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The advent of next-generation sequencing (NGS) has revolutionized genomic 

research/diagnostics. NGS provides unprecedented means to carry out the most 

comprehensive genomic analyses. Indeed, the massive capacity of NGS has led to a 

paradigm shift from gene by gene analyses to whole genome analysis. As a result, 

the number of phenotypes with a demonstrated molecular basis in the Online 

Mendelian Inheritance in Man (OMIM) database has more than doubled from 2,048 

in January 2007 [1] to 4,515 in 31th July 2015, mostly as a direct result of the rapid 

adaptation of researchers to using whole exome sequencing (WES) in their gene-

hunting studies. Consequently, WES is now also being rapidly implemented for 

routine diagnostic testing. Clearly, for genetically highly heterogeneous disorders like 

deafness, blindness, mitochondrial disease and movement disorders [2], WES results 

in a significantly higher diagnostic yield than Sanger sequencing.  

This thesis focused on application of WES-based techniques as a molecular 

tool to diagnose/discover pathogenic variants in monogenic disorders. In the course 

of my studies, I have applied current state-of-the-art technological approaches by 

using WES in order to establish a concrete genetic diagnosis for unsolved patients. 

These unsolved cases had already been evaluated extensively by series of diagnostic 

tests including karyotyping, FISH, array-CGH and conventional Sanger sequencing, 

yet the causal mutations remained to be identified. By solving these cases, I have 

shown that these NGS applications can be applied to identify pathogenic mutations 

in genetically heterogeneous diseases (chapter 2 and 3) and to identify novel disease 

genes (chapter 4).  

Despite these promising WES results in diagnostic and research settings [1,3], 

unsolved cases still remain. In chapter 2 we achieved a diagnostic yield of 29% in 

individuals who presented microcephaly with severe intellectual disability. The 

outcome seems promising in this phenotypically and genetically heterogeneous 

cohort. Our yield falls within a range previously reported for neurologic disorders 

(Table 1). The variations in diagnostic yield can be probably attributed to, among 

other causes, differences in disease characteristics and analytical differences with 

respect to exome capturing and filtering strategies and in sample size. 

The high number of unresolved cases points to the importance of potential 

technical limitations in performing WES and the interpretation of its results 

summarized below. 

 
Technical limitations 

One of the known shortcomings of WES is coverage, which is the number 

of unique reads that overlap a specific genomic region. While an average coverage of 

248X is readily achieved for all exons in a targeted resequencing methods [12]. 
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Table 1: Diagnostic yield of WES in neurologic disorders 
Disease Number 

of patients 
Average coverage Diagnostic 

yield 
Reference 

Inherited peripheral 
neuropathy* 

110 45.5X 
Range(27.5X-88X) 

18.2% [4] 

Cohort in which 
approximately 80% 
were children with 
neurologic 
phenotypes 

250 130X 25% [5] 

Cerebellar ataxia 76 NA 21% [6] 

Various unexplained 
neurodevelopmental 
disorders 

78 NA 41% [7] 

Severe intellectual 
disability 

100 trios Median coverage 64X, 87% of 
target bases covered ≥10X 

16% [8] 

Sporadic non-
syndromic 
intellectual disability  
(study of de novo 
variants) 

51 trios NA 45-55%‡ [9] 

Moderate or severe 
intellectual disability  
(study of de novo 
variants) 

41 trios Median coverage 135X, 95% of 
target bases covered ≥10X 

29% [10] 

Paediatric-onset 
ataxia 

28 106X 
Range(55X-162X) 

46% [11] 

Microcephaly with 
intellectual disability 

35 kindreds 64X 
Range(41X-90X) 

29% Current study 
(chapter 2) 

* WES with focus on 75 known genes 

‡ Because of the extensive locus heterogeneity, final conclusions about the pathogenicity of each individual 
mutation cannot be made. 
NA, not available 

 
Current WES protocols generally capture no more than approximately 80-90% of 

the exons, even at an average coverage of 90X. Hence, this incompleteness of WES 

is a potential source for missed diagnoses [13]. Even assuming 99% of the targeted 

regions are covered above 10X, it means that 0.3 Mb (0.01 x 30 Mb) or 200 genes 

(0.01 x 20,000 genes) will lack sufficient coverage to enable sensitive variant 

detection. From a technical perspective, one the factors contributing to the coverage 

is the GC content. GC is a limiting factor for efficient hybridization and 

amplification during target enrichment [14]. Existing high or low GC contents in a 

genomic region lead, in general, to a less efficient capture probe hybridization [15], 

which ultimately results in low coverage [16,17]. A systematic comparison of exon-

intron structure and GC content for all known genes in the human genome revealed 

that first introns and exons are more GC-rich than last and internal ones [18]. This 

highlights the importance of paying particular attention to the sequencing quality of 
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such problematic exons, at least in known genes for a given disorder. In a study of 

genomic sequences of seven ataxia genes targeted on a 2-Mb sequence-capture 

array, for example, two exons (63.6% GC content for exon 1 of the FXN gene; 

76.1% GC content for exon 2 of the SACS gene) showed no coverage at all [19]. An 

improvement in coverage for such problematic gene regions in current WES panels 

would therefore help to fully capture the exome, and this seems feasible as there are 

only small numbers of problematic exons. If we could obtain better coverage in 

WES, it would most likely further improve our diagnostic yield and ultimately solve 

at least some of the currently unsolved cases.  

A second source of uncertainty is that WES does not allow extensive analysis 

of non-coding regions. Non-coding regions of the genome such as introns, 

miRNAs, lncRNAs, snRNA, promoters, enhancers and UTRs are not captured and 

sequenced when using WES. This may be of particular relevance for neurological 

diseases. There is increasing evidence for associations between non-coding RNAs 

and brain development in mice [20–22] or even neurodegenerative and 

neuropsychiatric disorders in humans. Indeed, the association of miRNAs with 

Alzheimer’s [23], schizophrenia and autism [24,25] has been documented. Many 

miRNAs [20] and lncRNAs [26] are highly expressed in the nervous system, and 

miRNAs have been implicated in synaptic plasticity [24], neurogenesis and 

regulating cerebral cortex size [25,27], neural precursor self-renewal and 

differentiation [28] and maintaining the neural progenitor pool [29]. Functional 

studies in mouse models have confirmed these findings. Blocking miR-7 function in 

mouse model, for example, caused microcephaly-like brain defects [30]. As I noted 

in chapter 5, at least two CM-causing genes, MCPH1 and DYRK1A, are regulated 

by miRNAs [31,32]. Likewise, lncRNAs are involved in epigenetic regulation, 

synaptic and neural network connectivity and plasticity, differentiation of neural 

stem cells and progenitors and brain development [33–35]; There are several reports 

on the involvement of lncRNAs in neurodevelopmental disorders such as Prader–

Willi syndrome, Angelmann syndrome, micropthalmia syndrome 3, spinocerebellar 

ataxia 8 and Rett syndrome [34]. The high proportion of identified miRNAs and 

lncRNAs in the brain [36] and their roles in brain functions and developmental 

processes, along with WES-based undiagnosed cases (Table 1), highlight the 

importance of these molecules, at least in neurologic disorders. These observations 

support the idea that a closer look into the non-coding RNAs may lead to the 

discovery of more pathogenic mutations. This notion is supported by the finding 

that defects in snRNA RNU4ATAC lead to congenital microcephaly [37,38]. 

Accordingly it would be an attractive option to extend current WES-based studies 

with RNA-seq. However, this may not be readily applicable for patients with 
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neurologic disorders because mRNA and non-coding RNA profiles are tissue, time 

and anatomical brain-region-specific [26,39,40], and extracting non-coding RNAs 

from other tissues such as blood or fibroblasts may not provide useful expression 

information. Nonetheless, the potential role of non-coding RNA or cis-regulatory 

elements in Mendelian disease is intriguing, posing a clear challenge that needs to be 

further addressed. 

The third source of uncertainty, which is of lower impact, is the inability of 

WES to detect pseudo-exons. These are exonic-like sequences that are present 

within intronic regions. Insertion of a pseudo-exon may introduce an extraneous 

exon within the mature mRNA that may cause either the disruption of or the 

insertion of a novel stretch of amino acid in the translational reading frame. As a 

result, the normal biological properties of the resulting protein could be disrupted 

[41]. Although pseudo-exons are rarely recognized as a cause of human disease, they 

have been reported in various cancers [41]. Interestingly, as mentioned in chapter 3, 

a previous study of two siblings with familiar glucocorticoid deficiency proved a 

pseudo-exon insertion as cause of the disease [42]. As another example, deep 

intronic sequencing in the STAMBP gene in congenital microcephaly patients 

(chapter 5) found a casual role for a homozygous intronic mutation 

(c.1005+358A>G), which leads to the splicing of a 108bp pseudo-exon containing a 

premature stop codon [43]. While growing evidence indicates that pseudo-exon 

events could explain some of the unsolved cases, these pseudo-exons are generally 

not covered by exome-seq. Therefore, deep resequencing in intronic regions for the 

identification of pseudo-exon insertions may improve current detection of gene-

mutations in unsolved cases. However, in order to be able at all to interpret variants 

identified in the intronic regions, additional cDNA sequencing will be required to 

correctly interpret and define pseudo-exon insertions because there are no effective 

tools as of yet to predict such alterations based solely on the intron-variant 

information.  

 

Challenges in interpretation of variants 

Next to the technical limitations, current interpretations of WES results are also far 

from perfect, and this further contributes to the high number of unsolved cases. 

Translating the results obtained from WES is complicated and relies heavily on our 

current state of knowledge about disease-causing genes and application of a series of 

software-prediction tools to assess the possible pathogenicity of variants. Here, 

there is already an apparent clear lack of knowledge about the potential effects of 

synonymous mutations in disease. Synonymous mutations represent a significant 
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proportion of variants detected by WES; it is estimated that 6-8% of single 

nucleotide changes in oncogenes are synonymous [44], and this raises the question 

of whether these mutations may lead to disease. Despite the general concept that 

synonymous mutations do not change the amino acid composition, and are 

therefore less relevant for disease pathology, a number of studies have shown that 

synonymous mutations may cause the disease. Associations with synonymous 

mutations have been reported for at least 50 diseases [45]; of which three have been 

proposed to represent CM-causing genes (NBS1, ERCC1 and IGF1R, see chapter 

5). While the mechanisms by which synonymous substitutions may cause disease are 

not fully understood, particular synonymous mutations may affect splicing accuracy, 

translation fidelity, protein folding, mRNA stability, mRNA secondary structure and 

expression level [46–48]. Among these mechanisms, defects in splicing accuracy 

have been reported more frequently in association with synonymous mutations in 

the literature [45]. We, however, evaluated splicing effects of synonymous mutations 

using in silico analyses throughout this study, but found none of them to be predicted 

as a possible splicing effect variant. Accordingly, the potential impact of 

synonymous mutations remains to be investigated by future in vitro techniques such 

as quantitative RT-PCR, circular dichroism spectroscopy, Western blot and 

ribosome profiling along with in silico analyses [46]. Taken together, this affirms that 

the possible impact of synonymous mutations should not be neglected in WES 

variant interpretation.  

A second challenge is the interpretation of variants located in pseudogenes. 

Pseudogenes are dysfunctional copies of genes that have lost their functional 

expression due to i.) mutations in, or integration into, silent regions of the genome 

and ii.) their ability to encode functional protein because of the presence of 

frameshifts or premature stop codons [49]. Many pseudogenes are transcribed into 

RNA, with some exhibiting a tissue-specific pattern of activation. Pseudogene 

transcripts can be processed into short interfering RNAs that regulate coding genes 

through the RNAi pathway. It has been shown that pseudogenes are capable of 

regulating tumour suppressors and oncogenes by acting as microRNA decoys and 

are able to inhibit/alter the mRNA level of their parent gene [50]. For example, 

PTEN is a tumour suppressor that is often mutated at one allele at cancer 

presentation. The severity and susceptibility to cancer is influenced by the dosage of 

PTEN [51]. A gene-pseudogene pair (here, PTEN-PTENP1) was shown to be co-

regulated by the same miRNA [52]. The miRNA can bind to 3’-UTR of both PTEN 

and PTENP1 where they show 95% similarity in sequence. PTENP1 pseudogene 

acts as a ‘‘miRNA decoy’’, binding to and thereby reducing the effective cellular 

concentration of miRNAs, thus allowing PTEN to escape miRNA-mediated 

https://en.wikipedia.org/wiki/Gene
https://en.wikipedia.org/wiki/Protein


Chapter 6 

152 

 

repression. A similar relationship was also demonstrated between the oncogene 

KRAS and its pseudogene KRASP1 [52]. Dramatic changes in the expression of 

pseudogenes were seen during the transition from pluripotent stem cells to early 

differentiating neurons [53]. Indeed, this study identified 1371 pseudogenes that 

were up- or down-regulated significantly during this transition. The number of 

pseudogenes with significant changes in expression during neural differentiation 

may highlight the role of pseudogenes in brain development. It is possible that the 

exact molecular pathomechanism underlying PTEN-PTENP1 or KRAS-KRASP1 

occurs similarly in the genes involved in brain development to down-regulate them. 

Despite these indications for the pathogenicity of pseudogenes in human disease, 

variants in pseudogenes are not always considered in WES analysis. Currently, most 

efforts are directed at distinguishing mutations that occur in the active gene-copy 

from mutations that occur in the pseudo-gene copies, and, in the latter case, these 

are then disregarded as potential disease-causing variants. This may turn out to be 

erroneous in some cases and lead to missing of disease-causing mutations in WES 

experiments. Therefore, variants in pseudogenes deserve more careful consideration 

during the interpretation of WES results to avoid missing pathogenic variants. 

A final limitation in interpreting WES results is our current knowledge of 

established disease-genes. For many disorders there will be yet undiscovered 

causal genes. As previously discussed, unresolved cases are a widespread 

observation in WES studies and; in addition to the issues already mentioned, the 

most significant factor causing this discrepancy may be that our filtering strategies 

are focused on and limited to known disease-genes and -pathways. I strongly believe 

that alternative approaches, such as biological network analysis, will provide novel 

clues and candidate genes for follow-up. In an interesting example, Novarino et al. 

(2014) demonstrated the potential of such alternative approaches by identifying 

three additional candidate disease genes in families with hereditary spastic 

paraplegias by applying a network analysis after WES. In these genes, putative 

mutations were detected that co-segregated with the disease-phenotype [54]. This 

alternative approach highlights the importance of understanding molecular 

pathomechanisms, biological functions and interaction network(s) of established 

disease genes to resolve unsolved cases. Here, bioinformatics tools are a means to 

combine results from the different domains of genetics and genomics, to pinpoint 

and prioritize the potential causal genes for a disease of interest and to augment our 

knowledge about the underlying disease mechanism. To further illustrate the added 

value of such approaches, in chapter 5, I made a first attempt at extending our 

capacity to identify potential CM-related genes by using a composite biological 

network analysis. Starting from 76 established CM-causing genes, as expected, our 
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network analysis identified previously well-known biological functions implicated in 

CM such as defects in the centrosome, spindle pole-related functions, DNA damage 

repair and cell cycle checkpoint control. Additionally, our network analysis identified 

another two biological processes, (i.) telomere biology and (ii.) tRNA metabolic 

processes, both of which are probably important pathomechanisms underlying CM. 

Moreover, our analysis identified a further 100 potential candidate genes for 

congenital microcephaly. In silico biological networks are also able to display possible 

biological connections between candidate genes and established disease genes. In 

our research on L1 syndrome, in silico biological network analysis enabled us to 

provide supportive evidence for DACH2 being a novel candidate gene for L1 

syndrome (chapter 4). DACH2 showed biological relationship with L1CAM, the 

only gene currently known to cause L1 syndrome. This biological relationship has 

been mediated via the LAMC1 gene by two edges (Figure 1). Similar to L1CAM, 

LAMC1 is involved in the same pathway (axon guidance).In addition, there is also a 

genetic interaction between DACH2 and LAMC1. Genetic interaction implies that 

these two genes share a functional relationship [55] and may be involved in the same 

biological process or pathway, or they may also be involved in compensatory 

pathways with unrelated apparent functions [55]. A genetic interaction between two 

genes generally indicates that the phenotype of a double mutant differs from what is 

expected from each individual mutant. Further support for such a relation may be 

provided by the fact that mutations in LAMC1 cause Dandy–Walker malformation 

[56], a disease characterized by some overlapping phenotypic features with L1 

syndrome such as hydrocephalus, corpus callosum agenesis and skull defects [57,58]. 

Altogether, our in silico network study highlights DACH2 as a promising candidate 

gene for L1 syndrome. 

In summary, composite biological network analysis provides a valuable in silico 

framework to identify putative candidate genes for any rare, genetically 

heterogeneous Mendelian disease and may facilitate mechanistic understanding of 

the disease. For our CM-research, future studies should concentrate on the 

investigation of both these proposed genes in unsolved CM-kindreds and using 

novel suggested biological processes such as studying the role of candidate genes 

involved in telomere biology in neural stem cell proliferation/division. 
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Future perspectives 

NGS technologies create exiting new opportunities to study human disease both to 

gain much better insight into the underlying mechanisms  and to improve clinical 

care. In a relatively short time, NGS technologies have found their way into research 

and diagnostics. Gene panel sequencing and WES have become routine in clinical 

applications, particularly for the diagnosis of monogenic disorders. However, as 

discussed in previous sections, the utilization of WES in the diagnostic setting is still 

suboptimal, and currently has some limitations. Further development is needed to 

fully utilize NGS capacities and improve NGS-based diagnostic yield. 

Because of current routine application of WES (coding region), I believe that 

the majority of disease-causing genes will be identified soon. Afterward, the 

remained unsolved cases will lead to a new milestone in human genomic disease in 

future, which I named “Non-codingomics”. In particular, for 

neurologic/neurodevelopmental disorders, the abundance of non-coding RNA in 

the brain and the relatively large number of unsolved cases (Table 1) emphasize that 

special consideration urgently needs to be given to interpreting variants in non-

coding RNAs. To enable the inclusion of non-coding regions, it is expected that 

whole genome sequencing (WGS) will soon replace WES [59,60]. This will provide 

unprecedented opportunities to study possible disease-causing variations outside the 

exome and to call all structural variants, and will probably lead to a significant 

reduction in test costs and turnaround time [61]. 

Figure 1: Biological relationship between a 
candidate gene for L1 syndrome (DACH2) and 
L1CAM. This biological relationship has been 
mediated via LAMC1 by two edges (pathway 
and genetic interaction), i.e. both L1CAM and 
LAMC1 are involved in same pathway (axon 
guidance; as has been experimentally proven and 
reported in Pathwaycommons database). The 
gene-gene interaction between DACH2 and 
LAMC1 has also been experimentally proven 
[71]. This network was generated by the 
GeneMANIA algorithm, which uses existing 
knowledge to visualize the biological 
relationships among genes. 
Light blue lines represent pathways. Dark blue 
lines indicate co-localization. Red lines reflect 
protein-protein interaction. Light brown lines 
show shared protein domains. Green lines 

display genetic interactions.  
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To further improve the NGS-based diagnostic yield, we will need other layers 

of information to use as a type of functional read-out for genomic variations. 

Combining genome sequencing with RNA-seq may provide the first of such layers, 

although it will also pose new challenges with respect to obtaining and interpreting 

reliable and relevant expression data. Subsequent integration of these outcomes with 

other omics such as proteomics and metabolomics could provide further layers to 

help in deciphering genomic variants which would enable us to study associations 

of, e.g., post-translational modification, epigenetic alterations or metabolite 

compounds with gene expression and disease causality.  

Obviously, shifting from WES to WGS and adding extra layers of 

information will improve diagnostic possibilities. However, in parallel, there is also 

an urgent need for novel bioinformatics tools to better interpret variants on top of 

what we are able to do now. For example, the ability to predict functional effects of 

variants in non-coding RNA or of intronic variants leading to possible pseudo-exon 

insertions would provide a further improvement of current variant interpretation. In 

the interpretation of variants in coding regions many un-resolved areas still exist 

and, when extending toward the entire genome, many more question marks will 

appear on the horizon.  

Thanks to NGS technologies, the acceleration in identifying novel causal 

genes will gradually help to minimize the “diagnostic odyssey” for patients. Hopes 

are high, especially for complex disorders such as intellectual disability (ID) with 

developmental delay [62,63]. Despite the extensive genetic heterogeneity of ID, 

WGS is now expected to identify the major causes of severe ID in patients for 

whom the diagnostic result upon microarray-based CNV and WES appeared 

inconclusive [64]. Increasing our knowledge of the aetiology of ID by shifting from 

WES to WGS will pave the way for personalized medicine for this clinically and 

genetically heterogeneous disorder. Personalized medicine refers to customization of 

healthcare in which NGS technologies can provide a comprehensive genome-wide 

view of the genetic variations in patients. This may be instrumental for designing 

better individual treatment, more effective diagnostics, personalized risk-prediction 

and tailored therapies. Examples already have been reported: early intervention 

combined with targeted treatment in children with fragile X syndrome improved 

their behaviour and cognition [65], and enzyme replacement therapy when coupled 

with stem cell therapy improved treatment for Hurler syndrome [66].  

In the next few years, WGS will become part of the standard repertoire of 

techniques to guide the treatment of cancer patients [67] and genetic disorders such 

as inherited ocular diseases [68], autism [69] and genetic epilepsies [70]. Accordingly, 

the use of genetic information is undoubtedly expected to become a major player in 
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medicine, but, before getting there, we still need to address many challenges, 

including technical limitations, interpretation of variants and better exchanges of 

information between the clinical and genomics disciplines to optimally expand and 

integrate our knowledge. 
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