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Discoveries made in the 20th century had a major impact in genetics. In less than 60 years, 
the field has moved from discovering the structure of DNA to potentially identifying all the 
variants in an individual’s genome. Current (diagnostic) research focuses on identifying the 
genetic basis of disorders, both at the fine (sequence variants) and large scale (structural 
variants). While Sanger sequencing has been the golden standard for detection of sequence 
variants for many years, replacement by whole exome sequencing (WES) is already taking 
place, soon to be followed by whole genome sequencing (WGS). WES now merely focuses 
on detection of sequence variation but, although limited, allows detection of structural 
variation as well. For detection of structural variation, conventional karyotyping has been 
replaced by microarray platforms, and the resolution of the technique has increased from 
the 5-10 Mb level towards the kilobase level. With NGS, even smaller structural variation will 
be detected. For balanced rearrangements and complex rearrangements, although WGS 
can identify breakpoints, conventional karyotyping and FISH are still valuable techniques. 
Several techniques described in this thesis have made their way into clinical diagnostic 
laboratories. Chapters in this thesis show that each technique has specific applications, 
and which technical approach to use depends on the resolution and throughput of the 
technique in combination with the strategy for the identification of the disease gene. 
While chapter 2 and chapter 4 describe more methodological work on techniques to detect 
sequence variation and copy number variation, chapters 3 and 5 describe the application of 
these techniques to the identification of pathogenic variants. Chapter 6 and 7 reflect the 
rapid introduction of NGS and the successful application of exome sequencing in clinical 
genetics. 
Technological innovations are ongoing. For some of the research published in this thesis 
we would now already apply other techniques. For instance, the development of a 1400-
plex bead assay to screen for CNVs in patients with intellectual disability (chapter 2) is 
now obsolete, as microarrays made their way into diagnostic laboratories. However, this 
targeted approach can still be considered useful to circumvent dilemmas like the occurrence 
of unsolicited findings connected to genome-wide screening. Detailed delineation of 
microdeletion/microduplication syndromes (chapter 3) is time consuming, and exome 
sequencing will probably aid in establishing genotype-phenotype correlations within these 
patients. Exome sequencing of mentally retarded patients with unknown aetiology may 
reveal pathogenic variants in genes previously described in microdeletion/microduplication 
intervals. This has been the case for Coffin-Siris syndrome (chapter 8) where pathogenic 
variants in ARID1B were identified in patients using exome sequencing. This gene was 
previously described in patients carrying a larger deletion affecting ARID1B, indicating 
haploinsuffiency as the causative effect. Additionally, in some of the cases, exome 
sequencing will allow detection of pathogenic variants on the other allele in genes within 
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microdeletion/microduplication intervals, confirming a recessive mode of inheritance. 

Gene identification in Mendelian disorders 
In general, knowledge of advantages and disadvantages of different laboratory techniques 
will aid in setting up experiments, and allows a critical assessment of subsequent findings. 
The identification of genes responsible for Mendelian disorders enables molecular diagnosis 
of patients, as well as testing gene carriers and prenatal testing. Uncovering genetic 
defects underlying monogenic inherited diseases (this thesis) requires a broad knowledge 
of genetics. Strategies to identify pathogenic variants include assumptions on inheritance 
patterns (dominant, de novo dominant, recessive, X-linked), careful selection of cases based 
on phenotype, collection of families and choosing the best experimental approach. 
Several strategies for gene identification can be chosen, such as a straightforward candidate 
gene approach or positional cloning. Previous strategies such as linkage analysis combined 
with segregation studies and homozygosity mapping have proven successful. Candidate 
genes within identified genomic loci can then be studied using Sanger sequencing. The 
combination of classic strategies with novel techniques has proved to be valuable in KFSD 
research (chapter 4). Data from previously performed linkage analysis were combined 
with SNP array data to reduce the critical interval of the locus. HRMA was then used as a 
screening method to identify the pathogenic variant in the candidate genes. There is no 
doubt that, in this case, X-exome sequencing would have performed equally in identifying 
the pathogenic variant and would have been faster. This strategy was applied in TOD 
(Chapter 6), where a splice-site variant was identified in the linkage interval 1. Remarkably, 
the variant was missed using other techniques. The effect of the variant on gene splicing 
could only be shown on patient-derived tumour tissue that had been stored for 15 years. 
This story illustrates several problems related to sequence variation. Not only can a variant 
remain undetected due to technical failure, it is also quite possible that a variant is indeed 
detected, but not recognized as being pathogenic. 
The underlying gene defect is still unknown for many rare monogenic diseases but the 
development of WES has allowed us to resolve many more cases. In particular, de novo 
variants for sporadic cases of previously unknown genetic disorders were identified 2-6. 

Genome-wide techniques such as SNP arrays have already changed our approach to genetic 
disorders and this will continue as the use of WES/WGS will eventually become a standard 
technique in clinical diagnostic laboratories. The identification of causative variants in 
patients moved from clinical recognition of a syndrome and collecting patients with 
overlapping clinical features (phenotype-driven research), towards collecting patients with 
similar genomic aberrations and, secondly, delineating the phenotypic overlap (genotype-
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driven research). The research on Coffin-Siris syndrome (chapter 8) reflects the success of 
accurate phenotyping of several sporadic patients and searching for a shared defective gene 
under assumption of different inheritance patterns. The fact that this syndrome is now 
proven to be de novo instead of, as assumed, following autosomal recessive inheritance has a 
major impact on recurrence risk for parents. The identification allowed us to reduce this risk 
from 25% to 1-2%. The success of identifying pathogenic variants in a single gene, in multiple 
unrelated patients with a similar phenotype, is highly dependent on the involvement of a 
clinical geneticist. Therefore, selection of patients for WES should be performed in close 
collaboration between molecular and clinical geneticists. 

The discovery of causal variants and candidate genes responsible for Mendelian disorders 
and complex disorders will also help in understanding their biological function. 
In addition to WES, experiments can be performed to provide more insight into disease 
mechanisms. For instance, KFSD (chapter 5), TOD (chapter 6), and AAS (chapter 7) all show 
X-linked inheritance. In principle, females have random X-inactivation. Thus, for some 
X-linked disorders, carrier females may show variable and usually milder symptoms of the 
disease, based on the pattern of X-inactivation. The X-inactivation studies performed for 
KFSD and TOD showed imbalances in allelic expression, perfectly matched with skewed 
levels of X-inactivation. In addition, for KFSD, functional in vitro assays were developed 
to prove that the identified variant leads to loss of proteolytic function of the MBTPS2 
protein. For AAS, the putative branch point variant was proven to have an effect on splicing 
by performing RNA analysis. Together, these experiments were critical for understanding 
the disease mechanism and explaining the severity of phenotype in these disorders. For 
Coffin-Siris syndrome, functional assays are being developed to provide more insight into 
epigenetic modifications in the SWI/SNF complex. 

Advantages and disadvantages in variant detection with WES
Currently, high-throughput sequencing of the entire genome is still too expensive to be 
applied in a clinical setting, so a targeted approach such as exome sequencing is the most 
practical approach towards finding causative variants for genetic disorders. However, 
NGS is becoming cheaper at an accelerating rate and whole genome sequencing will soon 
become affordable. 
Exome sequencing comes with several disadvantages. It is labour intensive, and includes 
many steps, with risks of sample swaps and pipetting errors. There is significant variability 
in capturing efficiency, leading to variability in coverage across the genome. Low input 
yield and preferential amplification of shorter sequences in the PCR step leads to 
overrepresentation of one allele, and some reads will be exact copies of each other (PCR 
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duplicates). This will result in problems regarding variant detection in samples. Removal of 
these duplicates is possible during data analysis, but insufficient coverage due to capture 
inefficiency cannot be disregarded. An adequate depth is especially critical for identifying 
heterozygote variants in de novo dominant disorders, or recessive disorders caused by 
compound heterozygosity. Standards for generation of high-quality exome sequence data 
are rapidly emerging 7, 8 but there are no clear guidelines yet on the number of reads needed 
for identification of heterozygote SNV calls, and thresholds are determined by the user 
when performing data analysis.
Another challenge of NGS is read length. Current NGS machines produce shorter read 
lengths than Sanger sequencing, which makes the assembly of repeat-rich sequences more 
difficult 9. Together with mapping difficulties, this leads to missed variants or an excess 
of variant calls 10. Paired-end sequencing (where sequences are retrieved from both ends 
of the same molecule) helps in reducing mapping errors although indels and structural 
variants remain challenging. To solve this, other computational methods (read-pair, read-
depth, split-read) have been developed 11, 12. False positives SNV calls most often arise from 
incorrect mapping and sequencing errors. Sequencing errors can be removed by comparing 
the test sample to previously sequenced samples, stored in an in-house-database (INHDB).  
Although detection of structural variants with WES is possible 13, conventional techniques 
such as karyotyping, FISH, array-CGH and SNP-arrays will still provide useful information on 
structural variation until WES or WGS becomes a routine diagnostic approach.
The human reference genome plays an important role in several steps of WES. It is used 
to design chemically synthesized nucleic acid molecules and to design probes to capture 
regions of interest in the pool of nucleic acids (DNA or RNA). This means that targeted assays, 
such as WES, do not cover unknown or yet-to-be-identified exons, regulatory sequences or 
evolutionary conserved coding regions 10. Moreover, if causal variants lie within exons that 
are not targeted, they will not be identified. This shortcoming of incomplete capture has 
occurred in the first attempts by several groups, including our own, to identify the genetic 
cause for Kabuki syndrome 2.
WES is not targeted towards intronic sequences, promoter or enhancer elements. In 
routine diagnostics, apart from the direct splice sites, causative variants outside coding 
regions are not studied. Therefore the true fraction of variants disrupting splicing remains 
largely unknown. However, the research that was performed for Aarskog-Scott syndrome 
(Chapter 7) shows that WES can be used to identify intronic variants up to -200 bp from 
the splice site with sufficient coverage, although it is not specifically designed to do so. A 
branch point variant was identified that was missed with Sanger sequencing. Detection of 
branch site variants is possible with WES due to probe overhang. Future probe design for 
targeted WES approaches may take advantage of this finding. On the other hand, if there is 
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a continuous demand to increase the coverage or size of targeted regions, whole genome 
sequencing is probably the best option in the long run. The disadvantage of extending into 
the non-coding sequences will be the large number of variants detected, and the need to 
verify aberrant splicing using RNA analysis which is not always possible if the gene is not 
expressed in available cells.
Whole genome sequencing (WGS) using a paired-end approach should eventually allow the 
identification of all types of currently known genomic variation in a single experiment, and 
will gradually replace WES. Improving NGS techniques and lowering the costs, together with 
the development of affordable analysis software to cope with the millions of variants called 
per genome, is essential to pave the way for diagnostic application of WGS. Development of 
software that can combine data from several sources containing information on reported 
variants has a high priority.

Interpretation of variants using NGS
The more we learn about the human genome, the more we are confronted with the need 
to separate ‘the wheat from the chaff’ i.e. distinguishing pathogenic variants from neutral 
variants. In NGS experiments, individual sequences are aligned to a reference genome. The 
choice for a specific reference genome (for instance Caucasian or Yoruba) will significantly 
influence variant detection in the sample of interest. It is important to realize that the 
human reference genome does not represent any one person’s genome, but merely 
comprises of a mix of sequences from different chromosomes as well as individuals. This 
means that the human reference genome also contains variations from several donors, 
including somatic variants. Moreover, the haploid reference sequence has a bias toward a 
European population background (International Human Genome Consortium, 2004).
In general, variant positions are compared between the sample of interest and the 
reference, followed by a number of filtering steps to separate benign variants from 
potential pathogenic variants. The main strategy employed to identify causative variants in 
WES is to focus on variants with clear functional consequences (nonsense variants, splice-
site variants, frameshift, conserved missense and indels). Depending on the enrichment 
kit, the sequencing platform and the pipeline used for mapping, alignment and variant 
calling, approximately 20000-50000 variants are identified per exome. After filtering 
noncoding and synonymous variants, the number of variants remaining is ~5000 14.  For 
Mendelian disorders, most of the common and less likely causal variants can be efficiently 
removed using data from control databases and prediction tools, and between 150-500 
non-synonymous and splice site variants remain to be prioritized as potentially pathogenic 
15. Downstream analysis is based on certain assumptions of inheritance (e.g. dominant, 
recessive, de novo) Further filtering strategies are needed to find the causative variant. The 
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success rate also depends on prior genetic mapping approaches (linkage, homozygosity 
mapping, CNV analysis) and availability of other patients and/or family members. This 
means that exome sequencing is highly suitable for cases where linkage intervals had been 
established, but the causal variant could not be found. 
For some Mendelian disorders where the classic linkage study design was unsuitable and 
a candidate gene approach was not possible or unsuccessful (in very small families, in a 
few unrelated cases from different families, or even in sporadic cases), exome sequencing 
also offers opportunities. As there is no candidate genomic locus known, choices have to be 
made regarding the variants that deserve follow-up work, and proof of pathogenicity has 
to be obtained. This will require even closer collaboration between clinical and molecular 
geneticists. Segregation studies are often used to establish co-inheritance with the putative 
causal variant. For non-coding genomic variants, genomic information alone is not enough 
to prove pathogenicity. Sequencing RNA isolated from the same blood samples used to 
extract DNA may provide an attractive approach. Functional studies on RNA and protein 
(animal models, in vitro assays) will become even more important. 
Interpreting new findings and translating these to practical healthcare remains a challenge. 
In addition to an increase in sequence variants, there is currently little experience in 
interpreting small structural variants, and the interpretation of somatic changes on 
a large scale. A number of studies have successfully applied WES to study effects of 
somatic mutations and/or epigenetic regulation and mosaicism, especially in cancer  
development 16-18. 
With the discovery of new SNVs and CNVs in the DNA diagnostic laboratories, the need 
for practical guidelines on interpretation of genomic variation increased. Both molecular 
geneticist, cytogeneticists and clinical geneticists are learning to deal with the benefits 
and drawbacks of applying new techniques in daily clinical practice. Communicating the 
consequences of unclassified variants is often ambiguous, and efforts should be made 
to obtain reasonable certainty on the clinical consequences of the variant. Database 
information (e.g. LOVD, OMIM, Decipher, DGV 19-23) outcomes, or even suggestions for 
further studies (e.g. functional studies on RNA or protein, segregation studies) and in silico 
predictions on functional consequences of the variant are useful information to include 
in the analysis report. Communication of unclassified variants requires special attention 
because the information given is often not completely understood or misinterpreted by 
patients and their family 24. 
Unanticipated chance findings that are medically relevant (incidental findings) will provide 
further challenges for counselling. In general, it is very difficult to discuss the disclosure of 
particular findings to the counselee beforehand, as the spectrum of possibilities is immense. 
However, as exome sequencing is making its way in the diagnostic field, improved guidelines 
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for proper informed consent are being developed. One way to minimize these challenges is 
to analyse only known genes or a disease-specific gene set. This, however, means missing 
an opportunity to find novel disease loci or make a different diagnosis, especially in clinically 
and genetically heterogeneous disorders. 

An additional formidable challenge is correlating low frequency sequence variants and CNVs 
to multifactorial diseases such as intellectual disability, autism, schizophrenia, and many 
other disorders.  For complex disorders, Genome-Wide Association Studies (GWAS) have 
aimed to associate common variants to common diseases by studying large case-control 
cohorts. However, most of these associated SNVs have a very small effect, and confer a 
small risk to disease 25. Identification of all variants in an individual with a common disease, 
for example autism, may reveal more rare functional variants that have a strong impact 
on disease, sometimes within a protein network 26. On the other hand, many of these risk 
variants are not recurrent but de novo. Thus, both de novo and extremely rare inherited 
SNVs and CNVs contribute together to the overall genetic risk. This means that disorders 
with extreme genetic heterogeneity require the analysis of very large numbers of clinically 
well-defined patients and extensive sequence data for validation, because the study of 
individual families will not answer which combinations may or may not be pathogenic 26, 27. 
It is currently impossible to predict the outcome of a pregnancy of a foetus carrying a CNV/
SNV of this type. Since microarray analysis is increasingly used also in the prenatal setting, 
such findings create difficult problems in genetic counselling.
In addition, by extending family studies of these apparent strong risk factors for congenital 
malformation and intellectual disability we will identify young healthy carriers who will 
want to know the risk of disability in their offspring, and will ask for accurate prenatal 
diagnosis. The knowledge gained from studying Mendelian disorders and complex diseases 
will eventually complement each other and aid in genetic counselling.

Databases
Studies on healthy and disease cohorts have identified many variants, which are stored 
in several databases to enhance clinical interpretation of unclassified variants (SNVs, 
CNVs). Accumulation of unclassified variants led to the need of dedicated locus specific 
databases (LSDBs) to enhance clinical interpretation. For all disorders studied in this thesis 
(KFSD-MBTPS2, TOD-FLNA, Aarskog-Scott syndrome-FGD1, Coffin Siris syndrome-ARID1B), 
LSDBs have been set-up and are publicly available. Variant information can be stored and 
easily queried by users worldwide, and are subject to editorial screening by curators. In 
theory, storage in databases available on the internet is effective. In practice, however, 
a large number of different databases have emerged, leading to the lack of centralised 
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data storage. Data on genomic variation becomes scattered, depending on where the 
user decides to upload their experimental data. This could be solved by reaching definite 
(international) agreements on sharing of variants by laboratories, and honouring the 
existing commitments. Larger and more general data repositories (including NCBI and 
UCSC) have requested of locus-specific variant databases (LSDBs) to share their data 28. 
The HGMD represents an attempt to collate known gene lesions responsible for human 
inherited disease 29. HGMD also includes some variant data from those LSDBs that are in 
the public domain. Researchers and diagnosticians, genetic counsellors and physicians can 
use this information of practical diagnostic importance. The need for large, trustworthy 
databases will only increase when the use of next generation sequencing for diagnostic 
purposes gains in popularity.

Conclusion

This thesis outlines the rapid development of molecular techniques for detecting genomic 
variation. It describes advantages and disadvantages of specific techniques, and shows their 
application in the search for pathogenic variants in patients with genetic disorders. Next 
generation sequencing brings genetics into a new era of identifying sequence and structural 
variants in the context of disease. Both the techniques itself and the associated analysis tools 
will continue to improve in the future, eventually resulting in an approach that can detect 
all genomic variation in one assay. Every technical advance in genetic analysis has revealed 
a new level of variation within our genome i.e. initially chromosomal variation, then copy 
number changes of decreasing size, down to nucleotide level. As further methodological 
developments can be anticipated, it is reasonable to assume that there are additional levels 
of genomic complexity still to be revealed. Through identification of new disease genes, 
the NGS techniques will increase our knowledge of the molecular pathogenesis of genetic 
disorders. Interpreting these data and translating findings to improve healthcare will be a 
great challenge. The availability of new techniques for genomic analysis, and the associated 
benefits for patients, should be balanced against each patient’s right not to know what their 
genome contains. Collaboration between research and diagnostics is pivotal for determining 
the most appropriate protocols for returning information to counselees. With NGS, the 
focus in clinical genetics the coming years will shift from identification to interpretation 
of variants, requiring more follow-up work. Further technical advances are necessary to 
enable investigation of other genetic mechanisms, including somatic mutations, epigenetic 
dysregulation and polygenic disruption, each of which is likely to account for a significant 
proportion of disease.
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