) due to mitochondrial complex I deficiency. 

The patient was suspected to have Leigh syndrome clinically, and indeed the exact 

qualifying variant in NDUFAF2, 5_60241083_T, had been reported previously to be 

pathogenic in a similarly affected patient154. 5_60241083_T was absent in internal 

controls and EVS and predicted to be a missense variant causing the original start 

codon to be mutated into another start codon (ENSP00000296597.5:p.Met1?). After a 

discussion with the treating medical geneticist on the genetic and clinical evidences and 

Sanger validation of the variant, the qualifying variant in NDUFAF2 was established as 

the genetic diagnosis and the proband of Trio 18 was resolved. The IGV visualization of 

the NDUFAF2 mutation in Trio 18 is shown in Figure 13. 
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Figure 12. Homozygous NDUFAF2 mutation in Trio 18. 

Trio 19 (Sheba) 

Clinical Presentation: This was a 17-year old male born to non-consanguineous 

Ashkenazi Jewish parents after a 40-week gestation. He had microcephaly (head 

circumference at the 2nd percentile), delayed motor and language development, 

regression of developmental milestones, and severe intellectual disability. He had 

severe hypotonia since birth, with cervical dystonia, areflexia, autonomic dysfunction, 

and recurrent encephalopathic events. He had strabismus, laryngomalacia, recurrent 
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pneumonia, breathing abnormalities, gastroesophageal reflux disease (GERD), 

vesicoureteral reflux (VUR), and scoliosis. Both parents were unaffected and there was 

no known family history relevant to the disease. Karyotype and metabolic screens were 

normal. His early brain MRI was normal, but when he was 14 years old, MRI showed 

cerebellar atrophy and hypodense thalami with hyperdense streaks suspicious of iron-

related neurodegeneration. His electromyography (EMG) and nerve conduction studies 

were normal. 

WES results and interpretation: Qualifying variants are shown in Table 16 and 

Table 17 below. 

Table 16. Qualifying variants of Trio 19: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

hemi X_21875323_A missense YY2 No 

 

Table 17. Qualifying variants of Trio 19: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 1_94473807_T missense 1_94514477_A missense ABCA4 Yes 

comphet 7_151945334_C missense 7_152012305_C missense KMT2C No 

comphet 16_72991395_G missense 16_72991451_C missense ZFHX3 Yes 

comphet 20_60893611_T missense 20_60907761_A missense LAMA5 No 

 

Trio 19 had a total of 5 qualifying genetic findings: 1 newly hemizygous and 4 

compound heterozygous, of which 2 compound heterozygous (ABCA4 and ZFHX3) 

were associated with at least one condition in OMIM. However, ABCA4 (associated 

with eye disorders) and ZFHX3 (somatic mutations associated with susceptibility to 
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prostate cancer) could not explain the proband’s phenotype. As a result, none of the 

qualifying variants identified in this proband could be a potential genetic diagnosis. 

 However, the patient’s distinct clinical features made his treating physician 

strongly suspect autosomal recessive spastic paraplegia-49 (SPG49, 615031) and request 

that TECPR2 (the causal gene) be screened more liberally than the qualifying genotype 

criteria (2.2.3 Identifying qualifying genotypes). SPG49 was known to be a 

neurodegenerative disorder of the corticospinal tracts presenting with microcephaly, 

breathing abnormalities, GERD, hypotonia, delayed psychomotor development, and 

areflexia, among other manifestations, and caused by homozygous mutations in the 

TECPR2 gene. Our proband was homozygous for a TECPR2 variant. This variant, 

14_102898366_102898366_DEL_T, had an allele frequency of 0.000212 in internal 

controls (1 heterozygous in 2,362 controls having coverage at this site and no 

homozygous) and 0.00043 in EVS. Remarkably, homozygosity of this exact frameshift 

variant was found in one EVS subject (a European American). Because the EVS 

European-American genotypic distribution deviated from Hardy–Weinberg 

equilibrium (A1A1 = 1/A1R = 5/RR = 3,861, P = 0.0027)155, we asked the Exome 

Sequencing Project directly about this EVS homozygous genotype and were informed 

that the homozygous indel genotype was likely to be heterozygous and mistakenly 

called as homozygous because of the low EVS sequencing coverage at this locus (Qian 

Yi, personal communication). Retrospectively, this variant was not identified as a 

qualifying variant because 1) both parents had a heterozygous call but the mother had 

only 7 reads (<10) at this site, and 2) there was one (>0) homozygous in EVS. 
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14_102898366_102898366_DEL_T was predicted to be a frameshift variant causing a 

premature truncation of the protein (ENSP00000352510.7:p.Leu440ArgfsTer19), and 

previously frameshift mutations had been reported to be pathogenic and cause SPG49 

(https://www.ncbi.nlm.nih.gov/clinvar/variation/39675/). After a discussion with the 

treating medical geneticist on the genetic and clinical evidences and Sanger validation 

of the variant, the variant in TECPR2 was established as the genetic diagnosis and the 

proband of Trio 19 was resolved. The IGV visualization of the TECPR2 mutation in Trio 

19 is shown in Figure 14. 

 

Figure 13. Homozygous TECPR2 mutation in Trio 19. 

Trio 24 (Sheba) 

Clinical Presentation: This was an 8-year old male born to non-consanguineous 

Iraqi Jewish parents after a 34-week gestation. He had an identical twin who was 

similarly affected, and a sister who had learning disability. Both parents were 

unaffected and there was no known family history relevant to the disease. He was 

https://www.ncbi.nlm.nih.gov/clinvar/variation/39675/
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admitted to NICU after birth and stayed there for 2 weeks. His motor and language 

development was normal until 2 years old, when he had febrile illness and regression 

of developmental milestones. Since 5 years old, he had severe dystonia. He had a 

normal muscle biopsy for respiration chain. His brain MRI showed pallidum necrosis. 

His overall clinical presentation suggested a Leigh syndrome-like picture. 

 WES results and interpretation: Qualifying variants are shown in Table 18 and 

Table 19 below. 

Table 18. Qualifying variants of Trio 24: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

hemi X_19368151_T missense PDHA1 Yes 

hemi X_70828953_A missense ACRC No 

hemi X_105188031_G missense NRK No 

 

Table 19. Qualifying variants of Trio 24: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 2_179398605_T missense 2_179604440_G missense TTN Yes 

comphet 2_179398605_T missense 2_179615318_G missense TTN Yes 

comphet 3_137781678_A missense 3_137790559_C missense DZIP1L No 

comphet 4_4389432_T missense 4_4419085_A missense NSG1 No 

comphet 12_11420387_C missense 12_11420597_G missense PRB3 Yes 

comphet 12_994324_G missense 12_1005522_T missense WNK1 Yes 

comphet 14_64600800_A missense 14_64682980_C missense SYNE2 Yes 

comphet 15_43044259_A missense 15_43045325_A missense TTBK2 Yes 

comphet 17_61744373_G missense 17_61766167_G missense MAP3K3 No 

 

Trio 24 had a total of 12 qualifying genetic findings: 3 newly hemizygous and 9 

compound heterozygous, of which 1 hemizygous (PDHA1) and 6 compound 

heterozygous (PRB3, WNK1, SYNE2, TTBK2, and 2 in TTN) were associated with at 
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least one condition in OMIM. PRB3 (associated with the protein variants), WNK1 

(associated with hereditary sensory and autonomic neuropathy and 

pseudohypoaldosteronism), SYNE2 (associated with muscular dystrophy), TTBK2 

(associated with spinocerebellar ataxia), and TTN (associated with cardiomyopathy and 

muscular dystrophy) could not explain the proband’s phenotype, leaving PDHA1 the 

only remaining genetic candidate. 

Mutations in PDHA1 were known to cause pyruvate dehydrogenase E1-alpha 

deficiency (312170), an X-linked dominant disorder presenting with psychomotor 

retardation, dystonia, and cystic lesions in the basal ganglia similar to Leigh syndrome, 

among other features. The phenotype was known to be highly variable, and females 

could demonstrate lyonization with corresponding phenotypic variation. The clinical 

presentation of our proband fitted reasonably well with pyruvate dehydrogenase E1-

alpha deficiency (312170), and indeed the hemizygous qualifying variant, 

X_19368151_T, had been previously reported to be pathogenic 

(NM_000284.3[PDHA1]:c.214C>T [p.Arg72Cys]; 

https://www.ncbi.nlm.nih.gov/clinvar/variation/214938/). X_19368151_T was absent in 

internal controls and EVS and predicted to be a probably damaging (by PolyPhen-2 

HumVar) missense variant causing a p.Arg110Cyschange in the protein 

(ENSP00000369134.5). The fact that this exact variant had been reported to be 

pathogenic was very important here because the judgement of clinical match could be 

complicated by the highly variable phenotype known to be associated with PDHA1 

mutations, and independent literature implicating the same variant further supported 

https://www.ncbi.nlm.nih.gov/clinvar/variation/214938/
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the pathogenicity of this variant and convinced us that it was causal in our proband. 

Indeed, pyruvate dehydrogenase E1-alpha deficiency (312170) was known to be X-

linked dominant, but the proband’s mother was not known to be affected. This 

apparent discrepancy could be explained by the well-documented phenotypic variation 

in females due to lyonization (although we were not able to study the pattern of X-

inactivation in the mother). After a discussion with the treating medical geneticist on 

the genetic and clinical evidences and Sanger validation of the variant, the qualifying 

variant in PDHA1 was established as the genetic diagnosis and the proband of Trio 24 

was resolved. The IGV visualization of the PDHA1 mutation in Trio 24 is shown in 

Figure 15. 
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Figure 14. Hemizygous PDHA1 mutation in Trio 19. 

Trio 26 (Sheba) 

Clinical Presentation: This was a 4-year old female born to non-consanguineous 

parents after a 42-week gestation. Her father was Iraqi/Moroccan Jewish and her 

mother was Iraqi/Ashkenazi Jewish. Both parents were healthy and there was no 

known family history related to her condition. Her development was normal until she 

was 4 months old, when she suffered from a “viral illness” and then had severe 

developmental delay and regression of developmental milestones. She had intellectual 

disability, hypertonia, severe dystonia, and chorea. Her metabolic screens were normal. 
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Brain MRI showed striatal necrosis and magnetic resonance spectroscopy (MRS) 

showed no lactic acid. Muscle biopsy showed normal lactate. Her condition did not 

respond to biotin.   

 WES results and interpretation: Qualifying variants are shown in Table 20 

below. 

Table 20. Qualifying variants of Trio 26: compound heterozygous (comphet). 

Flag Variant 1 
Function 

1 
Variant 2 

Function 
2 

Gene 

Gene 
linked 

to 
disease 

in 
OMIM 

comphet 1_152283053_A missense 1_152284087_G missense FLG Yes 

comphet 1_152283053_A missense 1_152284558_G missense FLG Yes 

comphet 1_117656008_A missense 1_117663595_C missense TRIM45 No 

comphet 2_202625680_C missense 2_202575735_202575737_DEL_TCA 

codon 
change 

plus 
codon 

deletion 

ALS2 Yes 

comphet 8_10468094_T missense 8_10469580_C missense RP1L1 Yes 

comphet 11_73021393_C missense 11_73074872_A missense ARHGEF17 No 

comphet 12_64173810_C missense 12_64173820_C missense TMEM5 Yes 

comphet 19_13002959_A missense 19_13008647_G missense GCDH Yes 

 

Trio 26 had a total of 8 qualifying genetic findings and all were compound 

heterozygous, of which 6 (ALS2, RP1L1, TMEM5, GCDH, and 2 in FLG) were associated 

with at least one condition in OMIM. RP1L1 (associated with occult macular 

dystrophy), TMEM5 (associated with congenital muscular dystrophy-

dystroglycanopathy with brain and eye anomalies), and FLG (associated with 

ichthyosis vulgaris) could not explain the proband’s phenotype. ALS2 was associated 

with three different forms of autosomal recessive neurological disorders: juvenile 
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amyotrophic lateral sclerosis-2 (ALS2, 205100), juvenile primary lateral sclerosis (PLSJ, 

606353), and infantile-onset ascending hereditary spastic paralysis (IAHSP, 607225), 

which might explain the patient’s delayed motor development, loss of motor 

milestones, and perhaps dystonia, but not intellectual disability and striatal necrosis. 

Furthermore, our proband was compound heterozygous for a missense variant and a 

codon-change-plus-codon-deletion (inframe) variant, whereas none of the 23 

pathogenic ALS2 variants in ClinVar was inframe (7 nonsense, 12 frameshift, 2 splice 

site, and 2 missense), indicating the ALS2 compound heterozygous variants were not 

sufficiently strong to be the genetic diagnosis. 

The only remaining genetic candidate was GCDH associated with glutaric 

acidemia I (231670), an autosomal recessive disorder (consistent with GCDH compound 

heterozygous) presenting with dystonia, choreoathetosis, and striatal necrosis, among 

other manifestations, with onset of illness often associated with acute infection. Thus, 

the clinical fit was excellent. However, glutaric acidemia I (231670) was known to have 

variable clinical presentation ranging from acute onset to normal adult, raising concern 

that clinical judgment could be complicated by phenotypic variation. This concern was 

resolved by the fact that both GCDH qualifying variants identified in our proband had 

been reported before in similarly affected patients. Our patient was compound 

heterozygous for 19_13002959_A (inherited from her mother) and 19_13008647_G 

(inherited from her father). 19_13002959_A had an allele frequency of 0.0001657 in 

internal controls (1 heterozygous out of 3,018 individuals with coverage at this site and 

no homozygous) and was absent in EVS and predicted to be a probably damaging (by 
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PolyPhen-2 HumVar) missense variant causing a p.Gly101Arg change in the protein 

(ENSP00000222214.4). On the other hand, 19_13008647_G was absent in internal 

controls, had an allele frequency of 0.000308 in EVS (GG=0/GA=4/AA=6499), and was 

predicted to be a benign (by PolyPhen-2 HumVar) missense variant causing a 

p.Met405Val change in the protein (ENSP00000222214.4). Both qualifying variants had 

been reported before in similarly affected patients156,157, further supporting causality. 

After a discussion with the treating medical geneticist on the genetic and clinical 

evidences and Sanger validation of the variants, the qualifying variants in GCDH was 

established as the genetic diagnosis and the proband of Trio 26 was resolved. The IGV 

visualization of the GCDH mutations in Trio 26 is shown in Figure 16 and Figure 17. 
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Figure 15. Compound heterozygous GCDH genotype (mutation 1) in Trio 26. 
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Figure 16. Compound heterozygous GCDH genotype (mutation 2) in Trio 26. 

Trio 27 (Sheba) 

Clinical Presentation: This was a 10-year old male born to consanguineous 

Bukharan Jewish parents after a 41-week gestation. He had high nuchal translucency as 

a fetus, but amniocentesis showed a normal karyotype. He was delayed in speech. His 



 

102 
 

motor development was normal until 3.5 years old, when he had regression of 

milestones. He had epilepsy with drop attacks with EEG displaying centrotemporal 

spikes and electrical status epilepticus in sleep (ESES). He was blind due to retinitis 

pigmentosa. He had normal intelligence and head circumference. Metabolic screens 

and brain MRI were normal. Both parents were not affected and there was no history 

related to his condition. 

WES results and interpretation: Qualifying variants are shown in Table 21 and 

Table 22 below. 

Table 21. Qualifying variants of Trio 27: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to 

disease in OMIM 

hom 1_10165771_A missense UBE4B No 

hom 1_23743815_A missense TCEA3 No 

hom 2_218712449_G missense TNS1 No 

hom 2_219295557_G missense VIL1 No 

hom 2_220101092_A missense ANKZF1 No 

hom 3_123166411_T missense ADCY5 Yes 

hom 3_146311775_A stop gain PLSCR5 No 

hom 5_53182463_C missense ARL15 No 

hom 5_49707189_49707189_INS_T frameshift EMB No 

hom 7_92826914_A missense HEPACAM2 No 

hom 7_100855215_G missense PLOD3 Yes 

hom 9_73151305_A missense TRPM3 No 

hom 15_43621703_G missense LCMT2 No 

hom 15_43748369_C missense TP53BP1 No 

hom 15_59406727_A missense CCNB2 No 

hom 15_64215025_G missense DAPK2 No 

hom 15_65385518_C missense UBAP1L No 

hom 15_68504056_T missense CLN6 Yes 

hom 15_82564146_G missense FAM154B No 

hom 15_90432284_A missense AP3S2 No 

hom 15_90451598_T missense C15ORF38 No 

hom 16_10775949_C missense TEKT5 No 

hom 19_45409136_A missense APOE Yes 

hom 19_45656677_G missense NKPD1 No 
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hom 19_46177984_T missense GIPR Yes 

hom 19_47575345_T missense ZC3H4 No 

hom 19_48801308_T missense CCDC114 Yes 

hom 19_49424482_T missense NUCB1 No 

hom 19_50826450_C missense KCNC3 Yes 

hom 19_50885373_T missense NR1H2 No 

hom 19_51323635_A missense KLK1 Yes 

hom 20_43837307_G missense SEMG1 No 

hom 20_44506534_T missense ZSWIM3 No 

hom 20_48273186_T missense B4GALT5 No 

 

Table 22. Qualifying variants of Trio 27: compound heterozygous (comphet). 

Flag Variant 1 
Function 

1 
Variant 2 

Function 
2 

Gene 

Gene 
linked to 
disease 

in OMIM 

comphet 1_152277217_T missense 1_152283053_A missense FLG Yes 

comphet 1_39781321_G missense 1_39802029_A missense MACF1 No 

comphet 1_39781321_G missense 1_39920741_A missense MACF1 No 

comphet 10_49392912_C missense 10_49414952_T missense FRMPD2 No 

comphet 13_25030479_A missense 13_25030615_A missense PARP4 No 

comphet 14_24877330_T missense 14_24878553_T missense NYNRIN No 

comphet 19_1050985_A missense 19_1056169_A missense ABCA7 Yes 

comphet 19_1054267_A missense 19_1056169_A missense ABCA7 Yes 

comphet 19_54972528_A missense 19_54967853_54967855_DEL_GGC 
codon 

deletion 
LENG8 No 

 

Trio 27 had a total of 43 qualifying genetic findings: 34 newly homozygous and 

9 compound heterozygous, of which 8 homozygous (ADCY5, PLOD3, CLN6, APOE, 

GIPR, CCDC114, KCNC3, and KLK1) and 3 compound heterozygous (FLG and 2 in 

ABCA7) were associated with at least one condition in OMIM. ADCY5 (associated with 

familial dyskinesia with facial myokymia [FDFM, 606703]), APOE (associated with 

Alzheimer’s disease, hyperlipoproteinemia, lipoprotein glomerulopathy, sea-blue 

histiocyte disease, age-related macular degeneration, and myocardial infarction 

susceptibility), GIPR (associated with 2-hour plasma glucose), CCDC114 (associated 
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with primary ciliary dyskinesia-20 [CILD20, 615067]), KCNC3 (associated with 

spinocerebellar ataxia-13 [SCA13, 605259]), KLK1 (associated with decreased urinary 

activity of kallikrein [15953]), FLG (associated with ichthyosis vulgaris [146700]), and 

ABCA7 (associated with susceptibility to Alzheimer’s disease) could not explain the 

proband’s phenotype. PLOD3 was associated with lysyl hydroxylase 3 deficiency 

(612394), an autosomal recessive connective tissue disorder presenting with 

developmental delay, distinct craniofacial and skeletal features, profound bilateral 

sensorineural deafness, myopia, cataracts, easy bruisability, and aneurysms. There was 

only a partial overlap with the clinical presentation of our patient, and her important 

features including epilepsy and retinitis pigmentosa remained unexplained. 

The only remaining qualifying variant was a heterozygous missense variant in 

CLN6, the gene associated with two different autosomal recessive disorders: neuronal 

ceroid lipofuscinosis-6 (CLN6, 601780) and neuronal ceroid lipofuscinosis-4A (CLN4A, 

204300). Both disorders could present with seizures, motor deterioration, and mental 

deterioration; CLN6 was known to have an earlier onset during childhood with ocular 

involvement (progressive vision loss and retinal degeneration), whereas CLN4A was 

known to manifest in adulthood without ocular involvement. The phenotype of our 

patient was an excellent fit to CLN6.  

The proband had a homozygous qualifying variant in the gene CLN6. The 

variant, 15_68504056_T, was absent in internal controls and EVS and predicted to be a 

probably damaging (by PolyPhen-2 HumVar) missense variant causing a p.Val148Asp 

change in the protein (ENSP00000249806.5). Importantly, in ClinVar, similar missense 
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variants had been reported to be associated with CLN6 (601780) and pathogenic, the 

closest (in terms of physical proximity in the linear amino acid sequence) being 

p.Gly123Asp, further supporting the pathogenicity of the CLN6 qualifying variant 

identified in our proband. Furthermore, two mutations (p.Arg149Cys and p.Arg149His) 

next to our qualifying qualifying variant (p.Val148Asp) had been reported before to be 

pathogenic158. After a discussion with the treating medical geneticist on the genetic and 

clinical evidences and Sanger validation of the variant, the qualifying variant in CLN6 

was established as the genetic diagnosis and the proband of Trio 27 was resolved. The 

IGV visualization of the CLN6 mutation in Trio 27 is shown in Figure 18. 

 

Figure 17. Homozygous CLN6 mutation in Trio 27. 

Trio 32 (Duke) 

Clinical Presentation: This was an 11-year old female born to non-

consanguineous healthy parents. Her major clinical presentation included intellectual 
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disability, microcephaly, mild to moderate hypotonia, and hypermotoric starting from 

4 months old. 

WES results and interpretation: Qualifying variants are shown in Table 23 and 

Table 24 below. 

Table 23. Qualifying variants of Trio 32: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to 

disease in 
OMIM 

de novo 18_31323963_31323964_DEL_TG frameshift ASXL3 Yes 

de novo 19_52941130_G missense ZNF534 No 

 

Table 24. Qualifying variants of Trio 32: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 1_152280470_C missense 1_152284948_A missense FLG Yes 

comphet 17_40996708_G missense 17_41001713_A missense AOC2 No 

 

Trio 32 had a total of 4 qualifying genetic findings: 2 de novo and 2 compound 

heterozygous, of which 1 de novo (ASXL3) and 1 compound heterozygous (FLG) were 

associated with at least one condition in OMIM. FLG (associated with ichthyosis 

vulgaris [146700]) obviously could not explain the proband’s phenotype, leaving 

ASXL3 the only remaining genetic candidate. 

De novo mutations in ASXL3 were known to cause Bainbridge-Ropers syndrome 

(615485), a newly recognized rare disorder presenting with severe psychomotor 

retardation, feeding problems, severe postnatal growth retardation, and distinct 

dysmorphic features. Variable phenotypes were noted among the four unrelated 

patients originally reported (for example, one patient had less severe psychomotor 
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retardation and normal growth). Bainbridge-Ropers syndrome (615485) could explain 

the intellectual disability and microcephaly seen in our proband, who had a de novo 

qualifying variant in ASXL3. This variant, 18_31323963_31323964_DEL_TG, was absent 

in internal controls and EVS and predicted to be a frameshift variant leading to 

premature termination of the protein (ENSP00000269197.4:p.Val1385IlefsTer14). 

Importantly, all previously reported ASXL3 pathogenic mutations were truncating 

(frameshift or stop gain), and many if not all of them (when parents were tested) were 

de novo. After a discussion with the treating medical geneticist on the genetic and 

clinical evidences and Sanger validation of the variant, the qualifying variant in ASXL3 

was established as the genetic diagnosis and the proband of Trio 32 was resolved. The 

IGV visualization of the ASXL3 mutation in Trio 32 is shown in Figure 19.   
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Figure 18. De novo ASXL3 mutation in Trio 27. 
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Trio 33 (Duke) 

Clinical Presentation: This was a 13-year old male born to non-consanguineous 

healthy parents. His major clinical presentation included elevated liver transaminases, 

minor dysmorphic features, and minor learning difficulties starting from 3 years old. 

WES results and interpretation: Qualifying variants are shown in Table 25 and 

Table 26 below. 

Table 25. Qualifying variants of Trio 33: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 9_36234102_T missense GNE Yes 

 

Table 26. Qualifying variants of Trio 33: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 1_154316453_T missense 1_154317170_T missense ATP8B2 No 

comphet 2_179460425_A missense 2_179588867_T missense TTN Yes 

comphet 2_179460425_A missense 2_179598563_T missense TTN Yes 

comphet 2_179482763_T missense 2_179588867_T missense TTN Yes 

comphet 2_179482763_T missense 2_179598563_T missense TTN Yes 

comphet 2_179580264_C missense 2_179588867_T missense TTN Yes 

comphet 2_179580264_C missense 2_179598563_T missense TTN Yes 

comphet 2_179588867_T missense 2_179594107_C missense TTN Yes 

comphet 2_179594107_C missense 2_179598563_T missense TTN Yes 

comphet 6_46977843_G missense 6_46988476_A missense GPR110 No 

 

Trio 33 had a total of 11 qualifying genetic findings: 1 de novo and 10 compound 

heterozygous, of which 1 de novo (GNE) and 8 compound heterozygous (TTN) were 

associated with at least one condition in OMIM. TTN (associated with cardiomyopathy 
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and muscular dystrophy) obviously could not explain the proband’s phenotype, 

leaving GNE the only remaining genetic candidate. 

Mutations in GNE were known to be associated two different disorders: the 

autosomal recessive Nonaka myopathy (605820) and the autosomal dominant sialuria 

(269921). Nonaka myopathy (605820) was known to present with distal muscle 

weakness and atrophy with abnormal EMG and muscle biopsy; this could not explain 

the proband’s phenotype, and the heterozygous GNE qualifying variant was 

inconsistent with the autosomal recessive disorder. On the other hand, sialuria (269921) 

was known to present with hepatosplenomegaly, coarse facial features, attention deficit 

disorder, and varying degrees of developmental delay; this could be a good clinical 

match with the proband’s condition, and the heterozygous GNE qualifying variant was 

consistent with the autosomal dominant disorder. This qualifying variant, 

9_36234102_T, was absent in internal controls and EVS and predicted to be a probably 

damaging (by PolyPhen-2 HumVar) missense variant causing p.Arg266Gln change in 

the protein (ENSP00000439155.1). Importantly, all pathogenic variants in ClinVar 

causing sialuria were missense, one of which was exactly the same qualifying variant 

identified in our proband (p.Arg266Gln). As a result, there was strong evidence that 

GNE was the genetic diagnosis. It was interesting to note that sialuria (269921) was 

associated with varying degrees of developmental delay (mild to moderate in 

previously reported cases), but our patient was not noted to have it, suggesting 

phenotype variability. After a discussion with the treating medical geneticist on the 

genetic and clinical evidences and Sanger validation of the variant, the qualifying 
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variant in GNE was established as the genetic diagnosis and the proband of Trio 33 was 

resolved. The IGV visualization of the GNE mutation in Trio 33 is shown in Figure 20.   

 

Figure 19. De novo GNE mutation in Trio 32. 
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Trio 45 (Duke) 

Clinical Presentation: This was a 7-year old male born to non-consanguineous 

healthy parents. His major clinical presentation included profound hypotonia, severe 

developmental delays, involuntary movements that are thought to be choreoathetotic 

in nature, and frequent arching of the back that is thought to be related to seizure 

activity. 

WES results and interpretation: Qualifying variants are shown in Table 27 and 

Table 28 below. 

Table 27. Qualifying variants of Trio 45: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 16_56226491_C missense GNAO1 Yes 

hemi X_13637357_G missense EGFL6 No 

hemi X_24766428_A missense POLA1 No 

hemi X_35938014_T missense CXORF22 No 

 

Table 28. Qualifying variants of Trio 45: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 8_2800019_T missense 8_3081310_A missense CSMD1 No 

comphet 19_40357398_G missense 19_40440482_T missense FCGBP No 

 

Trio 45 had a total of 6 qualifying genetic findings: 1 de novo, 3 newly 

hemizygous, and 2 compound heterozygous, of which only 1 de novo (GNAO1) was 

associated with at least one condition in OMIM. De novo mutations in GNAO1 were 

known to cause early infantile epileptic encephalopathy-17 (EIEE17, 615473), a severe 

neurologic disorder characterized by early onset of intractable seizures and very poor 
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psychomotor development with or without brain abnormalities, dystonia, and 

involuntary movements (choreoathetosis). The clinical features of our patient fitted 

very well with EIEE7. He had a de novo qualifying variant in GNAO1, 16_56226491_C, 

which was absent in internal controls and EVS and predicted to be a probably 

damaging (by PolyPhen-2 HumVar) missense variant causing p.Gly42Arg change in 

the protein (ENSP00000262494.7). Importantly, ten of the eleven pathogenic GNAO1 

mutations were missense, the closest (in terms of physical proximity in the linear amino 

acid sequence) being p. p.Gly40Trp, p.Gly40Glu, and p.Gly45Arg, further supporting 

the pathogenicity of the p.Gly42Arg variant identified in our proband. After a 

discussion with the treating medical geneticist on the genetic and clinical evidences and 

Sanger validation of the variant, the qualifying variant in GNAO1 was established as 

the genetic diagnosis and the proband of Trio 45 was resolved. The IGV visualization of 

the GNAO1 mutation in Trio 45 is shown in Figure 21. 

 

Figure 20. De novo GNAO1 mutation in Trio 45. 
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Trio 49 (Duke) 

Clinical Presentation: This was an 18-year old female born to consanguineous 

healthy parents. Her major clinical presentation included autism spectrum disorder, 

developmental delay, and osteopetrosis starting from early infancy. Her previous 

genetic tests included TNFSF11, TNFRSF11A, PLEKHM1, TCIRG1, CLCN7, OSTM1, and 

CA2. 

WES results and interpretation: Qualifying variants are shown in Table 29 and 

Table 30 below. 

Table 29. Qualifying variants of Trio 49: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

hom 2_31606648_C missense XDH Yes 

hom 6_42713554_A missense TBCC No 

hom 6_43250757_C missense TTBK1 Yes 

hom 6_44269834_T missense AARS2 Yes 

hom 6_55039413_T missense HCRTR2 No 

hom 7_26404738_A missense SNX10 Yes 

hom 7_35244154_A missense TBX20 Yes 

hom 8_10480480_T missense RP1L1 Yes 

hom 14_39627533_C missense TRAPPC6B No 

hom 14_54996941_G missense CGRRF1 No 

hom 14_68301824_A missense RAD51B No 

hom 14_74206624_A missense ELMSAN1 No 

hom 15_69327727_T missense NOX5 No 

hom 17_71197464_T missense COG1 Yes 

hom 20_1187717_C missense C20ORF202 No 

hom 22_31520993_G missense INPP5J No 

hom 22_31520994_C missense INPP5J No 

hom 22_37397969_A missense TEX33 No 

hom 22_37770661_A missense ELFN2 No 

 



 

115 
 

Table 30. Qualifying variants of Trio 49: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 1_152275688_A missense 1_152284558_G missense FLG Yes 

comphet 1_215901511_A missense 1_216219862_G missense USH2A Yes 

comphet 1_216219862_G missense 1_216465694_C missense USH2A Yes 

comphet 5_140168088_T missense 5_140362134_A missense PCDHA1 No 

comphet 12_27844763_C missense 12_27844775_C missense PPFIBP1 No 

comphet 19_36362932_A missense 19_36363449_A missense APLP1 No 

 

Trio 49 had a total of 25 qualifying genetic findings: 19 newly homozygous and 

6 compound heterozygous, of which 7 newly homozygous (XDH, TTBK1, AARS2, 

SNX10, TBX20, RP1L1, and COG1) and 3 compound heterozygous (FLG and 2 in 

USH2A) was associated with at least one condition in OMIM. XDH (associated with 

type I xanthinuria [278300]), TTBK1 (associated with spinocerebellar ataxia 11 [604432]), 

TBX20 (associated with atrial septal defect), RP1L1 (associated with occult macular 

dystrophy), COG1 (associated with congenital disorder of glycosylation type IIg 

[611209]), FLG (associated with ichthyosis vulgaris [146700]), and USH2A (associated 

with retinitis pigmentosa and Usher syndrome) were not able to explain the condition 

of our patient.  

AARS2 was associated with two autosomal recessive disorders: combined 

oxidative phosphorylation deficiency 8 (614096, presenting with lethal infantile 

hypertrophic cardiomyopathy with subtle skeletal muscle and brain involvement) and 

progressive leukoencephalopathy with ovarian failure (615889, presenting with loss of 

motor and cognitive skills with onset in young adulthood or delayed motor 

development or learning difficulties in early childhood, with premature ovarian failure 
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in affected females). The former could not explain the proband’s phenotype, and the 

latter might explain her developmental delay and behavioral abnormalities (could be 

nonspecific) but not osteopetrosis (much more specific). In addition, our proband did 

not show signs of premature ovarian failure. 

The only remaining qualifying gene was SNX10. Mutations in SNX10 were 

known to cause osteopetrosis-8 (OPTB8, 615085), an autosomal recessive form 

(consistent with the homozygous qualifying variant) of osteopetrosis associated with 

failure to thrive and macrocephaly, a good match with the condition of our proband. 

ASD had not been particularly noted in patients with osteopetrosis-8, and the autistic 

features observed in our proband might reflect potential phenotypic expansion or could 

be due to other reasons. The qualifying variant, 7_26404738_A, was absent in internal 

controls and EVS and predicted to be a probably damaging (by PolyPhen-2 HumVar) 

missense variant causing a p.Arg95His change in the protein (ENSP00000343709.4). 

Importantly, in ClinVar one missense variant had been reported previously to be 

pathogenic (p.Arg51Gln) in osteopetrosis patients. After a discussion with the treating 

medical geneticist on the genetic and clinical evidences and Sanger validation of the 

variant, the qualifying variant in SNX10 was established as the genetic diagnosis and 

the proband of Trio 49 was resolved. The IGV visualization of the SNX10 mutation in 

Trio 49 is shown in Figure 22. 
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Figure 21. Homozygous SNX10 mutation in Trio 49. 

Trio 52 (Duke) 

Clinical Presentation: This was a 6-year old male born to non-consanguineous 

healthy parents. His major clinical presentation included athetoid cerebral palsy, 

developmental delays, seizure, and recurrent vomiting starting from 4 months old.  

WES results and interpretation: Qualifying variants are shown in Table 31 and 

Table 32 below. 

Table 31. Qualifying variants of Trio 52: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked 
to disease in 

OMIM 

hemi X_48125760_T missense SSX1 Yes 

hemi X_152955882_152955884_DEL_TTC codon deletion SLC6A8 Yes 

hom 21_43896152_T missense RSPH1 Yes 
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Table 32. Qualifying variants of Trio 52: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 1_175355402_T missense 1_175372714_G missense TNR No 

comphet 2_120197784_G missense 2_120231049_T missense SCTR No 

comphet 4_89352440_C missense 4_89358080_C missense HERC6 No 

comphet 5_150901386_T missense 5_150946968_T missense FAT2 No 

 

Trio 52 had a total of 7 qualifying genetic findings: 2 newly hemizygous, 1 

newly homozygous, and 4 compound heterozygous, of which 2 newly hemizygous 

(SSX1 and SLC6A8) and 1 newly homozygous (RSPH1) were associated with at least 

one condition in OMIM. SSX1 (associated with synovial sarcoma) and RSPH1 

(associated with primary ciliary dyskinesia-24 [615481]) could not explain the patient’s 

phenotype, leaving SLC6A8 the only remaining genetic candidate. 

Mutations in SLC6A8 was known to be associated with cerebral creatine 

deficiency syndrome 1 (CCDS1, 300352), an X-linked recessive disorder (consistent with 

the hemizygous qualifying variant) characterized by mental retardation, severe speech 

delay, behavioral abnormalities, and seizures, a good fit with our patient’s clinical 

picture despite that these features could be rather nonspecific. CCDS1 could also 

present with choreoathetosis and vomiting which our patient also had. The SLC6A8 

qualifying variant, X_152955882_152955884_DEL_TTC, was not covered in EVS but 

absent in internal controls and predicted to be a codon deletion variant removing one 

amino acid in the protein (ENSP00000253122.5:p.Phe106del). Remarkably, several 

similar codon deletions had been reported as pathogenic in ClinVar, including 

p.Phe107del next to our qualifying variant. After a discussion with the treating medical 



 

119 
 

geneticist on the genetic and clinical evidences and Sanger validation of the variant, the 

qualifying variant in SLC6A8 was established as the genetic diagnosis and the proband 

of Trio 52 was resolved. The IGV visualization of the SLC6A8 mutation in Trio 52 is 

shown in Figure 23.  
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Figure 22. Hemizygous SLC6A8 mutation in Trio 52. 

Trio 53 (Duke) 

Clinical Presentation: This was an 11-year old female born to non-

consanguineous healthy parents. Her major clinical presentation included progressive 
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epileptic encephalopathy with neurological decline beginning around 2.5 to 3 years of 

age.  

WES results and interpretation: Qualifying variants are shown in Table 33 and 

Table 34 below. 

Table 33. Qualifying variants of Trio 53: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 9_138669220_C missense KCNT1 Yes 

 

Table 34. Qualifying variants of Trio 53: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 1_145367719_A missense 1_145368664_T stop gain NBPF10 No 

comphet 6_56362226_A missense 6_56473568_A missense DST Yes 

comphet 7_133812220_A missense 7_133943037_C missense LRGUK No 

comphet 13_20763264_T missense 13_20763472_C missense GJB2 Yes 

comphet 20_61512222_A missense 20_61525450_C missense DIDO1 No 

 

Trio 53 had a total of 6 qualifying genetic findings: 1 de novo and 5 compound 

heterozygous, of which 1 de novo (KCNT1) and 2 compound heterozygous (DST and 

GJB2) were associated with at least one condition in OMIM. DST (associated with 

hereditary sensory and autonomic neuropathy [614653] and epidermolysis bullosa 

simplex-2 [615425]) and GJB2 (associated with deafness syndromes) could not explain 

the patient’s phenotype, leaving KCNT1 the only remaining genetic candidate. 

Mutations in KCNT1 were known to be associated with two autosomal 

dominant disorders (consistent with the de novo qualifying variant): nocturnal frontal 

lobe epilepsy-5 (ENFL5, 615005), characterized by childhood onset of clusters of motor 
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seizures during sleep, and early infantile epileptic encephalopathy-14 (EIEE14, 614959), 

characterized by onset in the first 6 months of life of refractory focal seizures and arrest 

of psychomotor development. The epilepsy phenotype seen in our patient was more 

consistent with ENFL5. The KCNT1 qualifying variant, 9_138669220_C, was absent in 

internal controls and EVS and predicted to be a probably damaging (by PolyPhen-2 

HumVar) missense variant causing a p.Tyr796His change in the protein 

(ENSP00000360822.2). Remarkably, this exact variant had been reported to be 

pathogenic and cause ENFL5 (https://www.ncbi.nlm.nih.gov/clinvar/variation/39598/). 

After a discussion with the treating medical geneticist on the genetic and clinical 

evidences and Sanger validation of the variant, the qualifying variant in KCNT1 was 

established as the genetic diagnosis and the proband of Trio 53 was resolved. The IGV 

visualization of the KCNT1 mutation in Trio 53 is shown in Figure 24. 

https://www.ncbi.nlm.nih.gov/clinvar/variation/39598/
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Figure 23. De novo KCNT1 mutation in Trio 53. 

Trio 58 (Sheba) 

Clinical Presentation: This was a 23-year old female born to non-

consanguineous parents after a 40-week gestation. Her father was Yemenite Jewish, 

and her mother was North African/Turkish Jewish. Both parents were healthy and 

there was no known family history related to her disorder. She had a brother who was 

similarly affected and died at 12 years old. She walked at 1 year old but then regressed 
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at 3 years old with waddling gait and became wheelchair-bound at 12 years old. She 

had severe muscle weakness in limb girdle distribution, ptosis, scoliosis, rigid spine, 

weakness of respiratory muscle, and severe hypotonia. She had a normal language and 

social/cognitive development and a normal intelligence. Her creatine kinase was 

elevated, and muscle biopsy showed nonspecific myopathy with partial dysferlin 

deficiency. Echocardiogram showed cardiomyopathy at 20 years old. Her overall 

clinical picture could fit with titin deficiency. 

WES results and interpretation: Qualifying variants are shown in Table 35 and 

Table 36 below. 

Table 35. Qualifying variants of Trio 58: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 16_20871528_G missense DCUN1D3 No 

 

Table 36. Qualifying variants of Trio 58: compound heterozygous (comphet). 

Flag Variant 1 
Function 

1 
Variant 2 

Function 
2 

Gene 

Gene 
linked to 
disease 

in OMIM 

comphet 1_144856952_T missense 1_144868098_A missense PDE4DIP No 

comphet 11_7672893_C missense 11_7674259_C missense PPFIBP2 No 

comphet 12_89861456_T missense 12_89865394_C missense POC1B Yes 

comphet 19_55556573_T missense 19_55556574_C missense RDH13 No 

comphet 19_20988942_A missense 19_20989643_A missense ZNF66 No 

comphet 19_20988942_A missense 19_20989646_G missense ZNF66 No 

comphet 19_20988942_A missense 19_20989647_C missense ZNF66 No 

comphet 19_20988942_A missense 19_20989656_T missense ZNF66 No 

comphet 19_20988942_A missense 19_20989670_A missense ZNF66 No 

comphet 22_50658787_A missense 22_50682186_50682186_INS_G frameshift TUBGCP6 Yes 

comphet 2_220285238_T stop gain 2_220288539_T stop gain DES Yes 
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Trio 58 had a total of 12 qualifying genetic findings: 1 de novo and 11 compound 

heterozygous, of which 3 compound heterozygous (POC1B, TUBGCP6, and DES) were 

associated with at least one condition in OMIM. POC1B (associated with cone-rod 

dystrophy 20 [615973]) and TUBGCP6 (associated with autosomal recessive 

microcephaly and chorioretinopathy-1 [251270]) could not explain the patient’s 

phenotype, leaving DES the only remaining genetic candidate. 

Mutations in DES were known to be associated with four disorders: Kaiser-type 

neurogenic scapuloperoneal syndrome (SCPNK, 181400), myofibrillar myopathy-1 

(MFM1, 601419), dilated cardiomyopathy (CMD1I, 604765), and limb-girdle muscular 

dystrophy type 2R (LGMD2R, 615325). SCPNK (181400) was known to be autosomal 

dominant (inconsistent with compound heterozygous qualifying variants) and 

characterized by talipes equinovarus, peroneal atrophy, and shoulder girdle atrophy. 

MFM1 (601419) was known to be autosomal dominant or recessive and characterized 

by hypertrophic or dilated cardiomyopathy, respiratory muscle weakness, 

diarrhea/constipation due to smooth muscle involvement, distal (initially) and proximal 

(later) muscle weakness and atrophy, and possibly variable phenotype. CMD1I (604765) 

was known to be caused by heterozygous mutations and characterized by 

cardiomyopathy, chronic cardiac failure, and sudden cardiac death. LGMD2R (615325) 

was known to be autosomal recessive progressive limb-girdle muscular dystrophy. The 

clinical presentation of our proband could be best explained by MFM1 (601419) due to 

the coexistence of myopathy and cardiomyopathy.   
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The proband was compound heterozygous for DES. One qualifying variant, 

2_220285238_T, was absent in internal controls and EVS and predicted to be a stop gain 

introducing a premature truncation of the protein (ENSP00000363071.3:p.Gln253Ter). 

The other qualifying variant, 2_220288539_T, had an allele frequency of 0.000077 in EVS 

(TT=0/TC=1/CC=6502) and was absent in internal controls and also predicated to be a 

stop gain introducing a premature truncation of the protein 

(ENSP00000363071.3:p.Arg429Ter). Importantly, in ClinVar, three stop gains in DES 

had been reported to be pathogenic, one of which was in fact the second qualifying 

variant, p.Arg429Ter, identified in our patient. This variant was supported by 3 

PubMed publications to be “pathogenic” and 9 PubMed publications to be “likely 

pathogenic” (https://www.ncbi.nlm.nih.gov/clinvar/variation/177872/). After a 

discussion with the treating medical geneticist on the genetic and clinical evidences and 

Sanger validation of the variant, the qualifying variants in DES were established as the 

genetic diagnosis and the proband of Trio 58 was resolved. The IGV visualization of the 

DES mutations in Trio 58 is shown in Figure 25 and Figure 26. 

https://www.ncbi.nlm.nih.gov/clinvar/variation/177872/
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Figure 24. Compound heterozygous DES genotype (mutation 1) in Trio 58. 
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Figure 25. Compound heterozygous DES genotype (mutation 2) in Trio 58. 

Trio 59 (Sheba) 

Clinical Presentation: This was a 14-year old male born to non-consanguineous 

Ashkenazi Jewish parents after a 39-week gestation. Both parents were healthy and 
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there was no known family history related to his disorder. He had a healthy sister. He 

walked at 1.3 years old and had normal language development and intelligence 

without dysmorphic appearance. He started to have ataxia at 8 years old and then 

progressive cerebellar ataxia with auditory neuropathy. He was tested negative for 

FXN and tandem repeats in ATXN1, ATXN2, and ATXN3, and peroxisomal disorders 

were ruled out. Targeted exome sequencing for deafness genes was negative. Brain 

MRI showed cerebellar atrophy and nerve conduction studies showed axonal 

neuropathy.  

WES results and interpretation: Qualifying variants are shown in Table 37 and 

Table 38 below. 

Table 37. Qualifying variants of Trio 59: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 15_83658676_C missense FAM103A1 No 

hemi X_23802147_G missense SAT1 No 

hemi X_79932629_C missense BRWD3 Yes 

hemi X_129271109_G missense AIFM1 Yes 

hom 2_179528377_A missense TTN Yes 

 

Table 38. Qualifying variants of Trio 59: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 2_173349988_C missense 2_173355800_A missense ITGA6 Yes 

comphet 4_8221220_T missense 4_8229378_T missense SH3TC1 No 

comphet 6_7373971_G missense 6_7378978_A missense CAGE1 No 

comphet 6_7374019_G missense 6_7378978_A missense CAGE1 No 

comphet 6_71235114_T missense 6_71243484_G missense FAM135A No 
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Trio 59 had a total of 10 qualifying genetic findings: 1 de novo, 3 newly 

hemizygous, 1 newly homozygous, and 5 compound heterozygous, of which 2 

hemizygous (BRWD3 and AIFM1), 1 homozygous (TTN), and 1 compound 

heterozygous (ITGA6) were associated with at least one condition in OMIM. BRWD3 

(associated with X-linked mental retardation [300659]), TTN (associated with 

cardiomyopathy and muscular dystrophy), and ITGA6 (associated with junctional 

epidermolysis bullosa with pyloric stenosis [226730]) could not explain the patient’s 

phenotype, leaving AIFM1 the only remaining genetic candidate. 

Mutations in AIFM1 were known to associate with three related X-linked 

recessive disorders due to dysfunction of the mitochondrial respiratory chain with 

overlapping phenotypes: combined oxidative phosphorylation deficiency-6 (COXPD6, 

300816), Cowchock syndrome (COWCK, 310490), and X-linked deafness-5 (DFNX5, 

300614). COXPD6 (300816) was characterized by muscle weakness and atrophy, 

psychomotor regression (onset within first year of life) and severe psychomotor 

retardation, involuntary movements, seizures, and periphery polyneuropathy. 

COWCK (310490) was known to be a neuromuscular disorder characterized by early 

childhood onset of a slowly progressive axonal sensorimotor neuropathy associated in 

some patients with sensorineural deafness and cognitive impairment. DFNX5 (300614) 

was known to be a neurologic disorder characterized by childhood onset of auditory 

neuropathy and later onset of distal sensory impairment affecting the peripheral 

nervous system. The clinical presentation of our patient was most consistent with 

COWCK (310490), because he had both deafness and axonal neuropathy, and his ataxia 
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was thought to be cerebellar with cerebellar atrophy on MRI, indicating central nervous 

system involvement. 

The proband had a newly hemizygous (consistent with the X-linked recessive 

disorder) qualifying variant in AIFM1. The variant, X_129271109_G, was absent in 

internal controls and EVS and predicted to be a missense 

(ENSP00000287295.3:p.Met340Thr). Importantly, in ClinVar there were 7 pathogenic 

missense variants, the closest (in terms of physical proximity in the linear amino acid 

sequence) being p.Leu344Phe 

(https://www.ncbi.nlm.nih.gov/clinvar/variation/162477/), further supporting the 

pathogenicity of our qualifying variant. After a discussion with the treating medical 

geneticist on the genetic and clinical evidences, the qualifying variant in AIFM1 was 

established as the genetic diagnosis and the proband of Trio 59 was resolved. Due to 

insufficient amount of DNA from the mother, we were not able to Sanger validate this 

variant. However, the IGV visualization of the AIFM1 mutation in Trio 59 supported 

the true presence of this variant (Figure 27). 
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Figure 26. Hemizygous AIFM1 mutation in Trio 59. 

Trio 61 (Sheba) 

Clinical Presentation: This was a 6-year old male born to non-consanguineous 

parents after a 40-week gestation. His father was Ashkenazi/Turkish Jewish, and his 

mother was Ashkenazi Jewish. Both parents were healthy and there was no known 

family history related to his disorder. He had a healthy brother. He had strabismus, 

global developmental delay and regression of milestones, progressive microcephaly, 

profound intellectual disability, severe chorea, flexor non-epileptic spasms, small 

ventricular septal defect (VSD), GERD, hypospadias, and changing muscle tonus (low 

in axial muscles and high in appendicular muscles). He had a normal karyotype 

(amniocentesis), normal chromosomal microarray, and negative genetic testing for 

MECP2 and SLC9A6.  
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WES results and interpretation: Qualifying variants are shown in Table 39 and 

Table 40 below. 

Table 39. Qualifying variants of Trio 61: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to 

disease in OMIM 

de novo 7_6472480_G missense DAGLB No 

de novo 7_112535649_G missense C7orf60 No 

de novo 14_29236891_T stop gain FOXG1 Yes 

hom 22_31536134_31536134_INS_T frameshift PLA2G3 No 

 

Table 40. Qualifying variants of Trio 61: compound heterozygous (comphet). 

Flag Variant 1 
Function 

1 
Variant 2 

Function 
2 

Gene 

Gene 
linked to 
disease 

in OMIM 

comphet 1_19166221_A missense 1_19186115_C missense TAS1R2 No 

comphet 1_12313827_G missense 1_12364656_A missense VPS13D No 

comphet 3_47030865_A missense 3_47043648_A missense NBEAL2 Yes 

comphet 6_168708377_T missense 6_168708686_T missense DACT2 No 

comphet 7_43484498_A missense 7_43531711_G missense HECW1 No 

comphet 8_87588042_C missense 8_87591364_C missense CNGB3 Yes 

comphet 8_144990539_T missense 8_144995807_C missense PLEC Yes 

comphet 11_47726134_C missense 11_47731963_G missense AGBL2 No 

comphet 15_74509694_A missense 15_74510915_C missense CCDC33 No 

comphet 15_42982090_G missense 15_42976387_42976389_DEL_CAT 
codon 

deletion 
STARD9 No 

comphet 17_65105363_G missense 17_65199505_T missense HELZ No 

comphet 19_9047127_A missense 19_9050081_T missense MUC16 No 

comphet 19_9050081_T missense 19_9074493_T missense MUC16 No 

 

Trio 61 had a total of 17 qualifying genetic findings: 3 de novo, 1 newly 

homozygous, and 13 compound heterozygous, of which 1 de novo (FOXG1) and 3 

compound heterozygous (NBEAL2, CNGB3, and PLEC) were associated with at least 

one condition in OMIM. NBEAL2 (associated with gray platelet syndrome [139090]), 

CNGB3 (associated with achromatopsia 3 [262300] and juvenile macular degeneration 
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[248200]), and PLEC (associated with epidermolysis bullosa simplex and muscular 

dystrophy) could not explain the patient’s phenotype, leaving FOXG1 the only 

remaining genetic candidate. 

 De novo mutations in FOXG1 were known to cause congenital variant of Rett 

syndrome (613454), a severe neurodevelopmental disorder with features of classic Rett 

syndrome (312750), but earlier onset in the first months of life (classic Rett syndrome 

shows later onset and is caused by mutation in the MECP2 gene; our patient was tested 

negative for MECP2 using both sequencing and MLPA [Multiplex Ligation-dependent 

Probe Amplification]). Congenital variant of Rett syndrome (613454) was known to 

present with progressive postnatal microcephaly, gastroesophageal reflux, severe 

mental retardation, delayed motor development, developmental regression, jerky limb 

movements, stereotypic movements, spasticity, chorea, dystonia, and lack of speech 

development, further confirming it to be an excellent match to our patient’s phenotype, 

who had a de novo qualifying variant in FOXG1. This variant, 14_29236891_T, was 

absent in internal controls and EVS and predicted to be a stop gain introducing a 

premature termination of the protein (ENSP00000371975.3:p.Glu136Ter). Importantly, 

many of the pathogenic FOXG1 variants had been reported to be de novo stop gains 

(https://www.ncbi.nlm.nih.gov/clinvar/?term=FOXG1%5Bgene%5D). After a discussion 

with the treating medical geneticist on the genetic and clinical evidences, the qualifying 

variant in FOXG1 was established as the genetic diagnosis and the proband of Trio 61 

was resolved. Unfortunately, we were not able to Sanger validate this variant after 

failing three rounds of primer design and optimization. However, the IGV visualization 

https://www.ncbi.nlm.nih.gov/clinvar/?term=FOXG1%5Bgene%5D
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of the FOXG1 mutation in Trio 61 supported the true presence of this variant (Figure 

28). 

 

Figure 27. De novo FOXG1 mutation in Trio 61. 

Trio 65 (Sheba) 

Clinical Presentation: This was a 5-year old male born to non-consanguineous 

Ashkenazi Jewish parents after a 40-week gestation. Both parents were healthy and 

there was no known family history related to his disorder. He had two healthy sisters. 

He had global developmental delay, features of ASD, intellectual disability, nosebleeds, 

feeding difficultites, poor growth, two sacral dimples, involuntary movements, 
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hypotonia, and Kabuki-like dysmorphic features. He had a normal karyotype and 

chromosomal microarray, and echocardiogram, brain MRI, and EEG were all normal. 

WES results and interpretation: Qualifying variants are shown in Table 41 and 

Table 42 below. 

Table 41. Qualifying variants of Trio 65: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 5_6609943_A missense NSUN2 Yes 

de novo 14_99871690_C missense SETD3 No 

de novo 14_102474582_T missense DYNC1H1 Yes 

hom 16_3299468_T missense MEFV Yes 

hom 16_3299586_A missense MEFV Yes 

hom 19_52709305_T missense PPP2R1A No 

 

Table 42. Qualifying variants of Trio 65: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 2_186660153_A missense 2_186673805_T missense FSIP2 No 

comphet 2_186673618_A missense 2_186673805_T missense FSIP2 No 

comphet 10_75005921_C missense 10_75006932_T missense DNAJC9 No 

comphet 19_41122891_G missense 19_41128347_A missense LTBP4 Yes 

 

Trio 65 had a total of 10 qualifying genetic findings: 3 de novo, 3 newly 

homozygous, and 4 compound heterozygous, of which 2 de novo (NSUN2 and 

DYNC1H1), 2 homozygous (both in MEFV), and 1 compound heterozygous (LTBP4) 

were associated with at least one condition in OMIM. MEFV (associated with familial 

Mediterranean fever) and LTBP4 (associated with autosomal recessive cutis laxa type 

IC [613177] ) could not explain the patient’s phenotype.  NSUN2 was known to 

associate with autosomal recessive mental retardation-5 (MRT5, 611091), which might 
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be able to explain our patient’s developmental delay, intellectual disability, ASD, 

hypotonia, and perhaps dysmorphic features, but the inheritance pattern (recessive) 

was not consistent with the de novo qualifying variant. Consequently, NSUN2 was 

considered as a good clinical fit but not a strong genetic candidate.  

On the other hand, our patient had a de novo qualifying variant in DYNC1H1, 

which was known to associate with three disorders: autosomal dominant axonal 

Charcot-Marie-Tooth disease type 2O (CMT2O, 614228), autosomal dominant mental 

retardation-13 (MRD13, 614563), and autosomal dominant lower extremity-

predominant spinal muscular atrophy-1 (SMALED1, 158600). CMT2O (614228) was 

known to be an axonal peripheral neuropathy associated with delayed motor 

development and learning difficultites. MRD13 (614563) was known to be an autosomal 

dominant form of mental retardation associated with variable features including 

autistic features, early-onset seizures, mild dysmorphic features, and peripheral 

neuropathy. SMALED1 (158600) was characterized by muscle weakness and atrophy. 

Our patient’s clinical presentation was most readily explained by MRD13 (614563), and 

the inheritance pattern was consistent (de novo variant and autosomal dominant 

disorder; indeed most MRD13 patients were found to have de novo mutations, which 

was not observed in the other two conditions associated with DYNC1H1 mutations). 

The de novo qualifying variant in DYNC1H1, 14_102474582_T, was absent in 

internal controls and EVS and predicted to be a probably damaging (by PolyPhen-2 

HumVar) missense variant causing a p.Arg1962Leu change in the protein 

(ENSP00000348965.4). Several different missense mutations had been reported before to 
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be pathogenic in ClinVar 

(https://www.ncbi.nlm.nih.gov/clinvar/?term=DYNC1H1%5Bgene%5D), including a 

pathogenic variant affecting the same codon but resulting in a different amino acid 

substitution (p.Arg1962Cys)159. After a discussion with the treating medical geneticist 

on the genetic and clinical evidences and Sanger validation of the variant, the 

qualifying variant in DYNC1H1 was established as the genetic diagnosis and the 

proband of Trio 65 was resolved. The IGV visualization of the DYNC1H1 mutation in 

Trio 65 is shown in Figure 29. 

https://www.ncbi.nlm.nih.gov/clinvar/?term=DYNC1H1%5Bgene%5D


 

139 
 

 

Figure 28. De novo DYNC1H1 mutation in Trio 65. 

Trio 66 (Sheba) 

Clinical Presentation: This was a 3-year old female, the third of four siblings 

born to consanguineous parents of Israeli Arab-Muslim descent. She had global 

developmental delay with failure to thrive and a negative metabolic workup and 

negative neurological findings but high uracil in the urine. She was suspected to have a 

purine-pyrimidine disorder or other unknown disorders. 
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WES results and interpretation: Qualifying variants are shown in Table 43 and 

Table 44 below. 

Table 43. Qualifying variants of Trio 66: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 1_45484248_A missense ZSWIM5 No 

hom 1_91817154_T missense HFM1 Yes 

hom 1_160144396_A missense ATP1A4 No 

hom 1_177199043_A missense FAM5B No 

hom 1_201860633_T missense SHISA4 No 

 

Table 44. Qualifying variants of Trio 66: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 14_105408536_A missense 14_105409027_T missense AHNAK2 No 

comphet 17_78306237_A missense 17_78355428_G missense RNF213 Yes 

comphet 19_40408811_A missense 19_40430325_G missense FCGBP No 

 

Trio 66 had a total of 8 qualifying genetic findings: 1 de novo, 4 newly 

homozygous, and 3 compound heterozygous, of which 1 homozygous (HFM1) and 1 

compound heterozygous (RNF213) were associated with at least one condition in 

OMIM. However, neither HFM1 (associated with premature ovarian failure 9 [615724]) 

nor RNF213 (associated with susceptibility to Moyamoya disease) could explain the 

patient’s phenotype.  

Interestingly, in our patient we identified a homozygous variant in DPYD that 

had been reported before to be pathogenic. This variant, 1_97915614_T, had an allele 

frequency of 0.0048 in internal controls (TT=1/TC= 27/CC= 2974) and 0.004152 in EVS 

(TT=0/TC=54/CC=6449) and was predicted to be a splice site donor variant 
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(ENST00000370192.3:c.1905+1G>A). It was not identified as a qualifying variant because 

there was one homozygous in our internal controls, and one of our rules required the 

absence of homozygous in internal controls and EVS for newly homozygous and 

compound heterozygous qualifying variants. However, there had been ample evidence 

supporting the pathogenicity of this variant 

(https://www.omim.org/entry/612779#0001) and its causal role in the autosomal 

recessive (thus consistent with the homozygous qualifying variant) dihydropyrimidine 

dehydrogenase (DPD) deficiency (274270). DPD deficiency could be characterized by 

failure to thrive, growth retardation, and increased urinary uracil, readily explaining 

our patient’s phenotype. Remarkably, DPD deficiency was known to be associated with 

highly variable phenotype and some individuals could be asymptomatic 

(https://www.omim.org/entry/274270), which might explain why we observed a 

homozygous of the c.1905+1G>A variant in our internal controls. As a result, we treated 

the homozygous DPYD genotype as an “exception genotype” because it did not meet 

all our criteria for a qualifying genotype. After a discussion with the treating medical 

geneticist on the genetic and clinical evidences and Sanger validation of the variant, the 

qualifying variant in DPYD was established as the genetic diagnosis and the proband of 

Trio 66 was resolved. The IGV visualization of the DPYD mutation in Trio 66 is shown 

in Figure 30.  

https://www.omim.org/entry/612779#0001
https://www.omim.org/entry/274270


 

142 
 

 

Figure 29. Homozygous DYPD mutation in Trio 66. 

Trio 67 (Sheba) 

Clinical Presentation: This was a 14-year old male, the fourth son born to 

healthy non-consanguineous parents of Ashkenazi-Jewish descent. He had eight 

healthy siblings and a paternal cousin with Williams syndrome. Since birth, he was 

affected with an unrecognized syndrome with multiple organ involvement, including 

severe skeletal deformities including short upper limbs, dysmorphism (exophthalmos, 

low set ears), bilateral hearing impairment, subaortic stenosis, polycystic kidneys, and 

hydrocephalus (Chiarri malformation). He had undergone multiple abdominal 

surgeries (gastrostomy, Nissen fundoplication, and umbilical and inguinal hernia 

repairs), two episodes of bowel obstruction requiring laparotomy, tracheostomy and 

ventriculoperitoneal shunt insertion. His cognition was normal but he required a 

wheel-chair due to the severe deformations and short limbs. 
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WES results and interpretation: Qualifying variants are shown in Table 45 and 

Table 46 below. 

Table 45. Qualifying variants of Trio 67: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 1_120458147_A stop gain NOTCH2 Yes 

hemi X_9900283_T missense SHROOM2 No 

hemi X_47837014_T missense ZNF182 No 

 

Table 46. Qualifying variants of Trio 67: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 3_113022889_A missense 3_113045485_A missense WDR52 No 

comphet 7_127961330_A missense 7_127981205_T missense RBM28 Yes 

 

Trio 67 had a total of 5 qualifying genetic findings: 1 de novo, 2 newly 

hemizygous, and 2 compound heterozygous, of which 1 de novo (NOTCH2) and 1 

compound heterozygous (RBM28) were associated with at least one condition in 

OMIM. RBM28 (associated with alopecia, neurologic defects, and endocrinopathy 

syndrome [ANES, 612079]) could not explain the patient’s clinical presentation, leaving 

NOTCH2 the only remaining genetic candidate. 

Mutations in NOTCH2 were known to associate with two rare disorders: 

Alagille syndrome-2 (ALGS2, 610205), an autosomal dominant multisystem disorder 

defined clinically by hepatic bile duct paucity and cholestasis in association with 

cardiac, skeletal, and ophthalmologic manifestations, and Hajdu-Cheney syndrome 

(HJCYS, 102500), an autosomal dominant skeletal disorder characterized by short 



 

144 
 

stature, coarse and dysmorphic facies (including hypertelorism, bushy eyebrows, 

micrognathia, small mouth with dental anomalies, low-set ears, and short neck), 

bowing of the long bones, and vertebral anomalies, with additional and variable 

features include hearing loss, renal cysts, cardiovascular anomalies, and 

hydrocephalus. It was obvious that Hajdu-Cheney syndrome (102500) was an excellent 

match of the phenotype of our patient, who had a de novo qualifying variant in 

NOTCH2. This variant, 1_120458147_A, was absent in internal controls and EVS and 

predicted to be a stop gain introducing a premature termination of the protein 

(ENSP00000256646.2:p.Arg2400Ter). Indeed, this exact variant had been reported to be 

pathogenic and cause Hajdu-Cheney syndrome60. After a discussion with the treating 

medical geneticist on the genetic and clinical evidences and Sanger validation of the 

variant, the qualifying variant in NOTCH2 was established as the genetic diagnosis and 

the proband of Trio 67 was resolved. The IGV visualization of the NOTCH2 mutation in 

Trio 67 is shown in Figure 31. 
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Figure 30. De novo NOTCH2 mutation in Trio 67. 

Trio 78 (Duke) 

Clinical Presentation: This was a 5-year old male born to non-consanguineous 

healthy parents. His major clinical presentation included macrocephaly, advanced bone 

age, Gibbus deformity, speech delay, and developmental delay since birth, with a 

clinical diagnosis of Sotos syndrome. His chromosomal microarray analysis was 

negative. 

WES results and interpretation: Qualifying variants are shown in Table 47 and 

Table 48 below. 

Table 47. Qualifying variants of Trio 78: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to 

disease in OMIM 

de novo 16_87743128_A missense KLHDC4 No 

de novo 19_13136043_C missense NFIX Yes 
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hemi 
X_66766356_66766394_DEL_GGCGGCGGCGGC

GGCGGCGGCGGCGGCGGCGGCGGCGGC 
codon deletion AR Yes 

hom 3_151545958_C stop lost AADAC No 

 

Table 48. Qualifying variants of Trio 78: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 19_8651557_C missense 19_8670115_T missense ADAMTS10 Yes 

comphet 19_18375333_T missense 19_18375784_A missense KIAA1683 No 

comphet 20_18576801_A missense 20_18576825_T missense DTD1 No 

 

Trio 78 had a total of 7 qualifying genetic findings: 2 de novo, 1 newly 

hemizygous, 1 newly homozygous, and 3 compound heterozygous, of which 1 de novo 

(NFIX), 1 hemizygous (AR), and 1 compound heterozygous (ADAMTS10) were 

associated with at least one condition in OMIM. AR (associated with X-linked spinal 

and bulbar muscular atrophy, androgen insensitivity, and hypospadias) and 

ADAMTS10 (associated with Weill-Marchesani syndrome, a rare connective tissue 

disorder characterized by short stature, brachydactyly, joint stiffness, and lens 

abnormalities) could not explain the patient’s clinical presentation, leaving NFIX the 

only remaining genetic candidate. 

 Heterozygous mutations in NFIX were known to associate with two autosomal 

dominant disorders: Marshall-Smith syndrome (MRSHSS, 602535) and Sotos 

syndrome-2 (SOTOS2, 614753). MRSHSS (602535) was known to be a malformation 

syndrome characterized by accelerated skeletal maturation, relative failure to thrive, 

respiratory difficulties, mental retardation, and unusual facies, including prominent 

forehead, shallow orbits, blue sclerae, depressed nasal bridge, and micrognathia. 
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SOTOS2 (614753) was characterized by postnatal overgrowth, macrocephaly, advanced 

bone age, long narrow face, high forehead, slender habitus, scoliosis, unusual behavior 

characterized especially by anxiety, and mental retardation. Our patient already had a 

clinical picture suggesting Sotos syndrome, and his phenotype matched very well with 

SOTOS2 (614753). 

 Our proband was found to have a de novo qualifying variant in NFIX. This 

variant, 19_13136043_C, was absent in internal controls and EVS and predicted to be a 

probably damaging (by PolyPhen-2 HumVar) missense variant causing a p.Leu79Pro 

change in the protein (ENSP00000380781.2). Importantly, in ClinVar, missense NFIX 

variants had been reported before to be pathogenic and cause SOTOS2, including 

p.Leu60Pro and p.Arg121Pro. After a discussion with the treating medical geneticist on 

the genetic and clinical evidences and Sanger validation of the variant, the qualifying 

variant in NFIX was established as the genetic diagnosis and the proband of Trio 78 

was resolved. The IGV visualization of the NFIX mutation in Trio 78 is shown in Figure 

32. 
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Figure 31. De novo NFIX mutation in Trio 78. 

Trio 95 (Duke) 

Clinical Presentation: This was a 28-year old male born to non-consanguineous 

healthy parents. His major clinical presentation included progressive ataxia, dysarthria, 

oculomotor apraxia, and declining cognition since 8 months old. His previous genetic 

tests included FXN, APTX, SETX, POLG1, SIL1, TTPA, ATXN1, ATXN2, ATXN3, 

CACNA1A, ATXN7, ATXN8, and ATN1. 

WES results and interpretation: The qualifying variant is shown in Table 49. 

Table 49. Qualifying variants of Trio 95: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

hom 18_21116700_G missense NPC1 Yes 

 



 

149 
 

 Trio 95 had only one qualifying variant: the newly homozygous variant in 

NPC1. Mutations in NPC1 were known to associate with autosomal recessive Niemann-

Pick disease type C1 and Niemann-Pick disease type D (57220). Niemann-Pick disease 

type C was characterized by a highly variable clinical phenotype including neurologic 

abnormalities such as ataxia, seizures, loss of previously learned speech, and spasticity, 

with less striking hepatosplenomegaly than in types A and B.  Niemann-Pick disease 

type D and type C were clinically similar, but the former might be less severe and have 

a more homogeneous expression than the latter. Our patient’s clinical presentation was 

consistent with the Niemann-Pick disease (57220). 

 Our patient was identified to have a qualifying homozygous variant in NPC1. 

This variant, 18_21116700_G, had an allele frequency of 0.0001655 in internal controls 

(GG=0/GA=1/AA=3020) and 0.000384 in EVS (GG=0/GA=5/AA=6498) and predicted to 

be a possibly damaging (by PolyPhen-2 HumVar) missense variant causing a 

p.Ile1061Thr change in the protein (ENSP00000269228.4). Importantly, many missense 

pathogenic variants had been reported in NPC1 before, including the exact qualifying 

variant identified in our proband (https://www.omim.org/entry/607623#0010). This 

variant was associated with Niemann-Pick disease type C1. After a discussion with the 

treating medical geneticist on the genetic and clinical evidences and Sanger validation 

of the variant, the qualifying variant in NPC1 was established as the genetic diagnosis 

and the proband of Trio 95 was resolved. The IGV visualization of the NPC1 mutation 

in Trio 95 is shown in Figure 33. 

https://www.omim.org/entry/607623#0010
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Figure 32. Homozygous NPC1 mutation in Trio 95. 

Trio 96 (Duke) 

Clinical Presentation: This was a 5-year old male born to non-consanguineous 

healthy parents. His major clinical presentation included failure to thrive, global 

developmental delay, hypotonia, congenital cataracts, and microcephaly with 

decreased white matter volume and small corpus callosum, with a clinical suspicion of 

possible migrational abnormality. His previous genetic tests included Fragile X and 

Chromosomal Microarray Analysis. 

WES results and interpretation: The qualifying variants are shown in Table 50 

and Table 51. 

Table 50. Qualifying variants of Trio 96: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 9_94973156_G missense IARS No 
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de novo 14_102478787_T missense DYNC1H1 Yes 

hemi X_129474271_G missense SLC25A14 No 

hom 4_15704874_C missense BST1 No 

 

Table 51. Qualifying variants of Trio 96: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 1_228407150_C missense 1_228557899_A missense OBSCN No 

comphet 1_228461097_G missense 1_228557899_A missense OBSCN No 

comphet 9_134349105_A missense 9_134351730_G missense PRRC2B No 

comphet 10_102247393_T missense 10_102269201_T missense SEC31B No 

 

 Trio 96 had a total of 8 qualifying genetic findings: 2 de novo, 1 newly 

hemizygous, 1 newly homozygous, and 4 compound heterozygous, of which only 1 de 

novo (DYNC1H1) was associated with at least one condition in OMIM.  

DYNC1H1 was known to associate with three disorders: autosomal dominant 

axonal Charcot-Marie-Tooth disease type 2O (CMT2O, 614228), autosomal dominant 

mental retardation-13 (MRD13, 614563), and autosomal dominant lower extremity-

predominant spinal muscular atrophy-1 (SMALED1, 158600). CMT2O (614228) was 

known to be an axonal peripheral neuropathy associated with delayed motor 

development and learning difficultites. MRD13 (614563) was known to be an autosomal 

dominant form of mental retardation associated with variable features including 

autistic features, early-onset seizures, mild dysmorphic features, and peripheral 

neuropathy, with microcephaly and thin corpus callosum in some patients . SMALED1 

(158600) was characterized by muscle weakness and atrophy. Our patient’s clinical 

presentation was most readily explained by MRD13 (614563), and the inheritance 
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pattern was consistent (de novo variant and autosomal dominant disorder; indeed most 

MRD13 patients were found to have de novo mutations, which was not observed in the 

other two conditions associated with DYNC1H1 mutations). 

The de novo qualifying variant in DYNC1H1, 14_102478787_T, was absent in 

internal controls and EVS and predicted to be a probably damaging (by PolyPhen-2 

HumVar) missense variant causing a p.Arg2332Cys change in the protein 

(ENSP00000348965.4). Several different missense mutations had been reported before to 

be pathogenic in ClinVar 

(https://www.ncbi.nlm.nih.gov/clinvar/?term=DYNC1H1%5Bgene%5D), including 

mutations occurring before and after our qualifying variant (in the linear amino acid 

sequence). After a discussion with the treating medical geneticist on the genetic and 

clinical evidences and Sanger validation of the variant, the qualifying variant in 

DYNC1H1 was established as the genetic diagnosis and the proband of Trio 96 was 

resolved. The IGV visualization of the DYNC1H1 mutation in Trio 96 is shown in 

Figure 34. 

https://www.ncbi.nlm.nih.gov/clinvar/?term=DYNC1H1%5Bgene%5D
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Figure 33. De novo DYNC1H1 mutation in Trio 96. 

Trio 113 (Duke) 

Clinical Presentation: This was a 1.5-year old male born to non-consanguineous 

healthy parents. His major clinical presentation included coarse facial features, 

hirsutism, developmental delay, nearly absent fifth fingernails and toenails, large for 

gestational age, polyhydramnios, low Apgar scores, complications in the newborn 

period, and complications at 6 weeks of life resulting in apnea, stroke and seizures. His 

Chromosomal Microarray Analysis was negative. 

WES results and interpretation: The qualifying variants are shown in Table 52 

and Table 53. 

Table 52. Qualifying variants of Trio 113: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to 

disease in OMIM 

de novo 12_21995374_T missense ABCC9 Yes 
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hemi X_52858238_T splice site donor RP13-77O11.11 No 

hemi X_153689842_A missense PLXNA3 No 

 

Table 53. Qualifying variants of Trio 113: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 2_31133856_T missense 2_31348076_A missense GALNT14 No 

comphet 8_2054077_G missense 8_2090320_G missense MYOM2 No 

comphet 11_1263940_G missense 11_1275972_T missense MUC5B Yes 

comphet 12_6777134_A missense 12_6787465_T missense ZNF384 No 

Trio 113 had a total of 7 qualifying genetic findings: 1 de novo, 2 newly 

hemizygous, and 4 compound heterozygous, of which 1 de novo (ABCC9) and 1 

compound heterozygous (MUC5B) were associated with at least one condition in 

OMIM. MUC5B (associated with susceptibility to idiopathic pulmonary fibrosis) could 

not explain the patient’s clinical presentation, leaving ABCC9 the only remaining 

genetic candidate. 

Mutations in ABCC9 were known to associate with three different disorders: 

familial atrial fibrillation-12 (ATFB12, 614050), dilated Cardiomyopathy 1O (608569), 

and hypertrichotic osteochondrodysplasia (Cantu syndrome, 239850), the first two of 

which could not explain the patient’s phenotype. On the other hand, Cantu syndrome 

was known to be a rare disorder characterized by congenital hypertrichosis (thick scalp 

hair and a general increase in body hair), neonatal macrosomia (edematous at birth), a 

distinct osteochondrodysplasia, and cardiomegaly, with additional phenotypes 

including coarse facial features, delayed motor development delay, mild speech delay, 

and learning difficulties or intellectual disability in a small percentage of patients. Our 

patient’s presentation was very consistent with Cantu syndrome, and his de novo 
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qualifying variant in ABCC9 was consistent with the autosomal dominant disorder. 

This variant, 12_21995374_T, was absent in internal controls and EVS and predicted to 

be a probably damaging (by PolyPhen-2 HumVar) missense variant causing a 

p.Arg1116His change in the protein (ENSP00000261200.4). Importantly, pathogenic 

missense variants had been reported before in ClinVar and in fact included the de novo 

qualifying variant identified in our patient (https://www.omim.org/entry/601439#0008). 

After a discussion with the treating medical geneticist on the genetic and clinical 

evidences and Sanger validation of the variant, the qualifying variant in ABCC9 was 

established as the genetic diagnosis and the proband of Trio 113 was resolved. The IGV 

visualization of the ABCC9 mutation in Trio 113 is shown in Figure 35. 

 

Figure 34. De novo ABCC9 mutation in Trio 113. 

https://www.omim.org/entry/601439#0008
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Trio N8 (Duke; reanalyzed) 

Clinical Presentation: This was a 19-year old male born to non-consanguineous 

healthy parents. His major clinical presentation included bicuspid aortic valve, bilateral 

coronal craniosynostoses, dysmorphic features, quadriplegic cerebral palsy, bilateral 

inguinal hernias, obstructive sleep apnea, and severe intellectual disability. His 

previous genetic tests included FGFR2, FGFR3, TWIST1, and Chromosomal Microarray 

Analysis. 

WES results and interpretation: The qualifying variants are shown in Table 54 

and Table 55. 

Table 54. Qualifying variants of Trio N8: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

hemi X_24078361_T missense EIF2S3 Yes 

hemi X_76940012_A missense ATRX Yes 

 

Table 55. Qualifying variants of Trio N8: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 2_74717554_A missense 2_74719774_A missense TTC31 No 

comphet 21_19666605_A missense 21_19858118_T missense TMPRSS15 Yes 

 

Trio N8 had a total of 4 qualifying genetic findings: 2 newly hemizygous and 2 

compound heterozygous, of which 2 hemizygous (EIF2S3 and ATRX) and 1 compound 

heterozygous (TMPRSS15) were associated with at least one condition in OMIM. 

TMPRSS15 (associated with enterokinase deficiency [226200]) could not explain the 

patient’s clinical presentation. EIF2S3 was known to associate with the Borck type of X-
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linked syndromic mental retardation (MRXSBRK, 300987), an X-linked recessive 

neurodevelopmental disorder characterized by global developmental delay, short 

stature, microcephaly, and poor or absent speech, with additional phenotypes 

including dysmorphic facial features, growth hormone deficiency, hypogonadism, and 

spasticity, showing partial overlap with the patient’s major phenotypes. On the other 

hand, germline mutations in ATRX were known to associate with two related disorders 

with overlapping features: X-linked alpha-thalassemia/mental retardation syndrome 

(301040) and X-linked mental retardation-hypotonic facies syndrome (309580). Both 

conditions were known to present with variable phenotypes including dysmorphic 

features, cardiac malformations, hernias, and intellectual disability, explaining our 

patient’s phenotype better than EIF2S3.  

Our patient was found to have a qualifying hemizygous variant in ATRX. This 

variant, X_76940012_A, was absent in internal controls and EVS and predicted to be a 

probably damaging (by PolyPhen-2 HumVar) missense variant causing a p.Arg246Cys 

change in the protein (ENSP00000362441.4). Importantly, in ClinVar there were 

multiple pathogenic missense variants in ATRX, including p.Arg246Cys 

(https://www.ncbi.nlm.nih.gov/clinvar/variation/11735/), which indeed had been 

reported to be pathogenic by multiple studies 

(https://www.omim.org/entry/300032#0018). According to the genotype-phenotype 

correlation in literature, p.Arg246Cys was associated with X-linked alpha-

thalassemia/mental retardation syndrome (301040), though this condition was labeled 

X-linked dominant in OMIM and our patient was not known to have alpha-

https://www.ncbi.nlm.nih.gov/clinvar/variation/11735/
https://www.omim.org/entry/300032#0018
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thalassemia. Because of the unambiguously strong evidence supporting the 

pathogenicity of p.Arg246Cys and the overall consistency between our patient’s 

phenotype and the phenotype due to ATRX mutations, p.Arg246Cys was sufficiently 

strong to be the genetic diagnosis. In this case, the highly variable phenotype associated 

with ATRX mutations (complicated with skewed X-inactivation in female) made a clear 

judgment of clinical fit difficult, and the overwhelmingly strong genetic evidence 

primarily contributed to the establishment of ATRX as the genetic diagnosis. After a 

discussion with the treating medical geneticist on the genetic and clinical evidences and 

Sanger validation of the variant, the qualifying variant in ATRX was established to be 

the genetic diagnosis and the proband of Trio N8 was resolved. The IGV visualization 

of the ATRX mutation in Trio N8 is shown in Figure 36. 

 

Figure 35. Hemizygous ATRX mutation in Trio N8. 
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   The variant p.Arg246Cys was not identified in the original analysis2, in which 

alignment was to an older version of the human reference genome (GRCh36) and 

variant calling was performed using SAMtools. The updated bioinformatics pipeline 

(2.2.2 Sequencing and bioinformatics pipeline) helped identify the ATRX mutation.  

Trio N12 (Duke; reanalyzed) 

Clinical Presentation: This was an 8-year old female born to non-

consanguineous healthy parents. Her major clinical presentation included failure to 

thrive, borderline microcephaly, dysplastic nails, ventricular septal defect, hip 

dysplasia, and speech delay. Her Chromosomal Microarray Analysis was negative. 

WES results and interpretation: The qualifying variants are shown in Table 56 

and Table 57. 

Table 56. Qualifying variants of Trio N12: de novo mutations (de novo), newly hemizygous 

variants (hemi), newly homozygous variants (hom). 

Flag Variant Function Gene 
Gene linked to disease in 

OMIM 

de novo 7_143772072_A missense OR2A25 No 

de novo 11_47290219_C missense NR1H3 No 

de novo 16_30748691_T stop gain SRCAP Yes 

hom 11_3050233_T missense CARS No 

 

Table 57. Qualifying variants of Trio N12: compound heterozygous (comphet). 

Flag Variant 1 Function 1 Variant 2 Function 2 Gene 
Gene linked 
to disease in 

OMIM 

comphet 5_79026649_G missense 5_79032404_T missense CMYA5 No 

 

Trio N12 had a total of 5 qualifying genetic findings: 3 de novo, 1 newly 

homozygous and 1 compound heterozygous, of which only 1 compound heterozygous 
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(SRCAP) was known to associate with at least one condition in OMIM. Heterozygous 

mutations in SRCAP were known to cause Floating-Harbor syndrome (FLHS, 136140), a 

rare genetic disorder characterized by proportionate short stature, delayed bone age, 

delayed speech development, and typical facial features, possibly with cardiac and 

skeletal manifestations. Our patient’s presentation could be largely explained by FLHS 

(136140) and the inheritance pattern was also consistent (de novo qualifying variant and 

autosomal dominant disease). 

Our patient was identified with a de novo qualifying variant in SRCAP. This 

variant, 16_30748691_T, was absent in internal controls and EVS and predicted to be a 

stop gain introducing a premature termination of the protein 

(ENSP00000262518.4:p.Arg2444Ter). Previously stop gains had been reported to be 

pathogenic and cause FLHS (136140), including p.Arg2444Ter. After a discussion with 

the treating medical geneticist on the genetic and clinical evidences and Sanger 

validation of the variant, the qualifying variant in SRCAP was established to be the 

genetic diagnosis and the proband of Trio N12 was resolved. The IGV visualization of 

the SRCAP mutation in Trio N12 is shown in Figure 37. 
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Figure 36. De novo SRCAP mutation in Trio N12. 

The variant p.Arg2444Ter was identified but not interpreted as causal in our 

original analysis2. This was because literature160 establishing the gene-disease 

relationship between SRCAP and Floating-Harbor syndrome emerged after our original 

paper2 was submitted. 

2.3.2 Identifying novel disease genes: bioinformatic signatures can 
point toward novel genes 

Prioritizing based on genic intolerance44 highlights the clear presence of hot 

zone de novo mutations among our clinically heterogeneous collection of 1033 patients 

unresolved by a recessive genotype. Seventy patients had at least one assessable de novo 

                                                      
3 Twenty-eight of the 119 patients were resolved by our genetic analysis and 

interpretation documented in 2.3.1 (without functional experiments to assess the potential 

biological impact of the causal variants), fifteen of which were resolved by a recessive genotype 

(hemizygous, homozygous [excluding the homozygous MT-ATP6 mutation in Trio 8 since it 

was likely de novo], or compound heterozygous). In addition, there was another patient (Trio 36) 

who was resolved by a compound heterozygous SEPSECS genotype after functional assay of the 

qualifying variants confirming potential pathogenicity. As a result, there were 103 patients who 

were not resolved by a recessive genotype. 
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mutation, and 29 (41.4%) of these resided in the hot zone (Table 58). This is compared 

with the frequency of hot zone de novo mutations among control trios with 13.1% 

(44/337) of controls with at least one assessable de novo mutation (P = 2.3 × 10–7, Fisher’s 

exact test; Figure 32). Similar to the previous publications of this approach in specific 

neuropsychiatric ascertainments44,118, this indicates that presence of a hot zone de novo 

mutation is a strong candidate even among our heterogeneous collection of rare 

disorders. Considering the 103 patients unresolved by a recessive disorder, 28.2% of the 

patients had a hot zone de novo mutation as compared with 6.0% among the 728 

sequenced control trios (P = 3.0 × 10−10; Figure 32). 

Table 58. All de novo hot zone mutations in the 103 patients not resolved by a recessive genetic 

disorder. a. In this table we also list frameshift de novo mutations that occur in intolerant genes; 

however, these were not used in comparisons to control de novo mutation data. b. This is a hot zone de 

novo mutation that is reported in a patient with a pathogenic MT-ATP6 de novo mutation that explains 

the Leigh syndrome phenotype. c. This column flags the hot zone de novo mutations that are also 

occurring in essential genes (Georgi et al.). d. In addition to trio 48, another hot zone de novo mutation 

(N266H) was seen in SLC9A1 in a patient not included in this study that presented with spastic diplegia, 

autism, seizures, intellectual disability, behavioral problems and possible Worster-Drought syndrome. 

The phenotype was not similar enough to the patient of trio 48 for us to declare this as causal in either 

case. Adapted from Zhu et al. 

Trio 
Hot Zone 
Gene 

RVIS 
percentile 
(%) 

Function 

PolyP
hen-2 
(Hum
Var) 

Essential 
Gene

c
 

Diagnosis 
status 

Transcript 
change 

Amino acid 
change 

8 BIN1
b
 13.58 missense 1 Y 

MT-ATP6 
de novo 
mutation: 
Genetic 
diagnosis 
determine
d 

ENST0000031
6724.5:c.460
C>T 

ENSP0000031
6779.5:p.Arg1
54Trp 

10 KCNQ2 15.86 missense 0.995 Y 

Genetic 
diagnosis 
determine
d  

ENST0000035
9125.2:c.841
G>A 

ENSP0000035
2035.2:p.Gly2
81Arg 

23 MYO5A 4.15 missense 0.999 Y - 
ENST0000039
9231.3:c.513

ENSP0000038
2177.3:p.Trp1
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9G>T 713Cys 

40 ATP8A2 6.89 nonsense 1 N - 
ENST0000038
1655.2:c.111
0C>A 

ENSP0000037
1070.2:p.Tyr3
70Ter 

45 GNAO1 13.94 missense 1 Y 

Genetic 
diagnosis 
determine
d 

ENST0000026
2494.7:c.124
G>C 

ENSP0000026
2494.7:p.Gly4
2Arg 

48 SLC9A1
d
 2.93 missense 0.992 Y - 

ENST0000026
3980.3:c.139
1C>T 

ENSP0000026
3980.3:p.Ser4
64Phe 

53 KCNT1 1.62 missense 0.95 N 

Genetic 
diagnosis 
determine
d 

ENST0000037
1757.2:c.238
6T>C 

ENSP0000036
0822.2:p.Tyr7
96His 

60 GRIN2B 1.07 missense 0.985 Y - 
ENST0000060
9686.1:c.247
1T>G 

ENSP0000047
7455.1:p.Met
824Arg 

62 GRIN2A 3.89 missense 1 N - 
ENST0000039
6573.2:c.192
5T>G 

ENSP0000037
9818.2:p.Leu
642Arg 

65 
DYNC1H
1 

0.04 missense 1 Y 

Genetic 
diagnosis 
determine
d 

ENST0000036
0184.4:c.588
5G>T 

ENSP0000034
8965.4:p.Arg1
962Leu 

67 NOTCH2 2.15 nonsense 1 Y 

Genetic 
diagnosis 
determine
d 

ENST0000025
6646.2:c.719
8C>T 

ENSP0000025
6646.2:p.Arg2
400Ter 

70 PPP3CA 25.15 missense 0.975 N - 
ENST0000039
4854.3:c.133
9G>A 

ENSP0000037
8323.3:p.Ala4
47Thr 

72 GRIN1 6.72 missense 0.966 Y - 
ENST0000037
1553.3:c.251
4C>A 

ENSP0000036
0608.3:p.Phe
838Leu 

73 
C20orf19
4 

12.07 missense 0.969 N - 
ENST0000025
2032.9:c.291
5T>C 

ENSP0000025
2032.9:p.Met
972Thr 

74 
SMARCC
2 

2.71 
canonical 
splice site 

1 N - 
ENST0000026
7064.4:c.183
3+2T>C 

- 

75 EWSR1 12.88 missense 0.956 Y - 
ENST0000041
4183.2:c.346
G>T 

ENSP0000040
0142.2:p.Ala1
16Ser 

82 CELSR3 0.11 
canonical 
splice site 

1 Y - 
ENST0000016
4024.4:c.563
4+1G>T 

- 

86 BCAN 7.58 missense 0.997 N - 
ENST0000032
9117.5:c.962
G>C 

ENSP0000033
1210.4:p.Arg3
21Pro 

89 TTLL1 11.18 missense 1 N - 
ENST0000026
6254.7:c.976
G>A 

ENSP0000026
6254.7:p.Glu3
26Lys 

91 SON
a
 1.99 frameshift 1 

N 
(frameshift
) 

- 

ENST0000035
6577.4:c.575
1_5754delAG
TT 

ENSP0000034
8984.4:p.Val1
918GlufsTer8
7 
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C5AR1 18.14 missense 0.961 N - 
ENST0000035
5085:c.185C>
T 

ENSP0000034
7197:p.Thr62
Met 

96 
DYNC1H
1 

0.04 missense 1 Y 

Genetic 
diagnosis 
determine
d 

ENST0000036
0184.4:c.699
4C>T 

ENSP0000034
8965.4:p.Arg2
332Cys 

97 MECP2 10.46 missense 0.998 N - 
ENST0000045
3960.2:c.359
T>C 

ENSP0000039
5535.2:p.Leu
120Pro 

98 DCTN1 10.58 
canonical 
splice site 

1 Y - 
ENST0000036
1874.3:c.279
+2T>C 

- 

99 HUWE1 0.40 missense 1 Y - 
ENST0000034
2160.3:c.328
C>T 

ENSP0000034
0648.3:p.Arg1
10Trp 

101 KMT2D 0.06 missense 0.997 N - 
ENST0000030
1067.7:c.106
21G>C 

ENSP0000030
1067.7:p.Ala3
541Pro 

103 COL4A1 0.62 missense 1 Y - 
ENST0000037
5820.4:c.634
G>A 

ENSP0000036
4979.4:p.Gly2
12Ser 

108 MEGF8 0.19 missense 0.999 N - 
ENST0000033
4370.4:c.665
9C>T 

ENSP0000033
4219.4:p.Pro2
220Leu 

113 ABCC9 1.82 missense 0.96 N 

Genetic 
diagnosis 
determine
d 

ENST0000026
1200.4:c.334
7G>A 

ENSP0000026
1200.4:p.Arg1
116His 

N6 HNRNPU 17.75 
canonical 
splice site 

1 Y - 
ENST0000028
3179.9:c.161
5-1G>A 

- 

N1
2 

SRCAP 0.15 nonsense 1 N 

Genetic 
diagnosis 
determine
d 

ENST0000026
2518.4:c.733
0C>T 

ENSP0000026
2518.4:p.Arg2
444Ter 

32 ASXL3
a
 15.87 frameshift 1 

N 
(frameshift
) 

Genetic 
diagnosis 
determine
d 

ENST0000026
9197.5:c.415
2_4153delTG 

ENSP0000026
9197.4:p.Val1
385IlefsTer14 

54 
KIAA202
2

a
 

13.10 frameshift 1 
N 
(frameshift
) 

- 
ENST0000005
5682.6:c.359
7dupA 

ENSP0000005
5682.5:p.Ser1
200IlefsTer5 

80 ATN1
a
 9.34 frameshift 1 

Y 
(frameshift
) 

- 
ENST0000035
6654.4:c.104
4delG 

ENSP0000034
9076.3:p.Gly3
49AlafsTer23 
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Figure 37. Hot zone bioinformatic signatures of de novo mutations. Among (a) controls and (b) 

cases who had at least one protein-coding de novo mutation identified, the gene-level (Residual 

Variation Intolerance Score (RVIS) genic intolerance percentile) and variant-level (PolyPhen-2) scores 

are plotted in two-dimensional space. Black solid circles in (b) are used for trios achieving a genetic 

diagnosis via the plotted de novo mutation. Blue diamonds represent de novo mutations among trios 

that have at least one de novo mutation but are currently unresolved by a de novo or inherited mutation. 

In (a) and (b) the hot zone is the shaded region corresponding to PolyPhen-2 (x-axis) ≥0.95 and RVIS (y-

axis) ≤0.25. Of the 337 control de novo mutations, 44 (13.1%) occur in the hot zone as compared with 29 

(41.4%) of 70 de novo mutations observed among cases (Fisher’s exact test, P = 2.3 × 10−7). This indicates 

that among the cases there is an excess of 20 (69%) de novo mutations in the hot zone. To further 

illustrate the difference between the two populations (cases = red; controls = blue), (c) a histogram 

shows the distribution of Euclidean distances to the most damaging coordinate (PolyPhen-2 = 1 and 

RVIS = 0) for de novo mutations plotted in (a) and (b). It is strikingly clear that (b) de novo mutations 

identified among patients ascertained for severe undiagnosed genetic conditions are drawn from a 

distribution that is significantly closer in Euclidean distance to the most damaging coordinate than are 

(a) de novo mutations ascertained from a control population (Mann–Whitney U-test, P = 6.3 × 10−7). 

Linear regression lines were generated for both populations. Population-level representations (d) and 

(e) of hot zone de novo mutation incidence among the two groups. Red silhouettes represent carriers of 

de novo hot zone mutations. For (e) cases, 29 of 103 (28.2%) patients ascertained for an undiagnosed 

genetic condition, without an inherited genetic diagnosis, had a hot zone de novo mutation as compared 

with (d) controls, for which only 44 of 728 (6.0%) sequenced control trios had a hot zone de novo 

mutation (Fisher’s exact test, P = 3.0 × 10−10; 79% excess observations among cases). Moreover, adding in 
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the layer of information regarding essential gene status (red silhouette with a blue asterisk) further 

pinpointed toward putative pathogenic mutations because among the control population only 1.9% had 

a hot zone de novo mutation occurring in an essential gene. This is compared with the 15.5% of cases 

(Fisher’s exact test, P = 3.4 × 10−8; 88% excess observations among cases). Adapted from Zhu et al. 

We also found that de novo mutations occurring in the essential genes were 

enriched among patients as compared with controls (31.1% (32/103) vs. 11.5% (84/728); 

P = 1.1 × 10−6). Moreover, we found that de novo hot zone mutations in essential genes 

occurred in 16 (15.5%) of the 103 case trios and in only 14 of the 728 control trios (1.9%) 

(P = 3.4 × 10–8, Fisher’s exact test). This translates to ~88% (14/16) of the patients having 

been directly ascertained for such hot zone de novo mutations among essential genes 

(Figure 32 and Table 58), and it strongly suggests that in the majority of the patients 

with such a mutation, the mutation is causing or contributing to the disorder. 

Interestingly, 5 (31%) of the 16 hot zone mutations in essential genes are already 

considered to be causal (KCNQ2, NOTCH2, GNAO1, and two individuals with a 

DYNC1H1 de novo mutation; see Section 2.3.1 for interpretation of individual trios). An 

additional seven are among genes with an existing OMIM or PubMed disease 

association with a less consistent clinical phenotypic overlap (DCTN1, BIN1, GRIN1, 

GRIN2B, COL4A1, MYO5A, and HUWE1). Finally, four mutations occur in genes that 

are strong genetic candidates with no existing (OMIM or PubMed) literature support 

for germ-line disease association (SLC9A1, HNRNPU, CELSR3, and EWSR1) (Table 58). 

In the case of HNRNPU, recent studies identified de novo mutations in patients with 

epileptic encephalopathy107,161, showing a partially overlapping phenotype with our 

patient. 



 

167 
 

2.4 Discussion 

In this study of 119 trios, we diagnosed 28 patients through WES, which is in 

accordance with other recent studies2,99,140,141. In another 21 (17.6%) patients, we 

identified strong candidate genes based on comparing the properties of de novo 

qualifying mutations seen in cases to those of a collection of control trios (Table 58). 

Among the unresolved trios, our inspection further identified candidate genes. Some 

trios had a qualifying genotype in an OMIM disease gene (Table 59), but they did not 

meet all the criteria described in “determination of genetic diagnosis.” Four trios had 

qualifying genes of interest that are not currently OMIM disease-associated genes 

(Table 60). 

Table 59. Unresolved trios with a qualifying genotype in an OMIM disease gene but not 

meeting all the criteria described in “determination of genetic diagnosis”. Adapted from Zhu et al. 

Trio Gene Variant type Function 
Transcript 
change 

Amino acid 
change Additional Details 

5 ALS2 de novo missense 

ENST00000264
276.6:c.2359A>
C 

ENSP000002642
76.6:p.Thr787Pr
o 

Amyotrophic lateral 
sclerosis 2, juvenile 
(OMIM 205100) 

35 BCOR hemizygous missense 

ENST00000378
444.4:c.2008C>
T 

ENSP000003677
05.4:p.Pro670Se
r 

Microphthalmia, 
syndromic 2 (OMIM 
300166) 

40 ATP8A2 de novo 
nonsens
e 

ENST00000381
655.2:c.1110C>
A 

ENSP000003710
70.2:p.Tyr370Ter 

Cerebellar ataxia, mental 
retardation, and 
dysequilibrium syndrome 
4 (OMIM 615268) 

41 ANK3 

compound 
heterozygou
s 

missense
/missens
e 

ENST00000373
827.2:c.4960G>
T/ENST0000028
0772.2:c.4465C
>T 

ENSP000003629
33.2:p.Asp1654T
yr/ENSP0000028
0772.1:p.Pro148
9Ser 

?Mental retardation, 
autosomal recessive, 37 
(OMIM 615493) 

42 RYR1 

compound 
heterozygou
s 

missense
/missens
e 

ENST00000359
596.3:c.4507G>
A/ENST0000035
9596.3:c.10505
G>T 

ENSP000003526
08.2:p.Gly1503A
rg/ENSP0000035
2608.2:p.Arg350
2Leu 

Minicore myopathy with 
external ophthalmoplegia 
(OMIM 255320) 

44 NUP214  

compound 
heterozygou
s 

missense
/missens
e 

ENST00000359
428.5:c.3367G>
A/ENST0000035
9428.5:c.4585G
>A 

ENSP000003524
00.5:p.Val1123Il
e/ENSP0000035
2400.5:p.Ala152
9Thr 

NUP214 has been linked 
to T-cell acute 
lymphoblastic leukemia 
(see OMIM 114350). 
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54 
KIAA202
2  de novo 

frameshi
ft 

ENST00000055
682.6:c.3597du
pA 

ENSP000000556
82.5:p.Ser1200Il
efsTer5 

Mental retardation, X-
linked 98 (OMIM 300912) 

60 GRIN2B  de novo missense 

ENST00000609
686.1:c.2471T>
G 

ENSP000004774
55.1:p.Met824Ar
g 

Mental retardation, 
autosomal dominant 6 
(OMIM 613970) 

62 GRIN2A  de novo missense 

ENST00000396
573.2:c.1925T>
G 

ENSP000003798
18.2:p.Leu642Ar
g 

Epilepsy, focal, with 
speech disorder and with 
or without mental 
retardation (OMIM 
245570) 

64 AIFM1  de novo missense 
ENST00000287
295.3:c.422C>T 

ENSP000002872
95.3:p.Thr141Ile 

Cowchock syndrome 
(OMIM 310490) 

72 GRIN1  de novo missense 

ENST00000371
553.3:c.2514C>
A 

ENSP000003606
08.3:p.Phe838Le
u 

Mental retardation, 
autosomal dominant 8 
(OMIM 614254) 

  
TUBGCP
6  

compound 
heterozygou
s 

missense
/framesh
ift 

ENST00000248
846.5:c.1588G>
A/ENST0000024
8846.5:c.5389_
5390insACTTGG
G 

ENSP000002488
46.5:p.Glu530Lys
/ENSP00000248
846.5:p.Arg1797
HisfsTer36 

Microcephaly and 
chorioretinopathy with or 
without mental 
retardation (OMIM 
251270) 

84 
DYRK1A 
DYRK1A 

de novo 
de novo 

frameshi
ft 
frameshi
ft 

ENST00000398
960.2:c.1970_1
974delCCCTG 
ENST00000398
960.2:c.1977_1
987delTTCCTCA
ACGA 

ENSP000003819
32.2:p.Ser657Ph
efsTer16 
ENSP000003819
32.2:p.Ser660Ph
efsTer11 

Mental retardation, 
autosomal dominant 7 
(OMIM 614104) 
Although listed as two 
variants, they probably 
represent one single 
mutational event. 

94 ALG13 hemizygous missense 
ENST00000371
979.3:c.425T>G 

ENSP000003610
47.3:p.Leu142Ar
g 

Congenital disorder of 
glycosylation, type Is 
(OMIM 300884) 

97 MECP2  de novo missense 
ENST00000453
960.2:c.359T>C 

ENSP000003955
35.2:p.Leu120Pr
o 

Rett syndrome (OMIM 
312750) 

  TOP2B de novo missense 

ENST00000435
706.2:c.1897G>
A 

ENSP000003967
04.2:p.Gly633Ser 

MECP2 was considered a 
partial diagnosis, but 
unlikely to explain the full 
phenotypic presentation. 
TOP2B is another very 
interesting candidate 
because it is a 
topoisomerase gene, 
which might have strong 
biological potential to 
account for the global 
disruptions observed in 
our patient. Further 
interest is that both 
MECP2 and TOP2B 
interact with the 
SWI/SNF-related genes. 
SMARCB1 and SMARCA2 
are both linked to 
intellectual disability and 
global dysmorphology 
(OMIM 614608 and 
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601358). 

98 DCTN1  de novo 
splice 
site 

ENST00000361
874.3:c.279+2T
>C - 

Neuropathy, distal 
hereditary motor, type 
VIIB (OMIM 607641) 

99 HUWE1 de novo missense 
ENST00000342
160.3:c.328C>T 

ENSP000003406
48.3:p.Arg110Tr
p 

Mental retardation, X-
linked syndromic, Turner 
type (OMIM 300706) 

101 KMT2D de novo missense 

ENST00000301
067.7:c.10621G
>C 

ENSP000003010
67.7:p.Ala3541Pr
o 

Kabuki syndrome 1 
(OMIM 147920) 

102 MAGEL2  de novo 
nonsens
e 

ENST00000532
292.1:c.1086G>
A 

ENSP000004334
33.1:p.Trp362Te
r 

Prader-Willi-like 
syndrome (OMIM 
615547) 

103 COL4A1  de novo missense 
ENST00000375
820.4:c.634G>A 

ENSP000003649
79.4:p.Gly212Ser 

Several disorders are 
linked to COL4A1 in 
OMIM but none of them 
seems to be a good fit. 
However, we found our 
patient's phenotype 
fitted better with a 
patient reported by Shah 
et al (PMID 22574627). 

108 MEGF8 de novo missense 

ENST00000334
370.4:c.6659C>
T 

ENSP000003342
19.4:p.Pro2220L
eu 

Carpenter syndrome 2 
(OMIM 614976) 

 

Table 60. Unresolved trios with a qualifying gene of interest that was not associated with a 

disease in OMIM. Adapted from Zhu et al. 

Trio Gene Variant type Function 
Transcript 
change 

Amino acid 
change Additional Details 

34 IQSEC1 

compound 
heterozygou
s 

missense
/missens
e 

ENST00000429
247.1:c.3068G>
C/ENST0000042
9247.1:c.2995G
>A 

ENSP000004022
99.1:p.Arg1023P
ro/ENSP0000040
2299.1:p.Gly999
Ser 

IQSEC2 is a cause of non-
syndromic intellectual 
disability (Mental 
retardation, X-linked 1 
[OMIM 309530]), and 
has a very similar 
structure and role as 
IQSEC1. Mutations in 
IQSEC1 might then 
contribute to the 
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patient's delays. 

ASXL2  de novo 
frameshi
ft 

ENST00000435
504.4:c.2424del
C 

ENSP000003914
47.3:p.Thr809Pr
ofsTer32 

Our patient with the 
ASXL2 truncating 
mutation has 
macrocephaly and 
overgrowth phenotypes, 
both of which are 
opposite to the 
phenotypic features 
found in the patients 
carrying mutations in 
ASXL1 and ASXL3 (OMIM 
605039 and 615485). 

48 SLC9A1  de novo missense 

ENST00000263
980.3:c.1391C>
T 

ENSP000002639
80.3:p.Ser464Ph
e 

In addition to trio 48, 
another hot zone de 
novo mutation (N266H) 
was seen in SLC9A1 in a 
patient not included in 
this study that presented 
with spastic diplegia, 
autism, seizures, 
intellectual disability, 
behavioral problems and 
possible Worster-
Drought syndrome. The 
phenotype was not 
similar enough to the 
patient of trio 48 for us 
to declare this as causal 
in either case. This is also 
a hot zone de novo 
mutation in an essential 
gene (see Table 58). 

83 IL1RAPL2 hemizygous missense 

ENST00000372
582.1:c.1940C>
T 

ENSP000003616
63.1:p.Thr647M
et 

A recent publication 
(PMID 24646727) found 
severe intellectual 
disabilities, hypotonia 
and behavioral 
abnormalities in 
individuals with an Xq22 
microdeletion. IL1RAPL2 
is in the region of the 
microdeletion and is a 
possible candidate. 

91 SON de novo 
frameshi
ft 

ENST00000356
577.4:c.5751_5
754delAGTT 

ENSP000003489
84.4:p.Val1918Gl
ufsTer87 

SON interacts with 
SNIP1. SNIP1 causes 
psychomotor 
retardation, epilepsy, 
and craniofacial 
dysmorphism (OMIM 
614501), which shows 
overlap with the 
presentation of our 
patient. This is also a hot 
zone de novo mutation 
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(see Table 58). 

 

Importantly, we successfully identified the genetic diagnoses for two trios that 

were negative in our pilot study2. The first patient (trio N8) had an inherited 

hemizygous missense mutation in ATRX. This variant was not identified in the original 

analysis, in which alignment was to an older version of the human reference genome 

(GRCh36) and variant calling was performed using SAMtools. In the other patient (trio 

N12), we found a de novo stop gain in SRCAP; however, literature supporting a genetic 

diagnosis of Floating-Harbor syndrome (136140) emerged after our original paper was 

submitted2,160. These two examples emphasize the value of reinterpreting clinical 

exomes on a regular basis to leverage the latest advances in medical literature and 

bioinformatics. 

A solid diagnosis often has value for patients and families even when no new 

treatments result from the diagnosis. In a minority of cases, however, the correct 

diagnosis can improve patient management. The potential effectiveness of such 

genotype-driven treatments is often deducible from the assayed biological consequence 

of the disease-causing mutation and known mechanisms of action of candidate drugs, 

and is further testable from the behavior of mutant proteins in in vitro assays in the 

presence or absence of the candidate drugs151,152. It is also important to emphasize that 

unlike retigabine, a recently marketed anticonvulsant for which the potential utility in 

treating KCNQ2-associated epileptic encephalopathy might be better appreciated, 
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quinidine was not considered as a possible therapy for refractory seizures and would 

never have been tried in a patient without knowledge of the KCNT1 genotype. 

Similarly, the genetic diagnoses for patients affected with metabolic disorders, with 

extensive yet uninformative metabolic workups, guided active clinical management 

(e.g., diet interventions for trio 24 and trio 26) that clearly benefitted the patients. 

We found that 15 (13%) of the 119 interpreted trios achieved a genetic diagnosis 

based on having the same variant as those previously reported in patients with similar 

phenotypes. This could indicate low allelic heterogeneity among some of the disease-

causing genes. As an example, for each of these 15 genes we considered the 

“opportunity” to have identified an overlapping pathogenic variant based on the 

collection of OMIM (http://www.omim.org/), ClinVar162, and HGMD163 reported 

pathogenic variants. We found the range to be 5–235 unique “pathogenic” variants per 

gene, or 0.02–2.79% of the possible single-nucleotide substitution events after 

accounting for gene size. Among the 15 genes for which we identified the same variant 

in our patient as in a previously reported case, SRCAP, KCNT1, and NOTCH2 (with 6, 

11, and 22 reported variants, respectively) occupy the (apparently) lower end of the 

allelic heterogeneity spectrum with less than 0.1% of possible single-nucleotide 

substitutions in those genes currently listed as “pathogenic” for a similar disorder. One 

hypothesis for this interesting pattern of restricted allelic heterogeneity is that some 

disease-causing mutations more frequently arise from specific mutagenic mechanisms. 

Alternatively, it is possible that disease-causing mutations are restrictively distributed 

in genes because they can only disrupt biological function in limited ways or would 
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otherwise be nonviable164. With more diagnostic WES data being generated, we expect a 

better delineation and understanding of the allelic heterogeneity of disease-associated 

genes, with single-gene/disease resolution. 

It is important to note that there is a difference between perfect controls—

ethnically matched and screened for personal and family history of any relevant 

illness—and controls of convenience, such as the those provided by the EVS 

(http://evs.gs.washington.edu/EVS/). The number of candidate mutations in the Sheba 

cohort was higher than that in the Duke cohort (Table 3), and this reflects the benefits of 

having an ethnically matched control population for comparison. The EVS includes 

subjects selected for specific diseases such as early-onset heart disease and stroke, as 

well as for extreme phenotypes such as very high or low cholesterol. This must be 

borne in mind when using controls of convenience for screening out candidate variants. 

One illustrative example of this is the patient in trio 66 with a homozygous DPYD 

genotype (c.1905+1G>A) that has been reported to cause dihydropyrimidine 

dehydrogenase (DPD) deficiency (274270), an autosomal-recessive disorder of 

pyrimidine metabolism165. Our patient had failure to thrive, global developmental 

delay, and high urine uracil levels, all consistent with DPD deficiency. However, we 

also found a homozygous genotype in 1 of 3,027 internal controls not known to have 

DPD deficiency. Examination of the literature shows that DPD deficiency is 

characterized by a highly variable phenotype, and some individuals with known 

pathogenic genotypes can be asymptomatic166. This fact, together with the observation 

that the mutation has already been reported among unrelated patients with DPD 

http://evs.gs.washington.edu/EVS/
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deficiency165, strongly supports the pathogenic nature of the genotype in our patient 

despite the occurrence of the genotype in a control individual. 

Another example is the patient in trio 46, who was found to have a de novo 

nonsense mutation in ASXL1 (p.Arg404Ter, also a ClinVar pathogenic variant). This 

same mutation was previously reported in another patient with Bohring–Opitz 

syndrome167. Our (Caucasian) patient had overlapping clinical features with Bohring–

Opitz syndrome, including growth failure, developmental delay, microcephaly, 

strabismus, hypotonia, and seizures; therefore, the de novo ASXL1 nonsense mutation is 

highly likely to explain the clinical presentations in our patient. However, this same 

nonsense mutation (p.Arg404Ter) is observed in two (presumably unrelated) EVS 

subjects (both of African-American ancestry) who are very unlikely to be affected with 

Bohring–Opitz syndrome. Because Bohring–Opitz syndrome is an early-onset severe 

malformation syndrome and its causal mutations are presumably highly penetrant, the 

presence of p.Arg404Ter in two African-American EVS subjects leads us to consider this 

Sanger-validated de novo nonsense mutation as a very good candidate rather than a 

“genetic diagnosis determined.” Further studies are required to elucidate the relevance 

of ASXL1 loss-of-function variants observed in control population databases. 

It is also important to bear in mind quality control differences when using 

controls sequenced elsewhere. For example, the patient of trio 19 (of Middle Eastern 

origin) is homozygous for a frameshift mutation in TECPR2, which causes autosomal-

recessive spastic paraplegia-49 (SPG49, 615031)168. The patient had overlapping 

manifestations with SPG49, including severe hypotonia, gastroesophageal reflux 
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disease, areflexia, intellectual disability, and breathing abnormalities; however, this 

patient did not have any qualifying genotypes. Given the strong clinical evidence for 

SPG49, the patient’s treating clinician requested that TECPR2 be screened more 

liberally than the qualifying genotype criteria. As a result, we identified a homozygous 

genotype (p.Leu440ArgfsTer19) that has not been previously reported in SPG49 

patients. Among our 9,530 controls, homozygosity of the same frameshift variant was 

found in one EVS subject (a European American). Because the EVS European-American 

genotypic distribution deviated from Hardy–Weinberg equilibrium (A1A1 = 1/A1R = 

5/RR = 3,861, P = 0.0027), we asked the Exome Sequencing Project directly about this 

EVS homozygous genotype and were informed that the homozygous indel genotype 

was likely to be heterozygous and mistakenly called as homozygous because of the low 

EVS sequencing coverage at this locus (Qian Yi, personal communication). We report 

this observation of misgenotyping to advocate for the careful evaluation of putatively 

pathogenic variants based on all lines of available evidence. We note that as part of this 

evaluation, we always find it useful to check Hardy–Weinberg equilibrium in control 

populations as a warning of the possibility of sequencing/genotyping errors. 

We were able to identify the DPYD and ASXL1 genotypes (Table 4) by slightly 

relaxing the criteria to allow up to two control individuals to have the same genotype 

only when that exact genotype has been reported as pathogenic. We also note that such 

relaxation of the rules to define “qualifying status” will become increasingly important 

as the sample size used as reference controls increases. 
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The use of standing human variation to evaluate genic intolerance is emerging 

as a critical tool in the interpretation of patient genomes44,45,169. We first introduced our 

“hot zone” bioinformatic signature in the work of Petrovski et al.44, in which we 

integrated gene- and variant-level predictions of pathogenicity to prioritize de novo 

mutations. Comparing the de novo hot zone mutations in cases versus controls 

represents a novel tool to understand the genetics of the rare diseases as a whole and 

also on an individual basis. For example, we found clear evidence for a statistically 

significant enrichment of de novo hot zone mutations in rare disease exomes (69% 

excess; P = 2.3 × 10−7). Among the genes with a de novo hot zone mutation, some occur in 

diagnostic Mendelian disease genes and others are not disease-associated. This does not 

mean that all de novo hot zone mutations are pathogenic, but rather that it is clear that 

we see an enrichment of de novo hot zone mutations when ascertaining for severe rare 

diseases such as those studied here, and thus this collection of hot zone de novo 

mutations will harbor some real pathogenic variants. Using additional information, 

such as essential gene status, we note that among the general population an individual 

will rarely have a hot zone de novo mutation within an “essential” gene (1.9% of 

individuals, based on 728 control trios), yet we see the rate among our patients to be 

15.5% (88% excess; P = 3.4 × 10–8). Taken together, these clear patterns from the entire 

collection of different rare diseases not only demonstrate the existence of risk factors 

but also provide valuable information for localizing pathogenic mutations in 

individuals. The genes carrying such variants can then be shared with clinical and 
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research centers so that other similar patients with mutations in these genes might be 

identified and the pathogenicity of the gene might be confirmed. 

Indeed, shortly after the publication of our trio paper170, SON, a candidate gene 

highlighted in Trio 91 due to the presence of a hot zone de novo mutation, has already 

been validated by independent groups as the cause of a newly recognized syndrome, 

ZTTK syndrome (617140)171-173. ZTTK syndrome is a severe multisystem developmental 

disorder characterized by delayed psychomotor development and intellectual 

disability. Affected individuals have characteristic dysmorphic facial features, 

hypotonia, poor feeding, poor overall growth, and eye or visual abnormalities. Most 

patients also have musculoskeletal abnormalities, and some have congenital defects of 

the heart and urogenital system. Brain imaging usually shows developmental 

abnormalities such as gyral changes, cortical and/or cerebellar atrophy, and thin corpus 

callosum. ZTTK syndrome was found to be caused by de novo truncating mutations in 

SON172,173 and the proband of Trio 91 was later confirmed to have ZTTK syndrome. 

Remarkably, although this trio was not resolved by the time when our trio paper was 

published due to the unknown phenotype associated with SON, our hot zone analysis 

clearly implicated SON as a strong candidate gene. With more genetic evidence from 

sequencing additional patients similarly affected, SON was clearly demonstrated to be 

a new gene associated with a new syndrome139,174. Indeed, this is a typical process in 

which how new disease genes are discovered nowadays: earliest patients are reported 

with candidate genes indicated, and shortly a large number of similarly affected 

patients are assembled, sequenced, analyzed, and interpreted through collaboration of 
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geneticists across the world, securely identifying novel genotype-phenotype 

correlations. A similar example is how NGLY1 mutations were discovered to cause 

congenital disorder of deglycosylation (615273)2,142. Because the first patient(s) 

sequenced and interpreted usually triggers subsequent larger genetic studies that prove 

the new gene-disease association, interpreting trio or single patient WES data plays a 

pivotal role in accelerating genetic discoveries, although a n of 1 in itself cannot provide 

statistical evidence.        

Despite the increasing clinical use of WES, many of the prerequisites for a 

successful diagnosis are currently best realized in the research setting. This includes 

careful consideration of methods to evaluate the pathogenicity of variants. As we 

showed here, there will be exceptions that require careful interpretation. Furthermore, 

given the rapid pace of new gene discovery, it is essential to appreciate the need to 

dynamically reanalyze patient exomes. Finally, it is clear that deployment of 

bioinformatic prioritization tools provides important pointers toward apparent 

phenotype expansion of known genes (seven potential examples reported here), as well 

as pointers toward novel disease genes (four potential examples reported here). All 

these highlight the important role of research geneticists in implementing diagnostic 

WES and ultimately call for the collaborative efforts of scientists and clinicians to fully 

realize the discovery and translational potential of WES. 
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3. Case-control gene-based collapsing analysis of rare 
neurodevelopmental disorders and complex traits  

3.1 Introduction 

Trio WES has proved to be extremely successful in identifying the causal 

mutations responsible for rare genetic conditions, as we have shown in Chapter 2. The 

trio interpretation framework hinges on identifying the qualifying variants and 

genotypes, which are filtered out, according to specific rules designed to reflect the 

nature of true pathogenic mutations causing rare disorders (e.g., ultra-rare, predicted to 

disrupt protein function, highly penetrant), from a large number of variants identified 

by WES. Bioinformatic signatures of true pathogenic mutations causing rare disorders 

(e.g., a highly disruptive DNM hitting a very intolerant gene) can further aid us in 

interpreting the clinical significance of qualifying variants, in particular when the 

genotype-phenotype correlation is yet to be established. Trios are usually analyzed 

individually in order to identify the genetic candidates in the proband (see Chapter 2 for 

description of resolved trios individually) but can also be analyzed collectively to show 

enrichment of certain types of mutations in probands compared with the unaffected 

children of control trios (e.g., hot zone analysis in Chapter 2), thus indicating the 

presence of pathogenic variants. Importantly, such a trio interpretation framework does 

not involve statistical significance testing when each trio is interpreted individually, 

which is required to formally establish a new gene-disease association.   

In addition to diagnosing rare genetic disorders, trio WES has also been 

instrumental in identifying DNMs that significantly increase the risk for severe sporadic 
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diseases68. Gene discovery in severe sporadic neurodevelopmental diseases like epileptic 

encephalopathy (EE), autism spectrum disorder (ASD), and intellectual disability (ID) 

has relied on generating sequence data on a cohort of probands and unaffected parents, 

inferring DNMs, and evaluating if there is more than expected DNMs in particular 

genes45,107. This framework compares the observed pattern of DNMs in patients to the 

expected based on the size of the protein-coding sequence and the estimated tri-

nucleotide mutation rate45,107. This approach is costly due to the need to sequence 

complete trios (versus only sequencing cases and controls). Furthermore, it is not 

necessarily true that only DNMs in a gene can cause the disease, and inherited 

mutations in the same gene may also be pathogenic, in which case if there is incomplete 

penetrance or variable phenotypes (including variable severity), the parent transmitting 

the pathogenic variant may not be known to be affected (and DNMs may be falsely 

pursued if both parents are ascertained to be unaffected). These raise the question of 

how well the same disease genes implicated by the trio-based DNM analysis 

framework45,107 can be captured in a case-control association analysis framework that has 

become a standard approach for studying the genetic basis of more common and later 

onset diseases. Moreover, it is not known whether case-control association analysis can 

identify disease genes that might be missed by DNM analysis. 

More generally, despite the well-accepted success of WES and WGS in 

elucidating the genetic causes of rare Mendelian disorders, their effectiveness in 

understanding the genetic basis of common and complex disease/trait is not yet clear175. 

Indeed, a very large number of sequenced individuals are needed to fully clarify the 
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genetic architecture of complex disease/trait like type 2 diabetes131 and height130. 

Meanwhile, given the readiness of obtaining WES data on the population scale and 

interpreting prevalent and novel exomic variants (e.g., evaluating their rarity precisely 

by referring to large databases like ExAC, predicting their biological impact using 

bioinformatic tools), we are well-equipped to apply WES in case-control studies to 

formally assess the contribution of rare, presumably deleterious variants to different 

phenotypes and potentially identify novel disease genes, in particular when the 

phenotype being studied is driven by highly penetrant variants having large effect sizes.  

We have been developing a gene-based collapsing analysis framework for case-

control WES data, mainly to boost power for genetic association testing of rare variants. 

Our primary interest is variants identified by WES that are extremely rare or absent 

(“ultra-rare”) in large, general populations (e.g., EVS and ExAC) and at the same time 

predicted to be disruptive (e.g., loss-of-function variants or missense variants predicted 

to be probably damaging by PolyPhen-2). Under this circumstance, single-variant 

testing lacks power and instead we test the burden of such rare, disruptive variants gene 

by gene across case and control individuals. This gene-based collapsing analysis 

framework has been shown to successfully identify novel genes associated with 

amyotrophic lateral sclerosis34 and known genes associated with epilepsies176.  

Here, we presented the genome-wide gene-based collapsing analysis framework 

and applied this framework to study the genetic basis of three different phenotypes: 

epileptic encephalopathies (EEs), periventricular nodular heterotopias (PVNHs), and 

trabecular bone microstructure. Our purpose was to evaluate the effectiveness of the 
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collapsing analysis framework in identifying genes associated with phenotypes 

presumably with different genetic architectures. 

EEs are a heterogeneous group of rare, severe neurodevelopmental disorders 

characterized by several seizure types, frequent epileptiform activity on EEG, and 

developmental slowing or regression177. Most of the EEs seen in infants and children 

have long been thought to have a genetic cause. Before the next-generation sequencing 

era, the genetic etiology of EEs had been sought in affected families with only a few 

genes discovered by linkage analysis and positional cloning, and many sporadic EE 

patients remained unresolved. The development and application of WES has clearly 

revolutionized the genetic discovery of EEs since less than five years ago, with an 

abundance of novel EE genes having been identified107-109,177. Remarkably, this surge of 

genetic discoveries in EEs (and in other neurodevelopmental disorders as well, 

including ID and ASD) are primarily driven by novel genes harboring DNMs90,92,98,99,107-

109,177. Indeed, DNM analysis (see before) has evolved to be the main approach to identify 

the genes responsible for neurodevelopmental disorders90,92,98,99,107-109,177.   

PVNHs are also a heterogeneous group of rare neurodevelopmental disorders 

presumably caused by defects in neuronal migration during brain development. PVNHs 

are anatomically characterized by bilateral ectopic nodules of gray matter lining the 

lateral ventricles, with variable clinical presentations most commonly including seizure 

and learning disabilitites178. In contrast to EEs, there are not many genes identified to 

date associated with PVNHs, with exceptions including the well-known FLNA, 

mutations of which account for almost half of PVNH patients. Additional genes (for 
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example, ARFGEF2179 and NEDD4L178) have been identified, but many FLNA-negative 

patients still await the causal genes to be discovered. 

The third phenotype under investigation here is trabecular bone microstructure, 

a recently quantified skeletal phenotype intrinsically related to osteoporosis. 

Osteoporosis, a common and complex disease, presents with skeletal deterioration 

predisposing to fracture, one of the most important health concerns in the geriatric 

population. Both bone mineral density (BMD) and bone microstructure are thought to be 

the major determinants of fracture risk, and osteoporosis is characterized by both low 

BMD and bone microstructure deterioration. However, the clinical diagnosis of 

osteoporosis solely relies on BMD measurement by dual-energy X-ray absorptiometry 

(DEXA), due to the difficulty to assess bone microstructure in a clinically useful manner. 

On the other hand, the genetic basis of osteoporosis (and effectively, BMD) have been 

extensively studied by genome-wide association studies (GWASs), with multiple loci 

identified to date collectively explaining a small fraction of genetic variance180. Since 

osteoporosis is generally considered a multifactorial and heterogeneous phenotype, 

genetic analysis of relevant endophenotypes181,182, which are more homogeneous and 

presumably more directly regulated by genetic factors, might shed new light on the 

pathophysiology of osteoporosis.  

Recently, our collaborators identified trabecular bone microstructure as a prime 

endophenotype of osteoporosis. Using high resolution peripheral quantitative computed 

tomography (HRpQCT), a novel imaging-based bone phenotype was ascertained among 

Chinese women that confers greater bone strength despite lower BMD by DXA versus 
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white women183-185. Specifically, compared to white women, Chinese women were found 

to have smaller bone size, thicker and more dense cortices, and more plate-like 

trabeculae, together conferring increased bone stiffness (Figure 39, from Dr. Marcella D. 

Walker)183-185. This difference in bone microstructure helps explain the paradox of lower 

BMD and fracture risk in Chinese women183-185. Based on these findings, a novel 

quantitative trait reflecting trabecular bone microstructure, tibial plate-to-rod ratio (TPR 

ratio, Figure 40, from Dr. Marcella D. Walker), was determined and found to be strongly 

associated with ethnicity: in a mixed population of Chinese and white women, 

individuals whose TPR ratio in the highest quartile were 85 times more likely to be 

Chinese, and this association remained robust after controlling for demographic and 

lifestyle differences, suggesting potential genetic contribution (Table 61, from Dr. 

Marcella D. Walker). As a result, TPR ratio presents to be a prime endophenotype for 

understanding the genetic basis of bone microstructure and osteoporosis, and we sought 

to identify the genetic variants underlying this phenotypic variation in Chinese and 

white women using WES. 
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Figure 38. Representative tibia images of two phenotypes: A. Rod-like and B. Plate-like. Green 

represents plates while red represents rods. The TPR ratios are 0.52 (A) and 2.85 (B). Data from Marcella 

D. Walker. 

 

 

Figure 39. TPR ratio by quartiles. Highest quartile: TPR ratio >1.336; Lowest quartile: TPR ratio 

<0.621. Data from Marcella D. Walker. 

Table 61. Adjusted Association between TPR ratio quartile and race (Chinese versus white). 

Data from Marcella D. Walker. 

TPR Ratio Quartile Odds Ratio 95 % Confidence Limits p- value 
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Q1 vs. Q2 10.6 2.37–47.2 0.002 

Q1 vs. Q3 14.2 3.15–63.9 0.0005 

Q1 vs. Q4 85.0 12.72–568.0 <0.0001 

 

3.2 Materials and Methods 

3.2.1 Study design and population 

3.2.1.1 EEs and PVNHs 

For EE analysis, we started with exomic sequence data generated from 516 EE 

cases and 13,364 controls. For PVNH analysis, we started with 173 PVNH cases and 

6,862 controls. The EE and PVNH cases were selected from several sequencing studies of 

EEs and PVNHs, respectively, primarily including WES studies focusing on identifying 

DNMs in epilepsies supported by the Epi4K Consortium107,109,176. The controls were 

selected from other sequencing studies performed at the Institute for Genomic Medicine 

at Columbia University Medical Center and previously the Center for Human Genome 

Variation at Duke University, and were healthy individuals or case subjects recruited for 

other sequencing studies not related to neurodevelopmental, neuropsychiatric, or rare 

Mendelian or sporadic diseases. For EE analysis, both case and control groups were 

multiethnic. For PVNH analysis, all cases and controls self-reported as “white” and were 

further confirmed to be Caucasians based on ancestry inference from the WES data. A 

majority of cases have been analyzed previously in trio interpretation analyses107,109. 

After relatedness check and principal component analysis (see below), a total of 509 

cases and 12,585 controls remained for EE analysis, and a total of 164 cases and 6,671 

controls remained for PVNH analysis. 
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3.2.1.2 Trabecular bone microstructure 

This study aims to recontact and sequence 75 Chinese American and 78 

Caucasian women who had HRpQCT data and TPR ratio already determined in the 

earlier clinical studies led by Dr. Marcella D. Walker at Division of Endocrinology, 

Department of Medicine, Columbia University Medical Center. Sixty-nine women have 

been sequenced and presented here. 

3.2.2 DNA sequencing and bioinformatics 

3.2.2.1 EEs and PVNHs 

   Sequencing was performed at multiple sites. All data starting from either 

FASTQ or BAM files were processed through the alignment and annotation pipeline at 

the Institute for Genomic Medicine at Columbia University Medical Center and 

previously the Center for Human Genome Variation at Duke University. Samples were 

sequenced after exome capture using a variety of technologies (SureSelect Human All 

Exon - 50MB, SeqCap EZ Exome v3, SureSelect Human All Exon V4, SureSelect Human 

All Exon V4 + UTR, SureSelect Human All Exon V5 + UTR, Agilent Clinical Research 

Exome, Illumina Nextera Rapid Capture - Expanded Exome [62MB], IDT xGen Exome 

Research Panel V1.0, SureSelect Human All Exon V5, SeqCap EZ Exome v2, SeqCap EZ 

MedExome, VCRome2_1, SureSelect Human All Exon - 65MB, and SureSelect Human 

All Exon V4 - 50MB) or whole genome sequenced according to standard protocols. 

After quality filtering the raw sequence data using CASAVA (Illumina, Inc., San 

Diego, CA), the Illumina lane-level FASTQ files were aligned to the Human Reference 

Genome (NCBI Build37/hg19) using the Burrows-Wheeler Alignment Tool (BWA)56. 
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Picard (http://picard.sourceforge.net) was used to remove duplicate reads and process 

these lane-level SAM files, resulting in a sample-level BAM file that was used for variant 

calling. Variant and genotype calling was performed using the GATK software with 

local re-alignment around insertion/deletion variants and base quality recalibration for 

variants144. 

Variants for analysis were restricted to the consensus coding sequence public 

transcripts (CCDS release 14) plus 2 base pair intronic extensions186. Variants were 

further required to have: i) at least 10-fold coverage, ii) quality score (QUAL) of at least 

30, iii) genotype quality (GQ) score of at least 20, iv) quality by depth (QD) score of at 

least 2, v) mapping quality (MQ) score of at least 40, vi) read position rank sum (RPRS) 

score greater than -3, vii) mapping quality rank sum (MQRS) score greater than -6, viii) 

indels were required to have a maximum Fisher’s strand bias (FS) of 200, ix) variants 

were screened according to VQSR tranche calculated using the known SNV sites from 

HapMap v3.3, dbSNP, and the Omni chip array from the 1000 Genomes Project to 

“PASS” SNVs were required to achieve a tranche of 99.9% for SNVs in genomes and 

exomes and 99% for indels in genomes, x) for heterozygous genotypes, the alternate 

allele ratio was required to be ≥25%. Finally, variants were excluded if they were among 

a predefined list of known sequencing artifacts or if they were marked by EVS or ExAC 

as being problematic variants. Variants were annotated to Ensembl 73187 using SnpEff145. 

The case and control populations were pre-screened with KING188 to ensure only 

unrelated (up to third-degree) samples were used. Any exomes with gender discordance 

http://picard.sourceforge.net/
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between clinically-reported and X:Y coverage ratios were removed, as were 

contaminated samples according to VerifyBamID189. 

Before running gene-based collapsing analysis, we implemented both sample- 

and site-level pruning procedures to minimize the systemic bias in data that might lead 

to spurious association or reduced power to detect real association.  

The sample-level pruning included removing related individuals and population 

outliers identified in principal component analysis (PCA). To identify related 

individuals, we generated genotype data in PLINK format190 and then used KING188 to 

calculate pairwise kinship coefficients for all case and control subjects. We used the 

kinship coefficient 0.1 as a cutoff and removed samples introducing relatedness while 

preferentially retaining cases; we retained samples with a higher overall coverage in the 

CCDS regions to break ties if applicable. After this step, 512 of the 516 EE cases and 

12,667 of the 13,364, as well as 165 of the 173 PVNH cases and 6,671 of the 6,862 controls 

were kept for further analysis.  

Next we ran PCA using EIGENSTRAT191 on the EE analysis cohort (512 cases and 

12,667 controls) and PVNH analysis cohort (165 cases and 6,671 controls) with a LD-

pruned (r2 threshold 0.1) list of single-nucleotide polymorphisms (SNPs) extracted from 

exomic sequencing data. After removing outliers given a sigma threshold (6.0 along the 

top 10 principal components) for 5 iterations, a total of 509 EE cases and 12,585 controls, 

as well as a total of 164 PVNH cases and 6,671 controls entered gene-based collapsing 

analysis. 
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For the 509 EE cases and 12,585 controls entering collapsing analysis, at least 10-

fold coverage was achieved for an average of 93.34% and 95.11% of the 33.27 MB of the 

consensus coding sequence (CCDS release 14) plus 2 base pair (bp) intronic extensions 

(to accommodate canonical splice site variants) in case and controls, respectively. To 

address the confounding effect introduced by imbalance of coverage between cases and 

controls, we pruned out sites with uneven coverage in cases and controls using a 

modification of our previously described exon-pruning procedure34. Specifically, for 

each site in CCDS plus 2 bp extensions, we determined the percentages of cases and 

controls that had at least 10-fold coverage, and that site was excluded from further 

analysis if the percentages differed by >11.66% between cases and controls. This site-

pruning procedure removed 8.30% of the CCDS (+2 bp intronic extensions) bases from 

the analysis. All the remaining sites were entered into an association analysis where case 

and control populations had a comparable coverage to accurately compare patterns of 

variation across genes. 

Similarly, for the 164 PVNH cases and 6,671 controls entering collapsing analysis, 

at least 10-fold coverage was achieved for an average of 94.93% and 95.39% of the 33.27 

MB of the consensus coding sequence (CCDS release 14) plus 2 base pair (bp) intronic 

extensions in case and controls, respectively. Similarly, the site was excluded from 

further analysis if the percentages differed by >7.74% between cases and controls. This 

site-pruning procedure removed 10.01% of the CCDS (+2bp intronic extensions) bases 

from the analysis.  
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3.2.2.2 Trabecular bone microstructure 

Sequence data for all 69 subjects were generated and processed through the 

alignment and annotation pipeline at the Institute for Genomic Medicine, Columbia 

University Medical Center. Samples were sequenced after exome capture using SeqCap 

EZ Exome v3 according to standard protocols. 

The bioinformatic methods used for sequence read alignment, variant calling, 

variant annotation, and relatedness check were similar to those used in the EE and 

PVNH analyses (Section 3.2.2.1). A total of 65 unrelated individuals entered gene-based 

collapsing analysis, and at least 10-fold coverage was achieved for an average of 96.94% 

of the 33.27 MB of the consensus coding sequence (CCDS release 14) plus 2 base pair 

(bp) intronic extensions. We adapted an exon-pruning procedure described previously34 

to address the confounding effect of differential coverage associated with the 

quantitative phenotype. Basically, for each exon, we calculated the percentage of sites 

covered better than a given coverage threshold (e.g., 10X) in each individual, and then 

regressed it on the quantitative trait; we removed that exon if the R2 of the simple linear 

regression model is larger than a given threshold determined by the data (0.0033 in our 

analysis). In this way, 9.36% of all CCDS exons (corresponding to 10.80% of all CCDS 

bases) were pruned out before gene-based collapsing analysis, and the average coverage 

rate for all individuals after pruning was 88.34%. 
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3.2.3 Statistical analysis 

3.2.3.1 EEs and PVNHs 

To identify genes associated with EEs and PVNHs under the case-control 

association analysis framework, we performed a genome-wide search for an over- or 

under-representation of “qualifying variants” in protein-coding genes in cases compared 

to controls looking for risk and protective alleles, respectively34. A “qualifying variant” 

was determined by a set of criteria based on allele frequency and functional prediction 

of that variant, with the criteria designed to capture the characteristics of previously 

identified pathogenic variants causing EEs and PVNHs, both rare neurodevelopmental 

disorders. Specifically, in this study, a variant was determined to be a qualifying variant 

if it 1) was absent in the Exome Variant Server (EVS, http://evs.gs.washington.edu/EVS/) 

and Exome Aggregate Consortium (ExAC release 0.3, http://exac.broadinstitute.org/), 2) 

had ≤4 copies of variant allele in the cases and controls combined (512 cases and 12,585 

controls for EEs, and 164 cases and 6,671 controls for PVNHs, respectively), and 3) was 

predicted to be loss-of-function (stop_gained, frame_shift, splice_site_acceptor, 

splice_site_donor, start_lost, or exon_deleted) or missense “probably damaging” by 

PolyPhen-2 (HumDiv)47. For each gene, an indicator variable (1/0 states) was assigned to 

each individual based on the presence of at least one qualifying variant in the gene (state 

1) or no qualifying variant in that gene (state 0); this was equivalent to a dominant 

genetic model. Two-tailed Fisher’s exact test was used to evaluate statistical significance 

of genic association. With 18,668 CCDS genes we aimed to test (for both EE and PVNH), 

http://evs.gs.washington.edu/EVS/
http://exac.broadinstitute.org/
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we adopted the genome-wide significance level of p=2.68×10-6 using Bonferroni 

correction (0.05/18,668). 

Quantile-quantile plots were generated using a permutation-based empirical null 

distribution of Fisher’s exact test p-values. To achieve this, for each model (matrix) we 

randomly permuted the case and control labels of the original configuration (509 cases 

and 12,585 controls for EEs, as well as 164 cases and 6,671 controls for PVNHs, 

respectively) and then recomputed the Fisher’s Exact test for all genes. This was 

repeated 1,000 times. For each of the 1,000 permutations we ordered the p-values and 

then took the mean of each rank-ordered estimate across the 1,000 permutations, i.e., the 

average 1st order statistic, the average 2nd order statistic, etc. These then represent the 

empirical estimates of the expected ordered p-values (expected -log10(p-values)). This 

empirical-based expected p-value distribution no longer depends on an assumption that 

the p-values are uniformly distributed under the null. 

3.2.3.2 Trabecular bone microstructure 

Because we were doing a quantitative trait association analysis in the mixed 

population of Asian and Caucasian individuals, correcting for population stratification 

was critical. We generated principal components (PCs) from LD-pruned high-quality 

SNPs within the clean exons (after exon pruning) using PLINK 1.90 beta192 and included 

the top 10 PCs as covariates in the linear regression. 

For quantitative trait association analysis, we performed gene-based collapsing 

analysis in a similar way as we did the case-control association analyses for EEs and 

PVNHs, using slightly different criteria to include qualifying variants. Here, qualifying 
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variants could be functional variants more broadly: loss-of-function (stop_gained, 

frame_shift, splice_site_acceptor, splice_site_donor, start_lost, or exon_deleted), 

missense (regardless of PolyPhen-2 prediction), stop_lost, or inframe insertion/deletion. 

In addition, qualifying variants were required to have an allele frequency <0.05 

estimated from the 65 Asian and Caucasian women. 

3.3 Results 

3.3.1 Epileptic encephalopathies 

The collapsing analysis compared a total of 509 cases with 12,585 controls (Figure 

41). Three genes (Figure 42, Table 62), KCNT1, SCN2A and STXBP1, showed enrichment 

of qualifying variants in EE patients and achieved genome-wide significance. No other 

genes were found to be genome-wide significant by both Fisher’s exact test and logistic 

regression p-values, but eighteen (including the three genome-wide significant ones) of 

the 25 genes known to cause dominant EE 

(https://www.omim.org/phenotypicSeries/PS308350) were nominally significant (logistic 

regression p<0.05) in this dataset, all showing enrichment of qualifying variants in EE 

patients (Table 62). To assess whether these 25 known dominant EE genes tend to have 

lower p-values in our case-control gene-based collapsing analysis compared with the 

rest of the genome, we performed hypergeometric tests at each rank of the 25 genes by 

logistic regression p-value of all 18,506 genes tested (Table 62). There was a consistent 

pattern that known dominant EE genes tended to have smaller p-values in our dataset 

(Table 62). 

https://www.omim.org/phenotypicSeries/PS308350
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Figure 40. Principal component analysis of 509 EE cases and 12,585 controls that entered gene-

based collapsing analysis. 
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Figure 41. Quantile-quantile plot for the gene-based collapsing analysis comparing 509 EE cases 

and 12,585 controls. λ=1.0696. 

Table 62. Association results for the 25 genes known to cause dominant forms of epileptic 

encephalopathy. 

Logistic 
P Rank Gene Case

c
 

Case 
Frequency 

Control
d
 

Control 
Frequenc
y 

Logistic 
P

e
 

Fisher's 
Exact P 

P for 
Enrichment
f
 

Case 
de 

novo
g
 

1 KCNT1
a
 11 0.0216 16 0.0013 

1.54E-
12 

2.04E-
09 0.0014 3 

2 SCN2A
a
 8 0.0157 14 0.0011 

5.31E-
09 

9.75E-
07 1.75E-06 4 

3 STXBP1
a
 6 0.0118 4 3.18E-04 

6.71E-
08 

6.16E-
07 2.18E-09 6 

6 SCN8A
b
 8 0.0157 31 0.0025 

1.99E-
06 

1.05E-
04 3.88E-11 3 

10 SCN1A
b
 8 0.0157 39 0.0031 

3.41E-
05 

4.07E-
04 7.37E-13 7 
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14 GRIN2B
b
 5 0.0098 17 0.0014 

5.25E-
05 0.0013 9.47E-15 1 

17 GABRA1
b
 3 0.0059 4 3.18E-04 

6.58E-
05 0.0018 6.29E-17 2 

21 DNM1
b
 5 0.0098 19 0.0015 

1.05E-
04 0.002 6.39E-19 5 

35 GABRB3
b
 3 0.0059 3 2.38E-04 

2.61E-
04 0.0011 2.02E-19 2 

47 KCNQ2
b
 3 0.0059 6 4.77E-04 

3.94E-
04 0.0041 1.27E-20 2 

49 SPTAN1
b
 7 0.0138 43 0.0034 

4.08E-
04 0.003 5.81E-23 1 

207 HCN1
b
 2 0.0039 4 3.18E-04 0.0044 0.0204 1.27E-17 0 

243 GABRB1
b
 2 0.0039 7 5.56E-04 0.0057 0.0453 1.13E-18 1 

252 GNAO1
b
 2 0.0039 8 6.36E-04 0.006 0.0552 2.05E-20 2 

310 CDKL5
b
 3 0.0059 18 0.0014 0.0081 0.0462 4.60E-21 3 

658 ALG13
b
 1 0.002 1 7.95E-05 0.0239 0.0762 8.28E-18 1 

1032 SLC35A2
b
 1 0.002 3 2.38E-04 0.0394 0.1467 3.04E-16 1 

1139 CACNA1A
b
 3 0.0059 28 0.0022 0.0453 0.1179 4.50E-17 2 

1695 SIK1 1 0.002 5 3.97E-04 0.0761 0.2117 1.77E-15 0 

3034 GRIN2D 1 0.002 8 6.36E-04 0.1726 0.3002 4.27E-12 0 

3520 KCNB1 1 0.002 11 8.74E-04 0.2257 0.3787 3.97E-12 0 

3685 PCDH19 1 0.002 13 0.001 0.2445 0.4261 4.44E-13 0 

8761 EEF1A2 0 0 3 2.38E-04 0.6067 1 3.00E-06 N/A 

13214 KCNA2 0 0 7 5.56E-04 0.83 1 0.0024 N/A 

14270 SLC1A2 0 0 10 7.95E-04 0.8787 1 0.0015 N/A 
a 

Genome-wide significant (both logistic regression and Fisher’s exact p-values <2.68×10
-6

). 
  b 

Nominally significant (logistic regression p-value <0.05). 
     c 

Number of cases carrying at least one qualifying variant in the gene. 
    d 

Number of controls carrying at least one qualifying variant in the gene. 
   e 

Adjusted for the top 10 principal components calculated by EIGENSTRAT. 
   f 

Hypergeometric p-value for enrichment. 
      g 

In the 66 cases with trio WES data. 
       

In the 25 genes known to cause dominant forms of EE, 76 of the 509 cases 

(14.93%) had at least one qualifying variant, compared to 319 of the 12,585 controls 

(2.53%, Fisher’s exact p=2.40×10-32). Among the 66 of the 76 cases with trio WES data, a 

total of 75 qualifying variants were found in these 25 EE genes, and 46 qualifying 

variants (61.3%) were confirmed to be de novo in our previous DNM analyses, including 

all the qualifying variants in STXBP1 (n=6), DNM1 (n=5), CDKL5 (n=3), GNAO1 (n=2), 
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ALG13 (n=1) and SLC35A2 (n=1) identified in the 509 cases (no inherited qualifying 

variant was observed in these genes in all cases; Table 62). 

3.3.2 Periventricular nodular heterotopias 

The collapsing analysis compared a total of 164 cases with 6,671 controls (Figure 

43). Under the loss-of-function-only (LoF-only) model, where qualifying variants are 

required to be LoF variants (Materials and Methods), two genes (Figure 44), FLNA and 

MAP1B, showed enrichment of qualifying variants in PVNH patients with genome-wide 

significant p-values (Table 63). FLNA is a known PVNH gene and LoF mutations have 

been reported to cause PVNHs. Remarkably, MAP1B, a gene not yet known to be 

associated with PVNHs, was the most significant gene owing to its presence in 4 of the 

164 cases, each carrying a LoF qualifying variant, and the absence of a LoF qualifying 

variant among the 6,671 controls (Table 63). When we expanded the qualifying variants 

to include “probably damaging” missense variants (Materials and Methods), FLNA 

became the most significant gene due to the additional contribution of missense 

qualifying variants, and indeed missense FLNA mutations have been reported in PVNH 

patients (Table 63). However, MAP1B became less significant because missense 

qualifying variants were found in 7 controls but none of the cases (Table 63). 
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Figure 42. Principal component analysis of 164 PVNH cases and 6,671 controls that entered gene-

based collapsing analysis. 
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Figure 43. Quantile-quantile plot for the gene-based collapsing analysis comparing 164 PVNH 

cases and 6,671 controls. λ=1.1434. 

Table 63. Genome-wide significant associations. *Genome-wide significant (Materials and 

Methods). 

LoF-only  

 Case 
carrier 

%Case 
carrier 

Control 
carrier 

%Control 
carrier 

Fisher’s exact 
test p-value 

Rank of p-value among 
all genes tested 

FLNA 4 2.44% 1 0.015% 1.57×10
-06*

 2/18415 
MAP1B 4 2.44% 0 0% 3.20×10

-07*
 1/18415 

LoF + missense (“probably damaging”)  

 Case 
carrier 

%Case 
carrier 

Control 
carrier 

%Control 
carrier 

Fisher’s exact 
test p-value 

Rank of p-value among 
all genes tested 

FLNA 9 5.49% 23 0.345% 3.70×10
-08*

 1/18415 
MAP1B 4 2.44% 7 0.105% 9.25×10

-05
 2/18415 
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We further examined each of the four MAP1B LoF qualifying variants identified 

in the four PVNH cases, all being heterozygous (Table 64). None of the four cases had 

been resolved by a genetic diagnosis (e.g., FLNA mutations). All four qualifying variants 

are absent in EVS and ExAC by definition (Materials and Methods), and three are stop 

gains and one is frameshift. All four variants cause early premature truncation to the 

microtubule-associated protein 1B, which is 2,468aa in length (Table 64). 

Table 64. MAP1B LoF qualifying variants identified in PVNH patients. *Protein level notation is 

based on the canonical transcript ENST00000296755.7. 

Variant ID Sample name Parental origin HGVS notation*  

5-71490089-C-T pvhnd29281lw1 de novo p.Arg303Ter 

5-71490776-C-T pvhcw12701bvi1 inherited from father p.Gln532Ter 

5-71492498-C-T pvhnz9000cfc1 inherited from mother p.Arg1106Ter 

5-71489999-GC-G pvhit1238Pbti1 inherited from father p.Leu274CysfsTer4 

 

MAP1B is a very intolerant gene with an RVIS percentile44 of 2.27% (calculated 

from ExAC data). It is also a LoF-depleted gene with a pLI35 of 1. 

3.3.3 Trabecular bone microstructure 

Our phenotype of interest, TPR ratio, in the 65 Asian and white women was 

summarized in Table 65 and Figure 45. It was clear that Asian women had a higher yet 

more variable TPR ratio compared to white women. 

Table 65. TPR ratio in the 65 individuals with WES data generated. 

TPRratio All (n=65) White (n=39) Asian (n=26) 

mean 0.936005 0.650423 1.364379 

standard deviation 0.689844 0.351925 0.835521 
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Figure 44. TPR ratio distribution. Top: all 65 individuals. Middle: 26 Asians. Bottom: 39 Whites. 

 The top PCs generated from exomic SNP data should primarily reflect ethnicity. 

Indeed, PC1 was found to significantly correlate with TPR ratio (Pearson correlation 

coefficient =0.50, p-value =0.0000), while PC2 was not (Pearson correlation coefficient 

=0.06, p-value =0.6301), further confirming the strong association of TPR ratio with 

genetic ethnicity (Figure 46). 
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Figure 45. Principal components and TPR ratio. PC1 (primarily reflecting genetic ethnicity) was 

strongly correlated with TPR ratio. 

 Using a genome-wide significance threshold of 2.5×10-6(assuming simultaneously 

testing 20,000 genes), our genome-wide screening identified two significant genes: 

GPR84 (p-value =6.91×10-7, β =1.30) and KRT71 (p-value =1.22×10-6, β =2.08). The quantile-

quantile plot (Figure 46) shows that observed p-values deviate from the null (uniform 

distribution here, versus the permutation-based null used in our case-control analysis 

for EE and PVNH analyses) somewhat early. Since the null distribution for p-values 

may not necessarily be the uniform distribution (unlike GWAS, where each SNP can be 

legitimately assumed to have an equal chance to associate with the phenotype under the 

null, different genes can have different chances to associated with the phenotype under 
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the null due to, for example, different gene size and mutability). To address this issue, 

instead of computing the permutation-based null distribution of p-values and then 

plotting the observed p-values in the quantile-quantile plot (Section 3.2.3.1), we 

evaluated p-values using the permutation test implemented in Variant Association 

Tools193, and then plotted them against the null (uniform distribution). The resulting 

quantile-quantile plot was shown in Figure 47, GPR84 being still the top signal 

(permutation p-value = 0.00030768) but without a positive deviation from the null. 

Interestingly, when qualifying variants included only missense variants, GPR84 

remained as the top gene in terms of both asymptotic p-values (2.31×10-8, β =1.55) and 

permutation p-values (8.37×10-6) and was the only “outstanding” hit in the quantile-

quantile plot for permutation p-values (Figure 48). 

 

Figure 46. Quantile-quantile plot for gene-based collapsing analysis of TPR ratio in 65 Asian 

and white women; asymptotic p-values. 
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Figure 47. Quantile-quantile plot for gene-based collapsing analysis of TPR ratio in 65 Asian 

and white women; permutation p-values. 

 

Figure 48. Quantile-quantile plot for gene-based collapsing analysis of TPR ratio in 65 Asian 

and white women; qualifying variants restricted to missense variants; permutation p-values. 

 We further delineated the genic association between GPR84 and TPR ratio (Table 

66) by investigating each of the qualifying variants and individuals carrying those 

variants (Table 67). Three different qualifying variants contributed to the GPR84 signal. 
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12-54756528-A-G (rs77759698) and 12-54757526-C-T (rs11170883) are both missense 

variants predicted to be probably damaging with PolyPhen-2 HumDiv scores equal to 1 

and present only in a total of 5 Asians (2 heterozygous and 1 homozygous for 

rs77759698, and 2 heterozygous for rs11170883), each with a high TPR ratio, among the 

65 unrelated individuals included for gene-based collapsing analysis. Further 

examination of the allele frequencies of these two missense variants confirmed the 

higher prevalence of the variant alleles in East Asians (EAS) compared to non-Finnish 

Europeans (NFE, Table 67). Interestingly, trabecular00007, a sister of trabecular00006 

(both Asian), whom was exome sequenced but not included in our collapsing analysis 

due to genetic relatedness, was also found to be a heterozygous for rs11170883 and have 

a relatively high TPR ratio (1.39). Conversely, the third qualifying variant, 12-54757167-

GC-G, was present in a white woman (heterozygous) with a low TPR ratio (0.53) and 

predicted to be a frameshift variant presumably causing premature truncation of the 

protein (loss-of-function). This frameshift variant is absent in 4305 East Asians (allele 

frequency =0) but present in 12 of the 33,185 non-Finnish Europeans (allele frequency 

=0.0003616) in ExAC (Table 67). This observation of high TPR ratios associated with the 

two missense qualifying variants along with the low TPR ratio associated with the LoF 

(frameshift) variant is consistent with the hypothesis that the two missense qualifying 

variants cause gain-of-function. This further explains the absence of any “outstanding” 

hit in the quantile-quantile plot for permutation p-values of our collapsing analysis 

when LoF variants and missense variants are both considered for qualifying variants 

(Figure 48), and the presence of an “outstanding” hit (GPR84) in the quantile-quantile 
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plot when qualifying variants include only missense variants (Figure 49). Because our 

gene-based collapsing analysis simply counts the presence or absence of at least one 

qualifying variant in each individual without considering the direction of effect of the 

qualifying variant, a LoF qualifying variant would dilute the genic association strength 

if missense qualifying variants are gain-of-function. In this regard, using statistical 

methods that accounting for different directions of effect such as SKAT194,195 or SKAT-

O196,197 can boost power of gene-based association testing. 

Table 66. Genic association between GPR84 and TPR ratio. 

Gene 
Name 

Total 
Varian
t 

Qualified 
Subject 

Unqualifie
d Subject 

Linear P 
(asymptotic) 

Original 
Length 

Average 
%Covere
d ≥10 

Cleaned 
Length 

GPR84 3 6 59 6.91E-07 1195 0.999408 1195 

 

Table 67. Qualifying variants and their carriers contributing to the GPR84-TPR ratio association. 

Variant ID 

Gen
otyp
e Sample Name 

Race TPRrati
o 

MAF in 
65 
Subject
s 

PolyPhe
n 
HumDiv 
Score Function 

ExAC 
MAF 
EAS 

ExAC 
MAF 
NFE 

12-54756528-A-G 
(rs77759698) het 

trabecular000
42 

Asian 2.88 
0.0308 1 missense 0.0379 

8.24E-
04 

12-54756528-A-G 
(rs77759698) het 

trabecular000
49 

Asian 2.32 
0.0308 1 missense 0.0379 

8.24E-
04 

12-54756528-A-G 
(rs77759698) hom 

trabecular000
66 

Asian 2.39 
0.0308 1 missense 0.0379 

8.24E-
04 

12-54757526-C-T 
(rs11170883) het 

trabecular000
06 

Asian 1.77 
0.0154 1 missense 0.032 0 

12-54757526-C-T 
(rs11170883) het 

trabecular000
63 

Asian 3.81 
0.0154 1 missense 0.032 0 

12-54757167-GC-
G het 

trabecular000
31 

white 0.53 
0.0078 NA frameshift 0 

3.62E-
04 

 

Given the three qualifying variants associated with TPR ratio in Asian and white 

women, we further attempted to identify all the functional variants in GPR84, regardless 

of allele freuquency, observed in the 65 exome sequenced subjects and examine the TPR 

ratio of their carriers. However, it turned out the 2 qualifying missense and 1 qualifying 

frameshift variants were all the functional variation in our dataset; we did not find any 
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common variation in GPR84, though this gene is highly variable (%ExAC_RVIS44 

=93.76%).  

 We estimated that 70.89% of the East Asian/white difference in TPR ratio can be 

explained by the cumulative frequency difference of GPR84 qualifying variants in East 

Asians and whites, when the 2 missense qualifying variants were considered.  

 We further tested the association between GPR84 qualifying variants and other 

quantitative skeletal phenotypes determined by HRpQCT, and found an association 

between GPR84 and tibial trabecular bone density (tDtrab): p-value =0.000688 (β = beta 

48.83) when both missense and LoF variants were considered and p-value =0.000695 (β 

=53.17) when only missense variants were considered. The positive regression coefficient 

is consistent with the hypothesis that GPR84 gain-of-function variants increase both 

TPRratio and tDtrab, leading to a strengthened bone quality. 

3.4 Discussion 

3.4.1 Epileptic encephalopathies 

Comparing 509 EE cases and 12,585 controls using a gene-based collapsing 

analysis of “qualifying variants”, we successfully identified three known EE genes at 

genome-wide significance level. In addition, known EE genes were found to have 

smaller than expected association p-values compared with the rest of the genome. We 

showed that DNMs contributed to the majority of qualifying variants in the 25 known 

dominant EE genes identified in cases, and in several genes they accounted for all of 

them. As most of these 25 EE genes are originally implicated by sequencing trios and 

analyzing DNMs, our results clearly demonstrates the efficacy of case-control gene-
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based collapsing analysis to identify these genes without spending effort specifically 

ascertaining DNMs by sequencing trios.  

Several factors affect the power of our case-control gene-based collapsing 

analysis, including locus heterogeneity, penetrance, and how accurately “qualifying 

variants” represent bona fide causal variants responsible for the phenotype in question. 

The 25 known dominant EE genes (without considering the potentially many new EE 

genes yet to be discovered) indicate that EE is a phenotype with reasonably high locus 

heterogeneity, and genes may contribute disproportionately and also variably in 

different case cohorts due to how cases are ascertained. Our most significant gene, 

KCNT1, has the largest proportion (2.16%) of cases carrying at least one qualifying 

variant (11 unrelated qualifying cases), although it does not imply that all these 

qualifying variants are causal. Interestingly, three sodium channel genes, SCN2A, 

SCN8A and SCN1A all have 8 unrelated qualifying cases (1.57%), but only SCN2A is 

genome-wide significant due to its lower frequency of qualifying controls (0.11% versus 

0.25% and 0.31%). In comparison, despite the 6 unrelated qualifying cases (1.18%), 

STXBP1 achieves genome-wide significance due to its very low frequency of qualifying 

controls (0.0318%). Indeed, larger sample sizes are required to detect genes for which the 

background rate of qualifying variants is high198. 

How to define qualifying variants to discriminate true pathogenic mutations 

from false ones with excellent sensitivity and specificity is critical to the performance of 

gene-based collapsing analysis. On one hand, qualifying variants should eliminate as 

many “benign” variants as possible. Here we require qualifying variants to be absent in 
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EVS and ExAC to focus on “ultra-rare” variants, but even at the sample size of ExAC, 

where widespread mutational recurrent is observed, background variation in controls 

may still prevent a gene from reaching genome-wide significance. For example, in 

DNM1, all 5 qualifying variants in cases are confirmed to be de novo and thus extremely 

rare (extremely unlikely to be standing variation in a general population of any size), but 

at least some of the 19 qualifying controls probably harbor inherited variants that can be 

further filtered out by leveraging a larger database than ExAC. Background variation is 

under the influence of selection and mutability, and although most genes known to 

cause EE and other neurodevelopmental disorders are intolerant and/or constrained, 

implying a lower rate of background variation than the genomic average, our empirical 

data shows considerable variability in the frequency of qualifying controls across genes, 

indicating the sample size of ExAC is insufficiently large (Table 62). On the other hand, 

qualifying variants should capture as many “real” pathogenic variants as possible. To 

achieve this goal, a good knowledge of the genetic architecture of the phenotype is 

required. For EE, previous genetic studies have identified and characterized many 

causal mutations, informing us of how to define qualifying variants. For example, 

recurrent DNMs can cause EE in unrelated patients, and for this reason we required 

qualifying variants to have ≤4 copies of variant allele in the 509 cases plus 12,585 

controls combined, to accommodate restricted allelic heterogeneity of causal mutations 

(and also potentially incomplete penetrance and misclassification of phenotype if a 

pathogenic mutation is observed in controls). Indeed, we identified two DNMs, one in 
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SCN2A (2-166198975-G-A) and the other in SCN1A (2-166911147-C-T), each occurring in 

two unrelated cases and having been already known to be pathogenic in ClinVar. 

The rules designed to define qualifying variants cannot perfectly separate true 

and false pathogenic variants in all genes for at least three reasons: 1) these rules only 

reflect our best estimate rather than the full truth, which is usually unknown, 2) our 

ability to filter out “ultra-rare” benign variants is limited due to the limited amount 

(sample size and genetic diversity) of population-scale sequence data (e.g., ExAC), and 

3) we are performing genome-wide screening using the same set of rules but the best 

rules may vary by gene. Improvements can be made to address each of the three issues, 

but most likely the qualifying variants represent a mixture of causal (pathogenic) and 

non-causal (benign) variants, and cases are more likely to harbor causal qualifying 

variants than controls. Given a qualifying variant identified in a case, knowing whether 

it is de novo is critical to interpreting its clinical significance, so even if case-control 

analysis can implicate the disease gene, it is still important to know the parental origin 

of the qualifying variant. Conversely, an inherited variant can also be pathogenic, and it 

would not be identified if parents are thought to be unaffected (e.g., due to incomplete 

penetrance or variable phenotype) and efforts are thus focused on DNMs (while case-

control analysis does not rely on this assumption). Similarly, although a greater 

proportion of qualifying variants identified in controls may be non-causal compared to 

those in cases, causal variants may still exist in controls due to incomplete penetrance 

and misclassification of phenotype (e.g., atypical presentation or unknown comorbidity), 

in particular when a large control population is employed to boost power. 
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In general, DNMs represent the extreme of rare variants by not being able to pass 

even one generation. However, there are also DNMs present as standing variation in 

human populations (e.g., ExAC) and these DNMs are usually benign49. By focusing on 

qualifying variants absent in ExAC, such benign variants are dropped from collapsing 

analysis even if they are DNMs. 

In summary, despite the complex interplay of multiple factors determining the 

power of case-control gene-based collapsing analysis, we presented empirical data 

encouragingly demonstrating effectiveness of the case-control framework to rediscover 

disease genes for EE, most of which were originally implicated by DNM analysis in trio 

WES studies. With increased sample size and refined methods to investigate qualifying 

variants, we expect to see more known EE genes attain genome-wide significance and 

new genes discovered. Because only cases are sequenced (with available sequence data 

for controls), the case-control analysis can be not only effective but also efficient. 

3.4.2 Periventricular nodular heterotopias 

 Our PVNH analysis further confirmed the effectiveness, and even emphasized 

the necessity, of case-control gene-based collapsing analysis in identifying disease-

causing genes in rare neurodevelopmental disorders like PVNHs.  

The effectiveness is demonstrated by the successful rediscovery of FLNA, the first 

known PVNH gene originally identified by genetic mapping in affected families and 

accounting for ~50% of bilateral PVNHs178. In our analysis, FLNA achieved genome-wide 

significance in both LoF-only model and the LoF + missense (“probably damaging”) 



 

213 
 

model, and the more significant p-value in the latter is consistent with the fact that both 

LoF and missense FLNA mutations are known to cause PVNH. 

The importance of applying the case-control gene-based collapsing analysis to 

study rare neurodevelopmental diseases like PVNHs is further highlighted by the 

discovery of a new gene, MAP1B, which was not known to be associated with PVNHs 

despite efforts spent on studying pedigrees and trios affected by FLNA-negative 

PVNHs. MAP1B reached genome-wide significance level in the LoF model, and we 

identified four unrelated patients (out of the 164 cases) each carrying a heterozygous 

truncating qualifying variant (three stop gains and one frameshift) that are absent in 

EVS, ExAC, and internal controls, while none of the 6,671 controls was found to have 

such a LoF qualifying variant. This observation is further strengthened by the extreme 

LoF intolerance of MAP1B (pLI=1), meaning a much less number of LoF variants are 

seen in general populations compared with expectation35. Under the LoF + missense 

(“probably damaging”) model, MAP1B was not genome-wide significant anymore due 

to the increased rate of qualifying variants in controls, probably indicating the restriction 

on mechanism of the PVNH-associated MAP1B mutations (in contrast to FLNA). 

The above observation on how FLNA and MAP1B were discovered in our 

analysis underlines how qualifying variants should be ruled in for gene-based 

collapsing analysis. Ideally, our rules for defining qualifying variants should precisely 

capture the full pattern of all pathogenic mutations causing the specific disease in a 

given gene (note that there are ample examples where different mutations in a gene are 

associated with clinically distinct disorders118). However, the complement of all such 
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pathogenic mutations in a gene and their characteristics are usually very difficult to 

know and can vary from one gene to another. As a result, our genome-wide testing for 

the excess (or lack) of qualifying variants in cases versus controls are limited by the 

sensitivity and specificity of the rules designed to include qualifying variants for gene-

based collapsing analysis. Practically, it is helpful and straightforward to test under 

different models to increase sensitivity. For example, in our PVNH analysis, FLNA 

reached genome-wide significance level under both LoF + missense (“probably 

damaging”) model and LoF-only model, and was more significant in the former 

(consistent with the fact that both LoF and missense mutations are known to cause 

PVNHs), whereas MAP1B was genome-wide significant only under the LoF model. 

However, simultaneously testing under two different models doubles the total number 

of hypotheses tested, although the two models are by no means independent from each 

other. Consequently, how to find the most appropriate genome-wide statistical 

significance level needs more study. 

Remarkably, MAP1B would not have been implicated as a new PVNH gene if we 

focused only on DNMs. Indeed, three of the four MAP1B qualifying variants were 

inherited from one parent and only one was de novo. This is consistent with the fact that 

both inherited and de novo mutations in FLNA can cause PVNH199. Interestingly, PVNHs 

are a group of neuronal migration disorders and the diagnosis is established by brain 

MRI showing uncalcified nodules of neurons ectopically situated along the surface of 

the lateral ventricles; the clinical presentation is heterogeneous and nonspecific, with 

seizures and learning difficultites being most common200. Consequently, PVNH in the 
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patient’s parent or other family members might be missed if the diagnosis is not actively 

pursued by ordering a brain MRI, and this might explain why a DNM analysis would 

not be successful to identify a gene like MAP1B. In addition, incomplete penetrance can 

add further complexity to genetic analysis and interpretation of clinical significance of 

variants.   

Finally, the newly discovered PVNH gene, MAP1B, was not known to be 

associated with any human disease in OMIM but has a proposed biology that can be 

related to the known mechanism of FLNA-related PVNH. FLNA encodes filamin A, a 

widely expressed actin-binding phosphoprotein, and the PVNH-causing FLNA 

mutations are shown to disrupt the cytoskeleton of brain cells leading to aberrant 

neuronal migration178. On the other hand, MAP1B encodes microtubule-associated 

protein-1B expressed at high levels in brain and spinal cord201. Mice homozygous for an 

insertion in MAP1B were found to be embryonic lethal, and heterozygotes exhibited a 

spectrum of phenotypes including slower growth rates, lack of visual acuity in one or 

both eyes, and motor system abnormalities202. Indeed, in the MGI (Mouse Genome 

Informatics) database203, MAP1B mutants are noted to have multiple phenotypes 

relevant to aberrant neuronal migration, including abnormal axon extension, abnormal 

axon morphology, and absent corpus callosum, among many other brain structural 

abnormalities. How human MAP1B mutations cause PVNH awaits further investigation.  

3.4.3 Trabecular bone microstructure 

 In this project, we performed a pilot study using WES to investigate the genetic 

basis of a novel bone phenotype, TPR ratio, which reflects trabecular bone 
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microstructure pattern and is clearly associated with Asian/white status. Importantly, 

TPR ratio may be an endophenotype facilitating the genetic dissection of osteoporosis 

and identifying the genetic underpinnings of TPR ratio variation may provide novel 

biological insight into skeletal biology and pathophysiology. WES enables us to assess 

the full spectrum of coding variants, including rare and/or private variants that were not 

directly assessed by GWASs204 and exome chip studies, and has the potential to identify 

causal variants responsible for the phenotypic variation. Indeed, large-scale GWASs of 

BMD and osteoporosis have identified many loci each having a modest effect size and 

providing little utility for clinical management of osteoporosis and fragility fracture180,205. 

Conversely, identifying rare coding variants, presumably with a larger effect size, might 

yield clinically useful information (for example, to predict fracture risk).  

 In our WES analysis of TPR ratio, we identified an “outstanding” gene GPR84 

showing genome-wide significant association with TPR ratio and its qualifying variants 

contributing to this signal. Despite the genome-wide significant association p-value 

(6.91×10-7), due to our small sample size (n =65), additional individuals are needed to be 

exome sequenced to further confirm the association in a more powered analysis. On the 

other hand, although we consider GPR84 as a preliminary genetic finding that requires 

further examination in a larger study, our successful identification of GPR84 from the 

WES data of 65 individuals illustrates the value of such studies.  

 GPR84, or G protein-coupled receptor 84, is a receptor for medium-chain fatty 

acids (MCFAs) with carbon chain lengths of C9 to C14, and may have important roles in 

processes from fatty acid metabolism to regulation of the immune system206,207. 
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Interestingly, a recent study found GPR84 expression dramatically changed in 

osteocytes (the most important mechanosensor in bone) under the large gradient high 

magnetic field, indicating the potential importance of this gene in mediating mechano-

induced bone remodeling208. More functional studies are needed to delineate the role of 

GPR84 in osteocytes and skeletal biology at large, and the qualifying variants identified 

in our WES study could be the starting point.    

 Our study once again accentuates the importance of what variants should be 

included as qualifying variants in the gene-based collapsing analysis (see the PVNH 

analysis before). In the case of GPR84, the two missense qualifying variants are 

associated with high TPR ratios, and the frameshift qualifying variant is associated with 

a low TPR ratio. Based on this finding, we hypothesized that the two missense variants 

may cause gain-of-function, as the frameshift variant truncates the protein and 

presumably causes loss-of-function. Functional experiments are required to test this 

hypothesis, but it is clear that the GPR84 missense and frameshift qualifying variants 

identified in our WES study seem to have opposite directions of effect on the protein. 

Consequently, a gene-based test that accommodates different directionalities of 

qualifying variants, such as SKAT194,195 or SKAT-O196,197, is more powerful here to identify 

the GPR84 association. However, under other circumstances, missense and loss-of-

function variants can have the same direction of functional impact (for example, 

missense variants can be haploinsufficient or have a dominant-negative effect). As we 

discussed before (Section 3.4.2), careful consideration is required to define qualifying 

variants for gene-based collapsing analysis, but oftentimes our lack of knowledge about 
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the genetic architecture of the phenotype makes our guess less educated and practically 

necessitates testing under different hypotheses (using different rules to define qualifying 

variants), thus inflating the type I error if statistical significance level is not well 

maintained. 

Finally, given the preliminary genetic finding of our pilot study, we are 

cautiously optimistic about our strategy -- using WES to search for highly impactful 

variants underlying novel and clinically relevant phenotypes. As gigantic GWASs and 

meta-analyses of GWASs keep identifying more and more variants of increasingly 

modest effect sizes, WES analysis of well-selected phenotypes in a more achievable 

sample size can discover novel genes and variants potentially informing biology and 

clinical care of patients. 
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4. Conclusions and future directions 

4.1 WES analysis and interpretation 

In this thesis, I mainly focused on two frameworks: one for trio WES 

interpretation (Chapter 2), and the other for case-control WES analysis (Chapter 3). 

These two frameworks employ different study designs and aim to solve different 

problems using different analytical methods. Specifically, the trio interpretation 

framework treats each trio individually, uses a filtering-based strategy to identify 

qualifying genotypes observed only in the proband, and interprets genetic findings 

according to known genotype-phenotype relationship obtained from public databases 

(e.g., OMIM and ClinVar) and scientific and medical literature. In comparison, the case-

control analysis framework analyzes all the WES data generated from case and control 

populations together, focuses on qualifying variants that are presumably enriched for 

causal variants, and utilizes a formal statistical genetics framework to evaluate the 

significance of genetic findings. 

However, the two frameworks share important features. Both frameworks 

perform genome-wide screening to identify genes and mutations, and they both 

leverage external population-scale sequence databases such as ESP and ExAC. They are 

also intertwined because both can have elements of interpretation and statistical 

analysis, and both rely on known genotype-phenotype relationship and have the 

potential to discover new disease genes. Despite primarily an interpretational 

framework, trios can also be analyzed collectively to formally assess the characteristics 

of high-impact variants (for example, the “hot zone” analysis in Chapter 2) by 
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comparing to empirical sequence data generated in control trios or simply expectation, 

thereby pointing to new genes. Despite the formal statistical association implemented in 

case-control analysis, how to include qualifying variants for gene-based collapsing 

analysis heavily depends on our knowledge (and in many situations, hypothesis) of the 

pattern of true causal variants (known or unknown) responsible for the phenotype in 

question (i.e. interpreting which variants should be included as qualifying variants).  

Indeed, the nature of these two frameworks is determined by the nature of 

WES/WGS data, which contain the information of all genetic variation in all the coding 

regions or the entire human genome, including causal variants. As a result, data analysis 

under a formal statistical framework and data interpretation to explain causality (or 

pathogenicity/clinical significance of variants) cannot and should not be separated. 

Conversely, most GWASs analyze genome-wide SNP data without being able to 

interpret causality because most causal variants are likely unassessed. Perhaps due to 

the strong influence of the “hypothesis-free” or “agnostic” approach propagated by 

GWASs, even in the NGS era, such an approach is popular. For example, there are 

multiple methods for gene-based rare variant association analysis that include into the 

test all rare variants given an allele frequency threshold (although priors can be applied 

to weight different impact levels of variants of different rarity)209. In comparison, our 

collapsing analysis focuses on qualifying variants, which are defined to enrich truly 

pathogenic variants responsible for the phenotype in question. For example, most if not 

all mutations known to cause EE, PVNH, and other neurodevelopmental disorders are 

not observed in ExAC. We design the rules for qualifying variants accordingly in hopes 
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of enriching the real signal and eliminating noise in the collapsing analysis. As a result, 

our collapsing analysis is more driven by our interpretation of causal variants (known or 

unknown) than a method that uses (for example) a beta distribution to weight rare 

variants based on their allele frequencies. Our method works well with EE and PVNH, 

and perhaps with other neurodevelopmental and severe pediatric disorders with a 

similar genetic architecture as well. For phenotypes potentially with a different 

underlying genetic architecture, qualifying variants have to be redefined, and under the 

not uncommon circumstances where the genetic architecture is unknown and hard to 

speculate, an “agnostic” approach is more valuable.   

We implemented our interpretational framework on trio WES data, mainly to 

eliminate benign, private variants that cannot be easily filtered out. Indeed, when the 

original trio framework was introduced in 2012, ESP and ExAC were not available and 

qualifying genotypes were identified by filtering against our internal control sequence 

data2. Assuming both parents are unaffected, identifying the qualifying genotypes that 

are present only in the affected proband substantially shortens the list of candidates, 

although the strong assumption (which still holds in most cases) precludes the 

possibility of incomplete penetrance or subtle phenotype that can be missed in parents 

(for example, the MAP1B mutations in PVNH). As a result, it would be desirable to 

implement the similar interpretational framework on single patients, because of the 

reduced cost (unnecessary to sequence both parents) and improved flexibility (for 

example, unnecessary to assume complete penetrance). The major concern is our limited 

ability to filter out rare, benign variants in single patients, and the longer list of 
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candidates requires more human labor (and more subjectivity) to interpret genetic 

findings. Despite this, many genetics centers have launched single-patient interpretation 

frameworks with encouraging outcomes140,210,211. Importantly, with the availability of 

large reference sequence databases such as ESP, ExAC, and gnomAD, the single-patient 

approach would be increasingly powerful and efficient. In addition, the gene-level 

metrics indicating tolerance/constraint, exemplified by RVIS44, constraint45, and pLI35, 

can further aid interpreting clinical significance of variants identified in patients and 

healthy individuals. 

As to case-control framework, how qualifying variants are selected to enter gene-

based collapsing analysis is critical. Theoretically, power is optimized when the 

qualifying variants include all truly pathogenic variants and zero non-pathogenic 

variant. However, such a condition is very challenging (if possible) to achieve due to our 

lack of knowledge of the full picture of genotype-phenotype correlations (resulting in 

crude rather than precise inclusion and exclusion criteria for qualifying variants), the 

limited sample size and genetic diversity of public population sequence databases (thus 

not all benign variants can be filtered out, particularly in patients whose ancestries are 

not well represented in these databases), and the potential variability of characteristics of 

causal mutations across genes (and we are performing a genome-wide screening). As a 

result, the qualifying variants most likely contain a mixture of causal (pathogenic with 

regard to the phenotype in question) and non-causal variants, and those causal variants 

might enrich in cases versus controls. This does not imply that every single qualifying 

variant identified in cases is causal, or every single qualifying variant identified in 



 

223 
 

controls is non-causal. The interpretation of qualifying variants identified in cases and 

controls has to be on an individual basis, using the same principles implemented in our 

trio (or single-patient) interpretation framework.     

Incomplete penetrance is always a concern in both frameworks because its 

presence can damage both sensitivity and specificity of qualifying variants/genotypes, 

which are selected to represent pathogenic variants based on our best knowledge. For 

example, if a causal mutation is inherited, then it would not be identified by focusing on 

DNMs. Moreover, falsely focusing on DNMs may lead to wrong interpretation, as even 

DNMs can be benign49 and all genomes can carry a high narrative potential7. However, 

for most genes, the phenomenon of incomplete penetrance is not well understood due to 

the phenotype-first approach that has been used in human genetic studies. The actual 

extent of incomplete penetrance is unknown, and its prevalence in current medical 

literature is likely to be underestimated (if there is literature at all). With the ease of 

generating WES/WGS data, a genotype-first approach212 can help us gain a more 

unbiased view of genotype-phenotype correlations.  

Another phenomenon related to incomplete penetrance is misclassification of 

phenotype, which can be caused by our incomplete knowledge of the full phenotypic 

space associated with a causal variant because patients with most classic clinical 

presentations are likely to be studied most frequently. Variable phenotypes, including 

comorbidities, can only be recognized after many patients, including typical and 

atypical, have been studied. Misclassification of phenotype can happen bidirectionally (a 

case mistakenly labeled as a control or vice versa), and cautions are needed to wisely 
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employ the ever larger population sequence data (e.g., ExAC, gnomAD) to interpret 

genetic findings. As sample size increases, there might be an increasing chance that a 

real pathogenic mutation is present in these datasets (due to incomplete penetrance or 

misclassification of phenotype).    

4.2 WGS for human disease 

This thesis primarily focuses on the analysis and interpretation of WES data, 

although WES and WGS technologies both have been widely available. However, WES 

has been the major driver of genetic discoveries in the past few years, despite the large 

amount of WGS data that have also been generated in patients and healthy individuals. 

There are two main reasons why WES studies have been preferred by human geneticists, 

and they are not mutually exclusive. One is practical: although the cost of sequencing a 

whole human genome has dropped dramatically, it is still more expensive than WES. 

More importantly, storing, transferring and processing WGS data on a population scale 

is still very expensive. The other reason is scientific: so far our ability to analyze and 

interpret WGS data is very limited, in part due to the lack of large-scale population WGS 

databases (e.g., ESP and ExAC both include WES data only). As a result, even if WGS 

data are generated, the most interpretable human genetic variation still resides in and 

around the coding regions. For this reason, the popularity of WES is further enhanced 

by development of exome capture kits with more comprehensive coverage of coding 

regions and other interpretable regions of the human genome.  

In spite of the dispute on the overall functional significance of the noncoding 

genome213, there have been evidences supporting noncoding mutations (germline or 
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somatic) causing human disease214. In addition, GWASs have reproducibly identified 

thousands of genetic loci in noncoding regions associated with all major human 

morbidities23. Furthermore, our knowledge of the noncoding genome can be improved 

by large-scale population WGS data, from which novel indicators of functional 

importance of any genomic region (in a similar way in which RVIS, constraint and pLI 

are constructed for genes) can be developed to assist interpreting noncoding variants 

(Gussow et al. unpublished data). Finally, WGS data are usually required to accurately 

detect SVs9, which are well known to play an important role in human health, disease, 

and evolution80. 

Although WGS is the ultimate tool to study the genetic basis of human disease, it 

is not yet clear if WGS will replace WES in near future. However, using WGS to study 

WES negative patients present a reasonable approach, although only few successes have 

been reported to date97. Notably, Gilissen et al. reported the efficacy of using WGS to 

resolve WES negative patients affected with intellectual disability, but the WES capture 

kit they used were early products without a comprehensive coverage and all their 

genetic findings from WGS affected genes97. Importantly, a negative WES finding does 

not necessarily mean that the causal mutation is noncoding; it can be already identified 

by WES without being proved to be causal (for example, an apparently “benign” variant 

or variant of unknown significance [VUS] in a gene known or not known to cause 

disease). More complicated, oligogenicity can add difficulty to analysis and 

interpretation of WES data because more than one locus is causal.  
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4.3 Non-specific genetic risk1 

Recent human genetic studies have consistently shown that mutations in the 

same gene or same genomic region can increase the risk of a broad range of complex 

neuropsychiatric disorders. Despite the steadily increasing number of examples of such 

nonspecific effects on risk, the underlying biological causes remain mysterious. Here we 

investigate the phenomenon of such nonspecific risk by identifying Mendelian disease 

genes that are associated with multiple diseases and explore what is known about the 

underlying mechanisms in these more 'simple' examples. Our analyses make clear that 

there are a variety of mechanisms at work, emphasizing how challenging it will be to 

elucidate the causes of nonspecific risk in complex disease. Ultimately, we conclude that 

functional approaches will be critical for explaining the causes of nonspecific risk factors 

discovered by human genetic studies of neuropsychiatric disorders. 

4.3.1 Background 

Neurological and neuropsychiatric disorders are among the major contributors 

to human morbidity and mortality215. There is broad agreement that genetics represents 

one of the most promising avenues for identifying new therapeutic directions to treat 

this substantial unmet clinical need. Moreover, elucidating the genetic basis of 

neurological and neuropsychiatric disorders provides invaluable insights into how our 

nervous system functions and dysfunctions. 

After many years of stagnation, genetic studies of complex forms of neurological 

and neuropsychiatric disorders have finally entered an era of systematic and definitive 

                                                      
1 This section is based on a published work. 
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discovery, thanks in large part to technological advances permitting genome-wide 

interrogation. One of the most striking features of the recent findings is that many genes, 

and even mutations, that have been implicated in one neurological/neuropsychiatric 

disorder have also been implicated in other disorders (http://omim.org/). GWASs have 

repeatedly shown a shared risk for schizophrenia and bipolar disorder both for specific 

loci216-218 and through analysis of polygenic risk scores216,219 and related approaches220. 

Relationships between schizophrenia, bipolar disorder, depression, attention deficit 

hyperactivity disorder (ADHD) and autism have also been demonstrated through 

studies of common single nucleotide polymorphisms (SNPs)216,220. 

There remains a debate as to whether such relationships are truly a result of 

shared genetic loci between different disorders or are simply an artifact of inaccuracies 

in psychiatric diagnosis. The latter may indeed contribute to the phenomenon when 

considering closely related disorders, such as schizophrenia and bipolar disorder, or 

bipolar disorder and depression, or autism with low cognitive ability and intellectual 

disability, where individual patients are often diagnosed with both at varying points in 

their lives. Even in these cases, however, there are strong arguments against 

misdiagnosis being the primary explanation; for example, patients with bipolar and 

schizophrenia clearly tend to respond best to different drugs. In addition, theoretical 

modeling shows that although misdiagnosis can inflate estimates of genetic correlation 

among disorders, it is unlikely to explain the high genetic correlation observed between 

bipolar disorder and schizophrenia220,221. In addition, the shared genetic risk of multiple 

http://omim.org/
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neuropsychiatric disorders is reminiscent of what is observed for autoimmune 

disorders216. 

Moreover, misdiagnosis is an even less persuasive argument when applied to 

variants associated with very distinct neuropsychiatric disorders. Virtually without 

exception, CNVs associated with one neuropsychiatric disorder have been found to 

predispose to other neurological or neuropsychiatric phenotypes222-226. This includes 

sharing of risk loci between conditions that could not reasonably reflect diagnostic 

ambiguity, such as 16p13.11 deletions, which are seen in multiple neuropsychiatric 

conditions, including a range of epilepsies without psychiatric illness or intellectual 

disability227, as well as in profound intellectual disability without seizures228. In further 

support of the case for “one variant, multiple disorders” is the observation that many of 

these CNVs were found not only to confer risk of multiple different 

neurodevelopmental disorders, but also to confer risk of other disorders, such as obesity, 

cardiac abnormalities and cataracts222,223,229. For instance, the 1q21.1 deletion associated 

with schizophrenia230 and other neuropsychiatric disorders has been reported to 

associate with variable pediatric phenotypes such as cardiac abnormalities and cataracts, 

usually including intellectual disability or developmental delay, but occasionally with 

no obvious neuropsychiatric phenotype222. It has also been reported in at least one adult 

with cardiac abnormalities and no neuropsychiatric disorder231, as well as in several 

patients with multiple severe congenital abnormalities232. 

Most of these CNVs contain a very large number of genes, but, in some cases, 

specific genes have been associated with neuropsychiatric disorders through CNV 
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analysis, including deletions in NRXN1233,234 and CNTNAP2235. Notably, even these 

specific CNVs cause multiple, highly variable, disorders236,237. More recently, this model 

of shared causality across multiple complex neurodevelopmental disorders has also 

been observed at the level of mutations in individual genes. WES studies, often focused 

on trios, have implicated the same genes in different diseases, including ASD88-90,92, 

ID98,99, schizophrenia104 and EE107. The most obvious explanation for this is that, across 

these complex neurodevelopmental disorders, the children are ascertained for genetic 

abnormalities in genes that have a global neurodevelopmental effect. The complexity of 

neurodevelopment makes it easy to imagine that a disruption in the amount or the 

timing of expression of a single gene could differentially affect multiple pathways and 

the resulting phenotype may be influenced by other rare and common genetic variants 

in these pathways, as well as by environmental factors such as nutrition and general 

health. Most notably across the aforementioned studies, DNMs in previously known 

neurodevelopmental disorder genes, such as STXBP1, SCN2A and TCF4, are observed 

multiple times across patients with broader clinical diagnoses of ASD, EE and severe 

ID88-90,92,98,99,107. 

Despite the definitive emerging pattern of shared causality among complex 

neuropsychiatric disorders, we need to be cautious of circumstances in which this 

phenomenon might be overstated because of a lack of conclusive evidence. The complex 

genetic architecture of neuropsychiatric disorders poses daunting challenges for gene 

mapping efforts238. Appropriate standards for statistically valid identification of genes 

that confer risk at the population level are maturing rapidly and will permit 
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unambiguous identification of disease genes when sample sizes are sufficiently large. 

Nevertheless, implicating a gene as conferring significant risk in the population as a 

whole is different from assigning causation in individual patients. In the case of complex 

disease, causation in individual patients represents a substantial challenge for fine-scale 

genotype-phenotype correlation analyses. Nevertheless, we share the view often 

expressed that human genetics is the best general framework for providing statistically 

convincing identification of disease genes7. 

Although nonspecificity of risk genes contributing to complex forms of 

neuropsychiatric disorders has been the subject of much attention212,223, there has been 

little consideration of what the examples of genes causing Mendelian neurological 

diseases can tell us about the causes of such nonspecific effects on risk of disease. We 

should clarify that nonspecificity refers simply to the phenomenon of a gene associated 

with more than one disease, and we make no claims regarding the underlying causes. 

Thus, nonspecific risk does not necessarily imply nonspecific biological effects, and may 

or may not apply to the underlying nature of diseases. For example, mutations in a gene 

might cause disruption of a critical neurodevelopmental process that ultimately 

contributes to a diversity of neuropsychiatric phenotypes across current diagnostic 

boundaries. In this case, the biological effect is specific, but we observe nonspecific risk. 

Keeping this in mind, we review what is known about Mendelian disease genes that 

cause distinct diseases with a view to using that experience to help understand the 

recent observations related to complex neuropsychiatric disorders. 
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We first summarize the known examples of a single gene leading to different 

diseases. Next, we discuss the possibility that already known Mendelian disease genes 

may, in some cases, carry mutations that confer risk of more complex forms of 

neuropsychiatric disorders. Finally, we discuss experimental procedures that may allow 

elucidation of exactly how mutations in single genes can cause a variety of disease 

presentations. In particular, we emphasize that the combination of rapidly maturing 

genome editing and stem cell technologies presents a powerful platform for modeling 

the effects of disease-causing mutations in cellular models of disease. Because of the 

throughput afforded by this approach, it will be particularly valuable in efforts to assess 

the biological consequences of the many mutations identified in individual genes and 

how those mutations may interact with the genetic background to confer risk. 

4.3.2 Lessons from Mendelian disease genes 

As the name implies, monogenic disease is caused by mutation(s) in a single 

gene. However, the reverse is not necessarily true. In fact, one gene–one disease might 

be the exception rather than the rule. The phenomenon of one gene or genomic region 

conferring risk of multiple diseases is closely associated with the concept of an allelic 

series. As formulated by Victor A. McKusick in 1973, the term allelic series describes 

disease phenotypes that are seemingly caused by different genes on clinical grounds, but 

with genetic and/or biochemical evidence supporting mutations in the same gene239. 

Similarly, nonspecific risk is also closely related to the concept of pleiotropy, defined as 

“the phenomenon in which a single locus affects two or more distinct phenotypic 

traits”174. We do not refer to an allelic series or pleiotropy, however, as they represent 
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only two possible mechanisms by which mutation in the same gene may cause different 

diseases. In fact, our fundamental aim is to try to determine how often the known 

examples follow the concept of an allelic series or pleiotropy, or some other mechanism 

(such as interactions of the same class of mutations in a gene with genetic background, 

or epistasis240). 

To obtain an overview of known genes that cause more than one disease, we 

referred to OMIM, which hosts up-to-date, curated information about human Mendelian 

disorders and their causal genes, focusing particularly on neurological illness (Figure 

50). To enhance the reliability of our analysis, we further required each gene-disease 

correlation to be supported by at least two independent pedigrees or one pedigree plus 

additional cases as documented in OMIM. We next studied what is known about 

precisely which mutations in each gene cause which disease based on the literature. In 

particular, we focused on examples in which the causal mutations for different diseases 

fall in different locations of a protein, differ in their magnitudes of effect on protein 

function, have different biochemical/functional effects on the protein, and are clearly the 

same type of mutations, or indeed the same exact mutation, which suggests genetic or 

environmental modification or other mechanisms (Table 68 and Table 69). These four 

groups of mechanisms are not meant to be exhaustive or mutually exclusive, but 

represent an initial effort to interpret the complexity of mutational effects in the context 

of pathogenesis of neurological disorders. 
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Figure 49. Nonspecific disease-causing genes that cause at least one Mendelian neurological 

disease. Disease means an independent phenotype entry in OMIM with a unique OMIM number and 

without brackets, braces or a question mark (http://omim.org/). Neurological diseases were included by 

manual curation, excluding metabolic diseases not primarily affecting nervous system, ophthalmologic 

diseases and deafness, cranial skeletal diseases, brain vascular diseases, neuromuscular junction 

diseases, primary muscular diseases, neuroendocrine diseases, and non-familial nervous system tumors. 

We only considered germline mutations. To enhance reliability, we further required each gene-disease 

correlation to be supported by at least two independent pedigrees or one pedigree plus additional cases 

as documented in OMIM. We found 128 genes causing at least one Mendelian neurological disease, for 

which OMIM and PubMed were examined. For genes for which relevant literature clearly indicates a 

mechanism, we recorded that mechanism. Doing this over all 128 genes with informative literature 

suggested the presence of three different mechanism groups: distinct locations of mutations, extent of 

functional change and qualitatively different effects, although these groups are not necessarily mutually 

exclusive. Examples of genes (Table 68) with supporting literature are shown in Table 69. A few of these 

genes can also harbor identical mutations associated with more than one disease; these genes are 

indicated in Table 68. There is a unique group of genes with identical mutations linked to different 

http://omim.org/
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diseases. This is particularly interesting because it clearly implicates something other than the mutation 

alone. We identified these genes by checking OMIM 'Allelic Variants' for any mutations linked to more 

than one disease. Adapted from Zhu et al. 

 

Table 68. Examples of genes causing more than one Mendelian disease. Examples of genes are 

represented in a way that reflects the underlying biological mechanism based on literature (Table 69). It 

is possible that there can be multiple potential mechanisms linking a gene to multiple diseases. Here, for 

each gene (and its associated diseases), the corresponding mechanism is the best established but not 

necessarily the only mechanism in play. *These genes can also harbor mutations causing different 

diseases. However, they are shown not as examples of “same mutation, different diseases”, but as 

examples highlighting other mechanisms. Adapted from Zhu et al. 

  Causing Only Neurological 
Diseases 

Causing Both Neurological and  
Non-neurological Diseases 

Distinct 
locations of 
mutations 

APP*  ATP1A3  PLP1 ATRX  INF2  SMAD4*   
TUBB3  WNK1 

Extent of 
functional 
change 

CASK  RPGRIP1L  RPS6KA3  
SCN1A*  SCN2A 

ASAH1  ATP7A  FIG4  GCH1  OFD1   
OPA3  POMGNT1  POMT1  POMT2*   
TMEM67* 

Qualitatively 
different 
effects 

CACNA1A*  FUS*  MPZ*  NFIX  
SCN9A 

AR*  DNM2  FLNA*  PRPS1  PTCH1   
SMARCB1  SOX10*   

Same 
mutation, 
different 
diseases 

GARS  KCNQ2  L1CAM  MAPT  
MECP2  PMP22  PRNP  PRRT2  
SIX3  SMN1  TBCE  TMEM216  
TSEN54  VAPB  VCP 

ADAR  LMNA  NF1  NPHP1  PAX2   
POLG  PSAP  PSEN2  PTEN  SCO2   
SHH  SLC2A1  TREX1  TRPV4  TSC1   
WFS1 

 

Table 69. Examples of genes associated with more than one Mendelian disease with literature 

supporting a relevant mechanism. Adapted from Zhu et al. 

Gene Name relevant mechanism literature supporting mechanism (PMID) 

APP Distinct locations of mutations 19225789 

ATP1A3   Distinct locations of mutations 22842232 

PLP1 Distinct locations of mutations 11093273 

ATRX   Distinct locations of mutations 16813605 

INF2   Distinct locations of mutations 22187985 

SMAD4 Distinct locations of mutations 22243968 
22158539 

TUBB3   Distinct locations of mutations 20829227 

http://www.ncbi.nlm.nih.gov/pubmed/19225789
http://www.ncbi.nlm.nih.gov/pubmed/22842232
http://www.ncbi.nlm.nih.gov/pubmed/11093273
http://www.ncbi.nlm.nih.gov/pubmed/16813605
http://www.ncbi.nlm.nih.gov/pubmed/22187985
http://www.ncbi.nlm.nih.gov/pubmed/22243968
http://www.ncbi.nlm.nih.gov/pubmed/22158539
http://www.ncbi.nlm.nih.gov/pubmed/20829227
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WNK1 Distinct locations of mutations 18521183 

CASK Extent of functional change 21954287 

RPGRIP1L Extent of functional change 17558409 

RPS6KA3 Extent of functional change 10319851 
17100996 

SCN1A Extent of functional change 19586930 

SCN2A Extent of functional change 19786696 

ASAH1   Extent of functional change 22703880 

ATP7A   Extent of functional change 10739752 
20170900 

FIG4   Extent of functional change 23623387 

GCH1   Extent of functional change 10737119 
17111153 

7730309 

OFD1   Extent of functional change 19800048 

OPA3   Extent of functional change 15342707 

POMGNT1   Extent of functional change 19299310 

POMT1   Extent of functional change 19299310 

POMT2 Extent of functional change 19299310 

TMEM67 Extent of functional change 19508969 

CACNA1A Qualitatively different effects 9164819 

FUS Qualitatively different effects 22863194 

MPZ Qualitatively different effects 15004559 

NFIX   Qualitatively different effects 20673863 

SCN9A Qualitatively different effects 15929046 
17167479 

AR Qualitatively different effects 15146455 

DNM2   Qualitatively different effects 20529869 
23092955 

FLNA Qualitatively different effects 15917206 

PRPS1   Qualitatively different effects 20380929 

PTCH1   Qualitatively different effects 18830227 

SMARCB1   Qualitatively different effects 10521299 
22426308 

SOX10 Qualitatively different effects 15004559 

 

4.3.3 Distinct locations of mutations 

One mechanism of nonspecificity is that mutations in different parts of a protein 

are associated with different effects and thereby associated with different presentations. 

http://www.ncbi.nlm.nih.gov/pubmed/18521183
http://www.ncbi.nlm.nih.gov/pubmed/21954287
http://www.ncbi.nlm.nih.gov/pubmed/17558409
http://www.ncbi.nlm.nih.gov/pubmed/10319851
http://www.ncbi.nlm.nih.gov/pubmed/17100996
http://www.ncbi.nlm.nih.gov/pubmed/19586930
http://www.ncbi.nlm.nih.gov/pubmed/19786696
http://www.ncbi.nlm.nih.gov/pubmed/22703880
http://www.ncbi.nlm.nih.gov/pubmed/10739752
http://www.ncbi.nlm.nih.gov/pubmed/20170900
http://www.ncbi.nlm.nih.gov/pubmed/23623387
http://www.ncbi.nlm.nih.gov/pubmed/10737119
http://www.ncbi.nlm.nih.gov/pubmed/17111153
http://www.ncbi.nlm.nih.gov/pubmed/7730309
http://www.ncbi.nlm.nih.gov/pubmed/19800048
http://www.ncbi.nlm.nih.gov/pubmed/15342707
http://www.ncbi.nlm.nih.gov/pubmed/19299310
http://www.ncbi.nlm.nih.gov/pubmed/19299310
http://www.ncbi.nlm.nih.gov/pubmed/19299310
http://www.ncbi.nlm.nih.gov/pubmed/19508969
http://www.ncbi.nlm.nih.gov/pubmed/9164819
http://www.ncbi.nlm.nih.gov/pubmed/22863194
http://www.ncbi.nlm.nih.gov/pubmed/15004559
http://www.ncbi.nlm.nih.gov/pubmed/20673863
http://www.ncbi.nlm.nih.gov/pubmed/15929046
http://www.ncbi.nlm.nih.gov/pubmed/17167479
http://www.ncbi.nlm.nih.gov/pubmed/15146455
http://www.ncbi.nlm.nih.gov/pubmed/20529869
http://www.ncbi.nlm.nih.gov/pubmed/23092955
http://www.ncbi.nlm.nih.gov/pubmed/15917206
http://www.ncbi.nlm.nih.gov/pubmed/20380929
http://www.ncbi.nlm.nih.gov/pubmed/18830227
http://www.ncbi.nlm.nih.gov/pubmed/10521299
http://www.ncbi.nlm.nih.gov/pubmed/22426308
http://www.ncbi.nlm.nih.gov/pubmed/15004559
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For genes encoding proteins that are structurally resolved experimentally or 

computationally, disease-specific mutations can be observed to be in different functional 

domains of the protein, allowing an assessment of specificity at the functional level 

within a protein. For example, among the broad spectrum of X-linked mental 

retardation syndromes caused by ATRX mutations, major urogenital abnormalities are 

found to be associated with truncating mutations at the C-terminal part of the protein241. 

Further clinical genetic studies show that mutations in the plant homeodomain (PHD)-

like domain are associated with more severe phenotypes than mutations in the helicase 

domain242. As more disease-causing mutations are discovered and mapped onto 

functional substructures of proteins, a clearer picture of such genotype-phenotype 

correlations is likely to emerge. 

Even when such a one domain–one disease pattern is not clear, an uneven 

distribution of disease-specific mutations across a gene can hint at different causes of 

pathogenicity. A well-understood case is the amyloid beta precursor protein gene APP 

that, when mutated, can cause familial Alzheimer disease or cerebral amyloid 

angiopathy. Notably, Alzheimer disease–causing mutations are more likely to be 

localized near beta-secretase or gamma-secretase cleavage sites, with amino acid 

changes flanking beta-amyloid sequence, whereas APP mutations associated with 

cerebral amyloid angiopathy tend to cluster in the beta-amyloid sequence; this 

phenomenon can be explained by different physicochemical properties of beta-amyloid 

fragments, which in turn determines which type of tissue (brain parenchyma versus 

vascular wall) they are more likely to deposit in243. In many cases, the unusual 
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distribution of disease-specific mutations points to distinct pathobiology that awaits 

further investigation. For example, ATP1A3 (encoding a Na+/K+ pump) mutations, 

resulting in alternating hemiplegia of childhood (AHC), are concentrated in 

transmembrane domains of the protein, whereas ATP1A3 mutations, resulting in rapid-

onset dystonia-parkinsonism (RDP), tend to be distributed throughout the protein244. 

Notably, germline mutations throughout the tumor suppressor gene SMAD4 cause 

familial cancer syndromes, including juvenile polyposis with hereditary hemorrhagic 

telangiectasia, and three different substitutions at a single site in the same protein 

(I500V, I500M and I500T) cause Myhre syndrome, a rare mental retardation syndrome 

with dysmorphic facial features and skeletal anomalies245,246. Such a restricted mutational 

spectrum of Myhre syndrome–causing mutations (versus a broad spectrum of cancer 

syndrome–causing mutations) clearly indicates a specific association between genetic 

lesion and pathogenic mechanism. 

Tissue-specific alternative splicing is one of the key mechanisms for cellular 

specialization247. This tissue specificity can also lead to disease specificity for mutations 

in different parts of a gene. Known examples are limited, but instructive. For example, 

mutations in WNK1 can cause either hereditary sensory and autonomic neuropathy 

(HSAN) or pseudohypoaldosteronism (PHA), a disorder of the adrenal cortex. It was 

found that HSAN-causing recessive mutations truncate the isoform exclusively 

expressed in the nervous system248, whereas the PHA-causing mutations are 

heterozygous intronic deletions that increase gene expression249. 
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Indeed, recent analyses of temporally and spatially resolved human brain 

transcriptomes and the DNMs identified by sequencing studies have led to important 

new hypotheses about the neuropathogenesis of schizophrenia102 and autism250,251. 

Interestingly, Parikshak et al. found that ASD genes converged to specific brain 

circuitry, whereas ID genes lacked developmental or anatomical specificity, in spite of 

substantial overlap between the two sets of genes251. As transcriptome databases grow, 

we expect that an increasing fraction of disease-specific mutational consequences can be 

linked to transcript isoforms that are specific to a cell type and/or a developmental stage. 

4.3.4 Extent of functional change 

Even if the biochemical or functional changes caused by mutations in a gene are 

qualitatively similar, quantitative differences between mutant proteins could translate 

into different clinical diagnoses. Illustratively, when a metabolic enzyme is mutated, 

null alleles tend to cause a congenital, severe form of systemic enzyme deficiency 

syndrome (including severe neurological phenotypes), whereas hypomorphic alleles 

might be more likely to generate a later-onset, milder form of disease with restricted, 

distinct nervous system manifestation. For instance, mutations in GCH1 (encoding GTP 

cyclohydrolase I, the rate-limiting enzyme in tetrahydrobiopterin (BH4) biosynthesis) 

can cause either BH4-deficient hyperphenylalaninemia B (HPABH4B) or dopa-

responsive dystonia (DRD). When homozygous or compound heterozygous mutations 

cause a loss of enzymatic activity, HPABH4B results and presents as 

hyperphenylalaninemia with severe neurological conditions, including dystonia; when 

heterozygous mutations disrupt the protein, but residual enzymatic activity is 
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preserved, DRD results and presents as a primarily neurological disorder without 

systemic hyperphenylalaninemia252. Not surprisingly, there is also a transitional, 

recessive form of DRD that can present with or without hyperphenylalaninemia253. 

Similarly, ASAH1 (encoding acid ceramidase) mutations that eliminate most or all of the 

lysosomal acid ceramidase activity cause Farber lipogranulomatosis, an early-onset 

lysosomal storage disorder with severe systemic manifestations254, whereas mutations in 

the same gene retaining higher residual activity cause spinal muscular atrophy with 

progressive myoclonic epilepsy (SMAPME), a milder, later-onset disease confined to 

neurons255. 

Similar examples can be found in genes that do not encode enzymes. For 

example, among the four clinically discernible ciliopathies with overlapping features 

caused by TMEM67 mutations, nephronophthisis with liver fibrosis (NPHP11) is 

distinguished from the other three by no or only mild neurological involvement, which 

can be explained by the hypomorphic nature of NPHP11-causing mutations256. Such 

observations indicate that different quantitative effects of mutations could result in 

either the presence or absence of specific symptoms or differing degrees of severity. 

Relevant examples for the latter might include mutations in enzymes required for O-

mannosylation of proteins (for example, POMGNT1, POMT1 and POMT2) causing 

related types of muscular dystrophy-dystroglycanopathies distinguished by clinical 

severity257, and possibly SCN1A mutations causing familial febrile seizures (FEB, less 

severe), generalized epilepsy with febrile seizures plus (GEFS+, more severe) or Dravet 

syndrome (most severe)258. Although a nearly perfect genotype-phenotype correlation is 
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extremely rare, it is also clear that we lack the appropriate assays to assess the 

quantitative effect of mutations for many kinds of proteins. This may be the reason that 

there are more clear-cut examples for enzymes, where quantification of the effect of 

mutations is more straightforward. 

4.3.5 Qualitatively different effects of mutations 

In some cases, mutations can affect protein function in ways that are clearly 

qualitatively distinct. In some cases, this category will overlap with the first category 

described above, where mutations fall in defined regions of genes. The most obvious 

example of mutations with clearly different effects would be loss-of-function (LoF) 

versus gain-of-function (GoF) mutations, although there may of course be different GoF 

mutations that have distinct gains of function2. For instance, GoF mutations in SCN9A 

cause primary erythermalgia characterized by episodic vasodilation and burning pain of 

lower limbs259, whereas LoF mutations in the same gene cause insensitivity to pain260. 

Conversely, sometimes apparently dissimilar biochemical properties of mutations can 

have more similar pathogenic effects, demonstrating the complexity of genotype-

phenotype relationships. For instance, among the four diseases caused by mutations in 

PRPS1 (encoding phosphoribosylpyrophosphate synthetase), at least two (Arts 

syndrome and X-linked recessive Charcot-Marie-Tooth disease 5) are associated with 

                                                      
2 Notably, LoF here refers to a loss of the biological function of the wild type protein, and 

similarly GoF refers to a “gain” of an aberrant biological function that causes the disease. 

Functional experiments are necessary to determine whether a mutation causes LoF or GoF. As a 

result, LoF here is different from the LoF variants mentioned before and elsewhere in this thesis, 

which specifically include predicted stop gain, frameshift, and splice donor/acceptor variants (as 

well as start lost and exon deletion, though less commonly) and are simply based on the 

bioinformatic prediction of the functional impact of variants. 
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decreased or loss of enzyme activity and one (phosphoribosylpyrophosphate synthetase 

superactivity) is associated with enzyme hyperactivity261. However, all four PRPS1 

spectrum diseases (the three aforementioned plus X-linked deafness 1) have 

neurological phenotypes that could be explained by a unifying biochemical 

mechanism261. 

In most situations in which LoF or GoF is associated with different pathologies, it 

seems that nonsense-mediated decay (NMD), a quality-control mechanism of the cell to 

selectively eliminate transcripts carrying truncating mutations262, has a pivotal role in 

determining the severity of the clinical outcome. Typically, if NMD is in effect, 

haploinsufficiency (dominant LoF) could be the disease-causing mechanism; if NMD is 

not able to eliminate an abnormal transcript, the mutant protein itself may be 

pathogenic, as a result of either toxicity or a dominant-negative mechanism. This could 

explain why sometimes more severe diseases are associated with missense rather than 

truncating mutations of the same gene. For example, de novo NFIX mutations can cause 

either Sotos syndrome-2 (SOTOS2), an overgrowth syndrome, or Marshall-Smith 

syndrome (MRSHSS), a malformation syndrome that is more severe than SOTOS2. It is 

believed that the milder SOTOS2 is a result of haploinsufficiency when NMD is 

working, whereas MRSHSS is the result of a dominant-negative effect of the mutant 

protein that escapes NMD263. Other well-understood cases include MPZ mutations 

causing several distinct peripheral neuropathies264 and SOX10 mutations causing 

different neurological syndromes265. The more severe disease phenotypes being 

associated more often with NMD failure not only highlights the extensive and critical 
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roles of NMD in maintaining the stability of our functional genome, but also raises the 

possibility of manipulating NMD as a potential treatment for human diseases262. 

LoF mutations knockdown or knockout a protein; however, the consequence of a 

GoF mutation can be difficult to predict on the basis of the known protein function. A 

conspicuous group of such GoF mutations, which are major culprits of inherited 

neurodegenerative diseases, is trinucleotide repeat expansion266. Such GoF mutations 

can have toxic effects at both the protein and RNA level and their pathogenic 

mechanism (causing neurodegeneration) can be unrelated to the original function of the 

affected gene. Kennedy disease, for example, is a neurodegenerative disorder 

characterized by spinal and bulbar muscular atrophy associated with CAG trinucleotide 

expansion in the coding region of androgen receptor (AR) gene267. Most other AR 

mutations, however, cause androgen insensitivity. 

4.3.6 Same mutation, different diseases 

In some cases, it is clear that the same mutation can cause different diseases. 

Such a situation can occur across families or within single pedigrees. For example, a 

homozygous 12-bp deletion in exon 2 of TBCE causes hypoparathyroidism-retardation-

dysmorphism (HRD) syndrome or Kenny-Caffey syndrome (similar to HRD, but with 

additional features of osteosclerosis and recurrent bacterial infections) across different 

Middle Eastern pedigrees268. In a single pedigree, a heterozygous R155H substitution in 

VCP reportedly manifested either as inclusion body myopathy with Paget disease and 

frontotemporal dementia (IBMPFD) or as classic amyotrophic lateral sclerosis (ALS)269. 

Such multiple disease–causing mutations highlight the extensive variability of 
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phenotypic expression and are uniquely informative for potential underlying 

mechanisms, including genetic background, environment, stochastic events and 

epigenetics. 

In fact, there is a large and growing list of mutations that cause more than one 

disease (Table 68), and some have been characterized mechanistically. First, a mutation 

can cause different diseases depending on zygosity (that is, heterozygosity, 

homozygosity or compound heterozygosity). For example, two mutations (Q53X and 

E140K) in SCO2 (encoding a copper chaperone that is important for normal function of 

cytochrome c oxidase (COX)) can individually cause familial high-grade myopia in 

heterozygous form, whereas compound heterozygosity (with each other) causes 

cardioencephalomyopathy as a result of COX deficiency-1 (CEMCOX1)270. 

Second, interaction between a disease-causing genotype and individual genetic 

background, a form of epistasis240, can result in different phenotypes linked to the same 

mutation. Some pedigree-specific variable phenotypic expression of mutations, such as 

the TBCE deletion aforementioned, might indicate the effect of genetic background, if 

relevant pedigree-specific environmental exposure can be ruled out. In a well-

understood example, copy number polymorphism has a role, in which SMN2 gene copy 

number modulates the severity of spinal muscular atrophy associated with mutations in 

SMN1271. Although such genetic background effects tend to be attributed to a disease 

modifier gene, we note that the nature and presentation of genetic background can be 

very complex and might involve multiple loci and even a whole spectrum of personal 
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genetic variation271, similar to strain-specific effects of engineered mutations in mouse 

models272. 

In addition to genetic and environmental factors, stochastic events in cellular and 

developmental processes can also contribute to phenotypic variability. Important lines 

of evidence include monozygotic twins raised in presumably very similar environments 

who are discordant for disease phenotype (or susceptibility to disease)273, and 

incomplete penetrance of Mendelian disease–causing mutations within pedigrees. 

Despite a paucity of mechanistic understanding of these epidemiological observations in 

humans, recent investigation in model organisms has elucidated interesting principles 

that might be relevant to variable presentations of disease-causing mutations274. These 

studies found that stochasticity is a hallmark of biological systems and can cause 

substantial variation in gene expression, enzyme-substrate and protein-protein 

interaction, and cell-cell interaction, shaping development and finally leading to 

variation of organismal-level phenotypes275. 

Furthermore, epigenetic regulation can contribute to different outcomes of the 

'same' genetic defect. This mechanism is particularly important for neuropsychiatric 

disorders because epigenetic regulation is fundamental to brain development and 

function276. A classic example is Prader-Willi syndrome and Angelman syndrome, which 

are associated with disruption of imprinted genes at 15q11–15q13277. In genomic 

imprinting, the active allele is solely determined by its parent of origin278, whereas, in 

other cases, allele-specific expression can be random, including X-inactivation and 

autosomal random monoallelic expression278. Regardless of the underlying mechanisms, 
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all these forms of monoallelic expression can potentially complicate genotype-

phenotype correlations278. 

Sometimes mutations linked to multiple diseases may largely be a matter of 

clinical resolution, for example, in cases of different diagnoses with overlapping 

features. As an illustration, two phenotypically similar, but clinically different, diseases 

distinguished by severity, Charcot-Marie-Tooth disease type 2D (CMT2D) and distal 

hereditary motor neuronopathy type VA (dHMN5A), can coexist in a family and are 

caused by a single segregating mutation (E71G or D500N) in the GARS gene279. Multiple 

diagnoses associated with exactly the same genetic defect do accentuate the phenotypic 

variability that might benefit clinical management, but an umbrella diagnosis could help 

to understand the common disease biology. However, mechanism-oriented diagnosis 

can be extremely challenging in reality, especially when a mutation has multiple direct 

effects culminating in apparently distinct disorders. Such pleiotropic effects of mutations 

are widespread in mouse models280 and might contribute to nonspecific risk observed in 

both Mendelian neurological and complex neuropsychiatric disorders by adding 

complexity to ascertaining phenotypes unambiguously. On the other hand, it is 

interesting to see examples of unexpected genotype-phenotype correlations that 

challenge the prevailing biological paradigm or diagnostic nosology, such as the 

identical WDR62 frameshift mutation contributing to microcephaly with a broad 

spectrum of cortical abnormalities that have been generally considered as distinct in 

etiology and pathogenesis281. 
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4.3.7 Mendelian disease genes causing complex forms of 
neuropsychiatric disorders 

Until recently, the primary mechanism for identifying disease-causing genes 

relied on patients being recognized as having similar conditions on the basis of strictly 

clinical criteria. Once a syndrome had been recognized clinically, it was then possible to 

track down the responsible mutations, initially through linkage followed by positional 

cloning and, more recently, by NGS. Critically, when patients are organized first 

clinically and then subsequently studied genetically, we are virtually guaranteed to miss 

examples in which mutation in a given gene results in an atypical presentation. For this 

simple reason, it is possible, and even likely, that many already 'known' Mendelian 

disease–causing genes cause other conditions that have not yet been recognized. To 

understand such phenotypic expansions, a genotype-first approach is critical212. 

Overlap between genes associated with complex disease and those linked to 

Mendelian disease is well documented in the human genetics literature. In some cases, 

such a link between monogenic and complex forms of disease can shed light on common 

pathobiology, where rare, highly penetrant, often protein-damaging mutations cause the 

Mendelian form of disease, whereas common, less penetrant, often regulatory variants 

are associated with susceptibility to the complex form of disease282. Such a pattern is also 

likely to emerge for complex neuropsychiatric disorders283. Notably, Blair et al. analyzed 

over 110 million medical records and found consistent associations between Mendelian 

and complex diseases284. These included association of multiple complex 

neuropsychiatric disorders with neurological Mendelian conditions such as 
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spinocerebellar ataxia and degenerative diseases of the basal ganglia, and, perhaps more 

surprisingly, with non-neurological conditions such as hemophilia and long QT 

syndrome284. As sporadic cases of neuropsychiatric disorder yield to investigation, we 

can also begin to understand the potential contribution that DNMs make to more 

classically defined complex disorders. This paradigm permits the identification of strong 

risk factors at the point of introduction into the population. 

The primary and most reliable analysis framework for implication of DNMs in 

risk of complex disease is to statistically assess whether individual genes carry 

significantly more DNMs than expected by chance88,107. Properly implemented, this 

analysis must account for the size and mutability of genes and the number of cases that 

have been sequenced, and must correct for all the genes in the genome. This framework 

has now definitively implicated genes in multiple neuropsychiatric disorders, including 

EE63,178. 

Beyond implicating individual genes in this way, patterns in the data can also 

highlight the overall presence of additional risk factors, and this can provide important 

pointers to the nature of those risk factors. For example, a number of different studies 

have shown that, among the genes carrying DNMs in patient genomes, there is a clear 

excess of genes that are regulated by the Fragile-X protein285, after appropriately 

correcting for the gene size and mutability of the FMRP-regulated set of genes92,101,107. 

Similarly, Petrovski et al. recently introduced an approach that combines gene- 

and variant-level prioritization scores to test for the presence DNMs that confers risk in 

patient genomes (also see Section 2.3.2). Briefly, a two-dimensional plot of DNMs is 
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constructed. One dimension reflects the corresponding RVIS percentile for each gene, 

reflecting the degree to which the gene tolerates mutation in the human population44. 

The other dimension is PolyPhen-2 score47, which assesses the likelihood a given 

mutation alters protein function. In this two-dimensional space, Petrovski et al. defined 

a hot zone as the region occupied by an RVIS genic percentile score ≤25th percentile and 

a PolyPhen-2 quantitative score ≥0.9544. They showed that, compared with DNMs from 

control individuals, this hot zone was significantly enriched for DNMs among ASD, EE 

and ID sequenced trios44. By expanding the control data set used by Petrovski et al. to 

consist of seven studies that published control DNM data, we observed the rate of 

DNMs in the hot zone is 12.2% based on these control individuals (Figure 

51)89,90,92,98,102,104,115. 

This framework allows us to evaluate whether there are DNM risk factors 

present across four recent schizophrenia trio sequencing studies101,102,104,106. We found 

that, of the 512 schizophrenia sequenced probands who had at least one protein-coding 

de novo SNV, 121 probands (23.6%) had a DNM in the most damaging hot zone (Figure 

51). This is a significant excess over the 12.2% observed among controls (P = 8.2 × 10−6). 

Moreover, this not only proves the presence of risk factors in the published 

schizophrenia DNM data, but also shows us where to find some of them. Specifically, 

these results indicate that, among the 121 hot zone DNMs, there are an excess of 59 

(49%) DNMs compared with what we would expect from control trios. This further 

translates to approximately 59 (6.2%) of the combined 951 schizophrenia sequenced 

probands78,91,103,274 being affected by one of the excess hot zone DNMs. It is therefore of 
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particular interest to investigate the genes carrying hot zone DNMs. In particular, we 

observed a striking overlap of genes with specifically hot zone mutations observed 

across the multiple neuropsychiatric disorders (Figure 52; for a similar and more recent 

plot for DNMs [rather than hot zone DNMs], see Figure 4). 

We also found that, of the 121 DNMs in the hot zone, 51 occurred in genes that 

are known or suspected to carry mutations that confer significant risk of disease, 

through either already known Mendelian disease genes (n = 27) or genes observed to 

have a DNM among recent WES studies of neuropsychiatric ascertained trios (n = 34). 

For example, specifically for EE, we had previously demonstrated that the risk factors 

present among the 4,264 genes that are in the 25th percentile for intolerance had an 

estimated relative risk of 81107. In this schizophrenia data set, we observed that, among 

the 121 hot zone mutations, nine DNMs overlapped intolerant (RVIS genic percentile 

score ≤25th percentile) genes from the previous EE study (ALS2CL, CHD4, GNAO1, 

ITPR1, KIAA2018, PAQR8, SCN2A, TRRAP and ZBTB40)107. 
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Figure 50. Distribution of DNMs across controls and schizophrenia patients. DNMs in controls 

(a) and schizophrenia patients (b) are plotted across genic-level RVIS and quantitative variant-level 

PolyPhen-2 score axes. The previously defined hot zone (RVIS ≤25th percentile and PolyPhen-2 ≥0.95) is 

highlighted at bottom right. Nonsense and canonical splice mutations are recoded with a PolyPhen-2 

score of 1 and synonymous with 0. We took control DNM data from seven independent studies, three of 

which were not leveraged by Petrovski et al. We assessed enrichment of hot zone mutations among cases 

using the collection of DNMs from four schizophrenia studies. For cases and controls, we began with the 

830 and 674 CCDS single nucleotide substitution DNMs, respectively. All DNMs were annotated 

together using Variant Effect Predictor. We excluded 79 case and 66 control DNMs overlapping ESP 

variants and 34 case and 20 control DNMs in RVIS unassessed genes. Cases and controls with multiple 

DNMs only contributed the single most-damaging DNM for the hot zone illustration. The most-

damaging DNM was defined as the DNM with the shortest Euclidean distance from coordinate (1,0). 

This reflects 512 cases and 411 controls that reported at least one eligible DNM. Hot zone mutations were 

significantly enriched in cases versus controls (23.6 versus 12.17%, two-tail Fisher's exact test, P = 8.2 × 

10−6). This reflects an excess of 49% or 59 DNMs in the hot zone among cases. The insets show 

amplification of the hot zone region. In our previous publication in EE, we found an estimated relative 

risk of 81 for the risk factors present among the 25th percentile most intolerant genes; DNMs in the hot 

zones overlapping genes with DNMs among the EE study are colored red. Adapted from Zhu et al. 
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Figure 51. Venn diagram representing the overlap of genes affected by hot zone DNMs across 

four neuropsychiatric disorders. Hot zone DNMs are DNMs that occur in the 25th percentile most-

intolerant genes, genome-wide (RVIS), and are either putatively LoF (nonsense or canonical splice) or 

PolyPhen-2 (HumVar) ≥ 0.95 in silico prediction. Adapted from Zhu et al. 

4.3.8 Resolving non-specific disease-causing mechanisms 

Ultimately, a fuller understanding of nonspecificity of risk will depend not only 

on genetic association, but also on functional experiment. In particular, it will be critical 

to assess the functional effect of allelic series in genes defined on clinical criteria and 

how the effects of those alleles depend on genetic background. Notably, it is well known 

that nearly all known genetic diseases show marked variation in presentation, and this is 

true even given the pronounced ascertainment biases that have caused the community 

to systematically miss patients that do not show typical presentations, as described 

above. Despite the clear evidence that something is modifying presentation, we have 

only a handful of cases in which such modifiers have been identified, among which 
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cystic fibrosis (CF) is prominent in that several genes have been found to modify several 

different clinical manifestations, including lung function, Pseudomonas aeruginosa 

infection, meconium ileus, CF-related diabetes and probably liver disease286. 

Until now, systematic assessment of disease-causing mutations and how they 

interact with the genetic background has been beyond reach. Recent technological 

advances, however, provide a clear direction for systematic study of how mutations 

interact to confer disease risk. In particular, the combination of rapid and flexible 

genome editing287 and stem cell technologies288 makes possible the systematic assessment 

of the effects of specific mutations in controlled genetic backgrounds and even specific 

combinations of mutations. This is not to say that cellular modeling will entirely replace 

animal models, but cellular models permit a scale of investigation that will be difficult to 

achieve in any other system. 

Of particular importance in this regard are multi-electrode arrays, which permit 

the effect of mutations and combinations of mutations on neuronal network behavior to 

be assessed289. More recent optogenetic approaches will even allow such networks to be 

monitored in much finer detail, with exquisite spatial and temporal resolution of 

electrical impulses290. Because many neurological and neuropsychiatric disorders are 

fundamentally diseases that involve networks of neurons, this level of complexity may 

be required to fully realize the effect of the mutations, as opposed to studies, for 

example, in oocytes or in single neurons. 
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4.3.9 Conclusions 

Nonspecific effects of pathogenic mutations have emerged as one of the key 

themes of recent studies of neuropsychiatric disorders. Currently, almost nothing is 

known about the underlying biological causes of this nonspecificity of risk. The sobering 

conclusion from our analysis of nonspecific effects of risk mutations in Mendelian 

disease genes is that there is no obvious predominant mechanism responsible. Indeed, 

Mendelian disease genes offer examples of virtually all possible mechanisms. There are 

clear examples of nonspecificity emerging from mutations of different effects in a single 

gene, and these different effects can be either quantitative or qualitative. There are also, 

however, numerous examples in which the same exact mutation, in the same zygosity, 

can cause different diseases, clearly implicating modifiers outside of the gene. This 

complexity, even in the case of Mendelian diseases, strongly suggests that only careful 

integration of genetic data with experimental investigation will reveal the underlying 

mechanisms of nonspecificity. Fortunately, recent advances in experimental technologies 

provide a powerful approach to investigate interactions of genetic variants in individual 

patients. As more disease-causing genes are discovered by sequencing studies, we 

anticipate the cellular models in particular may be the most flexible experimental 

procedure for dissecting the ways in which mutations in a single gene can cause very 

different clinical presentations. Once specific hypotheses are identified in the higher 

throughput setting of cellular models, these hypotheses can be further refined and 

evaluated in appropriate animal models. 
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4.4 Concluding remarks  

WES has been the major force driving genetic discoveries since its first 

introduction to human geneticists in 20091. Despite the large number of new disease 

genes identified by WES, how to design WES studies and analyze and interpret WES 

data generated to fully leverage its discovery and explanatory power remains an active 

area of research. In this thesis, I presented two different but connected frameworks that 

can be used to investigate the genetic basis of rare disease and complex traits, 

respectively. The first diagnostic sequencing framework focuses on interpreting trio 

WES data to identify the genetic diagnosis of patients affected with severe pediatric 

disorders that are unresolved by traditional clinical and genetic diagnostics. This 

framework utilizes established genotype-phenotype correlations and interprets trios 

individually, and can be extended to interpreting WES data generated from single 

patients. The second framework focuses on analyzing WES data under the case-control 

design. For each gene in the human genome, each individual is searched for the 

presence or absence of qualifying variants, which are determined by a set of rules 

designed to capture pathogenic variants responsible for the phenotype in question; the 

frequency of qualifying cases are then compared to that of qualifying controls. This 

framework employs the prior knowledge of the characteristics of known pathogenic 

mutations to identify qualifying variants, but the genome-wide search implemented as 

such can discover novel disease-causing genes and mutations. 

These two frameworks share similarities and are also complementary to each 

other. Importantly, they are both dynamic and their power can scale up with larger 
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reference datasets (for example, from ExAC to gnomAD) as well as novel gene-disease 

relationships identified by human geneticists on a daily basis. This iterative process is 

accelerating gene discovery and biomedical research at large.    

With WES/WGS data generated from more and more patients and healthy 

individuals, a genotype-first approach will ultimately become possible and complement 

the phenotype-first approach that has dominated human genetics field since its birth. On 

the other hand, accurate phenotyping of both patients and healthy individuals is equally 

important. With rich data in hand on both the genotypic and phenotypic spaces, those 

well-known but poorly understood phenomena such as incomplete penetrance, variable 

expressivity, and non-specific genetic risk are likely to be further delineated and 

deciphered. Almost all human genetic studies of presumably “monogenic” disorders to 

date have consciously or unconsciously assumed there is only one single gene causing 

the patient’s phenotype, but on a more refined scale the genotype-phenotype mapping is 

probably multiple to multiple instead of one to one, even in patients affected with classic 

Mendelian disorders. Recognizing this is the first step towards understanding the more 

complex genotype-environment-phenotype relationship in complex disease, and finally 

predicting an individual’s phenotype based on his or her genomic profile. There is no 

doubt that novel and more powerful analytical approaches are required to achieve these 

goals.    
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